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Abstract
River morphology and behaviour are
components of overall landscape behaviour,
which responds to tectonic, volcanic, climatic
and anthropogenic inputs. River morphology
and behaviour adjust in response to these
inputs to allow the available flow to transport
the sediment supplied to base level at the rate
at which it is supplied. To be sustainable,
management of rivers to reduce flood hazards
must therefore include measures to maintain
the natural sediment transport capacity
of the river. This is difficult in principle;
there is evidence that the natural state of
a river corresponds to a local maximum of
bedload sediment transport capacity. Hence
any moderate alteration will cause a decrease
in sediment transport capacity, leading to
aggradation, steepening of gradient and bank
erosion. To achieve an artificial increase
in sediment transport capacity therefore
requires a substantial alteration of river form
(usually narrowing), which in turn requires
substantial structural works to maintain
flood discharge and control local erosion.
Experience in both Japan and Switzerland
suggests that modification of rivers for flood
control can be sustainable in both high and
low sediment input environments if the
economic base is sufficient to justify large
expenditure on substantial river engineering
works. However, New Zealand experience
indicates that modification of active bedload-

dominated rivers is much less sustainable in
low- to moderately-developed land areas,
where the required substantial modifications
are not economically justifiable.
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Introduction
It is apparent from recent experience, both in
New Zealand and overseas, that flood hazard
risks, and damage from realisation of those
risks as flood events, are increasing with time
(Crichton, 2003; Munich Re, 1997). This
suggests that there may be a need to improve
conventional methods of flood management,
which use past records to generate statistics
from which probabilistic cost-benefit analyses
are developed as a basis for (usually structural)
flood control measures. During the recent
Manawatu (2004) and Bay of Plenty
(2004-5) f loods in New Zealand, f lood
control banks (“stopbanks”) designed on this
basis were breached or overtopped, partly as
the result of rivers experiencing long-term
aggradation between their stopbanks due
to gravel build-up. This is fairly typical of
the New Zealand flood control experience.
It appears, on this basis, that the behaviour
of rivers in response to training works is not
well understood, because stopbanks are in
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principle intended to induce degradation,
not aggradation (Acheson, 1968, p. 61;
Henderson, 1966). Erickson (1986) proposed
that a less interventionist approach to reducing
flood risk, by modifying the behaviour of
society instead of that of the river, would
avoid these difficulties. Although officially
adopted at the time, this strategy appears to
have become less attractive as development
pressures have increased, and (further)
stopbanking is the measure commonly
demanded and provided for protecting
(further) floodplain developments.
Flood frequency analysis and numerical
hydraulic modelling are key techniques
widely used in river management today. These
allow the annual occurrence probabilities
and water surface elevations associated with
given river flow rates to be predicted with
some accuracy, provided the flow cross-sections
are unchanging and known with corresponding
accuracy, and hydraulic modelling even
allows the sediment transport capacity of
the flow to be estimated. The main point of
the present work, however, is to emphasise
that the flow cross-sections of a river, whether
it is natural or managed, are in reality highly
variable, depending on the ability of the flows
to erode and deposit bed and bank sediment.
Computer models are not yet able to represent
this three-dimensional behaviour at all
adequately; this severely limits their ability
to predict river response to proposed river
management works, particularly over the
longer timescales that are of most relevance
to flood risk management.
There is worrying evidence that the costs
of flood (and other natural hazard) damage
consistently increase as the sum invested
in control structures increases, and there is
growing recognition that structural flood
control measures alone cannot be a complete
solution (ICE, 2001). New Zealand has
traditionally used longitudinal training
structures (“stopbanks” in local parlance)
to confine gravel-bed rivers (often, but not
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always, braided ones) to “permanent” welldefined courses and release land that was
previously river bed for agricultural use. This
tactic was imported from Europe, where it
was used with success in the 18th and 19th
centuries (Vischer, 1986) in a landscape much
less dynamic than that of New Zealand. In
recent decades, however, European practice
is beginning to return rivers to their natural
state; e.g., Disse and Engel (2001). Reducing
the width of the river bed was justified
theoretically on the basis that it increased the
mean flow depth, and therefore the mean bed
shear stress and sediment transport capacity,
so that bed degradation should be the result.
In fact the opposite has usually been found
to be true in New Zealand; stopbanked rivers
commonly develop bed aggradation and/or
bank erosion problems that become apparent
a few years to decades after completion of
stopbanking works.

Objectives and methods
A few writers have recently emphasised the
need to complement flood frequency analysis
and computational hydraulic modelling with
understanding of the physical processes of
river evolution (Klě mes, 1987; Baker, 1987;
Gilvear, 1999; Jakob and Jordan, 2001)
in the context of geomorphology. Herein
we develop these ideas, by considering the
behaviour of rivers as components of an
active landscape (e.g., Brierley et al, 2006),
to show that it is in principle very difficult to
alter an active natural river artificially without
causing an aggradational-degradational and/
or channel-widening response by the river.
This has serious implications for planning
and implementing flood risk management
strategies, particularly where the pressure
for development of floodplains or alluvial
fans is strong.
We therefore first establish the appropriate
setting by outlining the behaviour of rivers in
a long-term and spatially-extensive context,

considering them as interactive components
of an evolving landscape system that has
many other influences and constraints on
it. We describe how landscapes evolve under
the influences of uplift and erosion, and
outline the particular role of rivers in that
evolution. (This material is widely available
in textbooks, e.g., Burbank and Anderson
2001; it is summarised here in order to
make this article reasonably self-contained).
Using this perspective we interpret published
research on some aspects of river processes
and morphology to develop two “principles”
of bedload-dominated river-landscape
behaviour. We show that this geomorphic,
“whole-of-landscape” approach leads to an
understanding of the role of river floods in
landscape form and evolution, and based
on this understanding, the likely future
trends of river behaviour in floods can be
used to complement hydraulic modelling
and probabilistic extrapolation from past
behaviour. From this more complete
perspective we outline some constraints on
the sustainability of altering the behaviour of
bedload-dominated rivers in order to reduce
f lood risks. This approach also provides
an explanation for the distinctly different
effects of width reduction on braided gravelbed rivers in the contrasting geo-economic
environments of Switzerland, Japan and
New Zealand.

