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Abstract Relatively little is known about the geomorphological characteristics of floodplain secondary
channels and the potential for floodplain flows to mobilize bed material within these channels. This study
examines the geomorphological characteristics (channel form, material properties, wood jams) and bed-material
mobilization potential of secondary channels on the floodplain of a meandering river in Illinois, USA. It also
compares these attributes to those of the main channel. Results show that secondary channels are at most about
one-third the size of the main channel but also vary in size over distance. Channel dimensions tend to be greatest
near the proximal connection of secondary channels to the main channel, suggesting that flow from the main
channel is effective in producing scour where it enters secondary channels. The beds of secondary channels
consist mainly of mud in contrast to sand and gravel on the bed of the main channel, implying that secondary
channels do not convey bed material from the main channel onto the floodplain. Secondary channels connected
to the main channel at both ends have more abundant active wood jams than those connected only at the
proximal end. Flow from the main channel enters secondary channels at sub-bankfull stages, but maximum
mobilization of cohesive bed material in secondary channels only occurs during flows that exceed the average
bankfull stage in the main channel. Overall, secondary channels are active conduits of flow, sediment, and large
wood on floodplains and can contribute to floodplain sediment fluxes through entrainment of bed material.

Plain Language Summary Floodplains, areas along the main channel of a river that become
inundated by water during floods, are carved by channels, referred to here as secondary channels. These
channels become submerged as water rises in the river channel. Some of these channels branch off the main
channel and then reconnect with it farther downstream. Others originate at the main channel but gradually
become indistinguishable as they extend onto the floodplain. In both cases, the channels tend to be the largest
where flow enters them from the main channel. Secondary channels contain abundant wood, much of which is
transported when water flows through these channels. The beds of secondary channels consist mainly of
mud that is mobilized when flow in the main river channel reaches the top of its banks and spills out of the
main river channel into the secondary channels. This research supports the emerging perspective that secondary
channels are important conduits for conveying water, sediment, and wood from the main river channel on
floodplains.

1. Introduction

Floodplains of lowland meandering rivers are often etched with channels activated during infrequent flows that
overtop the banks of the main river. These channels, referred to here as secondary channels, are among the first
floodplain features to get inundated with rising water levels (David et al., 2017; Lindroth et al., 2020). Secondary
channels enhance lateral connectivity between the main river and the floodplain (Czuba et al., 2019; Funk
et al., 2023; Lindroth et al., 2020) and can have complex flow dynamics characterized by threshold-dependent
flow reversals at certain stages (van der Steeg et al., 2023). From a geomorphic perspective, secondary chan-
nels are an important component of the morphological heterogeneity of floodplains (Graf, 2006; Iskin &
Wohl, 2023). From an ecological perspective, secondary channels support a variety of ecological functions by
serving as habitats (Jones, 2006), contributing to nutrient cycling (Ochs & Shields, 2019) and enhancing
biodiversity (Nienhuis et al., 2002; Simons et al., 2001). Because of their morphological and ecological
importance, the construction or deepening of secondary channels has become a prominent method of river
restoration, particularly in European rivers (Baptist et al., 2004; Buijse et al., 2002; Nienhuis et al., 2002;
Schropp & Bakker, 1998; Simons et al., 2001).
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The advent of high-resolution topographic information, particularly lidar data, has been a primary factor driving
the recognition of floodplain secondary channels as ubiquitous features along lowland meandering rivers (David
et al., 2017). Secondary channels are prevalent in river systems across the globe, including tropical (Day
et al., 2008; Mertes et al., 1996; Trigg et al., 2012), subtropical (Benke et al., 2000; van der Steeg et al., 2023; Xu
et al., 2021), and humid-temperate (David et al., 2017) meandering rivers, as well as in anastomosing arid-zone
rivers (Fagan & Nanson, 2004). These channels generally are linear slough-like features, but some meander and
have sinuosities as high as 1.6 (Riquier et al., 2015). Secondary channels can occur in isolation and be connected
to the main river channel at one or both ends (Cain, 2022) or form networks of interconnected channels (David
et al., 2017; Mertes et al., 1996; Trigg et al., 2012; Xu et al., 2020). Although some studies have reported reach-
averaged geometrical properties of secondary channels, including width, depth, and width-depth ratio (Fagan &
Nanson, 2004; Mertes et al., 1996; Xu et al., 2020), longitudinal variation in the morphology of secondary
channels has not been extensively investigated. Also, detailed information on the textural characteristics of the
bed and banks of floodplain secondary channels is sparse (Day et al., 2008; Riquier et al., 2015; Sumaiya
et al.,, 2021) compared to the relatively well-documented texture of floodplain-surface deposits (Q. He &
Walling, 1998; Moody et al., 1999).

The role of large wood in floodplain dynamics has become a prominent focus of research in river-corridor
geomorphic studies (Galia et al., 2024; Lininger et al., 2021; Ruiz-Villanueva et al., 2016; Wohl, 2013), but to
date, the amount and spatial distribution of large wood in secondary channels have not been explicitly considered
(Latterell et al., 2006). Information on wood in secondary channels is relevant not only for assessing wood
dynamics in river corridors but also for modeling sediment transport and floodplain erosion/deposition (Hardy
et al., 2000; Marriott, 1992; Nicholas & McLelland, 2004; Nicholas & Walling, 1997; Sumaiya et al., 2021).

Thus, despite increasing recognition of the prevalence of secondary channels on floodplains, few, if any, studies
have comprehensively examined the morphologic, sedimentologic, and large-wood characteristics of these
channels, particularly in relation to the main river channel. Moreover, the extent to which flows moving through
secondary channels during floods can mobilize sediment constituting the boundaries of these channels remains
poorly understood. Determining whether floods can mobilize bed material represents a first step toward evalu-
ating whether secondary channels can be eroded by floods, and thus possibly evolve over time, perhaps into
anabranching channels (Shukla & Rhoads, 2023). The formation of anabranching channels through enlargement
of secondary channels occurs on lowland floodplains prone to channel avulsion (Kleinhans et al., 2012; Makaske
et al., 2002, 2017). On the other hand, secondary channels may simply represent depositional sinks for sediment
transported into them from the main river during floods and are therefore destined to fill with sediment and
eventually disappear. Detailed information on spatial patterns of fluid forces within these channels during floods
is needed to better characterize the potential for sediment mobilization and the overall evolutionary trajectory of
secondary channels within river-floodplain systems.

The purpose of this research is twofold: to examine the channel dimensions, sediment composition, and large-wood
attributes of secondary channels on the floodplain of a lowland meandering river and to determine the extent to
which sediment comprising the boundary of secondary channels can be mobilized during floods. A key aspect of
the geomorphic characterization and assessment of sediment mobilization is to compare conditions for secondary
channels to those for the main river channel. Such a comparison provides the basis for determining how floodplain
secondary channels in meandering lowland river systems differ from the main river channel. To accomplish this
goal, the research addresses the question: how do the morphology, texture of bed and bank materials, and large-
wood characteristics of secondary channels differ from those for the main river channel? A second set of
research questions focuses on the erodibility of secondary channels: how do the magnitudes and spatial patterns of
bed shear stresses within secondary channels vary as the discharge of the river system varies and what are the
implications of changes in the magnitudes and spatial patterns of bed shear stresses for the mobility of bed material
within secondary channels? Answers to these research questions provide insight into the distinctive characteristics
and process dynamics of floodplain secondary channels, thereby contributing to an improved understanding of the
linkages between secondary channels and main river channels in meandering rivers.

