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Abstract 

Increasing pressure to meet the food, water, and energy demands of our growing society 

in a changing climate has strained the physical, chemical, and biological functioning of 

watersheds to maintain ecosystem services, such as providing clean water, and to sustain 

a productive and diverse ecosystem. Confronted with multifaceted environmental issues, 

watershed managers could use a simple first-order approach for understanding how 

physical, chemical, and biological processes operate within a watershed to guide 

watershed-management decisions. This research advances a network-based modeling 

framework for guiding effective landscape management decisions towards sustainability 

focusing on understanding large-scale system functioning and predicting the emergence 

of vulnerabilities, “hotspots” of change, and unexpected system behavior. Based on a 

combination of mathematical theory, field-data analysis, and numerical simulations 

applied to the dynamics of bed-material sediment (i.e., the sediment composing the 

riverbed) on river networks, we (1) identify a resonant frequency of sediment supply 

from network topology and sediment-transport dynamics that could lead to an unexpected 

downstream amplification of sedimentological response in the Minnesota River Basin; 

(2) identify hotspots of likely sediment-driven fluvial geomorphic change where sediment 

has a tendency to persist and exacerbate channel migration on the Greater Blue Earth 

River Network; and (3) elucidate the hierarchical role of river-network structure on bed-

material sediment dynamics in propagating, altering, and amalgamating the emergent 

large temporal fluctuations and periodicities of bed-sediment thickness. By embedding 

small-scale bed-material sediment dynamics on a river network, this research shows that 

it is possible to gain a better understanding of the large-scale system functioning whereby 

management actions that target the identified critical times, places, and processes in the 

landscape will be most effective at improving water quality and the health of the aquatic 

ecosystem. 
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Notation 

ia    directly contributing area of link i  [L
2
] 

bA     bluff surface area projected onto a vertical plane [L
2
] 

iA    upstream drainage area of link i  [L
2
] 

rA    incised area of a ravine [L
2
] 

b     near-bed distance above the bed [L] 

1b  – 5b   coefficients of the sediment fall velocity relation of Dietrich [1982] as 

presented by Garcia [2006] 

iB     channel width of link i  [L] 

c     suspended-sediment concentration averaged over turbulence at a 

distance z  above the bed [ML
3
] 

bc     near-bed suspended-sediment concentration averaged over turbulence 

[ML
3
] 

ifC ,    friction coefficient of link i  

jC    denotes cluster j  

iCPI    cluster persistence index of link i  [MLT] 

COV    coefficient of variation 

d    index of the link directly downstream of link i  

dCOV   deviation of the COV from that predicted for a Poisson distribution 

lkd ,
   inter-parcel distance between parcel kp  and the nearest downstream 

parcel lp  [L] 

*d    inter-parcel distance threshold for defining a cluster [L] 
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Chapter 1 

Introduction 

One of the grand challenges of this century is how to sustain our society, as global 

populations swell from 7 billion today to an estimated 9 billion by 2050, and our 

environment, to meet growing demands for water, food, and energy. We as a society have 

grappled with this challenge, through an intensification and expansion of agriculture 

[Lark et al., 2015], but at the expense of degraded water quality in many streams and 

rivers and associated decline in diversity and number of aquatic species [Carlisle et al., 

2013]. Confronted with multifaceted environmental issues, watershed managers could 

use a simple first-order approach for understanding how physical, chemical, and 

biological processes operate within a watershed to guide watershed-management 

decisions. Further complicating the management options is the wide range of space and 

time scales involved in the cascade of changes and feedbacks among all the interacting 

processes in this complex human-natural system. 

 The main objective of this research is to advance a network-based modeling 

framework for guiding effective landscape management decisions towards sustainability 

focusing on understanding large-scale system functioning and predicting the emergence 

of vulnerabilities, “hotspots” of change, and unexpected system behavior. This research 

involved a combination of mathematical theory, field-data analysis, and numerical 

simulations with specific objectives of: (1) identifying synchronizations and 

amplifications of sediment delivery in river basins, (2) identifying hotspots of fluvial 

geomorphic change, and (3) elucidating the hierarchical role of river-network structure on 

bed-material sediment dynamics (i.e., the sediment composing the riverbed). 
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 Landscapes are too complex to be modeled with fully distributed deterministic 

models that consider all the small-scale physics and interactions, due to large and 

unavoidable uncertainties associated with the myriad of relevant processes. Besides, 

changes in climate, land use, and water management impose non-stationary conditions 

and also nonlinearities in the system make it sensitive to small perturbations. Instead, the 

aim of the developed framework is to capture the most important interactions and 

amplifications by exploring the system connectivity and its transport pathways including 

residence times, threshold behavior, and physical transformations. This is accomplished 

by: (1) establishing the connectivity network of flow pathways from an underlying digital 

elevation model (DEM), (2) attributing those flow pathways with hydro-geomorphic 

attributes relevant to the process dynamics from field and remotely sensed data, (3) 

spatially and temporally distributing inputs of water, sediment, and/or nutrients, and (4) 

tracking these inputs from a Lagrangian perspective on the network via process-based 

time delays. 

 For this research, the 44,000 km
2
 Minnesota River Basin serves as a test bed for 

application of the developed framework. The Minnesota River Basin is impaired under 

the Clean Water Act for excessive sediment and nutrients as well as degraded aquatic life 

[Carlisle et al., 2013; MPCA, 2014]. These impairments are due to a unique combination 

of (1) a geologic legacy from glacial and post-glacial processes characterized by rapidly 

down-cutting rivers with tall bluffs vulnerable to river erosion [Gran et al., 2009, 2011b, 

2013; Belmont et al., 2011; Day et al., 2013], (2) climate change leading to an increase in 

short duration, large precipitation events [Angel and Huff, 1997; Groisman et al., 2004, 

2012; Michaels et al., 2004; Pryor et al., 2009], and (3) widespread changes in 

agricultural land and water management which has increased the volume and rate at 

which water is delivered to streams [Zhang and Schilling, 2006; Novotny and Stefan, 

2007; Dadaser-Celik and Stefan, 2009; Blann et al., 2009; Schottler et al., 2014; 

Foufoula-Georgiou et al., 2015]. Recent studies have clearly documented increased near-

channel sediment production [Belmont et al., 2011] and stream morphologic changes 

such as channel widening [Lenhart et al., 2013; Schottler et al., 2014]. At the same time, 

a decline in macroinvertebrates, sensitive fish species, and native mussels has also been 
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reported [Kirsch et al., 1985; Musser et al., 2009] and the decline in native mussels 

potentially linked to increased suspended-sediment concentrations [Hansen et al., 2016].  

 As such, the cascade of changes from water to sediment to river biology is dictated 

by the propagation of those quantities on the river network, the “skeleton” of the 

landscape. By embedding small-scale process dynamics on the connected network, 

specifically bed-material sediment dynamics on a river network, this research shows that 

it is possible to gain a better understanding of the large-scale system functioning whereby 

management actions that target the identified critical times, places, and processes in the 

landscape will be most effective at improving water quality and the health of the aquatic 

ecosystem.  

 In Chapter 2, we propose a simplified network-based predictive framework of 

environmental response in a basin, which incorporates network topology, channel 

characteristics, and transport-process dynamics to perform a non-linear process-based 

scaling of the river-network width function to a time-response function. We develop the 

process-scaling formulation for transport of mud, sand, and gravel, using simplifying 

assumptions including neglecting long-term storage, and apply the methodology to the 

Minnesota River Basin. We identify a robust bimodal distribution of the sedimentological 

response for sand of the basin which we attribute to specific source areas, and identify a 

resonant frequency of sediment supply where the disturbance of one area followed by the 

disturbance of another area after a certain period of time, may result in amplification of 

the effects of sediment inputs which would be otherwise difficult to predict. We perform 

a sensitivity analysis to test the robustness of the proposed formulation to model 

parameter uncertainty and use observations of suspended sediment at several stations in 

the basin to diagnose the model. 

 In Chapter 3, we put forward the hypothesis that places in the network predisposed 

(due to process dynamics and network topology) to accumulate excess sediment over a 

considerable river reach and over a considerable period of time reflect locations where a 

local imbalance in sediment flux may occur thereby highlighting a susceptibility to 

potential fluvial geomorphic change. We develop a dynamic connectivity framework 

which uses the river network structure and a simplified Lagrangian transport model to 
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trace fluxes through the network and integrate emergent “clusters,” i.e., places of excess 

flux accumulation, through a cluster persistence index (CPI). The framework was applied 

to sand transport in the Greater Blue Earth River Network in the Minnesota River Basin. 

We show how this framework can be used to assess the persistence of mass within 

different reaches of a network and ultimately identify hotspots of fluvial geomorphic 

change associated with observed high rates of channel migration. This framework was 

then used to pinpoint the sources of sediment contributing to large clusters which can be 

useful information for management decisions. 

 In Chapter 4, we develop a network-based model of bed-material sediment and 

extensively describe its implementation in the Greater Blue Earth River Basin in southern 

Minnesota. This model combines spatially-explicit sediment sourcing with in-channel 

transport and storage dynamics within the network-based framework described in 

chapters 2 and 3. We analytically derive the quasi-steady-state, spatio-temporal 

characteristics of bed-sediment thickness from the mechanistic underpinnings of the 

model and the hierarchical structure of the river network – all without the need for 

numerical simulations. We then use the model to simulate the transport and storage of 

bed-material sediment over a 600-year time period and the spatio-temporal characteristics 

of bed-sediment thickness. Furthermore, we use the model to isolate the influence of 

river-network structure on bed-material sediment dynamics in propagating, altering, and 

amalgamating the emergent, large temporal fluctuations and periodicities of bed-sediment 

thickness. 

 In Chapter 5, we close with concluding remarks and perspectives on future 

research. 
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Chapter 2 

A Network-Based Framework for 

Identifying Potential Synchronizations 

and Amplifications of Sediment Delivery 

in River Basins 

Long-term prediction of environmental response to natural and anthropogenic 

disturbances in a basin becomes highly uncertain using physically-based distributed 

models, particularly when transport time scales range from tens to thousands of years, 

such as for sediment. Yet, such predictions are needed as changes in one part of a basin 

now might adversely affect other parts of the basin in years to come. In this chapter we 

propose a simplified network-based predictive framework of sedimentological response 

in a basin, which incorporates network topology, channel characteristics, and transport-

process dynamics to perform a non-linear process-based scaling of the river-network 

width function to a time-response function. We develop the process-scaling formulation 

for transport of mud, sand, and gravel, using simplifying assumptions including 

neglecting long-term storage, and apply the methodology to the Minnesota River Basin. 

We identify a robust bimodal distribution of the sedimentological response for sand of 

the basin which we attribute to specific source areas, and identify a resonant frequency of 

sediment supply where the disturbance of one area followed by the disturbance of another 

area after a certain period of time, may result in amplification of the effects of sediment 
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inputs which would be otherwise difficult to predict. We perform a sensitivity analysis to 

test the robustness of the proposed formulation to model parameter uncertainty and use 

observations of suspended sediment at several stations in the basin to diagnose the model. 

The proposed framework has identified an important vulnerability of the Minnesota River 

Basin to spatial and temporal structuring of sediment delivery. 

2.1 Introduction 

For long-term prediction of the environmental response of a basin to natural and 

anthropogenic disturbances, physically-based distributed models are of limited use as 

they need many input parameters which are hard to specify and predictions become 

increasingly uncertain as the prediction horizon increases. For example, the transport 

time scale for mud (silt and clay) can be of the order of hours to days (storm-event 

response), while for sand and gravel can be of the order of tens to thousands of years, 

depending on climate and basin characteristics. When predicting such long-term 

response, the specific magnitude of the predicted flux might not be very accurate but the 

timing of the maximum flux, and also the identification of areas of the basin contributing 

to that maximum flux are important for long-term planning and for assessing how 

human-changes on a naturally evolving landscape might inadvertently affect downstream 

changes in many years to come. 

 Landscapes contain networks of dynamically connected paths (fluvial, hillslope, 

subsurface, etc.) that play an important role in structuring environmental fluxes and the 

overall basin response to a given input. An environmental response, defined as the time 

distribution of a quantity of interest (streamflow, sediment, nutrients, etc.) at the outlet of 

a basin due to a spatially distributed input, is structured by the network through time 

delays and transformations imposed by the physics of the environmental process 

operating on that network. Simplified approaches that take advantage of network 

topology, channel characteristics, and transport-process dynamics offer the possibility to 

identify hot spots or vulnerable areas/times of disturbance that can lead to 

synchronization and downstream amplification of the response.  
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 Inspired by the extensive linear systems theory approach to the hydrologic response 

[Sherman, 1932; Nash, 1957; Dooge, 1973; Kirkby, 1976; Rodriguez-Iturbe and Valdes, 

1979; Gupta et al., 1980; Troutman and Karlinger, 1985; Gupta et al., 1986; Mesa and 

Mifflin, 1986; Gupta and Mesa, 1988; Maidment et al., 1996; Muzik, 1996; Rinaldo et al., 

2006a, 2006b; Botter et al., 2010] and its extension to the sedimentological response for 

mud at the storm-event time scale [Johnson, 1943; Williams, 1978; Kumar and Rastogi, 

1987; Sharma et al., 1992; Raghuwanshi et al., 1994; Gracia-Sanchez, 1996; Lee and 

Singh, 1999; Kalin et al., 2004a, 2004b; Singh et al., 2008; Bhunya et al., 2010; Lee and 

Yang, 2010], we propose here a conceptual framework for computing the 

“sedimentological response function” of a basin focusing specifically on the transport of 

mud, sand, and gravel. The sedimentological response function is defined as the time 

distribution of the sediment quantity delivered to the outlet of a basin in response to an 

instantaneous unit input of sediment uniformly distributed over the basin. This response 

function is computed by performing a non-linear process-based scaling of the network 

width function (the probability distribution of distances to the outlet) into a time response 

function. The framework incorporates not only the network topology, but also (via 

process-based scaling) specific attributes of the three-dimensional structure of the 

landscape, stream morphology, and hydrodynamics that contribute to sediment 

production and transport, such as slope, depth, and width of the river at any location, 

shear stress of the bed, relevant magnitude/frequency of flow, etc. Using scaling 

functions (such as hydraulic geometry) the proposed framework can be considerably 

simplified and reduced down to a few parameters that can convert the network width 

function to a process-scaled response function. 

 In this chapter we present the proposed framework for transport of mud, sand, and 

gravel and demonstrate it in a specific high sediment production regime in the Minnesota 

River Basin. This basin was selected as a prototype because excessive sediment impairs 

river water quality and biotic functioning, and the management of current and future 

actions on the landscape requires unraveling the temporal and spatial effects of these 

actions, as well as understanding how the environment continues to respond to past 

actions and disturbances. 
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2.2 Conceptual Framework of Environmental Response 

The proposed connectivity-based conceptual framework of environmental response relies 

on performing a physically-based scaling of the distances (link lengths) along the 

network by characteristic velocities of the flux transported on the network to obtain the 

“environmental response function” for the flux of interest. The environmental response 

function provides significant insight into the “workings of the system” (in terms of both 

its structural components and dynamics) and provides a building block for computing the 

flux at the outlet of the basin in response to any temporally variable input in the basin, 

under of course, the proportionality and superposition assumptions of linear system 

theory. The theoretical basis of the proposed framework rests on the link between 

Lagrangian and Eulerian transport formalisms by which one can establish the relation 

between the evolution in time and space of the trajectories of an ensemble of particles 

injected over a set of points at an initial time and transported over all possible trajectories 

in the network, to the first passage (or travel time) distribution at a fixed control section, 

here at the outlet of the basin [e.g., Rodriguez-Iturbe and Rinaldo, 1997].  

 Let the river network be defined by a set of hierarchically connected links i , where 

a link is defined as the segment of the network between a source and a junction (a source 

link), two successive junctions, or a junction and the basin outlet. Junctions are the points 

at which two links join, sources are the points farthest upstream in the network, and the 

outlet is the point farthest downstream in the network. Each link i  is assigned a 

geomorphic fluvial state 
if ,  which may include geomorphologic and hydraulic attributes 

of the link, i.e., 
 
x f ,i i ,ai ,Ai ,Si ,Qw,i ,H i ,Bi ,...( ), where the geomorphologic attributes may 

include the link length i  [L], directly contributing area ia  [L
2
], upstream drainage area 

iA  [L
2
], and link slope iS , and the hydraulic attributes may include the streamflow 

iwQ ,
 

[L
3
T

-1
], cross-section average depth iH  [L], average width iB  [L], etc. (Figure 2.1a). 

While not indicated explicitly, attributes of the geomorphic state x f ,i  may also be a 

function of time to capture possible time-varying properties of the system. 
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 Let now i  
denote the pathway (set of links) that a particle initiating at link i  will 

follow along the river network to reach the outlet. The properties of this pathway are 

defined by the hierarchical (directed) collection of the geomorphic fluvial states of the 

links composing i ,
 
i.e., xi,...,xW{ } 

from the geomorphic state i  through the network to 

the outlet (i.e.,   ...i ). It is noted that, in general, a landscape can be seen as a set 

of connected paths, which in addition to fluvial paths might include hillslope, subsurface, 

floodplain, pond/wetland, pipe, etc. paths which can also be incorporated in the above 

framework if their properties are known. In what follows we restrict ourselves to fluvial 

paths only. 

 A particle introduced into link i  has a pathway distance iL  [L] from that point to 

the outlet given by 





i

iL


 ,      (2.1) 

which is the sum of link lengths along pathway i . The width function (WF) )(xW  is 

defined as the number of links in the network (typically normalized by the total number 

of links) which are found at a discretized pathway distance x  [L] from the outlet 

measured along the network (Figure 2.1b). Thus, in the limit of a large number of 

pathways, the WF is the probability distribution of pathway distances to the outlet of the 

basin. The directed network of link lengths i  [L] may be transformed to a directed 

network of travel times ipt ,  [T] based on a process operating on the network, say through 

a process-specific velocity ipu ,  [LT
-1

] of the transported environmental flux. The travel 

time ipt ,  is the time it takes a particle to move through (or the time during which a 

particle is in) geomorphic state i  and is given by  

 

t p,i =
i

up,i
.       (2.2) 

Note that ipt ,  
must include both the time when the particle is actually moving and the 

time when it is not being transported, i.e., it stays in storage within link i . When long-
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term storage is present, then ipu ,  
represents a virtual velocity whose physical meaning 

has to be interpreted with caution. Here, as detailed in section 2.3, long-term storage 

effects are ignored and only short-term storage (due to the intermittency of flood events 

capable of transporting sediment) is incorporated via an intermittency factor formalism 

(explained in more detail in section 2.4.4). Considering this length-to-time conversion, a 

particle introduced into link i  has a pathway travel time 
ipT ,
 [T] to the outlet given by  





i

pip tT


,, ,      (2.3) 

which is the sum of travel times along pathway i . Thus, when such transport dynamics 

are introduced on the river network, each pathway distance to the outlet is scaled to a 

travel time to the outlet. This allows one to compute the probability that a particle found 

at the outlet at time t  [T] was in position x  (and thus within an upstream link at distance 

x  from the outlet) at time t  = 0. This distribution produces a process-scaled width 

function (PSWF) )(tWp  defined as the number of links in the network (normalized by the 

total number of links) that contribute to the outlet at time t  (Figure 2.1c). This PSWF is 

also the probability distribution of pathway travel times of particles (introduced 

instantaneously and uniformly in all links in the network) to the outlet of the basin, and as 

such relates to the geomorphologic instantaneous unit response function (GIURF) of the 

basin. It is understood that the contributions of different areas of the basin to the WF may 

be considerably redistributed in the PSWF based on the characteristics of the process of 

interest (Figure 2.1); e.g., particles injected at two points which are at the same distance 

to the outlet might arrive at the outlet at significantly different times depending on the 

transport properties of their pathways (slopes, channel hydraulic properties, bed friction, 

etc.). Obviously, if the process-specific velocity pu  is constant for all links, the PSWF 

(normalized by the maximum process-specific pathway travel time max,pT  [T]) and the 

WF (normalized by the maximum pathway distance maxL  [L]) coincide. In the next 

section, the PSWF (or GIURF) is formulated for mud, sand, and gravel transport in a 

river network.  
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2.3 Formulation of the Sedimentological Response Function 

Sediment in large and small quantities is intermittently and spatially non-uniformly 

supplied to river networks [Benda and Dunne, 1997a, 1997b; Reid et al., 2007a] across a 

broad range of sizes that include clay (< 4 µm), silt (4 – 62 µm), sand (0.062 – 2 mm), 

gravel (2 – 64 mm), and cobbles (6.4 – 25.6 cm) (following the sedimentological phi 

scale of Garcia [2008]). Once emplaced in the river, sediment is transported downstream 

by the next capable streamflow and transitions between various transient storage zones 

(e.g., channel bed, bars, floodplain) on its way to the outlet [Harvey, 2002; Malmon et al., 

2003; Reid et al., 2007b; Lauer and Parker, 2008; Fryirs, 2013; Pizzuto et al., 2014].  

 The connectivity-based conceptual framework of environmental response is applied 

to the process of sediment transport. Herein, equations for the characteristic velocity of 

sediment are developed for mud (within a particle-size range for clay and silt), sand, and 

gravel (a term used herein to collectively describe the particle-size range for gravel and 

cobbles) considering only the transport time (and not long-term storage time) through 

each geomorphic fluvial state 
if , . In many systems, storage is an important component 

in the transfer of sediment out of a basin and must be incorporated in sediment-transport 

formulations. In principle, there is no conceptual difficulty in incorporating storage in the 

sedimentological response function approach presented here, by specifying residence 

times and accounting for the transitions between the channel and transient storage zones 

(e.g., floodplains); however, lack of data for its characterization has prompted us to 

exclude it from the present analysis. The equations for the characteristic velocity for each 

class of sediment (developed under a set of clearly defined assumptions) are used to 

develop PSWFs, which represent the geomorphologic instantaneous unit 

sedimentographs (GIUS) for each class of sediment. It is noted that for any real system 

subject to temporally variable inputs, the observed response at the outlet can be realized 

by convolving partitioned and scaled versions of the GIUS that reflect the specific 

sediment supply conditions. Also, spatially variable inputs can be handled by computing 

the GIUS over smaller basins where sediment input can be comfortably considered 

spatially uniform.  
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2.3.1 Mud Response Function 

During transport by streamflow, turbulence is generally strong enough to carry mud (clay 

and silt) in continuous suspension. This leads to a uniform distribution of mud in the 

water column, a characteristic vertical length scale for mud transport as the flow depth, 

and a characteristic velocity of mud transport as that of the streamflow. 

 The characteristic velocity of mud transport (streamflow velocity) iwu ,  [LT
-1

] can 

be obtained in several ways, including through hydraulic equations and hydraulic 

geometry relations. However, hydraulic equations, such as Manning’s equation, require 

the specification of a channel roughness in addition to a characteristic streamflow 

throughout the network. The specified channel roughness should be verified against 

hydraulic measurements to ensure the simulated hydraulics is reasonable and not driving 

the flow towards supercritical on moderate slopes. Hydraulic geometry relations specify 

hydraulic variables based on a characteristic streamflow or drainage area alone, and these 

relations can be readily determined from gage data within the basin. Using hydraulic 

geometry, the characteristic velocity of mud transport (streamflow) scales as 

Awu

w iAuiw Au


,
       (2.4) 

where iA  [L
2
] is the drainage area upstream of link i , and Auw

  and Auw
  are the 

coefficient and exponent, respectively, of the scaling relation. The parameters Auw
  and 

Auw
  can be determined directly from gage data within the basin or in the absence of 

these data, typical hydraulic geometry exponents can be used [Leopold and Maddock, 

1953; Leopold et al., 1964; Park, 1977]. The characteristic velocity scaling of equation 

(2.4) leads to the travel time scaling as 

Awu

w

i

Au

i
iw At









,

.       (2.5) 

Summing the travel time along pathway i  gives the pathway travel time as 





i

wiw tT


,, ,       (2.6) 

which can be used to obtain the PSWF for mud transport (streamflow) )(tWw . 
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2.3.2 Sand Response Function 

Sand is transported by streamflow throughout the water column, with the highest 

concentrations near the bed. Turbulence acts to lift sand into suspension; the weight of 

particles cause it to fall back towards the bed. In the absence of sufficient turbulence to 

lift sand into suspension, sand is transported along the bed. The characteristic velocity of 

sand can be described as a bulk velocity of sand isu ,  [LT
-1

] and can be obtained by 

combining equations for the volumetric transport rate of sand, channel hydraulics, and 

sand transport.  

 The volumetric transport rate of sand isQ ,  [L
3
T

-1
] can be decomposed as 

iiiisis BHuQ )(,,  ,      (2.7) 

where iH  [L] is the channel depth, i  is a scale factor, and iB  [L] is the channel width of 

link i . The term ii H  defines a characteristic vertical length scale for sand transport 

where the majority of sand transport takes place (see section 2.4.5). The scale factor i  

will vary depending on the flow (turbulence): larger for higher flows when more sand is 

lifted into suspension and smaller for lower flows when sand primarily transports along 

the bed. 

 Streamflow exerts a stress on the sediment composing the bed, which can be 

estimated assuming uniform (normal) flow for the channel hydraulics as 

2

,,, iwifiiib uCSgH   ,      (2.8) 

where ib,  [ML
-1

T
-2

] is the bed shear stress, iS  is the channel slope, and ifC ,  is the 

friction coefficient of link i ,   is the density of water [ML
-3

], and g  is the acceleration 

due to gravity [LT
-2

]. Additionally, the volumetric transport rate of water iwQ ,  [L
3
T

-1
] 

through link i  is 

iiiwiw BHuQ ,,  .       (2.9) 

 The stress exerted on the bed sediment can be related to the transport rate of that 

sediment through the sand-transport formula of Engelund and Hansen [1967] for the total 
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sand load (neglecting the shear stress partition for bedforms) as 

  2/5

*,

,

*,

05.0
i

if

is
C

q  ,      (2.10) 

where isq *,  is the dimensionless volumetric transport rate of sand per unit width and i*,  

is the dimensionless bed shear stress in link i , 

iii

is

is
DgDR

q
q

,

*,  ,      (2.11) 

where isq ,  [L
2
T

-1
] is the volumetric transport rate of sand per unit width, iR  is the 

submerged specific gravity of sediment, and iD  [L] is the sediment grain size in link i , 

i

is

is
B

Q
q

,

,  ,        (2.12) 

and 

ii

ib

i
DgR




,

*,  .       (2.13) 

 The above equations relate streamflow to bed shear stress to sand transport rate to 

the characteristic velocity of sand transport. These equations combine and simplify to 

2/32/12

,22/1,

05.0
iiiw

iii

is SHu
DRg

u


 .     (2.14) 

As mentioned above, there are several ways of obtaining relations for flow velocity and 

depth. Again, hydraulic geometry relations are used to provide equations for flow 

velocity from equation (2.4) and depth as 

HA

iHAi AH
 ,       (2.15) 

where HA  and HA  are the coefficient and exponent, respectively, of the scaling relation. 