Large-scale geomorphology:
how landscapes work
Land that is above water level has a present
form that is the result of subaerial erosion,
transport and deposition processes acting on
an earlier form. Tectonic uplift may also be
occurring, and we shall consider that in due
course. The erosion, transport and deposition
processes supply sediment to rivers, and it is
our underlying hypothesis that the behaviour
of rivers is dominated by the nature and
magnitude of this sediment supply.

In broad outline, a landscape is eroded
over time by both disaggregation of the land
surface (that is, breaking of solid bedrock
into loose particles, and those into ever
smaller particles) and by denudation and
transport of the disaggregated material—
that is, its removal and transport to lower
elevations by gravity and/or fluid (wind or
water) action. The latter processes tend to
reduce elevation differences in the landscape
over time—that is, relief tends to decrease.
Though liable to criticism for small scales
and in particular cases (the growth of
wind-blown sand dunes, for example, can
increase local relief), this large-scale picture
of erosion wearing down a landscape is
sufficiently realistic to be useful in the
present context. Undisaggregated material
(i.e., intact bedrock) is usually unable to be
moved by denudation processes. The sum of
disaggregation, denudation and transport is
often called “erosion”.
Erosion

In the present analysis we shall consider
denudation and transport to be the sum of
all the effects of gravity and precipitation,
without concerning ourselves about the
particular mechanisms operating. We are
interested in the role of rivers in landscape
evolution, and how they interact with the
products of denudation. In most cases,
the first destination of denuded material
is a river—most slopes have rivers at their
bases, even though in some landscapes the
base may be many kilometres from the
steepest part of the slope. A river immediately
at the base of a slope can interact with the
slope; for example by eroding the base—this
causes sediment to be delivered to the river
by slope processes, and this in turn alters
the behaviour of the river, perhaps in such
a way that the slope base is eroded faster,
setting up a positive feedback loop. Once
in a river, the eroded material is gradually
and perhaps intermittently transported
downstream.
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Deposition

Deposition is the result of cessation of
transport of particulate debris, caused by
the inability of gravity and/or water flow
to maintain particle motion against the
retarding force of friction with the underlying
surface. Sediment that has been deposited is
said to be in storage, and may remain at that
place for seconds to millennia, depending on
circumstances. When sediment reaches the
sea (or a lake), it settles out to form coastal
or lacustrine sediments. Areas in rivers where
transported particles tend to stop for longer
or shorter periods are called sediment storage
areas, and include bars, river beds, alluvial
fans and floodplains.
The effect of base level

Sea-level or lake-level is where the effect of
gravity on water-driven transport becomes
zero, because the water flow velocity becomes
zero; it is therefore where sub-aerial catchment
denudation and transport cease. Sea level (or
lake level) is called the “base level” of the
subaerial water flow network that removes
sediment from the catchment upstream of it,
and once the water reaches base level it has
no further gravity-driven effect—it stops.
Base-level can change, for example if sealevel changes; if a lake is raised, lowered or
infilled; if tectonic activity raises or lowers
a catchment relative to sea level; and base
position can change if deposition (or erosion)
causes the coastline to prograde (or retreat).
In effect, the whole of a river catchment
knows where base-level is; given sufficient
time, the river system organises itself into a
dynamic equilibrium with respect to water
and sediment inputs, base-level and position.
Bedrock and supply-limited rivers

In some places the capacity of a river to
transport sediment exceeds the rate of
sediment supply. This sometimes results from
tectonic uplift lowering base-level and causing
the river to cut down through any sediment
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into bedrock, or from an inerodible rockfall
damming a river and forming a sediment
trap (Korup et al, 2004) that starves the river
of sediment downstream. The behaviour of
such rivers is dominated by processes able
to disaggregate and remove massive rock,
such as waterfall undercutting and nickpoint retreat. Herein we are concerned with
rivers capable of forming their own beds
in the alluvium they transport, so we do
not consider bedrock channels further. It is
however useful to realise that many alluvial
rivers are also at times supply-limited, in
that they could transport larger quantities
of sediment if it were available, but under
particular circumstances it may not be;
due, for example, to armouring of the bed
surface with grains too large to be eroded by
prevailing water flows.
Bedload-dominated rivers

In this article we concentrate on the behaviour
and management of bedload-dominated
(usually gravel-bed) rivers. Though the
overarching drivers of, and constraints on,
sediment motion should be universal in
principle, they will apply in different ways
to rivers moving mostly coarse (gravels to
coarse sand-sized) bed material as bedload,
as compared with those that move mostly
fine (fine sand, silt and clay-sized) particles
as suspended load. Our experience has been
mainly with coarse bedload-dominated rivers,
which are difficult to “manage” because the
motion of sediment as bedload can cause the
cross-section of the river to alter, sometimes
rapidly and appreciably, in high flows. By
contrast, large quantities of fine sediment
may be deposited on floodplains by overbank
flows of suspended-load dominated rivers,
but the channel shape does not in that case
alter as drastically or rapidly.
The role of rivers

It is difficult to overemphasise the role of
rivers in landscape evolution. River flow is the

only mechanism by which large volumes of
coarse solid material can be transported long
distances from the mountain source across
a landscape, in particular across the low
slopes close to the sea. Without rivers, most
landscapes would be utterly different: rivers
therefore have played—and will continue to
play—a major part in forming the landscapes
we live in. People tend to live preferentially on
parts of landscape that are smooth, of gentle
slope and close to water, and these are very
often areas where sediment is in temporary
storage during its transport by rivers to the
sea. So the behaviour of rivers vitally affects
much of the land we live on.
Summary

The picture we have of an active landscape
then comprises:
• A land surface made up of a number
of sloping facets at various inclinations
between horizontal and vertical, on which
solid particles are being created and
comminuted; from time to time numbers
of solid particles move down some of
these slopes to lower elevations, eventually
entering water courses;
• a network of water courses, ranging from
subsurface and small to surface and very
large, along which solid particles are
transported towards base level by varying
water flows;
• places above base level at which solid
particles accumulate for longer or shorter
times, forming sediment storage areas;
• a base level and position at which solid
particles enter submarine systems, and
cease to be affected by subaerial processes;
• bedload-dominated rivers playing a major
role in landscape evolution.

