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The connection between stream restoration and sediment budgeting runs both
ways: stream restoration is proposed as a means to reduce sediment yields, but an
accurate understanding of sediment supply is necessary to design an effective
project. Recent advances in monitoring technology, geochemical techniques,
high-resolution topography data, and numerical modeling provide new opportuni-
ties to estimate sediment erosion, transport, and deposition rates; upscale them in a
geomorphically relevant fashion; and synthesize sediment dynamics at watershed
scales. For practical application at large scale, watershed models used to predict
yield often do not resolve lower-order channels, leaving an essential “blind spot”
regarding sediment processes. We illustrate the challenges and emerging ap-
proaches for estimating sediment budgets using examples from two very different
physiographic settings: the Mid-Atlantic Piedmont and the agricultural plains of
southern Minnesota. We highlight common challenges and themes in defining an
effective watershed sediment model. In both cases, reliable estimates of sediment
yield depend essentially on the accurate identification of sediment sources and
sinks and, hence, require careful delineation of landscape units and identification of
dominant sediment sources and sinks. The primary elements needed to bridge the
gap between sediment budgeting, watershed modeling, and stream restoration are
(1) specificity regarding location, mechanism, and rates of erosion, (2) accurate
accounting of sediment storage, (3) appropriate methods for upscaling local ob-
servations, (4) efficient means for incorporating multiple lines of evidence to
constrain budget estimates, and (5) stream restoration methods that incorporate
sediment supply in assessment and design procedures.
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1. INTRODUCTION

The need for estimates of sediment sources and yields is
not new; this is a field with a long and rich history of research
and application. Sediment fluxes and their mass balance, a
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sediment budget, have been developed for both research and
management purposes. The need for such work has intensi-
fied with the increasing recognition of the effect of sediment
and turbidity on the health of receiving waters and with the
advent of total maximum daily loads (TMDLs) specified for
sediment or turbidity reduction. Stream restoration is increas-
ingly viewed as a viable option for reducing sediment loads.
The connection between stream restoration and sediment

budgets runs both ways: stream restoration is not only pro-
posed as a means to reduce sediment yields, but an accurate
understanding of sediment supply is often needed to design an
effective stream restoration project. The two directions are
closely linked in practice, addressing questions such as the
following: Where is the best place in the watershed to reduce
sediment yield? Over what time period will sediment reduc-
tions occur at the watershed outlet? What is the sediment
supply to a designated restoration site over different time
scales? How can information on location and rates of erosion
and deposition guide the selection of best management prac-
tices? In either direction, practical application of sediment
budget information requires that sources and sinks be specif-
ically identified as to location,mechanism, controls, and rates.
Watershed hydrologic models are increasingly used to

predict sediment yields. By predicting water flux and apply-
ing a sediment mass balance, such models provide a poten-
tially powerful tool for estimating sediment supply and yield.
They have also increased in their resolution and the number
of physical processes that are simulated [e.g., Flanagan and
Nearing, 1995; Langendoen, 2002; Neitsch et al., 2005].
However, such models face difficult challenges when applied
to a range of watershed scales.
1. Sediment erosion and deposition are extremely variable

in place and in time, with the bulk of sediment movement
often happening in highly localized, short-term events,
which makes prediction of sediment yield as a function of
temporal and spatial mean quantities prone to large error.
2. Entrainment, transport, and deposition mechanisms are

nonlinear with respect to the driving water flux and the
sediment available for transport. This leads to potentially
large errors from even relatively small errors in flow and
sediment input.
3. The fraction of eroded sediment that is stored between

source and sink can vary from zero to unity and the duration
of storage can range from intraevent to geological. Some
watershed models now include overland and channel com-
ponents and can compute storage changes at a fine spatial
and temporal scale, but none have been demonstrated to
adequately represent sediment storage and release across all
scales.
For practical application at large scale, watershed models

often do not resolve lower-order channels, leaving an essen-
tial “blind spot” regarding sediment processes. Low-order
channels can act as net sources or sinks of sediment. Their
dynamics can include a suite of mechanisms that differ
strongly from those acting within upland hillslopes or larger
valley bottoms. These distinctions are essential in developing
a reliable estimate of sediment supply and for focusing
restoration efforts. If, for example, a watershed model in-
cludes only third- and higher-order channels, the sediment
dynamics of first- and second-order streams are necessarily
grouped into a simple, often scalar parameter that specifies
the fraction of the upland sediment production delivered to
the stream network. Because a large fraction of most water-
sheds is drained via first- and second-order channels, repre-
senting these features by a simple filter or delivery factor can
result in substantial error. Values reported for sediment de-
livery ratios (the ratio of sediment yield to sediment produc-
tion) vary from >1 to <0.1 [Walling, 1983; De Vente et al.,
2007], indicating that reliable, independent estimates of sed-
iment sources and sinks are essential if watershed sediment
budgets are to be successfully connected to stream restora-
tion projects.
The emerging availability of high-resolution topography

and GIS offers the opportunity for more realistic representa-
tion of sediment processes in low-order subwatersheds, but
reliable and efficient methods have not yet been assembled
into a widely used package. One approach to addressing the
resolution problem uses watershed models that implement
physical relations governing sediment production, flux, stor-
age, and delivery at high spatial resolution [e.g., Flanagan
and Nearing, 1995]. Although defined explicitly, the mechan-
isms incorporated may not represent the actual suite of
mechanisms and their rates at the process scale. Indeed, the
physical basis for these models can become a limitation
when insufficient information is available to specify the
many detailed boundary conditions required. Further, the
specific physical relations used in these models must be
applied to a wide range of topographic and hydraulic condi-
tions over which they are unlikely to apply consistently.
In response to these challenges, watershed sediment mod-

els can be modified to incorporate independent information
on sediment sources and sinks. For example, a Hydrological
Simulation Program—Fortran (HSPF) model of the Minne-
sota River Basin uses sediment fingerprinting results to con-
strain the proportion of sediment derived from different
sources [Tetra Tech, Inc., 2008]. In the examples presented
here, net sediment contributions from colluvial deposits,
floodplains, and stream banks are determined from direct
observation and upscaled using topographic analysis to esti-
mate the area and location of sites serving as net sources and
sinks. Sediment fingerprinting techniques are used to esti-
mate the proportion of the yield derived from agricultural
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fields. When such independent information is used to con-
strain the results of a watershed model, the model provides a
useful role as an accounting system for the sediment mass
balance, but its ability to predict future sediment yield is no
better than the independent information used.
The need for direct observation of sediment sources and

sinks and for using multiple lines of evidence to constrain a
sediment mass balance differs little from sediment budgets
assembled in the predigital era. The challenge at present is to
develop a system within which the power of watershed
numerical models can fully integrate available information
and for which the predictive capability of supplemental
information is demonstrated. The nature of the information
will necessarily vary with circumstance and conditions in
different watersheds, and an effective combination of ap-
proaches is needed to close the gap in predicting watershed
sediment yield.
The primary elements needed to bridge the gap between

sediment budgeting, watershed modeling, and stream resto-
ration are (1) specificity regarding location, mechanism, and
rates of sediment erosion, (2) accurate treatment of changes
in sediment storage, (3) appropriate methods for upscaling
local observations, (4) efficient means for incorporating mul-
tiple lines of evidence to constrain budget estimates, and
(5) stream restoration methods that effectively incorporate
sediment supply in assessment and design procedures. A
combination of existing and new technology provides an
excellent opportunity to estimate sediment sources and sinks
in a manner that discretizes over space and integrates over
time, including (1) field observations and spatial analysis of
topography, soil distribution, and land cover to locate, quan-
tify, and upscale erosion estimates in a way that accounts for
the effects of geomorphic setting and watershed location on
sediment supply and (2) measurements of sediment accumu-
lation in ponds, reservoirs, and lakes combined with radio-
genic and isotopic chemistry methods for sediment
fingerprinting and dating to develop a reliable estimate of
sediment yield over decade to century time scales in order to
provide a strong constraint on estimated sediment budgets.
We illustrate the challenges and emerging approaches for

estimating sediment budgets using examples from two very
different physiographic settings: the Mid-Atlantic Piedmont
and the agricultural plains of southern Minnesota. Relief,
watershed age, climate, and land use histories differ substan-
tially between the two. However, reliable estimates of sedi-
ment yield and specification of restoration alternatives
depend essentially on accurate identification of sediment
sources and sinks in both cases, phenomena that have not
been well captured in existing modeling approaches. The
cases we describe in this chapter do not represent the balance
of sediment processes in all regions. For example, sediment
budgets in mountainous and arid watersheds can be domi-
nated by episodic delivery of coarse sediment to the channel
network, processes that are present but less significant in the
cases presented here. Although the imperative to accurately
identify mechanisms, locations, and rates of sediment deliv-
ery is the same in mountainous watersheds, the spectrum of
processes and the methods needed to quantify them (e.g.,
landslide and road inventories) are different and have been
well summarized by the work of Reid and Dunne [1996,
2003].

2. APPROACHES FOR WATERSHED SEDIMENT
MODELING

2.1. Universal Soil Loss Equation

The universal soil loss equation (USLE) has been a primary
tool for estimating long-term average erosion rates for de-
cades [Wischmeier and Smith, 1978; Soil and Water Conser-
vation Society, 2003]. This approach applies estimated
rainfall and runoff conditions to erosion, soil erodability,
slope conditions, and land management techniques. Exten-
sive data from plot studies have been assembled throughout
the past century in support of the model. The USLE has often
been used to predict upland sediment supply. However, a
shortcoming of the model and its revised forms, RUSLE and
RUSLE2, is the ability to relate erosion at the plot scale to
sediment delivery to the river channel network and outlets of
large watersheds [Renard et al., 1997; Trimble and Crosson,
2004]. This is the original “gap” between sediment produc-
tion and yield that recent work has tried to address. Account-
ing for sediment delivery motivated the development of a
subsequent version of the model called the modified USLE
or MUSLE through direct consideration of runoff rates and
hillslope curvature [Williams, 1975]. The MUSLE approach
was designed to estimate sediment delivered from small
watersheds for individual storms.
Wischmeier and Smith [1978] identified limitations of the

USLE for predicting sediment supply. Later modifications
improved adaptability, time resolution, and prediction of
small watershed sediment delivery, but the model is funda-
mentally limited by the lack of terms to estimate erosion,
deposition, and transport in both colluvial and alluvial set-
tings. Accurately scaling up USLE estimates to large water-
sheds has been criticized for being impractical for these
reasons [Boomer et al., 2008].
Despite the limitations, USLE and its descendents remain

highly useful for the appropriate purpose: estimating sedi-
ment yield at the field scale, particularly because of the
rich legacy of plot observations and broad availability of
Natural Resources Conservation Service (NRCS) county soil
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surveys, which include site-specific values needed to use the
model. The USLE remains the most thoroughly tested ap-
proach for field-scale erosion estimation. At the same time,
there is abundant evidence that USLE cannot do what it was
not intended to do: estimate the transport and fate of sedi-
ment once it leaves the field.

