ZUSGS

science for a changing world

Prepared in cooperation with Rice Creek Watershed District

Sediment Monitoring and Streamflow Modeling Before
and After a Stream Restoration in Rice Creek, Minnesota,
2010-2019

Scientific Investigations Report 2022-5004

U.S. Department of the Interior
U.S. Geological Survey







Sediment Monitoring and Streamflow
Modeling Before and After a Stream
Restoration in Rice Creek, Minnesota,
2010-2019

By Joel T. Groten, Colin T. Livdahl, Stephen B. DeLong, J. William Lund, Jonathan
M. Nelson, Erin N. Coenen, Jeffrey R. Ziegeweid, and Matthew J. Kocian

Prepared in cooperation with Rice Creek Watershed District

Scientific Investigations Report 2022—-5004



U.S. Geological Survey, Reston, Virginia: 2022

For more information on the USGS—the Federal source for science about the Earth, its natural and living resources,
natural hazards, and the environment—uvisit https://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications, visit
https://store.usgs.gov/.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Groten, J.T,, Livdahl, C.T., DeLong, S.B., Lund, J.W., Nelson, J.M., Coenen, E.N., Ziegeweid, J.R., and Kocian, M.J.,
2022, Sediment monitoring and streamflow modeling before and after a stream restoration in Rice Creek, Minnesota,
2010-2019: U.S. Geological Survey Scientific Investigations Report 2022-5004, 40 p., https://doi.org/10.3133/
sir20225004.

Data associated with this report,

Groten, J.T,, Livdahl, C.T., and Delong, S.B., 2022, Suspended sediment and bedload data, simple linear regression
models, loads, elevation data, and FaSTMECH models for Rice Creek, Minnesota, 2010-2019: U.S. Geological Survey
data release, https://doi.org/10.5066/P9SJIY32.

U.S. Geological Survey, 2021c, USGS water data for the Nation: U.S. Geological Survey National Water Information
System database, accessed February 5, 2021, at https://doi.org/10.5066/F7P55KJN.

ISSN 2328-0328 (online)


https://www.usgs.gov
https://store.usgs.gov/
https://doi.org/10.3133/sir20225004
https://doi.org/10.3133/sir20225004
https://doi.org/10.5066/P9SJIY32
https://doi.org/10.5066/F7P55KJN

Acknowledgments

This report presents a compilation of information, resources, and expertise supplied by many
individuals. The authors would like to thank the Rice Creek Watershed District for their
assistance with this study.

Christopher Ellison, Sara Levin, Jerry Storey, Brett Savage, Julia Prokopec, Sara Levin, Patrick
Farrell, Erich Kessler, and Zachary Engle of the U.S. Geological Survey and Brent Mason,
Joshua Ayers, and Kristen Kieta formerly with the U.S. Geological Survey are acknowledged
for assistance with field sampling, project planning, surveying, data analyses, and data
management. Anna Baker and Paul Kinzel of the U.S. Geological Survey are acknowledged for
their technical reviews of the report.






Contents

ACKNOWIBAGMENTS ..ottt ettt neas iii
A 0 - TP 1
INEFOAUCTION. ettt ettt s s s s s s e b s bbb en st s st nas 1
PUIPOSE ANA SCOPE vttt ettt ettt s sttt st st snsaensns 5
Description 0f the STUAY AT ...ttt bens 6
SAMPIING SIEES vttt bbb b bbb bbb ae s s 6
SUIVEY ATBA vureecereetsiesie sttt ss s st s s bbb st
Additional Observations .....
Methods of Data Collection and Analysis
SAMPING METNOAS ...ttt s s ssnes 7
SUNVEYING MEBLNOUS. ..ottt bbb bbb bbbt 7
Laboratory ANAIYSIS.....cvieiciecssce ettt et 7
SErEAMTIOW DATA ...ttt sttt bbbt aes s sanes 7
DATA ANAIYSIS....octieiecieceee et et aets
Development of Linear Regression Models
Daily and Annual Load EStIMATES......ccvuurerireereereeireereereeeseseiseeeess st sessesssnens
Development of Multidimensional FIow Models ... 9
Streamflow, Suspended Sediment, and Bedload ReSUIS...........cceeeevevveeeccerrcceeeeeceeeee e 9
Simple Linear Regression MOGEIS ........c.ceiiecerensinsieiesesiss sttt sssssssssens 15
Suspended-Sediment Concentration Models..........cccueeeeeeeceeeeeeeeeeeeee e 16
Suspended-Fines Concentration Models ...t 16
Suspended-Sand Concentration Models
o= 0 o= o Y oo =] TP
Percent Fines and Sands MOdels ...t benaes
EStIMAtion 0f LOAGS......ccuiiceecceece ettt bbbt st
Multidimensional FIOW MOGEIS .......coveeeeeirrrrireeesissresee st sessssssssssssessssssssssessees
Calibration and Validation ...t enaes
MOABI RUNS ...ttt sttt sttt
SUMMATY @N0 CONCIUSIONS.....ucvieceectctete ettt bbb bbb bbb s e
RETEIBNCES CILBU.......ceceececteceeec ettt bbbt bbb bbb

Figures
1. Map showing study area that includes Rice Creek, sampling sites, stream
restoration sections, on-channel sedimentation pond, and Long Lake .......cccccceeveveernnnnee 2
2. Historical aerial photographs of Rice Creek.........ccumrrieeneeneinninsiieinsissssisesssssssssesssesseeens 3

Map showing Middle Rice Creek Restoration Project and differentiates
between restored and original Rice Creek channels and the surveyed and

MOUBIEA BIBA. vttt bbb bbb s bbb s bbbt s b bnans 4
4. Graph showing flow-duration curves and associated sampling events at Rice
Creek, water years 2010 through 2019, ..o 10

5. Graph showing measured suspended-sediment concentration,
suspended-fines concentration, suspended-sands concentration, bedload, and
streamflow at Rice Creek, pre-stream restoration and post-stream restoration............. 1



Vi

10.
11.
12.
13.
14,
15.
16.
17.
18.

19.

Tables

Figure showing cumulative-frequency distribution of mean and range of

particle sizes in bedload samples at Rice Creek........ooomnrverreeneeneneisesieessss s 12
Graph showing relations among suspended-sediment concentration and

streamflow at Rice Creek, pre-stream restoration and post-stream restoration............. 13
Graph showing relations among suspended-fines concentration and

streamflow at Rice Creek, pre-stream restoration and post-stream restoration............ 15
Graph showing relations among suspended-sands concentration and

streamflow at Rice Creek, pre-stream restoration and post-stream restoration............. 17
Graph showing relations among bedload transport and streamflow at Rice

Creek pre-stream restoration and post-stream restoration.........c.cceeeeeecvecceeecrenneennes 18
Graph showing relations among percent fines and sands and streamflow at

RICE CrEBK. oueveieeeeectctsce ettt a bbb bbb aen 19
Graph showing estimated total annual loads, suspended sediment and bedload,
measured streamflow, and measured rainfall at Rice Creek.......covererneververiecensennnnns 21

Figure showing sensitivity analysis of pre-stream and post-stream restoration
model parameters, A, drag coefficient or roughness and, B, lateral eddy
velocity Versus root-mean-SQUATE-EITON ........cuwererereersereseesessnesssnesessssssssssessessssssessssssssssesses

Figure showing the extent of flooding on May 3, 2019
Figure showing modeled water depths pre-stream and post-stream restoration

at three StreamIlOWS. ...t en 25
Figure showing a histogram of pre-stream and post-stream restoration

modeled water depths at one streamfloW........ccevecererrccesener s 31
Figure showing modeled water velocities A, pre-stream restoration and, B,
post-stream restoration at one streamflowW ..o 32
Figure showing a histogram of pre-stream and post-stream restoration

modeled water velocities at one streamflow...........ccocveeeenrnernenrrsee s 34
Figure showing modeled shear stress, A, pre-stream and, B, post-stream

restoration at one StreamMIlOW. ... 35

Summary of linear regression models for pre-stream and post-stream

restoration sediment sampling at Rice Creek ... 14
Estimated suspended fines load, suspended sands load, bedload, and total

loads at Rice Creek, water years 2010 through 2019.........ccoeverceveneseieereveseeee s 20
Select calculation conditions and final model parameters for pre-stream and
post-stream restoration MOGEIS ..ottt eeaen 23

Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Volume

pint (pt) 0.4732 liter (L)

quart (qt) 0.9464 liter (L)




Multiply By To obtain
Flow rate

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m?3/s)
Mass

ton, short (2,000 Ib) 0.9072 metric ton (t)

International System of Units to U.S. customary units

Multiply By To obtain
Length
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
Area
square kilometer (km2) 247.1 acre
Volume
liter (L) 33.81402 ounce, fluid (fl. 0z)
Flow rate
meter per second (m/s) 3.281 foot per second (ft/s)
cubic meter per second (m?3/s) 35.31 cubic foot per second (ft3/s)
Mass
milligram (mg) 0.0003527 ounce, avoirdupois (0z)
metric ton (t) 1.102 ton, short [2,000 Ib]
Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Supplemental Information

Concentrations of physical constituents in water are given in milligrams per liter (mg/L).

