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Ana Séneca
Centro de Investigação em Biodiversidade e Recursos
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Preface

This book shares an ambitious aim with the
international conference on which it is based – The
Conservation and Management of Rivers: 20 Years On.
The conference was held at the University of York
(UK) from 6–9 September 2010. It was timed to
fall exactly 20 years after an earlier conference on
the same subject at the same venue, and coincided
with the UN International Year of Biodiversity.
Two questions formed the context for the event:
what has been achieved in river conservation
and management in the 20 years since the 1990
conference and what still needs to be done in the
next 20 years? We did not ask the conference
speakers to answer these questions formally, but
aspects of both were addressed frequently during
their presentations and occur throughout the
chapters in this book. The world in 1990 was very
different from the way it is today, and some of the
changes – economic, geopolitical, social, cultural
and technological – are summarized in Chapter 1
(Boon). These changes set the context for the book,
as many of them have a profound influence on
the way that river conservation and management
activities are planned and undertaken.

To produce an edited volume that is a
coherent treatment of the subject, and not merely
the published conference proceedings, is a real
challenge. It is not possible for a book containing 31
chapters to represent a comprehensive account of
river conservation and management. Indeed, one
of the main differences between the conference in
1990 and the one in 2010 is the huge expansion in
the subject area that has taken place in many parts
of the world over this 20-year period. While we
are not claiming that the book is comprehensive,
we have attempted to present a rounded picture
of the subject area, both to give a flavour of
current knowledge and to provide a source of

published references (there are more than 1200)
for further reading. We also wanted it to contain
contributions from a wide geographical range. The
previous book of the same name (Boon et al.,
1992) contained 29 chapters led by authors from 14
countries, with about a third of the chapters from
the UK. It is interesting that only five of those 14
countries are represented in the new volume: this
book has 31 chapters from 11 countries, with half
from the UK. The new book has no contributions
from Scandinavia (compared with three in the first
one); it has five chapters from southern Europe
whereas none appeared in the 1990 book. The
picture that emerges is of a subject area that is truly
international, but with real variations in emphasis
and approach in different parts of the world.

The programme from the 2010 York conference
contained 62 papers divided among 10 topics. We
have structured the layout of this book by grouping
chapters into four broad themes that include some
of the most important topics in river conservation
and management today.

Catchment conservation, ecosystem
integrity and threats to rivers systems
The first section shows the progress (albeit painfully
slow) since 1990 in making the aspirational goal
of Integrated Catchment Management (ICM) a
practical reality (Newson, Chapter 2). In Europe
this has been greatly assisted by the passage of the
EC Water Framework Directive, making ICM the
basis for statutory ‘river basin management plans’
(Council of the European Communities, 2000).
The threats to river systems that ICM attempts to
address today differ little from those in 1990 (Boon,
Chapter 1), although some, such as climate change
(Ormerod and Durance, Chapter 9; Cosgrove et al.,
Chapter 10) were rarely discussed 20 years ago.

xiii
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xiv Preface

Although significant progress has been made in
tackling point-source pollution in many countries,
diffuse water pollution remains a serious and
widespread problem. For example, in Chapter 8
Webster et al. describe the effect of changing land-
use and land-cover on the water chemistry of rivers
in the Southern Appalachian mountains of the
US, as people move out of the towns (described
as ‘exurbanization’) to enjoy a new livelihood in
forested and rural landscapes.

Water abstraction from rivers around the world
has continued to grow over the last 20 years to
serve an increasingly wide range of human uses.
Two chapters provide evidence from contrasting
regions of the profound effects of catchment land-
use and water availability on river ecology. For
example, in the tropical rivers of Brazil plantation
forestry has a significant impact on stream flow
(Lima et al., Chapter 5), while in the River Indus in
Pakistan (Khan and Akbar, Chapter 6) one of the
world’s largest irrigation networks has had major
impacts on river ecology and its delta as well as on
human livelihoods. The need to put into practice
Integrated Water Resource Management (IWRM),
in particular to understand the importance of
‘environmental flows’ for supporting the needs of
human society and river ecosystems, is further
emphasized by case studies from East Africa
(O’Keeffe, Chapter 4).

One of the main contrasts between 1990
and 2010 is the increased emphasis on
‘hydromorphology’ as a primary factor affecting
river ecology and conservation. In 1990 the
hydromorphological and ecological impacts of river
engineering were known to some extent but not
being researched systematically. Since then, several
countries have devised methods for describing the
condition of river habitats – notably in Europe,
Australia and North America. For example, the
development of River Habitat Survey in the UK
(Raven et al., 1997) has provided a comprehensive
inventory of the condition of river habitats and
a measure of how much they have changed in
England and Wales since the 1990s (Seager et al.,
Chapter 3). However, the ability to track changes
in the physical, chemical, and biological quality of
rivers requires well-planned, comprehensive, long-
term monitoring data. Regrettably, such datasets

are uncommon or incomplete, partly because of
the costs of collecting the information. However,
Vaughan and Ormerod (Chapter 7) argue strongly
that it is essential to continue gathering extensive
scientific data, and that their application for
river conservation and management justifies the
investment.

Methods and approaches
It is surely significant that the topic attracting
the highest number of proposed presentations
at the York conference in 2010 concerned
‘Methods and Approaches’, reflecting the many
new developments that have taken place over
the last 20 years. The six chapters selected for
the second section of the book – from the UK,
Spain, Portugal, Australia and New Zealand –
illustrate that new methods and approaches are
not limited geographically nor are they restricted to
particular types of river habitats or species groups.
In Chapter 13, Wood et al. describe the surge
of interest in the UK over the past 20 years in
the invertebrate fauna of hyporheic zones – a
pattern repeated in many other countries. They
suggest that this reflects an increasing awareness
of the unique contribution that hyporheic zones
make to biodiversity, their role in processing
and storing nutrients, their potential significance
for transporting pollutants within rivers, and
increasing pressures on groundwater resources.

Over the past 20 years, approaches to river
monitoring have broadened from a rather narrow
focus on benthic macroinvertebrates, often in
shallow riffles, to incorporate other organisms in
a wider range of habitat types. For example,
in Chapter 11, Dodkins et al. describe a new
method for assessing the ecological status of
intermittent Mediterranean rivers using diatoms
and macrophytes, and in Chapter 12 Vieira et al.
outline ways of classifying mountain streams in
Portugal using bryophyte assemblages. Methods
for analysing and interpreting biological data from
rivers have also changed profoundly. For example,
in Chapter 14 Marchant and Kefford describe a
method used in Australian rivers in which the
impacts of human disturbance on invertebrates can
be assessed without the problems associated with
sampling effort.
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Preface xv

The way that new methods in river conservation
and management are applied depends greatly on
the legal and policy framework. For example,
since 1990 the EC Habitats Directive has provided
an incentive for devising new ways of assessing
European rivers for conservation (Council of the
European Communities, 1992). This is illustrated
in Chapter 16 (Barquin et al.) which describes
a decision-support tool, developed and tested on
rivers in northern Spain, to assess the status
of Atlantic salmon (Salmo salar) populations and
alder-ash (Alnus glutinosa-Fraxinus excelsior) alluvial
forest in Special Areas of Conservation. Outside
Europe, other political imperatives have resulted
in a more systematic approach for identifying
representative sets of rivers with high nature
conservation interest. This forms the subject of
Chapter 15 (Leathwick et al.) which describes a way
of selecting rivers important at national or regional
levels in New Zealand, using high-resolution spatial
data to define the distribution of river types and to
estimate their present nature conservation value.

Chapter 17 (Seddon et al.) provides a different
perspective by looking back in time to determine
how river invertebrate assemblages have been
affected by past hydromorphological alterations to
river channels and river beds. These techniques
include analysis of historical archives (such as maps
and photographs), and detailed palaeoecological
investigations of sedimentary records and the
sub-fossil insect remains that they contain. The
reconstruction of past conditions can then be used
to guide future efforts in river rehabilitation.

Recovery and rehabilitation
‘Recovery and rehabilitation’ is the subject for
the third section of the book. One of the
most significant outcomes from the 1990 rivers
conference was the creation in the UK of the
River Restoration Project, later to become the River
Restoration Centre. This development, and the
subsequent formation of river restoration bodies in
other parts of Europe, the US, Asia and Australia is
discussed in Chapter 23 (Holmes and Janes). The
other chapters in this section provide a series of
case studies from different countries to illustrate
the way that the philosophy and practice of
river restoration has evolved over the last 20

years. Many of the principles and practices of
river restoration at the time of the 1990 York
conference (Gore, 1985; Petersen et al., 1992) are
just as relevant today. However, there is now a
greater emphasis on working at the catchment scale
rather than restoration of short stretches of river,
primarily for demonstration purposes (Newson,
Chapter 2). The importance of allowing rivers
space in which natural fluvial processes can bring
about recovery is a particularly strong theme. The
espace de liberté approach, in which an area of
the river corridor is set aside for river migration
and flooding, forms the theme of Chapter 18
(Kondolf). Two case studies, one urban and one
rural, show that where stream power and sediment
load are sufficient, rivers can ‘restore themselves’
while minimizing conflicts with human uses.
The importance of catchment-scale restoration is
demonstrated further in Chapter 19 (Semrau and
Hurck) showing how improvements to physical
habitats and water quality in an industrialized
catchment in Germany are helping to bring about
economic and ecological regeneration. Since York
1990, the importance of local community support
for river restoration has become widely recognized.
The results of a study of two river restoration
schemes in England (Åberg and Tapsell, Chapter
20) demonstrate that active participation influences
the perception, satisfaction and appreciation of
river rehabilitation by local residents and will help
in future planning of new schemes.

As problems associated with point-source river
pollution in the UK and many other countries
have abated, more emphasis has been placed on
restoring physical habitat. Nevertheless, this book
would be incomplete without a reminder of the
profound importance of water quality in river
ecology and conservation. In Chapter 21, Langford
et al. describe 50 years of ecological recovery in the
River Trent, once one of the most polluted rivers in
England. They suggest how the technological, legal
and economic measures that helped the recovery
could be applied to polluted rivers in other parts of
the world.

The difficulties of river management and
rehabilitation are compounded when water flows
for only part of the year. Most Mediterranean
streams such as the Pardiela River in Portugal
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(Rosado et al., Chapter 22) are temporary,
characterized by seasonal events of flood and
drought. Although aquatic communities are
adapted to this pattern and uncertainty, a
combination of climate change and increasing
demand for water is adding to their vulnerability.
The chapter demonstrates the importance of
designing conservation and rehabilitation strategies
to suit local circumstances, especially in those parts
of the river where the pressures are most intense.

Integrating nature conservation
within wider river management
The inclusion of the fourth and final section in the
book, and the absence of a similar section from
the 1992 volume, serves to illustrate a significant
shift in emphasis between 1990 and 2010. In the
UK at least, the government bodies responsible
for river management and those responsible
for nature conservation now work much more
closely together than they did 20 years ago. This
is well illustrated by the 2010 York conference
which was organized and funded by the respective
bodies in the four countries of the UK. The final
section of the book begins with the concept of
‘ecosystem goods and services’, a subject that did
not feature at all in the 1990 conference or in the
subsequent book. However, since the Millennium
Ecosystem Assessment was published (2005) it has
become increasingly commonplace to view nature
conservation principally as a way of safeguarding
ecosystem services (Boon, Chapter 1). In Chapter
24, Bridgewater et al. summarize some of the
principal international events, such as the World
Conference on Environment and Development
in 1992, that have shaped global environmental
policy, and which show a transition from a
‘traditional’ approach to nature conservation to
one based more on the value of nature to human
society. Two case studies from China, the Yangtze
and Yellow rivers, illustrate the link between
ecological flows and the provision of ecosystem
services and lead into a more detailed consideration
of the topic in Chapter 25 (Everard). This explores
the differences in the environmental and economic
outcomes of management intervention (e.g. fishery
improvement, ‘hard engineering’ on river banks)
using an ecosystems approach compared with

more traditional narrowly-focused evaluation
methods.

Unfortunately, the uncertainties surrounding the
ecological impact of human activities in and around
rivers sometimes hinder good decision-making by
those responsible for regulation and management.
This is where an ‘adaptive management’ approach
can be extremely valuable, using the results
of environmental monitoring to help modify
management actions. Since the 1990 conference
this subject has grown in importance. An example
of applying adaptive management to rivers in the
US is the subject of Chapter 26, in which Hamill
and Melis describe how fish populations in the
Colorado River have benefited from adapting the
patterns of water release from Glen Canyon dam.

Integrating nature conservation within the
broader needs of river management often means
balancing conflicting interests. For example,
Chapter 27 (Wood et al.) shows how mathematical
modelling techniques can be used to test the
outcomes of different management options in chalk
rivers in southern England. In these rivers aquatic
vegetation is important for nature conservation
and provides habitat for salmon and trout which
support economically valuable fisheries, but in
some locations it is intensively grazed by mute
swans (Cygnus olor). A more intricate example of
balancing competing uses is provided by Braioni
et al. (Chapter 28) citing an urban reach of the
River Adige in northern Italy. This river represents
a complex ecological, environmental, historical
and socio-economic network in which history,
landscape and nature are inextricably linked;
an ‘environmental landscape plan’ has been
developed as a way of safeguarding and managing
the river corridor in a sustainable way.

Unfortunately, there are many rivers throughout
the world where human exploitation is
unrestrained and where a lack of integrated
management results in damage to habitats and
species. The River Murray in South Australia,
where river flows have been depleted by severe
drought and exacerbated by over-allocation of
water resources, provides a salutary lesson (Jensen
and Walker, Chapter 29). Voluntary agreements
are often not sufficient to protect important
natural values of rivers; legal instruments may
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also be needed as an environmental safety-net. An
example is the use of Water Conservation Orders
(Watson, Chapter 30) which have been applied
to 13 rivers in New Zealand. The benefit of this
approach is illustrated by the Nevis, a river flowing
through a largely unmodified mountain landscape,
where nature conservation and recreation (fishing
and kayaking) are both important.

The final chapter in the book (Large, Chapter
31) returns to one of the recurring themes –
the need to bring together the disciplines of
hydrology, geomorphology and ecology in river
basin planning and management. The chapter
emphasizes the huge challenges ahead, not only
in this area but in finding ways to put monetary
values on a range of river ecosystem components,
functions and processes. This will require much
better coordination of research and a more effective
use of the results it generates. To what extent these
aspirations are met over the next 20 years remains
to be seen.
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Evolution of Global Water Use
Withdrawal and Consumption by Sector
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Note: Domestic water consumption in developed countries (500-800 litres per person per day)
is about six times greater than in developing countries (60-150 litres per person per day).

Source: Igor A. Shiklomanov, State Hydrological Institute (SHI, St. Petersburg) and United Nations Educational, Scientific and Cultural Organisation (UNESCO, Paris), 1999.
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Plate 1 UNEP/GRID-Arendal, Trends and forecasts in water use, by sector, UNEP/GRID-Arendal Maps and Graphics
Library, (Source – http://maps.grida.no/go/graphic/trends-and-forecasts-in-water-use-by-sector).

Plate 2 Three Gorges Dam, China. Reproduced from Wikimedia Commons, File: 200407-sandouping-sanxiadaba.jpg.
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Plate 3 Dikerogammarus villosus (killer shrimp) – a recent invader in the UK. Reproduced courtesy of Thomas Smith.
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Plate 4 Diagrammatic representation of the concept of ecosystem services. (Reproduced with permission from ©
Metro Vancouver).
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Plate 6 The Mara River catchment, Kenya and Tanzania. Clockwise from top left: the upper catchment, Mau
escarpment, Kenya, showing former forest which has been cleared for agriculture in the past two decades; middle
reaches of the river in the Masai Mara Reserve; extensive wetlands near the Mara river mouth where it flows into Lake
Victoria at Musoma, Tanzania; dead wildebeest line the river banks, after an unseasonal flood during the migration
(photographs: Jay O’Keeffe).

Plate 7 The middle reaches of the Great Ruaha River, in the Ruaha National Park. Clockwise from top left: the
practically dry river bed during the dry season of 2009; one of the few remaining refuge pools during the same period;
the WWF appointed team which carried out the environmental flow assessment; surveying a cross-section of the river
for hydraulic modelling (photographs: Jay O’Keeffe).
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Plate 13 Land cover, stream network and sampling sites in the Upper Little Tennessee River Basin. This basin is
located in Macon and Swain counties, North Carolina, and Rabun County, Georgia, USA.

Plate 14 Freshwater pearl mussels on the bed of a river in Scotland. ©Sue Scott/Scottish Natural Heritage.
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Plate 15 Terrestrial plants establishing during the
summer in an exposed bedrock section of the River
Corona in the south of Portugal.

Plate 17 Records of stygobites differentiated between groundwater and hyporheic records in England and Wales
overlain on a map showing major aquifer outcrops. Southern limit of the Devensian glaciation after Clark et al. (2004).
Adapted from Robertson et al. (2008).

Plate 16 A pool formed in an intermittent section of the
River of Vale Santo, Portugal.
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Plate 18 Typical spatial data used in the analysis, taken from the northern North Island of New Zealand: (a) planning
units and river classification groups, with group membership for river segments shown using contrasting colours; (b)
river condition as estimated from expert assessment of the impacts of nine pressure factors – see chapter 15 for details.

Plate 19 Zonation rankings and high value sites for part of the northern North Island of New Zealand. (a) national
rankings accounting for river condition and connectivity, with values indicating those sites that would be included for
any given level of geographic protection; (b) national rankings with substantially protected planning units held back
until all other units removed; green colours indicate rankings for sites with existing legal protection, while blue indicate
rankings for unprotected sites; (c) regional rankings; (d) high value sites, with values within each polygon indicating
the relative ranking within the respective categories, e.g. the top left polygon is within the top 1.13% of sites nationally,
and the right-most polygon scores within the top 2.15% of sites regionally.
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Plate 21 Cross section of an idealized river channel indicating its current position and relationship with the underlying
alluvial aquifer, buried palaeochannel deposit and cut-off/isolated channel. Channel isolation and cut-off may be the
result of channel evolution or human modification.

0.4 0.4 0.5 0.7 0.9

0.9 0.3 0.5 1.0

Lepidostoma hirtum Glossosoma sp. Hydropsyche pellucidula Hydropsyche contubernalis Hydropsyche siltalai

Cyrnus flavidus Mystacides longicornis Goera pilosa Limnephilidae sp.1

Plate 22 Selected images of sub-fossil Trichoptera frontoclypeal apotomes recovered from palaeochannel sediments.
Measurements in millimetres.
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Plate 23 An example of rehabilitation work on a previously straightened and reinforced channel Emscher River,
Germany.

Plate 24 A map of the Emscher River, showing the components of the ecological concept.
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Plate 26 Stressed river red gums at Clarks Floodplain, near Berri, South Australia (photograph: Anne Jensen).

Plate 27 Lower Murray levels more than 2 m below normal regulated conditions, downstream of Blanchetown, South
Australia, June 2009 (photograph: Anne Jensen).
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Southern Ocean

Murray Mouth

Plate 28 Bathymetry of Lakes Alexandrina and Albert,
showing littoral areas below +0.75 m AHD (lightest
coloured margins) which have dried since 2007 (source:
Department of Environment and Natural Resources,
Adelaide).

Plate 29 Temporary banks (‘regulators’) in the Goolwa
Channel, Lake Alexandrina, on Currency Creek tributary
(left circle) and in channel at Clayton (right circle)
(source: Department of Environment and Natural
Resources, Adelaide).

Plate 30 The lower reaches of the Nevis River flow
through a steep deeply incised gorge. Photograph
courtesy of Aaron Horrell.

Plate 31 The middle reaches of the Nevis River where
the river meanders across an intermontane basin.
Photograph courtesy of Aaron Horrell.

Plate 32 An angler fishes the low gradient reach of the
Nevis River, Central Otago, New Zealand. Photograph
courtesy of Aaron Horrell.



P1: TIX/XYZ P2: ABC
JWST110-CP JWST110-Boon December 13, 2011 11:39 Trim: 246mm X 189mm Printer Name: Yet to Come

0 1

kilometres
0 30

metres

0 10

metres

10

20

30

40

0

0.001

0.015

0.025

0.035
Riffle

Run

Deadwater

(a) (b)
(c)

Plate 33 (a) Airborne LiDAR imagery, River Coquet, Northumberland UK, (b) reach scale UAV imagery of the River
Coquet depicting morphological units and surface texture, (c) Terrestrial Laser Scanning imagery, River South Tyne,
Lambley, UK, quantifying biotope distribution based on standard deviation of bed roughness.

Plate 34 The River Derwent, Camerton, Cumbria, UK, showing channel avulsion and sediment redistribution
following the November 2009 flood. Remedial works subsequently blocked the upstream end of the avulsion channel
to protect the church directly downstream, but the sediment was largely left in place as a nature conservation measure.
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CHAPTER 1

Revisiting the Case for River
Conservation
Philip J. Boon
Scottish Natural Heritage, Edinburgh, UK

Introduction

Links with the past
In September 1990 the Nature Conservancy
Council (NCC) in Great Britain organized an
international conference on river conservation and
management. It was held at the University of
York and attracted 337 delegates from 29 countries
around the world. The idea of arranging a similar
event at the same venue exactly two decades later
was to evaluate the successes and failures over that
period and to look ahead over the next 20 years.
The way that nature conservation is organized
in Britain has changed greatly since 1990. The
NCC no longer exists, and it was its successor
bodies – Scottish Natural Heritage, Natural England,
the Countryside Council for Wales, and the Joint
Nature Conservation Committee – together with
the environment agencies in the UK, that were
responsible for arranging the 2010 conference.
Compared with 1990, the 2010 event was held
in a considerably tougher economic climate. This
was at least partly the reason for the smaller
attendance: despite initial expressions of interest
from 430 people in 44 countries only 166 from
19 countries finally attended the 2010 conference
(Table 1.1).

The main output from York 1990 was a book
with the same title as the one in which this chapter

appears (Boon et al., 1992). It was published at a
time when the subject of river conservation and
management was at an early stage of evolution.
That book has proved valuable over the subsequent
years in stimulating further work and debate on
these topics. Eleven of the chapters were selected
at random, and an analysis made of the numbers
of times each has been cited and the geographical
region where it has been applied. Of the 240
citations in the ISI Web of Science, two-thirds were
related to studies in North America or the British
Isles, with most of the rest accounted for by studies
elsewhere in western and central Europe and in
Australasia (Table 1.2). Various factors are probably
responsible but these figures tend to support the
view that concepts of river conservation (and
nature conservation more generally) applied in
developed countries are perceived to be less
relevant to developing countries. This aspect was
not covered in great detail at the 2010 conference,
but relevant discussion can be found in Wishart
et al. (2000), O’Keeffe and Thirion (2009), Abell
and Bryer (2009), Khan and Akbar (this volume)
and O’Keeffe (this volume).

This chapter looks back over the last 20 years,
describes some of the changes that have taken place
in river conservation since the 1990 conference,
and considers what still remains to be done. In
particular it re-examines the case for conservation

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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4 Introduction

Table 1.1 Geographical distribution of delegates
attending the rivers conferences in York in 1990
(n = 337) and in 2010 (n = 166).

Region
York 1990
(%)

York 2010
(%)

British Isles 52 67
Western and Central Europe 16 4
North America 8 8
Southern Europe 7 4
Africa 5 3
Scandinavia 4 2
Australia and New Zealand 4 8
Eastern Europe 2 <1
Asia 1 3
Middle East 1 <1

given in the introductory chapter of the previous
book (Boon, 1992). Although it uses examples
from around the world, it focuses primarily on
mainland Europe and the UK (England, Wales,
Scotland and Northern Ireland), and aims to set the
broad context for the more detailed chapters that
follow in the rest of the book.

Table 1.2 The percentage of published
references (from 1993 to 2008) to 11 chapters
selected at random from River Conservation and
Management (Boon et al., 1992 – the book
derived from the York 1990 rivers conference)
according to the region of the world to which
the citation applies. Data obtained from ISI Web
of Science (n = 240).

Region Proportion of total

North America 39%
British Isles 25%
Australia and New Zealand 12%
Western and Central Europe 11%
Southern Europe 4%
Eastern Europe 2%
Asia 2%
Africa 1%
South America 1%
Middle East <1%
Scandinavia <1%

The world then and now
Perhaps it is stating the obvious to say that much
has changed in the world since York 1990, yet so
profound are the changes in a mere 20 years it is
worth summarizing a selection:

Economic changes
� Creation of the ‘eurozone’ in 17 Member States
of the European Union after the euro became legal
tender on 1 January 2002.
� The international banking crisis and global
recession in 2008–2009.

Geopolitical and social changes
� Human population has increased from 5.3 billion
in 1990 to 6.8 billion by 2010.
� The abolition of apartheid with the first
democratic elections in South Africa in 1994.
� Several major geopolitical changes, including
the collapse of communism in eastern Europe
leading to the division of Czechoslovakia into the
Czech Republic and Slovakia (1993); the creation
of independent Balkan states such as Serbia and
Croatia in place of Yugoslavia (beginning in 1992);
the formation of a united Germany following
the dismantling of the Berlin Wall in December
1989; the expansion of the European Economic
Community comprising 12 countries into the
European Union of 27 Member States.
� Devolved legislative powers from the UK
Government in Westminster to administrations in
Scotland, Wales and Northern Ireland.
� A formal end to military activities by the Irish
Republican Army (IRA) in Northern Ireland.
� Two wars in Iraq and a war in Afghanistan.
� Destruction of the Twin Towers in New York on
11 September 2001.

Technical advances
� Computing power increasing by several orders of
magnitude.
� A digital revolution, leading to the invention
of laptop computers, mobile phones, global
positioning systems (GPS), satellite TV.
� Launch of the World Wide Web (August 1991).
� Remote sensing (e.g. improved aerial
photography, satellite imagery, LiDAR (Light
Detection and Ranging)).
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Changes in language and communication
� A decline in formal written communications in
favour of informal e-mails and text messages.
� Development of social networking websites such
as Bebo (www.bebo.com) Myspace (www.myspace
.com), Facebook (www.facebook.com) and Twitter
(http://twitter.com).
� Continuing deterioration in the standard of
written English, especially among native English-
speakers.
� Infiltration of business jargon into every area,
including ecology and conservation.

River conservation does not take place in
isolation from its economic, geopolitical, social,
cultural and technological context. Conservation
costs money; it is influenced by government
policies; it reflects social and cultural values; it
takes advantage of developments in science and
technology. How has the case for river conservation
changed over the past 20 years? What are the
priorities for the next 20?

The case for river conservation

Use and abuse
Rivers are rarely lost to the landscape altogether –
unlike other natural features such as native
woodlands, ponds or hedgerows. Generally
speaking, the rivers in 1990 still flow in 2010
yet may be profoundly changed in their channel
shape, flow rate, water quality, habitat structure,
or connection with their surrounding corridors.
Rivers are perhaps the most intensively used
ecosystems on the planet, with a huge increase in
the amount of water extracted globally (especially
for agriculture) over the past century (Plate 1),
and subject to a litany of impacts at a range
of scales from ‘supra-catchment’ to instream
(Table 1.3). Considerable progress in reducing
some types of river pollution has been made
across Europe since 1990. For example, emissions
of sulphur dioxide have declined significantly,
leading to a smaller area subject to, and at risk
of, acidification (European Environment Agency,
2010). The concentration of phosphate in rivers
has also fallen, largely through implementing

Table 1.3 The principal categories of human activities
affecting river systems at a range of spatial scales
(amended from Boon, 1992).

Supra-catchment effects
Acid deposition
Inter-basin transfers
Climate change

Catchment land-use change
Afforestation and deforestation
Urbanization
Agricultural development
Land drainage/ flood protection

Corridor engineering
Removal of riparian vegetation
Flow regulation – dams, channelization, weirs, etc.
Dredging and mining

Instream impacts
Organic and inorganic pollution
Thermal pollution
Abstraction
Navigation
Exploitation of native species
Introduction of alien species

the EC Urban Wastewater Treatment Directive
(Council of the European Communities, 1991;
European Environment Agency, 2010), although
nutrient enrichment from diffuse sources remains
a cause for concern. In England and Wales
the number of serious pollution incidents has
steadily declined (Figure 1.1). Yet, despite these
improvements, recent assessment and monitoring
under the EC Water Framework Directive (Council

866
776

708
661

605
522

422

2002 2003 2004 2005 2006 2007 2008

Figure 1.1 Serious pollution incidents affecting water in
England and Wales, 2002 to 2008 (Source –
http://data.gov.uk/dataset/serious-pollution-incidents-
affecting-water-air-and-land-2002-to-2008).
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of the European Communities, 2000) shows
that all is not well. For example, as a result of
pressures such as diffuse pollution, abstraction
and river engineering, 46% of rivers in Scotland
(http://www.sepa.org.uk/water/monitoring and
classification.aspx), 74% in England and Wales
(http://www.euwfd.com/02-SH091002 EA WFD
Update.pdf), and 75% in Northern Ireland
(http://www.doeni.gov.uk/niea/water-facts-book
let-2011.pdf) are currently at risk of failing to meet
the Directive’s target of reaching ‘good ecological
status’ or better by December 2015. At a global
scale, Vörösmarty et al. (2010) concluded that
65% of river discharge and the aquatic habitat
it supports are under moderate to high threat,
but that far less investment has been directed at
biodiversity conservation than to human water
security. In general, the pressures affecting rivers
in 1990 (Boon, 1992) are very similar to those
affecting rivers today (Table 1.3). Nevertheless,
there are some differences in emphasis and one
notable addition.

In 1990, there were 14 280 large dams
registered worldwide (International Institute
for Environment and Development and World
Resources Institute, 1987; Boon 1992). The
Worldwide Fund for Nature (WWF) reports that
the number has now increased to 48 000, about
half of which are in China, with a storage capacity
of about 6000 km3 (http://wwf.panda.org/what we
do/footprint/water/dams initiative/quick facts/.).

Dam construction is no longer centred principally
in North America or in Europe but in countries
such as Iran and parts of Asia. With the growing
demand for water, both the numbers of dams and
their density on river networks have increased
substantially over the past 20 years. So has their
size, advances in engineering technology having
made possible dam projects on a previously
unimaginable scale, such as the Three Gorges Dam
in China (Plate 2).

Two specific human impacts on river systems
deserve particular mention:

Invasive alien species
The introduction of invasive alien species is not
a new phenomenon. Since 1990, however, there

have been substantial increases both in the number
of alien species recorded and the extent of their
invasions, as well as a greater awareness of the
damage that they cause. In the UK, some of
the most serious threats to rivers from invasive
alien species are from North American signal
crayfish (Pacifastacus leniusculus) (Crawford et al.,
2006) and from bankside species such as Japanese
knotweed (Fallopia japonica) and Rhododendron

ponticum (Hladyz et al., 2011). The management
response to these threats has been encouraging,
and marks a positive step in the right direction
over the past 20 years. In the UK, for example,
there are practical measures in place at a local and
regional scale to deal with invasive species, as well
as strategic planning at a national level. A recent
invasion shows that the importance of reacting
quickly is now recognized by government bodies
and others. In September 2010 Dikerogammarus
villosus (‘killer shrimp’) (Plate 3) was recorded for
the first time in the UK at a public water supply
reservoir in eastern England (Grafham Water,
Cambridgeshire) (http://www.environment-age
ncy.gov.uk/news/123209.aspx?page=8&month=
9&year=2010). The shrimp is native to the Ponto-
Caspian region and spread across Europe following
the opening of the Danube-Main-Rhine canal in
1992. It is known to be a voracious predator on
other invertebrates and young fish and is a serious
threat to ecological integrity. The Environment
Agency responded immediately, and with the
water supply company, fishing organizations,
boating clubs and others quickly worked together
to put in place practical ‘biosecurity’ measures to
prevent further spread of the organism.

In Great Britain a strategy for tackling non-
native invasive species has been published (Defra,
2008) and a management structure set up to put
it into practice (https://secure.fera.defra.gov.uk/
nonnativespecies/home/index.cfm). Part of the
process involves carrying out detailed risk
assessments of alien invasive species. This is
undertaken by species experts and is based on
scientific evidence, so that the results can be used
to decide what action (e.g. eradication, control,
mitigation) to take in each situation. Many of the
risk assessments completed so far are for aquatic
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species, some of which, such as signal crayfish and
Japanese knotweed, occur in or near rivers.

An awareness of the serious threat that invasive
alien species pose to biodiversity and to ecosystem
services now extends across Europe and beyond.
For example, the European Commission is
developing an invasive non-native species
strategy (http://ec.europa.eu/environment/nature/
invasivealien/index en.htm) as part of its goal
of halting the decline of biodiversity by 2020.
This initiative is supported by a range of
European and global databases (e.g. DAISIE –
http://www.europe-aliens.org/index.jsp) which
have been compiled to show the distribution of
alien species, provide information on their biology,
and suggest methods of prevention and control.

Global climate change
Potential threats from climate change were
certainly being discussed in 1990, but interest and
concern — by scientists, politicians and the general
public — has grown substantially since then. By
coincidence, the issue of New Scientist that was
published the week before the 1990 conference
contained a leading article on the subject, where
the tenor of the text was strikingly similar to
articles written 20 years later: ‘It was a sight to
behold. There were the Americans, in Sweden last
week for the Intergovernmental Panel on Climate
Change, repeating their government’s well-worn
homilies about global warming: how uncertain all
this science is, how expensive it would be to do
anything, how silly to get excited until we are
absolutely sure the world is in peril.’ (New Scientist

no. 1733, 8 September 1990).
Yet the impact of climate change on river

conservation and management was rarely
mentioned 20 years ago. In River Conservation
and Management, derived from the 1990 conference
(Boon et al., 1992) there is just one passing
reference to climate change. In his chapter on river
conservation and catchment management, Newson
(1992) said: ‘There remains a deficit of knowledge
in relation to the predictive ability to manage long-
term; sustainability requires predictability, and
climate change is making predictability particularly
difficult for river systems’.

The lack of scientific data on rivers and climate
change 20 years ago is well illustrated in a recent
editorial in Aquatic Conservation (Ormerod, 2009)
where 43 of the 44 references cited were published
in the year 2000 or later. However, sufficient
evidence on the effects of climate change on
river temperature (Langan et al., 2001; Webb and
Nobilis, 2007), and on flow regimes (Barnett et al.,
2006) has now been accumulated to show that in
many parts of the world rivers will be profoundly
affected during this century. Ecological impacts
(compounded by increasing human demand) are
likely to be many and varied, including direct
effects on life cycles and growth rates from rising
temperatures or displacement of animals and plants
through higher flows; and indirect effects such as
the flow-related dilution of pollutants or transport
of sediments (Ormerod, 2009, Cosgrove et al.,
this volume, Ormerod and Durance, this volume).
The influence of climate change on rivers will
undoubtedly be near the top of the list of threats
over the next few decades (Strayer and Dudgeon,
2010).

The place of nature conservation
within a wider framework
Nature conservation (including the conservation
of river habitats and species) is increasingly
considered as part of a much wider framework of
environmental policy and practice. The last two
decades have experienced significant changes
around the world in environmental regulation,
and in the organizational structures and legislation
needed to carry it out.

In 1990, the York rivers conference was
arranged by the Nature Conservancy Council
(NCC) – the statutory body responsible for Nature
Conservation in England, Wales and Scotland. In
1991 the British government abolished the NCC
and replaced it with separate, statutory ‘country
agencies’ – English Nature (now Natural England),
the Countryside Council for Wales, and Scottish
Natural Heritage – and set up the Joint Nature
Conservation Committee to provide an overview
for Great Britain as a whole. The roles and
responsibilities have changed to some extent over
the years; all three now have broader remits than
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the NCC – advising government, offering advice
to the public and developers, giving grants, and
funding research not just on conservation but also
on landscape matters and on informal recreation in
the countryside.

At the same time, the way that rivers are
managed and regulated in the UK has also changed
substantially. In 1989 the National Rivers Authority
(NRA) was established with responsibility for water
resource management, monitoring and regulating
pollution, and for flood control and land drainage.
Rather different arrangements applied in Scotland,
with 10 River Purification Authorities (RPAs)
undertaking pollution control and water quality,
but with other bodies responsible for water supply,
flood prevention and land drainage. Although the
NRA had a statutory duty with respect to the
conservation of flora and fauna, the RPAs did
not, sometimes leading to tension between the
conservation bodies and the water regulators.

The arrangements for river management
changed in April 1996 with the creation of the
Environment Agency in England and Wales to
replace the NRA, and the Scottish Environment
Protection Agency replacing the RPAs in Scotland.
Both bodies have important biodiversity and
conservation duties, and much stronger links
have been forged with the statutory conservation
agencies.

Non-governmental organizations (NGOs) in the
UK were already active in river conservation and
management at the time of the 1990 conference,
but their influence and involvement has grown
steadily since then. Notable among these are the
River Trusts in England and Wales (Newson,
this volume), the Rivers and Fisheries Trusts in
Scotland, and bodies such as the Royal Society
for Protection of Birds (RSPB) and the Worldwide
Fund for Nature (WWF) which published the
results of a three-year project in the 1990s on
river restoration (Wild Rivers: WWF, 1998). In many
other countries, too, the NGOs and the wider
public have become progressively more involved
in addressing freshwater resource issues (Showers,
2000). In the US, for example, there are several
large and influential NGOs, such as the Nature
Conservancy, Sierra Club and American Rivers,

actively engaged in these areas (Karr et al., 2000;
Pringle and Withrington, 2009).

