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An assessment of the ecological status of French rivers was carried out at the end of 2004 by the Water agencies

and State services as part of WFD (Water framework directive) implementation. This work was a chance to

prepare an initial description of surface and groundwater bodies in each river-basin district and to identify in each

district the factors constituting obstacles to achieving good ecological status by 2015.

The status reports revealed that over 50% of surface water bodies were at risk of not attaining good status, due

notably to poor hydromorphological operation. Channelling and work on river banks undertaken since the 1950s

were, to a large extent, the cause of the malfunctions.

Today, it is clear that the good ecological operation of rivers and their corridors depends on maintaining the

natural geodynamic processes and the resulting geomorphological characteristics.

River hydromorphology has thus become, over the past few years, a highly useful scientific discipline in setting

guidelines for river management and restoration work.

Lying at the crossroads between a number of the Earth sciences (physical geography, geology, sedimentology,

hydraulics, hydrology), the discipline draws elements from them all and combines those elements into a specific

field of study. Hydromorphology has also been included for over 30 years in multi-disciplinary approaches to river

ecology, notably via the multi-disciplinary programmes for environmental research (PIREN).

At Onema, the leading public agency in France in charge of restoring water and aquatic environments to good

status, river hydromorphology is a fundamental field that is indispensable in providing technical support to public

policy-makers.

To meet the tight operational schedule for WFD implementation, we must mobilise top-notch scientific and

technical experts, reinforce our capacities for science advice and make the information available in a suitable

manner to the stakeholders of the water sector. This book is a major step in that direction.

"River hydromorphology. A primer" will no doubt interest teachers, students, instructors, etc. and provide water

managers and engineering firms with the necessary analysis methods and general guidelines for river management.

Patrick Lavarde,

General director of Onema
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I nitial definition of river hydromorphology

The scientific discipline now called river hydromorphology deals essentially with:
� physical processes determining river operation. This is the dynamic side of the discipline. Terms used
include "river dynamics" or "river geodynamics";
� the resulting river configurations. The term used here is "river morphology".
Though the WFD (EU Water framework directive) recently employed the term "river hydromorphology", the

name generally used for the scientific discipline is "river geomorphology". Another term that is no longer used,

but may still be found in older documents, is "potamology" (M. Pardé), which includes numerous hydrological

aspects, notably flooding.

The WFD also includes the operation of the hydrological compartments in the term "hydromorphology".

This aspect of hydromorphology will be addressed only in passing in this book, when looking at the role of

hydrology in geodynamic processes. The direct ecological impacts of hydrology, due in particular to alterations

(minimum discharges, hydropeaking, changes in flood regimes) will not be covered extensively here, indeed

they would require a complete book to cover the subject.

Caution. The term "hydrogeomorphology" is currently used restrictively in France to designate
a special method of determining floodable zones (Masson et al., 1996), based on topographical and

geomorphological characteristics of a valley bottom (riverbed, bankfull channel, floodplain below non-floodable

river terraces).

River geomorphology did not come into being as a full-fledged scientific discipline until recently, after the
initial work to structure the field in the 1950s, notably in the United States. In France, the pioneering work was

done by Jean Tricart on the morphologies produced by the torrential flows in rivers in the Cévennes,

Languedoc and Catalonia, following the floods in 1957 and 1958. He also launched studies on the

geomorphology of rivers in Western Africa. The overall goal in his work was to design territorial planning

policies that preserve river environments.

Historically speaking, publications on the topics addressed by river geomorphology may be found in many of

the earth sciences, i.e. physical geography, of which geomorphology is a subsection, geology, sedimentology,

hydraulics and hydrology. It may be said that this scientific field lies at the intersection of all the above

disciplines, from which it draws a number of elements that it incorporates in its own field of study and its own

investigative rationale. River geomorphology was also included in the field of river ecology right from the start

of the PIREN programmes (multi-disciplinary programmes for environmental research) launched in 1979 by

the CNRS (French national scientific research centre) and the Ecology ministry. These programmes worked

notably on the Rhône and Garonne rivers, the Alsatian plain and later the Seine river.

8



It is now widely acknowledged that the physical processes determining river dynamics and, consequently, river
morphology and river temporal and spatial evolution also determine, directly or indirectly, the dynamics of the

associated ecosystems.

Broadly speaking, the main river environments in valley bottoms constituting the physical support of ecosystems

are:

� the riverbed, i.e. that part under water for all discharges between the low flow and the interannual mean
discharge;

� the bankfull channel, i.e. that part under water for all discharges between low flow and the bankfull
discharge. This "active tract" is made up of alluvial banks with little or no vegetation, that are restructured and

renewed by fairly frequent hydrological events (generally annual to two-year floods). It is often considered themain

temporary storage zone for the alluvial bedload transiting over a time scale of decades;

For hydraulic engineers, the riverbed includes what geomorphologists call the bankfull channel. It includes the
entire zone covered by the bankfull discharge and, in general, a single roughness coefficient is applied.

� the floodplain (a hydrological concept if the submerged area is considered, otherwise a geological and
geomorphological concept if the alluvial sediment and the related landforms are considered). The floodplain

is submerged during events that occur infrequently to rarely (Holocene alluvial floodplains, marked "Fz" on

geological maps, correspond more or less to the areas submerged by 100-year floods). Within the floodplain of

higher-order rivers, it is often possible to distinguish spatial units comprising the remains of older morphologies,

indicative of past river dynamics, e.g. side channels more or less connected to the active channel, marshes

(siltated side channels), etc.

All of these spatial units are generally interconnected via the surface hydraulic network or via underground

flows. Their origin, structure and evolution are directly related to the past and present river dynamics and may

be seen as the elements of a more complex system, the river hydrosystem (Roux, 1982; Amoros et al., 1987,

see Figure 3).

R iver hydrosystems and the role of
hydromorphology
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The riverbed, bankfull channel and floodplain of a river hydrosystem (Yukon, Alaska, source: USGS. All rights
reserved). Note the side channels in the floodplain which can carry some of the flood discharge.

Figure 1



The inventors of this concept, that was formulated and tested on the Rhône river, signal that it is particularly well

suited to large rivers or at least to those having a floodplain sufficiently vast to include a patchwork of the

geomorphological and ecosystem units listed above, notably the sub-systems in the floodplain.

For example, Figure 2 below is a map of the alluvial plain of the Rhône between the southern Jura mountains

and the town of Givors, showing the Holocene Fz alluvium of the geological map (Bravard et al., 2008).

In the figure above, there are three main colours.

� The pink sections indicate areas where the alluvium was deposited during the first half of the Holocene. They

are not subject to flooding due to relative aggradation caused by bed degradation that may itself have been

caused by endogenous factors (sediment balance impacted by a low sediment load and bed erosion, see below)

and/or tectonic uplift in the vicinity of the Alpine-Jura mountain range. These areas are thus part of the alluvial

plain, but not subject to flooding.

� The tan and yellow sections correspond to areas where the risk of flooding ranges from low to high. They

were formed from the middle of the Holocene to the end of the Middle Ages by the Rhône, which comprised

meanders or braids, depending on the period.

� The blue sections correspond to the bankfull channel that was formed from the 1300s to the 1800s by the

Rhône depositing its coarse bedload and forming braided channels. These sections, formerly flooded even at

relatively low discharges, are now often located behind dikes and fairly well protected.

The spatial units of the Rhône alluvial plain in the region of Lyon, marked according to their
genetic origin during the Holocene (Bravard, et al. 2008).

Hydrosystem compartments (according to P. Paris).
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T he theory behind the dynamic
equilibrium of rivers

11

Under relatively constant natural conditions, rivers tend toward a steady state based on two types of factors

(Schumm, 1977).

� Control factors (or extrinsic factors), such as water discharge and sediment load, which produce effects on the
river-basin scale. These factors are themselves influenced by the climate and land cover (which conditions surface

flows and protects against erosion). They fluctuate over different time scales and different spatial compartments in

the river basin. Control factors directly impact the river and determine its physical evolution.
� Response factors (or intrinsic factors), which produce effects on the scale of river sections. They include, among
others, the width of the river, its sinuosity and the slope of the section. Response factors are the means by which

the river adjusts to changes in the control factors (climate change, significant and lasting changes in land
cover, etc.).

Among the control factors, two are of fundamental importance and determine to a large extent the river dynamics:

� water discharge (Q) which, combined with the slope, determines the power of the river1;
� sediment discharge (Qs), particularly the alluvial bedload comprising the coarse sediment.

Fluctuations over space and time of the water-discharge factor and the bedload factor are generally in phase on

a scale of one or more centuries. Over shorter time scales, the situation is more complex. A hydroclimatic crisis

may provoke major flows causing morphological adjustments on the scale of river reaches. Downstream

progradation of the sediment wave, caused by slopes upstream releasing coarse sediment or erosion of upstream

valley-bottom deposits, is theoretically shifted in time and its rate of transit is slower (approximately a few

hundred metres per year).

The two main control factors in river dynamics (according to Thorne, 1997).

1Stream power is the product of the slope x discharge x density of water. It depends on the hydrological
conditions, the general morphology (valley slope and shape) and the local morphology (pattern) of the river.
Variability is therefore spatial (different morphologies of river reaches) and temporal (notably over the short
term due to floods).
- Gross stream power (Ω) is calculated as Ω = γQJ (in Watt/m).
- Unit stream power (ω) is calculated as ω = Ω/l (in Watt/m²),
where γ is the density of water (9810 N/m3), Q the discharge (m3/s), J the hydraulic gradient in m/m,
l the width of the riverbed for the given discharge (m).

Figure 4



Lane's balance diagram and the concept of river dynamic equilibrium (according to Lane,
1955).

Figure 5

Temporal scales of adjustments by various geomorphological components of the channel. The linear
distances shown on the Y-axis are purely indicative and apply best to rivers in temperate zones (according
to Knighton, 1984).

Figure 6
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The Lane diagram (1955) shows that all rivers tend toward an equilibrium between the alluvial load arriving from

upstream (characterised by its volume Qs and its grain size D) and the water discharge Q which, in conjunction

with the slope J, provides the energy required to evacuate the load.

Very simply put, the basic operation of river dynamics may be presented as the continuous oscillation of

the needle of a scale on which one pan is filled with coarse sediment (Qs) and the other with water (Q). In that

the respective quantities and the ratios between these elements fluctuate widely over intervals of days, years or

millennia, there is continuous adjustment in the river morphology, oscillating around average
conditions, through the processes of erosion and deposition.
Short, minor oscillations correspond to minor adjustments in river landforms, e.g. bed macroforms, channel

width and depth, size of meanders. Long, major oscillations correspond to adjustments profoundly affecting river

morphology and processes over occasionally very long reaches (planform or river pattern, slope) (see Figure 6).

(D) (J)
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Other control factors have varying impacts on geodynamic processes and the resulting landforms. Below, we list

three sets of factors.

� Valley slope and dimension, created over thousands of years and sometimes even longer. The morphology of

valley bottoms depends on their initial conditions:

� narrow valleys progressively deepened by talweg incision into the bedrock (limestone canyons), for

example the Causses region and Provence;

�V-shaped valleys carved into the crystalline and metamorphic rock of very old ranges such as the Vosges

and the Massif Central;

� wide tectonic basins with flat bottoms, occasionally characterised by continuing subsidence, e.g. the

Alsatian graben, the Limagnes region in the Loire and Allier departments, the Saône plain south of Dijon;

� glacial valleys narrowed by rock bars and with overdeepened basins that subsequently fill with fine

sediment once the ice tongue has melted, e.g. in the Alps and the Pyrenees;

� valley bottoms surrounded by periglacial terraces (plains and plateaux in France) and fluvioglacial terraces

downstream of the mountain ranges covered with glaciers a number of times during the Quaternary

period. Tectonic uplift and adaptation over long periods to load and discharge conditions characteristic of

interglacial periods resulted in nested landforms with terraces persisting toward the bottom of slopes. These

types of valleys are found notably in the Paris and Aquitaine basins;

� valley bottoms overdeepened by the retreat of the sea during cold periods and then filled during the

eustatic rise in sea levels around 6000 BP once global warming had produced its effect on sea levels

worldwide. The most striking examples are the estuaries of the Seine, Loire and Gironde rivers.

� Sediment characteristics along the bottom of the river bed and the banks, which determine erodability and

are themselves the product of the geological history of the valley. If the valley bottom is subsequently filled, the

materials may be composed of:

� coarse materials deposed by glaciers, rocks falling down slopes, coarse river materials transported during

periods of high stream transport capacity (e.g. during phases of hydro-climatic crises during the Holocene

period). These types of valley bottom are found in mountain ranges and foothills. Characteristics include

sediment grain sizes exceeding the current transport capacity of the river and steep slopes that were

suitable for the transport of abundant, coarse loads;

� fine materials, clay and silt, transported by rivers having a lower transport capacity. These rather cohesive

materials may result in some resistance to lateral erosion if the river passes through them;

� a mixture of materials that are generally highly erodable.

� Vegetation on the banks, a "living" factor and thus subject to greater fluctuations than the two previous factors.

Vegetation depends notably on climate change and anthropogenic factors. Trees, shrubs and certain

herbaceous species can, thanks to their root system, provide banks with some protection against erosion.

This depends to a large extent on the structure of the deposits on the bank (thickness of the topstratum of fine

sediment overlying the gravel).

Secondary control factors in river dynamics (according to Thorne, 1997).

Figure 7
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The dynamic equilibrium with minor changes in morphology. The vertical oscillations correspond to the
movements of the needle in Lane's balance diagram. The drawings show the corresponding changes in
morphology (according to Sear, 1996).

Figure 8

It is generally acknowledged that all rivers can bring a fairly wide range of response factors into play to structure

their morphology according to the variations in water and sediment discharge and any modifications in the other

control factors.

The response factors include:

� bankfull width;

� mean bankfull depth;

� mean bed slope;

� sinuosity.

Natural rivers are said to be in "dynamic equilibrium" or "quasi-equilibrium" (depending on the time scale used to

analyse the phenomenon). They continually adjust their width, slope, sinuosity, etc., in step with the short-term

fluctuations of the control factors. The concept of "dynamic equilibrium" does not mean that the physical

characteristics of the river are not modified over the given time period, but on the contrary that they continually

adjust back and forth, across a set of average conditions.

The basic approach to a good hydromorphological assessment must therefore consist of identifying
the threshold beyond which the oscillations and the resulting physical modifications are no longer
part of the equilibrium process and begin to signal malfunctions.

Water and sediment discharge are not, in fact, the only parameters involved in initiating adjustment processes.

Any modification, even natural changes, in one of the response factors can theoretically lead to modifications in

the river system, in part or in whole, through a complex process of interactions and reactions.

For example, a cut-off meander, whether due to natural or anthropogenic causes, results in a local increase in

the river slope that will augment bank erosion both upstream and downstream until the increase in sinuosity has,

in turn, restored the original slope. The system continues to operate under conditions of dynamic equilibrium.

On the other hand, the extraction of gravel from the riverbed can result in durable modifications of the erosion

and deposition processes. A gravel pit draws in bedload from upstream (due to the local increase in the slope),

thus resulting in erosion downstream because the trapped bedload frees up stream power that is then available

to transport more sediment downstream. However, the drop in the level of the bed over a more or less long reach

is reversible if gravel extractions are halted and if the sediment from upstream is sufficient to restore the original

conditions.

River morphology or, in simpler terms, the river pattern can thus vary spatially, but also temporally depending on

changes in Q and Qs. If the modifications are fairly limited (minor oscillations around average values), the river

pattern remains more or less stable, at least over the short term (50 years, a century, see Figure 8).



If major change occurs but does not last long (e.g. a local weather event resulting in major input of alluvium),

the river shifts for a while to a new morphology characterised by factors different than those of the

equilibrium, then gradually returns to the prior pattern (Figure 9A).

If, however, the modifications persist over time, e.g. a major reduction in sediment load due to climate

change or significant anthropogenic modifications (dams, etc.), the river pattern may be durably changed

and then remain in that state, with slight oscillations around a new equilibrium. This is called "river
metamorphosis" (Figures 9B and 11).

Over the long term, modifications and changes in the river pattern (river metamorphosis) can be fairly frequent,

as a function of Q and Qs or major external disturbances (oscillation in the sea level, tectonic movements, major

civil work, etc.).

15

Temporary change (A) and more durable change (B) (according to Sear, 1996).

Figure 9

Changes in river pattern over the mid to long term (according to Sear, 1996).

Figure 10



Figure 11

A particularly instructive example of river metamorphosis due to anthropogenic causes is the Isar River in the

Geretsried plain in Bavaria, Germany, over the 1900s.

Following the construction of hydroelectric dams along the upstream reaches during the 1950s, the river, which

formerly had a braided pattern spanning a width of almost 600 metres, compensated by down-cutting into its

bed to form a single channel less than 100 metres wide. The river pattern may today be called "wandering". The

bed shifts sideways over the coarse alluvium dating back to the period before the dams. Note that the formerly

braided zone is now a handsome alluvial forest.

Metamorphosis of the Isar River in the Geretsried plain following the construction of hydroelectric dams
upstream of the reach shown (Wagner and Wagner, 2002) and Google Earth (for the 2006 image).
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T he twomain control factors (Q and Qs)
and their role in river response on
the river-basin scale

Figure 12

It is on the river-basin scale that the two main control factors in river dynamics, i.e. water discharge and
sediment discharge (primarily the bedload), produce concrete results. They depend on weather events and the

state of the river basin, which in turn condition the origin and transmission of water and sediment flows.

Water discharge
Precipitation falls on a given area called the river basin according to a frequency, intensity and duration

that depend on the climate and the weather conditions. Run-off occurs more or less quickly and intensely

depending on the type of soil and rock, and on the type of land cover (forest, grass land, cultivated fields,

etc.). At the outlet of each sub-basin (catchment), i.e. at a precise point determined by the topography and the

hydrographic network, and at the outlet of the basin itself, a water discharge Q flows, which is the volume of

water exiting the basin per unit of time (cubic meters per second, per day, per year).

Run-off will exceed infiltration if the precipitation falls on an impermeable soil or substratum (metamorphic

rock, clay and marl, built-up areas), i.e. a given volume of rainfall will result in a larger discharge at the outlet

of the river basin than if it falls on permeable soil (limestone or sand sub-soils, humus-rich soils). Similarly, soil

with a given permeability will shed more run-off water if it is cultivated than if left as a forest or grass land.

Many manuals on hydrology exist if the reader wishes to obtain more detailed information on the water

discharge of a river basin and its origin (e.g. Jones, 1997; Cosandey and Robinson, 2000; Musy and Higy,

2004).

A river basin and its sub-basins consist essentially of a topographical situation and a hydrographic
network conveying water and sediment.

17



Sediment discharge
Sediment discharge in a river also comes from the river basin, notably via external sources (erosion from the

surrounding slopes). We will see that lateral erosion of the alluvial banks (internal sources of the river system)

supplies a non-negligible percentage of the sediment discharge.

In the next chapter, we will present the origin and propagation of sediment discharge, particularly the coarse

sediment called the bedload that is indispensable for the geodynamic equilibrium of the river. It should be

noted that the coarse alluvial bedload is also the site of numerous habitats required by aquatic and riparian

living communities.

Flows and dynamic operation of river systems on the river-basin scale
Figure 13 presents two, very different river basins in a context of high stream power.

On the left, the sub-basin was replanted (or trees grew back spontaneously) following a period during which

the land was cleared for farming. In this case, run-off and water discharge (Q-) are reduced, but not as much

as the sediment discharge (Qs-) from the surrounding slopes. The protection provided by the land cover is

effective primarily against erosion. The result is a shift in the response factors, with a reduction in the width

and the slope (bed erosion), and an increase in the depth and the sinuosity of the channel. The river pattern

produced by these factors is that of meanders (sinuosity).

The sub-basin on the right has been cleared. The result is an increase in the flow of water due to run-off (Q+),

but the increase in sediment flows (Qs+), caused by major surface erosion, is even higher. The adjustment

factors shift, but inversely compared to the sub-basin on the left. The result is a channel clogged with

material and that gradually adopts a braided pattern. Downstream, the reduction in the grain size, due to

the deposition of the largest sediment and its wear, means that the water discharge is capable of clearing

the sediment load and the river gradually shifts to a new pattern comprising a single, sinuous (meandering)

channel.

Figure 13
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Different responses of sub-basins and the rivers draining them to different levels of water and sediment
discharge (Bravard and Salvador, 2009).



Origin and propagation
of coarse alluvial bedload

� Suspended load and bedload

� Origin of bedload

� Propagation of bedload

Coarse bedload is transported by rolling along the bottom. It is made up

of grains generally larger than sand, however, in certain rivers with a low

unit stream power (e.g. the lower Loire River), sand may be included in the

bedload.
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It is acknowledged that sediment transport in rivers takes place in two manners (see Figure 14a): :

� bedload transport along the bottom when the grain size exceeds a certain diameter and the current cannot

suspend the transported matter;

� suspended load when the sediment is fine and the current is strong enough to carry the particles in the water

column.

The term saltation is occasionally used for an intermediate type of transport that takes place slightly above

"true" bedload transport in the water column. The particles advance by "leaping" rather than by sliding or rolling,

generally in continuous contact along the bottom.

The Hjulström curve (1935, Figure 14b) shows a fairly clear limit for a grain diameter of 0.5 mm and a

velocity of 20 cm/s, that is interpreted by some researchers as the limit between bedload and suspended load.

It should be noted however that grains of sand 0.5 mm in diameter can be suspended at higher flow

velocities (see above). Sand in general constitutes an intermediate class of sediment that can be
transported as bedload or suspended, depending on the flow velocities and the turbulence. The curve also

makes clear the "temporary" nature of bedload transport. Above the 0.5 mm diameter size, a grain put into

motion at a certain flow velocity will rapidly cease moving at a velocity even slightly lower, whereas grains of

silt, once in motion, travel downstream at essentially the same velocity as the water and do not settle until they

encounter virtually stagnant hydraulic conditions.

Suspended load and bedload

20

(a) Suspended load and bedload. The term "saltation", designating an intermediate type of sediment trans-
port, is not commonly used today. (b) The Hjulström curve (1935).

Figure 14 a b



The concepts pertaining to power have been well defined, however, the same cannot be said for those

addressing sediment load, the second major factor in the geodynamic equilibrium of rivers. In this section, we will

present only the processes involved in bedload production and transport, not those involved in the entrainment

and transport of finer sediment (suspended load and washload).

External sources
As the name indicates, these loads come from outside the river and its alluvial plain.

� Primary production

This consists of the coarse sediment that virtually falls into the river. In mountain regions, it is produced by the

erosion of moraines, scree and avalanche fans, landslides, torrents, rock deposits on slopes, etc.

This type of primary production may be found only under special conditions, i.e. at the head of mountain river

basins having little or no vegetation and steep valleys with slopes arriving very near the river. These primary

sources currently produce less and less in European mountains due in part to reforestation of mountain slopes,

itself due to global warming following the erosive crisis of the Little Ice Age, and in large part to numerous

human efforts to limit external sources of sediment load (planting of slopes to enhance their stability, weirs,

deposit zones for torrents, etc.).

Figure 16 (next page) explains the relations between channel dynamics and slope bottoms.

Origin of bedload
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Examples of primary production of external sources. (a) Avalanche residue and scree drawn downward by
gravity. (b) Erosion of an avalanche fan by a torrent, with rocks from scree deposits and moraines.
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� Secondary production

Secondary production is that arriving from tributary rivers, comprising sediment from both internal and external

sources.

Examples of relations between channel dynamics and slope bottoms. (a) A flood adjusts the configuration
of the channel to its characteristics (increased width) such that the resulting greater friction contributes to
reducing erosive processes (negative feedback). (b) The bottom of the valley slope is destabilised by an increase
in the width of the channel and/or a major flood. The sediment entering the channel raises the bed and the
water level, thus contributing to further erosion at the base of the slope (positive feedback) (Marston, 1993).

Figure 16

Examples of secondary, external sources. (a) Torrent with coarse sediment. (b) Input of rocky
bedload via a tributary depositing its alluvial fan in the main river.

Figure 17
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Internal sources
Theoretically speaking, the internal sources are those drawn from the river itself or from its floodplain. Another

term commonly used is "internal stored alluvium".

This stored volume is present in two forms:

� the stored alluvium available in the riverbed itself;

� the alluvium stored on the floodplain and the terraces, deposited during active climatic periods,

notably during the Quaternary glaciations (this is called "fossil" alluvium), and gradually reinjected in rivers

through lateral erosion.

� Alluvium stored in the riverbed

There are two types of alluvium stored in riverbeds.

Alluvial macroforms

Alluvial macroforms consist of large quantities of sediment deposited by bedload transport during floods and that

migrate more or less rapidly downstream. They are fairly easy to identify in the field or using aerial photographs

because they are generally discrete units with recognisable shapes.

Their quantity (frequency), shape and spatial distribution all depend on the quantity of the internal and external

volumes of sediment. When large volumes are available, the riverbed may become a succession of macroforms

(Figure 18a). If even larger quantities are input and the banks are highly erodible, a braiding pattern may

develop (Figure 18b).

These macroforms comprise a majority of the observable and measurable sediment discharge. They

may simply pass through without any mixing of the underlying sediment, notably if the river bottom is protected

by an armour of large-grain sediment (see box) or by vegetation (Figure 19).
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Examples of macroforms in transit. (a) Numerous mid-stream bars in a riverbed with banks that are only
slightly erodible. Their three-dimensional shape, with a stoss face on the upstream side, is similar to that
of sand dunes.
(b) Numerous bars forming in a river with non-cohesive banks. Braiding develops.
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(a) Downstream side of an active
dune in the sand-bed section of
the Loire River (upstream to the
right). (b) Active gravel dune in
the Doubs River (upstream to
the right). In both cases, the
dune moves without any
interaction with the existing
stored alluvium, which is
protected by the vegetation.
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The bottom of the riverbed

In addition to macroforms, which are both storage zones and means of transport for river alluvium, part of the

bedload can be entrained directly on the bottom of the riverbed, if the bottom is alluvial and not paved.

When the bed materials drawn from the bottom are not replaced with material from upstream, the riverbed is

degraded. If this process continues over time, e.g. following the creation of a dam or trapping of upstream

material in an old gravel pit, the imbalance that was initially temporary may become long term.

� Alluvium stored on the floodplain and the terraces

In temperate zones, most of the coarse alluvium potentially available for transport may now be
found on the terraces at the bottom of valleys.Only a limited number of upper reaches in mountain river

basins still contain large quantities of sediment representing primary, external inputs.

The terraces comprise tremendous volumes of alluvium deposited by rivers during the Pleistocene, i.e.

essentially during cold periods, and that are identified on BRGM geological maps by the codes Fyz and Fy for

terraces formed during the Würm glaciation and codes Fx to Fu for older Quaternary formations.

The Fz code signals Holocene alluvial plains that were formed since the end of the last glaciation approximately

15 000 years ago.

All these formations, particularly Fy to Fz, may represent available stored volumes if they are located close

enough to the active riverbed to be subject to lateral erosion, in which case this "fossil" alluvium may be

reinjected into the river.

Figure 19

24

a

b



River alluvium is generally made up of materials having different grain sizes, often ranging from sand to

cobble stones. When this sediment is subjected to certain flow velocities, the finer to mid-sized elements are

carried off while the larger elements remain in place. If this sorting process lasts long enough, a high concentration

of coarse elements will remain at the surface of the riverbed. This stable accumulation of larger elements that

temporarily protects the underlying layers is called armouring. If continued even further, the process results in

riverbed paving, which is a much more stable result over time.

The definitions below were proposed by Bray and Church (1980).

� An armour layer is a coarse surface layer produced by the removal of the finer elements during and after each

event moving all or part of the various grain sizes available for transport. The layer is thus restructured by

episodic events transporting bedload during which all grain sizes are mobilised. A majority of researchers are of

the opinion that restructuring of the surface layer is a frequent event occurring at least several days per year.

� In the case of paving, the elements making up the surface layer are mobilised only during exceptional hydro-

logical events (major floods), if at all (the current hydrological regime may not be capable of restructuring the layer).

This is the same sorting process as armouring, but more extreme due to particular conditions:

� blocking of all new bedload from upstream by dams or natural obstacles;

� reduced flood discharges that can no longer restructure the substratum;

� incision of the riverbed to reveal much older layers comprising larger elements exceeding the current

transport capacity of the river (i.e. that were transported during periods of higher transport capacity).

The sorting process resulting in armouring and, in extreme cases, paving thus produces layers having different

grain-size compositions, the armoured top layer and the underlying layer. A majority of researchers think that the

grain-size distribution of the bedload (subject to bedload transport, i.e. not suspended) corresponds to that

of the underlying layer and not that of the armoured layer.

Armouring and paving

Grain-size distribution curve of an armoured layer and an underlying layer. Note that the
distribution is much tighter for the armoured layer, which is logical because it is created by a
process that removes a large percentage of the smaller grains sizes, thus significantly reducing
the standard deviation.

Figure 20Figure 20
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Once injected into the river, bedload propagates more or less rapidly, depending on the local geomorphological

conditions (changes in slope, widening of the bed, structures modifying the flow conditions, etc.) and discharge

levels capable of entraining it.

Landforms produced by bedload propagation
The most frequent landform produced by bedload transport is a sediment macroform called a bar or a dune1.

It has a characteristic, three-dimensional configuration that can be identified and located. The perimeter

and volumes may be drawn. Most often, there is a stoss face on the upstream side and an active front facing

downstream (progradation front or lee face) with a steep slope, close to the steady slope for granular

materials (40 to 45°).

It should be noted, however, that there also exists a type of propagation on plane beds when flows become

torrential (Fr ≥ 1) in sand-bed rivers.

Propagation of bedload

Examples of migrating
dunes/bars. (a) In the lower
Doubs River. (b) In a drain
channel. The processes and
the resulting forms are identical.

1 There is currently some uncertainty concerning these two terms. For some authors (notably Yalin and Silva, 2001), dunes are
macroforms whose size and wavelength are proportional to the depth, whereas bars have a size and wavelength proportional to the
bankfull width. The macroturbulences creating dunes are thought to be vortexes with a horizontal axis and those creating bars are
thought to be vortexes with a vertical axis.
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Figure 21
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Stoss face

Downstream, steep lee faceUpstream, slight slope

a

b
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Figure 22

If the sediment load is high in volume, the macroforms may be joined, i.e. the front of each dune crawls onto

the tail of the preceding dune, which itself is progressing downstream (see Figure 22). The result is similar to

a braided pattern.

Conversely, if there is little sediment in transit, isolated macroforms migrate down the river and are all the

easier to locate and measure (see Figure 23). Of course, all the intermediate situations between these two

extremes also exist.

(a) Set of stone dunes in the
upper Allier River.
(b) Set of sand dunes in the
lower Allier River.
(c) Gigantic series of dunes in
a braided river in Madagascar.
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Ripples are alluvial microforms that develop on the surface of macroforms (dunes).

Figure 24

Ripples are sediment microforms that are driven slowly across the surface of alluvial macroforms by
low-velocity currents (a few dozen centimetres per second). They are generally found in rivers with sand beds or
having sand deposits.

28

(a) Stone bar migrating down the Tarn
River (upstream to the left).
(b) Isolated stone bar in the Doubs
riverbed, just downstream of the town
of Dole (bathymetric measurements by
the Rhône-Saône Navigation Service).
(Upstream to the right.)

Figure 23
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Individual elements of the bedload travel with the flow in different manners, depending on their morphology,

which itself depends on their geology. Material from stratified, sedimentary rock, which generally has potential

weak points or strata, are often flat in shape. Travel downstream generally occurs through rotation around their

longest dimension (axis a), in which case an armoured layer would appear to be "shingled" (see Figure 25).

