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Abstract

Sand bedforms are fundamental habitat elements for benthic fish in large, sand-bedded rivers and are
hypothesized to provide flow refugia, food transport, and ecological disturbance. We explored bedform
distributions and dynamics in the Lower Missouri River, Missouri, with the objective of understanding
the implications of these features for benthic fish habitat, particularly for the endangered pallid
sturgeon (Scaphirhynchus albus) and shovelnose sturgeon (Scaphirhynchus platorynchus) during
their early life stages. We mapped bathymetry in a 3-kilometer-long reach of the highly engineered
Lower Missouri River 22 times over a three-year period from 2019-2021 using a multibeam
echosounder. Surveys included precise water surface and bed elevations over discharges ranging from
1,360-8,550 cubic meters per second. This included weekly surveys during a large flood event with a
peak of 9,290 cubic meters per second in the spring and summer of 2019. Velocity was mapped with
an acoustic Doppler current profiler during 11 of the 22 multibeam surveys. The dataset illustrates
how bedforms are distributed in a typical Missouri River reach and how they evolve with changes in
discharge. We measured a variety of bedform characteristics, including height, length, lee-slope angle,
and crest orientation, and examined their relationship to larval sturgeon catch in the reach in 2020
and 2021. Bedform shapes are controlled by depositional environment and discharge and range in
size from less than a meter in wavelength and amplitude to greater than 4 meters high and 75 meters
long and generally have low angle lee-slopes. Small dunes were located in lower velocity regions on
the inside of a bend and behind wing-dikes, as well as superimposed on larger dunes. Larger dunes
were generally located in the channel thalweg and were associated with higher flow velocities.
However, bedform size did not necessarily scale with discharge over the course of the 2019 flood,
possibly due to sediment supply limitations and hysteresis effects. Changes in bedform size over the
course of the flood event were most pronounced in the thalweg; less change in bedform size occurred
behind wing dikes on the inside of channel bends, indicating some degree of habitat stability. Despite
rarely getting caught in the thalweg, larval sturgeon drift in the thalweg until they are intercepted into
off-channel habitats in wing dike fields, where they are caught in much higher numbers. Bedform
orientations were affected by flow expansion around wing dikes, indicative of the role of wing dikes in
influencing exchange of material between the thalweg and channel margins. Increased understanding
of bedform distributions and dynamics will inform future sampling and habitat restoration designs for
larval pallid sturgeon and contribute to increased understanding of their influence on benthic
ecological processes.
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Introduction

We explored bedform distributions and dynamics in the Lower Missouri River (LMOR), Missouri,
with the objective of understanding the implications of these features for benthic fish habitat,
particularly the endangered pallid sturgeon (Scaphirhynchus albus), including how bedforms might
act as flow refugia, mediators of food transport, and instigators of ecological disturbance. Sand dunes
in large rivers provide a continually changing habitat with well-defined grain sizes, low organic
matter, and high oxygenation which has led to adaptations in invertebrates (Wantzen et al. 2014)
and other benthic organisms that inhabit these environments.

The endangered pallid sturgeon is a native benthic fish that occupies the LMOR and its larger
tributaries (Jordan et al. 2016). Nearly every stage of the pallid sturgeon’s life cycle is associated
with the bottom of the river, which is predominantly made up of sandy bedforms. Adults migrate
hundreds of miles upstream in the LMOR to spawn (DeLonay et al. 2016; Elliott et al. 2020). There
is some evidence that migrating adult sturgeon avoid the region of high velocity and sediment
transport associated with the channel thalweg and use lower velocity areas in the channel during
their upstream migrations. However, migrating sturgeon do at times occupy the navigation channel
and cross the channel thalweg where it is hypothesized they use flow refugia in the lee-slopes of
bedforms (McElroy, DeLonay, and Jacobson 2012). Spawning habitats on the LMOR are located on
outside bends in deep areas with high velocity, hard substrates, and migrating sandy bedforms
(Elliott et al. 2020). After spawning, pallid sturgeon embryos incubate in substrates for several days
(Chojnacki, George, and DeLonay 2023), after which they hatch and larvae passively drift
downstream until they reach a developmental stage that allows them to maintain position in river
currents and begin to feed (Chojnacki et al. 2022). This behavioral transition occurs approximately
10-14 days after hatch, depending on water temperature when they are approximately 20 millimeters
in length (Chojnacki et al. 2022) . At this point in their development they can be intercepted as they
drift and end up in off-channel habitats in wing dike fields and over sand bars where it is
hypothesized they find flow refugia, feed, and grow (Chojnacki et al. 2022). A flume study with 3-day
old larvae found energy consumption rates were lower for sturgeon exposed to velocities of 0.2 and
0.5 meters per second (m/s) in an environment with static dunes compared to a flat bed, indicating
that dune habitats may provide energetic relief for benthic fish (Porreca, Hintz, and Garvey 2017).
The mechanism of interception into off-channel habitats, and the suitability of these habitats to
support food production and foraging are not fully understood; nevertheless, construction of so-
called “Interception-Rearing Complexes” has evolved as a key restoration strategy targeted at
recovering the species (Jacobson et al. 2016). Furthermore, it has been hypothesized that the high-
velocity habitats with actively migrating bedforms are likely not suitable habitats for larval pallid
sturgeon to forage and feed. Testing this hypothesis is important to guide restoration and recovery
efforts.