2. Study Area

The study area for the research is a ~3 km reach of the Upper Sangamon River (USR) flowing through Allerton
Park, an ~8 km? tract of land owned by the University of Illinois. The USR flows into Lake Decatur, an artificial
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Figure 1. (a) Digital Terrain Model of Allerton Park with location of Allerton bridge, pressure transducer, bed-material
sampling locations, and cross-section survey transects. Insets from left to right show the location of Illinois on a map of the
continental United States, the location of Sangamon River watershed in the state of Illinois, and the location of Allerton Park
in the Sangamon River watershed. (b) A simplified geomorphic map highlighting the prominent floodplain geomorphic
features.

reservoir near the city of Decatur, Illinois. Along its ~174 km length, the river drains an area of 2,400 km? of
relatively flat agricultural landscape. With an average slope of 1.8%, the USR watershed is characterized by low
relief topography sculpted by multiple cycles of advance and retreat of the Laurentide Ice Sheet throughout the
Pleistocene Epoch. The most recent ice sheet retreat from the USR occurred ~17 thousand years ago in the end of
the Wisconsin Episode (Curry et al., 2011). Multiple glacial cycles have resulted in 50-150 m of deposits
consisting of layers of glacial till, outwash, and lacustrine sediment (Grimley et al., 2016; Kempton et al., 1991).
Contemporary soil development in the uplands has occurred in 0.5-1.5 m of loess deposits and underlying glacial
sediments (Anders et al., 2018; Fehrenbacher et al., 1986). Current land use within the USR consists of ~90%
cropland, with forests making up less than 3%, largely confined to riparian corridors (Rhoads et al., 2016).
Agricultural land use is associated with widespread removal of native vegetation, reworking of the soil through
tillage, installation of tile drains, headwater extension of channel systems, and channelization of headwater
streams to improve land drainage (Mattingly et al., 1993; Rhoads & Herricks, 1996; Rhoads et al., 2016; Urban &
Rhoads, 2003).

The USR watershed is characterized by a humid continental climate regime (K&ppen climate classification: Dfa)
with cold wet winters and warm dry summers. The mean annual temperature is ~10°C, with the highest daily
average temperatures occurring in July and August (~25°C) and the lowest daily average temperatures of —5°C
occurring during the months of January and February. The mean annual rainfall is 1,000 mm, with spring and fall
being the wettest periods (Keefer & Bauer, 2011).

Allerton Park is located about 6 km southwest of Monticello, Illinois. Upstream of Allerton Park, the USR drains
an area of ~1,500 km?® (Figure 1a). The USR main channel through Allerton Park is about 30 m wide and sits
within a 500 m wide floodplain. The average annual discharge of the Sangamon River over the period of record
(1908-2023) for a USGS gage at Monticello is ~12 m?/s and the largest peak discharge is 390 m?/s. Bankfull
stage at Allerton Park occurs at a discharge of about 42.5 m*/s (Lindroth et al., 2020). High discharges generally
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occur during spring and summer months, while fall and winter are low flow periods. The floodplain at Allerton
Park has been minimally disturbed over the last 120 years and is heavily forested with old growth and second old
growth forest. The modern floodplain consists of 1.0-1.3 m of silty vertical-accretion deposits overlying 1.2—
1.5 m of sandy lateral accretion deposits (Rhoads et al., 2024). Early Holocene alluvium occurs beneath the
modern floodplain deposits (Grimley et al., 2017). About 0.8 m of the overbank deposits consists of post-
settlement alluvium that has been deposited on the floodplain surface following widespread conversion of land
cover in the USR watershed from prairie to intensive agriculture in the mid-1800s (Grimley et al., 2017). Recent
work indicates that this transformation of the watershed has not resulted in increased rates of lateral migration of
the Sangamon River and that rates of migration remain low (<10 cm/yr on average) (Rhoads et al., 2024). Thus,
while the dynamics of the river channel are relatively undisturbed by human activity, impacts of intensive
agriculture in the USR watershed cascade downstream and influence floodplain processes.

Five distinct secondary channels have been identified on the Allerton Park floodplain using airborne lidar data
collected as part of the Illinois Height Modernization (ILHMP) program covering a centerline length of 1.8 km
(Figure 1b). Among the five secondary channels, two (SC4 and SCS5) are over 500 m long (550 and 845 m) and are
connected to the main channel at both ends (referred to here as continuous secondary channels, CSC). CSCs
generally are aligned parallel to the main river valley along the gradient of the floodplain. The other three (SC1,
SC2, SC3) are between 80-250 m long, generally originate perpendicular to the main river channel and are
connected to the main channel only at one end; the other end of these channels merges with distal portions of the
floodplain surface (discontinuous secondary channels, DSC). Of the total river-floodplain area of ~1 km?, 10% is
occupied by the main channel, and ~2% by the secondary channels identified in this study. In addition to sec-
ondary channels, other prominent geomorphic features on the floodplain include scroll bars and closed de-
pressions (Figure 1b).

3. Data and Methods
3.1. Geomorphic Data
3.1.1. Morphologic Characteristics

Characteristics of bankfull channel morphology of the Sangamon River main channel and floodplain secondary
channels were determined using airborne lidar data acquired in 2012 (0.76 m resolution), supplemented by field
surveys. These characteristics include bed elevations, bank elevations, channel widths, channel width-depth
ratios, and bankfull areas (product of channel width and depth). Morphological characteristics of floodplain
secondary channels could be determined from lidar data because the floodplain was completely dry at the time of
data acquisition. To evaluate the accuracy of extracting the morphological characteristics of these channels from
the lidar data, cross-section elevation surveys of these channels were also conducted in the field in 2022 at several
georeferenced locations. Comparison of the ground-survey cross sections with the lidar-extracted cross sections
confirmed that cross sections derived from both methods were nearly identical. The elevation surveys were tied to
an absolute datum above sea level on a bridge across the Sangamon River at the upstream end of the study reach.
For the main channel, bed elevations could not be determined directly from the lidar data because water occupied
this channel at the time of data acquisition. To determine bed elevations of the main channel, three georeferenced
cross sections of this channel were surveyed in the field at low flow and the elevations of the surveys were tied to
the bridge elevation datum. Two of the three cross sections (MC1 and MC3) are located near the upstream and
downstream ends of the study reach, with another cross-section within the study reach close to a secondary
channel (MC2, Figure 1a).

The workflow to delineate morphology of secondary channels from the lidar consisted of mapping the boundary
of the channel feature along contour lines, generating a centerline, creating transects along the centerline, and
extracting elevation values along the transects using ArcGIS Pro 2.14. Transects along the centerline were spaced
at intervals of approximately one-half of the secondary channel width. Elevation values were sampled across each
transect at a spacing equal to the lidar resolution (0.76 m).

The survey data for each transect of the secondary channels were used to determine bankfull geometric properties
along the channel centerlines following Lindroth et al. (2020). For a range of water surface elevations from close
to the channel bed to above the general floodplain level, the left and right banks were identified, and the cor-
responding width, depth, area, and width-depth ratio were calculated. When plotted with water surface elevation,
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Figure 2. (a) Range of water surface elevations (WSE) tested for a secondary channel transect with associated left and right end points depicted as dashed lines (for
clarity, every fifteenth increment of WSE is shown on the graph, (b) variation of WSE with the corresponding values of width-depth ratio, (c) WSE versus inundated
cross-section area, and (d) WSE versus cross-section width. The red line depicts the bankfull elevation (192.2 m).

these properties depicted abrupt transitions at the bankfull elevation (Figure 2). These transitions corresponded to
the elevation with the lowest width-depth ratio and to breaks in slope in width and area versus elevation.

3.1.2. Textural Characteristics of Channel Bed, Channel Banks, and Floodplain Surface

Bulk samples of sediment were collected from the bed and banks of secondary channels and the main river
channel as well as the floodplain surface at various locations throughout the Allerton Park study area (Figure 1).
All samples were collected from the top 10 cm of the surface; no armoring or coarsening of the surface bed-
material was evident either in the main channel or secondary channels. For the short secondary channel SC3,
which had a uniform bed, a sample was collected at one location, whereas for the other secondary channels,
samples were collected from 2 to 5 different locations based on visual assessments of spatial variation in texture of
the channel bed or banks. Samples for the main channel were collected at the three cross sections surveyed at low
flow. Material representing the floodplain surface was obtained from the top parts of cores and auger samples
collected in related projects (Grimley et al., 2017; Rhoads et al., 2024).

