
Science of the Total Environment 660 (2019) 1015–1028

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Changes in lateral floodplain connectivity accompanying stream channel
evolution: Implications for sediment and nutrient budgets
William J. Beck a,⁎, Peter L. Moore a, Keith E. Schilling b, Calvin F. Wolter c, Thomas M. Isenhart a,
Kevin J. Cole d, Mark D. Tomer d

a Iowa State University, Department of Natural Resource Ecology and Management, 2310 Pammel Dr., Ames, IA 50011, USA
b Iowa Geological Survey, University of Iowa, 340A Trowbridge Hall, Iowa City, IA 52242, USA
c Iowa Department of Natural Resources, Des Moines, IA 50309, USA
d United States Department of Agriculture Agricultural Research Service, National Laboratory for Agriculture and the Environment, 1015 N. University Blvd, Ames, IA 50011, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Channel-floodplain connectivity was
quantifiedusingfield data and hydraulic
modeling.

• Stream channel cross sectional area in-
creased ~17% over a 16 year period.

• Fluxes of sediment and phosphorus to
floodplain storage decreased with in-
creased channel conveyance.

• Sediment and nutrient budgets should
account for the impacts of channel evo-
lution on floodplain storage.
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Floodplain storage commonly represents one of the largest sediment fluxes within sediment budgets. In water-
sheds responding to large scale disturbance, floodplain-channel lateral connectivity may change over time with
progression of channel evolution and associated changes in channel geometry. In this study we investigated the
effects of channel geometry change on floodplain inundation frequency and flux of suspended sediment (SS) and
total phosphorus (TP) to floodplain storage within the 52.2 km2 Walnut Creek watershed (Iowa, USA) through a
combination of 25 in-field channel cross section transects, hydraulic modeling (HEC-RAS), and stream gauging
station-derived water quality and quantity data. Cross sectional area of the 25 in-field channel cross sections in-
creased by a mean of 17% over the 16 year study period (1998–2014), and field data indicate a general trend of
degradation and widening to be present along Walnut Creek's main stem. Estimated stream discharge required
to generate lateral overbank flow increased 15%, and floodplain inundation volume decreased by 37% over study
duration. Estimated annualfluxes of SS and TP tofloodplain storage decreased by61 and 62% over studyduration,
respectively. The estimated reductions in flux to floodplain storage have potential to increase watershed export
of SS and TP by 9 and 18%, respectively. Increased contributions to SS and TP exportmay continue as channel evo-
lution progresses and floodplain storage opportunities continue to decline. In addition to loss of storage, higher
discharges confined to the channel may have greater stream power, resulting in further enhancement of SS
and TP export through accelerated bed and bank erosion. These increased contributions to watershed loads
may mask SS and TP reductions achieved through edge of field practices, thus making it critical that stage and
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progression of channel evolution be taken into considerationwhen addressing sediment and phosphorus loading
at the watershed scale.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Lateral hydrologic connectivity between a stream channel and its
floodplain (i.e., frequency and degree of floodplain inundation through
lateral overbank flow) represents a vital pathway for the transfer and
exchange of energy and materials between aquatic and terrestrial eco-
systems (Junk et al., 1989; Tockner et al., 1999). This link has significant
impacts on the life cycle and functioning condition of aquatic (Phelps
et al., 2015) and terrestrial biota (Allen et al., 2016; Kaase and Kupfer,
2016; Batzer et al., 2018). Lateral connectivity provides amyriad of eco-
system services for society aswell, notably the detention of floodwaters
(Tockner and Stanford, 2002), and the trapping and storage of sediment
and nutrients delivered with inundating overbank flow (Venterink
et al., 2003; Noe and Hupp, 2009; Hopkins et al., 2018).

Floodplain storage has been documented as a significant component
of watershed sediment budgets (Walling et al., 1998), especially in sys-
tems experiencing aggradation in response to disturbance (Trimble,
1983). Floodplains have also been documented to store significant
amounts of phosphorus (P) entering from inundating overbank flows
(Kronvang et al., 2007), as P often moves in association with sediment.
In addition to P,floodplains play an important role in the storage and cy-
cling of nitrate within watersheds (Forshay and Stanley, 2005). Nitrate
removal through denitrification within floodplain soils may be im-
pacted by frequency and duration of floodplain inundation and spatial
patterns of overbank sediment deposition (Orr et al., 2007; Pinay
et al., 2000). Thus, the degree of lateral channel-floodplain connectivity
may have important implications for sediment and nutrient budgets, as
well as export, at the watershed scale.

A hydrologic separation between the channel and floodplain fre-
quently occurs when changes in channel geometry increase channel
conveyance. This change can occur naturally over millennia
(e.g., following climatic shifts) or rapidly as a response to anthropogenic
disturbance (e.g., channelization, landcover conversion). A significant
body of work within unglaciated portions of southwest Wisconsin and
northwest Illinois, USA, documented decreases in lateral channel-
floodplain connectivity following landscape conversion-driven in-
creases to channel cross sectional area (Knox, 2006, 1987, 1977; Lecce,
1997; Magilligan, 1985; Woltemade, 1994). In addition to reduced
rates of floodplain sediment accretion, Knox (1987) reported the ob-
served changes in channelmorphology led to a near doubling of the dis-
charge required to produce lateral overbank flow. Similar decreases in
lateral connectivity following landcover conversion-driven changes to
channel morphology were reported in the Georgia Piedmont, USA, as
well (Ruhlman and Nutter, 1999). Despite the documented link be-
tween channelmorphology and channel-floodplain lateral connectivity,
consideration of morphological change is often absent from river basin
management efforts, especially flood risk assessment (Lane et al.,
2007; Raven et al., 2010; Sear et al., 1995).

In alluvial channels, response to disturbance may occur through a
relatively consistent pattern of adjustments collectively known as the
channel evolution model (CEM) (Schumm et al., 1984; Simon, 1989).
These adjustments are frequently initiated by an increase in stream
power and/or decrease in sediment supply relative to previous condi-
tions. The initial response is for the channel to incise (referred to as
stage III), followed by subsequent stages of degradation and widening
(IV), and aggradation and widening (Stage V) before returning to rela-
tive stability (stage VI). It should be stated, however, that the CEM re-
sponse is not universally applicable to all fluvial systems (Duvall,
2004; Stark, 2006), and that factors such as bed sediment dynamics
and channel boundary conditions may influence a system's response
to disturbance (Baker, 1977; Kondolf et al., 2002). Nevertheless, channel
instability in alluvial systems and the CEM response hold global signifi-
cance (Surian and Rinaldi, 2003; Wasson et al., 1998). Regionally, sev-
eral studies from the U.S. Midwest (Schilling and Wolter, 2000;
Palmer et al., 2014; Beck et al., 2018; Zaimes et al., 2004; Belmont
et al., 2011; Midgley et al., 2012; Tufekcioglu et al., 2012; Willett et al.,
2012) have documented unstable in-channel conditions (e.g., channel
incision, streambank erosion) that suggest regional streams are
experiencing adjustment-driven increases in cross sectional area.

