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ABSTRACT

Braided rivers change their geometry so rapidly, thereby modifying their boundaries and flood-
plains, that key management questions are difficult to resolve. This paper discusses aspects of braided
channel evolution, considers management issues and problems posed by this evolution, and develops
these ideas using several contrasting case studies drawn from around the world. In some cases,
management is designed to reduce braiding activity because of economic considerations, a desire
to reduce hazards, and an absence of ecological constraints. In other parts of the world, the eco-
logical benefits of braided rivers are prompting scientists and managers to develop strategies to
preserve and, in some cases, to restore them.

Management strategies that have been proposed for controlling braided rivers include protecting
the developed floodplain by engineered structures, mining gravel from braided channels, regulat-
ing sediment from contributing tributaries, and afforesting the catchment. Conversely, braiding and
its attendant benefits can be promoted by removing channel vegetation, increasing coarse sediment
supply, promoting bank erosion, mitigating ecological disruption, and improving planning and devel-
opment. These different examples show that there is no unique solution to managing braided rivers,
but that management depends on the stage of geomorphological evolution of the river, ecological
dynamics and concerns, and human needs and safety. For scientists wishing to propose ‘sustain-
able’ solutions, they must consider the cost-benefit aspects of their options, and the needs and
desires of society. This requires an interdisciplinary approach linking earth scientists and social scient-
ists concerned with environmental economics, planning, and societal and political strategies, in order
to fully evaluate the economic and social validity of different options for different time-scales.

Keywords Human impacts, river restoration, flooding risk management, channel adjust-
ment, ecological conservation, geomorphological sensitivity, braided rivers.

INTRODUCTION

Braided rivers are strongly influenced by high
sediment delivery from nearby sources (e.g. glacial
outwash, torrential tributaries) coupled with lower
sediment throughput due to hydraulic conditions
(primarily gentle slopes). They are sensitive to
changes in their flood regime or sediment influx, and
can completely modify their geometry over a few
decades (Ferguson, 1993). Common braided river

adjustments to changing environmental condi-
tions typically include both narrowing (Kondolf,
1997; Nakamura & Shin, 2001; Liébault & Piégay;,
2002; Surian & Rinaldi, 2003), and widening (Lyons
& Beschta, 1983; Page et al., 2000). Moreover, rivers
can shift from other planforms to a braided pattern
when human activities accelerate sediment delivery
processes. At the same time, climatic conditions and
human influences that reduce sediment production
can have the opposite effect, with braiding slowly
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diminishing through time. Thus the dynamic nature
of braided rivers makes it difficult for societies to
both predict the direction of their evolution and
maintain nearby and associated infrastructure.

Braided channels are rarely in a steady state
and are indicative of a valley bottom still actively
undergoing construction. In undeveloped floodplain
areas, braided rivers are considered part of the
natural environment and are typically preserved
because of their associated ecological richness. How-
ever, when permanent infrastructure is built in
such active floodplains many problems can occur.
This problem is particularly acute in central Japan,
where rivers drain steep mountains with unstable
geology, large-scale landsliding and intense rain-
fall, which is coupled with densely populated and
sensitive alluvial plains (Nishiyama & Miyazaka,
2001; Maita and Shizuoka River Work Office,
2001).

In response to these problems, scientists and
engineers have sought to reduce braiding activity,
particularly where braiding results from human
impacts or degrades resources, ecological diversity
and human safety. Examples of this approach can
be found in the northern island of New Zealand or
Japan (Marutani et al., 2001). Conversely, in other
parts of the world, the high ecological value of
braided rivers has led to technical approaches
and management strategies to preserve and, in
some cases, restore braided conditions (Bornette
& Amoros, 1991; Gilvear, 1993; Ward et al., 1999).
Some braided rivers are extremely productive
biologically, such as the Fraser River in British
Columbia or the Waitaki River on the southern
island of New Zealand, where Chinook salmon
fisheries are of national significance (James, 1992).
This paradox of opposing management strategies
for braided rivers can be seen with reference to
Pine Creek in Idaho, USA and the Drome River in
France (Kondolf et al., 2002) (Fig. 1).

The aim of this paper is to propose a conceptual
model for the temporal evolution of braided
rivers, consider the implications of this behaviour
from social and ecological perspectives, and pro-
vide several contrasting case studies from around
the world that illustrate the way managers and
scientists approach the issues of braided river
management in different landscape, societal and
ecological contexts.
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Fig. 1 Contrasting directions of channel planform
evolution due to changes in catchment sediment yield,
and consequent directions of intended restoration in Pine
Creek, Wyoming, USA and the Dréme River, southern
France (From Kondolf et al., 2002; with permission from
Elsevier).