On the other hand, coarse alluvium from eruptive rock (basalt, granite) or metamorphic rock (e.g. quartzite) is

generally very rounded and does not fall into a shingled pattern.

Shingled armoured layers would appear to be less resistant to erosion than equivalently sized stones resting flat

on the bed and more tightly imbricated with the surrounding stones.

Shingling

Figure 25

Shingled pattern of transiting sediment on an alluvial bar in the Durance River. (Upstream to the upper left.)

Bedload propagation
The theory behind the migration of macroforms (dunes or bars) is presented in Figure 26.

In a context of dynamic equilibrium, the dune propagates downstream due to erosion of its upstream section

(the stoss face) and migration of the entrained grains along the surface of the form until they fall down the lee

face. The stoss face and the steep lee face resemble the shape of dunes formed by the wind. They are

caused by the roughness of the bed that slows dune transit and provokes the mechanical "compression"

effect.

©
J.
R
.
M
al
av
o
i



This process is theoretical because erosion at the apex of the dune (with the + sign) is often observed.

Composition of bedload
Even though it is generally acknowledged that during floods, bedload transport involves most of the sediment

range or spectrum of grain sizes available for transport, it is also clear that the grain-size distribution of the

transported material differs significantly depending on the water discharge. The discharge level determines the

stream transport capacity in conjunction with the tractive force2.

This phenomena is clearly illustrated in Figure 27. The higher the discharge (and the tractive force), the

larger the average size of the transported material (D50 = 1 mm at 0.3 m3/s and 50 mm at 4 m3/s). The range

of grain sizes increases for the same reasons, i.e. increasingly larger sizes are entrained. It is also interesting

to note that, in this example, the grain-size distribution curve of even the highest discharge does not equal the

grain-size distribution curve of the armoured layer along the river bottom (curve the farthest to the right in the

graph).

(a) Long profile of theoretical dune propagation (according to Yalin and Silva, 2001). (b) Theoretical
example showing the replacement of a dune by another arriving from upstream, after x number of
days.

Figure 26
a

b

Change in grain-size distribution of sediment as a function of the discharge.
Bedload samples drawn during a single flood (according to Bathurst, 1987).

Figure 27
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2 Tractive force τ is the product of the slope x depth of water x density of water. It is generally expressed as N/m².
τ is calculated as τ = γhJ (in N/m²)
where γ is the density of water (9 810 N/m3), h the depth of water (m), J the hydraulic gradient in m/m.



A gravel dune migrating over the coarser substratum located at the bottom
of the image.

Some data on the propagation velocities of coarse alluvium.

Figure 28

Table 1

This explains why, given the local flood levels and geomorphological conditions, the grain-size distribution of

macroforms may differ, both spatially and temporally.

For example, it is occasionally possible to see a gravel macroform migrating over another macroform with

pebbles on its surface. This means that the last flood had enough transport capacity to transport gravel from

upstream, from banks, tributaries, etc., but not enough to break up the armoured layer of pebbles on the

underlying macroform (see Figure 28).

Bedload propagation velocity
It is very difficult to measure and even harder to predict the propagation velocity of alluvial bedload. This

parameter is, however, an essential factor in managing sediment transport.

Some data, similar to those shown in Table 1, have been published in scientific journals or in reports by

engineering firms. The data often consist of velocity measurements on individual elements when it would be

much more useful in terms of sediment management to know the propagation velocity of macroforms.
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River

Agly

Agly

Verdouble

Ardennes

Hérault

Isère

Grain size

pebbles

pebbles

pebbles

30 to 80 mm

pebbles

pebbles

Q conditions

Q1.5/year)

Q2.4/year)

Q duration

1.5 hours

5 hours

Distance covered

120 m

310 m

850 m

max. 1 800 m

10 km/century on average

3 km/century on average

20 km/century

10 km/century

Author

BRL

BRL

Anguenot

Petit

Tricart and Vogt

Salvador

Year

1988

1988

1972

1997

1967

1991

several floods, including Q5, Q2, Q4

A recent publication by Katolikov and Kopaliani (2001) filled out this data with information on the propagation of side

bars. They noted values between approximately 50 and 500 metres per year, which is roughly similar to the values

in Table 2 (3 to 20 kilometres per century).



Production, transfer and storage of
bedload (according to Sear and Newson,
1993). The storage durations are rough
approximations intended to provide a
general idea .Figure 29
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Propagation velocity of side bars (drawn from Katolikov and Kopaliani, 2001).Table 2

River

Garonne

Rhine

Downstream of

Strasbourg

Mur (Austria)

Volga

Amour

Danube

Vistula

Velocity (m/year)

20 - 30

270

500

100 - 200 (over 8 months)

100 - 200

200 - 600

200

100

Author

Baumharten, 1848

Popov, 1969

Yasmund, 1930

Eksner, 1924

Popov, 1969

Bashkirov, 1956

Polyakov, 1951

Popov, 1969

Remarks

209 side bars between Basel and Sonderheim

Channelised section, 7 km long. Length of
alternating bars = 5 to 6 times the bankfull width

Temporary storage of bedload
Transiting bedload may be stored for more or less long periods during its transport downstream. The general idea is

shown in figure 29.
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Examples of natural storage of coarse alluvium during transit. (a) Point bars.
(b) Vegetated section of a braided riverbed.

Figure 30

� Natural storage

The most obvious case of natural storage of transiting alluvium is in the form of bars and dunes, particularly point

bars along convex banks (both active and inactive bars shown in Figure 29).

In the active section of the bars, storage is temporary (a few months or years) and the material is frequently

restructured and carried further along downstream by the sediment-transport processes discussed above. In the

inactive section of bars (behind the active section), vegetation gradually develops in step with the erosion of the

concave bar opposite and with the lateral and downstream migration of the meander. This increase in vegetation

and the gradually increasing distance to the high-velocity zones limit the sediment-transport processes. The more

or less vegetated sediment is consequently stored for a period of a few years to a few dozen years, until the

upstream meander translates downstream and picks up the stored material (lateral erosion) (see Figure 30) or until

the meander is cut off (chute cutoff).

The more active the river, the shorter the storage duration because translation of the meanders downstream

rapidly entrains (lateral erosion) the vegetated sections of the bars (Figures 30a and 30b).

These parameters determining shorter or longer storage durations are also applicable to braided rivers in which

the effect of macroform vegetation on long-term storage processes is also significant (see Figure 30).

a

b

© 2010 Google © 2010 IGN-France.

© 2010 Google © 2010 MapData Sciences Pty Ltd, PSMA © 2010 DigitalGlobe © 2010 GeoEye.



� Artificial storage

It is acknowledged that tall dams block bedload completely and sometimes definitively, unless they are equipped

with functional flushing gates, which is rare.

Storage over more or less long periods may also occur upstream of low installations (weirs, Figure 31a), of

installations crossing rivers (bridges and areas just upstream of bridges, Figures 31b and 31c), generally with

over-sized cross-sections, and in old gravel pits in the riverbed (Figure 31d). These types of storage, caused by

installations or civil work, greatly exceed the "normal" storage durations that occur under natural flow conditions.

Storage caused by a weir may extend far upstream of the installation (several kilometres) due to upstream

sediment deposition.

Examples of artificial storage of coarse
alluvium during transit. (a) Weir. (b, c)
Bridge. (d) Gravel pit. The local,
hydraulic conditions (overwidening,
overdeepening) contribute to reducing
stream bedload-transport capacity
and thus greater deposition of coarse
alluvium.
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Figure 31
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Control factors
and geodynamic ranking

� Additional control factors

� Geodynamic ranking
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The additional control factors (according to Thorne, 1997).

Figure 32

Additional control factors

As noted above, other control factors, in addition to the water and sediment discharges, have varying impacts

on geodynamic processes and the resulting landforms (see Figure 32), namely:

� the slope and width of the valley bottom where the river flows (a);

� the greater or lesser cohesiveness of the alluvium in the valley bottom (or of the substratum), making up the

banks and riverbed (b);

� the type and density of the riparian vegetation (c).

Valley-bottom slope, width and type of alluvium
Water and sediment discharge are without any doubt the two main control factors in river geodynamic

processes, however, other parameters can also heavily influence the mechanisms involved and the resulting

river characteristics, notably the valley slope, its width and the type of sediment along the valley bottom.

Contrary to the two main factors, these factors do not fluctuate over time and impose significant and lasting

geomorphological constraints.

The characteristics of all rivers flowing today in a valley are therefore largely determined by:

� the valley slope which, in conjunction with the water discharge, determines the maximum available
energy. The valley slope is the product of periods of high hydrosedimentary activity resulting in either

the creation of a stored volume of alluvium (accumulation) or the removal of alluvial deposits, in which case

a deposit is created below the original accumulation site which subsists as a terrace or the remains of terraces.

The slope of the river draining the valley is always less than (because rivers are almost always sinuous) or

at most equal to the valley slope (if the river is straight or braided).

� thewidth of the valley bottom, which provides the river with more or lessmobility space to move about;

� the alluvium in the valley bottom, which can be more or less erodible, depending on its cohesiveness.

If the valley bottom is made up of bedrock, it is not erodible on a human time scale, unless the rock is parti-

cularly soft, e.g. certain types of non-cohesive soft sandstone or certain marls or calcareous marls, which may

36
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Figure 33

Figure 34

be found, for instance, in the Allier riverbed in the Limagne region in France:

� high cohesiveness: clay, silt;

● low cohesiveness: sand, gravel, pebbles.

These secondary control factors are highly dependent on the geological history (both old and recent) of the

region.

The figures below, showing the Loue River basin (Franche Comté, France, Malavoi, 2006), illustrate these

concepts.

The basin is part of an extremely varied geological context.

Over the first 90 kilometres (sector 1), the Loue drains the limestone Jura range (first plateau). In spite of

millions of years of erosion by the river, the Loue valley is fairly narrow (100 to 600 metres). The slope is

greater than 0.002 (2 metres per kilometre) and the alluvium in the valley bottom are rather cohesive.

The last 30 kilometres (sector 2) lie in the Bresse Plio-Quaternary basin, made up of soft, easily erodible rock,

where the major Quaternary erosive processes, driven notably by the glacial periods that impacted the Jura

range (particularly during the Riss stage), resulted in an alluvial valley several kilometres wide, covered with

coarse river and fluvio-glacial sediment. The slope is less steep (0.001) and the alluvial deposits are not

cohesive, i.e. more easily erodible.
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Simplified geological map of the Franche-Comté region with a zoom on the Loue River basin. The thick blue line
is the Loue riverbed, the finer blue line is the Doubs riverbed. BRGM map on the 1:1 million scale.
Figure 34 shows the relief of the same river basin (Malavoi, 2006).



Change in the width of
the valley bottom and
the Loue riverbed from
the source of the river
to the confluence with
the Doubs River.
The blue line separates
the sectors and marks
the beginning of unit
3. The red line marks
the beginning of unit
2. The black lines
indicate the reaches
(see the chapter
on determining river
divisions).
(Malavoi et al., 2006)

Note the sudden
change in the level
of geodynamic activity
of the Loue River
on leaving unit 2 and
entering unit 3
(the map shows the
former river patterns).
(Malavoi et al., 2006)

Figure 35

Figure 36

38

It is fairly obvious that the processes at work in the Loue River and its morphologies differ between the

upstream section (unit 1), where it flows in a narrow, steep valley, and the downstream section where flows

into the Bresse basin (unit 3).

a

b



39

(a) Bank of a small river highly stabilised by the roots of the riparian vegetation (alder tree). (b) In a large river,
the high banks limit the protection provided by the vegetation because the roots do not descend low enough.

Figure 37

Vegetation on river banks
Many authors are of the opinion that the type and density of the vegetation growing on river banks constitute

a major control factor weighing on geodynamic processes and the resulting river morphologies.

Contrary to the other control factors, this is a living factor, i.e. it is particularly sensitive to both natural and

anthropogenic influences.

Ceteris paribus, it has been shown that a river with banks naturally vegetated with plant species dependent

on river biomes is narrower and deeper than a similar river with banks that are not or are only slightly

vegetated.

Widths differing by a factor of two are not rare between two rivers, one with heavily vegetated banks and

the other with non-vegetated banks. However, this control factor would seem to produce results inversely

proportional to the size of the river. Small rivers are highly affected, whereas in large rivers, the geodynamic

processes dominate. This is due notably to the fact that, for equivalent river patterns, small rivers have

proportionately lower banks on which the roots of plants can provide physical protection virtually down

to the foot of the bank. Conversely, in large rivers, the banks are generally higher and the roots of trees and

shrubs, even when the riparian vegetation is dense, often do not reach the foot of the bank, the part of the cross

profile most exposed to erosion.

Concerning lateral erosion, many studies have demonstrated the stabilising role played by vegetation,

even if, once again, the effects produced are greater in small rivers than in large ones.

For example, Beeson and Doyle (1995) studied 748 meanders in British Columbia, just after heavy floods.

Using aerial photographs pre- and post-flood, they showed that non-vegetated banks suffered five times
more erosion than vegetated banks. Similarly, events causing significant erosion occurred 30 times more often

along non-vegetated banks.

Base level
One last significant control factor is the variability of the "base level" (e.g. sea levels) that can provoke major

geodynamic adjustments following sizable rises or drops in the level.

This factor will be discussed in the section on adjustments in the long profile.
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As noted above, the type and intensity of river geodynamic processes and the resulting landforms

depend on a number of control factors, namely water and sediment discharges, the type of alluvium in

the valley bottom, etc.

In the absence of a standardised, functional river typology, the authors (Biotec, Malavoi, 2007) thought it might

be possible to propose a simplified typology determined, for consistent geomorphological reaches, by

measuring or at least estimating three factors:

� stream power;

� bank erodibility;

� volume and type of sediment injected directly or indirectly into the river.

Though these three factors do not represent all the control factors, they nonetheless significantly determine:

� the geomorphological characteristics of rivers, i.e. their cross profile, pattern, type of alluvial substrata,

current or potential intensity of processes resulting in lateral erosion, vertical erosion and sediment transport;

� overall ecological characteristics;

� geomorphological-adjustment capacity following channelling or restoration work.

We postulate the following points.

Scientific basis

� Unit stream power

It has been known for years that the adjustment capacity of a river depends largely on its unit stream power. The

pioneering work by Brookes (1988), followed by Wasson et al. (1998), made major progress on the subject. In

highly condensed form, it may be said that the results produced by Brookes identified two thresholds for unit

stream power:

� a "major" threshold of approximately 35 W/m², above which the natural power of formerly channelised rivers

enabled them to readjust and recover, slowly but surely, a more natural configuration;

� a minor threshold of approximately 25 W/m2, below which the river dynamics were not sufficient for a return to

the former morphology;

� no other power values revealed any additional thresholds.

40 ⇒ the more intense the geodynamic processes

⇒ the higher the resilience of the river to anthropogenic

"aggression" and the greater its capacity to recover,

both physically and ecologically

⇒ the longer the benefits drawn from hydromorphological

restoration and the lower the cost, because the river itself

will do most of the restoration work

Geodynamic ranking

• The higher the stream power

• The more the banks are erodible

• The higher the volume of sediment input
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Unit stream power thresholds (according to Brookes, 1988, in Was-
son et al.,1998).

Figure 38

� Bank erodibility
Studies carried out by the authors would indicate that the 25 and 35 W/m² thresholds can be determined more

precisely and adapted taking into account the sediment characteristics of river banks and notably their

erodibility, which itself depends on the cohesiveness of the alluvium along the valley bottom.

Rivers with low power levels (10 to 15 W/m²) may have relatively high levels of geodynamic activity if their

banks are not very cohesive and if they receive from upstream a certain quantity of coarse sediment which,

by forming point bars, increases the erosion along the opposite bank.

Conversely, rivers with high power levels (40 to 50 W/m²), but flowing in alluvial plains comprising more

cohesive sediment (clay, silt, sandy loam), are less active, particularly if the sediment from upstream is

limited in volume and made up of small grain sizes.

To date, there is no standardised method to determine the erodibility of banks (with the exception of

the Schumm coefficient which quantifies the percentage of clay and silt, the elements conferring cohesiveness

to sediment and enhancing bank resistance to erosion, see the section on hydraulic geometry). In the

chapter on "Tools for hydromorphological studies", we discuss methods and provide some visual examples

for a simplified technique to estimate this factor.

� Sediment input
In addition to their role in activating lateral erosion (flow deflection, an effect that we will discuss later), input

and deposition of coarse sediment are extremely important factors for the geodynamic equilibrium (Lane's

balance). They also produce the alluvial substratum providing an indispensable habitat for many species

making up the aquatic and riparian living communities.

To date, no method exists to rank, in a simple manner, the intensity of sediment inputs in a river. The

simplified method that we currently use is based on analysis of aerial photographs produced by IGN (French

National Geographic Institute) and notably those in the BDOrtho database offering an image resolution of 0.5

metres (see the chapter on "Tools for hydromorphological studies"). This approach is purely qualitative because

it deals exclusively with mapping of storage areas. It is presented here for informational purposes only and

would require further work before it could be used as a standardised method.

Two levels of precision are possible:

� alluvial macroforms can be identified by simple dots (see Figures 39 and 40);

� macroform shapes may be more precisely defined in a digital system for better quantification of the processes

at work (macroform surface areas, see Figure 41).



The results can then be shown on a map to distinguish between rivers depending on the density of their alluvial

storage areas. The information can be shown directly (e.g. the number of bars per kilometre of river in the figure

below) or in dimensionless form (number of bars per unit channel width).

Franche-Comté. Examples of locating and simplified mapping of visible alluvial bars using a GIS (geographic
information system) (Malavoi et al., 2006). Each alluvial bar is represented simply by a dot.
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Example of mapping the density per kilometre of exposed alluvial bars in Franche-Comté rivers (Ma-
lavoi et al., 2006). (a) Bars represented simply as dots, (b) Map showing density levels.

Figure 40

Example of a digital presentation of alluvial bars (Armançon River). The blue numbers indicate the distance in
kilometres from the confluence with the Yonne River (Malavoi and Hydratec, 2007).

Figure 41
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Unfortunately, three factors can introduce considerable uncertainty when evaluating the actual sediment

transport in a river.

� If the discharge is high when the IGN images are taken, it can mask alluvial bars and if it is very low, it can

exaggerate their density. Under ideal conditions, this study should be carried out using an equivalent discharge

for all rivers (e.g. the interannual mean discharge of the low-flow month). However, by comparing the image date

and the available hydrological data for the river sector, it is possible to eliminate most of the uncertainty.

� Riparian vegetation can occasionally mask all or part of the river. This method produces good results in reaches

where the vegetation has been cleared out (!). This factor may result in the observed sediment flows being

significantly underestimated in reaches where the channel is hidden.

� Turbulence caused by weirs and dams can also mask existing bars, however, in this case, they are

submerged. Note that a major part of the sediment is trapped until a steady gradient is created behind the

obstacle.

Additional measurements in the field may be necessary to fill out the data, depending on the particular

study, e.g. it may be necessary to measure the volume, thickness and/or grain-size distribution of alluvial bars

for a study attempting to determine sediment transport in a river.

Proposal for a simplified geodynamic typology

On the basis of the three factors discussed above and in spite of the remaining difficulties in obtaining good

measurements, a simplified geodynamic typology would appear possible. It could be implemented nationally or

progressively improved during specific studies (river contracts, sub-basin management plans, etc.). The three

factors are:

� unit stream power (ω);

� natural potential erodibility of banks, not taking into account any protective systems (B);

� sediment inputs (A).

For example, a river of theω4/B3/A3 type (high unit stream power, medium erodibility and sediment input) is

probably highly reactive and any restoration work would be very effective and rapidly produce positive results.

On the other hand, aω1/B2/A1 river (very low unit stream power, low erodibility and no sediment input) is not

very dynamic, is more sensitive to hydromorphological alterations and more difficult to restore.

The four factor classes used to distinguish the geodynamic reactivity of rivers.Table 3

1

< 10 W/m2

Zero

Zero

2

10 - 30 W/m2

Low

Low

3

30 - 100 W/m2

Medium

Medium

4

> 100 W/m2

High

High

Unit stream power (ω)

Bank erodibility (B)

Sediment inputs (A)
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Response /adjustment factors

� Long profile

� Cross profile
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Theoretical diagram of changes in rivers from upstream to downstream and in the
characteristics of the three main response factors (slope, pattern, cross profile).

We saw in the preceding chapters that the characteristics and fluctuations of certain control factors determine

river geodynamic processes and the resulting landforms. Rivers adjust to these factors through a certain

number of response (or adjustment) factors, notably:

� their slope (long profile);

� bankfull width and depth (cross profile);

� their pattern (meanders, braids, anastomoses, etc.), an aspect to which an entire chapter will be devoted.

The order in which these factors respond (and their relative importance) has not been clearly determined to date.

Does the long profile adjust first, followed by the cross profile and then the river pattern? Do all these factors

respond simultaneously? Do other factors play a role as well? Etc. More than anything else, studies on physical

models reveal the high degree of variability in Nature and in the intensity of adjustments.

Figure 42

46



It may often be observed that long profiles, even when "steady", are not totally "smooth" (like the Loire and Seine

Rivers), but include occasionally sudden shifts that may be due to geological or physiographical changes, for

example.

Examples of long profiles for several major rivers in France.

Figure 43

Variation in the mean slope per kilometre of the Rhône River between Seyssel and the Mediterranean.
Kilometre 0 on the right is at the mouth of the Rhône. Data from 1860, prior to the major development work
(Bravard, 2010).

Figure 44

47

Long profile

Only a very general analysis of the long profile is presented here. More detailed analysis is available in the

chapter on river patterns.

Concept of a steady gradient
Over thousands, even millions of years, adjustments in the long profile of a river result in a characteristic

concave curve, often called the steady gradient. It is the product of the dynamic equilibrium between
erosion and deposition processes oscillating around the average values of the control factors impacting
the river to date. It should be noted that tectonic activity, among other factors, can significantly disrupt this

concept.



Figure 45
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a) Example of a theoretical
adjustment in the long profile of
a river in response to variations
in the sea level (eustatic variations)
caused by glaciations. Erosion is
regressive during the period
from 120 000 to 20 000 years
ago, then the deposition process
(filling in) is progressive over
the period from 20 000 years
ago to the Holocene (current)
period.
(b) Adjustment through regressive
erosion of the entire hydrographic
network in response to changes
in the base level (due here to
incision of the bed of the main
river).

Figure 44 (Bravard, 2010) shows a long profile of the Rhône River that is quite different than the theoretical

smooth profile (the figure shows the last 400 km of the Rhône before the Mediterranean, whereas Figure 43

shows the entire profile). The high slope-per-kilometre values at kilometres 280 to 300 and 370 to 420 are the

direct result of bedload input from mountain tributaries (Arve, Fier, Guiers and Ain Rivers). These are therefore

purely transient slopes. The high value at kilometre 340 is due to old inputs of coarse sediment (alluvial fans of

torrential tributaries) that the Rhône cannot clear out with current discharge levels and to exposed bedrock. The

high values from the Isère River to the confluence of theArdèche River are due to major sediment inputs, but also

to tectonic influences that raised the middle section of the Rhône valley over the Quaternary period, revealing

limestone slabs (highly prevalent in the Donzère-Mondragon area).

Concept of the "base level" or the "downstream control level"

The overall adjustment of the long profile of a river occurs with respect to a "base level" or "downstream control
level" that is the sea level for rivers flowing to the sea and the altitude of the confluence for tributaries (see Figures

45a and 45b).

Local adjustments, for example on the scale of geomorphological reaches, may depend on more local control
factors, e.g. natural or artificial weirs, sudden narrowing or widening of the valley, etc.

If the base level drops for any reason, natural or anthropogenic, the long profile adjusts more or less rapidly through

bed incision (regressive erosion). A new, lower long profile develops, imposed by the lower base level, and
connects to the former profile at a knickpoint that retreats upstream. If the base level rises, the long profile adjusts

through aggradation, i.e. the river fills in its channel until it compensates for the new base, thus acquiring a lower
slope, at least in its lower reaches.

� Examples of overall adjustments to the profile
In the example below, regressive erosion takes place over millennia (120 000 to 20 000 years ago) following

a drop in the sea level, then aggradation occurs (20 000 to 6 000 years ago) following a rise in the sea level.

a

b



� Examples of local adjustments to the profile

Installations in rivers may cause local adjustments to long profiles.

Regressive aggradation upstream of a weir

Construction of a weir on a river receiving high volumes of bedload results in two adjusted reaches with

identical slopes one century later (the Leysse River in Savoy, France, in the example below).

Regressive erosion following artificial meander cutoff

The theoretical example below presents a "classic" case of river engineering. Following an artificial meander

cutoff (A-B), the local slope is multiplied by the sinuosity coefficient (2.5 in this case). Points B, C and D are

now "closer" to point A (the reduction in distance is equal to the difference between the distance between

A and B before and after the cutoff). The river will reduce the slope by down-cutting and attempting to create

a new meander, until it recovers its steady slope.

If planform adjustment is possible (no protection of the banks following the artificial cutoff), regressive erosion will

be limited both spatially and temporally. If the new bed is protected against lateral erosion, regressive erosion may

continue far upstream. To avoid this problem, engineers often install a bed stabilisation weir at point B.

Local adjustment of the long profile to an artificial downstream control factor (weir). The resulting
steady slope is identical both upstream and downstream, but with a 4-metre shift at the weir
(Malavoi, 2007).

Figure 46

Theoretical example of an artificial
meander cutoff that may lead to
regressive erosion (the blue line is
the riverbed before the cutoff, the red
line after). Note that the scale of the
long profile is not the same as that of
the plan view because the total distance
was reduced by approximately 15%.
The slope is 0.001.

Figure 47
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An example of long-profile adjustment
due to a drastic reduction in sediment
input. The long profile is said to "tilt".

Figure 48

� Adjustments caused by modifications in water and sediment discharges

In addition to the external control imposed by the base level, the long profile as a whole can be lastingly adjusted in

response to significant modifications in the water and sediment inputs. The Lane balance provides us with the means

to understand the role of the Q and Qs control factors in modifications of the long profile of a river.

The example in Figure 48 shows the change in the long profile due to a drastic reduction in sediment input. The

adjustment in the profile takes place through widespread bed degradation, primarily in the form of progressive erosion.

Contrary to regressive erosion (see the example above), bed incision by progressive erosion is caused by a deficit in

sediment. Because the river dissipates less energy in sediment transport, greater transport capacity is available to
erode the bed. Erosion therefore takes place from upstream to downstream until the river reaches its maximum

transport capacity and/or a slope is produced that is no longer capable of transporting sediment (a slope with
no transport capacity). The Rhône upstream of the Ain tributary provides a good example of progressive erosion
occurring over a long time span (since the end of the last glacial period).

The figure below illustrates the two-fold adjustment of the long profile. The upstream section of the river is confronted

with a deficit of coarse sediment and degrades. The downstream section, on receiving the sediment eroded from the

riverbed (or from the banks if they are erodible), aggrades. There is a tilt in the long profile on either side of a tilting
point or zone.

� Adjustments due to anthropogenic causes

This type of progressive erosion has often been observed downstream of dams. Dams almost completely block

the alluvial bedload arriving from upstream and provoke an adjustment downstream. This phenomenon is clearly

illustrated by the example below in the Colorado River (Williams and Wolman, 1984). Bed degradation spread

downstream very rapidly and over two metres of down-cutting were observed 90 km downstream! At the same

time, aggradation took place 150 km downstream (see Figure 49b).

Figure 49

(a) Incision of the bed of the Colorado River downstream of the Parker dam (Williams and Wolman, 1984).
(b) Progressive aggradation 150 km downstream, due to deposition (alternate banks) of the material eroded upstream
(Google Earth).

a b
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In addition to or independently of adjustments in the long profile, all rivers having a minimum amount of

mobility space (a concept that we will discuss later) and enough power can adjust more or less rapidly their cross

profile to natural or artificial fluctuations in control factors and to any direct human impacts.

Similar to the long profile and the river pattern (discussed in the next chapter), it is now acknowledged that rivers

can achieve a steady cross profile suited to the average water and sediment values existing to date and to the
other control factors (valley slope and width, type of alluvium, riparian vegetation).

Hydraulic-geometry concepts

During the 1800s in India, English and Indian engineers attempted to create irrigation canals whose planform,

long profile and cross profile were designed to remain stable over time, to ensure regular discharges and

reduce maintenance costs (notably those caused by sedimentation downstream of connection points to rivers

with high suspended loads). Based on numerous experiments, they developed the "regime" theory, linking
discharge, width, depth and slope.

This theory was subsequently used during the 1900s to explain, then predict the geometric characteristics

of natural rivers. Great numbers of measurements have been made on natural rivers since the 1950s, both in

the U.K. and in the United States. They resulted in an expanded "regime" theory, called the theory of
hydraulic geometry. The pioneering work was done by Leopold and Maddock (1953) as well as Hey and
Thorne (1986). Their observations revealed the strong correlations between the water volumes arriving in a

river (or the substitute value, i.e. the surface area of the river basin) and the geometric characteristics of the

river at a given point.

� Bankfull cross profile
The most important cross-profile measurements in terms of their geomorphological significance are those

which correspond to the bankfull channel, i.e. the last stage before the river overflows into the floodplain.
The bankfull concept is also used by legal experts to determine the public domain in public rivers. The term

used is plenissimum flumen. The width and depth are measured under the bankfull conditions, shown in the

photo below.
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Example showing the "bankfull" characteristics of a small river in Yellowstone park, in the U.S.
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Examples of relationships between the bankfull discharge and the channel width
(Schumm, 1960).

Figure 51

� Some data
The examples below present measurement results that were used to develop hydraulic-geometry equations.

Note that the initial measurements and the derived equations were carried out without taking regional

(climate, geology) or local (riparian vegetation, texture of bank sediment) specificities into account and were

therefore confronted with significant statistical dispersion. More recent studies are increasingly regionalised

or topically oriented (riparian vegetation, rivers in urban or rural basins, etc.) and as a result the precision of

models has increased.

a
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A majority of researchers have worked on two approaches to the relationships involved in hydraulic

geometry.

� At-a-station hydraulic geometry, which can be used to see the changes in geometric parameters at a
given station (e.g. on the scale of a cross profile), when the discharge increases.

�Downstream hydraulic geometry, which can be used to see the changes in the same parameters in a river,
but while progressing from upstream to downstream, in which case the change represents the effects

produced by an increase in the bankfull discharge.

Hydraulic-geometry equations are based on the correlations observed between the discharge and the
geometric characteristics of the riverbed, generally in the form:

y = aQb

where y is a bed dimension (width, depth), Q is a reference discharge (the bankfull discharge for the

downstream geometry, a value ranging from low flow to the bankfull discharge for at-a-station geometry) and

a and b are constants (often the same across a region) used to adjust the equation to the field data.

In that it is fairly easy to identify and regionalise the relationships between a reference discharge and the

surface area of a river basin (Figure 53), a number of hydraulic-geometry equations are presented directly as

follows:

y= aRBSAb

where RBSA (river-basin surface area) replaces Q.

Examples of hydraulic-geometry relationships a) at-a-station and b) downstream (Wolman, 1955).

Figure 52

53

aa b



54

Examples of relationships between the river-basin surface area and the bankfull discharge.
(a) Not regionalised (Dunne and Leopold, 1978).
(a) Regionalised (McCandless and Everett, 2002).

Figure 53

An example of the most commonly used hydraulic-geometry equations is provided by Hey and Thorne, 1986

(see the table below). The equations are derived from measurements carried out on 62 gravel-bed rivers in

the U.K. Note that the authors are of the opinion that bank vegetation is a major control factor.

