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Why some alluvial rivers develop an anabranching pattern
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[1] Anabranching rivers have been identified globally, but a widely accepted and
convincing theoretical explanation for their occurrence has remained elusive. Using basic
flow and sediment transport relations, this study analyzes the mechanisms whereby self-
adjusting alluvial channels can anabranch to alter their flow efficiency (sediment transport
capacity per unit of stream power). It shows that without adjusting channel slope, an
increase in the number of channels can produce a proportional decrease in flow efficiency,
a finding particularly relevant to understanding energy consumption in some braided
rivers. However, anabranching efficiency can be significantly increased by a reduction in
channel width, as occurs when vegetated alluvial islands or between-channel ridges form.
The counteracting effects of width reduction and an increasing number of channels can
cause, with no adjustment to slope, an otherwise unstable system (underloaded or
overloaded) to achieve stability. As with other river patterns, anabranching can be
characterized by stable equilibrium or accreting disequilibrium examples.
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1. Introduction

[2] In contrast to braided rivers in which multiple chan-
nels are separated by subaqueous bars as part of a mobile
bed within a bankfull cross section, anabranching rivers
possess individual channels that are clearly separated at
bankfull by subaerial vegetated islands or ridges [Nanson
and Knighton, 1996]. However, the distinction between
braided and anabranching rivers is not just with the division
of channels; for a given discharge, braided rivers tend to
have relatively steep gradients [Leoplold and Wolman,
1957], whereas anabranching rivers form over a wide range
of gradients and are especially common at low slopes
[Knighton and Nanson, 1993; Nanson and Knighton,
1996]. Given that most rivers flow in single channels, two
obvious questions are first, why do some rivers form
multiple channels and second, do multiple channel systems
all form for the same reason?

[3] Studies on river systems across a wide range of
environments have led to the conclusion that anabranching
needs to be considered as a planform additional to the
classic tripartite classification of meandering, braiding and
straight [e.g., Brice, 1984; Schumm, 1985; Knighton and
Nanson, 1993]. To examine the physical cause for anab-
ranching, Nanson and Huang [1999] developed a simple
mathematical model of comparative sediment transport
capacities in single-thread and multiple channel systems.
They showed that under conditions where gradients could
not be readily increased, then the development of anab-
ranches could enhance sediment throughput. Descriptive
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and quantitative studies of a variety of anabranching rivers
support this contention [Nanson and Knighton, 1996;
Wende and Nanson, 1998; Tooth and Nanson, 1999,
2000, 2004; Tooth, 2000; Jansen and Nanson, 2004].
However, Nanson and Huang [1999] acknowledged that
not all anabranching systems would be able to enhance
sediment transport to the point of achieving stable equilib-
rium, and subsequent research appears to support this
contention as well [Tabata and Hickin, 2003; Abbado et
al., 2005].

[4] Recently, maximum flow efficiency (MFE), the max-
imum amount of sediment that can be transported per unit of
stream power, has been found to be the product of the
generally applicable variational principle of least action and
to be inherent in basic hydraulic relationships for alluvial
channels [Huang and Nanson, 2000, 2001, 2002, 2004a,
2004b; Huang et al., 2002, 2004a, 2004b; Huang and
Chang, 2006; Nanson and Huang, 2007]. The applicability
of MFE in fluvial geomorphology has been supported with
evidence that the most efficient channels are morphologi-
cally highly consistent with those described by both regime
theory and downstream hydraulic geometry relations in a
wide range of environments. Importantly, MFE unifies the
concepts of maximum sediment transport capacity and
minimum stream power which have been argued to be of
fundamental importance to river studies [e.g., Kirkby, 1977;
Chang, 1979a, 1979b, 1980, 1985, 1988; White et al.,
1982]. Indeed, it formalizes and quantifies the innovative
ideas of least work adopted by Leopold and Langbein
[1962] who argued that rivers could be seen as analogous
to thermodynamic systems. Huang et al. [2004a] presented
a more generalized analysis of the role of the principle of
least action in all types of open channel flow. Within the
context of this energy-based principle, they illustrated how
MFE can be applied to understand quantitatively the evo-
lutionary and operational processes leading to different river
channel patterns. Although MFE has been used to explain
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the development of anabranching rivers [Nanson and
Huang, 1999; Jansen and Nanson, 2004], a focus on
individual cases leaves doubt as to whether it is a general
characteristic that all anabranching systems are so adjusted
[Tabata and Hickin, 2003; Abbado et al., 2005].

[5] The purpose of this study is to provide a quantitative
theoretical analysis of the physical causes for the develop-
ment of anabranching rivers within the context of flow
efficiency. It extends the variational approach advocated by
Huang and Nanson [2000, 2001, 2002] for understanding
the behavior of single-channel systems and by Huang et al.
[2004a] for understanding the formation of river patterns.
By introducing the number of channels (anabranches) as an
additional variable into the basic hydraulic relationships for
bed load transport in alluvial channels, it examines in detail
the flow efficiency of anabranching systems under physical
conditions identified from field situations.

2. Review of Theories on River Channel Patterns

[6] River patterns are commonly classified into four
separate types; straight, meandering, braiding and anab-
ranching, each a response to ongoing process of self-
adjustment. These processes include channel migration
and point bar formation, braid bar formation and reworking,
and channel avulsion [e.g., Leopold and Wolman, 1957;
Bettess and White, 1983; Nanson and Knighton, 1996].
River pattern and hydraulic geometry are closely related,
both facilitating the dissipation or conservation of energy in
some optimal way that leads to relative channel stability.
Because water flowing through a bend has a higher energy
loss than that in a straight channel with the same discharge,
a maximum energy loss or a maximum friction factor has
been argued to be the cause for the formation of meandering
streams [e.g., Jefferson, 1902; Schoklitsch, 1937; Inglis,
1947; Davis and Sutherland, 1980, 1983; Eaton and
Church, 2004]. Leopold and Langbein [1966] recognized
that most rivers in equilibrium have a path length greater
than that of the valley in which they flow. Identifying the
similarities between sine-generated curves and a number of
natural river meanders, they reasoned that meanders appear
to be the form in which a river can be sinuous to reduce
gradient and yet minimize the work it does in turning; hence
they argued that this is the most probable planform a river
can adopt. This minimization hypothesis, however, was
regarded invalid because of the independence between total
work and the flow path. Alternatively, both least time rate of
potential energy dissipation and minimum stream power
hypotheses have been proposed [Yang, 1971; Chang, 1979a,
1979b, 1980, 1985, 1988].

[7] In contrast to those optimal hypotheses pursued in the
broad context of channel form adjustment, a number of
studies have been concerned largely with the stability of the
operating processes of flow within a reach. They have
shown that, under the influence of a low-amplitude periodic
perturbation, flow in straight channels is unstable for the
transport of sediment; relatively narrow channels are more
unstable in relation to meander-like perturbations and wide
shallow channels are unstable in relation to braid-like
perturbations [Engelund and Skovgaard, 1973; Parker,
1976; Fredsoe, 1978].

[s] Physically, a stable channel pattern in erodible allu-
vium implies the achievement of a stable equilibrium at
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which certain determinable relationships can be exhibited
among interacting hydraulic and sedimentological variables.
This has led to numerous empirical studies that distinguish
river channel patterns by focusing on the development of an
appropriate quantitative relationship between channel slope
and flow discharge and the variant forms of this relationship
[Leopold and Wolman, 1957; Lane, 1957; Chitale, 1973,
Begin, 1981; Carson, 1984; Ferguson, 1984, 1987; Bridge,
1985; Miller, 1988; Van den Berg, 1995; Alabyan and
Chalov, 1998; Xu, 2004].