The conceptual model of braided river temporal
trajectory

Braided rivers can be distinguished according
to their stage of evolution and the human and
ecological benefits they provide. These attributes,
in turn, result directly from the relation between
sediment supply and braiding intensity (Fig. 2).
A braided river typically aggrades and widens
when sediment supply is high, thereby progress-
ively occupying more and more of the valley
bottom; this is referred to as the expansion phase.
The active channel shifts laterally, either by bank
erosion or avulsion. Considerable economic costs
can be incurred if the valley bottom is developed
during this phase. On the other hand, under con-
ditions when sediment supply or peak flows are
reduced, referred to here as the contraction phase,
braided rivers typically narrow and incise their beds.
This degradation, in turn, can destabilize bridges,
dams, erosion control works and other infrastruc-
ture. It is proposed, therefore, that the social and
economic costs and benefits associated with braid-
ing therefore follow a bell-shaped curve, with the
greatest human benefits occurring in the middle
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Fig. 2 Conceptual framework for understanding the relationship between braiding intensity as a function of sediment
supply and the ecological and human benefits derived from braided rivers. Braiding intensity (dotted grey line)
decreases with decreasing sediment supply: t1 and t2 represent time-points along a trajectory of evolution from high
sediment loads, high braiding intensity (‘expansion phase’) to low sediment supply, low braiding intensity (‘contraction
phase”). Social and economic benefits of braided rivers (solid black line) describe a bell-shaped curve, with intermediate
levels of braiding providing the most benefits. Ecological benefits (dashed black lines) of braided rivers differ from one
system to another according to other parameters (low flow conditions, turbidity, o versus 8 diversity). Following trend
A, ecological diversity has a peak in intermediate levels of braiding, mostly in riparian environments. Some rivers can
also follow trend B (e.g. Fraser River, Platte River) providing ecological value not only at the intermediate levels of
braiding, but all along the braiding stage; their ecological interest diminishes once the gravel surface area decreases,
and the associated optimal habitat conditions are no longer present.

section of the trajectory (Fig. 2). Ecological benefits
associated with the trend from high to low braid-
ing intensity are more complex (Fig. 2). In some
of the examples discussed below, extremely low or
high braiding intensity is associated with poor
riparian and aquatic habitat conditions, while in

other examples the full spectrum of braiding con-
ditions promotes ecological diversity.

The above conceptual model suggests that it
is important to understand both the stage and
trajectory of river evolution before managing a
braided river to solve immediate problems such as
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loss of property due to bank erosion, flooding, or to
improve ecological conditions. Such an approach
allows managers to evaluate the potential efficacy
of proposed actions and likely future problems.
This conceptual model therefore helps managers
to anticipate changes and consider management
options across longer time-scales.

To amplify these points, examples drawn from
around the world, of braided rivers in both their
expansion and contraction phases, are presented.
Drawing on the conceptual model, it is emphasized
how the geomorphological dynamics of these
systems in different phases affect both ecological
functions and social costs and benefits.

Examples of expanding braided systems: the Waiapu
and Waiapoa Rivers in New Zealand

The Waiapu and Waiapoa Rivers (ca. 1800 and
2000 km? respectively) are located on the East
Coast of the North Island of New Zealand and rep-
resent good examples of braided rivers in their
expansion phases with associated negative conse-
quences. In this setting, the intrinsically high rates
of geomorphological activity and associated erosion
and sedimentation have been accelerated by the
extensive deforestation associated with European
settlers as they began pastoral farming between 1880
and 1920 (Hicks et al., 2000). In particular, the
clearing of native forest initiated gullying in the
headwaters of the Mangatu and Waipaoa Rivers,
resulting in a cumulative eroded area of 290 ha in
1939 and 1250 ha in 1960 (DeRose et al., 1998).
The rivers have undergone substantial changes
over this period. As reported in the Tairawhiti—
Conservation Quorum (1998, issue 14, pp. 5-6),
Stanley Tait, who was born in Whatatutu in 1897,
described the Waipaoa early in the last century as
*hard and full of huge boulders. The water was clear and
sweet and it ran fast. Children swam in the clear pools
and there were eels, native trout and freshwater mussels’.
Brush had been burned between 1890 and 1910
for sheep grazing but the roots still held the soils
for several years. In the early 1930s, earthflow and
gully development increased suspended and bed-
load sediment input to channels, inducing channel
aggradation and widening. A reach 60 m wide in
1896 attained 400 m in width by 1939. Aggradation
buried fertile river terraces, tracks and buildings,
and greatly reduced the navigability of rivers.

Photographs show how rapid sediment delivery
buried a large debris trap built in the Te Weraroa
stream in the Waipaoa river basin (Peacock, 1998)
(Fig. 3). Active aggradation has also been reported
at the Rip bridge crossing the Raparapaririki stream
(Hudson, 1998). In March 1988, after Cyclone Bola,
the bed of the river buried the lower third of the
piers. By 1994, the deck of the bridge was barely
above water. In 1995, the deck of the bridge was
removed and by 1998 no trace remained of the
bridge. A new bridge was constructed downstream.

The lower reaches of the Waiapu River and its main
tributaries are still aggrading and widening today,
affecting infrastructure, private property and eco-
logical diversity. With the Waipaoa River aggrading

Fig. 3 (A) Large debris trap built during the 1950s in
the Te Weraroa Stream, New Zealand. (B) The same
structure overwhelmed by high sediment loads derived
from an active gully immediately upstream.
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2to 5 cm yr, flood control schemes and reservoirs
are steadily losing capacity, increasing the risk of
flooding in townships such as Te Karaka. High sus-
pended sediment concentrations, low discharges,
and shallow flows disrupt and limit fish habitat. Few
species and low abundance of fish are observed in
these rivers. Due to aggradation and widening, the
active channel occupies most of the valley bottom,
eroding the foot of the valley sides. Where the
valley bottom still exists, channel aggradation is so
rapid that riparian vegetation cannot easily become
established on channel bars and floodplains.

These two rivers clearly display negative effects
associated with the rapid increase in braiding
intensity due to high introduced sediment loads.
Although the floodplains in this region are relat-
ively undeveloped by global standards, impacts
on human infrastructure and ecosystems are still
severe.