If all else remains equal, the adjustment-driven increase in channel
cross sectional area should lead to a corresponding increase in themax-
imumdischarge that can be containedwithin the channel.We'll refer to
this discharge as Qt, as it is the threshold discharge above which por-
tions of the floodplain may become inundated (i.e., bankfull discharge).
A preliminary estimate of the magnitude of change in Qt accompanying
a change in channel cross sectional area may be outlined using a strat-
egy similar to that of (Moody et al., 1999). Suppose that the depth d of
an evolving channel changes by a factor of λ, (so that d2 = λd1) and
widthw changes by a factor θ (so thatw2= θw1) between two observa-
tions, time 1 and time 2. According to Manning's equation (Q= n−1d5/
3wS1/2), the ratio of thresholds discharges between time 2 and time 1 is:

Qt2

Qt1
¼ θw1

w1

� �
λd1
d1

� �5=3

¼ θλ5=3; ð1Þ

assuming no change in channel roughness (n) or gradient (S). From this
equation, a hypothetical 10% increase in channel depth (λ=1.1) and a
10% increase in channel width (θ= 1.1) would lead to a nearly 29% in-
crease in threshold discharge (1.1 × 1.15/3=1.289). This estimate, how-
ever, assumes uniform and steady flow, which may be a poor
approximation in real streams, particularly those that exhibit flashy hy-
drology. It nevertheless suggests that relatively small changes in chan-
nel cross-sectional area could have substantial effects on the discharge
necessary to access the floodplain.

If floodplain inundation frequency and extent decrease as a channel
enlarges as it progresses through stages III-V, a significant reduction in
floodplain storage of suspended sediment (SS) and total phosphorus
(TP) may occur. This reduction in floodplain storage is of importance,
as it may lead to increases in watershed-scale SS and TP export. Thus,
proper understanding and inclusion of geomorphological processes,
such as changes in channel geometry, is critical when developing bud-
gets and allocating sources and sinks of SS and TP at the watershed
scale. Despite this, proper understanding and inclusion of geomorpho-
logical processes is frequently lacking in watershed-scale budgets
(Reid and Dunne, 2003). In addition, studies that investigate floodplain
inundation dynamics and flux of SS and TP to floodplain storage at the
watershed scale are rare, due in part to the complexity of floodplain-
channel interactions and computational effort required for modeling
at that respective scale (Nicholas et al., 2006). Because of this, a great
need exists for both practical, simplistic tools to investigate and quantify
channel-floodplain lateral connectivity at the watershed scale (Newson
and Large, 2006; Soar et al., 2017) and the utilization of these tools to
address watershed scale sediment and TP dynamics.

For this study, we seek to estimate watershed-scale overbank flow
dynamics and flux of SS and TP to floodplain storage in the context of
channel evolution. We utilize a combination of in-field channel cross
section measurements, hydraulic modeling, and stream gauging
station-derived water quality and quantity data to investigate changes
in floodplain inundation and storage over a 16 year period in Walnut
Creek, Iowa, USA. We hypothesize that the increased channel cross
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sectional area should increase the bankfull capacity of the channel.
Without a corresponding increase in the duration of high-discharge
events, this should reduce frequency of floodplain inundation and
therefore reduce opportunities to store sediment and nutrients on the
floodplain.

Our specific study objectives were to: 1) characterize channel geo-
morphic change along ~10 km of alluvial stream channel over a
16 year period; 2) estimate the effects of channel geomorphic change
on overbank flow parameters and lateral channel-floodplain connectiv-
ity at the watershed scale; 3) estimate the effects of channel geomor-
phic change on flux of suspended sediment and total phosphorus to
floodplain storage at thewatershed scale, and 4) assess the implications
of channel geomorphic change on watershed-scale SS and TP export.

2. Materials and methods

2.1. Study area

2.1.1. Watershed description
Walnut Creek is a perennial, third order stream draining 52.2 km2 in

Jasper County, Iowa, USA (Fig. 1). The Walnut Creek watershed is lo-
cated in the Rolling Loess Prairies Level IV Ecoregion (47f), a region typ-
ified by rolling topography and well-developed drainage systems
(Griffith et al., 1994).Walnut Creek is locatedwithin a humid, continen-
tal region with average annual precipitation of approximately 750 mm.
The mean annual flood (2.33 year recurrence interval) from records at
the watershed outlet gauging station is 30.5 m3 s−1, and the 5-year
flood is approximately 37.1 m3 s−1 based on 22 years of record
(1995–2017). Watershed land use consists of 54% rowcrop agriculture
(primarily corn-soybean rotation), 36% grassland, and 4% forest, with
the remainder comprising roads, farmsteads, and urban areas
(Schilling et al., 2006). Of the grassland area, 25.4% is recently restored
tallgrass prairie established by the U.S. Fish and Wildlife Service
(USFWS) as part of the Neal Smith National Wildlife Refuge (NSNWR).
Fig. 1. Location of watershed, monitored channel length, and c
Since refuge creation in 1991, large tracts of row crop agricultural land
have been converted to native tallgrass prairie.

Watershed soils are primarily silty clay loams, or clays formed in
loess or till. The upland surficial geology is comprised of a 1–6 m loess
cap overlaying pre-Illinoian glacial till, with Holocene alluvial deposits
being comprised primarily of silty clay loams, clay loams, or silt loams
(Schilling et al., 2009). A majority of watershed soils exhibit moderate
to high erosion potential, with 54% being classified as highly erodible
(Schilling and Thompson, 2000).

2.1.2. Channel and floodplain characteristics
The Walnut Creek channel is incised N3 m into its floodplain and is

typified by tall, cohesive (i.e., N15% clay content) streambanks (Photo
1). The effects of historic agricultural-associated practices such as row
crop conversion, stream straightening, subsurface drainage, and re-
moval of riparian vegetation (Schilling and Wolter, 2000; Schilling
et al., 2011), have led to a flashy hydrology, with Walnut Creek fre-
quently exhibiting rapid responses to precipitation. Several stages of
stream channel evolution have been documented through ~20 years
of channel cross sectional measurements initiated by Schilling and
Wolter (2000), with areas of Stage III (degradation), Stage IV (degrada-
tion and widening), and Stage V (aggradation and widening) present
(Simon, 1989). Field observations indicate Stage IV as the most preva-
lent along Walnut Creek's main stem (Photo 2).

Walnut Creek's floodplain is comprised of a series of loess-derived
Holocene alluvial deposits, collectively known as the DeForest Forma-
tion (Bettis, 1990). Three primary members of the DeForest Formation
comprise the vertical profile of Walnut Creek's floodplain. The Gunder
member occupies the lowest stratigraphic position at depths of 1–3 m
(Schilling et al., 2009) and commonly comprises the streambank toe
and streambed. The Gunder has been classified as a silt loam with mas-
sive structure, and exhibits a greater bulk density (1.6 g cm−3) and sand
content (28.5% by weight) relative to the other members (Beck et al.,
2018). The Roberts Creekmember (silty clay loam) overlies the Gunder,
hannel cross section transects, Walnut Creek, Iowa, USA.