Overall, a total of 53 sediment samples (39 from the bed and banks of secondary channels, 9 from the bed and
banks of the main channel, and 5 from the floodplain surface) were analyzed to determine grain-size distributions.
Samples consisting almost entirely (>95%) of sand and gravel were sieved. Samples containing abundant fines
(<63 pm) were processed in a Malvern 3000 Mastersizer following appropriate laboratory protocols established
by the Illinois State Water Survey. The sediment composition was represented in terms of the percentage of
sediment finer than a size class. The percentages of material within three size classes were extracted from the
grain-size data, namely: gravel (>2 mm) sand (0.063-2 mm), and mud (<0.063 mm).

3.1.3. Large Wood Characteristics

Accumulations of wood, or wood jams, in the main and secondary channels at Allerton Park were mapped during
low-flow conditions to document their properties. Jams included accumulations consisting of at least one large
piece of detached wood greater than 2 m in length and 0.2 m in diameter (May & Gresswell, 2003), and jams
forming behind live trees. Each jam was photographed and geolocated using a handheld GPS. Various properties
of wood jams were documented within secondary channels (Table 1). The diameters and lengths of key pieces
were measured with a survey tape and the proportion of the channel width spanned by the jam was determined as
the ratio of total channel width to the length of the accumulation. The jam was classified as partial, complete, or
active based on its potential to impede flow through the channel and potentially create a hydraulic step (Cashman
et al., 2021). Porosity was assessed visually using the recommended field-based procedures (Table 1). The
presence/absence of root wads was noted as a proxy of jam movement, and the presence of scour or sediment
accumulation associated with the jam was noted to highlight its sediment mobilizing/trapping efficiency. In the
main river channel, only the locations of jams were determined because these features were partially submerged in
all cases.
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Figure 3. Flowchart for calculation of bed shear stress and critical bed shear stress to determine sediment mobilization
potential.

3.2. Spatial Variability in the Potential for Bed-Material Mobilization

The potential for bed-material mobilization within secondary channels and the main river channel was determined
by comparing the estimated bed shear stress within these channels for different discharges with the critical shear
stress for sediment entrainment (Figure 3). Once entrained from the bed, sediment can be transported as either
bedload or suspended load. The goal of the analysis was to evaluate the potential mobility of bed material in
secondary channels, particularly in relation to the main channel. Detailed analysis of channel change related to
erosion and deposition requires sediment flux calculations, and as such, is beyond the scope of the present work.

Spatial patterns of bed shear stress were estimated based on two-dimensional hydrodynamic modeling over a
range of discharges representing different stages of flow within the river-floodplain system. Constant discharges
were imposed on the upstream boundary and a normal depth with a friction slope of 0.001 was used as the
downstream boundary condition. An existing HEC-RAS2D model of the USR at Allerton Park (Lindroth
et al., 2020) was refined by further calibrating the model using additional field data on water-surface elevations
during flood events. Three discharges were simulated for calibration: 35 m*/s, 50 m*/s, and 90 m?/s, representing
a flow contained entirely within the main channel, a flow confined to the main channel and to secondary channels
on the floodplain, and a flow that inundates much of the valley floor, respectively. Calibration involved
comparing modeled water-surface elevations with observed water-surface elevations derived from a rating curve
at the Allerton Park bridge located approximately 1 km downstream of the upstream model boundary (Lindroth
et al., 2020).
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Table 2
Results of HEC-RAS2D Calibration

WSE (m) Water surface slope

Qi (M/s) ny n, Obs Sim DIFF Obs Sim DIFF
35 0.14 0.05 192.22 192.22 0.00
50 0.1 0.05 192.53 192.52 0.01
90 0.1 0.04 193.04 193.04 0.00 0.000264 0.000282 1.80E-05

To construct the rating curve, discharges measured using a Sontek M9 Acoustic Doppler Current Profiler were
related to absolute elevations of the water surface determined using a water-level sensor tied to a geodetic datum
on the bridge. For the 90 m*/s discharge, the water surface slope (S,,) of the river was also determined from the
water-surface elevation at the bridge and the water-surface elevation ~800 m downstream, which was measured
using a pressure transducer at the mouth of a secondary channel (Figure 1). The downstream sensor was prone to
change in elevation over time but was surveyed only 3 weeks before the 90 m*/s event. The elevation of the water-
surface recorded by this sensor was not considered reliable for the other two discharges because those events
occurred many months before or after surveying of the sensor elevation. Calibration involved adjusting values of
Manning's friction coefficients for the main channel (n.) and the floodplain () in the model until the water
surface elevation and, in the case of the 90 m®/s event, the water-surface slope (S,,) closely matched measured
values for the same discharge (Table 2). The calibrated values of Manning's n are similar to those of
n. = 0.045 and ny = 0.12 reported by Lindroth et al. (2020) but vary slightly with discharge.

HEC-RAS2D calculates bed shear stresses as 7, = yRS, where y = the unit weight of water (N/m>), R is the
hydraulic radius (m) calculated as the ratio of wetted area and wetted perimeter for each mesh face, and S is the
water surface slope (m/m) between two adjacent cell centers. The model pre-processes the computational domain
using the underlying terrain information to generate hydraulic tables for the cells and cell faces and produces
mapping of shear stress at the lidar resolution reflecting the sub-grid terrain information (Brunner et al., 2015).
The main channel bed consists largely of sand and fine gravel and exhibits no evidence of surface armoring, but
can develop bedforms, such as dunes, at high flows. To account for this effect, the bed shear stress 7, was
partitioned into components due to grain friction " and form friction " by solving the Keulegan equation for flow
depth due to grain friction A/ (Garcia, 2008):

v =25 1n(1]1{h') M

Vgh/SW s

where S|, is water surface slope, and k; = 0.84Dy, is the grain roughness (Wilcock & Kenworthy, 2002). A cross-
section average velocity U was obtained from HEC-RAS2D simulations and grain shear stress was calculated as
7 = yh'S. Stress partitioning was not performed for flow in the secondary channels because the beds of these
features consist mainly of mud and no reliable methods exist for partitioning shear stresses into grain and form
components for this material. Also, existing entrainment relations for mud relate particle erosion to the total bed
shear stress.

The critical bed shear stress for sediment mobility within the main channel was calculated using the Wilcock and
Kenworthy (2002) subsurface formulation, which explicitly accounts for grain hiding and exposure effects in
mixtures of sand-gravel bed material. The sample was separated into sand and gravel fractions and the ds, of each
fraction (d, and d) was calculated. The critical dimensionless bed shear stresses for the gravel (T;L,) and sand

fractions (z},) are given as a function of sand fraction f:

0.035
Toe =0.043 — ——— ———— (2a)
1 + el25(5-016)]
; ; Ty — 0-045
T = T0) ™ T ncr s 7 2b
sc sc(0) 1+ e[—25(]§—0.16)] ( )
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1. === . . -

0 Pl where 1;(0) = 0.0774 % The dimensionless critical bed shear stresses can be

/’/ converted to dimensional critical bed shear stress for each size fraction d;
0.81 /
! *

> tie = 7ic(ps = ) 8 3
o} ;
g— 0.6 ,’ === Pcor
o i van Rijn (2020) where
"; ! Chen et. al. (2021)
-E 0.4 ,” 1 7. from literature ch, di <2 mm
5 ! T =17, )
o § Tge> d;>2mm

0.2 ] Pcor(Te; A) =1 — exp(—0.907,)

E and p, is density of sediment (~2,650 kg/m®), p is water density (1,000 kg/m>),

0.0 and g is gravity (9.81 m/s?). Grain mobility of the sediment mixture is deter-

' 0 2 4 6 8 10 mined by comparing the bed shear stress due to grain friction to the critical bed
Tc (N/m?) shear stress for each size fraction. Values of shear stress that exceed the critical

shear stress are indicative of grain mobility.

Figure 4. Probability density of 7, values for erosion of mud from 15 sources,

combined with best fit P, Also shown are 7, from formula by van
Rijn (2020) and Chen et al. (2021). Range of 7 calculated for the secondary

channels is shown in shaded colors.