Flow separation on the downstream, or lee slopes, of dunes provides regions of lower velocity in the
trough between dunes. Higher benthic macroinvertebrate densities have been measured in dune
troughs compared to other parts of dunes, and particularly in the troughs of dunes outside of the
channel thalweg with larger lee-slope angles (Amsler, Bletter, and Ezcurra de Drago 2009).
Measurements in smaller rivers and flumes have shown that dunes with lee-slope angles less than 10
degrees lack permanent flow separation; dunes with lee-slope angles above 30 degrees tend to have
permanent flow separation; and dunes with lee-slope angles less than 4 degrees may not have any
flow separation (Kwoll et al. 2016; Lefebvre, Paarlberg, and Winter 2016). Dunes in large rivers are
generally characterized by low-angle lee slopes with a mean slope of 10 degrees where the maximum
slope occurs at the upper part of the lee slope (Cisneros et al. 2020).

The LMOR is defined as the river between the downstream-most mainstem dam at Gavins Point,
South Dakota, to Saint Louis, Missouri; the lower 1000 km LMOR is channelized for navigation



(Figure 1). Channel engineering has resulted in heavily revetted banks on the outside of bends and
dikes on the inside of bends. In general, larger bedforms are associated with higher velocities in the
main channel, and smaller bedforms occur on channel margins; bedforms migrate at all discharges
in the LMOR (Elliott and Jacobson 2016). Our study area is Sheepnose Bend on the LMOR 500
kilometers upstream from the confluence with the Mississippi River (Figure 1). Several off-channel
habitats within this bend are sites where larval pallid sturgeon and more common surrogates,
shovelnose sturgeon (Scaphirhynchus platorynchus), have been caught in high numbers compared
to other heavily sampled bends on the LMOR. High catches in Sheepnose Bend have motivated
research studies combining larval fish sampling and habitat surveys to understand interception
processes and to develop engineering strategies for ongoing restoration projects in the LMOR . We
describe the dune habitats within this bend and address the potential for larval interception from the
navigation channel into the channel margin.

110°0'0"W 100°0°0"W 90°0'0" W 94700 o927 00" W 90°0'0"WW
=
o
z =
o 5
g 2
= A
MISSOURI o /
1 L >
z EXPLANATION
)
o y "
u% Missouri River Depth, in meters
Missouri River Basin o 16
311
M Missouri River miles- distance .
— | Missouri St Lous, is upslreamrfrum junction with 168

JTT— ! . the Mississippi River at St. Louis,

! e Missouri i

{ [ ——— _ Missouri

L [ ]
93°48'0"W 93°470"W 93°46'0"W

39°12'30"N

39°12'0"N

[ T | T |
0 250 500 1,000 METERS

=
S 000

2

ﬁ a000 D U.S Geological Survey

o B Station 06895500 7

g Missouri River atWaverly, MO EXPLANATION

R h 4 ® Habitat survey date

é 4000 = } J\ \.M\_’ff\tM‘ 1 L | | — Discharge

= \ MH — — — Median discharge

% 2000 [P _______EU\V}\'______ . __fJ‘U\_}\/ H\w__)‘g,\_: 5% daily flow exceedence
3 e——— ]

a

2

0
17172019 912019 5172020 1172021 9172021

Date

Figure 1. A.) The Missouri River basin, the Lower Missouri River, and B.) the Missouri River in Missouri, C.)
Sheepnose Bend mapped on 5/13/2019 at a discharge of 5,350 cms, and D.) the hydrograph at Waverly, Missouri
during the study. The channelized section of the Lower Missouri River extends from Sioux City, Iowa to the
Mississippi River at St Louis, Missouri.