Water year (WY) is the 12-month period, October 1 through September 30, and is designated by
the calendar year in which it ends.

vii



viii

Abbreviations

BL bedload transport

EWI equal-width increment

GH gage height

GNSS global navigation satellite system

GSE ground surface elevation

iRIC International River Interface Cooperative
LEV lateral eddy velocity

MRCRP  Middle Rice Creek Restoration Project
RCWD Rice Creek Watershed District

RMSE root-mean-square error

RTK real time kinematic

SSC suspended-sediment concentration
SLR simple linear regression

SSL suspended-sediment load

USGS U.S. Geological Survey

WSE water surface elevation

WYy water year



Sediment Monitoring and Streamflow Modeling Before
and After a Stream Restoration in Rice Creek, Minnesota,

2010-2019

By Joel T. Groten,’ Colin T. Livdahl?, Stephen B. DeLong?!, J. William Lund?, Jonathan M. Nelson, Erin N.
Coenen’, Jeffrey R. Ziegeweid', and Matthew J. Kocian?2

Abstract

The Rice Creek Watershed District (RCWD) cooperated
with the U.S. Geological Survey to establish a 10-year
suspended sediment and bedload monitoring and streamflow
modeling study to evaluate the effects of two restored meander
sections on middle Rice Creek in Arden Hills, Minnesota. The
RCWD goals of this stream restoration were to reduce water
quality impairments, improve aquatic habitat, and reduce
associated costs of dredging a sedimentation pond. During the
study there were several factors that introduced uncertainty in
the sampling results; however, the sampling results indicated
there was an increase in the post-stream restoration sediment
data because of higher streamflows during the post-stream
than the pre-stream restoration monitoring period. The
negative relation between suspended fines and streamflow was
explained by a reduction in the supply of fines with increasing
streamflows. The positive relation among suspended sand,
bedload, and streamflow was because of those constituents
having a functional relation with the hydraulic properties of
flow and a consistent supply of sand. Two-dimensional flow
modeling simulations indicated the downstream restored
section had less shear stress, more pools, and could access the
floodplain at a lower streamflow than the original channel.
Overall, the uncertainty of the sampling results indicates the
complexity of sediment transport in a river and suggests a
need for multisite, multifaceted, multiyear data, and tools to
simulate those data to effectively evaluate river restorations.

tU.S. Geological Survey.

2Rice Creek Watershed District.

Introduction

The Rice Creek Watershed District (RCWD) was
interested in understanding the sediment transport dynamics
of Rice Creek (fig. 1) which flows into Long Lake (fig. 1).
Since Rice Creek and Long Lake have sediment-related
water-quality impairments, RCWD has been tasked with
improving these conditions. Rice Creek is listed on the U.S.
Environmental Protection Agency 303(d) stream list for
both fish and macroinvertebrates impairments (Minnesota
Pollution Control Agency, 2021), and Long Lake is listed for
phosphorus impairments. These impairments may be caused
in part by past channelization of Rice Creek which increased
sedimentation and degraded aquatic habitats. Channel
modifications to Rice Creek, which began before 1937
(Emmons and Olivier Resources, Incorporated, 2008), and
land-use disturbances associated with previous agricultural
activities and urbanization resulted in an incised, unstable
stream with high and erosive streambanks; this stream had
abandoned much of its historical floodplain (fig. 2).

The RCWD began the Rice Creek Meander Restoration
Project to improve channel and riparian area conditions and
decrease sediment and nutrient delivery to Long Lake; the
Rice Creek Meander Restoration Project was completed in
2005. The Middle Rice Creek Restoration Project (MRCRP)
began in January of 2016 as a cooperative effort between the
RCWD and the Minnesota Board of Water and Soil Resources
(fig. 3). These restoration projects constructed meanders based
on the channel sinuosity before anthropogenic disturbances
to enhance the ability of Rice Creek to access the historical
floodplain (fig. 2). The MRCRP added approximately
625 meters of channel length to Rice Creek (fig. 3). Although
prealteration meanders could not be replicated exactly, aerial
photographs of historical meanders and oxbow cutoffs were
examined during the design process to match the historical
channel and floodplain (fig. 3; Emmons and Olivier Resources,
Incorporated, 2008; University of Minnesota, 2021).

Before the stream restoration, an on-channel
sedimentation pond referred to as the Long Lake Inlet
Facility (approximately 1,800 meters downstream from the
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Figure 2. Historical aerial photographs of Rice Creek.
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streamgage; fig. 1) was constructed in 1981 to reduce sediment
deposition into Long Lake. The sediment intercepted by the
Long Lake Inlet Facility needs to be periodically dredged,

and this required maintenance is costly. The grain-size of
sediment entering Long Lake from Rice Creek can affect the
fill rates of the sedimentation pond and affect the downstream
transport of phosphorus. Sand particles are larger and heavier
and can be deposited more easily than finer grained sediments;
however, the fine-grained sediments, which consist of silt,
clay, and organic matter, tend to have higher total phosphorus
concentrations, and these particles are more likely to stay in
suspension and be transported downstream (Evans and

others, 2004).

Increased phosphorus concentrations in lentic
environments downstream from riverine inputs can contribute
to seasonal hypoxia and formation of harmful algal blooms
(Michalak and others, 2013; Sayers and others, 2016; Kreiling
and others, 2019). In addition, reductions in phosphorus
concentrations can lag behind efforts to reduce sediment
because legacy sediments enriched with phosphorus may
release stored phosphorus into the water column by diffusive
flux from anoxic bottom sediment (Hamilton, 2012; Sharpley
and others, 2013; Kreiling and others, 2019) or when
sediments are physically disturbed by bottom-feeding fish,
motorized boat activity, and wind mixing (Minnesota Pollution
Control Agency, 2014). High phosphorus concentrations have
been measured in Long Lake, and the south basin of Long
Lake is currently impaired for aquatic recreation because of
high nutrients; the north and south basins have phosphorus
concentrations that exceed the State standard. The north basin
typically has higher phosphorus concentrations than the south
basin but is not assessed by State standards because of short
residence times of water and because it is not classified as
“lake” but as a “riverine basin” by State standards.

In alluvial streams, there is a functional relation among
the hydraulic properties of flow and suspended sands and
bedload; however, there is not a functional relation between
suspended fines (wash load) and hydraulic properties of
flow. Sand can either be transported as bedload or suspended
by turbulent flow. The transport rate of suspended fines is
usually a function of the supply made available. Suspended
fines are normally delivered to the stream by overland flow,
stormwater sewers, bank sloughing, and [or] bank erosion.

In most streams, sediment transport and streamflow are
not independent of one another, so it can be challenging
to differentiate upstream changes in sediment supply from
variability in streamflow year-to-year (Warrick, 2015).