Sediment mobility for cross sections within secondary channels was deter-
mined by compiling critical bed shear stress values for cohesive mixtures
from the literature and calculating a best fit cumulative probability density
function (Pcpr) (Dunn, 1959; C. He et al., 2021; Hir et al., 2008; Jacobs
et al., 2011; Kothyari & Jain, 2008; Panagiotopoulos et al., 1997; Perera et al., 2020; Schifer Rodrigues Silva
et al., 2018; Sharif, 2003; Smerdon & Beasley, 1959; Torfs, 1995; van Rijn, 2020; Zhang & Yu, 2017) (Figure 4).
Multiple potential Ppgs were tested: normal, lognormal, exponential, and Weibull. The Kolmogorov-Smirnov
(KS) test was used to evaluate the goodness of fit between each Ppr and the critical bed shear stress data set.
An exponential function produced the minimum KS statistic measuring the maximum difference between the data
and the Pcpg (0.056):

Pepp =1— 0% (5)

The exponential P (Equation 5) was used to calculate the cumulative probability for various values of critical
bed shear stress (z,.). In addition to this probabilistic approach, critical shear stresses were directly estimated based
on sediment properties using critical shear stress formulations proposed by van Rijn (2020) and Chen et al. (2021).
Both formulations require information on the grain-size distribution and dry bulk density of the sediment mixture
—data that were obtained from analysis of samples within secondary channels. The van Rijn (2020) formula-
tion is:

B
(1 + pﬁnes) T¢ sand,00 sand fraction > 63 pm

f
(1 + pﬁnes) T fines,0» fine fraction < 63 pm

Where 7, sana 0 and 7, fines o T€Present the critical bed shear stresses for erosion of sand and silt fractions. The critical
bed shear stresses are based on an empirical fit to experimental data with sediment sizes in the range 10-400 pm
(Hoffmans & van Rijn, 2018; van Rijn, 2020):

0.3
0= 0.055[1 — (00202 7
T(.,O 1+ D* + [ e ] ( )
13
with D, = ds, [Mv;‘)] , and
al a2
ﬂ = [1 + (pclay/pfines) + (pdm/pdry,max) (8)
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Figure 5. Comparison of cross-section geometry between main-channel cross sections (MC) and secondary-channel cross
sections (SC). For the location of cross sections (transects), refer to Figure 1. The red straight line on the secondary channel
cross sections depicts bankfull elevation (m) as calculated from the bankfull algorithm used in this study.

Here pyies represents percentage fraction of all sediment <63 pm, p,, denotes percent fraction of sediment
<8 pum, pgy, is the dry bulk density of sediment mixture and pg,y max = 1600 kg/ m? represents the maximum dry

bulk density of mixture. The empirical parameters, as suggested by van Rijn (2020), were defined as
al =2,a2 = 1.5 for the sand fraction and @l = 2,a2 = 2 for the fine fraction.

The Chen et al. (2021) formulation is based on a theorical momentum balance analysis under incipient conditions:

-2

L (p . P, e 2.4%d

dm m .4

Te,0 (ps - ﬂ) gds +A ( > X < - ) -1 Xe m, Pclay Spclay,c
An \ P Pm

T, = ©)

U lpan\ " [ (pan) ™" B 24n
A— (7”‘) X <7m) -1 Xe  m, Delay > Pelay.c
dm Pm Pm

Here, 7. is given by Equation 7, d; and d,, represent the median grain size of the sand and mud fractions

respectively, Py = 15%, and A = 3.97 X 1076 Jm=2 is an empirical coefficient.

The van Rijn (2020) formulation (Equations 6—8) produced critical bed shear stresses between 0.21 and 0.8 Pa,
whereas the Chen et al. (2021) formulation (Equation 9) produced a comparatively narrow range of critical bed
shear stresses (0.16-0.21 Pa) (Figure 4). The range of critical shear bed stresses resulting from the two formu-
lations correspond to cumulative frequencies ranging from 46% to 93% of the values reported in literature
(Figure 4).

4. Results

4.1. Morphology, Sediment Composition, and Wood Jam Characteristics
4.1.1. Morphology

Comparison of cross sections of the main river channel between the field surveys and lidar data shows that flow in
the main channel was, on average, about 0.5 m deep at the time of lidar data acquisition (Figure 5). Overall, the
main channel is much larger than the secondary channels. The main channel is on average 2.8 times deeper and
2.7 times wider than the secondary channels (Figure 5), but the secondary channels have width-depth ratios only
~0.8 times less than those for the main channel. Thus, although the main channel is much wider and deeper than
the secondary channels, the two types of channels have similar width-depth ratios (Figure 5).

Average bankfull properties, particularly width and width-depth ratio, vary among the secondary channels. The
two CSCs (SC4, SCS), both of which are over 500 m long, have higher mean widths and standard deviations of
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Table 3
Bankfull Properties of Secondary Channels and the Main River Channel

Average Standard deviation

Feature Depth (m) Width (m) Width-depth ratio Depth (m) Width (m) Width-depth ratio #Transects
Main channel 2.38 34.49 14.47
Average (Secondary channels) 0.79 12.72 17.54
SC1 0.76 8.75 13.09 0.40 3.53 5.26 61
Sc2 1.03 12.83 13.66 0.33 2.84 472 32
SC3 0.68 11.03 18.38 0.33 5.88 8.83 52
Sc4 0.58 15.62 29.55 0.21 5.06 11.56 79
SCs 0.88 12.41 16.65 0.43 3.77 8.23 120

width (16 = 5 and 12 + 4 m) as well as greater mean width-depth ratios and standard deviations of width-depth
ratio (30 = 12 and 17 « 8) than the three DSCs that originate at the main channel but dissipate on the floodplain
(SC1, SC2, SC3, Table 3). All secondary channels are between 0.6 and 1 m deep, a narrow range compared to that
of bankfull width and width-depth ratio.

Longitudinal trends in bed elevations, plotted from the proximal end (i.e., the location where the channel orig-
inates by branching off the main channel) to the distal end (i.e., the location where the channel terminates on the
floodplain or rejoins the main channel), vary among the secondary channels. All three DSCs (SC1, SC2, SC3)
exhibit noticeable increasing trends in bed elevation toward the floodplain interior as they blend with the
floodplain surface. This pattern of bed elevation is largely attributable to the occurrence of relatively deep scour
pools with low width-depth ratios either close to the proximal ends of the channels (SC1, SC2) or around midway
between the proximal and distal ends (SC3) (Figure 6). These three DSCs also cut through prominent levees along
the river, producing a decrease in bank elevations toward the distal end of each channel. The increase in bed
elevations along with a decrease in bank elevation results in a decrease in channel cross-sectional area, that is, the
channels become smaller toward the floodplain interior. By contrast, the two CSCs (SC4 and SC5) exhibit
decreasing trends in bed elevation from proximal to distal ends. These secondary channels slope from the up-
stream location to where the channels rejoin the main channel downstream. The decrease in bed elevation along
these CSCs reflects in part the overall decrease in the bed elevation along the floodplain and main channel from
upstream to downstream. For SC4, bank-elevation trends mirror bed elevation trends and the channels remain
constant in size along their lengths. Pronounced scour produces an exceptionally large deep channel at the
proximal end of SCS5. Because bank elevations decrease more markedly than bed elevations, the channel cross-
sectional area decreases toward the distal end of this channel.

Residuals about trends provide insight into the variability of bed elevations and bank elevations of secondary
channels. The RMSE of bed elevation residuals (0.09-0.19) is about 10%—25% of the channel depth, whereas the
RMSE of bank-elevation residuals (0.1-0.26) is about 13%—-30% of the average bankfull depths. Thus, locally the
form of secondary channels as defined by bed elevations, bank elevations, and bankfull area varies substantially
along the lengths of these channels.