Since 1990, river conservation in Britain, and in
the rest of the European Union, has also benefited
from the passage of two important directives – the
EC Habitats Directive (Council of the European
Communities, 1992) and the EC Water Framework
Directive (Council of the European Communities,
2000) (Boon and Lee, 2005). The stated aim of the
Habitats Directive (HD) is ‘to contribute towards
ensuring biodiversity through the conservation of
natural habitats and of wild fauna and flora in the
European territory of the Member States to which
the Treaty applies’. Annex I lists ‘natural habitat
types of Community interest whose conservation
requires the designation of Special Areas of
Conservation’ (SACs); Annex II does the same for
individual animal and plant species. Only one of
the nine river types in Annex I occurs in the UK:
‘Water courses of plain to montane levels with
the Ranunculion fluitantis and Callitricho-Batrachion
vegetation’. Species on Annex II associated with
rivers comprise two invertebrates (freshwater pearl
mussel (Margaritifera margaritifera) and white-
clawed crayfish (Austropotamobius pallipes)) and
eight fish, including river lamprey (Lampetra

fluviatilis) and Atlantic salmon (Salmo salar).
It is clear, therefore, that the diversity of rivers

and associated species in the UK (and elsewhere
in Europe) cannot be adequately represented in
the list of protected areas selected under the HD
(Boon and Lee, 2005). Yet, since the passage of
the Directive, a great deal of effort in the UK has
been put into selecting and designating river SACs
(both for river habitat and for species), devising
monitoring programmes, and reporting to the UK
government and to the European Commission on
the condition of the designated features in each site.
While the statutory conservation agencies have
stated their intention to take a broader, ‘wider
countryside’ approach to nature conservation,
limited resources inevitably means a concentration
of effort on protected sites, even though they
comprise a very small fraction of the land and water
in the country as a whole.

The EC Water Framework Directive (WFD) is
not a nature conservation directive per se, and the
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concept of ‘ecological status’ enshrined within the
Directive is not synonymous with ‘conservation
value’, yet the WFD has much to offer nature
conservation (Boon and Lee, 2005). Article 1 of the
WFD summarizes the main aims of the Directive:
� to prevent further deterioration of aquatic
ecosystems and to protect and enhance their status
(including wetlands directly depending on aquatic
ecosystems);
� to promote sustainable water use;
� to reduce pollution to groundwater and to
surface water;
� to contribute to mitigating the effects of floods
and droughts.

A ‘departure from naturalness’, which lies at
the heart of the Directive and assessed in terms
of ecological status, is an important component
(perhaps the most important component) of
conservation value but it is not the only one
(Ratcliffe, 1977; Boon et al., 1997, 2002; Boon,
2000; Dunn, 2004).

Consequently, while the HD and the WFD
both have a valuable role to play in furthering
river conservation in Europe, this role is limited.
Assessing the conservation value of rivers only to
meet the requirements of European legislation will
produce an unbalanced picture. The last 20 years
have seen many new approaches to evaluating
fresh waters in general, and rivers in particular
(Boon and Pringle, 2009). Some methods have
been designed to help select a representative
set of rivers for protection (Chadderton et al.,
2004; Leathwick et al., this volume) while others
have broader objectives (Kleynhans, 1996; Boon
et al., 1997). One overriding aim, in all cases,
has been to move from decisions based largely
on subjective judgements to those supported by
scientific evidence.

Scale and connectivity
Understanding of the significance of scale in
the way rivers function, and therefore in their
conservation and management, has grown
impressively over the last 20 years. Just before the
1990 conference, a paper by Ward (1989) on the
‘four-dimensional nature of lotic ecosystems’ drew
attention to the importance of ‘connectivity’ –

between upstream and downstream reaches;
between river channels, riparian zones and
floodplains; and between the surface of the river
bed and sub-surface regions.

In the early to mid 20th century, research on
running waters looked inward to the ecological
factors that affect the distribution of organisms
(Percival and Whitehead, 1929; Macan, 1963).
Much of the credit for looking outward, for
broadening the appreciation of rivers as integral
parts of the landscape, should be given to
Noel Hynes’ brief but influential paper on ‘the
stream and its valley’ (Hynes, 1975). His succinct
description of the way ‘the valley rules the
stream’ – with river communities shaped by their
underlying geology, soils, precipitation, and organic
inputs – has been expanded by many others over
the past 35 years to provide the scientific basis
for integrated catchment management (ICM). It is
only comparatively recently, however, that ICM
has become the basis of a statutory requirement
throughout the European Union following the
adoption of the WFD. Yet the WFD takes a rather
patchy approach to scale and to connectivity.
On the one hand, there is a requirement to
produce river basin management plans, to monitor
the status of water bodies, and to put in place
‘programmes of measures’ to ensure that the
environmental objectives of the Directive are met.
On the other, the assessment of ecological status
does not recognize explicitly the three types of
connectivity described above. The importance of
longitudinal connectivity is recognized but only in
forming part of the assessment of rivers at the
highest level of ecological status. To be classified as
such, ‘The continuity of the river [should not be]
disturbed by anthropogenic activities and allows
undisturbed migration of aquatic organisms and
sediment transport.’ The same level of assessment
also applies to lateral connectivity between a river
and its riparian zone. Floodplain habitats are not
included explicitly although wetlands dependent
on aquatic ecosystems are covered to some extent
by the WFD.

Research on the hyporheic zones of rivers (the
vertical dimension) has increased rapidly over the
last 20 years; papers have now been published on
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this topic in many countries, of which the following
are merely examples: North America (Wright et al.,
2005), Australia (Boulton et al., 2007), France
(Nogaro et al., 2010), Austria (Danielopol and
Pospisil 2001), and the UK (Wood et al., this
volume). Despite growing interest in the vertical
connectivity within rivers and the significance of
hyporheic zones in river functioning, they form no
part in ecological status assessment under the WFD
(Wood et al., this volume).

Thus, while significant progress has been made
since 1990 in understanding the importance of
scale and connectivity in river processes, translating
science into policy and practice still has some way
to go.

Strengthening the case – 20 years
further on
At the York conference in 1990, Boon (1992)
suggested 10 ways in which the case for river
conservation could be made more effectively:
the application of theoretical ecology to
river conservation; increased research effort;
studies on habitat requirements of river biota;
taxonomic work; scientific publication; national
and international co-ordination; improved
procedures for Environmental Assessment;
adaptive management in river modification
schemes; long-term monitoring; and public
education and participation. Looking ahead to
the next 20 years, where do we go from here?
What are some of the issues needing attention in
furthering the cause of river conservation in the
first half of the 21st century?

The need for basic research
The decline in freshwater research in the UK
has been accompanied by a change in direction
of research priorities as universities and research
institutes seek external funding to boost shrinking
budgets (Battarbee et al., 2005; Raven 2006). In
particular, the last 10 years have seen significant
sums of money spent on developing new methods
for assessing ecological status under the WFD.
Although EC directives are important, effective
river conservation and management needs much
more than this. A solid foundation of river science

is an essential prerequisite and any reduction
in basic research in this area will ultimately
impoverish the ‘evidence base’ that government
bodies and others claim is so important in
environmental management. Even simply trying
to implement the requirements of the WFD has
encountered problems through an insufficient
understanding of ecological processes. For example,
environmental regulators need to know how
activities such as river engineering are likely
to affect aquatic organisms, but understanding
the relationship between physical habitat and
biological communities still has a long way to go
(Vaughan et al., 2009).

There is more to conservation than
ecosystem services
The concept of ‘ecosystem goods and services’ is
not new, neither is the term itself which was
coined in the 1960s, yet in 1990 the services
provided by rivers to human society (‘supporting’,
‘provisioning’, ‘regulating’ and ‘cultural’ – Plate
4) were rarely discussed in quite that way.
The Convention on Biological Diversity (United
Nations, 1992) rightly emphasized the inextricable
links between human societies and the ecosystems
of which they are part and on which they depend
(Bridgewater et al., this volume; Everard, this
volume). Now, since publication of the Millennium

Ecosystem Assessment (2005) the justification for
nature conservation often seems to be based mainly
on ecosystem services. Sadly, the philosophical
principle that habitats and species have a right
to exist, irrespective of the value they represent
for human beings, no longer seems to command
much respect. A more ‘traditional’ approach to
conservation lies at the heart of the EC Habitats
Directive, and discussions continue on whether
a focus on ecosystem services can meet the
needs of nature conservation (Palmer et al., 2004;
McCauley, 2006; Reid, 2006). There will, of
course, be real differences in approach to nature
conservation in general, and river conservation
in particular, between developed countries and
those in developing parts of the world where
addressing the problems of water scarcity and
the alleviation of poverty are critically important.
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Here, an ecosystems approach to conservation is
more likely to bring real benefits for biodiversity
and for human communities than attempting to
impose more traditional ‘western’ views of nature
conservation (Abell and Bryer, 2009; Mathooko
et al., 2009; O’Keeffe and Thirion, 2009).

Rivers as protected ‘sites’
Nature conservation has always relied on the
idea that parcels of land can be protected from
human development and activity by some form
of legal designation, and the practice of selecting
nature reserves or other ‘sites’ for protection occurs
universally. In the European Union an extensive
network of Special Areas of Conservation (‘Natura

2000’) has been established to safeguard particular
types of habitats and threatened species. Some of
these SACs are rivers, with examples from the
UK including the Avon in England (Plate 5a), the
Tweed in Scotland (Plate 5b), the Tywi in Wales
(Plate 5c) and the Upper Ballinderry in Northern
Ireland (Plate 5d). Taken together, however, the
‘qualifying interests’ for these four high-quality
rivers cover only a very small proportion of
their plant and animal communities – the river
habitat in Annex I (described earlier), otter (Lutra

lutra), Atlantic salmon, sea lamprey (Petromyzon
marinus), river lamprey, brook lamprey (Lampetra
planeri), bullhead (Cottus gobio), freshwater
pearl mussel, Desmoulin’s whorl snail (Vertigo
moulinsiana) and floating water-plantain (Luronium
natans). In addition, the difficulty of trying to
squeeze rivers into the traditional mould of
terrestrial site protection has long been recognized,
because legal designations rarely extend to entire
catchments and often stop at the top of the river
bank. Consequently, more is expected of legislation
that supports river basin management (e.g. the
WFD) as a way of securing some of the aims of
nature conservation. The role of protected areas in
future strategies for river conservation is a topic
ripe for debate and action.

Restoration or conservation?
In the broadest sense, river restoration can be
considered a form of river conservation. At the
rivers conference in 1990, Boon (1992) set out five

management options for rivers along a spectrum of
decreasing conservation value. At the high-quality
end of the spectrum there is a case for preservation of
those few remaining examples of natural or near-
natural river systems. Where river ‘quality’ remains
high but where human pressures are evident,
the preferred option changes from preservation
to limitation of catchment development; further
along the spectrum the need is for mitigation of
damage, then for restoration of degraded stretches,
and finally, at the end of the spectrum, for
dereliction – giving up and accepting the status
quo when improvement is impossible or when
the costs outweigh the benefits. The science of
river restoration has made significant progress since
1990 (Kondolf, this volume). Yet there are still
difficult policy decisions to be made. For example,
should time and money be spent on restoring the
worst rivers to a level of mediocrity or to ensure
that the rivers of the highest quality are kept in that
condition? Can the restoration of rivers in Europe
to ‘high ecological status’ be justified when the
WFD only requires the target of ‘good ecological
status’ to be met? Where rivers are already at high
ecological status how can they be maintained at
that level when resources are limited?

River restoration is one area where an ecosystem
services approach can pay dividends for nature
conservation. However, this requires a careful
analysis of the costs of restoration and the
benefits both for biodiversity and for human
communities, and needs an understanding of the
relationship between ecosystem services and the
hydrogeomorphic character of the river section
under consideration (Thorp et al., 2010).

River management versus river conservation
Boon (2000) suggested that there are clear
distinctions between what is usually considered the
role of river ‘managers’ and those interested in
river ‘conservation’. Nature conservation highlights
the intrinsic value of the special or extra-ordinary
(the natural, the rare, the threatened, the diverse)
yet still appreciates the ordinary. It lays stress on
‘non-use’ (e.g. aesthetic) values while realizing
the importance of ‘use’ (e.g. economic) values.
River management focuses on the ordinary but
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still recognizes the value of the uncommon. It
emphasizes uses, but does not neglect non-use
values. With the passage of time, these two
domains have grown closer together, encouraged
(in Europe) by legislation such as the WFD. Indeed,
since 1990, public bodies in the UK have been
given a statutory biodiversity duty to be exercised
when carrying out their work, but the environment
agencies and the conservation agencies still have
distinct roles to play. There will not always be total
agreement, but the challenge is to find common
ground and the right balance when deciding which
activities should be permitted and which are likely
to jeopardize conservation values. At present, for
instance, the UK environment and conservation
agencies are debating whether the environmental
standards used under the WFD (e.g. for nutrients
or for river flow) are sufficiently stringent to protect
river SACs.

In all of this there is an overriding need for
a genuinely holistic view of rivers and their
catchments, and assessments of conservation value
at a national (or even an international) scale. Boon
(1992) said ‘The time has come, then, to press
for conservation strategies which encompass the
river resource as a whole, so that the proponents
of conservation are not continually forced to fight
battles for individual [river] systems. This means
better management now, sensitive planning in the
future, and undoing at least some of the damage of
the past’.

The time has surely come to put words into
action.
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CHAPTER 2

From Channel to Catchment: A
20-Year Journey for River
Management in England and Wales
Malcolm D. Newson
Tyne Rivers Trust, Horsley, UK

Introduction

An ironic paradox of ‘catchment scale’ is that
although it has become an integral part of
river basin management terminology over the
last 20 years, it is still challenged as a proven
practical concept from several sceptical sources
(Newson, 2004). One reason is because the natural
configurations of individual river catchments
rarely coincide with historical land ownership
and institutional boundaries, so a unifying
influence is difficult to engender (Newson, 2004).
It is somewhat reassuring therefore that, at
the 1990 York conference, several presenters
correctly predicted the potential difficulties of
promoting an holistic, systems view of river basin
management to ‘officials’ with an institutional
mindset based on more traditional legislative and
policy viewpoints. The proverbial ‘mountain to
climb’ was therefore both literal – moving attention
away from the river channel – and political, given
the history and intensity of conflicts about
ownership of both land and water. The intervening
period since 1990 has seen the emergence of
‘catchment consciousness’ as a concept (Newson,
2009) and included the following significant
changes:
(i) a sustainability paradigm which promotes a
balance between the habitat and resource needs

of humans and wildlife as a major mechanism of
achieving global resilience (Dresner, 2002);
(ii) an ecosystem services paradigm which offers a
rationale and some tools to achieve this balance
(Pires, 2004; Everard, 2009, this volume);
(iii) increasing technical sophistication in the
gathering, processing and displaying of spatial (e.g.
catchment) information and providing decision-
support scenarios using remote sensing methods
and Geographical Information Systems (GIS)
(Clark and Richards, 2002);
(iv) an increase in hydrological, geomorphological
and ecological knowledge but also a need for that
evidence to be peer-reviewed as part of decision
making (Newson, 2010);
(v) a wider acceptance that vernacular or indigenous
(local) knowledge has a valid and important
contribution in improving the relevance, quality
and ownership of water management proposals
and actions (O’Riordan and Rayner, 1991); and
(vi) the professional re-positioning of
development agencies, environmental
consultancies, river authorities and environmental
non-governmental organizations (eNGOs) away
from a predominantly engineering focus to one
encompassing ecology and economics under
the banner of ‘Integrated Water Resources
Management’ (IWRM) (Global Water Partnership,
2001).

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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This view is based only on my professional
experience as a western European white male,
involved in a few of these changes. Some of the
emerging critiques of IWRM are founded on the
scale-related tensions between strategic planning
principles and local, practical delivery (Watson
et al., 2007). The most powerful criticism relates to
seemingly incidental progress for local and regional
catchment management in the wider context of
predicted global problems described in terms such
as ‘world water crisis’ and ‘water wars’ (Newson,
2009).

One of the key themes at the 1990 York
conference (Boon et al., 1992) was the apparent
progress made during the previous decade in
turning back the hegemony of ‘land drainage’
in the UK – flood risk management based on
hard engineering solutions with little regard for
river dynamics or ecological damage. What had
started as essentially an eNGO protest movement
against the ecological destruction caused by
drainage of wetlands and river channelization
in lowland Britain (Purseglove, 1988) became a
major influence for legislative change and more
enlightened government policy and subsequently
the focus for the development and promotion of a
programme for river restoration.

The major strength, but also a weakness, of
the 1990 York conference was the preoccupation
with nature conservation; this was because a
groundswell of popular support among delegates,
the majority of whom were ecologists, could
be achieved reasonably easily. Countryside and
wildlife conservation lobby groups in the UK had
been very influential and dominated the ‘green’
agenda for a long time (Lowe and Goyder, 1983).
A prime example of an emerging influence for
river management was publication by the Royal
Society for the Protection of Birds of the Rivers
and Wildlife Handbook in 1984 (Lewis and Williams,
1984). Moving beyond the wildlife conservation
agenda but still retaining a broader ecosystems
perspective has been a constant challenge during
the last 20 years. This chapter attempts to assess
progress towards a catchment-scale approach,
reflecting on two concluding statements made as
a result of the 1990 York conference: ‘Perhaps the

greatest challenge to environmental management
is that of properly understanding environmental
science’ (Newson, 1992); ‘for all those who
affirm the importance of nature conservation
the challenge will be to turn opportunity and
intention into achievement’ (NCC, 1984, quoted
in Newson, 1992). In doing so it is possible to
assess whether the river management philosophy
predicated predominantly on the need to achieve
good ecological status represents a triumph or
tragedy.

Beyond nature conservation:
multi-functional catchment
management

In 1990, the rudimentary situation for multi-
functional catchment management was
summarized thus: ‘. . . with the exception of
small upland catchments purchased by water
suppliers, the joint management of land and
water has not been a central feature of UK
public policy’ (Newson, 1992). Then, the scientific
knowledge base was largely restricted to small
headwater catchments because, generally speaking,
experimental control and high quality hydrometric
data were not available from monitoring stations
on larger rivers. That meant government agencies,
and therefore policy-makers, did not have direct
access to the necessary supporting evidence that
was required to plan and justify what could turn
out to be very expensive river restoration schemes.

There were two potentially disadvantageous
characteristics of river restoration enthusiasts
in those early days: (i) they often had little
expertise in designing, undertaking and analysing
inter-disciplinary research or the experience of
developing practical tools from the research
findings; and (ii) they had little experience of
what is now called ‘stakeholder participation’ –
involving those who are affected by proposed
actions. However, stakeholder participation was
already improving rapidly (Åberg and Tapsell, this
volume) and became incorporated formally in
governance arrangements for the River Restoration
Project (Holmes and Nielsen, 1998; Vivash et al.,
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1998, Holmes and Janes, this volume) and in
several restoration schemes, such as the Upper
Wharfedale Project in Yorkshire (McDonald et al.,
2004; Newson and Chalk, 2004). In contrast, inter-
disciplinary research still requires considerable and
fundamental attention today (Vaughan et al., 2009;
Newson, 2010). Most importantly, river restoration
projects in the 1990s operated at the site level, a
legacy of engineering tradition, rather than at the
landscape scale advocated subsequently by river
catchment ecologists.

Responding to these initial weaknesses has
been particularly important in moving ‘catchment
consciousness’ from a purely nature conservation
locus within river management organizations
to core engineering disciplines such as water
resource management and flood defence; these
disciplines were associated with much larger
budgets, longer tradition and in some cases,
restrictive practices (Newson, 2009). The challenge
for catchment consciousness has subsequently been
compounded by the even more daunting need
to include land management practice as well.
Recent disagreements over flow allocation between
water resources and fisheries management interests
illustrate the scale of the challenge and the intensity
of debates about the balance between human
interests and those of wildlife (Acreman and
Dunbar, 2004).

Prior to the unifying efforts encouraged by
recent European legislation, notably the Water
Framework Directive (WFD; Council of the
European Communities, 2000), the multi-
functional nature of river management required
boldness and foresight by those promoting
a ‘systems’ approach rather than traditional
engineering solutions (Large, this volume). For
example, dam construction was a favoured
solution in water resource planning in 1990,
but alternatives such as leakage control, demand
management and wastewater treatment are
now preferred – a change of philosophy that
nevertheless still retains a mainly technological
solution. Fisheries management still adheres to
much of its traditional stocking philosophy that
was originally adopted in response to demand from
anglers and as a remedy to pollution damage; this,

in spite of increasing evidence (and use) of habitat
management as the most sustainable way to
improve recruitment and breeding. Management
of river water quality has, however, moved from
the end-of-pipe technological fix approach of
tackling pollution, to action dealing with source
control and catchment-scale diffuse problems
such as nutrients and pesticide input. Nitrate
Vulnerable Zones and agri-environment financial
incentives for land managers represent a major
change in direction, supported by legislation
including the Nitrates Directive (Council of the
European Communities, 1991) and in particular
the WFD which puts catchment-scale management
and ecological quality objectives as the central
pillars of its approach (Council of the European
Communities, 2000). One of the remaining
blockages to extending water management from
the channel to incorporate the land influencing
river quality is cost. Applying what is effectively a
precautionary policy to large tracts of land is very
expensive. Consequently, a ‘hot-spot’ approach
to identifying and solving local problems is the
most likely way to improve the relevance and
cost-effectiveness of catchment measures (Newson,
2010).

Since the 1970s, but particularly during the 20
years since 1990, ‘land drainage’ in England and
Wales has been replaced in approach, legislation,
policy and terminology by ‘flood defence’
and more recently ‘flood risk management’
(Fleming, 2002; Johnson et al., 2005). The
previous hard engineering ‘scene of impact’
approach – often done at great initial expense
but also requiring costly, ecologically harmful,
maintenance work – has changed, through a brief
phase of collateral funding for environmental
improvements, to the current position in which
‘natural flood management’ and catchment-scale
flood management plans are now the main
focus (Ramsbottom and Packham, 2004). The
ironic and costly situation of draining land and
having to protect people and property further
downstream from the resulting runoff has now
been appreciated by urban developers. Flood risk
management is now an important consideration
in the Town and Country Planning system. For
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example, Sustainable Urban Drainage Systems
(SUDS: CIRIA, 2001; Charlesworth et al., 2003)
now represent an alternative outlet for engineering
skills dealing with the source of flood runoff, rather
than at the scene of the resulting economic losses
or erosion damage downstream.

The rise in catchment consciousness varies
not just between the disciplines within
river management administration but also
geographically between different traditions and
jurisdictions, particularly in the interpretation
of environmental objectives and standards. For
example, a legislative opportunity was taken
to address historical regulatory loopholes when
transposing the WFD into Scottish law. The result
is that engineering works affecting Scottish rivers
now face more stringent evaluation and approval
procedures than those in England and Wales
(SEPA, 2010). Institutional arrangements for
fisheries management are also entirely different
in Scotland, with the result that more effective
physical habitat improvements have generally
been achieved by the Rivers and Fisheries Trusts
in that country. Further afield, the growth of
catchment consciousness has followed the cultures
and traditions of different countries (Newson,
2009); inevitably its uptake is influenced by the
scale and urgency of dominant water management
issues, such as improving irrigation for food
supplies or defending lives and livelihoods against
devastating floods (Newson 2009; Khan, this
volume). Nevertheless, IWRM has become the
generally accepted protocol for water development
funding.

Twenty years of influencing
policy and practice: improving
the evidence base and
knowledge needed for
managing ‘natural’ rivers and
catchment processes

Policy development and supporting legislation is
influenced by evidence and in many cases popular
support by the wider public. Historical analysis

suggests that various subtle long-term factors are
involved in triggering what might otherwise appear
as sudden changes, such as adoption of the WFD.
A steady change in political messages achieved
by public debate and influential news stories can
elicit a policy response; climate change is a good
example. Policy also determines the allocation of
resources to priority causes. River management
in England and Wales over the last 20 years has
sought a balance between humans and nature.
The inference is that, if the balance is not set
and adjusted in the light of compelling evidence
of the benefits gained versus the costs entailed,
the natural processes creating resilience essential to
human survival and development will be lost. For
freshwater ecosystems this allocation problem is
exemplified by disagreements over ‘environmental
flows’ in rivers and the needs of water resource
development or hydropower generation (Acreman
and Dunbar, 2004). Decisions about land use
and land management are even more politically
sensitive because they affect several policy sectors,
financial incentives, individual freedom and rights
(e.g. Everard and Capper, 2004). In a similar
fashion to ecosystems under stress, policy often
exhibits long periods of little or no change, followed
by rapid change usually in response to a political
opportunity or a crisis. Thus, the major themes of
river science informing policy-making in the UK
over the last 20 years have been:
(i) deriving a better understanding of natural
forms and processes in river channels (Newson and
Large, 2006);
(ii) assessing the importance of those variables
beyond the channel margins that influence natural
river ecosystem health (Figure 2.1);
(iii) identifying interactions between key
components of the ‘natural’ system (habitats,
communities, sediment fluxes, flow storages,
etc.) and their provision of ecosystem ‘goods and
services’ (Everard, this volume);
(iv) establishing the balance between the
provision of ecosystem goods and services and
the exploitation of rivers and their catchments
(Everard, 2009); and
(v) defining the metrics for the above, suitable
for use in policy, regulation, monitoring and
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             now looking
         “down the basin”

CLIMATIC CHANGE

GEOMORPHOLOGICAL CHANGE

REDUCTIONIST
RIVER MANAGEMENT

POLICY MAKING
now looking

“up the basin”

REDUCTIONIST
CONSERVATION

now looking
“beyond the channel”

Figure 2.1 Current moves to extend sectional interests in river basin management (from Newson, 1992).

decision-making as part of adaptive management
(Newson and Clark, 2008).

Despite these perfectly valid policy-related
themes there has, in reality, been very little
supporting river science of an inter-disciplinary
nature – despite being considered essential by
those who promote catchment consciousness
(Vaughan et al., 2009). The key contributions
made by two component sciences, hydrology and
geomorphology, during this period demonstrate
what progress has been made during the last
20 years. It is important to realize that much
of the intellectual debate over what is ‘natural’
in river systems has been qualitative (or semi-
quantitative at best), with scientists giving expert
opinions based on experience; defining ‘reference

conditions’ for river hydromorphology is a prime
example (Newson and Large, 2006).

The degree to which human intervention
has altered river processes and form is at the
centre of debates on near-natural and ‘reference
conditions’ (Boon et al., 2010). This debate can
be paraphrased by the question, ‘When were
rivers natural?’ There is now a growing consensus
on two possible historical markers for natural
conditions in the UK: (i) the Industrial Revolution
of the mid-18th century; and (ii) 1945, which
marked the beginning of the ‘great acceleration’
of agricultural and urban impacts (Steffen et al.,
2007). Commentators agree that both hydrological
and geomorphological processes were profoundly
affected by changes in the intensity and the
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type of activities at these times. For example,
drainage of water and the rate of sediment
and pollutant input to rivers have both been
identified as major consequences of activities
such as upland afforestation, urbanization and
agricultural intensification at the catchment scale
(Newson, 2009). Bracken and Croke (2007)
suggested three dimensions of hydrological
connectivity: landscape connectivity, hydrological
connectivity and sedimentological connectivity.
Each has a bearing on runoff, sedimentation
and chemical pollution but their respective roles
are often disguised in the hidden ‘plumbing’
of our developed catchments. Paradoxically,
while these three elements of hydrological
connectivity have been artificially increased by
agricultural and urban development, longitudinal
connectivity as measured by fish migration
has been reduced by human interventions in
the river channel. Not surprisingly, therefore,
removal or bypassing of artificial structures to
improve migratory fish passage is dominating the
actions during implementation of the WFD in
the UK.

Hydrologists have provided convincing evidence
about the influence of land use on runoff volumes
and the timing of peak flows resulting from
changes in connectivity. However, myths about
the effects still survive and there are major gaps
in the supporting evidence in key situations
(Newson, 2010). Meanwhile, cases of novel or
innovative land-management change, encouraged
by market forces and often linked to climate
change policy targets, proceed without any
strategic environmental impact assessment.
Geomorphologists have also improved their
evidence base in the last 20 years and the
discipline is now an important contributor to river
management, having emerged from academic
isolation to become a widely accepted applied
science (Sear et al., 2010). The disappointment that
important gaps remain in catchment-scale scientific
evidence is matched by the slow rate at which
simple, practical tools such as river typologies
have been developed (Orr et al., 2008) – perhaps
reflecting the seemingly unique conditions that
apply in every river basin.

Twenty years of inclusion: the
role of stakeholders as agents
of sustainable river basin
management

People are a key element in policy development
and implementation: this is essential in
democracies where they influence policy as
well as operating as law-abiding citizens within
it. Traditionally, river management authorities
generally did not deliberately exclude local people
or their knowledge and opinions. It was simply
assumed that local communities were thankful
for the technological and engineering skills that
provided all aspects of their water security and
protection from flooding. Specialists in pollution
control, water resources and flood management
assumed responsibility for managing risk on
behalf of stakeholders; today, management of
risk and benefits is challenged constantly because
of underlying uncertainties in the supporting
evidence (Newson and Clark, 2008). Local
communities now seek and expect a major
role in decisions about assessing and managing
environmental risks. This is partly because local
knowledge of a river is invaluable and often better
than the assumptions and modelled scenarios
that use evidence from national databases for
designing river management projects (Newson,
2011).

Public participation was already an important
consideration in the minds of those promoting
the case for river restoration in 1990 (Holmes
and Neilsen, 1998). Arguably, river restoration was
already a widespread, if unpublicized, local, low-
level activity carried out by the management action
of anglers and some riparian owners. The ‘leitbild’
starting point for river restoration design (Kern,
1992) implied the need for formal engagement to
help assess the benefits and costs of restoration
for a range of interested individuals and local
authorities. The 1990s saw the development and
spread of ‘grassroots’ eNGOs which took over some
of the lobbying activity on behalf of river ‘health’
from national organizations such as the Royal
Society for the Protection of Birds (RSPB) and
the World Wildlife Fund (WWF). Eventually they
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consolidated their efforts, forming the Rivers Trusts
movement. Participation of the public beyond the
local site scale of river rehabilitation and restoration
has burgeoned and become the focus of attention
in academic books and journals (Åberg and Tapsell,
this volume). It has become an exemplar for
stakeholder engagement and has found its way into
the literature of politics and social science (e.g.
Warner, 2007).

My own involvement with stakeholders began
with two memorable experiences — attending an
early meeting of the River Restoration Project
(RRP) Steering Group for the River Skerne
(Holmes and Janes, this volume), which included
a contribution from the Community Police Officer
on cross-river crime patterns; and participating in
a room-sized board game designed by Kettlewell
School as part of the Upper Wharfedale Project.
This project came as a revelation to a number of
river scientists (notably MacDonald et al., 2004) by
exposing the synergies and commitment achieved
by working in the broadest possible networks from
the earliest opportunity.

‘Rivers of Dreams’ (MacDonald et al., 2004) are
essentially what the Rivers Trusts movement is
working for in England and Wales in partnership
with other organizations and funders. These
funders are often distanced from stakeholders by
virtue of their regulatory role, vested economic
interest or uncertainty about how hydrology,
geomorphology and ecology ‘work’. The rate of
growth in numbers, influence, responsibility and
achievements in the Rivers Trusts movement has
been spectacular. However, pertinent questions
raised by outside observers include ‘Whose dreams
are built into the river?’ and ‘Do the Trusts ever
really look beyond the river?’ The charitable status
and associated objectives of the Trusts are largely
educational, with a focus on ‘the river and its
basin’ but also practical ways ‘to protect, conserve,
rehabilitate and improve’. Those Trusts with the
latter approach have the most distinguished record
of success. Generally, there is no specific reference
to stakeholders or constituencies or best practices of
involvement but the Tyne Rivers Trust has carried
out considerable analysis of these aspects (Newson,
2010). Perhaps the most acute concern of Rivers

Trusts is not to become the voice of recreational
angling, a popular and influential pastime in
the UK. Angling generates substantial economic
benefits but its participants are often inclined to
pass over action on ‘fisheries’ (ecosystem health
values) and lobby for better ‘fishing’ (today’s
catch).

The EC Water Framework
Directive: triumph or tragedy?

In 1990 a major revolution in the European
Union’s approach to environmental management
was emerging. Water policy was the focus of
attention and achieving ecological objectives
the basis of action. Scientific advice to the
EU Council of Ministers recommended, in
uncompromising fashion, that a completely new
set of principles should underpin the consolidation
of fragmented legislation to encourage the
sustainable management of land and water on a
river catchment basis, and that the environmental
quality of water should be based on biological
rather than solely chemical metrics (Moss, 2008).
Those in the vanguard of providing the scientific
advice and expert opinion for river conservation
in 1990 have experienced the development and
implementation of the WFD in rather the way
that parents experience their first newborn baby
– unbounded joy followed by harsh practicalities.
The harsh realities have included the protracted
development of practical survey and classification
methods (Boon et al., 2010), grappling with
biological uncertainties, and understanding the
practical means of trying to achieve ecological
objectives in the most cost-effective way. As a
matter of necessity, inter-disciplinary international
forums and working groups have, over time, been
able to provide the basis for defining standards and
assessing ‘good ecological status’, departure from
the natural state and guidance about maintaining
and restoring it (Boon et al., 2010). In many ways,
implementing the WFD has been characterized by
‘adaptive management’ (Hamill and Melis, this
volume) – incidentally, another new term that has
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entered the river management vocabulary in the
last 20 years (Clark, 2002; Folke, 2002).

The multi-billion euro cost of all the
‘programmes of measures’ for achieving good
ecological status, (or alternatively ‘good ecological
potential’ for ‘heavily modified water bodies’)
in every river basin district in the European
Union is truly awesome. A good example is the
30-year programme to regenerate the economy
and environment of the Emscher catchment
in Germany (Semrau and Hurck, this volume).
The WFD has guidance that is designed to avoid
disproportionate costs of action and as a result
‘cost-beneficial’ has become the key criterion
for decisions on remedial action, rather than
the ‘precautionary principle’. This has profound
implications for the capacity of river scientists to
recommend ever more ambitious improvements
through the WFD. The current political mood
seems to favour ecosystem management; future
crises involving pollution, drought, floods and the
spread of invasive non-native species are likely to
endorse further the need for costly action (Boon,
this volume). However, a prolonged global and
European economic recession may mean that
river management based on holistic principles
is threatened by an inability to pay or by rival
claims of narrowly-defined human welfare. One
logical way forward is for river science to refine
the spatial ‘hot spots’ philosophy for cost-effective
management at the catchment scale (Newson,
2010).

A potential gain for environmental protection,
particularly in financially hard times, involves
payment for ecosystem services to sustain and
enhance the natural assets and functioning of
river catchments and their wetlands (Everard,
this volume). Providing and accounting for
environmental, economic and human health
benefits, rather than just the costs of intervention,
must be built into project design and appraisal.
River scientists and practitioners need to advocate
this strongly and support further work on
quantifying the benefits to society and the
environment. There is no doubt that the
considerable financial investment, particularly
by water companies, to protect and improve

rivers in England and Wales that are designated
under the EC Habitats Directive (Council of
the European Communities, 1992) will yield
long-term benefits in the broadest economic
sense (Mainstone and Holmes, 2010). This long-
term approach, underpinned by strong statutory
requirements, shows the true worth of applying
the precautionary principle rather than simplified,
short-term budgetary judgements which may now
be applied during an era of austerity. The triumph
in securing the ecosystems at the heart of river
management legislation and policy decisions must
not be tarnished by the tragedy of deliberate half
measures to satisfy a traditionally-informed audit
process of environmental improvements.

Reflections on success and
failure

Elsewhere, I have suggested that the current group
of UK river scientists who promote catchment
consciousness within the auspices of the WFD
often specialize in either the ‘mantra’, the ‘metric’,
or the ‘mania’ of freshwater ecosystem health
(Newson, 2011). The gradual integration of various
river sciences has undoubtedly strengthened the
assertion that the catchment is the most effective
scale for reducing human impact. The shift in focus
from channel to catchment science, anticipated in
1990 (Figure 2.1) has therefore materialized, if
somewhat more slowly than expected. However,
a natural reluctance to develop tools (because
every catchment has unique properties) means
that the metrics available to achieve environmental
gains through regulatory and other means are
rudimentary and generally weaker than the
principles which they are meant to support.
The challenge of understanding environmental
science properly is still a valid requirement today.
Adaptive management should improve the chances
of success because it encourages a proactive
‘no regrets’ approach, rather than the inertia of
inaction caused by uncertainty-induced paralysis.
Harnessing local enthusiasm for healthy rivers is an
important catalyst in this respect; politicians now
speak enthusiastically about local communities
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rather than central government taking a lead
in decisions and actions that benefit people and
wildlife. The challenge of turning opportunities into
achievements is therefore being shared by society
as a whole and not just by river scientists and
environmental managers.

We live in a ‘risk society’ (Beck, 1992) which
positions inconvenient science uncomfortably close
to key human decisions and to the wealth that
can be safely generated from ecosystems. The 20-
year journey from channel to catchment illustrates
this emphatically. River scientists need to be
politically astute if the important progress already
achieved by incorporating convincing evidence
and knowledge into policy is to be sustained
and increased over the next 20 years. This is
particularly important in the context of climate
change: sediment and pollen records suggest that
small changes in air temperature, for instance, have
a disproportionately large compound impact on the
hydrological cycle, influencing a range of features
and factors such as leaf stomata, vegetation, crop
selection, land management and river stability.
Future surprises should be expected but the ‘joined
up’ way of managing rivers within their catchments
should improve the capacity to resist and have
resilience to change, with the risks shared between
conventional science and the citizen.