Uplift
Many of the mountain areas of the world
are presently experiencing tectonic uplift.
This is why they are mountains—tectonic

activity causes rock to be raised above base
level. Mountains not presently experiencing
uplift are gradually wearing down after being
uplifted in the past. In the Southern Alps of
New Zealand’s South Island, uplift has been
going on for about 70 million years, and is
presently increasing the mean elevation of
parts of the range by up to 10 mm per year
in places. In the case of the 190  k m2 Waiho
River catchment (Fig. 1) on the western
side of the Southern Alps, for example, this
uplift generates about a cubic kilometre
of additional solid material above base
level every 500 years. Thus, since sea level
stabilised at its present level about 6000 years
ago, ~12  k m 3 of additional solid material
has been created in this catchment above its
base level.

Figure 1 – Dynamic equilibrium landscape: long,
straight slope profiles in the Callery tributary
of the Waiho River, South Westland, New
Zealand indicate that uplift is approximately
balanced by denudation. The mountains are
the Southern Alps, and the small settlement is
Franz Josef Glacier.
1982 photo by Lloyd Homer, GNS.
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Areas undergoing tectonic uplift have
three characteristics with major effects on
river behaviour.
• They can experience significant and
frequent seismic activity, which triggers
episodic large-scale gravity-driven mass
movement denudation and transport, and
can cause base-level change.
• Over time they tend to increase in both
elevation (causing precipitation and
therefore denudation and transport
to increase) and steepness (causing
denudation and transport to increase).
• The high mountains give rise to intense
and highly variable precipitation.
Actively uplifting mountain ranges
therefore are locations where we can expect
denudation and transport of solid material to
be both rapid and highly variable.
In this overall setting we now focus on the
behaviour of sediment as it translates across
landscapes under the influences of gravity
and water.

The rate of sediment movement
in the landscape
In the simple case of dry sediment moving
down a slope under gravity, it is evident that
the rate of movement (denudation QD or
transport QT ) is a function of the balance
between the downslope component of gravity
and the upslope friction force resisting
motion. In this case slope gradient S is the
controlling variable:
QD, QT = ƒ(S)

(1)

The motion of solid particles in water flows
is driven by gravity and water, and resisted
by friction with the bed of the flow; the rate
of their movement is therefore related to
the forces exerted on them by gravity, water
movement and friction. The force of moving
water on a solid particle varies with the
velocity of the flow past the particle, which
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in turn varies with the flow rate of water in
the river (or on the slope) and the local slope
gradient. The translational force component
of gravity is related to the slope gradient.
Therefore we can write an expression for
the rates at which flowing water can denude
and transport sediment at any point in a
landscape:
QD, QT = ƒ(S, Qw)

(2)

where Qw is water flow rate. Since water flow
is all derived from precipitation, we can write
generally:
QD, QT = kSxPy

(3)

where P is the rate of precipitation and
k is a constant. x and y are exponents, and
both are >0, so the rates of denudation and
transport increase as slope and precipitation
increase (Montgomery and Brandon, 2002).
This means that the rate of denudation of a
landscape—which is the rate at which it is
wearing down—is greater where slopes are
steeper and precipitation is greater; so is the
rate at which fragments of landscape can be
transported downhill towards base level.
It is important to realise that Eqs. 1–3
assume several other factors, such as lithology,
sediment grain size distribution and area of
application, to be constant. This is legitimate
because we are concerned, in this work,
with the response of individual rivers to
modification. We are not putting forward
general rules for comparing the behaviours
of different rivers; we are comparing the
pre- and post-modification behaviours of
specified rivers. This is the case throughout
the present work.
The material eroded from hillslopes
eventually finds its way to a river system; of
course, some material may be stored for a
while on a hillslope after it has moved from
its initial position and before it enters a river.
This is called “hillslope storage”, and Eq. (1)
indicates that it occurs preferentially where

the local gradient is small. The effect of the
sediment arriving, and stopping, in such
locations is to increase the local gradient of the
slope—that is, the slope form adjusts itself so
that sediment can move down it at the rate
it is supplied to the slope by denudation and
transport (Fig. 1).
This is a principle we shall find also works
for rivers, and is indeed a fundamental con
straint on landform modification by water.
It is in fact implied by Eq. (2), which can
be written:
S = ƒ(Qw, QD or T)

(4)

The rate of transport by erosion processes
is—or tends towards—the rate at which
sediment is delivered to the transport system
(slope or river).
It is an interesting consequence of Eq. (3)
that, if a mountain range is experiencing
uplift, the rate of denudation increases
as elevation, precipitation and steepness
increase. When the range is sufficiently high
and steep, therefore, the rate of denudation
can equal the rate of uplift, at which stage
the long-term rates of increase of mass
above base-level, elevation and steepness all
become zero. Then we have what is called a
“dynamic equilibrium” landscape (Burbank
and Anderson, 2001; Burbank, 2002;
Montgomery and Brandon, 2002). The
western Southern Alps appear to be in this
state because both denudation rate (Hovius et
al., 1997) and uplift rate (Norris and Cooper,
2000) are measured to be about 10 mm a-1.
Certainly, many slopes are straight from river
to ridge (e.g., Fig. 1), indicating that active
denudation events are frequent (Densmore
and Hovius, 2000).
This concept is of some value in that it
allows estimation of the long-term average
sediment output from a catchment, in the
absence of other data (as is often the case).
In the case of the Waiho River mentioned
above, the average annual sediment output

estimated from uplift rate and catchment
area is about 2 × 10 6  m 3a-1; this includes
all grain sizes, both bedload and suspended
load. Between 1992 and 1998, aggradation of
3 × 106  m3 (= 0.5 × 106  m3a-1) was measured
in the fanhead reach of the river (Fig. 1,
bottom left). If 50% of the sediment carried
by the river is bedload, then the measured
aggradation represents ~50% of the bedload
entering that reach from upstream failing to
be transported further downstream. This
estimate is extremely rough, but it is much
more useful than no estimate at all—and
there are no sediment transport (or even
flow) data for the Waiho River. However, it
is important to bear in mind that the concept
of a dynamic equilibrium landscape is a longterm, large-scale idealisation, and may be
inaccurate locally at shorter timescales.