2.2. Hydrologic Models With Sediment Flux Components

Demands for large basin sediment yield estimates have led
to widespread use of watershed hydrology models as loading
and transport simulation tools. Multiple models have been
developed that used lumped parameter approaches to water-
shed simulation. Among those commonly used in the United
States are the Soil and Water Assessment Tool (SWAT)
[Arnold et al., 1998] and HSPF [Bicknell et al., 2001]. HSPF
is a component of the Better Assessment Science Integrating
Point and Non-point Sources environmental analysis system
and a primary watershed modeling tool of the U.S. Environ-
mental Protection Agency (U.S. EPA). HSPF provides a
platform for continuous simulation of surface and subsurface
hydrology and suspended sediment transport [Donigian and
Huber, 1991; Bicknell et al., 2001; U.S. Environmental Pro-
tection Agency (U.S. EPA), 2008]. The model allows for the
integrated simulation of land and soil runoff processes cou-
pled with terms to represent simplified river hydraulic con-
ditions related to sediment deposition and transport.
HSPF is framed with some physical basis for detaching

and routing sediment downstream. Nonetheless, the model-
ing “gap” remains in its application, as illustrated by the
application of the model to the Chesapeake Bay watershed.
Erosion from the land surface is simulated using a continu-
Figure 1. Chesapeake Bay watershed model framework. Sou
ous time series of precipitation combined with specified land
uses to calculate edge-of-field (EOF) loads that are calibrated
to estimates of soil erosion from the RUSLE and adjusted
relative to the efficiency of implemented best management
practices (NRCS, National Resources Inventory, 2003—Soil
Erosion, U.S. Department of Agriculture, 2007, accessed
23 June 2011, http://www.nrcs.usda.gov/technical/NRI/
2007/nri07erosion.html, hereinafter referred to as NRCS,
data, 2007). EOF loads are delivered to the stream network
after reduction by a scalar sediment delivery factor that is a
function of drainage area [Roehl, 1962; Natural Resources
Conservation Service (NRCS), 1983; U.S. EPA, 2008]. In the
latest version of the Chesapeake model, the minimum stream
size is prescribed by an annual average flow rate of 2.83 m3

s�1, which typically corresponds to streams of third or fourth
order. Smaller river segments can be included in simulations,
but headwater streams are not modeled when HSPF is ap-
plied for TMDL purposes in most watersheds in Maryland
where we have focused attention here. The relatively large
size of the rivers considered by the model and exclusion of
smaller tributaries establishes a substantial gap in the water-
shed simulations (Figure 1). The range of erosion and depo-
sition processes in lower-order streams are complex and vary
among physiographic settings, making the universal appli-
cation of a single delivery operator in the model a large
source of uncertainty.

2.3. Hydrologic/Hydraulic/Geomorphic Erosion Models

More recent tools used by the U.S. Department of Agri-
culture (USDA) to estimate soil erosion have been compiled
within the Water Erosion Prediction Project (WEPP). WEPP
rce is G. Shenk, U.S. EPA Chesapeake Bay Program.
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uses a process-based simulation approach for hillsides and
small watersheds [Foster and Lane, 1987; Flanagan and
Nearing, 1995]. WEPP components include databases and
subroutines for climate, hydrology, hydraulics, plant growth,
and soil conditions. Sediment erosion and deposition are
simulated using a steady state continuity equation and process-
based transport rates for fields and small waterways. Gully
erosion processes are not included despite their relevance to
watershed sediment yield [Howard, 1999]. Accumulating
local calculations of flow and sediment transport to larger
scales requires specification of spatially and temporally
varied soil, hydraulic, topographic, and vegetation condi-
tions. Parameterization and input specification is a daunting
task for practical application of process-based models like
WEPP to large watersheds [Scatena, 1987].
Channel processes are explicitly incorporated in the

USDA Conservational Channel Evolution and Pollutant
Transport System [Langendoen, 2000, 2002]. The model
simulates sediment transport and channel morphology using
an unsteady one-dimensional hydraulic model that relates
calculated transport capacity to upstream sediment supply in
order to determine sediment erosion and deposition. Channel
width adjustment can be estimated based on simulated bank
material entrainment and bank gravity failure using input
streambed and bank information. Floodplain processes are
not simulated, so the effects of overbank flooding on hydrau-
lic conditions and sediment storage are not quantified. Al-
though the model includes a larger suite of physical
mechanisms than spatially lumped models, model accuracy
still faces the challenges of unresolved local heterogeneities
and error amplification when using averaged quantities to
estimate flux with nonlinear relations.
Watershed models bring obvious benefits to the problem

of estimating sediment supply and yield. Physical mechan-
isms can be explicitly incorporated, sediment can be routed
over long distances, and the models can provide a useful
basis for developing a sediment mass balance. Each model
has strong points and weaknesses, but none provides a
complete framework that reliably identifies and predicts all
production, transport, and storage terms at the appropriate
time and space scales within a system that is practicable for
typical watershed management and stream restoration appli-
cations. We argue that successful sediment supply and yield
estimates must combine watershed modeling with the clas-
sical sediment budget imperative to apply multiple lines of
independent evidence. This evidence can be developed using
a mix of existing and new field, remote sensing, fingerprint-
ing, and analysis techniques. A key challenge is to develop a
watershed modeling system that can accommodate a diverse
range of local and integral measures of sediment flux and
storage.
3. SEDIMENT YIELD IN THE MID-ATLANTIC
PIEDMONT PROVINCE

3.1. Site Description

The Piedmont Plateau physiographic province comprises
nearly 23% of the 165,759 km2 Chesapeake Bay watershed
[Langland et al., 1995]. The province is an old, dissected
landscape dominantly composed of metamorphic crystalline
bedrock such as schist, quartzite, and gneiss, with some areas
underlain by carbonate bedrock [Smith et al., 2009]. The
Blue Ridge physiographic province abuts the western side
of the Piedmont, and the eastern side has a boundary coin-
ciding with a relatively abrupt drop in the bedrock surface
below an overburden of Coastal Plain sediment. This “fall
zone” transition of the bedrock defines the head of navigable
waters and a location attractive for hydropower in the colo-
nial period, focusing development of urban centers that con-
tinue to grow today.
Once dominated by temperate humid forests, large-scale

European colonization began about 350 years ago, resulting
in extensive deforestation of the landscape and conversion of
the land to agriculture [Grumet, 2000]. Forest cover of the
region was smallest around the turn of the nineteenth century,
with some recovery occurring in the twentieth century as a
result of the decline in agriculture [Brush, 2008]. A second
significant landscape conversion is still underway with sub-
urban development increasing in the region over the past
century.
Historic changes in land and river use have created a

complex system of watershed sediment supply and delivery
in the contemporary landscape. The conversion to agriculture
and transition to suburban development substantially altered
watershed hydrology and sedimentation patterns [Gotts-
chalk, 1945; Wolman and Schick, 1967; Jacobsen and Cole-
man, 1986]. Extensive soil erosion during the peak
agricultural period produced intense sediment delivery to
valley bottoms and eventually to the Chesapeake Bay. A
large fraction of the eroded sediment was stored as colluvium
in upland areas or alluvium within valleys [Costa, 1975].
Evacuation of the deposits may take hundreds to thousands
of years at the current rates of removal and replacement
[Scatena, 1987]. Widespread construction of mill ponds
augmented the storage of fine sediment along river channels
[Happ, 1945; Walter and Merritts, 2008]. Breaching or in-
tentional removal of these dams represents a potentially
important perturbation and modern source of fine sediment
to the channel network [Schenk and Hupp, 2009].
Concern about sediment supply has increased over the

recent decades, as efforts to improve water quality in the
Chesapeake Bay have proved largely ineffective [U.S. EPA,



298 WATERSHED MODELING, SEDIMENT BUDGETING, AND STREAM RESTORATION
2008]. Sediment and turbidity, along with nitrogen and phos-
phorous, are identified as critical pollutants requiring reduc-
tion [U.S. EPA, 2010; Chesapeake Bay Program, Chesapeake
2000, Chesapeake Bay agreement, 2000, available at http://
www.chesapeakebay.net/content/publications/cbp_12081.
pdf]. Stream bank stabilization and floodplain storage are
increasingly seen as alternatives for reducing sediment load-
ing to the Bay [Langland and Cronin, 2003; Hassett et al.,
2005]. Management efforts require specificity regarding
sediment source location and amount, which provided the
motivation to develop a sediment budget for a Piedmont
watershed in Maryland.
We focus here on the upper Patuxent River watershed

(UPRW), a 203 km2 watershed draining relatively homoge-
nous Mid-Atlantic Piedmont physiography (Figure 2) [Reger
Figure 2. Physiographic districts and landform analysis study
or lowland (circles) settings.
and Cleaves, 2003]. Land cover in the watershed is a mix of
forest, field, and suburban development whose proportions
have remained relatively stable over the past half-century.
The Patuxent River is a fifth-order tributary at the down-
stream extent of the study area, where it is impounded by the
Triadelphia Reservoir. The reservoir was constructed in
1943, and approximately decadal bathymetric surveys pro-
vide a record of sediment yield over more than 50 years. A
U.S. Geological Survey (USGS) gauge at the town of Unity
is located on the Patuxent River main stem immediately
above the reservoir and has provided a continuous flow
record from 1944 with periodic measurements of suspended
sediment [Lizarraga, 1999]. Sediment load has also been
estimated for the UPRW for the purpose of TMDL require-
ments using flow records, sediment grab samples, USGS
areas. Study areas were located in either upland (triangles)
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ESTIMATOR software, and an HSPF watershed model
[Cohn et al., 1989; Interstate Commission the Potomac River
Basin (ICPRB), 2006].
The starting point for understanding sediment processes in

the UPRW involved delineation of relevant landscape units
and the channel network. Field observations and measure-
ments were used to estimate sediment production rates for
upland landscape units. Sediment yield for first-order water-
sheds was determined from accumulation in ponds. The
subwatersheds selected for study in the UPRW and adjacent
areas were dominated by one of the three land cover condi-
tions typical of the region: suburban, agricultural, and forest.
The measurements in the basins thereby provided an indica-
tion of sediment yield as a function of land cover. Sediment
yield was upscaled based on the area of relevant landscape
and land cover units, then evaluated against sediment accu-
mulation in the Triadelphia Reservoir, as well as other large
impoundments in similar physiographic settings.

