
Geomorphology 277 (2017) 17–30

Contents lists available at ScienceDirect

Geomorphology

j ourna l homepage: www.e lsev ie r .com/ locate /geomorph
Sediment pulse evolution and the role of network structure
Karen B. Gran a,c, Jonathan A. Czuba b,c

a Department of Earth & Environmental Sciences, University of Minnesota Duluth, Duluth, MN, USA
b Department of Civil, Environmental, and Geo-Engineering, St. Anthony Falls Laboratory, University of Minnesota, Minneapolis, MN, USA
c National Center for Earth-surface Dynamics, University of Minnesota, Minneapolis, MN, USA
http://dx.doi.org/10.1016/j.geomorph.2015.12.015
0169-555X/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 September 2015
Received in revised form 9 December 2015
Accepted 18 December 2015
Available online 21 December 2015
Sediment pulses are triggered through a variety of mechanisms, from landslides to land use change. How do
these pulses move through the fluvial system, and how do they evolve? In a system with perfect sediment
connectivity, the erosional response to a perturbation and the resulting signal at the river mouth would match,
however, this rarely occurs. Many studies have addressed reach-scale dynamics of sediment pulses and how
they translate or disperse downstream. At the watershed scale, network structure and storage becomemore im-
portant in modulating the sediment signal. Here, we review the current literature on sediment pulse behavior,
and then address the role of network structure on maintaining, dispersing, or transforming sediment pulses in
a fluvial system. We use a reduced-complexity network routing model that simulates the movement of bed
material through a river basin. This model is run in the Greater Blue Earth River (GBER) basin in Minnesota,
USA, first with spatially uniform inputs and then with inputs constrained by a detailed sediment budget. Once
the system reaches equilibrium, a sediment pulse is introduced, first at a single location and then throughout
the system, and tracked as it evolves downstream. Results indicate that pulses able to translate downstream
disperse in place upon arriving at over-capacity reaches as sediment goes into storage. In the GBER basin,
these zones occur just upstream of a knickpoint that is propagating upstream through all mainstem channels.
As the pulses get caught in these sediment “bottlenecks,” there is a decoupling of the original pulse of sediment
and the resulting bed material wave. These results show that the network structure, both in terms of network
geometry and the spatial pattern of transport capacity, can play a dominant role in sediment connectivity and
should be considered when predicting sediment pulse behavior at the watershed scale.
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1. Introduction

How well is the integrity of an erosional signal preserved and
maintained during transport downstream? In a system with perfect
sediment connectivity, the signal at the outletwouldmimic the erosion-
al signal upstream with an associated time lag. If there was perfect
connectivity between the erosional response to a perturbation (say,
climate change), and the sedimentary deposit left behind, then one
could “read the rocks” and back-out the erosional history of the basin.
Fundamentally, it is the fluvial system that propagates an erosional
signal from the uplands to a depositional basin. How that signal is
transmitted depends upon the nature of the perturbation including
magnitude, frequency, duration, and spatial extent; the distance from
source to sink; and characteristics of the fluvial system and sediment
transport processes within it, including storage effects.

This paper focuses on perturbations that deliver excess sediment to
fluvial systems and howwell those signals are preserved fromupstream
source to river outlet. Perturbations that produce excess sediment
above background rates vary from single high-magnitude inputs to
longer-term shifts in total sediment yield. Here, we discuss a range of
sediment inputs in fluvial systems and how they evolve as they
propagate downstream through a review of field cases and numerical
and physicalmodeling efforts.We first review research on the evolution
of sediment waves from single pulses of sediment (i.e. from landslide,
dam removal, or volcanic inputs) to persistent or widespread distur-
bances (i.e. from widespread land use or climate change). There have
been many studies on reach-scale sediment wave dynamics in the
literature (i.e. Meade, 1985; Nicholas et al., 1995; Lisle et al., 1997,
2001; Sutherland et al., 2002; Cui et al., 2003a, 2003b, 2005; Lisle,
2008; Sklar et al., 2009; Venditti et al., 2010a; Humphries et al., 2012;
Nelson et al., 2015). At the watershed scale, however, tributary interac-
tions and storage may occur, leading to potential synchronizations and
additional transformations of the original sediment wave (Jacobson,
1995; Benda and Dunne, 1997a, 1997b; Jacobson and Gran, 1999;
Benda et al., 2004a; James, 2010; Czuba and Foufoula-Georgiou, 2014,
2015), increasing the complexity of downstream transport.

To help bridge the gap from reach-scale dynamics to watershed-
scale sediment connectivity, a reduced-complexity network routing
model developed by Czuba and Foufoula-Georgiou (2014, 2015) is
used to study how network structure and storage may affect the poten-
tial for creation, persistence, or dispersion of sediment waves. Here,
network structure refers to both the geometry of tributary inputs as
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well as the spatial pattern of transport capacity. The model is run in a
well-studied basin in southern Minnesota, USA, to enable realistic
sediment inputs for comparison with more spatially-uniform inputs,
and track how sediment pulses evolve as they move downstream
through the watershed. To assess the role of network structure vs.
spatial pattern of inputs on the sediment signal downstream, a run
with spatially uniform sediment inputs is compared to one with inputs
constrained by a detailed sediment budget. The model is then set up to
allow in-channel storage and run to investigate how different aspects of
network structure, including both network geometry and the spatial
pattern of transport capacity affect the downstream propagation of
sediment pulses.

2. Background

Sediment is supplied to the fluvial network primarily through
overland flow, mass movements, and fluvial scour. Hillslope erosion
may transport sediment slowly and steadily into channels through
processes like creep, or sediment may be stored in colluvial hollows or
fans and released episodically via landslides or debris flows. Inputs
from bank scour and bluff collapse through mass wasting occur prefer-
entially during high flow events, leading to stochastic inputs directly to
the stream. Perturbations to the watershed, including seismic activity,
heavy rainfall events, forest fires, or land use changes can increase the
volume of sediment supplied to a stream network from both colluvial
and near-channel sources. On one end of the spectrum are single inputs
of excess sediment, isolated in time and space from, for example,
landslides or dam removals. On the other end are spatially-extensive
pervasive sediment perturbations, for example from land use conver-
sion to agriculture. In this case, much of the watershed may be
disturbed, and in some cases the change in sediment input to the chan-
nelmay bemore of a step function rather than a single pulse. In between
are a range of other input characteristics, from single-pulse widespread
sediment perturbations, perhaps from a wildfire, to long-term point
source inputs from mining operations.

There have been many studies on sediment wave dynamics in the
literature, with much of the recent research focused specifically on
reach-scale sediment waves and how a single point source input
evolves through time. Fewer studies have looked at sediment wave
propagation at the watershed scale, where potential synchronizations
in the landscape may affect how sediment pulses move downstream,
what the resulting depositional signal might look like, and how
channels will respond to management options designed to lower
sediment inputs. Here, we review studies from the field, flume, and
numerical modeling for different end members of sediment input.
Two recent review papers cover reach-scale sediment pulse evolution
(Lisle, 2008) and watershed-scale high-magnitude sediment wave
evolution (James, 2010). We review and update those findings and
then examine some of the elements that link reach-scale transport
with watershed-scale sediment signals, including network structure
and the effects of storage, elements that are then investigated further
through a watershed-scale network routing and transport model.