Acknowledgements

The author wishes to acknowledge the personal
and professional benefits of working in an energetic
and supportive group of river enthusiasts in the
UK over the last 20 years. Behind the academic
term ‘paradigm shift’ there always lies the devotion
to an ideal and assiduous search for evidence
which has been shown by ‘our gang’ during that
period. Particular thanks to Phil Boon for having
the interest and energy to ‘do’ York 2010.

References

Acreman M, Dunbar MJ (2004) Defining environmental

flow requirements – a review. Hydrology and Earth

Systems Sciences 8: 861–76.

Beck U (1992) Risk Society: Towards a New Modernity. Sage:

London.

Boon PJ, Calow P, Petts GE (eds) (1992) River Conservation

and Management. John Wiley & Sons Ltd: Chichester.

Boon PJ, Holmes NTH, Raven PJ (2010) Developing

standard approaches for recording and assessing

river hydromorphology: the role of the European

Committee for Standardization (CEN). Aquatic

Conservation: Marine and Freshwater Ecosystems 20:

S55–S61.

Bracken LJ, Croke J (2007) The concept of hydrological

connectivity and its contribution to understanding

runoff-dominated geomorphic systems. Hydrological

Processes 21: 1749–63.

Charlesworth SM, Harker E, Rickard S (2003) A review

of sustainable drainage systems (SUDS). Geography 88:

99–107.

CIRIA (2001) Sustainable Urban Drainage Systems: Best

Practice Manual. Report C523, Construction Industry

Research and Information Association, London.

Clark MJ (2002) Dealing with uncertainty: adaptive

approaches to sustainable river management. Aquatic

Conservation: Marine and Freshwater Ecosystems 12:

347–63.

Clark MJ, Richards KJ (2002) Supporting complex

decisions for sustainable river management in England

and Wales. Aquatic Conservation: Marine and Freshwater

Ecosystems 12: 471–83.

Council of the European Communities (1991) Council

Directive 91/676/EEC of 12 December 1991 concerning

the protection of waters against pollution caused by

nitrates from agricultural sources. Official Journal of the

European Communities L375: 1–8.

Council of the European Communities (1992) Council

Directive 92/43/EEC of 21 May 1992 on the

conservation of natural habitats and of wild fauna and

flora. Official Journal of the European Communities L206:

7–50.

Council of the European Communities (2000) Council

Directive 200/60/EC of the European Parliament and

of the Council of 23 October, 2000 establishing a

framework for Community action in the field of water

policy. Official Journal of the European Communities L327:

1–73.

Dresner S (2002) The Principles of Sustainability. Earthscan:

London.

Everard M (2009) The Business of Biodiversity. WIT Press:

Billerica, MA.

Everard M, Capper K (2004) Common law and river

conservation. Environmental Law and Management 16:

31–5.



P1: TIX/XYZ P2: ABC
JWST110-c02 JWST110-Boon November 24, 2011 10:46 Trim: 246mm X 189mm Printer Name: Yet to Come

26 Catchment Conservation, Ecosystem Integrity and Threats to River Systems

Fleming G (ed.) (2002) Flood Risk Management: Learning to

Live with Rivers. Thomas Telford: London.

Folke C (2002) Entering adaptive management and resilience

into the catchment approach: balancing human security

and ecological security interests in a catchment – towards

downstream hydrosolidarity. Proceedings, Stockholm

International Water Institute, Report 17. SIWI:

Stockholm; 32–6.

Global Water Partnership (2001) Toolbox: Integrated Water

Resources Management. GWP: Stockholm.

Holmes NTH, Nielsen MB (1998) Restoration of the rivers

Brede, Cole and Skerne: a joint Danish and British EU-

LIFE demonstration project. Aquatic Conservation: Marine

and Freshwater Ecosystems 8: 116–24.

Johnson C, Tunstall S, Penning-Rowsell E (2005)

Floods as catalysts for policy change: historical lessons

from England and Wales. Journal of Water Resources

Development 21: 561–75.

Kern K (1992) Rehabilitation of streams in south-west

Germany. In River Conservation and Management, Boon

PJ, Calow P, Petts GE (eds). John Wiley & Sons Ltd:

Chichester; 321–35.

Lewis G, Williams G (eds) (1984) The Rivers and Wildlife

Handbook. Royal Society for the Protection of Birds:

Sandy, Beds, UK.

Lowe P, Goyder J (1983) Environmental Groups in Politics.

Allen & Unwin: London.

Mainstone CP, Holmes NTH (2010) Embedding a

strategic approach to river restoration in operational

management processes – experiences in England.

Aquatic Conservation: Marine and Freshwater Ecosystems 20:

S82–S95.

McDonald A, Lane SN, Haycock NE, Chalk EA (2004)

‘Rivers of dreams’: on the gulf between theoretical

and practical aspects of an upland river restoration.

Transactions of the Institute of British Geographers NS29:

257–81.

Moss B (2008) The Water Framework Directive: total

environment or political compromise? The Science of the

Total Environment 400: 32–41.

Newson MD (1992) River conservation and catchment

management: a UK perspective. In River Conservation

and Management, Boon PJ, Calow P, Petts GE (eds). John

Wiley & Sons Ltd: Chichester; 385–96.

Newson MD (2004) Integrating the biophysical and social

science frameworks for IWRM/IRBM: rationality and

reality. In Hydrology: Science & Practice for the 21st Century,

Volume II. Proceedings of the British Hydrological

Society International Conference, Imperial College

London, Webb B, Acreman M, Maksimovic C, Smithers

H, Kirby C (eds); 439–43.

Newson MD (2009) Land, Water and Development. Third

Edition. Routledge: Abingdon, UK.

Newson MD (2010) Understanding ‘hot-spot’ problems

in catchments: the need for scale-sensitive measures

and mechanisms to secure effective solutions

for river management and conservation. Aquatic

Conservation: Marine and Freshwater Ecosystems 20:

S62–S72.

Newson, MD (2011) Rivers in Trust: stakeholders and

the delivery of the Water Framework Directive. Water

Management 164: 433–440.

Newson MD, Chalk EA (2004) Environmental capital: an

information core to public participation in strategic and

operational decisions – the example of river basin ‘best

practice’ projects. Journal of Environmental Planning and

Management 47: 899–920.

Newson MD, Clark MD (2008) The sustainable

management of restored rivers. In River Restoration:

Managing the Uncertainty in Restoring Physical Habitat,

Darby SJ, Sear DA (eds). John Wiley: Chichester;

287–303.

Newson MD, Large ARG (2006) ‘Natural’ rivers,

‘hydromorphological quality’ and river restoration:

a challenging new agenda for applied fluvial

geomorphology. Earth Surface Processes and Landforms

31: 1606–24.

O’Riordan T, Rayner S (1991) Risk management for

global environmental change. Global Environmental

Change 1: 91–108.

Orr HG, Large ARG, Newson MD, Walsh CL

(2008) A predictive typology for characterising

hydromorphology. Geomorphology 100: 32–40.

Pires M (2004) Watershed protection for a world city: the

case of New York. Land Use Policy 21: 161–75.

Purseglove J (1988) Taming the Flood. A History and Natural

History of Rivers and Wetlands. Oxford University Press:

Oxford.

Ramsbottom D, Packham J (2004) Catchment flood

management planning: catchment modelling for

assessing flood risk and mitigation measures. In

Hydrology: Science & Practice for the 21st Century, Volume II,

Webb B, Acreman M, Maksimovic C, Smithers H, Kirby

C (eds). Proceedings of the British Hydrological Society

International Conference, Imperial College London;

466–73.

Sear DA, Newson MD, Thorne CR (2010) Guidebook

of Applied Fluvial Geomorphology. Thomas Telford:

London.

Scottish Environment Protection Agency (2010) Sediment

Management. Engineering in the Water Environment:

Good Practice Guide. SEPA: Stirling.



P1: TIX/XYZ P2: ABC
JWST110-c02 JWST110-Boon November 24, 2011 10:46 Trim: 246mm X 189mm Printer Name: Yet to Come

From Channel to Catchment: A 20-Year Journey for River Management in England and Wales 27

Steffen W, Crutzen PJ, McNeil JR (2007) The

Anthropocene: are humans now overwhelming

the great forces of nature? Ambio 36: 614–21.

Vaughan IP, Diamond M, Gurnell AM, Hall KA, Jenkins

A, Milner NJ, Naylor LA, Sear DA, Woodward

G, Ormerod SJ (2009) Integrating ecology with

hydromorphology: a priority for science and water

management. Aquatic Conservation: Marine and

Freshwater Ecosystems 19: 113–25.

Vivash R, Ottosen O, Janes M, Sorensen HV

(1998) Restoration of the rivers Brede, Cole

and Skerne: a joint Danish and British EU-LIFE

demonstration project, II – the river restoration

works and other related practical aspects. Aquatic

Conservation: Marine and Freshwater Ecosystems 8:

197–208.

Warner J (2007) The beauty of the beast: multi-

stakeholder participation for integrated catchment

management, In Multi-Stakeholder Platforms for Integrated

Water Management, Warner J (ed.). Ashgate: Aldershot,

UK; 1–19.

Watson N, Walker G, Medd W (2007) Critical perspectives

on integrated water management. Geographical Journal

173: 297–9.



P1: TIX/XYZ P2: ABC
JWST110-c03 JWST110-Boon December 8, 2011 8:50 Trim: 246mm X 189mm Printer Name: Yet to Come

CHAPTER 3

The Rivers and Streams of England and
Wales: An Overview of their Physical
Character in 2007–2008 and Changes
Since 1995–1996
Katharine Seager1, Lucy Baker1, Helena Parsons1, Paul J. Raven2 and Ian P. Vaughan3

1Environment Agency, Warrington, UK
2Environment Agency, Bristol, UK
3Cardiff School of Biosciences, Cardiff University, UK

Introduction

Assessing the physical character of rivers and
understanding the pressures affecting in-channel
and riparian habitats are extremely important for
river conservation and management (Maddock,
1999; Boon et al., 1992; Boon, 2000; Brierley and
Fryirs, 2005; Chessman et al., 2006; Erba et al.,
2006). For example, this knowledge is essential in
helping to maintain ‘high ecological status’, achieve
‘good ecological status’ and prevent the ecological
deterioration of rivers as required by the European
Water Framework Directive (WFD; Council of the
European Communities, 2000; Weiß et al., 2008).

Several methods for characterizing and assessing
the physical structure of rivers and riparian
corridors have been developed since the 1990s
(e.g. Schneiders et al., 1993; Kondolf, 1995;
Demortier and Goetghebeur, 1996; Raven et al.,
1997; Brierley and Fryirs 2000; LAWA, 2000;
Muhar et al., 2000; Tickner et al., 2000; Braioni
et al., 2001; Munné et al., 2003; Schneider et al.,
2003; Parsons et al., 2004; Oliveira and Cortes,

2005). Some have been used to report on the
physical state of rivers in various countries (e.g.
Schneiders et al., 1993; Raven et al., 1998b; Federal
Environment Agency, 2005). River Habitat Survey
(RHS) was developed and used for the first national
assessment of river habitats in the UK (Raven et al.,
1997, 1998b). This provided a baseline to establish
future changes and trends in habitat character and
channel modification. A second national survey
was carried out in England and Wales during
2007–2008. This chapter describes the sampling
strategy, key results, changes between the two
surveys and some practical uses of this information
for river management. Further details are
available from http://www.environment-agency.
gov.uk/research/library/publications/123383.aspx.

Methods

River Habitat Survey
River Habitat Survey provides a simple, practical
way of characterizing the physical structure of

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
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small and medium-sized rivers (ca ≤150 m wide).
It combines the basic principles and terminology
of fluvial geomorphology and freshwater ecology
(Raven et al., 1997). Channel features and
modifications are recorded at 10 equally spaced
‘spot-checks’ along a 500 m length of river (an
RHS ‘site’), together with an overall ‘sweep-up’
summary for the whole site, including information
on land use in the river corridor (Environment
Agency, 2003). Information from more than 100
variables, together with site photographs and map-
based data such as altitude, distance from source,
channel slope and geology are entered into a
computer database. This allows the relationship
between physical variables (e.g. channel width,
slope), channel modifications and habitat features
to be analysed at individual spot-check and 500 m
site levels.

The RHS survey method and associated training
of surveyors are designed to ensure that features
are recorded in a consistent, repeatable way,
are ecologically relevant (e.g. Harper et al.,
1995), and represent valid indicators of fluvial
morphological form and function (Newson and
Newson, 2000; Harvey et al., 2008). Since initial
development, several improvements have been
made to the survey protocol (Fox et al., 1998),
while accreditation of surveyors and a strict
validation protocol maintain a high standard of
quality control. The RHS was used to develop and
test two European guidance standards for assessing
hydromorphological character and modification of
rivers (British Standards Institution, 2004, 2010;
Boon et al., 2010). It has also been adapted for
use elsewhere, including Mediterranean areas (e.g.
Buffagni and Kemp, 2002).

A major strength of RHS is the breadth of
information that it records, allowing sites to be
characterized and compared using many different
variables (e.g. Jeffers, 1998a, b; Szoszkiewicz et al.,
2006; Hughes et al., 2008; Vaughan and Ormerod,
this volume). However, for general reporting
purposes, two simple descriptive indices, based
largely on expert opinion, were developed initially
and remain a well-established, albeit simple, output
from RHS: Habitat Quality Assessment (HQA)
provides a measure of river habitat diversity

and the character of adjacent land; the Habitat
Modification Score (HMS) indicates the extent of
artificial modification to the river channel. The
original scoring protocols for HQA and HMS,
together with various options for assessing habitat
quality at different geographical scales and for
species-related purposes are described fully in
Raven et al. (1998a, b). Subsequent improvements
have been made to the HMS protocol so that the
impact of different modifications can be assessed
more specifically. More objective river channel
indices, based on habitat features and modification
have also been developed (Vaughan, 2010). The
HMS score can be expressed as one of five
Habitat Modification Classes (HMC), ranging from
‘near-natural’ channel form (class 1) to ‘severely
modified’ (class 5). Broad links between HQA,
HMS and biological communities derived from
multivariate analyses can be useful in targeting
more specific diagnostic investigations (e.g. Hughes
et al., 2008; Harvey and Wallerstein, 2009), but
there are inherent limitations if the HQA, HMS
or HMC indices alone are used to investigate
relationships between habitat features and biota
(Vaughan and Ormerod, this volume).

Sampling strategy and assessment
of change
The two RHS baseline surveys, carried out in
1994–1996 and 2007–2008, had two main aims:
first, to provide an unbiased picture of the 150 000
km of rivers and streams in England and Wales;
second, to provide comprehensive geographical
coverage of the river network, allowing detailed
mapping of habitat features at a national scale. To
achieve this, both surveys used stratified, random
sampling schemes – three randomly-located 500 m
RHS sample sites were surveyed in each 10 km
square of the Ordnance Survey mapping grid. For
the 1994–1996 survey all of the RHS sites were
selected from those watercourses appearing on
the 1:250 000 scale river network (Raven et al.,
1998b). After 1994, revisions were made to the
field survey protocol and the data quality was
improved; consequently only the 1995–1996 data
were used for subsequent analysis and comparison
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with the 2007–2008 survey. The second baseline
survey (2007–2008) selected two sites from rivers
represented on the 1:250 000 scale river maps and
one from streams featured only on 1:50 000 scale
Ordnance Survey maps in each 10 km square.
This approach ensured that: (i) the sample was
representative not only of larger streams and rivers,
but also minor watercourses, some of which were
headwaters; and (ii) two-thirds of the sites were
selected using the same protocol as in 1995–1996,
ensuring that a direct comparison could be made.
The survey comprised 3166 sites at the 1:250 000
scale (the ‘core’ sample) and 1718 sites at the
1:50 000 scale (the ‘minor watercourse’ sample)
(Figure 3.1). The original baseline sites were
intentionally not re-surveyed because there was
little confidence that the site boundaries would
coincide exactly.

Comparisons between the two baseline surveys
used the 1995–1996 data and the core 2007–2008
sample. In a few instances, direct comparison is

Figure 3.1 The 2007–2008 sampling strategy: (a) ‘core’ sites (solid circles) on the 1 250 000 scale river network-for
comparison with the 1995–1996 baseline; (b) ‘core’ sites, plus ‘minor watercourse’ (triangles) sites on the 1:50 000 scale
river network. Four 10 km squares are shown. © Crown Copyright and database right 2011. All rights reserved.
Ordnance Survey licence number 100026380. Some features of this map are based on digital spatial data licensed from
the Centre for Ecology and Hydrology, © CEH.

not possible, either due to minor changes in survey
design (made in 1997 and 2003) or improved
training of surveyors since 1996. The main example
of improved training relates to greater emphasis
on the recognition of subtle diagnostic indicators
of bank and river-bed channel resectioning. This
has improved the confidence in recording this
particular type of modification, but means that
change in the extent of resectioned channel (a
major scoring component of HMS) has not been
included in the analyses.

Calculating the results

Statistics calculated from the RHS baseline surveys
need to take the stratification scheme into account
to produce unbiased estimates for England and
Wales. This applies both to the extent of features
(i.e. the proportion of river length with a habitat
or modification characteristic) and the prevalence
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of discrete features (e.g. the proportion of 500 m
river lengths where trees were present). Statistics
for England and Wales were calculated in three
stages: (i) estimates of the extent or prevalence of
different features were calculated initially within
each stratum (i.e. 10 km grid square); (ii) each
stratum mean was weighted according to the ‘size’
of the stratum (in this case the total river length
within the 10 km square); and (iii) the weighted
means were combined to obtain the average
for England and Wales. This produced the well-
known Horvitz-Thompson estimator (Gregoire and
Valentine, 2007). Two different display options
are illustrated for England and Wales. The first
displays the location of features, summarizing
results for each 10 km square in the familiar
form of ‘dot’ maps (e.g. Figures 3.4 and 3.5). The
second interpolates the raw data using ordinary
kriging, to produce a smoothed map of river
characteristics. Trans-Gaussian and indicator forms
of kriging were used as necessary to handle non-
normally distributed quantitative variables and
presence–absence data respectively (Cressie, 1993).
Both approaches to mapping present the data in
a form which non-specialists and decision-makers
can easily understand because broad patterns are
evident (e.g. Figure 3.2). They also illustrate
the value of stratifying data collection using the
Ordnance Survey grid, consistent with biological
surveillance information in the UK (e.g. Gibbons
et al., 1993).

This chapter is limited to a descriptive overview,
so six attributes of particular relevance to river
management and conservation are described: (i)
the extent of river channel modification, because
of its ecological impact on habitat structure; (ii)
riverside tree distribution, because this influences
riparian habitat and the extent of channel shading;
(iii) the distribution of three invasive non-native
plant species, because of their impact on local
flora; (iv) the occurrence of large woody debris,
owing to its importance as a temporary habitat
and local influence on morphological processes;
(v) the extent of channel silting, as a surrogate
indicator of excessive erosion and sediment input;
and (vi) the distribution of in-channel bars, because

of their fluvial morphological and ecological
importance.

Results

Context
The overall physical characteristics for rivers and
streams in 2007–2008 are based on data from
both the core and the minor watercourse samples
(n = 4849; Table 3.1). The overwhelming majority
of sites (81%) had a water width of 5.0 m or
less, confirming the predominance of streams and
small rivers in the landscape of England and Wales
(Table 3.2).

River channel modification
The HMS score represents the extent and severity
of artificial modification to the river banks and
channel (Raven et al., 1998a). Examples include:
bank and river-bed (channel) resectioned; bank
and channel reinforcement; culverts; bridges;
fords; weirs; dams; instream flow deflectors;
drainage outfalls; embankments; artificial two-
stage channels and damage caused by the trampling
of river banks by livestock (Environment Agency,
2003).

Based on the 4849 sample sites, it is estimated
that 11% of the length of rivers and streams
had a near-natural channel form (HMC class 1)
in 2007–2008; more than 40% was severely
modified (HMC class ‘5’) as a result of one or
more artificial factors (Figure 3.2a). Bank and
river-bed resectioning and bank reinforcement
are major contributory factors in the HMS scores.
An estimated 43% of river length was resectioned
(Figure 3.2b) – a modification usually resulting
from channel widening and deepening to increase
flood conveyance. An estimated 8% of river
length had channel or bank reinforcement –
an activity carried out mainly to protect roads,
railways and buildings from erosion. Where it
occurred, resectioning tended to be extensive (i.e.
affecting ≥ 33% of river length) within a 500 m
site, whereas reinforcement was more localized,
frequently affecting � 10% of a 500 m site where
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Figure 3.2 An overview of selected
attributes characterizing rivers and streams
in England and Wales in 2007–2008: (a) the
severity of channel modification, using
Habitat Modification Score; (b) the
percentage of river bed and banks
resectioned; (c) the percentage of river bed
and banks reinforced; (d) the distribution of
treeless rivers and streams (percentage of
500 m river lengths without trees);
(e) the distribution of Himalayan balsam;
(f) the distribution of Japanese knotweed –
(e) and (f) expressed as the percentage of
500 m river lengths at which these species
were found. Maps interpolated from the
4849 baseline RHS sites – see ‘Methods’ for
full explanation.

Table 3.1 Channel and bank modification at the 2007–2008 RHS baseline survey, showing ‘minor watercourse’
(1:50 000 scale map sites) and ‘core’ (1:250 000 scale map sites) sample sites. Figures represent percentage of sites in
each Habitat Modification Class.

Habitat Modification Class ‘Minor watercourse’ sample ‘Core’ sample Combined total

1: near-natural 8.7 (n = 149) 10.8 (n = 341) 10.0 (n = 490)
2: predominantly unmodified 10.4 (n = 178) 15.7 (n = 498) 13.8 (n = 676)
3: obviously modified 9.2 (n = 158) 13.0 (n = 413) 11.7 (n = 571)
4: significantly modified 20.8 (n = 358) 20.0 (n = 633) 20.3 (n = 991)
5: severely modified 50.9 (n = 875) 40.5 (n = 1281) 44.1 (n = 2156)
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Table 3.2 Channel and bank modification at RHS baseline survey sites in England and Wales in 2007–2008, classified
by water width and altitude. Figures show percentage of sites in each Habitat Modification Class (1 = near-natural
channel form; 5 = severely modified).* Some water width data values are missing. n/s: no sites.

Sites > 200 m altitude (n = 534) Sites ≤ 200 m altitude (n = 4163)

Habitat Modification Class Habitat Modification Class

Water width (m) 1 2 3 4 5 1 2 3 4 5
Number of
sites

0.0-2.0 37.3 22.5 14.1 18.3 7.8 5.1 8.4 9.5 20.9 56.1 2738
>2.0-5.0 30.8 30.1 22.6 13.5 3.0 7.1 15.8 13.7 21.3 42.1 1048
>5.0-10.0 29.6 33.3 16.7 18.5 1.9 11.8 19.0 12.0 21.0 36.2 512
>10.0-20.0 35.7 35.7 28.6 n/s n/s 10.1 22.9 13.2 19.4 34.4 241
> 20.0 n/s n/s n/s n/s n/s 12.7 20.3 17.1 18.3 31.6 158
Number of sites 186 138 90 89 31 284 517 465 868 2029 4697*

it occurred. As expected, extensive reinforcement
was associated with major conurbations
(Figure 3.2c).

A higher proportion of sites in the minor
watercourse sample (50.9%) was severely modified
than that in the core sample (40.5%) (Table
3.1). The extent of modification was greatest in
lowland areas (altitude ≤ 200 m); 56.1% of sites
on watercourses with a water width ≤ 2.0 m
(and 52.2% on sites ≤ 5.0 m wide) were severely
modified (Table 3.2). The overall pattern generally
confirms that relatively unmodified streams are
largely confined to more upland areas, with
extensive modification associated with lowland
streams, drainage channels and rivers (Raven et al.,
1988b).

Riverside trees and shading
Trees such as alder (Alnus glutinosa) and willows
(Salix spp.) are an important river landscape
feature, particularly in lowland Britain. In some
intensively farmed floodplains, riparian trees are
virtually the only ‘natural’ landscape feature,
providing an important wildlife corridor (Haslam,
1991), while sparsely distributed or no riverside
trees can indicate modification work such as
channel straightening or dredging (Purseglove,
1988). Tree shading can also reduce the amount
of aquatic macrophyte growth in lowland rivers,
reducing the need for weed-cutting (Dawson and

Kern Hansen, 1979). In upland areas, a lack of
trees is usually the result of livestock grazing and
moorland management.

An estimated 13% of 500 m river lengths in
England and Wales were treeless in 2007–2008,
but 23% had continuous tree cover. Large tracts
of upland streams in moorland landscapes were
treeless, as were parts of lowland fen and grazing
marsh in southern and eastern England (Figure
3.2d). Although an estimated 79% of 500 m river
lengths had some tree shade, less than half (41%)
were extensively (i.e. ≥ 33% of the water surface
area) shaded by trees.

Invasive non-native plants
Three invasive non-native plant species –
Himalayan balsam (Impatiens glandulifera),
Japanese knotweed (Fallopia japonica) and
giant hogweed (Heracleum mantegazzianum) –
are recorded by RHS specifically to track the
spread of these invasive plants in the UK. All
three species can cause problems by displacing
native plant species in the growing season, with
Japanese knotweed and Himalayan balsam often
forming dense monostands (Dawson and Holland,
1999; Hulme and Bremner, 2006). Autumn
die-back of these plants, particularly Himlayan
balsam, can create extensive areas of bare soil
and thereby increase the risk of bank erosion
during winter spates (Dawson and Holland, 1999).
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Figure 3.3 The percentage occurrence of Himalayan balsam, giant hogweed and Japanese knotweed at RHS baseline
sites of different water width, in 2007–2008. Extensive occurrence represents plants present along ≥ 33 % of bank
length.

The prevalence of Himalayan balsam, Japanese
knotweed and giant hogweed in 2007–2008 was
13.0%, 3.7% and 3.4% of 500 m river lengths in
England and Wales respectively (Figure 3.2e, f).
Himalayan balsam in particular tended to be
more frequently found on larger watercourses
(Figure 3.3).

Large woody debris
Large woody debris, especially where it
accumulates to form debris dams in streams
and small rivers, is an important influence on
river channel morphology and dynamics (Gregory,
1992; Gurnell et al., 2002). It also provides
important temporary or semi-permanent habitat
for a range of invertebrates and creates shelter
for fish and invertebrates during high river flows
(Harper et al., 1995). In 2007–2008 large woody
debris was present in 42.8% of RHS sites (Table
3.3), but debris dams were extensive only in 0.7%
of sites.

Channel silting
Silt accumulates naturally in very sluggish or
impounded river reaches, mainly in the lowlands.
Elsewhere, excessive silt deposition caused by soil
erosion in adjacent fields can clog fish spawning
gravels, reduce light levels and increase flood
risk (Greig et al., 2005; Owens et al., 2005).
Excessive silting is also likely to impoverish
benthic macroinvertebrate communities (Dunbar
et al., 2010a), thereby potentially preventing
affected watercourses reaching good ecological

status as required by the WFD. In 2007–2008
silt was extensive (i.e. recorded as predominant
channel substratum in ≥ 4 spot-checks) in
23.8% of RHS sites, largely in the lowlands
of central southern and eastern England (Table
3.3; Figure 3.4). It is often difficult to assess
whether silting is a problem within an individual
500 m site – for example silt accumulations
can indicate natural readjustment (narrowing)
by lowland rivers to previous channel widening
and deepening (Brookes, 1992). However, RHS
surveyors identified ‘extensive silting’ as a specific
problem in 5.6% of baseline sites.

In-channel bars
Exposed river sediments such as in-channel
bars provide valuable habitats for invertebrates,
including some national rarities (Bates et al.,
2005). In England and Wales most in-channel
bars are formed from gravel material. RHS
differentiates between mid-channel, side and point
bars depending on their location in the channel and
also whether they are vegetated (≥ 50% of surface
area) or unvegetated (Environment Agency, 2003).
The frequency, location and type of in-channel bars
can provide useful information about the fluvial
behaviour (Newson, 1997) and ecological patch
dynamics of rivers (Poole, 2002).

The distribution of unvegetated bars in
2007–2008 is shown in Figure 3.5. They were
generally widespread except in: (i) chalk areas,
where high baseflow and little seasonal variation in
discharge generally prevent extensive development
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Table 3.3 The estimated extent of selected features occurring along rivers and streams in England and Wales, based on
RHS baseline surveys in 1995–1996 and 2007–2008. Figures represent percentage mean values ± standard error,
except for ‘other features’ – percentage only.

Feature 1995–1996 2007–2008 (core sample only)

Modification (percentage of river length)
Channel and/or bank reinforcement 11.3 ± 0.4 9.3 ± 0.3

Invasive non-native plants (percentage of 500 m river lengths)
Himalayan balsam 15.0 ± 0.6 19.7 ± 0.6
Japanese knotweed 8.8 ± 0.5 5.5 ± 0.4
Giant hogweed 3.6 ± 0.4 4.0 ± 0.3

Pattern of riverside trees (percentage of 500 m river lengths)
None 10.5 ± 0.5 8.8 ± 0.4
Isolated or scattered 17.9 ± 0.7 14.8 ± 0.6
Regularly spaced 1.6 ± 0.2 1.7 ± 0.2
Occasional clumps 14.4 ± 0.6 18.5 ± 0.7
Semi-continuous 27.6 ± 0.8 31.1 ± 0.9
Continuous 28.0 ± 0.8 25.2 ± 0.7

Shading (percentage of 500 m river lengths)
Extensive (≥ 33%) shading of channel 36.5 ± 0.8 41.1 ± 0.8

Other features (percentage of baseline sites)
Large woody debris (present or extensive) 49.0 42.8
Extensive silt substratum (≥ 4 spot-checks) 22.0 23.8
In-channel bars (present or extensive) 51.7 47.1

of exposed gravel features (Sear et al., 1999); and
(ii) low altitude, low gradient channels, where
exposed depositional features are likely to be much
less prevalent; these watercourses are also more
likely to have been extensively resectioned (Figure
3.2b) and have gravel or silt removed regularly to
maintain flood conveyance (Purseglove, 1988).

Changes since 1995–1996
The 3036 sites surveyed in 1995–1996 were not
re-visited, so change was assessed by overall
differences between those sites and the core sites
(i.e. the 1:250 000 river sample) surveyed in
2007–2008. This means that some figures in Table
3.3 will differ slightly from those in Tables 3.1 and
3.2 because the 2007–2008 survey data include
both the core and minor watercourse sites.

Overall, between 1995–1996 and 2007–2008,
there was little change in the extent of channel
reinforcement or the distribution of riverside trees.
The occurrence of large woody debris, in-channel
bars, channel silt, giant hogweed and Japanese

knotweed was also broadly similar, although
the last of these showed an unexpected decline
(Table 3.3). One notable exception was that
Himalayan balsam had become more widespread
and extensive by 2007–2008; its prevalence had
increased from 15.0% to almost 20.0% of 500 m
river lengths, with extensive growth (≥33% of
500m river length occupied) increasing from 2%
to 5% (Figure 3.3; Figure 7.1b in Vaughan and
Ormerod, this volume).

An important factor when comparing riverside
tree distribution in the two baseline surveys was
the incidence of Phytophthora disease affecting
alders. First recorded in Britain in the early 1990s,
initially there were fears that the Phytophthora
disease could kill large numbers of alders, with
potentially devastating consequences for river
landscapes and riparian ecology (Gibbs et al., 1999).
RHS has recorded specifically the occurrence of
diseased and healthy alders from 1996 onwards
(Environment Agency, 2003). The results show
that the incidence of diseased alders remained
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Figure 3.4 The distribution of
2007–2008 RHS baseline sites with silt
recorded as the predominant channel
substratum (in four or more
spot-checks). © Crown Copyright
and database right 2011. All rights
reserved. Ordnance Survey licence
number 100026380.

largely unchanged: 5.1% of baseline sites with
diseased alders in 2007–2008, compared with 5.5%
in 1996.

Discussion

The results in this chapter, based on a few selected
attributes, illustrate the power of the RHS baseline
surveys to provide an overall characterization
of rivers and streams in England and Wales.
The second baseline, with its additional coverage
of minor watercourses, provides a particularly
detailed and representative snapshot of the
river network, while both surveys reveal the
geographical pattern of river features through
simple mapping outputs (Figure 3.2). Detailed
analysis of the entire datasets will provide a
highly valuable resource for research and the

application of findings for river basin planning and
management.

Current state and changes in physical
character
The 2007–2008 survey results confirmed the
widespread physical modification to river channels
in England and Wales (Raven et al., 1998b).
Comparison with European countries that have
also assessed the physical state of their rivers
(e.g. Austria, Germany) suggests that the broad
pattern of channel modification is largely similar
(Muhar et al., 2000; Federal Environment Agency,
2005), even though the survey methods differed
somewhat from RHS (Raven et al., 2002). The
very small remnant proportion of unmodified
river channel, located mainly in the uplands, is
particularly striking but not surprising.
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Figure 3.5 The distribution of
unvegetated in-channel bars at RHS
baseline sites in 2007–2008. © Crown
Copyright and database right 2011. All
rights reserved. Ordnance Survey
licence number 100026380.

The pattern of very little overall change in
the physical character of rivers in England and
Wales between 1995–1996 and 2007–2008 was
also not unexpected. This is because major river
channel works associated with land drainage had
been completed by the early 1980s (Brookes et al.,
1983; Purseglove, 1988). River restoration work
has been on a very small scale (Mainstone and
Holmes, 2010; Åberg and Tapsell, this volume)
and was undetectable at the RHS site sampling
density used in the baseline surveys. For a similar
reason the local impact of new suburban and road
development (particularly ‘out-of-town’ shopping
centres and industrial estates on floodplains) during
1997–2008 was also not detectable at the England
and Wales scale.

Channel modification of minor watercourses
(which were under-represented in the 1995–1996
baseline survey) appears to be broadly similar to

the core sample (Table 3.1). The predominance of
severely modified small watercourses in lowland
areas (≤200 m altitude; Table 3.2) probably reflects
the presence of artificial drainage channels in these
parts. The RHS results from a separate survey of
headwater streams in England and Wales suggest
that there was no significant difference in HMS
scores between repeat surveys of the same sites
in 1998 and 2007 (Dunbar et al., 2010b). Mean
HQA scores increased by an average 5.6 in England
(n = 150) and by 6.8 in Wales (n = 47), due
mainly to an increase in gravel bars, riverside trees
and side-channels. However, great care is needed
in interpreting the increase in mean HQA scores
because of the small number of sites involved.

Knowing that physical habitat remained
largely unchanged is valuable as it allows better
interpretation of other environmental trends, such
as river water quality, by removing a measurable



P1: TIX/XYZ P2: ABC
JWST110-c03 JWST110-Boon December 8, 2011 8:50 Trim: 246mm X 189mm Printer Name: Yet to Come

The Rivers and Streams of England and Wales: An Overview of their Physical Character 39

variable. It also provides a useful context for
interpreting the distribution and population
changes of species which inhabit or use rivers,
such as otters (Lutra lutra) (Environment Agency,
2011), benthic macroinvertebrates (Vaughan
and Ormerod, this volume) and riverside birds
(Vaughan et al., 2007).

Near-natural and ‘reference’
conditions
The 2007–2008 results confirmed that a very small
proportion of sites on small (≤ 2.0 m water
width) lowland streams (≤200 m altitude) had
a near-natural channel form (5.1%), compared
with those streams of similar size in upland (�200
m altitude) areas (37.3%); for all watercourses
≤5.0 m water width, the figures were 5.6%
and 35.4% respectively (Table 3.2). However,
a large proportion of upland streams have few
or no bankside trees because of sheep grazing
or moorland management; consequently, the
riparian habitat cannot be considered near-natural,
particularly in the context of ‘reference condition’
state defined by the WFD (Council of the European
Communities, 2000) or the European guidance
standard for hydromorphological modification
(British Standards Institution, 2010; Boon et al.,
2010). This pattern has vindicated the RHS
‘benchmarking exercise’, carried out to locate and
survey the very best examples of near-natural
streams and rivers in the UK and mainland Europe
(Raven et al., 2010). Benchmarking has confirmed
that near-natural river and catchment land-use
conditions are virtually confined to short stretches
of more remote headwater streams in protected
landscape and wildlife areas – often in catchment
areas � 10 km2 and therefore too small to qualify
for WFD classification.

The scarcity and restricted location of streams
and rivers with near-natural channel form
and natural riparian land-use has important
consequences for calibrating habitat quality scoring
systems such as HQA and the river typology
criteria used by some survey methods (e.g.
LAWA, 2000). For instance, it means that expert
opinion has to be used to judge what constitutes
near-natural and reference condition habitat

– or using known near-natural river reaches
elsewhere (preferably in the same biogeographical
region) as surrogate reference condition reaches
(Raven et al., 2010). This is particularly true for
lowland rivers where little or no field validation
of reference conditions within individual countries
is possible because of past modification: it is
also true for braided rivers that have suffered
dramatic losses in the European Alps, caused
by channelization and embankment over the
past 200 years (Piégay et al., 2009). The lack of
reference condition sites has major consequences
for river restoration design (Newson and Large,
2006) and also defining and inter-calibrating
the reference conditions needed for biological
quality elements for the WFD (Furse et al., 2006)
– the latter because channel modification can
affect aquatic macroinvertebrate community
composition (Dunbar et al., 2010c). Finally, the
extent of modified lowland headwater streams
could potentially reduce ecological resilience by
reducing the ability for rapid recolonization by
biological communities in disturbed river reaches
further downstream.