The data shows that the bankfull width of rivers with non-vegetated banks (vegetation type 1) is almost

double that of rivers with highly vegetated banks (vegetation type 4).
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The equations of Hey and Thorne and their field of application (1986).Table 4

Equation

Bankfull width (w)
w = 4.33 Q0.5 (m) vegetation type 1

w = 3.33 Q0.5 (m) vegetation type 2

w = 2.73 Q0.5 (m) vegetation type 3

w = 2.34 Q0.5 (m) vegetation type 4

Bankfull depth (d)
d = 0.22 Q0.37 D50-0.11 (m)

Bankfull hydraulic gradient
S = 0.087Q-0.43 D50-0.09 D840.84 Qs0.1

Field of application

(based on the studied sample)

Bankfull discharge (Q): 3.9 - 424 m³/s

Bankfull sediment discharge (Q): 0.001 - 14.14 kg/s

Mean grain diameter (D50): 0.014 - 0.176 m

Texture of bank sediment: composite: gravel, fine sand, silt, clay

Type of riparian vegetation: 1: 0% trees and shrubs, 2: < 5%, 3:

5 - 50%, 4: > 50%

Valley slope (Sv): 0.00166 - 0.0219

Planform: straight to meandering

Main facies: riffles / pools

Hydraulic-geometry equations developed by Hey and Thorne (1986).
(a) Data presented without separating the types of vegetation and (b) separating them.
The fit is much better.

Figure 54
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(a) Example of regionalised correlations between the wetted width and the mean
discharge (Kolberg and Howard, 1995).

These equations are most useful for hydrological-engineering purposes and notably for:

� evaluating the impact of hydraulic work (recalibration, rectification, etc.);

� determining the targeted size of reconstructed riverbeds during hydromorphological-restoration projects.

Note that research is still underway to improve our knowledge in this field. In addition to regional aspects,

scientists now integrate the level of urbanisation in the river basin (see below).

Caution. In some cases, the dispersion of the original data remains high, even for regionalised data
(see the examples below). That is probably because other control factors (riparian vegetation, texture of bank

sediment, etc.) must be more precisely taken into account. Another possibility is that there may simply be no

correlations (see Figure 56b).

Examples of hydraulic-geometry relationships including the level of urbanisation
in the river basin. The data reveal that in river basins of identical size, rivers in
urbanised basins have higher discharges and correspondingly greater widths
than rivers in rural basins (Harman et al.,1999).

Figure 55

Figure 56
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Differences in width between single-channel and braided rivers with
equivalent discharges (Ashmore, 1999).

Figure 57

An application of hydraulic-geometry laws. 6 + 6 = 12 (Yellowstone park, U.S.).

Figure 58

Note also that at equal discharges, braided rivers are generally much wider (and much less deep) than

single-channel rivers (we will discuss this aspect later). The figure below indicates that the coefficient

between the two types of river is approximately 3 to 5.

Finally, below is a figure showing the confluence of two rivers having the same width. The result is a river

twice as wide (who would have guessed?).

(b) Example of correlation between the river-basin surface area and the width/depth
ratio (Tennakoon and Marsh, 2008, regionalised measurements on rivers in
Queensland, Australia). There is commonly a ten-fold factor between the lowest and
highest values!
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Width/depth ratio

The ratio of the average bankfull width to the average bankfull depth (noted w/d) is a useful geometric

characteristic for a number of reasons.

In hydromorphological terms, it is a typological parameter indicating the geodynamic activity of the river.
For example, fairly dynamic rivers with significant lateral erosion and high sediment inputs have relatively high

w/d ratios of 20 or more. Braided rivers often have w/d ratios near or even greater than 100.

Four examples of width/depth ratios.
The correlation with the intensity of
geodynamic processes (lateral erosion
and sediment transport) is clear.
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Figure 59

58

a

b

c

d

Bankfull width = 2,5m
Bankfull depth = 1m

w/d = 2,5

Bankfull width = 22m
Bankfull depth = 2m

w/d = 11

Bankfull width = 90m
Bankfull depth = 4m

w/d = 22,5

Bankfull width = 150m
Bankfull depth = 1,5m

w/d = 100



The w/d ratio also informs on bank cohesiveness. The greater the cohesiveness, the narrower and the
deeper the river. Conversely, if the banks are not very cohesive, rivers tend to be wider and shallower (see

Figure 60). The trends are identical to those for riparian vegetation in that the two parameters (vegetation and

cohesiveness) both encourage vertical erosion and limit lateral erosion. Note, however, that data dispersion

is again high (a factor of 3 to 5 between high and low values), but recent efforts to regionalise the data would

tend to reduce dispersion.

Caution. In spite of the subsisting uncertainties, these examples clearly show that a low width/depth
ratio, i.e. a ratio characteristic of a narrow and deep river, does not necessarily signal a
hydromorphological malfunction, as is sometimes thought. Such characteristics may be completely
natural and the result, notably, of the texture of the bank sediment, which is one of the secondary control

factors. A hydromorphological study is required to determine if the characteristics are natural or caused by

anthropogenic alterations.

59

Figure 60 a

b

(a) Width/depth ratio as a function of silt and clay percentages in banks (according to
Schumm, 1960).
(b) A part of the Schumm data confronted with the much lower Maryland data, (McCandless
and Everett, 2002).
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Bankfull discharge

One of the most useful results of the past 50 years of research on the relationships involved in hydraulic

geometry is the recurrence interval of bankfull discharges (for information on field measurements, see the

chapter on "Tools for hydromorphological studies").

As early as the 1950s, the pioneers in river geomorphology (Wolman, Leopold, etc.) demonstrated that the
discharge filling the bankfull channel just prior to overflowing into the floodplain had a relatively
high frequency (generally annual to two-year floods). Several decades of research confirmed these initial
results and it is today widely acknowledged that the bankfull discharge of a river is close to the daily flood
level with a two-year frequency, even if slight regional differences exist (see Table 5), notably concerning
the texture of bank sediment and the characteristics of the river basin (some rivers overflow at Q 1-year and

some at Q 3-years, but very few overflow at Q 0.5-year or Q 10-years, unless there are anthropogenic causes).

This geomorphological law is valid only for fairly natural rivers (little human impact) and does not hold
particularly well for braided rivers.

The relationship between this geometry and the frequent discharge levels is still not well understood. A large

number of authors mention the concept of dominant discharge, i.e. a frequent discharge capable of creating

the most effective cross profile to regularly transport downstream the volume of sediment supplied by the river

basin. The dominant discharge would correspond to the bankfull discharge.

Examples of bankfull-discharge frequencies according to several authors (summary prepared by Wilkerson,
2008).

Table 5

Studied area

Western U.S.

Belgium

Eastern half of the U.S.

Wyoming (Green River basin)

North America

NW section of the Colorado basin

Queensland (Australia)

England and Wales

Recurrence interval of the bankfull

discharge (Qbkf)

1.4 (average)

0.7 - 5.3

1.5

1.7 (median)

1.58

1.18 - 1.4 (mode)

1.1 - 1.85

0.46

Authors

Castro and Jackson (2001)

Petit and Pauquet (1997)

Leopold et al. (1995)

Lowham (1982)

Dury (1981)

Andrews (1980)

Dury et al. (1963)

Nixon (1959)

This law is highly useful for hydromorphological engineering.

� It can be used to inform local inhabitants that a natural river often overflows into its floodplain and that such

phenomena are not a malfunction, but rather an indicator of good river operation.

� It is a means to identify and even quantify the impact of certain types of hydraulic work (notably recalibrations).

If the bankfull discharge strays notably from Q 2-year (e.g. if the overflow occurs only at Q 5-year), it is

certain that the river has been recalibrated with the usual hydromorphological and ecological consequences

(Wasson et al.,1998).

� It can be of use in sizing a new riverbed for hydromorphological-restoration projects.



Stable river patterns
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The river pattern is probably the most spectacular among the many response factors

available to natural and slightly modified rivers to adjust to changes in the control factors.

River patterns have been studied for centuries and a great deal can be said about them,

but today, it is acknowledged that there are two main types, meandering and braiding.

There are also patterns that have been qualified as secondary because they are less

frequent, though some authors see them rather as sub-patterns of the twomain patterns.

They include the straight, wandering, anastomosed and anabranching patterns.

The distinctions between the various river patterns, their origin, frequency and

evolution over time and space are even today the topic of active research in many

countries. A frequent dispute, that we will discuss below, concerns the naturalness

of the straight pattern.

� Meandering pattern

� Braided pattern

� Thresholds between the meandering

and braided patterns

� Wandering, anastomosed and anabranching,

the secondary patterns in rivers with adjustable

morphologies
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Entrenched meanders (San Juan River, Goosenecks State Park, Utah, U.S.).
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Figure 61

Most scientists today acknowledge that rivers very rarely flow naturally in straight lines. A number
of fairly well understood limiting conditions (geological or tectonic constraints such as fault lines, very steep

(torrents) or slight slopes) may result in straight patterns, though generally over very short distances.

It should be noted, however, that the bankfull channel of braided rivers is generally almost straight (see the
section on the braided pattern).

These particular cases notwithstanding, it may be said that a straight pattern is almost always indicative
of human intervention (rectification) and synonymous with hydromorphological and ecological alterations.

The different types of meanders
There are two main types of meanders, namely entrenched and free meanders, plus an intermediate type

called constrained meanders.

� Entrenched meanders
Entrenched meanders have developed over millions of years of geological history, either as antecedent streams

cutting through topographic areas that are erosion surfaces undergoing uplift (the concept of antecedence),
or over an erodible surface masking a resistant substratum (the concept of superimposition).

There are two types of meanders depending on the origin of the bends. Entrenchment can take place due to:

� continued incision of existing meanders;

� progressive development of bends during incision.

Though their planform may currently be unchanging, entrenched meanders are nonetheless capable of

considerable sediment transport.

a b
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Meanders constrained by slopes difficult to erode (Beaver River in Canada). Note the
dissymmetry of the planform. The meanders appear to be increasingly compressed
from upstream to downstream (left to right).

Figure 62
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Free meanders. (a) Altiplano in Bolivia. Note the abandoned palaeo-channels in the alluvial plain and the point
bars that signal significant bedload transport and varied discharges. (b) Meandering river in Alaska at an average
discharge level. Chute channels cut off the vegetated point bars.

Figure 63

� Constrained meanders
In constrained meanders, the lateral movement of all or some of the bends is blocked by the entrenched

structure of the valley. Their development is limited in alluvial valleys that river erosion could not calibrate,

i.e. widen sufficiently so that the meanders could migrate freely.

These meanders are, however, mobile and have a dissymmetric shape caused by the "wall" effect (valley

sides made of hard rock) that slows their lateral expansion and translation downstream (see the theoretical

aspects below).

� Free meanders
This is the most frequent type of meanders. They develop over the surface of alluvial plains where they can

cut out a planform without any significant geological constraints. On the vertical plane, they cut into old or

more recent river alluvium. The pattern is generally sinusoidal.

a b
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Morphometric characteristics of meandering rivers.

Figure 65

� Enclosed meanders
It is possible to find free meanders developing in valley bottoms that are themselves old entrenched

meanders.

The latter were dug out millions of years ago by rivers far more powerful than current rivers and their

morphometric characteristics (see below) correspond to much higher discharges than current discharges.

The current meanders are said to be "underfit" because they are formed by much lower discharges, due

generally to climatic reasons or because geological phenomena (e.g. stream capture) deprived them of part

of their discharge.

Many examples of such meanders exist in the world, including in France.

The morphometrics of meandering rivers

The morphometric study of a river or, more precisely, of a uniform geomorphological reach of a river consists

of describing a certain number of planform characteristics.

We will see that the morphometric characteristics are good indicators of the hydromorphological operation

of a river.

The enclosed meanders of the Rognon River and the current Rognon, with its morphometric characteristics adapted
to the contemporary climate. The average width of the valley bottom is 150 metres, that of the current river only
15 metres. The river is almost as sinuous as its "ancestor".

Figure 64
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It is advised to measure the bankfull widths in the straight sections or at the inflection points. This is less important
for less active rivers (a), on which systematic measurements can be carried out, however it is an important factor in
areas where local erosion/deposition processes are significant and where width measurements in the active sections
of bends may produce excessive and non-pertinent values if there are few measurements along the reach (b).

Figure 66

� Bankfull width
The bankfull width is noted w (width). It is generally measured at the inflection points between two
bends to avoid the excessive measurements that are often noted in the active parts of bends, where during
floods the (concave) cut banks erode and the point bars receive deposits. This is particularly the case for

highly dynamic rivers.

The technique employed consists of measuring the width several times over a uniform reach, then averaging

the results.
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The bankfull width is a crucial morphometric parameter because it serves to calculate "adimensional"

values for other river-morphology parameters, which can be used to compare rivers of different sizes and to

derive hydromorphological "laws". As noted above, the bankfull width is also an important variable in hydrau-

lic geometry.

� Sinuosity index
As the name indicates, this parameter quantifies river sinuosity. It is noted SI in French documents and P in
English documents. Two measurement techniques are used, the first being the most common.

Length ratio

This technique consists of measuring the distance along the centre of the riverbed between two points,

then measuring the general direction of the river between the same two points and dividing the first by the
second. For the second measurement, there are two options:

� the "standard" method uses the general direction of the river, which is essentially the distance measurement

along the centre line of the area defined by the meander-belt widths;

� the Allen method (1984) uses the distance measurement along the centre line of the area defined by

the meander inflection points. This distance is theoretically a bit longer than the previous and the resulting

sinuosity index is somewhat smaller.

Two fairly similar rivers, one probably very active (top) and the other less active. The wetted widths are
identical for the observed discharge,identical for the observed discharge, but the top river has a bankfull width
4.5 times larger. The standard deviation in widths represents 36% of the average width compared to 30% for
the bottom river in which the bankfull widths are somewhat more uniform.

Figure 67
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The figure below illustrates the significant variability of widths in rivers located very close to one another and

having nearly the same size.
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Calculating the sinuosity index using the centre line of the area defined by the meander-belt widths.

Figure 68

Slope ratio

The other technique consists of dividing the valley slope by the stream slope. The results are fairly comparable

to the previous, "standard" technique.

Sinuosity classes

Four sinuosity classes (P) are generally used.

� P < 1.05. The river is virtually straight. This is often the case for the bankfull channel of braided rivers (see
the section on the braided pattern). This is also the case for many channelised rivers.

� 1.05 < P < 1.25. The river is sinuous.
� 1.25 < P < 1.5. The river is very sinuous.
� P > 1.5. The river is meandering.

The highest sinuosity indices can reach values of 3 and even 3.5 if the "standard" method is used.

P=1.36

P=1.53



Visual examples of sinuosity indices.

Figure 69

Example of high sinuosity indices in an Amazonian river.
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Figure 70

The captain of this boat probably has a very intuitive understanding of just what a
high sinuosity index means (Amazon basin).

Figure 71
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P < 1.05: straight 1.05 < P < 1.25: sinuous
1.25 < P < 1.5: very sinuous

Distance along centre of riverbed = 108 km

"Allen" distance = 42 km
i.e. P = 2.6

Distance along down-valley axis = 33 km
i.e. P = 3.3

P > 1.5: meandering
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Relationship between the sinuosity index and (a) the width/depth ratio, (b) the more or less cohesive texture of the
banks (Schumm, 1963).

Figure 72

Figure 72 shows that the sinuosity index is correlated with other hydromorphological parameters such as the

width/depth ratio, valley slope and bank texture.

For example, a meandering (high index) river tends to have a narrow and deep riverbed whereas a sinuous

river tends to flow in a bed that is wider with respect to its depth. We will see below that the latter is, generally

speaking, much more active. Similarly, a river flowing in a valley where the substratum consists of fairly

cohesive alluvial deposits has a greater chance of meandering than a river that erodes non-cohesive banks.

Furthermore, straight or virtually straight rivers (at the bottom right in Figure 72a) are those having the highest

width/depth ratios. The rivers shown in the figure are braided rivers.

� Meander wavelength
The wavelength of a meander is measured between the apexes of two consecutive bends on the same side

of the down-valley axis. The result may be a simple distance (metre, km, etc.) or a relative (dimensionless)
value where the distance is divided by the mean bankfull width (w).

Fairly low relative values generally signal highly meandering rivers (the bends are "squeezed" together) and

low geodynamic activity. Higher values signal sinuous rivers (i.e. less sinuous than meandering rivers) that are

generally more active in terms of their geodynamic processes.

Caution. Recall (see the section on hydraulic geometry and the figure above) that rivers flowing between
cohesive banks (clay, compact silt) are generally more sinuous, narrower and deeper, for river basins of

equivalent size, than rivers with non-cohesive and easily erodible banks, i.e. where the mean grain diameter

is greater than that of fine sand (0.125 mm). The division of the wavelength by the mean bankfull width
thus provides information not only on the river planform, but also on the consistency of the banks.

The average relative values of meander wavelengths commonly observed in nature are generally between
8 and 15, with a median value of 10 to 12 w.

a b



Relationships between meander wavelengths and (a) discharge, (b) the surface area of the river basin (Dury, 1965). Note that
enclosed meanders (located in currently temperate zones) are almost ten times larger than current meanders.

Figure 74

For meander wavelengths, a number of authors have established relationships similar to those proposed for

hydraulic geometry, i.e. relationships with the discharge or directly with the surface area of the river basin

(see Figure 74).

It may be noted that in equivalent river basins, enclosed meanders are often ten times larger than current
meanders, which confirms that in the past, discharges were much larger and the climate much more humid
than today (see the figure below).

Even after regionalisation, dispersion of the relative values remains high. As noted above, this would

often appear to be due to the fact that the authors have clearly not integrated other discriminant control

factors, e.g. bank texture, riparian vegetation, etc. (see Figure 73).

� Meander-belt width
The meander-belt width is generally measured between the apexes of two bends on opposite sides of the

down-valley axis. In general, a mean value is calculated for an entire reach. It is also possible to determine the

area defined by the meander-belt widths and measure a number of perpendiculars to obtain a statistically valid

mean value.

The relative values of meander-belt widths in natural rivers range from 5 to 20 w, with a median value of
10 to 12 w. They are generally lower for less sinuous and high active rivers, and higher for meandering and less
active rivers (caution is required because the latter are generally narrower with higher relative values).

Examples of relationships between meander wavelengths and the bankfull width
(Pearce and Collins, 2004).

Figure 73
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Examples of meander-belt width and wavelength calculations (the sinuosity index is 3.5 in the photo on the left and
1.38 on the right).

Figure 75
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Regionalised relationships between meander-belt width and the bankfull channel
width (Pearce and Collins, 2004).

Figure 76

Once again, even after regionalisation, dispersion remains significant.

� Radius of curvature
This is a useful variable because, as we will see below, when used as a relative value (i.e. divided by the bankfull

width), it is indicative of meander maturity and of its probable erosion dynamics (the highest erosion rates
occur for an Rc/w value between 2 and 3).

The radius of curvature is measured by placing a circle over the two inflection points of a complete bend or, if the

meander is too oddly formed, by adjusting the arc of the circle as close as possible to the general shape of the

bend. Once again, an average value for a reach is preferable to a single value.

Examples of radius of curvature and width calculations.

Figure 77
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(a) Highly irregular meanders (Alaska, U.S.). Under these conditions, it is not easy to calculate a wavelength or a mean
radius of curvature. (b) Meanders in the Shenandoah River (Appalachia, USA), influenced by the structure of the
valley. The image is not deformed! The sinuosity index is 3.9 and the maximum meander-belt width is 48 w.

Figure 79

� Arc length
Similar to the other morphometric parameters, the arc length is proportional to the width, but its values are more

variable, ranging from 5 to 30 w. The arc length is generally measured between two inflection points. If the
meander is too twisted, the measurement may be taken at the beginning of the "inflection zone".

Examples of arc-length and width calculations.

Figure 78

� Some exceptions
Asignificant percentage of meandering rivers have a planform that does not correspond to the hydromorphological

laws discussed above. Irregularities in the pattern are generally due to heterogeneities in the soil of the entrenching

banks (more or less cohesive alluvium depending on the section of the alluvial plain) and the presence of

geological (highly resistant exposed bedrock) or tectonic controls (fault networks).

Caution is also advised concerning measurements that represent only a very specific moment in the development

of a stable river pattern. If measurements on morphometric parameters are carried out on a section of the river

in which meanders have just been cut off (naturally or artificially), the results and their interpretation may be wildly

erroneous (see the figure below). This may also be the case following an unusually high flood.

72 a b
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The geometric shapes and the gross intensity of the hydromorphological processes are
proportional to the size of the river (the bankfull width), which is itself proportional to the water
volumes entering the river, which are in turn proportional to the surface area of the river basin.

The proportionality of landforms and processes. (a) Rivers in Yellowstone park, Wyoming, U.S. and (b) rivers in the
Amazonian basin.

Figure 81
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The current morphometric characteristics do not necessarily correspond to a
meandering morphology if the river was modified, more or less recently, by
meander cutoffs.

Figure 80

� In conclusion, a proportionality law
Even if, similar to hydraulic geometry, the morphometric relationships and the corresponding equations produce

results showing a high level of dispersion, notably when they are not sufficiently regionalised, they nonetheless

establish a fundamental law of river hydromorphology, i.e. the proportionality law of landforms and
processes.
If the control factors are identical, a small river one-metre wide will function in the same manner as a river 100

or 1 000 metres wide.

It is this acknowledged law that makes it possible to study hydromorphological processes using scale models

(see the next section).

a b
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The origin of meanders

Interrogations concerning the origin of meanders date back at least to Antiquity.

They may be divided into two subsets of questions.

� Why do rivers meander?

� Why are meanders so regular?

The figure below shows the development of perfect meanders in a laboratory (the pattern is in fact more
"very sinuous" than "meandering"). The regularity of the bends is due to the fact that the material used in

scale models is generally highly uniform (carefully sifted sand is often used), which is rarely the case in the

natural world and explains why natural meanders are less regular.

Two main and opposing "schools of thought" attempt to explain the phenomenon of meandering, the school

of fluid mechanics, which posits macro-turbulences in river flow, and the school of solid mechanics, which

sees meanders as being caused by mechanical compression.

� Fluid mechanics and turbulence
The main studies on turbulence as the cause of meanders were done by Yalin (1972, 1992, 2001), even if many

other researchers have also worked on these processes.

For this school, the principle is simple, i.e. all moving fluids (water, air, etc.) are subject to turbulence
which is a standard means of energy dissipation. Turbulence occurs in the form of "bursts" along a horizontal (but

also vertical) axis which move downstream (or in the direction of the air currents as shown in the figures below)

according to a sinusoidal trajectory with a wavelength proportional to the width of the fluid flow.

(a, b) Experiments by Friedkin using scale models (1945). The initial situation is shown on the left,
then after three hours at a constant discharge. (c) A very similar experiment by Gardner (1973).

Figure 82
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Examples of bursts with a vertical axis generated downstream of an obstacle blocking the fluid flow. The images here
show vortexes (Karman vortex street) downwind of islands in the middle of an ocean.

Figure 83
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Propagation of bursts and the creation of alternating bars. Experiments by Yalin (1972
(a and c) and 2001 (b)). (c) Bends have formed by the end of the experiment.

Figure 84

Downstream propagation of bursts in a river results in transport of sediment (if present) and the formation of

alternating bars, on the condition that the width/depth ratio is not too high, in which case numerous bars form
and braiding occurs.

The wavelength of the alternating bars is relatively constant, i.e. between 6 (see the Yalin example, Figure 84)

and 10 times the width (Figure 85). The reason for the regularity of the wavelength has still not been fully
explained.

If the banks are erodible, the alternating bars deflect the current and provoke erosion of the opposite bank, thus

creating bends over a short period of time.
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Alternating bars do not form if there is no or insufficient bedload transport.

The process of "turbulent" meandering may also be found in the Gulf Stream, a warm current flowing between

two "banks" of cold water. Note the meander cutoffs and "side channels".

� Solid mechanics and compression
For this school of thought, which has fewer proponents, the formation of meanders owes nothing to turbulence

processes.

These researchers see rivers as deformable, plastic objects, similar to cylinders of modelling clay that one

would attempt to push over a more or less plane and more or less rough surface. When pressures are

exerted on either side, the result is a deformation which, in plan view, is similar to meanders in a river.

The most widely known example, among those generally presented by the proponents of the mechanistic

approach, is that of the freight train that derailed in Greensville in 1965 (Figure 87). The competing forces
which generated the "meandering" compression were the velocity of the train and the roughness of the

substratum which slowed the slide of the train after it derailed.

Development of alternating bars along diked sections of the Isar and Rhine Rivers. Note that the wavelength between
the apexes of two bars on the same side of the down-valley axis is approximately 8 to 9 times the width. Bends do not
form because the banks are not erodible (dikes and stone banking).

Figure 85
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Figure 86
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Meanders in the Gulf Stream ("bankfull width" = 60 to 80 kilometres). (a) The Gulf Stream revealed by its flow
velocities (© NOAA), (b) and by its surface temperatures.
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Formation of "meanders" during the Greensville train wreck. Note the wavelength (10 w) and meander-belt
width (12 w) (Shetner, 1970, modified).

Figure 87

The other observations in support of this theory are those occurring during experiments on smooth plates.

A small (variable) amount of water is allowed to flow down a smooth, plane surface (glass or some other
material) whose slope can be modified.

Many trials of this type have been carried out since the 1980s, notably by Ikeda et al. (1981). Among the more

recent experiments that can be presented here are those of Le Grand-Piteira et al. (2006, Figure 88).

Caution. Meanders develop on a smooth plate only under certain slope and discharge conditions. Flow
is virtually laminar, i.e. with little or no turbulence, due to surface-tension phenomena. Bursts are therefore not

the cause, but the meanders can be explained as the result of two competing forces, i.e. the stream power
(slope x discharge) and the roughness of the plate which resists the linear movement of the water.

Examples of lab experiments to create micro-meanders on (a) a sheet of glass (Mizumura, 1993), (b) a sheet of mylar
(Le Grand-Piteira et al., 2006).

Figure 88 a bTube diameter
10 mm



The solid-mechanics approach may be better observed in scale-model experiments, such as the one

presented below (Jin and Schumm, 1986). The experiment takes place in a channel in which a clay strip is

installed half-way down the channel and across the entire model. Downstream of the strip, the meanders

remain highly uniform and similar to their initial pattern. Upstream of the clay strip, however, the meanders are

compressed, their wavelength drops and the meander-belt width increases. The regressive, compressive

effect is manifest over a significant distance upstream of the obstacle (at least three bends).

We have observed in many rivers this "compressive" effect caused by an obstacle blocking the smooth translation

of meanders downstream, which would be the natural process in the absence of the obstacle.

For the proponents of solid mechanics, the general phenomenon of meandering in rivers is thought to be caused
by the continuous competition between two opposing forces:
� stream power (slope x discharge);

� the resistance of the banks which oppose the translation of meanders downstream more or less, depending

on the cohesiveness of their sediment.

Effect of a clay outcropping on the mechanical deformation of upstream meanders
(Jin and Schumm, 1986).

Figure 89
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Example of local, mechanical compressions caused by natural or man-made obstacles blocking the downstream
translation of meanders. (a) A downstream section of the Ain River (clay outcropping at the foot of a terrace).
(b) A downstream section of the Doubs River with, at the top, bank protection systems and, at the bottom, a clay
outcropping at the foot of a terrace.

Figure 90
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Relationships between bank cohesiveness (quantified here according to the percentage of silt and clay in the
banks) and river sinuosity. The straight lines represent sinuosity indices calculated using the slope-ratio method
(Van den Berg, 1995). Note that sinuous and meandering rivers may occur over a wide range of valley slopes
and that for a given slope, the river will be increasingly sinuous in step with bank cohesiveness.

Figure 91

This hypothesis is supported notably by a number of observations, e.g. Schumm (1963) and later Van den Berg

(1995), which indicate (Figure 91) that the greater the cohesiveness of river banks, the more they resist lateral

erosion (and the translation of bends downstream) and the more the meanders are compressed (high sinuosity,

high meander-belt width and low wavelength).

The above would seem to support the compression theory.

� In a river with only slightly cohesive banks (high sand and gravel content), the bends will migrate (translate)

easily and rapidly downstream with minimum compression and a moderate sinuosity index (< 1.5). The

river is probably fairly active with significant lateral erosion, particularly in the downstream sections of the

meanders.

� Conversely, highly cohesive banks will resist meander translation and the latter will be compressed

(sinuosity index between 2 and 3). Lateral erosion will take place slowly and progress essentially along an axis

perpendicular to that of the valley.

The sinuosity index, for a natural river, may be used as an indicator of bank cohesiveness and of the
potential river geodynamic activity.

As always, there are exceptions to the rule and some highly sinuous rivers will also be very active. In

this case, the presence of a high number of alluvial bars is a secondary indicator (Figure 92).

Two rivers having approximately the same sinuosity index. River (a) is active, river (b) less so.

Figure 92 a b
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� Conclusion on meander theories
The fluid-mechanics (turbulence) approach currently has greater support, however the solid-mechanics

(compression) theory is, in our opinion, not without merit and numerous observations in the field would seem,

intuitively, to confer it a certain validity. From the engineering standpoint, we have often, calling implicitly
on the compression theory, advised against blocking the downstream section of an active bend using heavy

protection systems to ensure that the phenomenon of regressive compression does not worsen the lateral

erosion upstream of the protected area.

In the final analysis, the two theories to describe the processes of energy dissipation, either through turbulence

or compression, may be complementary or even identical, but presented differently.

Meander dynamics

� Translation, migration, cutoff
Whatever the theory used, it is now acknowledged that bends in rivers are mobile (unless entrenched in a rocky

gorge) and move more or less rapidly as a function of various control factors. If we look again at the graph by

Van den Berg (1995), it is possible to present the theoretical, natural evolution of the two extreme types of sinuous

river (see figure below).

At the upper right in the figure, are rivers:

� that are sinuous or very sinuous (sinuosity index < 1.5);

� that are rather active in terms of their lateral dynamics, i.e. maximum erosion in the downstream third of the

bends, along the down-valley axis;

� whose typical planform evolution is meander translation downstream;
� in which meander cutoff takes place through chute cutoff even before the meander has reached its full
development (omega shape). The result is a side channel (cut-off meander).

The two extreme types of meander according to the graph by Van den Berg (Figure 91).

Figure 93
Figure 91
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The main conclusion that may be drawn from the two theories is that a natural river is never straight,
except for a number of well identified, special cases, i.e. rocky or tectonic controls, a total absence of slope

or very high slopes (mountain torrents), or over very short periods, e.g. following artificial meander cutoff.
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Examples of typologies for the planform evolution of sinuous rivers. (a) Brice (1975),
(b) Knighton (1984).

Figure 95

At the lower right in the figure, are rivers:

� that are very meandering (P > 2).

� that are relatively less active in terms of their lateral dynamics, i.e. low level of meander translation

downstream and above all extension/expansion perpendicular to the down-valley axis;

� in whichmeander cutoff takes place at the neck, when two concave banks undergoing erosion meet and
leave behind a rounded side channel (oxbow lake).

Between these two extremes, there is every possible variation.

The planform evolution of sinuous, single-channel rivers can thus be of several types, to which a number of

different cutoff types must be added. A large number of typologies have been established in an attempt to

describe more precisely the various types of evolution (see examples below).

The two extreme types of meanders in (a) the Uruguay River basin in Brazil and (b) the upper Amazonian basin in Peru.