The rate of bedload sediment
transport by rivers
One of the variables most commonly used to
characterise the bedload sediment transport
capacity of a river is stream power (or rate of
dissipation of potential energy) per unit bed
length, which is the product of flow rate and
slope (Bagnold, 1980). So
Qs = ƒ(QS)

(5)

where Qs is sediment transport capacity, Q is
water flow rate and S is slope.
The sediment that enters a river system
eventually finds its way to the base level, be
it a lake or the sea. Some of the sediment
carried may stop temporarily at a particular
location in the river system, if the local flow
conditions are such that it cannot be carried
farther at that time; such areas are sediment
storage areas. As with the slope in Figure 2,
accumulation of sediment in such areas alters the
morphology of the area in a way that increases
the ability of the river to transport sediment
through it. For example, if it is a river reach
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to the reach downstream. This can be
demonstrated very easily in a small-scale
sand-box.
The converse processes act if the
sediment supplied from upstream is
insufficient to satisfy the capacity of
the river to transport sediment. In this
case the river picks up sediment from
its bed, causing its local slope to reduce
until its transport capacity matches the
sediment input from upstream. Bedrock
river reaches, of course, have much
less ability to respond, and may act as
Figure 2 – Sediment buildup progressively infills a chutes or gutters along which sediment
hollow, steepening the deposit surface slope and is carried rapidly, but at less than the
allowing following sediment to pass on to the slope
transporting capacity of the river.
base. Sediment accumulation takes place so that the
We can generalise the above processes
land profile changes to allow sediment throughput
as
follows: a river transporting sediment
to equal input.
distributes it in the landscape so that the
resulting morphology of the landscape allows
of relatively low slope, then sediment will the water flows available from precipitation
deposit on the bed at the upstream end of the to transport the sediment supplied from
reach because it cannot be transported farther denudation through the landscape to base level
through the reach by the existing flow. This at the rate at which it is supplied. This is the
has the effect of causing the bed elevation at first fundamental principle of self-forming
the upstream end of the reach to increase, so alluvial river/landscape behaviour which we
the local slope of the reach increases, allowing wish to suggest. It has been well known in
the sediment to be transported farther the context of river bed morphology for many
along the reach. Eventually, the entire reach years (e.g., Schumm, 1977; Richards, 1982),
achieves the slope that allows the sediment but has rarely been applied to landscapes as
to be transported through it, as suggested we do here.
The morphology of the landscape is thus
by Eq. (4).
A change in planform can have the same determined by the independent rates of
effect: if a river flows from a narrow bedrock supply of water and sediment, the nature of
gorge into a wide basin, sediment is deposited the sediment and the external constraints
there because the wider flow cannot carry it provided by the non-f luvial landscape
at the reduced depth and slope associated components (bedrock, hillslopes, base level).
with the widening. Hence the river deposits Hence the rate at which a river transports
sediment in its course, elevating its bed above sediment in the longer term is determined by
the surrounding land and allowing the river the rate of sediment production and transport
to avulse sideways, depositing sediment in in the catchment; the river and landscape
another course. Eventually a fan-shaped morphologies and slope are thus dependent
deposit (an “alluvial fan”) develops across the variables, while the water and sediment
whole basin, with a surface slope and channel supply rates are independent variables.
Obviously this can only apply realistically
pattern that allow the incoming sediment
to be transported through the wider area over time (and spatial) scales at which the
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equilibrium of the river is an adequate
description of its behaviour. Water and
sediment inputs are each highly variable
at a wide range of time and spatial scales.
At shorter timescales, it is more useful to
say that the river is always adjusting its
morphology towards equilibrium with the
water and sediment flows it is experiencing
at any moment—but before it achieves that
equilibrium, the inputs have changed, so the
equilibrium is rarely achieved (Davies, 1987).
We believe that the dynamic equilibrium
concept is useful at timescales of years to
decades and greater, depending on the slope of
the river. For example, a mismatch of supply
and transport in the very steep Waiho River,
Westland (Fig. 1) might become apparent (by
a change in behaviour, bed elevation or slope)
within a year to a decade, while the same
degree of perturbation in a very low-gradient
suspended-load dominated river might take
several decades or a century or more to
become apparent. Some river systems (e.g., the
Poerua River, Westland; Davies et al, 2005;
Davies and Korup, 2006 in press) that receive
very occasional, massive sediment inputs
from landslides are in dynamic equilibrium
with lesser, more frequent events, but have
distinctive geomorphic characteristics (in
this case an anomalously steep and growing
mountain-front fanhead, into which the river
is normally incised) that reflect the infrequent
large-magnitude events.
Flood risk management is not a short-term
task; the investments needed are large and the
strategy adopted must be sustainable for many
decades or (preferably) centuries. Similarly,
flood risk management cannot be applied to
one reach of a river—the effects on the whole
river-landscape system must be considered.
Hence the long-term and spatially-extensive
dynamic equilibrium perspective, in the
context of the overall magnitude-frequency
and time-series of a river, is an appropriate
one for managing river flood risks.