Methods

We surveyed 2-3.5-kilometer-long portions of Sheepnose Bend in the engineered LMOR 22 times
over a three-year period from 2019-2021 over discharges ranging from 1,360-8,550 cubic meters per
second (m3/s), which constituted 50% to 1% daily flow exceedance probability at U.S. Geological
Survey Station 06895500, Missouri River at Waverly, Missouri (Figure 1). Survey mostly occurred in
late May and June when larval pallid sturgeon are drifting in the LMOR; opportunistic mapping
occurred during the summer and fall, often targeting specific discharge targets. Bathymetry was
mapped using a multibeam echosounder coupled with an inertial motion unit and global navigation
satellite systems (GNSS) measurements of antenna height and corrected in real-time with a virtual
reference station (VRS) over a cellular network to generate bathymetric maps of depth and elevation.
This included weekly surveys during a large flood event with a peak of 9,290 m3/s (1 % annual
exceedance probability) in the summer of 2019 (Figure 1). The flood of 2019 also had a long
duration, with 237 days above the 5% daily flow exceedance and at its peak was over bank, causing
numerous levee breeches and floodplain inundation along the LMOR. Velocity was mapped with a
600 kHz acoustic Doppler current profiler on the same day or close in time to 11 of the 22 multibeam
surveys over a representative range of discharges.

Multibeam data were edited and interpolated to raster grids with a 0.3 m cell size. Velocity data were
processed and exported to georeferenced point summary files, and maps were interpolated and
gridded to a cell size of 5 m. We measured a variety of bedform characteristics, including amplitude,
wavelength, lee-slope angle, and crest orientation. To analyze bedform shape we used open-source
Python code (Van Rossum and Drake 2009) to analyze longitudinal profiles and calculate statistics
of dune amplitude, wavelength, and lee slope angle (Lokin et al. 2022; Lokin 2021). This code
employs wavelet analysis (Torrence and Compo 1998) to identify dunes with different scales. We
developed custom Python scripts to extract dune crests from raster data to determine dune crest
angle in planform. Deviation between the dune crest angle and the direction of downstream flow was
calculated to determine a metric for dune divergence from main channel flow. Geomorphic change
detection (GCD) software was implemented with a threshold of 20 cm to determine the amount of
geomorphic change between surveys (Wheaton et al. 2010).

Fisheries sampling was conducted by the U.S. Army Corps of Engineers using methods developed
and standardized for Missouri River sampling (Welker and Drobish 2017; Ridenour, Doyle, and Hill
2011). Sheepnose bend was divided into a grid with sampling regions 50 m wide by 400 m long in an
effort to sample all channel units. Expert judgement was used to select trawl locations within each
grid cell, and trawl lines were recorded using VRS-corrected GNSS. OT16 benthic otter trawls were
deployed from a boat and dragged moving downstream along the bottom of the river for
approximately 100 m. Trawl contents were sorted to identify the number of undifferentiated
sturgeon (shovelnose and pallid sturgeon, hereafter referred to as age-o sturgeon) and samples were
preserved for genetic analysis. Catch per unit effort (CPUE) was calculated by dividing the number of
fish caught in a trawl by the area trawled and is reported as the number of fish per 100 m2
(Ridenour, Doyle, and Hill 2011). Depths and velocities were associated with trawls by spatially
joining the trawl location with multibeam depth and interpolated velocity habitat maps. Trawl
transect lines were intersected with multibeam maps and analyzed using a modified Python script to
generate summary bedform amplitude and wavelength values for each trawl (Ashley et al. 2020).

Results

All habitat data collected in this study are publicly available (Elliott 2022). The engineered LMOR
fundamentally has two main habitats, the high-velocity environments of the main channel, and
slower velocity off-channel dike-field habitats (Figure 1). Dike-field habitats include both wing dikes,



which are perpendicular to flow, and L-head dikes and revetments, which are parallel to flow. Unless
they are notched, L-head dikes have limited exchange of sediment and water with the main channel
except when submerged during high flow events. Revetment and L-head dikes generally have scour
holes and muddy substrates and were not analyzed in this study. Wing dikes obstruct flow and
promote flow recirculation at most discharges and these processes which, in turn help to exchange
flow, sediment, and biota between the main channel and off-channel habitats.