[9] While alluvial channel patterns are explained largely
on the basis of endogenous adjustments in flow resistance
and sediment transport dynamics, there is widespread rec-
ognition that they are also the product of exogenous factors
imposed on a reach by the physical environment. These
factors are independent of endogenous flow conditions and
yet can constrain the self-adjusting hydraulic (endogenous)
variables, including width, depth, slope and flow velocity.
They include not just valley slope, but also valley width and
sinuosity, and the river’s boundary conditions other than
those formed by its mobile boundary (i.e., riparian vegeta-
tion, alluvium from a prior flow regime, colluvium, glacial
or lacustrine deposits, peat, bedrock, etc.). Valley gradient is
such a factor that has been widely recognized [e.g.,
Schumm, 1977; Bettess and White, 1983; Schumm and
Winkley, 1994; Eaton and Church, 2004; Huang et al.,
2004a; Tooth and Nanson, 2004].

[10] Bank strength is another important exogenous factor
and its effects on the formation of river channel patterns
have been quantified with several integrated models [e.g.,
Wang and Zhang, 1989; Millar, 2000; Eaton and Church,
2004]. Because of the complication of integrating a bank
stability criterion into endogenous flow relations, these
models are largely computationally based. As a result, they
present only the direct outcomes of the effects, such as the
resultant bank angle, and have not made clear the self-
adjusting mechanism of river channel flow underlying the
outcomes.

[11] A wide valley and the growth of dense riparian
vegetation with associated entrapment of fine sediment on
the banks and between-channel ridges, appear to be essen-
tial for the development of sand load anabranching rivers
[e.g., Wende and Nanson, 1998; Tooth and Nanson, 1999,
2000, 2004; Tooth, 2000; Jansen and Nanson, 2004]. To
provide a convincing physical explanation of the self-
adjusting mechanism underlying the formation of anab-
ranching rivers, this study presents a detailed mathematical
analysis incorporating the effects of these exogenous factors
into endogenous flow resistance and sediment transport
dynamics.

3. Transport Efficiency of Flow in Fully
Adjustable Channels

3.1.

[12] Channel flow follows the laws of flow continuity,
flow resistance and sediment transport with the flow con-
tinuity law taking the form

0=ar 1)

where O, 4 and V are flow discharge, channel cross-
sectional area and average flow velocity, respectively.

Basic Flow Relationships
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[13] Because field observations show that anabranching
rivers on the Northern Plains of arid central and northern
Australia flow over largely plane beds [e.g., Tooth and
Nanson, 1999, 2000, 2004; Tooth, 2000; Jansen and
Nanson, 2004], this study adopts the following Manning-
Strickler formula to embody the law of flow resistance for
uniform alluvial channel flow:

v R 1/6

where V* = \/gRS is the shear velocity, g, R, S and d are the
acceleration due to gravity, hydraulic radius, flow energy
slope and the representative size of sediment composing the
channel bed, respectively.

[14] Channel form and behavior are associated with bed
load transport and, among numerous bed load formulae, the
Meyer-Peter and Miiller [1948] equation has been exten-
sively and successfully applied. However, recent reexami-
nations of the data used for its development have shown that
this equation needs to be modified to increase its accuracy
[e.g., Wong and Parker, 2006]. Besides the provision of
more reliable predictions of sediment transport capacity, the
revised form provided by Wong and Parker [2006] is
essentially consistent with the linear criterion inherent in
the complex interactions among flow resistance, bed load
transport and channel geometry as is indicated in the study
by Huang and Chang [2006]. Because of these, the follow-
ing formula provided by Wong and Parker [2006] is used in
this study:

g = 4.93[7% — 0.0470]"° 3)

where ¢;* and 7 are the dimensionless bed load transport
rate per unit channel width and the dimensionless flow shear
stress, respectively, that are defined as

qb % To RS

qb:\/(ps/p—l)gcﬁ; E :’Y(Ps//’_l)d

(ps/p—1)d
(4)

in which g, is the dimensional bed load transport rate per
unit channel width, p, is the density of sediments
transported, p is the density of water, 7, is the dimensional
flow shear stress, and ~y is the specific weight of water.

3.2. Transport Capacity of Flow in a Straight Single
Channel

[15] In terms of the fuzzy object method for characteriz-
ing the complex profile of river channel cross sections,
Nanson and Huang [2007] demonstrate that rivers can be
regarded generally as possessing simple rectangular cross
sections with small random perturbations and that the
following geometric relations pertain:

WD

A=WD; R=
W + 2D

(5)

where W and D are the channel width and average depth,
respectively.

[16] Huang and Nanson [2000, 2002], Huang et al.
[2002, 2004a], and Huang and Chang [2006] show that a
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variational analysis of the self-adjusting mechanism of
alluvial channels requires the introduction of a channel
shape factor, the width/depth ratio (, into basic flow
relationships so that the number of dependent variables
can be reduced:

(6)

o~
Il
ol

[17] By combining equations (5) and (6), the following
channel geometry relations can be obtained:

¢

A = (D% R=—D
¢ ¢+2

™)

[18] Consequently, incorporating equation (7) into equa-
tions (1) and (2) yields

0 7.68,g5
e 2" (c+2)" o

which, for D as a function of ( for given Q, S and d,
becomes

Q 3/8 (<+2)1/4
- (7.68@) IR ®)

[19] This D — ( relationship, together with relationships
in equation (7), leads to

0 3/8
V= (7 68\/gS) A E (10)
3/8 3/8
— _ 1/16 ¢13/16 Q C
T, = YRS = ~d'/1%§ (7.68\@) 2 (11)

Therefore the sediment discharge for the total channel
width, Q,, is a function of Q, S, d and (. Only when the
effect of the cross-sectional shape factor ( is included can
the sediment load Q, be illustrated with the following
relationship derived from equations (3), (10) and (11) and
the relationship of Os = ¢, W:

8 1.6

=K 3/8 2 1/4 s
Q> IC (C+ ) (C+2)3/4

K, K (12)

where coefficients K;, K, and K3 are defined as

0 3/8
K, =4.93/(p,/p— 1gd®/"® | —=—
! (os/ e (7.68\/gS

K-S o\ (13)
27 (p,/p— 1)d16 \7.68,/2
K5 = 0.0470

[20] From equation (12), the differential form of Q,
against the variation of ¢ can be derived as

1dQ,  (5¢+6)  (¢—2) 48K:¢/(¢+2)
O, dC 8C(C+2)  8UCH+2) K38/ (¢ +2) —Ks

(14)
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Figure 1. Variation of sediment discharge O, against
width/depth ratio ¢ (Q = 500 m® s', § = 0.0002, and d =
0.8 mm).

By letting dQ,/d( = 0, the maximum sediment transport
capacity of flow Q... can be determined from equation
(14) for given S, Q and d when the following condition is
satisfied at a specific point of ( = (,,;:

Gf SK3(56, +6)
K> (<m+2)3/4_ ¢, +78 (15)
which is equivalent to
Gr _24K5( —2)
K2 (Cm + 2)3/4 - - Cm + 78 (16)

In terms of the definitions of coefficients K, and K3 in
equation (13), the expression of 7, in equation (11), and the
relationship of 7./[(y — ¥)d] = K3, equation (16) can be
written simply as

To— Te 24(¢,, —2)
(,t T8

(17)

Te  l¢=¢,

[21] Incorporating equation (16) into equation (12) leads
QOjgmax to be determined as

K (24K 638 2)1/4 Cw—2\"° 18
meax 1( 3) gm (Cm+ ) C +78 ( )

[22] It is evident in equation (18) that Q.. occurs only
at a specific channel geometry that satisfies equation (15) or
equation (17) for the given conditions. In the situation of ¢,
= 2, the result of Q.. = 0 defines the lower threshold of
the most efficient alluvial channel geometry, and this is
known as the best hydraulic section in an open channel
without bed sediment movement. Where there is sediment
movement, Figure 1 is plotted with equation (12) to show
how Qy varies with changes in ¢ for flow in a straight
single-channel system with specific values of Q, S and d
(assuming O = 500 m* s~', §=0.0002, and d = 0.8 mm for
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a quantitative illustration). Under these conditions, QO
reaches a maximum of 0.007064 m® s~' when ¢ takes a
value of about 35 (point C in Figure 1).