3.2. Landscape Delineation

The study area and the entire UPRW lie within the delin-
eated boundaries of two similar Piedmont subunits, the
Hampstead Uplands District and the Glenwood Uplands
District (Figure 2) [Reger and Cleaves, 2003]. Both districts
have predominantly crystalline bedrock and modest relief of
less than 100 m, with exception of areas within the major fall
zone gorges at the eastern boundary. We examined the por-
tion of watersheds entirely upstream of the fall zone region.
Accounting for contributions to contemporary sediment

yield requires accurate delineation of landforms relevant to
the quantification of net erosion and storage in the landscape.
The landscape was broadly divided into upland and lowland
complexes [Cleaves, 1974]. Key objectives of the delinea-
tion were to define the location of (1) upland landform
subunits with consistent controls, mechanisms, and rates of
sediment production, (2) channel heads and, therefore, the
extent of the channel network, and (3) the channel network
transition from dominantly erosional (with little to no sedi-
ment storage) to alluvial with floodplain storage. Based on
the typical observation that first-order channels generally do
not have active floodplains, we broadly divided the land-
scape into upland and lowland landform units at the conflu-
ence of first-order and higher-order channels. The general
landform partition conformed to the classification considered
by previous investigations and has relevance to the domi-
nance of erosion- or transport-limited conditions [Cleaves,
1974; Costa and Cleaves, 1984; Howard, 1999].

3.2.1. Uplands. Nearly balanced chemical weathering
and mechanical erosion over the Quaternary Period pro-
duced a dissected, dendritic tributary drainage network in
upland portions of the Piedmont [Cleaves, 1974; Costa and
Cleaves, 1984; Pavich, 1989]. However, increased rates of
erosion from runoff over the past three centuries have
substantially increased the rates of mechanical erosion rel-
ative to chemical weathering [Langland and Cronin, 2003].
Factors governing production and conveyance of runoff in
the modern landscape play a key role in determining the
magnitude and extent of continued dissection, the resulting
sediment supply, and the transport efficiency within and
from upland areas.
Upland landform subunits include hillslopes, hollows, and

channels [Hack, 1960]. Hollows are vaguely defined but can
be described as nonchanneled or zero-order upland valleys
that form shallow concentrated surface runoff patterns in
response to precipitation events. Sediment yield from these
units was determined using field observations and event-
based flow and sediment monitoring. The yield from upland
units is strongly influenced by both present and past land
cover conditions. For example, reforested agricultural land
can produce relatively large rates of overland flow and sed-
iment transport that may be explained by the removal of
surficial soil horizons, leaving less permeable soil at the
ground surface [Costa, 1975]. First-order channels in forested
and agricultural areas are often incised into in situ and
colluvial material and show little evidence of alluvial depo-
sition. Sediment yield from first-order basins can be estimated
from both event-based flow and sediment monitoring and by
measuring sediment accumulation in small ponds that are
commonly constructed for agricultural uses, sediment control
or storm water management.

3.2.2. Lowlands. The Piedmont above the fall zone con-
tains large, low-gradient alluvial valleys. The common con-
cavity of longitudinal river profiles and down-valley increase
in cumulative valley flat area create conditions conducive to
floodplain development [Hack, 1957; Bloom, 1998]. The net
exchange of sediment between stream channels and flood-
plains depends, in part, on the space accommodation within
alluvial valleys, as well as local base level controls provided
by structures such as dams and culverts [Schenk and Hupp,
2009]. Flood magnitude and the elapsed time between major
runoff events also influence sediment deposition and storage
within valley networks [Wolman and Gerson, 1978].

3.2.3. Network geomorphology. Identification of the chan-
nel heads defining the upper limit of the stream network is
necessary for reliable delineation of upland and lowland
landforms and estimation of sediment storage associated
with valley deposition. The 72 km2 fourth-order Cattail
Creek subwatershed in the UPRW was selected as a focus
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for the evaluation. Channel heads were defined as the up-
stream limit of a persistent eroded channel. Their locations
were identified using field and air photo reconnaissance. The
mean drainage source area to channel initiation derived from
the channel head data set was 0.15 km2.
Figure 3 shows portions of the derived Cattail Creek

drainage network on a topographic map with 1.52 m (5 ft)
contours. The channel heads are shown, as well as the chan-
nel network created using the mean channel initiation source
area. Also shown is the extended tributary network derived
using an initiation source area of 0.04 km2 that corresponded
to the minimum source area measured in the channel head
data set. The tributary network delineated by the dashed lines
was much larger than the total length of the channel network,
Figure 3. Channel head identification (stars), source area de
source area (solid lines), and zero-order tributaries delineated u
are delineated by thick gray lines. Contours representing 1.52
indicating the extent of shallow confined flow pathways in
the landscape. The resulting map identifies the external trib-
utary links within nonchanneled, zero-order upland valleys
of the Piedmont, most of which are poorly documented in
the spatial data layers commonly used by government
agencies.
Results from the tributary network delineation provided a

basis for estimating the relative extent of upland landform
units. The minimum measured source area to channel initia-
tion (0.04 km2) indicated that 35% of the Cattail Creek
watershed was occupied by zero-order basins draining
through nonchanneled upland valleys. The mean first-order
basin area derived for the watershed was 0.3 km2, occupying
62% of the total drainage area (Figure 4). The lowlands that
lineations (shaded), channels delineated using a 0.15 km2

sing 0.04 km2 source areas (dashed lines). First-order basins
m (5 ft) elevation intervals are shown by thin gray lines.



Figure 4. First-order channels and their respective basins (shaded)
in the Cattail Creek watershed of the UPRW delineated using a
source area to channel initiation of 0.15 km2.
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receive input from the upland landforms and serve as loca-
tions for substantial sediment storage were estimated from
available floodplain delineations (Howard County, Maryland
floodplains—Vector digital data, Federal Emergency Man-
agement Agency, Washington, D. C., 1986, http://msc.fema.
gov/webapp/wcs/stores/servlet/FemaWelcomeView?store
Id=10001&catalogId=10001&langId=-1). The mapped
floodplains comprised approximately 3% of the Cattail Creek
basin, which provided an indication of the relative extent of
alluvial valley bottomland area in the Piedmont.
The morphometry of headwater drainage networks in the

Piedmont exhibits a clear imprint from long-term weathering,
landscape development, and mechanical erosion [Costa and
Cleaves, 1984]. Zero-order tributaries can be difficult to
delineate and morphologically altered by accumulations of
agricultural sediment in topographic convergence zones
[Costa, 1975]. The source area to channel initiation within
the deposits varies with the land use history and direct altera-
tions to upland drainage patterns. Colluvial deposits in upland
valleys can create the appearance of alluvial floodplains in
some upland basins. Channels can incise within the deposits,
but lateral flows outward from the channel are usually mini-
mal or do not occur because of the combined effects from
enlarged channel capacity created from erosion and small
contributing drainage areas. In some locations, remobiliza-
tion of stored legacy sediment may be occurring via up-
stream propagation of channel incision through head cutting
mechanisms at the upper termini of the first-order channel
links.
The transition from dominantly erosional to storage-

exchange valley bottoms has not been clearly identified in
most settings, including the Mid-Atlantic Piedmont. Alluvial
floodplains typically become recognizable features along
second- or third-order channels [Allmendinger et al., 2007].
Variations in the actual limits are strongly influenced by the
history of upland sediment supply, watershed hydrology,
valley profile, bedrock control, and artificial structures, in-
cluding dams [Jain et al., 2008]. The reality that consistent
metrics for floodplain delineation are unavailable requires
that surrogates be employed for identifying the boundary
between upland and lowland landforms. The computation of
sediment yield over progressively larger spatial scales can
serve as one such approach to determine where substantial
alluvial storage and therefore floodplain development occurs
in the contemporary landscape.

3.3. Sediment Yield, Land Use, and Spatial Scales

Sediment yield from different land uses and spatial scales
in the Piedmont are shown in Figure 5, providing a basis for
comparisons among the conditions characterizing the con-
temporary landscape. The higher stream orders on the x axis
correspond to larger watershed sizes [Dunne and Leopold,
1978]. Estimates for first-order basins were derived from
sedimentation measurements in farm and storm water ponds
[Verzstraeten and Poesen, 2001]. Each sampled basin was
dominated by one of the three land cover types under con-
sideration. Yield from third- and fifth-order watersheds was
obtained from surveys of larger artificial lakes and water
supply reservoirs, all of which received drainage from a mix
of land uses [Gottschalk, 1948].

