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Introductory comments by UNESCO IHP

Erosion and sedimentation processes and management in catchments, river
systems and reservoirs have reached global importance. The socio-economic
and environmental impacts of erosion and sedimentation processes in river
basin management are significant. Regrettably, it is estimated that over 50% of
the world’s reservoir storage capacity could be lost due to sedimentation within
the next few decades. The situation is particularly severe in most of the
developing countries. Accordingly, sediment management practices should be
improved; even though various sediment transport models are at our disposal
today, the inadequacy of knowledge about sediment production processes
hinders practical progress in addressing problem-solving. The issue calls for
integrated solutions where land-use management and water management are not
decoupled.

The International Sediment Initiative (ISI) has been launched by UNESCO as
a major activity of the International Hydrological Programme (IHP), with the
aim to support the solving of sediment-related problems. IHP created ISI as a
vehicle to foster international cooperation in handling regional sediment
problems and in identifying local solutions. ISI also intends to promote
international information exchange and to provide direct access to policy
makers in Member States while encouraging scientific and professional
communities in all regions and countries concerned. Focus was initially brought
into the realization of a first Global Evaluation of Sediment Transport (GEST),
the setting up of a global erosion and sediment information system and the
review of erosion and sediment-related research worldwide. The initiative now
aims to implement case studies for river basins as demonstration projects and,
of course, educational and capacity-building efforts for sustainable sediment
management.

ISI is open to collaboration with all interested institutions, international,
regional or national associations and networks. As far as Europe is concerned,
SedNet is certainly one of the first and most enthusiastic partners to have joined
in and developed with us a fruitful cooperation. One of the results is the creation
of a Danube Working Group. It involves the International Commission for the
Protection of the Danube River (ICPDR), SedNet and IHP partners in the region
that committed to draft and support a roadmap towards advice on the
implementation of sediment management in the Danube WFD River Basin
Management Plan. The annual SedNet conference hosted by the UNESCO
Office in Venice in November 2006 laid the ground for a series of catchment-
oriented roundtable discussions — one of which was devoted to the Danube with
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concrete proposals to be further developed in 2007-2008. One proposal
supported by the UNESCO Office in Venice will lead to the establishment of a
first sediment balance of the Danube River by the end of 2008.

UNESCO IHP very warmly welcomes the publication, within the SedNet
series of books, of the present work dedicated to “Sediment Management at the
River Basin Scale”, including a contribution from ICPDR and ISI on the
Danube River, the most complex and challenging river basin in Europe. There is
no doubt that this publication will be essential reading to all those concerned
with sediment-related issues within the larger framework of Integrated River
Basin Management in Europe.

I would like, therefore, to express my warmest thanks to SedNet, all authors
and all those who have provided the necessary support to guarantee the success
of this publication. UNESCO IHP, for its part, shall do its best to facilitate and
promote its dissemination among the widest audience possible.

ST

Andras Szollosi-Nagy
Deputy Assistant Director-General for Natural Sciences
Secretary of the International Hydrological Programme of UNESCO
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Preface

This book represents one of four in a series by the European Sediment Network
(SedNet), published by Elsevier, entitled Sustainable Management of Sediment
Resources. The titles and editors of the books in this series are:

o Sediment Quality and Impact Assessment of Pollutants, edited by Damia
Barcelo and Mira Petrovic;

o Sediment and Dredged Material Treatment, edited by Giuseppe Bortone and
Leonardo Palumbo;

o Sediment Risk Management and Communication, edited by Susanne Heise;
and

o Sediment Management at the River Basin Scale, edited by Phil Owens.

The history behind these books is interesting and helps to explain their content
and focus. The European Sediment Research Network (SedNet) was a European
Commission (EC)-funded Thematic Network project (contract number EVK1-
CT2001-20002) within the 5th European Framework Programme (FPS5), within
the Key Action theme “Sustainable Management and Quality of Water” of the
Environment Programme, topic 1.4.1 “Abatement of Water Pollution from
Contaminated Land, Landfills and Sediments”. The SedNet project arose from a
call by numerous scientists and stakeholders for a network aimed at bringing
people together to discuss and review sediment issues within European river
systems. It also recognized that there was a need for a state-of-the-art review of
sediment management issues and how they related to EU policy, such as the
Water Framework Directive (WFD), so that appropriate sediment management
guidance could both assist with the implementation of such policy and could
help to shape future policy development. The SedNet project was thus born and
was funded for three years (2002-2004) by the EC. Given its original mandate
and role within topic 1.4.1, attention mainly focused on sediment within
European river basins (as defined by the WFD), and thus largely neglected
estuarine and marine sediment, and focused on contaminated sediment or
processes relevant for the management and abatement of contaminated
sediment. The themes and contents of the four SedNet books reflect this focus,
although efforts have been made to provide a wider context.

Between 2002 and 2004, the main activities of SedNet were 17 workshops
and three conferences, a regular newsletter, a website (www.sednet.org), and
reports and documents on sediment management in European river basins: see
the SedNet website for details of these. SedNet activities were originally
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organized around a series of working groups (WGs) which were guided by the
SedNet coordinator, Jos Brils, and a stakeholder panel made up of
representatives of interested organizations such as Hamburg Port Authority,
Hamburg-Harburg Technical University, TNO, Port of Rotterdam, UNESCO
and Venice Port Authority. Each of the WGs had a “leader” and a core group. In
the case of WG4, the core group comprised:

Sabine Apitz (UK):

Ramon Batalla (Spain);

Alison Collins (UK);

Marc Eisma (The Netherlands);
Heinz Glindemann (Germany);
Sjoerd Hoornstra (The Netherlands);
Harald Kothe (Germany);

Phil Owens (Leader, UK);
John Quinton (UK);

Kevin Taylor (UK);

Bernhard Westrich (Germany):
Sue White (UK); and

Helen Wilkinson (UK).

WG4 organized a series of workshops:

¢ Existing guidelines and the EU Framework Directives, Silsoe, UK, 28-29
October 2002;

¢ Sources and transfers of sediment and contaminants in river basins,
Hamburg, Germany, 26-28 May 2003;

¢ Modelling and other decision support tools for sediment management,
Lleida, Spain, 10-11 November 2003; and

¢ Societal cost benefit analysis and sediments, Warsaw, Poland, 18-19 March
2004.

It also produced reports and statements based on these workshops (see the
SedNet website). In addition, some of the information was directly or indirectly
published in journal and book papers (e.g. [1-5]) and contributed to more
general SedNet publications [6].

During the mid-term review of SedNet in Brussels in 2003, a series of
recommendations were put forward, which shaped the form and activities of
SedNet for the second half of the three-year EC-funded phase. One of these
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recommendations was that the pre-existing working groups were to be
restructured into five work packages (WP):

1. Coordination, synthesis, dissemination and stakeholders panel;
2. Sediment management at the river basin scale;

3. Sediment quality and impact assessment;

4. Sediment and dredged material treatment; and

5. Sediment risk management and communication.

Thus WG4 became WP2 (here on referred to as WP2), with a revised theme.

A second important recommendation was that each of the four main WPs
(WP2-WP5) produce a book, as part of a series, that reviewed much of the
activities of the workshops and also reviewed other relevant material, and tried
to offer appropriate suggestions for the sustainable management of sediment
that were relevant to the WP theme. This book represents one of those, and is
the effort of SedNet WP2. Given the time between the initiation of the idea of
the book series (2003) and their final publication in 2007, inevitably there has
been much change in the group working on this particular book. Some members
of the WP2 core group have changed jobs or roles and consequently have had to
withdraw from becoming actively involved with the production of manuscripts,
although all have been involved with ideas and material that have been
incorporated within the chapters. In some cases, other representatives have been
found to lead and co-author the chapters. Thus the chapters in the book
represent the work of not only the authors and co-authors, but also the other
members of the WP2 core group, and the organizers and participants of the four
WP2 workshops. In addition, ideas have also developed from interaction with
the other WPs and also the SedNet stakeholders panel.