[23] From the variation of Qy with (, it is clear in theory
that there are three possible states of flow in an alluvial
channel: (1) Os = Osmaxi (2) Os < Oymax; and (3) Os > Ogmax-
As detailed in the studies of Huang and Nanson [2000, 2001,
2002, 2004a, 2004b] and Huang et al. [2002, 2004a, 2004b],
the ideal case of 0= Q... indicates that the energy of flow is
just able to transport the imposed sediment load within a
straight channel that has the least boundary resistance.
Importantly, Huang et al. [2004a] demonstrated that this
ideal case characterizes the special stationary equilibrium
state where conditions remain the same because there is no
surplus energy for flow to adjust the available channel
geometry and gradient. Stationary equilibrium can be
regarded as equivalent to stable equilibrium in a fluvial
system because river channel flow is an iterative process
which can make the stationary equilibrium state change into
stable one [Nanson and Huang, 2007]. It is this condition that
leads the regular hydraulic geometry relations exhibited in
different physical environments. In the case of O; > Oy axs
however, there is no simple mathematical solution. This is
because of an insufficient supply of energy such that, for a
given sediment load in a fully adjusting system, flow will not
be able to achieve equilibrium. Hence, as will be shown
below, without certain exogenous conditions being imposed
on the system, sediment aggradation becomes inevitable.

[24] In the case of O, < O,ax» however, it is apparent
from Figure 1 that in transporting a given sediment dis-
charge O, there are two solutions for channel geometry:
either a wide shallow or a deep narrow channel (points A
and A’, respectively, on the O; — ( equilibrium curve in
Figure 1). Theoretically, both solutions are able to expend
the excess energy of flow so that flow is capable of
achieving some form of dynamic equilibrium. However,
this is not the stationary equilibrium state characterized by
maximum sediment transport capacity (point C on the Q; —
(¢ curve in Figure 1), so is not stable and is less efficient than
the stationary equilibrium state for sediment transport. As a
result, channel slope and/or cross-sectional morphology
need to be adjusted and channel patterns other than straight,
such as meandering and braiding, can result from [Huang et
al., 2004a; Nanson and Huang, 2007].

[25] It is also apparent in Figure 1 that if a straight single-
channel system achieves dynamic equilibrium in a wide
shallow channel, such as point A on the Qg — ¢ equilibrium
curve in Figure 1, then without adjusting channel slope it
can enhance its sediment transport capacity considerably
simply by narrowing to reduce its width/depth ratio. This
can be demonstrated graphically in Figure 1 by moving
point A to point B on the Q; — ( curve. However, this
reduction in channel width/depth ratio is limited by the
optimum width/depth ratio (point C on the O, — ( curve in
Figure 1). This is because the sediment transport capacity of
flow will drop when the reduced width/depth ratio passes
through point C and moves to point B’ along the O; — ¢
curve shown in Figure 1.

3.3. Transport Capacity of Flow in a Straight
Multichannel System

[26] Provided multichannel rivers possess simple rectan-
gular cross sections that have equal width and equal depth
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Figure 2. Variation of sediment discharge Q, against the
number of channels and the width/depth ratio ¢ of each
individual channel (Q = 500 m® s~', S = 0.0002, and d =
0.8 mm).

in each channel, and they have uniform boundaries (i.e.,
each boundary is of the same homogeneous alluvium not
reinforced by riparian vegetation), the sediment transport
capacity in the whole anabranching system can still be
described with equations (12) and (18), and yet in both
equations ¢ becomes the width/depth ratio of individual
channels and coefficients K; and K, need to be redefined in
the following:

3/8
Ki = 493718 \/(p,/p — 1)gd™/"® (#)

f:)
s'3/16 O/n 38
(ps/p—1)d"5/16 \ 7.68,/2

(19)
K> =

where 7 is the number of channels.

[27] Figure 2 is plotted to show the variation of Q; with
possible changes of (¢ (width/depth ratio of individual
channels or W/D) in multiple channel systems for given
0O, d and S. It can be seen that with an increase in the
number of channels, 7, the total sediment transport capacity
of flow in the multiple channel system, or (Qguax)y
decreases significantly, which can be described qualitatively
as

(Q\'max)l > (Q\'max)z > (meax)3 >.0> (Q.\‘max),] > (Q.\'mux),hq >
(20)

where (Qsmax)la (Qsmax)Za (Qsmax)?n (Qsmax)r] and (Qsmax)n-H

represent the sediment transport capacity for single, two,
three, 17 and 1 + 1 channel systems, respectively.

[28] Consequently, the optimal width/depth ratio of indi-
vidual channels becomes progressively less, from about 35
to 20 (from point C to points C2, C3 and C4 in Figure 2) for
specific values of O, S and d (Q = 500 m* s™', § = 0.0002,
and d = 0.8 mm). This is because (,, is related to coefficient
K, which is a function of 7, as shown in equations (15) and
(19). To resolve the mathematical relationship between
(Qsmax)y and 7, equations (15) and (19) can be written as

K =) (21)
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where «; can be obtained from the following approximate
power relationship:

(5¢u +6)(C +2)7*
(G +T78)C/

Gl = (22)

When equation (22) is combined with the expression of K,
in equation (19), the following proportional relationship is
obtained:

Gt oca 8 (23)
In a similar approximate form, equation (18) for a
multichannel system can be written as

(Qsmax)n X US/SC,(:,S (24)

where a3 can be obtained from the following approximate
power relationship:

1.6
G =Gl G+ (—C'" - ) (25)

(n+ 78

Because (,, varies between 3 and 1000, the following
approximate relationships for equations (25) and (22) are
obtained:

3/8 1/af Cn—2
R

(5, +6)(¢ +2)°*
(Cu +T78)C®

1.6
) =0.003¢%%57; 12 =0.9390

= 0.2861¢%8%3, 2 = 0.9808

(26)

As aresult, the following relationships can be obtained from
equation (26):

(Qsmax),, TR0 oc 7,0-0966

31
G OC 1) ¥TET o 04569

(Cm)t: nCm X 7’]17%’@ o 770.5631

where ((,,); is the overall width/depth ratio of the
multichannel system.

[29] To determine the optimal channel geometry in a
multichannel system, one more power function relation-
ship is required and so, when Q is replaced with O/n,
equation (10) is rewritten in the following approximated
form:

Wi o3¢0 (28)

where

=G, + ) (29)
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Figure 3. Variation of sediment discharge Q, against the
number of channels 7 and the width/depth ratio of the whole
anabranching system ¢, (O = 500 m® s~', § = 0.0002, and
d = 0.8 mm).

When (,, varies between 3 and 1000, the following
approximate relationship for equation (28) is obtained:

G, +2) 4 =1.07730001 2 =0.9996 (30)

As a consequence, the combination of equations (29), (27)
and (22) yields

3 0.6101
_3( 1406101
Wm xn x( +u.x;x3) o< 'IO'G%

(Wm)z: W o 770'3584

§(l—().610171

Dy o rplTs1) oc

1

where (W,,), is the total optimal width of the anabranching
system.

[30] As is evident from equations (27) and (31) and seen
in Figure 2, when the whole self-forming multichannel
system in uniform material at a constant slope is at the
optimal states (points C, C2, C3 and C4 in Figure 2), then
with an increase in the number of channels each channel
becomes narrower and deeper. Nevertheless, from Figure 3
it is apparent that the multichannel systems as a whole have
larger total width/depth ratios (points C2, C3, and C4 in
Figure 3) than will a single channel at the optimum state
(point C in Figure 3). However, the width/depth ratios of the
multichannel systems as a whole at the optimum states
(points C2, C3, and C4 in Figure 3) are still smaller than the
width/depth ratios of the single channels that can transport
an equal amount of sediment (points A2, A3, and A4 in
Figure 3). In other words, multichannel systems as a whole
in their optimum states are wider and shallower than would
be an optimal single-channel system, but their channels are
individually much narrower and deeper than would be a
single channel transporting an equal amount of sediment.
Importantly, in a system with excess energy (Os < Ognax)s
the optimum multichannel system is at the most efficient
state for transporting an equal amount of sediment and
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consumes all of the available energy and hence is more
stable than the corresponding less efficient single-channel
systems (points A2, A3, and A4 in Figures 2 and 3). From
the notion of sediment transport efficiency, a self-adjusting
anabranching system with a uniform boundary is certainly
less efficient than an equivalent single-channel system, and
this almost certainly explains why most fully self-adjustable
rivers tend to adopt the most efficient single-channel form.