Photo 1. Representation of the tall, cohesive streambanks and degree of channel incision present along the main stem of Walnut Creek, Iowa.
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and represents the pre-European-American settlement landscape sur-
face (Bettis et al., 1992). The Camp Creek member overlies the Roberts
Creek and represents the upper stratigraphic position (i.e., floodplain
surface). Camp Creek was deposited during the last ~400 years (Bettis
et al., 1992), and is typically referred to as ‘post-European-American set-
tlement alluvium’. Camp Creek is described as a silt loam, and ranges in
thickness from 0.6 to 1.8 m (Schilling et al., 2009). Distribution, strati-
graphic position, thickness, and inherent soil characteristics
(e.g., texture, bulk density) of the Camp Creek, Roberts Creek, and
Photo 2.Mass wasting of streambank material, indicative of S
Gunder members have been documented as being consistent through-
out the watershed (Schilling et al., 2009).

Monocultural expanses of reed canary grass (Phalaris arundinacea)
dominate the current vegetative cover of Walnut Creek's floodplain.
These expanses are frequently interspersed with low-density riparian
forest, comprised primarily of Eastern Cottonwood (Populus deltoides
Bartr.), Silver Maple (Acer saccharinum L.), Green Ash (Fraxinus
pennsylvanica Marsh.), Black Walnut (Juglans nigra L.), Hackberry
(Celtis occidentalis L.),WhiteMulberry (Morus alba L.), and BlackWillow
tage IV of stream channel evolution, Walnut Creek, Iowa.



Table 1
HEC-RAS discharge profiles used to quantify floodplain storage, Walnut Creek, Iowa. Data
derived from watershed outlet gauging station FDC for years 1995–2017.

HEC-RAS discharge profile Mean hourly
discharge (m3 s−1)

Exceedance percentage

1 75.7 0.0005
2 62.9 0.002
3 50.4 0.005
4 46.3 0.01
5 38.7 0.03
6 33.4 0.05
7 27.8 0.1
8 24.2 0.125
9 21.3 0.15

1019W.J. Beck et al. / Science of the Total Environment 660 (2019) 1015–1028
(Salix nigraMarsh.). Along the outer floodplain fringe, landcover transi-
tions to a mixture of row crop agriculture (i.e., corn-soybean rotation)
and re-established native tallgrass prairie with increasing floodplain
surface elevation.

2.2. Field measurements

During October 1998, researchers traversed ~10 km of Walnut
Creek's main stem and established a series of 25 stream channel cross
section transects (Schilling and Wolter, 2000) (Fig. 1). Transects were
spaced every ~300 to 400 m, with locations selected to represent the
range of channel form (e.g., meandering, straight) and condition
(e.g., erosion activity, bed material) present inWalnut Creek. Cross sec-
tional dimensions were measured by stretching a meter tape across the
top of banks, perpendicular to the channel, and using a survey rod to re-
cord lateral distance along the tape and depth from the tape to the chan-
nel walls and streambed. Length-depth readings were recorded at each
significant break in slope, as well as left and right edges of water and at
the thalweg. End points for the cross-section locations were established
using GPS-technology. During October 2014, transect locations were
revisited and cross sectional dimensions measured using the identical
rod-tape method.

2.3. Evaluation of channel-floodplain lateral connectivity

2.3.1. HEC-RAS models
Walnut Creek floodplain inundation frequency, discharge, and ex-

tent for the years 1998 and 2014 were quantified through creation of
a pair of Hydrological Engineering Center River Analysis 5.0.1 (HEC-
RAS) models (Brunner, 2016). HEC-RAS is a hydraulic model that uses
the one-dimensional energy equation to calculate water surface eleva-
tions at a series of channel cross sections for given river discharge
values. HEC-RAS was deemed an effective means of quantifying
channel-floodplain connectivity as its outputs include floodplain inun-
dation depth (m), velocity (ms−1), and discharge (m3 s−1) at individual
channel cross sections, as well as cumulative floodplain inundation vol-
ume (m3) and areal extent (m2) for river reaches as a whole. The
overbank flow duration outputs generated by HEC-RAS were used as a
means to quantify change in floodplain SS and TP storage in light of
the lack of widespread depositional field data available to researchers
at time of study.

Individual HEC-RAS models were created for the years 1998 and
2014. Both models entailed merging respective field cross section tran-
sectswith a 3mdigital elevationmodel (DEM) derived from2010 aerial
LiDAR. Lateral extents of field cross section transects were increased to
span the entire left and right overbank floodplains. Models represented
the entire ~10 km study length ofWalnut Creek'smain stem,whichwas
divided into 7 individual reaches based on confluences with significant
tributaries (Fig. 1). Reaches ranged in length from 264 to 2408m. Inclu-
sion of tributary flow allowed for 100% of watershed contributing area
to be accounted for within themodels. Manning's roughness coefficient
(n) inputs for channel cross sections and floodplain areas were deter-
mined using an additive method outlined in Arcement and Schneider
(1989). For both models, roughness coefficient (n) values ranged from
0.067 to 0.095 (floodplain) and from 0.041 to 0.064 (channel), with in-
dividual assignments based on in-field knowledge of floodplain and
channel conditions (i.e., field notes, photographs). Model simulations
were conducted under steady flow conditions (i.e., no change in dis-
charge with time at individual cross sections) and subcritical
(i.e., Froude number b 1.0) flow regimes.

HEC-RAS requires stream discharge inputs for each individual chan-
nel cross section. Discharge inputs for this study were derived from
United States Geological Survey (USGS) and United States Department
of Agriculture Agricultural Research Service (USDA-ARS) sub-hourly
discharge data collected at the watershed outlet gauging station
(Fig. 1). Sub-hourly discharge data were averaged to an hourly time
series, and then used to create a flow duration curve (FDC) for the
data availability period (1994–2017). FDCs display the percent of time
that a particular stream discharge is exceeded over a given time period
(Vogel and Fennessay, 1994). A mean hourly discharge time series was
utilized to best capture rapid stormflow peaks characteristic of Walnut
Creek's flashy hydrology. Mean hourly discharges were scaled from
the watershed outlet gauging station to individual cross sections using
discharge-drainage area relations (Biedenharn et al., 2000; Linhart
et al., 2012). Discharge-drainage area estimates of cross-section dis-
charge were validated using the FDC (1994–2017) of Walnut Creek's
upstream gauging station.

2.3.2. Overbank threshold discharge
A range of higher-discharge (~10 to 71 m3 s−1) stream flows were

selected from the overall FDC and used as HEC-RAS inputs in an explor-
atory effort to identify overbank discharge thresholds for all individual
cross sections in both models. The overbank threshold discharge for
an individual channel cross section was defined as the discharge re-
quired to initially force streamflow to exit the channel and enter the
floodplain on at least on side of the channel. Authors recognize that
floodplain inundation could occur via saturation-overland flow from
adjacent upland areas, however, for the purposes of this study we con-
sider SS and TP flux to the floodplain to occur only when a direct hy-
draulic connection between channel and floodplain exists.