Application to river
engineering (i)
The clear implication for river management
is that any artificial modification to a river,
to reduce flooding or to use its water as a
resource, must be designed to maintain the
pre-modification sediment transport capability
of the river. If this is not done, then there will
be a long-term excess or deficit in sediment
transport by the river, leading to long-term
sediment erosion or deposition. This erosion
or deposition will occur in the river channel,
on the floodplain and/or on alluvial fans, and
will cause the river either to incise, meander
and migrate laterally, or to aggrade, braid and
avulse laterally. Either behaviour will sooner
or later be troublesome to developments
on the river bed, floodplain or alluvial fan.
Further, managing these problems can only
be successful (sustainable) if (a) the natural
sediment transport capacity is somehow
restored; or (b) sediment is artificially
removed or supplied to remediate the excess
or deficit, and this remediation continues
forever. In effect, a river finds its own natural
form and behaviour in response to the water
and sediment it receives from upstream; if
the form is artificially altered, the river will
tend to restore it by erosion and deposition,
so to maintain the artificial form requires
continuous work.
Experience of training the formerly
braided gravel-bed rivers of Switzerland
has been instructive (Vischer, 1988). The
natural rivers were narrowed dramatically
(“corrected”, in local terminology) using
strong masonry banks in the 18th and 19th
centuries, to reduce flood hazards and allow
development of their former beds. The result
was rapid, erosive flow and bed degradation
that necessitated installation of thousands (if
not millions) of lateral bed sills at intervals
along the whole length of rivers. It appears
that the sediment transport capacity of the
“corrected” rivers exceeded the supply rate
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in many places. Continuing bed erosion
problems, together with environmental
considerations, have eventually led to a
move back towards the natural braided form
in recent years. This experience has been
paralleled in other parts of alpine Europe.
For many years engineers in New
Zealand, following European practice,
attempted to increase the sediment transport
capacity of wide braided rivers by reducing
their bed width with longitudinal training
banks called “stopbanks”. The rationale, as
in Europe, was that reducing width caused
increased flow depth, and therefore increased
bed shear stress and sediment transport
capacity. However, in the decades since
stopbanking was completed, a number of
these New Zealand rivers have experienced
chronic aggradation problems, so it appears
the rationale that worked in Europe was at
the very least unreliable in New Zealand
conditions. Davies and Lee (1989) pointed
out that the stopbank construction method
commonly used in New Zealand, that of
simply piling up river gravels, usually does
not allow the reduction of bed width to be
sufficient to alter the braided character of
the river, and thus its hydraulics; so a river
that was aggrading slowly in its natural
state would aggrade faster when narrowed
because the same volume rate of sediment
deposition occurred on a smaller bed area of
the confined river.
This mechanism for increasing aggradation
rate, however, does not work if the original
natural braided river was not experiencing
significant aggradation. The case of the
Waiho River in South Westland highlights
this point (McSaveney and Davies, 1998;
Davies and McSaveney, 2001; Davies et al.,
2003). It has in recent decades been aggrading
at about 300  mm a-1, after being confined
to about 1/3 of its natural available bed
width; however the natural rate of
aggradation is very slow indeed—of the order
of 0–2  m m a-1 (Barrell et al., 2003). The
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Davies and Lee (1989) mechanism cannot
explain this situation, which does not appear
to be the result of excess sediment input
either. Another solution must be sought,
and we find it by examining the so-called
“extremal” behaviour tendency of rivers.

Behaviour of self-formed rivers
For many years it has been apparent to
engineers and fluvial geomorphologists that
the morphological characteristics of natural
rivers are not random; on the contrary,
within the infinite variety of geometric
shapes they display, they (the rivers, not the
engineers and geomorphologists) exhibit a
rather small variety of easily-recognisable
morphologies (e.g., meanders; braids;
alternate bars; Leopold et al., 1964). A
number of publications appeared in the
1970s and 1980s debating the reasons for
this consistency of river channel patterns
(e.g., Kirkby, 1977; Yang, 1976; Chang and
Hill, 1976; Song and Yang, 1982; Griffiths,
1984; Davies and Sutherland, 1980, 1983),
and this line of investigation has been
continued more recently by Griffiths and
Carson (2001), Huang et al. (2004) and
others. A number of “principles” were
proposed in these papers, including those
of “least action”, “minimum unit stream
power”, “minimum energy dissipation
rate”, “maximum shear stress”, “maximum
transport rate” and “maximum transport
efficiency”. Some of these were rationalised
by linear thermodynamical and physical
analogies whose validity was the subject of
intense debate (e.g., Davy and Davies, 1979;
Davies and Sutherland, 1984). Davies and
Sutherland (1983) showed that many of these
different “principles” were in fact equivalent,
if the various assumed sets of independent
variables were taken into account, and in
all cases the principles could be expressed as
maximising mean bed shear stress τb:

τb = ρgdS

(6)

where ρ is the water density, g the acceleration
due to gravity, d the mean flow depth and
S the energy slope.
In addition to these explanations-byanalogy, a mechanistic explanation for the
apparent tendency of self-adjusting rivers
to maximise mean bed shear stress was
suggested by Davies (1987). This was based
on the empirical fact that instantaneous
local bed shear stress of a turbulent flow is
log-normally distributed in time. From this
it follows that the level of shear stress which,
over time, is most effective at altering the
channel boundary shape, is always greater
than the mean shear stress, if a stream
power-based sediment transport relationship
such as Eq. (7) below applies. This causes
the river-bed configuration to alter over
time towards one that matches a bed shear
stress greater than the mean. Since in steady
uniform flow the mean bed shear stress
must always balance the gravitational alongstream force component of the water per unit
area, the outcome is a universal tendency for
an erodible bed of a turbulent free-surface
water flow to change shape over time so as
to increase the mean bed shear stress acting
on it. This tendency must, however, cease
to operate if the bed configuration reaches
such a state that any available (i.e., adjacent)
alternative configuration would result in a
decrease of mean bed shear stress.
A parallel argument was developed around
the temporal variation in spatially-averaged
bed shear stress caused by variations in river
discharge; different flows cause different bed
shear stresses, and, since the flow variations
are also asymmetrically distributed in time
(Chow, 1954), the outcome is again for the
channel shape to alter with time so as to
increase bed shear stress.
The reported behaviour of alluvial
channel bedforms and meanders appears to