4.1.2. Sediment Texture

Particle size analysis of bed-material samples shows that the bed of the main channel is composed largely of sand
(89%) with some fine gravel (8%), whereas the beds of secondary channels consist mainly of mud (76%) with
some sand (24%). For the most part, the median particle size (dsy) of bed material in the main channel
(dso = 0.35 £ 0.1 mm) is coarser than that in the secondary channels (dsy = 0.03 = 0.1 mm) (Table 4). The high
standard deviation of ds, for secondary channels is in part due to a site in SC5 that has a ds, of 0.2 mm; all other
secondary channel bed samples, except one, have median particle sizes between 0.01 and 0.03 mm. A sample
from a short reach of SCS5, not included in the calculation of mean statistics, has a ds, equal to 3.6 mm, an order
of magnitude coarser than the median particle size of bed material in the main channel. The source of this
exceptionally coarse material is not entirely clear; glacial outwash is typically buried deep (>4 m) beneath
Holocene alluvium at Allerton Park and Holocene alluvium analyzed in cores generally is dominated by sand
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Figure 6. Longitudinal variation in cross-section geometry of secondary channels at Allerton Park floodplain. SC1, SC2, and SC3 represent the discontinuous secondary
channels, while SC4 and SC5 are continuous. For locations refer to Figure 1.

(Rhoads et al., 2024). Individual samples (transects) along SC5 have the highest variability of any channel,
including the main channel; the sample with ds, = 3.6 mm, composed of 59.5% gravel, is located only 120 m
away from a sample with ds, = 0.007 mm composed of 30% clay.

Although bed material of the main channel and secondary channels differs substantially in texture, bank material
of these two types of channels is similar, both in terms of representative grain sizes and fractions of sand and mud
(Figure 7). Moreover, average distributions of grain size are nearly identical for bed and bank materials in
secondary channels. The median particle sizes of samples of bank material for the main channel and the secondary
channels range between 0.01 and 0.03 mm. On average, the texture of sediment on the floodplain surface, which
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Table 4 consists mainly of overbank deposits (Rhoads et al., 2024) is slightly

Summary of Sediment Texture Averaging All Samples Belonging to a Geomorphic
Feature Class

Representative
grain
sizes (mm) %Fractions
Feature ds dyg Sand Mud Gravel
Main channel bed 0.35 1.48 88.9 29 8.2
Secondary channel bed 0.03 0.15 23.8 76.2 0.0
Main channel banks 0.02 0.11 19.7 80.3 0.0
Secondary channel banks 0.02 0.11 20.9 79 0.0
Floodplain surface 0.01 0.08 16.0 83.9 0.0
Secondary channel bed SC5 3.63 17.9 37.9 2.6 59.5

(~20%) finer than that of bank material in the secondary and main
channels as well as bed material in secondary channels; however, the
range of variation in median particle size of floodplain surface material
overlaps with the range of variation of bank materials in secondary and
main channels as well as bed material in secondary channels.

4.2. Wood Jam Inventory

The wood inventory reveals the presence of abundant wood jams in the
main channel and secondary channels. Moreover, the number, distribu-
tion, and characteristics of these jams differ in secondary channels versus
the main channel. Of the 125 within-channel wood jams in the study area,
85 (68%) occur in the main channel, and 40 are distributed along sec-
ondary channels (Figure 8, Table 5). The average spacing of wood jams,
expressed as the length of a channel divided by the number of accumu-
lations, ranges from 42 m for SC5 to 68 m for SC1 (Table 5). The average

spacing is greater in the three DSCs (SC1-SC3) compared to spacing in the main channel. The average spacing
when aggregated over all secondary channels (48 m) is identical to the average spacing of jams in the main
channel (48 m). This result reflects the strong influence of abundant wood jams in SC5 on the average of sec-
ondary channels. This long secondary channel has more wood jams per unit length than the main channel.

The relative average spacing, the average spacing divided by average channel width, is a scaled metric that
accounts for differences in the size of the main channel relative to the size of the secondary channels. Wood jams
in the main channel occur at a relative average spacing less than 2 channel widths (Table 5). The relative spacing
of wood jams in secondary channels exceeds that of the main channel but is smallest in the CSCs (SC4, SC5) that
are connected at both ends to the main channel (Table 5). Relative spacing is greatest for DSCs that terminate on

the floodplain (SC1-SC3).

The distance between consecutive wood jams varies from 3 to 189 m for the main channel with a standard de-
viation of 33 m, or about one channel width. The range of distances between consecutive wood jams in long
secondary channels with more than four jams (SC1, SC4, SC5) is less (%90-125 m) than the range for the main

channel (186 m), but standard deviations of spacing are similar (28-38 m) to the standard deviation for the
main channel (33 m). When scaled by channel width, the standard deviations for the secondary channels are
greater (2—7 channel widths) than the scaled standard deviation of wood spacing for the main channel (1.25
channel width). Average spacing and ranges of spacing do not fully account for clustering of the wood jams,
which occur locally in virtually all of the channels. For example, SC2 contains only two wood jams spaced 6 m

apart, even though the average spacing of accumulations based on its length is 12 m.

In addition to the spatial location and distribution of wood jams, the field survey reveals key properties of the jams
in secondary channels. The majority (60%) of wood jams in all secondary channels have a single key member, are
partial wood jams with high porosities of 90%, are not associated with sediment storage or scour, and seem to have
been in transport (Figure 9). Fifteen percent of all wood jams are associated with live trees and have no key pieces;
all of these types of jams occur in the CSCs that will have water flowing through their entire lengths during
flooding. Transported wood jams are clustered in upstream portions of SC1, SC4, and SCS, with most wood jams
close to the downstream end of the secondary channels created in situ (Figure 9). Because characteristics of wood
jams in the main river channel could not be documented in detail during the survey, comparison of jam properties

between secondary channels and the main channel is not possible; however, in general, jams in the main channel,

particularly jams spanning a substantial proportion of the channel width, are much larger than those in secondary

channels.

4.3. Sediment Mobilization Potential of Bed Material in Secondary Channels

HEC-RAS2D simulations confirm that as stage rises with increasing discharge (Q), secondary channels become

activated for discharges less than bankfull flow (~42.5 m/s) (Figure 10). Although shear stresses averaged over

the entire secondary channel boundary are initially quite low (0.03—0.7 Pa for Q = 31.25 m%/s), values increase as
the floodplain becomes inundated, reaching values of 4-11 Pa for Q = 120 m?/s (Table 6). Among the shorter,

SHUKLA AND RHOADS

13 of 26

A ‘1 °STOT “1106691T

sdy woxy

ASUSOIT suOWWOo)) AN d[qeorjdde oy Aq PaUIdAOS oI SI[ONIE V() (ASN JO SI[NI 10] AIRIqIT SUIUQ AJ[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO KIm " KIeIqrjaurjuo,/:sd)y) suonipuo)) pue suua [, 9Y) 38 "[$707/80/9Z] uo A1eiqry suruQ Ldqipy ‘uStedwey)) eueqin) 1y stour[f JO ANsioarun £q [£8L00A1H20T/6201 01/10p/w0d K[



I ¥edl

MAI Journal of Geophysical Research: Earth Surface 10.1029/2024JF007871
AND SPACE SCIENCES
1007 cl 7 -==- MC_Banks; mean
ay iy MC_Banks; range
801 ,/'{: / —-=- MC_Bed; mean
;@ . Ill MC_Bed; range
; 60 - / i K ——- SC_Bed; mean
e Yy SC_Bed; range
= ¢ 1/
S I L/ --- FP_Surface; mean
= 401 ,' /E FP_Surface; range
o i // H —-—= SC_Banks; mean
201 |/ i SC_Banks; range
5 i --- Gravel SC
Y o +Sand | Gravel
1 1 | .
10> 10™% 103 1072 107! 10° 10!

Size (mm)

Figure 7. Grain size distribution curves for samples of bed and bank materials for the main and secondary channels and the
floodplain surface.

discontinuous secondary channels (SC1, SC2, SC3), the shortest secondary channel SC3 consistently has the
highest shear stresses across all discharges (Table 6). The average bed shear stresses within the three DSCs are
also higher than those within the two CSCs (SC4, SCS5), particularly for discharges exceeding bankfull flow
(Table 6). Among SC4 and SCS, the longest secondary channel SC5 has higher average bed shear stresses across
all discharges compared to SC4, which has the lowest bed shear stresses of the secondary channels. Thus, while
secondary channels are characterized in general by higher bed shear stresses than the rest of the floodplain,
considerable variability exists among secondary channels. Moreover, bed shear stresses vary spatially within
secondary channels, with the highest bed shear stresses corresponding to regions of pronounced scour that are
associated with low width-depth ratios (Figure 10). On the other hand, the average bed shear stress within the
main river channel remains within a narrow range of 8—11 Pa, increasing only slightly with discharge.