SedNet is now in a new phase. Funding from the EC finished at the end of
2004 and since this time SedNet has developed into a stand-alone network
(renamed the European Sediment Network, SedNet) and is self-financed
through contributions from the organizations which represent the steering
group. Most of its initial objectives still remain, but it is also a much wider-
ranging network and addresses all sediment issues and environments, including
estuarine and marine environments. It continues to organize workshops and
conferences, and produce documents and publications (e.g. [7]), many of which
are described or published in the Journal of Soils and Sediments.

There are many people to whom thanks are due. A special thanks goes to all
those involved with WP2 and/or this book over the last 6 years, many of whom
are listed above and/or are authors of chapters in this book, and to the SedNet
“family”. It has been a privilege to interact with such an outstanding group of
scientists and stakeholders, who have been dedicated to furthering the
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appreciation and recognition of sediment in Europe. I am also extremely
grateful to Alison Collins for her help with the first phase of SedNet, and to
Alison Foskett for her help with the production of this book. The book was
produced as camera-ready-copy, using a template supplied by the publishers,
and this required considerable effort and dedication from all those involved — it
is hoped that readers are sympathetic towards any errors or problems of chapter
layout. Thanks are extended to Piet den Besten, Ulrich Forstner and Wim
Salomons who acted as internal SedNet referees of the chapters in this book, to
David Kenyon who produced the index, to Joan Anuels and Andrew Gent of
Elsevier for their patience and understanding, and to Jiirgen Busing who, as the
EC scientific officer responsible for the first phase of SedNet, encouraged us all
the way. Perhaps the greatest thank you goes to Jos Brils for his incredible
motivation and enthusiasm for all things to do with sediment.

These four books represent an important contribution to the literature on
sediment dynamics and management in European river basins. While a huge
amount of effort and time has been put into them, they only represent a start.
Although the focus necessarily has been largely restricted to Europe, many of
the sediment processes and issues are of relevance to other parts of the world. It
is hoped, therefore, that this book, and the others in the SedNet series,
encourage further activities to advance our understanding, appreciation and
management of sediment in European countries and throughout the world.
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1. Introduction

The purpose of this chapter is to set the scene for the other chapters in this book
and to place these chapters within a wider context of sediment and its
management. It presents some concepts on what sediment is and what it is
composed of. Assessment of sources and pathways, and estimates of sediment
fluxes at different spatial and temporal scales, are described so as to illustrate
the nature and magnitude of sediment behaviour and dynamics. Some of the
main functions and uses of sediment, and the natural and anthropogenic
influences and impacts on these, are also described. These considerations
naturally lead to an assessment of how to manage sediment so as to balance the
needs of nature and society, and to a discussion on the river basin as an
appropriate management unit to do this.

2. What is sediment?

Sediment means different things to different people and consequently there are
a variety of different terms and phrases used to describe ‘sediment’. ‘Mud’,
‘dirt’ and ‘sludge’ are terms that are often used by the public or non-scientific
community when referring to ‘sediment’, although mud is also a term used by
certain groups of scientists when referring to fine-grained organic and inorganic
material (i.e. clay- and silt-sized material), as opposed to coarse-grained
‘sediment’. For many, especially managers and regulators, sediment 1is
synonymous with dredged material. It is perhaps here that some of the problems
and issues of sediment management arise, i.e. the lack of appreciation and
agreement on what sediment is.
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In terms of definitions of sediment, there are several (see Table 1 in Chapter
3, this book). A useful definition is that put forward by the European Sediment
Network, SedNet (www.sednet.org):

Sediment is suspended or deposited solids, of mineral as well as organic
material, acting as a main component of a matrix which has been or is
susceptible to being transported by water [1, 2].

This definition is what many would regard as appropriate. However, it is not
fully inclusive, and does fail to recognize other forms of transportation such as
wind and ice (e.g. glaciers), and indeed it can be argued that sediment
movement by people, animals, machinery, etc. is relevant. Also, sediment need
not necessarily move in suspension. Large sediment particles may move by
rolling, saltation or sliding. This helps to highlight the problem of understanding
and defining what is meant by sediment. Thus the definition stated above is a
good working definition, but it is important to bear in mind the caveats just
described.

It is useful to consider the different components and forms of sediment, and
how these affect the behaviour, function and management of sediment. Material
that is in solid form is usually distinguished from that which is in solution. A
boundary between the two is often set at 0.45 pm, although this is an arbitrarily
defined boundary determined by laboratory analytical procedures. Sediment is
thus usually defined as material >0.45 pm. Colloidal material is frequently
ignored, but represents ultra-fine particles, usually within the range 0.001-1
pm. While colloidal material may represent a relatively small proportion of
transported or deposited sediment, it is likely to be important in terms of
contaminant transport.

Sediment particles are either mineral or organic. The former are denser than
the latter and have different hydrodynamic, physical and chemical properties.
Finer sediment particles, such as clay-, silt- and fine sand-sized particles, are
usually transported and deposited as aggregates or flocculated material (for a
discussion on the difference between the two types, see Droppo et al. [3]).
These aggregates or flocs consist of four main components: mineral particles,
organic material, water and air (Figure 1).



Sediment behaviour, functions and management in river basins 3

Figure 1. A scanning electron microscope image of a sediment floc, which is a composite particle
composed of organic and inorganic sediment particles and voids containing water and air. The
dark circles are holes within the filter paper (photo: D.J. Arkinstall, reproduced with permission)

It is the relative composition of these four main components that determine
the behaviour and properties of the flocculated sediment (Figure 2). In
particular, the composition of aggregated or flocculated material affects its
density and thus the settling characteristics of suspended sediment. They also
control the forces required to resuspend sediment deposited on the channel bed,
such as the surficial fine-grained laminae [4]. Recent research (e.g. [5-7]) has
highlighted the importance of organic matter, and in particular the colloidal
particles of extracellular polymeric substances (EPS) manifested as fibrillar
material, on the structure and transport behaviour of flocs. Research has also
demonstrated the compartmentalization of contaminants within flocculated
sediments [8].

While much of the scientific community recognizes the importance of
flocculation in (re)defining what constitutes fine-grained, cohesive, suspended
sediment [5], much of the management community still consider that fine-
grained sediment moves as individual, discrete particles.

