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Abstract Automatic extraction of channel networks from topography in systems with multiple
interconnected channels, like braided rivers and estuaries, remains a major challenge in hydrology and
geomorphology. Representing channelized systems as networks provides a mathematical framework for
analyzing transport and geomorphology. In this paper, we introduce a mathematically rigorous
methodology and software for extracting channel network topology and geometry from digital elevation
models (DEMs) and analyze such channel networks in estuaries and braided rivers. Channels are
represented as network links, while channel confluences and bifurcations are represented as network
nodes. We analyze and compare DEMs from the field and those generated by numerical modeling. We use
a metric called the volume parameter that characterizes the volume of deposited material separating
channels to quantify the volume of reworkable sediment deposited between links, which is a measure for
the spatial scale associated with each network link. Scale asymmetry is observed in most links downstream
of bifurcations, indicating geometric asymmetry and bifurcation stability. The length of links relative to
system size scales with volume parameter value to the power of 0.24–0.35, while the number of links
decreases and does not exhibit power law behavior. Link depth distributions indicate that the estuaries
studied tend to organize around a deep main channel that exists at the largest scale while braided rivers
have channel depths that are more evenly distributed across scales. The methods and results presented
establish a benchmark for quantifying the topology and geometry of multichannel networks from DEMs
with a new automatic extraction tool.

Plain Language Summary Channels are features of the Earth's surface that carry water and
other material across the continents toward the coasts. We have long recognized that knowing the shapes,
sizes, and connections of channels in rivers, estuaries, and deltas is vital for understanding and predicting
future change. However, automatically identifying channel networks from surface elevation is challenging
because channels display a wide range of different shapes, sizes, and patterns, including shallow and deep
areas, and often have many intersections with other channels. We have developed a method for identifying
channel networks from elevation surveys. We first find the “lowest path” in a channel network, meaning
the channel that is at generally lower elevations than all other channels. Then we subsequently find the
next lowest paths, where the measure for channel separation is the volume of sediment between channels.
This method allows us to identify the channel network and analyze its shape and pattern. We show
similarities and differences between the channel networks of estuaries and wide rivers with sand bars then
compare channel networks found in nature and those generated in computer simulations. Our work helps
researchers more fully understand and predict how channel networks develop and evolve.

1. Introduction
Channels are ubiquitous features of Earth's surface that are important pathways for the transport of
water, solids, and solutes across landscapes; provide a range of ecosystem services; and support economic
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activity. Channel patterns range significantly in complexity, from single-thread, meandering rivers cut-
ting across continents and the sea floor, to multithread channel systems that bifurcate and converge in
braided rivers, estuaries, and deltas. These patterns exist over a range of spatial scales. Understanding and
quantifying channel network patterns and geometry are vital precursors to predicting many important
environmental processes including geomorphological change, water and sediment transport, and ecosys-
tem dynamics. However, automated recognition of channels and their connections from bathymetry is not
straightforward because most channel systems have large spatial and temporal variations in bed elevation,
arrangement, and water depth.

Quantifying patterns, structures, and geometries of channels is necessary to understand and predict land-
scape dynamics. Networks, which are mathematical representations of objects and the connections among
those objects (Newman, 2003, 2010), are useful representations of topology and geometry in channelized
systems (e.g., Benda et al., 2004; Czuba & Foufoula-Georgiou, 2014; Dai & Labadie, 2001; Maidment, 2016;
Marra et al., 2014; Rodriguez-Iturbe & Rinaldo, 1997; Smart & Moruzzi, 1972; Tejedor et al., 2015a, 2015b).
Generally speaking, three types of channel networks exist (Kleinhans, 2010; Limaye, 2017): (1) systems
where flow paths are generally convergent, such as tributary stream networks with more frequent conflu-
ences than bifurcations; (2) systems with divergent characteristics like deltas and alluvial fans with more
frequent bifurcations than confluences, and (3) chain-like systems such as braided rivers, anastomosing
rivers, and estuaries with similar frequencies of bifurcations and confluences (Figure 1). While methods
relying on surface gradients are generally successful at extracting channel networks from topography in
convergent systems (Passalacqua et al., 2015; Tarboton & Ames, 2001), the extraction of chain-like, diver-
gent and bifurcating channel networks from topographic data remains an open challenge. While progress
has been made (e.g., Limaye, 2017;van Dijk et al., 2019), there is a need for an automatic method for the
extraction and analysis of multithread channel network topology and geometry from topographic data. Con-
sequently, we do not know and cannot quantify in what aspects the channel networks of braided rivers,
deltas, and multichannel estuaries differ beyond the obvious. This paper aims to fill that gap. Results from
earlier versions of this framework have been presented in van Dijk et al. (2019).

Channel networks are often identified from either digital elevation models (DEMs) (Fagherazzi et al., 1999;
Montgomery & Dietrich, 1989; Passalacqua et al., 2015; Tarboton et al., 1991; Tarboton, 1997) or imagery
(Dillabaugh et al., 2002; Edmonds et al., 2011; Isikdogan et al., 2015, 2017; Marra et al., 2014; Passalacqua
et al., 2013; Pavelsky & Smith, 2008). Classically, methods for extracting channel networks from DEMs
have relied on the concepts of steepest descent, flow direction assignment, and the delineation of chan-
nels based on flow accumulation (e.g., Lacroix et al., 2002; Pelletier, 2004; Shelef & Hilley, 2013; Tarboton
et al., 1991; Tarboton, 1997; Tarboton & Ames, 2001). With the advent of high-resolution topography data
from lidar (Tarolli, 2014), sophisticated channel network identification algorithms for high-resolution data
have emerged in recent years (Lashermes et al., 2007; Passalacqua et al., 2010; Pelletier, 2013; Sangireddy,
Stark, et al., 2016). Methods relying on surface gradients and flow accumulation are generally effective in
convergent systems like tributary networks but fail in multithreaded channel networks that bifurcate and
recombine. Important reasons are that the condition of flow following the path of steepest descent is violated,
bed steps with negative slopes are present at bifurcations and confluences, and channels may diverge over
shallow bars, shoals, and sills which renders their recognition with local path-seeking algorithms impracti-
cal. These methods are also sensitive to noise and local highs. An alternative strategy for delineating channel
networks from DEMs is through the use of hydrodynamic modeling to track inundation patterns. This strat-
egy can robustly capture bifurcations and convergences in a complicated system (e.g., Limaye, 2017) but
currently does not yield a network topology, while it can be computationally expensive and is sensitive to
assumptions in boundary conditions and hydraulic resistance.

The identification of channels from imagery often requires the use of spectral thresholding or classification
schemes to distinguish between water and land features, followed by mapping of channels from the resulting
image in both the experimental (e.g., Ashworth et al., 2006; Wickert et al., 2013) and natural settings (e.g.,
Edmonds et al., 2011; Marra et al., 2014; Passalacqua et al., 2013; Welber et al., 2012). In numerical models
generating multithread systems, thresholds are often used to distinguish channels from bars and floodplains
(e.g., Liang et al., 2016; Schuurman & Kleinhans, 2015). More sophisticated algorithms exist (Dillabaugh
et al., 2002; Isikdogan et al., 2015, 2017; Pavelsky & Smith, 2008), but current methodologies are sensitive
to local bed elevation increases and still struggle to maintain channel network connectivity at bifurcations
and confluences (Isikdogan et al., 2015).
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Figure 1. Examples of multichannel networks with similar frequencies of bifurcations and confluences: (a) The
Western Scheldt Estuary in the Netherlands (LANDSAT 8 image downloaded from USGS Earth Explorer at https://
earthexplorer.usgs.gov/) and (b) the Waimakariri River, a braided river north of Christchurch in New Zealand (imagery
from Hicks et al., 2007). Inset images are composite satellite images produced by MDA Information Systems.

Channel planform geometry is influenced by a plethora of environmental factors including water discharge
(Leopold & Wolman, 1957; Van den Berg, 1995), sediment composition and transport (Braat et al., 2017;
Church, 2006; Orton & Reading, 1993), lithology (Nittrouer et al., 2011; Townend, 2012), bank strength and
vegetation (Millar, 2000; Tal & Paola, 2010; Tal et al., 2004; Vandenbruwaene et al., 2011), climate (Phillips
& Jerolmack, 2016), and receiving basin characteristics like tides and waves (Galloway, 1975; Geleynse
et al., 2011; Jerolmack & Swenson, 2007; Nienhuis et al., 2018; Rossi et al., 2016). Braided rivers have high
rates of morphological change, which is due to the abundance of noncohesive sediment and high stream
power (e.g., Hicks et al., 2007; Kleinhans & van den Berg, 2011). The primary requirements for the devel-
opment of braided river patterns are thought to be the presence of a movable bed and a wide braid plain
(Kleinhans, 2010; Kleinhans & van den Berg, 2011), although modeling work also suggests that bank ero-
sion and boundary condition fluctuations are necessary for maintaining dynamic equilibrium (Schuurman
et al., 2013). Estuarine channel network morphology is shaped by the competition between tidally and
fluvially driven transport (Robinson, 1960; van Veen, 1950; Van der Wegen & Roelvink, 2012) and sediment
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Figure 2. Example of a network for a multichannel system.

composition (Braat et al., 2017). While subject to different boundary
conditions, braided rivers and estuaries can share similar chain-like mul-
tichannel networks that bifurcate and recombine at similar frequencies
(Figures 1a and 1b). Thus, an investigation into the similarities and differ-
ences in channel network structures of estuaries and braided rivers may
yield insight into the processes affecting their morphologies.

This paper introduces a mathematically rigorous and practical method
for extracting multichannel networks from topographic data of rivers and
estuaries in the field, numerical models, and physical experiments in
order to analyze the structure and geometry of the channel network. The
channel extraction tool, called LowPath, utilizes an algorithm first intro-
duced by Kleinhans et al. (2019) that relies on identifying sets of channels
that have the lowest path (in terms of elevation) from the source to the
sink of the system. This framework produces a full network topology with
geometric attributes using only topographic information and a scaling
parameter related to a characteristic sediment volume. Comparisons are
made between estuaries with multiple channels and braided rivers from

both nature and morphodynamic numerical models. The output from these analyses yields insight into the
processes affecting the morphology of multichannel systems.