Sampling strategy
The site-based sampling strategy for the RHS
field method was designed to meet the need for
a time-limited, cost-effective way of describing
the physical character of the river network.
Consequently, the advantage of being able to
generate and analyse a large sample-based dataset
for national assessment and surveillance purposes
is offset by a limited ability to discriminate
features needed for specialist ecological purposes
or to provide all the diagnostic clues needed
for detailed fluvial morphological studies of
individual rivers (Orr et al., 2008; Sear et al.,
2008). Nevertheless, interpretation of RHS data
depends on a good understanding of the fluvial
morphological processes operating at various scales
(Newson et al., 1998) and the ecological response to
various river management activities (Raven et al.,
1998a).

Other morphological survey techniques involve
surveyors walking much longer reaches of
river and making qualitative judgements about



P1: TIX/XYZ P2: ABC
JWST110-c03 JWST110-Boon December 8, 2011 8:50 Trim: 246mm X 189mm Printer Name: Yet to Come

40 Catchment Conservation, Ecosystem Integrity and Threats to River Systems

the impact of modifications. Unlike RHS, this
assessment is made during the survey, using
pre-determined criteria for the departure from
near-natural conditions, predicated by a pre-
determined river typology (e.g. LAWA, 2000).
This approach has the advantage of producing
continuous classification maps of entire rivers, but
disadvantages include inter-surveyor error (i.e.
inconsistent observation or interpretation, which
reduces confidence in the precision of results)
and the potential mis-classification of river type
and hence erroneous interpretation of observed
conditions compared with type-specific reference
condition criteria.

Using the results for river
management
Despite the size of the RHS baseline surveys,
sample sizes are modest when the data are
viewed at individual catchment level; this limits
the conclusions that can be made at smaller
geographical scales. In several river catchments
in England and Wales additional RHS sites
have been surveyed using a stratified random
strategy – to increase the sample size in order
to allow statistically meaningful characterization
at the smaller scale. In other cases, rivers have
been surveyed using a 25% sampling density –
one 500 m site every 2 km of watercourse. As
a result of all these surveys carried out since
1994, there are now over 24 000 sites on the
RHS database, including more than 9000 sites
from the two baseline surveys. This information
has been used for various reasons, including
environmental impact assessment (Raven et al.,
2000), river conservation evaluation (Boon
et al., 2002) and appraisal of riparian restoration
work (Clews et al., 2010). For WFD purposes,
RHS information has been used for river basin
characterization, identifying hydromorphological
pressures and helping to determine which water
bodies could be classified as ‘reference condition’
and ‘heavily modified’ (www.environment-
agency.gov.uk/research/planning/33106.aspx).
A good example of making links with biological
water quality metrics so as to determine catchment
character and pressures is given in Vaughan and
Ormerod (this volume).

These 24 000 sites also provide an invaluable
ground-truth facility for remote-sensing surveys,
particularly where trees obscure channel features
on aerial photographs – and this could be about
40% of total river length (extensive shading;
Table 3.3). A combination of several sources of
information, including RHS, could be used to
diagnose ‘hot-spot’ problems in river catchments
such as localized erosion (Newson, 2010). The RHS
database therefore provides an important source of
information for Rivers Trusts as they become more
prominent in river management locally (Newson,
this volume). As remote sensing technology
advances (Large, this volume), a combination of
RHS data, validated aerial photograph information
and possibly a reduced version of the RHS
field survey could provide the basis for a rapid
assessment protocol for assessing the physical
state and associated management needs of rivers
(Barquin et al., this volume) and scenario-planning
for climate change effects (Ormerod, 2009).
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Bundesrepublik Deutschland, Verfahren für kleine und

mittlegroße Fließgewässer. Berlin.
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CHAPTER 4

Environmental Flow Allocation as a
Practical Aspect of IWRM
Jay O’Keeffe
UNESCO-IHE, Institute for Water Education, The Netherlands

Introduction

The 1990 York conference came at a critical
time in the development of conservation
globally – two years later the Rio Declaration
on Environment and Development and the
Convention on Biological Diversity embedded the
world’s determination to prioritize the protection
of biodiversity, and marked a watershed, not so
much in developing new ideas, but in collecting
existing thinking on conservation and channelling
it into government policy and the management
of natural resources. The book that resulted from
the 1990 conference (Boon et al., 1992) reflects
the emerging ideas in river conservation that
were to coalesce into the philosophy of Integrated
Water Resource Management (IWRM) which
is now the dominant paradigm underpinning
water resource management in many parts of
the world: the extent to which rivers can recover
after stress and disturbance; legislative constraints
and public support; the need for a holistic, whole
catchment approach; and the dynamic condition
of river systems. Since 1990 there has been an
explosion of policy and legislation developed
so as to include environmental issues. Perhaps
the best known, and a model for many more
recent policy developments, is the European
Union’s Water Framework Directive (adopted
in October 2000), requiring member countries
to achieve ‘good’ conditions for all their water

bodies by 2015. This built on the ground-breaking
South African Water Act No. 38 of 1998, which
introduced the Ecological Reserve – the water
quantity and quality required for the protection of
those aquatic ecosystems on which people depend.
This legislation has been followed by similar
requirements in Kenya and Tanzania among a
number of other African countries. Countries as
diverse as China, Mexico, Bosnia and Ecuador are
busy overhauling their water policy and legislation
so as to include requirements for environmental
protection. The Indian government has recently
created the Ganga River Basin Authority, the first
such body in the country, to protect the resources
of its mother river.

Despite this welcome global recognition of
the need to use natural resources sustainably,
the implementation of such policies has lagged
far behind the intention. UNESCO (2010) lists
a catalogue of degradation, quoting Global
Biodiversity Outlook 3 (2010): ‘Not a single
government claims . . . that the 2010 Biodiversity
Target has been completely met at the national
level’. The Living Planet Index has continued to
decline in most aspects since 1990, with fresh
water generally, and tropical fresh waters in
particular showing the fastest decline of any
ecosystem. Freshwater ecosystems in temperate
regions have improved marginally since 1970,
albeit from a fairly degraded baseline. However,
worldwide, the integrity of river ecosystems
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has undoubtedly declined, and the variety of
threats to rivers has increased, as populations
grow, and demands for water use increase. This
chapter will not catalogue the threats to rivers,
which are reviewed comprehensively elsewhere.
Instead, it concentrates on the direction that river
conservation has taken over the past 20 years, and
in particular examines the issue of environmental
flows for rivers – the water required to maintain the
ecosystem components, processes and functions on
which people depend – using this as a successful
example of the application of IWRM.

The development and
application of IWRM

Formally, the concept of Integrated Water Resource
Management (IWRM) emerged as part of a package
of approaches designed to achieve sustainable
development that was adopted by the 1992
United Nations Conference on Environment and
Development (UNCED) (Lenton and Muller, 2009).
Best articulated in Chapter 18 of Agenda 21
at the Earth Summit in Rio de Janeiro, it
promotes the use of resources to support social
equity, economic development and environmental
sustainability. IWRM is a framework for holistic
water management, integrating all the uses with
the long-term protection of the resource in
a manner that recognizes the unitary nature
and interconnectedness of the hydrological cycle,
and the effect that different land-uses have on
that cycle. It is clear that IWRM is not a
uniform blueprint for water management, and is
viewed in relation to the social and economic
challenges, the water resource endowments,
levels of infrastructure and the legal and policy
institutions of different countries. There are,
however, some general principles of good practice
that are common to all (modified from Lenton and
Muller, 2009):
� Sound investment in infrastructure, to store,
abstract, convey, and protect surface water and
groundwater.
� A strong enabling environment – setting
integrated goals for water use and protection,

developing an effective and practicable legislative
framework.
� Clear and effective institutional roles and
capacity, including informed stakeholder
participation.
� Developing a sound understanding and
monitoring system of the components, processes
and functions of natural water systems, so as to be
able to manage them within sustainable limits.
Lenton and Muller (2009) make two important
points in their introductory chapter: successful
IWRM projects adopt an integrated approach in
order to address specific development problems;
they never have an integrated approach as
their principal objective. The process of water
management does not have an endpoint; it has
to respond continually to new challenges and
opportunities.

The central theme of Lenton and Muller (2009)
is a series of case studies from around the world,
which they consider in order to demonstrate the
success of IWRM. On closer examination, the case
studies reveal a very mixed bag of results. One
successful example is the case of the Sukhomajri
village in north-west India (Lenton and Walkuski,
2009). The village is situated in a small-scale sub-
basin in the Shiwalik foothills of the Himalayas,
with streams feeding into the Sukha Lake which
feeds the Haryana State capital of Chandigarh.
A limited number of stakeholders have been
able to negotiate win-wins for economic growth,
agriculture, equitable water allocation and the
environment over the past 30 years. Improved
access to water for all stakeholders provided an
increase in livelihoods and profits from irrigated
agriculture, and provided a series of incentives
to protect environmental resources by improving
soil and water conservation. A consensus emerged
among villagers to graze animals outside the
catchment. Members of the water user’s association
agreed to sign a legally binding document which
formalized water allocation and grazing rights,
providing a clear framework which has prevented
conflict over the long term. Attempting to build
on this success at the larger scale, by extending
the process to other basins, has not been
so straightforward, at least in part (according
to Lenton and Walkuski, 2009) because the
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inter-disciplinary nature of the process means that
‘it falls between the cracks of different sectoral
agencies responsible for irrigation, agriculture and
conservation’.

Other case studies show far less success than
the example of Sukhomajri. The Lower Snake
River is a tributary of the Columbia River in
the north-western USA: plans to remove dams
in order to rehabilitate salmon and steelhead
populations have so far foundered in legal wrangles
between different interest groups (Rogers, 2009).
In the Yangtze River, China, the principles of
IWRM have been adopted at the legislative and
policy level, but with limited implementation
(Yang Xialiu and Muller, 2009; Bridgewater et al.,
this volume). The focus has been on massive
developments such as the Three Gorges Dam (Plate
2) and the proposed South to North water transfer
from the Danjiangkou Reservoir. There are now
some 44 000 impoundments in the basin, and
the extinction of the Yangtze River dolphin is a
sad reminder of the environmental costs of such
development.

Despite their optimism, the case studies described
by Lenton and Muller (2009) confirm that IWRM
successes are confined to small-scale catchments
such as the Sukhomajri project. Larger-scale case
studies, such as South Africa and the Mekong,
reveal excellent intentions, plans and policies, but
only partial implementation at best. For example,
in South Africa, much has been accomplished to
supply clean water and sanitation facilities, but
integrating the supply side with other social and
environmental issues has proceeded only slowly
and sporadically.

The application of IWRM has been criticized
(e.g. by Watson et al., 2007) who concluded that
there is ‘very little agreement regarding what
[IWRM] means in practice’, and by Biswas (2004,
2008) and Biswas and Tortajada (2004) who
argued that the implementation of IWRM has
never been assessed comprehensively, and that its
implementation has nowhere achieved more than
a third of its objectives. The reasons for this are
explained by Kerr (2007): ‘Theories from commons
research predict great difficulties in managing
complex watersheds and explain why success
has been limited to isolated, actively facilitated

microwatershed projects with a focus on social
organisation’. The report of the Comprehensive
Assessment of Water Management in Agriculture
(2008) went further to say that ‘The so-called
IWRM initiatives in developing country contexts
have proved to be ineffective at best and
counterproductive at worst’. So, it seems that
IWRM is an innovative and visionary framework to
aim at, but its implementation is too complex and
multivariate to be practical in most catchments, and
especially in large basins where water resources are
already allocated substantially.

The remainder of this chapter describes an aspect
of sustainable water resource management that has
become globally accepted in the past two decades –
environmental water allocation, or ‘environmental
flows’, as it is known for rivers. The maintenance
of adequate flows in rivers throughout different
seasons, and in the face of rising water demands,
is one of the major requirements for successful
river conservation. Cases of over-allocation and
abstraction from rivers have resulted in many
instances of dry river beds worldwide, even in
very large rivers such as the Yellow River in
China (Bridgewater et al., this volume) and the
Indus River in Pakistan (Khan and Akbar, this
volume). The main reason for the success of
environmental flows, in contrast to IWRM, is that
it is a clear process, with well developed and
described methodologies at different levels of detail,
and a well-defined end-point which is accessible
and amenable to policy-makers, managers and
engineers, as well as to scientists and nature
conservationists.

Environmental flows for rivers

Environmental flows can be described as ‘The
quality, quantity and distribution of water required
to maintain the components, functions and
processes of aquatic ecosystems on which people
depend. The process of assessing an environmental
flow regime will require a societal judgement
about the state in which the ecosystem should be
maintained. The water required for any aquatic
ecosystem will depend on the environmental
objectives set for that system.’
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The important aspects of this definition are that
it deals with the both quality and quantity of the
water, in terms of the distribution, or variability in
time and space; that it links the ecosystem to the
people; and that it acknowledges the non-scientific
choice of environmental objectives. Environmental
flows have a long history – people have always
been aware of the importance of flow as a
governing process of river ecosystems, but it was
first formalized by Tennant (1976) in his simple
but much-used Montana assessment system,
essentially an instantaneous look-up table. Since

then, more than 200 methods have been developed
for environmental flow assessment (Tharme,
2003), and these can be grouped, in relation to
level of detail and resources required, into four
broad groups: hydrology based; hydraulic rating;
habitat simulation; and holistic. Table 4.1 describes
the general process of assessing, negotiating
and implementing environmental flows using a
holistic methodology. Despite the wide diversity
of methods, all use the same type of data (or
sub-sets of it): habitat and process requirements
linked to hydrology via hydraulic models. The

Table 4.1 The various stages and tasks (common to most holistic methodologies) by which environmental flows are
assessed and implemented (modified from O’Keeffe, 2009).

STAGE A: SCOPING

Assess the area of interest, to try to identify issues of particular importance, and to draw up an initial plan for the
assessment.

STAGE B: PREPARATION FOR THE ASSESSMENT WORKSHOP

Task 1 Initiate EFA assessment (level of detail, define methodology, appointment of the specialist team)
Task 2 Zone the study area

Identify reaches of the study river in which physical and ecological conditions are likely to be similar.
Task 3 Habitat integrity

Assess the condition of the area of interest by classifying sections of the river in terms of how much they have
been modified from natural conditions.

Task 4 Site selection
Select sites within the study area for detailed analysis based on: ease of accessibility; habitat diversity; sensitivity
of habitats to flow changes; suitability for modelling; proximity to a flow gauging site; representation of
conditions in the river zone; and critical flow locations.

Task 5 Surveys and measurements
These surveys are intended to augment information and fill in gaps that have not been covered in previous
studies:
� Biological Surveys — To identify flow-sensitive species (e.g. fish, macroinvertebrates, diatoms, riparian

vegetation) and define their seasonal habitat requirements in terms of current velocity, depth, substrate type
and wetted perimeter.

� Hydraulic survey and analysis — To provide the link, via rated cross-sections or habitat simulation, between
ecological habitat requirements and flows.

� Hydrological analysis — To check that the recommended flows are within reasonable limits of flows
experienced in the river, and is therefore a check on the realism of the process, rather than a motivation for
recommended flows.

� Geomorphological survey — To assess the sources and types of sediment in the river, analyse the channel
morphology (the geomorphic features and their stability) and predict the consequences of changing flows on
the sediment input–output and therefore the channel shape and substrate types.

� Water quality analysis — To assess possible problems related to flow modification and to identify point and
diffuse runoff impacts.

� Social survey — i) To identify people who are directly dependent on a healthy riverine ecosystem (e.g.
subsistence fishermen, farmers, withdrawers of domestic water, and anglers); ii) To consult with stakeholders
and identify preferences for the management objectives for the river.
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Table 4.1 (Continued)

Task 6 Ecological and social importance and sensitivity
Define the priority of the area of interest from an ecological perspective (e.g. number of sensitive and rare
species, the resilience of the system to human disturbance, importance as a migration route).

Task 7 Define reference conditions
Define the reference (usually natural, unmodified) physical, chemical and ecological conditions as a baseline
against which to judge how much the river has been modified.

Task 8 Define present ecological status
Define present hydrological, physical, chemical and ecological status based on available data and expert
judgement.

Task 9 Define environmental objectives
Define the most appropriate environmental objectives given the nature of the system, priority uses, and
ecological goods and services.

STAGE C: EFA WORKSHOP

Decide upon flow recommendations (including wet and dry season baseflows, and floods) using inputs from all of the
specialists. Decisions should be made considering all of the identified environmental objectives.

STAGE D: NEGOTIATION

Task 1 Hydrological yield analysis
Calculate the likelihood of being able to maintain the environmental flows and supply the user needs, in wet
and dry years.

Task 2 Scenario analysis
Analysis of different water allocation scenarios (including environmental flows) at different levels of assurance,
to provide the basis for negotiations and decisions where there is insufficient water to meet all requirements.

Task 3 Decision
To allocate water for the recommended environmental flows, or to accept one of the above scenarios.

STAGE E: IMPLEMENTATION AND COMPLIANCE MONITORING

This culminating step in the process lasts indefinitely. Methods of implementation depend on the availability of storage
structures, inter-basin transfers, or potential for demand management on any specific river. Initiate long-term monitoring
and refinement of flow requirements.

choice of method to use will be governed by
the available resources (time and money), and
the levels of expertise and information available
in the required disciplines. Generally, quicker
and cheaper methods provide less confident
recommendations lacking specific environmental
motivations, but all recommendations can only
be as confident as the available data allow, no
matter which method is employed. For example,
a lack of long-term measured flows will inevitably
compromise confidence in the recommended EFA,
regardless of how detailed the ecological and other
datasets are.

During the 1980s, primarily in Australia, the
United States and South Africa, pioneering projects

were undertaken to investigate the effects of
modified flow regimes on the ecology of rivers
(e.g. in the rivers of the Kruger National Park,
as described in O’Keeffe and Rogers, 2003).
In the 1990s environmental flows began to be
implemented, Poff et al. (1997) synthesized the
general relationship between flows and river
ecology, and the ground-breaking South African
Water Act was passed in 1998 – the first time
that environmental flows (the ecological reserve)
were included explicitly in water legislation. Since
the beginning of the new millennium, countries
from all around the world have committed to the
implementation of environmental flows. In the
past five years, the WWF, in partnership with the
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UNESCO-IHE Institute for Water Education, has
responded to a growing global demand for training
and the implementation of environmental flows.
Courses and assessments have taken or are taking
place in Mexico, Ecuador, Peru, Brazil, Turkey,
Bosnia, Kenya, Tanzania, Zimbabwe, Pakistan,
India and China. Almost all of these countries have
completed, or are in the process of revising, their
water policy and legislation so as to include the
requirement for environmental flows.

The lessons that have come out of these
initiatives provide many insights into river
conservation theory and practice worldwide, and
some of these lessons will be described here,
concentrating on two recent projects in East
Africa. In both of these case studies, the main
emphasis of flow maintenance is for ecosystem
conservation, since both the Mara and the Great
Ruaha Rivers rise outside, but flow into and
through, national parks. In both cases the rivers
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Figure 4.1 The Mara River Basin, Kenya and Tanzania (Source: LVBC and WWF-ESARPO, 2010). 1, 2 and 3 are the
environmental flow assessment sites.

provide the only perennial water in the national
parks, and therefore there is a high degree of
dependence by the animal and vegetation diversity
on these rivers. In common with many national
parks worldwide, the failure to include the upper
catchments, from which much of the runoff is
derived, within the protected areas, means that
the sustainability of the parks is compromised by
upstream developments and water demands.

Rivers flowing through national parks
in East Africa
Two of the WWF projects above have taken
place on the Mara River (Kenya and Tanzania
from 2006 to 2008) and the Great Ruaha River
(Tanzania from 2007 to 2009). Although both are
East African rivers which flow into national parks,
they provide contrasting lessons for environmental
flows assessment and implementation. The Mara
River (Figure 4.1, Plate 6) flows from the Mau
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Figure 4.2 Monthly flows
recommended for the reserve
(environmental flows, sensu
Government of Kenya, 2002) during a
‘normal’ year (not very wet or dry), in
the Mara River, at site 3 on the
Kenya-Tanzania border (Modified
from WWF–TCO, 2010).

escarpment in Kenya, from natural forest that has
been cleared extensively in the past 15 years,
through irrigated farmland, the extensive grazing
lands of the Masai, into the iconic Masai Mara
(Kenya) and Serengeti (Tanzania) conservation
areas. The river provides the only perennial water
in these conservation areas, from which it flows in
a westerly direction, through extensive wetlands,
into Lake Victoria at Musoma. The river flows
have been modified by erosion and deforestation,
irrigation abstraction, and are threatened by plans
for further abstraction and inter-basin transfer. All
of these emanate from the upper Kenyan parts of
the basin. Additional modifications, particularly to
water quality, arise from the increasing number of
tourist lodges, camps and hotels which use water
from the river, and dispose of their waste water
back into it.

Despite this, the flows are not impounded
substantially, and the flow patterns remain largely
natural, apart from reduced low flows, particularly
during droughts. A team of Kenyan and Tanzanian
specialists, contracted by WWF East Africa and
the US Global Water for Sustainability Programme
(GLOWS), conducted a two-year assessment of
the flows required to maintain the river in a
near-natural state, facilitated by UNESCO-IHE.
The results indicated that, at the environmental

flow site on the Kenya/Tanzania border, flows
amounting to 35% of the average flow recorded
over the 26 years on record would be sufficient to
achieve this objective (LVBC and WWF-ESARPO,
2010) (Figure 4.2). Of course, these are preliminary
predictions, with some uncertainty involved, but
they indicate that there can still be economic
development of the water resources of the Mara
River, without degrading unacceptably the natural
resources of the basin. In the dry season during
drought years there is already a deficit of the
required flows, so that some storage or demand
management would be required during these
periods. Additional assessments need to be carried
out for the downstream reaches of the river,
including the Tanzanian wetlands and the inflows
to Lake Victoria. With these caveats, the project
demonstrated that:
� Environmental flows should ideally be carried
out before the water resources of a river
are allocated substantially. They can then be
incorporated in the future plans for development
of the river.
� So far from preventing further development,
such an assessment can demonstrate that
there is potential for further consumptive
use, without unacceptable degradation of the
resources.
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Figure 4.3 The Great Ruaha River Basin, central Tanzania (Source: WWF–TCO, 2010).

� Such an assessment can pin-point when and
where there are shortages (during dry seasons in
droughts) so that remedial measures, such as on-
farm storage, can be taken before the shortages
become unmanageable.
The recommendations of this project (LVBC and
WWF-ESARPO, 2010) have been accepted by the
Lake Victoria Basin Commission.

The second case study is the Tanzanian Great
Ruaha River (Figure 4.3, Plate 7). This rises in
central Tanzania, and flows through an area of
intensive irrigated rice farming, then into the
Usangu wetlands, recently included substantially
in the Ruaha National Park. A natural geological
sill forms a dam which backs water into the

wetlands, which vary in area from 200 (dry
season) to 600 km2 (wet season). The wetlands
are rich in emergent and macrophyte vegetation,
and provide habitat for 19 fish species, including
Barbus jacksonii and B. paludinosus, which are listed
as threatened and declining species according to
the Tanzanian fish conservation ranking system
(WWF–TCO, 2010). The wetlands are also of great
importance for conservation as a refuge area for
aquatic biodiversity, which is highly stressed and
threatened during the dry season (see below).
Water over-topping the sill then flows down into
the Great Ruaha River in the Ruaha National
Park. The river flows out of the national park
and flows into the Mtera Dam, used to generate
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Figure 4.4 Great Ruaha River
monthly flows for an average year,
and a one in five year drought, in the
middle reaches in the Ruaha National
Park (modified from SMUWC, 2000).
Present day flows are not substantially
affected in the wet season, but now
cease completely in the dry season,
from September/October through to
December, due to upstream
abstraction.

hydropower for Dar es Salaam. The study reach
for the environmental flow assessment organized
by the WWF was from the outlet of the wetlands
to the inflow at the Mtera Dam. The river flow is
highly seasonal (Figure 4.4) with wet season flows
replenishing the impoundment. The dry season
flows, reduced naturally by evapotranspiration
from the wetlands, have disappeared progressively
from the study reach since the early 1990s, for
increasing periods, owing to the development of
extensive irrigation for rice, and also probably
because of progressive vegetation removal in the
upper catchment. In recent years, the river within
the national park (the extent of the study) has been
reduced to an average of one pool per kilometre by
the end of the dry season.

The result, apart from a serious reduction in
fish and invertebrates, has been the concentration
of hippos and crocodiles in the remnant pools,
resulting in poor water quality and increased
aggressive interactions, as well as a concentration of
large mammals round the pools, with overgrazing
resulting in erosion caused by floods. The entire
national park is threatened by this reduction in low
flows in what is its only perennial water source.
As with the Mara case study, the Ruaha is a river
flowing into a national park, in which the flows
are being modified by upstream abstraction and
landscape alteration. The Ruaha, however, is in a
much more serious crisis than the Mara, for which
historical records show that flows have never

ceased. In the case of the Ruaha, therefore, the
decision was taken to carry out a relatively short-
term environmental flow assessment, which would
concentrate on the short-term requirement to
restore at least some dry-season flow in the reaches
of the river flowing through the Ruaha National
Park. With limited resources and an urgent time
constraint, this assessment was combined with a
more detailed study of the options for restoring
at least some dry-season flow into the study area
as soon as possible, and a preliminary study of
the effects of reducing dry-season inflows to the
Usangu wetlands. In the longer term, the flow
requirement could be refined, and options for more
sustainable flow restoration could be examined.
The various options for dry-season flow restoration,
which are not mutually exclusive, were determined
as follows (WWF–TCO, 2010) (Figure 4.5):
� To build storage in the upper river, which
could be used for dry-season irrigation, reducing
abstraction from the river, which would therefore
allow more natural flows into the wetlands, and
through to the study area. The problem with this
option is that the storage might encourage further
development of rice farming, in the expectation
that the stored water could provide increased
irrigation water in addition to (rather than instead
of) the abstraction from the river.
� To build storage in the Ndembera River, a
tributary which flows into the Ihefu wetland. The
stored water could be transferred into an adjacent
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Figure 4.5 The various options for restoring some dry season flow into the middle reaches of the Great Ruaha River,
downstream of the Usangu wetlands, in the Ruaha National Park. These include upstream (�) or tributary storage/
transfer (�- - - - -), improved irrigation methods or use of groundwater ( ), or even engineering the flows through the
wetlands ( ), to reduce evapotranspiration.

intermittent stream which enters the Great Ruaha
downstream of the wetlands. The transferred water
would not be subject to the evapotranspiration
losses that occur at present in the wetland. The
Ndembera could reliably provide between 0.5 to
1.0 m3s−1 during the driest months, which would
allow at least a minimal flow into the study area.
The cost would be a reduction of inflow to the
Ihefu wetland (part of the larger Usangu Wetlands),

which would reduce the dry-season extent of the
wetted area by a few square kilometres. This is seen
as a reasonable short-term tradeoff, in relation to
the crisis condition in the river downstream of the
wetland.
� To increase the efficiency of irrigation methods.
At present, the rice is flood-irrigated, a very
wasteful use of the available water. WWF–TCO
(2010) estimated that 50% of dry-season diversions
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could be retained in the river without affecting
agricultural productivity on the Usangu Plains. This
is particularly the case where alternative water
is provided to tail-enders and domestic use. An
estimated 2–5 m3 s−1 could be retained in the
rivers through improved canal management, while
2–7 m3 s−1 could be retained through closure of
the canals during the dry season. However, these
are average figures and savings during the late dry
season (October and November) are significantly
lower, averaging below 2 m3 s−1. This could provide
a long-term solution to the downstream flow
problem, but will require considerable negotiation
and resources to implement.
� Use of groundwater for irrigation. This is unlikely
to provide a solution, since the abstraction of
groundwater is likely to reduce baseflows to the
river. A thorough investigation of the groundwater
connections to the river would be necessary before
such an option could be evaluated.
� Engineering the wetland: this comprises many
options, including cutting a channel through
the wetland, or piping water through it, so as
to minimize evapotranspiration losses. Another
option would be to cut a channel through the
geological sill which impounds the water in the
wetland, so as to lower the water level at which
water would flow through into the downstream
river reaches. The costs of such options would be
a reduction in the area and functioning of the
wetland, and these costs are felt to be too serious
to consider at present.
The option of choice for the short term would be to
provide storage and a transfer from the Ndembera
tributary. This will require negotiations with the
downstream rice farmers who currently use water
from the Ndembera. At the same time, the longer-
term solution of more efficient irrigation should
be initiated. The major lessons emerging from this
project are:
� Where a river is already over-allocated, short-
term solutions (even if they are compromises)
are required to minimize long-term irreversible
damage.
� In such cases, detailed research and a time-
consuming environmental flow assessment is not
the priority. Where there is no flow in a formerly

perennial river, it does not require much expertise
or data to conclude that some flow needs to be
restored. The precise flow rates can be adjusted
later. The adoption of an adaptive management
approach is useful in such cases.

The immediate investigation of different options
for flow restoration provided a pragmatic use of
resources for this project, providing managers with
possible scenarios that were of immediate use.
Whether these will be implemented depends on
many other variables, which are not within the
control of the project team. Eventually, the success
of environmental flows, as with all other water
management issues, becomes a societal choice,
dependent on political, economic and social factors.
Even with the best scientific and monitoring
information available, environmental flows will
only be implemented where there is a general
appreciation of, and support for, the importance of
sustaining flows for conservation, where there is
the political will to use rivers within sustainable
limits, and where there is a recognition of the
long-term economic benefits of protecting water
resources, rather than the short-term maximization
of consumptive uses.

Conclusions

These case studies have shown that environmental
flow allocation has to be considered on a river-
specific basis, even when the circumstances seem
very similar. Other case studies, on the Rio Conchos
in Mexico, the Ganga in India and the Sao
Francisco in Brazil, have demonstrated that:
� Trans-border river issues, which are often seen
as complicating the management procedures, can
also be used to facilitate the implementation
of environmental flows. For example, the Rio
Conchos flows into the Rio Grande, which
forms part of the US/Mexico border. There is
a treaty obligation for Mexico to provide flows
into the Rio Grande, and such flows can be
distributed according to the environmental flow
recommendations.
� Large rivers also require environmental flows,
but assessment methods (developed for small
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rivers in arid regions) have to be adapted so
as to concentrate on large-scale processes, such
as sediment dynamics and floodplain connection,
rather than indicator species and their habitat
requirements.
� In the Ganga, environmental considerations
centred on the quantity and quality of water in
order to facilitate spiritual activities such as bathing
and purification from riverside ghats, but also
demonstrated that these requirements matched
well with the requirements for key species such as
river dolphins. Flows required in order to ensure
that water reaches waist height at the ghats also
provide the mosaic of deep pools and shallow
feeding areas preferred by the dolphins. It is
gratifying, but perhaps not surprising, to find that
traditional human rituals, as well as riverine flora
and fauna, are adapted to the natural diversity of
river flows.

Environmental flows are being implemented
in an increasing number of rivers – the Senqu
in Lesotho, the Berg in south-western South
Africa, the Snowy and Murray Rivers in Eastern
Australia, the Savannah River in Georgia and the
Willamette in Oregon, and the Yellow River in
China, amongst others (Hirji and Davis, 2009).
Many other countries are indicating a readiness
to apply environmental flows. Such flows cannot
be expected to solve all river related problems.
Most water quality problems should be dealt with
at source; increased sedimentation should usually
be addressed by improving land-use practices. Loss
of riparian vegetation is often a result of over-
grazing rather than flow problems. The recognition
of which problems can (and should) be dealt
with by adjusting flow regimes is an integral part
of the environmental flows assessment process,
and is addressed in the South African Water
Act 1998 by distinguishing between ‘Resource
Directed Measures’ such as the ‘Ecological Reserve’,
and ‘Source Directed Controls’ such as improved
sewage treatment methods.

The assessment and implementation of
environmental flows is proving to be a successful
and pragmatic aspect of river conservation,
restoration and IWRM in many parts of the world,
and is an excellent example of the progress that

has been made over the past two decades. The
four principles of IWRM, based on Lenton and
Muller (2009), and quoted in the section above
on the development and application of IWRM, are
integral to the success of environmental flows –
infrastructure to control flows and water demand;
a strong enabling environment and legislative
framework; institutional and stakeholder capacity;
and a sound understanding of the components,
processes and functions of natural water systems,
coupled with an effective monitoring system.
It is not that these ideas and research did not
exist before 1990, but that continued efforts
at integrated management and prioritizing
sustainability in water resource planning have
begun to pay dividends.
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Introduction

The traditional focus for the conservation and
management of rivers has been the channel
and adjacent corridor; however, a fundamental
requirement is an understanding of how land
use affects the hydrological character of the
catchment (Newson, this volume). This is because
the development, form and functioning of river
channels and their floodplains are strongly
influenced by hydrological factors acting at a
regional and catchment scale (Newson, 2009).
Changes in land use often have profound effects
on the character and the behaviour of rivers.
Deforestation and afforestation of river catchments
are good examples, and are particularly relevant in
relation to widespread public interest concerning
the loss of native tropical rain-forest and, more
recently, policies that promote tree-planting for
carbon sequestration (Wright et al., 2000).

Newson (2009) observed that ‘Perhaps the
major outstanding forest hydrology problem facing
river basin development is in the humid tropics
where timber extraction and its other social and
environmental impacts have resurrected many of
the myths deriving from simplistic observation
or blind translocation of temperate-zone science’.
A lack of controlled catchment experiments has
been cited as a major reason why the effects

on rivers and their ecosystems were largely
unknown in the tropics (Bonell and Black,
1993). This chapter describes how the hydrological
effects of plantation forest management in Brazil
have been assessed, and compares early results
from a programme of experimental studies with
conclusions from similar studies elsewhere in the
world. This hydrological perspective is important
because improved understanding of the impacts
of plantation forestry will help to encourage
more sustainable land and water management
in catchments, with consequent benefits for
river ecology.

In spite of their economic importance, forest
plantations have attracted widespread criticism
from environmentalists, social organizations and
academics. These views are based, in part,
on popular opinions, beliefs and myths. A
good example is the controversy about the
effect of eucalyptus (Eucalyptus spp.) plantations
on water availability (ACIAR, 1992; Cossalter
and Pye-Smith, 2003), although the debate
applies equally to forest plantations generally
(Andreassian, 2004). Despite improving scientific
knowledge the controversy remains; this is because
the debate is not simply about calculating the
water uptake by eucalyptus or whether streams
and soils will dry out – it is far more complicated
and involves political, economic, environmental,
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social and cultural viewpoints. To address these
concerns, the effects on water availability need
to be quantified experimentally and the results
used to implement sustainable forest management
strategies and practices (ACIAR, 1992; Cossalter
and Pye-Smith, 2003). The need to protect
hydrologically important areas of river catchments
and maintain the provision of ‘ecosystem services’
(Everard, this volume) has to take account of social,
cultural, environmental and economic trade-offs
involved in the transformation of the landscape
resulting from the expansion of plantations. In
the early development phases of forest plantation
much of what is now known about the relationship
between forest and catchment hydrology, water
balance and ecosystem functioning was not
taken into account. The consequences of this
have undoubtedly played an important part in
the continuing controversy about the effects of
plantations in Brazil and elsewhere.

The development of plantation
hydrology

The increasing economic importance of eucalyptus
as a timber crop in several countries has prompted
intensive physiological and hydrological studies,
in particular the comparison between natural
vegetation communities and plantations (Lima,
1984). Carefully designed experiments and detailed
scientific monitoring represent the opportunity
to analyse the relationship between plantations
and water by providing information on catchment
water balance and the associated stream-flow
changes which are relevant for river management,
aquatic ecosystems and catchment users.

The so-called ‘Plantation Effect’, described
by Rosoman (1994) was first observed in
an experimental catchment evaluating the
hydrological effects of replacing native forest
with pine plantation (Swank and Douglass,
1975). The subsequent development of ‘plantation
hydrology’ fulfilled the need to understand the
special hydrological characteristics of plantation
forests and in particular the requirement to
evaluate water balance over a period of several
years (Scott, 2005). For example, plantation
rotation period is an important factor affecting

catchment hydrology (Langford, 1976; Kuczera,
1987; Vertessy et al., 2001; Lima et al., 2008), so
forest management strategies need to take account
of this. They also need to consider the impact on
stream habitat because aquatic macroinvertebrates
are known to be affected by land-use change
associated with plantation forestry (Câmara and
Fonseca-Gessner, 2006).

Three key reviews of studies on experimental
hydrology concluded that afforestation reduces
stream flow, while deforestation increases it, but
the effects vary considerably and are not always
predictable (Hibbert, 1967; Bosch and Hewlett,
1982; Brown et al., 2005). Scale is important in
determining the hydrological effects of plantations
and forest management, while confounding factors
often make it difficult to detect the hydrological
effects of stream-flow changes in larger river
catchments (Brown et al., 2007). Nevertheless,
Bosch and Hewlett (1982) suggested that a
reduction in stream flow is in linear proportion
to the fraction of the catchment occupied by
plantation forest.