The parameters HA  and HA  can be determined directly from gage data within the basin 

or in the absence of these data, typical hydraulic geometry exponents can be used 

[Leopold and Maddock, 1953; Leopold et al., 1964; Park, 1977]. 

 Substituting the relations for the flow velocity (equation 2.4) and depth (equation 

2.15) into equation (2.14) provides an equation for the characteristic velocity of sand 
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transport in terms of variables that can be specified or easily extracted from a digital 

elevation model (DEM) as 

2/32/22/12

22/1,

05.0
iiHAAu

iii

is SA
DRg

u HAAwu

w







 .    (2.16) 

The characteristic velocity scaling of equation (2.16) leads to a travel time scaling of 

2/3)2/2(

2/12

22/1

,
05.0

' 
 iii

HAAu

iii
is SA

DRg
t HAAwu

w






 ,     (2.17) 

where ist ,'  is the travel time of sand in geomorphic fluvial state 
if , , and in this 

formulation a characteristic flow is implicitly tied to the scaling of hydraulic variables 

with drainage area. Therefore, ist ,'  represents the time it would take sand to move 

through geomorphic fluvial state 
if ,  if the flow implicit in the hydraulic scaling were 

held constant during this time.  

 However, streamflows capable of significantly transporting sediment occur for 

short periods intermittently throughout the year. As a simplification, rather than 

determining incremental travel times for sediment based on daily flows, a representative 

flow that transports sediment, such as bankfull flow, can be used to determine the channel 

hydraulics. Then a simulated time of continuous bankfull flow can be translated into real 

time by incorporating an intermittency factor sfI ,  [Paola et al., 1992; Parker, 2004] 

where 

issfis tIt ,,,'  .       (2.18) 

The intermittency factor denotes the fraction of time per year that continuous bankfull 

flow would yield the mean annual sand load (see section 2.4.4). In this way, time is 

scaled so that in one year, the mean annual sand load has been transported by continuous 

bankfull flow. It is important to note that the intermittency factor is specified with respect 

to the sand-transport process and not (directly) from the recurrence of the bankfull flow.  

 Introducing the intermittency factor of equation (2.18) into equation (2.17) leads to 

the travel time scaling of 
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2/3)2/2(

,

2/12

22/1

,
05.0


 iii

sfHAAu

iii
is SA

I

DRg
t HAAwu

w






 .    (2.19) 

Summing the travel time along pathway i  gives the pathway travel time 





i

sis tT


,, ,       (2.20) 

which can be used to obtain the PSWF for sand transport )(tWs . 

2.3.3 Gravel Response Function 

Gravel (gravel and cobbles) is much larger in size than sand and is therefore much harder 

to move. Thus, gravel is transported by streamflow along the bed of a river. The transport 

of gravel occurs in a layer of active transport that is typically a few particle diameters 

thick [Parker, 2008]. The development of the characteristic velocity of gravel igu ,  [LT
-1

] 

is similar to that for sand, but specific to gravel transport, which includes an appropriate 

characteristic vertical length scale and sediment transport relation for gravel transport. 

The equations for channel hydraulics for uniform (normal) flow remain the same. 

 The volumetric transport rate of gravel igQ ,  [L
3
T

-1
] can be decomposed as 

iiaigig BLuQ ,,,  ,       (2.21) 

where iaL ,  [L] is the active layer thickness of link i  and defines a characteristic vertical 

length scale for gravel transport. The stress exerted on the bed sediment can be related to 

the transport rate of that sediment through a gravel transport formula [e.g., Wong and 

Parker, 2006] of the form  

  g

icigigq


 ,**,*,  ,     (2.22) 

where igq *,  is the dimensionless volumetric transport rate of gravel per unit width and 

ic,*  is the critical dimensionless bed shear stress for the initiation of motion in link i , 

g and g  are the coefficient and exponent of the gravel transport formula, respectively, 

iii

ig

ig
DgDR

q
q

,

*,  ,      (2.23) 
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where igq ,  [L
2
T

-1
] is the volumetric transport rate of gravel per unit width and 

i

ig

ig
B

Q
q

,

,  .       (2.24) 

 The above equations relate streamflow to bed shear stress to gravel transport rate to 

the characteristic velocity of gravel transport. These equations combine and simplify to 

g

ic

ii

ii

ia

gii

ig
DR

SH

L

DgR
u
















 ,*

,

2/32/12/1

, .     (2.25) 

Substituting the scaling relation for flow depth (equation 2.15) into equation (2.25) 

provides an equation for the characteristic velocity of gravel transport in terms of 

variables that can be specified or easily extracted from a DEM as 

g
HA

ic

ii

iiHA

ia

gii

ig
DR

SA

L

DgR
u




















 ,*

,

2/32/12/1

, .     (2.26) 

 The characteristic velocity scaling of equation (2.26) leads to a travel time scaling 

of 

g
HA

ic

ii

iiHA
i

gii

ia

ig
DR

SA

DgR

L
t
























 ,*2/32/12/1

,

,'  ,    (2.27) 

where igt ,'  is the travel time of gravel in geomorphic fluvial state 
if , , and in this 

formulation a characteristic flow is implicitly tied to the scaling of hydraulic variables 

with drainage area. As for sand, bankfull flow is used to determine the scaling of the 

channel hydraulics. Therefore, a simulated time of continuous bankfull flow can be 

translated into real time by incorporating an intermittency factor gfI ,  [Paola et al., 1992; 

Parker, 2004] where 

iggfig tIt ,,,'  .       (2.28) 

The intermittency factor denotes the fraction of time per year that continuous bankfull 

flow would yield the mean annual gravel load. The intermittency factor for gravel 

transport is different from the intermittency factor for sand even though the streamflow 

driving the process may be the same. Introducing the intermittency factor of equation 

(2.28) into equation (2.27) leads to the travel time scaling of 



 

 18 

g
HA

ic

ii

iiHA
i

gfgii

ia

ig
DR

SA

IDgR

L
t
























 ,*

,

2/32/12/1

,

,  .    (2.29) 

Summing the travel time along pathway i  gives the pathway travel time 





i

gig tT


,, ,       (2.30) 

which can be used to obtain the PSWF for gravel transport )(tWg . 

2.3.4 Major Assumptions 

The GIUS is the sedimentological response of a basin to the generation of an 

instantaneous unit volume of sediment uniformly entering all links of the network; it 

explicitly incorporates the network topology, channel characteristics, and transport-

process dynamics. The PSWF for mud, sand, and gravel (developed herein) is the GIUS 

for each class of sediment under the following assumptions: 

1. Uniform (normal) flow. 

2. Wide rectangular channel; that is, the hydraulic radius is approximated by the 

average depth. 

3. The scaling of hydraulic characteristics (streamflow, velocity, depth, and width) 

from gages represents the hydraulics of the entire channel network. 

4. The bankfull flow is constant during the entire period of response. The 

sedimentological effect (for sand and gravel) from a simulated bankfull flow can be 

transformed into real time by an intermittency factor.  

5. Sediment-transport formulas (of the form of Engelund and Hansen [1967] for sand 

and Wong and Parker [2006] for gravel) represent the sediment-transport process. 

6. Total shear stress drives sediment transport. There is no partitioning of shear stress 

due to the potential presence of bedforms. 

7. The characteristic velocity of sediment can be obtained from the volumetric 

transport rate of sediment divided by a characteristic area (channel width iB  

multiplied by a characteristic vertical length scale, iH  for mud, ii H  for sand, and 
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iaL ,  for gravel). 

8. No storage or morphologic change occurs in the river network over time. That is, 

there is no erosion, deposition, or change in any channel characteristics over time; 

there is no feedback from sediment transport back to channel morphology. The 

sediment supplied does not overwhelm the transport capacity. 

9. No mechanism is present for dispersion of sediment other than geomorphologic 

dispersion due to the network topology. 

10. No attrition of sediment occurs within the river network. That is, the sediment 

supplied to the system retains its size through the system. Sediment does not abrade 

or break down into smaller particles as it is transported downstream. 

11. Delivery of sediment to the network is represented by an instantaneous unit input of 

sediment with grain size iD  supplied to the upstream end of links. 

12. Every point in the watershed drains to a singular, unique outlet point. No local 

depressions are allowed in the network; only geomorphic fluvial states. 

13. Sedimentological response is linear. Individual responses can be superimposed with 

each other. 

14. Sedimentological response is time invariant. The response is always the same 

irrespective of when it occurs. 

This chapter explores a formulation of the GIUS for mud, sand, and gravel and as a first 

step toward understanding basin-scale response of sediment, it makes several simplifying 

assumptions as discussed above. However, many of these assumptions can be relaxed 

within the proposed framework to provide a more realistic sedimentological response. 

2.4 Application to the Minnesota River Basin 

In applying this framework to the Minnesota River Basin, we first begin by describing 

the landscape setting (section 2.4.1) and the extraction of the river network from an 

underlying DEM to obtain link attributes (section 2.4.2). In further parameterizing the 

sedimentological response function, we describe the hydraulic geometry scaling (section 
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2.4.3), the intermittency factor for sand transport (section 2.4.4), and the characteristic 

vertical length scale for sand transport (section 2.4.5). Then we describe the formulation 

of travel times for the sedimentological response functions (section 2.4.6) and conclude 

this section with an estimate of the rate of total sand transport (section 2.4.7). 

2.4.1 Landscape Setting 

The Minnesota River accounts for 80-90% of the total sediment delivered to Lake Pepin, 

a naturally dammed lake on the Mississippi River about 80 km downstream of the mouth 

of the Minnesota River (Figure 2.2), from the combined basins of the Minnesota, St. 

Croix, and upper Mississippi Rivers, despite the fact that it accounts for only about one 

third of the total drainage area [Kelley and Nater, 2000]. The Minnesota River drains 

approximately 44,000 km
2
 in southern Minnesota and parts of South Dakota, Iowa, and 

North Dakota, and is tributary to the Mississippi River just south of Minneapolis-St. Paul, 

Minnesota (Figure 2.2). The landscape of the Minnesota River Basin has been sculpted 

by glaciers and geomorphic processes associated with their retreat, notably with the 

carving of the Minnesota River valley after glacial Lake Agassiz drained catastrophically 

through the proto-Minnesota River 13,400 years ago [Clayton and Moran, 1982]. The 

incision of the mainstem Minnesota River reduced the base level of its tributaries which 

created knickpoints, or sharp increases in channel gradient, at the mouths of tributaries. 

Over time the knickpoints have migrated upstream creating knickzones of rapidly 

incising channels, disconnected from their floodplains, with steep slopes that actively 

erode bluffs and ravines [Gran et al., 2009, 2011b; Belmont, 2011; Belmont et al., 2011]. 

Streams meander through low-gradient uplands above the knickzones, and are tributary to 

the low-gradient, meandering, mainstem Minnesota River downstream of the knickzones. 

 Around the time of European settlement in the mid-1800s, the Minnesota River 

Basin was dominated by tall-grass prairie and dotted with poorly drained wetlands 

[Marschner, 1974]. Beginning in the late 1800s, surface ditches were dug and subsurface 

drainage tiles were installed to drain wetlands and uplands for agriculture. As of 2007, 

agriculture accounted for around 90% of land-use in the basin [Musser et al., 2009]. 
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Wetlands that were once connected by subsurface flowpaths to the Minnesota River are 

now connected to the river by a vast network of drainage tiles and ditches, which has 

greatly changed the hydrologic connectivity of the basin and the rate at which water 

enters the river after rainfall. Late 19
th

 century and early 20
th

 century agricultural 

practices largely disturbed the landscape and increased sediment loads to the river 

network, initially by top-soil erosion. As soil-conservation practices improved and 

underground tile drainage expanded, sources of sediment shifted from upland fields to 

river banks and bluffs caused by increased streamflow due the combined effects of 

increased precipitation, crop conversions, and primarily amplified runoff from 

agricultural tile drainage [Belmont et al., 2011; Schottler et al., 2014]. 

2.4.2 Extraction of Network and Link Attributes its Spatial Heterogeneity 

A 30-m DEM was downloaded in tiles covering the entire Minnesota River Basin from 

the U.S. Geological Survey (USGS) National Map with a coordinate system in the North 

American Datum of 1983 (NAD83) in decimal degrees and North American Vertical 

Datum of 1988 (NAVD88) in meters [U.S. Geological Survey, 2012]. Using ArcGIS, the 

tiles were mosaicked and projected into the Universal Transverse Mercator zone 15N 

(UTM15N) coordinate system. A drainage network was extracted for the Minnesota 

River Basin using ArcHydro tools in ArcGIS and a threshold area of 10 km
2
. Although 

this threshold area is too large to extract all fluvial channels in the river network, the 

extracted network sufficiently captures the major fluvial channels and for simplicity, 

ignores the lowest order drainage ditches, whose initiation may not be based on a simple 

threshold area [Passalacqua et al., 2012]. This produced a network of links each with 

attributes: index of link i , index of upstream link, index of downstream link, link length 

i , directly contributing area ia , and upstream drainage area Ai. 

 The elevation at the upstream and downstream end of each link was extracted from 

the underlying DEM, differenced, and divided by link length (channel path length) to 

determine the slope iS  of each link (Figure 2.3). The elevations extracted from the DEM 

for the river network represent the water surface and not the riverbed. The slope of the 
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water surface is equivalent to the slope of the riverbed under uniform flow conditions 

which is likely approximate for most of the network. However, around tributaries where 

there is backwater, the uniform flow assumption is violated, the slope of water surface is 

less than the slope of the riverbed, and the slopes obtained from elevations extracted from 

the DEM likely underestimate the slope of the riverbed. To account for this, specifically 

in the lower mainstem Minnesota River, all slopes less than 0.0001 were set to this value. 

However, if the adjusted slopes are actually much less than this value, then the simulated 

transport time through these links will be much faster than the actual transport time. For 

the Minnesota River Basin, the highest slopes in the network occur in the knickzones of 

tributaries entering the mainstem Minnesota River and in the northwestern part of the 

basin; between these regions are low-gradient uplands (Figure 2.3). The heterogeneity of 

slopes within the basin leads to non-uniform transport velocities, supporting the need for 

a spatially-explicit analysis of process response. Finally, all attributes were exported from 

ArcGIS and imported into MatLab for computing the sedimentological response. 

2.4.3 Hydraulic Geometry Scaling 

Hydraulic geometry scaling was based on field measurements from 23 USGS 

streamflow-gaging stations in the Minnesota River Basin (see Figure 2.2 for gage 

locations, [U.S. Geological Survey, 2014]). A representative bankfull flow at each gage 

was determined from a frequency analysis of annual peak flows, where bankfull flow was 

chosen as the two-year recurrence interval peak flow ( 2Q  or two-year flow [L
3
T

-1
]) and 

determined as the daily streamflow that has a 50% chance of being exceeded in any year. 

Then the hydraulic characteristics (
iwu ,
 [LT

-1
], iH  [L], and iB  [L]) at the 2Q  at each 

gage were obtained by regressing the measured hydraulic characteristics made during 

USGS streamflow measurements against streamflow, and taking the values of the 

hydraulic characteristics at the 2Q  (figures not shown). Downstream hydraulic geometry 

relations were developed by regressing the 2Q  with each hydraulic characteristic obtained 

at each gage for all 23 gages in the basin (Figure 2.4a-c).  
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 The downstream hydraulic geometry relations for the Minnesota River Basin were 

obtained as: 

48.0

,2)34.5( ii QB  ,       (2.31) 

42.0

,2)321.0( ii QH  ,      (2.32) 

and 

10.0

,2, )583.0( iiw Qu  ,      (2.33) 

where 
iQ ,2
 is specified in m

3
/s, iB  in m, iH  in m, and 

iwu ,
 in m/s. Typical exponents for 

these relations are 0.50, 0.40, and 0.10 for the 
ii QB ,2~ , 

ii QH ,2~ , and 
iiw Qu ,2, ~  

scaling relations, respectively [Leopold and Maddock, 1953; Park, 1977], which are in 

close agreement with those of the Minnesota River Basin. It is noted that the velocity 

hydraulic geometry relation has a low coefficient of determination (R
2
 = 0.12; Figure 

2.4c), highlighting the spatial heterogeneity in this basin which calls for a spatially-

explicit analysis. Additionally, the 2Q  was found to scale with upstream drainage area, 

iA  [L], (Figure 2.4d) as 

70.0

,2 )54.1( ii AeQ  ,      (2.34) 

where iA  is specified in m
2
. Typically, this exponent is 0.75 and varies from 0.65 to 0.80 

for bankfull flow [Leopold et al., 1964], which is in close agreement with that of the 

Minnesota River Basin.  

 Combining the hydraulic geometry relations of equations (2.31-2.33) with equation 

(2.34) gives the scaling of hydraulic characteristics with upstream drainage area for the 

Minnesota River Basin as: 

34.0)024.0( ii AB  ,      (2.35) 

29.0)0029.0( ii AH  ,      (2.36) 

and 

07.0

, )20.0( iiw Au  ,      (2.37) 

where iA  is specified in m
2
, iB  in m, iH  in m, and 

iwu ,
 in m/s. 
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2.4.4 Intermittency Factor for Sand Transport 

The intermittency factor for sand transport for the Minnesota River Basin was calculated 

at USGS streamflow-gaging station 05325000, Minnesota River at Mankato, Minnesota 

(see Figure 2.2 for gage location) and assumed to apply to the entire basin. The approach 

for determining the intermittency factor (first introduced by Paola et al. [1992]) follows 

the approach outlined by Parker [2004]. 

 The volumetric transport rate of sand per unit width at the 2Q  (two-year [~bankfull] 

flow), bsq ,  [L
2
T

-1
], was computed using equations (2.8, 2.13, 2.10, and 2.11). Then the 

daily streamflow record at the Mankato gage was used to compute non-parametrically the 

 th
–percentile daily streamflow, q  [L

2
T

-1
], and its corresponding probability of 

occurrence, p . From q , the volumetric transport rate of sand per unit width in the  th
 

percentile, ,sq  [L
2
T

-1
], was then computed for all   percentiles using equations (2.8, 

2.13, 2.10, and 2.11). Next, the mean annual volumetric transport rate of sand per unit 

width, sq  [L
2
T

-1
], was computed as  




 ,ss qpq ,       (2.38) 

by summing the product  ,sqp  over all   percentiles. Finally, the intermittency factor 

for sand transport, sfI , , was computed as 

bs

s
sf

q

q
I

,

,  .        (2.39) 

For the Minnesota River at Mankato, the intermittency factor for sand was computed as 

sfI ,  = 0.175. This is the fraction of time per year that continuous 2Q  would yield the 

mean annual sand load. 

2.4.5 Selecting a Characteristic Vertical Length Scale for Sand Transport 

The characteristic vertical length scale for sand transport  ii H  is set by i  which 
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defines a fraction of the flow depth below which the “majority” of sand transport takes 

place. The “majority” can be defined quantitatively as capturing a certain percentage of 

the total sand load, which can be calculated as the product of the vertical distributions of 

suspended sediment and velocity. This analysis is specific to a single link i  and for 

simplicity the index i  has been dropped in this subsection.  

 The Rouse-Vanoni-Ippen suspended-sediment distribution [Garcia, 2008] is given 

by 

 
 

RZ

b bbH

zzH

c

c














/

/
,      (2.40) 

where c  [ML
3
] is the suspended-sediment concentration averaged over turbulence at a 

distance z  above the bed, bc  [ML
3
] is the near-bed suspended-sediment concentration 

averaged over turbulence, H  [L] is the flow depth, z  [L] is the distance above the bed, 

b  [L] is the near-bed distance above the bed, and RZ  is the dimensionless Rouse number 

given as 

*u
Z s

R



 ,       (2.41) 

where s  [LT
-1

] is the sediment fall velocity,   = 0.41 is the von Karman’s constant, and 

*u  [LT
-1

] is the shear velocity. Sediment fall velocity was computed from the empirical 

relation of Dietrich [1982] as 

           4

5

3

4

2

321 lnlnlnlnexp epepepepf RbRbRbRbbR 
,  (2.42) 

where 
fR  is a dimensionless fall velocity 

gRD
R s

f


 ,      (2.43) 

g  = 9.81 m·s
-2

 [LT
2
] is the acceleration due to gravity, R  = 1.65 is the submerged 

specific gravity of sediment, D  [L] is the sediment grain size, 
epR  is a dimensionless 

particle Reynolds number 



 D
R s

ep  ,      (2.44) 
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  = 1×10
-6

 m
2
·s

-1
[L

2
T] is the kinematic viscosity of water, and the coefficients are given 

as 1b  = 2.891394, 2b  = 0.95296, 3b  = 0.056835, 4b  = 0.002892, and 5b  = 0.000245 (as 

presented by Garcia [2006]). The shear velocity was calculated via the depth-slope 

product for the bed shear stress as 

gHSu * ,      (2.45) 

where S  is the channel slope. For convenience, equation (2.40) can be rearranged as 

RZ

b

Hb

Hz

c

c









































1
/

1

1
/

1

,      (2.46) 

which relates the relative concentration bcc /  to the relative depth Hz /  where Hb /  = 

0.05 [Vanoni, 1975].  

 The velocity distribution according to Keulegan [1938] is given by 













sk

z

u

u
30ln

1

* 
,      (2.47) 

where u  [LT
-1

] is the time-averaged flow velocity at a distance z  above the bed and 

Dk s 2  [L] is an effective roughness height [Garcia, 2008]. Rearranging, we can write 

equation (2.47) as 
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which relates the relative velocity */ uu  to the relative depth Hz / . 

 In multiplying equation (2.46) by equation (2.48) we can compute a vertical 

distribution of the relative suspended-sediment load and take the cumulative sum of this 

distribution from the bed. Then i  can be computed directly from the cumulative 

distribution of relative suspended-sediment load (normalized so the maximum of the 

cumulative distribution is equal to one) as the vertical location which captures a certain 

percentage of the suspended-sediment load. Note that only the relative distributions are 

necessary and not the actual distributions because we only need to know, in a relative 
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sense, how much sediment is transported at various points throughout the water column. 

 For the study basin at the two-year recurrence interval flow and where D  = 0.4 

mm, the value of i  = 0.1 captures 73% of the total sand load on average for all links of 

the network (standard deviation of 18%). Similarly, say we wanted i  to capture 80% of 

the total sand load, then on average i  = 0.15 (standard deviation of 0.1), or for 90%, 

then on average i  = 0.23 (standard deviation of 0.14). Herein we maintain i  = 0.1 for 

all links. 

2.4.6 Formulation of Travel Times 

In this section, parameters of the sedimentological response function for mud, sand, and 

gravel (developed in section 2.3) are specified based on characteristics of the Minnesota 

River Basin. 

2.4.6.1 Mud Response Function 

Hydraulic geometry scaling relations for the Minnesota River Basin were developed at an 

approximate bankfull flow chosen as the two-year recurrence interval peak flow 2Q  or 

two-year flow (section 2.4.3) from which estimates were obtained for the parameters 

Auw
  = 0.20, and Auw

  = 0.07 for the streamflow velocity scaling equation (2.4), and thus 

the characteristic velocity of mud transport, as 

07.0

, )20.0( iiw Au  ,      (2.49) 

where iA  is specified in m
2
 and 

iwu ,
 in m/s. 

 The characteristic velocity scaling of equation (2.49) leads to the travel time scaling 

of 

07.0

, 5  iiiw At  ,       (2.50) 

where 
i  is specified in meters and thus iwt ,  in seconds. Summing the travel time along 

each pathway i  gives the pathway travel time iwT , , which can be used to obtain the 
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PSWF for mud transport (streamflow) )(tWw . 

2.4.6.2 Sand Response Function 

The characteristic velocity of sand for the Minnesota River Basin was obtained by 

substituting the parameters g  = 9.81 m∙s
-2

, i  = 0.1 ( i ; see section 2.4.5), iR  = 1.65 

( i ), iD  = 0.0004 m ( i ; D50 size of sand from riverbed material within the Minnesota 

River Basin [U.S. Geological Survey, 2014]), Auw
  = 0.20, Auw

  = 0.07, HA  = 0.0029, 

and HA  = 0.29 (section 2.4.3; at 2Q  or two-year flow, where iA  is specified in m
2
, iH  

in m, and 
iwu ,
 in m/s) into equation (2.16), which reduces the characteristic velocity of 

sand to 

2/3285.0

, 32.0 iiis SAu  ,      (2.51) 

where isu ,  is specified in m/s. Substituting the intermittency factor sfI ,  = 0.175 (section 

2.4.4) into equation (2.19) and incorporating equation (2.51) leads to the travel time 

scaling of 

2/3285.0

, 18  iiiis SAt  ,      (2.52) 

where again 
i  is specified in meters and thus ist ,  in seconds. Summing the travel time 

along each pathway i  gives the pathway travel time isT , , which can be used to obtain 

the PSWF for sand transport )(tWs . 

2.4.6.3 Gravel Response Function 

The gravel transport equation contains a threshold for transport (see equation 2.22 and 

2.29); above the threshold, transport occurs and below the threshold no transport occurs. 