The remainder of this paper is organized as follows. Section 2 provides an overview of the network extraction
method, LowPath, and details the location of our modeling setup of four case studies: the Western Scheldt
estuary in the Netherlands, Waimakariri River in New Zealand, the braided river model of Schuurman et al.
(2013), and the multichannel, bar-built estuary model of Braat et al. (2017). The results of the network
extraction are presented in section 3, followed by results of the topological and geometric analyses performed
on the extracted channel networks (section 4). The implications of the results are discussed in dection 5,
along with an exploration of the role of scale in network delineation from topographic surfaces. Section 5
also contains notes for future avenues of research. The conclusions are stated in section 6.

2. Background and Methods
2.1. A Primer on Network Terminology
A network is a mathematical representation of a set of objects and the connections among those objects
(Newman, 2003). Networks are made up of two types of elements, links and nodes, where links delineate
how nodes are connected to each other. The mathematical representation of the interconnectedness in a
network is called the network topology, which can be represented by an adjacency matrix where rows and
columns represent nodes and the entries of the matrix represent the links between the nodes. In the case
of a braided river or estuary, nodes represent bifurcations, or sometimes polyfurcations, confluences, inlets,
and outlets, while links represent channel centerlines or thalwegs (Figure 2). A path is a sequence of links
that connect the starting and ending nodes of the system.

2.2. Theory
A common challenge in geomorphology and hydrology is delineating a channel network from a DEM, due to
complications such as longitudinal variations in channel depth and slope, and violations of steepest-descent
principles, among others. Recently, however, a framework called LowPath was introduced by Kleinhans
et al. (2019) for the extraction of multithreaded channel networks from topographic surfaces. Here we
describe the theory behind the operation of the LowPath algorithm. A detailed description of the mathemat-
ical principles underlying the method, as well as mathematical proofs, can be found in the work ofKleinhans
et al. (2019). Additional details regarding LowPath operation and parameterization can be found in the
supporting information.

The algorithm takes as input a DEM of the bed level of a braided river or estuary. Because it uses only the
elevation of the bed level, the generated network is independent of the water level. However, the algorithm
could in principle be applied to other maps, including depth or velocity fields.

The basic building block of a network generated by LowPath is the concept of a lowest path. Intuitively
speaking, the lowest path between points s and t in the DEM is the path, consisting of edges of the DEM,
that does not traverse any elevations higher than necessary to connect s and t. More formally, given two
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Figure 3. A qualitative depiction of how LowPath determines the channel network. First, from the river bed DEM, the
striation is computed (left). Consequently a set of sufficiently different paths is found (center; here depicted for three
values of the volume parameter � ), which form the final network (right).

paths p1 and p2, we use the following procedure to check if p1 or p2 is lower. First, we check the elevations
of the highest points of p1 and p2. If the highest point of p1 is lower than that of p2, then p1 is lower (and
vice versa). If their elevations are identical, we do the same for the second highest points of p1 and p2, and if
those are identical again, we check the third highest points, et cetera. The lowest path from s to t is the path
such that no lower path from s to t is possible.

Steepest descending paths have often been used for constructing drainage networks in tributary systems and
generally rely on “pit-filling” algorithms to remove any ascending topography that interrupts downslope
flow accumulation (Tarboton, 2014). The lowest paths identified in LowPath consist of both descending and
ascending parts (i.e., no pit filling is used). However, each descending piece is (part of) a steepest-descending
path, and each ascending piece is a steepest-descending path in reverse. This property has been proven for-
mally in Kleinhans et al. (2019) and is used by LowPath to compute lowest paths efficiently. For this purpose,
the algorithm first computes a so-called descending Morse-Smale complex (MSC) (Edelsbrunner et al., 2001;
Kleinhans et al., 2019; Shivashankar & Natarajan, 2012). The MSC of a DEM is a topological complex that
describes the structural elements of the terrain. It contains certain critical points of the DEM: local min-
ima and saddle points (points that are a local minimum in one direction while being a local maximum in
the other). Additionally, it contains any steepest-descent paths (called MS links) from saddle points toward
minima. To find the lowest paths between any two points s and t in the DEM, the algorithm first computes
steepest-descent paths from s and t to critical points and then searches for the lowest path consisting of MS
links between those critical points.

Instead of just one single lowest path, the algorithm needs to compute a complete set of paths that together
form the entire channel network. To achieve this, the algorithm sequentially finds lowest paths in parts of
the DEM. More precisely, LowPath starts by computing a lowest path plowest between two designated points
on the boundary of the DEM (the “source” and the “sink”). After plowest has been found, the DEM is split
around plowest into two parts. Then the same procedure is repeated: in both parts of the DEM, lowest paths
are found, and then the DEM is split again around these paths. This procedure is repeated until no critical
points are left in each part of the DEM. (In fact, the splitting procedure is somewhat more complicated, to
avoid issues if the lowest path lies entirely on the boundary of its part of the DEM, in which case splitting
along that path would not make the resulting DEM part smaller, hence resulting in an infinite loop. To avoid
this, LowPath splits along not one but two parts at a time, thereby ensuring progress. We refer to Kleinhans
et al., 2019, for more details.) All the paths found in this fashion form an ordered set of noncrossing paths,
called a striation (see Figure 3, left).

In general the striation contains a large number of paths. Since the resolution of a DEM typically is such
that channels are several to many grid cells wide, it may contain several paths within the same channel,
which would be undesirable in the network. To alleviate this, we need a way to determine for two striation
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paths whether they are “sufficiently different” to form two separate channels. Then, the algorithm picks a
subset of the striation paths, which are all sufficiently different, to obtain the network (see Figure 3, center
and right).

To decide if two paths are sufficiently different, we consider the volume of sediment that separates them:
The larger the volume, the more different the channels are. The sediment volume is a morphologically
meaningful way to distinguish channels, because volume is related to the morphological work required to
cut bars and merge channels (e.g., Kleinhans, 2005). However, since the elevation of paths can vary wildly, it
is not immediately clear which volume to measure. For example, to measure the sediment volume between
two paths p1 and p2, we might measure all the volume above the highest elevation on p1 and p2. However,
this may underestimate the amount of sediment, for example, if some point on p1 or p2 has high elevation
while the remainder of the paths is low. Similarly, if we measure the volume above the lowest elevation on p1
and p2, we likely overestimate the amount of sediment. To solve this, we would like to measure the volume
of just the sediment that forms a barrier between the two paths. This is formalized mathematically by the
concept of an isotopy, which is a smooth “morph” from p1 to p2. We take the isotopy that induces the smallest
volume of sediment. In other words, we measure the minimum volume of sediment that obstructs one path
from sliding downhill toward the other path (further detailed in supporting information Figure S2).

Given this method of determining the volume of sediment between paths, we define two paths to be suffi-
ciently different, and allow them to be in the network together, if and only if this volume is larger than some
deposited sediment threshold � . We call this threshold the volume parameter (following the “sand function”
presented in Kleinhans et al., 2019). Lowering � means that channels with smaller bars in between are dis-
tinguished as sufficiently different channels. Higher � values on the other hand require larger bars between
channels for them to be distinguished as sufficiently different. The � value associated with an identified
channel represents the volume of sediment separating the channel from others in the network and is thus
a representation of the spatial scale at which a channel exists (i.e., bigger channels tend to have large � val-
ues). Therefore, by generating several networks with different values of � , channels across a range of sizes
are identified (Figure 3).

In the resulting network, the existence of a path can be affected by the existence of another path in seaward
(downstream) or landward (upstream) direction. This is the result of the threshold � being reached by the
summation of several bar deposits between paths. This means that the threshold volume could in principle
be reached by the volume at one end of the system alone depending on the order of the sorted paths. There-
fore, for example, two paths in the network may be close to one another in one section of the system, simply
because they are separated by a large volume of sediment in another section.

2.3. Workflow
The three main steps in the workflow are the preparation of the DEM, application of the LowPath algorithm
as described in the previous section, and the assignment of topographic and geometric information to links
and nodes. Preprocessing and postprocessing was performed in Matlab (MATLAB, 2017). Input data along
with example processing scripts are available in Hiatt (2019).

We utilize LowPath version 1.3.6 which is part of the software package Topological Tools for Geomorpholog-
ical Analysis (TTGA) (Sonke, 2019). As input, LowPath implementation requires only a topographic surface
(image file or text file) to output the set of lowest paths and network nodes. Geometric properties of the
DEM must be specified, including the horizontal resolutions of the grid cells in the x and � directions. Only
rectangular grids are accepted, but the grid cells do not need to be square. The elevation range (i.e., the
minimum and maximum elevations) of the DEM must be included for the image-based input to be able to
properly calculate volumes, because this is the best available estimate of the reworkable sand body that is
assumed in the volume parameter. To ensure that only the river bed itself is analyzed for network paths, and
not for example the surrounding floodplain or human–built features, as a preprocessing step the user is able
to mask grid cells that are outside the domain of interest. The user must also specify the � value or range of
values.

As described in the previous section, LowPath generates a network consisting of a set of sufficiently differ-
ent paths. How many paths are included in the network is determined by the selection of � . At the higher
end of the � spectrum (i.e., large volumes of sediment) only a single path is extracted. This is the overall
lowest path that traverses the riverbed. As � decreases, the number of paths extracted generally increases,
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Figure 4. Breakdown of the steps necessary to create a network from
topographic data (a) using LowPath and postprocessing tools. (b) Channel
centerlines and locations of overlap or nodes (circles) are output from
LowPath across a range of volume parameter scales (from smallest to
largest scale: yellow, red, blue, and black). Adjacent lines depict overlap of
channels extracted at different scales. The smallest scale channels are
detected everywhere that a larger-scale channel is also detected, leading to
relatively large/deep channels being detected at a large number of scales
(depicted by adjacent links). (c) Overlapping channels are systematically
removed such that each detected channel centerline belongs to a single
volume parameter scale. (d–g) Finally, the network is segmented into
differential networks associated with a single volume parameter scale.
Doing so allows channel geometries to be assigned to the network
independent of the influence from other scales.

because the volume between adjacent paths needed to identify chan-
nels as sufficiently different is decreasing. Eventually, as � nears 0, the
returned network contains all striation paths. In other words, varying the
parameter � allows us to obtain networks across a wide range of scales.