Examples of contracting braided systems: the French
Alpine rivers

Both expansion and contraction phases have been
observed in French braided rivers that aggraded
during the modern period (17th to 19th centuries),
and then degraded after 1880 (Bravard, 1989;
Kondolf et al., 2002; Liébault, 2003). The initial
expansion phase was driven by human land-use
changes due to increased population density in rural
areas of the French Alps, which reached a max-
imum during the mid-19th century (Taillefumier &
Piégay, 2002). By the end of that century, hillslope
farming and overgrazing had increased both sedi-
ment delivery to the rivers and the frequency
of peak flows. Photographs taken at the end of the
19th century reveal extensive braided rivers that
generally occupied all of the valley bottoms with-
out riparian forests, and with channels directly
in contact with active alluvial fans (Fig. 4). This
trend occurred during a period when economic
development and increasing technical and finan-
cial capacity promoted the construction of import-
ant infrastructure, such as bridges and dykes, to
improve transportation and prevent floods.

Since the end of the 19th century, the cumulat-
ive effect of human activities has been to reverse
this trend. Many braided reaches have been de-
stroyed by embankment protection measures, as dis-
cussed by Bravard et al. (1986) for the upper Rhone.

Fig. 4 Landscape of the valley bottom of the Ubaye
River immediately downstream from Barcelonnette,
France, in (A) 1894 and (B) 1996. The Rioux Bourdoux
is the prominent tributary to the Ubaye; this tributary
was called ‘the Monster” 100 yr ago. (The photograph
of 1894 has been provided by Restouration des terrains
de montagne (RTM), Digne.)

Moreover, changing land-use activities, in-channel
mining, upland afforestation and dam construction
in headwater areas have resulted in a large sediment
deficit in braided rivers, inducing a progressive
metamorphosis and incision (Bravard et al., 1999).
For example, the Fier and the Arve Rivers in the
northern French Alps incised up to a maximum of
12 to 14 m (Peiry et al., 1994). Of the few braided
rivers still active in the French Mediterranean
piedmont area, many have undergone significant
narrowing. Some of those located in the northern
piedmont area, such as the Ain River, changed from
a braided to a sinuous single-thread and locally
meandering channel (Marston et al., 1995).
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The consequences of these changes are that
specific channel environments, such as braid bars
and islands, are being lost (Bravard & Peiry, 1993)
and that preserving the last braided corridors
will require deliberate action and management.
Underscoring the need for such action is the
recognition that braided rivers support valuable
ecosystems (Michelot, 1994) and represent our
natural heritage. Another problem concerns the
stability of infrastructure, for example, dyke com-
plexes built a century ago are being undermined
by channel degradation of 2 m or more. This is a
fairly common situation along many reaches, and
can lead to dyke failure during floods. On the
Drome River, 7.5 km of dykes are now destabilized
(12% of the total length). Bridges are also destroyed
during floods by pile undermining, requiring pro-
tection by weirs. In the case of the Drome catch-
ment, 64 bridges (one of which was destroyed in
1995 and another destabilized in November 2003)
are protected by weirs that require regular main-
tenance. Where channel degradation is ongoing,
some weirs have been restored or protected by a
second weir located immediately downstream.
This is the case in the Arve River where a weir was
built in 1984 to stop incision, then restored in 1996
and protected by a new one downstream in 2001.

Ecology and temporal evolution of braided rivers:
theory and examples

Although the bell-shaped cost-benefit model
appears reasonable for issues surrounding human
impacts associated with braided rivers (e.g. bank
erosion, flooding, and risk to property in valley
bottoms), the form of the trend is more complex
when considering ecological impacts and benefits.

It is recognized that intermediate braiding activ-
ity can provide high ecological values for riparian
ecosystems. Braided channels shift course within
the floodplain, destroying old riparian units, and
creating new ones with a variety of physical con-
ditions, thereby favouring higher plant diversity
(Hirakawa & Ono, 1974; Pautou & Wauillot, 1989).
Theoretically, diversity of riparian tree species will
be maximized where braiding intensity is some-
where between the extreme expansion phase, where
seedling establishment is inhibited and plant
mortality high, and the contraction phase, where
flood disturbance is insufficiently frequent to reset

and renew riparian surfaces (Fig. 2—trend A). This
intermediate disturbance condition may provide
both exposed mineral soil conditions for pioneer
species to become established, and relatively stable
‘safe sites” where mid- and late-successional species
can survive. This model corresponds to the Inter-
mediate Disturbance Hypothesis developed by
Connell (1978).

Braided rivers can, however, provide ecological
value throughout their temporal trajectory. In
particular, during their expansion phase, braided
rivers provide unique animal habitats, such as
gravel bars for avian resting, or in-channel rearing
and spawning areas for fish species (Fig. 2—trend
B). Ecological potential, therefore, does not follow
a simple bell-shaped curve but may be high for
rivers with significant braiding and then diminish
once the gravel surface area decreases, and optimal
habitat conditions are no longer present.