Larger sediment particles, such as coarser sands, gravels, etc., are mainly
transported as individual, discrete particles, although they may have surface
coatings of finer sediment particles such as clays. Table 1 presents a typical
classification of sediment based on particle size.
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Figure 2. Conceptual model of the interrelationship between form and behaviour of a sediment
floc. The model shows the linkages between the individual components and their behaviour on
overall floc form and behaviour (source: [5] reproduced with the permission of Wiley)



Sediment behaviour, functions and management in river basins 5

Table 1. Particle size classification for sediment particles (source: adapted from [9])

Class (Wentworth) Diameter size (mm) Size (phi scale)
Boulder Very large 4096-2048 -12to-11
Large 2048-1024 ~Itto-10
Medium 1024-512 -10to -9
Small 512-256 -9t0-8
Cobble Large 256-128 -8to-7
Small 128-64 -Tto-6
Gravel Very coarse 64-32 —6to-5
Coarse 32-16 —Sto4
Medium 16-8 —4t0-3
Fine 84 -3to-2
Very fine 4-2 -2to-1
Sand Very coarse 2-1 -1to0
Coarse 1-0.5 0-1
Medium 0.5-0.25 -2
Fine 0.25-0.125 2-3
Very fine 0.125-0.0625 34
Silt Very coarse 0.0625-0.0312 4-5
Coarse 0.0312-0.0156 5-6
Medium 0.0156-0.0078 6-7
Fine 0.0078-0.0039 7-8
Very fine 0.0039-0.0020 8-9
Clay Coarse 0.0020-0.0010 9-10
Medium 0.0010-0.0005 10-11
Fine 0.0005-0.0002 11-12
Colloidal 0.0010-0.000001

3. Sediment movement and behaviour

In river catchments, sediment can be transported by a variety of mechanisms
including: flowing water; wind; gravity-driven processes such as mass
movements and bank collapse; flowing glaciers and ice; animals and humans;
and machinery (such as tractors). In perennial river channels, sediment
transportation is by flowing water (i.e. the river), but it is important to recognize
that other processes are important outside the channel and that these processes
can supply sediment to the channel. Thus, wind processes may be important in
mobilizing and transporting sediment from exposed soil on fields or fine
material stored as talus on hillslopes towards river channels. Wind and flowing
water are important for transporting and delivering fine sediment (i.e. clay-, silt-
and sand-sized material) from land to rivers, but the sediment load of a river
also consists of coarser material such as gravels and boulders (Table 1). This
coarser component is delivered to the channel by, for example, mass
movements (such as landslides, rockfalls and debris flows) and the collapse of
channel banks, and these processes may or may not involve flowing water.



6 P.N. Owens

Thus there are many different sources of sediment in river basins, and
different mechanisms and pathways by which they are delivered from the
source to the river channel, and these are described in more detail in Chapter 4
(this book). In addition to the fluvial sources of sediment in river basins, in the
downstream, estuarine and near-coastal parts of a ‘river basin’ sediment is also
supplied from estuarine, coastal and marine sources. In many cases, these non-
fluvial sources may be dominant for the downstream parts of the basin. Thus in
the Humber estuary, UK, about 97% of the sediment supplied to the estuary (ca.
6x10° t year™) is from coastal and marine sources, mainly the erosion of coastal
cliffs and from the North Sea [10]. It is estimated [10] that only about 3% is
derived from fluvial sources. Coastal and marine sediment sources are also
important for other river systems, such as the River Elbe, and have important
implications for how sediment is managed in the lower reaches of the River
Elbe, including Hamburg harbour.

Within aquatic systems there is usually a simple distinction between the
suspended load and bedload. The former is essentially sediment that is
transported suspended within the water column and typically consists of
material <2 mm in diameter (i.e. between 0.45 um and 2 mm). The latter is that
portion which moves by rolling, sliding and saltation and is therefore usually
transported close to the channel bed. Bedload material is coarser and/or denser
than the suspended load, the former being typically >2 mm in size, and has
different hydrodynamic and chemico-physical properties than the finer,
suspended load. There are more complicated classifications of the sediment load
of a river with, for example, divisions of the suspended load into washload and
suspended bed-material load components [9]. For simplicity, however, a
separation into suspended sediment and bedload is usually sufficient, although it
is important to recognize that the distinction between the two loads is time and
space dependent, as material transported as bedload during one event may be
transported in suspension during another event with greater flow velocity.

4. Sediment fluxes and storage

4.1. Sediment concentrations and fluxes

There have been numerous studies that have estimated sediment fluxes
(sediment mass transported past a specific location per unit time, i.e. t year') in
river basins, over a range of temporal and spatial scales (Table 2). Most studies
have been concerned with fluxes over relatively short periods of time, such as
during high-flow events and over periods of a year or years [11], often as part of
river monitoring programmes (see also [12, 13]). Sediment flux data rarely span
more than a few decades at best, although there are records extending back for
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Table 2. Some of the main temporal and spatial scales relevant for sediment fluxes (source:
adapted from [15, 16])

Space km’ Time Years
Global 108° Geological 108
Regional/multi-national ~ 10%% Quaternary 10
River basin 1074 Holocene 10*
Reach 10*! Recent/historical 10
Particle 102 Present/annual 10°
Event 107

about 100 years or so for some rivers [14]. Most sediment is transported during
high discharge events such as those caused by precipitation, snowmelt (e.g.
freshets), and water released from dams (natural and artificial impoundments).
There are also situations when high sediment fluxes in rivers are not related to
variations in water flows in rivers, and in these situations sediment is delivered
to river channels from landslides and other mass movements, channel bank
collapse, or anthropogenic disturbances such as mining and dredging activities.

Suspended sediment concentrations in flowing water vary by orders of
magnitude, from essentially zero at low flow conditions (i.e. base flow) to >10 g
1" during peak transport conditions (i.e. storm events and freshets) in some
flowing water systems. In other systems, such as lowland chalk rivers,
suspended sediment concentrations may always be relatively low, i.e. <100 mg
I"'. Values during extreme events, such as volcanic eruptions and glacial lake
outburst floods, can be even greater: such events probably also result in the
highest specific sediment yields (sediment mass transported to a specific
location, per unit contributing area per unit time, i.e. t km~ year™), although the
occurrence and duration of such transport events are relatively limited [17].
Similarly, bedload fluxes range from essentially zero for most of the time to
values over 10 kg s m™ during high-magnitude events [18]. Although
sediment fluxes are generally greatest from highly disturbed agricultural and
deforested basins, sediment fluxes and yields from urban basins can also be
high, possibly >500 t km™ year™' in some urbanized basins [19].

At the global scale, the flux of sediment to the oceans (defined here as a
collective term for all oceans and seas, which are ultimately connected) has
been estimated to range from <10 to >50x10° t year™'. Most of these values are
for suspended sediment, due to the problems associated with measuring bedload
transport [13], although suspended sediment is believed to dominate the flux of
sediment in the middle and downstream reaches of most rivers. Unfortunately,
few of the values of flux presented in the literature (such as those contained in
Table 3) have estimates of uncertainty or errors associated with them, and thus
emphasis should be placed on the order of magnitude of these values rather than
the specific numbers. The present consensus is that the global flux of (fine-
grained) sediment to the oceans is of the order of 15-20x10° t year™.
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Table 3. Some of the existing estimates of sediment flux from land to the global ocean (based
mainly on suspended sediment fluxes) (source: adapted from [14, 31, 32], see these papers for
references)

Study/author Mean annual
sediment flux
(x10% ¢ year’l)

Fournier (1960) 51.1
Kuenen (1950) 325
Gilluly (1955) 31.7
Jansen and Painter (1974) 26.7
Pechinov (1959) 242
Syvitski (1992) 240
Schumm (1963) 20.5
Milliman and Syvitski (1992) 200
Goldberg (1976) 18.6
Holeman (1968) 18.3
Syvitski et al. (2005) 16.2/12.6*
Milliman (1991) 16.0
USSR Nat. Comm. for the IHD (1974), Alekseev and Lisitcina (1974)  15.7
Dedkov and Gusarov (2006) 15.5
Sundborg (1973), Walling and Webb (1983) 15.0
Lvovitch et al. (1991) 14.9
Ludwig and Probst (1996) 14.8
Stallard (1998) 14.0
Milliman and Meade (1983) 13.5
Lopatin (1952) 12.7
Mackenzie and Garrels (1996) 8.3
Corbel (1964) 5.2

*First and second values excludes and includes the impact of dams, respectively.