Most conclusions about the hydrological effects
of plantation are based on results from small
experimental catchments (50–300 ha) which are
about the size of an individual forest management
unit. This means that direct extrapolation of
results to larger scales is not valid because the
effects are often variable, sometimes unpredictable,
and two catchments are never exactly the
same (Hibbert, 1967; Bosch and Hewlett, 1982).
Nevertheless, because the hydrological effects
of forest management are the result of the
interactions with soil and local climatic conditions
(Vanclay, 2009) and these have been measured
extensively over a wide range of situations,
there should be reasonable confidence that the
correct application of relevant information can be
used to implement sustainable land and water
management strategies.

Early plantation hydrology
studies in Brazil

Of approximately 5.6 × 106 ha of forest plantation
in Brazil, 60% comprises eucalyptus and 40% pine
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(Pinus spp). As a result of government policy,
the annual planting rate of 500 000 hectares
in 2005 had doubled by 2010. Annual timber
production in eucalyptus plantations is about
45 m3 ha−2, although it can reach 70 m3 ha−2

using advanced silviculture techniques, species and
genetic selection. This high productivity is usually
achieved on a rotation period of 6–7 years.

Early studies concentrated on measuring
transpiration from eucalyptus (see Lima, 1993
for a review); the rate was found to be similar
to other tree species and decreased substantially
during the drier periods of the year (Villaça and
Ferri, 1954; Mello, 1961). Subsequently, Lima and
Freire (1976), Lima and Reichardt (1977) and Lima
et al. (1990) used a soil–water balance approach
to estimate the relative water consumption rates
of eucalyptus and pine plantations compared
with natural vegetation cover. The results showed
that the average annual soil water extraction
by transpiration in eucalyptus plantations was
about 215 mm higher than that for open savanna
woodland; it was also higher than the values
measured for pine plantation. Using a hydrological
model, Soares and Almeida (2001) were able
to estimate water movement in the soil under
a Eucalyptus grandis plantation in Brazil. They
observed that transpiration used water available
in the root zone during the wet period; in the dry
period, transpiration was reduced and water was
taken from soil layers below the root zone, but at a
rate which balanced the lower transpiration.

Experimental catchment
studies in Brazil

Experimental studies and monitoring of eucalyptus
plantation hydrology were initiated by The
Institute of Forest Research and Studies (IPEF)
based at the University of São Paulo, in
collaboration with forest companies. The first
studies started in 1987 and involved two very
small (7.0 ha) catchments in the hills of the Paraiba
River Valley (Vital et al., 1999). Stream flow and
other parameters were measured continuously
for a period of 8 years (1987–1995) following the
planting of Eucalyptus saligna on former pasture

land. Stream flow started to decline steadily over
this period, owing to a combination of tree growth
and a reduction in annual precipitation. The
plantation was clear-felled after 7 years and stream
flow ceased that year (1993–1994). Despite a
continuing decline in annual precipitation, stream
flow recovered within 12 months, increasing
by 115 mm compared with the year before
clear-felling (Figure 5.1). Over the 8 year period,
mean annual water balance parameters for the
catchment were: 1327 mm of precipitation; 1186
mm of catchment-scale evapotranspiration; and
141 mm of water yield.

In 1991, a 100 ha experimental catchment
was established at Itatinga in the State of São
Paulo. It supported coppice re-growth (about 17
years old) from an E. saligna plantation, originally
established about 50 years previously. Stream flow
and precipitation measurements were carried out
during 1991–1998 and the plantation was clear-
felled in 1997. With average values of annual
precipitation and catchment evapotranspiraton
of 1590 mm and 1061 mm respectively, the
average annual water yield was approximately
400 mm (Câmara and Lima, 1999). Stream
flow increased by 90 mm in the first year
after clear-felling, as compared with the mean
for the seven years preceding it. However, in
this catchment, streamflow never ceased during
the seven monitored years of plantation growth
(Figure 5.2).

These two initial experimental catchments
marked the beginning of a broader cooperative
programme of hydrological assessment of
plantation hydrology which now comprises
18 locations in several parts of Brazil. Most are
based on single catchments, but three use paired
catchments, whilst one is maintained with native
forest as a control reference. Figure 5.3 shows the
location of 10 of the experimental catchments,
while preliminary overall results are summarized
in Table 5.1.

The pattern of results is consistent with studies
reported elsewhere in the scientific literature.
For example, the increase in evapotranspiration
associated with forest plantations varies according
to local climatic and soil conditions; it is practically
zero in the semi-arid region containing the



P1: TIX/XYZ P2: ABC
JWST110-c05 JWST110-Boon December 8, 2011 8:55 Trim: 246mm X 189mm Printer Name: Yet to Come

62 Catchment Conservation, Ecosystem Integrity and Threats to River Systems

1800

1600

1400

1200

1000

800

600

400

200

0

m
m

June/87 - M
ay/88

June/88 - M
ay/89

June/89 - M
ay/90

June/90 - M
ay/91

June/91 - M
ay/92

June/92 - M
ay/93

June/93 - M
ay/94

June/94 - M
ay/95

Precipitation Linear (Precipitation) Clear-fellingWater yield

Figure 5.1 Measurements of precipitation and water yield from a small experimental catchment in the Paraiba River
valley, Brazil. Eucalyptus saligna was planted on former pasture land in 1988 and clear-felled in 1993–1994 (after Vital
et al., 1999).

700

600

500

400

300

200

100

0
Sep

Mean stream flow before clear-felling (1991-1997) Stream flow after clear-felling (1997-1998)

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

m
m

Figure 5.2 Accumulated average monthly stream-flow values for the Itatinga experimental catchment, Brazil. During
1991–1997 the catchment was covered with coppice re-growth (approximately 17 years old) from Eucalyptus saligna
planted about 50 years previously; this regrowth was clear-felled in 1997 (after Câmara and Lima, 1999).
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Alagoinhas site (B), but over 300 mm per year
in catchments located in the wetter region of
Telemaco Borba (Table 5.1). Telemaco Borba is
characterized by evenly distributed rainfall and
deep, fertile soils which result in high pine
wood growth and a proportionately higher water
consumption in the plantation. The Telemaco
Borba results also showed that catchment-scale
evapotranspiration (PEC-Q) of pine plantation was
155 mm higher than that of native forest (sites I

and J; Table 5.1), a pattern consistent with results
reported by Swank and Douglass (1975).

Another factor related to the variation of
evapotranspiration is relative water availability
in the catchment. This can be expressed as a
percentage ratio of annual water surplus to annual
precipitation. The average values of this ratio
for the three different groupings of catchments
presented in Table 5.1 are 11%, 26% and 33%,
respectively. The corresponding values for the
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‘[(PEC-Q)-AE]/AE’ ratio are 7%, 13% and 26%
respectively. These patterns are consistent with
conclusions made by Farley et al. (2005) that
absolute reduction in annual runoff may be greater
in wetter catchments, but proportionately the
impact of reduction is likely to be more severe in
drier areas.

The analysis in Table 5.1 also shows the increase
in evapotranspiration [(PEC-Q)-AE] associated
with forest plantations on a catchment scale,
based on a comparison of the mass water
balance with the estimated climatic actual
evapotranspiration (AE). This is equivalent to
an increase in the ‘green water flux’ caused by
plantations (sensu Falkenmark and Folk, 2002).
Consequently, an important parameter in Table
5.1 is catchment water yield (‘Q’). Calculated Q
values indicate that flow was maintained in all
experimental catchments, suggesting that despite
increasing evapotranspiration, eucalyptus and pine
plantations in the climatic and soil conditions
of the study locations do not affect base-flow
water conditions, described as ‘blue water’ by
Falkenmark and Folk (2002).

Discussion

The effects of forest plantation on water balance
vary in Brazil, as elsewhere in the world, according
to local climatic, soil and management factors. By
analysing over 500 observations worldwide, Farley
et al. (2005) summarized the effects of afforestation
as follows: for regions where natural runoff is
less than 10% of the mean annual precipitation,
afforestation would result in a complete loss of
stream flow; where natural runoff is 30% of the
mean annual precipitation, water yield would be
cut by half or more as a result of plantation forests.
These conclusions have major implications for
catchment management and aquatic ecosystems.

Comparing the mass water balance calculated for
experimental catchments with the climatic water
balance of that particular region and taking account
of differences in local and regional precipitation,
it is clear that catchment-scale evapotranspiration
(PEC-Q) matches closely the climatic values of

actual evapotranspiration (AE) (Thornthwaite and
Matter, 1955). This confirms that models of
estimated potential evapotranspiration based on
temperature and solar radiation provide the best
stream-flow simulations for use in catchment
rainfall–runoff relationships (Oudin et al., 2005).
The (PEC-Q) value of catchment F in Table 5.1
is also similar to the annual value of evaporation
measured by the eddy covariance method in the
same catchment (Cabral et al., 2010).

Stape et al. (2008) found a similar relationship
between water availability and wood production of
a Eucalyptus grandis plantation in the State of Bahia,
north-east Brazil. That region has an annual rainfall
of 1040 mm, high potential evapotranspiration and
a low average water surplus. Adding irrigation
water increased wood yield by 92 m3 ha−1 yr−1,
which is among the highest values ever reported for
forests. In rain-fed eucalyptus plots, transpiration
was 1261 mm in a year with above average annual
precipitation, but only 962 mm in an average
rainfall year. In comparison, annual transpiration
of the irrigated plots was about 1250 mm in both
years, demonstrating that the supply of water is
a key factor determining the potential growth of
eucalyptus plantations.

Analysing these and other experimental results
from eucalyptus plantations in Hawaii, Binkley
et al. (2004) concluded that the increase in wood
production from 1.4 to 3.5 kg m−2 yr−1 caused
by irrigation also increased water use efficiency
from 6.9 to 9.0 kg m−3. Therefore, the hydrological
impact of forest plantations depends in part on both
water consumption and water use efficiency – the
same amount of water can produce twice the wood
yield on sites with higher water supply.

As a result of analysing data from over 250
experimental catchments worldwide, Zhang et al.
(2001) developed a simple mathematical model
relating catchment-scale evapotranspiration with
annual precipitation. The so-called ‘Zhang curves’
predict that increased water availability increases
water consumption and wood production. The
model also indicates that afforestation of former
grassland will increase water consumption, but
the difference in water consumption between
forest and grass is only evident when annual
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Figure 5.4 A comparison of the accumulated catchment scale evapotranspiration in 10 experimental catchments in
Brazil and the modelled curves developed by Zhang et al. (2001). Solid line represents forest; the dotted line represents
pasture. See Table 5.1 for details of sites A–J.

rainfall exceeds about 750 mm. A tentative
comparison of the accumulated catchment-scale
evapotranspiration (PEC-Q) of forest plantations
measured in Brazil (Table 5.1) with the Zhang
model is presented in Figure 5.4. It tends to support
the conclusion about the suggested relationship
between plantation water consumption and annual
precipitation.

The experimental hydrological studies in Brazil
show that, in terms of evapotranspiration and
catchment water balance parameters, there is no
reason to expect that eucalyptus plantations always
represent inherently inappropriate land-use, or
that they produce hydrological effects of the same
magnitude in all situations (Table 5.1). However,
unplanned planting of eucalyptus in hydrologically
sensitive parts of the catchment is known to reduce
stream flow, and cause problems downstream
(Van Dijk and Keenan, 2007). Eucalyptus should
therefore be treated like other forest plantation
species; mitigating the hydrological impact should
be achieved through proven sustainable forest
management strategies and practices, adapted to
account for prevailing climatic and soil conditions
(Vanclay, 2009). Climatic water balance is a key

factor determining management strategies that aim
to maximize plantation productivity and minimize
the effects on water availability.

The generic lesson for river management and
conservation is that understanding the hydrological
effects of land-use change is of paramount
importance and is likely to become even more so
as social, economic and climate factors combine
to increase pressure on water resources and alter
catchment landscapes and the character of rivers
(Newson, 2009).

Conclusions

The impacts of forest plantations on catchment
water yield are complex, variable and depend
on the prevailing hydrological processes and
climatic availability of water. The most important
hydrological indicator of sustainable forest
plantation management is catchment water
balance, while stream flow is the factor most
relevant to aquatic ecosystems and river users.
Forest plantation management strategies need to
balance the main objective of timber production
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with water conservation in order to safeguard
aquatic ecosystems and allow other catchment
activities to continue. The best way to achieve
sustainable plantation production is through
integrated land and water management, informed
by practical experience and from the results of
experimental studies and hydrological monitoring.
The generic implications of land-use change
and associated hydrological effects for river
conservation and management are likely to
increase in the future.

Acknowledgements

Most of the results discussed in this chapter are part
of the Cooperative Research Program between IPEF
and some Brazilian Forest Companies (PROMAB).
We are grateful to numerous assistants and
employees of the participating companies for their
valuable cooperation.

References

ACIAR (1992) Eucalypts: curse or cure? Australian Centre

for International Agricultural Research (ACIAR),

Canberra.

Andreassian V (2004) Water and forests: from historical

controversy to scientific debate. Journal of Hydrology

291: 1–27.

Binkley D, Stape JL, Ryan MG (2004) Thinking about

efficiency of resource use in forests. Forest Ecology and

Management 193: 5–16.

Bonell M, Black J (1993) Recent scientific developments

and research needs in hydrological processes of the

Humid Tropics. In Hydrology and Water Management in

the Humid Tropics, Bonell M, Hufschmidt MM, Gladwell

J (eds). Cambridge University Press: Cambridge; 4: 167–

260.

Bosch JM, Hewlett JD (1982) A review of catchment

experiments to determine the effect of vegetation

changes on water yield and evapotranspiration. Journal

of Hydrology 55: 3–23.

Brown AE, Zhang L, McMahon T, Western AW, Vertessy

RA (2005) A review of paired catchment studies for

determining change in water yield resulting from

alterations in vegetation. Journal of Hydrology 310:

28–61.

Brown AE, Podger GM, Davidson AJ, Dowling TI,

Zhang L (2007) Predicting the impact of plantation

forestry on water users at local and regional scales. An

example for the Murrumbidgee River Basin, Australia.

Forest Ecology and Management 251: 82–93.

Cabral OMR, Rocha HR, Gash JHC, Ligo MAV, Freitas

HC, Tatsch JD (2010) The energy and water balance of

a Eucalyptus plantation in southeast Brazil. Journal of

Hydrology 388: 208–16.
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In As Florestas Plantadas e a Água: Implementando o Conceito
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In the Indus Delta it is No More the
Mighty Indus
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The mighty Indus River:
at a glance

The Indus River is one of the world’s longest rivers
with a length of 2880 km (Gopal, 2000). The river
basin spans parts of four countries (Afghanistan,
China, India and Pakistan), stretching from the
Himalayan mountains in the north to the alluvial
plain of Sindh in the south. Almost 90% of the
water in the upper portion of the river basin comes
from glaciers located in the Himalaya, Karakoram
and Hindukush mountain ranges (IUCN, 2003).
The size of the Indus basin is 1 081 788 km2 (WRI,
2003) and the river travels southwards across the
Punjab and Sindh Provinces in Pakistan before
entering the Arabian Sea through a delta close
to the border with India (Figure 6.1). The total
available freshwater flow in the Indus is about 180
billion m3, carrying with it some 400 million tons
(363 × 106 t) of silt (Meynell and Qureshi, 1993).

The Indus River is critical for Pakistan’s 165
million people. The economy of the country
depends heavily on the productivity of its
resources, and water in particular. The agricultural
sector uses up to 90% of Pakistan’s total water
resources, produces one-fifth of its gross domestic
product (GDP), contributes to more than half of
its exports, and employs half the labour force. The
agricultural economy is predominantly irrigated. Of

the total land area of 80 million hectares (ha), 21
million ha are cultivated – of which 18 million
ha are irrigated. About 12 million ha of Pakistan’s
irrigated land lies within the Indus River system
(Bengali, 2009).

Significance of the Indus Delta

The Indus Fan is one of the largest sediment bodies
in the modern ocean basins and the geological
and geophysical information obtained from the
Pakistan margin suggests that the Indus River and
Fan system dates from a period shortly after the
India-Asia collision at ∼55 Ma (Clift et al., 2002).

The Indus Delta located in Sindh Province is a
landmark of Pakistan’s coastline extending up to
150 km along the Arabian Sea, built up by the
discharge of large quantities of silt washed down
from upland and mountain areas. It is said to be
the fifth largest delta system in the world and
has the seventh largest mangrove forest system
(WWF, 2010). The present delta covers an area
of about 600 000 ha and is characterized by 17
major creeks and innumerable minor creeks, mud
flats and fringing mangroves (Meynell and Qureshi,
1993). Thatta and Badin are the principal districts
of the Indus delta with an estimated population of
2.3 million. (WWF – Pakistan, 2007) (Plate 8).
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Figure 6.1 The Indus River basin.

The Indus River delta is a highly productive
area for freshwater fauna and an important region
for water birds (Ramsar Convention on Wetlands,
2003). It has been designated as a Ramsar site (a
wetland of international importance) and a wildlife
sanctuary. Before their devastation the riverine
forests of Sindh used to be an ideal habitat for
hog deer (Axis porcinus). The Indus is home to
25 amphibian and 147 fish species of which 22
are not found elsewhere in the world. It harbours

the endangered Indus river dolphin (Platanista
indica), one of the world’s rarest mammals, with
a population of not more than 1100 individuals
(Ramsar Convention on Wetlands, 2003; WRI,
2003; WWF, 2010). In Pakistan the 135 km stretch
of the Indus from the Sukkar Barrage to the
Guddu Barrage has been declared a sanctuary for
the Indus dolphin (Gopal, 2000). The delta holds
97% of the total mangrove forests of Pakistan;
nearly 95% of the total mangrove cover in the
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delta is comprised of Avicennia marina (WWF –
Pakistan, 2007). Mangroves play a vital role in
coastal protection by acting as a natural barrier
during storm surges.

A WWF study (Dehlavi et al., 2008) conducted
at Keti Bunder estimated that the total economic
value of the deltaic ecosystem within a given area
of 40 874 ha is equal to PKR 11 billion (US$13
million). This includes direct use value (fisheries
resources), indirect use value (carbon sequestration
by mangrove forests) and non-use value (values
placed on species protection by a representative
sample of Karachiites). More than 60% of the
rural population use the delta’s mangroves as
their major source of domestic fuel, estimated
to account for around 18 000 tons (16 392 t) of
firewood (Khalil, 1999) which is worth up to
US$460 000 a year (Mahmood and Ali, undated).
Mangroves are also used by coastal villagers as
fodder for domestic animals. In addition to cattle,
sheep and goats kept permanently in the delta, it
has been estimated that at certain times of the year
about 16 000 camels are herded into the mangroves
(Meynell and Qureshi, 1993; Khalil, 1999). In
total, the Indus delta’s natural ecosystems are
thought to contribute about 67 000 tons (60 781 t)
of leaves and 20 000 tons (18 144 t) of grasses as
livestock pasture and fodder each year, together
worth up to US$1.35 million (Mahmood and Ali,
undated). At least three quarters of the delta’s
rural population depend, directly or indirectly, on
fishing as their main source of income, and most
of Pakistan’s commercial marine fishery operates
in and around the mangrove creeks on the coast
of Sindh Province. A large proportion of fish and
crustaceans spend at least part of their life cycle in
the mangroves, or depend on food webs originating
there (Meynell and Qureshi, 1993).

Building the world’s largest
irrigation infrastructure

Pakistan depends on irrigation and water resources
for 90% of its food and crop production (World
Bank, 1992). Historically, irrigation water has been
provided in the region year by year since 1859

(Gonzalez et al., 2005). The water management
paradigm that emerged was overwhelmingly
technocentric in nature and based on two facets:
engineering solutions and water storage. This
paradigm was partly inherited from the British
colonial era. Beginning with the construction of the
Sindhani project on the Ravi River (now in India)
in 1886, a range of large, highly capital-intensive
projects have been built to date (Bengali, 2009).

The Indus Water Treaty (IWT) signed by
Pakistan and India in 1960, resulted in an
altered distribution of flows in the river system.
Extensive infrastructure development took place
that included link canals, barrages and reservoirs.
There is no evidence that environmental aspects
were considered during the discussions preceding
the IWT (Gonzalez et al., 2005). During the
1960s and 1970s, a large portion of investment
in the water sector was directed at very large
Indus Basin projects: the Mangla Dam, the Tarbela
Dam, five barrages, one siphon and eight link
canals. In Pakistan today, the Indus River system
consists of the Indus River and its tributaries, three
major reservoirs, 19 barrages, two headworks,
43 canal commands and 12 link canals, running
into 56 000 km of canals and 1.6 million km of
watercourses and field channels. There are 550 000
tubewells (Bengali, 2009). Thus the world’s largest
contiguous irrigation system came into existence
(Figure 6.2).

Pakistan’s socio-economic development plans
depend heavily on expanding land under irrigated
crops (Government of Pakistan, 2001) and a large
number of new developments are planned which
indicate that the amount of fresh water available
to the Indus will continue to fall (IUCN, 1991).
There are several new dams such as Diamer-
Basha, Kalabagh and Bunji that are now under
consideration.

Reduced flow of the River
Indus: causes and consequences

The vast irrigation network affords Pakistan the
highest irrigated to rain-fed land ratio in the world.
This impressive irrigation system is, however,
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Figure 6.2 Dams and barrages of Pakistan.

exacting a heavy toll on the environment. In
particular, there is concern that the upstream
abstraction of large volumes of water from rivers
has, in many cases, left insufficient flow to meet
the needs of downstream ecosystems. Coastal and
marine regions, because they lie at the end of
rivers, have been affected most heavily by this
upstream abstraction (IUCN, 2007).

The increase in use of Indus River water for
irrigation has changed the hydrological balance
of the basin significantly. The annual water flow
to the Arabian Sea diminished from 170 million
acre feet (MAF) (210 billion m3) to approximately
10 MAF (12 billion m3) (Gonzalez et al., 2005)
and in 2008–2009 it was only 5.8 MAF (7 billion
m3) (Government of Pakistan, 2009). Sediment
transport has also changed. The flow of alluvium
– the fine-grained nutrient-rich soil brought by the
rivers during its course through the fertile plains –

has declined from 400 million to 100 million tons
(363 to 91 × 106 t) per year (Amjad et al., 2007).

The overall impacts of man-made changes
in the Indus River system are best observed
downstream of Kotri Barrage. In the pre-Kotri
period (1956–1961), there was not a single
day with a zero flow downstream from Kotri
Barrage. The occurrence of zero flow days in the
winter season increased progressively following
the commissioning of the Kotri and Guddu
barrages and the Mangla dam (Figure 6.3). During
2001–2003 the National Institute of Oceanography
(Karachi) observed zero flow during most part of
the year between Sajawal, which is equidistant
from Kotri Barrage (∼90 km from upstream) and
the river mouth at Khobar creek. Fresh water
reached the deltaic area infrequently during the
summer, i.e. July–September (Inam et al., 2004).
As a result of upstream water abstraction, mainly
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Figure 6.3 Zero flow days
downstream Kotri Barrage. (Source:
Inam et al., 2004).

for irrigation, by the time the Indus reaches the
Kotri Barrage (some two thirds of the way into
Sindh Province, or 200 km from the Arabian
Sea), there is inadequate flow to maintain the
natural ecosystems of the Indus delta (Meynell and
Qureshi, 1993).

Recurrent disputes over water use led the
government to set in place the Indus Water Accord
in 1991, which apportioned the use of the river’s
water between the four provinces of Pakistan. It
also recognized – for the first time – the need to
allow some freshwater discharge into the delta to
safeguard the ecosystem, specifying a minimum
flow of 10 MAF (12 billion m3). In 1994, however,
because of drought and water shortages, Punjab
Province requested an exemption from the 1991
Water Accord and subsequently received a higher
allocation based on historical use (Meynell and
Qureshi, 1993).

Underlying the failure to take effective action,
either with respect to irrigation management or
the construction of new storages, is the pervasive
lack of trust. As Habib (2004) notes, ‘facts about
water remain controversial and all domestic water
issues are explained in the context of provincial
antagonism’. There is justification for concern
in the view that residual flow to the Arabian
Sea is ‘wastage’ (Asrar-ul-Haq et al., 1997) or
‘escapages’ (Tarar, 1997) rather than an important
element of environmental sustainability. Failure
to recognize downstream ecosystem needs has
often led to water allocation decisions being made
that are neither economically nor ecologically
sound. Contrary to the dominant development
imperative that favours the allocation of water

to large-scale, commercial uses such as dams,
reservoirs, irrigation and hydropower schemes,
Pakistan’s ecosystems, too, are economic users of
water. Yet the economic benefits of water-based
ecosystems are rarely factored into river basin
planning, or into water allocation decisions (IUCN,
2003). If the present trends continue the Indus
Delta will ultimately establish a transgressive beach
dominated by aeolian dunes, owing to lack of
sediment inputs and high energy waves (Wells and
Coleman, 1984; Haq, 1999).

Cost of environmental
degradation in the Indus Delta

Located on a high wave-energy coastline, the Indus
Delta is susceptible to erosion (Wells and Coleman,
1984) and rapid sea encroachment due to sea-level
rise (Haq, 1999). The reduction in the inflow of
fresh water has exposed this complex ecosystem
to environmental and social stresses in the form of
loss of habitat and biodiversity and a decline in the
productive values of the ecosystem.

Land degradation
It has been estimated that the area of the Indus
Delta has shrunk from 3000 km2 to 250 km2

(Hassan, 1992). The active delta is now only 10%
of its original area (Sheikh and Soomro, 2006).
It is estimated that up to 67 km of salt-water
intrusion has taken place resulting in damage
to deltaic ecosystems and adversely affecting the
groundwater aquifers (WWF – Pakistan, 2007). The
salinity in the delta has also increased (Amjad et al.,
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2007) and according to Qureshi (1996) it is not
unusual to find salinities of 40–45 ppt or more
in specific locations in the small peripheral micro-
creeks of the Indus Delta.

In Thatta, a predominantly agricultural District
in Sindh Province which is situated where the
Indus River flows into the Arabian Sea, almost a
third of the land has been affected by salt-water
intrusion. It is estimated that up to 0.5 million
ha of fertile land in District Thatta and adjoining
areas (IRIN, 2001), or about 12% of the total
cultivated area in the entire Province (Government
of Pakistan, 2001), is now affected by salt-water
intrusion. A recent study (WWF – Pakistan, 2009)
comparing changes in the coastline since 1952, the
rate of erosion, and detectable changes in cropping
patterns, shows that average mudflat erosion in
Keti Bunder (a major coastal town) amounts to
20 m per year. In Chann Creek, a major creek
near Keti Bunder severely affected by salt-water
intrusion, erosion rates are as high as 1660 m yr−1

(WWF – Pakistan, 2009) (Figure 6.4).

Loss of livelihoods
More than half a century ago Keti Bunder was
a thriving port city comprising vast agricultural
lands and rich in marine resources. Ships from
as far as Europe used to anchor here. Its main
produce was Sindh ganja (red rice), coal, desi
ghee (butter) and wood; it was so wealthy that

Figure 6.4 Erosion in Chann Creek, Keti Bunder Areas.

its municipality once gave a loan to the Karachi
municipality. The area was ideal for the production
of banana, coconut, melon and watermelon (The
Daily Dawn, 2008). Now land degradation in the
Indus Delta has led to loss of crops and severe
damage to livestock through rangeland depletion,
shortage of fodder, pasture and watering areas, and
a resulting mass emigration of livestock and human
populations. Both aggregate crop production and
fish catch declined steadily as salinity increased. A
study conducted in three Talukas (administrative
sub-units below District level) of the Indus delta
including Keti Bunder, Gora Bari and Kharo Chan
showed that 30 000 households in these Talukas
had incurred average annual losses of US$70 000 in
crop damage and US$45 000 from reduction in fish
catches as a result of salt-water intrusion (IUCN,
2003). On a broader level, other studies showed
that rapidly escalating mangrove loss has seriously
jeopardized the livelihoods of more than 135 000
people who rely on mangrove products to a total
economic value of some US$1.8 million per year
for fuel wood and fodder, and a coastal and marine
fisheries sector that generates domestic and export
earnings of almost US$125 million (IUCN, 2007).

Degradation of mangrove forests
Reductions in freshwater inflows have had tangible
impacts on mangrove ecology (IUCN, 2003) with
eight species declining to four (Plate 9). The
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area of mangrove forests in the Indus delta fell
from 263 000 ha in 1977 to 160 000 ha in 1990,
106 000 ha in 2003 (World Bank, 2005) and to
around 73 000 ha in 2006 (WWF – Pakistan,
2006). The estimated loss of economic value for
this 72% decline in total mangrove cover in the
Indus Delta is approximately US$ 616 million in
2010. This figure is based on per-hectare values
for fisheries, carbon sequestration and species
protection derived from a WWF – Pakistan study on
the total economic value of ecosystems dependent
on the Indus River (Dehlavi et al., 2008). It
may interest policy makers to know that carbon
sequestration makes up 7% of the total loss (or
US$ 44 million), while fisheries makes up almost
90% (or US$ 548 million) and the remaining US$
22 million relates to non-use values placed on
species protection by a representative sample of
Karachiites.

Loss of fisheries resources
According to the Fisherfolk Forum (Qamar, 2009)
annual fish production has declined from 5000 t
in 1951 to just 295 t and the catch of shrimps has
fallen by 47% in the last 10 years. Palla (Tenualosa

ilisha) once dominated the fishery of Sindh with
a record catch of 7900 tons (7167 t) in 1959, but
the catches of palla and dangri (Lates calcarifer) have
declined from 600 tons (544 t) in 1986 to 200 tons
(181 t) in 1995 (Hoekstra et al., 1997). At present
it constitutes barely 15% of the total catch (WWF –
Pakistan, 2007).

Migration from the deltaic areas
There has been a mass migration from the Indus
Delta and about 300 000 people have migrated
from the deltaic areas to Karachi and Hyderabad as
well as to the nearby town of Gharo (PFF, 2005).
There has been a substantial migration to Karachi
in recent years, where the local people end up
living in the city’s vast slums (The Friday Times,
2009).

Change in land-use pattern and
occupations
Livelihood degradation has forced the delta
communities to change their professions. Most of

the livestock keepers have become wood cutters
and the agriculture community has been largely
converted to the fishing profession with adverse
effects on fisheries resources (Brohi, 2004). Loss
of fisheries and agricultural lands have forced
communities to adopt unsustainable practices
such as using illegal fishing nets and cultivating
betel leaves with an excessive application of
agrochemicals.

Pakistan flood 2010

The extraordinary rainfall that lasted from mid-
July to September 2010 caused unprecedented
floods in Pakistan, regarded as the worst since
1929 (Plate 10). According to the Federal Flood
Commission of Pakistan (World Bank, 2010) the
flood peak at the Kotri Barrage (the last barrage
on the River Indus near the delta) was 27 334 m3

s−1, which was more than its design discharge of
24 787 m3 s−1. The National Disaster Management
Authority (NDMA) has estimated that the floods
affected 78 districts and covered more than 100 000
km2. About 20 million people (more than one-
tenth of Pakistan’s population) have been affected,
with over 1980 reported deaths and nearly 2946
injured (NDMA, 2010). The floods also destroyed
1.6 million homes, and thousands of acres of
crops and agricultural lands have been damaged
with severe soil erosion in some areas (World
Bank, 2010). A rapid environmental assessment
conducted by the Pakistan Wetlands Programme
in selected areas (Khan et al., 2010) revealed
that the flood has severely damaged the natural
forests, plantations, trees raised for fuel wood, fish
resources and fisheries development infrastructure,
and has altered wildlife habitat (e.g. for species
such as Indus dolphin and hog deer) and ex-situ
conservation areas.

However, according to WWF – Pakistan (2010),
despite all the damage and destruction left in their
wake (Plate 11) the floods have also breathed
life into the land and increased its fertility.
Groundwater aquifers have been recharged and
many formerly dying lakes and water bodies have
been replenished. The riverine and mangrove
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forests in the delta have also benefited greatly from
this influx of water and silt. The unprecedented
deposition of silt along Sindh’s coast promises to
stabilize the coastline, as well as help reclaim
formerly saline lands.

Options for management

Various recommendations have been put forward
by experts in different forums:
(a) According to the findings of an International
Panel of Experts (IPOE) the need for water release
downstream from the Kotri Barrage is justified
in order to prevent salinity encroachment in the
river, aquifer and coastal zone, and prevention of
salinity accumulation in the Indus Basin; increase
coastal stability; improve fisheries; and ensure
environmental sustainability.

A release from the Kotri Barrage of 5000 cubic
feet per second (142 m3 s−1) throughout the year
has been suggested as a requirement for preventing
salt-water intrusion, accommodating the needs for
fisheries and environmental sustainability, and for
maintaining the river channel (Gonzalez et al.,
2005). The IPOE also recommended considerable
quantities of sediment supply to maintain a stable
coastline and sustain mangrove vegetation. They
recommended that ‘a total volume of 25 MAF
(31 billion m3) in any 5-year period (an annual
equivalent amount of 5 MAF (6 billion m3)) be
released below Kotri as flood flows (Kharif period).
The yearly release can be adjusted so that the
average of 6 billion m3 is maintained’.
(b) According to the provisions of the 1991
Water Accord, 10 MAF (12 billion m2) has been
committed for the Province of Sindh; however,
environmentalists believe that this is insufficient
and the IUCN has calculated that a release
of 27 MAF (33 billion m3) is essential for the
continued wellbeing of the Indus Delta (WWF –
Pakistan, 2008).
(c) In a review of the past half-century of water
management experiments and experience in the
Indus River Basin in Pakistan, Wescoat et al.
(2000) proposed five principles for long-term water
planning, summarized below:

1 Plan for crises. Known as ‘surprises’ in the field
of adaptive management, crisis-driven changes

in the basic assumptions and aims of water
management test the resilience of ecosystems,
livelihoods and management institutions. These
crises stimulate innovations through alternative
responses.
2 Plan for multiple strategies to achieve governance

goals. Over the past 50 years adjustments in
irrigation systems have not been in line with
the changes in governance structures. A strategy
is needed which comprises: (i) incremental
reform for periods of stable governance; (ii)
episodic breakthroughs for periods of strong
local participation and political leadership; and
(iii) risk management for periods of political
instability.
3 Plan at multiple geographic scales of water
management. Water management programmes
have to be focused on multiple geographic scales:
from the household to international levels of
political economy, and from the farm plot to
landscape and bioregional scales of ecosystem
management.
4 Plan to support varied patterns of regional water

management and innovation. Water management
approaches vary in the different agro-economic
zones of Pakistan. With some experimentation
and by adapting best management practices
in agriculture, water-use efficiency can be
enhanced and region-specific appropriate water
management cultures can be promoted.
5 Plan for scientific and societal experimentation with
water and environmental management alternatives.

The Indus river system acts like a ‘laboratory’
for experimentation on water management. To
be effective, this approach needs to combine
ecosystem management, social learning and
cultural values.

(d) WWF – Pakistan recommends adoption of
Integrated Water Resource Management (IWRM)
within the framework of the Water Accord
1991, based on using both surface water and
groundwater. This strategy includes institutional
management, system improvements and efficient
use of water in agriculture. WWF – Pakistan, in
collaboration with the Government of Pakistan,
is currently working on the Indus Ecoregion
Programme, which is a long-term conservation
initiative for sustainable management of natural
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resources in the lower Indus Basin including
the Indus Delta and adjacent areas. Maintaining
environmental flows and coastal management are
the priority concerns of the programme. Certain
initiatives have already begun including public
consultation for water policy reform, promotion
of water-efficient agricultural practices, long-term
planning for river basin management, mangrove
planting in coastal areas and promoting alternative
energy sources for use by coastal communities.
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CHAPTER 7

A 20-Year View of Monitoring
Ecological Quality in English
and Welsh Rivers
Ian P. Vaughan and Stephen J. Ormerod
Cardiff School of Biosciences, Cardiff University, UK

Introduction

The period 1990–2010 was a time of major
change in UK river management. It included the
reorganization of statutory environmental agencies
in 1995–1996, the introduction of new legislation,
notably the European Habitats Directive and
Water Framework Directive (WFD; Council of the
European Communities, 1992, 2000), and major
investment by water companies to control point-
source pollution. There was also growing concern
about the ecological impacts of climate change
and the physical modification of rivers (Vaughan
et al., 2009). Systematic river monitoring is
essential to answer questions about the extent and
consequences of change. It provides information
on the current state of the environment, including
the spatial distribution of biological communities
and environmental attributes, and the changes
that may have occurred over time (Yoccoz et al.,
2001). Collectively, these provide the fundamental
information for environmental management: what
is being managed and what has changed in
response to management interventions and other
factors (Yoccoz et al., 2001).

In the UK, rivers are among the most intensively
monitored ecosystems, both with respect to the
range of attributes monitored and the spatial
and temporal coverage of sampling and survey

programmes. This is driven primarily by the
importance of the resources that rivers provide
and the potential conflict between different forms
of use, such as the discharge of wastewater or
industrial effluent and the supply of drinking
water. Monitoring also addresses a range of
other requirements, including assessment and
reporting on the condition of sites, habitats
and species designated under nature conservation
legislation (Cowx et al., 2009). These drivers may
require regular, repeat surveys with relatively high
resolution sampling over large geographical areas
to pinpoint improvements or declines in condition.
As a consequence, the datasets generated by
routine river monitoring are much larger than
most other project-based sources of environmental
surveillance or impact data which may provide
more detail, but tend to be short term and more
restricted in spatial extent.