[31] The multichannel system modeled here as anabranch-
ing has completely separate channels at bankfull. Because of
limited bank strength, such rivers are not known to form in
unsupported homogeneous material. However, while the
model is not intended for this purpose, importantly it does
suggest how a braided system with surplus energy (QOs <
Osmax) incising in uniform material [Germanoski and
Schumm, 1993] could very effectively consume surplus
energy by increasing the number of braided channels until
it achieves a stable or stationary equilibrium state.

[32] This increase in the number of braided channels
leads to a drop in sediment transport efficiency, as illustrated
graphically by moving point C in a single-channel system to
point C4 in a four-channel system in Figures 2 and 3. It is
apparent therefore that the gradient of a braided system
needs to increase in order to achieve an equilibrium sedi-
ment transport condition equivalent to that in an optimal
single-channel system. Where channel gradients cannot be
significantly increased, the braided system becomes over-
loaded and sediment aggradation becomes inevitable. Here
the development of multiple channels increases energy
losses and can cause rapid deposition and associated vertical
accretion, leading to unstable braided or avulsing anasto-
mosing rivers [Germanoski and Schumm, 1993; Makaske,
2001; Makaske et al., 2002; Tabata and Hickin, 2003;
Abbado et al., 2005; Ashworth et al., 2007].

[33] The above model is developed for self-forming and
fully adjustable multiple channels with uniform boundaries.
The task remains to examine whether the model behaves
differently where natural physical constraints (exogenous
factors), such as low valley gradients, a wide valley and the
growth of dense riparian vegetation, impact on the endog-
enous variables of flow resistance and sediment transport
dynamics. Specifically, it needs to examine if and under
what conditions the complex interactions among the endog-
enous and exogenous factors can make a multichannel
system achieve equilibrium for transporting sediment
throughput without adjusting channel gradient.

4. Exogenous Factors That Can Facilitate
Efficient Channel Flow

[34] As demonstrated in the recent studies of Huang and
Nanson [2001, 2002, 2004a, 2004b] and Huang et al.
[2002, 2004a], endogenous flow resistance and sediment
transport dynamics provide a convincing explanation of the
hydrodynamic conditions that cause rivers to exhibit regular
channel geometries (“regime” relations) and planforms
(straight, meandering and braiding patterns). In some phys-
ical environments these conditions may not be able to be
fully satisfied whereas in other environments, specific
exogenous factors (such as riparian vegetation) may be
necessary for a river to achieve stability.

[35] A range of anabranching conditions has now been
investigated in detail in Australia and in a reach of the
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Upper Columbia River, British Columbia, Canada. Because
Australia is a low-relief continent, the adjustment of river
slope as a means of achieving a stationary equilibrium state is
in many cases greatly constrained [Nanson and Huang,
1999]. The Columbia River is also slope constrained because
of the encroachment of tributary alluvial fans that partially
obstruct the main valley [ Tabata and Hickin, 2003; Abbado et
al., 2005]. While meandering rivers in unconfined material
can adjust to low slopes by reducing their sinuosity and
relatively increasing their energy gradients, relatively straight
rivers have an option of adjusting flow characteristics by
changing their cross-sectional form (channel geometry)
[Nanson and Knighton, 1996; Wende and Nanson, 1998,
Tooth and Nanson, 1999, 2000, 2004; Nanson and Huang,
1999; Tooth, 2000; Jansen and Nanson, 2004].

[36] In addition to low slopes, Australian rivers often
exhibit cohesive fine-grained floodplain alluvium and pos-
sess highly adapted riparian vegetation that grows to near
the base of the banks along channels that are frequently dry
or supporting very low discharges. Hence even sandy banks
can be highly stable. It has been well documented on a
range of Australian anabranching rivers that channels are
generally wide and shallow in the single thread reaches and
narrow and deep in adjacent multithread reaches. Further-
more, the combined width of the anabranching reaches is
usually less than that of the adjacent single thread reaches
that are presumed, and in some cases known, to be carrying
the same long-term flow discharge and sediment load
[Wende and Nanson, 1998; Tooth and Nanson, 1999,
2000, 2004; Tooth, 2000; Jansen and Nanson, 2004]. This
reduction in width is not the result of a downstream change
in bank strength; field investigations have shown that the
nature of riparian vegetation and composition of banks in
the single-thread and adjacent multithread reaches remain
similar. However, such banks and vegetation provide a
medium within which a wide range of channel widths and
boundary shear stresses can develop. When the single-
thread systems divide into multichannel reaches, the multi-
ple channels have low sinuosities and are parallel to each
other, separated by narrow, flow-aligned, vegetated, channel
train ridges of floodplain height, or by wider islands
[Nanson and Knighton, 1996; Wende and Nanson, 1998,
Tooth and Nanson, 1999, 2000, 2004]. In a case investigated
in detail by Jansen and Nanson [2004], Magela Creek in
northern Australia exhibited a width/depth ratio of 152 in a
single-thread sandy reach whereas, in an anabranching
reach immediately upstream, this ratio for individual chan-
nels was only 5 to 12, with a total width only 33% that of
the single-thread reach. Such significant reductions in
channel width in this sand-dominated system are accom-
plished by the impact of a nonuniform boundary formed of
root-reinforced upper bank alluvium supporting a dense
riparian corridor of monsoon forest.

[37] Upper Columbia River in British Columbia, Canada,
has been regarded as the type example for river anastomosis
(aterm for low-energy, fine grained anabranching systems) in
North America and its behavior and stratigraphy have been
the subject of numerous studies over the last several decades
[e.g., Smith and Smith, 1980; Makaske, 2001; Makaske et al.,
2002; Tabata and Hickin, 2003; Abbado et al., 2005]. In a
120 km anastomosing reach within a 1-2 km wide valley,
this river exhibits a planform of interconnected sand bed
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channels separated by muddy and peaty islands over a
gradient of about 0.0001 that tends to decrease slightly
downstream with a reduction in the number of channels.
Furthermore, the slopes and summed widths of all the
individual channels remain unchanged in the most anasto-
mosing reach upstream. In a similar anabranching reach on
the nearby Alexandra River in Alberta, dense riparian veg-
etation has been shown to increase the erosional resistance of
alluvial banks 20,000 fold [Smith, 1976].

[38] Magela Creek and the Upper Columbia River have
recently both been used to test the flow efficiency hypoth-
esis proposed by Nanson and Huang [1999] for explaining
the origin of anabranching rivers [Makaske, 2001; Makaske
et al., 2002; Tabata and Hickin, 2003; Jansen and Nanson
2004; Abbado et al., 2005]. Jansen and Nanson [2004]
found that, at most flows, the anabranching reach of Magela
Creek is more efficient than the single-thread reach. How-
ever, they argued that not all anabranching systems would
achieve such efficiency, and indeed Tubata and Hickin
[2003] and Abbado et al. [2005] found that the anabranch-
ing reach of the Columbia River is a relatively inefficient
disequilibrium system. The two rivers are in remarkably
different physical settings so an opportunity exists to see if
imposed physical constraints (exogenous factors) can pro-
duce both maximally efficient equilibrium and less efficient
disequilibrium anabranching systems. The remainder of this
study examines the sediment transport efficiency of flow by
incorporating certain physical restrictions into the basic
flow resistance and sediment transport relationships in
partially adjustable channels.