Dune shape

Bedform shapes generally scaled with discharge, and the largest bedforms occurred in the
navigation channel (Figure 2). Small dunes were located in lower velocity regions on the inside
bend and in dike fields, as well as superimposed on larger dunes (Figures 3 and 4). The largest
bedforms in amplitude and wavelength were measured during or close to flood peaks (Figures 2-3).
Peak flows during the 2019 flood occurred on 6/3/2019 and the survey from 6/5/2019 had the
largest bedforms (Figures 2 and 3). Large bedforms were also observed during a secondary flow
peak on the descending limb on 6/25/2019, and a survey during the peak in 2020 (Figure 4b and
4d). Thalweg bedforms during the highest flows (flow events with more than the 1% daily flow
exceedance) had mean amplitudes 1.5 - 4.3 m, and mean wavelengths of 40 - 85 m (Figures 2-4).
Bedform dimensions diminished on the descending limb of the 2019 flood, and during the 8/8/2019
survey mean dune amplitude in the thalweg was 0.35 m, the smallest recorded in the thalweg
during any survey, and 1/3 the dune amplitude of surveys at similar discharges (Figure 4). Variation
in the dune shape and discharge relationship is likely due to lags in dune response to rapid changes
in flow and hysteresis effects in sediment transport, where sediment may be limited and transport
rates are lower during the descending limb of the hydrograph compared to the rising limb of the
hydrograph (Kleinhans et al. 2002; Venditti et al. 2019). Dune shapes in dike fields also scale with
discharge similarly to the thalweg but are much smaller in magnitude at all discharges. The analyses
in dike fields indicated that dune wavelength is relatively stable over a wide range of discharges.

Our results confirm that the thalweg of the LMOR has a high percentage of low lee-slope angle dunes
with likely intermittent to low flow separation. Mean lee-slope angles are <10.5 degrees except at
very high and rare (above bankfull) discharges (Figure 5) although some high angle dunes do exist in
the thalweg at discharges with 30% daily flow exceedance or less. Similar to patterns in dune
amplitude, dune lee-slope angles in the beginning of the flood event were higher compared to those
measured in the survey on 8/8/2019 towards the end of the flood. Dunes in the dike field have
uniformly low lee-slope angles, with means at or below 5 degrees during every survey except during
the flood peak in 2019 (Figure 5).

Dune crest orientations indicate flow expansion in velocities near the streambed around wing dikes.
Dune crest orientation is generally perpendicular to mean flow direction in the channel thalweg, but
adjacent to wing dikes there is increasing deviation indicative of bottom-velocity vectors transporting
sand toward the channel margin (Figure 6). We hypothesize that the dune crest orientations are a
better surrogate for near-bed velocities responsible for transporting benthic larvae compared to
vectors developed with ADCP or 2-dimensional hydraulic models and may help predict areas where
benthic larvae are transported out of the thalweg into off-channel areas.
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Figure 2. Discharge for the Missouri River at Waverly, Missouri for 2019-2021 with mean dune shape statistics
from survey discharges for a thalweg transect and four averaged dike field transects over the course of 22 surveys.
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Figure 4. Examples of bathymetry and dune longitudinal profiles from the channel thalweg for five selected survey
dates; A.) 5/13/2019, the rising limb of the hydrograph of the 2019 flood B.) 6/5/2019, near the peak of the 2019
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2021, a year with a lower peak flow than 2019 and 2020, E.) longitudinal profile in thalweg for location shown in A,
and F.) hydrograph and survey dates during the survey period.
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Figure 6. Dune crest orientation adjacent to wing dikes may be indicative of the lateral direction of

sediment transport toward the channel margins. Smaller dunes are observed superimposing larger dunes.
Dike fields are numbered and SN refers to Sheepnose Bend.