The flow is capable of transporting gravel when the dimensionless bed shear stress 

ii

ii

i
DR

SH
*,        (2.53) 
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exceeds the threshold value for initiation of motion ici ,**,   , where 0495.0,* ic  for 

the Wong and Parker [2006] gravel-transport formula. The proposed formulation for 

gravel response only exists if the transport threshold is exceeded everywhere in the basin 

(otherwise contributions from the basin can never be transported to the outlet). Therefore, 

the flow is capable of transporting gravel when, and the GIUS for gravel for the 

Minnesota River Basin only exists if, 

HA

i

HA

iiic

i A
DR

S








,*

      (2.54) 

for the 2Q . Considering the potential transport of sediment with a grain size of iD  = 0.01 

m ( i ; and the other parameters specified based on those given for the sand response 

function), the transport threshold is not exceeded everywhere in the basin for this 

formulation, and therefore, the gravel response function does not exist at the outlet of the 

basin at the 2Q . This suggests that this size gravel is not transported out of the Minnesota 

River Basin at or below the 2Q . For this reason, we do not go into further details about 

the gravel response and leave further investigations that consider spatially variable grain 

size, abrasion, and variable flow above the 2Q , for a future study. 

 However, mapping where the river system is capable of transporting gravel 

( 0,**,  ici  ) would provide insight into potential transport and deposition areas of the 

network. While this map is not shown, the areas where the river system is capable of 

transporting gravel are those with the steepest slopes (Figure 2.3) in the knickzones of 

tributaries entering the mainstem Minnesota River and in the northwestern part of the 

basin. Gravel supplied to channels capable of transporting this material will eventually be 

transported downstream (and abrade or break down into smaller particles) until it reaches 

a channel that is not capable of transporting this material. These downstream channels are 

potential deposition reaches for gravel as any gravel supplied to it would accumulate at 

this location. Additionally, channels capable of transporting gravel are those with the 

greatest capacity for erosion and these channels may indicate potential sediment sources 

where the river is capable of recruiting bank material into the channel. 
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2.4.7 Best Estimate of the Rate of Total Sand Transport 

Estimates of the rate of total sand transport were obtained from suspended-sediment 

measurements at 18 USGS streamflow-gaging stations in the Minnesota River Basin (see 

Figure 2.2 for gage locations) as follows. At each gage, suspended-sediment 

concentration and sand fraction, if not a full grain-size distribution, was measured along 

with streamflow at different instants of time and flows [U.S. Geological Survey, 2014]. 

Suspended-sediment concentration and sand fraction at the two-year recurrence interval 

peak flow ( 2Q ) was estimated from the measurements at each gage. For the majority of 

sites, approximately 30% of the measured suspended sediment was sand at the 2Q . The 

rate of suspended-sand transport at the 2Q  was computed by multiplying the suspended-

sediment concentration by the sand fraction and the 2Q  streamflow. The rate of total sand 

transport at the 2Q  was then computed following the method of Shah-Fairbank et al. 

[2011] (and using the method of Guo and Julien [2004] to compute the Einstein integrals) 

from the rate of suspended-sand transport at the 2Q , bed shear stress (estimated from 2Q  

and channel dimensions), suspended-sediment fall velocity (estimated using the equation 

of Ferguson and Church [2004] and measured D50 sand size in suspension, ~0.15 mm 

[U.S. Geological Survey, 2014]), and D65 of bed material (from bed-material 

measurements at gages, ~1 mm [U.S. Geological Survey, 2014]). In the end, this method 

generally estimated the rate of total sand transport at the 2Q  equal to approximately 

120% of the measured rate of suspended-sand transport at the 2Q , and represents the best 

estimate of the observed rate of total sand transport (including both suspended and 

bedload transport) at the 2Q  from suspended-sediment measurements at gages. 
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2.5 GIUS of the Minnesota River Basin 

The proposed formulation of the GIUS describes how sediment with grain size iD  

instantaneously released and uniformly distributed over the basin would propagate 

(below transport capacity) through the river system to the basin outlet. We repeat that the 

present formulation only considers storage (time delays) for sediment on the bed or on 

bars that are readily mobilized by the next capable flow. Long-term storage of sediment 

due to floodplain deposition or meander migration over a bar that is re-entrained when 

the river sweeps back across the floodplain is not considered at present. Thus the 

proposed GIUS provides a lower bound on the fastest timescale for sediment to transport 

from different parts of the basin to the outlet. This is in contrast to the prodigious 

research on sediment pulses in rivers, where an emplaced pulse of sediment exceeds 

transport capacity and largely disperses in place [Lisle et al., 1997, 2001; Cui et al., 

2003a, 2003b; Cui and Parker, 2005; Lisle, 2008; Sklar et al., 2009]. 

 This section includes a description of the GIUS of the Minnesota River Basin, an 

evaluation of its robustness to model parameter uncertainty, and a diagnostics/validation 

analysis of the GIUS for sand using suspended-sediment data. 

2.5.1 Description of the GIUS 

The pathway distance from each link to the outlet was grouped into 7 bins to show the 

correspondence between the river network of the Minnesota River Basin and its WF 

(Figure 2.5a-b). The first two contributions to the WF (corresponding to areas at 

distances 0-100 and 101-200 km from the outlet in Figure 2.5a-b) are small which is 

reflected in the narrow width of the Minnesota River Basin near the outlet. The two peaks 

of the WF (corresponding to areas at distances 301-400 and 501-600 km from the outlet 

in Figure 2.5a-b) reflect the widest regions of the Minnesota River Basin and result from 

the structure of the network, where many links are within these distances from the outlet. 

 The WF generated using 100 bins maintains the large-scale structure of the 7-bin 

WF but now conveys smaller-scale information on the network structure (Figure 2.5c). 
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Three distinct regions of the WF emerge: a narrow region (between normalized distance 

0 and 0.3), a central region (between normalized distance 0.3 and 0.7), and a distant 

region (between normalized distance 0.7 and 1) (Figure 2.5c). Each region reflects 

contributions from different areas of the Minnesota River Basin. The PSWF or GIUS can 

be thought of as a WF generated from a network of pathway travel times rather than from 

a network of pathway distances. In this way, scaling link lengths by a characteristic 

velocity transforms the pathway-distance network non-uniformly into a pathway travel-

time network. 

 The GIUS for mud (streamflow) (Figure 2.5d) is similar in shape to the WF 

because the characteristic velocity for mud transport (streamflow velocity) weakly 

increases with drainage area (to the 0.07 power; equation 2.49). If the characteristic 

velocity for mud transport was a constant throughout the basin, then the GIUS would be a 

linearly scaled version of the width function. However, because the characteristic 

velocity increases downstream, the pathway travel-time network is similar to the 

pathway-distance network except for proportionally longer upstream links and shorter 

downstream links. The non-linear scaling increases the delay of contributions from 

upstream links and decreases the delay from downstream links compared to the WF. The 

scaling of the GIUS for mud spreads out the link contributions which slightly reduces the 

peaks of the GIUS for mud compared to the WF. 

 The GIUS for sand (Figure 2.5e) is significantly different from the WF with peaks 

concentrated at a normalized distance of 0.3 and 0.7. Substituting the scaling relation for 

the channel slope, obtained from the 30-m DEM as 

31.0)30.0(  ii AS ,      (2.55) 

into equation (2.51), simplifies the characteristic velocity for sand transport as a constant 

times the drainage area to the -0.18 power, 

18.0

, 05.0  iis Au .       (2.56) 

Therefore, the characteristic velocity generally decreases downstream resulting in a 

pathway travel-time network with proportionally shorter upstream links (decreased delay 

of contributions) and longer downstream links (increased delay of contributions) 
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compared to the pathway-distance network. Contributions from upstream links more 

quickly enter downstream links, which concentrate the contributions from upstream links 

and increase the peaks of the GIUS for sand compared to the WF. The structure of the 

sand response truly arises from the network topology, channel slopes, and sand-transport 

formulation. 

2.5.2 Robustness and Validation of the GIUS for Sand 

The timing of the GIUS for sand is highly sensitive to three parameters ( iD , i , and sfI , ) 

which appear as linear multipliers in equation (2.19) and therefore uniformly shift the 

timing of the overall response, without however affecting the shape of the response. The 

GIUS for sand has been computed using the D50 sand size of iD  = 0.4 mm from riverbed 

material within the Minnesota River Basin (Figure 2.5e, U.S. Geological Survey [2013]). 

If instead the sand has a different median size, e.g., iD  = 0.3 or 0.5 mm, the timing of the 

response function changes such that, rather than obtaining peaks at 90 and 265 years ( iD  

= 0.4 mm), the peaks would occur at 70 and 200 years ( iD  = 0.3 mm) or 115 and 330 

years ( iD  = 0.5 mm). Thus, there is an uncertainty in the timing of the peaks of the GIUS 

due to uncertainty in the choice of iD , i , and sfI , .  

 The shape of the GIUS for sand is only affected through the exponents on the 

upstream drainage area iA  and slope iS  (see equations 2.19 and 2.51) that contribute to 

the transport time in a non-linear way to rearrange contributions to the GIUS for sand 

(Figure 2.6). The exponent of the upstream drainage area was varied from 0 to 0.5 and 

the exponent of slope was varied from 0 to 5/2 (Figure 2.6). Note that the exponents of 

zero correspond to the width function (Figure 2.6m; A
0
S

0
), which for different 

parameters, resulting from the specific transport dynamics, stretches to become the sand 

response function (Figure 2.6g; A
0.285

S
3/2

). Increasing the exponent on the upstream 

drainage area tends to smooth out the contributions to the response, whereas increasing 

the exponent on slope tends to concentrate contributions into peaks. For most of the 
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variations in the exponents of the sand response function, the two peaks in the GIUS 

remain, although shifted, suggesting that bimodality is a relatively robust property of the 

GIUS for sand for the Minnesota River Basin. 

 As an attempt to validate the formulation of the GIUS for sand, the best estimate of 

the rate of total sand transport at the two-year flow 2Q  (“observed”; see section 2.4.7, 

approximately 120% of the rate of measured suspended-sand transport at the 2Q ) was 

compared to the simulated rate of total sand transport at the 2Q  (“simulated”) (Figure 2.7) 

computed as 

2/32/32

,22/1,

05.0
iiiiw

ii

is SBHu
DRg

Q  .     (2.57) 

A few measurements show good agreement between the simulated and observed rates of 

total sand transport; however, most simulated rates are an order of magnitude larger than 

the observed rates (Figure 2.7). When comparing the relative differences between the 

simulated and observed transport rates with the upstream drainage area (Figure 2.7b), the 

best agreement occurs at sites with large drainage areas and at a few sites with small 

drainage areas. Note that the simulated isQ ,  represents at-capacity transport whereas the 

observations take into account the actual sediment supply. It is possible that the large 

discrepancy between rates indicates that the transport formula or parameters used in the 

transport formula are not appropriate, but we suggest that this comparison may identify 

supply-limited versus transport-limited parts of the basin. Some upstream parts of the 

basin might be supply limited (simulated sand-transport capacity >> observed transport), 

and at downstream links, homogenization of spatial and temporal variability may take 

place leading to transport-limited conditions (simulated sand-transport capacity = 

observed transport), which might indicate a potential for storage as any sediment supplied 

above capacity would go into storage. Nonetheless, where sediment supply may not be a 

limiting factor, there is relatively good agreement (within an order of magnitude) 

between the simulated and observed rates of total sand transport. 
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2.6 Partitioning Contributions to the Sedimentological 

Response 

The GIUS is a system property and represents the response of the system to a spatially 

uniform input of sediment. Typically, the sediment input in such a large basin would vary 

spatially and temporally and this would require convolving partitioned and scaled 

versions of the GIUS to realize the observed sedimentological response at the outlet of 

the basin. We illustrate how the GIUS can be partitioned and scaled into a 

sedimentological response by considering a mixture of sediment and contributions from 

subbasins of the Minnesota River Basin. 

 The GIUS is specified for a specific grain size, such as the D50 sediment size, but 

in reality a mixture of sediment sizes is transported concurrently by the river network. 

Considering the grain-size distribution of sand on the riverbed within the Minnesota 

River Basin (inset Figure 2.8; [U.S. Geological Survey, 2014]), a GIUS for sand can be 

generated for each individual size, scaled according to relative abundance in the grain-

size distribution, and then added together across sizes to obtain the combined response 

(Figure 2.8). Under the assumption that individual grain-size fractions sort during 

transport such that the transport of each fraction can be simply treated individually as a 

response and added together to obtain the combined response (which may not be accurate 

due to hiding effects [Wilcock and Crowe, 2003]), the combined response reflects the 

GIUS for the mode of the grain-size distribution.  

 The framework developed herein allows partitioning of the contributions to the 

GIUS based on any attributes of the geomorphic state, e.g. different subbasins which 

might have distinct features or sediment contributions. The Minnesota River Basin was 

partitioned here into two subbasins: the Blue Earth River Basin and the rest of the basin 

to disentangle the contribution of each to the GIUS at the outlet of the basin (Figure 2.9). 

During 2002–2006, the Blue Earth River Basin contributed over 50% of the sediment 

supply to the Minnesota River Basin despite the fact that it only accounts for roughly 

20% of the total area [Wilcock, 2009]. Therefore, sediment contributions from the Blue 

Earth River Basin to the GIUS are expected to be larger than from other areas of the 
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Minnesota River Basin. It is seen from Figure 2.9b that the partitioned contribution from 

the Blue Earth River Basin to the GIUS for mud corresponds to the central region of the 

response between normalized distance 0.3 and 0.7. The partitioned contribution from the 

Blue Earth River Basin to the GIUS for sand concentrates into the first peak at a 

normalized distance of 0.3 (Figure 2.9c). It is important to note that scaling of the 

network topology based on the sand-transport process has shifted the contribution of the 

Blue Earth River Basin from the central region of the WF to the first peak of the GIUS 

for sand. This highlights that non-linear spatial stretching of the network topology based 

on the sediment-transport process rearranges contributions to the GIUS in unexpected 

ways compared to the contributions to the WF. 

2.7 Amplification of the Sedimentological Response 

As demonstrated in the previous sections, the shape of the GIUS of a basin carries the 

signature not only of the river network topology but also of the specific hydraulic and 

stream morphologic characteristics of the channels. As a result, the peak contributions at 

the outlet of a basin arise from the superposition of inputs that arrive at the outlet from 

disparate, and even unconnected, parts of the basin. Given the long response times of 

sediment transport in rivers, which may be of the order of hundreds or thousands of 

years, one could envision changes occurring in parts of the basin at decadal or longer 

time scales and the associated response progressing downstream and superimposing on 

past responses in such a way that leads to unexpected amplifications. In this section we 

demonstrate this idea using the Minnesota River Basin and its sedimentological response 

for sand. 

 Suppose a landscape disturbance event occurs which delivers an instantaneous 

input of sand (0.4 mm) uniformly over the entire basin at a time t  = 0 years (d1; Figure 

2.10a). Such an event may be extreme precipitation, which detaches sediment and the 

resulting overland flow entrains and delivers this sediment directly to the river network. 

This was likely a common mechanism during the late 19
th

 century and early 20
th

 century 

when agricultural practices largely disturbed the landscape and left the top soil exposed 
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and vulnerable to erosion. Extreme precipitation may also lead to very high streamflow 

capable of eroding and recruiting bank material into the channel. This is likely the most 

common mechanism today for delivering sand to the river network as soil-conservation 

practices have greatly improved and underground tile drainage has expanded [Belmont et 

al., 2011]. 

 The sedimentological response at the outlet of a basin for the disturbance event at t  

= 0 years (d1) is the GIUS for sand for the Minnesota River Basin (dashed line; Figure 

2.10b). It is seen that the structure of the GIUS exhibits two peaks which arise from the 

network topology, channel slopes, and sand-transport formulation. The two prominent 

peaks suggest that there is a resonant frequency of sediment supply that would lead to an 

amplification of the response. Given regularly occurring sediment-transporting 

flows/events, two peaks are manifested in the response at 90 and 265 years (Figure 

2.10b). If another landscape disturbance event occurs 175 years after the first which 

delivers an instantaneous input of sand (0.4 mm) uniformly over the entire basin at a time 

t  = 175 years (d2; Figure 2.10a), the additional contribution to the sedimentological 

response will be similar to the first but shifted in time (Figure 2.10c). This assumes that 

disturbance events (or events that deliver sediment) are less frequent than those that 

transport the sediment through the river network [Lane et al., 2008]. The observed 

response at the outlet of the basin (Figure 2.10d) is the superposition of the individual 

responses (Figure 2.10b-c) leading to an amplified sedimentological response, with a 

greatly increased peak at 265 years and a relatively long duration of high contributions 

from 250 to 280 years after the initial disturbance (Figure 2.10d). Conceptually, this 

suggests a 175-year resonance time (resonant frequency with a period of 175 years) for 

sand (0.4 mm) for the Minnesota River Basin.  

 While the GIUS conceptualizes the sedimentological response to a uniformly 

distributed disturbance and input to the river network, in reality these disturbances are 

more localized within the basin. Amplification of the sedimentological response can still 

occur if only specific source areas are disturbed instead of the entire landscape. For 

instance, if the first disturbance event (d1; Figure 2.10a) only disturbed a northwest 

region of the basin (A; Figure 2.10e) the sedimentological response would be only a 
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portion (the second peak) of the GIUS (shaded area; Figure 2.10b). If the second 

disturbance event (d2; Figure 2.10a) only disturbed the Blue Earth River Basin (C; Figure 

2.10e) the sedimentological response would be only the portion (the first peak) of the 

GIUS (shaded area; Figure 2.10c). These seemingly isolated disturbances (in both space 

and time), would be ordered, delayed, and superimposed into an observed and 

unexpectedly amplified sedimentological response at the outlet of the basin (shaded area; 

Figure 2.10d). 

 When amplification of the sedimentological response occurs, likely there is an 

interaction between the two peaks that is not simply the sum of the two peaks. If the 

increased sediment supply to a channel is below the transport capacity, then the supply is 

transported downstream without a change in channel characteristics (change in channel 

slope or width). However, if the increased sediment supply overwhelms the transport 

capacity, which is likely the case, then the channel will aggrade and the change in 

channel characteristics will act to filter and reduce the peak of the increased sediment 

supply. Detailed process-based, reach-scale, sediment-transport models are best suited to 

quantify the specifics of the reach-scale changes due to increased sediment supply. 

However, this conceptual framework complements detailed process-based approaches by 

illuminating how inputs of sediment to the river system are structured by the river 

network and delayed in time due to the sediment-transport process. 

 The amplification of the sedimentological response could result in greater than 

expected aggradation of the bed of the river leading to disruption in ecosystem function, 

increased flood risk, and increased cost associated with remediation. Therefore, the 

proposed framework has identified an important vulnerability of the Minnesota River 

Basin to spatial and temporal changes in the basin and suggests that aggregated effects 

need to be seen within a whole-network framework and not in isolation. 
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2.8 Concluding Remarks 

In this chapter we presented a connectivity-based conceptual framework of 

environmental response, focusing on the sedimentological response for mud, sand, and 

gravel. The proposed framework relies on performing a non-linear process-based scaling 

of the network geometry (link lengths) to convert the network width function into a time 

response function or process-scaled width function (PSWF) where the process of interest 

is sediment transport. The process-scaled width function for sediment is the 

geomorphologic instantaneous unit sedimentograph (GIUS) or the sedimentological 

response of a basin to an instantaneous unit volume of sediment uniformly entering all 

links of the network. The proposed framework was applied to the Minnesota River Basin 

to aid in understanding its long-term sedimentological response to spatially and 

temporally varying changes in the landscape. 

 It was shown that the network topology and sediment transport dynamics in the 

Minnesota River Basin combine to produce a double peaked response function for sand, 

suggesting that there exists a resonant frequency of sediment supply that could lead to an 

unexpected downstream amplification of sedimentological response. The two peaks of 

the sand response function can be attributed to specific areas of the basin, highlighting 

that the disturbance of one region followed by the disturbance of another region after a 

certain period of time, may result in an amplification of the effects of the sediment inputs 

that is otherwise difficult to predict with mechanistic short-time horizon models. The 

synchronization and amplification of sediment delivery in specific places of a basin may 

result in greater than expected aggradation of the riverbed triggering disruption in 

ecosystem functioning, and leading to increased flood risk and increased cost associated 

with remediation. Therefore, the proposed framework has identified an important 

vulnerability of the Minnesota River Basin to spatial and temporal structuring of 

sediment delivery, and can aid in understanding how climatic trends and current and 

future management decisions may be unexpectedly superimposed on this landscape as it 

undergoes intensive human management while it is still adjusting to past geologic 

disturbances. 
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Figure 2.1. Conceptual framework of environmental response. (a) Illustration of a river 

basin with fluvial channel network. The highlighted segment of the network is a link i  

corresponding to geomorphic fluvial state 
if ,  with associated attributes. Areas of the 

basin, such as 1, 2, and 3, sitting at a certain distance from the outlet contribute to (b) a 

specific structure of the width function )(xW . (c) The contribution of these areas to the 

outlet may be redistributed in the process-scaled width function )(tWp  based on the 

characteristics of the process of interest. The resulting environmental response function is 

a complex transformation of the original width function that depends on the river network 

topology and the attributes of the geomorphic fluvial states 
if ,  for all i  links. 
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Figure 2.2. Location map of the Minnesota River Basin. Twenty-three U.S. Geological 

Survey (USGS) streamflow-gaging stations (circles, squares, and triangle) used in the 

hydraulic geometry scaling analysis (see section 2.4.3), USGS streamflow-gaging station 

05325000, Minnesota River at Mankato, Minnesota (triangle) used in estimating the 

intermittency factor for sand transport (see section 2.4.4), and 18 USGS streamflow-

gaging stations (circles and triangle) used in estimating the rate of total sand transport 

from suspended-sediment measurements (see section 2.4.7). 
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Figure 2.3. Slope of each link in the network. Highest slopes occur in the knickzones of 

tributaries entering the mainstem Minnesota River and in the northwestern part of the 

basin. Note that slopes less than 0.0001 were set to this value; this occurred primarily 

along the lower mainstem Minnesota River. The spatial distribution of link slopes vividly 

illustrates the geologic legacy of this basin with important implications for spatially 

variable sediment generation and transport. 
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Figure 2.4. Hydraulic geometry scaling 

based on field measurements at 23 U.S. 

Geological Survey streamflow-gaging 

stations in the Minnesota River Basin (see 

Figure 2.2 for gage locations) of (a) 

channel width, (b) flow depth, and (c) 

streamflow velocity versus the two-year 

recurrence interval peak flow (obtained 

from a frequency analysis of annual peak 

flows for each station). (d) Scaling of the 

two-year recurrence interval peak flow 

versus drainage area. 
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Figure 2.5. Width function and process-scaled width functions of the Minnesota River 

Basin. (a) Width function within 7 discretized distance bands of the Minnesota River 

Basin corresponding to the (b) map of distances from each link to the outlet. (c) Width 

function within 100 discretized distance bands showing more fine-scale detail. (d) 

Process-scaled width function or geomorphic instantaneous unit sedimentograph for mud 

(streamflow). (e) Process-scaled width function or geomorphic instantaneous unit 

sedimentograph for sand (0.4 mm). 
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Figure 2.6. Sensitivity of the shape of the sand response function (geomorphologic 

instantaneous unit sedimentograph, GIUS). The sand response function arises from a 

characteristic velocity scaling ~A
0.285

S
3/2

 (panel g; see equation 2.51) due to the 

exponents on upstream drainage area and slope that rearrange contributions to the GIUS 

for sand compared to the width function (panel m; A
0
S

0
). The exponent of upstream 

drainage area was varied from 0 to 0.5 (increases vertically) and the exponent of slope 

was varied from 0 to 5/2 (increases horizontally). Note that for most of the variations in 

exponents around the sand response function (panel m) the two peaks in the GIUS 

remain, although shifted, suggesting that this is a relatively robust property of the GIUS 

for sand for the Minnesota River Basin. 
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Figure 2.7. Comparison of the observed to simulated rates of total sand transport. (a) The 

best estimate of the rate of total sand transport at the 2Q  (“observed”; see section 2.4.7, 

approximately 120% of the measured rate of suspended-sand transport at the 2Q ) was 

compared to the simulated rate of total sand transport at the 2Q  (“simulated”; see 

equation 2.57). (b) Relative difference between simulated and observed rates of total sand 

transport compared to upstream drainage area. Note that the simulated rate of total sand 

transport represents at-capacity transport, independent of sediment supply, whereas the 

observations take into account spatially variable sediment supply as well as transported-

limited behavior in the system. Likely this comparison identifies supply-limited (large 

discrepancy) versus transport-limited (small discrepancy) parts of the basin. 
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Figure 2.8. The geomorphologic instantaneous unit sedimentograph (GIUS) for the grain-

size distribution of sand on the riverbed within the Minnesota River Basin (see inset for 

grain-size distribution). The GIUS for the sand distribution was generated for each 

individual size, scaled according to relative abundance in the grain-size distribution, and 

then added together across sizes to obtain the combined response. Individual size 

responses and the combined response are offset vertically for ease of comparison. Note 

that the combined response reflects the GIUS for the mode of the grain-size distribution.  
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Figure 2.9. Partitioning contributions to the sedimentological response highlights critical 

sediment source areas. (a) The partition of the Blue Earth River Basin (B) and the rest of 

the basin (A). (b) Sedimentological response for mud for the entire basin (A+B) and for 

the Blue Earth River Basin (B). (c) Sedimentological response for sand (0.4 mm) for the 

entire basin (A+B) and for the Blue Earth River Basin (B). 
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Figure 2.10. Synchronization of sediment fluxes can lead to amplification of the response 

for the Minnesota River Basin. (a) Disturbance of the landscape leading to two 

instantaneous inputs of sand (0.4 mm; uniformly over the basin) at 0 years (disturbance 1 

or d1) and 175 years (disturbance 2 or d2). (b) Sedimentological response corresponding 

to d1; entire basin response [dashed line; basins A+B+C in (e)] and region corresponding 

to the second peak of the sand response [shaded area; basin A in (e)]. (c) 

Sedimentological response corresponding to d2; entire basin response [dotted line; basins 

A+B+C in (e)] and Blue Earth River Basin [shaded area; basin C in (e)]. (d) 

Superimposed response for sand [sum of (b) and (c)] into an observed response (line) 

resulting in amplification of the effects of the sediment inputs. (caption continued on next 

page) 
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(caption for Figure 2.10 continued) Amplification can also occur if only the regions 

contributing to the peaks of the response [basin A in (b) and basin C in (c)] are disturbed 

and responses superimposed [shaded area; A+C]. (e) Partition of the basin into 3 regions: 

the region corresponding to the first peak of the sand response (C, Blue Earth River 

Basin), second peak of the sand response (A), and the rest of the basin (B). 
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Chapter 3 

Dynamic Connectivity in a Fluvial 

Network for Identifying Hotspots of 

Geomorphic Change 

Dynamical processes occurring on the hierarchical branching structure of a river network 

tend to heterogeneously distribute fluxes on the network, often concentrating them into 

“clusters,” i.e., places of excess flux accumulation. Here, we put forward the hypothesis 

that places in the network predisposed (due to process dynamics and network topology) 

to accumulate excess sediment over a considerable river reach and over a considerable 

period of time reflect locations where a local imbalance in sediment flux may occur 

thereby highlighting a susceptibility to potential fluvial geomorphic change. We develop 

a dynamic connectivity framework which uses the river network structure and a 

simplified Lagrangian transport model to trace fluxes through the network and integrate 

emergent “clusters” through a cluster persistence index (CPI). The framework was 

applied to sand transport in the Greater Blue Earth River Network in the Minnesota River 

Basin. Three hotspots of fluvial geomorphic change were defined as locations where high 

rates of channel migration were observed and places of high CPI coincided with two of 

these hotspots of possibly sediment-driven change. The third hotspot was not identified 

by high CPI, but instead is believed to be a hotspot of streamflow-driven change based on 

additional information and the fact that high bed shear stress coincided with this hotspot. 