It is estimated that the transfer of sediment by rivers from the land to the
oceans accounts for about 95% of the sediment entering the global ocean [20].
The values of global sediment flux presented in Table 3 must be evaluated in
light of estimates of the sediment being mobilized from the land by soil erosion
by water processes, which are believed to be of the order of 50-75x10° t year™
[14]. If other sediment sources were to be taken into account (see Chapter 4, this
book), then the amount of sediment delivered to rivers would be much higher.
The difference between estimates of sediment yield derived by soil erosion and
values for sediment delivery to the global ocean reflects intermediate storage
effects, such as in floodplains, lakes, ponds, reservoirs, etc. (see [21-23] and
Chapter 4, this book). Indeed, some estimate that the annual storage of sediment
upstream of large dams and impoundments is between 5 and 25x10° t year™
[14, 24, 25], and Syvitski et al. [26] estimate that >100x10° t of sediment have
been sequestered behind human-made reservoirs. Although the balance between
sediment mobilization, conveyance and delivery is complex, and changes over
both time and space [14, 22, 27], it is likely that for most river basins more
sediment is in intermediate storage zones than is delivered to the lower reaches
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of rivers and ultimately the global ocean. Over long time periods, however,
sediment flux to the global ocean will approximately equal the sum of sediment
flux from all contributing sources.

The relationship between sediment mobilization from sources and
downstream sediment delivery is often expressed as the sediment delivery ratio
[28, 29]. Recently, the usefulness of this concept has been questioned by
Parsons et al. [30] because of: (1) problems relating sediment fluxes and loads
to those specific parts of a basin that are contributing sediment (termed
contributing source areas), because some relatively small areas of the basin may
contribute most of the sediment and other areas may contribute no sediment;
and (2) issues of quantifying sediment transit distances and transit times.
Parsons et al. [30] advocate that linear length of slope or channel may be a
better measure of contributing source area than the entire upstream catchment
area.

Spatially, sediment fluxes vary considerably throughout the world. The
highest fluxes are usually associated with mountainous areas [26, 33], especially
those experiencing tectonic activity and/or anthropogenic disturbances such as
deforestation. Most of the sediment transported to the global ocean is by rivers
in southeast Asia (Figure 3).

Figure 3. Annual fluvial sediment yields and sediment flux from large drainage basins to the
oceans. Arrow sizes are proportional to sediment flux (in 10° t year™', shown as numbers) (source:
from [34] based on [35], reproduced with the permission of Elsevier)
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From the world map (Figure 3), it is seen that sediment yields and fluxes in
the downstream reaches of European river basins are generally low, with the
highest rates recorded for Mediterranean and mountainous river basins. Based
on the FAO database of sediment fluxes in the downstream reaches of major
rivers [36], the sediment flux from the European land mass to receiving oceans
and seas is of the order of between 290 and 390x10° t year”', depending on
whether Russia is included (giving a total contributing area of 9.8x10° km?) or
excluded (contributing area of 4.9x10° km®). Thus the range in average specific
sediment yield (SSY) is ca. 40-60 t km™ year”'. Data from the EUROSION
project [37] gives a similar estimate of ca. 320x10° t year ' from a contributing
area of 4.6x10° km® giving an average SSY of ca. 70 t km” year”'. These
values differ from estimates by Owens and Batalla [38] and Syvitski et al. [26].
The latter estimate a modern suspended sediment flux of 680x10° t year™ from
a contributing area of ca. 10x10° km® giving a SSY of ca. 70 t km™ year™,
based on detailed sediment flux data for major rivers and extrapolations using
models. Owens and Batalla [38] constructed a sediment budget for Europe
based on estimates of sediment generation and sediment loss due to storage and
removal (Figure 4) and estimate that the flux of sediment to the lower reaches of
rivers and discharged into oceans and seas could be 714x10° t year' (from a
contributing area of 6x10° km?), giving a SSY of ca. 120 t km™? year™. It is
important to note that the downstream sediment flux estimate of Owens and
Batalla [38] also includes the sediment which is deposited in lowland zones
(such as harbours, estuaries and deltas).

Figure 4. An approximate sediment budget for Europe (source: from [22], modified from [38],
reproduced with the permission of Ecomed Publishers)
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Sediment fluxes vary temporally as well as spatially (Table 2) in response to
various natural and anthropogenic driving forces. Examples of the former
include tectonic activity, weather (e.g. precipitation) and climate changes
(glacial-interglacial as well as present global climate changes). Examples of
anthropogenic changes include changes in land use and management, and river
use and management [14, 27, 31], and in particular dam construction. Some
examples of recent (i.e. events to decades) changes in sediment fluxes due to
natural causes and anthropogenic activities are given in Chapter 4 (this book).
There have also been changes in fluxes over longer time periods, and Figure 5
gives examples for various rivers.

To illustrate the effects of society on sediment fluxes, Syvitski et al. [26]
estimated that the global land to ocean flux of suspended sediment and bedload
before human influences were 14 and 1.5x10° t year™, respectively. These
values compare to their contemporary estimates of suspended sediment flux of
16.2x10° t year (or 12.6x10° t year ' if the effects of reservoirs in trapping
sediment in upstream locations are taken into account) and bedload flux of
1.6x10° t year’l. Dedkov and Gusarov [32], however, determined that the
‘natural’ and ‘anthropogenic’ components of the present day global sediment
flux are ca. 6 and 10x10° t year™, respectively. Over even longer time periods,
Panin [31] estimates that the sediment flux to the global ocean ranged between
2.7 and 5.2x10° t year™' between the late Jurassic and the Pliocene.

Although there is a general consensus that sediment delivery to rivers is
increasing [26], mainly due to land use changes, there are important spatial
variations in how fluxes and yields in rivers are changing, with values in some
rivers increasing, while in others values are decreasing in recent decades (Figure
6). For Europe, there seems to be a general trend of values increasing in the
west and Mediterranean parts of Europe, and values decreasing or stable in
eastern Europe. Importantly, sediment fluxes seem to be increasing in many of
the developing parts of the world, such as countries in South America, west
Africa and South-East Asia (Figure 6).

Using a different dataset, Syvitski ez al. [26] present a spatial classification of
changes in sediment fluxes from land based on a variety of criteria including
continent, climatic zone and elevation (Table 4). Table 4 shows an increase in
sediment fluxes from the tropical climatic zone and a decrease from the
temperate climatic zone. The importance of mountainous lands as the source of
much of the sediment is also clearly shown. Interestingly, the absolute
contributions from lowlands and the coastal plain are relatively small, and while
there has been an increase from these lands over time they are fairly low.
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Figure 5. Schematic reconstructions of changes in the sediment flux of six world rivers over the
past 3000 years. Examples illustrate: the complex response of rivers to changes in land use and
increased supply of sediment (e.g. the Danube River (started ca. 2000 years ago), the Waipaoa
River (started ca. 120 years ago)); sediment reduction in downstream reaches due to the effects of
dams in trapping sediment between source and delivery to oceans (e.g. the Ebro River); and the
effects of intermediate storage which tends to buffer fluvial systems to change thereby resulting in
relatively stable sediment fluxes (e.g. Yellow River, Yangtze River and Mississippi River)
(source: [14], reproduced with the permission of Elsevier)
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Figure 6. Trends of erosion intensity and suspended sediment yield changes during the second
half of the twentieth century: 1, increasing; 2, decreasing; 3, relatively constant; 4, no data; Ar,
arctic; Tr, tropical; Eq, equatorial; Temp, temperate (source: modified from [32], reproduced with
the permission of the authors)

5. Sediment functions and anthropogenic impacts on these

5.1. Sediment functions

Sediment and its movement through river basins from source to sink are
important for several reasons, some of which have already been alluded to
above, and these include [14, 39]:

e as part of the global denudation cycle;

¢ for global biogeochemical (including carbon) cycling;

¢ for transferring nutrients and contaminants from terrestrial to freshwater to
marine and coastal systems;

e for being (i.e. sediment itself) and creating (e.g. beaches, channel islands,
saltmarshes) aquatic habitats and landforms;

¢ by helping to maintain a high level of biodiversity within aquatic systems
through the creation of diverse sedimentary environments;
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o for providing an important natural resource (e.g. aggregates, fertile soil on
floodplains); and

o for the functioning of coastal ecosystems and the evolution of deltas and
other coastal landforms.