The relation between streamflow and sediment transport
can change during storm events. Hysteresis occurs when the
relation between measured sediment (suspended and bedload)
and streamflow changes between the rising and falling limbs
of a streamflow hydrograph (Gray and Simdes, 2008). In a
bivariate plot comparing sediment and streamflow, hysteresis
is indicated graphically by a loop in chronologically ordered
data (Landers and Sturm, 2013). Clockwise hysteresis
indicates higher sediment on the rising limb of the hydrograph
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than on the falling limb of the hydrograph. Conversely,
counterclockwise hysteresis indicates higher sediment on the
falling limb of the hydrograph compared to the rising limb of
the hydrograph. The type of observed hysteresis can indicate
antecedent conditions and mechanisms of sediment supply to
the stream channel (Dean and others, 2020; Dean and others,
2016; Heidel, 1956; Kleinhans and others, 2007; Topping
and others, 2000a; Topping and others, 2000b). In addition,
alterations to distributions of boundary shear stresses within
the channel caused by the scour and fill of the streambed can
contribute to hysteresis (Rubin and others, 2020; Topping
and others, 2021). Finally, hysteresis can also be caused by
lags between flood hydrographs and the growth, decay, and
downstream movement of sediment dunes along the bed
of a river (Julien and others, 2002; Kleinhans and others,
2007; Shimizu and others, 2009; Topping and Wright, 2016).
Hysteresis can make it difficult to develop relations between
streamflow and measured sediment (suspended and bedload).
The U.S. Geological Survey (USGS), in cooperation
with the RCWD, established a 10-year monitoring and flow
modeling program. The monitoring and modeling program
was intended to inform RCWD whether stream restoration
efforts could improve water quality, reduce sediment loading,
and minimize dredging costs. The monitoring included
collecting suspended sediment concentrations (SSCs) and
bedload samples in Rice Creek before and after stream
restoration activities. Samples collected in 2010, 2011, and
2014 provided baseline data to evaluate the effects of future
restoration activities. The MRCRP added stream meanders in
Rice Creek above the study site location where the baseline
data were collected. Post-stream restoration SSC and bedload
samples were collected in 2018 and 2019 for comparison to
pre-stream restoration data to evaluate changes in sediment
transport. In addition, the pre-stream restoration channel,
restored meander channels, and riparian areas surrounding
the channels were surveyed using high-resolution survey
equipment, and these data were used to develop flow models
to evaluate the hydraulics and conveyance of the channel
before and after the stream restoration.

Purpose and Scope

The purpose of this report is to assess changes in
sediment loading, morphology of stream channels and riparian
areas, and streamflow conditions after restoration activities
that added constructed meanders to resemble historical
channel conditions in Rice Creek upstream from Long Lake.
Specifically, the report describes (1) the relations among SSC,
sand, fines, bedload, and streamflow in Rice Creek for water
years (WYs) 2010, 2011, 2014, 2018, and 2019, (2) annual
total loads for WY's 2010 through 2019, and (3) model outputs
from before and after stream restoration conditions.
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Description of the Study Area

The Rice Creek Basin encompasses an area of
approximately 482 square kilometers in the northeast
Minneapolis-St. Paul Metropolitan area, Minnesota (Rice
Creek Watershed District, 2017). The upper reaches of the
Rice Creek Basin are largely undeveloped with extensive
wetland complexes, and the lower reaches are fully urbanized
(Arnston and others, 2004). Rice Creek flows through a chain
of five shallow lakes starting at Peltier Lake and ending
at Baldwin Lake and flows through several more wetland
complexes. Middle Rice Creek flows from Baldwin Lake in
Circle Pines to Long Lake in New Brighton, Minn (Emmons
and Olivier Resources, Incorporated, 2008; fig. 1). These lakes
and wetland complexes drive the hydrology of the study area
because they provide water and sediment storage.

Rice Creek is located along the eastern edge of the Anoka
Sand Plain, an area of surficial till and lacustrine sediments
from several glacial advances and retreats during the most
recent Quarternary glaciations (Cooper, 1935; Farnham,

1956; Wright, 1972a, b; Smith and others, 2017). The term
Anoka Sand Plain is used to describe the sand-plain aquifer
and associated valley-train deposits (Helgesen and Lindholm,
1977). Anoka Sand Plain sediments are highly complex
because of the interaction of several distinct ice lobes over
time and differential erosion that occurred between multiple
advances and retreats of the Wisconsinan glaciation (Wright,
1972a, b; Smith and others, 2017); however, the predominant
grain size of the upper outwash decreases from west to east
(Helgesen and Lindholm, 1977). The Anoka Sand Plain
generally is characterized by high evapotranspiration rates and
sandy soils (Anderson, 1993). More specifically, the MRCRP
is predominantly in soils that have a higher percentage of
sands than silt (U.S. Department of Agriculture, 2021).
Downstream from Interstate 35W, Rice Creek flows through
Chaska silt loam soil which has a greater percentage of silt and
fines than the upstream MRCPR location (U.S. Department of
Agriculture, 2021).

Sampling Sites

The pre-stream restoration sediment monitoring site was
colocated at a streamgage (U.S. Geological Survey station
05288580; fig. 1) below Old Highway 8 in Mounds View,
Minn. (fig. 1). This location was not suited for sampling
during elevated streamflows (greater than 300 cubic feet per
second [ft3/s]) because the water was too deep to safely collect
a wading sample. A culvert located approximately 55 meters
upstream (under Old Highway 8; fig. 1) of the streamgage was
also not a suitable or safe option for deploying samplers that
required a crane because of its configuration.

However, during the stream restoration (2016 through
2017), a pedestrian bridge (fig. 1) was installed approximately
665 meters downstream from the streamgage. There are no
tributaries or confounding factors such as high streambanks
between the streamgage and pedestrian bridge. At elevated

streamflows, deploying a sampler with a crane from this
pedestrian bridge was safe and effective during the post-
stream restoration monitoring period. Ideally, the study would
have been improved if there were two sampling sites directly
upstream and downstream from where the stream restoration
was planned to isolate the effects of the stream restoration and
reduce uncertainty in the sample results. However, it was not
possible to have two sampling sites at these locations because
of funding constraints.

Survey Area

The survey area was approximately 1,100 meters
upstream from the streamgage (fig. 1) in Arden Hills, Minn.
The survey area included the furthest downstream restoration
section and is labeled as “Section two” in figure 3. The
surveyed area included the pre-stream restoration (light green
color in the box in figure 3) and post-stream restoration (dark
blue color in the box in figure 3) channels and extended
beyond both channels into their respective floodplains. The
pre-stream restoration streambanks and floodplain consisted
mostly of reed canary grass while the post-stream restoration
banks and floodplain consisted mostly of cattails.

Additional Observations

Rice Creek was modified downstream from the survey
area by the Minnesota Department of Transportation to
reroute it under Interstate 35W (fig. 3). The original channel
is shown as a darker orange color in figure 3 and the rerouted
channel is shown as a lighter orange color in figure 3. The
rerouted channel was narrower than the original channel
which increased flow velocities. During the study, streambank
erosion was observed at the first meander streambank of this
rerouted channel because of the increased flow velocities
and shear stress. Later in the study, the meander streambank
was reinforced with riprap to prevent erosion. While these
modifications are downstream from the survey area, they did
introduce some uncertainty when comparing conditions before
and after the stream restoration; however, quantifying the
effects of these modification on the study reach was not within
scope of this investigation.

Methods of Data Collection
and Analysis

Suspended sediment and bedload samples were collected
at USGS streamgage station 05288580 during WY's 2010,
2011, and 2014 (pre-stream restoration) and downstream
from the streamgage during WY's 2018 through 2019 (post-
stream restoration). Samples were collected for a range of
streamflows when the river was not covered by ice (open-
water season). The collected samples were analyzed for
SSCs and percentage of fines, which were used to calculate



suspended-sands concentrations (hereafter referred to as
“sands”), and suspended-fines concentrations (hereafter
referred to as “fines”), total bedload mass, and bedload
particle-size distributions. The laboratory analyses are
explained in the “Laboratory Analysis” section.