Threshold determination for each cross section was achieved
through visual and numerical interpretation of HEC-RAS outputs. Visual
determination was accomplished via RAS Mapper, a HEC-RAS feature
which allows for aerial imagery to be overlain with simulated overbank
flow extent. Numerically, overbankflowwas determined to occurwhen
discharge cross sectional area (m2) exceeded that of channel cross sec-
tional area (m2). Threshold discharges were determined for both indi-
vidual cross sections, as well as at the watershed-scale. Three
watershed-scale thresholds were calculated for each model, and were
represented by the watershed outlet mean hourly discharge: 1) stream
discharge required to produce overbank flow at 100% of cross sections
(hereafter referred to as maximum discharge), 2) stream discharge re-
quired to produce overbankflowat themajority (i.e., N50%) of cross sec-
tions (hereafter referred to as majority discharge), and 3) stream
discharge at which only one cross section remains overbank (hereafter
referred to as minimum discharge).

2.3.3. Floodplain storage
Floodplain storage quantification was initiated by selecting a range

of watershed outlet FDC-derived discharge values as HEC-RAS inputs
(Table 1). Selected discharges approximated the previously determined
range of minimum to maximum overbank threshold discharges, and
were thus deemed adequate to investigate change in overbank thresh-
olds between years. In the HEC-RAS models, input discharge values
were associated with a respective FDC-derived percent exceedance.
Hereafter, these specific combinations of discharge and percent exceed-
ancewill be referred to as discharge profiles. HEC-RAS numerical outputs
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allow for quantification of longitudinal floodplain discharge (m3 s−1),
floodplain inundation areal extent (m2), and floodplain inundation vol-
ume (m3) at individual cross sections for specific discharge profiles. In-
dividual cross section resultswere summed to estimate overbankvalues
for each stream reach, aswell as the entiremain stem floodplain ofWal-
nut Creek.

Suspended sediment and TP rating curves were developed using all
available USDA-ARS stormflow grab sample data (n = 74) collected
during event-based sampling at the watershed outlet stream gauging
station between 2008 and 2017. The predictive equations were used
to estimate SS and TP concentrations for all HEC-RAS discharge profiles.
These concentrations were applied to floodplain inundation volumes to
estimate flux of SS and TP from channel to floodplain for each discharge
profile using the equation:

Sfp ¼
Xn
i¼1

E ciQi
Qi−Qt

Qi
1−

w
f

� �� �
ð2Þ

where Sfp is mass flux to floodplain storage (Mg), n is number of dis-
charge profiles, E is the floodplain trapping efficiency, ci is concentration
at discharge profile i (kg m−3), Qi is stream discharge at discharge pro-
file i (m3 s−1), Qt as before is overbank threshold discharge (m3 s−1),w
is channel width (m) and f is width of inundated floodplain (m). To es-
timate the percentage of overbank flux that entered floodplain storage,
a floodplain trapping efficiency component (E) was applied to all
overbank SS and TP fluxes using the equation:

E ¼ 1−e
−ω� A

Qi−Qt

� �� �
ð3Þ

where, E is the floodplain trapping efficiency,ω is particle settling veloc-
ity (mm s−1), and A is the areal extent of floodplain inundation (m2).
The estimate of trapping efficiencywasbased on themethod introduced
by Chen (1975), which has been successfully utilized in other floodplain
sedimentation studies (Asselman and Van Wijngaarden, 2002;
Narinesingh et al., 1999). Particle settling velocity was estimated using
the relationship developed by Thonon et al. (2005):

ω ¼ aDb; ð4Þ

where D is particle diameter (μm), and a (2.7 × 10−4) and b (1.57) are
constants. The Thonon equation was selected because it utilizes a single
representative grain size. As suspended sediment grain size distribution
data was unavailable at time of study, researchers used the Camp Creek
median grain size (D50) of 30 μm (Beck et al., 2018) as the representa-
tive suspended sediment grain size. As mentioned in Section 2.1.2,
Camp Creek represents the uppermost stratigraphic floodplain unit. Al-
though grain size distribution of deposited sediment may differ signifi-
cantly from the grain size distribution of SS, the Camp Creek D50 was
deemed the best available estimate for the current study. The selected
representative grain size of 30 μm falls within a range that has been suc-
cessfully used for the same purpose in other floodplain sedimentation
studies (Asselman, 1999; Asselman and Van Wijngaarden, 2002;
Middelkoop and Van der Perk, 1998). For this study, TP was assumed
to move with SS, thus one value of E was utilized for both SS and TP.

To elucidate the effects of channel adjustment on floodplain inunda-
tion frequency and floodplain SS and TP storage, the series of discharge
profiles were run in both the 1998 and 2014 HEC-RAS models. Model
outputs were used to quantify longitudinal floodplain discharge
(m3 s−1), width of floodplain inundation (m), floodplain inundation
areal extent (m2), floodplain inundation volume (m3), and the resulting
SS and TP floodplain storage masses (Mg) for between-model compar-
isons. An out-of-bank flow event presented the opportunity for model
verification in June, 2018. Following the event, researchers quantified
areal flood extent for a 1.6 km (longitudinal) stream reach using hand-
held GPS, with physical flood evidence (e.g., debris accumulations,
vegetation disturbance) as the basis for delineation. The June, 2018
areal extent boundary was then compared with HEC-RASmodel results
for an event of equal discharge (Fig. 11, Supplementary material).

2.4. Laboratory and statistical methods

Stormflow surface water samples were collected as grab samples at
the watershed outlet stream gauging station by USDA-ARS staff and an-
alyzed for SS and TP at the USDA-ARS National Laboratory for Agricul-
ture and the Environment (NLAE). Analysis for SS was performed by
whole sample gravimetric analysis (ASTM, 2000). Analysis for TP was
performed using persulfate digestion, with P concentrations deter-
mined by colorimetric analysis using a spectrophotometer.

Simple linear regression and theMann-Kendall trend test were per-
formed on flowduration curve data to detect any temporal trends in the
hydrologic regime (Helsel and Hirsch, 2002). Suspended sediment and
TP rating curve predictive equationswere developedusing simple linear
regression methods outlined in Rasmussen et al. (2011). Regression
analysis utilized log (base 10) transformations of both explanatory
(i.e., discharge) and response variables (i.e., SS, TP), as well as Duan's
bias correction factor (Duan, 1983). Wilcoxon signed-rank tests were
used to test for differences in overbank parameter outputs between
the 1998 and 2014 models. All statistical procedures were performed
using R v. 3.4.1 (R Core Team, 2017).

3. Results

3.1. Channel dimensions

Surveyed channel cross sectional area increased by 16.8% between
1998 and 2014,with themajority (76%) of cross sections exhibiting deg-
radation and widening (Fig. 2). Change at individual cross section tran-
sects between 1998 and 2014 ranged from −12.8% (i.e., decrease in
area) to N60% (Fig. 3). Mean cross section width (top bank) increased
by 9.5% from 1998 (10.5 m) to 2014 (11.5 m), and mean depth to
thalweg (i.e., distance from top bank to channel bed at thalweg) in-
creased 9.4% from 1998 (2.71 m) to 2014 (2.97 m). Cross section
mean width/depth ratio was nearly identical (~3.9) for both years,
with 1998 ratios ranging from 2.71 to 7.75, and 2014 ratios ranging
from 2.8 to 5.8. For both years, cross section characteristics of depth to
thalweg, width, and cross sectional area generally increased with dis-
tance downstream (i.e., drainage contributing area). Width/depth
ratio, however, exhibited no longitudinal spatial trend (i.e., systematic
change in the upstream or downstream direction) during either year.
Change in channel cross section characteristics (i.e., width, depth,
width/depth ratio, and area) between 1998 and 2014 also lacked an ob-
servable spatial pattern.