2.1. Nomenclature

Gilbert (1917) was one of the first to report on sediment waves in
watersheds, noting the downstream migration of hydraulic mining
debris from the Sierra Nevada across the central valley of California.
He used the term “sediment wave” to describe the wavelike movement
of sediment as it transported downstream. The wavelike behavior was
most notable in the rise and fall of channel bed elevations due to
passage of the excess mining debris. Later studies by James (1989,
1991, 1993) showed that the passage of sedimentwasmuchmore com-
plex. Due to temporary storage of excess sediment in the floodplain,
high sediment loads persisted much longer than the initial bed wave
which has led some to prefer alternate terminologies. Nicholas et al.
(1995) prefer the more generic term sediment “slug” to include excess
sediment that does not conform to wavelike behavior, although Lisle
(2008) notes that the term “slug” does not properly address sediment
mobilized that was not part of the initial sediment input. The term
slug was further refined to reflect the magnitude of the inputs
(macroslug, megaslug, and superslug) and thus the spatial scale of
impact, from minor channel impacts at the scale of gravel bars up to
major valley-floor adjustments spanning kilometers of channel or
more (Nicholas et al., 1995).

Another commonly used term to refer to excess sediment inputs is
sediment “pulse”. Traditionally, the term sediment pulse referred to
zones with high sediment transport rates (Reid et al., 1985; Iseya and
Ikeda, 1987), but more recently the term has been used to refer to
discrete sediment inputs (Cui et al., 2003a). Cui et al. (2003a, 2003b)
prefer the term “pulse” over “wave” or “slug” noting that not all
sediment pulses exhibit wavelike behavior. Later papers by the same
authors use the term sediment “pulse” and sediment “wave” inter-
changeably (Cui and Parker, 2005; Cui et al., 2005). Here, we opt for
that approach and use the term sediment pulse and sediment wave
interchangeably to describe the influx and movement of a volume of
excess sediment in a fluvial system.
2.2. Reach-scale sediment pulses

First consider a pulse of sediment entering a channel at a discrete
point in space and time, perhaps from a landslide or debris flow or
generated through a dam removal (e.g. Hansler, 1999; Sutherland
et al., 2002; Major et al., 2012; East et al., 2015). Sediment pulses can
both disperse and translate downstream. As the pulse evolves, sediment
canmove into longer-term storage on the floodplain or be permanently
lost due to comminution. Research into reach-scale pulse dynamics
initially focused on documenting sediment wave passage in the field
(Gilbert, 1917; Pickup et al., 1983; Meade, 1985; James, 1989;
Knighton, 1989, 1991; Madej and Ozaki, 1996; Sutherland et al., 2002)
and over time has shifted more towards targeted experiments and
model development (Lisle et al., 2001; Cui et al., 2003a, 2003b, 2005;
Cui, 2007; Sklar et al., 2009; Venditti et al., 2010a; Humphries et al.,
2012) to understand how sediment pulses evolve and to develop a
more detailed understanding of which conditions favor dispersion vs.
translation.

Initially, it was assumed that sediment waves translated down-
stream based on a series of field observations, starting with the early
work of Gilbert (1917) and the California hydraulic mining debris.
Although this particular field case is of a much greater magnitude than
most point-source inputs, it had a dominant effect on how people
thought about sediment wave migration. The main set of observations
made by Gilbert (1917) indicating a wave-like passage of sediment
were bed elevations thatwent up as the hydraulicmining debris arrived
and then later went down after passage of the wave of sediment. Later
studies by Knighton (1989, 1991) in Tasmania also documented the
wave-like progression of mining debris downstream, recorded by the
rise and fall of gages along the channel over the course of decades. In
both cases, however, there are confounding factors. First, a significant
volume of sediment moved into storage in the floodplain as the
sediment wave propagated downstream, complicating interpretations
of the timescales of adjustment. Second, one of the main observations,
that gage elevations went up and then down as the wave passed, is
not necessarily an indication of wave translation. The passage of a
wave of sediment looks remarkably similar to dispersion in place of
the same sediment as viewed through gage elevations, as dispersion
also leads to rise and subsequent fall of downstream gages (see Fig. 1).
The difference lies in the magnitude of the bed elevation response and
in the behavior of the mass of sediment overall. For a sediment wave
to be purely translational, the head, tail, and center of mass of the
sediment wave must all move downstream at the same pace.



Fig. 1. Conceptual figure showing potential influences on sediment pulsemovement in awatershed including (a) reach-scale dynamics that lead to either dispersion, translation, or a com-
bination of both; (b) tributary interactions that can both synchronize or desynchronize sedimentwavesmoving downstream, and (c) in-channel and floodplain storage that leads to a lag
in the sediment wave movement downstream.
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Several field studies have noted the asymmetrical passage of a sedi-
ment wave, with a long tail to the distribution attributed to sediment
storage and release over time (Pickup et al., 1983; James, 1989, 1991,
1993; Madej and Ozaki, 1996). Pickup et al. (1983) studied the
downstream migration of mining sediment in the Kawerong River in
Papua New Guinea and found that in order to model the downstream
migration of the sediment wave accurately, a significant element of
dispersion had to be included. The “translational” mining debris cases
reviewed above all saw the amplitude of the bed elevation wave
decrease with distance downstream, which could be interpreted as a
sign of dispersion, not translation of the sediment wave. Sediment
input from the Navarro landslide in California was well-documented
enough to determine that essentially no translation occurred, and the
sediment pulse associated with the slide dispersed in place (Hansler,
1999; Lisle et al., 2001; Sutherland et al., 2002).

The conundrum of sediment wave behavior (translation vs.
dispersion) began to receive significant attention in the late 1990s and
early 2000s. This included an important series of experiments by Lisle
et al. (1997, 2001) on sedimentwave propagation. Lisle et al. specifically
looked at single inputs of sediment at a reach-scale, with no floodplain
storage or network-scale effects. The sediment pulses were of a
significant enough magnitude to affect the local hydraulics. Several
parameters were varied including the grain size distribution of both
the sediment pulse and bed surface. They found that in all cases
considered, the sediment pulse largely dispersed in place. A significant
component of translation was only seen in the fine-grained (sand)
pulse over a gravel-bed.

Numerical modeling of single pulse inputs of sediment have focused
primarily on pulses that are significant enough to perturb the flow field
(Lisle et al., 2001; Cui and Parker, 2005; Cui et al., 2006). Backwater
effects upstream of the pulse lead to deposition, while increased slopes
on the downstream side of the pulse lead to higher transport rates. As
summarized in Lisle (2008), all of the model solutions for 1D steady
flow indicate the dominance of dispersion except in cases of low Froude
number flows and sediment inputs that are finer than bed sediment
(Lisle et al., 1997; Cui and Parker, 2005). Since typical gravel-bed rivers
transport sediment under high Froude number conditions, one might
expect most sediment pulses in gravel-bed channels to disperse in
place, with translation more likely in sand-bedded channels. These
findings mirror field cases in which elements of translation were
apparent primarily in low Froude number flows where sand waves
were found moving over gravel or cohesive clay beds (Meade, 1985;
Wohl and Cenderelli, 2000; Bartley and Rutherfurd, 2005).

Later flume studies found similar trends to numerical model results,
with significant pulse translation only occurring in flows with low
Froude numbers and dispersion dominating in high Froude number
flows (Cui et al., 2003a, 2003b), but as additional data are collected, a
more complex understanding of pulse behavior arises. Pulses with a
large magnitude of sediment relative to the channel load such that the
flow field is actually perturbed lead to more dispersive behavior than
small sediment pulses that do not strongly perturb the flow field
(Sklar et al., 2009). Further flume studies on grain size effects reinforce
the earlier observation that finer-grained sediment travelling over a
coarser-grained bed can translate more than disperse (Cui et al.,
2003a; Sklar et al., 2009), particularly when there is no sediment
being fed from upstream (Sklar et al., 2009; Humphries et al., 2012).
Sediment inputs that are substantially finer than the bed surface can
also mobilize extra material from the bed, further increasing down-
stream transport rates (Venditti et al., 2010a, 2010b). The increase in
transport rates associated with overall bed fining helps explain the
rapid translation of fine-grained mining debris out of the upper Fraser
River in British Columbia (Ferguson et al., 2015). There, it was the

Image of Fig. 1
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ratio of the fine-grained gravel inputs to the coarser-grained bed that
was important, as opposed to sand specifically overlying gravel, a
distinction also noted in flume experiments by Venditti et al. (2010b).