In this paper, we want to classify individual channels in the river based
on their importance. Because the number of channels increases when �
decreases, a measure of the importance of a channel is the highest � value
at which that channel still appears in the network. To compute these
� values per channel, we first perform the network computation for a
wide range of � values, say, � 1 > � 2 > ƒ > � k. This results in k networks,
called differential networks, which we then combine into a single com-
posite network (Figure 4). In every network computation, the striation
is identical, because the computation of the striation is independent of
the value of � . However, the set of paths selected for inclusion in the net-
work differs. Generally, paths included in the network for � i will also
be included for � iŠ1 and smaller, which leads to significant path overlap
when condensing the sets of paths into the composite network. This issue
is rectified by a series of postprocessing steps as follows:

1. Channels that are included for multiple � scales are filtered such that
only the largest � scale at which the channel was detected remains
(Figure 4c). Thus, the paths detected by the LowPath algorithm have
been converted to network links with starting and ending nodes.

2. In some cases, links at the same scale overlap at certain points in space,
which may cause connectivity issues following Step 1. To maintain con-
nectivity, links may be split into smaller sections, and nodes are added
at their end points.

3. The channel network is then further segregated into smaller differ-
ential networks that detail the nodes and links found at each � scale
(Figures 4d–4g).

After these postprocessing steps, data detailing the coordinates, scales,
and the topology of links and nodes are available. An adjacency matrix A
is generated for the composite network and the � differential as a repre-
sentation of the topology. Geometric information can also be assigned to
the links and nodes, such as elevation, channel slope, channel length, or
sinuosity.

2.4. Data Set
In this paper, we use LowPath and the previously described processing
methodology to extract channel network and geometric information from
topographic data for both estuaries and braided rivers for analysis and
comparison. Both the differential networks and the complete composite
network for each data set are analyzed. Four data sets are used: A set of
DEMs resulting from the morphodynamic modeling of a braided river
(Schuurman et al., 2013), a lidar DEM of the Waimakariri River in New
Zealand (Hicks et al., 2007), a set of DEMs from a morphodynamic model
of estuary development (Braat et al., 2017), and a DEM of the partially

dredged Western Scheldt estuary in the Netherlands (van Dijk et al., 2018, 2019). These data sets were cho-
sen because they span a range of morphological conditions and variability in boundary conditions (i.e.,
coastal estuaries versus braided rivers). An earlier version of the algorithm was also demonstrated to work
for experiments (Kleinhans et al., 2019).

2.5. Analysis
A range of statistical metrics have classically been used to describe channel network topology and geom-
etry after the channel network has been extracted. Previous research has largely focused on planform
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Table 1
Summary of the Volume Parameter and Geometric Scales for the Data Set

� range Grid resolution Average braid belt width
Data set (m3) (m × m) (m)
Braided River 3.98 × 102 to 3.98 × 109 200 × 80 3,280
Waimakariri 1.09 × 102 to 1.09 × 107 8 × 8 1,050
Estuary Model 1.20 × 102 to 1.20 × 108 50 × 50 2,590 (mouth)–250 (upstream)
Western Scheldt 1.20 × 102 to 1.20 × 109 100 × 100 5,660 (mouth)–2,500 (upstream)

geometries of channels and bars for characterizing the geometry of multithread channels (e.g., and add oth-
ers Leuven et al., 2016, 2017, 2018; Limaye, 2017). Braiding index or intensity is another commonly utilized
metric that quantifies the number of active channels across the width of the channel belt, which we forgo
in this paper because it has been addressed and quantified in other studies (e.g., Bertoldi et al., 2009; Braat
et al., 2017; Crosato & Mosselman, 2009; Egozi & Ashmore, 2008; Germanoski & Schumm, 1993; Howard
et al., 1970; Kleinhans & van den Berg, 2011; Leuven et al., 2016, 2017, 2018; Schuurman et al., 2013). Redolfi
et al. (2016) identified the utility of using reach-scale bed elevation distributions in braided rivers to inform
morphological trajectories. However, there lacks information regarding bed elevation distributions within
the channel network itself, likely due to limitations in network extraction methodologies. This paper focuses
on describing multithread channel networks as a function of channel bed elevation distributions for a range
of channel sizes.

For each data set, we analyze the structure of the network at a range of volume parameter values (� ), measure
the distribution of elevations along each link in the network, measure the number of nodes and links at each
scale, and calculate the distribution of link lengths for each scale. The elevation distributions are calculated
by extracting the elevation in the DEM cell at each coordinate for every link in the network. Cells located
at channel confluences and bifurcations are excluded, because these points may bias the results when par-
titioning the data among the various � scales. For example, if a small, narrow, and shallow secondary chute
channel meets the deep main channel, the elevations at their confluence may significantly skew the eleva-
tion distribution of the smaller channel, since the main channel is significantly deeper. Therefore, elevations
at these coordinates are excluded when calculating elevation distributions.

Each case study is run at � scales ranging several orders of magnitude (Table 1). The range of scales is
determined by the geometric characteristics of each individual system (e.g., elevation relief, planform extent,
and system slope). Since the four case studies chosen range considerably in size, the ranges of � values are
different for each system. However, � values were selected to ensure that the largest � scale produced a single

Figure 5. Network change over time for the braided river model of
Schuurman et al. (2013). The channel network at time step 180 was chosen
for analysis in Figure 6 because it represents the beginning of a relatively
steady period of number of nodes and links at each � scale.

main channel, and a simple sensitivity analysis was performed to deter-
mine the minimum scale at which this channel is manifested. After the
largest � was determined, � values were sequentially decreased by 1 order
of magnitude until reaching a � scale that was on the same order as the
horizontal grid cell size. Values of � below this value are physically unre-
alistic, because channels cannot be detected at finer resolution than one
pixel. In Sections 3 and 4, � is represented qualitatively (from high to low
values) rather than quantitatively (actual � values) for convenience when
comparing data sets of significantly different size (see Table 1).

3. Channel Network Extraction
The network structure and geometries are presented for the four data
sets discussed in section 2.4. The LowPath algorithm produces channel
networks that follow the lowest paths through the topographic surface.
Therefore, the extracted network links represent channel thalwegs (the
deepest portion of the channel) for the full extent of each channel. For
the modeling studies, a representative time step was chosen for analysis
based on the changes to the number of nodes and networks likes across �
scales through time (e.g., Figure 5). For example, the braided river model
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Figure 6. Summary of a multiscale network in the modeled braided river data set. The top panel shows the channel
network for a range of scales (network nodes are excluded for visualization clarity). The colors of the channels indicate
the volume parameter scale. The following panels show the channel network partitioned by volumetric volume
parameter scale. At lower volume parameter scales, channels are relatively short and are often oriented perpendicular
to the flow direction. Channels become longer and more parallel to the mean flow direction with increasing scale.
The elevation scale is truncated at the lower end for visualization and to match the representation in Schuurman
et al. (2013).

of Schuurman et al. (2013) was determined to be at a dynamic equilibrium state at around model output time
step 180 (Figure 5), which marks 12 months of morphological change subject to bankfull flow conditions.
The time step was selected because it marked the beginning of a relatively stable period for the number of
nodes and links extracted. The same procedure was performed for the estuary model.

Networks are decomposed into differential networks (Figure 6) to isolate the effects of scale on network
structure. We use topography from the braided river model of Schuurman et al. (2013) to illustrate these
results in Figure 6. At the highest volume parameter scale (� ), there is one (and only one) lowest path that
traverses the landscape from the upstream to downstream boundary (Figure 6). The single link detected
at the largest � scale is representative of the “main” channel of the system. Decreases in � tend to cause a
greater number of channels to be detected, and those channels appear to become shorter in length relative
to larger � scales (Figure 6). In the braided river model (Figure 6), the link detected at the highest � value
(i.e., the main channel) follows an uninterrupted, sinuous path from the inlet to the outlet. The links with
the second highest � value follow a largely similar pattern, but interruptions in the continuity of the links
result generally from where these links connect with the highest � scale link. Discontinuities among the
links at a given scale � are often due to intersections with links at scales greater than the � of interest.

Both the channel network of the braided river model (Figure 6) and the channel network of the Waimakariri
River (Figure 7a) exhibit a high link density relative to their estuarine counterparts: the Western Scheldt
(Figure 7b) and the estuary model (Figure 7c). The estuarine systems tend to have relatively large portions of
the channel belt where no links were detected, which is indicative of relatively flat, unchannelized portions
of the landscape. These regions vary in size and position within the landscape. By contrast, the links of the
braided river systems are uniformly represented throughout the landscape and the unchannelized portions
of the landscape have a relatively uniform size and spacing. There does not appear to be a clear spatial clus-
tering associated with the � value at which channels are detected in the braided river case studies (Figures 6
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Figure 7. Network extractions for (a) the Waimakariri River (New Zealand), (b) the Western Scheldt estuary
(Netherlands), and (c) the results of an estuarine morphodynamics model (Braat et al., 2017). Note the scale
exaggeration of the � coordinate of (c) done for visualization purposes. The hashed lines represent areas outside the
domain.

and 7a), but there appear to be zones of high density of small � scale channels with bar complexes in the
estuarine example of the Western Scheldt (Figure 7b). This behavior is difficult to identify within the estu-
ary model (Figure 7c) because relatively few channels are detected across scales, and the resolution of the
numerical model is lower.

Channel bifurcations and confluences are identified during network extractions, and nodes are placed where
links bifurcate or join. LowPath maintains the connectivity of these network elements, such that topologi-
cal information is not lost. The geometric information of bifurcations and confluences is nested within both
the elevations at which links and nodes are extracted, but is also manifested in the � scales of bifurcating or
joining links. Notably, most bifurcations involve branches that are identified at different � values, indicat-
ing that the geometry of the two branch channels and the deposited material separating them differ. This
indicates that many of the identified bifurcations are not morphologically symmetrical (Figure 7). The ten-
dency of bifurcating channels to be at different � scales can be seen by decomposing the channel network
into separate layers based on � scale (e.g., Figure 6).
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Figure 8. (a) The number of links per scale fraction. (b) The normalized
length for links for each data set across the range of delta scales. The sand
fraction scales are presented as fractions of the largest scale. The symbols
represent the medians of the normalized link length distributions, and the
error bars represent the ranges. The mean length of links generally
increases with increasing � . The data appear to follow a power law decay
(see text for details).