3.2. Hydrology

Linear regression (p b 0.001, b1=3.61 × 10−7) andMann-Kendall (τ
= 0.016, p b 0.001) tests for trend indicate an increase in mean hourly
discharge between years 1995 and 2017. In contrast, visual analysis of
~5-year period FDCs (Fig. 4) suggests lack of a systematic temporal
trend in hydrologic regime between 1995 and 2017. In addition to the
visual analysis suggesting no meaningful change in hydrologic regime
between 1995 and 2017, the slope for the increase in thresholdmajority
discharge between 1998 and 2014 (2.52 × 10−5) was ~115 times
greater than the mean hourly discharge slope detected in trend
analyses.

The discharge-area relationship used to scale watershed outlet dis-
charges to discharges at individual cross sections was validated using
the upstream gauging station FDC, and included 18 upstream gauging
station discharges ranging from 0.005 to 32.7 m3 s−1 (R2 = 0.98,
RMSE= 2.7). Discharge-area predictions for the upstream gauging sta-
tion location fell within 5.5% of gauge-measured mean discharges, and



Fig. 2. Channel cross section dimensional change between 1998 and 2014 at a subset of study cross sections. Subset represents typical pattern of degradation and widening along main
stem of Walnut Creek, Iowa. Left top banks (looking downstream) located at 0.0 m depth on Y axes.
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thus the discharge-area scaling technique was determined to be an ac-
ceptable means of estimating cross section discharge.

3.3. Channel-floodplain lateral connectivity

3.3.1. Overbank threshold discharges
Bankfull threshold discharges were found to increase between 1998

and 2014 (Fig. 5). As described in Section 2.3.2, the overbank threshold
discharge was defined as the discharge required to initially force
streamflow to exit the channel and enter the floodplain on at least one
Fig. 3. Percent area change for individual channel cross sections between 1998 and 2014,
Walnut Creek, Iowa.
side of the channel. Minimum discharge (i.e., mean hourly watershed
outlet discharge at which only one cross section remains overbank) in-
creased 28.9% between 1998 (14.9 m3 s−1) and 2014 (19.2 m3 s−1)
(Fig. 6). Majority discharge (i.e., mean hourly watershed outlet dis-
charge required to produce overbank flow at N50% of cross-sections) in-
creased 14.9% between 1998 (24.2 m3 s−1) and 2014 (27.8 m3 s−1).
Maximum discharge (i.e., mean hourly watershed outlet discharge re-
quired to produce overbank flow at 100% of cross sections) exhibited
the lowest degree of change (12.9% increase) between 1998
(62.9 m3 s−1) and 2014 (71.0 m3 s−1).

The increase in threshold discharges represent shifts to lower
(i.e., less frequent) threshold percent exceedances on the flow duration
curve, with the majority discharge percent exceedance decreasing from
0.125% (1998) to 0.1% (2014) (Fig. 7). Minimum discharge percent ex-
ceedance decreased from 0.25 to 0.175% between 1998 and 2014, and
maximum discharge percent exceedance decreased from 0.0021 to
0.0011% over the same time period.

3.3.2. Floodplain storage trends
Trends in floodplain storage were evaluated by comparing the indi-

vidual HEC-RAS flow simulations of all discharge profiles. Floodplain in-
undation volume (m3) outputs for the 1998 HEC-RAS model were
N2014 model outputs (Fig. 8a.) for all discharge profiles (Table 1).
Across all discharge profiles, main stem floodplain inundation volume
ranged from 90 m3 to 489,120 m3 (mean = 156,738 m3) for the 1998
model, and from 30 m3 to 387,890 m3 (mean = 98,460 m3) for the
2014 model. This equates to a decrease of 58,278 m3 (−37.2%) in
mean volume between years. It should be noted that these values do
not represent rates, but are individual data points used for comparison
of overbank inundation between models. Predicted main stem flood-
plain inundation surface area (m2) was also greater for the 1998



Fig. 4. Flow duration curves derived from watershed outlet mean hourly discharge data, Walnut Creek, Iowa. Black line represents curve for full data availability period, lines in color
represent curves for ~5-year periods. Upper portions of curves at left.
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model (Fig. 8b.), with outputs from all discharge profiles ranging from
2470 m2 to 798,690 m2 (mean = 315,833 m2) compared to the range
of 20 m2 to 694,870 m2 (mean = 205,084 m2) for the 2014 model.
This equates to a decrease of 110,749 m2 (−35.1%) in mean surface
area between years.

The proportions of the floodplain experiencing inundation at indi-
vidual cross section transects (normalized by floodplain width) were
found to be significantly greater in 1998 than in 2014, for the top 6
(i.e., low frequency) discharge profiles (0.0005 b p b 0.05) (Fig. 9). No
significant difference was detected between 1998 and 2014 for the bot-
tom 3 (i.e., most frequent) discharge profiles (0.58 b p b 0.59).

The 1998model predicted greater watershed-scale flux of SS and TP
to floodplain storage for all discharge profiles compared with the 2014
model (Fig. 10). For all discharge profiles,flux of SS tofloodplain storage
ranged from 9Mg hr−1 to 2700Mg hr−1 (mean=950Mg hr−1) for the
1998 model, and from 0.07 Mg hr−1 to 2355 Mg hr−1 (mean =
659Mg hr−1) for the 2014model (Fig. 10 a.). This equates to a decrease
of 291 Mg hr−1 (−30%) in mean SS mass storage rate between years.
Predicted TP flux to floodplain storage ranged from 7.5 × 10−3 to
1.7 Mg hr−1 (mean = 0.62 Mg hr−1), and from 5 × 10−5 to
1.5 Mg hr−1 (mean = 0.42 Mg hr−1) for the 1998 and 2014 models,
Fig. 5. Floodplain inundation extent and depth for the 1998 (left image) and 2014 (right imag
reach is representative of the overall trend of decrease in channel-floodplain connectivity betw
respectively (Fig. 10b.). This equates to a decrease of 0.2 Mg hr−1

(−32%) in mean TP mass storage between years.
When estimated rates of floodplain storage were applied to all FDC

discharges greater than respective overbank discharge thresholds, the
1998 model predicted an annual flux of 3787 Mg SS and 2.64 Mg TP to
floodplain storage along the entire ~10 km of Walnut Creek's main
stem. The 2014 model predicted annual fluxes of 1489 Mg (SS) and
1.0 Mg (TP), which represent decreases of ~61 and ~62% from 1998
estimations.

Mean model-estimated floodplain trapping efficiency (across all
profiles) decreased ~7% between 1998 (44%) and 2014 (41%). Flood-
plain trapping efficiency (E) was calculated using Eq. (3), in which
area (A) of floodplain inundation extent (m2) is a significant driver of
trapping efficiency.