Some of these functions are discussed in Salomons and Brils [1], Heise [2],
Salomons {40] and the chapters in this book, and the reader is directed to these.
In recent years, the link between sediment (amount, type and dynamics) and
the ecology of aquatic systems has become increasingly important, with various
ecological metrics often used as an integrated measure of the health of a system.
Studies (e.g. [41]) have shown that biotic assemblages in rivers may be
influenced by sediment amount and composition. Conversely, other studies (e.g.
[42]) have shown how in-stream vegetation influence sediment deposition,
thereby illustrating the important inter-relationship between aquatic biota and

Table 4. Predictions of the seasonal flux of sediment to the world’s coastal zone under modemn
and pre-human conditions (source: modified from [26])

Area Sediment flux Seasonal %
(x 10° (x 10° t year™)
km?) Prehuman  Modemn * 2 3 4
Landmass  Africa 20 1.31 0.80 30 28 22 20
Asia 31 5.45 4.74 8 12 49 31
Australasia 4 0.42 0.39 26 27 26 21
Europe 10 0.92 0.68 29 40 18 13
Indonesia 3 0.90 1.63 31 28 19 21
N. America 21 2.35 1.91 1S 24 33 28
Ocean Islands 0.01 0.004 0.008 25 13 38 25
S. America 17 2.68 2.45 21 32 29 18
Ocean Arctic 17 0.58 0.42 2 20 63 IS
Atlantic 42 3.85 3.41 20 30 27 23
Indian 15 3.81 3.29 12 12 46 30
Inland seas 5 047 0.14 13 51 28 8
Med. and Black Seas 8 0.89 0.48 43 42 9 7
Pacific 18 443 4.87 18 23 33 26
Climate Tropical 17 1.69 2.22 22 17 29 32
Warm temperate 47 9.07 8.03 18 22 35 25
Cold temperate 17 1.94 1.46 17 35 30 19
Polar 24 1.33 0.90 2 24 58 17
Elevation = High mountain 21 5.12 4.10 11 18 44 27
Mountain 30 2.97 2.19 20 28 31 21
Low mountain 36 4.67 4.80 20 23 31 25
Upland 10 091 1.06 24 24 28 23
Lowland 8 0.33 0.36 21 34 26 19
Coastal plain 1 0.03 0.10 27 40 20 13
Global 106 14.0 12.6 18 23 35 25

1 is December—February, 2 is March-May, 3 is June—August, 4 is September—November.
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sediment dynamics. As an example of some of the various ecological zones
associated with sediment at the sub-reach scale of a river, Figure 7 shows the
interaction between sediment and water within a step-pool bedform. The
variations in sediment particle size and structure provide important habitats for
different types of aquatic life (see also Figure 9). This variation in sedimentary
habitats at different spatial scales is important for maintaining biodiversity
within aquatic systems by providing suitable conditions for spawning, shelter,
food sources, etc.

Figure 7. An example of ecological zones (pelagic, benthic and hyporheic) within a step-pool
bedform. Grey arrows show general water flow above the bed and black arrows show potential
flow through the substrate (source: from [43] reproduced with permission of the author)

5.2. Impacts on sediment functions and dynamics

Society is, however, manipulating the landscape for agriculture, industry,
transportation and recreational use, amongst other things, and these are having
important impacts on sediment functions and uses, and most of these impacts
can be considered as detrimental. It is well documented, for example, that land
clearance for agriculture has increased rates of soil erosion and sediment fluxes
in rivers [14, 23, 26, 27]. In turn, this has increased the pressure on system
functioning, for example, either through the removal of important topsoil at a
rate faster than its formation, or through excessive fine-grained sediment
amounts in rivers altering water temperature, reducing light infiltration into the
water column or smothering important habitats like fish spawning gravels [39,
44-47]. Increasingly, the fisheries literature is realizing the importance of
sediment for fisheries ecology and management, both as a key part in the
formation of the habitat (e.g. sediment creating the channel bed substrate), but
also in terms of the deleterious effects associated with excessive fine-grained
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sediment [46, 47]. Newcombe and MacDonald [44] and Petticrew and Rex [48]

describe that salmonid fisheries can be affected by inert sediment:

¢ acting directly on free-living fish, either by killing them or by reducing their
growth rate or resistance to disease, or both;

¢ interfering with the development of eggs and larvae;

¢ modifying natural movements and migrations of fish; and

¢ reducing the efficiency of methods used to catch fish.

Table 5 presents examples of the effects of suspended sediment on salmonid
fisheries. Importantly, it is not just the concentration of suspended sediment that
influences fish mortality but also the duration of exposure to high
concentrations, which when combined is expressed as the stress index.

Table 5. Examples of exposures to suspended sediment that resulted in lethal responses in
salmonid fisheries (source: modified from [44], see this paper for references listed below)

Species Sediment ~ Duration  Stressindex  Mortality effect  Reference
(C,mgl™) (D,hour) (log. [CxD]) (%)
Arctic 25 24 6.4 6 — sac fry Reynolds et
grayling al. (1988)
23 48 7.0 14 — sac fry
65 24 7.4 15 - sac fry
22 72 7.4 15 - sac fry
20 96 7.6 13 — sac fry
143 48 8.8 26 — sac fry
185 72 9.5 41 — sac fry
230 96 10.0 46 - sac fry
Chinock 488 96 10.8 50 — smolts Stober et al.
salmon (1981)
Coho salmon 509 96 10.8 50 - smolts
1217 96 11.7 50 — pre-smolts
18,672 96 144 50 — pre-smolts
Chinock and 207,000 1 12.2 100 - juveniles ~ Newcombe
sockeye and Flagg
salmon (1983)
9,400 36 12.7 50 — juveniles
Rainbow 200 24 8.5 5-fry Herbert and
trout Richards
(1983)
200 168 104 8 — fry
Whitefish 16,613 96 14.3 50 — juveniles Lawrence and

Scherer (1974)
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While many anthropogenic activities on the land have tended to increase rates
of soil erosion and sediment delivery to river channels, in many parts of the
world sediment fluxes in river channels have actually decreased in recent
decades due to the construction of large dams and impoundments for hydro-
electric power generation, irrigation and flood control, or small farm ponds for
water supply and nutrient management. The trapping of sediment in reservoirs
and ponds has also had detrimental effects on rivers through a reduction in
downstream sediment fluxes, which in turn has impacted on aquatic habitats,
such as saltmarshes and deltas, and by causing channel downcutting and the
undermining of bridges and other infrastructure [49]. In-stream gravel mining
has also reduced downstream sediment fluxes and resulted in similar
detrimental effects [50]. Such impacts are discussed in more detail in Chapter 4
(this book).

6. Managing sediment in river basins

From a societal point of view, sediment is managed in the landscape for a
variety of reasons, including:

¢ to maintain urban drainage and sewerage systems;

¢ ‘maintenance dredging’ in river channels, estuaries, ports, harbours, etc. to
maintain shipping transportation;

¢ to maintain the life-span of reservoirs and for operational reasons;

¢ to ensure the efficient flow of water in watercourses and reduce flooding;

e to maintain or improve terrestrial and aquatic habitats (such as fisheries, coral
reefs, etc.);

e to maintain geomorphological features, sometimes for aesthetic or
recreational needs (such as gravel bars, beaches, etc.); and

e to maintain or improve water quality.