fit this idea. It has been shown empirically
in a number of contexts (the vertical twodimensional context of lower flow regime
bedforms, Davies, 1980; the horizontal twodimensional context of meanders, Davies and
Sutherland, 1980; and the three-dimensional
context of armouring, Sutherland and
Williman, 1977), as well as by modelling
(Huang, et al 2004) that the equilibrium
morphology and hydraulic geometry of
several common river-bed configurations
correspond to local maxima of resistance to
flow—and therefore of boundary shear stress.
A river that is always changing shape in order
to increase its bed shear stress must cease to
change shape when such a local maximum
is attained, or, in addition, when some other
constraint becomes activated (Davies, 1987).
These ideas are nearly two decades old,
and no refutation of them has appeared, so
we may assume that, having stood the test
of time so far, they are presently a reasonable
basis on which to work. In summary, then,
there is substantial empirical evidence
of some “extremal” tendency in river
behaviour; this is supported by a number of
analogue explanations, and one mechanical
explanation. Irrespective of the validity of the
explanations, there is good reason to accept
the reality of the tendency.
It is also interesting that the use of
shear stress as a descriptor of river channel
behaviour is independent of any assumption
of the nature of the processes by which
the channel changes shape. As shown by
Davies and Sutherland (1980), the “ideal”
geometry of meandering streams applies
equally well to channels which carry no
sediment, such as surface tension meanders,
supraglacial meltwater channels or density
currents, as to those that alter their shape by
eroding and depositing sediment. Thus the
motion of sediment cannot be fundamental
to this problem—but in alluvial channels it
is the crucial mechanism for achieving the
required effect.
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Effect on sediment transport
capacity
Eq. (6) shows that maximising bed shear
stress is equivalent to maximising the product
of flow depth and water surface slope. Now,
for a given water flow rate, increasing the flow
depth usually results in a decrease of energy
slope; however, in a river reach of significant
length, in which uniform flow is inevitable,
the required change of bed slope can occur
only very slowly because a lot of bed sediment
has to be moved to achieve it. Thus, we can
assume constant reach-scale slope, in which
case increasing resistance or bed shear stress
at any given flow rate means increasing flow
depth and reducing velocity. We now consider
the effect of thus maximising bed shear stress
in a channel whose local morphology is
formed by movement of sediment.
Eq. (5) has the form (Bagnold, 1980):
Qs= k(QS – QcS)1.5

(7)

where QcS is the “critical stream power” at
which sediment transport is on the point of
starting. Since S is constant for a river reach
at the spatial and timescales considered, then
(6) can be written
Qs= kS1.5 (Q – Qc)1.5

(8)

From Eq. (5), the flow rate Qc under which
sediment first starts to move is determined
by the critical bed shear stress τc of the bed
sediment present:
τc = ρgdcS

(9)

where dc is the depth at which particle
movement begins at slope S. The effect of
increasing the bed shear stress and hence flow
depth in a river of given slope and discharge
regime is thus that the critical flow rate Qc
decreases, because the depth and shear stress
associated with a given flow rate increase.
This is demonstrated empirically by the fact
that a planar bed of sand may be immobile
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under a given flow, but if it is artificially
deformed to a sufficient extent, the flow
depth and resistance to flow increase, and
sediment transport begins and increases with
no change in flow rate or slope (Southard and
Dingler, 1971). Thus, the effect of higher bed
shear stresses is to reduce the flow rate needed
to start sediment transport, and therefore
to increase the sediment transport capacity at
any given flow rate capable of transporting
sediment.
In addition, increasing the bed shear stress
enables the river to transport larger particles
at a given flow rate, so a river with maximum
bed shear stress is self-adjusted so that it
can move the maximum proportion of the
sediment available to it.
Thus the tendency for a self-adjusting
river to seek and attain a maximum of bed
shear stress corresponds to a tendency to seek
and attain a minimum critical bed shear stress
and thus a maximum of sediment transport
rate. This is the second “principle” of selfforming alluvial channel behaviour: it means
that a self-formed river which has achieved a
dynamic equilibrium state will be carrying
the maximum sediment it can with the water
available, and any moderate artificial alteration
to the form of the river will have the effect of
reducing its ability to transport sediment.

Application to river
engineering (ii)
General

This result explains a very common result
of river training—that of bed aggradation
in the “trained” reach as the river fails to
transport the sediment it still receives from
upstream through the reach. It also explains
the behaviour of the Waiho River referred
to earlier; the constraint on its natural
tendency to avulse across the full width
of its fan reduced its sediment transport
capacity, so sediment being supplied at the
natural rate from its catchment was unable

to be transported through the restricted
fanhead reach (note that Bryant et al., 1995
and Ashworth et al., 2004 both show that
the avulsion frequency of a river correlates
positively with the rate of bedload sediment
supply). Sediment therefore accumulated in
this reach, causing the observed aggradation.
This particular case has been confirmed
by physical model experiments (Davies
et al., 2003). Presumably, if the banks
could be made high enough, the Waiho
River would eventually acquire a sufficient
slope to be able to transport sediment
through the modified reach at the rate it is
received from upstream.
We emphasise that the above conclusions
apply to less-than-catastrophic artificial
alterations to channel shape. It has been
shown that the sediment transport capacity
of a wide braided river can be increased
significantly if its channel pattern can be
changed to single-thread (Carson and,
Griffiths 2001; Davies and Lee, 1989).
In this case a state is achieved that is not
available to the river naturally. It appears that
the whole range of channel widths between
zero and infinity contains at least two local
maxima of sediment transport capacity; one
at low width (Griffiths and Carson, 2001)
usually inaccessible to natural rivers, and a
wider one—the self-formed width dealt with
herein—achieved by unmodified alluvial
rivers. To train a naturally wide river a useful
distance towards the low-width maximum,
however, requires a substantial decrease
in width, and a corresponding increase in
depth to maintain flood capacity, with a
concomitant increase in bank shear stresses;
the training banks needed to achieve this
must be very high, very strong and therefore
very expensive. The common New Zealand
practice of restricting the width of gravel-bed
braided rivers using moderately low banks
of unconsolidated river-bed gravel—even
when the river face is reinforced by large
rocks—cannot reliably restrict the channel