The proposed network-based dynamic connectivity framework has the potential to place 
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dynamical processes occurring at small scales into a network context to understand how 

reach-scale changes cascade into network-scale effects, useful for informing the large-

scale consequences of local management actions. 

3.1 Introduction 

River basins are drained by networks of hierarchically connected channels which serve as 

the primary pathways for transport of environmental fluxes. The branching network 

structure (defined here by the network topology and its associated geometry, i.e., link 

lengths) serves as a template upon which environmental fluxes of water, sediment, 

nutrients, etc. are conveyed and organized both spatially and temporally within the basin. 

It has been recognized that the river network plays a central role in structuring ecosystem 

processes and functions by heterogeneously distributing fluxes on the network often 

leading to critical places and times where excess fluxes accumulate or altered system 

functionality emerges [e.g., Benda et al., 2004a; Campbell Grant et al., 2007; Carrara et 

al., 2012; McCluney et al., 2014]. This emergent behavior is difficult to predict with 

reductionist approaches, e.g., too detailed, fine resolution, small spatial and temporal 

extent, and over-parameterized physically-based models, and requires simpler system-

level models that capture the essential elements of the system. 

 Such system-based conceptual models, which explicitly consider the network 

structure and simplified process dynamics have been at the heart of hydrologic response 

frameworks. Major advances include the development of the instantaneous unit 

hydrograph (IUH) and geomorphologic IUH theories [e.g., Rodriguez-Iturbe and Valdes, 

1979; Gupta et al., 1980], the width function formulation of the unit hydrograph [e.g., 

Kirkby, 1976; Troutman and Karlinger, 1985; Gupta et al., 1986; Mesa and Mifflin, 

1986; Marani et al., 1991], river network transport models based on stochastic 

Kolmogorov equations [e.g., Gupta et al., 1986; Rinaldo et al., 1991; Marani et al., 

1991], and also theories of scaling of the hydrologic response [e.g., Mantilla et al., 2006; 

Furey and Gupta, 2007; Gupta et al., 2010]. Apart from the flux of water, similar 

concepts of system response have also been used for the computation of fluxes of 
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sediment [e.g., Lee and Yang, 2010; Czuba and Foufoula-Georgiou, 2014] as well as 

nutrients [e.g., Botter et al., 2006; Rinaldo et al., 2006b] at the outlet of a basin. These 

system-based conceptual models allow investigation of emergent behavior in terms of the 

timing and magnitude of peak response of a flux as well as tracing the origin of that flux 

from disparate basin-wide contributions (e.g., see chapter 2 or Czuba and Foufoula-

Georgiou [2014] for a recent application). However, focusing on the response at the basin 

outlet only does not help in identifying where and when critical hotspots, defined as 

places of excess flux accumulation, might emerge on the network. 

 Identification of hotspots on a river network requires a model that tracks a flux 

explicitly on the river network, providing a continuous description of its spatiotemporal 

evolution at all locations and all times. Such an approach often necessitates simplifying 

the process dynamics in order to model the flux at the basin scale and over long periods 

of time. A number of models exist that explicitly track a flux on the river network 

focusing on bed-material sediment [Benda and Dunne, 1997a; Benda et al., 2004b], 

nitrate and denitrification [Alexander et al., 2009], phytoplankton and nutrient limitation 

on biomass [Istvánovics et al., 2014], invasion of zebra mussels [Mari et al., 2011], 

spreading of cholera [Bertuzzo et al., 2008], distribution of benthic invertebrates [Ceola 

et al., 2014], and distribution of biodiversity of freshwater fish species [Muneepeerakul et 

al., 2008; Bertuzzo et al., 2009]. While not an explicit focus of these models, it is argued 

here that the space-time distribution of a flux on the network generated by these models 

can be used to identify hotpots.  

 In this chapter, we are mostly concerned about identifying hotspots of fluvial 

geomorphic change. Fluvial geomorphic change (e.g., changes to channel planform, 

channel width, roughness, or slope) often occurs where there is a local imbalance of 

sediment and water fluxes, conceptually embodied through (an expanded) Lane’s balance 

[e.g., Dust and Wohl, 2012]. This imbalance drives fluvial geomorphic change through 

physical mechanisms such as bank erosion, channel incision, and aggradation. Hotspots 

of fluvial geomorphic change are then locations where these changes are occurring at 

much higher rates than are occurring throughout the rest of the basin. The identification 

of potential hotspots of fluvial geomorphic change at the network scale has only focused 
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on identifying confluences susceptible to change based on their position in the network 

[e.g., Benda et al., 2004a, 2004b]. These works are an important step forward, but much 

can still be learned by incorporating simplified process-dynamics that would allow 

assessment of changes that may occur in specific river reaches rather than just at 

confluences. 

 A specific type of fluvial geomorphic change associated with a change in channel 

planform is channel migration. Channel migration has been described as being driven by 

one of two mechanisms depending on whether outer-bank erosion or inner-bank 

deposition is taking the lead: (1) streamflow-driven bank-pull, i.e., more rapid erosion of 

the outer bank forcing deposition on the point bar along the inner bank, and (2) sediment-

driven bar-push, i.e., more rapid accretion of the point bar along the inner bank forcing 

erosion of the outer bank [Parker et al., 2011; van de Lageweg et al., 2014; Eke et al., 

2014]. The identification of hotspots of channel migration has typically been limited to 

pinpointing specific bends of river reaches [e.g., Lagasse et al., 2004; Abad and Garcia, 

2006; Motta et al., 2012]. However, in the larger spatial context of a river network, we 

hypothesize that it may be possible to identify hotspots of channel migration driven by 

the bar-push mechanism by identifying reaches where sediment persists within a river 

network. This hypothesis forms the basis of this work and it is tested using a simplified 

model of transport and independently collected field observations of channel migration. 

 In chapter 2, we developed a network-based, sediment-transport model following a 

Lagrangian perspective and used it to compute the sedimentograph at the outlet of a basin 

(defined as the sediment response function to a uniformly distributed input of sediment 

throughout the basin). In this chapter, we extend this framework to interrogate the system 

not only at its outlet response but also within it, i.e., its internal dynamics. That is, we 

seek to understand how sediment is organized and where sediment accumulates due to 

the combined effects of transport dynamics (accounting for slopes, channel morphology, 

bed shear stress, grain size, etc.) and river network structure (topology and associated 

geometry). Specifically, we present a dynamic connectivity framework for describing the 

organization of a flux on a network (section 3.2) and then apply this framework to sand 

transport in the Greater Blue Earth River Basin in Minnesota (section 3.3). We show how 
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this framework can be used to assess the persistence of mass within different reaches of a 

network and ultimately identify hotspots of fluvial geomorphic change associated with 

observed high rates of channel migration (section 3.4). This framework was then used to 

pinpoint the sources of sediment contributing to large clusters which can be useful 

information for management decisions (section 3.5). Finally, we close with some 

concluding remarks (section 3.6). 

3.2 Dynamic Connectivity Framework 

The term “connectivity” as applied in geomorphology and hydrology has had a number 

of different definitions (for a review of recent literature addressing hydrological 

connectivity see Bracken et al. [2013] and sediment connectivity see Bracken et al. 

[2015] and also Heckmann et al. [2015]). In the context of sediment connectivity, these 

definitions generally refer to the degree to which sediment is able to move between 

different landscape features. Most recently, Bracken et al. [2015] defines “sediment 

connectivity” as, “the integrated transfer of sediment across all possible sources to all 

potential sinks in a system over the continuum of detachment, transport, and deposition, 

which is controlled by how the sediment moves between all geomorphic zones: on 

hillslopes, between hillslopes and channels, and within channels.” Herein we use the term 

“connectivity” in the general sense of the definition as “being connected” and apply it in 

the context of fluxes on a network. We consider two fluxes “connected” if they are in 

close spatial proximity along the river network (how close is close enough is discussed in 

sections 3.2.3 and 3.3.3) and refer to “connectivity” as the state of two or more fluxes 

being connected. Then by “dynamic connectivity” we refer to how the connectivity of 

fluxes changes in time. 

 The proposed framework for considering the dynamic connectivity of a flux 

involves establishing the network (section 3.2.1), tracking a flux on the network (section 

3.2.2), and then quantifying the dynamic connectivity of the flux from its spatial 

organization on the network (section 3.2.3). The flux we consider herein is sand, i.e., 

sediment with grain size of 0.062-2 mm. 
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3.2.1 River Network 

Let the river network be defined as a directed network of connected links where direction 

of flow is uniquely defined. Each link i  represents a segment of the river network 

between a source and a junction (a source link), two successive junctions, or a junction 

and the basin outlet. Junctions are the points at which two links join and connect to one 

downstream link, sources are the points farthest upstream in the network, and the outlet is 

the point farthest downstream in the network. Each link i  is assigned a “geomorphic 

state” 
i  with physical attributes corresponding to that state. Although this framework 

can be used for any connected flow paths (e.g., hillslope or subsurface paths), herein we 

only consider a fluvial channel network, thus every link corresponds to the geomorphic 

fluvial state 
if ,  with geomorphologic and hydraulic attributes of the link (Figure 3.1a), 

i.e.,   ,,,,,,, ,, iiiwiiiiif BHQSAa , where the geomorphologic attributes include link 

length i  [L], directly contributing area ia  [L
2
], upstream drainage area iA  [L

2
], and link 

slope iS ; and the hydraulic attributes include streamflow iwQ ,  [L
3
T

-1
], cross-section 

average depth iH  [L], width iB  [L], etc. While not indicated explicitly, attributes of the 

geomorphic fluvial state 
if ,  may also be a function of time to capture possible time-

varying properties of the system. 

3.2.2 Transport Dynamics 

The theoretical basis of the proposed transport formulation rests on the link between 

Eulerian and Lagrangian transport formalisms by which one can establish the relation 

between the space-time trajectories of an ensemble of inputs to the network at an initial 

time to the arrival (or travel) time distribution at a fixed location [e.g., Rinaldo and 

Rodriguez-Iturbe, 1996]. The proposed framework uses a Lagrangian formulation of 

transport where “parcels” are injected at different locations in the basin at an initial time 

0t  and their trajectories are followed over space and time. A parcel is a fundamental unit 

transported on the network and represents a collection of particles that can be physically 
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treated as a coherent unit. Adopting established notation, let us denote by  00 , tm X  the 

initial mass of a parcel injected at time 0t  at an initial position  00 tXX   and let  tX  

denote its trajectory defined by the Lagrangian coordinate of the parcel at time t . 

Acknowledging uncertainties and natural variability in the transport process, the 

trajectory  tX  of a parcel can be seen as a random function  tg ,X , called the 

displacement probability density function (pdf), where   XX dtg  ,  characterizes the 

probability that a parcel is in location  XXXX dd  ,  at time t  [e.g., Rinaldo and 

Rodriguez-Iturbe, 1996]. Considering an ensemble of parcels traveling over different 

pathways along the branching river network, the travel time formulation of the 

hydrologic response relies on establishing the relation between the displacement pdf 

 tg ,X  and the travel time pdf  tf  at a fixed control section, here the outlet of a basin, 

although any point in the basin can act as the outlet of a smaller subbasin. To establish 

this relation, first we must define a fixed control section in the transport volume V  [L
3
] 

such that all parcels injected into V  are transported past the control section. The arrival 

time 
aT  [T] of a parcel at the control section is also a random variable characterized by 

the probability that a parcel originating from 
0X  at 0t  has already crossed the control 

section at time t , i.e.,    00 ,; ttPtTP a X . Eulerian and Lagrangian approaches are 

thus linked as 

    ,  ,;,1 00
V

a dttgtTP XXX       (3.1) 

where the travel time pdf is given by 

 
 

. 
dt

tTdP
tf a         (3.2) 

A detailed account of this development has been described by Rinaldo and Rodriguez-

Iturbe [1996]. 

 We consider an instantaneous and spatially uniform input of sediment throughout 

the basin; this allows us to probe the system and quantify its response and the space-time 

organization of fluxes that emerges as a system property due to network topology and 

process dynamics. In other words, a uniform input transported though the network will 
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reveal the system predisposition for recurring local patterns and locations where flux 

accumulates and persists, important indicators of sediment-driven fluvial geomorphic 

change. For simplicity, we attribute the instantaneous spatially uniform input of sediment 

to the basin as an instantaneous input at the upstream end of every link. Although the 

directly contributing area to every link might differ and thus the quantity of sediment 

input to every link might be spatially variable, here we assume it constant (without loss of 

generality) and call each input a “parcel” of sediment (with each parcel indexed by a 

unique index k ) as 
kp  all with the same mass m  [M] (Figure 3.1b). In other words, each 

parcel represents a hillslope contribution of sediment associated with the link in which 

the parcel was first introduced. 

 The Lagrangian framework of transport moves all these instantaneously released 

parcels at time 0tt   through the network according to the specific process dynamics. At 

every time t , we track the location of each parcel 
kp , i.e., its Lagrangian trajectory 

 t
kpX . If the original river network has N  links then N  parcels 

Nppp ,,, 21   were 

released at time 0tt   at locations         00000 ,,,
21

tttt
Nppp XXX X , which in our 

case are the coordinates of the upstream junctions of all links. As the parcels move 

downstream, at any time t  we will have a collection of Lagrangian parcel locations as 

        tttt
Nppp XXX ,,,

21
X . Through transport on the hierarchical branching river 

network, these parcels become spatially organized and this organization changes 

dynamically over time (Figure 3.1c-d). This set of parcel trajectories embeds a measure 

(here parcel mass m  at locations  tX  and 0 everywhere else) on the underlying 

network. For each link, we can then compute the total mass  tmi
 in link i  at time t  as  

  .   

 at time
link  in 

 parcels



t
i
p

i

k

mtm        (3.3) 

 The displacement pdf  tg ,X  of each parcel is established based on the dynamics 

of sand transport. A pathway    ,,ii
 that a parcel introduced into link i  will 

follow before reaching the basin outlet   is defined as the set of geomorphic states from 
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i  (short hand notation for 
if , ) through the network to the outlet (i.e.,   i ). 

The time 
it  a parcel spends in geomorphic state 

i  can equally well be thought of as a 

travel time through, or residence time within, geomorphic state 
i . The travel time it  is a 

random variable which can be described by the pdf  tf
i

 that embodies the dynamics 

(and inherent variability) of sand transport. In the formulation considered herein, the 

travel time it  is described deterministically following the derivation presented in chapter 

2 based on an elaborate analysis of sand transport assuming: 1) uniform (normal) flow, 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, and 6) that sediment does not enter long-term floodplain storage. An overview 

schematic of this formulation is presented in Figure 3.2. See chapter 2 for a detailed 

discussion of the formulation and its limitations.  

 Under this formulation, the travel time ist ,  [T] of a sand parcel kp  in a geomorphic 

fluvial state 
if ,  was computed as the time it takes a sand parcel to move through a link 

of length i  at a bulk sand transport velocity isu ,  [LT
-1

] as 

. 
,

,

is

i

is
u

t


         (3.4) 

The bulk sand transport velocity isu ,  was obtained by decomposing the volumetric 

transport rate of sand isQ ,  [L
3
T

-1
] into a velocity and two length scales as 

  ,  ,, iiiisis BHuQ         (3.5) 

where iH  [L] is the channel depth of link i , iB  [L] is the channel width of link i , and i  

is a scale factor such that together  ii H   defines a characteristic vertical length scale for 

sand transport where the majority of sand transport takes place. After combining 

equations for channel hydraulics, sand transport, and volumetric transport rate of sand 

(see Figure 3.2), the bulk sand transport velocity is given as 
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, 
 

05.0 2/32/12

,22/1, iiiw

iii

is SHu
DRg

u


       (3.6) 

where g  [LT
-2

] is the acceleration due to gravity, iR  is the submerged specific gravity 

of sediment in link i , iD  [L] is the sediment grain size in link i , and iwu ,  [LT
-1

] is the 

streamflow velocity of link i . By further incorporating hydraulic geometry relations that 

parameterize iwu ,  and iH  as functions of upstream drainage area iA  at a characteristic 

flow, accounting for an intermittency of flows sfI ,  that transport the majority of sediment 

based on that characteristic flow [Paola et al., 1992; Parker, 2004], and substituting 

equation (3.6) into equation (3.4), the travel time ist ,  of a sand parcel kp  in a 

geomorphic fluvial state 
if ,  can be obtained as 

, 
05.0

 2/3)2/2(

,

2/12

22/1

,


 iii

sfHAAu

iii

is SA
I

DRg
t HAAwu

w






     (3.7) 

where Auw
  and HA  are empirically derived coefficients and Auw

 , and HA  are 

empirically derived exponents of the hydraulic geometry scaling relations. 

 Sand-transport dynamics have been reduced to physically based time delays in a 

way that greatly simplifies the flux computation such that each sand parcel kp  moves 

through a geomorphic fluvial state 
if ,  with a travel time ist , . After a parcel spends ist ,  

amount of time in geomorphic fluvial state 
if , , it transitions to the immediately 

downstream link where it spends some amount of time before transitioning again. When 

considering long-term storage in an adjacent floodplain geomorphic state, there may be a 

probability of first entering into long-term floodplain storage before returning back to the 

fluvial channel and then on to the downstream link. But in this formulation, by neglecting 

long-term floodplain storage of sand and only considering transport below capacity, the 

travel time ist ,  of a sand parcel in a geomorphic fluvial state 
if ,  represents a lower 

bound on the fastest time scale for sand to transport through the system. 

 In the network context, the travel time isT ,  along pathway i  is the sum of travel 

times through each of the geomorphic states comprising the pathway as 
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 ,,, sisis ttT  . In theoretical formulations, the travel times   ,, sis tt   are often 

considered independent random variables such that the derived distribution  tf
i

 of the 

sum of the travel times   ,, sis tt   can be written as the convolution of the individual 

travel time pdfs as  


  fftf
ii

 . Herein, we do not seek analytical solutions as 

the physical properties of every link are explicitly considered and are too complex to be 

described analytically. 

 Within this transport formulation, it is relatively simple to incorporate functional 

dependencies between attributes of a geomorphic state 
i  and attributes of a parcel 

kp  

traveling in link i , as well as the accumulation of mass  tmi
 in that link i  due to the 

transport of other parcels. For instance, the transport of coarse sediment through a fluvial 

channel depends on the slope of the channel which depends on the accumulation of 

sediment in the channel (i.e., mass of all parcels in a link) which circles back to affect the 

slope of the channel. Additionally, an excessive accumulation of sediment in a link or 

high streamflow (when considering both water and sediment fluxes simultaneously) may 

be used to signal the input of more sediment to the network through a bank-erosion 

mechanism. Each of these variables can be updated in our framework at any time t  

depending on the state of any of the other variables. Thus this transport formulation can 

couple geomorphic properties with density-dependent transport together with autogenic 

inputs, all within a network context. 

3.2.3 Dynamic Connectivity 

We are interested in quantifying the “dynamic connectivity” of these parcels as they are 

organized on the network and how this connectivity changes over time. Specifically, we 

are interested in defining “clusters” describing where mass coalesces into a connected 

extent of the network at a given time t . Within the proposed transport formulation which 

tracks individual parcels over links of the network, clusters can be defined in two ways: 

(1) using links as the elementary distance unit or (2) using the actual distance between 

adjacent parcels as the distance unit. 
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 (1) Link definition: This definition is based on assigning the mass m  of a parcel to 

the link within which the parcel trajectory  tX  at time t  falls. Two adjacent links are 

considered connected at time t  if both links have at least one parcel in them. Then a 

cluster is defined as the set of consecutively connected links (Figure 3.1e-f). This 

definition can be modified by changing the mass threshold to more than one parcel per 

link depending on the problem at hand. 

 (2) Inter-parcel distance definition: Two situations can arise using the link 

definition that one might want to avoid: (1) the presence of one parcel in a very long link 

at time t  that augments a cluster or (2) the absence of parcels in a very short link at time 

t  that breaks up a cluster. Both of these situations arise due to the variable discreteness of 

the measuring unit (link length). Therefore, we apply a continuous distance measure 

which is the actual distance between adjacent parcel kp  and lp  computed along the 

network, i.e., 

 , )()()(,
Network
Alongpplk tttd

lk
XX       (3.8)  

called the inter-parcel distance  td lk ,
 [L]. Then by selecting a threshold distance *d  [L] 

we define a cluster by considering the set of all adjacent parcels (upstream and 

immediately downstream parcels along the network) whose inter-parcel distances  td lk ,
 

are lk ppd ,*,  parcels within the cluster (Figure 3.1g-h).  

 Although we have implemented both definitions, herein we only report clusters 

defined by the inter-parcel distance definition and denote  tC j
 as the cluster j  that at 

time t  was composed of the set of parcels with inter-parcel distances of at most *d  (a 

procedure to compute *d  is discussed in section 3.3.3). Once a cluster has been defined 

we compute its total mass  tM j
 [M] as the sum of all parcel masses within the cluster, 

i.e.,  

    , *  s.t.     , ,

 at time
cluster in 

, parcels

dtdmtM lk

t
j
pp

j

lk

       (3.9) 

 and its total length  tL j
 [L] as the sum of (upstream and immediately downstream 
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along the network) inter-parcel distances, i.e.,  

      . *  s.t.     , ,

 at time
cluster in 

, parcels

, dtdtdtL lk

t
j
pp

lkj

lk

       (3.10) 

 At any time t , many distinct clusters within the network may exist forming a set of 

clusters, each with its own properties of mass and length. From the perspective of a link, 

clusters form, grow, move by, or break apart through time. The hypothesis is that 

locations where sediment accumulates (forming clusters of a length exceeding several 

link lengths) and persists for a considerable period of time are more prone to fluvial 

geomorphic change, and thus may potentially identify hotspots of fluvial geomorphic 

change. To test this hypothesis we define a “cluster persistence index” (CPI) or iCPI  

[MT] (to denote a specific value of the index for link i ) which considers on every link i  

the cumulative effects of all clusters j  that have occupied that link from time t  = 0 until 

all parcels have left the system as 

    ,   

  t imes
allover  

dttMCPI

t

i

ji        (3.11) 

where the superscript  i  denotes all clusters 
   tM i

j  that occupy link i  at time t . 

Because the spatial extent of clusters is defined continuously on the network (i.e., using 

the inter-parcel distance definition and not the discrete link definition), the cluster 

persistence index can also be defined continuously on the network, although here we only 

evaluate the iCPI  at each link i .  

 The CPI is analogous to an impulse from classical mechanics, where an impulse is 

the integral of a force over time (with units of force × time) representing the change in 

linear momentum over that time. Instead of the integral of a force, the CPI is the integral 

of the mass of any cluster spanning link i  over all times (with units of mass × time) 

representing the persistence of mass over time. In this way the CPI identifies areas where 

mass has a tendency to persist that may induce sediment-driven fluvial geomorphic 

change. It is important to note that the CPI is not directly related to geomorphic work or 

stream power. Power is the rate of doing work (with units of force × velocity) and within 



 

 64 

the context of stream power is 
iiw SgQ ,  [e.g., see Leopold et al., 1964]. Stream power 

then is the rate of energy dissipation against the stream bed or banks by the flowing water 

per unit downstream length. Hotspots of streamflow-driven fluvial geomorphic change 

can be identified by stream power or bed shear stress (
iiib SgH ,
 [ML

-1
T

-2
]), whereas 

hotspots of sediment-driven fluvial geomorphic change can be identified by the 

persistence of sediment through the iCPI . The longer sediment persists in a reach, the 

more likely it is that sediment accretion on point bars is forcing erosion of the outer bank, 

leading to channel migration through the so-called bar-push mechanism.  

3.3 Application to the Greater Blue Earth River Basin 

The dynamic connectivity framework was applied to sand transport on the Greater Blue 

Earth River Network. Section 3.3.1 includes a history of the basin, presenting the 

motivation for identifying potential hotspots of fluvial geomorphic change. Then in 

applying the framework, section 3.3.2 includes a description of the fluvial channel 

network and the parameterization of the travel-time formulation for sand transport. 

Finally, section 3.3.3 includes a description of sand transport on the river network, and 

quantification of the dynamic connectivity and the emergence of clusters of sand. 

3.3.1 Landscape History 

The Greater Blue Earth River Basin, which comprises the Watonwan, Blue Earth, and Le 

Sueur River Basins, drains about 9,200 km
2
 of Minnesota and Iowa and is a tributary to 

the Minnesota River (Figure 3.3a-b). This basin has been sculpted by glaciers and post-

glacial processes, with two notable geomorphic processes [see Gran et al., 2013]. The 

first occurred during glacial retreat with the formation of a proglacial lake known as 

Glacial Lake Minnesota [Ojakangas and Matsch, 1982], which covered a portion of the 

Greater Blue Earth Basin (Figure 3.3c-d; the approximate historical extent of historical 

Glacial Lake Minnesota was determined as the extent of the glaciolacustrine environment 

by Hobbs and Goebel [1982]). The second began around 13,400 years ago with the 
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carving of the Minnesota River valley after Glacial Lake Agassiz drained catastrophically 

through the proto-Minnesota River [Clayton and Moran, 1982]. This event lowered the 

base level of the Greater Blue Earth River creating a knickpoint, or sharp increase in 

channel gradient, at the mouth of the river. Over time this knickpoint has migrated 35-40 

km upstream creating a knickzone (extent shown as 40 km from the basin outlet in Figure 

3.3d and f) of rapidly incising channels disconnected from their floodplains [Gran et al., 

2009, 2011b, 2013; Belmont, 2011; Belmont et al., 2011]. Upstream of the knickzone, 

streams meander through low-gradient uplands (Figure 3.3d-f) that were historically 

dotted with poorly drained wetlands [Marschner, 1974].  