4. Discussion

4.1. Channel adjustment

Walnut Creek'smain stem increased in cross sectional area by an av-
erage of 16.8% (2.91 m2) between 1998 and 2014, which equates to an
e) models for the identical watershed outlet discharge of 27.75 m3 s−1. The depicted sub-
een 1998 and 2014. Blue gradient bar indicates flow depth.



Fig. 6. Proportion of channel cross sections exhibiting overbank flow in 1998 and 2014, by
watershed outlet discharge, Walnut Creek, Iowa.
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average annual rate of ~1% (0.18 m2 yr−1). Width and depth mean an-
nual increases were 0.06 and 0.02 m yr−1, respectively. Although a lim-
ited number individual cross sections exhibited a decrease or negligible
change in cross sectional area during that time period (Fig. 4), a clear
pattern of degradation and widening is present along Walnut Creek's
main stem.

Rates of channel dimensional change inWalnut Creek are lower than
those reported in other loess-derived alluvial channels in the United
States. Hamlett et al. (1983) reported a 43% increase (0.29 m2 yr−1) in
channel cross sectional area over a 16 year period (1964–1980) in the
Four Mile Creek watershed, Iowa. Four Mile Creek has similar land
area (5050 ha), floodplain soils (alluvial silt and clay) and disturbance
impact (land cover alteration, channelization) as Walnut Creek, how-
ever, cross sectional measurements in Four Mile occurred much closer,
temporally, to its reported period of maximum channel disturbance
(mid to late 1970s). It is of note that Four Mile Creek rates of change re-
corded prior (i.e., mid to late 1960s) to the period of maximum distur-
bance more closely resembled rates reported for Walnut Creek. In the
Tarkio River watershed in western Iowa, (Simon and Rinaldi, 2013) re-
ported 6–8 m of bed degradation over a period of ~100 years for loess
derived alluvial channels, and an associated increase in channel width
Fig. 7. Shift in threshold majority discharge percent exceedance between 1998 (green
line) and 2014 (red line) on the watershed outlet flow duration curve (black line),
Walnut Creek, Iowa.
of 31m. Similar to Four Mile Creek, the greatest rates of channel change
occurred in the period immediately following maximum disturbance,
with subsequent non-linear decreases in rate with time. Simon (1989)
reportedmean channelwidening rates of 0.17 to 2.2m yr−1, and amax-
imum bed degradation of 6.1 m for loess-derived alluvial channels in
western Tennessee. These changes were observed approximately
5–24 years following the period of significant disturbance in study wa-
tersheds (i.e., wide spread channelization).

Rates of change in bed degradation in the Iowa and Tennessee stud-
ies follow a pattern of non-linear adjustment following disturbance
(Schumm and Lichty, 1965; Graf, 1977). In other words, rates of change
are greatest immediately following disturbance, and decrease non-
linearly (i.e., power function) along an asymptote approaching critical
stream power (b1=0) as time from disturbance increases (Simon,
1989, Fig. 2). This pattern has been observed in a number of studies fo-
cused on channel response to disturbance (e.g., Williams and Wolman,
1984; Hadish et al., 1994; Heine and Lant, 2009). It should be noted that
the pattern of non-linear adjustment is associated with bed degrada-
tion, and not overall increase in channel cross sectional area. However,
bed degradation is the primary driver of channel evolution, and widen-
ing does not occur until a critical point of incision is reached (i.e., point
where banks become too tall to remain stable). Thus, a link does exist
between degradation and channel cross sectional area increase
(i.e., combination of degradation and widening).

In light of this, time since disturbance could be one reasonwhyWal-
nut Creek rates are lower than other studies conducted in loess-derived
alluvial channels. Walnut Creek measurements occurred between 1998
and 2014, ~40 to 80 years following period of maximum disturbance.
Schilling andDrobney (2014) hypothesized that downcuttingofWalnut
Creek into its floodplain probably began to occur soon after settlement,
and an early report ofWalnut Creek indicated that by 1905, the channel
had already undergone “considerable downcutting” (Williams, 1905).
Since cross section data pre-1998 are lacking for Walnut Creek, it may
be assumed that the channel is currently within the near-zero slope re-
gion (i.e., b1 approaching 0) of the non-linear adjustment curve and al-
though change in channel dimension is apparent, it is occurring at lesser
rates than studies that report results closer, temporally, to respective
periods of maximum disturbance.

In addition, rates of channel adjustment may be impacted by the
presence of the Gunder member. As mentioned in Section 2.1.2, the
Gunder member represents the channel bed and streambank toe
along a majority of Walnut Creek's length. The Gunder is characterized
by a relatively high bulk density (1.6 g cm−3) and a mean clay content
of 21% (Beck et al., 2018). Gunder critical shear stress (i.e., threshold
stress applied by flowing water required to initiate erosion) has been
documented as ranging from 10.4 (Layzell and Mandel, 2014) to
34.8 Pa (Beck et al., unpublished hydraulic flume data). In addition,
Thomas (2009) documented the Gunder as having a relatively highme-
chanical shear strength (i.e., threshold force required formaterial defor-
mation), ranging from 435 to 711 Pa. Thus, the Gunder possesses an
inherent degree of resistance to fluvial erosion. The erosion resistance
may be enhanced further for channel bed Gunder, as permanent satura-
tion from streamflow may nearly eliminate the freeze-thaw and wet-
dry cycles that would weaken exposed Gunder (Hooke, 1979; Couper
andMaddock, 2001). Thus, inWalnut Creek, the Gundermay act to reg-
ulate the degree of degradation and downcutting (Simon and Rinaldi,
2013), as opposed to Tarkio Creek and western Tennessee streams
where deep loess deposits and lack of base level control promote unre-
stricted channel degradation. It is of note that Walnut Creek discharges
to Red Rock reservoir approximately 10 km downstream of the water-
shed outlet gauging station, and thus a stabilized outlet elevation exists.

If Walnut Creek is in fact within the near-zero slope region of the
non-linear adjustment curve, it may be further evidence for Stage IV
of channel evolution (Simon, 1989). The assumption of Stage IV is sup-
ported by streambank angle (i.e., 70–90 degrees for vertical bank face,
25–50 degrees for upper bank), channel width/depth ratio (~3.9), and



Fig. 8.Model-predicted inundation volume (a.) and surface area (b.) by discharge profile for the entiremain-stemfloodplain ofWalnut Creek, Iowa. Individual data points represent results
from individual HEC-RAS flow simulations. Mean hourly discharge is at watershed outlet.
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channel change (i.e., degradation and widening) data as well as visual
evidence from the watershed (i.e., mass wasting).
4.2. Channel-floodplain connectivity

A simplistic uniform flow analysis (Eq. (1)) was used to predict the
relationship between the 1998 and 2014 threshold overbank dis-
charges. Eq. (1) inputs of λ (1.096) and θ (1.095) were derived from
field measurements of mean cross section depth and width change be-
tween 1998 and 2014. Using these field-derived inputs, Eq. (1) pre-
dicted the relationship between 1998 and 2014 threshold overbank
discharges to be 1.27. In other words, using strictly Manning's equation
and field measured data of cross section width and depth change, the
threshold overbank discharge was predicted to increase by 27% be-
tween 1998 and 2014.