Larval fish presence and abundance

Trawling efforts during the 2019 flood did not capture many sturgeon and were limited to off-
channel habitats; therefore, trawl data from Sheepnose Bend in 2020 and 2021 was used in this
analysis. We selected trawls that occurred in the main channel and wing dike fields that
coincided with dates and discharges when habitat was mapped. Age-0 sturgeon were caught in
both main channel and dike field habitats (Figure 7A, B). Age-0 sturgeon in the main channel
were caught in taller bedforms (mean 0.85 m, range 0.4-1.2 m) and at much higher depth-
averaged velocities (mean 1.6 m/s, range 1.2-1.8 m/s) compared to dike fields. Dike fields,



particularly where fish were caught, had bedforms with long wavelengths. These longer
wavelengths may be associated with scour holes within the dike fields with superimposed
smaller dunes (Figures 2, 4). In dike fields, age-0 sturgeon were caught in smaller dune sizes
(mean 0.6 m, range 0.2-1.2 m) and lower velocities (mean 0.6 m/s, range 0.2-1 m/s) compared
to dunes in the main channel. Abundance was much higher in dike fields. All trawls in the main
channel that captured fish had very low CPUE, often only one fish in a trawl. Mean CPUE was
0.35 and the range was 1-2 fish per 100 m2. Mean CPUE associated with dike-field environments
was 4.85, with a range from 0.3-21.5 fish per 100 m2.
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Geomorphic change and ecological disturbance

GCD results show that 37-85% of the channel area had detectible change; some periods had
more change than others (Figure 8). In all the surveys from 2019 through the first survey of
2020, over 75 percent of the survey area had measurable change; during 2020 and 2021 the
areal extent of geomorphic change decreased to between 52 and 75 percent. During the 2019
flood, initial deposition associated with the first peak was followed by an extended period of
erosion. After the 2019 flood, the reach experienced net deposition through the winter of 2019-
2020, followed by net erosion during high flows in 2020. Deposition was dominant during the
summer of 2020, but magnitude was low and error ranges were high. During the winter of
2020-2021 there was moderate net erosion. Surveys during the summer of 2021 documented
very little overall change, indicative of equilibrium dune migration and low rates of deposition
and erosion. These results document the pervasive mobility of the bed of the Missouri River and
the apparent complexity resulting from sequences of flow events.
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Discussion

Dunes in flumes and rivers have been observed to scale with depth when they are in equilibrium (van
Rijn 1984; Simons and Richardson 1961); however more recent studies have shown predictive
relationships to be more complex, and other factors, including shear stress and shear velocity
influence dune size (Bradley and Venditti 2017). Dune size patterns on this bend of the LMOR show
a complex response to flow events that may indicate of sediment lags and metastability. More
predictable patterns seem to emerge during periods of stable, moderate flows. During the falling
limb of the 2019 flood, dunes were substantially smaller than any other date measured and linear
flow-parallel sand ribbon features were present (Figure 4C, in the middle of the channel), which may
indicate sand supply limitation due to the extended period of high flow. GCD results show that the
net effect of the 2019 flood was erosion, and that during the winter and spring after the flood the bed
recovered. Net scour during the 2019 flood event, is consistent with Gibson and Shelley (2019) who
documented rapid scour during large flood events (1993, 2011) on the LMOR, followed by a rebound
period of several years.

In addition to the extreme flooding in 2019, discharges evaluated in this study were generally biased
towards high flows that exist during the spring time period when larvae are drifting in the LMOR.
Nevertheless, 2021 provided insight into dune dynamics when the river is not flooding or recovering
from a recent flood event. In 2021, four surveys occurred during a 20-day period with the discharges
fell in the 25-40th percent daily flow exceedance range and peak flows proceeded the surveys. These
surveys are indicative of a relatively calm period where the areal extent of detectible change was
limited to the main channel, and there were nearly equal amounts of erosion and deposition, which
indicates equilibrium rates of dune migration. Although repeat measurements of topography at a
scale to measure dune celerity rates were not a part of this project, Elliott and others (2016)
measured dune celerity rates in the LMOR about 160 km downstream and documented that celerity
increased with discharge, ranging from 0.15 to 3.75 meters per hour. The highest rates measured in
that study were in the main channel, (3.75 meters per hour) at a 9% daily flow exceedance of 3,171
m3/s. This rate translates to a bedform movement of about 90 m per day.