 Throughout the basin, wetlands were drained beginning in the late 1800s for 

agriculture. The construction of surface ditches and installation of subsurface drain tiles 

continued as agriculture expanded throughout the basin. As of 2011 agriculture accounted 

for 85% of the land use in the basin [Jin et al., 2013]. While an extensive subsurface 

drainage system has reduced erosion from upland fields, a consequence was the creation 

of more erosive rivers and an increase in sediment erosion from near-channel sources 

such as banks and bluffs [Belmont et al., 2011; Schottler et al., 2014]. The Greater Blue 

Earth River Basin has historically exported a disproportionally large amount of sediment 

compared to surrounding basins [Kelley and Nater, 2000], and as of 2002-2006 

contributed over 50% of the sediment supply to the Minnesota River despite only 

accounting for roughly 20% of the total area [Wilcock, 2009]. Since European settlement, 

sediment export from this basin has skyrocketed, increasing by over an order of 

magnitude in just over a century [Kelley and Nater, 2000]. While near-channel sources of 

sediment have been identified as the culprit [Belmont et al., 2011], management actions 

require an identification of hotspots to prioritize management actions [Gran et al., 

2011a]. 

3.3.2 Network Extraction and Sand Transport Formulation 

Applying the dynamic connectivity framework to this basin first requires extracting the 

river network. The Greater Blue Earth River Network was obtained from the National 



 

 66 

Hydrography Dataset Plus Version 2 (NHDPlusV2) [McKay et al., 2012; Horizon 

Systems, 2014]. The process of converting the NHDPlusV2 network into a useable 

network for this analysis included clipping the NHDPlusV2 network to the basin extent, 

removing isolated and secondary channels, and establishing a new set of links, with one 

link between tributary junctions, and with attributes mapped or recomputed for the extent 

of the new link from the original NHDPlusV2 network. This process created a new 

network derived from the NHDPlusV2 network (Figure 3.3) with each link connecting to 

one downstream link and either zero or two upstream links, and with attributes: index of 

link i , index of downstream link, link length i , upstream drainage area iA , elevation of 

upstream and downstream ends of each link, and channel slope iS  (note all slopes less 

than 0.0001 were set to this value). Link lengths for this Greater Blue Earth River 

Network varied from 30 m to 25 km (mean = 4 km, median = 3 km, with an exponential 

distribution). Every link in this network was treated as a fluvial channel (i.e., geomorphic 

fluvial state) and all attributes of the geomorphic fluvial state were treated as constant in 

time. 

 Next, the travel time 
ist ,
 of a sand parcel kp  in a geomorphic fluvial state 

if ,  was 

reduced to a function of only network properties by assigning parameters specific to the 

Greater Blue Earth River Basin. These parameters included: g  = 9.81 m·s
-2

, i  = 0.1 

( i ), iR  = 1.65 ( i ), iD  = 0.0004 m ( i ; D50 size of sand from riverbed material 

[U.S. Geological Survey, 2014]), Auw
  = 0.20, Auw

  = 0.07, HA  = 0.0029, HA  = 0.29 

(computed at the two-year recurrence interval peak flow Q2 and using streamflow and 

channel cross-sectional properties of 23 stations; here iA  is specified in m
2
, iH  in m, and 

iwu ,
 in m·s

-1
), and sfI ,  = 0.175 (computed from a flow-duration curve; see chapter 2 for 

details). Substituting these parameters into equation (3.6) reduces the bulk sand transport 

velocity isu ,  to 

, 32.0 2/3285.0

, iiis SAu        (3.12) 

where isu ,  is given in meters per second. Similarly, substituting these parameters into 
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equation (3.7) reduces the travel time 
ist ,
 of a sand parcel kp  in a geomorphic fluvial 

state 
if ,  to 

, 18 2/3285.0

,

 iiiis SAt        (3.13) 

where 
i  is specified in meters and thus ist ,  is given in seconds (Figure 3.2).  

 Using equation (3.13) to specify how a parcel moves through each link of the 

network, the locations of sand parcels were then computed at a time step of about 23 days 

(which arose by using a time step of 4 days for transport at a constant Q2 and accounting 

for the intermittency factor of 0.175) such that several time steps were required before 

most parcels moved through each link of the network. The time step here merely serves 

as the discrete time interval at which the parcel locations are being “viewed” during the 

continuous parcel transport through the network. This time step does not affect how 

parcels are transported in any way because there are no feedbacks amongst the number of 

parcels in a link, parcel transport, and the attributes of the fluvial geomorphic state in this 

application. 

3.3.3 Dynamic Connectivity and Emergent Clusters of Sand 

An instantaneous spatially uniform input (at time 0t ) of sand parcels, each 

representing a hillslope contribution, was “organized” by the river network structure and 

process dynamics into a spatially heterogeneous distribution on the network as time 

evolved (Figure 3.4). Early on (time 0.4 years), sand parcels were distributed throughout 

the basin and over time (time 4 years) sand concentrated in downstream channels. 

Eventually (by time 40 years), sand concentrated in the mainstem channels and remained 

there for some time before all inputs left the basin. 

 The arrival time distribution of sand at the outlet of the basin is the sand response 

function (Figure 3.5c; see chapter 2). The sand response function captures the combined 

network structure and process dynamics through time delays of sand transport on the 

network. This is in contrast to the network width function (Figure 3.5a), which captures 

the distance distribution of each link of the network to the outlet. Sand transport 
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dynamics embodied by equation (3.13), rearrange and reorder hillslope contributions 

compared to uniform velocity transport on the network (given by the network width 

function). This effect was not only apparent in the redistribution of mass in the sand 

response function compared to the width function, but also in the spatial distribution of 

contributions to the outlet where more mass arrived sooner than the distance alone would 

explain (Figure 3.5). This speaks for the non-linear “stretching” of distance to time 

arising from the process dynamics on the river network. It also highlights the process-

dependent nature of the “coarse-graining” of the landscape, i.e., partitioning the basin in 

spatial units that contribute almost simultaneously to the outlet. Furthermore, the sand 

response function illustrates the complex response of sediment yield at the outlet of a 

basin to a disturbance event, even under uniform input and simplified process dynamics, 

in accordance with other modeling literature [e.g., Wainwright, 2006]. 

 Internally within the network before all sand arrived at the outlet, the location of 

each parcel was tracked through time and the inter-parcel distance  td lk ,
 between every 

parcel and its nearest downstream parcel was measured for all times. This captured the 

nearest upstream and downstream inter-parcel distances between all parcels in the system 

at all times. At each time step, the pdf of inter-parcel distance was obtained and is plotted 

in Figures 3.6a-d. In these figures the pdfs were rescaled by setting their modes to one to 

allow a better visual representation of their time evolution (modes were assigned the 

same color). An interesting abrupt shift in the mode of the pdfs of inter-parcel distance 

(loosely referred to as a “phase transition”) was observed. This phase transition occurred 

around 0.4 years and shifted the most probable inter-parcel distance from about 4 km 

when parcels were relatively far apart to about 100 m when parcels came close to each 

other by around 4 years (see Figure 3.6a-d, where the vertical lines correspond to 0.4, 4, 

and 40 years). These two length scales of inter-parcel distance (4 km and 100 m) emerged 

from the process dynamics on the hierarchical branching network: the 4-km length scale 

arose from a characteristic scale of link lengths (4 km is the mean of the link length 

distribution), and the 100-m length scale arose from system dynamics positioning parcels 

close together over time. Based on the separation of these two length scales of inter-

parcel distance, we set a distance threshold of *d = 1 km (long-dashed horizontal line, 
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Figure 3.6d) for defining a cluster. By setting this distance threshold, clusters only form 

when the system dynamics bring parcels within close proximity. The evolution of all 

clusters was then tracked over time throughout the river network. At each time step, there 

was a distribution of cluster sizes. Specifically, the number of clusters and a few statistics 

describing spatial cluster size (maximum, 90
th

 percentile, and median) are shown in 

Figure 3.6e-f. 

 Early on (before time 0.4 years), small clusters formed as parcels were transported 

to downstream links. The number of clusters achieved a maximum around 0.4 years, just 

before the beginning of the phase transition of inter-parcel distance (Figure 3.6). During 

this time, clusters were spread throughout the branches of the network (Figure 3.7a), 

while over time parcels transported farther downstream forming larger and fewer clusters. 

The maximum spatial cluster size formed around 4 years, after the phase transition of 

inter-parcel distance (Figure 3.6). At this time clusters were more concentrated in 

downstream channels but could still be found throughout the basin (Figure 3.7b). 

 Multiple peaks of the maximum spatial cluster size occurred through time (Figure 

3.6f). The first major peak around 4 years (see Figure 3.7b) and the second around 10 

years were both concentrated in the same location along the Watonwan River. These 

multiple peaks corresponded to hillslope contributions from two different source areas 

each coalescing into a large cluster at this location before moving through the system. 

The third major peak of the maximum spatial cluster size occurred around 40 years 

(Figure 3.6f) and corresponded to a reach of the Blue Earth River (Figure 3.7c). Note the 

large temporal fluctuations of the (short-lived) max cluster size and the more robust in 

time 90
th

 percentile and median cluster sizes. Our CPI is by definition highest when both 

a large size cluster exists and also has a long temporal persistence at the same location, as 

this increases the potential for sediment-driven fluvial geomorphic change. Eventually 

the cluster size statistics go to zero as all of the sand parcels leave the system. 
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3.4 Identifying Hotspots of Fluvial Geomorphic Change 

The question posed here is whether, within the dynamic connectivity framework, the 

emergence of sediment clusters that are integrated through time into the CPI can be used 

as a tool for (a) identifying hotspots of fluvial geomorphic change and (b) gaining insight 

into the possible driving mechanisms of this change. In our basin we used channel 

migration as a measure of fluvial geomorphic change and specifically focused on three 

places within the basin where high rates of channel migration have been observed 

(defined as hotspots). Channel migration data were measured within 20-m increments for 

the downstream portions of the Watonwan, Blue Earth, Maple, and Le Sueur Rivers by 

comparing the movement of digitized river channels from 2 sets of aerial photographs 

from 1938 and 2005 to provide an average migration rate over the time period 1938-2005 

(Figure 3.8a; all channel migration data shown have been spatially averaged using a 5-km 

smoothing window) [Belmont et al., 2011; Bevis, 2015]. The spatial pattern of channel 

migration was heterogeneously distributed on the river network, with three specific 

reaches of high rates of change (here denoted as h1, h2, and h3) along the Watonwan 

(h1), Blue Earth (h2), and Le Sueur (h3) Rivers (Figure 3.8a).  

 The CPI (equation 3.11), integrates the evolution of clusters in the Greater Blue 

Earth River Network following an instantaneous spatially uniform input to all links of the 

network, and identifies areas of the network where mass concentrates and persists due to 

time delays on the hierarchical branching river network structure. As discussed before, 

the purpose of using an instantaneous spatially uniform input was to probe the system and 

examine its emergent space-time organization, e.g. critical locations where inputs slow 

down and cluster together (as identified by high CPI), revealing a system property due to 

network topology and process dynamics. We seek to test the hypothesis that places of 

high CPI can be used to identify observed hotspots of sediment-driven channel migration. 

It is seen from Figure 3.8 that the CPI was capable of identifying hotspots h1 and h2 on 

the Watonwan and Blue Earth Rivers, respectively, that occurred upstream of the 

knickzone. This might suggest that these hotspots occurred because of a persistence of 

sediment, forcing channel migration through the bar-push mechanism [Parker et al., 
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2011; van de Lageweg et al., 2014; Eke et al., 2014].  

 It is noted that in making cause and effect interpretations, it is important to examine 

the system predisposition for geomorphic change (as performed above) in view of the 

possibly heterogeneous spatiotemporal inputs which might negate such a predisposition. 

For example, an asynchronous timing of sediment supply might ameliorate or even break 

down the persistence of sediment clustering, depending on the time scales of sediment 

pulsing versus the time scales of transport. In our case, numerical experiments by 

randomly varying the starting positions of parcels within the length of each link and also 

by increasing sediment input at locations where bluffs adjoin the river network (the major 

sources of accelerated sediment input in this basin), have clearly demonstrated that this is 

not the case, and that the locations of high CPI are fairly robust. This issue is further 

discussed in section 3.5 where unraveling the sources of clusters is proposed as a means 

for guiding management decisions.  

 As can be seen from Figure 3.8, the CPI qualitatively matches the observed channel 

migration rate upstream of the knickzone in both the Watonwan and Blue Earth Basins 

with one exception. At about 15 km upstream of the mouth of the Blue Earth River, CPI 

was very large but the observed channel migration rate was low (see Figure 3.8d). This is 

the site of Rapidan Dam on the Blue Earth River, which in the network had a very low 

slope, representative of the reservoir surface. Obviously the reservoir is not migrating and 

thus the local context must always be considered in interpreting the results of the 

analysis. 

 Hotspot h3 on the Le Sueur River that occurred within the knickzone was not 

identified by a high magnitude of CPI (Figure 3.8). This might suggest that a different 

mechanism, such as the streamflow-driven bank-pull mechanism [Parker et al., 2011; 

van de Lageweg et al., 2014; Eke et al., 2014], was responsible for the amplified 

migration in hotspot h3. Indeed, the bank-pull mechanism is expected to occur in reaches 

with high bed shear stress capable of both eroding the channel banks and rapidly 

transporting supplied sediment downstream, such as in the knickzone where hotspot h3 

lies. Bed shear stress 
ib,  was computed for the entire network as 

iiib SgH ,
 (where 
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  = 1000 kg·m
-3

) and is shown in Figure 3.9a; the area with the highest bed shear stress 

corresponded to hotspot h3 on the Le Sueur River, providing support for the idea that 

streamflow-driven erosion rather than sediment persistence may drive channel migration 

here. Bed shear stress was low at hotspots h1 and h2 on the Watonwan and Blue Earth 

Rivers, respectively, corroborating the hypothesis that channel migration here is driven 

by a different mechanism than streamflow-driven erosion. 

 Further support for the bank-pull mechanism in contributing to the geomorphic 

change associated with hotspot h3 was provided by the finding that incision of this 

portion of the Le Sueur River over the Holocene was most accurately modeled as a 

detachment-limited (or supply-limited) system in which downstream coarsening also 

played a role in setting the modern longitudinal profile [Gran et al., 2013]. Additionally, 

detailed measurements and field observations of eroding bluffs in this portion of the Le 

Sueur River suggest that undercutting and toe erosion drive bluff retreat, i.e., channel 

migration into bluffs, and because these bluffs maintain steep faces and do not lie back 

over time suggests that the river quickly removes any material deposited at the toe of the 

bluff [Day et al., 2013]. Together these observations suggest that this portion of the Le 

Sueur River is more than capable of transporting any sediment supplied downstream 

without allowing sediment to persist for a long period of time. Therefore, in this reach of 

the Le Sueur River (around hotspot h3) the most likely mechanism of channel migration 

is the bank-pull mechanism. It is also known that in the knickzone of the Le Sueur River, 

large bluffs contribute a substantial amount of sediment to the river network [Belmont et 

al., 2011] and thus it is also possible that spatiotemporal heterogeneity of sediment 

supply, which was not considered herein, may also play a large role in forming this 

hotspot. Further investigation into all hotspots is necessary to provide more evidence for 

the causative mechanisms leading to the observed high rates of channel migration. 

 Geomorphic disturbances can be amplified at and just downstream of confluences 

due to the high frequency and magnitude of sediment fluctuations from punctuated 

tributary inputs, and also directly upstream of confluences due to presence of a wider, 

low gradient reach that is more susceptible to geomorphic change (suggested by the 

network dynamics hypothesis of Benda et al., [2004a, 2004b]). However, we caution that 
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the potential for fluvial geomorphic change to occur farther downstream should not be 

overlooked. For instance, if the receiving stream is capable of transporting the sediment 

delivered to a confluence farther downstream, then the aggregating effects of these inputs 

may not manifest into fluvial geomorphic change until the transport capacity of the 

stream is reduced, such as at a break in slope or at a large increase in channel width. In 

this case, fluvial geomorphic change may not occur in direct proximity to the confluence 

although the merging of inputs at the confluence may be responsible for augmenting the 

sediment flux. This was exemplified by hotspot h2 of fluvial geomorphic change that 

occurred on the Blue Earth River over 14 km downstream from the nearest major 

confluence (Figure 3.8a). 

 We note that hotspot h2 on the Blue Earth River would not have been identified by 

considering confluence effects alone and that it was only identified by considering 

simplified process dynamics explicitly on the network. Granted, the heterogeneous 

distribution of slopes on the network was the primary factor leading to the identification 

of these hotspots. But it was not obviously apparent from a map of channel slopes (Figure 

3.3d) specifically where hotspots of fluvial geomorphic change might arise. Only by 

incorporating physically-based process dynamics that amplify variations in geomorphic 

properties, such as channel slope, through non-linear relations within the specific 

hierarchical arrangement of these properties on the network, were we able to highlight 

critical hotspots of fluvial geomorphic change (Figure 3.8).  

 The dynamic connectivity framework provides a means for assessing potential 

hotspots of fluvial geomorphic change at the network scale and is ideally suited to be 

used as a rapid identification tool for identifying potential reaches susceptible to fluvial 

geomorphic change. This framework has advantages over the static spatial metrics such 

as channel slope (Figure 3.3d) or bed shear stress (Figure 3.9a) through which the 

identification of all hotspots was not readily apparent (as discussed above). To identify all 

potential hotpots, one should investigate both reaches of high CPI and also reaches of 

high bed shear stress (or high stream power, which is closely related). Then this approach 

can also be useful for hypothesis testing, by suggesting which mechanism of channel 

migration may be driving change in various locations. Once hotspots are identified using 
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this framework, more detailed investigations can be performed at the reach scale to 

further understand causative mechanisms and to better inform potential management 

actions. 

3.5 Unraveling the Source of a Cluster 

If hotspots of fluvial geomorphic change can be identified through the emergence of large 

persistent clusters of mass on the network, the next question is how this information can 

be used to inform potential management actions. Large clusters that formed at time 4 

years (corresponding to h1 on the Watonwan River, Figure 3.10a) and 40 years 

(corresponding to h2 on the Blue Earth River, Figure 3.10b) after an instantaneous 

uniform input of sand to all links of the network were unraveled backwards in time to 

identify their source contributions (at time 0, Figure 3.10c). As these are the largest 

clusters formed, they are the clusters responsible for the largest contributions to the CPI 

and the coalescing of their mass may most strongly exacerbate channel migration at these 

locations. By identifying the source contributions that synchronize on the network to 

form clusters, management efforts could be taken to reduce sediment generation of these 

specific source areas or break the synchronization of these contributions before they 

coalesce into an aggregated mass with a potential to affect fluvial geomorphic change. 

 Potential management options might include efforts to reduce the erosion at the 

source (through bank protection measures for bank sources or vegetative buffer strips for 

upland sources), break the synchronization of arrival of sediment (through construction of 

riparian wetlands that alter specific reach hydraulics), or mitigate the effects (through 

bank protection measures for the eroding bank or sediment removal where the bar-push 

mechanism drives erosion). Depending on the network structure and process dynamics, 

the potential management options available may differ.  

 For instance, the large cluster that formed on the Watonwan River (coincident with 

hotspot h1) formed early on (within 4 years of the input) and thus reflected a proximal 

upstream source (Figure 3.10). Here there was a short lead time before the cluster formed 

but the source areas were distributed between two branches. Efforts to break the 
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synchronization of these inputs here before they form a cluster may be possible through 

alteration of the geomorphic properties affecting the travel time through one of the 

branches, but would likely have to be carried out prior to any disturbance due to the short 

lead time of cluster formation. However, we caution that any efforts to break the 

synchronization of a potential cluster should be fully investigated to ensure that a larger 

cluster would not likely form at a different time.  

 Alternatively, the large cluster that formed on the Blue Earth River (coincident with 

hotspot h2) formed later on (40 years after the input) and thus reflected a distal upstream 

source (Figure 3.10). Here there was a long lead time before the cluster formed but the 

source area was more scattered amongst several subnetworks. Multiple efforts might be 

required to break the synchronization of these inputs here before they form a cluster due 

to the distributed nature of the source area, although these efforts could be carried out 

after a disturbance due to the long lead time of cluster formation. Control of source inputs 

may be most feasible given the distributed nature of the source area because variations 

between different subnetworks may make source control more readily possible in some 

subnetworks than others.  

 These examples of unraveling source contributions that synchronize at a given 

location to affect geomorphic change are meant to be illustrative of the type of 

information that can come out of this framework rather than as a suggestion of where to 

manage to reduce channel migration in this basin. Once system specific information on 

spatiotemporal inputs can be considered (available from direct observations, mapping of 

sediment-generating landscape features, sediment budgets, etc.), then it is possible to 

verify whether indeed these unraveled source contributions are the main cluster-

contributing sediment sources or whether these sources may be overwhelmed by larger 

sediment sources elsewhere in the basin. 

 The dynamic connectivity framework provides a network-scale context to process 

dynamics operating at smaller scales for informing basin management. While not a focus 

herein, this framework is capable of assessing how changes to the network, in either 

network structure or through properties such as channel width, at a local scale may 

cascade into larger changes at the network scale. 
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3.6 Concluding Remarks 

The dynamic connectivity framework presented herein takes a network as a template 

upon which a flux evolves through time. We suggest that the spatial organization of 

fluxes into clusters can tell us something about system functioning. This framework is 

general enough to account for different types of networks as well as time varying 

properties of the system. Herein, this framework was applied to sand transport on the 

Greater Blue Earth River Network in Minnesota to assess the potential for using the 

emergence of sediment clusters, which were integrated through time into a cluster 

persistence index (CPI), to identify hotspots of fluvial geomorphic change. High values 

of CPI represent areas where sediment has a tendency to persist on the network, which 

may be related to sediment-driven fluvial geomorphic change. Of the three hotspots of 

fluvial geomorphic change (defined as locations where observed rates of channel 

migration were high), two of these hotspots coincided with high CPI. The third hotspot 

was not identified by high CPI, but instead was believed to be a hotspot of streamflow-

driven change based on additional information and the fact that high bed shear stress 

coincided with this hotspot. Nonetheless, the dynamic connectivity framework provides a 

network perspective of dynamical processes that occur at smaller scales, useful for 

understanding how reach-scale changes cascade into network-scale effects and for 

informing management actions. 
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Figure 3.1. Overview of the dynamic connectivity framework. The framework involves: 

(a) establishing the river network where each link i  is assigned a fluvial geomorphic state 

if , ; (b) tracking a flux on the network as a set of locations of the parcels 
kp  (each of 

mass m = 1) on the network, shown here at times t = 0, (c) t = 1, and (d) t = 2; and then 

quantifying the dynamic connectivity of the flux from the spatial organization of the 

parcels on the network, shown as clusters 
jC  (caption continued on next page) 
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(caption for Figure 3.1 continued) defined by both link length at times (e) t = 1 and (f) t = 

2 and also inter-parcel distance ( *d ) at times (g) t = 1 and (h) t = 2. See text for cluster 

definitions. 

 

 

 

 

 

 

 

Figure 3.2. Overview of the formulation of sand travel time (
ist ,
) through a fluvial 

geomorphic state (here link i , with its geomorphic and hydraulic properties). The 

reduced form of the sand transport velocity and sand travel time incorporates parameters 

specific to the Blue Earth River Basin. The characteristic flow considered in these 

computations is the two-year recurrence interval peak flow or Q2. See text for definitions. 
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Figure 3.3. Location and description of the Greater Blue Earth River Network. (a) 

Location map of the Greater Blue Earth River Basin in Minnesota and Iowa comprising 

the (b) Watonwan, Blue Earth, and Le Sueur River Basins. (c) Elevation map of the basin 

and (d) slopes of the network. The approximate historical extent of Glacial Lake 

Minnesota (determined as the extent of the glaciolacustrine environment by Hobbs and 

Goebel [1982]) is outlined in (c) and shaded in (d). (caption continued on next page) 
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(caption for Figure 3.3 continued) The knickzone in the lower 40 km of the network from 

the basin outlet is identified in (d) as the highlighted portion of the network. (e) Traces 

along the network shown as (f) long profiles. The thin lines show the long profile for 

every link in the network to the outlet and a few traces are highlighted. 