Sampling Methods

Water samples were collected using isokinetic samplers
and depth-integrating techniques at equal-width increments
(EWIs; Edwards and Glysson, 1999; Davis, 2005). For the
collection of water samples, the stream width was divided into
10 EWIs. An isokinetic, depth-integrated sample was collected
at the centroid of each increment following the procedures
described in Edwards and Glysson (1999). Based on the river
depth and velocity, samples from each centroid were collected
with a DH-48 sampler lined with a 1-pint glass bottle during
wadable streamflows or a D—74 sampler lined with either a
1-pint or 1-quart glass bottle during nonwadable streamflows
(Davis, 2005). After the sampling event, the water samples
collected from all the centroids of the stream transect were
combined into one composite sample for laboratory analyses.

Bedload samples were collected concurrently with water
samples. A BLH-84 pressure-differential bag sampler was
used to collect bedload samples during wadeable streamflows,
and a BL-84 was used during nonwadable streamflows (Davis,
2005). The mesh pore sizes of the bags used to collect the
bedload samples varied from 0.112 to 0.5 millimeter (mm),
depending on site conditions. The single EWI method was
used to collect bedload samples (Edwards and Glysson, 1999).
Samples were collected by starting near one streambank
and collecting one sample at each of the 20 evenly spaced
increments across the stream cross-section to the opposite
bank. The bedload sampler rested on the streambed for
30 seconds at each increment. This process was repeated twice
to obtain two separate samples. Bag samples were transferred
into plastic containers and composited before
laboratory analyses.

Surveying Methods

Ground surface elevation (GSE) data were collected at
the downstream section of the Middle Rice Creek Restoration
(fig. 1; Groten and others, 2022). Multiple survey techniques
and equipment were used to collect elevation data. Elevations
of the terrain above the water surface were collected using
terrestrial laser scanning, airborne light detection and
ranging (lidar; Minnesota Department of Natural Resources,
2012), real time kinematic (RTK) global navigation satellite
system (GNSS) equipment, and a total station integrated
with RTK-GNSS. Bathymetric data from the pre-stream
and post-stream restoration channels were collected with an
acoustic Doppler current profiler which measured the depths
of the pre-stream and post-stream restoration channels. The
depths were corrected to elevation using corresponding water
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surface elevations measured with RTK-GNSS equipment and
processed with the Velocity Mapping Toolbox (Parsons and
others, 2013; U.S. Geological Survey, 2021a).

Laboratory Analysis

Water samples were analyzed for SSC following method
D3977-97 (Guy, 1969; American Society for Testing and
Materials, 2000) and for the percentages of fines, by wet
sieving, (Guy, 1969) at the USGS Sediment Laboratory in
Iowa City, lowa. Fines are defined as particles with a diameter
less than 0.0625 mm and consists of silt and clay. Particles
that have a diameter greater than or equal to 0.0625 mm and
as much as 2.0 mm are classified as sands. The sands were
calculated by taking the percentage of fines and multiplying it
by the corresponding SSC value, dividing the product by 100,
and subtracting the quotient from the SSC value. The fines
were calculated by subtracting the calculated sands value from
the corresponding SSC value.

Bedload samples were analyzed for total mass (grams)
and particle-size distributions ranging from 0.0625 to 16 mm
and included 9 sizes (Guy, 1969). Bedload samples were
analyzed by USGS staff in Minnesota. Results from laboratory
analyses are available in a USGS data release (Groten and
others, 2022) and can be accessed from the USGS National
Water Information System (NWIS) web page (U.S. Geological
Survey, 2021c). Bedload transport (BL) was calculated using
the following equation (Edwards and Glysson, 1999):

Ob = Kx (W) x M (1)
where
0b is bedload transport, in tons per day;

K isaconversion factor of 0.381 for the types of
samplers used for data collection (BL-84
and BLH-84 have a 3-inch-wide opening);

W istotal sampling width of where the bedload
samples were collected in the stream
channel, in feet;

t s total time the sampler was on the bed, in
seconds; and

M istotal bedload mass of sample collected from
all verticals sampled in the cross section,
in grams.

Streamflow Data

Instantaneous (15-minute) and daily mean streamflow
data are available at the USGS NWIS web page (U.S.
Geological Survey, 2021c). The instantaneous streamflow
values were used to develop simple linear regression (SLR)
models. The daily mean streamflow values were used to
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calculate bedload and suspended sediment loads. Daily mean
streamflow values were also used as input to multidimensional
flow models to calibrate and validate the models.

Data Analysis

Statistical analyses were completed and included
the development of SLR models, testing the difference
between regression slopes with the t-statistic, and testing the
difference between the vertical offset parameter with analysis
of covariance (ANCOVA). After development of the SLR
models, select SLR models were used to compute daily and
annual load estimates. Additional analyses included using
the GSE points to develop multidimensional flow models to
compare the hydraulics and conveyance of the pre-stream and
post-stream restoration channels.

Development of Linear Regression Models

The suitability of streamflow and sediment relations was
tested by doing ordinary least squares regression analyses
(Helsel and others, 2020) using streamflow as an explanatory
variable and SSC, fines, sands, BL, percent fines, and percent
sands as the response variables. Different combinations of
SLRs on untransformed and transformed data were tested.

A level of significance (o) of 0.05 was used for all statistical
analyses presented in this study.

The Surrogate Analysis and Index Developer Tool
(Domanski and others, 2015) was used to develop SLR
models and evaluate the accuracy of the models developed for
estimating SSCs, fines, sands, BL, percent fines, and percent
sands. Diagnostic plots, residual errors, and probability
values (p-values) were examined to ensure the models
met the assumptions of ordinary least squares regression
analyses (Helsel and others, 2020; Groten and others, 2022).
Streamflow, SSC, fines, sands, and BL were log transformed
(base-10 logarithms), and bias-correction factors were
applied (Duan, 1983) after the data were retransformed into
the original units (Groten and others, 2022). The pre-stream
and post-stream restoration SLR models’ streamflow were
normalized by the geometric mean of the streamflow values
sampled to better characterize trends in the vertical offset
(Warrick, 2015). The final selected SLR models were used
to generate a time series of estimated SSC, fines, sands, and
BL values and prediction intervals (Helsel and others, 2020;
Groten and others, 2022). The following SLR model forms
were used:

SSC, Fines, Sands, or BL = by(Q/0,,) x BCF  (2)

SSC, Fines, Sands, or BL = by(Q)» x BCF (3)

%Fines or YSands = b0 * b 1(0) 4)

where
SSC is the response variable suspended-sediment
concentration, in milligrams per liter;
Fines is the response variable suspended-fines
concentration, in milligrams per liter;
Sands is the response variable suspended-sand

concentration, in milligrams per liter;
BL is the response variable bedload transport, in
tons per day;

%Fines is the response variable percentage of fines in
the corresponding SSC sample, in percent;
%Sands is the response variable percentage of sands in

the corresponding SSC sample, in percent;

by is the vertical offset parameter;

by is the slope of the explanatory variable;

(0] is the explanatory variable streamflow, in
cubic feet per second;

O, I1s the geometric mean of the streamflow data

sampled (Warrick, 2015), in cubic feet per
second; and

BCF s the bias-correction factor (Duan, 1983).

The pre-stream and post-stream restoration SLR slopes
and vertical offset parameters in equation 2 were tested for
significance with the t-statistic and ANCOVA, respectively.
Select SLR models were then used to estimate daily loads as
described in the next section.