3.3.1. Land use comparisons. Several trends were appar-
ent from the comparison of the geomorphic settings, land
cover types, and spatial scales. Sediment yields from zero-
order basins were often much smaller than typical land cover
specific EOF values from NRCS (data, 2007), indicating
colluvial storage was occurring in zero-order basins. The
yield from zero-order basins was smaller than from first-
order basins under similar forest and agricultural land cover
conditions. This suggested that enlargement and extension of
first-order channels played an important role in increasing
upland sediment yield. These observations were supported
by morphological evidence and precipitation event sampling
in basins dominated by one of the three land cover types.



Figure 5. Sediment yield from flume, pond, and reservoir data plotted as a function of land cover and stream order. Lines
connect observations within the same subbasin. Typical NRCS (data, 2007) upland erosion values are shown at left. Note
that crop values are off the top of the chart. Sediment yield at the scale of zero-order basins was larger than upland supply
when a substantial extent of the range of the NRCS values were considered, indicating upland storage. Yield from first-
order basins tended to be larger than the NRCS values, indicating net supply from first-order channel enlargement.
Sediment yield decreased from first order to fifth order, indicating storage along the valley bottom of second- and higher-
order channels. The USDA delivery factor, anchored at land use-weighted annual EOF value of 598 Mg km�2 [ICPRB,
2006], produced an inverse relation between sediment yield and drainage area at every spatial scale.
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The upland basin comparisons clearly showed that sedi-
ment yield was influenced by land cover conditions. How-
ever, relative rankings of land use yield changed over the
spatial scale range of the three Piedmont upland landform
subunits considered. Hillslope sediment yield predicted by
the NRCS (data, 2007) NRI database is smallest for forest
and largest for cropped land, with suburban land use having
intermediate values. The relative order of the land use trend
was different at the scale of first-order basins, where yield
values were smallest for forested conditions and largest for
suburban land use, with agricultural watersheds having in-
termediate values.
The sediment yield from a first-order forested basin eval-

uated during the study was considerably larger than previ-
ously documented for small forested basins [Cleaves et al.,
1970; Yorke and Herb, 1978; Patric et al., 1984]. This was
attributed to several factors, the most apparent being active
upland channel extension and enlargement. Another relevant
process was observed further upslope within a nonchanneled
upland valley. Field observations and storm runoff sampling
within a measured forested basin revealed that commonly
occurring overland flows were competent in their ability to
move and imbricate gravel clasts within zero-order tributar-
ies. Like much of Maryland’s Piedmont, the basin had been
cleared of trees and farmed over the past two centuries. The
mobility of small gravel was unexpected, but conformed to
suggestions by others that the erosion of permeable upper
soil horizons and removal of organic matter has increased
runoff and amplified erosion in the Piedmont uplands [Costa,
1975; Pavich, 1989].
The relatively large sediment yield measured in suburban

first-order basins of the UPRW was intriguing because the
development was completed decades ago, and it has been a
commonly held view that urban areas become sediment
starved following the period of initial construction [Smith et
al., 2008]. Sediment yield derived from storm event sam-
pling in a similarly mature suburban basin in the UPRW was
also high relative to values reported in literature even though
there were minimal opportunities for channel erosion. The
cycle of sedimentation in urbanizing watersheds described
by Wolman [1967] included reductions in sediment yield
following urban development. However, it does not appear
reasonable to assume that the sediment yield from mature
urbanized areas can be exclusively attributed to channel
enlargement based on the observations. Localized distur-
bances capable of generating elevated supplies of sediment
offer an explanation for departures from the prediction. Wol-
man and Schick [1967] showed that construction sites can
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produce a very large yield of sediment compared to undis-
turbed landscapes in temperate humid environments. Modern
sediment control technology has partly addressed this prob-
lem. However, sediment trapping efficiency has often been
reported in the range of 50% to 75%, allowing relatively large
loads to occur during periods of construction [Schueler and
Lugbill, 1990]. The areas under active construction at any one
time period may be relatively small in an aging suburb. The
combination of large unit sediment yield and small size of the
areas under construction make the cumulative contributions
especially dependent on the number of locations being dis-
turbed and the effectiveness of mitigation measures.

3.3.2. Spatial scale comparisons. A comparison of upland
sediment supply to the yield measured at Triadelphia Reser-
voir was made by weighting observed first- and zero-order
basin yield values by the UPRW land cover composition
(Table 1). The area of first-order basins was estimated using
results from the Cattail Creek drainage network delineation.
Zero-order basins draining directly to second-order or higher
tributaries were estimated by subtraction of the first-order
basin and mapped floodplain areas from the total area of the
UPRW. The approach thereby accounted for the contribu-
tions from nonchanneled and channeled uplands. Sediment
contributions from construction were calculated based on
average annual estimates of development activity over the
lifespan of the reservoir. Results from the analysis were
consistent with the commonly described trend of decreasing
yield with increasing drainage area. The yield comparison
indicated that second- to fifth-order valleys have stored more
than one third of the upland sediment supply over the recent
half century time period considered by the evaluation.
Although the comparison of first- and fifth-order basins in

Figure 5 and Table 1 predicted a net reduction in sediment
yield with increasing drainage area, examination at a finer
Table 1. Sediment Yield Estimates for the Upper Patuxent River
Watershed

Land Use
Drainage
Area (%)

Sediment Yield
(Mg km�2 yr�1)

Agricultural 52 336
Forest 33 125
Urban 15 450
Constructiona 0.2 2102
Weighted upland area averageb 227
Fifth-order reservoir 142

aConstruction yield assumed 75% efficiency for sediment con-
trol measures.

bWeighted by land use and proportion of the UPRW composed
of zero- and first-order basins draining to valleys with second- or
higher-order tributaries.
resolution produced a more complex pattern that has impor-
tant implications for targeting of locations to address water-
shed sediment problems. Most notably, event sampling
within upland landform units in the UPRW indicated that
sediment yield can increase with drainage area through up-
land portions of the watershed, reaching a maximum at the
outlet of first-order basins. A “local” sediment yield ratio
(SYRn) defined as

SYRn ¼ SYn

SYn−1
; ð1Þ

where SY is sediment yield and n is stream order can high-
light where net additions from erosion or subtractions from
sediment storage occur. A value exceeding unity is produced
where sediment yield at the lower boundary of a landform
subunit, expressed in the numerator, is higher than at the
upper boundary expressed in the denominator. Tributary
erosion is the common cause of such a result. A SYRn value
less than unity is produced where sediment yield is larger at
the upper boundary and internal sediment storage has oc-
curred within the landform subunit under consideration.
Multiple factors influence spatial and temporal SYR trends

within a watershed. Previous investigations showing varied
rates of regolith development in the Piedmont suggest that
background upland SYR values are strongly influenced by
lithology [Cleaves et al., 1974; Costa and Cleaves, 1984;
Pavich, 1989]. Limiting the range of lithology conditions
compared in this studywas an important consideration for that
reason. The trends in Figure 5 indicated that land cover can
also influence the ratio and that wide variations in the relation
are likely within the generalized upland land use categories.
Land cover and management conditions can vary consid-

erably within both suburban and rural headwater areas. EOF
sediment yield predicted by the NRCS (data, 2007) NRI
database can be relatively large in rural areas, particularly
for agricultural land uses. Locations characterized by high
rates of hillslope sediment supply and inadequate transport
capacity within downslope upland valleys produce sediment
storage and a yield ratio less than the unity condition, SYR0

< 1. Ratios can also be below unity where sediment best
management practices have been successfully deployed. For
example, the sediment yield from agricultural fields can be
substantially reduced where grassed buffer strips are in place
and where zero-order tributaries are maintained as “grassed
waterways.” Conversely, augmentation of upland sediment
supply can occur where shallow concentrated surface flows
frequently form on exposed soil during periods of rainfall
runoff in upland valleys, producing SYR0 > 1 as a result of
upland valley erosion. Such conditions occur in suburban
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areas experiencing storm water infrastructure problems,
poorly managed agricultural drainage conveyances, and in
forested zero-order tributaries affected by the legacy effects
of intense farming activities.
The link between upland sediment production and yield is

clearly not a simple one, but worthy of close attention to
identify the sources influencing the sediment loads from
large watersheds. Once in the channel network, SYR values
change considerably with increasing scale from first- to higher-
order channels. Figure 5 provides evidence that channel
erosion augments upland hillslope sediment supply, as
shown by the yield increases over the scale change from
zero- to first-order basins in the plot. There was a consistent
pattern of SYR1 >1 in the UPRW, which indicated that
additional sediment was being produced in upland channels
regardless of the current land use. The downstream SYR
trend was reversed only within larger valleys with sufficient
space to store the upland sediment in alluvial floodplain
deposits.
At watershed scales larger than the area of first-order

basins, land cover is most often mixed, and the sediment
yield reported is usually a weighted average for all of the
contributing land cover conditions. SYR3+ values in settings
sampled in Maryland’s Piedmont were generally less than
unity, indicating net sediment storage over the decadal time
scale evaluated. It is important to consider that localized
reaches of alluvial valleys have the capacity to augment the
sediment supply, particularly where historic accumulations
of sediment are in the process of being reworked under the
influence of altered hydrologic regimes [Jacobsen and Cole-
man, 1986; Schenk and Hupp, 2009; Walter and Merritts,
2008; Smith et al., 2008]. Even with the known existence of
those processes, the net contribution calculated for the
UPRW alluvial valley network was one of sediment storage
over decadal time scales. The timing and rate of valley
sediment evacuation is governed by the occurrence of rela-
tively large runoff events, complicating predictions over time
scales of less than a decade [Wolman and Gerson, 1978].
It is readily apparent from the comparison in Figure 5 that

changes in sediment yield with spatial scale can differ from
the simple inverse trend given by the USDA delivery factor.
Most notably, the delivery factor predicts that sediment stor-
age exceeds supply within the upland portions of the land-
scape. Although sediment storage can dominate between
EOF and the outlet of zero-order basins (SYR0 < 1), condi-
tions causing hillslope sediment supply to be augmented by
upland valley erosion can occur in all contemporary Pied-
mont land cover conditions, including forests. The consis-
tently observed SYR1 > 1 trend suggested that channel
erosion was a substantial contributor to the total upland
sediment yield to alluvial valleys. A likely culprit associated
with upland tributary erosion in the contemporary landscape
was increased runoff resulting from past and present land
alterations.
The intention of the landform SYR calculations from the