5. Transport Efficiency of Flow in Partially
Adjustable Channels

5.1.

[39] In an alluvial channel with a given width, channel
depth becomes the only geometric variable that is fully
adjustable. As a consequence, a combination of equations
(1), (2) and (5) yields the following relationship:

Basic Flow Relationships

R _ d1/6Q L 3/2 (32)
7.68+/gS WD
which leads to
. RS S o/w\* 1
T) = = — (33)
(nfp—1d ~ (pJo— " \7.682) DP?

By incorporating equation (33) into equation (3), sediment
load Q can then be derived from the relationship of Qg =
qpW as

1.6
0, =K [KQD’Q/ 3 Kg] (34)
where coefficients K; and K, are refined as
Ky =4.93W/(ps/p — 1)gd’
(35)

P (Q/W )3/2
> (o/p— Dd P \7.68,/2
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Table 1. Variation of Bed Load Transport Capacity Qs With
Reductions of Channel Width W in a Single-Channel System®

W, m W;,—W , % D, m WID Os, m’s! QQS—Q , %
250 0 1.425 175.44 0.00638 0
200 -20 1.633 122.47 0.00664 4.06
150 —40 1.948 77.00 0.00689 8.01
100 —60 2.507 39.89 0.00707 10.81
75 -70 3.014 24.88 0.00703 10.19

W, is the width of the original channel and Q,,, is the sediment discharge
in the original channel.

5.2. Effects of Width Reduction in a
Single-Channel System

[40] Aided by riparian vegetation, northern and central
Australian rivers commonly form interchannel ridges or
islands, thereby anabranching and dramatically reducing
bankfull channel widths [e.g., Wende and Nanson, 1998;
Tooth and Nanson, 1999, 2000, 2004; Tooth, 2000; Jansen
and Nanson, 2004]. To examine the endogenous mechanism
behind the width reduction, basic flow resistance and
sediment transport relationships presented in equations
(32) and (34) are used to assess the effects of width
reduction on sediment transport capacity. For given O, d,
n, S and W, the specific value of D can then be determined
for flow in each individual channel, with equation (32)
being written as

WD (dl/ég/n i )3/2 36)

W+2D  \7.68/2S WD

Because W = W, /n, equation (36) can thus be written as

D5/2 — d1/6Q
7.68v/25

>”2 (: -+ 20D) a7

W /2

Hence, for given O, d, n, S and W, the specific value of D can
then be determined from equation (37) using the trial-and-
error method. Using Excel and assuming Q = 500 m® s,
S§ =0.0002, and d = 0.8 mm with 1 = 1 for single-channel
system, it can be determined that, by letting D vary in a
possible wide range from 1.200 to 3.500 m, the best fit
values of D are respectively 1.425, 1.633, 1.948, 2.507, and
3.014 m with corresponding reductions in W from 250 to
200, 150, 100 and 75 m. As can be seen in Table 1, the
reduction in channel width from 250 to 75 m results in a
significant decrease in width/depth ratio (from 175.44 to
24.88) and causes sediment transport capacity to increase
from 0.00638 to 0.00703 m’ s~ '. This is about a 10%
increase compared with that in the initial channel when the
width/depth ratio was greater than 35 (the optimal width/
depth ratio where Qy achieves a maximum) (point C in
Figures 1-3). However, below a width/depth ratio of 35,
there is a progressive decline in transport capacity.

[41] This reduction in channel width can be illustrated
graphically in Figure 1 by moving from point A to point B,
then passing point C to point B’ along the O, — ¢
equilibrium curve. As point C represents the width/depth
ratio at which sediment transport capacity reaches a maxi-
mum, the results presented in Table 1 and Figure 1 dem-
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onstrate clearly that only when the initial channel width/
depth ratio is greater than the optimal width/depth ratio for a
maximum sediment transport capacity is a channel width
reduction able to enhance sediment transport capacity.
In contrast, when the width/depth ratio is less than the
optimum, an increase in channel width is able to enhance
the sediment transport capacity. This can be illustrated
graphically by moving from point B’ toward point C along
the O, — ( equilibrium curve in Figure 1. This shows that
the preexisting width/depth ratio relative to the endogenous
optimum sediment transport capacity determines both the
degree and adjustment direction of channel width to achieve
a stationary equilibrium state.

5.3. Effects of Number of Channels

[42] As identified in the anastomosing reach of the Upper
Columbia River, the cumulative channel width increases or
remains roughly constant as the number of anabranches
increases [Abbado et al., 2005]. To reflect the quantitative
effect of this on the sediment transport capacity, Q, S and d
are given specific values (Q = 500 m® s™', § = 0.0002,
and d = 0.8 mm) and the sediment transport capacity is
determined with equation (34), in which coefficients K; and
K, are redefined in the following forms:

Ky =4.93nW\/(p,/p — 1)gd?
38
ST

(ps/p— 1)dP* \7.68W /g

By keeping the total channel width at a constant 250 m, and
letting the number of channels 7 vary from 1 to 5, from
equation (37) the specific values of D can be determined.
With Excel and the trial-and-error method, and letting D
vary in a wide range from 1.200 to 2.800 m, it can be shown
that the best fit values of D vary from 1.425 to 1.451 m with
corresponding increases in 77 from 1 to 5. As shown in
Table 2, this increase in 7 results in a significant decrease in
the width/depth ratio (from 175.44 to 34.46) and causes the
sediment transport capacity to progressively decrease from
0.00638 to 0.00600 m® s~ ', a ~6% drop in comparison with
the transport capacity in a single channel. It would decrease
more if cumulative width were allowed to increase. This
result is consistent with the study by 4bbado et al. [2005]
who performed similar hydrodynamic modeling of the
behavior of the anastomosing reach of the Columbia River
under the condition of a constant cumulative channel width.

5.4. Counteracting Effects of Number of Channels
and Width Reduction

[43] As demonstrated in section 5.2, a reduction in the
width of a wide shallow channel can cause an increase in

Table 2. Variation of Total Bed Load Transport Capacity O, With
the Number of Channels 7"

n W,m W,m Dm WID Q,, m*s™! % %
1 250 250 1425 175.44 0.00638 0

2 250 125 1432 8729 0.00628 —~1.57
3 250 8333 1439 5791 0.00620 —2.82
4 250 62.5 1445 4325 0.00611 —4.23
5 250 50 1.451 34.46 0.00600 —~5.96

?0,, is the sediment discharge in the original channel.
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Table 3. Variation of Total Bed Load Transport Capacity O, With
a 20% Reduction of Total Channel Width W,?*

n W, m W, m D, m WiD O, m’s! QQ—iQ’ %
1 250 250 1.425 175.44 0.00638 0

1 200 200 1.633 122.47 0.00664 4.06

2 200 100 1.644 60.84 0.00651 2.10

3 200 66.77 1.654 40.29 0.00638 0.00

4 200 50 1.665 30.03 0.00626 —1.80
5 200 40 1.676 23.87 0.00614 3.71

0y, is the sediment discharge in the original channel.

the sediment transport capacity, while section 5.3 shows that
an increase in the number of channels can lead to a decrease
in this capacity. Similar trends were obtained in a laboratory
flume experiment by Jansen and Nanson [2004]. The
complex relationship between sediment transport, width
reduction and the number of channels implies physically
that some anabranching rivers are able to achieve a station-
ary equilibrium state. To understand this complex relation-
ship, O, S and d are given specific values (Q = 500 m* s,
§=0.0002, and d = 0.8 mm) and the variation of D against
the number of channels 7 for a given W is determined from
equation (37) using the trial-and-error method. The sedi-
ment transport capacity can then be obtained from
equation (34), in which the values of K; and K, are
determined from equation (38). For a 20% reduction of
total channel width, Table 3 shows, as in Table 1, that with a
single channel, width reduction plays a dominant role such
that sediment transport can be considerably enhanced.
However, with an increase in the number of channels 7
from 2 to 4, n becomes counter productive causing the
initial increase in sediment transport capacity to subsequently
decrease. When 7 = 3, the counteracting roles of width
reduction and the number of channels are balanced such that
the imposed sediment load can be transported throughout
without net erosion or aggradation. This implies that in
situations where a river has insufficient energy (an excess
bed load; QO; > Ogmnar) and the channel slope cannot
be increased sufficiently, division of a single channel into
two anabranches could enhance sediment movement with the
anabranching system achieving stable equilibrium. However,
this can only occur when an exogenous factor such as riparian
vegetation enables an appropriate width reduction.