Figure 94
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The most recent typology is that of Lagasse et al. (2004), who reworked the typology by Knighton (1984) and

distinguished four major types of evolution (extension, translation, expansion, rotation) that may all combine

(see Figure 96).

The figure below shows the true evolution of a series of meanders in an experimental scale model. Translation

clearly dominates among the types of evolution.

� Lateral erosion
These general changes in the planform take place through more or less intense processes of lateral erosion,

that depend on the stream power and the cohesiveness of the banks.

Lateral erosion on the local level

As noted above, in active rivers with non-cohesive banks, the erosion process is dominated by meander

translation along the down-valley axis. Conversely, in rivers that are less active and have cohesive banks, the

evolution consists above all of extension/expansion perpendicular to the down-valley axis.

On the local level, these erosion processes result in the progressive retreat of the banks at velocities that

depend on the type of bank (structure and texture), their height and their degree of vegetation. We will see in

Typology for the planform evolution of sinuous rivers (Lagasse et al., 2004).

Figure 96

Map showing the changes in a scale model of a river during an experiment by Friedkin (1945). There is a triple
mechanism involving translation, extension and expansion, but in terms of the mean erosion rate, translation
dominates with values equal to 3 to 11 times the width compared to 1 to 1.5 times for extension. Note, however,
that extension is probably limited by the edges of the experimental system. Note also that the meander-belt
width and wavelength increase during the experiment.

Figure 97
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Role played by water-table fluctuations in lateral erosion during floods. (a) Before the flood, (b) during the flood
(hydrostatic equilibrium), (c) when the water recedes (rapid drop in water level and slower drop in water-table level,
which discharges into the river and accentuates bank erosion).

Figure 98

the next section that the velocity at which the banks retreat (i.e. the rate of lateral erosion) also depends on

additional parameters, including the stream power.

The important role played by fluctuations in the water table during floods should also be mentioned.
In rivers located in an alluvial plain made up of permeable or highly permeable deposits, the water table rises

in step with the increase in discharge.

When the bankfull discharge is reached, the hydrostatic level of the table is in equilibrium with that of the

riverbed and, in some rivers, notably in those with banks comprising sand and/or gravel, there is almost no

lateral erosion at this stage of the flood. On the other hand, when the waters recede, the level in the riverbed

drops much faster than that of the water table, which finds itself perched above the river. The result, as

the table empties to the river, is hydrostatic decompression, enhanced entrainment of bank materials and a

sudden increase in erosion rates.

Rate of erosion and dynamic-activity classification of a meandering river

By measuring past erosion rates, it is possible to characterise the geodynamic activity of a river and to

predict its future evolution.

Annual rates of lateral erosion in a river may be quantified in two ways:

� by measuring eroded distances, the rate of erosion is expressed in centimetres or metres per year;

� by measuring eroded surface areas, the rate of erosion is expressed in square metres or hectares (ha)

per year;

1- Measuring eroded distances using the convexity-sagitta method
One of the methods to determine erosion rates in a river consists of measuring the "convexity sagitta" along

active bends using documents (maps or photos) established at least ten years apart in order to reduce the

effects of hydrological fluctuations (an interval of 20 years would be ideal for low-mobility rivers).

When interpreting the measured erosion values, it is nonetheless important to take into account recent

hydrological events in the river because a single low-frequency and/or long flood can provoke significant

erosion.

The technique consists of measuring one sagitta per bend, at the point of greatest erosion between the two
banks shown on the map or photo (see figures below). The length of each sagitta is expressed in metres, then

divided by the number of years between the two documents to produce an annual erosion rate (m/year).

a b c



Measuring erosion rates relative to
the bankfull width.
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Figure 100

Though the rates of erosion expressed in metres are of value, e.g. when informing the local population, in terms

of determining the geodynamic operation of the river, it is more useful to know the relative erosion rates, i.e.
the annual rate divided by the mean width of the river in the studied reach.

The figure below shows that, when calculated using a mean bankfull width of approximately 30 metres, the

relative annual erosion rate of the most active bend is 8.4%. This means that each year, the river erodes the

equivalent of 8% of its own width.

1a- Dynamic-activity classes
We have devised a classification system for the lateral geodynamic activity of rivers based on relative erosion rates

(Malavoi, 2000), notably in view of establishing a national typology.

The system is presented in the table below.

84

Measurements using the convexity-sagitta method, (a) measured distances and (b) annual erosion rates from 1950 (green
line) to 2002 (aerial photo). The sagitta of the most active bend is 126 metres long, i.e. the annual mean erosion rate of that
bend is almost 2.5 metres per year.

Figure 99

Classes of lateral dynamic activity in a river.Table 6

Relative annual erosion rate
(% of bankfull width)

< 1%

1 - 3%

3 - 5%

5 - 10%

10 -15%

> 15%

Activity class

Not or barely active

Slightly active

Moderately active

Active

Highly active

Extremely active

a b
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A few examples of measurements
of relative erosion rates on rivers
considered fairly active, on the whole.
It is clear however, notably on the
Ognon River, that the relative intensity
of erosion processes can vary greatly,
depending on the reach studied.

Figure 101

1b- Examples of erosion rates
The graphs below present our measurement results for a few rivers. The Ognon is the river with the highest rates and
the Doubs with the lowest. This approach and the interpretation of the results can also be broken down into uniform
geomorphological reaches.



It is important to note that useful data for a geodynamic typology can be gained only in natural

meandering rivers that have not been artificially stabilised and that flow freely, i.e. are not affected by waters

impounded behind dams and weirs.

If no difference in erosion is visible in the compared documents, that does not necessarily mean that the river

has no geodynamic potential. It is necessary to check, notably in the field, that the lack or low level of activity

is not due to bank protection systems or the stabilising effect of a reservoir.

Similarly, even if geodynamic activity is observed, for example over a 20-year period, and the reach can

be measured and ranked according to a class of lateral-erosion activity, a check should be run to ensure

that no bank-protection systems were installed over the period separating the two documents used for the

comparison. For example, a bend could erode at a 10% rate per year for ten years, then at 0% for the next

ten years if the banks were protected in the meantime. The relative mean rate would then by only 5% per year.

1c- The issue of potential geodynamic activity
This brings us to a more general question concerning how to qualify a river or reach in terms of its potential

geodynamic activity. For example, it may be quite useful to know, notably for a hydromorphological-restoration

project or when mapping a mobility space, if a given river reach, currently non active following human

intervention, would be more active under natural conditions.

This type of analysis requires a typological approach that has been only partially developed to date and

is based notably on the geodynamic rank. A given unit stream power combined with a given class of bank

erodibility and a given level of sediment input should theoretically produce a quantifiable relative erosion

rate. While waiting for a functional typology suited to this type of question, a simpler approach is to use the

convexity-sagitta method in each uniform geomorphological reach and to deduce that the reach as a whole

should theoretically operate in the same manner. This is because it is rare (but not impossible) that reaches

spanning several kilometres have been artificially stabilised over their entire length. Lacking a better solution,

currently active zones could therefore be considered representative of the "natural" operation of the river.

1d- Presentation in map form
Two parameters are important when attempting to characterise the lateral geodynamic activity of a river or

river reach, i.e.:

� the erosion rates, in metres or relative;

� the number of bends being eroded (i.e. the number of convexity-sagitta measurements) per unit of river length

(where the unit of length must be proportional to the size of the river).

Note that the two parameters may be heavily influenced by human intervention.

In addition to graphs, maps are also a useful way to present and interpret lateral-erosion rates. A few

examples of maps indicating the results for each geomorphological reach are shown below.
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Examples of maps showing various indicators of lateral geodynamic activity in the Armançon
River basin (Malavoi and Hydratec, 2007).

Figure 102

Map of eroded surface areas on the lower Doubs River over three time series (Malavoi, 2004).
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Figure 103

2- The surface-area method
In addition to measuring the eroded distances, where only one value is generally recorded for each bend,

it is possible to measure and analyse rates of lateral erosion on the basis of the eroded surface areas.

This approach is useful in evaluating:

� land losses (a major socio-economic and socio-political aspect);

� production of alluvial load (this aspect concerns the sediment-transport equilibrium).

By comparatively analysing maps or photos, using a GIS (geographic information system) if available (see the

chapter on hydromorphological tools), it is possible not only to measure the convexity-sagitta values, but also

to map the eroded surface areas.

Number of convexity-sagitta
measurements

per kilometre of river

No data

Extremely active
Highly active
Active
Moderately active
Slightly active
No data

Current dikes

Riverbed around 1880

Riverbed around 1840

Riverbed around 1760

black lines = hydro-ecoregion
limits

Erosion rates in metres
(reach average in m/year)

black lines = hydro-ecoregion
limits

Relative geodynamic activity
(average value per reach)

black lines = hydro-ecoregion
limits



This technique provides direct access to precise, spatialised information on past erosion. For example, the map

of the Doubs River shows formerly active sectors that are no longer active and formerly inactive sectors that are

now active. Presented in graphs (see below) showing average values for each uniform geomorphological reach,

the data provide a rapid indication on trends over time and can be used to draw conclusions for the future. There

was clearly a reduction in erosive activity in the lower Doubs between 1960 and 1985 (Malavoi, 2004), due to the

extraction of large quantities of material which, by reducing the surface areas and volumes of alluvial bars, also

reduced the lateral erosion caused by the macroforms.

3- Meander maturity
From the moment a meander is created (starting from a straight section) until it is cut off (if that occurs), it evolves
according to the processes discussed above (expansion, translation, etc.).

Research has shown that erosion rates on the scale of individual bends vary over time as a function of the
meander maturity. The most commonly used maturity index is the ratio between the radius of curvature and
the bankfull width (Rc/w). A number of studies indicate that the highest lateral-erosion rates occur for Rc/w values
between 2 and 3, with a fairly clear peak between 2 and 2.5 (Hickin and Nanson, 1984).

Annual erosion rates for uniform geomorphological reaches on the lower Doubs River (Malavoi, 2004).

Figure 104

(a) Visual examples of Rc/w values. (b) Relative erosion rates observed in some rivers as a function of the
maturity index (according to Hooke, 1991).

Figure 105
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Lateral erosion of the bend in the Ain River between the marks 5 and 9 produced approximately
30 000 cubic metres of sediment in one year, of which over 50% was coarse sediment
(Malavoi, 2008).
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Figure 106

� Lateral erosion producing sediment load
One of the major consequences of lateral erosion, which affects all types of river except those flowing over

bedrock, is that each cubic metre of eroded material injects in the river sediment that immediately contributes

to the processes shown in the Lane balance diagram, particularly if the sediment grain size corresponds to

that of the bedload.

For example (see Figure 106), the "fresh sediment" (in fact, a fossil volume of alluvium accumulated during
the Holocene) generated through lateral erosion by a single bend in the Ain River over one year (2004-2005)

amounted to approximately 30 000 cubic metres, corresponding to 600 m (length of the eroded zone) x 10
m (average retreat of the bank) x 5 m (height of the bank with respect to the talweg). Based on an analysis of

the cross-section of the bank at the bend, we estimate that over 50% of the volume had a grain size larger

than sand and thus contributed to the bedload.

This observation lies at the origin of the concept of mobility space.



The different types of braids

Braided rivers are characterised by multiple channels that are highly mobile over space and time,
separated by alluvial bars generally having little or no vegetation because annual (or slightly lower
frequency) floods regularly wash it away (generally herbaceous or shrub pioneer species).

If the channels are separated by large islands covered with highly vegetated alluvial forms that are spatially and

temporally stable, the term "braided pattern" is generally not used. The preferred terms are anastomosis and
anabranching (see the corresponding section below).

However, some authors are of the opinion that it is still a braided pattern if the islands are separated by highly

mobile, non-meandering (P < 1.5), wide channels of shallow depth and if the mean elevation of the top part

of the "islands" is lower than that of the neighbouring alluvial plain.

Two examples of braided rivers. (a) Bars without vegetation (New-Zealand).
(b) Bars with vegetation, close to the "island" type (Platte River, U.S.).

Figure 107

Braided pattern
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Two braided rivers. (a) Low-flow period, (b) a wadi with no water.

Figure 109

A number of criteria serve to distinguish between the two types of alluvial macroforms.

� Islands are generally covered with different strata of trees whereas bars, if they are vegetated, are covered only

with herbaceous or shrub pioneer species because they are frequently carried away by floods.

� Islands are generally stable spatially and temporally whereas bars are frequently entrained andmove fairly rapidly

downstream.

� Finally, the tops of islands are on the same level as the alluvial plain whereas bars are generally located

well below the bankfull level, except in sectors characterised by major sediment accumulation within the bankfull

channel.

An easy distinction between islands and bars.

Figure 108
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A secondary, but fundamental criterion in identifying the braided pattern is significant and observable
transport of coarse bedload.

Frequently, a river may have only one channel during the low-flow period or even no flow in the case of wadis.

However, the braided pattern remains visible due to the presence of talwegs and a large quantity of transiting

alluvium, whose macroforms often take on the form of long "tongue-shaped" bars.
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The "Miribel islands" along the Rhône upstream of Lyon during the 1957 flood which
revealed the complexity of the "fossilised" braided pattern behind the dikes.

Figure 111

For a number of authors, a river is considered braided if, over a certain distance, there are at least two channels

separated by alluvial bars. These authors distinguish between braiding intensities using a braiding index

(see below).

Determining the limits of the old or currently active braided belt

A project to restore a formerly developed river (notably contained rivers) raises the question of the area on

which the project should produce an effect. It is preferable to identify beforehand the old braided belt in order

to have an idea of the zone involved, even if it is decided that the project should cover only a part of the zone.

Restoration work may deal with reopening old braided channels to improve flood conveyance and increase

biodiversity, and with recreating mobility spaces by removing dikes that are no longer needed. The first type

of work has been carried out occasionally on the Rhône River since the 1980s and more systematically since

1997 in the framework of the Rhône ten-year hydraulic and ecological restoration plan which has now been

folded into the Rhône Plan (2006). The purpose of restoring mobility spaces, called "reinvigorating the edges"

or rewidening in the Rhône Plan, is to reduce flood levels by modifying the bankfull cross section and to bring

new areas and pioneer species into play. The stream power during floods will drive erosion and the initial work

began in April 2009 on the Old Rhône near Donzère-Mondragon.
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These two photos show two extreme levels of braiding intensity that depend heavily on the availability of bedload and the
erodibility of the banks. (a) The Allier River in France, (b) a river on a sandur in Iceland.

Figure 110 a b

© 2010 Google © 2010 Cnes/Spot Image.© 2010 Google © 2010 Tele Atlas © 2010 IGN-France



93
The braided belt of the Rhône near Montélimar in
1860 (CNR, Université Lyon II).
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Figure 112

Morphometric characteristics of braided rivers.

Figure 113

The GIS map (Figure 112) shows the limits of the

"historic active tract" of the braided Rhône near

Montélimar. It serves as a reference document

for restoring old channels and "reinvigorating" the

river edges, areas that were partially isolated by

dikes since the middle of the 1800s. The map

shows the full extension of the braided belt

in 1860, but projected with georeferences onto a

modern topographical tool. The reference data

makes it easier to understand how the sector has

changed over the past 150 years.

The morphometrics of braided rivers

In general, fewer morphometric parameters are used to describe braided rivers than single-channel rivers.

Channel & side channels

Farm land

Vegetation

Gravel bars

Non-floodable dike

Floodable dike

Girardon works

KEY



� Bankfull width (braided belt)
Similar to single-channel rivers, the braided belt can be determined in the field by measuring the channel to
the point where floodwaters enter the flood plain.

However, it is much easier (and almost as precise because more measurements can be taken) to use aerial

photos and to measure the braided areas with little or no vegetation. Measurements are made perpendicular

to the centre line of the braided belt. Given the wide variations in the width of the braided belt, it is best to carry

out a number of measurements in each uniform geomorphological reach and to calculate the average value.

Some authors also mention, in addition to the width of the braided belt, an "active corridor" which may be the

same thing or may include channels not part of the braided belt. This measurement is useful primarily for

anabranching rivers that will be discussed later.

� Sinuosity index of the braided belt
To measure the sinuosity index, it is possible to use the length ratio or the slope ratio (see the previous section)

using the centre line of the braided belt.

The braided belt is almost always sub-rectilinear

Generally speaking, the braided belt is almost always rectilinear or sub-rectilinear (P < 1.1 or even 1.05),
even if the valley slopes can occasionally impose sinuosity. This straightness of the braided belt is due to the

fact that the river tends toward the maximum slope (i.e. the valley slope) to ensure optimum evacuation of the

alluvial load coming from upstream.

If that is not the case, the river is not a true braided river and river patterns shift progressively to those of the

least sinuous (and most active) of the meandering rivers. This transition often includes the "wandering" stage

before reaching true meandering patterns.

Measurement of the bankfull width (i.e. the width of the braided belt).

Figure 114
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The sinuosity index of the braided belt is 1.01 (New Zealand).

Figure 115

Sinuous unit channels

The braided belt is always very straight, but the unit channels are often sinuous or even very sinuous, but never

meandering because that would correspond to the anastomosed pattern. The morphometric parameters of

single-channel rivers may therefore be of use in measuring the unit channels (P, wavelength, meander-belt

width, etc.).

Often a dominant channel

In most braided rivers, there is a main or dominant channel (sometimes two), which may also be very sinuous,

plus a variable number of secondary channels that contain water if discharge levels are high enough.

It would appear that a clearly dominant and highly sinuous channel is indicative of a spatial or temporal

transition to the wandering pattern, probably followed by a sinuous, single-channel pattern. This type of river

metamorphosis often occurs when a reduction in transiting bedload volumes takes place (a natural reduction

in sediment input or bedload retention in a reservoir).
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During low-flow periods, there is often one or two dominant channels, plus smaller secondary channels that contain
water when discharge levels rise (a) Drôme River, (b) Asse River.

Figure 116 a b
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The example in the figure above shows that the river (the Durance) is probably in the process of transiting

to a single-channel river with a sinuous pattern due to the currently reduced input of bedload. Note also the

encroachment of the alluvial forest along the edges of the braided belt.

Typical cross profile

Recall that braided rivers are wide and shallow, which results in a width/depth ratio generally greater than

50 or even 100. That also means that for equal morphogenetic discharges (or for equivalent river-basin

surface areas), braided rivers are often 5 to 10 times wider than sinuous, single-channel rivers. That is one
of the reasons why bridges are much less frequent on braided rivers than on single-channel rivers.

The "typical" cross profile of a braided river presented below, between points w2 and BI2 in Figure 113, shows

that the unit channels are at different elevations and, consequently, fill with water progressively, as a function

of the discharge.

"Typical" cross profile of a braided river. In the top profile, the horizontal and vertical axes are scaled identically, in the
bottom profile, the vertical axis is magnified five times. The width/depth ratio of the braided belt (light blue section)
is approximately 100. Note that the shallower channels fill with water later, depending on the discharge (see the
section below on calculating the braiding index).

Figure 118
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Examples of the development of a clearly dominant and very sinuous braided channel in two sections of the Durance
River which is probably undergoing metamorphosis due to a drastic reduction in the input of coarse sediment (upstream
dam and local extraction of alluvial materials over decades).

Figure 117
a b
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The image below, showing two photos of the Brahmaputra at different times, makes
it very clear that the result of the braiding index will depend heavily on the time of
measurement.

Figure 119

� Braiding indices
Numerous braiding indices have been proposed over the last 40 years and most are presented below. It is

advised to calculate indices over uniform reaches.

Two main techniques are possible.

� Count the number of active channels along transects perpendicular to the centre line of the braided belt.

The result is the braiding index (Brice, Howard, Ashmore).

� Measure the total length of all channels and divide by the length of the braided belt. The result is the

braiding length index (Hong et al., Mosley, Richards).

The simplest braiding index and the one we recommend is the number of channels per transect
(Ashmore, 1991).

Caution. The main problem with these indices is that the results of the measurement, whether in the number
of channels or their length, depend to a great extent on the discharge at the time (see Figures 118 and 119).

During a severe low-flow period, there will be only one channel, two more will appear at a higher discharge,

on up to the bankfull discharge when there will again be only one channel spanning the entire braided belt.

The different braiding indices.Table 7

Author

Brice (1960, 1964)

Howard et al.(1970)

Ashmore (1991)

Hong and Davies (1979),

Mosley (1981), Richards (1982)

Index

2 x (sum of lengths of all bars and islands in reach) /

length along centre line of braided belt

(Average number of active channels per transect) - 1

Average number of active channels per transect

Cumulative length of unit channels / length of braided belt

© 2010 Google © 2010 DigitalGlobe © 2010 GeoEye



In the example below, the authors use the changes in the braiding indices over different reaches of the

Brahmaputra to deduce an increase or decrease in sediment input. According to these authors, an increase

in the index corresponds to an increase in sediment input and vice versa. The question is therefore whether

the indices were measured at equivalent discharges. If not, the changes in the indices simply represent the

changes in the discharge.

Note that, similar to single-channel rivers, there is a general law of proportionality between the processes

involved and the patterns of braided rivers, which means that, among other aspects, it is possible to use scale

models to better understand how they operate.

Changes in braiding indices on different reaches of the Brahmaputra. (a) Plan view, (b) graph of braiding indices (Thorne
et al.,1993).

Figure 120

Examples of identical patterns of braided rivers (or rather anabranching rivers) having very different sizes. On the right
is the result of an experiment using a scale model (Sapozhnikov and Foufoula, 1999).

Figure 121
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The origin of braids according to experiments on scale models run by Leopold and Wolman (1957).

Figure 122

The origin of braids

The conditions under which braids develop have been identified in part, but discussions continue within
the scientific community.

Two main conditions would seem to be unanimously accepted, but there is not complete agreement concerning
the secondary conditions.

� Two main conditions

Over-abundant bedload

Braiding is a symptom of alluvial "overload" with respect to the mean transport capacity resulting from
the "valley slope x discharge" parameter, i.e. the maximum power of a stream during frequent flooding events

(morphogenic-discharge concept). We noted earlier that braided rivers are sub-rectilinear. This is an adjustment

in the river planform to generate the greatest possible power to transport the alluvial load. Maximum power

is achieved if the river slope is close to that of the valley. The alluvial overload exceeding the transport capacity

produces the initial deposits which in turn lead progressively to braiding. The concentration of the deposits in the

form of mid-channel bars contributes to diverting the flow to the edges of the riverbed, to bank erosion and to the

progressive widening of the braided belt, which is one of the main conditions required for braiding (see the
figure below).

If the alluvial overload is purely local, for example at a point where the valley widens suddenly or where the

slope is reduced over a short distance, then the braiding phenomenon is also local. If the maximum stream

power is systematically lower than that required to regularly transport the alluvial load coming from upstream,

then the braiding phenomenon is general.

Conversely, if braiding is general, a sudden narrowing of the valley increases the bankfull transport capacity

while depriving the river of the means to widen its bed (see the second braiding condition below). The

braided pattern disappears temporarily.



It should be noted that for Leopold and Wolman (1957), braiding is not indicative of excessive alluvial

load, but is due to a lack of transport capacity (sediment grain sizes exceeding the river transport capacity).

Easily erodible banks

Braiding requires banks made up of easily erodible materials because, as noted above, a wide and shallow

riverbed is required for braiding to develop fully. Yalin and Da Silva (2001) showed that when the width/depth

ratio rises to a high level (they did not set a precise level), bursts increase in number in the channels and do

not produce alternating bars, but rather multiple bars. In addition, the probability that localised sediment-

deposition zones form is higher in a wide braided belt than in a narrow one.

If the banks are highly cohesive (or artificially protected, see below), the deposits present in the form of

alternating bars are rapidly carried off by small floods, thus inhibiting their growth and the deposition of

additional materials. Braiding does not develop.

Similarly, in the photos below, highly localised braiding starts where a restoration project on the Thur River in

Switzerland eliminated the bank-protection systems.

Mackin (1956) attributes a sequence ofmeander-braided-meander segments to variations in bank stability
caused by the presence of vegetation and to a forest-grassland-forest sequence. Another example is the
Turandui River in New Zealand which shifted from a braided to a meandering pattern when willow trees were

planted on the banks (Nevins, 1969).
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(a) Development of local braiding where the valley widens and conversely, (b) a temporary end of braiding if the valley
narrows over a certain distance. The width of the valley bottom is clearly an essential control factor in the geodynamic
processes and the resulting morphologies (Eastern Andes, Bolivia).

Figure 123

(a) Braiding disappears when it encounters a narrow contained section (lower Drôme River), (b) braiding suddenly starts
again at the end of a channelised section (upper Rhône in Switzerland). In the two photos, river flow is from right to left.

Figure 124
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Note also that bank erosion, which is a factor in riverbed widening and consequently in the development

of "optimal" braiding, continuously injects large quantities of additional sediment load into a riverbed that is

already "overloaded". The result is a positive feedback loop that maintains or amplifies braiding.

� Secondary conditions

Highly variable discharges

Rapid fluctuations in discharge are often linked to high levels of sediment input. They contribute to rapid bank

erosion and to irregular movements (waves) of sediment load that result in the creation of bars (macroforms)

that are temporary storage zones for transiting alluvial load. Variability in discharge is, however, not an
essential parameter for braiding in as much as braiding patterns have been produced in the lab under
stable discharge conditions.

Steep slopes or high stream power

A steep slope is often considered an essential parameter for braiding, however the true factor would appear

to be the stream power. It is the alluvial load coming from upstream that generates the increase in the slope
required to transport the load downstream. The slope may therefore be seen as a consequence and not as a

cause of braiding.

Though it is true that a braided river must have sufficient stream power to erode its banks and achieve the high

degree of bed mobility required for braiding, it is also clear that the power will be tempered by the erodibility

of the banks and the grain size of the transported bedload.

A project to restore active braiding on a section of the Thur River in Switzerland. The sudden widening
resulted in a reduction over a short distance of the transport capacity and deposition of some of the
transiting bedload.

Figure 125
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Braiding dynamics

� Lateral erosion or fossilised banks
Similar to sinuous and meandering rivers, braided rivers undergo lateral erosion of both the braided bars

and the banks abutting the floodplain. As noted above, intense bank erosion is one of the main conditions

required for braiding.

Erosion takes place primarily along the active channels during floods. The photos below show the large

eroded curves of scalloped banks along channels that are not necessarily active (and may even be dry) at
moderate or low-flow levels. This is one of the difficulties in predicting erosion risks along this type of river

because lateral erosion can take place anywhere along the braided belt.

� Modifications in the bottom of the riverbed
One characteristic of braided rivers is their thick layer of sediment along the bottom of the braided belt,
due to the abundant quantities of alluvial bedload. During floods, significant layers of this alluvial bedload
can be entrained (e.g. over 15 metres thick in the Brahmaputra, measured using an echosounder), notably
during the migration of macroforms.

When this intense vertical activity takes place along the banks, lateral erosion is worsened and protection

systems are no longer effective because they find themselves perched above the active river bottom and

undermined.

This empirical observation was probably made long ago by engineers in the Southern Alps where it is possible

to see, along many braided rivers (e.g. the lower Var, the Esteron, the Asse), concrete dikes on which concrete

parallelepipeds are installed. During floods, these plates slide down the dike as the bottom of the channel

drops to protect the foot of the dikes from being undermined. As they drop down, more can simply be installed

at the top. Though not particularly aesthetic, this solution would appear to be effective.

This system uses the old technique of coffers installed along braided rivers such as the Arve and the Drac.

The flexibility of the wooden structures, similar to modern gabions, led to their deformation, but avoided their

destruction.
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Scalloped banks created by lateral erosion along braided rivers. (a) A river in Iceland and (b) the Asse River.

Figure 126
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Example of bank protection using concrete plates that slide down to protect
the foot of the dike from being undermined when the riverbed drops during
floods.

Figure 127
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The two main types of avulsions, local and regional (according to Stouthamer, 2001).

Figure 128

� Avulsion
Avulsion consists of a change, often sudden, in the course of a river over a long distance. It differs therefore
from bank erosion and meander cutoff (chute and neck cutoff), which are much more local phenomena.

Avulsion is characteristic of braided rivers and of the alluvial fan of torrents. However, it may also occur in

meandering rivers, notably at confluences and in their deltas.

Generally speaking, avulsion processes are linked to high sediment volumes that tend to produce a cross

profile with the riverbed above the valley bottom or above at least a significant part of the floodplain.

During certain hydrological events involving the transport of large sediment volumes, the main channel can

shift from one side of the valley to the other over considerable distances, notably if the main channel is

suddenly blocked partially or totally by a large quantity of alluvium.

Avulsions may be local (a few kilometres long) or regional (up to several dozen kilometres).



The above example is particularly spectacular, however many local avulsions take place regularly around

the world, on both large and small rivers.

Examples of local avulsions

The avulsion of the Ha Ha River (sinuous, single-channel) in Quebec (INRS, 1997) resulted in a new channel

that avoided the Perron waterfall, several dozen metres high. The new channel, approximately 75 metres

wide (compared to 20 for the old riverbed), struck off to the east of the waterfall before returning to the

riverbed some 500 metres downstream. Regressive erosion in the new channel resulted in down-cutting of the

riverbed upstream of the waterfall over a distance of approximately 2 kilometres until more resistant materials

were encountered. The down-cutting exceeded depths of 30 metres in some places.

The famous Brahmaputra avulsion. (a) Bristow, 1999, (b) Google Earth. The Old Brahmaputra (the
main channel in the 1700s) lies to the east in the photo.

Figure 129
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Example of regional avulsion

The avulsion of the Brahmaputra in the 1800s is probably the best known and most spectacular example

(see the figure below). This major avulsion (over 200 kilometres of abandoned channel) was caused by the

massive, but progressive input of sediment and by major tectonic activity in the plain of the Ganges River.

The Old Brahmaputra, which was the main braided channel in the 1700s, is now a river with active meanders

that is still supplied with water by the current Brahmaputra.

a

b

© 2010 Google © 2010 Cnes/Spot Image © 2010 Digi-
talGlobe © 2010 GeoEye
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Example of local avulsion on the Ha Ha River in Quebec (INRS, 1997).

Figure 130

Local avulsion of the Suncook River (new channel shown in light blue), probably due in part
to aggradation of the riverbed upstream of a mill dam (Perignon, 2007).

Figure 131

Perignon (2007) mentioned the negative impact of mill dams in the local avulsion of the Suncook River (New

Hampshire, U.S.). The avulsion was partially enabled by the increased aggradation of alluvial deposits in the

riverbed upstream of the dams which blocked the coarse bedload.



Spatial and temporal evolution during the Holocene

Modifications in braided patterns may be caused by variations in one or more of the control factors discussed

above. However, a modification in sediment input produces the most spectacular results.

� From meanders to braids
The hydroclimatic crises during the Holocene, worsened by the increased vulnerability of cleared slopes,

contributed to "meanders-to-braids" metamorphoses in rivers when the increase in coarse bedload was

significant and when the stream power was strong enough to provoke sediment waves.

Figure 133 (Bravard et al., 2005) shows a section of the Rhône alluvial plain near Péage-de-Roussillon (40

kilometres south of Lyon). The edges of the plain bear clear "scars" of meanders and carbon dating indicates

that most of the meanders were cut off during the Gallo-Roman period. Also visible (in blue) is the extension

of the braided belt during the Little Ice Age, a period of high sediment transport, sediment storage and

metamorphosis. In light blue is an old braided belt that was abandoned following an avulsion, an illustration

of the points discussed above.
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Example of repeating avulsions on an active river with major sediment transport (river pattern between braided and
anabranching) (Madagascar, Tuléar region). Photo (a) is from Google Earth in 2004, photo (b) is from 2009.