Using the same field data as inputs, HEC-RAS outputs predicted in-
creases in minimum, majority, and maximum threshold discharges of
28, 15, and 13%, respectively, between 1998 and 2014. Compared with
the Manning's results, HEC-RAS predicted smaller increases in maxi-
mum and majority threshold discharges between 1998 and 2014.
These differences likely reflect non-uniform flow effects and highlight
the value of numerical hydraulic models such as HEC-RAS for inunda-
tion and sedimentation studies.
Fig. 9. Proportion of the floodplain experiencing inundation (normalized by floodplain
width at cross section), by discharge profile. Difference in lower case letters for
individual discharge profiles indicates significant difference at α = 0.05.
In general, connectivity betweenWalnut Creek and itsfloodplain de-
creased between 1998 and 2014. In 2014, flow events of greater dis-
charge, and thus lower frequency of occurrence, would be required to
maintain the same degree of floodplain connection (i.e., inundation vol-
ume, areal extent, SS and TP flux) observed in 1998. The mean increase
in channel cross sectional area of 2.91 m2 over the 16 year period was
associated with a number of model-predicted changes to channel-
floodplain connectivity in the Walnut Creek watershed. The minimum,
majority, and maximum overbank threshold discharges all increased
in magnitude, and decreased in percent exceedance (i.e., became less
frequent) as more water was able to be conveyed within the channel.
Majority discharge, for example, increased at an average rate of
0.23 m3 s−1 per year, while cross sectional area increased by an average
of 0.18 m2 per year. In 2014, the difference between majority discharge
and minimum discharge was 8.54m3 s−1. Using annual rates of change
for majority discharge (0.23 m3 s−1) and cross sectional area (0.18m2),
it would take an increase in channel cross section area of 6.72m2 to shift
the 2014majority discharge to the level of 2014minimumdischarge. At
the current rate of channel enlargement (0.18 m2 yr−1), ~37 years
would be required for the current majority discharge (27.75 m3 s−1)
to become the minority discharge, at which ~50% of the Walnut Creek
floodplain would lose connection with its channel for a significant por-
tion of the flow regime (i.e., lower flows). Until large stretches of Wal-
nut Creek's channel transition to stage V (aggradation), connectivity
between the channel and floodplain will continue to decline.

For each observed 1 m2 increase in channel area between 1998 and
2014, mean rate of SS flux to floodplain storage was observed to de-
crease by 100 Mg hr−1, and mean rate of TP flux was observed to de-
crease by 0.07 Mg hr−1. If instead of being diverted into floodplain
storage, 100% of these SS and TPmasses were exported from thewater-
shed with streamflow, each 1 m2 increase in channel area would in-
crease watershed export of SS by 100 Mg hr−1, and watershed export
of TP by 0.07 Mg hr−1. At the observed rate of channel enlargement
(0.18 m2 yr−1), it would take ~5.5 years for the channel cross sectional
area to increase by 1 m2.

Floodplain trapping efficiency decreased ~7% between 1998 and
2014. This may have been primarily driven by the observed decrease
in floodplain inundation surface area between years. The method used
to estimate floodplain trapping efficiency (Eq. (3)) is sensitive to areal
extent of floodplain inundation (A). In 1998, flows inundated a greater
proportion of the floodplain (i.e., larger A) (Fig. 9) with shallow water,
which promoted sediment deposition. During 2014, however, flows
lacked the inundation extent seen in 1998 (i.e., smaller A), and an in-
creased proportion of flows (especially for lower discharges) were con-
fined to the channel margin area. These flows were bound between
natural levees with no opportunity to spread across the floodplain.
While these flows were in fact overbank, their confinement to the



Fig. 10. Model-predicted SS (a.) and TP (b.) storage rates by discharge profile for the entire main-stem floodplain of Walnut Creek, Iowa. Individual data points represent results from
individual HEC-RAS flow simulations. Mean hourly discharge is at watershed outlet.
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channel margin resulted in lesser areal extent and higher velocities
(i.e., conditions that reduce sediment settling) than flows observed in
1998.

A number of assumptions were made during this study, many of
which may have influenced results. It should be restated that our
HEC-RASmodels were run under steady flow conditions (i.e., no change
in discharge with time). Steady flow conditions are rare in the environ-
ment, however, as watersheds are continuously responding to inputs of
precipitation and other hydrological factors. Because our models were
run under steady flow conditions, we were unable to resolve discharge
transients that would likely be important in the floodplain inundation
pattern and sequence. Unsteady models driven with observed
hydrographs could yield more spatial and temporal detail in overbank
flow paths and flow depths, and may affect the extent and duration of
overbank flows. The use of a steady model, however, provides an
upper bound to the real extent. Moreover, since this idealization of the
problem affects both the 1998 and 2014 model scenarios, the change
in inundation extent over time should be less affected by the idealiza-
tion. Furthermore, since our overall objective was to assess change in
overbank frequency and volume accompanying channel change, the as-
sumption of steady flow would be expected to have similar results in
both 1998 and 2014 models. Steady state models are recognized as an
appropriate tool for a range of watershed management efforts, notably
flood risk assessment (Bales and Wagner, 2009; Gilles et al., 2012). De-
velopment of new utilizations of these practical tools addresses a great
need for development of simplistic approaches to investigate and quan-
tify channel-floodplain lateral connectivity at the watershed scale
(Newson and Large, 2006; Soar et al., 2017), as well as watershed
scale sediment and TP dynamics.

We used a single representative suspended sediment grain size to
estimate floodplain trapping ability (Eqs. (3), (4)). The relationship be-
tween model-estimated floodplain storage and D50 was found to vary
across a range of grain sizes (2 μm–250 μm). Floodplain storage sensitiv-
ity increased with decreases in D50, with the greatest sensitivity ob-
served within the fine silt range (i.e., 2–10 μm). Within the fine silt
range, each 1 μm increase in D50 resulted in a N100% increase in flood-
plain storage. For the 20–60 μm range, however, each 1 μm increase in
D50 only increased mass flux by an average of ~5%. As the 20–60 μm
range is thought to be a realistic selection range for suspended sediment
D50, especially for studies such as this, D50 should be recognized as hav-
ing slight to moderate impacts on storage results.

If a finer D50 (i.e., b30 μm) were selected, both models would have
experienced decreases in SS mass flux to floodplain storage. However,
the 2014 model would have seen a disproportionately greater effect,
as observed flow characteristics (i.e., propensity of flows to be confined
within channelmargin and not spread overfloodplain) did not promote
settling of SS. Spatially, bothmodelswould have predicted greater accu-
mulations of SS further (laterally) from the channel margin with a finer
D50. If a coarser D50 were selected (e.g., to more closely mimic the floc-
culated nature of suspended material), both models would have seen
increases in SS mass flux to floodplain storage. For both models, the
near channel area would experience increased SS deposition, as the
shear zone and steep velocity gradient present in that area promotes
settling of large particles. This may lead to the growth of natural levees.