Although the LMOR is dominated by low-angle dunes, which are thought to cause little flow
separation, higher angle (>10 degrees) dunes, which likely have persistent flow separation zones, do
occur in the thalweg at higher flows. Surface “boils” from turbulence associated with separation
zones are frequently observed in the main channel of the LMOR and understanding flow structures
in these areas is a potential area for future research. Flow separation zones in the lee of sand dunes
may constitute flow refugia and areas of food accumulation for larval sturgeon. The associated
macroturbulence may be instrumental in transporting larval sturgeon from the near-bed transport
region higher up in the water column where they may be intercepted into dike-field areas and end
up in supportive habitats on the channel margins. Flow refugia created by dune geometry and flow
separation may also provide foraging habitat for adults in the thalweg, as it is likely that drifting
invertebrates may be retained in the dune environment (Amsler, Bletter, and Ezcurra de Drago
2009; Wantzen et al. 2014).

Age-0 sturgeon are rarely caught in the navigation channel of the LMOR or the Mississippi River
(Phelps et al. 2010). However, as a whole, age-0 sturgeon in the LMOR and Mississippi River have
been caught in a wide variety of depths and velocities, making biologically derived quantification of
habitat criteria difficult (Gemeinhardt et al. 2019; Hintz et al. 2015). Gemeinhart and others (2019)
hypothesized that if sand dunes and other local microhabitats provide flow complexity and refugia,
there is a need to understand the interaction of bedforms, foraging, and ago-o sturgeon behavior.



Our results show that low-angle lees slopes in dike field habitats may not produce flow separation,
but the velocity fields within these off-channel habitats have not been measured in enough detail to
fully understand their complexities. Finer scale measurements of velocity and turbulence, coupled
with novel instrument deployment techniques, are needed to measure velocities in off-channel and
navigation channel habitats at scales relevant to developing benthic fish.

Trawling results showed very low to no catch in the thalweg, despite sampling on the same dates
that age-o sturgeon were found in high numbers in dike-field habitats. This indicates that age-0
sturgeon may be transported in the thalweg but collecting and persisting longer in dike field
habitats. However, there is also uncertainty about trawl efficiency as ability to capture age-0
sturgeon in bedforms of different scales. OT16 trawls are 2.5 meters wide and weighted to maintain
contact with the bottom of the river. However, it is unknown how efficiently trawls capture fish in
different dune shapes in the high-velocity, highly turbulent thalweg, and whether the trawl may also
exert hydraulic effects on capture rates.

Summary

We explored bedform dynamics and implications for benthic habitats in a reach of the LMOR over
22 surveys in 2019-2021. Maps included a large and long duration over-bank flood event in 2019.
Bedforms were larger and more dynamic in the navigation channel than in off-channel dike-field
habitats. Smaller dunes were located in lower velocity regions on the inside bend and in dike fields,
as well as superimposed on larger dunes. Bedform amplitude and wavelength generally increased as
discharge increased; the largest bedforms in amplitude and wavelength were present during or close
to flood peaks. Exceptions in dune scaling with discharge magnitude were likely due to lags in dune
response to rapid changes in flow and in cases when sediment may be limited during the descending
limb of the hydrograph. Dune sizes in the dike field also scaled with discharge similarly to the
thalweg and were smaller later in the flood as well. The thalweg of the LMOR has a high percentage
of low angle dunes with likely intermittent to low flow separation although more high-angle dunes
were present at higher discharges. Dune crest orientation is generally perpendicular to flow in the
channel thalweg, but adjacent to wing dikes there is increasing deviation from the downstream
direction, indicating bottom velocity vectors are advecting material, and potentially sturgeon larvae,
into channel-margin habitats. Trawl data from Sheepnose Bend in 2020 and 2021 show age-0
sturgeon were caught in both main channel and dike field habitats but abundance was much higher
in dike fields. All trawls in the main channel that caught fish had very low CPUE. Age-o0 sturgeon in
the main channel were caught in taller bedforms and caught in much higher depth-averaged
velocities compared to dike fields. Geomorphic change detection results show that net erosion
dominated during the rare 2019 flood, followed by net deposition during the winter of 2019-2020.
Erosion was again dominant during high flows in 2020 and change occurred at very low rates in
2021. Increased understanding of bedform distributions and dynamics in the LMOR will directly
inform future benthic larval sampling and monitoring designs, such as planning optimal trawl
locations for catching larval pallid sturgeon. This work also informs restoration engineering designs
such as Interception Rearing Complexes that aim to restore sites in the LMOR to increase potential
for larval pallid sturgeon transport out of the thalweg into off-channel habitats and contribute to a
general understanding of the influence of bedforms on benthic ecological processes. (Gibson and
Shelley 2020)
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