[44] Tables 4 and 5 show the changes in sediment transport
capacity in an anabranching system with channel width
reductions of 40% and 60%. With a 40% reduction in width,
the beneficial effect on sediment transport is negated where 3
<n<4. This demonstrates that where such a river has excess

Table 4. Variation of Total Bed Load Transport Capacity O, With
a 40% Reduction of Total Channel Width W,*
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bed load (Qy > QOgmax) and its channel slope cannot be
significantly increased, the division of the single channel
up to, in this case, three anabranches could enhance sediment
movement and achieve stable equilibrium. With a 60%
contraction, however, the threshold between width reduction
and an optimum number of channels occurs at 2 <7 <4.

[45] The results in Tables 2—5 show a complex relation-
ship between width/depth ratio and 7, similar to the findings
of Nanson and Huang [1999]. They demonstrated that
anabranching rivers offer a wide range of possible conditions
for achieving a stationary equilibrium state, from overloaded
systems requiring a dramatic enhancement in sediment
transport, to those where there is surplus energy and the
multiplication of channels could expend this surplus. The
results may also be important for river rectification work.
There are many engineering projects which have tried to
enhance sediment transport capacity by reconstructing river
channels, but these have been challenged by the problem of
finding an effective channel width [e.g., Chang, 1988].

[46] An interesting question arising from Tables 3-5 is
that, if the maximum increase in transport efficiency is
achieved by a simple reduction in the width/depth of a
single channel and any subsequent anabranching will reduce
that improvement, then why would multiple channels form
at all? There are at least three possibilities. First, many
anabranching systems have one dominant channel and
numerous less important ones, so in fact anabranching
may often be associated with most of the flow passing
down what is essentially a main channel significantly
reduced in width. Under such a condition, the various
smaller anabranches would therefore cater mainly for the
displaced water. In their study of Magela Creek, Jansen and
Nanson [2004] found that, as a three-channel anabranching
system, there was indeed a largest anabranch and that it
dominated the efficiency of the overall system. 4Abbado et
al. [2005] found that the smaller anabranches have their
beds elevated above those of the main channels and that
they only flow during higher stages. An extension of this
argument is that width reduction is such an effective
mechanism for enhancing sediment transport that not all
the available water discharge is required for this task.

[47] Second, anabranching systems are often formed of a
complex array of channels confined by vegetation, some
atrophying while others are still forming. Having one or two
dominant channels in operation at any one time achieves the
efficiencies revealed in Tables 3—5 while the smaller
channels are either in decline or, if still forming, stand
ready to adopt a major role should one of the main channels
become blocked with bed load or debris. In other words,

Table 5. Variation of Total Bed Load Transport Capacity O, With
a 60% Reduction of Total Channel Width W,*

7 W,m W,m D,m WID 0, m> s QQ*—Q % n W,m W,m D,m WID O, m> s Qé—Q %
1 250 250 1425 175.44 0.00638 0 1 250 250 1425 175.44 0.00638 0

1 150 150 1.948 77.00 0.00689 8.01 1 100 100 2507 39.89 0.00706 10.69
2 150 75 1.968 38.11 0.00669 487 2 100 50 2.557 19.55 0.00669 487

3 150 50 1988  25.15 0.00650 1.86 3 100 3333 2.606 12.79 0.00635 —0.52
4 150 375 2.008 18.67 0.00631 -1.03 4 100 25 2.657 9.41 0.00601 —-5.75
5 150 30 2.029 14.78 0.00613 -398 5 100 20 2.707 7.39 0.00571 —~10.55

%0y, is the sediment discharge in the original channel.

20y, is the sediment discharge in the original channel.
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anabranching offers a high degree of adaptability under
potentially changeable conditions.

[48] Third, in disequilibrium systems such as the Colum-
bia River, anabranching may be the most efficient means of
accomplishing sediment sequestration across an extensive
and rapidly aggrading floodplain. Without multiple chan-
nels and their proximally high but shared floodplain sedi-
mentation rates, a single channel carrying the entire load,
and thereby forming adjacent deep flood basins, would offer
an even more unstable alternative condition. If so, there is a
lesson here suggesting the retention of anabranches when
managing floodplains along anabranching rivers.

[49] Where the channel width/depth ratio is larger than
optimal and channel width cannot be sufficiently reduced,
the formation of multiple channels can lead to a decrease in
the sediment transport capacity of the system. As a result,
vertical accretion may occur, and a continual process of new
channel creation and old channel abandonment may turn out
to be an effective way for the disequilibrium anabranching
system to transport and store excess sediment. The anab-
ranching reach of the Upper Columbia River is sequestering
a remarkable 60% of its sediment load and is a prime
example of such a disequilibrium system [Tabata and
Hickin, 2003; Abbado et al., 2005]. It would appear that,
as with other river patterns such as braiding or meandering,
anabranching can characterize stable equilibrium or accret-
ing disequilibrium systems.

[s0] Clearly, bank strength is also a very important factor
influencing the adjustment of channel geometry and plan-
form [e.g., Wang and Zhang, 1989; Millar and Quick, 1993;
Huang and Nanson, 1998; Millar,2000; Brooks and Brierley,
2002; Eaton and Millar, 2004]. However, in the examples of
anabranching rivers modeled in this study (those described
by Wende and Nanson [1998], Tooth and Nanson [1999,
2000] and Jansen and Nanson [2004]), single and multi-
channel reaches along each exhibit essentially uniform bank
sedimentology and vegetation and therefore broadly uni-
form resultant bank strengths. The manyfold changes in
channel width downstream in each case result from the
transformation of the river from a single-thread to a multi-
channel system. They are not the result of changes in bank
strength. In a single-thread system, a significant reduction in
channel width confines the flow with the additional shear,
making the banks unstable and the flow deviate away from
its original uniform state. For this reason, beyond the need
for the system to achieve some minimum bank strength
value overall, this study does not consider bank stability as a
sensitive variable for the formation of anabranches in the
rivers modeled here. Nevertheless, there will almost cer-
tainly be situations where the transform of a single-channel
to a multichannel system is accompanied with a change in
the bank strength to a value sufficient for anabranches to
form at all. Clearly, the effects of bank strength on the
formation of those anabranching rivers then must be taken
into account.

[s1] While this study highlights the importance of exog-
enous factors (valley gradient and suitable riparian vegeta-
tion) on the development of river channel planform, in
accordance with field observations on known anabranching
rivers then the endogenous flow resistance condition con-
sidered here is a simple plane bed because the adoption of
more resistant bed forms requires higher stream powers than
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those available. This implies that channel roughness is also
an important factor to be considered in explaining mecha-
nisms for the formation of river channel planform. For
rivers with excess gradients, besides adjusting channel
geometry and slope, the creation of more resistant bed
forms is a way to expend excess energy. As Chang
[1979a, 1979b] has demonstrated, rivers on steep gradients
tend to develop a braided pattern so that the flow stays in
the lower-flow regime and achieves greater roughness and
better sediment transport efficiency.