An example from the Platte River in central
Nebraska, USA, illustrates such an ecological
trend. The Platte River has historically been a
major resting and breeding site for many species
of migratory birds. It currently provides critical
habitat for the migration of endangered whooping
cranes (Grus americana) and 90% of the world’s
population of lesser sandhill cranes (Grus canadensis),
along with millions of ducks and geese, over 200
other species of migratory birds, and a range of
other endangered or threatened plant, clam and
fish species (Johnsgard, 1991; Farrar, 1992). Over the
past 100 yr, dams and diversions have reduced
peak flows and sediment supply to the braided
reaches of the Platte, while irrigation returns have
increased base flows (Williams, 1978; Nadler &
Schumm, 1981). Reduced peak flows do not scour
sandbars, thereby preventing woody vegetation
establishment. Instead, the channel has narrowed
and incised, and woody vegetation, primarily
cottonwood (Populus deltoides) and willow (Salix
exigua), has colonized the once active braid bars and
meadows, further restricting lateral migration of
the river. The river went from being 450 m wide
in the early 1900s to a single thread channel just
100 m wide by 1970 (Fig. 5). Reduced instream
flows have also affected adjacent wet meadows
and mesic prairie ecosystems by lowering ground-
water tables and surface flow (Sidle et al., 1989).
These planform and groundwater changes have
so altered the structure of riparian habitats that the
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Fig. 5 Transformation of the South Platte River from a multi-thread braided river to a single thread meandering river.
(A) Early 1800s: flows are intermittent and transient bars dominate channel. (B) Late 1800s, discharge is perennial due
to irrigation returns, vegetation is stabilizing bars and encroaching on floodplain. (C) Early 1900s, low flow during
droughts allows vegetation to establish below mean annual high water level, bars become stable, vegetated islands and
a single-thread channel forms. (D) The modern single-thread channel and densely wooded floodplain. Braided patterns
on floodplain are vestiges of historical channels. (Modified from Nadler & Schumm, 1981.)

sustainability of migratory and resident birds and
other biota is in question.

Along with birds, other studies have demon-
strated the ecological importance of braided river
patterns for fish and invertebrate communities
because of the diversity of in-channel habitats
(Church et al., 2000; Rempel et al., 2000). Church
(2001) described how the braided Fraser River in
British Columbia, Canada is one of the most pro-
ductive rivers in the world, providing complex
channel habitat for spawning and rearing fish.
Around 30 fish species such as the chum (Oncor-
hynchus keta), pink salmon (O. gorbuscha), coho
(O. kisutch), chinook (O. tshawytscha) or sockeye
salmon (O. nerka) were identified as utilizing
braided reaches of the Fraser. Similarly, valuable
habitat for fish with associated high sport fishing
value is found in the braided rivers of southern
New Zealand (Mosley, 1982). For example, sockeye
salmon, brown trout and rainbow trout utilize the
braided Ohau river. Graynoth et al. (2003) stated that
because of its width and large number of braids

the lower Waitaki River might support more trout
per kilometre than most New Zealand rivers
(Table 1). Key habitat features include large riffles,
runs and braids suitable for spawning by Chinook
salmon, while brown trout spawn in the smaller
main channel braids as well as the tributaries.
The Waitaki River also provides suitable habitat
for several species of native fish, such as upland
bullies in most braids, and long finned eels in
braids where vegetation and debris provide cover.
Jellyman et al. (2003) indicated that the value of this
river is mainly in its middle reach, and depends
on a wide range of habitats and water types access-
ible for a variety of fish species to use. As braid-
ing intensity decreases due to changing discharge
and bedload delivery, the braided river structure
may retain enough internal heterogeneity to main-
tain a given level of biodiversity until the braided
structure disappears entirely (Mosley, 1982).

The ecological value of braided rivers requires
consideration in any plan for sustainable manage-
ment. As discussed in the next section, the challenge
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in such schemes is to find a reasonable equilibrium
between satisfying immediate human needs and
environmental preservation, which in the long run
will guarantee sustained human needs. Such an
equilibrium is not easily reached when braiding
is both a social problem and has high ecological
values. The two objectives are easier to reconcile
during the contraction phase of evolution.

SUSTAINABLE MANAGEMENT OPTIONS FOR
BRAIDED RIVERS

Balancing sustainable development of braided
river valleys without compromising natural river
ecosystem functions is a complex task. In this
section strategies for achieving this, drawing on
global examples, are established.

Expansion phase
Protecting development against flooding at the reach scale

One popular approach to reducing the flooding and
bank erosion risks of an actively braided river is
to remove excess gravel; this may also prevent
rapid avulsions. Kondolf (1994) reported the case
of the Waimakariri River near Christchurch in
New Zealand, which transports 150,000 m® yr™ of

Table 1 Subjective assessment of the relative importance (%) of the tributaries and different sections of the
lower Waitaki River for fish spawning, rearing and fishing (From Graynoth et al., 2003, p. 34)
Species Function Tributaries Section | Section 2 Section 3
Brown trout Spawning 50 5 45 0
Juvenile rearing 40 5 50 5
Adult rearing 30 10 50 10
Fishing 20 10 50 20
Salmon Spawning 12 6 82 0
Juvenile rearing 5 3 82 10
Fishing 0 0 40 60
Rainbow trout Spawning 90 0% 0 0
Juvenile rearing 35 20 40 5
Adult rearing 9 40 50 |
Fishing 9 40 50 |
*Assumes some juveniles originate from Lake Waitaki.

sediment from the Alps and aggraded an average
of almost 3 m over the downstream-most 15 km
between 1929 and 1973. During this period, a
reach-averaged depth of almost 6 m of gravel and
sand was extracted, saving the town of Christ-
church from channel avulsion (Basher et al., 1988).

Where there is high regional demand for gravel,
most braided rivers have been heavily mined
because of the high gravel quality, ease of mining,
and proximity between sites of production and
consumption. Gravel extraction is an effective
solution where both flood risk and demand for
gravel is high, but excess gravel extraction may
cause other problems, as discussed below. In
France, where gravel extraction has been prohib-
ited since 1994, along with other Mediterranean
countries, excess gravel mining has resulted in
dramatic channel degradation (Kondolf, 1994;
Rinaldi et al., 2005).