width sufficiently to achieve the increase in
bedload transport capacity that will prevent
aggradation.
Finally, it is interesting to note that in
recent years many natural phenomena
(e.g., landslides, forest fires, avalanches,
turbulence; Bak 1996; Malamud et al.,
2004; Balacahandar et al., 2002) have been
shown to exhibit power-law magnitudefrequency relationships, for reasons that
appear to be connected with the occurrence
of fractal spatial distributions of geometric
characteristics. It has also been shown that
lognormal and power-law distributions
are fundamentally related (Mitzenmacher,
2003). It may thus be the case that the
consistency of river behaviour that underlies
the present work has a deeper basis in the way
complex natural systems organise themselves
in response to driving forces and constraints.
Rhine, Joganji and North Ashburton Rivers

We now illustrate the application of the above
suggestions by reference to controls on three
braided gravel-bed rivers—the Rhine River
in Switzerland, the Joganji River in Japan
and the North Ashburton River in New
Zealand. These were all braided gravel-bed
rivers in their natural situations; all have been
reduced in width by training banks. The
training of the Rhine and Joganji has been
successful, and appears to be sustainable;
the North Ashburton, like a number of
other New Zealand rivers, suffers chronic
aggradation and its management has for some
time been a concern (R. Connell, Lincoln
University, Canterbury, New Zealand pers.
comm. 2005).
The North Ashburton and Joganji Rivers
are both situated in environments of high
sediment delivery rate, due to their proximity
to uplifting mountains of friable rock. Both
rivers form depositional fans, on which they
have been artificially fixed in position and
narrowed.
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Figure 3 – Joganji River, Japan. Note the
intensely-developed agriculture and industry
on the fan, and the artificially controlled river.
Photo by courtesy of Masaaki Watari, Director,
Tateyama Sabo Office, Joganji River.

The Joganji (Fig. 3) has been narrowed
very severely; it has accordingly aggraded
and steepened severely, and flows now with
its bed some distance above fan surface
level (Miwa and Kurashima, 2003). It has
been trained with high, strong banks of
masonry, and lateral bed sills (presumably
to prevent temporary local degradation).
We suggest it has achieved a gradient that,
in combination with its reduced width,
allows bedload transport capacity to equal
sediment input from denudation; it is also
likely that significant sediment is removed
for construction purposes. The high cost of
the training works is justified by the high
economic value of the land on its fan, which
is intensively settled (Fig. 3).
The North Ashburton (R. Connell, Lincoln
University, Canterbury, New Zealand pers.
comm. 2005; Fig. 4) has been narrowed by
gravel training banks, but has aggraded by
some metres as a result, and its flood carrying
capacity has been severely reduced. Its
sediment supply rate per unit catchment area
is probably lower than that of the Joganji;
however, the major difference is the economic
setting—the land adjoining the North
Ashburton is used for extensive agriculture,
and the region cannot justify the cost of the
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high, strong banks that would be needed to
match slope and width with sediment input
and flood flows. Neither is gravel removal
an economic option—the local market for
gravel is very small, and removal would need
to be paid for. Here the narrowing has been
insufficient to increase the bedload transport
capacity of the originally aggrading river, so
faster aggradation has resulted.
The Rhine River (Fig. 5) is, by contrast,
in a setting of low sediment input; the uplift
rate of the Swiss Alps is very low (~ 1  mm a-1),
rainfall is moderate, and the mountain rock is
mostly very competent, so sediment delivery
to rivers is small. Nevertheless, in its original
state the Rhine was braided, and in the 18th
century the expanding local populace suffered
major flooding on its floodplain. The river
has been very severely narrowed (like most
major Swiss rivers) to such an extent that bed
sills are in place to prevent troublesome bed
erosion. The Rhine plain is very intensively
developed, so again any local gravel excess

Figure 4 – North Ashburton River at low flow.
The river is still braided at high flows, in spite
of narrowing. Floodplain development is not
intensive.

Figure 5 – Rhine River, Switzerland. The river
is single-channel with alternate bars. The
floodplain is highly developed.

is easily dealt with by commercial removal.
It appears that narrowing of the Rhine was
sufficient to cause the increased bedload
transport capacity to exceed the natural
supply rate.
These very different experiences of
training braided gravel-bed rivers are easily
understood using the concepts developed
herein, together with an appreciation of the
constraints of the local economic situation.
Small rivers

The ideas developed herein should apply to
all bedload-dominated rivers, irrespective of
size. However, a number of additional factors
need to borne in mind when considering
small rivers (especially steep mountain
torrents):
1. The bed sediments may be very large
compared to flow depth, as a result of
emplacement by non-f luvial processes
(e.g., rockfalls, glaciation, debris flows). In
this sense, parts of the river channel may
be non-self-forming (except perhaps in
rare debris-flow events).
2. The “floodplain” of the river may be an
alluvial fan and may be in a state of longterm aggradation, with occasional rapid
aggradation and incision episodes as a
result of substantial short-term variations
in sediment delivery.

3. The possibility of debris f lows in the
river causes a quite different, and more
life-threatening, set of hazard mitigation
problems (Jakob and Hungr, 2005).
These factors def ine the limits of
applicability of the present considerations.
This article is relevant primarily to flood
mitigation in medium to large rivers, defined
as those for which the “normal” water and
sediment inputs determine the characteristics
of the river and its floodplain. Large, shortterm sediment inputs from the mountain
catchments are to a large extent attenuated
into the background sediment delivery before
affecting medium to large rivers.