The bed shear stress typically exceeds the critical bed shear stress for erosion at flows corresponding to bankfull
discharge (x42.5 m%/s). For secondary channels, the average bed shear stress at the sampled transects equals the
90% cumulative probability of exceeding the critical bed shear stress for flows between 40 and 60 m?/s
(Figure 11b). Although in a few cases (transects 3A, 4B, 4D, 5B, 5D) the bed shear stress decreases somewhat for
large valley-filling flows (70—120 m?/s), the probability of bed-material mobilization remains high (~80%) for

Figure 8. (a)-(e): Wood jams in the secondary channels; (f)—(j): wood jams in the main river channel.
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Table 5
Wood Jams in Secondary Channels
Length Avg. #of wood  Length/ Length/ Range of consecutive Standard deviation of Standard deviation of consecutive

Feature (m) Width (m)  jams #jams (m) #jams/width spacing (m) consecutive jam spacing (m) jam spacing/width
MC 4,049 26.0 85 48 1.8 186 33 1.25
SC1 270 5.5 4 68 12.2 91 38 6.88
SC2 131 5.6 66 11.7 6 6 1.11
SC3 89 5.8 0 0 0 0 0 0.00
SC4 579 10.6 12 48 4.5 124 38 3.61
SCs 882 12.9 21 42 33 111 28 2.18
Total 1,934 10.4 40 48 4.7 66 22 2.13

SC

these flows (Figure 11). For the two main channel transects (MC1 and MC2), the discharge that mobilizes all bed
material is between 27.5-42.5 m*/s (Figure 11c). In the case of the single secondary-channel transect where bed-
material also consists of sand and gravel (SC SE, Figure 11a), the discharge corresponding to a 90% probability of
bed-material mobility is 60 m*/s—slightly above bankfull flow when water spills into this secondary channel
from the main channel. At lower discharges, only sand to fine gravel material has critical shear stresses that
exceed the shear stress (Figure 11c).

—~ N
Jam class

# key pieces partial
e behind live tree e complete

Porosity C Transport
20 in-situ
moved

Storage/Scour Rootwads
3 no no
o yes yes

Relative elevation (m)

Figure 9. Wood jams in secondary channels classified based on jam parameters.
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Figure 10. Shear stress distributions for simulated flows.

5. Discussion

The findings of this study support the following answers to the two research questions posed in the introduction.
The secondary channels at Allerton Park are ~3 times smaller in width and depth than the main river channel
(Table 3, Figure 5), consist of sediment similar to the bank material of the main channel but slightly coarser than the
floodplain surface (Table 4, Figure 7), and contain abundant wood jams (Table 5), similar to the main river channel.
Moreover, while secondary channels become inundated at flows below bankfull stage, the probability that bed
shear stresses in these channels exceeds the critical bed shear stress of cohesive mixtures remains relatively low
(0%-50%) for sub-bankfull flows but increases to ~90%-100% after the bankfull discharge is exceeded
(Figure 11). The probability of bed-material movement in secondary channels approaches 100% for floods large
enough to inundate most of the valley bottom. Thus, the bed material within these channels, although fine-grained

Table 6
Bed Shear Stress Values Averaged Over Secondary Channel Boundary

7, (mean * std dev) over the entire secondary channel polygon feature (N/m?)

Discharge (m?/s) MC SC1 SC2 SC3 SC4 SC5

31.25 8.02 + 5.41 0.03 £ 0.21 0.12 £ 0.54 0.35 £ 0.80 0.06 £ 0.41 0.71 £ 0.82
35 8.67 = 5.70 0.35 + 0.68 0.12 + 0.55 0.40 + 0.95 0.20 + 0.54 1.31 + 1.40
425 8.99 + 5.33 0.98 + 1.45 0.12 + 0.54 0.53 + 0.88 0.71 + 0.59 1.99 + 1.94
50 9.01 +4.78 1.57 £ 1.82 0.19 + 0.52 2.06 + 1.85 1.21 + 0.62 2.59 +2.46
60 9.88 +5.18 3.18 = 1.41 1.36 + 0.61 493 +£2.83 2.14 £ 0.85 375 £2.71
70 10.44 + 5.44 5.08 + 1.32 422 +0.62 7.34 £ 252 2.94 + 1.07 5.02 + 2.66
90 11.00 + 5.82 7.65 £ 3.83 8.36 + 2.08 10.41 £3.58 3.76 £ 1.35 6.66 £ 2.59
120 10.94 £ 5.59 7.66 + 4.29 8.79 + 4.42 11.30 + 4.81 421 £1.59 7.78 £ 3.56
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Figure 11. (a) Map of Allerton Park floodplain depicting transect locations where sediment sampling was undertaken. (b) Variability of bed shear stress with discharge at
the transects. Secondary y-axis depicts the probability of sediment mobilization based on the best fit exponential CDF of critical bed shear stress for silt-clay mixtures
(see Figure 4). The dotted black horizontal line on all plots represents 90% probability of sediment movement and the corresponding discharge is shown by the dotted
vertical line. (c) Grain mobility variation with discharge for the three transects with non-cohesive sediment.
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and cohesive, is capable of being readily mobilized during flood events that exceed the capacity of the main
channel.

Comparison of the characteristics of the secondary channels examined in this study with those documented
elsewhere is constrained by limited information on these types of channels. Floodplain secondary channels along
the East Fork White River (EFWR) in Indiana are about as wide as the main channel but half as deep, resulting in a
width-depth ratio of the main channel that is only 0.4 times that of the secondary channels. Grain size data are not
reported for the EFWR main-channel bed, but bed material in secondary channels consists mainly of fine sand
(dso = 0.4 mm) rather than mud (Sumaiya et al., 2021). Moreover, secondary channels along the EFWR occur as
dense networks, compared to the channels at Allerton Park, which are isolated features that do not intersect one
another. The reason for these differences in secondary-channel characteristics for two nearby midwestern rivers is
not entirely clear, but may reflect higher fluvial energy of the EFWR as indicated by the sandy characteristics of
its bed material and floodplain surface sediment (ds, = 0.4 mm).

5.1. A Continuum Within a Continuum: Spatially Variable Secondary Channel Morphology Influences
River-Floodplain Connectivity

An important geomorphic characteristic of secondary channels revealed in this study is the spatial variability in
bankfull geometry (Figure 6). Spatial variability in bankfull elevations of secondary channels implies a continuum
of floodplain inundation as water rises and spills onto the floodplain surface non-uniformly along the length of these
channels. Through this process, low-lying portions of the floodplain surface become interconnected by flow
through a network of negative-relief features that evolves continuously with increases in stage. Such networks of
floodplain flow paths also occur on river floodplains elsewhere, indicating that spatial and temporal variability in
floodplain inundation is driven by spatial variability in floodplain topography (Castillo et al., 2020; Czuba
et al., 2019; Lindroth et al., 2020; Sumaiya et al., 2024; Trigg et al., 2012; Xu et al., 2020). Previous work on the
USR at Allerton Park has shown that spatial variability in bankfull elevations for the main river channel primarily
reflects spatial variability in channel planform and the locations of secondary channels (Lindroth et al., 2020). This
work has contributed to the emerging paradigm in which floodplain inundation is viewed as occurring not abruptly
at a distinct bankfull stage but gradually over a range of stages associated with the complex geomorphology of the
river-floodplain interface (Czuba et al., 2019; Lindroth et al., 2020; Xu et al., 2021). At Allerton Park, the largest
deviations from a linear bankfull elevation trendline correspond either to differences in bank elevations for the inner
and outer banks at meander bends or to local lows in the channel banks where secondary channels branch from or
rejoin the main channel (Lindroth et al., 2020). Locally, main-channel bank heights where secondary channels
connect with the main channel can be 50%—75% less than nearby bank heights even though the bed of the main
channel is 1-1.5 m lower than the entrance to secondary channels. The RMSE of residuals of bank elevations for the
main channel about a general trend line is about 10% of the bankfull depth for the main channel (Lindroth
etal., 2020). By contrast, the RMSE of deviations in bankfull elevations of secondary channels is between 13% and
30% of the bankfull depth. Thus, these channels have more variable bankfull elevations than the main channel.