Using gravel extraction as a solution to heightened
flood risk is more problematic in regions where
there is no demand for gravel as a resource, and
the cost of gravel mining and storage must there-
fore be directly borne by local inhabitants. In
such situations, gravel extraction is expensive and
difficult to maintain, and involves complex trade-
offs among different stakeholders and users.
Ultimately, the issue becomes how to best satisfy
the legitimate needs of flood protection, without
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Fig. 6 Potential models of change in the level of protection to the Poverty Bay floodplain, Waipaoa mouth, East Coast

region, North Island, New Zealand. (From Peacock, 1998.)

wasting a gravel resource of high quality and
degrading the river’s conditions to the extent that
other users and resources are compromised.

The immediate risk of flooding can often be pre-
vented by developing engineering structures. This
approach may be necessary if existing conditions
or time lags prevent the use of other countermea-
sures. For example, as described by Peacock (1998),
by 1995 about 30% of the upper Waipaoa in New
Zealand was afforested, resulting in a 5% reduc-
tion in gravel entering the river. However, affore-
station is only an effective strategy on a long-term
(multidecade) basis, and a large quantity of gravel
had already been delivered to the channel. This
material is temporarily stored in the upper reaches
of the river and will progressively move down-
stream for years. The best solution in the short
to medium term (years to decades) is therefore to
upgrade the dykes in order to protect settle-
ments, coupled with the construction of diver-
sion cuts (Fig. 6). In the long term, because of the
negative environmental consequences and recurr-
ing costs of such works, new approaches must be
developed.

The case of New Zealand’s Waiho River is a good
example of an alternative approach (Rouse et al.,
2001). To combat continuing river aggradation,
which increased bed elevation by 5 m in the past
20 yr, with the associated risks of avulsion and
damage to local infrastructure, one option was to
raise the levees or stop banks. Studies showed
that the aggradation was not natural but associated
with the reduction of the apex sector angle of the
river fan by the river-control stop-banks (Davies
& McSaveney, 2001). Some argued that raising the
levees would increase the chance of seepage or
piping-driven collapse of banks, with increased
risk of flooding, and would also increase the costs
of maintaining development in the protected area.
An alternative option was the continued protection
of the right bank but removal of the left one and
relocation of its inhabitants.

Reducing sediment delivery to decrease braiding intensity
Excess sediment produced by unstable montane

hillslopes in the European Alps sparked develop-
ment of major mountain restoration programmes



266 H. Piégay et al.

in France, Italy, Germany and Austria. These fol-
lowed the pioneer works of Demontzey (1882) in
the Ubaye catchment, where a torrent called the
‘monster’—the Rioux Bourdoux—received most
of the attention (Fig. 4). In the Droéme catchment
in southern France, 16% of the basin (ca. 13,000 ha)
was afforested by the Mountain Restoration Services
mainly between 1887 and 1917. Between 1863 and
1887, foresters prepared the area by building engin-
eered structures designed to reduce the river’s
slope and decrease gravel output (i.e. check-dams
of various heights constructed with wood or piers).
Valley walls were also stabilized by wooden struc-
tures. Between 1887 and 1917, the previously sta-
bilized slopes were afforested (Liébault, 2003).
These pioneering approaches led to the construc-
tion of ‘sabo dams’ to trap sediment from debris
flows, and broad flats at the base of the slopes
to dissipate flow energy and promote sediment
retention. Such structures have been built all over
the world, most notably in Japan, where the first
structures were established on the Ishikari River in
Hokkaido (Marutani et al., 2001).

Afforestation policies to reduce sediment input
from landsliding are actively pursued in the
Gisborne-East Coast region of New Zealand. About
16% of the region is planted in exotic forest with
an average annual planting rate of ca. 6500 ha. In
1955, the government approved a plan to buy the
worst eroding land from the farmers in order to
plant closed-canopy forest. Erosion control plant-
ing began in 1960. Research demonstrates that the
landslide rate under forest is about ten times less
than under pasture (Hicks, 1991; Marden & Rowan,
1994). Following replacement of grazed areas by
forest, sediment production from 11 gullies in a
4km® area in the Waipaoa headwater area de-
creased from 2480 t ha™ yr™' during the 1939-1958
period to 1550 tha™ yr™' between 1958 and 1992.
Among the 315 gullies observed at Mangatu
forest in the Waipaoa catchment in 1960, only 102
gullies remain today. Reforestation has both con-
tributed to stabilization of many small gullies and
prevented formation of new ones.

In pursuing an afforestation approach to reduc-
ing sediment delivery to streams, knowledge of
land type and storm magnitude—frequency zones
enables better targeting of landslide susceptible areas
and therefore more effective restoration strategies.
For example, a reduction of 50% in landslide-
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Fig. 7 Percentage of difference in landslide-derived
sediment for targeted versus random reforestation
strategies. (From Reid & Page, 2002, with permission
from Elsevier.)

derived sediment can be achieved when only 12%
of the catchment area is forested if priority is
given to areas sensitive to landsliding (Fig. 7). On
the other hand, the same reduction would require
treating 30% of the catchment area if reforestation
was distributed randomly. Sediment reduction
through reforestation of landslide areas is a long-
term solution, however, and may require additional
measures for short- to medium-term protection.
For example, sediment production from the two
major landslides of the Waipaoa catchment, the
Mangatu (27 ha) and the Tarndale (20 ha), gen-
erated 73% of the total basin output between 1939
and 1958. From 1958 onward, reforestation de-
creased their surface area by only 5% and 30%,
respectively, and although sediment production was
decreased the two landslides were still producing
95% of the sediment between 1958 and 1992.
Reducing the negative consequences of high sedi-
ment transport and braiding in downstream rivers
therefore requires additional countermeasures.