Consequently, there are a variety of different influences and impacts on
sediment within a river basin, and therefore reasons why sediment is managed,
and many of these are illustrated in Figure 8.

What becomes clear, when we look at (a) the multitude of functions and uses
of sediment and (b) those factors that influence and impact on these functions
and uses, is that: there are many functions and influencing factors; the
interactions between them are complex; and they operate at different spatial
locations within a river basin and operate at different time scales. The influence
of sediment on flooding and floodplain development is, for example, usually
relevant in the middle and downstream reaches of rivers, while sediment
influences on reservoir life-span and operations are more relevant in the upper



18 P.N. Owens

Figure 8. Schematic representation of some of the main influences and impacts on sediment
within a river basin, also illustrating the various functions that sediment performs, and the various
stakeholders interested in sediment and its management (source: from [51] reproduced with the
permission of Ecomed Publishers)

and middle reaches, although the downstream effects of dams, such as
undermining of bridges, etc., will impact the lower reaches. Similarly,
contaminated sediment will influence water quality for decades and perhaps
centuries if there are considerable quantities of contaminated sediment stored on
floodplains and on the channel bed of the river (i.e. historical or legacy
contamination), while sedimentation on roads and highways is often a short-
lived management issue.

An interesting, and topical, example illustrating sediment functions, and how
society and nature are influencing these, is the Mississippi River, USA. The
wetlands and marshes in the lower reaches of the river, along the Louisiana
coastline, are controlled by sediment fluxes from the contributing basin. The
wetlands are home to numerous species of birds, fish and trees. Over the last
century, 400 km® of marshland have been destroyed, in part due to the
construction of navigation channels but also as a result of a reduction of
sediment supply to these marshes due to the construction of bank levees which
have reduced overbank flooding. Currently there is a debate [52, 53] as to how
to restore the Louisiana coastline and wetlands, which includes consideration of
how to allow some of the sediment load of the river, of 120x10° t year, to
reach the wetlands again. One option is to split the Mississippi River into two,
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so that it flows into the Gulf of Mexico either side of the Birdsfoot delta, which
could cost billions of US dollars and affect shipping routes [52]. Some,
however, believe that such an approach is flawed, because hurricanes represent
the main mechanism by which sediment is delivered to the wetlands (i.e. from
sediment in the near coastal zone and not the river basin) [53]. The on-going
debate illustrates an important ecological function that sediment has and
highlights the difficulty in coming to a management solution that balances the
needs of nature and society in an acceptable way.

Thus, while we tend to think of each sediment issue in relative isolation, and
manage these accordingly, each sediment function or use is both dependent on
other functions in time and space, and in turn influences many other sediment
functions and uses. Thus if we are to manage sediment for the needs of nature
(i.e. for maintaining fish habitats) and/or society (e.g. dredging for maintaining
navigation), then this needs to be undertaken with a full appreciation and
consideration of management impacts on nature and society within the river
basin. Thus the river basin scale represents the most convenient and meaningful
management unit for river management, be it for water and/or sediment.

7. Why manage sediment at the river basin scale?

Following on from the discussion in the previous section, there are several
reasons, many of which are inter-related, as to why sediment management
should either be at the river basin scale or be part of a broader management
programme at this scale (i.e. for soil-sediment-water management). The
following sections consider some of these and are based on Owens [22].

7.1. Interventions have implications

Decision-making needs to be placed within the context of a river basin because
a local or site-specific intervention will in most cases impact other parts of the
basin, either upstream or downstream of the intervention. This is because a river
basin operates and functions as an open system with interconnected subsystems
(hillslopes, floodplains, river channels, lakes, harbours, etc.). By altering one
subsystem or part of a subsystem there will be impacts on other parts of the
system. Thus, in order to manage the system in a sustainable way, this needs to
be done at the most appropriate scale. For rivers, the management scale of the
system is the river basin scale because the size and topography of the river
basin, and the activities within it, control the sources, pathways and fluxes of
water, sediment and contaminants. Figure 9 illustrates the interconnectivity of
the channel system at different spatial scales nested within a river basin, and
helps to show the variations in sedimentary structures at these scales. This
variation is also important for maintaining aquatic biodiversity (see Figure 7).
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7.2. Multiple functions, uses and users of sediment

As described above (also see Chapter 4, this book), most river basins
throughout the world are highly populated and/or modified by human activities,
and thus society has many uses of sediment and/or has various impacts on
sediment behaviour which place pressure on the various functions that sediment
performs (see Figure 8). Thus site-specific sediment intervention or
management will have impacts on other functions, uses and users of sediment.
It is therefore necessary to consider, and to some extent evaluate, all users and
uses of sediment within a river basin (see Chapters 6 and 7, this book). The
river basin scale is the most appropriate scale for decision-making involving
multiple interested parties because the basin topography defines the area in
which most sediment functions operate and in which many sediment users
reside. Thus the actions of a farmer or land owner will influence soil erosion

Figure 9. Conceptual diagram illustrating the different morpho-sedimentary environments at
different settings and spatial scales within a river basin. Open circles identify nodes or
confluences and solid circles series of reaches within a channel. The diagram illustrates the
interconnectedness of these aquatic environments within the river basin, which also help to
maintain biodiversity (source: modified from [43], reproduced with the permission of the author)



Sediment behaviour, functions and management in river basins 21

and sediment delivery within the basin in which the land is located, and thus
downstream sediment functions and uses such as fishing and dredging, but their
actions are unlikely to influence such functions and uses in adjacent basins.

7.3. Source control as the best solution

In most cases, source control will be the optimal long-term solution:
environmentally, socially and economically. Most sources of sediment, and
many sources of contaminants, are derived from diffuse sources. Most diffuse
sources of sediment operate across large areas and may be dispersed throughout
all or most of the river basin, such as those sources associated with agricultural
land. The controlling of such diffuse sources necessitates a river basin scale
approach in order to: identify all or most of the sources of the sediment and
contaminants; for conducting meaningful risk assessment and evaluation; and to
be able to implement remediation and mitigation options that are appropriate for
controlling diffuse sources spread over a large area.

A good example to illustrate the last point is the Illinois River, USA, a
tributary of the Mississippi River. Demissie et al. [54, 55] report that
sedimentation and associated water-quality problems have been a major issue
for several decades and have resulted in a joint federal and state programme, the
Conservation Reserve Enhancement Program (CREP), in 1998 to manage
sediment at the river basin scale, and in particular to encourage conservation
measures to reduce sediment delivery and fluxes. An important part of CREP is
the establishment of a monitoring programme and a sediment budget at the river
basin scale to identify the major sources and pathways of the sediment (Figure
10), and also as a tool to assess the progress of the conservation programme
over time by continuing to monitor these sources, especially hot-spots, for the
next decade or so.

7.4. The dual issues of quantity and quality

Recently, in many countries, sediment management has had to consider the dual
issues of sediment quantity and sediment quality [56]. The latter has become
particularly important in recent years due to the introduction of guidelines and
legislation associated with the removal and disposal of contaminated sediment,
especially in marine and estuarine environments. In particular, the introduction
of the EC Water Framework Directive (WFD, 2000/06/EC) now requires that
issues of water quality and ecological status are addressed within a set
timeframe. Of fundamental importance for water, and indirectly sediment,
management is the focus on the river basin as the main unit of assessment and
management, and the development of River Basin Management Plans (for
further details see Chapters 2 and 3, this book).
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Figure 10. Sediment budget for the Illinois River, USA, for the period 1981-2000. Note to
convert river miles to river kilometres multiply by 1.61, and to convert tons to metric tons divide
by 1.10 (source: from [54, 55], reproduced with the permission of the authors)

8. What information do we need to manage sediment at the river basin
scale?

Having established that the river basin scale represents the most appropriate
scale or unit for management, it is necessary to obtain the relevant information
required to make decisions so as to manage sediment effectively and, ideally,
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sustainably. This need, and associated recommendations, are considered in a
series of four books by the European Sediment Network, SedNet
(www.sednet.org), of which this book represents one, focusing specifically at
some of the key requirements and considerations needed for sediment
management at the basin scale. The other books in the series consider sediment
quality and impact assessment [57], sediment and dredged material treatment
[58], and sediment risk management and communication [2], and the reader is
strongly encouraged to consult these books to obtain detailed information on
specific aspects of sediment assessment and management.