 

 

Figure 3.4. Sand transport on the Greater Blue Earth River Network. Organization of 

sand transported on the network at time (a) 0.4, (b) 4, and (c) 40 years after an 

instantaneous uniform input (each considered as a hillslope contribution) to all links of 

the network at t = 0. 
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Figure 3.5. Distance and travel time distributions of each link to the outlet in the Greater 

Blue Earth River Network. The distance distribution of each link to the outlet was 

partitioned into different distance bands shown as (a) the network width function and (b) 

mapped spatially on the network. The travel time distribution of each link to the outlet 

was partitioned into different travel time bands shown as (c) the sand response function 

and (d) mapped spatially on the network. Colors correspond between (a) and (b) and 

separately for (c) and (d). 
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Figure 3.6. Temporal evolution of inter-parcel distance (distance between a parcel and its 

immediately downstream parcel) and cluster statistics. The rescaled probability 

distribution function (pdf) of inter-parcel distance (rescaled such that the mode of the pdf 

was set equal to 1) at time (a) 0.4, (b) 4, and (c) 40 years after an instantaneous uniform 

input at t = 0 to all links of the network. (d) Stacked pdfs of rescaled inter-parcel distance 

for all times to form a contour plot. The long-dashed horizontal line denotes the threshold 

distance ( *d ) used in the (inter-parcel distance) cluster definition, i.e., two parcels less 

than *d  distance apart belong to the same cluster. (e) Number of clusters formed over 

time and (f) cluster size statistics of maximum, 90
th

 percentile, and median spatial cluster 

size. 
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Figure 3.7. Dynamic connectivity of sand transport on the Greater Blue Earth River 

Network. Organization of sand transported on the network into clusters at time (a) 0.4, 

(b) 4, and (c) 40 years after an instantaneous uniform input (each considered as a 

hillslope contribution) to all links of the network at t = 0. Clusters were defined using an 

inter-parcel distance (distance between a parcel and its immediately downstream parcel) 

equal to 1 km although they are shown here as spanning entire links. The color 

corresponds to the number of hillslope contributions within each cluster. 
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Figure 3.8. Identification of hotspots of fluvial geomorphic change in the Greater Blue 

Earth River Network using the cluster persistence index (CPI). (a) Observed channel 

migration rate 1938-2005 shown spatially averaged using a 5-km smoothing window 

[Belmont et al., 2011; Bevis, 2015]. Hotspots (h1, h2, h3) of fluvial geomorphic change 

were defined as locations where the observed channel migration rate was much higher 

than was occurring throughout the rest of the basin. (b) CPI as computed by our model 

(see text for definition). High values of CPI coincide with hotspots h1 and h2 suggesting 

that CPI can be used to identify these hotspots of sediment-driven fluvial geomorphic 

change. Hotspot h3 (streamflow-driven) was not identified by CPI and reasons are 

discussed in the text (see also Figure 3.9). Detailed comparisons of the observed channel 

migration rate (shaded; corresponds to the left y-axis) and cluster persistence index (line; 

corresponds to the right y-axis) for the (c) Watonwan River which contains hotspot h1 

and (d) Blue Earth River which contains hotspot h2. 
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Figure 3.9. Identification of hotspot of fluvial geomorphic change in the Greater Blue 

Earth River Network using bed shear stress. (a) Bed shear stress at the two-year 

recurrence interval flow. Hotspot h3 of fluvial geomorphic change was defined as the 

location along the Le Sueur River where the observed channel migration rate was much 

higher than was occurring throughout the rest of the river (see Figure 3.8a). It is seen that 

the streamflow-driven hotspot h3 was well predicted by high values of bed shear stress. 

(b) Detailed comparison of the observed channel migration rate (shaded; corresponds to 

the left y-axis) and bed shear stress (line; corresponds to the right y-axis) for the Le Sueur 

River. 
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Figure 3.10. Unraveling the source contributions of two large clusters formed at different 

times. The largest cluster formed at time (a) 4 years (length ≈ 17 km) and (b) 40 years 

(length ≈ 15 km). The colored bars are the histogram of hillslope contributions within 

each cluster, where each color corresponds to a specific source area (at time 0) of the 

hillslope contributions composing the cluster, shown with the same colors in (c). This 

process-specific coarse-graining of the landscape allows the identification of space-time 

sources of sediment which eventually coalesce downstream due to the specific river 

network topology and flux dynamics. 
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Chapter 4 

Interplay between Spatially-Explicit 

Sediment Sourcing, Hierarchical River-

Network Structure, and In-Channel Bed-

Material Sediment Transport and Storage 

Dynamics 

High-resolution topography provides a basis for accurately mapping sediment sources, 

identifying pathways by which sediment moves through a watershed, and quantifying the 

physiographic characteristics of river channels and floodplains. Paired with field 

measurements, these data quantify the spatial distribution, magnitude, and frequency of 

sediment inputs to a basin, which may reveal a vastly heterogeneous potential for 

sediment generation that should be incorporated into watershed-scale, sediment-transport 

models. Herein, we present a network-based model for bed-material sediment that 

combines spatially-explicit sediment sourcing with in-channel transport and storage 

dynamics on a river network. We use the model to simulate the transport and storage of 

bed-material sand over a 600-year time period in the Greater Blue Earth River Basin in 

Minnesota. We show how to compute analytically the time-averaged bed-sediment 

thickness for each link of an entire river network for any spatial distribution of inputs, 

with or without accounting for in-channel storage. Under supply-limited conditions, we 
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show how to compute analytically the time-averaged pdf of bed-sediment thickness. 

Under transport-limited conditions, (1) the time-averaged pdf of bed-sediment thickness 

is heavy tailed where the magnitude of fluctuations depends on the strength of feedback 

between the volume of sediment placed in storage and the resulting slope and (2) the 

timeseries of bed-sediment thickness is periodic with dominant period inversely 

proportional to the volumetric flux, which sets the timescale for the bed to adjust. The 

timeseries of bed-sediment thickness is the result of dynamics on a network in 

propagating, altering, and amalgamating sediment inputs in sometimes unexpected ways. 

4.1 Introduction 

Near-channel sediment sources now dominate in many agricultural landscapes [Belmont 

et al., 2011; Massoudieh et al., 2013; Kronvang et al., 2013; Neal and Anders, 2015]. 

Studies employing a variety of approaches including bedload and suspended load 

monitoring, setting bank-erosion pins, aerial photograph analysis, and sediment 

fingerprinting have found near-channel erosion to dominate over agricultural field 

erosion in a range of environments from the Le Sueur River in southern Minnesota (2,880 

km
2
; 78% agriculture; 70% near-channel erosion of bluffs, banks, and ravines) [Belmont 

et al., 2011] to Mill Stream, a tributary of the Chesapeake Bay in Maryland (32 km
2
; 74% 

agriculture; 83-99% bank erosion) [Massoudieh et al., 2013] to the River Odense in 

Denmark (486 km
2
; 71% agriculture; 90-94% bank erosion) [Kronvang et al., 2013] to 

Wildcat Slough in central Illinois (61 km
2
; 99% agriculture; 40-65% bank erosion) [Neal 

and Anders, 2015]. The finding that near-channel sediment sources often dominate may 

be surprising as sediment generated in agricultural landscapes has historically been 

primarily sourced from upland fields [Trimble, 1981, 1983; Belmont et al., 2011]. At least 

in the Le Sueur River Basin, an expansion and intensification of agricultural drainage has 

both decreased surface runoff and erosion and increased crop yields, but at the expense of 

delivering more water to ditches, streams, and rivers than in the past resulting in 

amplified streamflows and more erosive rivers [Blann et al., 2009; Belmont et al., 2011; 

Schottler et al., 2014; Foufoula-Georgiou et al., 2015]. 
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 As near-channel sediment sources become increasingly recognized as dominant in 

modern agricultural landscapes, the modeling frameworks used to simulate sediment 

transport at the watershed scale must also undergo a shift. Conventional watershed-scale, 

sediment-transport models have primarily been developed for use in agricultural 

landscapes, where upland soil erosion is assumed to be the primary sediment source. 

Such models estimate upland soil erosion using the universal soil loss equation [Renard 

et al., 1997] and apply a sediment-delivery ratio to estimate watershed sediment yield 

(e.g., HSPF see Shenk and Linker [2013] and SWAT see Gassman et al. [2007]). While 

efforts have been made to incorporate near-channel sediment sources into these models, 

representation of sediment-transport processes remains nascent. 

 However, a few network-based modeling frameworks exist that can easily 

incorporate near-channel sediment sources [Benda and Dunne, 1997; Jacobson and 

Gran, 1999; Wilkinson et al., 2006; Czuba and Foufoula-Georgiou, 2014, 2015; Gran 

and Czuba, 2016; Schmitt et al., 2016]. The seminal work is that of Benda and Dunne 

[1997a] where stochastically-forced sediment inputs were routed through a 215 km
2
 river 

network in the Oregon Coast Range via a sediment mass-balance approach. Distributed 

inputs to their network model included (1) landslides, debris flows, and fluvial scour 

from bedrock hollows in first and second order channels; (2) soil creep along the toe of 

hillslopes; (3) landslides from bedrock hollows that laterally enter a reach; and (4) bank 

erosion of debris-flow fans and terraces. Jacobson and Gran [1999] developed a simple 

network routing model of the 5,200 km
2
 Current River Basin in the Ozarks of Missouri to 

explain how gravel inputs delivered to first-order channels through widespread land-use 

change and then subsequently routed through the network could explain the spatial 

distribution of gravel bars in the basin. Wilkinson et al. [2006] computed the spatial 

distribution of bed-material sediment accumulation in the 29,000 km
2
 Murrumbidgee 

River Basin in southeast Australia by comparing the total bed-material sediment supply 

from gullies, river banks, and upstream tributaries against the sediment transport capacity 

in each reach.  

 More recently, the network-based framework of Czuba and Foufoula-Georgiou 

[2014, 2015] (see also chapter 2 and 3) was used to route sand-sized sediment through the 
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channel network of the 44,000 km
2
 Minnesota River Basin (or a subbasin: the 9,200 km

2
 

Greater Blue Earth River Basin) in southern Minnesota via physically-based time delays 

quantified by physiographic and channel dynamic properties. While developments are 

still ongoing, this framework has the potential to incorporate any type of sediment input 

along the river network as well as storage processes. Gran and Czuba [2016] 

incorporated a sediment budget of the Greater Blue Earth River Basin [Bevis, 2015] along 

with an in-channel storage process into the network-based framework of Czuba and 

Foufoula-Georgiou [2014, 2015] primarily to assess how sediment pulses (in excess of a 

background supply) are affected by river-network structure. Additionally, the network-

based CASCADE (CAtchment Sediment Connectivity And DElivery) modeling 

framework of Schmitt et al. [2016] identifies sediment cascades that establish the 

connectivity between a specific source and its multiple sinks. The CASCADE model was 

applied to the 51,000 km
2
 Da River Basin within Vietnam, China, and Laos to 

quantitatively analyze the sediment connectivity of the basin. The work of Schmitt et al. 

[2016] provides some important new developments for network-based, sediment-

transport models including the specification of the full grain-size distribution of bed-

material sediment and adding so-called competition functions for determining which 

grain sizes to transport in a given reach.  

 With the availability of detailed topography from lidar data, we can accurately map 

the sources of sediment and pathways by which sediment moves through a watershed 

[Passalacqua et al., 2012, 2015]. In some basins, this may reveal a vastly heterogeneous 

potential for sediment generation (e.g., location of bluffs, ravines), and paired with field 

measurements, allows one to quantify the magnitude and frequency of sediment 

generation for all sediment-generating features identified on the landscape. Furthermore, 

physiographic characteristics of the channels (e.g., slope, width) can be extracted from 

the detailed topography to compute the rate of sediment movement through, and transport 

capacity of, various reaches. This is the essence of network-based, sediment-transport 

models which have the potential to explore synchronizations (see chapter 2), emergence 

of hotspots of geomorphic change (see chapter 3), and also test alternative scenarios for 

management decisions. 
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 The purpose of this chapter is to develop a network-based model of bed-material 

sediment and extensively describe its implementation in the Greater Blue Earth River 

Basin in southern Minnesota. This model combines spatially-explicit sediment sourcing 

with in-channel transport and storage dynamics (Figure 4.1) within the network-based 

framework of Czuba and Foufoula-Georgiou [2014, 2015] described in chapters 2 and 3. 

We analytically derive the quasi-steady-state, spatio-temporal characteristics of bed-

sediment thickness from the mechanistic underpinnings of the model and the hierarchical 

structure of the river network – all without the need for numerical simulations. We then 

use the model to simulate the transport and storage of bed-material sediment over a 600-

year time period and the spatio-temporal characteristics of bed-sediment thickness. 

Furthermore, we use the model to isolate the influence of river-network structure on bed-

material sediment dynamics in propagating, altering, and amalgamating the emergent, 

large temporal fluctuations and periodicities of bed-sediment thickness. 

4.2 Network-Based Modeling Framework for Bed-Material 

Sediment 

The network-based modeling framework described in chapter 2 is a first-order approach 

to understanding the transport dynamics of an environmental flux along a network by 

combining system connectivity with major transport and transformation processes. As 

applied to bed-material sediment herein, the result is a Lagrangian transport model of 

sediment on a river network (section 4.2.1) where sediment is supplied in space and time 

(section 4.2.2), transported downstream via physically-based time delays (section 4.2.3), 

and stored in-channel whenever transport capacity is exceeded (section 4.2.4). The 

resulting model of bed-material sediment lends itself to some analytical insights that are 

described in section 4.2.5. Basic elements of the model are described in this section; 

further details regarding the application of the model to the study basin are described in 

section 4.3. 
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4.2.1 Network of Connected Flowpaths 

A network of connected flowpaths forms the basis of the model. Herein we focus on a 

river network conceptualized as a set of connected links. Each link i  represents either a 

segment of river channel between tributaries and/or lakes or a lake that intersects the river 

network with each link associated with a set of unique topologic, physiographic, and 

hydrodynamic attributes. For instance, a river channel would have at least the following 

attributes: index of link i , index of upstream and downstream links, link length i  [L], 

directly contributing area ia  [L
2
], upstream drainage area iA  [L

2
] (i.e., the sum of ia  for 

all links upstream of and including link i ), elevation of the bed at the upstream end of the 

link 
ti,  [L], and channel slope 

tiS ,
; herein, both 

ti,  and 
tiS ,
 vary in time, and thus 

include a subscript t . Additional attributes associated with transport and storage 

dynamics can be computed from or parameterized by these attributes (see sections 4.2.3, 

4.2.4, and 4.3.4). 

4.2.2 Spatial and Temporal Supply 

An individual input to the network is referred to as a parcel, defined as an arbitrary 

volume pV  [L
3
] or mass psV  [M] of sediment that conceptually moves through the 

system as a coherent unit (where s  [ML
-3

] is the sediment density). Spatially, parcels 

can be input anywhere along the length of any link. Temporally, these inputs can recur 

based on a specified interarrival time distribution.  

4.2.3 Transport Dynamics 

An individual parcel of sediment is conceptualized as moving through a link via a 

physically-based time delay. Herein, we summarize the travel-time derivation for bed-

material sand transport from chapter 2 that represents the travel time tist ,,  [T] of a sand 

parcel to move through link i  at a particular time t  in the absence of storage (an 

additional time delay due to storage is handled separately and is described in section 
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4.2.4). This travel time tist ,,  was computed as the time it takes a sand parcel to move 

through a link of length i  at a bulk sand transport velocity 
tisu ,,
 [LT

-1
] as  

tis

i

tis
u

t
,,

,,


 .        (4.1) 

 The bulk sand transport velocity 
tisu ,,
 was obtained by decomposing an estimate of 

the volumetric transport rate of sand 
tisQ ,,
 [L

3
T

-1
] into a velocity and an area through 

which the majority of sand transport takes place as 

  iii

tis

tis
BH
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,,  ,      (4.2) 

where iH  [L] is the flow depth of link i , iB  [L] is the channel width of link i , and i  is 

a scale factor such that together  ii H  defines a characteristic vertical length scale for 

sand transport (guidance on the selection of i  is provided in section 2.4.5). Through 

equations for uniform (normal) flow hydraulics and Engelund and Hansen’s [1967] 

sediment-transport formula, a volumetric transport rate of sand 
tisQ ,,
 can be estimated, 

substituted into equation (4.2), and the result rearranged (see chapter 2 for details) as 
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iii
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 ,      (4.3) 

where g  [LT
-2

] is the acceleration due to gravity, iR  is the submerged specific gravity of 

sediment in link i , iD  [L] is the sediment grain size in link i , and 
iwu ,
 [LT

-1
] is the 

streamflow velocity in link i .  

 Substitution of equation (4.3) into equation (4.1) yields  

2/3

,

2/12

,
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,,
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 tiiiwi

iii
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     (4.4) 

which describes the travel time of a sand parcel through a link according to streamflow 

hydraulics specified by 
iwu ,
 and iH . While not explicitly stated, any variable can be 

specified as a function of spatial location for a given link i , vary with time t , or specified 

as a function of other variables/parameters. Only those variables that are allowed to vary 
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with time in the model described herein are given the time index t , although it is 

important to note that this is not restrictive to only these variables/parameters. This means 

that equation (4.4) or equation (4.3) can be used to simulate the transport of sediment 

under explicit time-varying hydraulics.  

4.2.4 Storage Dynamics 

Both lake and in-channel storage are simulated in the present model. Lakes directly 

connected to the channel network act as bed-material sinks, and thus any sand parcels 

that enter a lake are removed from the system. In-channel storage of parcels occurs 

whenever transport capacity is exceeded, the excess volume aggrades the bed and thus 

adjusts the slope and thereby affects transport. These storage dynamics were briefly 

described by Gran and Czuba [2016], but here we go into more mathematical detail. 

 The volumetric transport rate of sand 
tisQ ,,
 as computed from Engelund and 

Hansen’s [1967] sediment-transport formula defines transport capacity. We can think 

about this transport capacity in the context of the model in a few different ways. By 

combining equations (4.1) and (4.2) and rearranging, the potential volumetric transport 

rate of sand or transport capacity can be written as 

 

tis

iiii

tis
t

BH
Q

,,

,,


       (4.5) 

which is the volume of the active transport layer within a link divided by the travel time 

to move through that link. As sand parcels are transported along the network, at any time 

t  we can determine the total volume of sand from all parcels in each link i  and refer to 

this volume as 
tisV ,,
 [L

3
]. Then, the most straightforward way to incorporate transport 

capacity is to conceptualize transport capacity as the maximum volume of sediment i  

[L
3
] that can be moved at any one time through a link i  as  

  iiiii BH  .       (4.6) 

Alternatively, we can compute a bed-sediment thickness 
tish ,,
 [L] as 
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where 
p  is the porosity of the bed-material sediment and the term  p1  effectively 

increases the volume occupied by the parcels on the bed due to pore space present in the 

subsurface deposit. All thicknesses associated with bed-material sediment herein include 

the  p1  term that accounts for sediment porosity of the resulting deposit. The 

equivalent bed-sediment thickness at capacity 
isH ,
 [L] (Figure 4.2a) is given by 
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 At every time t  the total parcel volume 
tisV ,,
 in each link i  was compared to the 

volumetric transport capacity i  of that link. Whenever the total parcel volume exceeded 

transport capacity, the parcels contributing to the excess volume stor

tisV ,,  [L
3
] defined as 
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,,
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      (4.9) 

are assigned to in-channel storage. Specifically, the first subset of parcels to arrive into 

the link (following first-in last-out) whose cumulative volume is at least stor

tisV ,, , are 

assigned to a conceptual subsurface-storage layer by “freezing” those parcels’ transport 

through the link (i.e., they did not move while in storage). Once other parcels exit the link 

additional parcels could return from storage to active transport (following last-in first-

out), but only enough parcels as 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 in-channel storage. 

Any parcels placed into in-channel storage can subsequently be released, allowing the 

bed to return to its initial profile. However, new sediment inputs were not generated from 

the bed during supply-limited conditions. Instead, the bed was assumed to be armored at 

its initial profile with a coarse lag deposit or by bedrock, and simulations then captured 

the dynamics of sand moving over a non-erodible substrate. 

 Whenever in-channel storage occurs, the excess volume or storage volume stor

tisV ,,  is 



 

 96 

placed in such a way as to increase the channel slope of link i  where storage occurs and 

simultaneously decreases the channel slope in the two directly upstream channel links 

(referred to with link indices 1u  and 2u ). Specifically, stor

tisV ,,  is used to adjust the bed 

elevation 
ti,  at the upstream end of link i  by conceptually placing this storage volume in 

one, two, or three wedges depending on the number of channel links directly upstream of 

link i  (see Figure 4.2b). One wedge is located in link i , pinned at the downstream end, 

and its elevation was only adjusted at the upstream end (
ti, ). Additional wedges (one or 

two) were located in upstream channel links if those channel links existed; the elevation 

of the wedge in upstream links is only adjusted at the downstream end (
ti, ) and is pinned 

at the upstream end. The sediment parcels in storage always reside in link i , but this 

conceptual placement of that storage volume ensures continuity of bed elevations for 

computing slopes. Where there were two upstream channel links, the bed elevation 
ti,  is 

adjusted as 
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where 
0,i  [L] is the initial elevation at the upstream end of link i  at time 0t . We 

assume sufficiently low slopes such that i  represents the three-dimensional distance 

between ends of a link is approximately equal to the two-dimensional horizontal distance 

between the ends of a link (Figure 4.2b). An initial elevation 
0,i  is used here rather than 

at the previous time step because stor

tisV ,,  defines the total volume of sediment in storage 

and not the incremental volume. For the case of only one upstream channel link 1u , 

equation (4.10) would only contain two B  terms, instead of three, with indices i  and 

1u ; and in the absence of any upstream channel links, equation (4.10) would only contain 

the iiB   term.  

 Once 
ti,  is computed for all links at time t , then the channel slope 

tiS ,
 is updated 

everywhere as 
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where 
td ,  denotes the elevation at the downstream end of link i , as the index d  denotes 

the index of the link directly downstream of link i . In this formulation the elevation of 

the downstream end of the most downstream link in the network (at the outlet) is fixed at 

its initial value through time. The change in slope affects the travel time tist ,,  via equation 

(4.4), which then affects the volumetric transport rate of sand or transport capacity via 

equation (4.5). It is important to note that in this formulation in-channel storage does not 

affect the volume of sediment transported at capacity i , but alters the speed at which 

parcels move through a given channel link. The effects of storage are not only local to an 

individual link, but also propagate to channel links directly upstream. 

4.2.5 Analytical Insights 

At any time t , the bed-sediment thickness 
tish ,,
 is composed of an active-transport layer 

act

tish ,,  [L] and a storage layer stor

tish ,,  [L] (see Figure 4.2a) as  

stor

tis

act

tistis hhh ,,,,,,  .      (4.12) 

Similarly, the time-averaged bed-sediment thickness ish ,  [L] is given by the sum of the 

time-averaged active-transport layer thickness act

ish ,  [L] and a time-averaged storage layer 

thickness stor

ish ,  [L] as 

stor
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Also note that  
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which states, on average, that whenever in-channel storage occurs the active layer 

transports sediment at capacity and whenever in-channel storage does not occur sediment 

is transported at a rate that is less than capacity.  
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 When in-channel storage is not considered or if it is unimportant (i.e., not 

disrupting the transport of parcels through a link) in the present and upstream links, then 

we can compute the pdf of act

tish ,,  as  act

tishf ,, , which for this case is equivalent to the pdf of 

tish ,,
 as  tishf ,, . When in-channel storage occurs, we can compute ish , . However, if we 

shift the values of  act

tishf ,,  by stor

ish ,  we preserve ish ,  and provide an estimate of  tishf ,,  

referred to as  tishf ,,
ˆ , where the “^” denotes only an estimate, that assumes the in-

channel storage process preserves the structure of a Poisson arrival process. This 

estimated pdf  tishf ,,
ˆ  provides a useful baseline to compare against once in-channel 

storage becomes important and where subsequently the Poisson arrival process breaks 

down. Throughout the remainder of this section we describe how these aspects of bed-

sediment thickness can be computed analytically without the need for numerical 

simulations. These analytical results are useful because they not only establish the 

mathematical relation between bed-sediment thickness, sediment supply, sediment 

transport, and channel characteristics, but also provide a way to obtain some results 

quicker and simpler through direct analytical computation rather than through numerical 

simulations. 

 We must first decompose an arbitrary magnitude input from a sediment-generating 

feature into a number of parcels each with volume pV  that are each then independently 

delivered to the network with an exponential interarrival time distribution with rate 

parameter   [T
-1

] (and thus mean and standard deviation of interarrival times equal to 

1  [Durrett, 2012]). Breaking the inputs in this way means that the arrival of parcels to 

link i , including those generated internally and from upstream, will follow a Poisson 

arrival process with rate i  [T
-1

] as 

 ii n        (4.15) 

where in  is the total number of inputs of volume pV  upstream of link i  but downstream 

of any lakes directly connected to the network (Figure 4.2c); because the sum of 

independent Poisson random variables is also Poisson with a rate that is the sum of the 
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rates of the individual Poisson random variables [Durrett, 2012].  

 At quasi-steady state, once a parcel arrives to a link it remains in that link, on 

average, for a duration of 
ist ,
 [T], which is the time-averaged travel time for a sand parcel 

to move through a link. In the absence of in-channel storage, slope never changes, and 

thus 
ist ,
 is equivalent to the initial travel time 

0,,ist  at time t  = 0. According to the 

Poisson arrival process, the number of parcels iN  within link i  for duration 
ist ,
 is given 

by the Poisson distribution  isip tkf ,;  as  
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where pk  = 0, 1, 2, … and with both mean and variance equal to isit ,  [Durrett, 2012]. 

The probability distribution function (pdf) of the bed-sediment thickness active-transport 

layer  act

tishf ,,  is then just a scaled Poisson distribution as 
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On average, the volume of sediment in link i  is given by 
isip tV ,  and the quantity 

ipV   

represents the volumetric supply rate of sediment to link i . Therefore, the time-averaged 

bed-sediment thickness of the active-transport layer 
act

ish ,  is given by 
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These analytical results refer to the bed-sediment thickness of the active-transport layer 

because we must assume that 
ipV   is the average volumetric supply rate both arriving 

and departing at a given time. However for transport-limited links, the bed must first 

adjust in order to transport the supply.  