Implications for flood hazard
management
We have shown that management of
active bedload-dominated rivers to reduce
f lood hazards must include measures
guaranteed to maintain or augment the
bedload sediment transport capacity of
the river. We have further shown that this
is in principle difficult—the natural state
of a river represents a local maximum of
sediment transport capacity, so any moderate
alteration will in principle cause a decrease
in sediment transport capacity, leading to
aggradation, steepening and bank erosion.
To achieve an increase in sediment transport
capacity requires a substantial alteration of
river form, which in turn requires substantial
structural works to maintain flood discharge
and control local erosion. Modification of
rivers for flood control has been successful in
high-value land, where the economic base is
sufficient to justify large expenditure on river
management; experience in both Japan and
Switzerland suggests that such modification
is sustainable in both high and low sedimentinput environments. However, New Zealand
experience is that modification of active
bedload-dominated rivers is much less
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sustainable in low- to moderately-developed
land areas.
In less developed regions, where strong
structural measures cannot be economically
justified, it appears that the most sustainable
river management strategy is to allow the
river to behave naturally; sustainable flood
hazard management in such situations
therefore means managing the behaviour of
society to reduce susceptibility to the natural
behaviour of the river. It is worthwhile
remembering here that Erickson (1986)
urged authorities in New Zealand to work
along just these lines, and 20 years later we
are reiterating essentially the same message,
albeit with increased scientific understanding
and justification.
It follows that any interference with an
active self-forming bedload river has the
potential to be very troublesome unless
substantial structures can be afforded.
If smaller and less durable structures are
installed, there is a high probability that
the river will respond by aggradation, slope
increase and bank erosion, requiring high
and continual maintenance of the structures
and an increasing probability of failure in
high flow events.
In the latter eventuality the damage
costs will be high—in particular because
development of the perceived “flood-proof ”
land will inevitably increase the value of
assets located there; that is after all the
objective of flood control. This explains the
strong correspondence between investment
in f lood control structures and average
annual flood damage costs; structural hazard
mitigation always increases vulnerability
and, in the inevitable super-design event
(inevitable because no training bank is ever
built that will contain the largest conceivable
flood—it is uneconomic, for a start), costs are
correspondingly higher. Artificial removal
of sediment can in principle maintain the
sediment balance of the river, but is expensive
and needs to continue indefinitely; this is
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also economically unattractive unless the
sediment can be sold locally.
It is also worthwhile noting that we have
only considered the “normal” behaviour
of rivers herein. It will be recalled that
in regions of active volcanism or tectonic
uplift, seismic or other activity can generate
occasional extremely large sediment inputs,
which in turn can cause catastrophic changes
in river behaviour. This was illustrated by the
behaviour of the Poerua River in Westland
in response to the Mt Adams landslide of
1999, which deposited ~ 107  m3 of sediment
into the Poerua Gorge, forming a temporary
landslide dam (Hancox et al., 1999, 2005;
Davies, 2002; Davies et al., 2005; Davies
and Korup, 2006). Following a landslide
dambreak flood that caused some moderate
bed aggradation, the river has, in the
following six years, aggraded the land at the
gorge exit, forming an active alluvial fan and
destroying a farm. Had this event occurred
in a different place, it could have devastated
a township or other facility. Situations like
this cannot realistically be managed by flood
control structures, especially considering the
large rainstorms (~ 600  mm in a day) not
uncommon in the area, because they are
too intense and too rare in a given locality.
However, the strategy of managing flood
risks by modifying societal behaviour to
avoid intensive use of flood-prone land can
be extended to manage the risks due to these
rare extreme events.
In summary, self-formed rivers are adjusted
so that the water they carry is able to transport
the sediment supplied by denudation to base
level at the rate it is supplied. The morphology
they adopt to do this is that which maximises
sediment transport capacity, so artificial
alteration of the river’s form can only
decrease the sediment transport capability of
the river. In principle, then, any alteration of
the natural morphology of a river will tend to
cause long-term changes in its characteristics:
aggradation/degradation to increase slope,

and/or bank erosion to increase the width.
The locations most likely to suffer this
change of characteristics are those where
sediment is already in temporary storage,
that is, in areas with gentle surface slope
and even topography such as floodplains
and alluvial fans—which is precisely where
human development is most intense. The
reduction in sediment transport capacity
will give rise to bed aggradation in the
upstream part of the reach, and degradation
in the downstream part if the downstream
boundary conditions allow it (for example,
if the trained reach extends to base level,
reduction of water surface level there is
impossible), and probably also accompanying
bank erosion. This principle clearly has
serious implications for river management,
particularly management of flood water level
and hazard.

capacity, resulting in aggradation,
steepening and bank erosion. There is a
great deal of evidence that this effect has
occurred in many managed rivers in New
Zealand.
4. If the river width can be reduced
substantially the natural sediment
transport capacity can be equalled or
exceeded; however this is very expensive
to accomplish and maintain, and only
feasible where the adjacent land is of high
value.
5. In lower-value land the only realistic,
sustainable flood risk management strategy
is to adjust the behaviour of society so that
assets are not vulnerable to the natural
behaviour of rivers. This has the additional
advantage of being easily extended to
manage risks from even very rare events
of very high magnitude, for example those
caused by coseismic landslides.

Conclusions
1. Flood risk management involving
modification of rivers must take account
of the likely response of the river to
management. In particular, an active river
can be expected to respond significantly
and in a troublesome fashion if its ability
to transport bedload sediment through
the managed reach is altered.
2. The long-term average sediment transport
capacity of a naturally-self-forming river
reach is equal to the long-term average rate
at which sediment is supplied to the river
reach from upstream.
3. There is good reason to believe that
natural river reaches are self-adjusted
so that the water flowing in them can
transport sediment at a rate that is a local
maximum. In that case, any moderate
degree of alteration of a river’s form must
cause a reduction in the sediment transport
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