Local lows in secondary-channel bank elevations often occur where these channels intersect linear sloughs or other
negative relief features, whereas local highs develop where secondary channels traverse positive relief features
such as levees or scroll bars. On the floodplain surface, secondary channels act as key regulators of surface-water
connectivity between these channels and the rest of the floodplain surface. In other words, similar to the main
channel, bankfull elevations of secondary channels are associated with spatial variability in the elevation of the
adjacent floodplain topography so that overtopping of secondary channels occurs over a range of water-surface
elevations. The irregularity of bankfull elevations along secondary channels allows water to spill readily into
surrounding sloughs, even for flows that do not widely inundate the floodplain surface. Hydrodynamic modeling of
inundation in the Allerton Park reveals an interconnected network of topographic lows, or poorly defined sloughs,
that connect flow in all five secondary channels studied here to flow in the main channel at bankfull stage
(Figure 10).

The directionality of transport-effective flows within secondary channels is yet to be conclusively determined.
Recent modeling work predicts that water generally moves toward the floodplain from the main channel on rising
limbs of floods but can drain back toward the main channel during falling limbs (van der Steeg et al., 2023). On
the other hand, field observations indicate that draining of water back into the main channel through levee
breaches is fairly rare and that water generally flows toward the floodplain from the main channel throughout
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Figure 12. Conceptual diagram of floodplain secondary channels on a lowland meandering river showing discontinuous
(DSC) and continuous (CSC) types of channels, different in cross-sectional shape and material properties, and elevation
profiles of the channel bed and channel banks of DSCs and CSCs (dotted line represents bed profile of CSC without scour).

floods (Tull et al., 2024). The simulations in this study, which are conducted for steady conditions, show that flow
is generally directed through the secondary channels from the proximal to distal ends. Further work is needed to
document flow within secondary channels in the field to determine how water moves through these channels
during floods.

5.2. Implications for Bed-Material Transport Connectivity

Aside from surface-water connectivity, an order of magnitude difference in bed-material texture between the
main channel and secondary channels suggests that bed-material transport in the main channel is largely
disconnected from sediment transport in the secondary channels. Flows entering the secondary channels seem to
transport predominantly wash load and fine suspended load (Salas & Rhoads, 2024). The main factor influencing
this disconnectivity is the discordance between the elevation of the main-channel bed and the elevation of the
secondary channel bed at its proximal end. In discordant secondary channels, coherent secondary circulation may
drive exchange of suspended sediment between the main channel and a lateral channel (Chowdhury et al., 2022;
Herrero et al., 2015). Further analysis is needed to determine whether secondary channel bed material is derived
from eroded floodplain deposits or from suspended load from the main channel that is deposited within these
channels.

5.3. A Conceptual Model of Secondary Channels on Muddy Meandering-River Floodplains

The floodplain geomorphology at Allerton Park provides the basis for a provisional conceptual model of sec-
ondary channels on muddy meandering-river floodplains based on differences in morphological connectivity with
the main channel. This model includes DSCs that are connected to the main channel at only one end and CSCs that
are connected to the main channel at both ends (Figure 12). DSCs generally are widest and deepest close to the
main channel where river flow enters the secondary channel, while away from the main channel, the beds of DSCs
merge with poorly defined sloughs and the floodplain surface, at which point they become indistinct.
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Discontinuous secondary channels have been identified on floodplains elsewhere and have bed profiles similar to
DSCs at Allerton park (Benke et al., 2000; Rowland et al., 2009; Thayer & Ashmore, 2016). Similar to DSCs,
CSCs also tend to have large, well-defined cross sections near their proximal ends. In contrast to DSCs, these
channels do not become indistinct over distance, but maintain comparatively small, yet well-defined cross sec-
tions toward their distal ends. Bank and bed profiles of CSCs may or may not be parallel depending on the extent
to which scour occurs near the proximal ends of these channels (Figure 12).

5.4. How Do Secondary Channels Form and Evolve?

The origin and evolutionary trajectory of secondary channels at Allerton Park remains uncertain given the lack of
long-term information on the development and change in these features. The negative relief of secondary channels
in relation to the elevation of the floodplain surface implies an erosional origin, possibly through reactivation of
pre-existing topographic lows on the floodplain (David et al., 2017, 2018). The results of the HEC-RAS2D
simulations support the inference that flow through these channels mobilize and rework bed material. Four of
the five secondary channels (all three DSCs—SC1, SC2, SC3 and one CSC—SCS5) have the largest cross-sectional
areas at or close to their proximal ends, suggesting that scour has occurred close to the connection with the main
channel. Pronounced scour about mid-distance along SC3, the shortest discontinuous secondary channel, re-
sembles erosion within downstream elongating embayments that develop in early stages of some chute cutoffs
(Constantine et al., 2010; Thompson, 2003; Viero et al., 2018). The location of SC3 close to the apex of a meander
bend with high curvature suggests this feature may either be a chute channel in development or a failed chute
cutoff (van Dijk et al., 2014). The length and curved planform of SC4, the second longest secondary channel,
indicates that it may be an abandoned meander bend that is gradually filling in through sedimentation. Whether or
not gradual infilling would maintain roughly parallel profiles of bankfull and bed elevations as is the case for SC4
is uncertain; in many cases infilling of cutoff bends occurs unequally throughout the length of the bend (Con-
stantine et al., 2010), but some cutoff infills do exhibit systematic decreases in elevation over distance (Piégay
et al., 2008) Also, the HEC-RAS2D modeling indicates that the bed of this feature is mobile during floods and the
occurrence of numerous wood jams suggests that active transport of wood is occurring through this channel.

The analysis of bed-material mobilization potential supports the notion that secondary channels at Allerton Park
are morphodynamically active. Bankfull discharge, which occurs on average 30 days per year at Allerton Park,
tends to be the threshold flow that activates the general mobilization of sand and mud in secondary channels.
Additionally, discrete deposits of medium to coarse sand have been observed within secondary channels
(Figure 13d), indicating that flows in these channels are locally competent to transport relatively coarse material
either in suspension or as bedload—a finding consistent with recent modeling of sediment transport in floodplain
channels elsewhere in the US Midwest (Sumaiya et al., 2021). This conclusion is also supported by pronounced
zones of scour, vertical cutbanks, and exposed root systems at some locations within secondary channels
(Figures 13e and 13f). Thus, field evidence suggests that both erosion and deposition occur in secondary channels.
Erosion is likely to be active at above-bankfull flows in the main channel when the beds of secondary channels are
mobile (Sumaiya et al., 2021), whereas deposition is likely to occur at sub-bankfull flows in the main channel
when flows in secondary channels cannot readily mobilize bed material and local ponding of water after floods
promotes net deposition of fine suspended sediment. SC4, the long winding secondary channel on the north-
western region of Allerton Park generally has the lowest shear stresses of any of the secondary channels; these low
stresses are consistent with the inference that this channel may be a meander scar that is infilling over time.

The persistence of secondary channels at Allerton Park is difficult to ascertain from historical aerial imagery, most
of which has been obtained during summer leaf-on conditions that obscure these channels. Available evidence on
channel migration of the main channel (Rhoads et al., 2016, 2024), the evolution of cutoffs along the main channel
(Figures 13a and 13b), and short-term observations of the effects of floods on secondary-channel morphology
over the span of a few years all suggest that the morphodynamics of the main channel and secondary channels in
this lowland meandering river are protracted, with changes in morphology occurring over decadal timescales,
rather than at the scale of individual flood events. The availability of repeat aerial lidar data of the floodplain of the
river in the future should provide an opportunity to evaluate the morphological evolution of these channels over
decadal timescales.