This chapter considers monitoring data and
some of the contributions they can make to river
research and management. This is illustrated using
two major river monitoring schemes operated in
England and Wales since 1990 – by summarizing
their results and demonstrating how the data
from these and other schemes are not only
extremely valuable in their own right, but could
also support river research and management in the
future.

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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River monitoring in England
and Wales

River monitoring in England and Wales is carried
out predominantly by the Environment Agency
(http://www.environment-agency.gov.uk). A wide
variety of biological (e.g. epilithon, macrophytes,
benthic macroinvertebrates, fish populations),
water chemistry, discharge and habitat data are
collected. Two of the most extensive datasets
derived during the last 20 years have been
associated with the General Quality Assessment
(GQA) scheme and two baseline surveys using
River Habitat Survey (RHS).

The GQA scheme was introduced in 1990 by the
National Rivers Authority; it used chemical and
biological (benthic macroinvertebrates) parameters
to assess river water quality (Environment
Agency, 2010c). Benthic macroinvertebrates
were sampled using 3-minute kick samples,
taken in the spring (March–May) and autumn
(September–November), with field sampling,
sorting and identification following a standard
protocol (Murray-Bligh, 1999). Water samples
were collected from the same, or nearby, locations
at monthly intervals, and analysed primarily for
those determinands that indicate organic pollution
(e.g. Biochemical Oxygen Demand (BOD),
dissolved oxygen and ammonia). Several thousand
sites across England and Wales were sampled for
GQA purposes, with national surveys completed
in 1990, 1995 and 2002. These were followed by
a smaller rolling 3-year programme, which has
now been superseded by sampling protocols for
the WFD (Environment Agency, 2010c). Rivers
were categorized by GQA into quality classes for
both chemistry and biology, ranging from A (‘very
good’) to F (‘bad’).

RHS was developed in the mid-1990s to provide
a method for assessing the physical character of
river channels to assist with site management
and provide a basis for habitat quality assessment
(Raven et al., 1997). Sampling is based on a
500 m length of watercourse, with a wide range
of attributes recorded; these include river-bed
substratum, flow-types, erosion and deposition
features, vegetation structure on the banks and
adjacent land-use. Modifications to the channel

and the presence of non-native riparian plants are
also recorded to assess impact on physical structure
and native wildlife. Full details are provided in a
survey manual (Environment Agency, 2003). From
a monitoring perspective, the key datasets are the
national RHS baseline surveys of 1995–1996 and
2007–2008. For both surveys, nearly 5000 sites
were sampled across England and Wales, using
three randomly located sites within each 10 km
square of the Ordnance Survey national grid. This
approach provides a geographically representative
and unbiased picture of river habitats in England
and Wales, while permitting detailed mapping of
rivers at regional and national scales (Environment
Agency, 2010b; Seager et al., this volume).

Water quality changes since 1990
The GQA classification of rivers indicated
substantial improvements in water quality
during 1990–2010 (Environment Agency, 2010a).
Impairments to both chemical and biological water
quality showed a similar reduction in geographical
extent and severity (Plate 12). In England, the
proportion of rivers at ‘good’ or ‘very good’
chemical quality increased from 55% to 79%,
while the equivalent increase for biology was
from 55% to 72% (Environment Agency, 2010a).
Quality improvements in Wales were smaller, but
started at a higher level: 86 to 95% for chemistry
and 79 to 88% for biology (Environment Agency,
2010a).

These improvements probably reflect a
combination of improved regulation and treatment
of wastewater discharges and reduced pressure
from industrial effluents, the latter reflecting a
decline in heavy industry during the final decades
of the twentieth century (Langford et al., this
volume). The relative contributions of these factors
are the subject of ongoing research (T. Langford,
pers. comm.; I.P. Vaughan and S.J. Ormerod,
unpublished data). Analyses are helped by the
large size of the GQA dataset, which allows
changes to be tracked in detail (Plate 12).

Changes in physical habitat
The primary purpose of the RHS baseline surveys
was to obtain a representative picture of the
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current state of rivers in England and Wales,
and to identify changes between 1995–1996 and
2007–2008 (Environment Agency, 2010b; Seager
et al., this volume). Establishing a baseline was
especially important as a national overview was
lacking in 1990, while the need to consider
physical habitat is now enshrined in European river
management legislation, notably the WFD (Council
of the European Communities, 2000; Boon et al.,
2010). The first RHS baseline survey (1995–1996)
revealed the distribution of river channel features,
habitat types and channel modifications across
the UK for the first time (Raven et al., 1998).
One of the key findings was the extent of
physical modification to channels, usually for
land drainage or flood defence purposes. Only
16% of sampled river channels in England and
Wales could be considered ‘near-natural’ – free or
virtually free from any of the physical modifications
recorded by RHS (Raven et al., 1998). The results
therefore highlighted the challenge of meeting
‘good ecological status’ under the WFD, with
physical modification being a major pressure.

The second RHS baseline (2007–2008) improved
coverage of lower-order streams in England and
Wales, leading to a more comprehensive national
picture. The potential of the dataset is shown
by the detailed national mapping of habitat
features (e.g. Figure 7.1; Environment Agency,
2010b). Analysis of the two baseline surveys also
permits an examination of changes in habitat
features, the extent of channel modifications and
the spread of invasive non-native species (Figure
7.1; Environment Agency, 2010b; Seager et al.,
this volume). The limited temporal dimension
(compared with GQA) prevents trends from
being established at this stage, but differences
between the two baseline surveys can highlight
potential trends that can be investigated with
specific monitoring and ideally with future baseline
surveys.

Taking stock – 20 years of river
monitoring

A review of river monitoring reveals two significant
changes since 1990. The first has been substantial

improvements in some aspects of river quality,
notably reduced concentrations of key pollutants
associated with urban and industrial effluents,
and an associated shift in the benthic fauna
towards that more typical of unpolluted waters.
This represents a major environmental success,
although the extent to which the patterns
represent a response to active regulation and other
interventions as distinct from industrial decline
is unclear. The second major change is that the
picture of river environments is more complete,
most notably through the addition of physical
habitat assessment. This provides the basis for
much more effective river management.

Beyond revealing current status and reporting
change, monitoring over the last 20 years (and
indeed previously) has generated a major data
resource that will assist river management and
research in the future. Some of the greatest
opportunities might arise through combining data
from different monitoring schemes (Vaughan and
Ormerod, 2010).

Opportunities and challenges in new
uses for monitoring data
Common properties of monitoring data include
extensive (often national) geographical coverage,
multi-year time series, large numbers of sampling
locations and a scheme for quality assurance to
ensure consistent data quality. Together, these
properties suggest that monitoring data can address
themes at a regional or national scale and also
those requiring a temporal dimension. Where it
is possible to combine data from several different
monitoring schemes, environmental or biological
co-variates of such spatial and temporal patterns
can be studied, providing a starting point for
studying the mechanisms underlying the observed
patterns (Vaughan et al., 2009).

There is rich scope for research based on the
wide variety of monitoring data collected from
rivers in the UK. Examples include: (i) relating
benthic macroinvertebrates to water chemistry,
effluent discharges and physical modification of the
channel (Murphy and Davy-Bowker, 2005; Monk
et al., 2008; Dunbar et al., 2010); (ii) investigating
the habitat preferences of macrophytes (Dawson
et al., 1999); (iii) identifying water quality and
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Figure 7.1 Preliminary results from the River Habitat Survey baselines: (a) the extent (percentage of river length) of
channel resectioning in 2007–2008 baseline, using ordinary kriging to interpolate between the 4884 RHS sites; (b) the
change in distribution, based on occurrence in 10 km Ordnance Survey grid squares, of Himalayan balsam (Impatiens
glandulifera) between 1995–1996 and 2007–2008. © Crown copyright, Ordnance Survey. All rights reserved.

climatic correlates of salmonid densities (Clews
et al., 2010); (iv) national studies of river channel
form (Emery et al., 2004; Harvey et al., 2008);
(v) regional studies of nutrient concentrations and
fluxes (Jarvie et al., 2003); and (vi) appraising river
management interventions (Clews and Ormerod,
2010).

There are two main challenges to broadening
the use of river monitoring data. First, the
data constrain the questions that can be asked,
based on the subject matter, sampling method,
and geographical and temporal coverage. In
effect, this is an unavoidable side effect of post
hoc analysis because it reverses the scientific
method of first defining the question and then
collecting appropriate data. Second, most of the
study parameters will be fixed a priori, with
a different purpose in mind. This encompasses
fundamental issues such as the taxa sampled, and
the level of identification (e.g. family versus species
identification of macroinvertebrates), sampling

locations and frequency, and the suite of variables
measured (Vaughan and Ormerod, 2010). A
common consequence is that while monitoring
data may include aspects relevant to the post hoc
study, they are not optimal in answering the
desired question. For example, in relating biology
to water chemistry, episodic high concentrations of
certain determinands may be crucial (Kowalik et al.,
2007), but routine monthly chemical sampling
is unlikely to be frequent enough to distinguish
such events. Similarly, general characterization,
using survey methods such as RHS, may not be
optimal for recording the habitat preferences of
particular taxa or looking at specific aspects of
channel morphology (Hastie et al., 2003). In these
cases, analysis of monitoring data may provide
some useful supporting or contextual evidence,
perhaps confirming known theory (Hastie et al.,
2003; Vaughan et al., 2007), but it cannot address
the specific issues in the same way as a properly
designed investigation.
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Monitoring data may also generate bias in
subsequent research, because of factors such as the
selection of sampling locations. Site access is an
important issue for selecting frequently sampled
survey sites; for example, those visited for monthly
water chemistry sampling are usually located close
to bridges and roads. While this may have little
effect on water chemistry, it means that certain
types of site will be over-represented in the dataset,
while others will be under-sampled, so this has to
be taken into account in subsequent data analysis
(Vaughan and Ormerod, 2010). Similarly, because
most river management and associated monitoring
in the UK occurs in medium-sized or larger
channels, the majority of headwater streams are
under-represented (Environment Agency, 2010b).
Therefore, careful specification of subsequent
study objectives and appropriate data analysis are
required.

The opportunities and problems of using
monitoring data for other purposes, and the
limitations and benefits of combining datasets to
extend the range of enquiry, are discussed by
Vaughan and Ormerod (2010). Inevitably, studies
that use data for purposes beyond their original
remit have to deal with marked limitations.
Fortunately, within even those limits there is
a wide range of possibilities that could make a
valuable contribution to river science, needed
for improved understanding and management.
This reflects the benefits of the unique array of
variables in space, time and both biological and
physical domains provided by river monitoring in
the UK. The following section provides two simple
illustrations.

Characterizing joint pressures
in the River Wye catchment

Characterizing the correlations among potential
human pressures (stressors), and mapping their
spatial distributions and trends over time, are
obvious applications for river monitoring data. The
wealth of data from the River Wye catchment
that spans the border between England and Wales
(Figure 7.2a), demonstrates the potential of using

monitoring information from several sources to
identify regions affected by multiple pressures. The
catchment (area 4136 km2) is sparsely populated
in the upper and middle reaches, where improved
pasture is the major land-use, along with rough
grazing and conifer forestry (Edwards and Brooker,
1982; Jarvie et al., 2003). The lower reaches
are characterized by arable agriculture and dairy
farming, and these also flow through the major
population centres (Figure 7.2b; Jarvie et al.,
2003). The catchment is of significant conservation
importance, with parts designated as Special Areas
of Conservation under the EC Habitats Directive
(Council of the European Communities, 1992),
while the river itself is an important salmonid
fishery.

We chose to focus on two potential pressures:
organic pollution, measured by Biochemical
Oxygen Demand (BOD) and channel resectioning.
Median BOD concentrations were calculated for
1994–1996 from 234 locations across the Wye
catchment, using the Environment Agency’s
Water Information Management System database.
Information on channel structure for 495 RHS sites
was extracted from the national RHS database,
comprising data from the two national baseline
surveys, as well as other sites sampled within the
catchment. Channel resectioning was quantified
using a standard RHS index ranging from zero
(no modification) to 100 (channel and banks
resectioned over the complete 500 m length;
Vaughan, 2010).

Basic mapping of BOD and channel resectioning
immediately highlighted those river reaches
exposed to both pressures, as well as illustrating
the excellent data coverage across the catchment
(Figure 7.3). More detailed results for a wider
range of determinands can be found in Jarvie
et al. (2003). Interpolation methods can be used
to clarify congested dot maps and predict values
for unsampled sites, thereby giving complete
catchment or river network coverage (Haining,
2003). From this, areas of concern can then
be delineated using simple rules such as those
exceeding a threshold (e.g. BOD concentration
or extent of channel resectioning) or the top
n-percentile of locations. Trans-Gaussian kriging
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Figure 7.2 Location maps for the two case studies described in the text: (a) the location of the River Wye catchment
(case study one) and the 618 matched monitoring sites (case study two), and (b) the main rivers and towns in the
Wye catchment. © Crown copyright, Ordnance Survey. All rights reserved.

(Cressie, 1993) was used to produce complete
coverage across the Wye catchment at a resolution
(pixel size) of 500 m for both variables; the
10% of pixels with the highest BOD or extent
of resectioning was then selected (Figure 7.3).
Although conventional two-dimensional kriging of
this type overlooks the river network structure and
nesting of sub-catchments, it serves to illustrate the
principles. More valid methods are currently under
development (Peterson et al., 2007; Peterson and
Ver Hoef, 2010).

The highest BOD concentrations were found
along the main channel in the lower Wye
catchment and also in the River Frome to the north
east (Figure 7.3). This pattern reflects the influence
of Hereford, the largest town in the catchment,
and those areas with high concentrations of
arable and dairy farming. Similarly, channel re-
sectioning was most intense in the east of the
catchment and closely associated with the main
river channel, especially between Hereford and

Ross-on-Wye (Figure 7.3). The areas comprising
the top 10% for both pressures overlapped, with
most of the resectioned area also having elevated
BOD concentrations (Figure 7.3). The coincidence
between pressures is readily apparent when stored
in the form of separate data layers in a geographical
information system, where the different maps can
be superimposed.

The occurrence of multiple stressors identified
in this way immediately highlights potential ‘hot
spots’ which could become the focus of river and
catchment management interventions, especially
if the stressors have synergistic relationships
(Newson, 2010). From a research perspective,
background information on the distribution of
potential stressors could be invaluable for field
sampling design, whether to avoid confounding
factors or directly study multiple stressors. In
these situations, monitoring data represent a
rich, yet under-used source of background
information.
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Figure 7.3 The extent of channel resectioning and Biochemical Oxygen Demand in the River Wye catchment.
Left-hand maps show the raw data; right-hand maps show the top 10% of pixels from interpolated data for individual
pressures (grey shading) and joint pressure ‘hot spots’ (black shading). © Crown copyright, Ordnance Survey. All
rights reserved.

Revealing relationships
between biology, water quality
and physical habitat

There is a long history and extensive literature
studying the relationships between aquatic

organisms and their physical or chemical
environment. Nevertheless, some areas remain
weak, such as the effects of multiple stressors
(Ormerod et al., 2010) or properly quantified
relationships between ecology and physical habitat
(Vaughan et al., 2009). Such weaknesses have been
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exposed in recent years, with the wider ecological
focus of recent river management legislation
(notably the WFD), and the reduction of water
quality limitations that may have masked links to
physical habitat (Durance and Ormerod, 2009). It is
useful to consider the contribution monitoring data
might make to overcome these weaknesses. The
second case study illustrates the opportunities for
linking data from different monitoring schemes by
examining the relationship between two potential
stressors: organic pollution and resectioning of the
river channel.

Using Environment Agency RHS, GQA and
other datasets, 618 locations were identified
across England and Wales where river habitat,
water chemistry and macroinvertebrate data were
collected on the same watercourse and within 250
m of each other, as determined by the centre point
of the RHS site (Figure 7.2a). Macroinvertebrates
were summarized by the Average Score Per
Taxon (ASPT) index, which expresses the average
tolerance to organic pollution of the Biological
Monitoring Working Party taxa found in a
standard kick sample (Armitage et al., 1983).
Water chemistry was expressed as the median
concentration of BOD found in the 12 months
preceding the macroinvertebrate sample, while
RHS attributes were summarized using channel
character indices derived by Vaughan (2010). Using
multiple regression, ASPT was modelled in relation
to BOD and channel resectioning, and the potential
interaction between them, while controlling for
key environmental variation by including: (i)
median alkalinity and (ii) the ‘bedrock-boulder
channel’ RHS index, which is a composite measure
of the extent of coarse river-bed substrata and
turbulent flows (Vaughan, 2010).

The resulting model explained nearly half
of the variance in ASPT (adjusted R2 =
0.44), with all four main effects being highly
significant (BOD, resectioning and alkalinity all
p � 0.0001, bedrock-boulder channel p = 0.0025).
As expected, higher BOD and channel resectioning
were associated with reduced ASPT, as was
greater alkalinity. Coarser river-bed substrata
and turbulent flows were associated with higher
ASPT. There was evidence of an interaction

between impaired water quality and modified
channel habitat (BOD x channel resectioning,
p = 0.0008). This suggests greater sensitivity of
macroinvertebrates to resectioning when BOD was
higher or increased sensitivity to elevated BOD in
resectioned watercourses (Figure 7.4).

While this result is consistent with the action
of joint, synergistic stressors of the biology, it
cannot address causal relationships. This inability
is a generic limitation of most monitoring data
(Vaughan and Ormerod, 2010). Such data may
best be viewed as providing a (tentative) test of
theory: do the data appear to support or reject such
ideas as interactions among stressors? As such, this
evidence represents a step beyond expert opinion
as well as providing a degree of quantification for
hypothesized relationships. Causality is especially
difficult to infer for human pressures (e.g. elevated
BOD and channel resectioning) which tend to
cluster around urban areas, leading to a range of co-
varying pressures in such environments (Paul and
Meyer, 2001).

This simple example highlights the wealth
of riverine data that could be used to address
certain research questions, especially where
different monitoring schemes are combined.
Datasets containing several hundred observations
allow multiple factors and non-linearities to
be considered without compromising statistical
power. With different requirements (e.g. for
different co-variates or time series) the sample
size may be smaller, but could still represent a
valuable data resource. This is reflected in an
increasing number of studies starting to capitalize
on several sources of monitoring data (Murphy
and Davy-Bowker, 2005; Monk et al., 2008).

Conclusions – the prospects for
using monitoring data

Although it is reasonably straightforward to
identify new applications for existing monitoring
data, and to highlight potential problems that
may be encountered, it is not yet possible
to conclude how great their value will be in
future. Clearly, there are some areas which
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Figure 7.4 The modelled interaction between BOD and channel resectioning in relation to the Average Score Per
Taxon, showing (a) the relationship between ASPT and resectioning at three different BOD levels, and (b) the ASPT
versus BOD under different degrees of channel resectioning. Other variables in the model were held constant at their
median values in the dataset.

cannot be addressed at all, such as revealing
causal mechanisms or involving taxa outside core
monitoring (e.g. hyporheic fauna). Conclusions
are severely limited where monitoring data can
only provide rudimentary information, such as
determining the impact of fine sediments from
RHS data. Conversely, the wider scope and

statistical power afforded by some monitoring
data open up a range of opportunities, the
extent of which is not yet clear. Nevertheless,
a growing number of river studies are using
monitoring data and this trend is likely to increase
as opportunities are more widely recognized
and financial limitations restrict research and
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management budgets. While it is likely that they
could bring substantial developments, monitoring
data alone will not advance riverine science
sufficiently to meet all of the requirements of river
management and conservation. Nevertheless, we
strongly recommend that public bodies continue to
invest in river monitoring and assessment. Also, we
urge those with a close interest in environmental
protection and improvement, particularly the
Rivers Trusts in the UK (Newson, this volume) to
demonstrate the value of monitoring information
in solving the problems of river science and
management.
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Introduction

Research at Coweeta Hydrologic Laboratory in
western North Carolina, USA, began over 75
years ago and for most of that time was
focused on intensive and long-term study of small
catchments. The Coweeta research presented 20
years ago at the Conservation and Management of
Rivers Conference in 1990 followed that tradition
by synthesizing the results of intensive study
of one small stream responding to catchment
deforestation (Webster et al., 1992). Research by
scientists now working at Coweeta has gone
beyond single catchments and even beyond the
boundaries of the laboratory itself. They are
now studying streams and catchments throughout
the Upper Little Tennessee River Basin of the
southern Appalachian Mountains (Plate 13). This
shift reflects the expansion of ecological research
from site-based science to regional and global scales
(Peters et al., 2008) as well as the expansion of
its conceptual scope to embrace other scientific
disciplines (Liu et al., 2007; Collins et al., 2010).

These shifts are not only taking place in ecological
research in the United States, but in many other
areas of the world (du Cros et al., 2004; Maass et al.,
2010; Metzger et al., 2010).

The Upper Little Tennessee River Basin is in a
rural area with relatively low population density,
but it is increasingly subject to exurbanization
pressures from surrounding metropolitan areas
including Atlanta, Charlotte, Greenville, Asheville,
and Knoxville. Exurbia first gained popular
attention when A.C. Spectorsky (1955) described
its residents in his book, The Exurbanites. Berube
et al. (2006) described exurbia this way, ‘Exurbs . . .

lie somewhere beyond the suburbs. At the urban-
rural periphery, outer suburbs bleed into small-
town communities with an agricultural heritage.’
Homebuyers are drawn to the natural amenities
of these rural areas. This, coupled with increasing
willingness to commute long distances, mobility at
retirement age, and telecommuting, has allowed
people to move to the countryside (Radeloff et al.,
2010). The 2000 US Census indicates that 79.2%
of the United States population resides in urban
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areas, while the balance of nearly 20% resides in
rural areas. However, what is not revealed in the
US Census by virtue of how ‘urban’ and ‘rural’
are defined is that an increasingly large segment of
the United States population (37%) now live in the
urban–rural interface (Sutton et al., 2006).

Traditionally, people living in the Upper Little
Tennessee River Basin had farms and lived in the
valleys. In contrast, people moving from the cities
or building second homes frequently purchase land
and build on the sides and tops of mountains.
The objective of this study was to determine
how development, and particularly mountainside
development, is affecting stream chemistry in the
Upper Little Tennessee River Basin.

The terms ‘land cover’ and ‘land use’ have
often been used interchangeably, or, even when
the difference is acknowledged, land cover has
been used as a surrogate for land use. A few
studies have integrated some land-use information
into land-cover data (Osborne and Wiley, 1988;
Groffman et al., 2004) but land cover and land use
were not analysed separately. Turner and Meyer
(1994) noted that land cover is principally the
concern of natural science, while land use is the
concern of social science. While land cover denotes
the physical state of the land, land use denotes the
human deployment and accompanying property
rights associated with the land (Turner and Meyer,
1994). A number of studies have examined how
economic and other social factors influence land
cover (Turner et al., 1996), but we are not aware
of previous studies where the conjoint effect of
land use and land cover have been examined. In
this collaboration of natural and social scientists,
land-cover data based on satellite imagery, and
land-use data, based on tax records tied to parcel
boundaries within catchments, were used as
independent variables to examine their effect on
stream water quality.

Site description

The Upper Little Tennessee River Basin is located
in western North Carolina and north Georgia,
USA, in the Blue Ridge Physiographic Province.

This 1130 km2 area of the southern Appalachian
Mountains is predominantly forested (79% forest
cover, Plate 13). The valley is largely within
the Tallulah Falls geological formation, which
mostly comprises metasedimentary gneiss, schist,
and metagraywacke. The regional geology is
characterized by metamorphic rocks (largely
gneiss, schist, and metagraywacke) with scattered
windows of older basement rocks (mainly
granitic gneiss) with similar hydraulic properties
and yielding low levels of dissolved solids in
groundwater (Hatcher, 1988; Velbel, 1988; Daniel
and Payne, 1990; Robinson et al., 1992; Mesko
et al., 1999). Soils within the area are generally
classified as Inceptisol and Ultisol soil orders. Soils
are approximately 1 m deep and underlain by
regolith of saprolite (Velbel, 1988). The saprolite
mantle is 1–30 m thick and drapes the ridges and
slopes (Hewlett, 1961), and substantial colluvial
deposits are present on benches, coves, and
footslopes (Southworth et al., 2003; Leigh and
Webb, 2006).

The regional climate is considered humid sub-
tropical at the lowest elevations and marine
humid temperate at higher elevations, with mild
winters with little snowfall and mild summers
with temperatures seldom exceeding 30◦C. Rainfall
is distributed rather evenly throughout the year.
The regional average annual precipitation is
about 1400 mm, but there is considerable spatial
variability related to elevation and considerable
annual variability related to drier and wetter
climatic periods.

The basin includes two towns, Franklin and
Highlands. Franklin has a population of 3931
within the town limits, but the population in
Macon County, which contains Franklin, is 32 607.
Highlands has a resident population of 1058 but a
summer population of about 18 000.

Methods

Fifty-eight synoptic stream sites in the Upper
Little Tennessee River Basin (Plate 13) were
sampled in February and June 2009 during periods
of baseflow to characterize both growing and
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non-growing seasons without the influence of
elevated discharge. These sites were selected to
represent the range of land cover and land
use within the basin. During both seasons,
measurements were made over a 3-day period of
stable weather and discharge. Field measurements
included specific conductance (YSI Model 30) and
turbidity (Hach Model 2100P). Three replicate grab
samples were filtered in the field (Whatman GF/F).
Because of the large number of samples, it was
necessary to freeze all samples prior to analysis,
which may have influenced some of the chemical
parameters. Three larger volume samples (1–4 L)
were also collected for particle analysis.

Thawed samples from each site were analysed for
dissolved organic carbon (DOC), total dissolved and
soluble reactive phosphorus (TDP, SRP), nitrate,
ammonium, dissolved organic nitrogen (DON),
total dissolved nitrogen (TDN), chloride, sulphate,
and the cations calcium, magnesium, potassium,
and sodium (methods given in Table 8.1). Total
suspended solids (TSS) were determined within
24 h of collection. Samples were filtered onto
preweighed glass fibre filters (Whatman GF/F),
dried, weighed (TSS), ashed (1 h, 550 ◦C), and
reweighed to determine the ash-free dry mass
(AFDM) of suspended particles.

Catchment land-cover was derived from 2001
and 2006 NASA Landsat Thematic Mapper

Imagery. Land cover was classified by Jeff
Hepinstall and Hunter Allen (Warnell School
of Forestry and Natural Resources, University of
Georgia, Athens, GA 30602). Catchment land-use
was obtained from county parcel and tax records
and US Census data. Catchments were ranked
across three subjectively determined land-use
categories: scale, activity, and diversity. Scale
measures relate to the amount of land and land-
use activity available for socio-economic analysis
within each catchment. Activity measures relate
to recent changes and predicted future changes
in land use and ownership. Diversity measures
relate to variation in land use, building stock,
and household composition including population
age structure, racial composition, renters versus
owners, and the presence of children. Because
areas for census measurements are relatively large
and often do not follow catchment boundaries,
there is unavoidable error in assigning census data
to catchments and this error increases as catchment
size decreases. So census data were determined for
only a set of 15 larger catchments.

Data were analysed statistically in two steps.
Cluster analysis and principal components analysis
(Minitab, Minitab Inc., State College, PA) were
first used to reduce the number of both dependent
and independent variables. Correlation analysis
and simple linear and multiple linear regressions

Table 8.1 Methods used for laboratory analyses of dissolved chemicals.

Chemical measured Method Instrument

Dissolved organic carbon Shimadzu TOC-VCPH TN analyzer
Total dissolved phosphorus Persulphate in-line UV digestion,

ascorbic acid – molybdate
colorimetric method

Lachat QuickChem FIA+

Soluble reactive phosphorus Dionex 25A Ion Chromatograph using an AS18 column
Nitrate Dionex 25A Ion Chromatograph using an AS18 column
Ammonium Automated phenate method Astoria 2 Autoanalyzer
Dissolved organic nitrogen TN - (NH4-N + NO3-N)
Total dissolved nitrogen Shimadzu TOC-VCPH TN analyzer
Chloride Dionex 25A Ion Chromatograph using an AS18 column
Sulphate Dionex 25A Ion Chromatograph using an AS18 column
Ca, Mg, K, Na Perkin Elmer Analyst300 Atomic Absorption

Spectrometer
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(SigmaPlot, Systat Software Inc., San Jose, CA)
were then used to identify significant relationships
among variables.

With 58 sites, two sample collection dates, 15
stream chemistry variables, 42 land-cover variables
(14 land-cover types, 2001 data, 2006 data, and
the change between 2001 and 2006), 12 variables
from county tax records, and three variables from
census records (already reduced from many more
variables), it was first necessary to reduce the
dataset to a more manageable size for statistical
analysis. Some sites were deleted because of
missing data. The remaining sites were separated by
size into two groups and analysed separately so that
sites upstream and downstream of each other were
never included in the same analysis. This resulted
in a set of 26 small catchments ranging in size from
0.4 to 14 km2 and a set of 15 larger catchments
ranging from 3 to 45 km2. Two intermediate size
sites, the only two sites with significant urban area,
were included in both catchment groups.

Many chemistry variables were correlated.
Cluster analysis was used to identify groups of
chemistry variables that could be represented by
single variables. Principal components analysis
was used to determine which variables were
useful in discriminating among sites. For example,
winter and summer specific conductance were
highly correlated (Figure 8.1), so only summer
values were used. On the other hand, turbidity
measurements from winter and summer were
not correlated (Figure 8.1), so both values were
retained. All nitrogen measurements (NO3, NH4,
DON, TDN) were generally correlated, so only
summer NO3 was used. DOC was generally low
for all sites and provided no useful discrimination
among sites. TSS was strongly correlated with
turbidity and therefore not used. The percentage
of organic matter in particles in winter and
summer were not very similar, but data were
missing from many sites in winter owing to very
low concentrations, so only summer values were
used. In summary, six chemistry variables for
analysis were used: summer specific conductance,
summer nitrate concentration, winter and summer
turbidity, summer percentage organic matter in
particles, and total dissolved phosphorus.

Similarly, the number of independent variables
was also reduced. The original 14 land-cover
variables were reduced to four: developed, forest,
scrub, and agriculture (Plate 13). For this study,
all forms of agriculture were put in the one
category. Agricultural land in the basin is primarily
pasture with some hay fields and some small
areas of row crops. Gardens and lawns were also
included as agriculture. The land-use variables that
proved most useful were: parcel area residential,
parcel area commercial, parcel area agriculture,
parcel area untaxed (primarily National Forest),
and average land value in each catchment. From
the tax record data, the estimated rank of potential
real estate activity and the index of land ownership
persistence (LOPI) were used. The census data were
represented by the aggregated rank of demographic
diversity.

Results

These data illustrate the importance of
distinguishing between land cover and land
use (Figures 8.2, 8.3). Agricultural land-cover
and agricultural land-use (parcel area) were well
correlated, but there were some distinct outliers in
the data from the larger catchments (Figure 8.3).
There is no land classified as agricultural in the
Franklin catchment, but 13% of the area shows
up in satellite imagery as agricultural land-cover.
These areas probably represent lawns and small
gardens. Also, several catchments have greater
agricultural land-use than agricultural land-cover
(Jones Creek, Cowee Creek, Hickory Knoll),
probably as a result of abandoned agricultural land.

A similar contrast can be seen when forest
and developed land-cover are compared with
residential and commercial land-use. All but two
catchments have more than 50% forest cover
(Figure 8.2). Even the most urban catchments still
have 30% forest cover. This forest cover is largely
National Forest but also includes private forest land.
Also, even though a large percentage of catchment
area may be listed on the tax records as residential
or commercial, it may not show up as developed
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Figure 8.1 Relationships between winter and summer measurements of specific conductance and turbidity at all of the
synoptic sampling sites.
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Figure 8.2 Percentage of parcel area (land use) and land cover for the 15 larger catchments.

land-cover in satellite images (Figure 8.3, lower
panel).

Best subsets multiple regressions were used to
identify the independent variables that most closely
predicted the six dependent (chemistry) variables
using data from both sets of catchments (Table
8.2). Specific conductance had a strong negative

relationship with forest land-cover but also showed
relationships with an assortment of variables
reflecting development and commercial land-use
(Table 8.2, Figure 8.4). Nitrate was highly variable
among the catchments and related primarily to
land-cover variables (Table 8.2, Figure 8.5). Winter
turbidity was related to agricultural land-cover in
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Figure 8.3 Relationships between agricultural land-cover and land-use (parcel area) (upper panel) and between
developed land-cover and commercial and residential land-use (lower panel). Both graphs are for the 15 larger
catchments. The lines in both panels are 1:1 lines.
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Table 8.2 Best subsets multiple regression for 26 small catchments and 15 larger catchments. The predictors are the
best simple regression, the best two-variable multiple regression, and the best three-variable multiple regression.
LC = land cover (2006), LU = land use, devel. = developed, comm. = commercial, activity = real estate activity,
res. = residential, LOPI = median land ownership persistence index, ag. = agriculture, change = land cover change
between 2001 and 2006.

Range, small Best predictors from Range, larger Best predictors from
Water quality variable catchments small catchment data R2 catchments larger catchment data R2

Specific conductance
(summer, �S cm−1)

9.3 – 63.5 Forest LC 0.65 15.4 – 52.8 Forest LC 0.65
Forest LC; devel. change 0.78 Activity; land value 0.79
Forest LC; devel.

change; res. LU
0.80 Activity; comm. LU;

devel. LC
0.86

Nitrate-N (summer,
�g L−1)

20.1 – 390.5 Devel. LC 0.77 42.6 – 390.5 Forest LC 0.80
Devel. LC; comm. LU 0.84 Ag. LC; devel. LC 0.89
Devel. LC; comm. LU;

forest change
0.87 Ag. LC; devel. LC;

forest LC
0.95

Turbidity (winter,
NTU)

1.6 – 17.7 Ag. LC 0.54 0.6 – 8.2 Res. LU 0.37
Ag. LC; ag. LU 0.56 Diversity; comm. LU 0.54
Forest LC; devel. LC;

forest change
0.65 Comm. LU; res. LU;

devel. LC
0.77

Turbidity (summer,
NTU)

0.5 – 15.6 Res. LU 0.14 2.0 – 18.3 LOPI 0.15
Ag. LC; devel. change 0.37 Res. LU; devel. LC 0.38
Forest LC; res. LU; ag. LC 0.47 Comm. LU; res. LU;

devel. LC
0.46

Percentage organic
matter in particles
(summer, %)

19.9 – 69.5 Res. LU 0.53 26.2 – 60.4 Res. LU 0.44
Comm. LU; res. LU 0.56 LOPI; res LU 0.51
Comm. LU; res. LU;

devel. LC
0.58 Land value; res LU;

devel. LC
0.57

Total dissolved
phosphorus
(summer, �g L−1)

2.5 – 13.3 Ag. LC 0.06 3.2 – 10.8 Ag. LC 0.22
Res. LU; ag. LC 0.08 LOPI; ag. LC 0.38
Forest LC; ag. LC;

devel. LC
0.22 LOPI; ag. LU; ag. LC 0.60

the small catchments and to parcel data (land use)
in the larger catchments, but summer turbidity was
not very well related to anything measured (Table
8.2, Figure 8.6). Winter and summer turbidity
relationships were very different (Figure 8.6), and
the values were idiosyncratic. In general, turbidity
was high in winter where cattle were upstream of
the sample site and high in the summer if there
were recent construction activities upstream. The
percentage of organic matter in particles was most
strongly related to parcel area (land use) data,
but land value and land ownership persistence
were also significant (Table 8.2, Figure 8.7). Total

dissolved phosphorus was generally very low in all
streams and was not significantly related to any
measured independent variables (Table 8.2).

To quantify mountainside development, the
percentage of developed land-cover pixels that
were also in the upper 60% of the catchment
altitude was determined. Watauga Creek and Jones
Creek catchments illustrate the two extremes
(Figure 8.8). In both catchments, most of the
developed pixels follow the streams and roads.
In the Watauga Creek catchment, there is also a
band of development along the major highway.
About 5% of this catchment is mountainside
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Figure 8.4 Relationships between summer specific conductance and forest land-cover and real estate activity. The left
panel is for the smaller catchments and the right panel is for the larger catchments. Linear regression lines and
coefficient of determination are shown in the figures.

development, much of it in a gated community
established about 20 years ago. In contrast, Jones
Creek is much less developed, and development
follows traditional patterns with agricultural land
and residences in the valleys (Figure 8.8).

Mountainside development was clearly
correlated with land value (Figure 8.9), largely
driven by the presence of Highlands, a town with

a large seasonal population located at over 1250 m
elevation. There was also a good correlation
between nitrate concentration and the extent
of mountainside development with two notable
outliers: Franklin, where 11% of the parcel
area is commercial, and Rabbit Creek, which
is the only catchment with extensive row crop
agriculture.

Figure 8.5 Relationships between summer nitrate concentration and developed and forest land-cover. The left panel is
for the smaller catchments and the right panel is for the larger catchments. Linear regression lines and coefficient of
determination are shown in the figures.
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Figure 8.6 Relationships between winter and summer turbidity and agricultural land-cover and residential parcel area
(land use). The left panels are for the smaller catchments and the right panels are for the larger catchments. Linear
regression lines and coefficient of determination are shown in the figures.