UPRW data was to account for net sediment supply and
storage in defined upland and lowland settings. Framing the
application of SYR values relative to geomorphic setting,
lithology, and land use provided a useful basis for interpret-
ing sediment yield calculations. Adjustments to upland val-
ley geomorphic conditions are partly dependent on the water
and sediment supply from upstream hillslopes. SYR values
provided an index of the ability of a tributary reach to pass
the supplied load. Despite the utility of the ratio, caution is
necessary when applying SYR values to a range of EOF
yield conditions that are estimated rather than predicted.
The SYR trends in the UPRW imply that the net effect of

sediment management investments such as stream stabiliza-
tion on the watershed sediment yield depends on the condi-
tion and location of the settings selected for the interventions.
Sediment processes at different spatial scales are unlikely to
be properly represented by the USDA delivery factor, par-
ticularly in upland areas where zero- and first-order tributar-
ies influence the net sediment supply to alluvial valleys.
Drainage network simulations that include only third and
higher tributaries present substantial limitations because of
the potential for substantial sediment contributions from
headwater tributary erosion. The complex relations between
EOF values and the upstream limit of the modeled watershed
cannot be reliably estimated using a simple delivery factor.
Landform-specific observations and multiple lines of evi-
dence are needed to locate and estimate sediment sources at
the scale of low-order basins. This must involve consider-
ation of the cumulative hydrologic and hydraulic effects
from lithology, land use, and watershed history.

4. SEDIMENT YIELD IN THE MINNESOTA
RIVER BASIN

4.1. Site Description

The Le Sueur River drains a 2880 km2 watershed in south
central Minnesota, joining the Blue Earth River just before
draining into the Minnesota River (Figure 6). Although relief
in most of the watershed is very small, the surficial geology
and river longitudinal profiles clearly indicate that this has
been an active and dynamic landscape over the past few
millennia.
This part of south central Minnesota was deglaciated

approximately 14,000 radiocarbon years before present
(rcybp) when the Des Moines lobe of the Laurentide Ice
Sheet retreated, leaving behind a relatively flat terrain



Figure 6. Location of the Le Sueur watershed (LS), south central Minnesota (MN), and Lake Pepin (LP) on the Mississippi
River (MISS) in southeastern Minnesota. Also shown are the Minnesota (MNR) and St. Croix (SC) rivers. Triangles in the
right panel indicate the locations of gauging stations on the main stems (large) and ravines (small). The lighter grayscale
portion in the northwest corner of the Le Sueur watershed DEM shows the extent of lidar data. Mouth of Le Sueur
watershed is located at 44°07′36″N, 94°02′52″W.
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underlain by a 50–60 m thick package of interbedded fine-
grained (65% silt and clay) till and glaciofluvial sand strata.
The southern and western half of the watershed comprised
Glacial Lake Minnesota for several millennia, leaving be-
hind a thin mantle of lacustrine deposits in that part of the
basin [Thorleifson, 1996]. Throughout the watershed, rem-
nants of the active late Pleistocene history can be found,
including large subglacial and proglacial channels, large
meltwater lakes, small kettle lakes, and stagnant ice mo-
raines [Jennings, 2010].
Approximately 13,400 years before present (11,500

rcybp), Glacial Lake Agassiz drained through the Minnesota
River, causing as much as 70 m of incision near the conflu-
ence with the Blue Earth River [Clayton and Moran, 1982;
Matsch, 1983; Gran et al., 2009]. In response to the base
level fall, the Blue Earth and Le Sueur systems began incis-
ing rapidly causing a knickpoint that has propagated 40 km
up through the Le Sueur network [Belmont, 2011]. Through-
out much of the Holocene, the watershed contained many
internally drained wetlands and lakes and a fragmented
stream network, which presumably developed better connec-
tivity over time, particularly with the passage of the knick-
point in the lower reaches.
European-style agriculture began circa 1830, initially

draining wetlands and clearing forest and prairie to plant a
diversity of crops. In the past few decades, nearly all arable
land is in row crop production (primarily corn and soybean),
with narrow grass and forest buffers lining streams. For
agricultural purposes, the fine-grained soils require tillage,
and the thermal regime (with freezing temperatures occur-
ring as late as May) deters use of cover crops that would
otherwise reduce erosion in the spring.
In addition to clearing vegetation and tilling the soil,
agriculture has profoundly changed the watershed hydrology
in several significant ways. The vegetation change and bare
spring soils have reduced evapotranspiration. Ditches
throughout the watershed have greatly increased hydrologic
connectivity and effectively increased the drainage area. In
addition, subsurface tile drainage has been introduced, ini-
tially as ceramic pipes and more recently as plastic corrugated
tubing buried various depths below the plow line, to increase
runoff efficiency. The extent and density of drain tiles is not
well documented, but artificial drainage appears to be nearly
ubiquitous, with spacing between tiles as close as 15–20 m.
The hydrologic effects of these drain tiles are generally
understood, but quantitative models have struggled to accu-
rately predict drain tile effects under the wide range of
environmental conditions that exist [Blann et al., 2009]. In
terms of sediment dynamics, it is expected that drain tiles
have both positive and negative impacts.
Detrimental impacts of excessive sedimentation through-

out the Minnesota River Basin, and specifically in the Le
Sueur River, are well documented [Minnesota Pollution
Control Agency, 2008]. The problem is pervasive, with many
reaches of the Minnesota and Le Sueur Rivers listed as
impaired under the Clean Water Act (1972). Similar scenar-
ios have been described in agricultural landscapes through-
out the Midwestern United States and elsewhere [Hooke,
2000; Montgomery, 2007], but the south central Minnesota
landscape appears to be particularly sensitive. Sedimentary
records from Lake Pepin, a naturally dammed lake on the
Mississippi River downstream from the confluence with the
Minnesota River, indicate that the Minnesota River has been
the dominant sediment source throughout the Holocene and



Figure 7. Sediment sources and sinks in the Le Sueur watershed
including flat agricultural uplands, ravines, bluffs (shown is a 27 m
tall bluff connected to river and 40 m tall paleobluff separated from
the river by a fluvial terrace), banks, and active floodplain.
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that sediment delivery from the Minnesota River basin has
increased tenfold since the mid-1800s [Kelley and Nater,
2000; Engstrom et al., 2009].
A broad effort is underway to improve water quality in

Minnesota. In 2008, state taxpayers approved an amendment
to the state constitution to increase sales tax for the exclusive
purpose of protecting and restoring water, wildlife, and cul-
tural resources. The amendment is expected to generate over
$150 million in tax revenue per year, providing an extraor-
dinary opportunity and a compelling obligation to effectively
implement watershed rehabilitation and restoration. Reduc-
ing sediment loading to the Minnesota River and Lake Pepin
are primary objectives for restoring clean water and improv-
ing the ecosystem. The Le Sueur accounts for a significant
part of the problem, contributing as much as one third of the
Minnesota River suspended sediment load, while comprising
only 7% of the watershed area [Wilcock, 2009].
Developing an effective sediment reduction strategy for

the Le Sueur drainage basin requires explicit consideration
for the location, mechanisms, and rates of sediment sources
and sinks throughout the watershed. Implementing such a
strategy requires additional economic and social considera-
tions that will not be considered here.

4.2. Landscape Delineation and Constraints on Rates
and Mechanisms

As is the case for the Maryland Piedmont, an estimate of
sediment supply and yield must begin with the delineation of
landscape units and their rates of sediment production and
storage. The morphological conditions and processes in the
Le Sueur watershed require a different mix of techniques to
delineate landscape elements and constrain rates. Consistent
with the above, we delineate sediment sources and sinks and
identify a critical transition between alluvial and erosional
portions of the landscape. However, the alluvial portion of
the channel network upstream from the knickpoint is also
upstream of the primarily erosional portion of the channel
network associated with the knick zone in the case of the Le
Sueur.
Three primary sediment sources exist in the Le Sueur

watershed: uplands, bluffs, and ravines (Figure 7). Flood-
plains and stream banks are inherently exchange landforms,
serving as both sediment sources and sinks. They represent
an important challenge for developing sediment budgets and
are considered separately in the next section.
High-resolution topographic data and spatial data analysis

software currently allow the location and morphology of
sediment sources to be defined with a precision not previ-
ously available. Constraining erosion rates from these land-
form units and determining the fate of the eroded sediment
remains a considerable challenge. Generating accurate esti-
mates of erosion requires a combination of targeted measure-
ments and reasonable assumptions. This section discusses
the techniques used and challenges encountered in constrain-
ing the locations, mechanisms, and rates associated with
sediment sources throughout the watershed.
More than 90% of the vast, flat uplands in the Le Sueur

watershed are used for row crop production. Processes of
erosion in the uplands include sheet and rill erosion, gully
development, and enlargement of drainage ditches. But the
rates at which these processes actually convey sediment to
the channel are difficult to constrain due to extraordinary
spatial heterogeneity and temporal variability. Upland ero-
sion estimates computed from the USLE [Wischmeier and
Smith, 1978], or its derivatives, modified USLE [Williams,
1975] and revised USLE [Renard et al., 1997], must be
viewed skeptically in this landscape for two reasons. First,
surface erosion is highly sensitive to the threshold at which
surface runoff occurs, which cannot currently be predicted
with accuracy in this artificially drained landscape. Second, a
relatively wide range of sediment delivery ratios likely ex-
ists, driven by relatively subtle topographic features. This
causes large uncertainty in sediment delivery, which is espe-
cially problematic because the source area is so large.
Bluffs are tall, near-vertical features that exist almost ex-

clusively within the knick zone of the Le Sueur (see Figure
8). They are primarily composed of glacial sediments and
can be very large, (>50 m high and hundreds of meters long)
or relatively small (3 m high and <10 m long). Some bluffs
are directly connected to the river. Others were previously