Link length decreases with decreasing � scale. The relatively deep and
wide main channel traverses the extent of the system and is thus signifi-
cantly longer than those smaller, narrower channels that develop on top
of bar surfaces (Figure 6). In between these two extremes, there is a gen-
eral behavior of increasing link length with increasing � . This result is
expected, since � is representative of the relative spatial scale of the chan-
nel, and larger channels are less likely to be intersected by channels of
equal or larger size, and therefore have a tendency to be detected as rel-
atively long and continuous links. This phenomenon holds for all of the
cases studied.

4. Topology and Geometry
This section presents analyses performed on the extracted networks from
section 3 and identifies several topological and geometric characteristics
of the studied multichannel systems. The goals of these analyses are to
understand how channel network structure varies among different sys-
tems and to analyze the extent to which scale influences the internal
organization of these channel networks. We present results for the four
case studies for which channel networks were extracted with LowPath
(Figures 6 and 7).

4.1. Number of Links
The number of links in the differential network detected in a given �
scale generally decreases as the scale fraction value increases for each
case study (Figure 8a). The Waimakariri has the most links across scales,
which is likely due to the relatively high resolution of the topography rel-
ative to the width of the braid belt. The estuary model has generally the
least number of channel links for a given � value due to the low number
of channels detected. The channel network extracted for the Waimakariri
has significantly more links than that of the braided river model (noted
as BR model in Figure 8a) and the same is true for the Western Scheldt
versus the estuary model (Figure 8a). The difference in number of links
at a given � value between natural and model systems is about 1 order of
magnitude.

Within differential networks, the number of nodes detected at a given scale is generally twice the number
of links detected at that scale, since a link has a starting and ending node. Multiple links originating from
or ending on shared nodes may decrease this total. The inverse relation between node number and � does
exhibit some variability and there are examples where increasing � values do not cause a decrease in node
number. This is likely due to the inherent variability in natural systems and the choice of threshold for �
values. At the upper threshold of � values there are always two nodes detected for the single “main” channel.

4.2. Link Length
The length of each link in the composite network is calculated from the geometric information provided by
the topographic surface. For each link i at a given scale � = � , the normalized length is calculated as

�L� = �, i =
L� = �, i

Llowest
(1)

where L is the length of the link denoted with a subscript i, the subscript � is the delta scale of interest,
and Llowest is the length of the single link extracted at the maximum � scale (i.e., the lowest path). Likewise,
we introduce another normalization to account for the difference in � thresholds among the case studies.
For each case site, the Scale Fraction, is calculated as the scale of interest � i divided by the largest sand
fraction scale � max. The values for both Scale Fraction and �L� = �, i range between 0 and 1. Performing these
normalizations allows for systems of much different spatial scales to be quantitatively compared.

The normalized link length is positively related with scale fraction and appears to follow power law increase
behavior (Figure 8b). The exponent on the power relation is 0.23 for the braided river model, 0.27 for the
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Figure 9. Comparison among the elevation distributions across volume parameter scales for each case study. The
elevation values have been corrected for system slope, if necessary. (a) Waimakariri River, (b) braided river (BR) model,
(c) Western Scheldt Estuary, and (d) estuary model.

estuary model, 0.24 for the Western Scheldt, and 0.35 for the Waimakariri River. The magnitude of nor-
malized length is mostly similar among the case studies throughout the range of scale fractions considered.
However, the estuary model normalized length tends to consistently plot at higher values than those of the
other cases, especially at the scale fraction of 10Š4, where the normalized length for the estuary model is
nearly an order of magnitude greater than the other three cases.

4.3. Elevation Distribution
The frequency distributions of slope-corrected channel bed elevations for the composite network of each
case study are displayed in Figure 9. Elevation distributions are constructed by extracting elevation val-
ues for each pixel that lies under a link at a given � scale. The elevation distributions are partitioned into
contributions from each � scale tested to determine how channel bed elevation changes with scale (those
classifications are presented qualitatively in Figure 9). In the Waimakariri River channel network, elevations
associated with small � values are generally higher than those associated with larger � values (Figure 9a). In
the Waimakariri River example, this transition from higher to lower elevations as � increases is fairly gradual
which results in a fairly symmetrical, unimodal distribution shape. Additionally, in the Waimakariri River,
there are a higher frequency of elevations associated with small � values. This is due to the large number
of channels detected at small � scales present in the Waimakariri River channel network. Higher � scales
have relatively few and lower elevation values. This pattern of sequentially decreasing elevation with scale
is clear for Waimakariri River channel network.

The slope-corrected elevation frequency distribution of the braided river model channel network exhibits
the behavior of decreasing elevations as � increases (Figure 9b), but the pattern of decreasing frequency in
elevation counts from low to high � values is not present as it is in the Waimakariri River system (Figure 9a).
While the overall shape of the elevation distribution appears to be bimodal, the distributions of elevation
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at each individual � scale is unimodal. The largest � scale occupies a large portion of the overall network
distribution, which suggests that the main channel is relatively long compared to the cumulative length of
channels detected at small scales. However, like the Waimakariri River channel network, the links associated
with large � values are found at lower elevations than those identified at small � values.

The channel network elevation distributions for the Western Scheldt and the estuary model display different
behavior. For the Western Scheldt, the channel network elevation distribution follows a similar pattern of
low elevation for high � values and there is a stark increase in elevation frequency at the largest � scale
around an elevation of z = Š20 m (Figure 9c), which is likely due to channel bed maintenance through
dredging activities in the estuary. There is also a fairly wide range of elevations at which the largest � scale
link exists. The frequency of elevations is fairly uniform across smaller � scales in the Western Scheldt. In
the estuary model, the elevation distribution for the highest � scale is bimodal, which is unique among the
cases studied (Figure 9d). Additionally, the second highest � value contains some links, albeit at a very low
frequency, with the lowest elevation values around z = Š5 m, which again breaks with the general trend
observed in the other case studies.

5. Discussion
5.1. Comparison Among Systems
The novelty of the analyses presented here is the combination of a new network extraction tool for bathy-
metric data and the comparison between network topology and morphology of fluvial and tidal systems
and of field data and numerical modeling. Our results indicate that there are some quantitative similarities
between the structure of braided rivers and estuaries for the cases examined in this text.

Visual inspection of our results indicates that the scales of the two channels downstream of a bifurcation are
often not the same in the cases studied (see Figures 6 and 7). This result aligns with the evidence that mor-
phodynamically stable bifurcations in most common conditions exhibit asymmetrical partitioning of water
and sediment fluxes due to geometric asymmetries between the bifurcate channels (Bolla Pittaluga et al.,
2003; Kleinhans et al., 2008, 2013, 2007; Zolezzi et al., 2006). It is reasonable to argue that the geometrical
asymmetry associated with the differences in geometry between the bifurcate channels is directly related
to the volume of deposited sediment (i.e., channel bar) separating the two channels. Though the discrep-
ancy in scale between bifurcate channels seems to coincide with the literature on bifurcation geometry, the
results presented here may be influenced by the calculation of volume within LowPath. In a symmetrical
bifurcation, LowPath will still detect assign different � values to the bifurcate channels. In our analysis, we
selected a range of � values at intervals of 1 order of magnitude to assign scales to channels. This large inter-
val dampens the biasing effects of the LowPath algorithm and increases the likelihood that scale differences
are due to geometric discrepancies among channels rather than systematic bias.

Identification of link scale in the form of the volume parameter provides important insight into the stabil-
ity of bifurcations. However, the stability and functioning of channel junctions in tidal systems are poorly
understood, and the network allows testing of theory developed for rivers in tidal systems. Relative channel
depths are defining characteristics for river bifurcation stability and discharge asymmetry (Bolla Pittaluga
et al., 2015; Edmonds & Slingerland, 2008; Kleinhans et al., 2008, 2013; van Dijk et al., 2014). However,
estuaries exhibit mutually evasive ebb- and flood-dominated channels connected at bifurcations, and it is
unclear why these asymmetrical bifurcations form with a tidal phase dependence and how this affects prop-
agation of changes through the network (Kleinhans et al., 2015; Leuven et al., 2018; Wang et al., 2002;
van Dijk et al., 2019).

The division of channel segments into a range of scales with the physically meaningful unit of sediment
volume allows for scaling analysis. Scale invariance and power laws are often used in geomorphology in the
search for mechanisms describing system self-organization and scaling (Dodds & Rothman, 2000; Kleinhans
et al., 2005). In network analysis, a scale-free network is one whose degree (i.e., the number of connections
each node has with other nodes) distribution follows a power law distribution with an exponent between
Š2 and Š3 (Albert & Barabási, 2002). There is significant spread in the decay of link count as a function of
� , and the slope of the decay does not follow, in general, a power law decay. Thus, the decrease of link count
as � scale increases (Figure 8a) suggests that the configuration of channel networks in estuaries and braided
rivers (i.e., the topology) is not scale independent. This may be expected, since channel networks in nature
are chain-like (Marra et al., 2014), and the connectivity among channels is limited to those in proximity to
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Figure 10. Normalized cumulative length for each tested system with a
best fit line included for changes with scale fraction.

one another. This causes the network degree distribution to be fairly uni-
form and cannot follow the power law distribution decay that constitutes
a scale-free network. Conversely, the geometry of the networks suggests
some scale-invariant properties (Figure 8b). The normalized length of
channel links increases as a power law with an exponent of around 0.30
for all the cases tested. This suggests that the channel networks multi-
thread channels in both coastal (estuaries) and upland (braided rivers)
environments self-organize in a similar fashion, regardless of size of the
system.

The length of channels at various scales obviously depends on the over-
all length scale of the system in question. In Figure 8b, the length of each
network link was normalized by the length of the largest � scale channel
and the normalized length distribution was displayed to compare across
systems of different sizes. This metric showed that link length has a rough
positive power relation with scale fraction. However, this normalization
averages out the effect of the total number of links detected at a given
� scale, which can vary significantly among systems (Figures 6 and 7).
To address this, we introduce the normalized cumulative length per �
scale as

�L� = � =

i=N�

i=1
L� = �, i

Llowest
(2)

where N is the total number of links at scale � = � . The normalized cumulative lengths of the braided river
model, estuary model, and Western Scheldt systems follow a positive power relation with scale fraction
(Figure 10), but has a negative relation for the Waimakariri (Figure 10). The behavior of the normal-
ized cumulative length scale with scale fraction for the Waimakariri is opposite of the trend presented in
Figure 8b, while both the normalized cumulative length and the normalized length show similar patterns
for the three other systems.