Figure 8.7 Relationships between the percentage of organic matter in particles and land value and residential parcel
area (land use). The left panel is for the smaller catchments and the right panel is for the larger catchments. Regression
lines and coefficient of determination are shown in the figures. For the regression in the left panel, land value was log
transformed and used only the non-zero values.
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Figure 8.8 Elevation above and
distance from the catchment outlet of
developed areas in the Watauga and
Jones Creek catchments. The axes are
expressed as percentage of the total
elevation or distance from the
catchment. Lines are drawn at 40%
elevation – developed areas above this
line are considered mountainside
development.

Discussion

Exurbanization is changing both the land cover and
land use within the Upper Little Tennessee River
Basin. The results of this study clearly indicate the
value of distinguishing between land cover and
land use (Figures 8.2, 8.3) in evaluating effects on
stream water quality. While some variables were
better predicted by land cover (specific conductance
and nitrate), other variables were more related to
land use in the exurbanizing landscape of the Upper
Little Tennessee River Basin.

Many studies have compared the usefulness
of whole catchment land-cover to riparian,

near-stream corridor land-cover in predicting
stream water chemistry (reviewed by Allan, 2004).
The results have been highly variable, depending
on the dominant land use, catchment topography,
and the specific chemical variables considered.
Most studies have shown that whole catchment
land-cover is most useful for nitrate, other mobile
chemicals, and specific conductance (Omernik
et al., 1981; Hunsaker and Levine, 1995; Jones
et al., 2001; Sliva and Williams, 2001; Sponseller
et al., 2001; Strayer et al., 2003). On the other
hand, riparian land-cover is a better predictor
of forms of phosphorus, total suspended solids,
and other sediment-related variables (Osborne
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Figure 8.9 Nitrate concentration and land value (US dollars) relationships to mountainside development.
Mountainside development was quantified as the percentage of developed land-cover area that was also in the upper
60% of the catchment altitude. Linear regression lines and coefficient of determination are shown in the figures. Data
for Franklin and Rabbit Creek were not used in the regression shown in the lower panel.

and Wiley, 1988; Johnson et al., 1997; Jones
et al., 2001). Other studies have shown little
difference between using catchment and riparian
land-cover (Johnson et al., 1997; Dodds and Oakes,
2008) for predicting stream responses. Most studies

comparing land cover and stream chemistry have
been conducted in areas of little topographic relief
that are dominated by agriculture (Osborne and
Wiley, 1988; Hunsaker and Levine, 1995; Johnson
et al., 1997; Jordon et al., 1997; Dodds and Oakes,
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2008) or with significant urban areas within the
catchments (Sliva and Williams, 2001; Groffman
et al., 2004). In agricultural and residential areas,
input of chemicals as fertilizer is often a major cause
of high solute levels in streams, and in urban areas
point sources may contribute to high chemical
loads. In many areas, it is difficult to separate
riparian and whole catchment effects because the
riparian corridor generally reflects the catchment
land-cover (Johnson et al., 1997; Dodds and Oakes,
2008).

The Upper Little Tennessee River Basin differs
in several ways from basins that have been the
focus of previous studies. Except in a few areas (e.g.
Rabbit Creek), there is relatively little agricultural
fertilizer application, although fertilization of home
lawns is probably common. Also, there are no
intentional sewage inputs in any of the catchments
analysed (though there are treated sewage inputs
to the Little Tennessee River itself). Finally, in most
catchments (other than those completely forested),
there is a large difference between valley and
mountainside land cover. When land cover in the
whole catchment was compared with land cover in
just the 200 m riparian corridor along streams, they
were well correlated (riparian agricultural land-
cover and catchment agricultural land-cover, r =
0.90; riparian developed land-cover and catchment
developed land-cover, r = 0.99), but the percentage
of agricultural and developed land-cover were both
higher in the riparian corridor (11% versus 6% for
agriculture, 15% versus 11% for developed).

In the mountainous Upper Little Tennessee
River Basin, development and agriculture
have traditionally been in the valleys, and the
mountainsides have remained forested even
though they have been repeatedly logged. Thus
land-use change has been primarily a reflection
of changes within the valley, along streams. In
general, correlations of land use with riparian
corridor land-cover were slightly greater than
with catchment land-cover. For example, at the
catchment level, agricultural land-use and land-
cover were significantly correlated (Figure 8.3,
r = 0.37), but when just riparian corridor land-
cover was used, the correlation improved slightly
(r = 0.40). Similarly, developed land-cover in the

riparian corridor was slightly better correlated with
residential and commercial land-use (r = 0.79, land
cover log transformed) than was whole catchment
developed land-cover (r = 0.78, Figure 8.3).

These relationships are consistent with the
observation that land use is a better predictor
of sediment-associated variables (turbidity, organic
matter in particles, total dissolved phosphorus)
because sediment travels relatively short distances
and its presence during baseflow conditions
generally reflects near-stream or instream activity.
Had the streams been sampled during periods of
elevated discharge, sediment concentrations may
have reflected much more extensive areas of
disturbance. Nitrate and chemicals contributing
to specific conductance are more mobile than
sediment and come from areas throughout the
catchment (Strayer et al., 2003) and thus are better,
or just as well-predicted, by catchment-level land-
cover data.

High variability in nitrate concentration within
the Upper Little Tennessee River Basin was
observed and found to be closely correlated with
catchment land-cover, as has been shown in
many previous studies (Herlihy et al., 1998). Most
of the basin was logged during the period of
intense industrial logging in the early 20th century
(Mastran and Lowerre, 1983). Areas that have
not been subsequently disturbed are now very
retentive of nitrogen (Swank and Vose, 1997).
However, areas with more recent disturbances
are approaching or are in the initial stages of
nitrogen saturation (Swank and Vose, 1997), when
the capacity of catchment vegetation to retain
nitrogen has been exceeded (Aber et al., 1989). This
study showed a good correlation between nitrate
concentration and the extent of mountainside
development. Even when land development occurs
in relatively small areas, high in the catchment
away from the riparian area and the stream
channel, and with little change to forest land-cover,
significant increases in stream nitrate concentration
are seen (Figure 8.9).

Land use refers to human activities within a
catchment and land-use change is the proximate
factor driving land-cover change (Osborne and
Wiley, 1988; Turner and Meyer, 1994), but there
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is also feedback between land use and land cover
(Turner and Meyer, 1994). In the Upper Little
Tennessee River Basin, the view of forest-covered
mountains is a primary driver of mountainside
development and, in other parts of the southern
Appalachians, parcels with protected mountain
views have been shown to be more valuable
(Chamblee et al., 2011).

The most dire continental-scale projections of
exurban expansion suggest that by 2030 only
10–20% of the people living in the Upper Little
Tennessee River Basin will be living in rural
housing (Theobald, 2005). Studies of other river
basins in western North Carolina have shown
the impacts of existing exurban development on
landscape fragmentation (Pearson et al., 1998). This
type of development threatens stream systems,
but the risks extend beyond the mountainous
urban–rural interface itself and into the low-
lying urban areas that depend on the mountains
for water (Viviroli et al., 2007). The paradox of
exurbanization is that by moving from the city
to enjoy forested and rural landscapes, people
threaten not only the new homes they cherish, but
also the old ones they left behind.

In conclusion, the southern Appalachian
Mountains, with their abundant precipitation
and dense stream networks, serve as a water
tower (Viviroli et al., 2007) for the south-eastern
US. Drinking water is perhaps one of the most
important ecosystem services provided by rivers
draining the region, and thus high water quality
must be a primary goal of river management. Our
findings show the importance of distinguishing
between land cover and land use as predictors of
different water quality parameters in this rapidly
exurbanizing landscape. Moreover, it is critical
that managers consider both of these drivers at a
basin-wide level in making management decisions
to protect water resources. To ensure high water
quality, management must extend to areas distant
from streams – in addition to traditional riparian
zone management and point-source effluent
regulation in near-stream areas. High nitrate
concentrations are of particular concern, and
this study provides evidence that development
in steep mountainous areas, far from streams,

can be a major contributor to elevated stream
nitrate levels. A major challenge for the future
is to develop a more predictive understanding of
how rapid changes in land cover and land use
affect water quality in the traditionally rural area
of the southern Appalachian Mountains and other
developing landscapes of the world.
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CHAPTER 9

Understanding and Managing Climate
Change Effects on River Ecosystems
Stephen J. Ormerod1 and Isabelle Durance1,2

1Cardiff School of Biosciences, Cardiff University, UK
2Sustainable Places Institute, Cardiff University, UK

Introduction

Among the important issues for river conservation
and management that have developed since the
1990 York conference (Boon et al., 1992), three
have gained particular prominence.

First, there is increasing evidence that rivers
contribute disproportionately to global biodiversity
measured by unit area or water volume (Strayer
and Dudgeon, 2010). This feature stems probably
from their physical complexity, the wide range of
river types found across the world and their natural
isolation in separate river basins. As rivers are also
‘hotspots’ for human activity, freshwater organisms
are at greater risk of extinction than their marine or
terrestrial counterparts (Hambler et al., 2010).

Second, the ‘ecosystem services’ concept – the
idea that ecosystems provide utility and benefits to
people – is re-focusing attention on rivers as assets
with large, multiple values (Maltby and Ormerod,
2011; Everard, this volume). Among ecosystems
worldwide, rivers are considered increasingly to
be among the most important providers of goods
and services: they provide water for human use
and habitat for economically important species
such as Atlantic salmon (Salmo salar) and eels
(Anguilla anguilla); they regulate flooding, erosion,
sediment supplies, water quality and pollutant
disposal; they support adjacent wetland, floodplain,

estuarine and riparian ecosystems by supplying
water, energy and nutrients; and they represent
large cultural value, for example recreation,
tourism and simply as inspirational places (UK
National Ecosystem Assessment, 2011). Although
there is still very active debate about how such
use and exploitation can be harmonized with
the protection of biodiversity, this new emphasis
is likely to reposition many aspects of the
valuation, designation, protection, management
and restoration of rivers and their catchments.

The third key issue has major consequences for
these first two. Rivers are now considered to be
among the most sensitive of all ecosystems to
the effects of climate change, both directly and
indirectly through interactions with other stressors
(after Durance and Ormerod, 2007, 2009). As one
of the defining developments in river conservation
over the last 20 years, the reasons are increasingly
well rehearsed. River temperatures track rising air
temperature closely, particularly in headwaters,
as shown by unequivocal warming in rivers on
at least four continents (see below and Kaushal
et al., 2010). Large biological effects are likely
because most river organisms are ectotherms, while
metabolic activity, production, decomposition and
oxygen concentrations are temperature dependent.
All streams and rivers are also linked inextricably
to climatic effects on flow pattern and all related
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processes: discharge variations, flood and drought
effects, hydraulics, flow-mediated connectivity,
and fluxes of solutes and energy between land and
water. Finally, climate is likely to interact with
other major influences on freshwater ecosystems
such as pollution, abstraction, land-use change and
the effects of invasive non-native species (Wilby
et al., 2006). Existing climatic phenomena, such
as the North Atlantic Oscillation and El Niño/La
Niña, illustrate already how river organisms are
influenced by variations in precipitation and
temperature between years (Elliott et al., 2000;
Bradley and Ormerod, 2001). Climatic variations
between regions also reveal large effects on river
character (Bonada et al., 2007).

Although climate changes are unfolding
differently across regions and biomes of the
world, all indications are that the magnitude and
rate of future effects will be large and rapid. In
the temperate UK, for example, mean annual
temperatures by the 2050s are likely to be at least
2–3◦C greater than now, with extreme summer
temperatures rising well above 30◦C. Whereas
rainfall amounts will not change substantially,
greater rainfall seasonality is predicted with
potentially larger floods and also longer rain-free
periods (UKCP09; Jenkins et al., 2009). If realized,
all these changes will have profound consequences
for river organisms, processes and ecosystem
services. An important current need, therefore, is
to develop practical management responses that
might reduce the worst effects. However, well-
informed management responses will depend on
greater knowledge about the effects and processes
involved.

This chapter reviews some of the evidence
available already on changes in river ecosystems
that can be linked to climate as reflected by
observed trends in discharge and temperature over
recent decades. It also reviews some of the evidence
of biological effects in different regions around the
world. Although this review cannot be exhaustive,
we attempt to identify critical knowledge gaps with
respect to: (i) the mechanisms involved; (ii) the
difficulties of understanding interactions with other
stressors; and (iii) the inadequate evidence about
the effectiveness of different management options.

Empirical evidence of effects
and trends

Thermal regimes
Trends in river temperature are liable to be
among the clearest indicators of climatic change
and variation. Throughout the world, several
datasets now reveal long-term warming. River
temperatures in parts of Europe have increased
over at least the last 20–30 years by up to 1◦C per
decade – examples include upland Wales, Scotland,
southern English chalk streams, the upper Rhône,
the Swiss Alps and Austria (Langan et al., 2001;
Daufresne et al., 2004; Hari et al., 2006; Durance
and Ormerod, 2007, 2009; Webb and Nobilis, 2007;
Clews et al., 2010; Figure 9.1). Local variations are
also apparent over similar timescales; in the UK,
average temperature gains range from ca 0.2◦C per
decade in eastern regions to 0.3–0.4◦C in Wales, the
north-west and the south-west (Wilby et al., 2010).
River temperatures have also increased by similar
magnitudes on other continents, including Asia,
Australasia and North America. Most recently,
Kaushal et al. (2010) examined 41 historical
datasets from North American rivers, detecting 21
significant, long-term warming trends of 0.1 to
1.0◦C per decade that correlated with increasing
air temperature. Warming occurred across a wide
array of locations, but the effects were fastest
in urban areas. Although earlier temperature
data are likely to have been made by mercury
thermometers, from the 1980s onwards electronic
recording has usually been involved, with high
precision and regular data capture, typically every
15 minutes.

Despite the apparent consistency, clarity and
global coherence of these trends, river thermal
regimes and heat budgets are complicated by
several processes of which some understanding
is important in establishing exactly how climate
change effects on rivers are occurring. Local
river heating or cooling depends on the relative
balance between heat radiation (in or out), friction
against the banks and bed, heat exchange with
the surroundings (air, river bed, banks, etc.),
condensation (a warming effect) and evaporation
(a cooling effect) (Webb et al., 2008). Rivers
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Figure 9.1 Recent temperature trends (1981–2007) in upland Welsh streams (redrawn after Durance and Ormerod,
2007) and a lowland English chalk stream (redrawn after Durance and Ormerod, 2009) before and after accounting for
the effects of the North Atlantic Oscillation (NAO) (Ormerod, 2009).

also import heat by advection – i.e. inwards
transport – through water arriving from their
catchments. These effects vary with season,
channel morphology, valley topography, riparian
vegetation and substratum conditions; hydrological
influences on temperature from groundwater
contributions, variations in discharge and river
regulation are also important (Caissie, 2006).

The best available studies reveal that short-wave
radiation resulting from sunlight is a dominant
source of river warming in summer, contributing
80% or more of heat gain in unshaded upland
rivers (Webb and Zhang, 1997, 2004). However,
in winter, friction with the river bed becomes
the largest heat source in these watercourses
(� 40–70%). Heat losses occur largely through
long-wave (infra-red) radiation (40–65%) and
evaporative cooling (10–20%) throughout the
year, but heat transfer in winter (20–50%)
and conductance into the river bed in summer
(30%) are also important. Cooling and heating
processes vary also among stream types. For

example, warming of shaded woodland streams by
short-wave radiation in summer is secondary to
the effects of scattered long-wave radiation and
heat transfer (Webb and Zhang, 2004). Lowland
chalk streams are warmed dominantly by solar
radiation, but cooled dominantly by evaporation
and heat transfer, particularly when groundwater
contributions are warmer than the atmosphere
(Webb and Zhang, 1997). In Antarctic glacial melt-
water channels, radiation can be responsible for as
much as 99% of heat gain (Cozzetto et al., 2006),
while in other glacial streams frictional heating
sometimes exceeds radiative heating even though
stream temperature tracks radiative heat inputs
most closely (Chikita et al., 2010).

The main implications of these processes for
understanding the role of climate change in stream
warming are: (i) radiation and insolation are
likely to be the dominant warming mechanisms
in unshaded rivers, at least in summer; (ii)
relative warming or cooling by direct heat transfer
appears only to be important where temperature
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differences between air and water are increased;
(iii) widely described positive correlations between
air and river temperature are most likely to
reflect radiative heating in both these media;
and (iv) protecting rivers from insolation, for
example by shading, offers a potential strategy
for minimizing the greatest warming effects.
However, understanding long-term warming
trends, especially in winter when radiation
inputs are small, will require a more thorough
appraisal not only of increased heat gain, but
also possible reduced heat-losses. These might
include river waters entering or flowing through
warmer atmospheres, or less heat lost through
long-wave radiation during increased cloud
cover at low atmospheric pressure. Radiative
advection – i.e. heat transported by water among
oceanic, atmospheric, catchment, groundwater
and surface water components – might also be
important. So far, none of the long-term warming
trends described above has been assessed using
a heat-budget perspective and this represents an
important gap in understanding, with consequent
ramifications for adaptive management (see
below).

Discharge
Like temperature, variations in precipitation will be
a major source of climate change effects on stream
and river ecosystems. Factors affecting discharge
are fundamental to most, if not all, ecological
processes in running waters. This stems from the
pre-eminence of the shape, magnitude and timing
of the flood hydrograph as a selective force on
river organisms both directly and through its many
influences on hydraulics, connectivity, habitat
physiography, floodplain inundation, interactions
with the riparian zone and also the transport
or dilution of sediments, natural solutes and
pollutants. Effects might arise not only through
changes in average daily discharge, but also
through the frequency and magnitude of extreme
high- or low-flow events.

In comparison with temperature, however,
precipitation and discharge patterns in many
locations are affected by proportionately large
stochastic variations through time and space. This

makes the detection of additional climate change
effects very difficult. In temperate locations such
as the UK, both summer and winter discharge
have typically fluctuated by at least 300–350%
between the driest and wettest years over the
last 30–40 years (S.J. Ormerod and I. Durance;
unpublished data). Clear hydrological trends are
therefore difficult to differentiate from background
variation (Wilby, 2006). Some evidence is now
emerging of a spatially coherent tendency towards
increasing precipitation and discharge at higher
latitudes and in north-west Europe, with the
reverse trend in south-east Europe; these patterns
are linked with evidence also of greater seasonality,
with increasing winter discharge (Stahl et al., 2010).
Nevertheless, forecasting climate change effects
on discharge is also characterized by considerable
uncertainty (Fowler and Wilby, 2010). In part,
this reflects variations between projections from
different global circulation models, down-scaling
tools or hydrological models (Prudhomme and
Davies, 2009). Similar problems are likely to arise
wherever climate change effects on discharge are
small relative to existing variation.

At broader spatial extents, altered spatio-
temporal patterns in precipitation, soil moisture,
runoff and discharge into the world’s northern
oceans have been apparent from at least the
1970s (Peterson et al., 2002). However, difficulties
arise in distinguishing between the drivers linked
with greenhouse gas emissions and the quasi-
natural effects of the North Atlantic Oscillation.
Given the ecological importance of hydrological
effects in rivers, improved prediction of climate
change effects on precipitation at all scales is an
important priority in modelling consequences for
river biodiversity and ecosystem services.

Invertebrates, fish and
other organisms
As with the assessment of changing discharge,
establishing long-term climatic effects on river
organisms and ecological processes is characterized
by several difficulties. The incremental nature
of climate change implies that the detection of
significant ecological consequences is likely to
require decades of observation; existing examples
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suggest that these should at least match, as far
as possible, the 30–40 year timescales currently
being used for climate change projection. This, in
turn, means that few such systematic data are
available and some were collected mostly for other
purposes. Interpretation is therefore often founded
on weak inference (i.e. correlation), characterized
by assumptions, affected by confounding effects
and therefore limited in scope for definitive
interpretation. Experimental studies to investigate
processes are difficult at the scales required
to mimic those involved in climate change
effects on catchment–river ecosystems – though
smaller-scale approaches have been attempted and
potentially offer support for understanding larger-
scale observations (Hogg and Williams, 1996).
Cross-sectional analyses of rivers with contrasting
thermal regimes, caused for example by geothermal
heating, also offer potential (Woodward et al.,
2010a).

Despite these difficulties, available long-term
data are now providing increasingly strong
evidence that warming effects on river ecosystems
are real and possibly widespread – at least as
revealed by commonly studied groups. Patterns
reflect combinations of changes in abundance,
species composition and occurrence of some
scarcer taxa, as well as some evidence of a
reduction in body size (Daufresne et al., 2009).
In some British upland headwaters, for example,
spring invertebrate abundances have declined with
stream warming by around 20% for every 1◦C rise
– implying potentially large effects (Durance and
Ormerod, 2007; Figure 9.2). In this case, more than
80% of the core invertebrate community persisted
through inter-annual temperature variations of
around 3◦C, but species typical of cooler-water
conditions, (e.g. some cool-water Plecoptera and
triclads), have nevertheless been lost. These loss
effects are not only consistent between locations
(Daufresne et al., 2004; Durance and Ormerod,
2007, 2010; Figure 9.2), but also matched by long-
term shifts among macroinvertebrates in European
lakes where temperatures have also increased
(Burgmer et al., 2007). In the upper French Rhône,
species changes have been linked not only to
higher temperatures, but also to decreased oxygen

content and extreme hydro-climatic events, such as
the 2003 heatwave (Daufresne et al., 2007). Shifts
from cooler-water to warmer-water taxa have been
detected, even at family level, in streams on other
continents, most recently Australia (Chessman,
2010; Figure 9.2). The extent to which these
changes in different regions are driven by similar
processes is not yet clear.

The effects of inter-annual variations in
discharge on stream invertebrates are also
emerging, but interpretation of this depends
on a better understanding of the complexity of
prevailing flow effects on organisms and the ways
in which flow patterns are changing as climate
change effects occur. For example, variations in
precipitation in the Mediterranean regions of
California have been accompanied by variation
among invertebrates of contrasting tolerance
to low or high flow, leading in some locations
to sustained compositional changes (Beche and
Resh, 2007). Similarly, in Sonoran desert streams,
long-term shifts from perennial to intermittent
flow conditions have been accompanied by a
changing aquatic macroinvertebrate composition.
Here, progressive change or recovery in species
structure following flood events closely tracks
previous flow conditions, with inter-annual
variations depending on how organisms resisted
channel drying, for example by using hyporheic
refugia (Sponseller et al., 2010). By complete
contrast, in glacial-fed alpine systems the richness,
abundance and community composition of
stream invertebrates varies with the relative
contributions of melt-water to runoff (Brown et al.,
2007). Different species persist under different
conditions, with high endemicity typical of the
species-poor communities in peri-glacial channels
– for example, those characterized by elevated
suspended sediments, but low water temperature
and conductivity. Glacial retreat now risks reducing
the occurrence of such locations, so the extinction
of melt-water specialists is a real possibility. Our
own work has revealed further permutations of
climatically induced flow changes, not all adverse.
For example, increasing discharge appeared to
reduce sensitivity to warming among chalk-stream
invertebrates (Durance and Ormerod, 2009). In
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Figure 9.2 Three examples of biological trends consistent with warming effects in rivers: a) decline in the mean annual
catch per unit effort (CPUE) of two cool-water fish species during a period of warming in the Rhône system, France,
from 1979–1999 (Daufresne et al., 2004); b) decline in the mean abundance of aquatic invertebrates in two upland
streams in the Tywi system, Wales, with increasing winter temperature over a 25 year period (1981–2005) (Durance
and Ormerod, 2007); and c) increases in the odds of capturing warm-water invertebrate families (i.e. those of high
thermophily) in streams in New South Wales with sampling date over a 13 year period (1994–2007) (after Chessman,
2009).
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other instances, however, increased discharge in
warm, wet periods enhanced the negative effects
of episodic acidification (Kowalik et al., 2007;
Ormerod and Durance, 2009). In combination,
all of these data illustrate how climate-mediated
effects on stream ecosystems are highly context-
specific.

For various riverine fish, long-term predictions
suggest that cold and cool water species will decline
substantially as a result of climate warming, with
habitat loss likely to be greater among those
with a more restricted distribution and in regions
with the greatest warming (Eaton and Scheller,
1996). Increasing problems with non-native species
establishment are also likely (Britton et al., 2010).
Available trend data are limited, but sometimes
consistent with these predictions in revealing
changes in abundance and declining occurrence
in cooler-water taxa. For example, in the upper
Rhône since the 1970s, southern, thermophilic
fish species (e.g. chub (Leuciscus cephalus) and
barbel (Barbus barbus) have progressively replaced
northern, cold-water species such as dace (Leuciscus

leuciscus) (Daufresne et al., 2004). Over longer
timescales, warming appears to have affected
the range of highly endangered species such as
the Atlantic sturgeon (Acipenser sturio) (Lassalle
et al., 2010). Adverse phenological effects are
also apparent through earlier emergence, for
example in the declining European grayling
(Thymallus thymallus) (Wedekind and Kung, 2010).
Elsewhere, prolonged drought effects during long-
term studies have reduced native fish abundance
while increasing threats from some invasive species
(Beche et al., 2009). In the case of salmonids
– important commercially as well as through
their conservation status – northern species, such
as Arctic charr (Salvelinus alpinus), are liable to
be under particular threat. In riverine species,
however, and especially those that are long-
distance migrants, climatic effects are liable to be
extremely complex because of combined changes
during early life stages, during smoltification, on
migration and at sea (Jonsson and Jonsson, 2009;
Kennedy and Crozier, 2010). Emerging evidence
also suggests synergistic climatic effects between
temperature and discharge; hot, dry conditions
apparently matched by reductions in juvenile

densities (Clews et al., 2010). Northward retraction
of breeding ranges may well occur, and there is
some evidence of temperature increases already
reaching limits for successful breeding in some
currently occupied locations (Elliott and Elliott,
2010). However, despite thermal tolerances and
food requirements being sufficiently well known
in some salmonids for predictive models, better
field data are required on real trends and fitness
in wild populations in relation to temperature and
discharge (Weatherley et al., 1991; Elliott, 2009).
This need for further field data extends also into
other taxonomic groups and processes. Beyond fish
and aquatic invertebrates, the literature on climate
change effects is still extremely sparse (Barlocher
et al., 2008).

Climate change effects on river
ecosystems: the bigger picture

Changes of the type described above are probably
a partial record of the trends now under way
because of changing climate. Moreover, there are
clearly data limitations and uncertainties over
predictions. Nevertheless, the trends described
earlier carry a range of important ramifications.
First, from a conservation perspective, they
indicate risks to species, such as Atlantic salmon,
which are not only important economically
but also figure in the notification of many
European rivers under the Habitats Directive
(Council of the European Communities, 1992).
Climate change also affects directly the wider
ecosystem character of river types that feature
in this European Directive as well as in national
policy, such as the UK Biodiversity Action
Plan (http://www.ukbap.org.uk/). Temperature
changes of the magnitude apparent not only
in upland headwaters, but also in lowland,
groundwater-fed chalk streams, might already
be having conservation effects (Durance and
Ormerod, 2007, 2009, 2010). For example, in
English chalk streams, winter temperatures during
the last 10 years have begun to approach the upper
developmental limit for the eggs of brown trout
(Salmo trutta) and Atlantic salmon (Elliott and
Elliott, 2010).
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Second, climate change poses risks to the
ecological restoration and management of rivers
– for example, to fulfil the aims of the EC Water
Framework Directive (WFD; Council of the
European Communities, 2000). By changing
temperature and discharge patterns and by
interacting with other pressures on rivers, climate
change might affect organisms in ways that hinder
progress to ‘good ecological status’. Examples
would be where increased discharge exacerbates
problems from sewage treatment overflows,
or where elevated temperatures, drought and
reduced nutrient dilution amplify the effects of
eutrophication (Wilby et al., 2006). However, there
is also a potential opportunity. Climate change was
not a major concern when the WFD was being
drafted in the late 1980s and early 1990s, but the
legislation now represents an important policy
instrument for reducing adverse effects from other
pressures that would otherwise be exacerbated
under warmer conditions with more variable flow.

Third, the detection of ecological change and
status based on river bioassessment might be
confounded by climatic effects, for which exact
influences on communities are not yet clear. So far,
these issues have been explored more fully in North
America than in Europe. For example, Hamilton
et al. (2010) showed that invertebrate sensitivity to
temperature and organic pollution are significantly
correlated, and attempts are now under way to
partition warming effects and isolate changes from
other causes (Stamp et al., 2010). The resulting
tools are likely to be more effective where the
identification of traits, genera or species are precise
enough to reflect warming effects, discharge effects
or both (Lawrence et al., 2010).

Fourth, climate change effects also imply
potential risks to those ecosystem services for
which rivers are most important – not least
the provision of water supply, the regulation
of flooding and support for biodiversity both
intrinsically and in adjacent ecosystems. At present,
knowledge of interactions among climate change,
ecosystem processes in rivers and ecosystem service
provision is insufficiently well developed to know
exactly how any impairments might arise. Equally,
better knowledge is required to know how to
optimize management actions to ensure that

ecosystem services are maintained (Everard, this
volume).

Knowledge gaps and research
priorities

All the issues discussed previously imply a
clear need for considerable deepening of how
well climate change effects on rivers and their
catchments are understood. We therefore identify
the following three research priorities.

Climatic effects on ecological
mechanisms and processes
So far, many indications of climate change effects
on river ecosystems are based on speculation,
review or prediction, or from assessments of long-
term change that correlate either with varying
discharge or rising temperature. At the very least,
there is a need to ensure that other confounding
aspects of global change are not responsible for
such trends (Durance and Ormerod, 2009). Far
more important, there is a clear need to move from
describing patterns of change to understanding
the mechanisms responsible. This is a crucial step
in predicting and managing effects. Changes in
fundamental river characteristics such as thermal
or discharge regime are likely to cause equally
fundamental changes to many ecological processes
including community metabolism, primary
production, nutrient cycling, decomposition, litter
retention, predator-prey interaction, food webs,
life-history strategy, phenology, altered behaviour,
inter-specific competition, the incidence of
parasites or diseases and dispersal or invasion and
population genetic composition (Traill et al., 2010).
So far, however, these explicitly ecological and
evolutionary aspects of climate change have been
very poorly considered in the available research
and yet could be of crucial importance. For
example, Durance and Ormerod (2010) showed
how inter-specific competition almost certainly
interacted with extreme climatic variation in a
local extinction event in Wales, while Woodward
et al. (2010b, c) have drawn attention to the effects
of climate change on the emergent properties of
food web character, trophic dynamics and other
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network aspects of river systems. At even more
basic levels, understanding the eco-physiological
effects of changing temperature, discharge and
changing oxygen dynamics is still limited by data
availability for many organisms (Elliott and Elliott,
2010; Stamp et al., 2010).

Interacting pressures
A further major dimension of climate change
is that effects on rivers will arise not only
directly, but also indirectly through the many other
processes linking atmospheric systems, catchments,
floodplains and riparian zones to river ecosystems.
Potential effects of this nature have been postulated
widely, involving the possibilities that climate will
have widespread effects on land use, point and
diffuse sources of water pollution, eutrophication,
acidification, invasive species, water abstraction
and a range of other stressors (Wilby et al., 2006;
papers in Ormerod et al., 2010). Effects extend
also to interactions between anthropogenic climate
change and existing, large-scale climatic effects
such as the Arctic Oscillation, North Atlantic
Oscillation and El Niño/La Niña that already cause
variations in discharge or temperature in river
systems large enough to have biological effects
(Puckridge et al., 2000; Elliott et al., 2000; Bradley
and Ormerod, 2001). In any of these cases,
existing stressors or pressures could exacerbate or
compound climate change effects; they could mask
or hide climate change effects; or they could act
as the indirect pathway through which climate
change effects are expressed. Ironically, this last
case includes instances where land-use change
or technological solutions in response to climate
change (e.g. renewable energy generation along
rivers) serve to cause problems that are locally at
least as large as those caused by climate change
(Aprahamian et al., 2010).

So far, the scientific understanding of
interactions between climate change and other
pressures is limited. In some cases, climate
change effects have been most detectable at sites
where other problems, such as water quality, are
either absent or well understood (Daufresne and
Boet, 2007; Dewson et al., 2007; Durance and
Ormerod, 2007, 2009; Viney et al., 2007). In other
cases, interactions have been shown between

temperature, discharge, stream nutrient dynamics
(Caruso, 2001, 2002; Hong et al., 2005), habitat
availability (Cattaneo et al., 2004), and impaired
recovery from the effects of acid deposition
(Durance and Ormerod, 2009).

Adaptive management
Adaptive management is the third major priority,
and in many respects the most crucial yet
surprising gap. Accepting that continued climate
change is now inevitable, far better evidence
is required from which to support and develop
adaptive strategies that will reduce adverse effects
are far as possible. Again, available knowledge
is scant and still largely speculative (Ormerod,
2009; Palmer et al., 2009; Wilby et al., 2010).
Principal recommendations for adaptation include:
(i) improving predictions of ecological effects so
that these effects can be anticipated and managed,
while the most sensitive locations can be protected
as far as possible; (ii) reducing the associated
stressors with which climate might interact, such
as point or diffuse pollution and water abstraction;
(iii) increasing the lengths of river designated
for their nature conservation value, targeted for
restoration or included in catchment-sensitive
agri-environment land-use incentives aimed at
benefits for rivers, riparian zones or river corridors;
(iv) buffering rivers against temperature gain
through the use of judicious riparian shading; (v)
maintaining environmental flows in rivers to the
extent that desirable organisms and key biological
communities are maintained and functional links
with catchments and floodplains are restored; (vi)
increasing ecological resilience and resistance to
climate change – i.e. enhancing features that
allow communities of river organisms to withstand
climate trends, or to re-organize and bounce back
in ways that sustain natural functions; and (vii)
improving connectivity among river basins as well
as of the processes within them.

All these cases require better supporting
evidence, but understanding is still rudimentary.
For example, the basic characteristics that increase
resistance or resilience at genetic, population,
community or ecosystem levels are still poorly
understood. This is most unfortunate because
potentially there are large benefits in all these
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suggested actions that extend beyond adaptive
management for climate change. A good example
is the use of riparian shade. The principles are
straightforward and involve either protecting
or planting riparian trees in ways that cool
summer thermal regimes (Broadmeadow et al.,
2011). In addition to this thermal damping
effect, other generic benefits include sediment
retention and bank stabilization (Larsen et al.,
2009); energetic subsidies provided by litter and
insects (Fausch et al., 2010); increased trophic
diversity and increased secondary production
in woodland streams (I. Durance and S. J.
Ormerod, unpublished data); woody debris and
enhanced habitat heterogeneity (Piegay and
Gurnell, 1997), and nutrient retention and
denitrification (Ranalli and Macalady, 2010).
However, in the UK objections to riparian
tree-planting are made sometimes by interest
groups for landscape, angling, and even nature
conservation. We suggest that improved policy
instruments, for example linking catchment and
riparian restoration to climate change adaptation,
need better development, underpinned by
experimental evidence, and with benefits that
can be demonstrated operationally.
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Introduction

Climate change is one of the greatest threats
facing biodiversity. Its effects on species and
ecosystems will vary depending upon the
nature and magnitude of the changes and the
management challenges these pose (Ormerod and
Durance, this volume). Of particular concern are
the impacts on threatened or endangered species,
already stressed by an existing range of pressures.
Scotland is a global stronghold for the freshwater
pearl mussel (Margaritifera margaritifera), a fully
protected species which has declined throughout
its range to such an extent that it is now listed
by the IUCN as endangered. The primary causes
of this decline include industrial and agricultural
pollution, over-exploitation by pearl fishermen,
decline in host fish stocks and physical habitat
degradation caused by hydro-electric operations
and small-scale river engineering works (Cosgrove
et al., 2000a).

Pearl mussels were formerly widely distributed
from the arctic and temperate regions of north-
western Russia, through Fennoscandia and
Europe to the north-eastern seaboard of North
America/Canada. The decline of the pearl mussel
throughout every part of its Holarctic range has
been well documented (Bauer, 1986, 1988; Young

et al., 2001) and impacts related to climate change
have been identified as a potential threat to this
species (Hastie et al., 2003a). Combining over
two decades of research, this chapter reviews the
evidence of this threat, presents new data on
the status of the species in Scotland and suggests
management responses needed to help conserve
the freshwater pearl mussel over the next 20 years
and beyond.

Ecology

The freshwater pearl mussel is one of the longest-
lived invertebrates, capable of living well over 100
years (Bauer, 1988). It has a complex life cycle,
which makes this bivalve particularly vulnerable to
a wide range of factors that can change its aquatic
habitat, as well as directly affecting the species
itself.

Freshwater pearl mussels live buried or partly
buried in the beds of clean, fast-flowing unpolluted
streams and rivers (Plate 14) and subsist by inhaling
and filtering the minute organic particles on which
they feed (Cosgrove et al., 2000a). Pearl mussels
prefer stable cobble/boulder dominated substrate
habitats with some fine substrate that allows
the mussels to burrow (Cosgrove et al., 2000b).
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Adult and juvenile pearl mussels tend to have
similar habitat ‘preferences’, although adults are
found over a wider range of physical conditions
and juveniles appear to be more exacting in
their requirements and have a sensitivity to
environmental disturbance (Hastie et al., 2000a).