One of the challenges of interpreting sediment pulse behavior is that
channels respond in many ways to sediment pulses beyond simple
cycles of aggradation and incision, and recovery from the passage of a
sediment wave can involve more than just return to a pre-disturbance
bed elevation. In cases where the grain size of the excess sediment is
finer than the bed material, the main response to passage of a sediment
wave may be a fining of the bed and increase in bedload transport rates
as the channel evolves to accommodate an increased sediment load,
with recovery signified by a coarsening of bed texture and/or a
reduction in transport rates (Gran and Montgomery, 2005; Sklar et al.,
2009; Venditti et al., 2010a, 2010b; Gran, 2012; Ferguson et al., 2015).
Additional variables that can change with increased sediment inputs
include channel complexity, pool abundance and capacity, sediment
thickness, and degree of bedrock exposure (Wohl and Cenderelli,
2000; Kasai et al., 2004; Bartley and Rutherfurd, 2005; Hoffman and
Gabet, 2007; East et al., 2015), with passage of the sediment wave
noted by a return to pre-disturbance complexity.

More recently, dam removals have provided opportunities to study
large single-pulse inputs to a natural stream channel, but in amore con-
trolled environment (i.e. Major et al., 2012; Tullos and Wang, 2014;
Wilcox et al., 2014; East et al., 2015). These studies generally have the
simplicity of a well-timed release of sediment from a single point
source, often with well-documented conditions before, during, and
after the sediment release. They vary in terms of the rate of drawdown
and release of water, volume of sediment removed at the time of the
dam breach, and grain size impounded behind the dam as well as
site-specific channel and flow conditions. In most cases, downstream
aggradation was noted, first in the main channel and then, if available,
in floodplain channels. Aggradation was followed by incision, leaving
deposits in the floodplain or as new bars in the system. The timescale
for bed adjustment varied widely depending on both the rate of dam
breach and the grain size of sediments impounded behind the dam.
Channels below dams with rapidly-released, fine-grained sediments
weremore able to adjust rapidly and recover from the sediment release
associated with the dam breach than channels where the breach
occurred over a longer time period or where reservoir sediments were
less easily mobilized (Major et al., 2012; Tullos and Wang, 2014;
Wilcox et al., 2014; East et al., 2015).

2.3. Role of storage

Many of the sediment pulses introduced by dam removals refer-
enced abovewere large enough to cause a significant fraction of thema-
terial to go into transient storage within the channel or longer-term
storage in the floodplain. For high-magnitude pulses like these, storage
can play a dominant role on the overall evolution of the sediment pulse.

Within the channel corridor itself, sediment can be stored on point
bars or behind large wood jams. In-channel storage does not stay con-
stant or monotonically increase downstream, but can be distributed
into discrete “disturbance” or “sedimentation” zones interspersed
with more stable reaches that lack significant in-channel storage
(Church, 1983; Saucier, 1983; Macklin and Lewin, 1989; Jacobson,
1995; Benda et al., 2004a, 2004b). Disturbance zones may be character-
ized by higher lateral migration rates, leading to greater rates of
floodplain exchange with active channels, than reaches with less
in-channel storage. In some cases, sedimentation reaches are related
to network configuration and are found at tributary junctions (Church,
1983; Rice, 1998; Benda et al., 2004a; Ferguson et al., 2006), while in
other cases, they may be related more to valley-channel interactions
or bedrock controls (Magilligan, 1985; Macklin and Lewin, 1989).
These reach-scale complexities can lead to a pattern where sediment
moves from one sedimentation zone to the next. Pulse dispersion can
be enhanced due to sediment loss to and slow release from storage
zones, or pulse integrity can be maintained as sediment collects in
each disturbance reach and then moves downstream to the next one
(Meade, 1985; Jacobson and Gran, 1999).

Many of the flume experiments and 1D models cited above lack in-
channel complexity at a reach-scale and network-scale complexities at
watershed scales. Floodplain storage is specifically avoided in many
experiments and models in order to focus on in-channel evolution of
the sediment pulse. Several recent flume experiments have begun to
incorporate in-channel complexity to investigate the role of alternate
bar sequences (Humphries et al., 2012) and variable channel width
(Nelson et al., 2015) on sediment pulse evolution. Nelson et al. (2015)
found that the pool-riffle structure set up by varying channel width
enhanced dispersion suggesting that the in-channel complexity found
in natural systemsmay play an important role in sediment wave evolu-
tion. Both Hassan et al. (2005) and Kasai et al. (2004) noted that in-
channel complexity and storage can play a critical but complex role in
the behavior of sediment pulses moving through fluvial systems. In
small, mountainous channels, sediment stored in the channel can be
as much as ten times the annual sediment yield. Sediment released
from these in-channel storage elements can generate internal sediment
pulses in the system, while storage of externally-generated sediment
pulses in these storage areas can act to attenuate sediment waves
(Hassan et al., 2005).

In addition to in-channel storage, high-magnitude sediment pulses
can deposit sediment into longer-term storage in the floodplain.
Sediment pulses that lead to substantial floodplain storage were
reviewed by James (2010). He notes that sediment inputs can lead to
aggradation-degradation events with substantial sediment moving
into storage in the floodplain during the aggradation phase. During
the degradation phase, even though the river bed may return to its
pre-disturbance elevation, sediment stored in the floodplains and slow-
ly released back to the channel through lateral migration lengthens the
timescale for recovery over what would be predicted based on bed ele-
vations alone. Elevated sediment transport rates may persist much lon-
ger than bed elevation adjustments, causing a disconnect between the
channel bed wave and the sediment wave itself (James, 2010). The sed-
iment wave incorporates sediment that moves into and later out of
floodplain storage, and thus persists for much longer than the channel
bed wave (Macklin and Lewin, 1989; James, 2010). In this sense, the
sediment wave is not a typical wave-formmoving through the channel
as a coherent unit, but rather a drawn-out period with higher near-
channel sediment inputs, transport rates, and/or altered in-channel
geomorphology.

2.4. Watershed-scale sediment pulses

Sediment can be input into a stream not just at a single point, but
throughout the watershed. This can occur naturally due to widespread
landsliding following a seismic event or wildfire, high-magnitude rain-
fall event, or volcanic eruption (Pearce and Watson, 1986; Keefer,
1994; Benda et al., 2003; Dadson et al., 2004; Gran and Montgomery,
2005; Hoffman and Gabet, 2007; Tullos and Wang, 2014). Anthropo-
genic alterations to the landscape can also lead to substantial
widespread sediment inputs, for example from mining (Gilbert, 1917;
Lewin et al., 1983; Pickup et al., 1983; Knighton, 1989, 1991; James,
1989, 1991, 1993, 2010) or land clearing for agriculture, grazing, or
forestry (Trimble, 1981, 1983, 1994; Reid and Dunne, 1984; Jacobson,
1995; Jacobson and Primm, 1997; Fitzpatrick et al., 1999; Jacobson
et al., 2001; Belmont et al., 2011; Gran et al., 2013). As soon as the spatial
scale grows beyond a single pulse in a single reach, channel network
structure must be considered.