 We can compute how much the bed-sediment thickness would need to increase in 

order to pass the supply by the following iterative procedure. First we compute the 

relative capacity 
iter

iRC  of a given link i , where iter  denotes the current iteration, by 
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comparing the rate of sediment supply to the rate of sediment transport as 

  iiii
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where 
iter

ist ,

~
 [T] is the travel time for a sand parcel to move through a given link i  that is 

iterated upon, as the “~” denotes an iterated value. The component of 
iter

ist ,

~
 via equation 

(4.4) that is iterated upon is the slope 
iter

iS
~

 and for the first iteration 
1~
iS  is the initial slope 

0,iS . The links where 1iter

iRC  will ultimately aggrade, so this identifies the channels 

that must adjust their slopes to pass the supply. This means that the volumetric transport 

rate of sand (equation 4.5) must adjust to balance the supply rate as 
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where 
*

,ist  [T] is the travel time for a sand parcel to move through a given link when 

transport balances supply, as the superscript “*” denotes a value computed when 

transport balances supply. The channel slope 
*

iS  that a link must adjust to in order to pass 

the sediment supply is given by substituting equation (4.4) into equation (4.20) and 

rearranging as  
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Thus wherever 1iter

iRC , the elevation iter

i
~  [L] at the upstream end of the link must 

increase to achieve a slope of 
*

iS  as 

 iter

iii

iter

i

iter

i SS
~~~ *1   ,      (4.22) 

and for the first iteration 
1~
i  is the initial bed elevation 0,i . Once all of the elevations 

have been adjusted for all links above capacity to 
1~ iter

i , then channel slope can be 

recomputed for the entire network via equation (4.11) to 
1~ iter

iS . An increase in slope in 

one link simultaneously decreases the slope in the directly upstream links, and because 
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the subsequent decrease in slope may put that link above capacity, we have to iterate this 

procedure until 1final

iRC . It is important to note that for links that have adjusted their 

slopes following this procedure, one must use the final iterated value for 
final

ist ,

~
 (via 

final

iS
~

) for 
ist ,
 in order to accurately compute  act

tishf ,,  via equation (4.17) and 
act

ish ,  via 

equation (4.18) in the context of in-channel storage. 

 In the formulation described herein, the same storage volume is converted into bed 

elevation and bed-sediment thickness in different ways. When this volume is converted 

into bed elevation for the purpose of adjusting channel slopes, we conceptually place that 

volume in three wedges (one in link i  and the other two in upstream links; Figure 4.2b), 

but when we refer to that same storage volume in the context of bed-sediment thickness, 

we place the entirety of that storage volume uniformly across the bed of link i  (Figure 

4.2a). Through this iterative procedure we have calculated an adjusted bed elevation at 

which all links are capable of transporting the supply 
final

i
~  that we now need to convert 

to the time-averaged bed-sediment thickness of the storage layer stor

ish ,  as 
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4.3 Application to the Greater Blue Earth River Basin 

The network-based modeling framework for bed-material sediment was applied to the 

Greater Blue Earth River Basin. The landscape setting is first described in section 4.3.1. 

Details on the application of the framework to this basin include a description of the river 

network (section 4.3.2), the specific spatial distribution and magnitude of sediment inputs 

derived from a sediment budget (section 4.3.3), and the transport and storage dynamics 

(section 4.3.4). This section ends with an overview of model simulations (section 4.3.5). 
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4.3.1 Landscape Setting 

The Greater Blue Earth River Basin includes the Le Sueur River Basin and drains 9,200 

km
2
 of southern Minnesota and northern Iowa to the Minnesota River (Figure 4.3). The 

basin was glaciated multiple times throughout the Pleistocene, the effects of which exert 

considerable control on geomorphic dynamics today [see Ojakangas and Matsch, 1982 

and Gran et al., 2013]. During glacial retreat, a proglacial lake, known as glacial Lake 

Minnesota, formed across a large portion of the Greater Blue Earth River Basin 

depositing fine surficial sediments [Ojakangas and Matsch, 1982]. When glacial Lake 

Agassiz drained through its southern outlet 13,400 years ago to carve the present-day 

Minnesota River valley [Clayton and Moran, 1982], the base-level of the Greater Blue 

Earth River was lowered by roughly 70 m. This lowering created a knickpoint, or sharp 

increase in channel slope, at the outlet of the river that has since migrated 40-60 km 

upstream (Figure 4.3), leaving a rapidly incising knickzone in its wake [Gran et al., 2009, 

2013; Belmont, 2011; Belmont et al., 2011]. 

 Like many Midwestern U.S. landscapes, agriculture is the dominant (85%) land-use 

in the basin [Jin et al., 2013]. Many of the wetlands that once dotted the landscape have 

been drained beginning in the late 1800s by surface ditches and subsurface drain tiles. 

The extensive subsurface drainage system has reduced surface erosion from upland 

fields, but at the expense of amplifying streamflows, accelerating near-channel erosion of 

downstream banks and bluffs, and initiating stream morphologic changes such as channel 

widening [Belmont et al., 2011; Lenhart et al., 2013; Schottler et al., 2014; Foufoula-

Georgiou et al., 2015]. While the Greater Blue Earth River Basin has historically 

exported a large amount of sediment compared to surrounding basins, the amount of 

sediment deposited downstream in Lake Pepin has increased by about an order of 

magnitude in just over a century [Kelley and Nater, 2000]. This is in part due to the 

presence of large bluffs adjacent to the river that make sediment generation in the basin 

highly sensitive to changes in streamflow. However, turbidity is just one of many water-

quality impairments in the basin [MPCA, 2014] contributing to a decline in 

macroinvertebrates, sensitive fish species, and native mussels [Kirsch et al., 1985; 
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Musser et al., 2009; Carlisle et al., 2013; Hansen et al., 2016]. 

4.3.2 Network of River Channels and Lakes 

The underlying structure of the model is the river network, obtained from the National 

Hydrography Dataset Plus Version 2 (NHDPlusV2) [McKay et al., 2012; Horizon 

Systems, 2014]. Lakes were obtained from the waterbody feature of the NHDPlusV2 

dataset [McKay et al., 2012; Horizon Systems, 2014]. Only lakes that intersect the river 

network and have surface area >0.04 km
2
 were incorporated into the network as 

individual lake links (Figure 4.3). The NHDPlusV2 network was preprocessed by (1) 

clipping to the extent of the Greater Blue Earth River Basin; (2) removing isolated and 

secondary channels; (3) establishing a new set of links with index i , with a link defined 

between tributary junctions, as the intersection of a lake with the network, or between a 

lake and a junction; and (4) mapping or computing attributes for each link from the 

original NHDPlusV2 network. The final network was composed of 1,360 links including 

107 lakes. 

4.3.3 Inputs from a Sediment Budget 

Fine sediment (silt and clay) budgets of the Greater Blue Earth River Basin [Bevis, 2015] 

and the Le Sueur River Basin [Gran et al., 2011a; Belmont et al., 2011] constrain the 

location, magnitude, and frequency of sediment inputs from bluffs, streambanks, ravines, 

and uplands (mainly low-gradient agricultural fields). Bed material throughout the 

Greater Blue Earth River Basin is primarily sand and only sand is represented in the 

model. Grain-size distributions measured for all sediment source areas were used to 

estimate sand inputs based on sources in the fine sediment budget. Although gravel in the 

bed material can play a role in setting bed roughness and in slowing channel incision 

[Gran et al., 2013], gravel is only a small portion of the bedload and is not tracked here. 

Inputs from bluffs, ravines, and uplands (Figure 4.4) are incorporated into the present 

model. Net sediment contributions from streambank erosion and floodplain deposition 

are a smaller component of the sediment budget. Representation of these exchange 



 

 104 

dynamics requires further developments of the model [e.g., Lauer and Willenbring, 2010; 

Viparelli et al., 2013; Lauer et al., 2016] and is beyond the scope of the present study. 

4.3.3.1 Bluffs 

Bluffs were defined in this basin by Belmont et al. [2011] as areas along active channels 

that had greater than 3 m of relief within a 9 m × 9 m moving window. Bluffs in the 

Greater Blue Earth River Basin are as tall as 70 m and flank roughly 50% of the active-

channel corridor within the knickzone. Bluffs separated from the river channel by 

terraces were excluded from the sediment source inventory (Figure 4.4). Nearly 3,500 

individual bluffs were mapped from 3 m lidar data in the Greater Blue Earth River Basin. 

According to the sediment budget [Gran et al., 2011a; Belmont et al., 2011; Bevis, 2015], 

the mass erosion rate of sand from each bluff (
bsM ,
 [MT

-1
] in Mg/yr; where the subscript 

s  denotes sand and the subscript b  denotes a bluff) was calculated as 

tilltillsbbbs fAeM ,,        (4.24) 

where be  [LT
-1

] is the long-term, subbasin-average bluff erosion rate in m/yr (ranging 

from 0.05 to 0.25 m/yr) 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], bA  

[L
2
] is the individual bluff surface area projected onto a vertical plane in m

2
, 

tillsf ,
 is the 

fraction of sand in the till (0.35), and till  [ML
-3

] is the average bulk density of the till 

(1.8 Mg/m
3
). Even though all bluffs are not composed of till, we treat them as such with 

minimal error. The total mass erosion rate of sand from all bluffs in the Greater Blue 

Earth River Basin was computed as 270,000 Mg/yr and was spatially distributed 

according to Figure 4.5a. 

4.3.3.2 Ravines 

Ravines were defined in this basin by Belmont et al. [2011] as steep ephemeral channels 

that connect the low-gradient uplands to deeply-incised valleys. Ravines deliver most of 

their sediment load during high-magnitude precipitation events before crops are fully 
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established in spring and early summer and are often dry by late summer. Nearly 340 

individual ravines were mapped from 3 m lidar data in the Greater Blue Earth River 

Basin (Figure 4.4). Field monitoring of five ravines in the lower Le Sueur River Basin as 

part of the sediment budgeting work by Belmont et al. [2011] was used to determine an 

average annual ravine yield. According to the sediment budget [Gran et al., 2011a; 

Belmont et al., 2011; Bevis, 2015], the mass erosion rate of sand from each ravine (
rsM ,
 

[MT
-1

] in Mg/yr; where the subscript r  denotes a ravine) was calculated as 

tillsrrrs fYAM ,,         (4.25) 

where rA  [L
2
] is the incised area of an individual ravine in m

2
 and rY  [ML

2
T

-1
] is the 

average annual ravine yield (0.0034 Mg/m
2
/yr) set as a constant for all ravines. Not all 

ravines incise through till, but are treated as such with minimal error. The total mass 

erosion rate of sand from all ravines in the Greater Blue Earth River Basin was computed 

as 24,000 Mg/yr and was spatially distributed according to Figure 4.5b. 

4.3.3.3 Uplands 

Uplands contribute sediment primarily from agricultural fields. Each link has a 

corresponding upland area for a total of 1,360 upland areas. An analysis of total 

suspended solids data measured at two gages upstream of the knickzone in the Le Sueur 

River Basin combined with sediment fingerprinting as part of the sediment budgeting 

work by Belmont et al. [2011] was used to determine an average annual upland yield. 

According to the sediment budget [Gran et al., 2011a; Belmont et al., 2011; Bevis, 2015], 

the mass erosion rate of sand from each upland area (
usM ,
 [MT

-1
] in Mg/yr; where the 

subscript u  denotes an upland) was calculated as 

soilsuius fYaM ,,         (4.26) 

where ia  is the upland area or incremental contributing area to link i  in m
2
, uY  [ML

2
T

-1
] 

is the annual upland yield (0.00002 Mg/m
2
/yr) set as a constant for all uplands, and 

soilsf ,
 

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 Figure 
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4.5c). The total mass erosion rate of sand from all uplands in the Greater Blue Earth 

River Basin was computed as 57,000 Mg/yr and was spatially distributed according to 

Figure 4.5c. Note that the extent of glaciolacustrine deposits reflects the approximate 

historical extent of glacial Lake Minnesota. 

4.3.4 Transport and Storage Dynamics 

Herein, hydraulic geometry relations were used to parameterize 
iwu ,
 and iH  at bankfull 

flow (specifically at the two-year recurrence interval peak flow) as a function of upstream 

drainage area iA . With the streamflow hydraulics held as a constant bankfull, the travel 

time in equation (4.4) was converted to real time through an intermittency factor 
sfI ,
 

[Paola et al., 1992; Parker, 2004] that denotes the fraction of time per year that 

continuous bankfull flow would yield the mean annual sand load (see chapter 2 for 

details). Therefore, equation (4.4) becomes 
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where Auw
  and HA  are empirically derived coefficients and Auw

 , and HA  are 

empirically derived exponents of the hydraulic geometry scaling relations for flow 

velocity and depth. In this way, bed-material sediment transport is decoupled from the 

daily variability of streamflow hydraulics, which greatly simplifies the calculations. The 

result averages over the intermittent short periods with intense transport and long periods 

with low transport to provide a continuous long-term (more than tens of years) 

probabilistic-average transport of sediment. 

 The travel time tist ,,  of a sand parcel to move through a link was reduced to a 

function of only network properties by assigning parameters specific to the Greater Blue 

Earth River Basin. These parameters included: g  = 9.81 m·s
-2

, i  = 0.1 ( i ; assuming 

the majority of sand transport occurs in the lower 10% of the flow depth, see also section 

2.4.5), iR  = 1.65 ( i ), iD  = 0.0004 m ( i ; D50 size of sand from riverbed material 
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[U.S. Geological Survey, 2014]), Auw
  = 0.20, Auw

  = 0.07, HA  = 0.0029, HA  = 0.29 

(computed at the two-year recurrence interval peak flow and using streamflow and 

channel cross-sectional properties of 23 stations; here iA  is specified in m
2
, iH  in m, and 

iwu ,
 in m·s

-1
; see section 2.4.3 for details), and fI  = 0.175 (computed from a flow-

duration curve; see section 2.4.4 for details). Substituting these parameters into equation 

(4.27) reduces the travel time tist ,,  to 

, 18 2/3

,

285.0

,,

 tiiitis SAt       (4.28) 

where 
i  is specified in meters and thus tist ,,  is given in seconds.  

 For storage in lakes, upstream drainage area and lake volume were used to 

compute, through an empirical relation, trapping efficiencies for fine sediment [Brown, 

1943; Bevis, 2015]. The average fine sediment trapping efficiency for the lakes included 

in the model was 91% [Bevis, 2015]. Thus, the sand trapping efficiency for these lakes 

was assumed at 100% and any sand parcels that entered a lake were removed from the 

system. 

4.3.5 Overview of Simulation 

The model simulation began at time t  = 0 and ran for 600 years. Sediment parcels were 

introduced independently to each link according to the spatial pattern and magnitude as 

specified by the sediment budget (Figure 4.5d) with parcel volume pV  = 10 m
3
 for all 

parcels and following an exponential interarrival time distribution with   = 1 yr
-1

 (to 

align with annualized sediment budget input volumes). For example, an input with rate of 

63 m
3
yr

-1
 would be broken into six parcels each as independent inputs recurring through 

time with interarrival times randomly selected from an exponential distribution with a 

mean of one year. Parcels can be input each with different magnitude (e.g., 63 m
3
yr

-1
), 

but were input in this way to match the assumptions of constant parcel volume, 

independent inputs, and equivalent interarrival time distributions used in deriving the 

analytical results. The parcel volume was selected to balance a volume as small as 
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possible with a computationally manageable number of parcels; over 600 years nearly 

eight million parcels were tracked through the system.  

 The time step in the model was set at 18.25 days so that 20 time steps yielded one 

year. Parcels were tracked as they moved through each link according to a time delay 

given in equation (4.28); the average travel time through a link was just over one year. If 

at any time there were more parcels in a given link than could be moved at capacity 

(equation 4.9), then a subset of parcels would enter in-channel storage, and the slope of 

that link and directly upstream links would be adjusted at the next time step. It took less 

than 200 years for an input at the farthest location to exit the basin at the outlet, for the 

bed sediment to build up in channel links, and for the bed adjustment to achieve quasi-

steady state. Thus, all statistics computed from the simulation model only include results 

between time 200 and 600 years.  

 Mass of sediment was interchanged into volume of sediment using a sediment 

density s  = 2.65 Mg/m
3
, and a bed-sediment porosity 

p  = 0.4 [Wu and Wang, 2006] 

was applied in order to determine bed-sediment thickness. A minimum channel slope of 

0.00001 was imposed in the model. Also the effect of Rapidan Dam, located on the Blue 

Earth River near the basin outlet, was removed by selecting a channel slope for the links 

upstream and downstream of the dam that linearly connected the bed elevations between 

unaffected upstream and downstream points. Bed elevations were then recomputed from 

the basin outlet in order to establish consistency between 
0,i  and 

0,iS . A lower limit for 

transport capacity, set as the maximum volume of sediment i  that can be moved at any 

one time through a link (equation 4.6), was set at 50 m
3
 so at least a few parcels could 

move through a link at any time. Due to the presence of some very short links in the 

network (<300m) that arose between closely-spaced tributaries, some links had a very 

small capacity resulting in an artificial “bottleneck” in the network. To circumvent this 

issue, a minimum capacity for these short links was set as the maximum of (i) the 

capacity of the link computed via equation (4.6), (ii) the capacity of directly upstream 

links, or (iii) 100 m
3
.  

 The simulation model as described herein with distributed inputs routed through the 
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network and with in-channel storage is referred to as the “network, in-channel storage” 

model. To confirm the analytical results, we also ran the model with the in-channel 

storage mechanism turned off and we refer to this as the “network, no in-channel storage” 

model. To isolate the role of network hierarchical structuring, we maintain the full 

dynamics described in the “network, in-channel storage” model, but isolate each link 

from any potential non-Poissonian arrival of inputs and refer to this as the “single link, 

in-channel storage” model. Specifically, we treat each link in isolation by directly 

supplying inputs to that link following a Poisson arrival process with an exponential 

interarrival time distribution with parameter i  given by equation (4.15) that accounts for 

the amount and rate of supply from upstream and directly to the link, but without any 

temporal restructuring of parcels potentially happening farther upstream due to the in-

channel storage process. The storage reservoir for adjusting the slope of the link still 

accounts for the width and length of directly upstream reaches (as in equation (4.10) and 

Figure 4.2b). Although the downstream end of the link remains fixed and thus any in-

channel storage in the directly downstream link is not allowed to affect the slope of any 

upstream links. 

4.4 Analytical and Simulated Bed-Material Sediment 

Dynamics 

To first verify that the model was working as expected, the “network, no in-channel 

storage” model was run. Interarrival times of sediment parcels to each link in the network 

arrived following an exponential distribution with parameter i  as in equation (4.15). 

Additionally, the number of parcels within each link (or bed-sediment thickness) had a 

Poisson distribution with parameter isit ,  as in equation (4.16) (results not shown). 

 Before running the model the initial ratio of sand supply relative to transport 

capacity 
1iter

iRC  (equation 4.19) was computed to show where in the network transport 

capacity was exceeded (Figure 4.6a). Following the iterative procedure outlined in 
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section 2.5, bed elevations and thus slopes were adjusted until 1final

iRC , for this basin 

four iterations were necessary. The links where sediment accumulates and increases 

channel slope are identified in Figure 4.6b by the bed-sediment thickness of the storage 

layer stor

ish , . Although not indicated, the links directly upstream of the links identified in 

Figure 4.6b have lower slopes due to the adjustment in bed elevation. The final 
final

iRC  

values where bed elevations have been adjusted throughout the network are shown in 

Figure 4.6c. Note that any 11 iter

iRC  in Figure 4.6a are the locations where sediment is 

stored as stor

ish ,  in Figure 4.6b and whose 
final

iRC  values become equal to one in Figure 

4.6c. 

 Model simulations for the “network, in-channel storage” model of bed-sediment 

thickness are shown in Figure 4.7. The mean bed-sediment thickness ish ,  throughout the 

river network shows that reaches along the mainstem rivers just upstream of the 

knickzone accumulate bed-material sediment (Figure 4.7a; shown as analytical mean 

bed-sediment thickness). The simulated mean bed-sediment thickness confirms the 

analytical result (Figure 4.7b). The reaches with relatively greater bed-sediment thickness 

(under a temporally-recurrent forcing, spatially distributed according to Figure 4.5) are 

consistent with those areas identified in chapter 3 as hotspots of channel migration. 

 In-channel storage considerably alters the structure of the timeseries of bed-

sediment thickness from that expected from the structure of the inputs (shown for four 

channel links of the network in Figure 4.7c-f). Where in-channel storage does not play a 

large role, the pdf  tishf ,,  of simulated bed-sediment thickness (solid bars) is nearly the 

same as the estimated pdf  tishf ,,
ˆ  assuming no in-channel storage (dashed line; Figure 

4.7e). However, where in-channel storage does play a large role, the pdf of bed-sediment 

thickness is very different from  tishf ,,
ˆ  estimated from a Poisson distribution. 

Periodicities are created in the timeseries (Figure 4.7c, d, and f) with different timescales 

that are much greater than that of the sediment supply forcing timescale of one year. The 

pdfs  tishf ,,  of simulated bed-sediment thickness also have much heavier tails than 
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would be predicted by a Poisson distribution. In fact, an asymmetric pdf with a very long 

tail was found for the link highlighted in Figure 4.7f, which looks much different in 

character than the others shown, and a tri-modal pdf was found for the link highlighted in 

Figure 4.7d, related to its close proximity to a few major upstream tributaries. For much 

of the remainder of this chapter, we focus on describing the characteristics of the system 

that give rise to the emergent behavior of bed-sediment thickness, specifically heavy tails 

in the pdf and periodicity in the timeseries. 

 In order to separate the temporal variability of bed-sediment thickness that is 

internally generated by a single link from the variability that is propagated, amplified, or 

dampened from upstream links in the network, simulation results from the “single link, 

in-channel storage” model were compared to those from the “network, in-channel 

storage” model. Recall that for a Poisson distribution with parameter isit , , the mean and 

variance are both equal to isit , . Thus, the coefficient of variation (COV) defined as the 

ratio of the standard deviation to the mean is given by 

  2/1

,

,
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isi
t

t

t
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.       (4.29) 

Where in-channel storage is unimportant, the COV of simulated bed-sediment thickness 

should follow equation (4.29). The COV of simulated bed-sediment thickness computed 

from the “network, in-channel storage” model and from the “single link, in-channel 

storage” model follows equation (4.29) for many links (Figure 4.8a; each point represents 

one link). But a number of links deviate from this line indicating that their temporal 

variability of bed-sediment thickness is much larger than for the estimated pdf  tishf ,,
ˆ  

assuming no in-channel storage, i.e., the in-channel storage process is responsible for 

creating larger temporal variability of bed-sediment thickness. We have quantified this 

deviation dCOV by the relative difference between the COV of simulated bed-sediment 

thickness and the COV predicted by equation (4.29) (Figure 4.8b) as 
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where ihs ,  [L] is the standard deviation of the simulated bed-sediment thickness 
tish ,,
. 

The mean of the simulated bed-sediment thickness of the active-transport layer 

stor

isis

act

is hhh ,,,   is used rather than ish ,  because the variability of ihs ,  is related to 
act

ish ,  

for a Poisson distribution (recall discussion in section 4.2.5).  

 The deviation dCOV from only the “single link, in-channel storage” model 

simulations was then plotted against other variables (Figure 4.8c-d) to understand what 

internal link factors led to the emergence of such large temporal variability in bed-

sediment thickness. Perhaps unsurprisingly, we see that the deviation dCOV arises in 

links at capacity (Figure 4.8c), confirming that the in-channel storage process, which is 

activated most often for links at capacity, is responsible for creating large temporal 

variability of bed-sediment thickness. Furthermore, if we select those links for which the 

relative capacity 
final

iRC  is greater than 0.995 (shown in the inset of Figure 4.8c), we see 

that the magnitude of dCOV is proportional to  2211 uuuuiii BBB    (Figure 4.8d), 

which is the term that determines the strength of the feedback between the volume of 

sediment in storage and the resulting slope (related to the term in equation (4.10), the 

extra i  arises due to the conversion from bed elevation to slope via equation (4.11)). 

 Each link in the network was classified based on its temporal variability of bed-

sediment thickness from the “network, in-channel storage” model and from the “single 

link, in-channel storage” model. Links with a dCOV greater than a value of 0.2 (see 

dashed line in Figure 4.8b) are referred to as having a large variability or variability 

greater than Poisson, and less than this value are referred to as having variability 

consistent with the Poisson distribution  tishf ,,
ˆ  assuming no in-channel storage or 

Poisson variability for short. Each link was then classified (Figure 4.8e) as either: 

Generator – links for which both models showed variability greater than Poisson; 

Propagator – links for which the network model showed variability greater than Poisson 
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but not so for the single-link model; Unrealized – links for which the single-link model 

showed variability greater than Poisson but not so for the network model; or Poisson – 

links for which both models showed Poisson variability. Note that the generators in 

Figure 4.8e are the locations at capacity shown in Figure 4.6c. Propagators are 

downstream of generators as these links are largely transmitting the structure of the 

supply from upstream. Links classified as unrealized are also generally downstream of 

generators where the structure of the supply from the upstream network has been altered 

in such a way to prevent the temporal variability of bed-sediment thickness from 

becoming greater than Poisson. 

 An asymmetric distribution of bed-sediment thickness about the mean (as seen in 

Figure 4.7f) arises wherever bed elevation returns to its initial value 0,i . Thus, when the 

channel slope of this link returns to its initial value 0,iS  (Figure 4.9b) the bed-sediment 

thickness does not decrease further, resulting in an asymmetry (Figure 4.9a). To show 

that this is in fact responsible for the asymmetry, we reran the simulation with an initial 

slope of 2/0,iS . By doing so, the bed must first build up and increase the slope enough 

to pass the sediment supply. The bed ultimately builds up to a level where fluctuations in 

bed elevation never return to the initial bed elevation, and the result is that the bed-

sediment thickness becomes symmetric about the mean (Figure 4.9c-d). We also note that 

the pdf of bed-sediment thickness (Figure 4.9c) remains heavy tailed. 

 The tri-modal distribution  tishf ,,  of bed-sediment thickness seen in Figure 4.7d 

(also shown in Figure 4.10a) arises due to the creation, alteration, and propagation of the 

structure of the sediment supplied from upstream. Just upstream of this link, we see 

similar periodicity in bed-sediment thickness but with a bimodal distribution (Figure 

4.10b) and also the other directly upstream link has variability consistent with the Poisson 

distribution  tishf ,,
ˆ  assuming no in-channel storage (classified as Poisson; see Figure 

4.10h). The amalgamation and reprocessing of the bed-material flux from these two 

upstream links gives rise to the tri-modal distribution within the link shown in Figure 

4.10a. 
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 Even though only bed-sediment thickness is shown in Figure 4.10, the difference 

between the flux in and flux out can be seen from the change in bed-sediment thickness 

through time, and thus when the flux from one link arrives in the directly downstream 

link. We generally see that when the bed-sediment thickness in a given link is at a local 

maximum, the bed-sediment thickness in the directly downstream link is at a local 

minimum. This shows that when a link begins to evacuate sediment, the downstream link 

begins to accumulate that sediment (akin to sediment pulse movement described in Gran 

and Czuba [2016]). Although, it is important to remember that the arrival of sediment to 

any one link is dictated by the supply from two directly upstream links and internal 

generation. So the structure of the bed-sediment thickness in one link does not necessarily 

directly translate into the structure of the bed-sediment thickness in a directly 

downstream link. However throughout many of the links shown in Figure 4.10, we see 

that the underlying structure of the bed-sediment thickness (e.g., periodicity) is largely 

translated downstream. This structure becomes altered progressing downstream 

depending on the relative magnitude of additional sediment supplied to the link (e.g., see 

Figure 4.10e-g). 

 Another ubiquitous characteristic of bed-sediment thickness, where in-channel 

storage is important, is periodicity. We quantified the dominant period T  [T], for links 

with a dCOV > 0.2 (see Figure 4.8b), as the maximum power of the Fourier transform of 

simulated bed-sediment thickness between 200 and 600 years and show this spatially for 

the “single link, in-channel storage” model and the “network, in-channel storage” model 