Figure 132

The figure below shows that avulsion processes can occasionally repeat. In photo (a), an avulsion has clearly

taken place because the north channel has been abandoned and the new channel lies to the south. In photo

(b), the main channel has returned to the north and the south channel would appear to be blocked upstream.

a b

© 2009 Google © 2009 TerraMetrics. © 2010 Google © 2010 Cnes/Spot Image © GeoEye.
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Tree trunks from the fossilised forest in a former meander in the Chautagne region,
rising out of the layer of pebbles deposited during the Little Ice Age.

Figure 134

Collection of river patterns illustrating a metamorphosis of the Rhône during the Little Ice
Age (Bravard et al.,2005).

Figure 133

The volumes were so great in the Chautagne region that the sediment "wave" fossilised the former landscape

under a layer of pebbles, including the more recent (7th century) sections of the city of Condate and even a

forest from the 7th and 8th centuries in a former meander of the Rhône. The figure below shows tree trunks

in the silt that filled in the former La Malourdie meander.
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Figure 135a (Bravard, 2010) suggests that the entire French part of the Rhône adopted a meandering pattern

during the Middle Ages because the meanders from that period or even earlier (Gallo-Roman) are still visible

in the floodplain in the Alps (Chautagne), around Lyon and along the lower Rhône. This pattern corresponded

to a long and calm hydroclimatic period (probably with low flood discharges, little erosion of slopes and

consequently less coarse sediment).

Figure 135b shows the Rhône in the 1860s, prior to the major flood-control projects involving an extensive

system of dikes. The largest braiding patterns were located immediately downstream of the tributaries

providing the most sediment (Arve River, but the Rhône gorges did not enable braiding until Seyssel, the Fier,

Guiers and Ain Rivers, the tributaries in the Drôme and Ardèche departments and the Durance River). At that

time, the Rhône braided over most of its course to the delta. Small gravel was carried to the sea by the Large

Rhône. Reaches without braiding or with reduced braiding corresponded to sections further downstream of

the tributaries that were less affected by the incoming sediment.

� From braids to meanders or to sinuous, single-channel riverbeds
If sediment input is reduced for any reason (human efforts to stabilise slopes, climate change, a reduction or

interruption in sediment flow caused by a dam), significant changes in the morphological characteristics of the

river will occur sooner or later.

An interesting debate deals with the processes that lead to a metamorphosis from a braiding to a meandering

pattern.

Most of the studies carried out in the Alps highlight reforestation in the mountains, notably in areas covered

by RTM (Mountain restoration agency) projects and spontaneous reforestation following the agricultural

abandonment of land during the rural exodus that started in the middle of the 1800s and accelerated after the

First World War.
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Patterns in the Rhône River (a) during the Middle Ages and (b) around 1860 (Bravard, 2010).

Figure 135 a b
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Metamorphosis of the Rhône in the Chautagne region (Savoie and Ain departments) caused by
hydraulic civil works. The river in 1860, 1980 and 1984. The 1860 map illustrates the changes in 1980
and 1984 (Klingeman et al., 1994).

Figure 136

In 1980, the metamorphosis to a sinuous riverbed was virtually complete and ended with the CNR bypass (Motz

dam and reservoir, bypass canal with theAnglefort power station and the Old Rhône). The controlling factors were:

� the construction of dikes which constrained the active tract starting in the 1780s (not shown);

� the construction of dams with reservoirs starting in 1902 on the lower Fier and in 1925 on the upper Rhône.

The Génissiat dam has totally blocked all coarse bedload since 1948;

� extraction of gravel in the riverbed from the beginning of the 1900s until the beginning of the 1980s;

� the construction of the Motz dam with its reservoir, which block downstream transit of alluvial bedload.

However, recent research has questioned this interpretation in that many river basins not touched by the RTM

work underwent similar changes, sometimes even earlier. For example, in the eastern part of the Haut-Diois

valley, Scots pines colonised the active tract of rivers as early as the 1870s, during a phase of reduced

hydrological activity. It is tempting to see in this reduction in braiding in the upper valleys a process similar to that

occurring in rivers during the 1800s, i.e. climatic causes would appear to dominate anthropogenic causes.

In other words, reforestation policies would simply have accompanied changes that nature had already initiated.

The most frequent, initial step in a metamorphosis from a braiding to a meandering pattern is without doubt the

down-cutting of the bed into the formerly braided alluvial deposits. Secondary channels tend to dry up and fill with

fine sediment. The bankfull channel becomes vegetated, which encourages the water to flow in a main channel.

The river pattern becomes progressively sinuous in a single channel. This type of process has been studied in

depth on rivers in the Southern Alps, e.g. the Drôme, Roubion and the Durance with its tributaries.

Morphological changes in braided rivers due to a natural or artificial (dams) reduction in bedload are a very

common phenomenon (see Figure 10). Changes are rarely sudden. Rivers go through phases of gradual shifts

to adopt a sinuous or even a meandering pattern. The wandering pattern is seen as a good indicator of

metamorphosis from braiding to meandering, whether it be spatial (e.g. between the upstream and downstream

sections of a river) or temporal. Generally, the main channel starts to become sinuous and increases its

floodwater conveyance by down-cutting and gradual drying of the secondary channels.

The Rhône in the Chautagne region (Klingeman et al., 1994) provides an instructive example of this process

caused, in this case, by development work (Figure 136).



Example of the problems for
bridges on braided rivers. On this
river in New Zealand, starting
from its entry in the eastern plain
where intense braiding develops,
there is only one bridge over a
distance of 60 kilometres and it
is 15 times longer than the last
bridge upstream!

Figure 137

Local avulsion of the Rio Choluteca (Honduras) during the storm
flooding in 1998 (hurricane Mitch). The bridge had just been inaugurated.

Figure 138

Thresholds between the meandering
and braided patterns

For many years, geomorphologists have tried to understand why some rivers meander when others

braid and, above all, what control-factor thresholds can, if reached or exceeded, provoke a more or
less lasting shift from one pattern to the other. The preceding section made it clear that significant and
lasting metamorphosis can take place, sometimes over just a few decades. This can be a problem because

management techniques for braided rivers are very different than those for sinuous/meandering rivers.

For example, among rivers with equivalent morphogenetic discharges, a braided river will require a bridge

at least 5 to 10 times longer than a sinuous, single-channel river (in the example below, the bridge is 15 times

longer.

There is also the risk of avulsion in these rivers, i.e. it is necessary to significantly reinforce the abutments of bridges

to make sure the river does not bypass them, which is not always possible (see the figure below).

Navigation on a braided river is more difficult than on a meandering river because of the shallow depths and

frequent twists in the main channel. It is necessary to either dredge regularly a channel designated as the

navigation channel, signal the best channel after each flood, create a navigable canal in parallel with the river

or transform the braided channel into an embanked channel (this was the solution selected for the Rhône

upstream of Lyon at the end of the 1800s to ensure navigability for commercial services, see the figure below).
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Creation of the Miribel canal (in blue) at the end of the 1800s to ensure navigability on the
braided Rhône upstream of Lyon.
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Figure 139

(a) An experimental scale model (photo by ETH Zurich) and (b) the evolution of cross-profile and planform
parameters as a function of changes in the slope of the experimental channel (Schumm and Khan, 1971).

Figure 140

Experiments using scale models

One of the main approaches to better understanding the processes leading to meandering or braiding patterns

is experiments using scale models, which avoid the uncertainties inherent in hydrology and the difficulties of

carrying out measurements in the field.

Numerous studies have been carried out since the 1940s. Among the most interesting are those of Schumm

and Khan (1971 and 1972).

The first series of figures (Figure 140b, A to D) shows the evolution of various cross-profile and planform

parameters as a function of changes in the slope (control factor) of the experimental river. Following a clear

threshold at the beginning of the experiment, when the very low slope produced a straight pattern, there were

then more or less gradual changes in certain parameters, such as the width, depth and the ratio between the

two. On the other hand, sinuosity increased progressively (remaining at low levels) before suddenly dropping

and shifting to braiding.

a b



The discriminant line between braided and meandering rivers, based on the
riverbed slope to bankfull discharge ratio (Leopold and Wolman, 1957).

Figure 142

The figure below shows the inverse situation, i.e. the change in the riverbed slope and the river pattern as a

function of increasing quantities of sediment being injected. The progressive shift to braiding is clear, in step

with the increase in slope caused by the increase in alluvial bedload.

Measurements in the field

In parallel with this experimental research, a number of authors have attempted to detect discriminant

thresholds between the two main patterns on the basis of measurements made in the field.

The pioneers, e.g. Lane (1957) and Leopold and Wolman (1957), worked primarily on more easily measurable

parameters such as the riverbed slope and the bankfull discharge.

In the figure below, the discriminant line between braided and meandering rivers is defined by

S = 13Qbkf-044 (with S in °/°° and Qbkf in m³/s). This initial approach, though useful, is impacted by a major

bias in that the parameters studied are response factors and incorporate a previous adjustment.

Evolution of slope and river pattern in response to an increase
in the sediment load (Schumm and Khan, 1971).

Figure 141
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�Regional criteria
The ecological operation of rivers is determined upstream by the relief as well as by the geological and climatic

characteristics of the river basin. A regional division based on the homogeneity of these characteristics results in

sets of rivers having similar physical and biological characteristics, over a similar longitudinal gradient (Wasson

et al., 2002). This division (Figure 151) of continental France produced 22 level-1 hydro-ecoregions (HER1)

exhibiting significant differences between the primary determinants. These high-order HERs can be divided into

112 level-2 hydro-ecoregions (HER2).

� River-size classes
The longitudinal evolution of rivers is expressed using the Strahler stream order, which takes into account

significant differences in river size at each main confluence. Rivers are thus organised in size classes that

are adapted and occasionally grouped together depending on the local characteristics of ecosystem longitudinal

evolution.

� Application
In each of the 22 level-1 hydro-ecoregions, a downstream classification, adjusted to the known characteristics of

ecosystem operation, is applied. This first step results in proposing types of water bodies said to be "endogenous".

In some cases, for rivers crossing the various hydro-ecoregions, it is necessary to take into account the influence

of the upstream hydro-ecoregion. This influence is expressed notably by the geochemical and hydrological

characteristics of each river.

For example, a river travelling through a hydro-ecoregion with a predominantly limestone substratum, but that

originates in a hydro-ecoregion with a siliceous or crystalline substratum (Pyrenees, Massif Central, etc.) and

whose discharge accumulates primarily in the latter, will have a geochemical composition similar to rivers

located in siliceous or crystalline regions. In this case, its code is more similar to that of the hydro-ecoregion with

a predominantly siliceous or crystalline substratum (e.g. the lower sections of the Dordogne, Lot and Garonne

Rivers). Depending on the position and relative surface area of the river basins upstream of the rivers influenced

by another hydro-ecoregion, the typology of water bodies must be completed with the addition of "exogenous"

types or information on local singularities.

The resulting national typology and its codes are presented in the table below. Some of the types are not

particularly significant in terms of their surface area and linear distances. However, it is nonetheless important to

present them in an international context in which they may be much more common.

Each code in the table corresponds to a type of water body having similar characteristics, comprising a size

class, a geographic unit and any local particularities or the influence of an upstream hydro-ecoregion.



The WFD national typology of surface waters.Tableau 8

Ranks (Loire-Bretagne basin)
Ranks (other river basins)

General situation or rivers exiting
a different level-1 HER or a level-2 HER

General situation
River exiting HER 9 (Limestone plateaus)

River exiting HER 21 (Northern Massif Central)
21 NORTHERN MASSIF CENTRAL General situation

General situation
River exiting HER 19 (Grands Causses)

River exiting HER 8 (Cévennes)
River exiting HER 19 or 8

General situation
River exiting HER 3 or 21 (S. or N. Massif Central)

River exiting HER 3 or 21
River exiting HER 5 (Jura)

General situation
River exiting HER 10 (Eastern limestone cuestas)

General situation

General situation
General situation
General situation

General situation
General situation

General situation

General situation

General situation
General situation

General situation

General situation

General situation

General situation

General situation

iver exiting HER 2 (Central Alps)
TTGA ALPINE RIVERS

2 CENTRAL ALPS

River exiting HER 2 (Central Alps)
River exiting HER 2 or 7

River exiting HER 7 (Southern pre-Alps)
River exiting HER 8 (Cévennes)
River exiting HER 1 (Pyrenees)

A-her2 n°70
A-her2 n°22
B-her2 n°88

River exiting HER 8 (Cévennes)

River exiting HER 3 (South. MC) or 21 (North. MC)
River exiting HER 3, 8, 11 or 19

River exiting HER 3 (South. MC) or 8 (Cévennes)

River exiting HER 1 (Pyrenees)
13 LANDES
1 PYRENEES

A-Central-South (her2 no. 58 and 117)
A-West-North East (her2 no. 55, 59 and 118)

TTGL LOIRE RIVER
A-her2 n°57

River exiting HER 10 (in her2 no. 40)
River exiting HER 21 (Northern Massif Central)
River exiting HER 21 (Northern Massif Central)

River exiting HER 4 (Vosges)
4 VOSGES

River exiting HER 10 (Eastern limestone cuestas)
Cas général
Cas général

River exiting HER 4 (Vosges)

22 ARDENNES

18 ALSACE

10 EASTERN LIMESTONE CUESTAS

12 ARMORICAN

9 LIMESTONE PLATEAUS

14 AQUITAINE HILLS

19 LIMESTONE PLATEAU (GRANDS CAUSSES)

11 AQUITAINE LIMESTONE PLATEAU (CAUSSE)

16 CORSICA

8 CEVENNES

7 SOUTHERN PRE-ALPS

6 MEDITERRANEAN

5 JURA, NORTHERN PRE-ALPS

15 SAÔNE PLAIN

3 SOUTHERN MASSIF CENTRAL

17 SEDIMENTARY DEPRESSIONS

Level-1 hydro-ecoregions (HER)

20 CLAY-SAND DEPOSITS

8, 7 6 5 4 3, 2, 1
8, 7, 6 5 4 3 2, 1

TG - Very large G - Large M - Medium P - Small TP - Very small

P20 TP20

P21 TP21
G3 M3 P3 TP3

M3/19
M3/8

G3/19-8
M17 P17 TP17

TG17/3-21 G17/3-21 P17/3-21 TP17/3-21

G15/5
TG15 TP15

TG10-15/4
G5 M5 P5 TP5

TG5/2
TTGA

G2 TP2
TP7

GM6/2-7

G6 TP6

M8/A
M16/A
M16/B

P19

P11 TP11
TG11/3-21 G11/3-21 M11/3-21 P11/3-21
TG14/3-11 M14/3-11

M14/3-8
P14 TP14

TG14/1 G14/1 M14/1 P14/1
M13 P13 TP13

G1 M1 P1 TP1
M12/A P12/A TP12/A
M12/B P12/B TP12/B

TTGL
M9/A P9/A

TG9 G9 M9 P9 TP9
G9/10 M9/10

TG9/21

G10 M10 P10 TP10
M10/4

M4 P4 TP4
TG22/10

P22 TP22
TP18

G18/4 M18/4 P18/4

GM22
MP18

M9-10/21

TG10-15/4
G10/4

G12

G9-10/21

G14/3

GM14

GM19/8

G16
PTP16/A
PTP16/B

GM6/1
MP6

GM8 PTP8
PTP8/A

GMP7

TG6-7/2
GM7/2

GM6/2-7

TG6/1-8
GM6/8

GM5/2

MP2

M15-17/3-21

MP15/5
MP15

GM20
GM20/9

G21 M21

National types and codes
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Key

■ Column 1 indicates the number of the level-1 HER in which the river flows.

■ Column 2 indicates the name of the level-1 HER in which the river flows.

■ Column 3 indicates the situation of the river:

- general situation, rivers originating in the level-1 HER indicated;

- or rivers flowing in a specific level-2 HER having characteristics different than its level-1 HER;

- or rivers exiting an upstream HER.

■ Columns 4 to 8 indicate the size of the river.

■ Code. TTG = very, very large river ("A" for Alpine rivers and "L" for the Loire River), TG = very large river,

G = large river, M = medium river, P = small river, TP = very small river.

River types (no indication if the type does not exist)

1. One or more letters indicating the size of the river.

2. One or more numbers indicating the level-1 HER in which the river (or river reach) flows.

3. If applicable, the letter A or B after a slash "/" indicating a specific level-2 HER.

4. If applicable, one or more numbers after a slash "/" indicating the level-1 HER influencing river

characteristics (geochemistry, hydrology, etc.).

Examples
■ P22: small river in level-1 HER no. 22 (Ardennes).

■ GM22: large or medium-size river in level-1 HER no. 22 (Ardennes).

■ M10/4: medium-size river in level-1 HER no. 10 (Eastern limestone cuestas), exiting (influenced by)

level-1 HER no. 4 (Vosges). Though located in the Eastern limestone cuestas, this type of river exhibits

characteristics of rivers from the Vosges HER.

■ PTP16/B: small or very small river in level-2 HER no. 88 (Aléria plain), part of level-1 HER no. 16

(Corsica).

■ TG10-15/4: very large river in level-1 HER no. 10 (Eastern limestone cuestas) or no. 15 (Saône plain),

exiting (influenced by) level-1 HER no. 4 (Vosges). Though located in the Eastern limestone cuestas or in

the Saône plain, this type of river exhibits characteristics of rivers from the Vosges HER.

� Rivers in the overseas departments
The method employed is, in theory, identical to that used for continental France, but has been adapted

to the natural conditions specific to the French overseas departments.

Regional criteria
Concerning the islands, the common predominant characteristics are the following:

� their small size (compared to continental France);

� their insular climate (tropical temperature regime with slight seasonal variations, major spatial

heterogeneity in precipitation with maximum values far greater than in continental France and, in some

cases, uneven distribution of precipitation between windward and leeward regions);

� a highly volcanic landscape reinforcing the uneven distribution.

As a result, the regions of each island are based on:

� elevations, distinguishing the lower regions where precipitation is limited;

� slope orientations in areas with high elevations (Reunion Island);

� the local geomorphology, where applicable.
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Longitudinal zoning
Longitudinal zoning is a decisive element in structuring the ecosystems of continental water bodies, but is of

limited usefulness in the islands. Upstream-downstream zoning is proposed only in the hydro-ecoregions with

significant relief, where the differences in altitude and slope indicate probable differences in the structure and

organisation of biological communities.

Consequently, "upstream" and "downstream" types exist for rivers in hydro-ecoregions with marked relief. The

limit is generally located where major shifts in the slope of the long profile occur, at confluences with larger rivers

(ranked 3 or higher) or at any other point that is easily identifiable locally and marks the transition between the

two zones.

The proposed typology, structured using a similar basis for the various islands, still distinguishes between each

island, even in the absence of sufficient data on aquatic fauna and ecosystem operation. The resulting typology

and its codes are presented in the table below. Each code in the table corresponds to a type of water body with

similar characteristics.

Key

M = medium-sized rivers (downstream). P = small rivers (upstream). MP = river of undetermined size.

First digit: 3 for Guadeloupe, 4 for Martinique and 6 for Reunion.

Second digit: number of the hydro-ecoregion in each department (1 to 4, depending on the island).

The data on Guiana are still being processed.

WFD typology for overseas rivers.Tableau 9

Overseas territory

GUADELOUPE

MARTINIQUE

REUNION

Downstream

M33

M41

M61

M62

Upstream

P33

P41

P61

P62

Overseas-territorial types and codes

Longitudinal zoning

MP31

MP32

MP42

MP63

MP64

Hydro-ecoregion

Basse Terre, North-East plain

Grande Terre and other islands

Basse Terre, volcanoes

Northern peaks

Southern hills

Windward cirques

Leeward cirques

Windward slopes

Leeward slopes
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The QAS typology (Aquascop, 1997)

This typology was produced as part of an overall effort by the Water agencies in the 1990s to formulate the QASs

(quality-assessment systems) intended to assess the quality of the three major compartments in river

ecosystems, i.e. water, biology and the physical environment, and serve as a decision-aid tool for development,

maintenance and restoration work on river ecosystems and the quality of the compartments.

The first step was to set up a typology of rivers in France. Carried out by Aquascop in 1997, this work produced

a proposal for a "simplified physical typology of French rivers" on the one to one million scale.

This simplified physical typology of French rivers was based on a hierarchy of five criteria:

� energy;

� sediment transport;

� geology;

� valley bottom (floodplain);

� water input.

It would appear, however, that these criteria were not systematically applied in the final typology. For example:

� geology in not a factor for high-energy rivers;

� sediment transport is assumed to be identical for all rivers with medium to low energy levels, which is clearly

not the case. For example, in type 233, the Thouet River transports zero sediment whereas the Armançon River

transports an abundant quantity of coarse alluvial bedload.

� etc.

In other cases, the hierarchy of criteria was not strictly observed. For example, in type 214, geology is a factor

both before and after the valley bottom.

� Criterion values
The various criteria, notably energy and sediment transport, the first two discriminant factors in the

typology, are evaluated simply on the basis of "expert opinion", without any quantitative input.

� Energy is qualified as "very high to high", "medium to low" or "low to zero".

� Sediment transport is qualified as "high", "medium to low" or "low".

Practically speaking, the current division into a small number of classes based on "expert opinion" produces fairly

good results, but raises two types of difficulties:

� concerning its accuracy, which would seem to vary from region to region (depending on the know-how of the

experts involved in its formulation);

� concerning the possibilities of improving system application and refining the scale used.

� Areal nature of the typology
The proposed classification makes it very clear that in most cases, the river types are defined in areal terms and

are highly similar to the hydro-ecoregions defined by Wasson et al. (HERs defined for the Loire River in 1993).

For example:

� all rivers in Western Brittany are type "214 - Low plateau, hard rock", which corresponds to medium

to low energy, medium to low transport, crystalline or sandstone terrain with the valley bottom in massive rock

formations;

� the rivers in the limestone areas located north and south of the Loire River and in the Beauce region are

almost all classed as type "233 - Limestone valley", which corresponds to medium to low energy, medium to low

transport, limestone-plateau type sedimentary terrain with a floodplain and where there is little karstic influence.



Example of the Aquascop typology (1997) applied to the Loire basin and correlation with the hydro-ecoregions (Malavoi,
AREA, 2000).

Figure 152

Even though the typology is organised and presented differently (a hierarchy of criteria), rivers are still

characterised by the ecoregional influences to which they are subjected (rivers of the same type, but located in

different geographic regions, are in fact indicative of the high similarities between regions or sub-regions,

depending on the degree of precision).

The influence of regions on their rivers is obvious, however the areal nature of the typology raises two questions:

■ does this typology produce significantly more relevant information than the simple division in hydro-

ecoregions?

■ are the rivers in a region in fact more consistent in type (on the scale and with the objectives of this method),

notably in terms of their size and their upstream course in other regions (if applicable)?

The latter point is covered partially by the notion of allochthonous rivers.

In other words, this typology distinguishes rivers subject to the same influences (ecoregional context), but that

exhibit various significant functional differences depending on geomorphological criteria, notably their size

(position in the river network).
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PHYSICAL TYPOLOGY
121. Torrent in mid-altitude mountains
122. Torrent in mid-altitude mountains
211. High plateau, wooded slopes
212. High plateau, with hollows
213. Mountain valley
214. Low plateau, hard rock
215. Low plateau, soft rock
221. Clay-sand deposits
222. Gravel
223. River within an alluvial plain
232. Limestone plateau
233. Valley incised in limestone
242. River hydrosystem
330. Clay-marl plain or plateau
340. River in marsh land
401. Estuary
403. Ria
500. Man-made canal

1. Western Amoricain Massif
2. Northern Amoricain Massif
3. Southern Amoricain Massif
4. Eastern Amoricain Massif
5. Marshes
6. Alluvial valleys
7. Limestone plateaus south of the Loire
8. Limestone plateaus north of the Loire
9. Beauce
10. Vast sand-gravel fans
11. Massif Central, granitic land
12. Massif Central, granitic highlands

HYDRO-ECOREGIONS

Hydro-ecoregions according to APPROCHE ECOSYSTEMIQUE
DU BASSIN DE LA LOIRE (WASSON et al., 1993; BETHEMONT et al., 1995)
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� Conclusion
The "simplified physical typology" provides a basis for an ecoregional description of rivers, on a scale near that

of the hydro-ecoregions. It may be seen as a classification of rivers in 30 types "arranged" according to certain

criteria, rather than as an effort to formulate a "hierarchy-based classification". It is, however, of value, even

though it has its weaknesses, some of which would seem to lie in the concept itself.

For a number of reasons, however, this approach strikes us as incapable of truly characterising the functional

aspects of environments and, in addition, it deals only with 77 000 kilometres of river, generally ranked 4 or higher.

Some foreign typologies

� "Simple" classifications
In the scientific literature, many attempts have been made to classify rivers, generally based exclusively on the

river pattern, i.e. on a response factor. Two examples are presented below, without any comments.

� Functional classifications
The "simple" classifications are occasionally coupled with more "dynamic" typologies. As noted above, river patterns

can serve as good indicators for certain processes or certain degrees of intensity in hydromorphological processes.

For example, the simplified typology by Schumm and Meyer (1979, Figure 154) provides qualitative information on a

number of functional characteristics of the river in question. Simply by determining the river pattern, it is possible to

know if the river is dynamic or not, if the alluvial load is fine, coarse or mixed, if the stream power is high or low, etc.

Examples of river classifications based on the pattern. (a) Brice (1975), (b) Schumm (1981).

Figure 153

a b



� The Rosgen typology (1996)
The Rosgen typology merits particular attention because, though often criticised, it is the most commonly used

typology in the United States.

It consists of a two-stage classification system producing results on two classification levels.

Level I comprising 9 types
The first level is based on the following parameters:

� number of channels;

� entrenchment ratio (valley width measured at twice the bankfull depth. Must be measured in the field);

� width / depth ratio (bankfull). Must be measured in the field;

� sinuosity index.

This first level initially comprised eight types, but was completed with a ninth, type Aa+ specifically for mountain

rivers (Figures 155 et 156).

Each type corresponds to functional geomorphological characteristics close to those proposed by Schumm and

Meyer (1979), i.e. stream power, sediment input, lateral stability, etc.

The dynamic typology of Schumm and Meyer (1979) in Bravard and Petit (1997).

Figure 154
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First level in the Rosgen typology (1994).

Figure 155

Illustration showing cross profiles and plan views of the first-level types in the Rosgen typology.

Figure 156

Second level in the Rosgen typology (1994).

Figure 157

Levels II and IIa comprising 41 or 94 types
Level II first divides rivers according to their slope, then according to the channel material. The result is

a classification with 94 types.



An intermediate level with 41 types (slope is no longer a factor) has been proposed but would not seem to be

widely used.

This typology (levels I and II) has been adopted by many river-management services in the U.S. and references

to Rosgen types (e.g. B3, E5b) are frequent in scientific and technical publications.

However, two aspects compel us to question its applicability in France:

� the typology is not easy to use because two of the main dichotomous variables (entrenchment ratio and

width/depth ratio) theoretically require measurements in the field;

� it uses both control factors (bedrock in the riverbed) and response factors (river pattern, width/depth ratio, etc.),

which, from the theoretical point of view, is far from ideal.
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Proposed methods for river
typologies and divisions
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River divisions

The proposed river divisions are presented below, in decreasing size and with their length (order of magnitude)

expressed in multiples of the bankfull width.

The last two divisions are of more ecological than geomorphological significance in that the size of these

habitats depends on that of their inhabitants.

� Which divisions are best suited to management purposes?
At least two levels would appear to be necessary for management purposes.

� Level 1, consisting of geomorphologically uniform reaches
This division strikes us as the most relevant for overall, integrated river management. It can be used

by all stakeholders and managers, in all sectors and fields. Reaches can be determined simply on the basis of

geomorphological and hydrological control factors.

Micro-habitat (< w)

Mesological environment (< w)

Sub-facies (1 to 100 w)

Facies (1 to 100 w)

Segment (100 w)

Sub-reach (100 to 1000 w)

Reach (100 to 1000 w)

Unit (>1000 w)

Sector (several thousand times the bankfull width (w))



� Level 2, consisting of sub-reaches

For this level, each scientific discipline and each river manager can select the relevant set of discriminant

parameters. For example, geomorphologists can distinguish meandering sub-reaches in an otherwise braided

reach or embanked sub-reaches in a reach traversing a wide valley bottom. Phytosociologists can divide reaches

depending on whether there is riparian vegetation, an alluvial forest, etc. Biologists can use criteria such as water

quality, the frequency of river facies, etc.

The two top divisions (sectors and units) are of interest primarily for managers working on the regional

and national levels. The discriminant factors are essentially their presence in a level-1 hydro-ecoregion (HER1)

or a level-2 hydro-ecoregion (HER2), given that these hydro-ecoregions (Wasson et al., 2002) are determined

by the major geomorphological control factors (geology, relief, climate).

� Method selected for division into uniform reaches
The division of 225 000 kilometres of French rivers (from a total of approximately 500 000 kilometres) into

uniform reaches was carried out by Cemagref in 2008 (Valette et al.) using three control factors that are easily

accessible in existing databases:

� width of the valley bottom;

� valley slope;

� confluence with large rivers (this "hydrological" parameter is used as a substitute for actual discharge values

that are currently difficult to access on a uniform basis).

Width of the valley bottom
The width of the alluvial valley bottom is an essential control factor for geodynamic processes, flooding,

ecological processes within the river corridor and even socio-economic pressures. It is marked Fz and Fyz on

geological maps and served as the primary factor in composing uniform reaches.

The Loire River divided into sectors, units, reaches and sub-reaches (Malavoi, 2002).

Figure 158
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Recent alluvium
Miocene/Pliocene
Eocene/Oligocene
Late Cretaceous
Early Cretaceous
Late Jurassic
Early Jurassic
Triassic
Carboniferous
Primary sediment
Basalt
Schist
Granitic rocks

SIMPLIFIED GEOLOGY OF THE LOIRE BASIN
AND DIVISIONS OF THE LOIRE AND ALLIER RIVERS

SECTOR IV
LOWER LOIRE

SECTOR I
UPPER ALLIER

unit 1

unit 1

unit 2

unit 2

unit 3

unit 3unit 4

SECTOR I
UPPER LOIRE

SECTOR II
UPSTREAM LOIRE

SECTOR III
MID LOIRE

SECTOR II
FLATLAND ALLIER

unit 5unit 6

unit 7

unit 8
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Example of a division into uniform reaches based on the width of the valley bottom (BRGM
map).
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Example of a division into uniform reaches based on the valley slope.

Figure 160

Hydrology (Strahler ranks)
The third factor is the Strahler rank (1957). This hierarchical numbering system is well suited to quantifying

hydrographic networks and has the additional advantage of taking the longitudinal evolution of rivers into account.

In this method, reach limits were positioned at each:

� change in the Strahler rank for ranks 1 to 3;

� confluence of a river ranked 4 with a river ranked 3 or 4;

� confluence of a river ranked 5 or higher with a river of the same rank or up to two ranks lower (for example,

confluence of a river ranked 6 with a river ranked 4, 5 or 6).

Reach limits
Strahler ranks

Valley slope
Another important factor is the valley slope, which contributes to the potential stream power and notably its

capacity to entrain and transport sediment. This factor is determined visually using the 50-metre DTM (digital

terrain model) developed by IGN (French National Geographic Institute, BDalti), which served to generate a layer

showing slope values and 5 or 10-metre contour lines.

Reach limits

Buffer zone (5-metre rise)

Contour lines

Hydrographic network



Typology

� Basic typology
Using the national system of uniform reaches, that is available as a GIS database, it is possible to create a "basic"

typology employing the following parameters:

� Strahler rank and the relevant hydro-ecoregion (see the WFD national typology above);

� valley slope;

� valley width.

Work on this typology is now in the final stages.