Network structure dictates how inputs from diffuse sources interact
at tributary junctions, either dispersing or enhancing sediment pulses
moving downstream (Fig. 1). This can include both the spatial arrange-
ment of tributary junctions aswell as the spatial pattern of transport ca-
pacity, a function of basin size, slope, and channel width. Benda and
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Dunne (1997a, 1997b) recognized that sediment waves moving down-
streamare transformed not just by translation, dispersion, and abrasion,
but also by “mutual interference at tributary junctions”, a topic explored
further by Benda et al. (2004a, 2004b). Jacobson andGran (1999) devel-
oped a simple routingmodel for gravel in Ozark streams and found that
widely-dispersed gravel inputs from land use changes that moved
steadily through the channel network could accumulate into a series
of sediment waves moving through the mainstem channel; in this
case the waveform was enhanced by positive interference at tributary
junctions rather than dispersed due to storage. Likewise, Czuba and
Foufoula-Georgiou (2014, 2015) found that sediment sourced from dif-
ferent tributary valleys in different events could lead to larger sediment
waves in the mainstem channel depending on the timing of events and
the compounding effects of network structure. Jacobson (1995) noted
that the shape and pattern of the drainage network affected how sedi-
ment waves developed and moved through the system, with dendritic
networks leading to more positive interference at tributaries and
wave-like bed elevation changes at downstream gages. Basin shape af-
fects the likelihood that contributing tributaries will have a drainage
area large enough to have a geomorphic effect on mainstem channels
(Benda et al., 2004a). Ferguson et al. (2006) quantified these relation-
ships, showing that the ratio of discharge flux, sediment flux, and
bedload diameter between the mainstem channel and an entering
tributary are all important in determining the impact tributaries can
have on mainstem sediment transport. Abundant tributary inputs and
tributary inputs with unique grain size distributions compared to the
mainstem have the biggest geomorphic impact on mainstem channels
(Rice, 1998). Specific configurations of channels, for instance where
several geomorphically-significant tributaries enter the mainstem
channel in close proximity, can be hotspots of geomorphic change
(Benda et al., 2004a).

Czuba and Foufoula-Georgiou (2014) developed a reduced-
complexity network routing model to track sediment that was input
at a single instant in time uniformly throughout all channels in the
watershed, tracking the “sedimentograph” produced for different
grain sizes. The results mimic those of Jacobson and Gran (1999) in
that a single widespread pulse developed into a series of sediment
waves at the mouth of the river. Czuba and Foufoula-Georgiou (2015)
also noted distinct zones with higher sediment persistence, essentially
placeswhere sediment accumulates in the network due to the interplay
between network structure and local channel characteristics. Several of
these areas correlate strongly with high rates of historic channel migra-
tion (Bevis, 2015; Czuba and Foufoula-Georgiou, 2015). When these
reaches remain below capacity, sediment is able to move through
them readily and the signal observed at the mouth of the channel is
fundamentally driven by network geometry alone. When sediment
loading increases, however, these zones of high sediment persistence
may become storage zones, attenuating and lengthening the sediment
signal coming out of the basin. Thus, the network structure may affect
reach-scale change differently under conditions of low vs. high
sediment supply, and the spatial organization of reaches above and
below capacity dictates how a pulse moves through the network. This
is an aspect of sediment connectivity and pulse evolution that has not
been well-explored.

3. Methods

Given thatmany elements in the fluvial system tend to disperse sed-
iment waves, from reach-scale pulse evolution to dispersion associated
with storage, network interactions seem to be one of the few processes
that can actually maintain or even enhance wave-like behavior. From a
sediment connectivity standpoint, both network geometry and the spa-
tial patterns of transport capacity play an integral role in maintaining,
dispersing, or transforming sediment pulses in a fluvial system. To fur-
ther address the role of network structure on sediment wave evolution,
a reduced-complexity network routing model developed by Czuba and
Foufoula-Georgiou (2014, 2015) is used that simulates the movement
of water and sediment through a river basin. This work is motivated in
part by earlier sediment routing models by Benda and Dunne (1997a,
1997b) that simulated the stochastic supply and downstream transport
and modification of sediment in a mountainous environment where
sediment supply was dominated bymass wasting and sediment travels
as gravel-rich bedload. The landscape used for the model presented
here hasmost of the sediment supplied in downstream reaches, and sig-
nificant anthropogenic influences and changes in hydrology over the
last two centuries have driven an order of magnitude increase in sedi-
ment supply (Engstrom et al., 2009; Belmont et al., 2011; Schottler
et al., 2013).

Themodel of Czuba and Foufoula-Georgiou was used to explore dif-
ferent ways sediment pulses may be modified at the watershed scale as
they transport downstream. Initial runs with spatially-uniform sedi-
ment inputs indicate that the network develops distinct zones of sedi-
ment persistence in the watershed (Czuba and Foufoula-Georgiou,
2014, 2015). To investigate the role of network structure vs. the spatial
distribution of sediment inputs on pulse evolution, a model run using
spatially-uniform sediment inputs (Run 1) is compared with one
using sediment inputs constrained by a sediment budget (Run 2). In-
channel storage was added into the system and then higher-
magnitude sediment pulses introduced on top of background sediment
inputs, first at a single location (Run 3) and then throughout the system
(Run 4). The runwith a single sediment pulse at a discrete location (Run
3) is used to illustrate how downstream patterns of transport capacity
can affect sediment pulse evolution. The run with a system-wide sedi-
ment pulse (Run 4) is used to investigate how both spatial patterns of
transport capacity and network geometry affect sediment pulse
evolution.
3.1. Site location

The Blue Earth River joinswith its twomain tributaries, the Le Sueur
and Watonwan Rivers, shortly before entering the Minnesota River in
Mankato, MN, USA (Fig. 2). Collectively, these three basins compose
the Greater Blue Earth River (GBER) basin, covering 9200 km2 of land
historically in prairie but now 85% agriculture. The Minnesota River
itself occupies a deeply-incised valley carved from the drainage of
glacial Lake Agassiz at the end of the last glaciation. The incision of the
Minnesota River valley led to the creation of upstream-migrating
knickpoints on all major tributaries, leaving deeply-incised lower
valleys (“knickzones”) fed by rivers originating in low-gradient
agricultural uplands (Gran et al., 2011a, 2011b). Bedload is derived
from upland erosion and inputs from bluffs, streambanks, and ravines,
particularly in the incised knickzones. On a specific sediment yield
(Mg km−2 y−1) basis, sediment derived from upland fields is small.
Bluffs, on the other hand, occupy less than 1% of the landscape yet
contribute the vast majority of the sediment load (Belmont et al.,
2011; Bevis, 2015).

Most of the bed material load in the GBER is sand-sized. Gravel and
cobbles are sourced primarily through incision into thick glacial tills
with interbedded glaciofluvial sediments, leading to an increase in
gravel and cobble abundance with increasing depth of incision
downstream (Gran et al., 2013). The middle to lower reaches of the
mainstem channels in the GBER basin thus have predominantly sandy
bedload moving over an increasingly coarser bed downstream.
Under these circumstances, sandy sediment pulses to the channel can
translate downstream with minor dispersion (Lisle et al., 2001; Lisle,
2008; Sklar et al., 2009). In addition, because the knickzone valley is
so confined, very little floodplain accommodation space exists
(Belmont et al., 2011), allowing bedload to transport downstream
with minimal attenuation due to storage. The model employed here is
capable of capturing this behavior well (Czuba and Foufoula-Georgiou,
2014, 2015).



Fig. 2. Study area map. (a) Location map of the Greater Blue Earth River Basin in Minnesota and Iowa. (b) Detailed basin map showing major subbasins (Le Sueur, Blue Earth, and
Watonwan), the channel network, lakes incorporated into the model, and the approximate extent of the knickzone (dashed line). Reaches of the channel network with larger upstream
drainage areas are darker/thicker and with smaller upstream drainage areas are lighter/thinner.
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3.2. Bed-material sediment model of the greater blue earth river basin

The model formulation described here advances the network-
transport framework of Czuba and Foufoula-Georgiou (2014, 2015)
which involves (1) decomposing the landscape into a connected
network of elements including river channels and lakes, (2) spatially
and temporally distributing sediment inputs, and (3) tracking these
inputs through individual landscape elements via process-based time
delays. Here this framework is advanced by including recurrent inputs
informed by a sediment budget and also including lake and in-channel
storage with direct feedback between in-channel storage and channel
slope.