Precipitation and discharge have increased within the Midwest U.S.
over the past ~80 years (Andresen et al., 2012; Zhang and Schilling,
2006), and this trend may have implications for channel morphology.
However, although trend analyses detected a minor increase in mean
hourly discharge between 1995 and 2017, we assumed hydrology to
be stationary for the purposes of this study. Although the 2007–2012
FDC data (green line, Fig. 4) include three exceptionally wet years
(i.e., 2008, 2009, 2010), during which numerous mean hourly dis-
charges N40m3 s−1were recorded at thewatershed outlet (b0.028% ex-
ceedance for 1995–2017 data period), visual analyses of FDC data
indicate no systematic increase in discharge. In addition to the visual
analysis suggesting no meaningful change in hydrologic regime be-
tween 1995 and 2017, the slope for the increase in threshold majority
discharge between 1998 and 2014 (2.52 × 10−5) was ~115 times
greater than the mean hourly discharge slope detected in trend analy-
ses. This suggests that the detected increase in streamflow most likely
had a negligible impact on the change in channel conveyance, as com-
pared to change in conveyance brought about by cross sectional area
change. In addition, the regression analysis included all parts of the
FDC, including baseflow. While it may be possible that the changes in
lower magnitude flows, which have no chance of accessing the flood-
plain, account for the statistical trend, they can't account for the top of
bank threshold discharge brought about by cross sectional area change
accompanying channel evolution.

Lastly, we assumed that 100% of stormflow TP occurred as
particulate-P, and thus depositional mechanisms of TP would be identi-
cal to those of SS.While dissolved P (i.e., orthophosphate) has been doc-
umented as being a significant contributor to the annual TP loads of
Iowa watersheds (Schilling et al., 2017), we would expect particulate-
P to be the dominant contributor to stormflow TP (Gentry et al.,
2007), especially during events large enough to produce overbank
flow (Sharpley et al., 2008). The assumption of particulate-P dominance
in Walnut Creek storm flow is supported by unpublished grab sample
data collected at the watershed outlet, where orthophosphate repre-
sented, on average, ~19% of storm flow TP. It is not unreasonable to as-
sume that a large proportion of dissolved-P in overbank flowwould not
be trapped on the floodplain, but instead reenter the channel with flow
at points downstream. Thus, if we were to account for dissolved-P
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contributions to TP, mass flux of TP to floodplain storage would be ex-
pected to decrease for both models.

4.3. Implications

Previously reported annual loads of SS at the Walnut Creek water-
shed outlet gauging station (Fig. 1) have ranged from 2625 to
16,693 Mg for calendar years 1998 through 2000 (May et al., 1999;
Nalley et al., 2000; Nalley et al., 2001; Nalley et al., 2002), and from
6172 to 25,815 Mg for calendar years 2005 through 2011 (Palmer
et al., 2014). Schilling et al. (2006) reported annual loads of TP that
ranged from 1.7 to 9.0 Mg for calendar years 2000–2005.

As reported in Section 3.3.2, HEC-RAS predicted reductions in annual
overbank floodplain storage of 2298Mg (SS) and 1.63Mg (TP) between
the 1998 and 2014 models. These masses would no longer enter the
floodplain storage pool, and would remain confined to the channel,
where they may exit the watershed and contribute to watershed SS
and TP export. If we consider the maximum reported annual loads of
SS (25,815 Mg) and TP (9 Mg), the estimated reduction in export due
to change in floodplain storage may increase SS and TP export by ~9
and 18%, respectively. In addition to loss of storage, higher discharges
confined to the channel may have greater stream power, resulting in
further enhancement of SS and TP export through accelerated bank
and bed erosion.

For the main stem of Walnut Creek, streambank erosion contribu-
tions to SS loads have been documented for the years 2005–2011
(Palmer et al., 2014). Over study duration, streambank erosion contri-
butions of SS ranged from −151 (i.e., accretion on banks) to
9921 Mg yr−1 (mean = 5299 Mg yr−1). In addition, Beck et al. (2018)
estimated streambank contributions of both SS and TP between May
2015 and May 2017. Streambank erosion contributions of SS were
2900 and 860Mg for the first and second years, respectively, while con-
tributions of TPwere 0.65 and 0.23Mg, respectively. For most years, an-
nual estimated fluxes of SS to floodplain storage were less than
streambank contributions. From these results, it can be assumed that
the floodplain along Walnut Creek's main stem generally acts as a net
source of SS to streamflow, and this sourcewill increase further as chan-
nel evolution progresses.

The reduction in overbank storage provides a “1–2 punch” forwater-
shed export, as both a storage opportunity is lost and stream power is
increased. In addition, the resulting increases to watershed SS and TP
export from in-channel sources maymask water quality improvements
derived from edge-of-field and in-field conservation practices (Walling,
1983; Trimble and Crosson, 2000). This “1–2 punch” may be mitigated
to some extent by implementing in-channel practices that act to reduce
conveyance and enhance the channel-floodplain connection
(e.g., reintroduced meandering, in-channel large wood, increased bea-
ver (Castor canadensis) populations). The authors are aware, however,
of the challenges these potential mitigation strategies may present in
agricultural regions.

5. Conclusions

This study combined channel cross section fieldmeasurements with
HEC-RAS modeling to investigate changes in floodplain inundation and
storage within the context of channel geometry change in Walnut
Creek, Iowa. Field observations indicate a 16.8% increase in channel
cross sectional area over a 16 year period (1998–2014). Model results
suggest that the increase in channel cross sectional area was associated
with increases in overbank discharge thresholds (i.e., discharges re-
quired to forceflow to exit channel and enter floodplain), significant de-
creases in annualfloodplain inundation volume and areal extent, aswell
as decreases in annual fluxes of SS and TP to floodplain storage of ~61
and ~62%, respectively.

The modeled reduction in floodplain storage potential with a grow-
ing channel cross sectionmayhave significant implications on SS and TP
loads exiting the Walnut Creek watershed. Estimated reductions in an-
nual floodplain storage between the 1998 and 2014 models may repre-
sent an apparent increased contribution to annual SS and TPwatershed
export of ~9 to 18%, respectively. In addition, reduction in floodplain in-
undation results in a greater volume of water confined to the channel
duringflow events. The resulting increase in streampowermay acceler-
ate bed and bank erosion, further contributing to SS and TP export.

Cross section data (e.g., dimensional change, bank angles) and field
observation of processes (i.e., mass wasting) indicate that the main
stem of Walnut Creek is predominately in stage IV (i.e., degradation
and widening) of channel evolution. Thus, the degree and frequency
of floodplain inundation, as well as flux of SS and TP to floodplain stor-
age are expected to decrease further as the channel continues to de-
grade and widen in progression towards stages V and VI.
Contributions to watershed loads from loss of floodplain storage oppor-
tunities, and potentially increased bed and bank contributions from in-
creased stream power, may mask SS and TP reductions achieved
through edge of field practices. Because of these factors, it is critical
that stage and progression of channel evolution be taken into consider-
ation when addressing sediment and phosphorus loading at the water-
shed scale.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.01.038.
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