We have two alternative hypotheses for the deviation of the Waimakariri network. First, the much longer
collective length of smaller channels than the single main channel may point to an issue of topographic grid
resolution. The dependence of extracted channel network features, such as drainage density, on DEM res-
olution has long been established in catchment hydrology (Ariza-Villaverde et al., 2015; Garbrech & Mart,
1994; Molnar & Julien, 2000; Sangireddy, Carothers, et al., 2016), and the phenomenon simply depends on
the ability of the extraction method to recognize channels; it should recognize smaller channels as grid res-
olution increases. Many small channels were detected for the Waimakariri system compared to the others
(Figure 3), which is likely due to the relatively fine resolution of the Waimakariri lidar used for channel
network extraction (Table 1). This results in high cumulative length of channels at small scales relative
to the length of the main channel. Thus, for high-resolution topographies, this result suggests that small
scale channels dominate the behavior of the extracted channel network geometry distributions, while sys-
tems with lower resolution grids suggest main channel dominance. This may explain the prevalence of
bimodality in the elevation distributions (Figures 9b–9d) and lack thereof in the elevation distribution for
the Waimakariri (Figure 9a). The second hypothesis is that the larger collective length of smaller channels is
a system characteristic. The Waimakariri River is much wider and shallower than the other systems, which
leads to a higher braiding index. Regardless of system width, there is only one single main channel with
a length of the order of the study reach length, but a higher degree of braiding leads to a higher collective
channel length at smaller scales. This hypothesis is supported by the observation that the second largest
scale has already a nearly four times larger collective length, and the smallest scales do not become more
than a factor 2 higher than that. The second largest scale is not affected by the resolution of the lidar, which
argues against the resolution hypothesis.

The elevation distributions (Figure 9) indicated that braided rivers tend to have more overlap among chan-
nel elevations across scales (i.e., even large scale channels can be as shallow as small scale ones), but the
estuarine systems appeared to have a more bimodel elevation distributions suggesting that a single, main
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Figure 11. Distribution of velocity magnitude at each model grid cell
overlain by a channel link identified by LowPath for the (a) braided river
(BR) and (b) estuary models. The data are organized by the � scale fraction.
The central red mark indicates the velocity magnitude median, and the box
edges represent the 25th and 75th percentiles, while the whiskers extend
±2.7 standard deviations from the median. Outliers are identified with
red crosses.

channel tends to develop. Several hypotheses explain these trends. First,
this is in qualitative agreement with much higher predicted braiding
index in river bar theory than tidal bar theory (Leuven et al., 2016),
and also the difference between the modeled and natural braided river
is qualitatively expected from their respective channel width-to-depth
ratios (Kleinhans & van den Berg, 2011). Another possible cause for the
deeper estuarine channel is that the natural, midtwentieth century chan-
nel depth in the Western Scheldt has been increased by several meters
(Verbeek et al., 1998), while the secondary and smaller channel elevations
decreased due to dredging for fairway maintenance as demonstrated by
modeling compared to controls without dredging (van Dijk et al., 2019).
A third hypothesis is that morphological models may have a tendency to
erode channels and over-steepen the bars. However, the estuary model
(Braat et al., 2017) was run with a high bed slope effect parameter that
prevents such erosion but also subdues bars, changes sediment partition-
ing at bifurcations and reduces the braiding index (Baar et al., 2019).
While this model exhibits bimodality in the elevation distribution, the
relatively small number of channels available for extraction at any given
time step is likely the source of significant temporal variability in ele-
vation distributions. On the other hand, the braided river model had a
much lower bed slope effect and showed runaway erosion of channel
beds which caused very deep main channels and relatively steep chan-
nel banks, which likely caused the elevations to be unnaturally low at
large � scales. The braided river model also exhibits elevations detected
at multiple scales, as in the Waimakariri, because channel bed elevation
is not the only factoring determining � . Bar height and distance between
channels also play a role in determining the � value, so differences in
these factors lead to channel elevation being identified at a range of dif-
ferent scales. Finer resolution modeling with between-channel resolution
may be required to adequately compare model results to natural systems.
Future work should include topographic resampling to assess the dif-
ferences/similarities between numerical models and natural systems at
equivalent spatial resolutions.

5.2. Assessment of LowPath Channel Network extraction
LowPath relies on the geomorphic signatures of the system to identify
the channel thalweg in each network link by tracing the lowest elevation

paths and is thus insensitive to local bed jumps. The thalweg is an important feature of a channelized system
because stream-wise flow velocities are often highest above the channel thalweg and lateral flow structure
is partly dictated by thalweg position and geometry relative to other channel features (Blanckaert, 2011;
Konsoer et al., 2016; Valle-Levinson et al., 2003; Zinger et al., 2013), which drives morphodynamic processes
such as point bar deposition, channel bend erosion, chute cutoff (e.g., van Dijk et al., 2012). Clearly, the bed
jumps are also important features of channelized systems in relation to the network dynamics.

In numerical modeling efforts, active channels are sometimes identified using a threshold velocity (e.g.,
Liang et al., 2016) and relative velocity magnitude in space should be a reasonable indicator of channelized
flow over a topographic surface. To test the correlation between channel extraction location and the spatial
gradients in water velocity, we extracted the velocity magnitude at each pixel that lies under a link at a given
� scale for the same time step as the bathymetery used for channel network extraction for the braided river
and estuary model (Figure 11). The estuary model was in ebb flow during the velocity and channel network
extraction presented in Figure 11. In general, links identified at small � values tend to have lower velocity
magnitudes than those at larger � values. Indeed, for both models, the highest median velocity magnitude
was identified that the largest � value, indicating that the link representing the lowest path (i.e., the main
channel) had a distribution of relatively high velocities. This result indicates that LowPath identifies channel
links that correspond to the primary flow paths in the system. In both of the models tested, the extracted
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channel network tracks closely with the spatial patterns in velocity magnitude taken at the same time step
as the topography used for network extraction, indicating that the extracted links represent primary flow
paths over the topo-bathymetric surface (supporting information Figure S3).

However, in both models, links with relatively small values of � tend to run perpendicular to the primary
longitudinal flow direction (e.g., Figure 6), and those channels tend to correspond to relatively low velocities
(Figure 11 and supporting information Figure S3), and sometimes traverse areas with zero velocity. This
result is not necessarily unexpected because LowPath identifies the channel network based only on the
elevation data and the volume parameter, which allows for the identification of inactive relic channels that
are still manifested in the topographic surface, and may also be reactivated. Relatively small channels are also
detected by LowPath depending on the selection of the volume parameter and the horizontal and vertical
topography data resolution. Channels detected at small � have limited transport capacity, but may, as part
of the braiding dynamics, become cutoffs and large channels. We performed manual extractions of channel
networks using the DEMs from the Western Scheldt and Waimakariri River and found that, in general, small
scale channels (low � values near the spatial resolution of the grid) were not identified by user selection but
were identified by LowPath (supporting information Figure S4). However, user-selected channels matched
the relatively large scale channels in both cases. LowPath identifies depressions in the topography that are
slight and may be challenging to identify with the human eye. Identification of such small scale channels
may prove useful for predicting cutoff and braiding dynamics.

The development of methods that track network development through time would allow for advances in
model and data analyses. Though LowPath currently extracts channel networks at sequential time steps,
each extracted network is independent of the previous time step. This presents a challenge for performing
morphological analyses such as tracking the nodal point of a bifurcation through time, assessing avulsions,
tracking changes to individual channels, and the classification of active/inactive channels based on morpho-
logical development. Further development of channel network extraction methods requires the possibility
to define a single multitemporal network structure in both space and time and, for application on discrete
data, such rigorous measures for similarity that shifting links and nodes are recognized correctly. In turn, the
mathematical rules that correctly identify such shifts require phenomenological models of channel behavior
and/or may well capture such natural dynamics.

6. Conclusions
This paper presents a method for automatically extracting channel network topology and geometry from
multichannel environments using only topography and bathymetry data. The method, called LowPath,
relies on extracting the lowest paths traversing a topography across a range of spatial scales, quantified by
a new metric for volume-based channel separation in three-dimensional environments called the volume
parameter. The methodology represents an advancement over steepest-descent-based algorithms for detect-
ing channels from topography because those methods cannot handle flow divergences and bed steps, which
are ubiquitous in multichannel systems like braided river, deltas, estuaries, and alluvial fans. The new chan-
nel extraction method furthers our ability to quantitatively assess channel network structure and geometry
in complex environments.

The LowPath method was applied to four case studies: the Western Scheldt estuary, a morphodynamic model
of an alluvial estuary, the Waimakariri River, and a morphodynamic model of a braided river. The analyses
of the case studies reveal that (1) the number of network links and nodes are inversely related to the volume
parameter scale, (2) the relative lengths of links is positively related to the volume parameter scale and this
relation follows a positive power law with and exponent of 0.23Š0.35, and (3) the elevations of links detected
at high volume parameter scales are deeper than those detected at smaller scales. The automatic delineation
of detailed channel networks allows fair comparisons between topological and geometrical characteristics
of natural systems and those in numerical morphodynamic models. The results suggest that highly braided
systems have collectively longer secondary and smaller channel segments than main channel length, as
opposed to lower-braided systems where the main channel has a higher length than the collective smaller
channels. Furthermore the results suggest that the tendency to incise channels in the models differs from
that in nature for braided rivers and estuaries.

HIATT ET AL. 16 of 19



Journal of Geophysical Research: Earth Surface 10.1029/2019JF005206

References

Albert, R., & Barabási, A.-L. (2002). Statistical mechanics of complex networks. Reviews of Modern Physics, 74, 47–97. https://doi.org.10.
1103/RevModPhys.74.47

Ariza-Villaverde, A., Jiménez-Hornero, F., & De Ravé, E. G. (2015). Influence of DEM resolution on drainage network extraction: A
multifractal analysis. Geomorphology, 241, 243–254.