3.2.1. River network
The underlying structure of themodel is the river network, obtained

from the National Hydrography Dataset Plus Version 2 (NHDPlus V2)
(McKay et al., 2012; HorizonSystems, 2014). The NHDPlusV2 network
was preprocessed in ArcGIS by (1) clipping to the extent of the GBER
basin; (2) removing isolated and secondary channels; (3) establishing
a new set of links with index i, with a link defined either between
tributary junctions, as the intersection of a lakewith the network, or be-
tween a lake and a junction; and (4) mapping or computing attributes
for each link from the original NHDPlusV2 network. The resulting
network is composed of links representing river channels and lakes
each with a set of unique attributes (Fig. 2b). For instance, each river
channel contains the following attributes: index of link i, index of
downstream link, link length ℓi, directly contributing area ai, upstream
drainage area Ai (i.e., the sumof ai for all links upstreamof and including
link i), elevation at the upstream end of the link ηi ,t, and channel slope
Si , t (where all slopes less than 0.00001 were set to this value). Both
ηi ,t and Si ,t are allowed to change as a function of time, and thus include
a subscript t.

3.2.2. Inputs from a sediment budget
A detailed sediment budget was compiled in the study area, first in

the Le Sueur River basin (Belmont et al., 2011) and then expanded to
include the entire GBER basin (Bevis, 2015) to better constrain the
location, magnitude, and frequency of sediment inputs from four
major sources: bluffs, streambanks, ravines, and uplands (dominated
by low-gradient agricultural fields). Only inputs from bluffs, ravines,
and uplands are incorporated into the present model as incorporating
streambank exchange dynamics is beyond the scope of this study. An in-
dividual input from a bluff, ravine, or upland is referred to as a parcel, a
fundamental unit transported on the network representing a collection
of particles that are physically treated as a coherent unit. Each parcel is
given a volume based on the volume eroded from a given feature.
Although the original sediment budgets of Belmont et al. (2011) and
Bevis (2015) were developed for fine sediment (silt and clay), grain
size distributionsmeasured for all source areas allow for the calculation
of inputs of sand as well as silt and clay. Gravel remains a small portion
of the total bedload and is not tracked here.

Bluffs are defined as along-channel features that exceed the height
of the active floodplain. Bluffs were identified from a 3 m lidar DEM
(digital elevation model) as areas that line active channels and have
N3 m of relief over a 9 m × 9 m moving window. Bluffs in the GBER
basin reach up to 70 m in height and occupy about 50% of the active
channel corridor in the knickzone. Nearly 3500 individual bluffs were
mapped in the GBER basin (Fig. 3a), each with its own characteristic
attributes. Based on these attributes, the mass erosion rate of sand
from each bluff (Ms ,b in Mg/y.; where the subscript s denotes sand
and the subscript b denotes a bluff) was calculated as

Ms;b ¼ ebAb f s;tillρtill ð1Þ

where eb is the average subbasin-wide erosion rate in m/y determined
through repeat aerial photo analysis of bluff crests between 1938 and
2005 or 2008 as described in Day et al. (2013) and Bevis (2015), Ab is
the individual bluff surface area in m2 (see Fig. 3a), fs ,till is the fraction
of sand in the till (0.35), and ρtill is the average bulk density of the till
(1.8 Mg/m3). Bluff surface area is defined as the bluff area, connected
to the river, projected onto a vertical plane. Long-term sub-basin aver-
age bluff erosion rates (eb) varied from 0.05 to 0.25 m/y. (Day et al.,
2013; Bevis, 2015). The total mass erosion rate of sand from all bluffs
in the GBER basin was computed as 270,000 Mg/y.

Ravines are steep ephemeral channels that connect the low-gradient
uplands to deeply-incised valleys. Ravines contribute the most sedi-
ment during high-magnitude precipitation events in spring and early
summer, before crops are fully established. By late summer, ravines
often run dry. Incised ravine areas were mapped throughout the GBER
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Fig. 3. Sediment budget features incorporated into the model. (a) Bluff locations colored by
bluff surface area. (b) Ravine locations colored by ravine incised area. (c) Surficial deposits
and sand fraction. The approximate extent of the knickzone is shown as a dashed line.
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basin from 3 m aerial lidar data. Monitoring studies on five ravines in
the lower Le Sueur River basinwere used by Belmont et al. (2011) to de-
termine an average annual ravine yield. Nearly 340 individual ravines
were mapped in the GBER basin (Fig. 3b), each with its own character-
istic attributes. Based on these attributes, the mass erosion rate of sand
from each ravine (Ms ,r in Mg/y; where the subscript r denotes a ravine)
was calculated as

Ms;r ¼ ArYr f s;till ð2Þ
where Ar is the incised area of an individual ravine in m2 (see Fig. 3b)
and Yr is the annual incised ravine yield (0.0034 Mg m−2 y−1). The
total mass erosion rate of sand from all ravines in the GBER basin was
computed as 24,000 Mg/y.

Upland sediment yield was originally determined through analysis
of total suspended solids (TSS) loads measured at gages located at the
upper end of the knickzone in two tributaries of the Le Sueur
River basin. Each TSS load was combined with sediment fingerprinting
work by Belmont et al. (2011) to determine a load coming specifically
from uplands, and then divided by upstream basin area to calculate a
sediment yield (Yu; where the subscript u denotes an upland). It
includes sediment shed from agricultural fields as well as the ditch
network.

There are as many uplands as there are links in the network (1360)
with each upland area associated with a specific link. The mass erosion
rate of sand from each upland area (Ms ,u in Mg/y) was calculated as

Ms;u ¼ aiYu f s;soil ð3Þ

where ai is the upland area or incremental contributing area to link i in
m2, Yu is the annual upland yield (0.00002Mgm−2 y−1), and fs ,soil is the
fraction of sand in the soil (either 0.10 for glaciolacustrine deposits, 0.35
for glacial till, or 0.50 for glacial outwash and Holocene alluvium;
STATSGO2 (2015), see Fig. 3c). The total mass erosion rate of sand
from all uplands in the GBER basin was computed as 57,000 Mg/y.

3.2.3. Transport on the network
Individual parcels were transported through river channels

according to process-based time delays. The in-channel travel time for
a parcel to move through a given channel link was based on an analysis
of sand transport assuming: (1) uniform (normal) flow hydraulics;
(2) that Engelund and Hansen's (1967) sediment-transport formula
represents the sand-transport process (neglecting the shear stress
partition for bedforms); (3) hydraulic geometry scaling of streamflow
depth, width, and velocity; (4) an intermittency of flows that transport
the majority of sediment; (5) that sediment supply does not exceed
transport capacity (these dynamics are handled mechanistically as a
storage delay as described in Section 3.2.4); and (6) that sediment
does not enter long-term floodplain storage. An overview schematic of
this formulation is presented in Czuba and Foufoula-Georgiou (2015)
and a detailed discussion of the formulation and its limitations is
described in Czuba and Foufoula-Georgiou (2014). The river network
and sediment inputs were delineated in ArcGIS with the routing
model run in Matlab.

The essence of the sand-transport formulation is that the travel time
ti of a sand parcel to move through a channel link was computed as the
time it takes tomove through a link of lengthℓi at a bulk sand transport
velocity us ,i as

ti ¼
ℓi

us;i
� ð4Þ

The bulk sand transport velocity us ,i was obtained by decomposing
the volumetric transport rate of sand Qs ,i into a velocity and two length
scales as

Qs;i ¼ us;i θHið ÞBi; ð5Þ

where Hi is the channel depth of link i, Bi is the channel width of link i,
and θ is a scale factor such that together (θHi) defines a characteristic
vertical length scale for sand transport where the majority of sand
transport occurs (θ = 0.1 for the GBER basin assuming the majority of
sand transport occurs in the lower 10% of the flow depth).