Daily and Annual Load Estimates

Daily mean estimates of SSC, BL, and corresponding
90 percent prediction intervals (Domanski and others, 2015)
were calculated from the final SLR models (Groten and
others, 2022). Fines and sands were calculated by taking
the corresponding daily mean streamflow that was used to
estimate SSC and applying it to equation 4 to estimate the
percentage of fines. This percent was divided by 100, the
quotient was multiplied by the corresponding SSC estimate to
calculate the fines, and the calculated fines was subtracted by
the corresponding SSC estimate to calculate the sands. Daily
suspended-sediment loads (SSL) were estimated using the
following equation (Porterfield, 1972):

SSL=0QxSSxc, )

where
SSL is the estimated daily mean
suspended-sediment load, in tons per day;
(0] is the daily mean streamflow, in cubic feet
per second;

SS  isthe estimated daily mean
suspended-sediment concentration,
suspended-fines concentration, or
suspended-sands concentrations, in
milligrams per liter, from the final simple
linear regression models; and



¢,  isacoeflicient (0.0027) that converts the units
of streamflow and SSC, fines, or sands into
tons per day and assumes a specific gravity
of 2.65 for sediment.

The SSL and BL were summed to report the total daily
load, and all the estimated daily loads were summed to
calculate total annual loads for each year of the study (WY
2010 through 2019).

Development of Multidimensional Flow Models

The International River Interface Cooperative (iRIC)
surface-water modeling software and the FaSSTMECH solver
(iRIC, 2021; Nelson and McDonald, 1996; Nelson, 2016)
were used to develop, calibrate, validate, and run pre-stream
and post-stream restoration two-dimensional flow models.
The iRIC software and FaSTMECH solver are available
through the International River Interface Cooperative web
page (iRIC, 2021). The purpose of this modeling effort was
to provide spatially distributed quantities throughout the
modeled domain to quantitatively evaluate the pre-stream and
post-stream restoration channels for important metrics such
as (1) water-surface elevations (WSEs), (2) water depths, (3)
water velocity, and (4) shear stress. These metrics were used
to evaluate what streamflows have access to the floodplains
and changes in pre-stream and post-stream restoration channel
morphologies, and to make sediment-transport inferences
between the pre-stream and post-stream restoration channels.

The GSE data were used as input to the iRIC software.
Erroneous GSE points were identified by comparing to the
surrounding points and removed. Interpolated GSE points
were manually added in the iRIC software to better define the
channel. The grids were developed by digitizing the centerline
by following the channel curvature and specifying the width
of the channel and the number of grid cells in the streamwise
and cross-stream direction. The pre-stream and post-stream
restoration grids had cell sizes of 1 meter by 1 meter. Since
the sinuosity of the post-stream restoration channel was
greater than the pre-stream restoration channel, the width of
the post-stream restoration grid was constrained mostly to
the channel. The post-stream restoration grid did not extend
very far into the floodplain because when a grid with a wider
cross-stream distance was tested in the iRIC software, the grid
overlapped in the channel bends because of the high sinuosity
of the channel in these areas. A template was used to map the
elevations of the GSE points to the developed grids and is
similar to a nearest-neighbor search with a specified length
and width that follow the curvature of the developed grid.

The streamgage height (GH) and the downstream
measured WSEs of the pre-stream and post-stream restoration
channels were used to calculate an offset (Groten and
others, 2022). The offset was used to correct the GHs in the
streamgage’s rating tables so they could be used as rating
curves in the pre-stream and post-stream restoration models.
The GH used in the models’ rating curves (Groten and others,
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2022) were corrected to be the WSE at the downstream
location of the modeled domain. Since there are no tributary
inflows and there is a short distance between the modeled
domain and the streamgage, the streamflow at the streamgage
was used for both rating curves in the models (Groten and
others, 2022).

Grid elevations and streamflow were input into the
pre-stream and post-stream restoration models. The models
were calibrated for a given streamflow and measured
WSEs. Sensitivity analyses tested the model parameters:
roughness and lateral eddy viscosity (LEV) with the lowest
root-mean-square error (RMSE) between measured and
modeled WSEs. The parameter values with the lowest RMSE
were used to calibrate the models. The post-stream restoration
model was independently validated to a different streamflow,
but the pre-stream restoration was not because the channel was
decommissioned during the study. Finally, seven pre-stream
restoration and seven post-stream restoration models were run.

Streamflow, Suspended Sediment, and
Bedload Results

The amount of rainfall has a direct effect on streamflow.
The measured rainfall was above the historical mean (27.6 in.
for base period 1939 through 2000; National Oceanic and
Atmospheric Administration, 2021) at St. Paul, Minn. for
each WY in the study (WY's 2010 through 2019). During the
study, WY 2019 had the greatest measured rainfall, and the
lowest measured rainfall was in WY 2013 (National Oceanic
and Atmospheric Administration, 2021). Because the rainfall
was greater in WY 2019, the highest annual mean streamflow
(137 ft3/s) was observed in WY 2019 (U.S. Geological Survey,
2021c). Further comparing streamflow and rainfall, WY 2010
was unique because it had the lowest annual mean streamflow
(U.S. Geological Survey, 2021c) but had 6 more inches of rain
than the lowest measured rainfall in WY 2013.

An important consideration when comparing the data
collected during the pre-stream and post-stream restora-
tion monitoring was the varying ability to obtain samples
at elevated streamflows during these periods. This differ-
ence made it difficult and introduced some uncertainty when
comparing the pre-stream and post-stream restoration datasets.
Samples could be collected at elevated streamflows during the
post-stream restoration monitoring period because a pedestrian
bridge was installed downstream from the streamgage (fig. 1).
There were 4 samples collected above 290 ft3/s during the
post-stream restoration sampling period while only 1 sample
was collected above 290 ft3/s during the pre-stream restoration
monitoring period (fig. 4). Overall, the streamflows that coin-
cided with sampling events were higher during the post-stream
restoration than the pre-stream restoration monitoring period
(fig. 5); however, the pre-stream restoration monitoring period
observed some higher streamflow events (highest daily mean
streamflow of 395 ft3/s in WY 2014; fig.4).
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Figure 4. Flow-duration curves and associated sampling events at Rice Creek, water years 2010 through 2019. Pre-stream
restoration (water years 2010, 2011, and 2014) and post-stream restoration (water years 2018 through 2019).

Another important consideration was the low streamflows shifts and new rating curves developed because of the degra-
(less than 53.7 ft3/s) sampled during the pre-stream restora- dation of the stream channel (Erich Kessler, U.S. Geological
tion monitoring period. There were 8 samples collected below  Survey, oral commun., 2021). This phenomenon also made
53.7 ft¥/s during the pre-stream restoration monitoring period it difficult and introduced uncertainty when comparing the

while no samples were collected below 70.8 ft3/s during the pre-stream and post-stream restoration datasets because the
post-stream restoration monitoring period. A final and impor- channel is a potential source of sediment at pre-stream and
tant consideration, the streamgage’s GH-streamflow relation post-stream restoration sampling locations.

(rating curve) used to estimate streamflow has had multiple
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Relations among suspended-sediment concentration and streamflow at Rice Creek, pre-stream restoration (water

years 2010, 2011, and 2014) and post-stream restoration (water years 2018 through 2019).

For all constituents monitored (SSC, fines, sands, BL)
and streamflow, the post-stream restoration median values
were higher than the pre-stream restoration values (fig. 5).
The higher measured post-stream restoration values were a
result of elevated streamflows and the ability to sample these
streamflows during this monitoring period. The difference
between the median pre-stream and post-stream restoration

fines was less than all the other constituents measured (fig. 5).

The percentage of suspended fines and suspended sands was

approximately 50 percent for both periods. When comparing
Rice Creek to other sites across Minnesota, Rice Creek had a
higher percentage of suspended sand than 13 other sites in a

statewide sediment study (Ellison and others, 2014).

Most bedload particles were larger for the post-stream
restoration monitoring period (fig. 6). This was a result of
elevated streamflows, higher energy to transport the larger
sized particles, and the ability to sample elevated streamflows
during the post-stream restoration monitoring period; however,
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Table 1.

Summary of linear regression models for pre-stream and post-stream restoration sediment sampling at Rice Creek, water

years 2010, 2011, and 2014 (pre-stream restoration), 2018 through 2019 (post-stream restoration), and 2010 through 2019 (combined).