Figure 8. Bluffs (in white) along the main stem of the Le Sueur
River automatically delineated using neighborhood analysis (focal
range) as described in text.
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connected to the river, but the river has since migrated away
and incised, leaving them stranded behind as strath terraces.
Identification of bluffs is relatively straightforward using a
simple algorithm that extracts cells based on a local relief
threshold (e.g., 3 m of relief within a 9 m by 9 m neighbor-
hood, Figure 8), but measuring meaningful erosion rates is
challenging.
Bluff erosion is driven by fluvial undercutting at the toe,

which triggers slope failure. The rate of erosion is influenced
by physical properties of the layered glacial material of
which they are composed, including cohesive strength, hy-
draulic conductivity, vegetation, and moisture content. In
theory, bluff erosion rates could be modeled from hydrology,
geotechnical properties [Simon et al., 2000], and vegetation
effects [Simon and Collison, 2002; Bankhead and Simon,
2010], but upscaling from a few bluffs on which measure-
ments can reasonably be made to all (300+) bluffs through-
out the watershed is confounded by the spatial heterogeneity
of glacial deposits.
Bluff erosion rates can be directly measured from historic
air photos, comparing bluff crests over multiple decades.
Such erosion rates are defined for the time scale over which
they are measured and may or may not be applicable to
shorter or longer time scales. In addition, careful consider-
ation of bluff retreat processes and geometry are needed to
determine sediment supply. Over century times scales, the
crest and toe of the bluffs can be assumed to retreat in
parallel, as long as they remain connected to the primary
driver of erosion, the river. However, over shorter time
scales, the rate of sediment supply can be smaller if the bluff
crest retreats more rapidly than its toe, with a minimum
obtained if the toe erosion rate is zero. A bluff erosion rate
for the Le Sueur was developed by combining estimates of
bluff crest erosion rate with bluff toe erosion rates deter-
mined from channel migration measured separately.
Bluff erosion rates can also be measured utilizing ground-

based surface elevation scanning technology. The precision
of these instruments (less than 1 cm) provides an extraordi-
nary opportunity to directly measure erosion on annual or
subannual time scales, but a number of logistical complica-
tions must be overcome, and ultimately, multiyear erosion
rates measured on a few bluffs must be extrapolated to all
other bluffs throughout the system. Selecting sites that cover
the full range of bluff types in terms of size, composition,
aspect, and proximity to roads is critical for upscaling in a
process-sensitive manner (see S. S. Day et al. (Change de-
tection on bluffs using terrestrial laser mapping technology,
submitted to Earth Surface Processes and Landforms, 2010)
for detailed discussion).
Ravines are small, steep channel networks primarily found

in the incised portion of the basin, connecting the broad, flat
uplands to the incised Le Sueur river channel. These features
can easily be identified and delineated from high-resolution
topography data [Wing, 2009]. Constraining accurate sedi-
ment contributions from ravines is challenging because they
erode by a combination of hillslope and fluvial processes. In
addition, ravines can serve as sediment sinks, storing signifi-
cant amounts of sediment behind landslides and woody debris
jams. Such fine-scale sediment storage and release processes
are not easily predicted from topography data alone, but field
observations indicate that fill terraces can dominate the sedi-
ment contributions from some ravines. Release of stored
sediment from ravines can be exacerbated under conditions
where precipitation is increasing or flow is being concentrated
in the ravines by artificial drainage of the uplands.
Erosion in ravines is ultimately driven by fluvial incision

and subsequent undercutting, hillslope creep, or mass wast-
ing. Measuring sediment yield from ravines is challenging
because of the flashy nature of these systems. Samples col-
lected from a dozen events in a few (two to four) ravines
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between 2008 and 2010 indicate that most sediment is trans-
ported through these systems in a matter of hours, and
sediment is only mobilized during relatively large precipita-
tion events (K. Gran, personal communication, 2010). Ex-
trapolating sediment yields from a few ravines to the more
than 100 ravines found throughout the Le Sueur watershed is
problematic considering the great diversity in ravine size,
shape, relief, etc. In addition, sediment export from these
systems is likely to be highly nonlinear as a function of
runoff, so it is essential that ravines are monitored over a
wide range of environmental conditions before proper con-
straints can be made.

4.3. Sediment Storage in the Uplands and Fluvial Network

An enduring problem in geomorphology is the understand-
ing and prediction of the mechanisms, rates, and timing of
sediment storage in the landscape [Trimble, 1977; Wolman,
1977; Walling, 1983]. The Le Sueur watershed provides a
relatively unique opportunity to study sediment storage.
Above the knick zone, sediment storage is widely distributed
and spatially complex, representative of flat, agricultural
landscapes that dominate the Midwestern United States.
Within the knick zone, sediment transport and storage pro-
cesses are dominated by adjustments within a steep, rapidly
incising valley.
There is abundant evidence that a significant portion of

sediment eroded from fields is deposited before reaching the
river network. In the Le Sueur, field evidence of eroded
sediment that remains stored within the landscape includes
deposits of windblown sediment less than a few centimeters
thick on snow patches every spring. In addition, some agri-
cultural fields that are apparently subjected to strong winds
have been observed to produce “mud dunes” as high as a
meter at the edge of fields where vegetation provides the
necessary roughness to trap windblown sediment.
Evidence for sediment storage within the landscape has

been observed in many watersheds covering a wide range of
tectonic and climatic environments [Costa, 1975; Meade,
1982; Phillips, 1991; Trimble, 1999; Bierman et al., 2005].
However, actually quantifying the location, mechanism, vol-
ume, and duration of storage within the landscape is difficult
within heavily modified agricultural settings. De Alba [2001]
developed and applied a numerical model to quantify the
amount of soil redistribution that can be attributed to tillage.
Such models make predictions that can be field tested, but
they are difficult to apply at the watershed scale. The rele-
vance of such models depends on whether or not human
dynamics can be adequately captured. This modeling prob-
lem is common to heavily engineered landscapes, as dis-
cussed above in the context of construction sites in theUPRW.
Sediment storage in valley bottoms is more spatially fo-
cused than upland storage. Nevertheless, the Le Sueur chan-
nel network exemplifies some of the challenges for making
meaningful estimates of sediment storage in the channel and
floodplain. One complication arises from the nonuniform
structure of the stream network. The “natural” channel net-
work of the Le Sueur, not including human-engineered
ditches, includes four Strahler [1957] stream orders. How-
ever, the notion of stream order loses some meaning in the
relatively flat, human-modified landscape. For example,
first-order streams exhibit a wide range of contributing drain-
age areas (<1 to 217 km2), due in part to the once-internally
drained areas that have been connected to the channel net-
work either naturally or by humans using surface ditches or
subsurface drain tiles. The total length of agricultural drain-
age ditches is over 450 km, comprising nearly a quarter of
the total surface drainage network.
A more meaningful way to categorize the network is in

terms of sediment storage and transport dynamics, as dis-
cussed for the UPRW. According to this categorization, the
Le Sueur drainage network can be separated into four distinct
types, low-gradient agricultural ditches, low-gradient natural
channels above the knickpoint (average slope is 0.0004),
high-gradient main stem channels within the knick zone
(slope is 0.002), and high-gradient, mostly ephemeral ravines
that connect the uplands to the incised river, primarily within
the knick zone. Each of these distinct channel types plays a
potentially important role in establishing sediment sources
and sinks and exhibits different challenges in determining
rates of sediment storage over annual to decadal time scales.
The ditches are generally straight channels with 45°

grassed side slopes. Despite the apparent uniformity in plan-
form, these human-designed features exhibit remarkable di-
versity in sediment transport rates. Many serve as sediment
sinks for silt and clay, while others actively transport fine
gravel. Ditches are “cleaned” as needed, typically once every
10 to 50 years, but the criteria used to determine when ditches
need cleaning are rather arbitrary. Sediment excavated from
the ditch is typically placed back on the levee of the ditch, or
back on the adjacent agricultural field, and the amount of
sediment removed is not documented (C. Austinson, Blue
Earth County Ditch Manager, personal communication,
2009). For these reasons, ditches are challenging systems to
incorporate into a sediment budget or routing model.
Most of the agricultural ditches drain to low-gradient nat-

ural channels, which define the Le Sueur network above the
knick zone. These channels migrate laterally, but at a rela-
tively slow pace (<10 cm yr�1 on average), and maintain a
floodplain by lateral and vertical accretion. Floodplains rep-
resent a large potential source of sediment directly accessible
to the channel, but accounting for net exchange of sediment
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between the channel and floodplain requires consideration of
both erosion and deposition. Erosional processes include
bank retreat, channel widening, and vertical incision. Depo-
sitional processes include point bar deposition and overbank
deposition.
The effort required to measure the actual fluxes of sedi-

ment in and out of the floodplain can be considerable, but is
necessary in systems for which substantial valley bottom
storage is indicated [Walling, 1999]. Basic geomorphic ob-
servations may be sufficient to indicate whether a floodplain
system is aggrading or degrading in some cases. Generally
speaking, in a net aggradational environment, the floodplain
should be accessed frequently by the river, and deposition
from large events should be measurable. Topographic lows
in the floodplain, such as cutoff channels, should not persist
for long periods of time. In contrast, key morphological
indicators of net floodplain degradation include entrench-
ment of the channel or systematic differences in floodplain
elevation on either side of the channel, such that cut banks
are significantly taller than depositing banks [Lauer and
Parker, 2008a, 2008b]. In addition, changes in channel width
can be used to estimate net storage or evacuation of sediment
from the floodplains [Dean and Schmidt, 2011].
The floodplains associated with the low-gradient, natural

channels of the Le Sueur river network appear to be near a
state of mass flux equilibrium with no signs of systematic
floodplain aggradation or degradation in the recent past. To
quantitatively test this observation, we used the Planform
Statistics Tool (available from the National Center for Earth-
surface Dynamics Stream Restoration Toolbox, http://www.
nced.umn.edu/content/tools-and-data) to estimate net ero-
sion that has resulted from channel migration between 1938
and 2005. This tool computes migration distance at user-
specified intervals along the river (every 10 m in this study)
between two points in time. The tool also extracts bank
elevations at each node from high-resolution ground eleva-
tion data and combines the migration rate with the difference
in bank elevation to compute local, net sediment contribu-
tions from stream banks [Lauer and Parker, 2008a].
The approach described above primarily accounts for