This book considers some of the main types of information needed to manage
sediment at the river basin scale. Due to the complexity and often large size of
river basins — the Danube basin, for example, is ca. 800,000 km? and composed
of 19 countries — it is clearly not possible to cover all considerations and
requirements for all river basin types in the limited space of this book.
However, some generic principles are likely to be relevant to most basins. Some
key requirements in the decision-making process for sediment management at
the basin scale include:

¢ Identifying the drivers for sediment management. In other words, why does
sediment need to be managed? There are a variety of drivers and pressures
that operate at different spatial scales (Figure 11, also see [1, 59]). In most
situations, sediment management is influenced and guided by legislation and
policy, and this is discussed in Chapter 3 (this book). At the river basin scale,
it is likely that there are many types of legislation and policy relevant for
soils, water and waste where sediment plays a key, if often unstated, role.
There are also non-regulatory drivers, such as agri-environment schemes,
which influence how and why sediment is managed at a local and regional
level. While local, site-specific management actions do not necessarily
require an understanding and appreciation of all types of legislation, at the
river basin scale they become relevant and need to be assessed in order to
identify those that are relevant.

¢ Identifying the sources, pathways and transport processes of sediment and
contaminants within the basin of interest. This is a prime need for sustainable
and effective sediment management, by providing an understanding of how
the sediment—contaminant system is behaving, and is a central requirement
for source control as a management option. Chapter 4 (this book) provides a
review of most of the main sources, pathways and transport processes for
sediment in river basins, and includes both rural and urban systems. What is
clear is that, at the basin scale, there are multiple sources of both sediment
and contaminants, and that these sources supply sediment and/or
contaminants at different parts of the basin and over different timescales.
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Figure 11. Different spatial scales of drivers and pressures relating to sediment management. See
Chapter 3 (this book) for explanation of many of the initiatives listed in the right hand part of the
diagram (source: [40], reproduced with permission of the author)

Similarly, pathways and transport processes are active at different times, with
some being active essentially continually and others being ‘switched-on’ by
specific triggering mechanisms such as rainfall events. In addition, there are
various natural and anthropogenic activities which are modifying these
sources, pathways and transport processes which need to be assessed.

Using appropriate tools to assemble the relevant information and data needed
for informed decision-making by managers. In many respects, the selection
of which ‘tool’ to use in order to obtain the necessary information is
dependent on the management question being asked, such as: What are the
main sediment and contaminant sources? Where are they located in the
basin? How will a particular management option (i.e. dredging) affect future
sediment fluxes in the basin? Chapter 5 (this book) reviews many of the tools
and techniques (such as monitoring, modelling and tracing techniques) that
are available. Such tools provide much of the basic information that is
required by many of the other aspects of the decision-making process that are
discussed in the book. Thus, for example, tracing techniques provide
information on sediment sources and pathways, while system modelling is
often used to inform policy development through scenario analysis. Specific
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tools and approaches available to help river basin managers with decision-
making that are particularly relevant at the river basin scale are risk
assessment and cost-benefit analysis. The former is addressed within a
separate book by Heise [2], and is also discussed in Chapter 2 (this book).
The latter, and more specifically societal cost-benefit analysis, is described in
Chapter 6 (this book). These are specific tools that can be used to assess and
evaluate the various management options available to managers.

¢ Involving stakeholders in the decision-making process, from start to finish.
This is now recognized as an important part of environmental management
where there are various interested parties, often with conflicting interests and
goals, and when there are several management options available. Indeed,
stakeholder participation, and appropriate communication, is becoming
increasingly incorporated within environmental legislation. Stakeholder
participation, as part of the sediment management process, is discussed in
Chapter 7 (this book) (see also [60-62]).

e Because of the complexity of trying to manage sediment at a large scale, such
as a river basin, it is often useful to develop a framework (or nested
frameworks) which incorporates many of the requirements and
considerations listed above, as well as other important issues (see [2, 57,
58]). Examples of the types of frameworks that exist specifically for
sediment, and also that could be adapted for sediment, are described in
Chapter 2 (this book), and are also considered in Chapter 8 (this book). The
latter also provides some suggestions for future requirements for sediment
management at the river basin scale.

The following chapters cover the issues and requirements listed above in the
context of sediment management at the river basin scale.
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1. Sediment management today

Historically, sediment has been managed at the local level, in locations where it
causes a problem. The main driver has normally been a specific local issue such
as the need to maintain navigation, water storage or conveyance capacity, or,
less frequently, the need to move contaminated sediment from a particular area
or to restore habitat. Alongside this there is a long history of beneficial use of
sediment, such as extraction of gravel or sand for the construction industry.
Over recent years, increased awareness of the quality, as well as the quantity,
aspects of sediment have led to increasingly stringent controls on sediment-
related activities, and in particular on disposal of dredged material. As well as
the more traditional licensing of, or good practice recommendations for,
sediment extraction, sediment management activities are now subject to a range
of legislation and guidance, such as the EU Hazardous Waste Directive ([1], see
also Chapter 3, this book). Some dredged material in Europe is so heavily
contaminated by a mixture of organic and non-organic pollutants (see e.g. [2—
4]) that as soon as the extracted sediment breaks the water surface it is classed
as a hazardous waste. This can lead to a difficult and expensive series of
disposal strategies, such as dewatering, treatment or disposal to specialist
contaminated disposal sites [5]. Even where the sediment is not classified as
hazardous, increasing demands on agriculture to reduce diffuse sources of
pollution and increased restriction on disposal of materials in the marine
environment are also curtailing the traditional disposal routes to land or sea [6,
7]. This is making dredging activity increasingly (sometimes prohibitively)
expensive, and it is argued that those with responsibility for dredging are being
required to pay for polluting activities upstream in the river basin, for which
they were not responsible, and which may have happened decades ago [8, 9].
Ultimately, increased costs associated with dredging impinge on economic
activity and growth [10].
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Sediment supply and transfer are also fundamentally affected by a range of
activities that are not explicitly recognized as being related to sediment.
Examples are the construction, rehabilitation or dismantling of weirs, dams [11-
13], barrages and sluices within river systems, agriculture, construction projects,
mining, forest logging activities [14], flood protection schemes [15], reduced
river flow (due to abstraction, for example) and many others. These activities
can either increase or decrease overall sediment supply to a stretch of river, or
can change the characteristics of supplied sediment or the ability of the river to
transport it (see Chapter 1, this book). Within Europe there is almost no length
of river that has not been affected by at least one of these activities, and thus the
sediment regime of all rivers can be considered to be anthropogenically affected
[16]. The Environment Agency of England and Wales has assessed all water
bodies in terms of whether they are at risk of failing the ‘good ecological status’
required by the Water Framework Directive (WFD) for a range of potential
pressures: morphological change, which by definition involves alteration to the
river environment and hence its sediment transfer regime, is one of these.
Almost 60% of rivers, over 50% of lakes, almost 90% of estuaries and over
90% of coastal waters are classified as being at risk or probably at risk [17].