(Figure 4.11a and b, respectively). We see that the dominant period generally decreases 

downstream (Figure 4.11a) and decreases as the volumetric rate of sediment supply 
ipV   

increases (Figure 4.11c). Even though we focus on the dominant period, it is important to 

note that multiple frequencies can be important. For instance, for the three timeseries 

shown in Figure 4.10e-g, we have computed their power spectra in Figure 4.11d. The two 

upstream links have dominant periods of 5 years, but the downstream link has a dominant 

period of 3 years. The period of 5 years is also present in the downstream link but due to 

the propagation, alteration, and amalgamation of the sediment inputs from upstream and 

generated internally, the period of 3 years arises and dominates this multiscale timeseries 
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of bed-sediment thickness. 

4.5 Discussion 

We have shown how to obtain analytically the time-averaged bed-sediment thickness for 

each link of an entire river network for any spatial distribution of inputs, with or without 

accounting for in-channel storage. Furthermore, in the absence of in-channel storage or 

where a given link and all upstream links are supply limited, we can compute analytically 

the time-averaged pdf of bed-sediment thickness, which is directly related to the structure 

of the inputs. Where in-channel storage occurs or for transport-limited conditions, the 

temporal variability of bed-sediment thickness is larger than that estimated for the 

Poisson distribution  tishf ,,
ˆ  assuming no in-channel storage. 

 Wilkinson et al. [2006] were able to correctly predict the presence or absence of 

bed-material accumulation in 71% of mapped links in their network using a similar 

approach as described herein for calculating the analytical mean bed-sediment thickness. 

This provides us with some confidence in our predicted mean bed-sediment thicknesses 

even though we do not provide a validation of our estimates. One reason we do not field 

verify these model results is that any measurements of bed-sediment thickness will 

represent the value at an instant in time and not a true average over at least tens of years 

as would be consistent with our model. In the field, the “instantaneous” bed-sediment 

thickness would need to be averaged over a reach and the lower boundary (coarse lag 

deposits or bedrock) would need to be easily identified. The bed-sediment thickness as 

defined in the model was somewhat arbitrarily set as the depth above an initial profile 

that is not necessarily at the level of a coarse lag or bedrock. More importantly, we 

recognize that channels may adjust transport capacity in more ways than we have 

represented in the model, specifically as adjustments in channel planform, geometry, and 

roughness. This makes the comparison difficult and explains why Wilkinson et al. [2006] 

compared their results to a simple mapping of the percentage of the bed covered by bed 

material. The model results are useful, nevertheless as indicators of locations in the 
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channel network where channel adjustment (via slope or otherwise) is needed, possibly 

on a temporally varying basis, to transport the amount and type of sediment supplied by 

the available flow. 

 Herein we see the emergence of heavy tails in the pdf and periodicity in the 

timeseries of bed-sediment thickness that arises due to in-channel sediment storage and 

associated transport-time delay. Heavy-tailed distributions of bed-sediment thickness 

have been also simulated in other network-based, bed-material transport models with an 

in-channel storage component [Benda and Dunne, 1997a]. Whenever a reach approaches 

at-capacity transport, then the in-channel storage dynamic becomes activated. It is for 

these reaches where we see the largest fluctuations in bed-sediment thickness compared 

to that estimated from the Poisson distribution  tishf ,,
ˆ  assuming no in-channel storage 

(Figure 4.8c) and the magnitude depends on the strength of the feedback between the 

volume of sediment placed in storage and the resulting slope (Figure 4.8d). Furthermore, 

the timeseries of bed-sediment thickness for these reaches is periodic, with the dominant 

period decreasing downstream and with increasing volumetric supply rate of sediment. 

The volumetric supply rate essentially sets how long it takes to build up a given amount 

of sediment and thus how long it takes to adjust the slope to a given level before 

evacuating the storage layer. The heavy tails in the pdf and periodicity in the timeseries 

of bed-sediment thickness is the result of dynamics on a network in propagating, altering, 

and amalgamating sediment inputs in sometimes unexpected ways. 

 By fixing the initial bed elevation and not allowing supply-limited conditions to 

incise the bed, we are only able to capture the emergent heavy tails in the pdf and 

periodicity in the timeseries of bed-sediment thickness in reaches that tend to accumulate 

sediment and for those downstream of these locations (see locations where 1final

iRC  in 

Figure 4.6c and compare with generators in Figure 4.8e and with periodicity in Figure 

4.11b). The slope of reaches where 1final

iRC  (see Figure 4.6c) are steeper than 

required to pass the supply. These reaches would compensate by incising into their bed, 

lowering their slopes, and eventually attaining a slope sufficient to just pass the supply. 

Once this would occur, then these reaches would also be near capacity, initiate in-channel 
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storage dynamics, and exhibit the emergent heavy tails in the pdf and periodicities in the 

timeseries of bed-sediment thickness characteristic of this model formulation. To see 

heavy tails in the pdf and periodicities in the timeseries of simulated bed-sediment 

thickness for all reaches of a network would indicate that the river network is in dynamic 

equilibrium. Clearly the Greater Blue Earth River Basin is still adjusting from Holocene 

glaciation. 

 Herein, we have tried to understand some of the factors contributing to this 

emergent behavior through a connection to the underlying mechanisms specified in the 

model. It remains to be seen if the emergent behavior that arises from the model 

formulation (e.g., heavy tails, periodicity) is physically realistic. Keep in mind that the 

continuous long-term probabilistic-average transport of sediment as incorporated in the 

model is averaged over the intermittent short periods with intense transport and long 

periods with low transport. Thus, the simulated bed-sediment thicknesses, even 

“instantaneous” values from the model, inherently represent an average value. 

Additionally, sediment was supplied to the network randomly (each input delivered at a 

time independent from any others) with a characteristic interarrival time of one year, 

which likely contributed to the regularity of the multi-year periodicity. In reality, large 

amounts of sediment can be supplied across a region over a short duration due to heavy 

rainfall and high streamflows (violating the assumption of independent inputs) such that 

large magnitude inputs recur at a timescale much longer than one year (and capturing the 

large-magnitude, low-frequency events may be an important supplier/driver of realistic 

bed-material dynamics). The present model averages over these seemingly important 

factors of interannual variability that would likely give rise to a multi-scale response in 

bed-sediment thickness (including periodicity) as pulses of sediment of various sizes 

transport and disperse throughout the network. 

 Even with confidence in the inputs and in the reach-scale transport dynamics, given 

the long timescales and large spatial scales of the model, it is very difficult to objectively 

test the emergent behavior. One avenue for comparison is through residence-time 

distributions of sediment in a reach from simulations versus observations. Residence-time 

distributions are another emergent property that provide a common linkage from reach-
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scale dynamics to watershed-scale behavior, and have received much attention in recent 

literature [e.g., Rinaldo et al., 2015]. While not shown here, the residence-time 

distribution of bed-material sediment in a link ranges from the travel time of sediment in 

a link tist ,,  to roughly the dominant period T  in a link (as this sets the timescale when 

most sediment capable of being evacuated, would be evacuated from the in-channel 

storage reservoir). Perhaps in time, a detailed quantification of residence-time 

distributions from the field and numerical simulations that are then related to hydro-

geomorphic properties will allow for suitable validation and ultimately lead to better 

parameterizations of reach-scale dynamics for incorporating into this modeling 

framework. For now we have focused on describing how this particular model 

formulation gives rise to the simulated behavior and also on isolating the role of the 

channel network on bed-material dynamics. Different storage formulations may give rise 

to different emergent behavior, and as the use of network-based models become more 

widespread, it will be important to understand the connection between the specific 

formulation (including specification of inputs and mechanics of storage) and simulated 

behavior. 

4.6 Concluding Remarks 

We have presented a network-based, bed-material sediment model that combines 

spatially-explicit sediment sourcing with in-channel transport and storage dynamics on a 

river network. We have shown how to obtain analytically the time-averaged bed-

sediment thickness for each link of an entire river network for any spatial distribution of 

inputs, with or without accounting for in-channel storage. In the absence of in-channel 

storage or where a given link and all upstream links are supply limited, we have shown 

how to compute analytically the time-averaged pdf of bed-sediment thickness, which is 

directly related to the structure of the inputs. Where in-channel storage occurs or for 

transport-limited conditions, the temporal variability of bed-sediment thickness is larger 

than that estimated for a Poisson distribution assuming no in-channel storage. Large 
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fluctuations in bed-sediment thickness arise from reaches transporting at capacity and the 

magnitude depends on the strength of the feedback between the volume of sediment 

placed in storage and the resulting slope. Additionally, the timeseries of bed-sediment 

thickness of these reaches is periodic, with the dominant period decreasing downstream 

and with increasing volumetric supply rate of sediment. The volumetric supply rate 

essentially sets how long it takes to build up a given amount of sediment and thus how 

long it takes to adjust the slope to a given level before evacuating the storage layer. The 

heavy tails in the pdf and periodicity in the timeseries of bed-sediment thickness is the 

result of dynamics on a network in propagating, altering, and amalgamating sediment 

inputs in sometimes unexpected ways. 
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Figure 4.1. Conceptual overview of bed-material sediment dynamics on a hierarchical 

river network. The combination of spatially-explicit magnitude and frequency of 

sediment sourcing, hierarchal network structure, and in-channel transport and storage 

dynamics creates a temporal variability in bed-sediment thickness. When in-channel 

storage is unimportant, the probability distribution function (pdf) of bed-sediment 

thickness is a scaled Poisson distribution, which is directly related to the structure of the 

inputs. When in-channel storage is important, we see the emergence of heavy tails in the 

pdf and periodicity in the timeseries of bed-sediment thickness. 
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Figure 4.2. Schematic of model elements at various scales. (a) Link scale depicting the 

active-transport and storage layer. (b) Multi-link storage scale depicting how a volume of 

sediment stor

tisV ,,  at time t  is placed in its immediate link and directly upstream links to 

adjust bed elevation and thus slopes. (c) River-network scale depicting how the arrival 

rate of sediment parcels changes progressing downstream. Each cube represents an 

individual parcel with rate   input to the upstream end of a link. Lakes act as sediment 

sinks removing any sediment arriving from upstream from the system. See text for 

definition of symbols. 
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Figure 4.3. Study area map of the Greater Blue Earth River Basin. A detailed basin map 

shows the channel network (thicker lines correspond to reaches with larger upstream 

drainage areas), lakes incorporated into the model (shapes), and the approximate extent of 

the knickzone (dashed line). Location and extent of Figure 4.4 is shown by a small black 

box. Inset shows a location map of the Greater Blue Earth River Basin relative to the 

State of Minnesota. 
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Figure 4.4. Lidar hillshade highlighting major features (river, bluff, and ravine, each with 

relevant attributes) incorporated into the model. Inset image shows a 64 m bluff; note the 

canoe for scale. Location and extent is shown in Figure 4.3 by a small black box. 
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Figure 4.5. Spatially variable, temporally Poisson process of sediment pulsing. (a) Bluff 

locations colored by mass erosion rate of sand from each bluff. (b) Ravine locations 

colored by mass erosion rate of sand from each ravine. (c) Uplands with surficial deposits 

and sand fraction. (d) Total sand input delivered to each link of the network from bluffs, 

ravines, and uplands. The approximate extent of the knickzone is shown as a dashed line. 
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Figure 4.6. Bed elevations adjust such that transport capacity balances sand supply. (a) 

Initial ratio of sand supply relative to transport capacity 
1iter

iRC ; a value of one indicates 

capacity balances supply. (b) Increase in bed elevations required for transport capacity to 

convey the sand supply stor

ish , ; note that these locations are where the values in (a) are 

greater than one. (c) Final ratio of sand supply relative to transport capacity after the bed 

has adjusted 
final

iRC ; note any values in (a) that were greater than one become equal to 

one. The approximate extent of the knickzone is shown as a dashed line. See text for 

definition of symbols. 
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Figure 4.7. Simulated and analytical bed-sediment thickness with in-channel storage. (a) 

Analytical mean bed-sediment thickness ish , . The color breaks are at the 0.99, 0.95, 0.90, 

and 0.75 quantiles. The approximate extent of the knickzone is shown as a dashed line. 

(b) Simulated mean bed-sediment thickness averaged from 200 to 600 years versus the 

analytical mean bed-sediment thickness ish , . (c-f) Simulated bed-sediment thickness 
tish ,,
 

with probability distribution function (pdf)  tishf ,,  (caption continued on next page) 



 

 127 

(caption for Figure 4.7 continued) shown at right (shaded). The solid horizontal line 

denotes the analytical mean bed-sediment thickness ish , . The estimated pdf  tishf ,,
ˆ  that 

assumes the in-channel storage process preserves the structure of a Poisson arrival 

process is shown at right (dashed line). Inset box zooms in on the simulated bed-sediment 

thickness timeseries between 350 and 400 years. The dominant period T  of the bed-

sediment thickness timeseries is also indicated. See text for definition of symbols. 
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Figure 4.8. Controls on the temporal variability of simulated bed-sediment thickness; 

insights from the “single link, in-channel storage” (caption continued on next page) 
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(caption for Figure 4.8 continued) model and the “network, in-channel storage” model. 

(a) The coefficient of variation (COV) of simulated bed-sediment thickness versus isit , . 

(b) The deviation dCOV in (a) from the power-law decay. The dashed line at a value of 

0.2 is marked as a threshold for classifying links in (e). (c) dCOV versus relative capacity 

final

iRC . Note that most of the deviation, i.e., the large temporal variability of bed-

sediment thickness greater than estimated from the Poisson distribution  tishf ,,
ˆ , occurs 

for links at capacity (
final

iRC  = 1). (d) dCOV versus the term that determines the strength 

of the feedback between the volume of sediment in storage and the resulting slope 

 2211 uuuuiii BBB   . Only those values from the “single link, in-channel storage” 

model where 
final

iRC  > 0.995 are shown. (e) Classification of temporal variability of bed-

sediment thickness as either: Generator – links for which both models showed variability 

greater than Poisson; Propagator – links for which the network model showed variability 

greater than Poisson but not so for the single-link model; Unrealized – links for which the 

single-link model showed variability greater than Poisson but not so for the network 

model; or Poisson – links for which both models showed Poisson variability. Location 

and extent of Figure 4.10h is shown by a box. See text for definition of symbols. 
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Figure 4.9. Links where bed elevation returns to its initial value have an asymmetric bed-

sediment thickness about the mean. The (a) bed-sediment thickness and (b) channel slope 

under the same conditions as shown in Figure 4.7f; note the asymmetric distribution 

about the mean. The extent of the timeseries is shown from 300 to 400 years but the 

probability distribution function  tishf ,,  of the bed-sediment thickness (shown at right) is 

computed from 200 to 600 years. The (c) bed-sediment thickness and (d) channel slope 

for the same link but where the initial slope was divided by two, which allows sufficient 

bed-sediment thickness to build up so fluctuations in bed elevation never return to the 

initial value; note the symmetric distribution about the mean. 
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Figure 4.10. Network alteration and propagation of the structure of bed-sediment 

thickness. (a-d, e-g) Timeseries of bed-sediment thickness from 350 to 400 years. The 

location of each timeseries is indicated in (h). The tri-modal distribution shown in Figure 

4.7d is shown here in (a). The dominant period T  of the bed-sediment thickness 

timeseries is also indicated. See details on the link classification for (h) in the text or in 

the caption of Figure 4.8. 
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Figure 4.11. Periodicity of simulated bed-sediment thickness. Spatial distribution of the 

dominant period T  of simulated bed-sediment thickness from the “network, in-channel 

storage” model (a) and the “single link, in-channel storage” model (b). Only links with a 

dCOV > 0.2 (see Figure 4.8b) are shown. (c) The dominant period T  decreases for 

increasing volumetric rate of sediment supply 
ipV  . (d) The dominant period T  was 

defined as the maximum power of the Fourier transform of simulated bed-sediment 

thickness between 200 and 600 years (shown for the timeseries in Figure 4.10e-g), 

although multiple frequencies can be important. Power spectra are vertically offset. 
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Chapter 5 

Concluding Remarks and Future 

Perspectives 

Increasing pressure to meet the food, water, and energy demands of our growing society 

in a changing climate has strained the physical, chemical, and biological functioning of 

watersheds to maintain ecosystem services, such as providing clean water, and to sustain 

a productive and diverse ecosystem. Now more than ever, watershed managers could use 

a simple first-order approach for integrating physical, chemical, and biological processes 

within a watershed for guiding watershed-management decisions. Herein, we have 

presented a framework for doing just that – environmental inputs traced via a Lagrangian 

perspective on a river network according to process-based time delays associated with 

transport, storage, and transformation. Much of the information necessary for a first-order 

application can be obtained through remotely sensed data; field data provide further 

refinements and ground-truthing. Applied to the dynamics of bed-material sediment on 

river networks, this research has produced the following main results: 

 1. We presented a connectivity-based conceptual framework of environmental 

response, focusing on the sedimentological response for mud, sand, and gravel. The 

proposed framework relied on performing a non-linear process-based scaling of the 

network geometry (link lengths) to convert the network width function into a time 

response function or process-scaled width function (PSWF) where the process of interest 

is sediment transport. The process-scaled width function for sediment is the 

geomorphologic instantaneous unit sedimentograph (GIUS) or the sedimentological 
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response of a basin to an instantaneous unit volume of sediment uniformly entering all 

links of the network.  

 2. We showed that the network topology and sediment transport dynamics in the 

Minnesota River Basin combine to produce a double peaked response function for sand, 

suggesting that there exists a resonant frequency of sediment supply that could lead to an 

unexpected downstream amplification of sedimentological response. The two peaks of 

the sand response function were attributed to specific areas of the basin, highlighting that 

the disturbance of one region followed by the disturbance of another region after a certain 

period of time, may result in an amplification of the effects of the sediment inputs that is 

otherwise difficult to predict with mechanistic short-time horizon models. The 

synchronization and amplification of sediment delivery in specific places of a basin may 

result in greater than expected aggradation of the riverbed triggering disruption in 

ecosystem functioning, and leading to increased flood risk and increased cost associated 

with remediation. Therefore, the proposed framework has identified an important 

vulnerability of the Minnesota River Basin to spatial and temporal structuring of 

sediment delivery, and can aid in understanding how climatic trends and current and 

future management decisions may be unexpectedly superimposed on this landscape as it 

undergoes intensive human management while it is still adjusting to past geologic 

disturbances. 

 3. We put forward the hypothesis that places in the network predisposed (due to 

process dynamics and network topology) to accumulate excess sediment over a 

considerable river reach and over a considerable period of time reflect locations where a 

local imbalance in sediment flux may occur thereby highlighting a susceptibility to 

potential fluvial geomorphic change. We developed a dynamic connectivity framework 

which uses the river network structure and a simplified Lagrangian transport model to 

trace fluxes through the network and integrate emergent “clusters,” i.e., places of excess 

flux accumulation, through a cluster persistence index (CPI).  

 4. We showed that areas with high values of CPI correspond to areas where 

sediment has a tendency to persist on the network, which may be related to sediment-

driven fluvial geomorphic change. Of the three hotspots of fluvial geomorphic change 



 

 135 

(defined as locations where observed rates of channel migration were high) in the Greater 

Blue Earth River Basin, two of these hotspots coincided with high CPI. The third hotspot 

was not identified by high CPI, but instead was believed to be a hotspot of streamflow-

driven change based on additional information and the fact that high bed shear stress 

coincided with this hotspot. Nonetheless, the dynamic connectivity framework provided a 

network perspective of dynamical processes that occur at smaller scales, useful for 

understanding how reach-scale changes cascade into network-scale effects and for 

informing management actions. 

 5. We developed a network-based model for bed-material sediment that combines 

spatially-explicit sediment sourcing with in-channel transport and storage dynamics on a 

river network. We have shown how to compute analytically the time-averaged bed-

sediment thickness for each link of an entire river network for any spatial distribution of 

inputs, with or without accounting for in-channel storage. 

 6. Under supply-limited conditions, we have shown how to analytically derive the 

time-averaged probability distribution function of bed-sediment thickness, which is 

directly related to the structure of the inputs.  

 7. Under transport-limited conditions, (1) the time-averaged probability distribution 

function of bed-sediment thickness is heavy tailed where the magnitude of fluctuations 

depends on the strength of feedback between the volume of sediment placed in storage 

and the resulting slope and (2) the timeseries of bed-sediment thickness is periodic with 

dominant period inversely proportional to the volumetric flux, which sets the timescale 

for the bed to adjust. The timeseries of bed-sediment thickness is the result of dynamics 

on a network in propagating, altering, and amalgamating sediment inputs in sometimes 

unexpected ways. 

 By embedding bed-material sediment dynamics on a river network, we have shown 

that it is possible to gain a better understanding of the emergent behavior of a watershed, 

which would be otherwise difficult to predict. This leads to the challenge of verifying 

whether the identified emergent behavior actually exists, even with confidence in the 

inputs, network connectivity, and reach-scale dynamics. One avenue for comparison is 

through residence-time distributions of water/sediment/nutrients in a reach from 
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simulations versus observations. Residence-time distributions are another emergent 

property that provide a common linkage from reach-scale dynamics to watershed-scale 

behavior, and have received much attention in recent literature [e.g., Rinaldo et al., 

2015]. Perhaps in time, a detailed quantification of residence-time distributions from the 

field and numerical simulations that are then related to hydro-geomorphic properties will 

allow for suitable validation and ultimately lead to better parameterizations of reach-scale 

dynamics for incorporating into this framework. Some future research directions include: 

 1. While we have focused on analytical insights and describing the functioning and 

emergent behavior of the network-based, bed-material sediment model, this model is 

capable of addressing more pressing questions including: (1) How does the heterogeneity 

of landscape features affect the spatial distribution of sediment impacts, e.g., confined to 

select reaches near the sources? (2) What are the timescales of movement of sediment 

through the system, including storage, that can better inform legacy effects and 

hysteresis? (3) Where to target management actions that will most effectively reduce the 

detrimental impacts of sediment? 

 2. One major limitation of the present network-based, bed-material sediment model 

is not accounting for channel/floodplain interactions that are important for accurately 

quantifying how sediment moves through a watershed. Thus, a logical next step is to 

implement a mechanism for sediment storage and release from floodplains. Developing a 

probabilistic approach to floodplain exchange is fairly straightforward given the channel 

migration rate and the sediment load for a given reach [e.g., Malmon et al., 2003; Lauer 

and Willenbring, 2010; Viparelli et al., 2013; Lauer et al., 2016]. The residence time of 

sediment in the floodplain is a key constraint for simulating channel/floodplain exchange. 

An understanding of floodplain residence time is beginning to emerge from an analysis of 

river-migration models [Bradley and Tucker, 2013] and from work that first measures the 

relevant fluxes and exchanges, and then develops the mathematical foundations around 

these measurements to understand sediment delivery timescales [Pizzuto, 2012; Pizzuto et 

al., 2014]. But the component that is needed for network-scale models is a generalized 

understanding of the controls on floodplain residence time from floodplain, channel, 

sedimentologic, and hydrologic characteristics. One specific research question to 
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consider is to what extent does sediment storage and release from floodplains affect the 

delivery of sediment at the watershed scale? 

 3. Many agricultural landscapes of the Midwest, including the Minnesota River 

Basin, were once dominated by tall-grass prairie and dotted with poorly drained wetlands 

[Marschner, 1974]. Beginning in the late 1800s, these wetlands were drained for 

agriculture with the construction of surface ditches and installation of subsurface drain 

tiles [Dahl and Allord, 1996]. Only remnants of these wetlands remain today [Musser et 

al., 2009]. However, where they do exist, they are important sources, sinks, and 

transformers of important macronutrients of carbon, nitrogen, and phosphorous. 

Specifically, unpublished data of Amy Hansen and Jacques Finlay (University of 

Minnesota) show that wetlands (at least seasonally) are (1) a carbon source to 

downstream reaches, (2) decease nitrate possibly through assimilation or denitrification, 

and (3) are important locations of phosphorous storage and transformation between 

dissolved and particulate forms. Thus, where these wetlands are located in the landscape 

has important implications for understanding downstream water quality. 

 Ongoing work is to extend the developed framework to nutrient dynamics that 

potentially includes carbon, nitrogen, and phosphorus cycling. The first step is locating 

existing wetlands in the 1,800 km
2
 Le Sueur Basin (a subbasin of the Greater Blue Earth 

Basin), assigning attributes to those wetlands that affect water, sediment, and nutrient 

dynamics such as depth, surface area, vegetation, etc., and establishing their connectivity 

to the river network. Understanding the movement of water and sediment is an important 

first step for understanding nutrient dynamics because these nutrients tend to transport in 

either a dissolved phase with the water or a particulate phase sorbed to sediment (in the 

case of phosphorous). Then simple rules will need to be developed that inform how to 

generate, transport, store, and transform each important phase of each nutrient, which can 

be partly based on field data and also based on existing literature investigating the 

detailed process dynamics for each of these features (akin to the development of travel 

time of sediment through a fluvial channel described in chapter 2). Once these features 

and process dynamics are in place, the idea is to track the movement of different phases 

of nutrients: at least dissolved and particulate, through the network.  
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 The ultimate goal of this future research is to better understand nutrient dynamics in 

a wetland/river network complex. Specific research questions to consider include: (1) 

How does the spatial heterogeneity of wetlands affect the distribution of nutrients 

throughout the network, i.e., how and where do nutrient hotspots emerge? (2) What are 

timescales of movement of various nutrients through the system and where are temporary 

storage zones (floodplains and wetlands) that can better inform legacy effects 

(particularly in regards to phosphorous)? (3) Where is the best place to target 

management actions in terms of creating wetlands in order to improve water quality? A 

potential extension of this work is to understand how changes in the water, sediment, and 

nutrient regimes cascade to changes in the community of aquatic biota, such as algae, 

insects, mussels, and fish, all within a network context. 
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