� More precise typology
This second-level typology is based on the parameters used to calculate the geodynamic rank (see chapter 3 for

the discussion on the usefulness of this concept in understanding and predicting hydromorphological processes):

� unit stream power (ω);

� potential natural bank erodibility (B);

� sediment inputs (A).

Work on this typology continues because it is more difficult to obtain the parameter data. There are 64 potential

types, however some combinations are not realistic, e.g. low stream power and high sediment transport.

� Additional information
In addition to the typological characteristics listed above, the plan is to add other descriptive parameters

(response factors) to the data on each uniform reach:

� river pattern;

� grain size of the coarse bedload being transported;

� mean bankfull width and depth;

� the river facies present in the reach.

Acquisition of the data for these characteristics is not currently planned for the entire country, but will

depend on the studies and investigations carried out on each river.

� In conclusion, a postulate on interpreting river typologies/divisions
We postulate that if the division parameters and linked typology factors have been astutely selected (and the data

correctly collected), they should make it possible to delimit uniform reaches within which, according to the laws

of river geodynamics, the response factors should also be uniform.

Ideally, on the basis of the control factors, it should be possible to determine the precise characteristics of the

response factors, e.g. river pattern, width, depth, slope, intensity of the geodynamic processes, etc. Unfortunately,

that is still not possible, given the high level of uncertainty concerning the relationships between hydraulic geometry

and river morphometrics (see the previous chapters), however current research should gradually improve

the situation.
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A particular typology, the river-facies
typology
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Usefulness of a river-facies typology

This typology addresses a much smaller scale than the preceding typologies because the goal is to identify river

sub-sections using hydromorphological characteristics that are seen as good indicators of the types of habitat
available for the aquatic fauna, i.e. macrohabitats and even mesohabitats.

The river facies are short river lengths (between 1 and 10 times the bankfull width approximately) that have

consistent flow features, notably flow velocities, depth, sediment grain size, riverbed slope, hydraulic gradient and

cross profile, spanning a few square metres to a few hundred square metres.

Hydromorphologists see facies, notably alternating riffles and pools, as the fundamental units in rivers whose

physical function lies in the optimal dissipation of energy. They are also the long-term manifestations of the

constraints exerted by geology, terrestrial morphology, plant cover and climate.

Hydrobiologists also use these morphological units to describe habitat use by fish and to establish their sampling

units, e.g. sampling of benthic macroinvertebrates, fish inventories or selection of representative facies sequences

in a reach (stations) for methods based on microhabitats.

It is often difficult to identify river facies because in real life, there are few "clear-cut" cases. The identification

criteria have suffered from subjective implementation where some authors focus on the substratum, others on

the hydraulic gradient, the distribution of water depths and velocities, the Froude number (a dimensionless

ratio of the mean velocity to the water depth) or the characteristics of the water surface.

Malavoi (1989) and Malavoi and Souchon (2002) proposed an approach which, though comprising

imperfections resulting in operator bias, nonetheless attempts to produce a more objective description based on

a system of discriminant criteria.

Selecting discriminant criteria for facies

Two classification levels are proposed.

� Level 1
Two level-1 criteria were selected:

� mean water depth;

� mean flow velocity.

These two factors must be measured for a mean low flow close to the interannual mean discharge of low month.

It is then possible to propose an initial classification level for river facies on the basis of their depth:

� deep facies, i.e. depths greater than 60 cm including lotic channels (LOTC), lentic channels (LENC),

concavity pools (CCVP) and dissipation pools (DISP);

� shallow facies, i.e. depths less than 60 cm including runs (RUNS), glides (GLID), riffles (RIFF), rapids (RAPI)

and cascades (CASC);

or on the basis of the flow velocity:

� lentic facies, i.e. flow velocities less than 30 cm/s, e.g. pools, lentic channels, glides;

� lotic facies, i.e. flow velocities greater than 30 cm/s, e.g. riffles, runs, rapids, lotic channels.



One possibility would be to propose a typology based on dimensionless values making it possible to

identify riffles 5 mm deep in a scale model and 50 cm deep in a river 100 metres wide. However, in response to

requests for a classification system coming primarily from biologists, it was decided to develop a typology based

on raw data that can be linked to the types of communities.

� Level 2
The level-2 criteria used to refine the level-1 results are the following:

� cross profile;

� long profile and water-surface characteristics.

A third level, not included here in the differentiation system, can be used to refine the classification even further.

The criterion is the grain size of the substratum.

The dichotomous system currently used (see the figure below) results in 11 facies types, including six major and

five secondary types. If a simplified system is required, the 11 types may be grouped into four mega-types

(on the right in the figure).

Figure 161
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Simplified river-facies system
(according to Malavoi and Souchon,
2002).

Often upstream of obstacles
or riffles/rapids

At the foot of a cascade
or waterfall

Generally in a meander concavity

Along obstacles to river flow
(jams, bridge piers, boulders)

No particular context

Often upstream of obstacles
or riffles/rapids

Slight slope, uniform flow, wavelets
on the water surface due to the
substratum near the free surface.
Relative roughness H/S50 = 3 to 4
(H = height of water column,
S50 = smallest axis of D50, the

median diameter of the substratum

Steeper slope, clearer knickpoint
with adjacent facies. Greater

turbulence due to substratum just
below the free surface. Relative

roughness H/S50 = 2 to 3

Steep slope, strong turbulence with
white foam. H/S50 = 1.2 to 2

Very steep slope, vertical distance
between upstream and downstream

> 0.5 metre and < 1.5 metres

Vertical distance > 1.5 m
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We will see below that these river facies, the result of geodynamic erosion and sediment-transport processes,

are one of the main means to establish links between the hydromorphological operation and the ecological

operation of rivers.

Examples

An example of the facies typology and mapping applied to a river is presented in the figure below. The

purpose of the study (Malavoi, 1999) was to map the potential zones for the reproduction and growth of

Atlantic salmon in the Allier River basin. These zones were detectable directly via the typology because

several facies (runs, riffles and particularly boulder riffles that could be distinguished) corresponded to the

type of habitat for the spawning and growth of juvenile salmon.

Some examples of river facies.

Figure 162
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Examples of facies lengths expressed in multiples of the bankfull width.Tableau 10

The table below lists some facies lengths expressed in multiples of the bankfull width, based on data

acquired during the study. The measurements were carried out on high-power rivers in the Allier River basin

and cannot be extrapolated to all types of rivers in France, however the results provide a consistent set

of indicative values.

Note that the length of riffles is approximately the same as the bankfull width, whereas on the opposite end

of the spectrum, lentic channels and glides are generally 8 to 10 times longer than the bankfull width. Note

also that only the Chapeauroux River has cascades.

(a) Map of river facies on the upper Allier River (IGN base map). (b) Summary of the map data for six
"salmon" rivers in the Allier River basin (Malavoi, 1999). The best facies for salmon spawning and growth
are shown in colour.

a

b

Figure 163
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LENC

8.57

7.53

11.41

7.03

8.72

GLID

6.63

5.81

8.40

6.07

9.83

RUNS

3.12

4.80

2.59

4.96

4.61

RIFF

1.36

2.21

0.89

4.39

1.16

BRIF

1.76

3.16

2.04

5.33

2.20

RAPI

2.46

1.57

6.45

0.54

CASC

3.50

LOTC

2.19

1.08

1.48

ALLIER R.

ALLAGNON R.

ARROUX R.

CHAPEAUROUX R.

DORE R.
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Tools for hydromorphological
studies

� The basic approach to hydromorphological studies

� Maps and drawings

� Aerial photographs

� Topographic data

� Hydrological data

� Other useful data

� Measurements in the field
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177
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The basic approach to hydromorphological studies

The very first question to ask concerns the goal of the hydromorphological study that one wishes to have done

(if you are the owner) or to do (if you are the consultant).

There are three main categories of hydromorphological studies (outside the field of hydrology) and thus three

goals for which the suitable tools and the resolution (physical scale) may differ.

� Comprehensive study. This is currently the most frequent type of study that is generally carried out when

preparing an SBMP (sub-basin management plan) or a river contract. The objective of the hydromorphological

section of this type of study (often carried out in conjunction with sections on water quality, hydrology, flooding

risks, aquatic environments, landscape, occasionally with sections on economic and land-ownership aspects)

is to:

● understand the hydromorphological operation of the river on the scale of the river basin and of uniform

reaches;

● identify hydromorphological malfunctions and their causes;

● propose management techniques to repair the malfunctions and preserve the remaining functional

reaches.

On large rivers, these comprehensive studies may be carried out on sub-basins (Downstream Allier River

SBMP, Lower Ain River SBMP, etc.).

A hydromorphological study on a sub-basin must nonetheless collect a minimum amount of data on the

river basin as a whole, particularly if the studied sub-basin is located in a lower section of the river basin.

� Local study. In general, the goal is to solve a local, hydromorphological problem, e.g. the risk of erosion

at an abstraction, of the river bypassing a bridge, of installations being undermined, of excessive aggradation

over an urban reach.

Even for local issues, it is necessary to gain some perspective by analysing at least the hydromorphological

operation of the concerned reach or of several reaches both upstream and downstream (sediment input,

regressive erosion, etc.

Similar to a comprehensive study, the purpose of a local study is to:

● understand the hydromorphological operation of the river on the scale of the uniform reach in which

the problem is located and at least the adjacent upstream and downstream reaches;

● identify the general and the local hydromorphological malfunctions (and their causes) that may lie at

the origin of the problems requiring the study, e.g. a bridge may be undermined by regressive erosion

caused by an old gravel pit located ten kilometres downstream;

● propose technical solutions to solve the local problem and management techniques designed to

eliminate the overall cause of the malfunction, if it has been identified.

� Topical study. This type of study generally targets a specific goal over a more or less long reach, e.g.

defining a mobility space, characterising sediment transport, laying the groundwork for a hydromorphological

restoration project, etc.
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This type of study should theoretically be carried out during or after a comprehensive hydromorphological

study which arrived at the conclusion that it is necessary to map a mobility space, better analyse sediment

transport in the river or restore its morphology and geodynamic processes.

The greater part of a hydromorphological study and particularly the first part take place in the
office, analysing maps, drawings, aerial photographs, etc. With the exception of a possible initial visit,

measurements in the field are generally carried out once the main elements of the diagnosis have already been

established.

The goal of the field work is to:

� check the hypotheses, e.g. whether the planform stability of the river in a given sector is in fact due to

the bank-protection systems, whether there is in fact general bed degradation over the reach given the

excavations that occurred in the past, etc.;

� acquire certain information required for a precise diagnosis, e.g. sediment grain size in the riverbed, on the

banks, stratification of bank alluvium, topographic surveys, etc.;

� meet people holding specific information (inhabitants, fishermen, etc.) and likely to assist in understanding

the operation of the river.

All hydromorphological studies should also begin by reading (with a critical eye) the previous
studies on the river and the basin, i.e. hydrological, hydraulic, ecological studies, etc.

A hydromorphological study is like a visit to the doctor.

During a 20-minute visit, the doctor spends 15 minutes (75%) to diagnose the illness and five minutes

to select the most suitable treatment.

The work and the proportions are identical for a hydromorphological study. Most of the study is devoted

to diagnosing the problem, i.e. to determining the hydromorphological malfunction (symptom) and the

causes (etiology). If this part of the study, the longest, is correctly carried out, it is "easy" to identify the

correct treatment.

Note that these remarks are limited to management guidelines and general orientations. The preliminary

studies for work projects in a river are more complicated and may require a great deal of time (detailed

drawings, additional measurements, etc.).
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Maps and drawings

Maps, both old and recent, are analysed for a number of reasons.

� Viewed individually, they provide information on the river in its geographic and historic context. This is

called the synchronic approach.

� When compared with maps from other periods, particularly in conjunction with a GIS (geographical

information system), diachronic analysis becomes possible, i.e. the researcher can track and, with some

luck, understand the evolution of the river over time.

Modern maps

� Maps and scans from IGN (French National Geographic Institute)

IGN maps (1:25 000, 1:50 000 scales, etc.) are now available on paper, as georeferenced scans (Scan25, 100,

1 000, etc.) and as vector maps on the 1:25 000 scale (BDtopo).

The data for these maps are provided by aerial photographs. Until the 1990s, they were updated approximately

every 15 years, i.e. following every third series of aerial photographs.

� Current Land Register

The French Land Register is a mapping system set up for tax purposes, i.e. to calculate land taxes. Its

primary advantage compared to standard maps is the scale between 1:500 and 1:5 000. Its main disadvantage

is that the frequency of updates (and consequently its value in analysing river channels over time) is highly

variable across the country (see Figure 165), however efforts to standardise update frequencies are now being

made. Each French town is divided into sections presented on individual maps showing each unit of property,

the lots.

The Land Register is currently available on paper, in digital form (raster) and as a vector map that can be

used in a GIS to extract information.

It may also be displayed on the IGN Geoportal.

Example of a vector map of a town. Town
of Ambérieux (Ain department) (source:
http://www.cadastre.gouv.fr/).
Note the extremely small size of lots and
their frequent orientation perpendicular
to the river (access to water is important in
agricultural zones).

Figure 164
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� Maps and scans from BRGM (Mining and Geological Research Agency)

BRGM produces geological maps of France on a variety of scales. They are currently available on paper, as

scans and vector maps.

These geological maps show rivers in their geological context, an important factor in a hydromorphological

study, on both the:

� river-basin scale, for example, they indicate the erodibility and permeability of the substratum;

� scale of the valley, for example, they show mobility spaces and geomorphological "bottlenecks" (narrow

passages for the river).

1:50 000 scale map

This is currently the most precise and useful scale for hydromorphological studies. Continental France is

covered by 1 060 maps, each representing a zone approximately 20 x 30 km. Some of these maps are now

available as vector maps (contact BRGM for more information) and can be used for in-depth GIS analysis.

1:80 000 scale map

A total of 55 maps cover all of France, but use of these much older maps is advised only if the 1:50 000 scale

map has not yet been made available (some 30 are still in production).

1:250 000 scale map

This scale is useful for analysis on the regional level of the major river basins. Fifteen maps out of the total 44

are currently available.

1:1 000 000 scale map

This map presents the geological characteristics of all of France. It is useful for an initial analysis of the

overall geological context of a large or very large river basin (Loire and Rhône Rivers, etc.).

All of the above maps may now be consulted on the IGN Geoportal. The scale of the geological map is

selected automatically as a function of the zoom factor (see the example below).

Image of the same area drawn from the Land Register and BDortho on the IGN Geoportal. Note the difference
between the river in the previous figure and the current channel of the Albarine River, due to the fact that the
Land Register is updated much more slowly than the river moves laterally.

Figure 165
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Note also the existence of the BRGM InfoTerreTM site offering not only geological maps, but also stratigraphic
profiles from the BSS database. When profiles of the valley bottom exist, they may provide an initial indication
on the type of sediment in the floodplain, which can at some point become the sediment making up the river
banks. This information may be useful in determining the cohesiveness of the bank sediment, which is one of
the main control factors in geodynamic processes.

The images above show two of the scales for geological maps on the Geoportal, selected as a function of
the zoom factor, (a) 1:50 000, (b) 1:250 000.
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Example of the survey points drawn from the BRGM BSS
database and the core log corresponding to the point in the
red square. The drawing indicates non-cohesive alluvium
made up of sand and gravel.
(BRGM InfoTerreTM site)

Figure 167
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Old maps covering all of France

� The Cassini map

In 1747, Louis XV charged César Cassini de Thury with the task of producing a map of the entire kingdom,
which subsequently became the Carte générale et particulière de la France, the first systematic map to cover
all of France. The first section (Paris) of the Cassini map (scale 1:86 400) was published in 1756.

The main landmarks were the church steeples in each village, considered permanent and reliable
reference points for centuries to come. For each section of the map, hundreds of reference points were
calculated by triangulation and linked to the general triangulation network terminated in 1744. The map was
finished in 1815 by the son of César, Dominique Cassini. Watermills were positioned accurately (primarily for
tax reasons because they were subject to tax). This is useful information because it is possible to know the
minimum age of each mill and its legal status (most mills on the map were granted feudal title rights).

The Cassini map is available at the IGN public map service in various forms (photocopies, scanned files) and
prices. It can also be fairly accurately georeferenced in a GIS, using the centre of the circles indicating church
steeples (circles with a cross). Then simply determine the Lambert coordinates of the same circles using the
Scan25 map, on which they should theoretically be identically positioned.

On the other hand, the accuracy of the drawn river channels is highly variable, depending on whether the
river is in the low lands (fairly good accuracy) or in the mountains (low accuracy) and on whether the river is
large (fairly good accuracy) or small (low accuracy for rivers less than 20-30 metres wide).

The Cassini map is also available on the IGN Geoportal.



� Military maps

Military maps covering all of France were drawn up in the 1800s. They were initially intended for military
purposes, i.e. knowledge of the terrain with particular attention paid to roads and rivers. The original name was
the "War Depot Map" and the scale was 1:40 000. The maps were based on a more dense triangulation
network. Work started around 1820 and the first series of maps was finished during the 1860s. At the end of
the 1800s, the first version of each map was still prepared on the 1:40 000 scale, while the maps themselves
were published on the 1:80 000 scale.

The military maps are available at the IGN public map service in various forms (photocopies, scanned files)
and prices.

It is possible to request the 1:40 000 initial versions of the maps, which are more precise than the final
maps.
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Excerpt of the Cassini map (1:86 400) in the region of Parcey-sur-Loue (Jura department).

Figure 168
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Excerpt of the 1834 military map (1:40 000) showing the same area.

Figure 169
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Excerpt of the 1913 military map (1:40 000) showing the same area.

Figure 170
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Excerpt of the 1948 map (1:20 000) showing the same area.

Excerpt of the 1985 IGN map (1:25 000) showing the same area.

Figure 171

Figure 172
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The military maps and other old topographical maps may be georeferenced in the same manner as the

Cassini map (using the church steeples) and/or using other landmarks that appear in the Scan25, e.g.

crossroads).

Other old maps, drawings and documents

Old maps and drawings may be found in various public services and local governments.

On older maps, North is often at the bottom of the map.

� Departmental archives

Theoretically, all documents prior to 1940 should have been deposited in the departmental archives.

General maps

There is a wide variety of maps showing parts of the hydrographic network, even if the latter is not the topic

of the map. Some may be georeferenced and thus serve for diachronic analysis.

Example of a diachronic map showing the various channels digitised using a GIS (the 2004 channel is drawn
from BDOrtho) (Malavoi, 2006).

Figure 173
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Public works - Mines - Transport - Water and Forests documents

The archives stored under these headings come from the Departmental prefectures, the Departmental bridge

and road agencies (subsequently the Departmental equipment agencies), the chief engineer of mines and the

Departmental water and forest agencies (subsequently the Departmental agricultural and forestry agencies).

The Departmental equipment, agricultural and forestry agencies have been grouped in the

Departmental territorial agencies since 1 January 2010.

The archives also include drawings and preliminary studies for civil-works projects, drawings and cross-

sectional diagrams of installations (bridges, dikes, etc.), and occasionally written documents appended to the

drawings (project documents, reports).

Map of the city of Montpellier (Hérault Departmental archives, 1750).

Figure 174

Map showing a road project (North to the bottom). End of the 1700s (Tarn Departmental archives, exposition on the Maps and
drawings of the Ancien Régime).

Figure 175
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1859

1876

Figure 176

Examples of maps and drawings

1882

Three maps showing the preliminary studies that make it possible to monitor the project
over time (in this case, the progression of containment work on the lower Doubs River
(Jura Departmental archives). The North is at the bottom.

a

b

c



The channels of the Loue River in 1889 and 1898 (including the preliminary studies for
the artificial meander cutoff).

Figure 178
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Some of these old maps and drawings can be georeferenced if enough landmarks are still visible

(crossroads).

1889

1898

Figure 177

Two maps of the Loue River showing the preliminary studies for work (dikes and meander cutoffs). They could be
georeferenced thanks to crossroads (Jura Departmental archives). The North was at the bottom in the original map
and we turned it around to correspond to the Lambert projection, which explains why the text is upside down. Note
also the chute cutoff followed by rapid lateral motion of the new channel.
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(a) Milhars bridge (map from 17??) (Tarn Departmental archives). (b) Tonnerre bridge (1866). (c) Preliminary study for a
groyne on the Doubs River (1844) (Jura Departmental archives). (d) Cross-sectional drawing of a weir on the Doubs River
(Doubs Departmental archives).

Figure 179

Examples of structural drawings and cross-sectional diagrams

Structural drawings and cross-sectional diagrams are very useful in diagnosing certain malfunctions such as

riverbed incision (downcutting) and even in quantifying the malfunctions. Information on past flood levels is also

often available (see above).
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Napoleonic Land Register
In 1807, Napoleon ordered his finance minister, N. F. Mollien, to create a land register for all towns in the

French empire, including survey data for each lot of property and maps. The goal was to enhance knowledge

of land ownership in order to improve the tax system. The work on this project, known as the Napoleonic Land

Register, was terminated in 1847.

For each town, an overall map was drawn up, on a scale between 1:10 000 and 1:20 000, and accompanied

by more detailed sectional maps on a scale between 1:1 000 and 1:2 500.

The many landmarks noted on these maps, notably crossroads (except in very rural areas in the middle of fields),

often make it possible to georeference the Land Register and use it as a precise tool for diachronic analysis.

Excerpts from the Napoleonic Land Register, with (a) an overall map
and (b) a zoom on zone A5 (town of St-Maurice-de-Remens, Ain
department).

Figure 180

Note that during the Empire, even before the Napoleonic Land Register, there existed the "Land-use Map"

showing the major zones according to each type of use, e.g. arable land, pastures, woodlands, etc.

Sardinian maps
The Sardinian Land Register covered the area that is today the Savoie and Haute-Savoie departments. It was

created between 1728 and 1738 by the administration of the Kingdom of Sardinia-Piedmont and constituted

the first land register containing maps in Europe. The scale was approximately 1:2 400.

In the departmental archives, one may also find information on court cases dealing with rivers, which is

very useful in learning more on the social and historic context of a river and the territories crossed.

� The archives of State services

It is possible to find in the archives of various State services, notably the Departmental equipment and

agricultural agencies (now the Departmental territorial agencies), the post-1940 documents that have not yet

been sent to the departmental archives. It is best to foresee a long visit because the time is well spent. The

main difficulty lies in the fact that archiving techniques vary greatly from one department to another.
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Explanatory documents, drawings and diagrams of preliminary studies for projects

Numerous documents, drawings, etc. provide fairly precise information on the recent history of development

work on a river. The accuracy of drawings is such that it is often possible to precisely locate cross profiles which

can then be used as reference points for new measurements.
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Preliminary study for work to cut meanders on the Loue River (1958).

Figure 181
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Project documents on civil work
carried out on the Veyle River, with
maps and cross-sectional diagrams
(from the 1960s, Ain department).
Note the proposed "recalibration"
with the bankfull width and depth
multiplied by 2 to 3.

Figure 182
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Cross-sectional drawing of a weir (from the 1980s, Saône-et-Loire department).

Figure 183

Photographs
On occasion, land or aerial photos may be found, notably before, during and after work.
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(a) Maps (D4 site), (b) aerial photos and (c, d) land photos of work to cut a meander on the Loue River
upstream of the Ounans bridge (from the 1960s).

Figure 185

Oblique aerial photographs of work sites on the lower Doubs River (from the 1960s, Jura department).

Figure 184
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Data on extracted materials
For State-owned rivers, it is fairly easy to find data on extracted materials, notably concerning the sites where

work took place and occasionally the authorised profiles. This information is very useful in diagnosing

hydromorphological operation in terms of sediment transport.

It is also possible to find less detailed, but nonetheless useful information in the extraction registers held by

the various services.

Examples of data on former excavations in the riverbed of the lower Doubs River
(Jura DDE), including the authorised profile. Note the dredging work to remove
excess deposits, assigned to some of the extracting companies in order to
maintain the public river property (which is not subject to the same rules as
excavations).

Figure 186
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� Town archives
Town archives contain maps of all types and scales. The documents were theoretically created after 1940

because all others should have been sent to the departmental archives.

� Other archives
The SNCF archives (national train company) contain documents on rivers for each train line running along a

river or over a bridge. Documents include maps, river cross profiles, cross-sectional diagrams of installations,

etc. The SNCF centre for historical archives is located in the town of Le Mans.

161

Example of an extraction register held by the Jura DDE (Departmental equipment agency). The register
contains data on individual wagon loads (in units of 5 cubic metres) as well as much larger volumes.

Figure 187
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Aerial photographs

Compared to maps, aerial photographs have two main advantages:

� they are updated much more frequently;

� they offer much more information for analysis, i.e. it is possible to distinguish the type of land cover, alluvial bars

in rivers, the type of vegetation along banks (with some experience), etc.

Current aerial photographs

� ORTHO® database at IGN (French National Geographic Institute)

The IGN ORTHO® database contains digital, georeferenced, aerial photographs. The database covers the

entire country and is updated every five years (soon every three years). The available resolutions are 0.5, 1, 2.5

and 5 metres (however the last two, though much less expensive, are not well suited to hydromorphological

purposes). The average cost per square kilometre for the 0.5-metre resolution is one euro (the price

varies with the total surface area ordered, see the IGN site).

The ORTHO Agglo® database contains photos of large urban areas with a resolution of 0.2 to 0.3 metres.

� Satellite photographs

Satellite photographs may complement and even replace aerial photographs. They are less expensive and can

be updated much more frequently (every few days) than the aerial photographs in the ORTHO® database.

They can also be used for spectral analysis, i.e. for more complex data processing (soil humidity, status of

vegetation, etc.).

Below is a partial list of the private companies supplying satellite images.

� Spot Image. A number of SPOT satellites now produce images with a ground-level resolution of 2.5 metres

and should provide a resolution of 0.5 metres in the future.

� Digital Globe. This company provides images with a resolution of 0.5 metres (Worldview1 satellite for

panchromatic images) or 2.5 metres (Quickbird multispectral images).

� Geo Eye. This company can provide images with a resolution of 0.4 metres.

Above is an image drawn from the ORTHO® database with a resolution of 0.5 metres. The zoom shows microtopographic
features of the banks and the transiting alluvial forms, the relative water levels, the type of vegetation and even the
eroded banks.

Figure 188
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Example of a series of aerial photographs that can be used for a diachronic study. The goal here was to study
the evolution of the Gardon River where a bridge for the TGV train line was planned (black circle). Note the
progressive narrowing of the southern meander, upstream of the village of Comps.

Figure 189 a b c

� High-resolution aerial photographs
It is now possible to obtain high-resolution aerial photographs (each pixel representing just a few centimetres)

thanks to the development of digital cameras offering ever lighter weight and higher performance.

The photos can be taken from aircraft flying at very low speeds (ULM, helicopters, drones). Depending on the

needs of the particular study, they may be taken vertically over the zone (then orthorectified and georeferenced

under certain conditions) or from an oblique angle. Miniature GPS devices on board the aircraft provide

precise positioning data for each photo.

Old aerial photographs

The oldest vertical aerial photographs in the IGN photo library date back to the 1920s and were initially made

for the mapping departments of the armed forces. It was only after WWII that aerial-photography campaigns

became more regular with a stable five-year frequency. The photos served as the basic material for the new

maps, first on the 1:20 000, then the 1:25 000 scale.

Caution. Aerial photographs (with the exception of the ORTHO® database) are not orthorectified

or otherwise corrected. Only the central third of the photo is not deformed by the photographic conditions.

However, there is now software and companies specialised in such corrections. It is also possible to purchase

a large number of overlapping photos for photogrammetric analysis, retaining only the central third and

reassembling them.

A certain degree of error due to the deformation (highly variable depending on the relief) may not represent a

significant problem, for example for diachronic studies of river channels which do not require a high level of

precision.

Low-altitude flights

Photographs taken at oblique angles during low-altitude flights provide very useful information because

they represent an intermediate scale for analysis, between field data acquired literally "on the ground" and

photographs taken from a vertical position.

On large rivers and those where the riparian vegetation is not too dense, low-altitude flights are a means to

precisely locate bank-protection systems, to assess the status of installations such as weirs, etc. One of the

main advantages of this technique is that an entire river may be completely examined in just a few hours.

Under ideal conditions, the photos should be taken at 100 to 200 metres from the ground. The most

practical aircraft is a helicopter (300 to 400 euros per hour for a two-seater, twice that amount for four to five

seats), but a ULM is also very good and much less expensive (100 to 150 euros per hour). An airplane

(preferably high wing) flies a bit too fast, but can be used if nothing else is available. It is often useful to take

video footage in addition to the photographs.
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Examples of photographs taken a low
altitudes (100 to 200 metres above the
ground). Numerous details are visible,
e.g. bank erosion and protection
systems, the general status of bridges
and weirs, the river facies, etc.

Figure 190
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IGN Geoportal and Google Earth

These two internet tools can be used to obtain aerial photographs (airplane or satellite) very quickly.

Google Earth provides images from around the world with variable resolutions depending on the site, but

occasionally as good (or better) than 0.5 metres.

The IGN Geoportal covers all of France (including the overseas territories) with a theoretical resolution of 0.5

metres (ORTHO® database), but the quality is often inferior because the zoom tool is (to date) limited. The

main advantage of Geoportal is that it has the very latest aerial photographs (Spot or ORTHO® depending on

the zoom level) and a great deal of additional information, e.g. the IGN maps (all scales, depending on the

zoom level), geological maps (again all scales, depending on the zoom level), the entire hydrographic network

in digital format, administrative boundaries, relief, the digital Land Register, Corine Land Cover, etc. A 3D

version displays relief and provides tools to calculate distances and surface areas.

Examples of the layers available on Geoportal. (a) Scan25 (old version). (b) Scan25 + Spotimage, using the opacity
of layers to measure active erosion levels (at a higher zoom level, the ORTHO® database is displayed (see (e)).
(c) Geological map on the 1:50 000 scale +Spotimage. (d) Cassini + Spotimage. (e) ORTHO® + Scan25, the active
erosion in the meander is clearly visible. (f) Corine Land Cover + Spotimage at a lower zoom level.

Figure 191
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Examples showing the 3D version of Geoportal used to measure distances and surface areas.

Figure 192
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The above information is likely to change because the Geoportal site is constantly upgraded.
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(a) Map of surveyed rivers as of 1 January 1977 and (b) the internet site providing access to the long profiles (JPG format).

Figure 193

Topographic data

Topographic data are an essential element in a hydromorphological study, notably in identifying and, where

possible, quantifying incision and aggradation processes. Unfortunately, older topographic data are rarer, less

consistent on the national level and less frequently available than planform data.

When they exist (long profiles, cross profiles, scattered topographic points), they can be extremely useful to

produce new data in order to quantify and qualify any topographical changes in the river, on both the local and

larger scales.

Practically speaking and particularly for installation owners, it is important to plan on a fairly large

budget for topographical work. Ideally (though this is rarely the case, due in particular to legal procedures for

public contracts), topographical aspects should be detached from the hydromorphological study and needs in

terms of topographical work should be determined only once the study has made sufficient progress. A contract

adapted to the precise topographical needs can then be signed with a surveyor.

Long profiles

� Profiles of rivers with major hydraulic potential

Surveys to determine the long profile of certain rivers were initially carried out by NGF (French Topographical

Survey, which became IGN) for the Large Hydraulic Forces Agency. The survey addressed primarily those

rivers deemed to have high hydroelectric potential. It is possible to access the map of France showing the

surveyed rivers and the long profiles on the IGN site

(http://geodesie.ign.fr/fiches/index.php?module=e&action=e_profils).
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Example of a long profile. Overall view and zoom (caution, orthometric heights).