Ashworth, P., Best, J., & Jonesm M. (2006). The relationship between channel avulsion, flow occupancy and aggradation in braided rivers:
Insights from an experimental model. Sedimentology, 54, 513. https://doi.org.10.1111/j.1365-3091.2006.00845.x

Baar, A., Boechat Albernaz, M., van Dijk, W., & Kleinhans, M. (2019). Critical dependence of morphodynamic models of fluvial and tidal
systems on empirical downslope sediment transport. Nature Communications, 10, 4903. https://doi.org/10.1038/s41467-019-12753-x

Benda, L., Poff, N. L., Miller, D., Dunne, T., Reeves, G., Pess, G., & Pollock, M. (2004). The network dynamics hypothesis: How channel
networks structure riverine habitats. BioScience, 54(5), 413–427. https://doi.org/10.1641/0006-3568(2004)054[0413:TNDHHC]2.0.CO;2

Bertoldi, W., Zanoni, L., & Tubino, M. (2009). Planform dynamics of braided streams. Earth Surface Processes and Landforms, 34(4),
547–557.

Blanckaert, K. (2011). Hydrodynamic processes in sharp meander bends and their morphological implications. Journal of Geophysical
Research, 116(F1). https://doi.org/10.1029/2010JF001806

Bolla Pittaluga, M., Coco, G., & Kleinhans, M. G. (2015). A unified framework for stability of channel bifurcations in gravel and sand fluvial
systems. Geophysical Research Letters, 42, 7521–7536. https://doi.org/10.1002/2015GL065175

Bolla Pittaluga, M., Repetto, R., & Tubino, M. (2003). Channel bifurcation in braided rivers: Equilibrium configurations and stability. Water
Resources Research, 39, 1046. https://doi.org/10.1029/2001WR001112

Braat, L., van Kessel, T., Leuven, J. R. F. W., & Kleinhans, M. G. (2017). Effects of mud supply on large-scale estuary morphology and
development over centuries to millennia. Earth Surface Dynamics, 5(4), 617–652. https://doi.org/10.5194/esurf-5-617-2017

Church, M. (2006). Bed material transport and the morphology of alluvial river channels. Annual Review of Earth and Planetary Sciences,
34, 325–354.

Crosato, A., & Mosselman, E. (2009). Simple physics-based predictor for the number of river bars and the transition between meandering
and braiding. Water Resources Research, 45, W03424. https://doi.org/10.1029/2008WR007242

Czuba, J. A., & Foufoula-Georgiou, E. (2014). A network-based framework for identifying potential synchronizations and amplifications
of sediment delivery in river basins. Water Resources Research, 50, 3826–3851. https:doi.org/10.1002/2013WR014227

Dai, T., & Labadie, J. W. (2001). River basin network model for integrated water quantity/quality management. Journal of Water Resources
Planning and Management, 127(5), 295–305.

Dillabaugh, C. R., Niemann, K. O., & Richardson, D. E. (2002). Semi-automated extraction of rivers from digital imagery. GeoInformatica,
6(3), 263–284. https://doi.org/10.1023/A:1019718019825

Dodds, P. S., & Rothman, D. H. (2000). Scaling, universality, and geomorphology. Annual Review of Earth and Planetary Sciences, 28(1),
571–610.

Edelsbrunner, H., Harer, J., & Zomorodian, A. (2001). Hierarchical Morse complexes for piecewise linear 2-manifolds, In Proceedings of
the Seventeenth Annual Symposium on Computational Geometry (pp. 70–79). USA: NY. https://doi.org/10.1145/378583.378626

Edmonds, D., Paola, C., Hoyal, D., & Sheets, B. (2011). Quantitative metrics that describe river deltas and their channel networks. Journal
of Geophysical Research, 116, F04022. https://doi.org/10.1029/2010JF001955

Edmonds, D., & Slingerland, R. (2008). Stability of delta distributary networks and their bifurcations. Water Resources Research, 44, W09426.
https://doi.org/10.1029/2008WR006992

Egozi, R., & Ashmore, P. (2008). Defining and measuring braiding intensity. Earth Surface Processes and Landforms, 33(14), 2121–2138.
https://doi.org/10.1002/esp.1658

Fagherazzi, S., Bortoluzzi, A., Dietrich, W. E., Adami, A., Lanzoni, S., Marani, M., & Rinaldo, A. (1999). Tidal networks: 1. Automatic
network extraction and preliminary scaling features from digital terrain maps. Water Resources Research, 35(12), 3891–3904.

Galloway, W. E. (1975). Process framework for describing the morphologic and stratigraphic evolution of deltaic depositional systems.
Garbrech, J., & Mart, L. (1994). Grid size dependency of parameters extracted. Computers & Geosciences, 20(1), 85–87.
Geleynse, N., Storms, J., Walstra, D., Jagers, R., Wang, Z., & Stive, M. (2011). Controls on river delta formation; insights from numerical

modelling. Earth and Planetary Science Letters, 302(1), 217–226. https://doi.org/10.1016/j.epsl.2010.12.013
Germanoski, D., & Schumm, S. A. (1993). Changes in braided river morphology resulting from aggradation and degradation. The Journal

of Geology, 101(4), 451–466. https://doi.org/10.1086/648239
Hiatt, M. (2019). Example input files for LowPath. https://doi.org/10.6084/m9.figshare.10324529.v5
Hicks, D. M., Duncan, M. J., Lane, S. N., Tal, M., & Westaway, R. (2007). 21 contemporary morphological change in braided gravel-bed rivers:

New developments from field and laboratory studies, with particular reference to the influence of riparian vegetation. Developments in
Earth Surface Processes, 11, 557–584.

Howard, A. D., Keetch, M. E., & Vincent, C. L. (1970). Topological and geometrical properties of braided streams. Water Resources Research,
6(6), 1674–1688. https://doi.org/10.1029/WR006i006p01674

Isikdogan, F., Bovik, A., & Passalacqua, P. (2015). Automatic channel network extraction from remotely sensed images by singularity
analysis. IEEE Geoscience and Remote Sensing Letters, 12(11), 2218–2221. https://doi.org/10.1109/LGRS.2015.2458898

Isikdogan, F., Bovik, A., & Passalacqua, P. (2017). Rivamap: An automated river analysis and mapping engine. Remote Sensing of
Environment, 202, 88–97. https://doi.org/10.1016/j.rse.2017.03.044

Jerolmack, D., & Swenson, J. (2007). Scaling relationships and evolution of distributary networks on wave-influenced deltas. Geophysical
Research Letters, 34, L23402. https://doi.org/10.1029/2007GL031823

Kleinhans, M. G. (2005). Flow discharge and sediment transport models for estimating a minimum timescale of hydrological activity and
channel and delta formation on Mars. Journal of Geophysical Research, 110, E12003. https://doi.org/10.1029/2005JE002521

Kleinhans, M. G. (2010). Sorting out river channel patterns. Progress in Physical Geography: Earth and Environment, 34(3), 287–326. https://
doi.org/10.1177/0309133310365300

Kleinhans, M. G., Buskes, C. J., & de Regt, H. W. (2005). Terra Incognita: Explanation and reduction in Earth science. International Studies
in the Philosophy of Science, 19(3), 289–317.

Kleinhans, M. G., Ferguson, R. I., Lane, S. N., & Hardy, R. J. (2013). Splitting rivers at their seams: Bifurcations and avulsion. Earth Surface
Processes and Landforms, 38(1), 47–61. https://doi.org/10.1002/esp.3268

Kleinhans, M. G., Jagers, H. R. A., Mosselman, E., & Sloff, C. J. (2008). Bifurcation dynamics and avulsion duration in meandering rivers
by one-dimensional and three-dimensional models. Water Resources Research, 44, W08454. https://doi.org/10.1029/2007WR005912

Acknowledgments
LowPath has been implemented in the
software package TTGA (Topological
Tools for Geomorphological Analysis),
available as open-source software
online (at https://github.com/tue-aga/
ttgawith DOI https://doi.org/10.5281/
zenodo.3518174). Experiments were
performed with TTGA version 1.3.6,
which has no significant functional
differences to the currently available
version 1.4.0. Input images for each
data set are available at Hiatt (2019).
Preprocessing and postprocessing
scripts written for Matlab are available
in an open-access data repository at
https://figshare.com/articles/
Exampled-Input-Files-for-LowPath/
10324529 (Hiatt, 2019). We thank the
Editor A. J. F. Hoitink, Associate
Editor C. Ancey, reviewer C. Paola, and
one anonymous reviewer for providing
valuable comments that helped
improve this manuscript. In theoretical
computer science, it is customary to
list authors in alphabetical order.
Therefore, in the reference (Kleinhans
et al., 2019), the author order does not
reflect the contributions of the authors.
M. Hiatt and M.G. Kleinhans were
supported by an ERC Consolidator
Grant (Agreement 647570) awarded to
M. G. Kleinhans. T. Ophelders,
W. Sonke, and B. Speckmann were
supported by the Netherlands
Organisation for Scientific Research
(NWO) under Project 639.023.208 (Vici
granted to B. Speckmann), K. Verbeek
under Project 639.021.541 (Veni
granted to K. Verbeek), and W. M. van
Dijk under project 016.140.316 (Vici
granted to M. G. Kleinhans). Authors
contributed to the following portions
of the project: conceptualization
(M. H., W. S., E. A. A., M. vK., T. O.,
K. V., B. S., and M. G. K.), formal
analysis (M. H., W. S., W. M. vD., T. .,
and J. V.), funding acquisition (B. S.
and M. G. K.), methodology (M. H.,
W. S., and W. M. vD.), software (W. S.,
T. O., and K. V.), supervision (B. S. and
M. G. K.), and manuscript preparation
(M. H., W. S., W. M. vD., and M. G. K.).