6. Discussion and Conclusions

[52] There occurs naturally a wide variety of alluvial
rivers that include braiding, meandering, straight, and
anabranching patterns. The purpose of this paper has been
to provide an integrated quantitative theory to explain the
occurrence of alluvial anabranching systems. The explana-
tion is based on the endogenous flow resistance and
sediment transport relations in self-adjusting systems that
must transport the supplied sediment load with the exact
amount of available energy required to maintain stationary
equilibrium. Channel slope, an endogenous variable, is
widely known in many alluvial systems to adjust so as to
maintain this balance, but where it cannot, perhaps because
valley slopes are particularly low, some rivers can enhance
their flow efficiency by developing in-channel islands and
ridges to reduce channel width/depth ratios. This endoge-
nous adjustment, however, can lead to anabranching only
with the aid of suitable riparian vegetation, an exogenous
variable, and in some cases with associated deposition of
relatively cohesive sediments on the channel banks and
islands. Indeed, there may even be cases where cohesive
muddy bank alluvium, in the absence of vegetation, is
sufficient [Nanson and Knighton, 1996]. Regardless, it is
the availability of superior bank strength that helps to
maintain optimum channel dimensions.

[53] By increasing the number of channels (anabranch-
ing), reductions in width/depth ratio can increase flow
transport capacity. However, the relationship is complex
because, beyond a certain point, an increase in the number
of anabranches can in fact cause a decrease in the transport
capacity. It may be therefore that anabranching is dominated
by one or two major anabranches that achieve most of the
transport efficiency.

[54] Importantly, the counteracting effects of width re-
duction and the number of channels make it possible,
without adjusting channel slope, for certain anabranching
systems (either underloaded or overloaded) to achieve stable
equilibrium for the transport of a given sediment load.
Where channel widths can be substantially reduced because
of an available bank strength provided by riparian vegeta-
tion and the fine, commonly cohesive, sediment that can
accumulate on such banks, then anabranching rivers can
offer a significant enhancement in sediment transport ca-
pacity. When channel width cannot be significantly reduced,
however, an increase in the number of channels can cause
sediment transport capacity to drop considerably. This can
lead to rapid vertical accretion, as shown in the anastomos-
ing reach of Upper Columbia River in British Columbia,
Canada. Along with braiding and meandering, anabranch-
ing appears to be a pattern adopted by certain rivers in order
to achieve stable equilibrium. However, as with meandering
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and braiding, not all anabranching rivers will exhibit stable
equilibrium. Such a pattern under disequilibrium conditions
can act to increase sediment distribution and sequestration
across extensive rapidly accreting floodplains.

[s5s] Although this study shows that width reduction can
lead to an increase in sediment transport capacity, there is a
limit to this effect beyond which further confinement will
result in a drop in the transport capacity. These findings are
important for river rectification design where determining a
suitable channel width has proven difficult.

[56] Acknowledgments. This study has received financial support
from the National Natural Science Foundation of China (40371006); the
Australian Research Council with a Discovery Grant on anabranching
rivers to Gerald Nanson; and the Institute of Geographical Sciences and
Natural Resources Research, Chinese Academy of Sciences. Particular
thanks are due to Stephen Tooth, Brett Eaton, and two anonymous
reviewers for their constructive comments.

References

Abbado, D., R. Slingerland, and N. D. Smith (2005), Origin of Anastomosis
in the Upper Columbia River, British Columbia, Canada, Spec. Publ. Int.
Assoc. Sedimentol., vol. 35, edited by M. D. Blum, S. B. Marriott, and
S. F. Leclair, pp. 3—15, Blackwell, Malden, Mass.

Alabyan, A. M., and R. S. Chalov (1998), Types of river channel patterns and
their natural controls, Earth Surf. Processes Landforms, 23, 467—474.
Ashworth, P. J., J. L. Best, and M. A. Jones (2007), The relationship
between channel avulsion, flow occupancy and aggradation in braided
rivers: Insights from an experimental model, Sedimentology, 54, 497—

513, doi:10.1111/j.1365-3091.2006.00845 .x.

Begin, Z. B. (1981), The relationship between flow-shear stress and stream
pattern, J. Hydrol., 52, 307-319.

Bettess, R., and W. R. White (1983), Meandering and braiding of alluvial
channels, Proc. Inst. Civil Eng., Part 2, 75, 525—-538.

Brice, J. C. (1984), Planform properties of meandering rivers, in River
Meandering, edited by C. M. Elliot, pp. 1-15, Am. Soc. Civ. Eng.,
New Orleans, La.

Bridge, J. S. (1985), Palacochannel patterns inferred from alluvial deposits:
A critical evaluation, J. Sediment. Petrol., 55, 579—589.

Brooks, A. P., and G. J. Brierley (2002), Mediated equilibrium: The influ-
ence of riparian vegetation and wood on the long-term evolution and
behaviour of a near-pristine river, Earth Surf. Processes Landforms, 27,
343-367.

Carson, M. A. (1984), The meandering-braided river threshold: A reapprai-
sal, J. Hydrol., 73, 315-334.

Chang, H. H. (1979a), Geometry of rivers in regime, J. Hydraul. Div. Am.
Soc. Civ. Eng., 105, 691-706.

Chang, H. H. (1979b), Minimum stream power and river channel patterns,
J. Hydrol., 41, 303-327.

Chang, H. H. (1980), Geometry of gravel streams, J. Hydraul. Div. Am.
Soc. Civ. Eng., 106, 1443 —-1456.

Chang, H. H. (1985), River morphology and thresholds, J. Hydraul. Div.
Am. Soc. Civ. Eng., 111, 503-519.

Chang, H. H. (1988), Fluvial Processes in River Engineering, John Wiley,
Hoboken, N. J.

Chitale, S. V. (1973), Theories and relationships of river channel patterns,
J. Hydrol., 19, 285-308.

Davis, T. R. H., and A. J. Sutherland (1980), Resistance to flow past
deformable boundaries, Earth Surf. Processes Landforms, 5, 175—179.

Davis, T. R. H., and A. J. Sutherland (1983), Extremal hypotheses for river
behavior, Water Resour. Res., 19, 141—148.

Eaton, B. C., and M. Church (2004), A graded stream response relation for
bed load-dominated streams, J. Geophys. Res., 109, FO03011,
doi:10.1029/2003JF000062.

Eaton, B. C., and R. G. Millar (2004), Optimal alluvial channel width under
a bank stability constraint, Geomorphology, 62, 35—45.

Engelund, F., and O. Skovgaard (1973), On the origin of meandering and
braiding in alluvial streams, J. Fluid Mech., 57, 289—302.

Ferguson, R. 1. (1984), The threshold between meandering and braiding,
Channels Channel Contr. Struct., 6, 15-29.

Ferguson, R. 1. (1987), Hydraulic and sedimentary controls of channel
patterns, in River Channels: Environment and Processes, edited by
K. S. Richards, pp. 129-158, Blackwell, Oxford, U. K.

HUANG AND NANSON: ANABRANCHING RIVERS

W07441

Fredsoe, J. (1978), Meandering and braiding of rivers, J. Fluid Mech., 84,
609—-624.

Germanoski, D., and S. A. Schumm (1993), Changes in braided river
morphology resulting from aggradation and degradation, J. Geol., 101,
451-466.

Huang, H. Q., and H. H. Chang (2006), Scale independent linear behavior
of alluvial channel flow, J. Hydraul. Eng., 132(7), 722—-730.

Huang, H. Q., and G. C. Nanson (1998), The influence of bank strength on
channel geometry: An integrated analysis of some observations, Earth
Surf. Processes Landforms, 23, 865—876.

Huang, H. Q., and G. C. Nanson (2000), Hydraulic geometry and maximum
flow efficiency as products of the principle of least action, Earth Surf.
Processes Landforms, 25, 1—16.

Huang, H. Q., and G. C. Nanson (2001), Alluvial channel-form adjustment
and the variational principle of least action, paper presented at XXIX
TAHR Congress, Int. Assoc. of Hydraul. Eng. and Res., Beijing.

Huang, H. Q., and G. C. Nanson (2002), A stability criterion inherent in
laws governing alluvial channel flow, Earth Surf. Processes Landforms,
27,929-944.