Figure 194

The first rivers were surveyed almost immediately after WWI and the last at the end of the 1970s.

The main disadvantage of the profiles is that they measure the water surface and not the river bed. In

addition, in the older profiles, it is difficult to know the discharge at the time of the survey. The dates for each

survey (third line from the bottom) provide a general indication on whether the survey took place during low

or mean flows.

One of their main advantages is that they precisely indicate the position of weirs, the upstream water level (and

consequently the available head), the length of the raised water level and the purpose of the weirs (mills,

forges, paper mills, etc.).

Caution. Values indicated on the long profiles are generally NGF Lallemand Orthometric heights and

not NGF IGN69 Normal heights. To transform the orthometric data into NGF69 heights, it is necessary to add
a value ranging from a few centimetres (e.g. in the Aquitaine region) to several dozen centimetres (e.g. over

60 cm in the Nord department).

Z NGF69 = Z Ortho + �Z

IGN provides the corrective data on its internet site for each 1:50 000 map (see Figure 195). Using the table

on the next page, it is necessary to add 0.34 metres (map 2917) to the heights indicated in the profile above.

The head of the weir is thus at 128.54 NGF69 and not 128.2.
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In spite of the difficulties with these profiles (water levels and insufficient data on discharge levels), they may

be useful as reference data when drawing up a new long profile (complete or partial) of the river. However, the

uncertainty concerning discharges represents a major problem in determining and quantifying incision and

aggradation, unless the differences are considerable (several metres).

Caution is also advised concerning the x-axis (kilometre indications) which may be a source of major errors on

highly mobile (or artificially rectified) rivers. Meander development and cutoffs may add or subtract hundreds

of metres (even kilometres) to the length.

Example of a table showing the corrective data for the orthometric heights in the
northern Picardie region. It is necessary to add the value (in centimetres) under the
map number to the orthometric height.

Figure 195

Comparison between the profile (water level) of the Loue River drafted in 1948 for the Large Hydraulic Forces
Agency and the profile surveyed in 2005 under low-flow conditions (Malavoi and Adam, 2006). The dotted lines
indicate where modifications in the planform made it impossible to reuse the x-axis of the 1948 profile. It is necessary
to find a stable reference point and adjust the x-axis. The diagram on the right compared the two profiles.

Figure 196
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French Topographical Survey, 1948. © IGN 2010



170

Long profile of the right bank of the Loire River, showing dikes, the talweg and levels of the 1856
and 1866 floods. Note the difference of almost 7 metres between the low-flow level and the 1866
flood.

Figure 197

In some cases for navigable State-owned rivers, the profiles indicate not only water levels under low-flow

conditions, but also talweg data and the levels of certain historic floods (see figure below).

Cross profiles

Contrary to other documents such as maps and long profiles, there is no national collection of cross-profile

surveys. They may be found, however, for most of the navigable rivers whose bed (and the corresponding

maintenance) is the responsibility of the State (public river property), up to the bankfull level (plenissimum

flumen). They may be consulted in State archives or in the departmental archives if they predate 1940.

A number of long and cross profiles may be found on the internet site of the central regional environmental

agency.

It is also possible to find old profiles for work projects, for preparatory studies (Figure 182) or for excavation

work in riverbeds (Figure 186). If they are noted on a map, these profiles can be resurveyed to gain precise

information on the vertical evolution of a river section.
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Comparison of cross profiles for the Loire River at ten-year intervals (Malavoi, 1996).

Figure 198
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Digital terrain models

Digital terrain models are computer software used to produce a virtual topography of an area that may be

terrestrial or subaquatic (in which case one speaks of bathymetric DTMs).

A DTM can generate a virtual image of the terrain in three dimensions, calculate surface areas and volumes,

draw topographical profiles, simulate flows, etc. To use a DTM, which is generally made up of a computer file

comprising three columns (the x, y and z (altitude) coordinates), a computer application, such as a GIS or

topographic software, is required.

The quality of a DTM, i.e. its accuracy with respect to the actual terrain, depends on how the data are

obtained, e.g. data derived from contour lines, photogrammetry (accurate to within a few dozen centimetres),

field surveys using differential GPS systems (accurate to within a few centimetres). It also depends on the

sampling density (an x,y,z data point every metre is better than every 50 metres) and on the interpolation

method (if used).

DTM precision depends on the data input. For example, the IGN Alti database is precise to the metre

(altitude z is indicated in metres with no digits after the decimal point). The actual accuracy of the elevation

data is to within a few metres.

A DEM (digital elevation model) is used to model buildings, for example, and not only terrain.

� DTM on the river-basin scale

A DTM can be used on the scale of an entire river basin or a river reach to determine its overall operation, the

valley shape and width, the bordering relief, etc. For this type of work, a DTM with a sampling density of 50

or 100 metres and data precision to the metre, e.g. that available in the IGN Alit database, is more than

sufficient. If a GIS capable of managing DTMs is used, it is also possible to run simulations, notably

concerning flows.

Comparison of cross profiles for the Miribel canal (Malavoi, AREA, 2000). Note the incision of one
metre in six years.

Figure 199
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The two maps above produced by a high-quality DTM reveal the gravel extractions in a submerged alluvial
dune in the Doubs River (Malavoi, 2002). The DTM, provided by VNF, has a sampling density of one metre
(downgraded to five metres) and is precise to the centimetre.

Figure 201

� DTM on the river scale (topo-bathymetric application)
For more detailed work, e.g. to better understand the evolution of a riverbed, a DTM offering better sampling

density and precision (approximately a few centimetres for the z-axis) is required.

The DTM available from the IGN
Alti database, used in conjunction
with a GIS. The zoom can be
used to display the contour lines
generated by the GIS (upper Drac
valley, Malavoi, 2007).

Figure 200
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Hydrological data

A hydrological study must analyse the hydrological operation of the river. In that the discharge is one of the two

major control factors in geodynamic processes, it is absolutely necessary to know (whatever the spatial scale

covered by the study):

� the long-term overall hydrological operation of the river, i.e. its average regime, flood recurrence intervals,

the role played by dams in modifying the flood regime, etc.;

� recent (two to three years preceding the study) to very recent (several months) hydraulic conditions.

In addition to general data from hydrology manuals, monographs and previous hydrological studies,

hydrological data on rivers is available from the HYDRO database managed by the Ecology ministry.

HYDRO database

Hydrological and hydrometrical data on French rivers is managed by the HYDRO national database. HYDRO

stores measurement data on water levels (variable time steps) from 3 500 gauging stations, of which 2 400 are

currently in operation. The system calculates instantaneous, daily and monthly discharges, etc., based on the

water-level data and the rating curves (which translate levels into discharges). The results are updated in step

with modifications to the water-level data and the rating curves (addition, improved precision, correction, etc.).

The information available on-line at http://hydro.eaufrance.fr/ includes the following:

� STATION. A presentation of each hydrometric gauging station;

� QJM. Daily and monthly discharges over a given year;

� ENTRE2. Comparison of daily discharges in a given year with those in the past, presented in graphs;

� SYNTHESE. A summary of the hydrological data;

� TOUSMOIS. Monthly discharges over a given period;

� VCN-QCN. Minimum discharges over N consecutive days;

� QMNA. Annual minimum monthly discharges.

Other, more complex information is available with a subscription.

The hydrological data are supplied primarily by State services (DIREN, DDE, etc.), Électricité de France,

research organisations (Cemagref, renamed Irstea in 2012, universities, etc.) and local-development companies

(Compagnie d’aménagement des Coteaux de Gascogne (CACG), Compagnie nationale du Rhône (CNR), etc.).

These data producers set up gauging stations along rivers, maintain them, then collect and check the data

before sending them to the databank. They not only collect the gauging data, but also plot the rating curves that

are also stored in the database. Finally, they validate and, if necessary, correct the data. They are responsible

for the data supplied and monitor data quality.

Data are generally available in the database less than 40 days following collection.
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Home page of the Hydroréel site (Rhône-Méditerranée regional
environmental agency). Each dot represents a gauging station.

Figure 202

Example of a page shown
after clicking a gauging station in
the overall map.

Figure 203

Real-time data

Some State services have set up servers to provide real-time hydrological data via the internet. An example

is the Hydroréel site (http://www.rdbrmc.com/hydroreel2/carto.php), managed by the Rhône-Alpes regional

environmental agency which is responsible for the Rhône-Méditerranée basin. The site is open to the public and

provides information on the hydrological situation in rivers in real or near-real time. The data are provided by the

data producers presented above.

The overall map provides an immediate overview of the hydrological situation in the entire basin, in terms of

floods, low flows and mean discharges.

When a gauging station (the dots) is clicked, the system displays a page showing the hydrological data over the

past two weeks with a zoom on the last three days (levels and discharges), summary data for the station and a

link to the HYDRO database.
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(a) Example of an old postcard (1935) showing a mountain river basin and the change in vegetation in 2005 (b).
The slopes have been stabilised with as a result reduced erosion and less primary input of bedload.

Figure 204
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Other useful data

Old postcards and photographs

� Postcards showing landscapes
When compared with current postcards and photographs, old postcards reveal changes in land cover and in

landscapes in general. They complement the analysis of aerial photographs for periods prior to 1940.

Old postcards are extremely useful if the photo was taken during hydrological events such as floods because they

can replace flood-level data (even if not taken at the height of the flood).
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a b

Examples of postcards showing floods (note the oblique aerial photograph of the Armançon flood in Tonnerre in 1866).

Figure 205 a b
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� Postcards showing installations (bridges, dikes, wash houses, mills)

In addition to structural drawings and cross-sectional diagrams found in the archives, postcards can assist in

diagnosing certain malfunctions, such as incision (downcutting) in the river bed.
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Examples of old postcards showing changes (the Corrèze River in Tulle, at the Lamarque weir).

Figure 207 a b

Examples of old postcards used to analyse, more or less quantitatively, changes in a river (the Corrèze in Tulle).
Note the disappearance of the small weir next to the old wash house and the reinforced bridge pilings (concrete
poured into steel sheet piles), which is a sign of probable incision occurring at least locally.

Figure 206
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Measurements in the field

Measurements in the field are generally carried out when the analysis of maps, aerial photographs and all the

other documents collected during the study have made it possible to understand the general operation of the river,

its evolution over time and perhaps the main malfunctions observable over the given spatial and temporal scales

(artificially straight sections, weirs, dikes, etc.). The goal is then to:

� fill out the information on the hydrological operation of the river, i.e. hydromorphological alterations, bank

texture and condition (natural or stabilised banks, etc.), grain size of alluvial bars, etc.;

� confirm or prove wrong any hypotheses.

Measurements in the field are generally carried out over the entire river and even its tributaries. They may be

filled out with specific measurements at representative sites.

A simplified, standard protocol to acquire hydromorphological data in the national surveillance-monitoring

network was drafted by Onema. This approach, called CARHYCE and focused on station measurements, will

not be discussed here.

Mapping of pressures and alterations

The first part of a hydromorphological study generally serves to identify the mains sources of pressures and

alterations affecting a river and its basin.

The SYRAH national database, managed by Onema and addressing the river basin and reach level, provides

an overview of the main pressures and alterations affecting 225 000 km of river. Field measurements are

nonetheless required for certain pressures and alterations that the SYRAH approach cannot detect.

� The SYRAH concept and associated databases

The SYRAH-CE audit system analyses the hydromorphological operation of rivers and assesses the risk of

alterations likely to influence aquatic habitats and consequently the ecological status of the river as defined by

the WFD (Chandesris et al., 2007). The proposed "top-down" approach is based on an assessment of alteration

risks on the river-basin scale (large scale), consolidated with an analysis of uniform hydromorphological river

reaches (reach scale).

The main goal is to detect unnatural hydromorphological alterations clearly linked to a degradation of

the ecological status. The most common hydromorphological alterations and those most likely to impact the

ecological operation of rivers have been identified. To process the alterations, the audit calls on various layers of

geographic data and existing databases, and blends them with the information required to programme, approve,

manage and assess restoration work.

The analysis is run on successive levels from the river basin down to each river reach.
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Design diagram of the SYRAH audit technique (Chandesris et al.,2007).

Figure 208

The resulting maps may be used for river management and work planning, while keeping in mind that due

to their design, their precision is limited, notably concerning "local" morphological aspects. This approach is

therefore not sufficient to precisely diagnose malfunctions and fully plan local restoration work. It is, however,

highly useful in obtaining an overall view of a large territory.
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Analysis on the scale of geomorphological reaches makes it possible to describe "Development & use"

with a degree of precision compatable with efforts to determine the causes of observable degradation in the

ecological status. Such precise analysis is possible thanks to the availability of rich geographic databases

such as BDTOPO IGN®.

In addition to mapping the risks of hydromorphological alterations in rivers, SYRAH-CE can also be

used to assist in river management and functional restoration. Even the unprocessed results of the audit

clearly identify the parts of the hydrological network subjected to limited pressures. This information,

combined with data on the chemical quality of water, can help in identifying the sectors likely to achieve

excellent status as defined by the WFD and that must therefore receive priority in preservation efforts.
Mapping of pressure indicators is the means to identify the most common, to determine where problems

are located and to establish priorities.

Expert analysis of the available information can serve to assist in setting up multi-scale management plans,

thus facilitating identification of useful restoration work and its programming.

Example of a "large-scale" map identifying zones at high risk of soil erosion which can lead to silting in rivers.

Figure 209
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Example of maps on the reach scale, showing pressures/alterations, e.g. planform
rectification or number of weirs per kilometre (Île-de-France region, Malavoi, 2007). The
darker the line, the poorer the hydromorphological operation.

Figure 210

The pressures/alterations currently listed in the SYRAH Reaches database are the following:

� degree to which the river is covered by a physical structure;

� channel straightness;

� cross-channel installations in the riverbed (weirs);

� no riparian vegetation;

� probable obstruction of lateral dynamics, e.g. infrastructure (roads, bridges, etc.) likely to be the cause of

bank-protection systems hindering the lateral movement of the river;

� dikes (the data is fairly imprecise and must be filled out with observations from the field);

� gravel pits in the floodplain;

� urbanisation, i.e. general urban pressures (category 1 artificialised territories);

� presence of ponds along the river;

� encroachment of trees in the river corridor.
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� Necessary additional information

To date, a certain number of hydromorphological pressures and alterations are not (or only poorly)

identifiable by SYRAH. It may therefore be necessary, depending on the purpose of the study, to acquire

further data. The required degree of precision in describing the terrain also depends on the purpose of the

hydromorphological study.

For example, it is not necessary to map in detail the river facies (an expensive undertaking) for a general

study that does not explicitly require an assessment of aquatic habitats. Similarly, the position of dikes and their

precise dimensions (height, width, exact position) are not always necessary if no flood concerns have been

explicitly expressed.

A standard GPS system, i.e. non differential, is precise to within a few metres on the x and y-axes and

should be more than sufficient for this type of work.

Recalibration

Recalibration is a voluntary widening or deepening of the riverbed in order to increase the bankfull cross

section and convey floods having a (much) larger discharge than the natural bankfull discharge.

� Riverbed incision (see "Incision").

� Reduction of the flow depth through widening of the cross profile, leading to more severe conditions during

low-flow periods.

� Uniform river facies or at least a reduction in the types of facies present and/or facies different than those

found in the natural river.

� Increased sediment-transport capacity during floods leading in some cases to additional incision.

� Critical conditions for habitats, particularly during low and high-flow periods.

� More severe effects of eutrophication.

� Increased water temperatures during low-flow periods.

Some pressures indicating a high probability of recalibration (over more or less long distances) may be

identified by SYRAH, e.g. urban and periurban zones, large-scale farming (this factor has not been confirmed).

However, there has also been significant recalibration work in sectors where these "large-scale" pressures

do not exist. The degree of channel rectification is a further indicator because the two operations are often

carried out together.

� Check the archives (DDE, DDAF, departmental archives) for documents on work projects (see above).

� Measure the bankfull hydraulic geometry (width, depth, slope) on various sites (the selection strategy must

be determined on a case by case basis). Compare the results with the natural values of the width/depth ratio

for the given hydromorphological type.

� Calculate the bankfull discharges and their recurrence interval. Compare the results with the natural values

for the given hydromorphological type.
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Dredging

Dredging removes from the riverbed alluvial deposits that hinder one or more human activities. It is often

carried out very locally (at a bridge, through a village), but occasionally long distances are dredged.

� Riverbed incision (see "Incision").

� Reduction of the flow depth through widening of the cross profile, leading to more severe conditions during

low-flow periods.

� Uniform river facies or at least a reduction in the types of facies present and/or facies different than those

found in the natural river.

� Disturbances to living communities.

� Critical conditions for habitats.

� Increased water temperatures during low-flow periods.

Some "large-scale" pressures indicating a high probability of riverbed dredging (more or less frequent and over

more or less long distances) may be identified by SYRAH, e.g. urban and periurban zones, large-scale

farming (this factor has not been confirmed). However, significant dredging has occurred (and continues) in

sectors where these "large-scale" pressures do not exist.

� Contact the various water-police units in charge of monitoring these activities, river boards, local inhabitants.

� Look for tell-tale traces in the field (recent bunds, alluvial land fill on rural paths and trails, etc.).

Gravel extraction from the riverbed

Gravel extraction is essentially the removal of alluvium from a river for commercial purposes. Extractions from

riverbeds have been forbidden in France since 1994 (even earlier in certain departments) and only older

gravel pits may be found today. The distances over which gravel was extracted, the processes employed and

the volumes extracted varied greatly from one river to another.

� Widespread incision of the riverbed (see "Incision").

� Types of facies present and/or facies different than those found in the natural river.

� See "Incision".

Certain pressures indicating a high probability of former extractions in the riverbed may be identified by SYRAH,

e.g. extractions in the floodplain, lakes in the floodplain (this factor has not been confirmed). Other pressures

that still require further testing include proximity to a town or to a major transportation line (major road,

highway, high-speed train line).

� Contact the various services and agencies (DDE, DRIRE, DIREN, Onema).

� Look for the traces of incision that generally accompany extractions (see below).



Dikes

Dikes are man-made structures along the river designed to limit flooding. They are higher than the natural

terrain and located in the floodplain at a variable distance from the riverbed..

� Hydraulic disconnection between the riverbed and the floodplain, including any side channels.

Disconnection can be highly variable depending on the river, the width of the area between the dikes, the

height of the dikes, etc. Disconnection can be permanent or temporary.

� Riverbed incision due to the increased discharge between the dikes, particularly if the channel is narrow.

� More severe flooding downstream.

The degree of "disconnection" and of the incision (if it exists) determines the impact on natural environments

and whether it is more or less reversible. Generally speaking, consequences include a drop in the vitality of

natural environments in the riverbed due to a lack of frequent submersions, a drop in the abundance of the

linked terrestrial living communities and in certain compartments of the aquatic living communities whose life

cycle depends on the connections (notably the reproductive cycle of certain fish species).

The dike layer in the TOPO database used by SYRAH lacks the necessary degree of reliability.

� Contact the various services and agencies (DDE, DRIRE).

� Systematic field work (if the study justifies the effort) and/or a very precise DTM.

Dredging bunds

Bunds are artificial mounds along river banks composed of the sediment dredged from the riverbed

(see "Dredging").

In some cases, they may produce the same effects as small dikes (see "Dikes").

See "Dikes".

Certain pressures indicating a probability of dredging may be identified by SYRAH (see "Dredging").
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(a) Long-term dredging bunds (low river dynamics) and (b) short-term bunds that will be removed by the first flood (high
river dynamics).

Figure 211 a b
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Systematic field work (if the study justifies the effort).

Bank-protection systems

Bank-protection systems include all the techniques designed to block lateral erosion.

� Blocked lateral dynamics which result in a general drop in the morphological diversity of the river corridor.

� Drop in the "internal production" of coarse sediment, due to the lack of entrainment of alluvial deposits

on the banks. This leads to an imbalance between the water and sediment discharges which is an essential

factor in the hydromorphological equilibrium.

� Impacts caused by the reduction in geodynamic processes and consequently less vitality in the associated

environments (notably pioneer environments).

� Drop in the ecological quality of the banks.

Certain pressures indicating a high probability of bank-protection systems may be identified by SYRAH,

e.g. urban and periurban zones, transportation infrastructure near the riverbed. However, there has also been

significant use of bank-protection systems in sectors where these pressures do not exist.

� Systematic field work (if the study justifies the effort), on foot or by boot if the river is large enough.

� On rivers with little riparian vegetation, a low-altitude aerial inspection is a means to gather information on

significant sections of the river.

� It may be useful to determine the type of protection (sheet piles, concrete, dry-stacked or mortared stone

banking, planted surfaces, etc.) and any damage to the system (this is more difficult because damage often

occurs at the foot which is generally under water).

Incision (downcutting)

Incision is a major hydromorphological alteration where the river cuts down into its alluvial bed. The river can

also cut into the substratum of the talweg if it is not particularly resistant, e.g. the Loire River in the Forez plain

and the Allier River in the Limagne region both cut into marls from the Oligocene period.

� Paving of the riverbed (large alluvium gradually forms a rigid layer that is of little use to aquatic fauna).

That is often the case downstream of large dams.

� The alluvial layer may be entrained, revealing a resistant, rock substratum.

� Drop in the alluvial water table (groundwater in the aquifer of the floodplain).

� Undermining of various installations (bridges, dikes, bank-protection systems, etc.).

� Critical conditions for habitats in the riverbed, particularly if large sections of the bedrock are exposed.

� Disconnection of side channels in the floodplain.

� Fewer connections with the floodplain itself and decline of the alluvial forest.



Certain pressures likely to cause incision in the riverbed over more or less long distances may be identified

by SYRAH, e.g. large dams blocking the sediment load, large numbers of weirs, extractions in the floodplain

(often indicative of former extractions in the riverbed), lakes in the floodplain (this factor has not been

confirmed). The system may also list the effects of RTM projects (work to stabilise mountain slopes and

torrents), which can provoke deposits or scouring at the foot of dams and weirs. The main problem is that

the actual alteration (incision, paving, exposure of the substratum) is not always clearly linked to the above

pressures. For example, it generally takes a large dam several decades to produce an effect on riverbed

incision several kilometres downstream and the effect may continue over centuries.

In areas where there is a high probability of incision (downstream of dams, former sites of extraction in

the riverbed, rectified reaches, etc.), there are a number of possible approaches.

� Look for old long profiles (IGN hydraulic gradients) and cross profiles. Then determine the current cross

profiles on the same sites and the long profiles at discharge levels close to those prevalent when the old long

profile was drafted (the necessary information is not always available). These three steps were theoretically

carried out during the first part of the hydromorphological study.

� Look for indicators of incision, e.g. undermining of structures (bridge pilings or abutments, the foot of dikes

and stone banks), exposure of bedrock.

Caution.Apparent and undermined root systems are not a systematic indicator of incision. They

may simply be the result of lateral erosion. The only conclusion that may be drawn (see Figure 212) is that

the soil previously surrounding the roots has disappeared..

Similarly, a bridge piling or abutment reinforced with sheet piles and concrete does not necessarily signal

generalised incision. This type of obstacle to river flow often results in local scouring that may require

reinforcement. A weir under or immediately downstream of a bridge may however indicate a more general form

of incision and particularly regressive erosion. If incision does occur, it may be strictly local. It is necessary to

find a number of indicators along the river pointing toward incision before deducing that widespread incision

is taking place, which is the purpose of the study.
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The exposure of roots and trees falling down the bank may signal riverbed incision. That is the case in (a), following the
removal of a mill dam. The cause may also simply be lateral erosion (b). It is very difficult to distinguish between the two
if the recent history of the river is not known.

Figure 212
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The photos show some sure signs of incision. (a, b) Riverbed entrenchment
into its own recent, alluvial deposits. (c) Significant reinforcement of bridge
pilings. (d) Visible alluvium under the foundation of structures (here a retaining
wall for a road). (e) Construction of a weir downstream of an older structure.

Figure 213
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� Analyse the hydraulic geometry (the selection strategy must be determined on a case by case basis). A low

width/depth ratio (less than 3, for example) may be a sign of incision, even though such low values can exist

naturally under certain conditions, e.g. a single channel with highly cohesive banks).

Caution. Regressive and progressive erosion may occur over several kilometres. That is why it may be

worthwhile to look for signs of incision well beyond the zones directly impacted by the pressures causing the

probable incision, e.g. former extractions in the riverbed, sections downstream of dams, narrow sections

between dikes.

Silting / clogging

The deposition of fine sediment (ranging from clay to sand) is called silting when it occurs on the surface of

the riverbed and clogging when the voids between coarser sediment are filled.

� Reduced permeability and porosity of the substratum.

� Reduced exchanges with air and water.

.

� Modification of benthic and interstitial habitats leading to disturbances in the structure of invertebrate

populations, an increase in drift and a reduction in the overall abundance of organisms. Sensitive species

that depend on coarse substratum disappear and are replaced by species adapted to fine sediment (Gayraud

et al., 2002).

� Malfunctions in spawning grounds and in the habitats of certain fish species.

� Modification in the exchanges of water and matter between the surface and the hyporheic zone.

Certain pressures likely to cause non-natural silting/clogging in the riverbed over more or less long distances

may be identified by SYRAH, e.g. farming areas identified in conjunction with the INRA soil-erodibility map.

There are currently a number of assessment methods to determine the degree of silting/clogging of the

alluvial substratum of a river, but none have been standardised.

On the reach level, the goal is to describe the degree of silting/clogging in lotic facies, such as riffles and

runs, where theoretically the least deposition should occur.

There are three degrees of precision among the existing methods.

� The most precise involves obtaining samples using liquid nitrogen. This expensive and cumbersome

technique is generally used for research projects, but it does provide useful information on deposition fairly

deep into the alluvial substratum.

� A technique offering intermediate precision measures the permeability of an alluvial substratum on site

(and consequently the degree of clogging) by injecting a certain amount of water in a strainer tube (Déscloux

et al., 2009). This method, called the hydraulic-conductivity method, is currently being standardised in view

of its use in a WFD measurement network.

� The method offering the lowest level of precision consists of evaluating visually or using very rudimentary

techniques the surface area covered by fine sediment (e.g. using the diagrams on the next page) and the

thickness of the sediment. An additional aspect is the degree to which coarse alluvium is embedded in the finer

sediment.

187



188
Visual evaluation of the surface area of a coarse alluvial substratum covered by fine sediment (Northcote, 1979).

Figure 214

The Cemagref unit in Aix-en-Provence (Archambaud et al., 2005) developed a basic, but reproducible

assessment method for silting on the riverbed surface and the degree to which coarse alluvium is embedded.

It consists of lifting a coarse element and estimating both the difficulty of extraction and the density of the

cloud of fine sediment freed during extraction.

On the basis of these two criteria, five classes of silting/clogging have been defined.

� Code 1. The coarse elements may be easily lifted. They rest on the underlying coarse substratum and do

not release a cloud of silt when removed.

� Code 2. The coarse elements are more difficult to lift, but the cloud released from underneath is not dense,

i.e. the surface elements are bound together by an underlying layer of silt.

� Code 3. The coarse elements are significantly embedded, but can still be lifted and the cloud of silt is fairly

thick.

� Code 4. The coarse elements are difficult to lift and the cloud of silt is very thick. The coarse elements are

firmly embedded in a compact underlying layer forming a tight bond.

� Code 5. The coarse elements cannot be lifted or only with great difficulty ("cemented" or paved structure).

They are covered by a thick layer of silt, which is the dominant type of substratum.



Modification of river facies

River facies have frequently been altered by human intervention, e.g. channelling, weirs, dams, gravel

extraction, etc. These alterations may be signalled by types of facies and/or proportions of facies different than

those found in the natural river.

� Modification of flow characteristics (depth, velocity, sediment grain sizes).

� Modification of the self-cleansing function, i.e. certain facies (runs, riffles) seem to clean themselves better

than others.

Modification of the linked habitats and living communities.

Example of a method to evaluate the degree to which silting/clogging has occurred and
the coarse elements are embedded (Archambaud et al., 2005).

Figure 215
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Silting class

Direction of flow

The coarse elements rest on the bottom. There may be a fine
layer of slightly bonding silt (left) or no silt (right).

The coarse elements are bonded by an underlying
layer of silt (with or without an overlying layer).

The released cloud of silt is not dense.

The coarse elements are significantly embedded
and release a fairly thick cloud of silt when

removed from the underlying layer.

The coarse elements are firmly embedded and release
a thick cloud of silt when removed. The cloud may be

intensified by an overlaying layer.

The coarse elements are covered and release a very thick
cloud of silt when removed (left) or are "cemented" in place

and cannot be remove (right).

Description of silting/clogging
(when a coarse element is removed)
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Certain pressures likely to cause significant modifications in the river facies may be identified by SYRAH, e.g.

rectified channels, high numbers of weirs (turbulence caused by the structure replaces the natural facies),

possible overwidening due to former extractions of gravel.

In zones where there is a high probability of facies modification (see the SYRAH data), one approach is to map

the facies, either directly along the river or using low-flying aircraft. Methods to identify and map facies are

discussed in detail in Malavoi (1989) and Malavoi and Souchon (2002).

Sediment transport and grain size of alluvium

In the previous chapters, we discussed how to locate and map alluvial bars in rivers using the ORTHO®

database, low-flying aircraft or carrying out measurements in the field.

In addition to this first step in the analysis, it is indispensable to collect information on the quantity and the grain

size of the transiting alluvium.

The method consists of carrying out measurements on sample sites along the entire river (the selection

strategy must be determined on a case by case basis) or, if complete and detailed information is required, on

each alluvial bar identified during the first phase of the study.

� Evaluating the volumes of transported sediment

A standardised method does not exist.

For a "general" hydromorphological study, i.e. a study not specifically addressing sediment transport,

the simplest technique is to evaluate the surface area of the sampled alluvial bar and its average thickness

compared to the talweg (lowest part of the riverbed).

The quantity (vertical height) of alluvium entrained during a flood can significantly exceed the thickness

of the bars. The goal here is simply to have a general idea of the volumes involved.

� Evaluating the size of the transported particles

Different levels of precision for the grain-size measurements are available, depending on the needs of

the study. Once again, if the study does not specifically address sediment transport, it is probably sufficient

to carry out basic grain-size measurements on the armoured layer (for information on the underlying layer
representing the actual bedload transported, more difficult and complex volumetric sampling is necessary).

We propose to carry out the grain-size measurements (or observations) on the part of the moving bars with

the largest sediment, generally located on the upstream end of bars along the main axis of flow during floods.

It is clear that the results will be voluntarily biased toward the coarsest elements in the transported bedload.

Two methods are available (note that they measure the grain sizes of the surface or armoured layer only).

� The visual method (Malavoi and Souchon, 1989) determines the grain sizes using a scaled "gauge". The

observed substratum is coded using up to six letters (see the table below).

- The largest element (approximately D90) is coded using two letters, e.g. LC.

- The most common element (approximately D50 if there is only one dominant element) is coded using two

letters, e.g. LC if this class is both the largest and dominant.

- If a second dominant element exists, it is coded using two letters, e.g. VP.

The substratum described above is coded LCLCVP, i.e. very coarse substratum.



� The more objective Wolman method consists of randomly selecting 100 elements in the section of the

bar with the coarsest material, measuring the second longest axis (b) perpendicular to the longest (axis a) and

plotting a curve with grain-size percentiles (D50, D90, etc., see the figure below).

For exposed alluvial bars, a solution superior to the Wolman method is a vertical photograph including

a scale element. It is then very easy, using suitable software, to set up a sampling grid and measure the b-axes.

Similarly, it is highly worthwhile to carry out grain-size measurements at sites where cross profiles are

measured (see the example below) in order to refine the hydraulic analysis (e.g. determine the discharges

required to transport sediment).