Balancing human needs in active braided systems

Geomorphological analysis coupled with careful
management and engineered interventions can
achieve multiple objectives in braided rivers. The
Fraser River in central British Columbia, Canada,
for example, poses significant flood hazards to
those communities and urban areas that border it,
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although population densities in these areas are
not high by global standards. Flood risks are grow-
ing for several reasons. A 100-yr period of dyking
and channel training works directed at reducing
the lateral instability and migration of the channel
has restricted access of the river to its floodplain
and wetlands, thereby increasing in-channel flows.
Simultaneously, the natural trend of bed aggrada-
tion across the river’s alluvial fan at the gradient
and valley width transition between the mountains
and the lowlands has been exacerbated by dykes
and levees that concentrate coarse sediment de-
position in the main channel (Church & McLean,
1994; Church et al., 2001).

The complexity of river management in the
Fraser Valley is further heightened by the river’s
ecological value. The distinctive behaviour and
planform morphology of this gravel braided river
create unique aquatic and terrestrial habitats,
including those associated with bars, islands and
secondary channels, that are threatened if braiding
is suppressed by levees or flow diversion. The
quality of the habitat is such that the 10 species of
salmonid fishes found in the Fraser represent the
greatest abundance of salmon for any river in the
world (Northcote & Larkin, 1989). The lateral and
vertical instability characteristic of braided chan-
nels is required to renew and maintain the unique
habitats that support these fish communities.

River managers and policy makers therefore face
complex trade-offs among measures to reduce
flood risk, limit lateral instability, whilst at the
same time maintaining aquatic habitat. They have
adopted an approach that calls for selective and
carefully monitored gravel extraction as a means
of reducing flood risk in aggrading reaches with-
out sacrificing river morphology. To accomplish this,
they commissioned a detailed geomorphological
study and sediment budget for the most actively
aggrading reach (Church et al., 2001).

As a result of this analysis, long-term gravel
recruitment rates were used to establish recom-
mendations for gravel extraction rates and locales
(Church et al., 2001). Specific recommendations
called for extraction to occur in ways and over time-
scales that maintained the overall flux of sediment
through the reach and the stability of the bar sys-
tem. Moreover, extraction was designed to mimic
sedimentary features that create irregular bar
edges in order to maintain physical microhabitat

features (Fig. 8). Finally a focused programme of
monitoring was called for to assess the effects of
extraction as they occurred and modify the plan as
necessary.

The Fraser River therefore represents an example
of how studies designed to understand the geo-
morphological template and processes creating
that template can be used to direct management
activities in such a way that multiple objectives for
both risk reduction and ecosystem maintenance can
be achieved.

Contraction phase

Widespread loss of braided features, as has oc-
curred throughout southern Europe over the past
100 yr, heightens the ecological value of braided
rivers and has led to efforts to actively restore
some degree of braiding by various means while
still managing flood risks. However, although
there are ecological reasons to reduce incision, the
primary motivation is typically to protect infras-
tructure from undermining (Fig. 9).

Increasing sediment delivery to stop channel degradation

Efforts to increase sediment delivery to channels
stand in stark contrast to the many efforts world-
wide to reduce erosion, and therefore require
deliberate planning. For example, in 1997 the
regional master plan SDAGE (Schéma Directeur
d’Aménagement et de Gestion des Eaux) recognized
that bedload is a key functional element of river
ecosystems of the Rhone basin, France, and that such
resources have to be managed in a sustainable
way. A variety of measures were taken in order
to prevent and limit channel degradation. Trad-
itional civil engineering techniques, such as weir
construction to slow down channel degradation,
were considered as well as supplementing sediment
supply and helping to restore natural erosional
processes. Managers also defined new rules for
sediment management, banning mining and regu-
lating gravel removal that was being utilized to
reduce flood risk.

These measures led to the development of the
streamway concept: the idea of defining a band
within the valley bottom in which bank erosion is
accepted. Guidelines published in 1998 (Malavoi
et al., 1998) explain the technical background



268 H. Piégay et al.

Channel Nook

Open Nook

Bar Edge

=
=

-~ Channel Nook

Bar Tail

Bar Head

Open Nook

Riffle

Eddy Pool

Fig. 8 Microhabitats associated with
braid bars identified for the Fraser
River by Church et al. (2001). These
habitats were, in turn, associated
with specific fish assemblages.

and help decision-makers implement the concept.
Some aspects of the concept seem counter-intuitive.
For example, continued bank erosion in reaches that
are undergoing degradation is actively encouraged
and anticipated to promote aggradation of the
active channel. Following SDAGE, the French
Government introduced several new regulations,
including that as of January 2001 mining is no
longer allowed in the streamway, which must be
mapped on any channel length greater than 5 km
where mining is presently occurring. In addition,
landowners must recognize that some degree of
river planform change must be accepted in the
stream-way to preserve or restore fundamental
hydro-logical and geomorphological processes.
The law allows owners to be exempt of any liability
in relation to these charges.