Huang, H. Q., and G. C. Nanson (2004a), Least action principle, in En-
cyclopedia of Geomorphology, edited by A. S. Goudie, pp. 616—617,
Routledge, London.

Huang, H. Q., and G. C. Nanson (2004b), Maximum flow efficiency, in
Encyclopedia of Geomorphology, edited by A. S. Goudie, pp. 654—655,
Routledge, London.

Huang, H. Q., G. C. Nanson, and S. D. Fagan (2002), Hydraulic geometry
of straight alluvial channels and the principle of least action, J. Hydraul.
Res., 40, 153—-160.

Huang, H. Q., H. H. Chang, and G. C. Nanson (2004a), Minimum energy
as the general form of critical flow and maximum flow efficiency and for
explaining variations in river channel pattern, Water Resour. Res., 40,
W04502, doi:10.1029/2003WR002539.

Huang, H. Q., G. C. Nanson, and S. D. Fagan (2004b), Reply—Hydraulic
geometry of straight alluvial channels and the principle of least action,
J. Hydraul. Res., 42, 220-222.

Inglis, C. C. (1947), Meanders and their bearing on river training, Mar.
Waterw. Pap., 7, 54 pp., Inst. of Civ. Eng., London.

Jansen, J. D., and G. C. Nanson (2004), Anabranching and maximum flow
efficiency in Magela Creek, northern Australia, Water Resour. Res., 40,
W04503, doi:10.1029/2003WR002408.

Jefferson, M. S. W. (1902), Limiting width of meander belts, Natl. Geogr:
Mag., 13, 373-384.

Kirkby, M. J. (1977), Maximum sediment efficiency as a criterion for
alluvial channels, in River Channel Changes, edited by K. J. Gregory,
pp. 450—-467, John Wiley, Hoboken, N. J.

Knighton, A. D., and G. C. Nanson (1993), Anastomosis and the continuum
of channel pattern, Earth Surf. Processes Landforms, 18, 613—625.

Lane, E. A. (1957), A study of the slope of channels formed by natural
streams flowing in erodible material, Sediment Ser: Rep. V. F. 891, Mo.
River Div., U. S. Army Corps of Eng., Omaha, Neb.

Leopold, L. B., and W. B. Langbein (1962), The concept of entropy in
landscape evolution, U. S. Geol. Surv. Prof. Pap., 500-A.

Leopold, L. B., and W. B. Langbein (1966), River meanders, Sci. Am., 214,
60-70.

Leopold, L. B., and M. G. Wolman (1957), River channel patterns: Braided,
meandering and straight, U. S. Geol. Surv. Prof. Pap., 282-B, 85 pp.
Makaske, B. (2001), Anastomosing rivers: A review of their classification,

origin and sedimentary products, Earth Sci. Rev., 53, 149—196.

Makaske, B., D. G. Smith, and H. J. A. Berendsen (2002), Avulsions,
channel formation and floodplain sedimentation rates of the anastomos-
ing upper Columbia River, British Columbia, Canada, Sedimentology,
49, 1049-1071.

Meyer-Peter, E., and R. Miiller (1948), Formulas for bed-load transport,
paper presented at 2nd IAHR Meeting, Int. Assoc. of Hydraul. Eng. and
Res., Stockholm.

Millar, R. G. (2000), Influence of bank vegetation on alluvial channel
patterns, Water Resour. Res., 36, 1109—1118.

Millar, R. G., and M. C. Quick (1993), Effect of bank stability on geometry
of gravel rivers, J. Hydraul. Eng., 119, 1343—1363.

Miller, T. K. (1988), Stream channel pattern; a threshold model, Phys.
Geogr., 9(4), 373-384.

Nanson, G. C., and H. Q. Huang (1999), Anabranching rivers: Divided
efficiency leading to fluvial diversity, in Varieties of Fluvial Form, edited
by A. J. Miller and A. Gupta, pp. 477—494, John Wiley, Hoboken, N. J.

Nanson, G. C., and H. Q. Huang (2007), Least action principle, equilibrium
states, iterative adjustment and the stability of alluvial channels, Earth
Surf. Processes Landforms, in press.

11 of 12



W07441

Nanson, G. C., and A. D. Knighton (1996), Anabranching rivers: Their
cause, character and classification, Earth Surf. Processes Landforms,
21, 217-239.

Parker, G. (1976), On the cause and characteristic scales of meandering and
braiding in rivers, J. Fluid Mech., 76, 457—480.

Schoklitsch, A. (1937), Hydraulic Structure, vol. 1, translated by S. Schulits,
504 pp., Am. Soc. of Mech. Eng., New York.

Schumm, S. A. (1977), The Fluvial System, John Wiley, New York.

Schumm, S. A. (1985), Patterns of alluvial rivers, Annu. Rev. Earth Planet.
Sci., 13, 5-27.

Schumm, S. A., and B. R. Winkley (1994), The Variability of Large Alluvial
Rivers, ASCE Press, New York.

Smith, D. G. (1976), Effect of vegetation on lateral migration of anasto-
mosed channels of a glacial meltwater river, Geol. Soc. Am. Bull., 87,
857-860.

Smith, D. G., and N. D. Smith (1980), Sedimentation in anastomosed river
systems: Examples from alluvial valleys near Banff, Alberta, J. Sediment.
Petrol., 50, 157—164.

Tabata, K. K., and E. J. Hickin (2003), Interchannel hydraulic geometry and
hydraulic efficiency of the anastomosing Columbia River, southeastern Brit-
ish Columbia, Canada, Earth Surf. Processes Landforms, 28, 837—852.

Tooth, S. (2000), Downstream changes in dryland river channels: The
Northern Plains of arid central Australia, Geomorphology, 34, 33—54.

Tooth, S., and G. C. Nanson (1999), Anabranching rivers on the Northern
Plains of arid central Australia, Geomorphology, 29, 211-233.

Tooth, S., and G. C. Nanson (2000), The role of vegetation in the formation
of anabranching channels in an ephemeral river, Northern Plains, arid
central Australia, Hydrol. Processes, 14, 3099—3117.

HUANG AND NANSON: ANABRANCHING RIVERS

W07441

Tooth, S., and G. C. Nanson (2004), Forms and processes of two highly
contrasting rivers in arid central Australia, and the implications for chan-
nel-pattern discrimination and prediction, Geol. Soc. Am. Bull., 116,
802-816.

Van den Berg, J. H. (1995), Prediction of alluvial channel pattern of per-
ennial rivers, Geomorphology, 12, 259—-279.

Wang, S., and R. Zhang (1989), Cause of formation of channel patterns and
pattern predictions, paper presented at XXIII IAHR Congress, Int. Assoc.
of Hydraul. Eng. and Res., Ottawa.

Wende, R., and G. C. Nanson (1998), Anabranching rivers: Ridge-form
alluvial channels in tropical northern Australia, Geomorphology, 22,
205-224.

White, W. R., R. Bettess, and E. Paris (1982), Analytical approach to river
regime, J. Hydraul. Div. Am. Soc. Civ. Eng., 108, 1179—1193.

Wong, M., and G. Parker (2006), Reanalysis and correction of bed-load
relation of Meyer-Peter and Miiller using their own data, J. Hydraul.
Eng., 132, 1159-1168.

Xu, J. (2004), Comparison of hydraulic geometry between sand- and
gravel-bed rivers in relation to channel pattern discrimination, Earth
Surf. Processes Landforms, 29, 645—657.

Yang, C. T. (1971), On river meanders, J. Hydrol., 13, 231-253.

H. Q. Huang, Institute of Geographical Sciences and Natural Resources
Research, Chinese Academy of Sciences, 11A Datun Road, Anwai, Beijing,
100101, China. (huanghq@igsnrr.ac.cn)

G. C. Nanson, School of Earth and Environmental Sciences, University
of Wollongong, Wollongong, NSW 2522, Australia.

12 of 12