[n, number of samples; Qg geometric mean of streamflow data sampled; R?, coefficient of determination; SLR, simple linear regression; p-value, probability

value; t-stat, t-statistic tests the difference between SLR slopes?; ANCOVA, analysis of covariance; SSC, suspended-sediment concentration in milligrams
per liter; pre-stream restoration, dataset collected during water years 2010, 2011, and 2014 and used for analyses; %, percent; Q, streamflow in cubic feet per
second; <, less than; --, not computed; post-stream restoration, dataset collected during water years 2018 through 2019 and used for analyses; combined, dataset

collected during water years 2010, 2011, 2014, 2018, and 2019 and used for analyses; fines, suspended-fines concentration; sand, suspended-sand concentration

BL, bedload transport]

s

Average
model
tandar LR t-stat ANCOVAe
Dataset n Q SLR model Standard R? standard S t-stat sta co
am error p-value p-value p-value
percent-
age error
Streamflow—SSC model
. O \oses
Pre-stream restoration 34 89  SSC= 16.6(5 ) x1.21¢ 0.293 0.34W 75.8 <0.01
. 0570 0571 <0.001
i O \os3
Post-stream restoration 21 147  sSC=31.6 (5 ) x1.12¢ 0.232 0.211 57.4 <0.05
GM
Combined 55 - SSC=0.674(Q)07%" x1.19¢ 0.274 0.383 70.0 <0.01 - --
Streamflow —Fines model
. O \-0575"
Pre-stream restoration 26 117  Fines=11.2 (é ) x1.21¢ 0.268 0.184 68.0 <0.05
o -0.039  0.969 0.304
. -0.587"
Post-stream restoration 21 147  Fines=13.2 (Q ) x1.07¢ 0.174 0.369 41.7 <0.01
GM
Combined 55 - Fines=4.37(Q)%18%" x1.29¢ 0329  0.026 88.0 0.242 - -
Streamflow—Sand model
. 0 \u12
Pre-stream restoration 34 89  Sand= 6.4(5 ) x1.23¢ 0.289 0.58 75.7 <0.01
o 0947 0348  <0.001
1.44°
Post-stream restoration 21 147 Sand:14.1(g ) x1.19¢ 0.285 0.568 73.3 <0.01
GM
Combined 55 - Sand=0.024(Q)1%'x1.22¢ 0.287  0.62 74.0 <0.01 - -
Streamflow—BL model
. 0 \us2
Pre-stream restoration 22 115 BL=2.3 (* ) x1.71¢ 0.480 0.408 155.0 <0.01 0.039 0.969 <0.005
GM
. O \is4
Post-stream restoration 12 202 BL=22.9(§ ) x1.18° 0289  0.636 746 <0.01
GM
Combined 34 -- BL=0.0003¢(Q)2°"" x1.68¢ 0.495 0.558 163.0 <0.01 - -
Streamflow—~Percent Fines and Sands model
Percent Fines 55 - %Fines=79.8-0.205(Q) 145 0.58 - <0.01
Percent Sands 55 - %Sands=20.2+0.205(Q) 145 0.58 -- <0.01

aVertical offset parameter equivalent to the middle of the SSC, Fines, Sands, or BL sample distribution.

bSlope parameter of SLR line used for t-stat.

¢Bias correction factor or “smearing” estimator is used to correct retransformation bias of regression estimates (Duan, 1983).

dVertical offset parameter of SLR line.

eANCOVA test to see if there is a significant difference in the vertical offset parameters? of the dependent variable for the equal slopes regression models
comparing to the adjusted means of the factor groups.
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Figure 8. Relations among suspended-fines concentration and streamflow at Rice Creek, pre-stream restoration (water years
2010, 2011, and 2014) and post-stream restoration (water years 2018 through 2019).

for grain sizes above 1 mm the pre-stream restoration bedload
was slightly larger, but the observed range of approximately
[~] 4 percent was small above 1 mm between the pre-stream
and post-stream restoration datasets (fig. 6C). Alternatively,
the observed particle size range was larger for sizes less than
1 mm, and the post-stream restoration bedload was larger than
the pre-stream restoration bedload for sizes below 1 mm for
most measured particle sizes (fig. 6). Overall, the BL particle

sizes measured in this study were small considering that a
small percentage (~10 percent) were particles larger than sand
(greater than 2 mm; fig. 6).

Simple Linear Regression Models

Fourteen SLR models were developed to estimate six
variables: SSC, fines, sands, BL, percent fines, and percent
sands (table 1). Three models were developed for SSC, fines,
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sands, and BL from the pre-stream restoration (WY's 2010,
2011, and 2014), post-stream restoration (WYs 2018 and
2019), and the combined (WY's 2010, 2011, 2014, 2018, and
2019) datasets (table 1).

Suspended-Sediment Concentration Models

Three statistically significant SLR models were
developed from the pre-stream restoration, post-stream
restoration, and combined datasets (table 1) to estimate SSCs.
A t-test calculated the t-statistic and determined that there was
not a statistically significant difference between the pre-stream
and post-stream restoration SLR slopes (table 1). ANCOVA
determined there was a statistically significant difference in the
vertical offset parameters of the dependent variable (table 1)
since there is a significant difference in the adjusted means of
the pre-stream and post-stream restoration. The post-stream
restoration vertical offset (31.6 mg/L; table 1) was greater
than the pre-stream restoration vertical offset (16.6 mg/L;
table 1). The pre-stream restoration slope was greater and in
the same directions as the post-stream restoration slope, but
the difference was not statistically significant.

Two streamflows were compared to illustrate the
variability in the data. At approximately 300 ft3/s, there was
a wider range of measured values (from ~40 to ~90 mg/L)
observed than at 100 ft3/s (fig. 7); however, the logarithmic
scale of the graph makes it appear as though there was a wider
range at 100 ft3/s, but the actual measured range was smaller
(from ~10 to ~40 mg/L at ~100 ft3/s). The wide range of SSCs
at approximately 300 ft3/s was likely because of hysteresis,
which was likely caused by the dynamic evolution of dunes
in transport. The combined SLR model (table 1) was used to
estimate daily mean SSCs and SSLs for WY's 2010 through
2019 because the combined model represented the whole
range of flows and included fines and sands.

Suspended-Fines Concentration Models

Two statistically significant SLR models that estimated
fines were developed from the pre-stream and post-stream
restoration datasets (table 1). Eight values (fig. 8) below
53.7 ft3/s were removed from the dataset because they were
biasing the pre-stream restoration SLR model, so it was
not comparable with the post-stream restoration SLR. A
t-test determined that there was not a statistically significant
difference between the pre-stream and post-stream restoration
SLR slopes (table 1). ANCOVA determined there was not
a statistically significant difference in the vertical offset
parameters of the dependent variable (table 1) since there
was no significant difference in the adjusted means of the
pre-stream and post-stream restoration. Both pre-stream
and post-stream restoration slopes were negative and were
similar values. The post-stream restoration vertical offset
parameter was slightly greater than that of the pre-stream
restoration vertical offset parameter (table 1). The combined

dataset, including the eight pre-stream restoration samples
below 53.7 ft3/s, was used to develop a combined SLR, but a
statistically significant model could not be developed.

The negative pre-stream and post-stream restoration
SLR slopes suggest that fines supply is being depleted with
increasing streamflow (table 1; fig. 8). The reduction in
suspended fines with increasing streamflow may also mean
reduced phosphorus with increasing streamflows since
phosphorus can bind to fine grained sediments (Stone and
Murdoch, 1989), but this cannot be concluded definitively
because phosphorus was not measured as part of this study.
The post-stream restoration fines SLR model had the lowest
error (0.174) amongst all the12 SLR models
developed (table 1).

Suspended-Sand Concentration Models

Three statistically significant SLR models were
developed from the pre-stream restoration, post-stream
restoration, and combined datasets (table 1) to estimate
sands. A t-test determined there was not a statistically
significant difference between pre-stream and post-stream
restoration SLR slopes (table 1). ANCOVA determined there
was a statistically significant difference in the vertical offset
parameters of the dependent variable (table 1) since there was
a significant difference in the adjusted means of the pre-stream
and post-stream restoration. The post-stream stream
restoration vertical offset (14.1 mg/L; table 1) was greater than
the pre-stream restoration vertical offset (6.4 mg/L; table 1)
while the slopes of the pre-stream and post-stream restoration
SLR models were similar (table 1; fig. 9).