Sediment management actions are normally taken as a result of sediment
quantity imbalances; however, the issues that make such management complex
are often related to sediment quality. A wide range of contaminants have low
solubility but high sorption potential, meaning that they bind to sediment
particles, and in particular to the finer grained clay and silt particles [18]. Some
contaminants are themselves particulate in nature and form a part of the
sediment load of rivers. These bound or particulate contaminants can come from
a range of sources, including bedrock, industrial discharges, agricultural
practices, transport infrastructure and vehicles, mining waste and wastewater
treatment plants (see Chapter 4, this book). Because of the intermittent way in
which sediments, and their associated contaminants, move through the river
basin and river system, contaminated sediments can be delayed within the
sediment supply and transfer chain for decades or even centuries, remaining
within alluvial floodplains or buried in sediment deposits (see Chapter 1, this
book). When these sediment stores are disturbed, through extreme flow events,
channel migration, alterations to the flow duration curve or direct physical
disturbance, contaminants, some of which may not be currently used or may be
banned from use, can be remobilized. There is thus a legacy problem, where
sediments are acting as the memory of previous polluting activities in the river
basin.
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2. Understanding process: the need for a conceptual model

Appreciation of sediment as part of a dynamic river basin system, and of
sediment as a ‘memory’ of previous activities, leads to the conclusion that it
may not be most effectively managed at an individual site. Sediment also needs
to be more explicitly considered in a range of activities within river basins
which may affect the river sediment regime whilst being targeted towards quite
different ends. It is thus important to consider sediment management within its
wider environmental, economic and social context. A good parallel here is the
Shoreline Management Plans (SMPs) process [19, 20] developed for
management of the UK coastline, where the coast is divided into a number of
discrete sediment cells through which sediment moves but beyond which it does
not. These are analogous to some extent with river basins. For the SMPs,
activities within a sediment cell must be considered in terms of their impact on
the rest of the cell. Thus stabilization of one part of the coast that cuts off
sediment supply to other points and causes them to erode, or a development that
activates sediment sources, should not be undertaken without full understanding
of the implications and how they may also be managed. This has enabled an
ambitious forward-looking study, ‘Future coast’ [21], which envisages changes
in coastal dynamics under climate and social change scenarios.

In order for river basins to be used as sediment management units, it is vital to
have a conceptual model of river basin functioning that links different areas in
space and time, and allows potential consequences (impacts) of drivers to be
evaluated. This can be visualized in various ways. For instance, Figure 1 gives
examples of actions and reactions along an energy gradient (slope) where
sediment is present. The shaded blocks may represent a continuum of soil and
sediment from a hillside to a river, along a river stretch or from top to bottom of
a river basin. The lighter shade represents sediment ‘blocks’ that may be a field,
an alluvial plain, a hillslope, etc., and that are uncontaminated. The dark shaded
‘blocks’ represent sediment that is contaminated by a compound that is
ecologically or environmentally undesirable. Thus we may think of an area of
land with high heavy metal content, or a river bed deposit with high phosphate
concentration. The quantity and quality labels indicate why we might take
action and what sort of impact it would have. Thus for the middle example
(quantity-quality), we may remove clean sediment because we need to increase
flood conveyance (a quantity issue), but the consequence is exposed or
mobilized contaminated sediment downstream (a quality issue).
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Figure 1. Tilustration of the potential impacts of various types of sediment activities on sites
further down an energy gradient (source: [22] reproduced with the permission of Ecomed
Publishers)

So far the consequences of human actions in respect of Figure 1 have been
discussed. However, the mobilization of sediment at the ‘ACTION’ point may
be due to an extreme rainfall or flow event, or due to some indirectly related
factor, such as a release of water from an upstream dam. Thus even where no
direct sediment management activities are planned, it is important to understand
how different soil and sediment bodies are connected in space.

Figure 2 presents similar information in terms of both sediment quantity and
an evaluation of risk posed by sediment in a particular location based on its
relative energy (topographic) position. The darker shades on the top layer of the
diagram represent more contaminated soil or sediment, and the lighter shades
represent cleaner sediment. The lower surface represents the potential energy of
the soil or sediment at each point; at its simplest this could be thought of as
topography. A relative evaluation of sediment at points A, B, C and D can be
carried out. For example, A is a site with contaminated soil or sediment that is
upstream (up the energy gradient) of the cleaner sediment site B, and of the
contaminated site at C. On the other hand, D is a clean soil or sediment site,
which is upstream of a more contaminated site, C. Traditionally, most sediment
management activities have taken place at the lower end of river basins, where
sediment is deposited. However, consideration of the possible risks in this
hypothetical basin would suggest that site A should be the primary focus for
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Figure 2. Conceptual diagram of a projection of sediment energy (source vs sink) and quality
using data from a conceptual basin model to inform risk prioritization (source: [22] reproduced
with the permission of Ecomed Publishers)

remediation, before site C. This is because A has the potential to both
contaminate a clean site at B and to enhance the problems at C. Conversely,
sediment movement from D to C could be a positive factor in that contaminants
at C would be buried and could be subject to natural attenuation processes and
may then not prove to be as great a risk in the future. Thus actions taken which
reduce sediment supply from site D, such as soil conservation programmes,
planting of hedgerows or buffer strips, may not prove to be beneficial at the
basin level, in terms of contaminant risk. At least, consideration of contaminant
impacts down the energy gradient should be considered.

An example of unforeseen consequences is the erosion of the river bed at sites
along the River Danube ([23]; also see Chapter 8, this book). This has happened
as a consequence of the construction of a series of hydroelectric barrages along
the river, which trap sediment in the impounded water behind the barrage. As
one moves downstream, the river becomes increasingly starved of sediment and
begins to remobilize the river bed. In some places the erosion has been so
severe as to directly connect the river with the underground aquifer, negating
some of the benefits of groundwater due to long isolation from the land surface.
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3. Sediment management at the river basin scale

As has been seen, sediment is not currently managed at the river basin scale,
although this is exactly the scale over which sediment supply, transfer and
deposition occurs (see Chapter 1, this book). The reasons for this lack of a
basin-scale approach are many.

o There is a paucity of data on sediment flux in river systems. This is related to
the highly event-based nature of sediment movement. Generally, for rivers in
Europe, around 70-90% of sediment flux occurs in the top 20% of flows [24,
25]. There are few routine monitoring systems adequate to capture these
events.

o The sediment problem or issue may occur at some considerable distance in
space and time from the origin of the problem. The principle of ‘polluter
pays’ is thus not one that can be readily adopted.

e There may be multiple sources of sediment and contaminant that have been
active at various times and places. Thus the sediment ‘problem’ may be the
result of myriad causal factors.

o Normally the sources of sediment and contaminant are not in areas that are
owned or controlled by the problem owner. This means that problem owners
feel powerless to resolve the situation.

o There has been little focus on sediment as part of a dynamic ecosystem at the
river basin scale. In part, this has been because it is so difficult to identify
and quantify all sources over space and time. Sediment-borne contaminants
increase the system complexity further.

o There is little information on how much sediment, or what type of sediment,
is ‘good’, i.e. sediment concentration or flux targets are largely undefined.

Sediment issues can be further subdivided into existing and identified, existing
and unidentified, and potential future problems — all requiring different
approaches and management strategies. To support basin-scale management, we
must remember where in the decision process sediment issues fit in order to
enhance communication and interaction.

For example, Apitz and Power [26] compare a framework designed for
dredged material disposal, where:

e a management decision has already been made — to dredge;
¢ focus is on appropriate disposal methods or sites; and
o frameworks are highly prescriptive and often treaty-driven;
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with a framework to determine the in-situ ri