floodplain deposition by lateral accretion, but vertical accre-
tion from overbank deposition must also be considered. In
the simplest form, overbank deposition can be modeled as
the product of floodplain discharge and suspended sediment
concentration. A trapping efficiency can be empirically cal-
ibrated and is expected to change as a function of vegetation
and suspended sediment grain size. Concentration can vary
by several orders of magnitude over the course of individual
storm hydrographs and varies significantly from event to
event, which becomes a significant problem when direct
observations are few in number.
Floodplain vegetation poses two additional problems. For
one, dense vegetation in floodplains is often not adequately
filtered out in the process of generating a bare-earth digital
elevation model (DEM), resulting in an inaccurate surface.
The vegetation also influences the hydraulic conditions and
sediment dynamics. For some floodplain environments, veg-
etation can be treated as relatively static, with a single trap-
ping efficiency over time. In other floodplain environments,
an understanding of seasonal growth patterns must be cou-
pled with flow data. The field of ecohydraulics is currently
making important gains in modeling the hydraulic implica-
tions of vegetation, but much work remains before reliable
network-scale models are available [Perona et al., 2009;
Corenblit et al., 2009].
Even when this suite of information is available, the chal-

lenge of predicting overbank deposition is formidable. In
addition to knowing the concentration of sediment in trans-
port, deposition is mediated by the grain size distribution of
suspended sediment, which may change considerably over
the course of a flow event. Instruments that measure sedi-
ment concentration and grain size distribution are helpful for
constraining this problem, but cost and logistical complica-
tions preclude their use for constraining network-scale grain
size dynamics.
Hydrologic analysis indicates that high flows in the Le

Sueur are increasing in frequency and magnitude [Novotny
and Stefan, 2007]. Field observations suggest that the in-
creases are causing channel widening throughout much of
the channel network. To account for the amount of sediment
contributed from banks and floodplains via channel widen-
ing, we measured channel width from historic air photos at
multiple times between 1938 and 2005. Accurate estimates
of channel width were obtained by manually delineating
polygons (each 500 to 1000 m long) outlining the active
channel and dividing by length. The net contribution of
sediment from channel widening was then computed as the
product of the change in channel width, average channel
depth, and the length of channel that has experienced channel
widening.
In the Le Sueur channel network, the calculations above

provide reasonable constraints on the amount of sediment
derived from widening and meander migration. However,
neither of these approaches account for sediment storage and
erosion related to large woody debris jams, which occur in
the low-gradient natural channels at a frequency of approx-
imately once every 2 km. Our field observations indicate that
erosion and deposition are approximately balanced in the
vicinity of debris jams, although more detailed surveying
would be needed to confirm this. Given the sparse number
of debris jams, the apparent balance between erosion and
deposition, and absence of detailed information, no source or
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sink of sediment from debris jams was included in the
budget.
The relatively high-gradient main stem channels within the

knick zone of the Le Sueur exhibit transport and storage
dynamics that are substantially different from the low-gradi-
ent channels discussed above, similar to but in reverse order
to the channel network of the UPRW. Meander migration
rates within the knick zone are relatively high (20–30 cm
yr�1) according to historic air photo analyses. This is due in
part to the dramatic increases in sediment loading within the
knick zone (see Table 2) and significant increase in the
caliber of sediment contributed as gravel and boulders are
eroded from bluffs, terraces, and ravines. Relatively rapid
vertical incision of the river, currently and throughout the
Holocene, causes floodplains to be abandoned. Strath ter-
races that are preserved throughout the incised river valley
are exceptionally uniform in thickness, between 2 and 3 m
with a thin base of gravel, a relatively thick package of
laterally accreted sand and mud capped by a variable, but
typically thin mantle of fine-grained overbank deposits.
These terrace deposits represent net long-term storage within
the knick zone, but the volume stored is relatively small
compared with the volume that has been removed over the
course of the Holocene.
The morphology of the modern floodplain through the

knick zone is strongly controlled by Holocene base level fall
[Belmont, 2011]. The floodplains become progressively nar-
rower with distance downstream through the knick zone.
Confined flows with a relatively steep gradient are less
inclined to deposit sediment, so decadal scale net sediment
storage is minimal. One important implication of the steep
knick zone in the lower reaches of the network is that sediment
delivery ratios increase with downstream distance, contrary to
many systems where sediment delivery ratios have been dem-
onstrated, or assumed, to decrease downstream [NRCS, 1983].
Ravines play a complicated role in sediment storage and

release. In general, ravines are net degradational, as dis-
cussed above. However, landslides and woody debris jams
Table 2. Sediment Loads for All Years of Record for Each Gauge in

Basin Contributing Drainage Area (km2) 2001 200

Upper Maple 800 – –

Lower Maple 880 – –

Upper Cobb 335 – –

Lower Cobb 735 – –

Upper Le Sueur 870 – –

Mid Le Sueur 1210 – –

Mouth Le Sueur 2880 346,500 90,20
can cause backwater conditions in the otherwise steep chan-
nels. As a result, a significant amount of sediment can be
temporarily stored in fill terraces, similar to the alluvial
storage behind small dams discussed in the UPRW above.
Sediment stored in a fill terrace can be excavated over a
relatively short period of time when the physical barrier
causing the backwater conditions is breached. Fill terraces
of various sizes have been observed in ravines throughout
the Le Sueur watershed. Because of the morphology of the
ravines and poor filtering of dense ravine-bottom vegetation
in the bare-earth lidar DEM, fill terraces can often be iden-
tified from the lidar DEM, but the volume of sediment
trapped in fill terraces cannot readily be measured other than
in the field.

4.4. Assembling the Pieces

Sediment budgets have been established for the Le Sueur
watershed using HSPF [Tetra Tech, Inc., 2008], WEPP
[Maalim, 2009], and SWAT [Folle, 2010]. Calibration and
validation of these models have produced contrasting results
[Wilcock, 2009]. The primary data used to calibrate the
models is total suspended sediment (TSS) loading measured
from a gauge network in the watershed. Although the net-
work is relatively extensive with a gauge above and below
the knick zone in each of the three primary subwatersheds
and a long-running gauge at the watershed mouth, a funda-
mental problem arises in that the available sediment mea-
surements used for load computation do not distinguish
between different sources. Table 2 shows sediment loads
measured at gauging stations throughout the watershed, both
above and below the knickpoint.
Loads measured at the upper gauges in each watershed are

primarily derived from uplands and stream banks, but the
proportion of sediment derived from each source cannot be
determined and might be expected to differ in dry versus wet
years. Sediment yield increases dramatically between the
upper and lower gauges on each tributary. This corresponds
the Le Sueur Watershed

TSS Load (Mg yr�1)

2 2003 2004 2005 2006 2007 2008 2009

– – – 7,900 13,300 6,100 3,500
18,600 101,200 85,100 22,300 37,900 22,300 4,900

– 7,500 8,200 4,000 4,400 3,100 1,600
– – – 33,400 21,800 14,600 6,300
– – – – 42,200 22,400 4,300
– – – 86,600 74,600 42,800 13,400

0 71,100 338,000 219,300 135,400 136,400 86,300 29,100
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to increasing prevalence of nonupland sediment sources such
as bluffs and ravines but may also be due to increased
connectivity of uplands to the channel and therefore higher
sediment delivery ratios. Although the gauge data provide a
good indication of the magnitude of sediment flux, it cannot
inform about the location and mechanism of sediment
supply.
Geochemical fingerprinting provides an alternative ap-

proach to constraining upland sediment yields. In the Le
Sueur, meteoric lead-210 (210Pb) and beryllium-10 (10Be)
have been used in combination to quantify the proportion of
sediment derived from uplands. Both tracers exhibit high
concentrations in upland soils and low concentrations in
bluffs and ravines. However, sediment temporarily stored in
floodplains is diminished in 210Pb and enriched in 10Be
concentration. Therefore, if used independently, either of
the tracers would be systematically biased depending on the
amount of channel-floodplain sediment exchange. When the
two tracers are used in combination, this bias can be cor-
rected. Understanding the geochemical systematics of the
tracers as well as mix of geomorphic processes conveying
the sediment are both essential in implementing an effective
fingerprinting study.
When used together, sediment gauging and sediment fin-

gerprinting can be used to constrain both the proportion and
rate of sediment supply from different landform units. By
using multiple lines of evidence, one can begin to address the
problem of equifinality inherent in watershed modeling in
which multiple parameter combinations can be tuned to get
the “right” upland erosion rates. Without such information, a
watershed erosion modeler often has little more than intui-
tion on which to base decisions about parameter tuning. By
further incorporating upscaled sediment yield estimates for
different landform units, as discussed above, a reliable esti-
mate of sediment sources and sinks can be developed.