Even though the SLR models developed were significant,
the variance of all three models was high (table 1; fig. 9).

The variance was likely because of hysteresis caused

by the dynamic evolution of dunes in transport. Dunes
would have the most effect on the sands amongst the three
suspend-sediment constituents (SSC, fines, sands).

Bedload Models

Three statistically significant SLR models were
developed from the pre-stream, post-stream restoration,
and combined datasets (table 1) to estimate BL. A t-test
determined that there was not a significant difference between
the regression slopes of the pre-stream and post-stream
restoration SLR models (table 1). ANCOVA determined there
was a significant difference in the vertical offset parameters of
the dependent variable (table 1) since there was a significant
difference in the adjusted means of the pre-stream and
post-stream restoration. The post-stream stream restoration
vertical offset (22.9 tons per day; table 1) was greater than the
pre-stream restoration vertical offset (2.3 tons per day; table 1)
while the slopes of the pre-stream and post-stream restoration
SLR models were very similar (table 1; fig. 10).
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Figure 9. Relations among suspended-sands concentration and streamflow at Rice Creek, pre-stream restoration (water years
2010, 2011, and 2014) and post-stream restoration (water years 2018 through 2019).

The post-stream restoration SLR model error was less streambed, and loss of the bedload sample out of the nozzle
than the pre-stream restoration and combined SLR models after returning to water surface because of back pressure.
(table 1). This was likely caused by there being fewer In addition, the variability of bedload measurements can be
bedload samples in the post-stream restoration dataset, so exacerbated when dunes are present because BL varies along
less variability was measured. Variability can be observed in the dune with the trough having the lowest BL and the crest
the pre-stream restoration dataset which had more bedload having the highest BL (Edwards and Glysson, 1999). To better
samples (fig. 10). Measuring bedload with the samplers and represent the variability, the combined SLR model was used
sampling methods used during this study can be challenging to estimate BL as part of the total load computations for WYs
and highly variable because of the hydraulic efficiency of 2010 through 20109.

the samplers (Childers, 1999), inadvertently scooping the
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Figure 10. Relations among bedload transport and streamflow at Rice Creek pre-stream restoration (water years 2010, 2011, and
2014) and post-stream restoration (water years 2018 through 2019).
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Figure 11. Relations among percent fines and sands and streamflow at Rice Creek, water years 2010, 2011, 2014, 2018,
and 2019.
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Table 2. Estimated suspended fines load, suspended sands load, bedload, and total loads at Rice Creek, water years 2010 through

2019.

[all loads are in tons per day]

Total suspended sedi-

Water year Suspended fines load Suspended sands load ment load? Bedload Total load®
2010 480 300 780 510 1,290
2011 1,400 2,200 3,600 3,000 6,600
2012 630 640 1,270 950 2,220
2013 900 1,200 2,100 1,700 3,800
2014 860 4,450 5,360 4,900 10,260
2015 810 800 1,610 1,200 2,810
2016 1,500 1,500 3,000 2,200 5,200
2017 1,700 2,200 3,900 3,200 7,100
2018 1,000 880 1,880 1,400 3,280
2019 1,500 4,100 5,600 4,900 10,500

3Calculated by adding the suspended fines and sands together.
bCalculated by adding the total suspended sediment load to the bedload.

Percent Fines and Sands Models

Two significant SLR models were developed to estimate
the percent fines and fines (table 1; fig. 11). Two SLR models
were developed even though having both is redundant. The
SLR models are redundant because they are the inverse of
one another and are documented for illustration purposes.
The percent fines SLR model has a negative slope while the
percent sands SLR model has a positive slope. Since they are
the inverse, only one was used to calculate fines and sands
from the corresponding SSC which was explained in “Daily
and Annual Load Estimates” section.

Estimation of Loads

The lowest total annual load and total annual streamflow
was WY 2010 while WY 2019 had the highest total annual
load and total annual streamflow (fig. 12). During the
10-year monitoring period (WYs 2010 through 2019), the
mean BL contribution to the total load was approximately
40 percent while the mean SSL contribution to the total
load was approximately 60 percent. The BL and suspended
sand contribution to the total load increased with greater
total annual streamflows because of more streamflow results
in more energy for bedload and suspended sand transport
(fig. 12). Bedload and sand are heavier than fines, so there
will be a systematic increase in total loads when streamflows
increase because there is more shear stress to transport the
heavier particles. Higher streamflows also possibly depleted
the supply of suspended fines, and there was a greater supply
of suspended sands than suspended fines in all years except
WYs 2010 and 2018 (table 2; fig. 11). WYs 2014 and 2019

had the biggest difference between suspended sands and
fines with sands being greater (table 2; fig. 12) because peak
streamflows were highest (445 and 375 ft%/s, respectively) for
these two WY during the 10-year monitoring period.

Since middle Rice Creek flows out of a chain of lakes and
wetland complexes, sediment transport at the upstream end
of middle Rice Creek is low to negligible because of the low
gradient. Because of the geologic material Rice Creek flows
through, there was a consistent supply of fine sands; therefore,
there was not a reduction but an increase in SSC, sand,
and bedload during the post-stream restoration monitoring
period because of higher streamflows. The RCWD assumed
that middle Rice Creek’s supply of sediment came from the
original channel’s high streambanks and the channel bottom.
Suspended fines are driven more by the upstream supply than
the energy of water. Another potential driver for the negative
relations between streamflow and fines was a dilution effect:
the supply of suspended fines to Rice Creek are from overland
run-off or from stormwater sewers and the supply would
cease when rainfall events ended; however, the supply of fines
could have been greater if the stream had not been restored
because of elevated streamflow and shear stress on the higher
streambanks. Suspended sand and bedload increased during
the post-stream restoration monitoring period. Because the
transport of suspended sands and bedload are more dependent
on the energy of moving water than the suspended fines,
the greater streamflows during the post-stream restoration
monitoring period and the consistent supply of sand are likely
reasons why the sand and bedload increased; however, there
are many interrelated factors that control sediment transport,
and observed differences in pre-stream and post-stream
restoration sediment transport could be from changes in
streamflow, sediment supply, or both.
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Figure 12. Estimated total annual loads, suspended sediment and bedload, measured streamflow, and measured rainfall at Rice Creek, water years 2010 through 2019.
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Table 3. Select calculation conditions and final model parameters for pre-stream and post-stream restoration models.

[LEV, lateral eddy viscosity; WSE, water surface elevation; 1D, one dimensional]

Model Discharge Stage Roughness R.oughngss Roughness Constant Initial WSE Iterations
type type type distribution LEV
Pre-stream Constant ~ aung  Drag Constant 0.005 0.005 1D Step- 1,000
restoration curve coefficient backwater
Post-stream Constant ~ Raung  Drag Constant 0.0003 0.05 1D Step- 1,000
restoration curve coefficient backwater

Multidimensional Flow Models

Two FaSTMECH models were developed, calibrated,
and run for multiple streamflow scenarios for pre-stream
and post-stream restoration channel morphologies. Groten
and others (2021) includes all GSEs, measured WSEs, grids,
rating curves, calibration, validation, model run, and model
result files.

Calibration and Validation

The pre-stream restoration model was developed and
calibrated to a streamflow of 56 ft3/s and WSEs measured
on December 5, 2017. The results of a sensitivity analysis
are shown in figure 13. Roughness and lateral eddy viscosity
(LEV) parameters were adjusted to achieve the lowest RMSE
between measured and modeled WSEs (fig. 13). The final
selected parameters are documented in table 3. The pre-stream
restoration rating table from December 5, 2017, with corrected
GH was used as the rating curve in the pre-stream restoration
model (Groten and others, 2022).