Upon combining equations for channel hydraulics, sand transport,
volumetric transport rate of sand, downstream hydraulic geometry at
the two-year recurrence interval flow, the intermittency of the two-
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year recurrence interval flow, and parameters specific to the GBER basin
(e.g., a bed-material grain size of 0.4 mm), the travel time ti of a sand
parcel to move through a channel link is given by

ti ¼ 18ℓiA
−0:285
i S−3=2

i � ð6Þ

The dependence of ti on upstreamdrainage area Ai emerges from the
hydraulic geometry scaling of flow velocity and depth, and on slope Si
from Engelund and Hansen's (1967) sediment-transport formula with
dimensionless bed shear stress computed as the depth-slope product.
Given that this travel time formulation neglects storage effects, Eq. (6)
thus provides the fastest timescale for sand to move through a given
channel reach. Storage was then included by incorporating additional
delays to the travel time as described in Section 3.2.4.

3.2.4. Storage
Lake and in-channel storage was included in the model. Lakes were

obtained from thewaterbody feature of the NHDPlusV2 dataset (McKay
et al., 2012; HorizonSystems, 2014). Only lakes that intersected the
GBER network with surface area N 0.04 km2 were incorporated into
the network as individual links (Fig. 2b, defined as the segment(s) of
the NHD network that intersected the lake. Trapping efficiencies for
fine sediment were calculated using a relationship between upstream
drainage area and lake volume (Brown, 1943). The average fine sedi-
ment trapping efficiency for lakes included in the model was 91%, thus
lakes were assumed to have a 100% trapping efficiency for sand. Any
sand parcels that entered a lake were removed from the system.

In-channel storage affected channel slope and thus transport. In-
channel storage was accomplished by tracking the transport capacity
of each link. In the sand-transport formulation (Section 3.2.3), a bulk
transport velocity was derived by decomposing the volumetric
transport rate of sand (at capacity) into a velocity and two length scales
(Eq. (5)). As this derivation is based on at-capacity transport, the
volume of sediment χi that can be moved at any one time at transport
capacity through a link i falls directly out of the formulation as.

χi ¼ Bi θHið Þℓi� ð7Þ

Whenever the total parcel volume in a given link was greater than
χi, some parcels were brought into in-channel storage. The parcels
that were the first in (following first in last out), and whose volumes
brought the total parcel volume in a given link above capacity, were
placed into storage by “freezing” those parcels' transport through the
link. Once parcels exited the link, then additional parcels may be select-
ed from storage (following last in first out) but only enough parcels to
not exceed transport capacity. This “freezing” of parcels above capacity
results in an additional time delay to the travel time of a parcel through
a link due to transport limitations associated with transient storage.

As storage occurred, it affected the transport rate through feedbacks
with channel slope. The volume of sediment in storage in link iwas used
to adjust the bed elevation ηi ,t at the upstream end of the link assuming
a porosity of 0.4 (Wu and Wang, 2006). The storage volume was
“placed” in one, two, or three wedges depending on the links directly
upstream from link i. One wedge was located in link i, pinned at the
downstream end, and its elevation was only adjusted at the upstream
end. Additional wedges (one or two) were located in upstream channel
links if those channel links existed; the elevation of the wedge in up-
stream links was only adjusted at the downstream end and was pinned
at the upstream end. This storage dynamic increased the channel slope
Si , t of the link with sediment in storage and decreased the slope of
channel links directly upstream. The change in slope affects the travel
time ti via Eq. (6), but in the current formulation does not affect the
volume of sediment transported at capacityχi. Thus, in-channel storage
is allowed to increase (and decrease) the speed at which parcels moved
through a given channel link,with effects propagating into channel links
directly upstream.
Any parcels placed into in-channel storage were capable of being
released from storage allowing the bed to return to its initial profile.
However, new sediment inputswere not generated from the bed during
supply-limited conditions. Instead, the bed was assumed to be armored
at its initial profile with a coarse glacial lag and simulations then cap-
tured the dynamic of sand moving over a non-erodible substrate.

3.3. Overview of simulation scenarios

Four different scenarios were simulated in the model to examine
how the spatial pattern of transport capacity and network geometry af-
fect sediment pulse evolution through the GBER watershed (Table 1).
Each scenario had temporally-recurrent sediment inputs where the
interarrival time of each inputwas randomly selected froman exponen-
tial distribution with a mean of one year (to align with annualized
sediment budget input volumes). The time step in the model was
18.25 days so that 20 time steps yielded one year. Inputs were first
added at time 0 years and it took roughly 100 years to “prime” the
basin with inputs. That is, it took roughly 100 years for an input at the
farthest location to exit the basin at the outlet, and in this amount of
time much of the initial bed aggradation had stabilized.

A fewminor items needed to be addressed beforemodel simulations
could begin. The effect of Rapidan Dam, located on the Blue Earth River
between theWatonwan and Le Sueur River tributaries, was removed by
selecting a channel slope for the links upstream and downstream of the
dam that linearly connected the bed elevations between unaffected up-
stream and downstream points. Because a minimum slope of 0.00001
was enforced throughout the network, bed elevationswere recomputed
from the basin outlet in order to establish consistency between ηi ,t and
Si ,t. A lower limit for transport capacity was set at 50 m3. A maximum
parcel volume was set to half the lower limit of transport capacity at
25 m3 and any instantaneous sediment inputs N25 m3 were split into
equal volumes of b25 m3. Due to the presence of some very short
links in the network (b300 m) that arose between closely-spaced trib-
utaries, some links had a very small capacity resulting in an artificial
“bottleneck” in the network. To circumvent this issue, a minimum ca-
pacity for these short links was set as the maximum of (1) the capacity
of the link computed via Eq. (7), (2) the capacity of directly upstream
links, or (3) 100 m3.

Descriptions of the four different model scenarios (Table 1) are as
follows:

• Scenario 1 (spatially-uniform inputs, no in-channel storage): A spatially-
uniform inputwas applied to the network such that the long-term av-
erage input ratematched that of the sediment budget (350,000Mg/y;
sum of bluff, ravine, and upland inputs). To the upstream end of each
link, temporally-recurrent inputswere introduced eachwith amass of
ai×38Mg y−1 km−2 (350,000Mg/y per basin area of 9200 km2) with
an interarrival time of one year.

• Scenario 2 (sediment budget inputs, no in-channel storage): This scenar-
io was the same as scenario 1 except that it aligned the sediment in-
puts with the sediment budget. Temporally-recurrent inputs were
added to the network at the locations of bluffs, ravines, and uplands
as the long-term average rates generated by each specific feature as
described in Section 3.2.2.

• Scenario 3 (sediment budget inputs, in-channel storage, single pulse): As
in scenario 2, temporally-recurrent inputs were added to the network
at the locations of bluffs, ravines, and uplands as the long-term aver-
age rates generated by each specific feature according to the sediment
budget. After 100 years of simulation, a single pulsewas introduced to
the upstream end of one link in the network with a volume equal to
4× its capacity (4χi or 42,000 m3).

• Scenario 4 (sediment budget inputs, in-channel storage, distributed
pulse): The spatial and temporal characteristics of the background in-
puts were the same for this scenario as for scenario 3. After 100 years
of simulation, a distributed pulse was introduced to the upstream end



Table 1
Descriptions of model scenarios.

Scenario Sediment Inputs In-channel storage1 Pulse Run time (y)

Spatial Temporal Volumes

1 uniform exponential interarrival times equal volumes no none 100
2 sediment budget exponential interarrival times dictated by sediment budget no none 100
3 sediment budget exponential interarrival times dictated by sediment budget yes single pulse 300
4 sediment budget exponential interarrival times dictated by sediment budget yes distributed to all links 600

1 All scenarios included lake storage.

Fig. 4. Bed sediment depths throughout the Greater Blue Earth River Basin after 100 years
of simulation for (a) scenario 1 with spatially-uniform inputs and (b) scenario 2 with sed-
iment budget inputs, both with no in-channel storage. The color breaks are at the 0.99,
0.95, 0.90, and 0.75 quantile for each scenario. The approximate extent of the knickzone
is shown as a dashed line.
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of every link in the network eachwith a volume equal to 2× its capac-
ity (2χi) for a total input volume distributed throughout the basin of
9,600,000 m3.