In the Drome catchment, an integrated manage-
ment study released in 1997 promoted measures to

help the river aggrade by sediment augmentation.
The Forest Service, which is the agency in charge
of torrent regulation and forest management in
the basin, and therefore responsible for controlling
channel degradation, has implemented new prac-
tices. Several different methods are used to return
gravel to the river in places where it was previously
removed by gravel mining. Sediment trapped
upstream from grade control weirs is now moved
past the weirs and allowed to continue to move
downstream. Trenches are constructed in the axis
of the channel in aggrading braided reaches in
order to concentrate the flow in a single channel,
and increase the capacity of the reach to transport
gravel that has been mechanically deposited at
the channel margin.

Measures are also being introduced to increase
the sediment delivery capacity of the basin. After
identifying target incised reaches, the bedload
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Fig. 9 Photographs showing destabilization of
infrastructures within the Drome catchment (France)
because of channel degradation. (A) Bridge at Die
destabilized during the November 2003 flood.

(© F.Liébault.) (B) Undermined weir at Luc-en-Diois
requiring restoration.

transport of potential conveyor tributaries upstream
is surveyed for 6 yr. This helps determine potential
sources of sediment for supplying downstream,
degraded reaches, taking into account the annual
transport distance for bedload and protecting sup-
ply over a 10-yr time-scale. The geology (lithology)
of the watershed is also used to identify possible
sediment sources in the basin and evaluate the
connectivity of these erosion sites to the stream
network.

The next phase (2003-2006) of this programme
will be to test this approach under the auspices of
the European LIFE programme ‘Forests for Water’.

Hydraulic modelling will be done to assess the
capacity of the conveyor channels to transport
more sediment downstream and to identify some
intermediate segments where the bedload could
be stored. Some pilot sites will then be selected,
and engineering and forestry measures will be
implemented to reduce channel roughness and
resistance and promote gravel movement.

Improving the ecosystem quality of highly disturbed braided rivers

When it is not possible to modify the sediment sup-
ply regime and thereby slow down channel evolu-
tion, mitigation measures can be implemented at
the reach scale to improve the quality of remnant
ecosystems associated with braided rivers. For
example, restoration activities in the Platte River
have been underway since the late 1970s. Analyses
have revealed that availability of open channel
and wet meadow roosting and foraging habitats
are most critical for preserving crane populations,
and restoration activities have focused on increas-
ing these habitat types.

Restoration of open river channels to create crane
roosting habitat began in 1982 and is accom-
plished through removing woody vegetation on

Fig. 10 Oblique aerial photograph of the Platte River,
Nebraska, Cottonwood Ranch study reach, taken 26
March 2003 (top of the photograph is west/upstream).
The channel has been engineered to recreate secondary
channels and wetlands. Sandy areas towards the top
and middle of the photograph along the right-hand
side of the middle braid have been stripped of trees.
(Photograph courtesy of Lawrence R. Davis, Davis
Aviation.)
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banks and sandbars (Fig. 10). The effectiveness, cost
and environmental impact of several potential
mechanical and chemical treatment combinations
for clearing operations were evaluated, and shred-
ding followed by disking was determined to be the
most effective and environmentally safe treatment
(Currier, 1991). Over 35 km of river channel have
been reclaimed using these methods. Follow-up
studies to evaluate crane use of roosting sites
have revealed that most crane roosts were in river
sections that had been mechanically cleared and
maintained (Platte River Trust, 2001). Restoration
of wet meadow habitat has proven more difficult,
primarily because river incision has lowered
groundwater tables. Heavy equipment is now
used to contour the land surface to recreate a sem-
blance of the historical ridge and slough topo-
graphy typical of the Platte River, or to maximize
the amount of wetland in a given area before
planting with native species. The effectiveness of
these techniques is now being evaluated (Currier,
1998).

Similar efforts are underway towards recovery
of the kaki (black stilt) along rivers such as the
Waitaki River in the south island of New Zealand.
The restoration programme was intended to mit-
igate adverse human impacts. Here, the aim was to
maintain a large active channel for habitat, retain-
ing flood-carrying capacity, and control exotic
weeds in the surrounding wetland to maintain
and restore feeding and nesting habitats.

Perhaps the most critical question for such pro-
grammes is whether long-term restoration goals
can be met without changing the flow regime of
the river itself. Particularly in semi-arid areas with
extensive agricultural development, such as the
Platte River, USA, the issue of how much water
can be allocated to river restoration is highly con-
tentious, with many legal and social ramifications.
In the case of the Platte, discussions among river
users, environmentalists and scientists are now
underway to determine what the flow require-
ments might be to maintain braid bars and open
areas for birds.

Balancing risk management and ecological improvement in former
braided rivers

Another approach to restoring a former natural
braided pattern involves removing bank revetments

and dykes. This type of approach is intended to both
prevent flood risks while improving the ecology of
the river, by providing more space for the river cor-
ridor, and recreating remnant alluvial dynamics.

Jaeggi & Oplatka (2001) described the case of
the Thur River, a tributary of the Rhine with a
drainage area of 1756 km? which was dyked,
deepened and straightened a century ago to pro-
tect cultivated floodplains from flooding. Despite
these measures, this area has had problems
because the reach is still vulnerable during large
floods due to extensive human developments
behind the dykes. At the same time, the ecological
integrity of the river has decreased due to the
control works.

Two types of measures have been promoted to
mitigate the effects of the engineered flood works:
(i) allowing the channel to widen by bank erosion,
which permits new gravel bars to develop,
increases bedload transport, improves fish spawn-
ing conditions and establishes pioneer riparian
vegetation; and (ii) locally enlarging the dykes to
re-establish hydraulic connections between the
perifluvial wetlands and the main channel. With
this second option, the managers expect to locally
restore a free meandering or, optimally, a braided
reach (Jaeggi & Oplatka, 2001).