5. DISCUSSION

Stream restoration, rehabilitation, and stabilization are in-
creasingly proposed as an approach to resolve watershed
sediment problems. To date, many projects have been oppor-
tunistic, based on the availability of land, space on a devel-
opment site, or local stakeholder interest. This approach is
not likely to efficiently achieve desirable water quality
changes. Instead, a broader strategy is needed that can target
the best opportunities for sediment load reduction. The need
to place best management practices in locations promising
the greatest efficiency requires a thorough understanding of
the geomorphic processes associated with mechanical ero-
sion and landform adjustment in the contemporary land-
scape. Careful identification and sampling of upland and
lowland landforms can guide the stream management ap-
proach proposed to address water quality problems, particu-
larly if mechanisms of sediment supply can be identified.
Approaches used to reduce sediment supply from uplands
include runoff control, channel stabilization to reduce tribu-
tary incision, and the use of vegetation and buffers to trap
surface erosion before it is delivered to the channel network.
In contrast, practices proposed to achieve sediment reduc-
tions in alluvial valleys attempt to reduce the evacuation of
stored sediment and enhance the trapping of newly delivered
sediment.
Although the effort involved in developing a reliable wa-

tershed sediment model can seem large, the costs will gener-
ally be small compared to those involved in implementing
restoration and other actions to address watershed sediment
issues. The potential savings and benefits of implementing
an effective program can be substantial. The requirements for
an accurate watershed sediment model are similar to those
needed for informed targeting of sediment source reductions.
Both require specificity regarding location, mechanisms, and
rates of erosion and sediment deposition. Planning and design
require development of an understanding of landscape orga-
nization, documentation of the effects of management prac-
tices on sediment production, and tracking of the locations of
practice implementation and effectiveness thereof. Implemen-
tation without these tasks will make it difficult to satisfy
watershed sediment yield objectives over the long term.
In the UPRW, delineation of upland and lowland land-

scape units, channel head locations, and the transition from
erosional to depositional valley bottoms was based on anal-
yses of air photos, elevation data, and other catalogued
spatial information. Rates of erosion and storage in upland
units were characterized using field observations and event-
based sampling. Integrative records used to constrain uncer-
tain upland erosion and deposition estimates were based on
sediment accumulation in ponds. Land cover data were nec-
essary for upscaling local erosion rates to the watershed
scale. Comparison of sediment yield values indicated that
sediment yield increased from the edge of field to the outlet
of first-order watersheds and that net storage occurred within
the higher-order watersheds. This pattern cannot be captured
in a simple delivery factor intended to link edge-of-field soil
erosion rates to sediment supply to higher-order rivers.
Delineation of landscape elements in the Le Sueur water-

shed, including agricultural fields, bluffs, ravines, and the
channel-floodplain system, used a combination of analyses
exploiting high-resolution topography and air photos as well
as field surveys and mapping. Adequately constraining rates
of sediment inputs from each source required an understand-
ing of erosion mechanisms. Upscaling estimates of erosion
from a few features where detailed measurements can be
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made (e.g., a dozen bluffs) to similar features throughout the
watershed required constraints on spatial variability and de-
lineation of essential geomorphic features, such as distin-
guishing the proportion of bluffs that are actively undercut.
Design of sampling and monitoring programs require critical
evaluation of these factors as well as lithology, relief, land-
form subunit, and land use. Future work needs to focus on
automating the processes bywhich landscape elements can be
identified, enhancing techniques for geomorphic change de-
tection on spatially extensive landforms, and accounting for
uncertainty in identification, change detection, and upscaling.
Sediment production, transport, and storage for individual

landscape units must be upscaled in a geomorphically in-
formed fashion. The advent of widespread coverage of high-
resolution elevation data, the availability of long-term air
photo records, and the power of spatial data software offer
excellent resources for upscaling in a superior, topographi-
cally sensitive fashion. Landform-specific sediment flux ob-
servations provide a basis for transferring data to appropriate
locations within a catchment and linking the components
together in a defensible manner.
Accurate treatment of sediment storage remains a difficult

problem that can be addressed by constraining a sediment
budget using sedimentation records of a decadal time scale or
longer in order to integrate over a range of runoff and
climatic conditions. Such observations of channel enlarge-
ment and sediment yield in first-order Mid-Atlantic Pied-
mont watersheds indicate that sediment storage is currently
minimal, and sediment production is substantial in contem-
porary upland valleys. This contrasts with the conclusion of
Costa [1975] that over half the sediment eroded during peak
nineteenth century Piedmont agriculture remains stored in
colluvial sheet wash deposits.
Variability in higher-order tributaries set within alluvial

valleys requires consideration of base level controls and the
role of large storms in setting annual to decadal sediment
delivery patterns. Recent measurements indicate that con-
temporary floodplains in the Mid-Atlantic region are actively
storing sediment, but the temporal and spatial limits to stor-
age are not well documented [Schenk and Hupp, 2009; Noe
and Hupp, 2009]. Comparison of third- and fifth-order allu-
vial valleys in the UPRW indicated that storage opportunities
increase with drainage area. Local geologic conditions that
govern valley geometry can strongly influence the availabil-
ity of storage opportunities. The narrow gorges in the Pied-
mont fall zone are an example of a geologic feature that
limits the capacity for floodplain development. However, the
constriction also provides a hydraulic control that can affect
sediment accumulation trends upstream.
Similarly, the Le Sueur channel-floodplain network exhi-

bits distinct zones (agricultural ditches, ravines, low-gradient
natural channels, and high-gradient natural channels) that
must be delineated and treated separately for the purpose of
estimating watershed sediment patterns. As discussed above,
the sediment transport and storage dynamics differ signifi-
cantly in each of these zones, so identifying if or where a
problem exists and considering various stream restoration
solutions to the problem must be done in a context-sensitive
manner.
Given the large inherent uncertainty in any estimate of

sediment erosion, transport, and storage, a credible water-
shed sediment model requires the use of multiple lines of
evidence to constrain the estimated values. Regardless of the
methods used, a sediment supply prediction that relies on a
single estimate, or calculates budget terms as a residual,
cannot produce reliable results. Approaches that rely on
sediment concentration measurements and sediment rating
curves are not only subject to considerable error, but do not
provide a basis for prediction under altered conditions, do
not identify actionable sources for locations between gauges,
and can involve considerable, often prohibitive logistics and
expense in order to build a data set across multiple spatial
scales. Approaches based on local erosion measurements
provide the observations and interpretation needed to specify
the mechanism and location relevant for restoration efforts,
but face considerable uncertainty in upscaling episodic and
nonlinear rates. Sediment fingerprinting offers important ad-
vantages for source identification, but generally provides
only percentages from different sources. An effective finger-
printing campaign can be defined using a combination of
deposited sediment and sediment in transport, although this
raises logistical issues similar to direct load measurements
[Rowan et al., 2000]. All of these methods can be used in
combination to improve the accuracy of sediment supply and
yield estimates, although the strongest constraint, and there-
fore the most useful for developing a credible sediment
budget, is a record of erosion or sedimentation that spans
both spatial and temporal scales. It is very difficult to develop
a credible sediment budget without some estimate of inte-
grated erosion or deposition for the entire watershed over
decadal or longer periods.
Observations of sediment accumulation in impoundments

can be used to constrain the sediment yield estimate and
related error. Impoundment measurements can be obtained
through direct measurement of smaller structures and via the
monitoring and maintenance that government agencies pur-
sue for safety, water supply, and storm water quantity man-
agement purposes. The record of reservoir sedimentation is
growing, and a concerted effort is underway to organize and
distribute this information (http://ida.water.usgs.gov/ressed/),
which can provide an invaluable constraint on future sediment
yield estimates. An important opportunity can be realized



Figure 9. Watershed sediment budgeting framework.
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from better coordination with watershed maintenance efforts.
For example, monitoring of sediment accumulation in reser-
voirs, ponds, and storm water facilities may be achieved as
part of water quality and storage maintenance purposes.
Sediment accumulation in UPRW was determined for

watersheds from first- to fifth-order and for time periods of
one to many decades. In the case of the Le Sueur River, we
took advantage of a well-defined incision history where the
initial surface elevation and the timing of base level drop are
Figure 10. Watershed sediment process and yield analysis
framework.
precisely known to compute long-term sediment evacuation
rates. Ongoing work will constrain the unsteady rates of
knick migration and valley excavation over time throughout
the Holocene. These data and hydrologic reconstructions
combine to constrain natural background turbidity levels.
A broad conceptual framework can be proposed to aid in

organization of a watershed sediment model. Landscape
delineation, estimates of sediment yield in individual land-
scape units, and an approach for upscaling, coupling, and
routing local sediment yield are the starting elements of any
approach. Figure 9 provides a simple schematic of common
elements of a watershed sediment model. Reid and Dunne
[1996] provide an excellent handbook for evaluating the
different parts of the budget. The role of zero- and first-order
valleys, upland channels in Figure 9, in producing and stor-
ing sediment is poorly represented in any modeling ap-
proach, and improvements in that regard are a priority.
Figure 10 outlines a conceptual sequence of activities

that can be used to organize efforts to develop an estimate
of sediment supply or yield and address the scaling chal-
lenges of matching watershed models to sediment budgets.
Before identifying modeling time scales, it is necessary to
delineate the potential dominant sources of sediment and
identify the types of integral data (reservoirs, long-running
gauges, sediment fingerprinting, historical channel analysis)
that might be available and reliable. Once the units and
time scale are identified, an appropriate sampling strategy
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can be developed. This may combine field observations of
erosion and deposition, historic analysis of slope and chan-
nel shift, and supporting information regarding land use
and hydrologic alteration. By combining this information,
it should be possible to compare upland sediment produc-
tion to integral measures of sediment yield in a way that
identifies the location and rates of sediment erosion and
storage. When scaling up to larger watersheds, an approach
for routing sediment along channels, including an estimate
of net storage, is needed.

6. SUMMARY

A variety of factors, relief, landscape history, climate, and
land use history cause the locations, mechanisms, and rates
of sediment production and storage to vary in space and time.
Recent advances in monitoring technology, geochemical
techniques, high-resolution topography data acquisition and
analysis, geographic information system software, and nu-
merical modeling approaches provide new opportunities to
constrain geomorphic rates, upscale them in a geomorphi-
cally relevant fashion, and synthesize sediment dynamics at
the watershed scale. In the two examples examined here, the
upper Patuxent River in Maryland and the Le Sueur River in
Minnesota, the mechanisms and many of the sediment bud-
get components are substantially different. Remarkably, the
upstream-to-downstream position of dominantly erosional
and depositional landscapes is different between the two
watersheds. The UPRW has a more typical erosional-to-
depositional sequence, whereas because of low gradient and
the Holocene base level drop, erosional reaches in the Le
Sueur occur down valley of low-gradient reaches with sub-
stantial storage. Nonetheless, there are common challenges
and themes in defining an effective watershed sediment
model. In both cases, reliable estimates of sediment yield
depend essentially on the accurate identification of sediment
sources and sinks and, hence, require careful delineation of
landscape units. Upscaling local contributions to watershed
sediment yield requires reliable estimates of sediment trans-
port across multiple time scales and the use of multiple lines
of evidence to constrain uncertain estimates.
Co

Co

Co
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