Note thatmass of sediment is interchanged into volume of sediment
through a sediment density of 2.65Mg/m3, and a bed sediment porosity
of 0.4 is appliedwhen adjusting bed elevations. For both scenarios 3 and
4, an equivalent baseline simulation without the added pulse was used
to difference bed elevations of the pulse simulation from those of the
background variability captured in the baseline simulation in order to
isolate the effects of the pulse. Additionally, the parcels composing the
pulse were “tagged” to see how they moved through the system inde-
pendent of their effect on bed elevations.

4. Results and discussion

4.1. Modeling scenarios 1 and 2: No sediment pulse

After a 100 year simulation period for scenarios 1 and 2, the resulting
bed sediment depths were mapped throughout the GBER basin (Fig. 4).
Despite the difference in the spatial distributions of inputs, the
“hotspots” of relatively thicker bed sediment depths between the two
scenarios are largely the same. This was discussed in Czuba and
Foufoula-Georgiou (2015), which only considered uniform inputs, but
even with the sediment budget inputs the same “hotspots” emerge.
While most sediment is generated in the knickzone, there are many
bluffs (which are the largest contributors of sediment) that line the
major rivers throughout the network (Fig. 3a). This results in a pattern
of relative sediment depths alongmainstem rivers similar to the hierar-
chical ordering that arises with uniform inputs. The spatial pattern of
sediment depths is driven by a combination of spatial pattern of inputs,
hierarchical ordering by the network geometry, and local channel char-
acteristics that dictate how sediment can move through a given reach.

Themagnitude of the sediment depths that emerge from scenarios 1
and 2 is different, however. For both scenarios 350,000Mg/y. of sand on
average is added to the network, either distributed uniformly (Fig. 4a)
or according to the sediment budget (Fig. 4b). In the GBER basin, most
of the sediment is generated in the knickzone where rivers are steeper
and have a larger capacity to effectively transport these large inputs of
sediment downstream to the Minnesota River. In effect, when this
sediment is input according to the sediment budget, the largest bed
sediment depths are around 1 m and elsewhere become very small at
2 mm for the 0.75 quantile. If instead that same input is delivered
uniformly, the upland reaches receive much more sediment than the
budget specifies where the largest bed sediment depths remain around
1 m but the bed sediment depths throughout the basin increase to
10 mm for the 0.75 quantile. These higher bed sediment depths
throughout the basin for the uniformly-distributed magnitude/pattern
of inputs as compared with the sediment budget inputs, reflects the
redistribution of the simulated sediment supply from concentrated
within the knickzone to dispersed throughout the entire basin.

The spatial pattern of sediment depths, while unique to each water-
shed, affects how the network handles a sediment pulse moving
through it. Many of the reaches with high sediment depths tend to be
the same reacheswhere storagewill occur during passage of a sediment
pulse, either because the transport capacity is low or the volume of
background inputs (due to the geometry of tributary inputs) is high.

4.2. Modeling scenarios 3 and 4: sediment pulse

Scenarios 3 and 4 investigate how sediment pulses evolve within a
network context. Results for scenario 3 are presented along a single
pathway through the network that initiates in Elm Creek, a tributary
to the Blue Earth River (Fig. 5a). The transport capacity (Eq. (7)) of the
channel along this pathway generally decreases downstream until it
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Fig. 5.Response of the Greater Blue Earth River Basin to a single sediment pulse input for scenario 3. (a)Map of the Greater Blue Earth River Basin showing the location of the single pulse input
(star) on Elm Creek and the pathway from that point to the outlet. The approximate extent of the knickzone is shown as a dashed line. (b) Normalized transport capacity and bed elevation
along the pathway from the input location to the outlet. Tributary junctions are noted for reference. Increase in bed elevation from baseline and progression of the “tagged” pulse (c) at four
locations through time and (d) along the pathway from the input location to the outlet at twelve instants in time. The numbers in (a) and (b) correspond to the four locations in (c).
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reaches a minimum roughly 90 km upstream from the outlet (Fig. 5b).
From this point to the outlet, the transport capacity generally increases
as the channel steepens within the knickzone.

Along this pathway, bed elevation is tracked, both in terms of the
increase above baseline conditions and the sediment pulse parcels
themselves. At four different locations, the increase in bed elevation
from baseline and the location of the “tagged” pulse through time
shows that the input sediment moved on the leading edge of the bed
elevation “wave” (Fig. 5c). There is an extra increase in bed elevation
in some reaches beyond that directly produced by the input pulse.
This occurs because once a large volume of sediment enters a given
reach, it “freezes” the transport of the background sediment moving
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through that reach while the pulse overrides this material now in
storage. Once the pulse has left the reach the background supply
continues to add sediment to the reach, so the reach now has to move
the background supply in addition to the sediment emerging from stor-
age. This effect greatly enhances the impact of a single large sediment
pulse on bed elevation.

When the evolution of the single large sediment pulse is viewed
spatially, there is a mixture of pulse translation and dispersion
(Fig. 5d). Where the transport capacity is gradually decreasing
downstream (from 160 to 100 km upstream from the basin outlet),
the pulse largely translates with slight dispersion; the increase in
bed elevation is coincident with the “tagged” pulse. Once the pulse
reaches the minimum transport capacity along the pathway (around
90 km upstream from the basin outlet), the pulse largely disperses in
place because of this local “bottleneck” in the system. It is at this
point that the increase in bed elevation and the “tagged” pulse
decouple as the pulse sediment moves downstream while bed
elevations in the low capacity reach are still responding to the legacy
of the increased supply. This particular pattern arises in part due to
the sediment accounting and the use of transient in-channel vs. long-
term (floodplain) storage.

Once a reach exceeds transport capacity the additional time delay
due to storage effects can create a considerable difference in the
timing of the pulse sediment compared to the travel time due to
at-capacity transport. For instance, the initial pulse was 4× the trans-
port capacity of the reach to which it was emplaced. This reach had an
at-capacity transport time of about 2 years, but due to the pulse, the
travel time increased by a factor of 4 through this reach to about
8 years (time to arrive at link i = 1, Fig. 5c). Farther downstream the
at-capacity transport time to arrive at link i = 4 was about 22 years,
however, it took roughly twice that time for the maximum effect of
the pulse to occur. The additional storage delay generally became
longer for reaches in close proximity to the input location and decreased
farther downstream. This effect is controlled by the volume of the
pulse relative to the transport capacity, which was highest at the
source, and also due to the increase in the absolute capacity from an
increase in channel width, particularly once Elm Creek entered the
Blue Earth River.

Scenario 4 shows how the river network responds when the entire
network is subjected to a pulse such that twice the capacity of each
link is added on top of the background rate (Fig. 6). For each link in
the network, the fraction of time spent above capacity during the
500 year period following the pulse input generally shows the same
“hotspot” locations as identified from bed sediment depths, with a few
distinct differences (see Figs. 4 and 6a). There is a band of major river
reaches with a relatively larger time spent above capacity just upstream
of the knickzone. These locations become bed-material “bottlenecks”
where transport capacity along a given river is at its lowest just before
having an increased capacity downstream in the knickzone. Reaches
just upstream of the knickzonemay bemost susceptible to aggradation
and potentially accelerated channel migration (such as suggested by
Czuba and Foufoula-Georgiou (2015)), due to a large increase in
upstream bed material sediment supply. In addition, reaches within
the knickzone spend less time above capacity, even though earlier
runs (Fig. 4) indicate that these areas have a lot of bed-material load
entering. Once storage is incorporated into themodel, the “bottlenecks”
upstream of the knickzone, coupled with the increasing transport ca-
pacity through the knickzonemean that these reaches in the knickzone
are readily able to transport any sediment released from reaches direct-
ly upstream. This emphasizes the importance of the spatial pattern of
relative transport capacity in the network.