Visual "gauge" for grain-size classes (must be correctly scaled before use).
(Malavoi and Souchon, 1989).

Figure 216
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Type of grain

Large boulder or slab

Boulders

Large cobbles

Small cobbles

Very coarse pebbles

Coarse pebbles

Medium pebbles

Fine pebbles

Coarse sand

Fine sand

Silt

Clay

Size in mm

> 1024

256 - 1024

128 - 256

64 - 128

32 - 64

16 - 32

8 - 16

2 - 8

0.5 - 2

0.0625 - 0.5

3.9 - 62.5 µ

< 3.9 µ

Microhabitat code

LB

BD

LC

SC

VP

CP

MP

FP

CS

FS

ST

CL

Classification system created by Wentworth (1922) and microhabitat codes by Malavoi and Souchon (1989).Tableau 11
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Example of grain-size measurements on the armoured layer, using a vertical photograph
taken at a cross-profile transect (a) and the resulting grain-size curve (c). Measurements of
the b-axes (blue lines) are carried out using a GIS after scaling the photo (the ID slip for the
sample is ten centimetres wide). Each element at a grid intersection (red lines) is
measured, i.e. 49 elements for a 7x7 grid (Malavoi and Adam, 2007).

Figure 217
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The main difficulty in grain-size measurements on alluvial bars lies in determining the sampling strategy. It has

been demonstrated a number of times, notably by Mosley and Tindale (1985), that transported sediment is

distributed very unevenly over the surface of deposition zones (bars and dunes), depending on the flow currents,

the elevation of the various parts of the bar, the presence of vegetation and jams, etc. In addition, the deposits

of different floods or different phases of a single flood may be superposed.

Consequently, depending on where the measurement is carried out, the grain-size curve (percentiles) may

vary by a factor of 2.5 (see the figure below) or even by a factor of 100 if a slowing current at the end of a flood

deposits sand (e.g. D50 = 0.5 mm) next to coarse material (e.g. D50 = 50 mm) deposited at the height of the flood.

� Grain sizes in riffles

In addition to measuring the grain sizes of bedload on the surface of alluvial bars, it is worthwhile to measure

the grain sizes in riffles which are, in theory, the sections of rivers where the largest bedload is deposited.
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The photos above show the variability of grain sizes on the surface of an alluvial bar (point bar). The D50
values vary by a factor of five and the largest sediment is located near the top of the bar. In this case,
measurements should be carried out on the zone with the largest sediment

Figure 218
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Map showing visual grain-size measurements in riffle facies of the Veyle River and its tributaries
(the darker the colour, the coarser the sediment). In the downstream section, the riffles are no
longer visible because they are submerged behind mill dams (Malavoi and Epteau, 2003).

Figure 219

This is worth the time and effort for two reasons.

� Typological classification. The river or river reach can be classified according to a "grain-size" type.

Examples could be riffles with boulders, riffles with large or small pebbles, etc.

� Knowledge of the processes entraining the alluvial substratum. In conjunction with the unit stream power, the

information on grain sizes in riffles informs on the minimum frequency of sediment entrainment in the riverbed.

Hydraulic geometry and characteristics of natural banks

The last two additional elements of field data, that were perhaps obtained earlier in the study from existing

documents, are the mean hydraulic geometry of the river and the cohesiveness of the banks.

� Bankfull hydraulic geometry

The bankfull geometric data are factors in the typological classification, including both static (e.g. the

width/depth ratio) and dynamic (e.g. bankfull discharge, unit stream power) aspects.

As noted above, the ratio of the average bankfull width to the average bankfull depth is a useful geometric

characteristic for a number of reasons.

� In hydromorphological terms, it is a typological parameter indicating the geodynamic activity of
the river. For example, fairly dynamic rivers with significant lateral erosion and high sediment inputs have

relatively high w/d ratios of 20 or more. Braided rivers often have w/d ratios near or even greater than 100.

� The w/d ratio also informs on bank cohesiveness (see the next section). The more cohesive the banks,

the narrower and deeper the river, conversely, if the banks are not very cohesive, rivers tend to be wider and

shallower. The trends are identical to those for riparian vegetation in that the two parameters (vegetation and

cohesiveness) both encourage vertical erosion and limit lateral erosion.

Grain sizes in the riverbedGrain sizes in the riverbed

CPMP
VPCPMP
VPVPCP
FPFPCS
MPFP
MPFPCS
SCVP
SCVPCP
SCSCVP
LCSC
LCSCVP
LCLCSC



� Finally, these geometric measurements can be used to calculate the bankfull discharges and the

corresponding unit stream powers.

● Bankfull discharge. It is widely acknowledged that the bankfull discharge of a natural river under

steady-state conditions has a recurrence interval close to that of the 1.5 to 2.5-year flood (daily level).

Even a rough calculation of the bankfull discharge at a station can theoretically be used to detect any

alterations (e.g. recalibration) if its recurrence interval significantly exceeds Q2 (e.g. Q5 or Q10).

● Bankfull unit stream power. NOTE that the bankfull unit stream power is a decisive parameter in river

dynamics. The higher the power, the greater the capacity of the river to erode its banks (if they are not

cohesive) and to transport the sediment. In conjunction with the substratum characteristics and the river

hydrology, this parameter can be used to determine the frequency of sediment entrainment and

consequently substratum stability over time, an important factor in the ecological operation of the river.

These bankfull geometric measurements must theoretically be carried out:

● at the inflection point between two sinuosities;

● or in a straight section of the river.

In theory, it is at the above points in the river pattern that symmetrical cross profiles may be found,

whereas they are generally asymmetrical and more complex in the sinuosities (see Figure 220). Note that it

is also at the inflection points or in straight sections that the most favourable river facies (riffles and runs) for

simple hydraulic calculations, such as the Manning-Strickler4 equation, may be found. Flows at those points

are generally uniform5.

Cross-profile measurements do not require an exceptionally high degree of accuracy (errors of 15 to 20% are

acceptable). The measurements may be carried out using a measuring tape for the widths and a survey rod

for the bank heights.

Examples of cross profiles depending on the position in the river pattern. It is preferable
to measure the geometric values (widths and depths/heights) on river sections such as that
marked B-B'.

Figure 220
195

4 Manning-Strickler equation. V = K·R2/3 J1/2 and Q = V S where V is the velocity (m/s), R the hydraulic radius (m),
J the slope (m/m), S the wetted cross section (m²).
5 A uniform flow occurs in a river if:
- the riverbed slope is constant;
- the geometry (wetted cross section) is virtually constant;
- roughness is constant;
- discharge is constant (stationary flow).
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Examples of bankfull geometry measurements.
N.B. For both width and depth measurements, the lowest bank is always used.

Figure 221

� Degree of bank cohesiveness

As noted above, the cohesiveness of the bank sediment is one of the main control factors in geodynamic

processes.

With the exception of stone banks where it is not an issue, a rough evaluation of bank cohesiveness

and consequently of potential bank erodibility can be carried out by determining the proportion of cohesive

sediment in the bank (silt and clay) and its stratigraphic position (top of bank, foot of bank, etc.).

The goal is to evaluate the potential erodibility of banks. If protection systems are installed, it is

necessary to find a non-protected sector. Note that, depending on the geomorphological history of the valley,

the type, height and stratigraphic structure of the banks can vary significantly. A single observation is not

sufficient to evaluate the banks for an entire river reach.

The various steps in determining the cohesiveness of the banks are presented below.

� Look for an unprotected section of bank with no vegetation, if possible in a sector where the foot of the bank

is close to the mean bottom of the riverbed or even the talweg.
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Types of erosion depending on the type and stratigraphy of the bank.

Figure 223

� Clear the slope of the bank down to the bottom, which is the most vulnerable to erosion. Even if the upper

part of the bank is cohesive, but the foot non-cohesive, lateral erosion can be significant.

� Determine bank erodibility. This can be done directly in the field or later after having photographed the

entire slope of the bank, if possible with an item for scale in each photograph. The degree of bank erodibility

is divided into four classes (see the section on "Geodynamic ranking"), namely zero, low, moderate and high.

● Zero erodibility. This class concerns stone banks or banks with alluvial deposits, often very old, that

are too large to be entrained by the available stream power.

Even if the bank is covered with natural vegetation, it is often possible to distinguish at least part of the bank and
notably the base. That is also the case when bank-protection systems are damaged or intermittent.

Figure 222
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� Low erodibility. This class concerns banks made up of clay (extremely cohesive) or clay-silt sediment

(very cohesive) from top to bottom. In spite of the high degree of cohesiveness, these banks can be

eroded, notably following a dry period resulting in "mud cracks". The latter constitute weak zones that

facilitate the fall of sediment down the bank.

The presence of vegetation on all or part of the bank slope may be an indicator of low erodibility.

�Moderate erodibility. This class concerns banks where silt is dominant in the sediment texture (sandy

silt or silty sand) or in the stratigraphy (over 80% of the bank height is comprised of silt). It is also the case

for banks with initially non-cohesive grain sizes, but that are made more cohesive due to precipitation of

calcium carbonate which "cements" the bank surface.

Examples of banks with zero erodibility.

Figure 224

Examples of banks with low erodibility.
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� High erodibility. This class concerns banks where coarse sediment (sand and pebbles up to cobbles

and boulders in mountain torrents) dominates over at least the bottom quarter of the bank (high erodibility)

or over the entire height of the bank (very high erodibility).

� Determine the grain-size distribution. It may be useful to indicate the dominant grain size or that of

the two dominant strata, if possible with stratigraphic indications, e.g. 0 to -2 metres = silt, -2 to -3 metres

= gravel and sand, or MPFPCS if the method discussed above is used. This rough approximation may be

carried out later using photographs.

199

Examples of banks with moderate erodibility. (a) Silt bank. (b) Gravel bank made more cohesive due to precipitation
of calcium carbonate which "cements" the bank surface.

Figure 226

Examples of banks with high erodibility.

Figure 227
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Hydromorphological operation
and ecological status

201

The status reports on French rivers drafted by the Water agencies in 2004 revealed

that over 50%of water bodieswere at risk of not attaining good ecological status, due

notably to poor hydromorphological operation.

We will not discuss here in detail the hydromorphological malfunctions affecting

rivers and the resulting ecological impacts that have been described elsewhere

(Wasson et al., 1998; BIOTEC, Malavoi, 2007, among others). We will simply present,

via a few examples, the strong links between river hydromorphology and river

ecology.

� General links

� Links in the river corridor

� Links in the riverbed
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General links

The oldest link found between the hydromorphological and ecological aspects of rivers is based on the river

slope. This link evolved progressively into the concept of longitudinal zoning.

Starting in the 1800s, European hydrobiologists, particularly ichthyologists, attempted to explain the progressive

changes in the distribution of fish species from upstream to downstream based on the physical characteristics of

rivers. After the pioneering work by Fritsch (1872), Thienemann (1925) and Carpenter (1928), it was finally Huet

(1949) who proposed a "slope rule" that later became the "fish zoning" concept. From upstream to downstream,

the successive zones are the trout zone, the grayling zone, the barbel zone and the bream zone.

Illiès and Botosaneanu (1963) refined this zoning scheme taking into account the distribution of aquatic

invertebrates
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Authors

Fritsch (1872)

Thienemann (1925)

Carpenter (1928)

Huet (1949)

Iliès (1962)

Iliès and

Botosaneanu (1963)

-

source

-

-

eucrenon

-

streams

-

-

hhypocrenon epi meta

grayling

region

minnow

section

grayling

zone

hypo

barbel zone

barbel

region

upper

section

barbel zone

epi

giant-catfish

zone

bream

region

lower

section

bream

zone

meta

-

brackish

region

brackish water

-

hypo

trout zone

mountain section of rivers

head of river basin trout stream

trout region

trout zone

Rhithron Potamon

plain section of rivers

Examples of zoning systems.Table12

Zoning systems
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A few years later (1980), Vannote et al. developed the river-continuum concept, which provides a theoretical

description of the morphological and ecological continuity between the upstream and downstream sections of

a hydrosystem. Their zoning system reveals the progressive shift in the ecological characteristics of plants and

aquatic invertebrates in step with the reduction in the slope and in the size of substratum particles, as well as

the increase in organic matter and water temperature.

(a) The theoretical hydromorphological zoning system devised by Schumm (1977) and (b) the
biological "alignment" based on the distribution of aquatic plants (on the left) and the ecological
feeding characteristics of aquatic invertebrates (on the right) (Vannote et al., 1980) (in Amoros and
Petts, 1993).

A chart showing the zoning systems of Illiès (1961) and
Huet (1949).

Figure 229

Figure 228 a

b



Today, all scientists working on the various compartments of river-hydrosystem ecology acknowledge the major

impact of river hydromorphological characteristics and processes, and notably their evolution from upstream to

downstream, on the distribution of aquatic and riparian living communities.

The most recent ecological zoning systems, (a) for alluvial vegetation (Pinay et al.,1990) and (b) birds (Roche, 1986).

Figure 230
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Finally, in the 1990s, new zoning systems were developed for birds (Roché, 1986) and alluvial vegetation

(Pinay et al.,1990).



(a) Aerial photograph of the Loire River in 1992, (b) ecological
map drafted by the Auvergne land and landscape conservatory
(1999). Note the patchwork of natural environments created
by the vibrant river dynamics. (c) A section of the Loire
stabilised by bank-protection systems a few kilometres
upstream (same scale, Google Earth). Note the uniform
natural environments in the river corridor.

Figure 231
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Links in the river corridor

The entire community of biologists working in the field of river hydrosystems agrees that river geodynamical

processes (bank erosion, transport and deposition of alluvial load, regular uprooting of plants growing in the

bankfull channel) create natural environments with high ecological potential, notably in the riverbed, the bankfull

channel and the river corridor.

We will present two examples of the architectonic role played by river dynamics in the natural
environments of the corridor.

A patchwork of natural environments

The role played by geodynamic processes is clear in the figures below. The more dynamic the river, the more

the natural environments in the river corridor are varied and ecologically rich. Conversely, if the same river is

stabilised by artificial means, the variety of the natural environments and the ecological potential both drop.

Preservation of river dynamics, notably via the concept of mobility space, is an indispensable condition
for the restoration of the ecological status of the river.
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Running and stagnant water

Non-vegetated banks

Hydrophyte community
in side channels

Helophyte community in running
and stagnant water

Pioneer community on wet banks
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stands
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Public river property

Study-site borders

Vegetation transects Auvergne land and landscape conservatory - 1999
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Crops

Developed zones

Arbustive willow and poplar stands
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Side channels

The geodynamic processes producing lateral erosion regularly result in meander cutoff. The meanders

then become side channels, for which there are numerous, picturesque regional names. Depending on their

development stage, they are also sources of great ecological diversity.

Their development is generally driven by natural processes, e.g. upstream and downstream closing of

the channel due to alluvial deposition, progressive sedimentation by suspended matter and development of

vegetation, first aquatic, then terrestrial.

Meander cutoffs can also be artificial, in which case filling in and disconnection of the side channels are often

accelerated by human intervention, either direct (backfill for more rapid use as farmland) or indirect (riverbed

incision due to extractions, which facilitates disconnection and accelerates the development of vegetation and

sedimentation).

Building on the studies carried out by Roux et al. (1982), we proposed a typology of side-channel
development stages (Malavoi, 2004). One of the main goals was to devise a simple mapping technique over
relatively long distances and to identify any "missing parts" in view of planning restoration work. The typology

is presented briefly below.

Four major types of side channel have been identified, some of which may be divided into sub-types. They

are presented below in decreasing order of contact with the main river.

� Eupotamon (eupo). The recently cut side channel is still in contact with the main channel, both upstream

and downstream, at all discharge levels. For a certain amount of time, its hydraulic operation is similar to that

of a secondary channel.

� Parapotamon (para). One end of the side channel (generally the downstream end) is still connected to the

main channel, the other is not. Three stages may be distinguished:

� Para1. The downstream end is connected at all discharge levels, the upstream only at mean discharge

levels or higher;

● Para2. The downstream end is connected at mean discharge levels, the upstream only at high

discharge levels;

● Para3. The downstream end is connected at high discharge levels, the upstream only at annual flood

levels.

� Plesiopotamon (plesio). There is no clear connection with the main channel, either upstream or

downstream. The side channel is filled during the annual flood.

� Palaeopotamon (palaeo). The side channel is completely cut off from the main channel. It is filled only

during floods exceeding the bankfull discharge (Q2-year or higher). Two development stages may be

distinguished:

� Palaeo1. The remains of a channel, even though significantly filled-in, are visible over a certain

distance.

● Palaeo2. Only small, scattered depressions are visible in the terrain.



(a) Simplified typology of side channels (Malavoi, 2004, inspired by Roux et al., (1982) and
Bergen (1992) and (b, c) their number and distribution in the valley of the Ognon River
(Franche-Comté region, France, images by Malavoi, 2004).

Figure 232
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An example of side-channel analysis using this simplified typology is presented above for the Ognon River. Over the
200-kilometre Ognon valley, using IGN orthophoto maps, a total of 96 side channels were identified, i.e. on average
one for every two kilometres of river. Of the 96, 13 were considered artificial.
A large number of the side channels were "active", i.e. in frequent contact with the Ognon. Eupotamons and
parapotamons represented over 50% of the total, including 27% for the Para1 stage, the most frequently connected
with the eupotamons. The "older" side channels, more or less filled in, constituted the remaining 50%.

Each of the various stages of side-channel development corresponds to different types of biological communities,
both plant and animal, terrestrial and aquatic. That is why it is important, in terms of the overall operation
of the hydrosystem and particularly of the river corridor, to preserve and/or to restore the widest
possible range of side-channel development stages.



Links in the riverbed
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The river facies

As noted earlier, hydromorphological processes, e.g. riverbed and bank erosion, transport and deposition of

the alluvial load, etc., are the causes of the river facies, often seen as meso-habitats for aquatic living
communities.

Biologists assign different types of hydrobiological communities to the different types of facies. For example,

certain fish species thrive only in a certain type of facies (river perch, a pelagic species that likes deep, slow-moving

waters, are found in steam pools or lentic channels). Other species need two or three different facies in their

territory, e.g. the river barbel spends days in runs and riffles where it feeds, but rests in stream pools or lentic

channels. Finally, other species absolutely need a particular facies for an important part of their life cycle, namely

reproduction (brown trout spawn at the head of riffles having medium grain sizes).

Without entering into the details of river-facies creation and distribution in rivers (Malavoi, 1989; Malavoi and

Souchon, 2002), it is clear that the more the natural geodynamic processes (erosion, sediment transport) and the

hydromorphological characteristics (sinuosity, suitable cross profiles) are preserved, the greater the diversity of

river facies and of the aquatic fauna and flora (Figure 233).

A simple photographic illustration makes very clear the role played by a sinuous or meandering pattern in the

creation of alternating facies (Figure 233a).

If the riverbed is sinuous, the hydrodynamic processes and turbulent currents result in alternating dips (stream

pools), bumps (riffles, notably at the inflection points between two bends), flat sections (runs and glides), etc.

(Figure 233b).

Conversely, if the riverbed has been rectified and bedload transport is low, only runs and glides develop, with highly

uniform velocity, depth and substratum characteristics, and consequently little diversity in the biological

communities. This artificial uniformity of the facies is often caused by weirs and dams which create reservoirs

upstream that replace the naturally alternating facies (Figure 233d).

a
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Two examples of major alterations to the
natural river facies. (a, b) Sequence of riffles,
runs and pools in a natural reach and a flat,
uniform facies in a fully channelised reach.
(c, d) Sequence of riffles, runs and pools in a
natural reach and, immediately upstream,
a lentic channel over one kilometre long
behind a mill dam.
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(a) The reproduction habitats for various fish species. In blue, the species that depend exclusively or primarily
on alluvial substrata for reproduction, in green, the species that prefer side channels for their reproduction,
in black, the species that show no particular preferences in terms of their reproduction habitat. (b) Some
trout in a spawning ground.
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Spawning period

Alluvial substratum, a reproduction habitat for fish

In addition to creating and continuously renewing diversified facies, which ensure maximum biodiversity, the

geodynamic processes and particularly sediment transport produce special habitats for fish communities, i.e. the

spawning grounds.

Many fish species reproduce exclusively or primarily in alluvial subtrata with varied grain sizes. It is therefore

indispensable that the input of bedload and the transport processes be maintained so that these species can

continue to carry out this part of their life cycle in the river.

The figure below lists the reproduction habitats for various fish species.
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a

Salmon, sea trout
Brown trout

Allis shad
Twaite shad
Sea lamprey

River lamprey
Planer's lamprey

Bullhead
Stone-loach
Stickleback

Dace
Roach
Bleak

Bream
Chub

Gudgeon
Rudd

Carp, tench
River barbel, minnow

Grayling
Catfish

Perch
Pike-perch

Pike

Spawning ground

Gravel
Pebbles and gravel
Gravel
Gravel
Pebbles and gravel
Gravel and sand
Sand
Under boulders
Gravel, sand, roots
Flooded side channels
Gravel
Aquatic plants
Gravel, sand, aquatic plants
Aquatic plants, branches
Gravel, aquatic plants
Pebbles and gravel
Aquatic plants
Aquatic plants
Aquatic plants
Gravel and sand
Sand, mud, aquatic plants
Aquatic plants, branches
Gravel, sand, branches
Flooded side channels

Figure 234
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History and outlook for applied
river hydromorphology
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The transformation of European rivers goes back very far, at least to the Gallo-Roman period, but it was

during the Middle Ages that systematic development work on rivers began with the creation of watermills.

The great channelling projects and dams started to appear in the 1600s and affected major natural

systems that had remained relatively unimpacted until then.

Considered over such a long time span, the hydraulic work carried out since the Second World War

would appear fairly modest on the whole. However, decades of extremely varied projects (construction

of weirs and dams, extraction of gravel, recalibrations, channelling work and embankments, "cleaning"

of riverbeds following years of neglect, etc.) have profoundly disturbed the operation of rivers and

altered the landscapes of France, which is still a rural country to a large extent.

For many years to come, the ecology of rivers will bear the scars of the work carried out in the past, but

fortunately in a very different social context. Today, there is significant resistance against the notion of

growth at all costs, including the severe environmental costs.

The country is slowly becoming aware of the past excesses and has, over the years, done the research

and adopted the policies required to better understand and manage rivers.

The 1970s

Public opinion shifted in the 1970s, in a general reaction against the excesses that had taken place

during the 30 years of "glorious" growth since WWII. Books such as La Nature dénaturée (Dorst, 1970)

and Socialisation de la nature (Saint-Marc, 1971) launched a fundamental discussion on the negative

effects of high growth rates on the environment. Concerning rivers at that time, there was widespread

criticism of the negative impacts of the Aswan and Kariba dams in Africa, two examples among many.

At the beginning of the 1970s, State services launched studies on river management and moved slowly

toward regulations ensuring better preservation of aquatic environments. The decree dated 7 August

1972 instituted an inquiry procedure prior to all work, in compliance with article 176 of the Rural Code.

Then a ministerial instruction, dated 13 September 1974, was issued concerning the development

of river basins and fish stocks. It also became mandatory to consult the environmental-protection

associations prior to any development work on rivers. Finally, the law voted in July 1976 required an

impact study for all projects with a budget exceeding six million francs (the law was followed by a decree

on 12 October 1977 and instructions on 19 January 1978).
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The 1980s

In the 1980s, a number of technical guides and manuals were published that also served to raise

environmental awareness. An example is the document Impact Studies for River Development Work,

published by Cemagref (Dinger and Fischesser, 1982). One sentence in particular symbolised the new

approach to development work, when they wrote, "A new awareness concerning the quality of living

conditions now requires that all rural development policies take into account environmental factors and

values". The authors were especially critical of wide-scale recalibration projects and recommended

restoration work in rivers. In 1985, the Ecology ministry in turn published the document River Maintenance

(Cahiers Techniques de la Prévention des Pollutions, no. 14). The foreword, written by Huguette

Bouchardeau, the Ecology minister, criticised the shift from "regular maintenance to irregular and brutal

operations using mechanical means not suited to the preservation of the living environment". The

document recommended environmental "upkeep" (regular work) and renaturalisation (restoration

to the prior status), activities very different than development work, which strives to transform the

environment. The technical aspects emphasised the need to maintain the vegetation as well as the need

to avoid systematically protecting river banks and undertaking cleaning/dredging work.

Rivers nonetheless remained a secondary preoccupation in the new procedures, as is shown in the

document Environmental and Impact Studies (Laboratoire Central des Ponts et Chaussées, 1982), in which

only one study out of 35 dealt with a river. We should also mention the innovative document titled River

Development, Three Case Studies (Cacas et al., 1986), published jointly by the Ecology and

Agriculture ministries, which discussed case studies used for continuing education at the ENGREF school

since 1984. The document makes clear that the work of river professionals has changed and the

environment is now an integral part of projects via the emergence of less aggressive techniques. The

document also presents a number of scientific concepts applied to river restoration, namely "complex

dynamic systems" and "dynamic equilibrium".

In parallel with the efforts to propagate the new management approaches, procedures were established

to facilitate river restoration. Examples are the "quality objectives" and the departmental quality maps

(Basin financial agencies), as well as the initial "clear river" operations (Ecology ministry), notably on

the Lot and Doubs Rivers. River contracts were established in 1981 to achieve the goals set by the

departmental quality maps in terms of water management, fish and landscapes, e.g. on the Sèvre

Nantaise River, the Ardèche Claire operation, etc.

The 1980s were also the decade in which the scientific concepts guiding the new policies were

developed. May we salute here the creation of the PIREN (environmental research) programmes,

notably on the Rhône, Garonne, Ried ello-rhénan and Seine Rivers, funded by the CNRS (French

National Research Centre) and the Ecology ministry. The PIREN for the Rhône River (1979-1993)

created the concept of river hydrosystems in four dimensions (long and cross profiles, vertical and

temporal dimensions). The key words produced by the research were "river patterns", "functional

descriptors", as well as "functional units, sets and sectors" (1982) that became part of the river continuum,

"spiral flows" and "flood pulses" developed by other scientists.
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Another fundamental concept is that of mobility spaces, introduced implicitly during the Ecology and

Development of the Loire River symposium in 1981 by the naturalist Charles Guinard. After the

symposium, the Atlas of the Allier River Valley (DRE Auvergne, 1981), dealing notably with water-usage

conflicts, was published. It was itself followed by the management plan for theAllier River (DREAuvergne,

1984), which emphasised that the many problems were caused by riverbed incision, itself due to gravel

extraction, which resulted in undermining of bridges and other structures, a drop in the water table and

a break in longitudinal continuity. The plan recommended halting the gravel extractions in the riverbed,

letting river erosion processes run their course unless they directly menaced structures and, finally,

"working with humility".

As far as we are aware, the theory behind the mobility-space concept was first presented in the impact

study for the Loyettes dam (1983), which addressed the operation and potential impacts of the planned

dam at the confluence of the Ain and Rhône Rivers. In the study, the Rhône PIREN team developed the

new or emerging concepts of plant successions, allogeneous processes, active tract (1985), active

morphogenetics, reversibility and irreversibility, predictive scenarios (1987), connectivity, regeneration of

successions, reversibility space (1988) and restoration through the removal of dikes (1989). All of these

concepts were subsequently included in an operational plan in the study on the mobility space of the lower

Ain River valley (1990).

We must also mention the efforts made by environmental-protection groups and public opinion against

large hydraulic projects. Opposition to dams is an international phenomenon that resulted in France in the

refusal of the Loyettes, Saint-Roman-en-Diois, Serre de la Fare and Gardon du Mialet projects, among

others. TheWWF has supported the river projects Loire vivante, Saône vivante and Doubs vivant since 1986

and published a guide titled Sustainable River Management.

The 1990s

The 1990s were the decade when river management was acknowledged in public policy. Rivers were

defined as "natural infrastructure" (Water Meeting, 1990) and the 1992 Water law declared rivers a

"national heritage". The law also reinforced the role of the Water agencies, putting them in charge of

drafting RBMPs (river-basin management plans) and SBMPs (sub-basin management plans). The first

SBMP (Drôme River in 1997) was structured largely around the conclusions of a geomorphological

diagnosis recommending a halt to gravel extractions and longitudinal management of sediment flows to

ensure the long-term equilibrium of the river long profile. The RBMP of the Rhône-Méditerranée-Corse

basin defined the concept of liberty space (since renamed the more politically correct "mobility space")

as "the part of the floodplain in which the river channel(s) shift laterally to ensure sediment entrainment

and optimal operation of aquatic and terrestrial ecosystems". In 1998, the Rhône-Méditerranée-Corse

water agency published a Guide on Determining River Mobility Spaces (Malavoi et al.).
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After 2000

The Water Framework Directive (WFD, 2000) did not explicitly emphasise the hydromorphological

operation of rivers, however the status reports in 2004 made it eminently clear that the "good status"

of rivers was largely dependent on it.

This book, initially published in 2010, confirms and develops those findings.

Its purpose is to explain the fundamental role of river geodynamical processes in creating the highly

varied geomorphological features of rivers that evolve more or less quickly over time, from upstream to

downstream and from the riverbed to the entire river corridor. These geomorphological features, of both

the riverbed (width, depth, substratum, facies) and the floodplain (side channels at various stages of

development, wetlands more or less frequently flooded), translate directly into the habitats of a majority

of the living communities, both aquatic and terrestrial, in the river hydrosystem.

Today, it is clear that the good ecological operation of rivers and their corridor depends on maintaining the

natural geodynamic processes and the resulting geomorphological features.

If the anthropogenic alterations are too great, it becomes necessary to restore both the geodynamic

processes and the geomorphological features (BIOTEC, Malavoi, 2007). The restoration work must be

based on a prior status (reference state) that must be determined or on a new, target status whose

characteristics must be defined.
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Torrents, streams, rivers, estuaries and deltas are just some of the terms used to describe the great diversity of water

channels flowing throughout a country. Meanders, braids, falls, rapids, channels and side channels are all familiar sights

even if most of us are not sure why they exist. They are in fact the result of a subtle combination of factors, both natu-

ral and man-made, that impact on rivers as they find their way to the sea. Those factors include the type of soil in which

the river digs out its bed, the climate and slope that confer it power and the human interventions that modify its activity.

River hydromorphology. A primer, written by Jean-René Malavoi and Jean-Paul Bravard in a very clear and instructive

style, reveals the extraordinary complexity of the phenomena involved in "making" a river. The authors introduce us to

river hydromorphology, a scientific discipline that has come of age, and explain the geomorphological characteristics of

rivers, from the riverbed itself to the floodplain, that create the major types of habitat on which aquatic and terrestrial spe-

cies depend. In the process, it becomes clear that the good ecological operation of rivers and their corridors depends

on maintaining and restoring the natural geodynamic processes and the resulting geomorphological characteristics.

Approximately 400 photos and diagrams are another of the book's strong points, helping to explain what the human eye

alone cannot grasp and to appreciate the various scales on which river phenomena take place, from individual pebbles

to entire basins and even entire countries.

River hydromorphology has become an indispensable tool in setting guidelines for river management and restoration

work. A source of knowledge for water managers, engineering firms and local-government technicians, this book will also

be of use to scientists, teachers and students working in the field of the Earth sciences.

Jean-René Malavoi is an engineering consultant for river hydromorphology and currently works at the Hydro-ecology centre established jointly by

Onema and Irstea in Lyon. He teaches in a number of engineering schools and serves as an expert for the Court of appeals in Lyon, France.

Jean-Paul Bravard is Professor emeritus in geography at the University of Lyon and a senior member of the Institut Universitaire de France where

he holds the Geomorphology chair.
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