The third correction of the Rhdéne, which is
in preparation in Switzerland under the aegis
of the Grand Conseil du Canton du Valais (see
www.vs.ch/Home2/fr/rapport/resume.html), also
illustrates this approach. By Swiss law any regu-
lation work must now respect or restore the nat-
ural pattern of the river as much as possible.

Restoration measures conducted on the French
border of the Rhine River are similarly based on
increasing connectivity between the embanked
channel and the disconnected floodplain. The
floodplain forest located on the reach of Erstein
(south of Strasbourg) is now periodically inun-
dated by the Rhine for renaturalization and flood
management purposes. It was flooded during
January 2004 for the first time since 1968, and eco-
logical monitoring is in progress to evaluate the
benefits of such measures. Such approaches have
also been utilized on strongly regulated rivers in
Austria and Switzerland. The Drau River located
in southeastern Austria, near Lienz, is undergoing
an ecosystem restoration project that allows the river
to move in a wider natural corridor.
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CONCLUSIONS

These different examples show that there is not
a unique solution to managing braided rivers.
Approaches vary depending on: (i) where the river
is in its temporal non-linear trajectory of geo-
morphological evolution; (ii) existing or potential
ecological values and benefits; and (iii) human
requirements for safety and protection of eco-
nomic interests. Each solution therefore depends on
a complex cost-benefit analysis appropriate to the
specific geomorphological, ecological and human
context. This framework suggests that developing
information to guide management decisions for
presently or formerly braided rivers can be organized
around a few key concepts. First, it is valuable to
know what the risk associated with the river is
in terms of flooding and loss of property. Second,
its ecological condition needs to assessed, which
may include considerations such as the abund-
ance and diversity of current and historical species
and populations, and other factors controlling
eco-system structure, including flow regime, tur-
bidity, the stream temperature and water quality,
and the extent of active and inaccessible floodplain
area.

From historical analyses, including historical
accounts, maps, photographs and channel meas-
urements, it should be possible to establish where
the river is located on its evolutionary trajectory
(Fig. 3). From this historical analysis coupled with
information about the current river and basin
condition (extent of erosion control works, dam
regulation of flows, overall basin-wide sediment
production), it should be possible to predict the
river’s likely future trajectory and therefore
expected consequences in term of socio-economic
and ecological benefits. In order to identify the best
management options, it is necessary to couple
this analysis with broader considerations of the
regional role and setting of a river system, both in
ecological and socio-economic terms.

A key issue here is how the river is perceived
and valued by its human inhabitants. This percep-
tion is critical to any management decision, and
it is not uncommon for experts and local inha-
bitants to disagree about what needs to be done.
In some cases, braided rivers may be viewed as
more problematic than more stable single-thread
channels. A survey done in the Roubion Valley of

France with local inhabitants (n = 201) using char-
acteristic photographs of river scenes (three pictures
showing straight reaches with a few bars, and six
pictures showing braided valley floors) showed
that the braided sections were not seen positively
(Fig. 11). A quarter of those surveyed preferred
riverscapes with abundant flowing waters, well-
developed green vegetation providing shade,
small areas with sand, and an overall feeling of tran-
quility. The presence of boulders and bedrock
outcrops was also appreciated by the respondents.
Boulders were cited as key elements explaining the
preference of 65% of the persons surveyed for
picture 7, one of the two most appreciated land-
scapes of the survey. Among the nine scenes, two
of the least appreciated landscapes were large
braided sections. The reasons given by the respond-
ents for their lack of preference included the fol-
lowing: lack of water, high surface area occupied
by gravel, the impression of an inhospitable and
barren desert, an area not attractive for human use,
and not pleasing. The impression of a uniform,
monotonous landscape partly explains why braided
rivers are not so popular with many. Moving for-
ward with some of the schemes and approaches
discussed here may require public education to help
rehabilitate the image and value of braided rivers
in the collective mind.

Major efforts by scientists over the past decades
have promoted interdisciplinary research to develop
sustainable solutions for river systems. The last
Gravel Bed River Conference in September 2000 in
New Zealand as well as The Braided River Conference
in Birmingham in April 2003 are good examples of
the increasing level of interaction among engineers,
geomorphologists and ecologists. Nevertheless, if
scientists wish to contribute to ‘sustainable” solu-
tions for managers, they should consider the socio-
economic and cost-benefit aspects of their options
together with general societal desires. This suggests
that developing options for braided rivers in the
future will require interdisciplinary teams of earth
scientists and biologists coupled with social scient-
ists concerned with environmental economics,
planning, and social and political strategies. New
approaches will need to be tested both against geo-
morphological and ecological criteria, as well as
economic and social viability. The real challenge
may be to reconcile the spatial and temporal
scales and methods of the various disciplinary



272 H. Piégay et al.

(A) Less appreciated riverscape (B) Picture 5
-« -
32
@
N~
™
N
2
@«
—
(]
N
o\oo
S X o
NS on R
0o
A\
b
[
N © O ~—~ N 0 N M = <
g 9o 9o oo 20
>0 3 3 3 3 3 3 3 ® S
P e e O~~~ -—
0 0 0 0 0 0 90 9 o ©
O 0 a aaaaalZ a

and institutional players and local inhabitants
involved with braided rivers.
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