Due to the larger total volume and spatially-distributed nature of the
pulse for scenario 4, the time scales of sediment persistence in the
system are much longer than for the single isolated pulse of scenario
3. As a way to show a two-dimensional network on a one-dimensional
space, a network width function was calculated (Fig. 6d), which
describes the fraction of links a given distance from the basin outlet
(where distances are taken along the network; for more information
see Czuba and Foufoula-Georgiou, 2014, 2015). An extension of this
concept involves creating a network width function of the “tagged”
pulse (Fig. 6e), which shows where the dispersed sediment pulse is lo-
cated with respect to distance from the basin outlet. The correspon-
dence between the network width function of the “tagged” pulse
(Fig. 6e) and the locations of the “tagged” pulse on the network itself
is shown at 105 and 150 years (Fig. 6b and c, respectively). Within the
knickzone (for locations roughly b50 km from the basin outlet), the
excess sediment is quickly flushed through these reaches within about
10 years (Fig. 6e). The locations where the sediment pulse persists the
longest are generally the same “hotspots” identified previously (Fig. 6c
and e). In this scenario the “tagged” pulse persists in the network for
well over 100 years after its injection, whereas the increase in bed
elevation (not shown) persists for much longer.

4.3. Role of network structure on sediment connectivity

The scenarios reviewed above illustrate the importance of network
structure, including both network geometry and the spatial pattern of
transport capacity, on pulse behavior. In the absence of storage, sedi-
ment in the GBER model would tend to translate downstream as seen
in Fig. 5d from 100 to 160 km upstream. Incorporating storage into
the system had the effect of dispersing the pulse in reaches where
sediment inputs exceeded the transport capacity of an individual link.
The spatial structure of the GBER network created sediment “bottle-
necks” just upstream of the knickzone. These low-capacity reaches
then feed a reduced load downstream, where increased slope readily
moves sediment down to the mouth of the river. These low-capacity
reaches can have considerable control of the sediment signal at the
outlet.

The effect of low-capacity reaches differs based on the volume of
sediment moving through the system. If all reaches are under-
capacity, even with a sediment pulse, then dispersion associated with
storage effects will be minimal. As either the pulse volume or the
background bed material load increases, however, more reaches will
hit capacity, sediment will move into storage, and the pulse itself will
begin to disperse. Although this model only included in-channel
storage, floodplain storage would tend to have an even greater effect
on delaying release of sediment downstream, lengthening the time
required for the sediment pulse to move through the network, as seen
in field cases with legacy sediments (James, 1989, 1991, 2010; Lisle,
2008).

There are twomain elements that dictatewhether or not a reachwill
be over-capacity: the capacity of the reach itself and the influx of sedi-
ment to that reach. Sediment inputs arriving in unison at tributary junc-
tions can overwhelm the transport capacity of a reach, inducing local
storage. The maps in Fig. 4 showwhere sediment amasses due to tribu-
tary interactions synchronizing sediment inputs. In the absence of stor-
age, sediment collecting in these reaches can move downstream as a
larger wave. Other studies have found that widely-dispersed sediment
pulses translating downstream can produce or maintain sediment
waves at the mouth when sediment inputs synchronize at tributary
junctions (Jacobson, 1995; Jacobson and Gran, 1999; Benda et al.,
2004a; Czuba and Foufoula-Georgiou, 2014, 2015). With storage,
however, low-capacity reaches lead to the “bottlenecks” seen in scenar-
ios 3 and 4, and ultimately dispersion of the sediment pulse. Thus, the
integrity of the sediment pulse is a function of the total load moving
through a network, how close to capacity individual reaches are, and
the likelihood that the extra sediment associated with the pulse will
go into transient or long-term storage.

Overlain on the pulse modifications associated with network
structure are the reach-scale processes reviewed earlier that would
tend to translate or disperse a sediment pulse. Results from field and
flume have shown that most sediment pulses tend to disperse. Over



Fig. 6.Response of the Greater Blue Earth River Basin to a distributed sediment pulse input for scenario 4. (a)Map of theGreater Blue Earth River Basin showing the fraction of time a given
link was above capacity for a period of 500 years after pulse input. The color breaks are at the 0.99, 0.95, 0.90, and 0.75 quantile. The approximate extent of the knickzone is shown as a
dashed line. Map of the fraction of the “tagged” pulse throughout the network at (b) 105 years and (c) 150 years. (d) Network width function describing the fraction of links a given dis-
tance from the basin outlet. The width function maps a two-dimensional network onto a one-dimensional space (for more information see Czuba and Foufoula-Georgiou, 2014, 2015).
(e) Network width function of the “tagged” pulse at various times showing where the dispersed sediment pulse is located with respect to distance from the basin outlet. The knickpoint
is located approximately 45–65 km upstream from the outlet.
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time, studies have constrained the conditions under which significant
components of translation are observed: low Froude number flows,
fine sediment overlying a coarse bed, and small inputs of sediment
with only minor or no effect on the flow field. The network-routing
model developed in the GBER does allow for significant translation, in
part because the sediment is sand-sized, moving over a coarse
bed, with little storage in the knickzone. Channels where this is not
the case would likely show greater dispersion outside of the low-
capacity reaches. In this case, the dispersive effects of storage would
enhance this behavior, and the ability of sediment to synchronize at
tributary junctions would remain the main driver for maintaining
pulse integrity.
5. Concluding remarks

• Research to date has shown that most sediment pulses, particularly in
gravel-bed rivers, tend to disperse more than translate at a reach-
scale. Fine-grained pulses travelling over a coarse-grained bed, with
low Froude numberflows and small volumes tend to have the greatest
components of translation at a reach-scale (Lisle et al., 1997, 2001;
Sutherland et al., 2002; Cui and Parker, 2005; Cui et al., 2005; Lisle,
2008; Sklar et al., 2009; Venditti et al., 2010a; Humphries et al., 2012).

• Network structure must be taken into consideration at the watershed
scale to evaluate how a sediment pulse evolves downstream. Depend-
ing on the network geometry, tributary junctions can lead to

Image of Fig. 6
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synchronization of pulses, causing wave-like pulses to develop and
move downstream. Thus, spatially-distributed perturbations can
lead to the development of sediment waves through network interac-
tions (Jacobson, 1995; Jacobson and Gran, 1999; Benda and Dunne,
1997a; Benda et al., 2004a, 2004b; Czuba and Foufoula-Georgiou,
2014).

• The modeling work here shows the importance of both network ge-
ometry and the spatial pattern of relative transport capacity on main-
taining sediment pulse integrity in a network. Sediment is more likely
to enter storage in reaches with low transport capacities relative to
upstream reaches. These sediment “bottlenecks” cause sediment
pulses that would otherwise translate downstream to disperse in
these zones. The sediment associated with the initial pulse can be-
come dissociated from the bed elevation wave.

• The effect of storage on pulse behavior is a function of both the size of
the pulse and the size of the background inputs entering a reach. If in-
puts are below capacity, leading to minimal or no pulse sediment
going into storage, then there will be minimal dispersion. For greater
pulse volume or greater background sediment loads, storage becomes
more important, enhancing dispersion.

• Model simulations in theGBER basin, specifically, found that areas just
upstream of the knickzone stayed above capacity longer than reaches
downstream while responding to a sediment pulse. These reaches
control the downstream movement of bed material load, dispersing
the pulse and releasing lower volumes of sediment to downstream
reaches where they readily translated through the system. The pat-
tern of relative transport capacity on the network is thus a primary
control on sediment pulse behavior at a watershed scale.
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