HIATT ET AL. 17 of 19

https://doi.org.10.1103/RevModPhys.74.47
https://doi.org.10.1103/RevModPhys.74.47
https://doi.org.10.1111/j.1365-3091.2006.00845.x
https://doi.org/10.1038/s41467-019-12753-x
https://doi.org/10.1641/0006-3568(2004)054[0413:TNDHHC]2.0.CO;2
https://doi.org/10.1029/2010JF001806
https://doi.org/10.1002/2015GL065175
https://doi.org/10.1029/2001WR001112
https://doi.org/10.5194/esurf-5-617-2017
https://doi.org/10.1029/2008WR007242
https:doi.org/10.1002/2013WR014227
https://doi.org/10.1023/A:1019718019825
https://doi.org/10.1145/378583.378626
https://doi.org/10.1029/2010JF001955
https://doi.org/10.1029/2008WR006992
https://doi.org/10.1002/esp.1658
https://doi.org/10.1016/j.epsl.2010.12.013
https://doi.org/10.1086/648239
https://doi.org/10.6084/m9.figshare.10324529.v5
https://doi.org/10.1029/WR006i006p01674
https://doi.org/10.1109/LGRS.2015.2458898
https://doi.org/10.1016/j.rse.2017.03.044
https://doi.org/10.1029/2007GL031823
https://doi.org/10.1029/2005JE002521
https://doi.org/10.1177/0309133310365300
https://doi.org/10.1177/0309133310365300
https://doi.org/10.1002/esp.3268
https://doi.org/10.1029/2007WR005912
https://github.com/tue-aga/ttga with
https://github.com/tue-aga/ttga with
https://doi.org/10.5281/zenodo.3518174
https://doi.org/10.5281/zenodo.3518174
https://figshare.com/articles/Exampled-Input-Files-for-LowPath/10324529
https://figshare.com/articles/Exampled-Input-Files-for-LowPath/10324529
https://figshare.com/articles/Exampled-Input-Files-for-LowPath/10324529


Journal of Geophysical Research: Earth Surface 10.1029/2019JF005206

Kleinhans, M., van Kreveld, M., Ophelders, T., Sonke, W., Speckmann, B., & Verbeek, K. (2019). Computing representative networks for
braided rivers. Journal of Computational Geometry, 10(1), 423–443. https://doi.org/10.20382/jocg.v10i1a14

Kleinhans, M. G., van Scheltinga, R. T., van der Vegt, M., & Markies (2015). Turning the tide: Growth and dynamics of a tidal basin and
inlet in experiments. Journal of Geophysical Research: Earth Surface, 120, 95–119. https://doi.org/10.1002/2014JF003127

Kleinhans, M. G., & van den Berg, J. H. (2011). River channel and bar patterns explained and predicted by an empirical and a physics-based
method. Earth Surface Processes and Landforms, 36(6), 721–738. https://doi.org/10.1002/esp.2090

Kleinhans, M., Wilburs, A., & ten Brinke, W. (2007). Opposite hysteresis of sand and gravel transport upstream and downstream of a
bifurcation during a flood in the River rhine, the Netherlands. Netherlands Journal of Geosciences, 86, 273–285.

Konsoer, K. M., Rhoads, B. L., Best, J. L., Langendoen, E. J., Abad, J. D., Parsons, D. R., & Garcia, M. H. (2016). Three-dimensional flow
structure and bed morphology in large elongate meander loops with different outer bank roughness characteristics. Water Resources
Research, 52, 9621–9641. https://doi.org/10.1002/2016WR019040

Lacroix, M. P., Martz, L. W., Kite, G. W., & Garbrecht, J. (2002). Using digital terrain analysis modeling techniques for the parameterization
of a hydrologic model. Environmental Modelling & Software, 17(2), 125–134. https://doi.org/10.1016/S1364-8152(01)00042-1

Lashermes, B., Foufoula-Georgiou, E., & Dietrich, W. E. (2007). Channel network extraction from high resolution topography using
wavelets. Geophysical Research Letters, 34, L23S04. https://doi.org/10.1029/2007GL031140

Leopold, L. B., & Wolman, M. G. (1957). River channel patterns: Braided, meandering, and straight. US Government Printing Office.
Leuven, J. R. F. W., Braat, L., van Dijk, W. M., de Haas, T., van Onselen, E. P., Ruessink, B. G., & Kleinhans, M. G. (2018). Growing forced

bars determine nonideal estuary planform. Journal of Geophysical Research: Earth Surface, 123, 2971–2992. https://doi.org/10.1029/
2018JF004718

Leuven, J., Haas, T., Braat, L., & Kleinhans, M. (2017). Topographic forcing of tidal sand bar patterns for irregular estuary planforms. Earth
Surface Processes and Landforms, 43, 172–186.

Leuven, J., Kleinhans, M., Weisscher, S., & van der Vegt, M. (2016). Tidal sand bar dimensions and shapes in estuaries. Earth-Science
Reviews, 161, 204–223.

Liang, M., Van Dyk, C., & Passalacqua, P. (2016). Quantifying the patterns and dynamics of river deltas under conditions of steady forcing
and relative sea level rise. Journal of Geophysical Research: Earth Surface, 121, 465–496. https://doi.org/10.1002/2015JF003653

Limaye, A. B. (2017). Extraction of multithread channel networks with a reduced-complexity flow model. Journal of Geophysical Research:
Earth Surface, 122, 1972–1990. https://doi.org/10.1002/2016JF004175

MATLAB (2017). Version 9.3.0 (R2017b). The MathWorks Inc., Natick, Massachusetts.
Maidment, D. R. (2016). Conceptual framework for the National Flood Interoperability Experiment. JAWRA Journal of the American Water

Resources Association, 53(2), 245–257. https://doi.org/10.1111/1752-1688.12474
Marra, W. A., Kleinhans, M. G., & Addink, E. A. (2014). Network concepts to describe channel importance and change in multichannel

systems: Test results for the Jamuna River, Bangladesh. Earth Surface Processes and Landforms, 39(6), 766–778. https://doi.org/10.1002/
esp.3482

Millar, R. G. (2000). Influence of bank vegetation on alluvial channel patterns. Water Resources Research, 36(4), 1109–1118.
Molnar, D., & Julien, P. (2000). Grid-size effects on surface runoff modeling. Journal of Hydrologic Engineering, 5(1), 8–16.
Montgomery, D. R., & Dietrich, W. E. (1989). Source areas, drainage density, and channel initiation. Water Resources Research, 25(8),

1907–1918. https://doi.org/10.1029/WR025i008p01907
Newman, M. E. J. (2003). The structure and function of complex networks. SIAM Review, 45(2), 167–256. https://doi.org/10.1137/

S003614450342480
Newman, M. (2010). Networks: An introduction. Oxford, UK: Oxford university press.
Nienhuis, J. H., Ton Hoitink, A., & Törnqvist, T. E. (2018). Future change to tide-influenced deltas. Geophysical Research Letters, 45,

3499–3507. https://doi.org/10.1029/2018GL077638
Nittrouer, J. A., Shaw, J., Lamb, M. P., & Mohrig, D. (2011). Spatial and temporal trends for water-flow velocity and bed-material sediment

transport in the lower Mississippi River. Geological Society of America Bulletin, 124(3–4), 400–414. https://doi.org/10.1130/B30497.1
Orton, G., & Reading, H. (1993). Variability of deltaic processes in terms of sediment supply, with particular emphasis on grain size.

Sedimentology, 40(3), 475–512.
Passalacqua, P., Belmont, P., Staley, D. M., Simley, J. D., Arrowsmith, J. R., Bode, C. A., et al. (2015). Analyzing high resolution topography

for advancing the understanding of mass and energy transfer through landscapes: A review. Earth-Science Reviews, 148, 174–193.
Passalacqua, P., Do Trung, T., Foufoula-Georgiou, E., Sapiro, G., & Dietrich, W. E. (2010). A geometric framework for channel network

extraction from lidar: Nonlinear diffusion and geodesic paths. Journal of Geophysical Research, 115, F01002. https://doi.org/10.1029/
2009JF001254

Passalacqua, P., Lanzoni, S., Paola, C., & Rinaldo, A. (2013). Geomorphic signatures of deltaic processes and vegetation: The
Ganges-Brahmaputra-Jamuna case study. Journal of Geophysical Research: Earth Surface, 118, 1838–1849. https://doi.org/10.1002/jgrf.
20128

Pavelsky, T. M., & Smith, L. C. (2008). Riv Width: A software tool for the calculation of river widths from remotely sensed imagery. IEEE
Geoscience and Remote Sensing Letters, 5(1), 70–73. https://doi.org/10.1109/LGRS.2007.908305

Pelletier, J. D. (2004). Persistent drainage migration in a numerical landscape evolution model. Geophysical Research Letters, 31, L20501.
https://doi.org/10.1029/2004GL020802

Pelletier, J. D. (2013). A robust, two-parameter method for the extraction of drainage networks from high-resolution digital elevation models
(DEMs): Evaluation using synthetic and real-world DEMs. Water Resources Research, 49, 75–89. https://doi.org/10.1029/2012WR012452

Phillips, C. B., & Jerolmack, D. J. (2016). Self-organization of river channels as a critical filter on climate signals. Science, 352(6286), 694–697.
https://doi.org/10.1126/science.aad3348

Redolfi, M., Tubino, M., Bertoldi, W., & Brasington, J. (2016). Analysis of reach-scale elevation distribution in braided rivers: Definition
of a new morphologic indicator and estimation of mean quantities. Water Resources Research, 52, 5951–5970. https://doi.org/10.1002/
2015WR017918

Robinson, A. H. W. (1960). Ebb-flood channel systems in sandy bays and estuaries. Geography, 45(3), 183–199.
Rodriguez-Iturbe, I., & Rinaldo, A. (Eds.) (1997). Fractal river basins: Chance and self-organization (1st ed., pp. 547). New York, NY:

Cambridge University Press.
Rossi, V., Kim, W., Leva-Lopez, J., Edmonds, D., Geleynse, N., Olariu, C., et al. (2016). Impact of tidal currents on delta-channel deepening,

stratigraphic architecture and sediment bypass beyond the shoreline. Geology, 44, 927–930. https://doi.org/10.1130/G38334.1
Sangireddy, H., Carothers, R. A., Stark, C. P., & Passalacqua, P. (2016). Controls of climate, topography, vegetation, and lithology on drainage

density extracted from high resolution topography data. Journal of Hydrology, 537, 271–282.