The occurrence of distinct secondary channels on the Sangamon River floodplain raises the question of whether
these features can evolve into anabranching channels. In contrast to secondary channels, anabranching channels
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Allerton Park

Google Earth

Sangamon
watershed,

Figure 13. (a) Cutoff of a meander loop along the Sangamon River in Allerton Park forming local anabranching, March 2005.
(b) Same loop in February 2023. Google Earth Imagery. (c) Secondary channels on the floodplain of the Upper Sangamon
River (USR) 22 km upstream from Allerton Park. (d) Wedge of sand in secondary channel in lee of wood jam, Allerton Park.
(e) Picture of secondary channel SC1 depicting exposed tree roots on the bank. (f) Picture from SC5 depicting exposed roots
on the bed. Trowel for scale. Inset in panel (a) shows the locations of (a), (b), (d), (e), and (f) within Allerton Park, and
(c) within the USR.

convey flow at stages well below bankfull and create multithread river planforms (Rhoads, 2020). The persistence
of multiple anabranching channels is evident on an elongated meander bend in the middle of the Allerton-Park
study reach (Figures 13a and 13b). A chute-cutoff channel has existed on this loop for at least the past
25 years, yet water continues to flow around the bend and through the chute-cutoff channel, producing an
anabranching planform. Several other anabranching reaches have been identified along the Sangamon River
within several kilometers upstream and downstream of Allerton Park (Shukla & Rhoads, 2023). At least one of
these anabranching reaches has existed in virtually the same planform configuration since the early 1800s, when it
was documented on General Land Office survey maps. Other anabranching reaches appear to be stable over
periods of several decades based on the inspection of historical aerial imagery. In close proximity to existing
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anabranching reaches, lidar highlights an abundance of secondary channels on the floodplain, suggesting that
these features may, in at least some instances, evolve into anabranches (Figure 13c).

5.5. Implications for Understanding Wood Jams Along Lowland River Floodplains

The higher density of wood jams within CSCs compared to DSCs may reflect more sustained transport of material
through CSCs compared to DSCs. Wood delivered to CSCs from the main channel can potentially move
throughout the entire length of these channels and become trapped locally behind obstacles, including live trees
bordering or growing within these channels. By contrast, the diminishing size of DSCs may impede the transport
of large wood along the entire length of these channels. In both types of secondary channels, the majority of wood
jams are channel spanning and clustered along narrower or curved sections of the secondary channels where the
movement of wood is impeded by changes in channel size or alignment (Cadol et al., 2009). The source of wood
within secondary channels remains unknown. Some may be delivered to these channels by flow from the main
channel, but other material likely originates from downed wood on the floodplain or within the secondary
channels. Although the present study did not measure large wood abundance in other floodplain features,
including the raised floodplain surface, field observations suggest that floodplain secondary channels may contain
the highest density of active large wood jams on the floodplain; much of the large wood on the floodplain consists
of fallen trees and branches. The greater abundance of large wood jams in the main channel of the Sangamon
River compared to floodplain secondary channels is consistent with findings on wood abundance for the Con-
garee and Ogeechee Rivers as well as a mountainous stream system in the Chilean Andes (Benke & Wal-
lace, 1990; Comiti et al., 2006; Wohl et al., 2011). Collectively, these results indicate that the densest storage of
large wood occurs within the main channel of river systems.

5.6. Implications for Floodplain Restoration and Maintenance of Secondary Channels

The persistence of floodplain secondary channels on the Sangamon River floodplain over several years and
perhaps much longer suggests that a hydrologic regime that inundates the floodplain regularly (8% of the days per
year) is sufficient to maintain these channels. This result can help guide restoration efforts aimed at maintaining
secondary channels on floodplains, particularly intentionally excavated channels, which in some cases have been
found to be unstable and filled with sediment (Campana et al., 2014; Kristensen et al., 2014; Riquier et al., 2017;
Roni et al., 2019; van Denderen et al., 2019). Recent work has demonstrated that secondary channels have a
significant influence on the spatial composition of the floodplain forest community at Allerton Park and therefore
play an important role in structuring the floodplain riparian ecosystem (Shukla et al., 2024). Future restoration
projects that aim to improve the ecological potential of river systems through floodplain reconnection involving
excavation of secondary channels should consider whether or not the prevailing hydrologic regime is suitable for
the maintenance of secondary channels.

6. Conclusions

The results of this study advance our knowledge of secondary channels that develop on the floodplains of lowland
meandering river systems with muddy floodplains. Secondary channels exhibit considerable spatial variability in
their cross-sectional form and are distinct from both the main river channel and the floodplain surface in terms of
the channel dimensions, sediment composition, and distribution of large wood jams. Secondary channels, which
originate at low areas along the banks of the main channel and extend into the floodplain, are generally much
smaller than the main channel; widths and depths of these channels are about one-third of the values for the main
channel. The bankfull area (product of bankfull width and depth) of these channels varies spatially and this
variability is associated with the orientation and degree of connectivity of secondary channels in relation to the
main river channel. Discontinuous secondary channels tend to be oriented perpendicular to the direction of the
main channel, and exhibit decreasing bankfull areas toward their distal ends. Continuous secondary channels may
or may not decrease in size over distance. Bank elevations of all secondary channels exhibit considerable spatial
variability so that connectivity between the secondary channels and the adjacent floodplain surface occurs over a
range of water surface elevations, similar to the inundation dynamics for the main channel (Czuba et al., 2019;
Lindroth et al., 2020).

The occurrence of zones of scour close to the proximal ends of several secondary channels suggests that hydraulic
action is most effective at producing erosion where outflow from the main channel enters these channels. The
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beds of secondary channels are generally more fine-grained than the bed of the main channel, consisting mainly of
mud (76%) and fine sand (24%), but are slightly coarser than the surface of the adjacent floodplain. The texture of
bank material in secondary channels is similar to the texture of floodplain-surface sediment and to bank material
in the main channel. Bed material in secondary channels is somewhat coarser than bank material in these channels
and in the main channel but much finer than bed material in the main channel. Together, these textural relations
indicate that secondary channels are carved into floodplain sediment and do not convey the full size range of bed
material in the main channel onto the floodplain. When activated, these channels primarily appear to be conduits
for wash load and fine suspended load from the main channel. Secondary channels contain numerous wood jams
and the density of jams is greater in CSCs than in DSCs; however, the density of wood in these channels is not as
high as the density of wood in the main river channel.

Although flow occurs in secondary channels at stages below bankfull in the main channel, the beds of secondary
channels only become nearly fully mobile when flows in the main channel exceed the bankfull stage. Thus,
activation of bed-material transport within secondary channels appears to be stage-related and occurs only when
substantial flow from the main river enters these channels. For the secondary channels examined in this study,
bed-material mobilization is equaled or exceeded about 8% of the time (~30 days in a year). Flow can be sustained
at a narrow range of stages below bankfull, but ponding also occurs locally within these secondary channels
following floods (Shukla et al., 2024). At high stages, these channels not only are conduits for distributing water
from the main river onto the floodplain but also potential sources of material that can be entrained from the
secondary channel beds and redistributed to other parts of the floodplain.

Although field observations indicate that the secondary channels examined in this study persist over timescales of
at least several years, their evolutionary trajectory remains unclear. The bed-material mobility analysis and
existence of zones of scour suggest that erosion can occur within these channels, but the texture of bed material
(mud and fine sand) is indicative of deposition of fine-grained suspended sediment. Further research is needed to
determine whether the sediment balance of these channels is characterized by net erosion, net deposition, or a
balance between erosion and deposition. Process-based field investigations of secondary channels are needed to
examine flow, sediment transport, and patterns of erosion and deposition. Such investigations can help to
determine whether secondary channels contribute to the process of anabranching along meandering rivers or
whether these channels represent distinct stable features that differ from anabranches. Assessment of the long-
term stability of secondary channels and the factors promoting stability will inform management efforts aimed
at enhancing or re-establishing connections between main channels and floodplains.

Data Availability Statement

The lidar data used for setting up the HEC-RAS2D model in the study and extracting secondary channel bankfull
geometry are available at https://clearinghouse.isgs.illinois.edu/data/elevation/illinois-height-modernization-
ilhmp. The jupyter notebook for extracting bankfull dimensions is available as Shukla (2024).
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