The post-stream restoration model was developed and
calibrated to a streamflow of 310 ft3/s and WSEs measured
on May 3, 2019. The sensitivity analysis results are shown in
figure 13. Roughness and LEV parameters were adjusted to
achieve the lowest RMSE between measured and modeled
WSES (fig. 13). The final selected parameters are documented
in table 3. The post-stream restoration corrected rating table
from March 17, 2021, with corrected GH was used in the
post-stream restoration model (Groten and others, 2022). The
model was validated at a flow of 145 ft3/s November 18, 2019
(Groten and others, 2022), with a RMSE of 0.0623 between
measured and modeled WSEs (Groten and others, 2022).

Figure 14 illustrates the extent of flooding along the
post-stream restoration floodplain compared to the modeled
domain at the calibration streamflow of 310 ft3/s on May 3,
2019. The hydrologic technician attempted to measure WSEs
in the stream channel but was not able to access the channel
in certain areas because of standing water in the floodplain.
Where the hydrologic technician could not access the channel,
the technician went to areas in the floodplain with stable
footing to measure the WSE. The extent of the modeled grid
is shown in black and blue on figure 14. Wet points in the
modeled grid are shown in blue, and dry points are shown in

black. Blue circles with a black outline indicate the locations
where the WSE was measured. Note the distances between
the grid and measured WSEs; at one point the measured WSE
was approximately 60 meters from the grid on figure 14. Since
it was confirmed that flooding extended past the modeled
domain, the entire floodplain could not be modeled because
the width of the grid predominantly included the channel.
The measured WSEs illustrate the spatial extent of water in
the floodplain. The post-stream restoration model can predict
which streamflows access the floodplain but not the spatial
extent of the flooding.

Model Runs

Seven streamflows were input into the pre-stream and
post-stream restoration models to generate 14 model output
files (Groten and others, 2022). The model runs were for
streamflows of 50, 100, 150, 200, 250, 300, and 400 ft3/s.
The WSE and water depths at the seven streamflows were
compared to visually determine bankfull streamflows for the
two periods. Bankfull streamflows were visually determined
from model output to be approximately 250 ft3/s for the
pre-stream restoration channel and approximately 150 ft®/s
for the post-stream restoration channel (figs. 15C and B,
respectively). In figure 154, it seems like water is in the pre-
stream restoration floodplain, but these are distinct features
(vegetated point bars and standing waters from an inlet) near
the channel, and one is because of a boundary condition at
the top of the modeled domain. A streamflow of 150 t3/s was
confirmed to be near bankfull for the restored channel because
the validation data that was collected on November 18,

2019, at 145 ft¥/s indicated that water was on the floodplain;
however, this could have been standing water from previous
streamflows that exceed bankfull streamflow. In addition, the
cattails along the streambanks and in the floodplain might
provide easier access to the floodplain because of their stem
density. These factors make it difficult to determine a single
bankfull streamflow. Bankfull streamflow is likely variable
along the reach. Overall, the model results indicate a reduction
of bankfull streamflow (approximately 100 ft3/s) between

the pre-stream and post-stream restoration channels, which
was a goal of the restoration design to have connection to the
floodplain by lowering the streambanks.
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A. Modeled water depths pre-stream restoration
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Figure 15. Modeled water depths pre-stream (A, C, E) and post-stream (B, D, F) restoration at three
streamflows (150, 250, and 400 cubic feet per second, respectively).
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B. Modeled water depths post-stream restoration
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Figure 15.—Continued
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C. Modeled water depths pre-stream restoration
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D. Modeled water depths post-stream restoration
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E. Modeled water depths pre-stream restoration
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F. Modeled water depths post-stream restoration
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Figure 16. Histogram of pre-stream and post-stream restoration modeled water depths at one streamflow (250 cubic feet per

second).

Streamflows of 150, 250, and 400 ft3/s were selected
to illustrate the difference between the pre-stream and post-
stream restoration channels (fig. 15). Model simulations
indicated that a streamflow of 150 t/s produced two pools in
the pre-stream restoration channel and seven pools in the post-
stream restoration channel (figs. 154 and B). Another goal of
the stream-restoration design was to increase the complexity
of the channel morphology and create more diverse aquatic
habitat. The model simulation confirmed an increase in

the number of pools in the post-stream restoration channel
(seven) compared to the pre-stream restoration channel

(two). Since the grid did not extend as far into the floodplain
for the post-stream restoration channel as the pre-stream
restoration channel, the full extent of water in the floodplain at
streamflows of 250 and 400 ft3/s cannot be accurately depicted
in figures 15D and F.
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A. Modeled water velocities pre-stream restoration
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B. Modeled water velocities post-stream restoration
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Figure 17.—Continued
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Figure 18. Histogram of pre-stream and post-stream restoration modeled water velocities at one streamflow (250 cubic feet per

second).

A streamflow 250 ft3/s was selected as the bankfull
streamflow for the pre-stream restoration channel. This value
was within the confidence interval of 226 to 324 ft3/s for the
one-and-a-half-year recurrence interval of 302 ft3/s (Groten
and others, 2022) calculated in PeakFQ (U.S. Geological
Survey, 2021b). This streamflow was also used to further
compare pre-stream and post-stream restoration channels. The
post-stream restoration channel had deeper depths and higher
velocities than the pre-stream restoration channel (figs. 15, 16,
17, and 18). The post-stream restoration channel was longer
in length and had multiple riffle pools while the pre-stream

restoration channel had less variation and was shorter in
length. The higher velocities occurred at isolated areas (figs.
17 and 18).

The shear stress was much lower for post-stream
restoration channel than the pre-stream restoration channel
(fig. 19). Since the post-stream restoration channel has lower
shear stress, there will be less potential for degradation and
streambank erosion. The post-stream restoration channel can
access the floodplain at lower streamflows than the pre-stream
restoration channel, so sediment will be more likely to deposit
in the floodplain of the post-stream restoration floodplain;



Streamflow, Suspended Sediment, and Bedload Results

A. Modeled shear stress pre-stream restoration
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Figure 19. Modeled shear stress, A, pre-stream and, B, post-stream restoration at one streamflow
(250 cubic feet per second).
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36
B. Modeled shear stress post-stream restoration
93°11'5" 93°11'0" 93°10'55"
45°5'50"

0 55 110 220 METERS
| 1 1 1 | 1 1 1 J
L A B R R B R
0 15 30 60 METERS

EXPLANATION

Modeled shear stress
—In newton per square meter, at 250 cubic feet per second

0.000000 - 0.273717

Figure 19.—Continued



however, because of the complexity of sediment transport, the
observed sediment transport could also be attributed to other
factors or combination of factors not observed, measured, or
simulated as part of this study.

Summary and Conclusions

The Rice Creek Watershed District (RCWD) restored two
meander sections of Rice Creek in Arden Hills, Minnesota,
with goals to reduce water quality impairments, improve
aquatic habitat, and reduce associated costs of dredging a
sedimentation pond. The RCWD cooperated with the U.S.
Geological Survey to establish a 10-year (water years 2010
through 2019) sediment monitoring and flow modeling effort
to evaluate the effect of the stream restoration design.

Sampling results were uncertain but indicated there
was not a reduction in the post-stream restoration sediment
data but an increase because of higher streamflows sampled
during the post-stream restoration monitoring period. The
negative relation between suspended fines and streamflow was
explained by a reduction in the supply of fines with increasing
streamflows. The positive relation between suspended sand,
bedload, and streamflow was because of those constituents
having a functional relation with the hydraulic properties of
flow and a consistent supply of sand. Two-dimensional flow
modeling simulations indicated the downstream restored
section had less shear stress, more pools, and could access the
floodplain at a lower streamflow than the original channel.

The results and findings presented in this report are
important to the RCWD because it helps inform water-
quality criteria for aquatic life and the effect of a stream
restoration project. Results and findings support the stream
restoration succeeded in reducing shear stress, increasing
the number of pools, and promoting access to the floodplain
at lower streamflows than the original channel. Overall, the
uncertainty in the sampling results indicates the complexity of
sediment transport in a river and suggests a need for multisite,
multifaceted, multiyear data, and tools to simulate those data
for effective evaluations of river restorations.
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