HIATT ET AL. 18 of 19

https://doi.org/10.20382/jocg.v10i1a14
https://doi.org/10.1002/2014JF003127
https://doi.org/10.1002/esp.2090
https://doi.org/10.1002/2016WR019040
https://doi.org/10.1016/S1364-8152(01)00042-1
https://doi.org/10.1029/2007GL031140
https://doi.org/10.1029/2018JF004718
https://doi.org/10.1029/2018JF004718
https://doi.org/10.1002/2015JF003653
https://doi.org/10.1002/2016JF004175
https://doi.org/10.1111/1752-1688.12474
https://doi.org/10.1002/esp.3482
https://doi.org/10.1002/esp.3482
https://doi.org/10.1029/WR025i008p01907
https://doi.org/10.1137/S003614450342480
https://doi.org/10.1137/S003614450342480
https://doi.org/10.1029/2018GL077638
https://doi.org/10.1130/B30497.1
https://doi.org/10.1029/2009JF001254
https://doi.org/10.1029/2009JF001254
https://doi.org/10.1002/jgrf.20128
https://doi.org/10.1002/jgrf.20128
https://doi.org/10.1109/LGRS.2007.908305
https://doi.org/10.1029/2004GL020802
https://doi.org/10.1029/2012WR012452
https://doi.org/10.1126/science.aad3348
https://doi.org/10.1002/2015WR017918
https://doi.org/10.1002/2015WR017918
https://doi.org/10.1130/G38334.1


Journal of Geophysical Research: Earth Surface 10.1029/2019JF005206

Sangireddy, H., Stark, C. P., Kladzyk, A., & Passalacqua, P. (2016). Geonet: An open source software for the automatic and objective extrac-
tion of channel heads, channel network, and channel morphology from high resolution topography data. Environmental Modelling &
Software, 83, 58–73. https://doi.org/10.1016/j.envsoft.2016.04.026

Schuurman, F., & Kleinhans, M. G. (2015). Bar dynamics and bifurcation evolution in a modelled braided sand-bed river. Earth Surface
Processes and Landforms, 40(10), 1318–1333. https://doi.org/10.1002/esp.3722

Schuurman, F., Marra, W. A., & Kleinhans, M. G. (2013). Physics-based modeling of large braided sand-bed rivers: Bar pattern formation,
dynamics, and sensitivity. Journal of Geophysical Research: Earth Surface, 118, 2509–2527. https://doi.org/10.1002/2013JF002896

Shelef, E., & Hilley, G. E. (2013). Impact of flow routing on catchment area calculations, slope estimates, and numerical simulations of
landscape development. Journal of Geophysical Research: Earth Surface, 118, 2105–2123. https://doi.org/10.1002/jgrf.20127

Shivashankar, N. S. M, & Natarajan, V. (2012). Parallel computation of 2D Morse-Smale complexes. IEEE Transactions on Visualization
and Computer Graphics, 18(10), 1757–1770. https://doi.org/10.1109/TVCG.2011.284

Smart, J., & Moruzzi, V. (1972). Quantitative properties of delta channel networks. Zeitschrift für Geomorphologie, 16(3), 283–300.
Sonke, W. (2019). Topological tools for geomorphological analysis. https://doi.org/10.5281/zenodo.3518174
Tal, M., Gran, K., Murray, A. B., Paola, C., & Hicks, D. M. (2004). Riparian vegetation as a primary control on channel characteristics in

multi-thread rivers. Riparian vegetation and fluvial geomorphology, 43–58.
Tal, M., & Paola, C. (2010). Effects of vegetation on channel morphodynamics: Results and insights from laboratory experiments. Earth

Surface Processes and Landforms, 35(9), 1014–1028.
Tarboton, D. G. (1997). A new method for the determination of flow directions and upslope areas in grid digital elevation models. Water

Resources Research, 33(2), 309–319. https://doi.org/10.1029/96WR03137
Tarboton, D. G. (2014). Terrain analysis using digital elevation models (Taudem): Utah Water Research Laboratory, Utah State University.

http://hydrology.usu.edu/taudem
Tarboton, D. G., & Ames, D. P. (2001). Advances in the mapping of flow networks from digital elevation data. ASCE, https://doi.org/10.

1061/40569(2001)166
Tarboton, D. G., Bras, R. L., & Rodriguez-Iturbe, I. (1991). On the extraction of channel networks from digital elevation data. Hydrological

Processes, 5(1), 81–100. https://doi.org/10.1002/hyp.3360050107
Tarolli, P. (2014). High-resolution topography for understanding Earth surface processes: Opportunities and challenges. Geomorphology,

216, 295–312. https://doi.org/10.1016/j.geomorph.2014.03.008
Tejedor, A., Longjas, A., Zaliapin, I., & Foufoula-Georgiou, E. (2015a). Delta channel networks: 1. A graph-theoretic approach for study-

ing connectivity and steady state transport on deltaic surfaces. Water Resources Research, 51, 3998–4018. https://doi.org/10.1002/
2014WR016577

Tejedor, A., Longjas, A., Zaliapin, I., & Foufoula-Georgiou, E. (2015b). Delta channel networks: 2. Metrics of topologic and dynamic com-
plexity for delta comparison, physical inference, and vulnerability assessment. Water Resources Research, 51, 4019–4045. https://doi.org/
10.1002/2014WR016604

Townend, I. (2012). The estimation of estuary dimensions using a simplified form model and the exogenous controls. Earth Surface
Processes and Landforms, 37(15), 1573–1583. https://doi.org/10.1002/esp.3256

Valle-Levinson, A., Reyes, C., & Sanay, R. (2003). Effects of bathymetry, friction, and rotation on estuary-ocean exchange. Journal of Physical
Oceanography, 33(11), 2375–2393. https://doi.org/10.1175/1520-0485(2003)033<2375:EOBFAR>2.0.CO;2

van Dijk, W. M., Hiatt, M. R., van der Werf, J. J., & Kleinhans, M. G. (2019). Effects of shoal margin collapses on the morphodynamics of a
sandy estuary. Journal of Geophysical Research: Earth Surface, 124, 195–215. https://doi.org/10.1029/2018JF004763

van Dijk, W. M., Mastbergen, D. R., van den Ham, G. A., Leuven, J. R. F. W., & Kleinhans, M. G. (2018). Location and probability of shoal
margin collapses in a sandy estuary. Earth Surface Processes and Landforms, 43(11), 2342–2357. https://doi.org/10.1002/esp.4395

van Dijk, W. M., Schuurman, F., van de Lageweg, W. I., & Kleinhans, M. G. (2014). Bifurcation instability and chute cutoff development in
meandering gravel-bed rivers. Geomorphology, 213, 277–291. https://doi.org/10.1016/j.geomorph.2014.01.018

van Dijk, W. M., van de Lageweg, W. I., & Kleinhans, M. G. (2012). Experimental meandering river with chute cutoffs. Journal of Geophysical
Research, 117, F03023. https://doi.org/10.1029/2011JF002314

van Veen, J. (1950). Eb- en vloedschaar systemen in de Nederlandse getijwateren. Journal of the Royal Dutch Geographical Society, 67,
303–325. in Dutch.

Van den Berg, J. H. (1995). Prediction of alluvial channel pattern of perennial rivers. Geomorphology, 12(4), 259–279.
Van der Wegen, M., & Roelvink, J. (2012). Reproduction of estuarine bathymetry by means of a process-based model: Western Scheldt case

study, the Netherlands. Geomorphology, 179, 152–167.
Vandenbruwaene, W., Temmerman, S., Bouma, T. J., Klaassen, P. C., de Vries, M. B., Callaghan, D. P., et al. (2011). Flow interaction with

dynamic vegetation patches: Implications for biogeomorphic evolution of a tidal landscape. Journal of Geophysical Research, 116, F01008.
https://doi.org/10.1029/2010JF001788

Verbeek, H., Tank, F., & Groenewoud, M. (1998). Drempels in De Westerschelde (In Dutch) (Technical report).
Wang, Z., Jeuken, M., Gerritsen, H., de Vriend, H., & Kornman, B. (2002). Morphology and asymmetry of the vertical tide in the

Westerschelde estuary. Continental Shelf Research, 22(17), 2599–2609. https://doi.org/10.1016/S0278-4343(02)00134-6
Welber, M., Bertoldi, W., & Tubino, M. (2012). The response of braided planform configuration to flow variations, bed reworking and

vegetation: The case of the Tagliamento River, Italy. Earth Surface Processes and Landforms, 37(5), 572–582. https://doi.org/10.1002/esp.
3196

Wickert, A. D., Martin, J. M., Tal, M., Kim, W., Sheets, B., & Paola, C. (2013). River channel lateral mobility: Metrics, time scales, and
controls. Journal of Geophysical Research: Earth Surface, 118, 396–412. https://doi.org/10.1029/2012JF002386

Zinger, J. A., Rhoads, B. L., Best, J. L., & Johnson, K. K. (2013). Flow structure and channel morphodynamics of meander bend chute
cutoffs: A case study of the Wabash River, USA. Journal of Geophysical Research: Earth Surface, 118, 2468–2487. https://doi.org/10.1002/
jgrf.20155

Zolezzi, G., Bertoldi, W., & Tubino, M. (2006). Morphological analysis and prediction of river bifurcations. In G. Sambrock Smith, J. Best, C.
Bristow, & G. Petts (Eds.), Braided rivers: Process, deposits, ecology and management, Special Publication Number 36 of the International
Association of Sedimentologists (Vol. 36, pp. 233–256). Oxford, UK: Blackwell Publishing Ltd. https://doi.org/10.1002/9781444304374.
ch11

HIATT ET AL. 19 of 19

https://doi.org/10.1016/j.envsoft.2016.04.026
https://doi.org/10.1002/esp.3722
https://doi.org/10.1002/2013JF002896
https://doi.org/10.1002/jgrf.20127
https://doi.org/10.1109/TVCG.2011.284
https://doi.org/10.5281/zenodo.3518174
https://doi.org/10.1029/96WR03137
http://hydrology.usu.edu/taudem
https://doi.org/10.1061/40569(2001)166
https://doi.org/10.1061/40569(2001)166
https://doi.org/10.1002/hyp.3360050107
https://doi.org/10.1016/j.geomorph.2014.03.008
https://doi.org/10.1002/2014WR016577
https://doi.org/10.1002/2014WR016577
https://doi.org/10.1002/2014WR016604
https://doi.org/10.1002/2014WR016604
https://doi.org/10.1002/esp.3256
https://doi.org/10.1175/1520-0485(2003)033%3C2375:EOBFAR%3E2.0.CO;2
https://doi.org/10.1029/2018JF004763
https://doi.org/10.1002/esp.4395
https://doi.org/10.1016/j.geomorph.2014.01.018
https://doi.org/10.1029/2011JF002314
https://doi.org/10.1029/2010JF001788
https://doi.org/10.1016/S0278-4343(02)00134-6
https://doi.org/10.1002/esp.3196
https://doi.org/10.1002/esp.3196
https://doi.org/10.1029/2012JF002386
https://doi.org/10.1002/jgrf.20155
https://doi.org/10.1002/jgrf.20155
https://doi.org/10.1002/9781444304374.ch11
https://doi.org/10.1002/9781444304374.ch11

	Abstract
	Plain Language Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