During the summer, after an incubation period
of several weeks, female mussels discharge their
larvae (glochidia) into the river. The glochidia
resemble microscopic snapping clams and these
drift downstream and, if successful, snap shut
and encyst on the gills of a suitable host fish.
M. margaritifera glochidia are very host-specific
and can only complete their development on
Atlantic salmon (Salmo salar) or sea/brown trout
(Salmo trutta). Usually juvenile fish (fry and parr)
are selected (Young and Williams 1984). The

Settlement

mussel seed (0.4mm) drop off

gills in spring/early summer

Glochidia release

2-3 x 106 glochidia released in summer
(mortality >99.99%)

Fertilisation

fertilised eggs develop within female

Adult mussel (5-150mm)

Mature from ca. 12-80 years

Maturation

12-20 years

Juveniles (<65mm)
Burrow into clean stable riverbed sediments

Attachment & encystment

glochidia overwinter on gills

of host salmonid fish

Figure 10.1 The freshwater pearl mussel life cycle.

presence of freshwater pearl mussels in any river
therefore depends on host salmonid availability.
The encystment phase lasts for several months
before the glochidia metamorphose into tiny
mussels, drop off the fish and settle into the river
bed (Young and Williams, 1984). A diagram of the
life cycle is provided in Figure 10.1.

Status

Since the 19th century, when pearl mussels were
numerous across most of Scotland, the number
of Scottish rivers with healthy mussel populations
has declined dramatically. The results of a national
survey were published in 2000 (Cosgrove et al.,
2000b) and this, along with additional recent data
from a Scottish Natural Heritage (SNH) confidential
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Table 10.1 The status of freshwater pearl mussels in Scottish rivers, 2010.

Status
Number of
watercourses

Total number of historic pearl mussel rivers 208
Total number of historic rivers where pearl mussel population is ‘apparently extinct’ in the wild 62
Total number of historic rivers where pearl mussel population is ‘not successfully recruiting’ in the wild 53
Total number of pearl mussel rivers where there is evidence of ‘recent successful recruitment’ in the wild 71
Total number of pearl mussel rivers, where population status is unknown i.e. no survey data available 22
Total number of pearl mussel rivers where proportion of juveniles >10% of population 25
Total number of pearl mussel rivers where population exceeds 10 000 individuals 26

dataset, has been used to provide an up to date
assessment of the species status in Scotland (Table
10.1). Of 208 watercourses known to be occupied
100 years ago, pearl mussels are extinct or about
to become extinct in approximately two-thirds.
Nevertheless, as a consequence of the severe
decline across the species’ range, the remaining
71 Scottish rivers with recent juvenile recruitment
(Figure 10.2) represent a large proportion of the
remaining global population. When consideration
of climate change effects is quantified this is done
in relation to the 71 extant Scottish pearl mussel
populations where juvenile recruitment currently
occurs.

Figure 10.2 A typical range of pearl mussel sizes in a
viable (reproducing) population.

Direct climate change effects

It has long been known that climatic variables,
particularly extremes of temperature and
precipitation, affect animals. In the case of
pearl mussels, climate changes may influence a
number of factors important for survival, including
growth, longevity, reproductive success, habitat
and host fish availability. These potential effects
are considered alongside the latest climate change
prediction models for Scotland (known as UKCP09
projections). For simplicity the data have been
extracted for one 25 km square (the resolution
projections work at) in the middle of the extant
Scottish range of the pearl mussel. This square
is centred on the village of Gairloch, midway
along the Scottish west coast. The ‘high emissions’
scenario has been selected and projected summer
temperatures and precipitation based on July
data and projected winter precipitation based on
January data have been used. The species occurs
between 40oN and 70oN, (with Scotland in the
mid range 55–60oN) and so predicted winter
temperature projections are unlikely to affect
freshwater pearl mussels.

The UKCP09 projections do not provide flow
data for river levels, so precipitation has been used
as a proxy for flow. There is typically a strong
relationship between air and water temperature
across a range of catchment sizes (Smith and
Levis, 1975) and so likely mean air temperature
changes from the UKCP09 projections are used as
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a proxy for water temperature change. Finally, it
is possible to obtain seasonal mean projections for
temperature and precipitation, but as this draws
predictions away from possible extremes, which are
more likely to affect pearl mussels, they have not
been used.

Temperature
The high projection scenarios for 2070–2090
suggest that likely mean temperature change is
between 0–5◦C warmer for summer (with July data
used as a proxy for summer). This broadly reflects
predicted UK changes to warmer summers. Taking
the upper extreme of the projections, with mean
July air temperatures increased by up to 5◦C and
associated precipitation (a proxy for flows), this is
likely to have complex and detrimental effects on
pearl mussels. However, the UKCP09 projections
do not cover extreme events such as storms (and
resultant flooding) and prolonged droughts in
sufficient detail to provide likely predictions.

During the 20th century, the European mean air
surface temperature warmed by ca 0.8◦C (Beniston
and Tol, 1998). Unfortunately, it is not known
how the projected summer increase of between
0–5◦C will affect the hydrothermal regimes of
rivers, owing to a dearth of long-term freshwater
temperature monitoring. There is some evidence
that elevated water temperatures may enhance
juvenile recruitment in pearl mussel populations
(Hruska, 1992; Mackie and Roberts, 1995; Hastie
et al., 2003a). Therefore, it is possible that a
modest elevation of mean summer temperatures
may actually benefit some Scottish pearl mussel
populations. However, increased temperatures
have the potential to cause adult mussels to grow
more quickly, live shorter lives and thus have a
lower number of reproductive episodes (Ziuganov
et al., 2000).

Most of these studies have shown potential
beneficial changes within current temperature
ranges but critical, upper (extreme) thermal limits
for the survival of this species are unknown. Ross
(1992) showed that pearl mussel reproduction may
vary by several months due to thermal effects and
Young and Williams (1984) showed that the timing
of reproduction in Scotland may be related to when
host salmonid fry are abundant. The implications

of this are that differential effects of extreme
temperatures may cause problems by decoupling
the timings of pearl mussel and host salmonid
reproduction.

Of the 71 extant pearl mussel rivers under
consideration, 63 of these are relatively small
to moderate, shallow watercourses, which
will be susceptible to significant rises in air,
and consequently water, temperature. Only
eight Scottish river catchments are likely to be
large enough (depth and volume of water) for
pearl mussels to be able to withstand predicted
detrimental extreme air temperature rises. This
means nearly 90% of extant Scottish pearl mussel
rivers are considered vulnerable or susceptible
to UKCP09 high temperature projections for
2070–2090.

Precipitation
Future changes in mean summer precipitation
are more difficult to predict under the high
scenario than likely temperature changes. There is
a chance summer precipitation (using July data)
will increase by up to 20% or decline by up
to 40%. Predicted winter change (using January
data) is also not clear, but precipitation may
perhaps decrease slightly or more likely increase
by anything up to 60% for the high scenario
by 2070–2090. This broadly reflects predicted UK
changes to drier summers and wetter winters.

During the 20th century, the west coast of
Scotland saw a 16% decrease in sunshine (as a
consequence of increased cloud cover) between
1941 and 1971 and between 1964 and 1993,
with resultant 15–20% increases in precipitation
levels (Mayes, 1996; Harrison, 1997). Some of
this precipitation was concentrated into greater
storm events (Black, 1996), which caused dramatic
changes to river-bed habitat structure and the
distribution and abundance of pearl mussels
(Figure 10.3).

During detailed work on the River Kerry (at
Gairloch) in west Scotland (Hastie et al., 2003a)
striking correlations between historical rainfall and
pearl mussel recruitment patterns were observed
between 1955 and 1995, with recruitment doing
better in wetter years (Figure 10.4). It is believed
that higher flows associated with wet years help to
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Figure 10.3 Contour maps of mussel densities recorded at a site on the River Kerry, north-west Scotland (a) before,
and (b) after a major flood. Based on visible numbers of mussels per 1m2 quadrats (n = 445 and 434, respectively)
counted in 36 cross-river transects. From: Hastie et al. (2003a) Ambio 32: 40–6, with kind permission of Springer
Science+Business Media B.V.

clean and aerate the stable substrates making them
more suitable for juvenile recruitment. However,
during 1998, a 1 in 100-year return flood in the
River Kerry killed �50 000 mussels (ca 5–10%
of the total population). There were other major
floods in other mussel rivers during this period, but
the effects were not quantified (Hastie et al., 2001).

Once again, of the 71 extant pearl mussel rivers
under consideration, 63 of these are relatively small
to moderate, shallow watercourses, which will be
susceptible to flooding. Many of these watercourses
have limited suitable habitat, and extreme floods
would probably have significant and detrimental
effects. However, a significant moderating factor

within the headwaters of a pearl mussel catchment
is the presence of a sizeable lake. These can
dramatically ‘dampen down’ or ameliorate the
effects of flood and spate events, by accumulating
and releasing water over greater lengths of time
than typical smaller ‘spate’ rivers, reducing the
downstream magnitude of such extreme events.
Sixty-three of the 71 extant populations (89%)
have lakes within the mid-upper catchment,
potentially benefitting pearl mussels present.

The eight largest Scottish pearl mussel river
catchments are likely to be big enough (with
significant areas of suitable habitat) to be able
to withstand predicted extreme flood events
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Figure 10.4 Historical precipitation and freshwater pearl mussel recruitment patterns in the River Kerry, Northwest
Scotland (1955–1995). From: Hastie et al.(2003a) Ambio 32: 40–6, with kind permission of Springer Science+Business
Media B.V.

(although two do not have significant lakes
ameliorating river flows) and in recent years each
of these catchments has had very large flood events
and SNH monitoring indicates they still support
pearl mussels and suitable habitat. So, while
many extant Scottish pearl mussel populations are
considered vulnerable or susceptible to UKCP09
high precipitation projections for 2070–2090, the
high proportion with upper catchment lakes
may mitigate against some of the more extreme
effects. Thus, less extreme UKCP09 projections
for increased precipitation within catchments
where lakes are present may actually help
to increase successful reproduction in some
populations through cleaning and aerating stable
pearl mussel habitats.

Indirect climate change effects

The impact of climate change on pearl mussels
is not straightforward, with potential effects
poorly understood or operating in apparently
contradictory ways. Four indirect effects are
predicted to occur and the magnitude of these is
likely to vary greatly between catchments.

Habitat reduction
Successive studies into pearl mussel populations
have demonstrated that many Scottish rivers and
streams currently lack juvenile mussels (Cosgrove
et al., 2000a; Hastie et al., 2000b), suggesting that
recruitment in these populations is limited. For
example, 53 Scottish rivers (25%) currently hold
populations of adult mussels and host fish but
with no evidence of recent successful juvenile
recruitment (Table 10.1). It is not clear what
has caused this, but based on the often large
number of adult mussels present, there must have
previously been substantial amounts of suitable
juvenile habitat in many rivers. It is very difficult to
quantify this change or say why it has come about
because several detrimental factors may already
have contributed to the decline of these mussel
populations and there are no pre-decline baseline
data to compare with (nor, in most cases, current
data on host fish populations).

This phenomenon is particularly apparent in
small west-coast streams, many of which now
appear to be highly unstable and therefore
unsuitable. Since 2006, SNH has conducted a
series of detailed habitat surveys to investigate
reintroducing pearl mussels into former river
catchments. The aim of these surveys has been
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to assess and quantify the amount of stable and
potentially suitable habitat for pearl mussels, so
that efforts have the greatest chance of success
as well as to comply with government guidance
on reintroductions. What is striking from this
(unpublished) work is that while many rivers
appear outwardly to have changed little since the
last pearl mussels were recorded (e.g. they have
host fish, are not polluted, nor heavily engineered),
only four rivers out of 11 still have enough suitable
habitat. It appears that stable and suitable pearl
mussel substrate habitats are diminishing across
many Scottish rivers.

Sea level rise
Although Scotland is rebounding as a result
of isostatic (post-glacial) uplift, UKCP09 high
projections indicate that by 2080 sea level is likely
to rise between 5–50 cm on the west coast of
Scotland. This potentially (in combination with
more storm events e.g. higher spring tides, storm
surges, greater on-shore winds – Dawson et al.,
2001) means that mussels in the lowest reaches
of catchments are at risk from immersion in salt
water. Freshwater pearl mussels cannot tolerate
saline conditions, so potentially some mussels
may be directly killed by saltwater intrusion.
Given the known distribution of mussels, it is
thought that few mussels would be killed in most
Scottish catchments and that such impacts might
affect �10 extant mussel populations. However,
effects may be more severe in some low-lying
small catchments, where the majority of both
mussels and suitable habitat occur within 1 m
height of current sea levels, as these watercourses
may be disproportionately affected by sporadic
salt/brackish water intrusions.

Decline in host salmonid stocks
The present declines in stocks of host migratory
salmonid fish threaten Scottish pearl mussel
populations (Hastie and Cosgrove, 2001), with
host densities below critical threshold levels in
many west-coast populations, including several
of the largest and most important (designated)
mussel populations, where numbers of juvenile
mussels are low (Langan et al., 2007). The causes

for this general decline since the 1950s have
been attributed to a number of factors, including
climate change, over-fishing, increased predation,
sea-lice infestations associated with marine fish-
farming and pollution (Anon, 1993; Walker, 1993;
Hastie and Cosgrove, 2001). It is likely that similar
migratory host fish declines have affected non-
designated west-coast sites, where little fisheries
research has been conducted and changes have
not been quantified. Host fish declines in east-
coast rivers has been far less significant and recent
evidence suggests that host fish populations in
designated east-coast sites tend to exceed critical
density thresholds (Langan et al., 2007).

Although a number of studies into the
relationship between pearl mussels and their
hosts have been carried out (Young and Williams,
1984; Bauer, 1987, Ziuganov et al., 1994), more
research is needed. Since non-migratory brown
trout are suitable hosts, it is possible that some
trout-dependent pearl mussel populations will
remain, despite declines in migratory components
of salmonid populations. However, migratory
salmonids produce more eggs and juvenile fish
than resident trout (being able to use marine
derived resources unavailable to stream-bound
trout), so their decline is particularly worrying. The
west-coast populations of migratory salmonid fish
are now at their lowest levels ever recorded and
this has coincided with recruitment problems in
most west-coast pearl mussel populations studied
(Hastie and Cosgrove, 2001).

To compound matters, depleted salmonid
stocks may be affected detrimentally by climate
change, being sensitive to extremes in temperature
rise. Thermal stress from elevated temperatures
may cause critical temperature thresholds to
be exceeded in small (warmer) streams. The
upper critical limits for successful growth and egg
development for S. salar and S. trutta is below 20◦C.
Dissolved oxygen content is inversely related to
water temperature, and lowered levels associated
with temperature rises is an important factor in
juvenile fish survival (Elliott, 1995). Therefore,
the UKCP09 high temperature projections of up
to 5◦C increases may significantly affect host fish
populations adversely in many watercourses,
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but especially small streams where temperature
fluctuations are likely to be greatest.

Increased precipitation, with resultant
hydrological changes, may also have serious
consequences for host fish. Spawning beds are
sometimes destroyed and washed out of rivers
by large floods, along with juvenile fish. Butler
(1999) reported negative correlations between
winter runoff and declines in densities of salmon
fry in a river the following year in the north west
of Scotland. In 1997, a 1 in 100 year return flood
‘washed out’ large numbers of juvenile fish from
the River Oder in Central Europe (Bishoff and
Wolter, 2001). This suggests that significant floods
may have the combined detrimental effect of
killing large numbers of pearl mussels and juvenile
fish, and destroying suitable mussel substrate and
fish spawning habitats, scenarios predicted to be
likely to increase in frequency with increasing
precipitation events.

Societal responses

The way society responds to climate change will
directly affect the likelihood of endangered species
such as M. margaritifera surviving into the future.
Responses can be divided into two categories:
adaptation (dealing with the consequences of
climate change) and mitigation (preventing or
reducing the severity of climate change).

Adaptation
As a result of recent increases in precipitation and
large-scale flooding in Scotland, there is strong
political pressure to reduce the effects of flooding
on people’s homes and livelihoods. Typically, this
manifests itself as a desire to build flood defences
through large-scale river engineering activities
(e.g. building walls to contain watercourses and
digging out channels to make them deeper) and
unsurprisingly this is hugely detrimental to the
ecosystems of the watercourses affected (Figure
10.5). Pressure to reduce the effects of flooding can
increase changes in catchment drainage patterns.
Drainage increases the amplitude of flood effects,

Figure 10.5 Adaptive responses to threats posed by
climate change have typically manifested themselves
through large-scale river engineering activities (e.g.
building flood defence walls to contain watercourses and
digging out channels to make them deeper) and
unsurprisingly this is hugely detrimental to the
ecosystems of the watercourses affected. From: Hastie
et al., 2003a. Ambio 32: 40–46, with kind permission of
Springer Science+Business Media B.V.

creating faster and more intensive flow patterns
than would otherwise occur.

River engineering has historically been
responsible for the decline and extinction of
many freshwater pearl mussel populations, with
up to 10 000 mussels killed and 95% of suitable
habitat destroyed (Cosgrove and Hastie, 2001) and
indeed is one of the reasons why the species is
now threatened. Cosgrove et al. (2000a) found that
river engineering was responsible for the decline of
at least 26 pearl mussel populations in Scotland.
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Some of the problems associated with river
engineering may have been inadvertent because
little if anything was known about the presence of
rare and endangered species such as pearl mussels
beforehand. In theory, heightened awareness, full
legal protection, control over physical alteration
of river channels and good information on the
distribution and presence of pearl mussels means
that such damage is now preventable. Indeed,
specific online guidance for river managers working
in and around Scottish pearl mussel rivers is
now provided by SNH. Such adaptive management
responses should be carefully informed so as not
to compromise pearl mussel conservation. Flood
management/prevention should be carried out at
the catchment scale and use sustainable, natural
management techniques that seek to work with the
river’s natural processes by maximizing ecosystem
services such as floodplain storage that will allow
adequate flood protection and accommodate pearl
mussels.

One of the main opportunities to prevent or
reduce the severity of climate change effects
on pearl mussels is the restoration of riparian
and catchment woodland. The roots of native
broadleaved trees help to reduce erosion and
stabilize edge habitats (Parrot and MacKenzie,
2000) and research has shown a positive
correlation between pearl mussel beds and
tree cover (Baer, 1981; Hastie et al., 2003b). It is
believed pearl mussels (and their host fish) benefit
through the shading of watercourses, reducing
the extremes of hydrothermal fluctuations and
preventing excessive algal growth which can
smother the river bed. Woodlands (as well as
catchment lakes) can dramatically ‘dampen down’
or ameliorate the effects of flood and spate
events, by accumulating and releasing water over
greater lengths of time than denuded or treeless
catchments where runoff is greater and faster.
The use of dappled shade is important because
neither freshwater pearl mussels nor their host fish
benefit from dark, tunnelled shade. The mussels
need enough light to be able to gape sufficiently
and filter effectively and this ability is lost in deep
shade. Therefore, native tree planting needs to be
carefully planned and managed on a long-term

basis. This will not only benefit the downstream
aquatic communities but also human settlements
through reductions in the severity of flooding.

Today, woodland cover in Scotland is currently at
a tiny fraction of what it was previously (Parrot and
MacKenzie, 2000; Smout et al., 2007) and many
pearl mussel populations occur in catchments
denuded of native woodland cover. Consequently,
carefully targeted (riparian) woodland restoration
schemes within pearl mussel catchments probably
offer the best chance for river managers to mitigate
against the worse climate change scenarios.
The UK forestry service has produced detailed
guidance, with specific focus on conserving and
enhancing aquatic species, for managers both when
replanting and managing existing forestry (Forestry
Commission, 2003). These Forests & Water Guidelines
advise owners and managers how woodlands and
forests influence freshwater ecosystems. They give
guidance to managers on how forests should
be designed and operations planned, and to
practitioners on how field operations should be
carried out in order to protect and enhance the
water environment.

Mitigation
Just as there is political pressure to adapt
and manage rivers to prevent flooding, there
is societal pressure (e.g. Kyoto Protocol treaty
to the United Nations Framework Convention
on Climate Change) to prevent the worst-case
climate change scenarios from occurring in the
first place by developing preventative schemes such
as windfarms, tidal barrages and hydro-electric
schemes, which reduce emissions of climate change
gases. During the past two decades, under the
Scottish Renewables Obligations, Scotland has seen
a huge expansion in applications for windfarms
and hydro-electric schemes and these must be
developed carefully so as not to compromise pearl
mussel conservation. If not, they can destroy
instream habitats and adversely affect pearl mussels
by producing short-term near-flood and near-
drought conditions, which are incompatible with
maintaining pearl mussel populations (Cosgrove
and Hastie 2001; Hastie et al., 2003a). According
to Ziuganov et al. (1994), a number of freshwater
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pearl mussel populations in north-west Russia have
disappeared following large-scale hydro-electric
schemes.

Warmer, drier summers predicted under the
high scenario are likely to result in changes to
the way water is managed, exacerbating climate
change impacts. Increasing demand for potable
water is likely to result in higher demands for water
abstraction from Scottish rivers and lakes. Little
research into the ecological effects of abstractions
in Scotland has been undertaken. However, work
on abstractions in the River Spey Special Area
of Conservation (SAC), which holds the largest
population of freshwater pearl mussels in Great
Britain, has been published recently (EnviroCentre,
2008). It showed that up to 20% of the mean
annual water flow to the River Spey was being
abstracted or transferred out of the catchment and
recommended that measures be put in place to
maximize the management of the existing flows
before any new proposals were considered. Since
publication, further large-scale abstractions have
been granted licences and there are concerns
that resultant lower water flows will have an
adverse impact on the ecology of the River Spey
SAC and the species within it, including Atlantic
salmon, sea/brown trout and freshwater pearl
mussels. Therefore, a review of existing and new
abstraction licences within important freshwater
pearl mussel catchments is recommended to inform
the planning process, as the implications (for
example) in extreme drought conditions are likely
to be highly significant.

Conclusions

The case study of the freshwater pearl mussel
in Scotland is one example of how extreme
climate change scenarios are likely to affect
an endangered river species. As has been
demonstrated, the potential effects of different
elements of predicted climate change are complex
and often contradictory. On a global scale, the
freshwater mussels (Unionacea) are a highly
threatened group (Bauer and Wachtler, 2001) and
their conservation status, complex life histories
and specific habitat requirements suggest they are

particularly likely to be sensitive and therefore
vulnerable to climate change.

In the next 20 years, river managers need
to change their general approach and consider
how to integrate the specific requirements of
endangered aquatic species, such as freshwater
pearl mussels as well as humans living in the
same catchments. This will require changes to
river/catchment management and it is important to
recognize that this may involve difficult decisions
and choices. Little research has looked at how
aquatic conservation and climate change issues
interact or how human responses should be co-
ordinated and developed. In doing so we consider
that the main issues for freshwater pearl mussels
are likely to be:
� Implementation of conservation work for host
salmonid populations.
� Appropriate management of woodlands and
the strong encouragement of appropriate
broadleaved planting in catchments devoid of
riparian woodland.
� Tight control of river engineering activities and
full assessment and consideration of the likely
ecological effects of present and future pressures,
e.g. abstraction licences, hydro-electric power
generation, etc.
� A presumption in favour of ‘soft’ river
engineering flood defence works in important
pearl mussel catchments.
� Recognition that some pearl mussel populations
may be lost regardless of effort and therefore
scarce conservation resources should perhaps be
best directed at catchments with upstream lakes
and evidence of recent pearl mussel recruitment as
these populations are the most likely to persist in
the long term.

Success in these endeavours is likely to lie in
developing sustainable catchment management
schemes that demonstrably provide multiple
benefits to humans and freshwater pearl mussels.
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CHAPTER 11

Can Mediterranean River Plants
Translate into Quality Assessment
Systems? Venturing
into Unexplored Territories
Ian Dodkins, Francisca Aguiar and Maria Teresa Ferreira
Forest Research Centre, Technical University of Lisbon, Portugal

Introduction

Attempts to develop macrophyte indices for
assessing human impacts in Iberia suitable for
use within the Water Framework Directive (WFD)
(Council of the European Communities, 2000)
have not been very successful. It became apparent
that biological monitoring methods applied in
more northern temperate rivers of Europe were
not performing well in Mediterranean rivers.
The objective of this study was to review the
development of macrophyte biological monitoring
methods in Iberia and to examine which factors,
both in the assessment methods and in the
characteristics of the rivers, may be limiting
the ability to produce macrophyte indices in
Mediterranean rivers.

The precursor of most aquatic macrophyte
monitoring methods in Europe is the Mean
Trophic Rank (MTR) system (Holmes et al., 1999).
It was developed in the UK for the purposes
of the Urban Wastewater Treatment Directive
(Council of the European Communities, 1991).
MTR scores each aquatic macrophyte based on an
expert opinion of the species’ preference along a
perceived eutrophication gradient. Species strongly
associated with eutrophication score highly (e.g.

Azolla filiculoides), whereas species associated with
oligtrophic conditions have low scores (e.g. Nardia
compressa). To assess the eutrophic condition of
a river section the mean of the species scores,
weighted by a cover value, is calculated. By
surveying macrophytes upstream and downstream
of a wastewater treatment works the extent of
eutrophication caused by the treatment works
can be established. In an assessment of the
MTR, Dawson et al. (1999) stressed that care
should be taken to ensure that the physical
habitats of the two surveys are similar when
making the comparison since physical differences
in the sites can alter the MTR score. Macrophyte
species-scoring indices appear to perform poorly
in Mediterranean rivers, which are naturally
eutrophic but have harsh ecological conditions,
with high magnitude winter spates and extended
summer droughts. Mediterranean rivers are often
ephemeral (no flow in the summer) or intermittent
(separate pools in a dry channel connected by
subsurface flow) (Argyroudi et al., 2008).

Within the Iberian Peninsula, regions closer to
the Atlantic coast (Lisbon, 702 mm yr−1) receive
more rain annually than eastern regions (Barcelona
596 mm yr−1, Valencia 429 mm yr−1), although
the driest regions are in the interior, such as
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Salamanca (385 mm yr−1) (Reiser and Kutiel,
2010). However, more important than the annual
rainfall in characterizing Mediterranean rivers is
the distribution of rainfall throughout the year.
Mediterranean areas tend to have high winter
rainfall and long dry summers. The median Dry
Days Since Last Rain (DDSLR) for northern regions
is 21 in Salamanca and 22 in Barcelona, whereas in
the more central Lisbon it is 65 and in the south of
Portugal (Loulé) it is 83 (Reiser and Kutiel, 2010).
Within Portugal this strong north-south division
between northern temperate flow regime rivers
and southern Mediterranean flow regime rivers is
evident in the classifications of aquatic macrophyte
communities (Dodkins et al., in press).

In the Guadiana river, which drains from Spain
into the south of Portugal, there can be four
months without flow, and up to 50% of the species
found in the channel may be terrestrial plants
(Ferreira et al., 2001). The drying is a continuous
and gradual process and therefore the yearly
species succession represents the hydrological
pattern within the river. The sediment within the
channel is frequently of fine texture, with a strong
association with the sediment deposited during
drying, and with the nutrient concentration when
the rain returns. Resuspension of these deposits
also results in high natural turbidity.

Difficulties of developing
indices for assessing
Mediterranean Rivers

Low numbers of species
A previous macrophyte index (Aguiar et al.,
2009) was rejected for use in the WFD by
the Portuguese Water Institute (INAG) since it
contained hygrophytes and terrestrial species
within the index which have a weak association
with the water column. Thus, only helophytes
(emergent) and hydrophytes (submerged or
floating) could be considered for subsequent
indices. Macrophyte surveys were conducted at
373 river sites by INAG (Aguiar et al., 2008; INAG,
2008), recording macrophyte species in the river
channel and along its banks. Over a thousand

macrophyte species were found (Aguiar et al.,
2011). Birk et al. (2007) had developed a scoring
system to represent the association of European
macrophytes with the aquatic habitat. Using this
assessment, helophytes and hydrophytes could
be identified within the data. Helophytes and
hydrophytes represented only 12% of the total
number of taxa (Aguiar et al., 2011) with 105
taxa being considered suitable aquatic macrophyte
indicators. The north-south difference was evident,
with sites in the south of Portugal only having a
mean of 12.7 aquatic macrophytes per site (from
the 105 species) compared with 13.9 in the north
(significantly different at P = 0.05).

There is a large variation in the number of
taxa used in different indicator-based indices.
For example, the Trophic Index of Macrophytes
(Schneider and Melzer, 2003) uses only 49 species,
whereas the Indice Biologique Macrophytique en
Riviére (IMBR) (Haury et al., 2006) uses 207
species. There has also been a tendency for an
increase in the number of taxa used in indices,
suggesting that indices with more taxa perform
better. For example, the LEAFPACS method
(Willby et al., 2006) currently used for assessment
of macrophytes in UK rivers uses 275 taxa, whereas
the previous MTR system used only 120 taxa. The
same has occurred with diatoms, with the original
Trophic Diatom Index (Kelly and Whitton, 1995)
having only 76 taxa whereas the new TDI has 667
taxa (Kelly et al., 2008).

Small-scale physical habitat variation
With the advent of the WFD, instead of assessment
being focused on comparison of sites upstream
and downstream of point sources, sites have to be
compared with near-natural ‘reference conditions’.
The reference conditions are usually based on
actual river sites, but these are rarely close to the
monitoring station and are often on a different
river system (and in some cases may even be
located in a different country). Although rivers
are classified into types that should have similar
features, these are necessarily catchment- or reach-
scale characteristics such as width, depth, alkalinity
and slope. Physical variation at the habitat scale
such as sediment type and the range of flow types
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may vary both within the reference sites, and
between the reference sites and the monitoring site.
This can result in pronounced differences in the
habitat types within the reference sites, increasing
perceived natural variation, and thus reducing the
sensitivity of the index.

Non-causal relationships
Demars and Edwards (2009) criticized macrophyte
monitoring methods that assign scores to
species since the approach assumes that all
the macrophytes at a specific site are limited by,
or are responding to, the pressure gradient along
which they are scored, which is unlikely to be
true (Barendregt and Bio, 2003). Although the
averaging of scores may produce good correlations
across a Member State, on a site by site basis
the score may be more associated with natural
variation than with any pressure. For example, a
small patch of light created by a fallen tree may
permit vascular plants to grow in a natural river
section that would normally have only bryophytes.
These small-scale habitat changes are difficult
to predict even when there is a sophisticated
modelling process in place, such as Discriminant
Function Analysis (Wright et al., 1998), to identify
site-specific reference conditions.

The probable reason why so many macrophyte
metrics for monitoring use species scores along
a pressure gradient (e.g. nutrient enrichment) is
that natural variation caused by other factors
(such as small-scale physical habitat variation)
can be reduced by the sampling or modelling
approach employed, thus dampening, though not
eliminating the influence of natural background
variation.

Previous macrophyte indices in
Iberia

Several different types of indices have been used
within the Mediterranean region. The Índice
de Conservação Macrofitico (Ferreira, 1994) was
the earliest used in Portugal, although it was
developed to assess the conservation potential of
different reaches rather than for ecological quality

assessment. The index had a scoring system based
on the number of rare species found compared with
the number of alien species found, and therefore
was a measure of (native) species diversity.

The MTR system was applied in Portugal,
though it functioned satisfactorily only in highly
oligotrophic and highly eutrophic rivers. This
was thought to result from the low number of
scoring species found (80 out of a potential 120)
(Szoszkiewicz et al., 2006). The Índice de Macrófitos
(IM) (Suarez et al., 2005) is another plant scoring
system developed for macrophytes in Spain. This
index had a low correlation when regressed against
log orthophosphate concentrations (r2 = 0.165).
Dodkins et al. (in press) used the method of Lavoie
et al. (2006) that had been applied to diatoms
in Canada. Macrophyte species were scored based
on their position along the main gradient in
species change as represented by the first axis
in a Detrended Correspondence Analysis (DCA).
The advantage of this method is that the scores
measure the main changes in the community
between sites, and not only nutrient enrichment.
The rank correlation with a nitrate gradient within
the whole of Portugal was high (r2 = 0.602);
however, the index failed to show a significant
separation between reference and impaired sites
within southern river types.

The BEnthic Assessment of SedimenT (BEAST)
method was originally used to measure species
similarity between reference conditions and an
impaired site using invertebrates (Reynoldson
et al., 1995). Aguiar et al. (2011) applied the
same approach to macrophytes in Portugal. The
Spearman’s rank correlation of the index with
nutrient gradients was less than 0.35 (equivalent
to a rank r2 of 0.12). The BEAST approach
is not expected to correlate well with a single
human pressure, since the index responds to
multiple pressures, but this was a much lower
correlation than found with the DCA metric of
Dodkins et al. (in press), and the BEAST approach
also included terrestrial species. A RIVPACS-type
approach (Wright et al., 1984) attempted by
Aguiar et al. (2011) using macrophytes instead of
invertebrates was also compared to the macrophyte
BEAST method, but it also performed poorly
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(equivalent of an r2 of �0.09 in a rank correlation
with nutrient gradients).

Assessments of the vegetation structure and
functional types provide an alternative to similarity
measures or indicator species indices. The Riparian
Vegetation Index (RVI) (Aguiar et al., 2009)
developed for Portugal includes metrics such
as riparian and aquatic species richness, exotic
species richness, nitrophyllous species richness and
riparian integrity. The RVI correlated well (r2 =
0.56) with a combined pressure gradient in the
south of Portugal, but in the north it performed
less well (r2 = 0.31) than other metrics. However,
the RVI was rejected for the WFD because it
used riparian plant species and riparian structure
together with aquatic species.

Thus, all the methods previously attempted have
proved either unsuitable for WFD application,
or performed poorly in the Mediterranean rivers
characteristic of the south of Portugal and Spain.

Possible solutions

There are several methods that could be employed
to resolve these problems. First, the definition of
reference conditions at a site could be improved.
Small-scale physical habitat variation is likely to
be a large source of variation for macrophytes
within the WFD, particularly since the comparison
is not directly between two proximate sections
of the same river. However, current modelling
methods are not suitable for predicting the
macrophytes at the habitat scale. Instead, all the
available information could be used to produce
a site-specific reference condition using expert
judgement. The model for predicting the reference
condition could be seen as a first phase, after which
site-specific information, including sediment cores
(Seddon et al., this volume) underlying geology
(e.g. an acidic river running over alkaline rocks),
and biogeography, could be used to improve the
accuracy of the predicted reference condition and
allow the uniqueness of the river in its natural
state to be described. Since the same monitoring
networks tend to be retained in subsequent
monitoring periods, once an accurate reference

condition is defined for a site it can be kept
indefinitely. The current approach to developing
reference conditions in the WFD (Wallin et al.,
2003) implies that a general (or modelled)
reference condition for a river type can be applied
to a single unique site. This increases the apparent
natural variation and may make small deviations
from a near-natural state harder to detect.

Improving the performance of Mediterranean
macrophyte indices could also be achieved by
increasing the number of aquatic species in the
index, either by expanding the non-vascular
species, especially macroalgae, whose taxonomy
and ecological requirements have yet to be resolved
in Iberia, or by including hygrophyte species found
in the dry river channel. These species indicate
nutrient regime and hydrology in temporary
Mediterranean rivers, but they are usually confined
to the banks of temperate rivers. Plates 15 and 16
show two rivers that have intermittent flow, with
hygrophytes and terrestrial species established in
the channel.

Another way of increasing species numbers is
to combine the macrophytes and diatoms into a
single metric. This combination is permitted in
the WFD, because the biological quality element
to be assessed is defined as ‘macrophytes and
phytobenthos’ but it is not explicit as to how and at
what stage within bioassessment this combination
should take place. Nonetheless, diatoms are part
of the aquatic flora, with an important role as
bioindicators (Kelly et al., 2009).

A combined diatom–
macrophyte index

Within the 373 sites surveyed in Portugal, 105
aquatic macrophyte species and 281 diatom species
were found, giving a total of 386 species. Weighted
Average Partial Least Squared (WA-PLS) (ter
Braak and Juggins, 1993), a more accurate form
of Weighted Averaging (ter Braak and Looman,
1986), was applied to these species along a pressure
gradient formed from the combination of nitrate
and BOD. The species were thus scored to represent
their optimum along the pressure gradient. The
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Figure 11.1 The number of species in the combined diatom-macrophyte metric plotted against the r2-value when the
metric (with this number of species) was regressed against the impact (combined nitrate and BOD). The fitted
regression curve is a second order polynomial. The locations of the diatom only metric (281 species) and macrophyte
only metric (105 species) are also shown. The line is not continued below 25 species since at this point many sites had
no scoring species.

biological site scores, calculated as a weighted
average of the species scores, had a high correlation
(r2 = 0.620) with the pressure gradient in the
whole of Portugal. The index performed better in
the northern region (r2 = 0.711) than the southern
region (r2 = 0.346). When the index values were
calculated separately for diatoms and macrophytes,
diatoms had a higher correlation with the nutrient
pressure gradient (r2 = 0.510) than macrophytes
(0.381).

The correlation of the combined diatom-
macrophyte index against the pressure gradient
was also assessed with consecutive and random
removal of species from the index. Figure 11.1
shows that the performance of the metric had
a clear relationship with the numbers of species
in the index (r2 = 0.990). Also, per species, the
separate diatom index performed worse than the
separate macrophyte index. Thus, increasing the

numbers of species in an index that uses species
scoring can increase the correlation with a pressure
gradient, although indices should still be designed
such that there is evidence of a causal relationship
between the species and the pressures.

There are several benefits of combining
macrophytes and diatoms. First, there are more
macrophyte species in high discharge rivers than
in low discharge rivers, whereas the converse is
true for diatoms (Figure 11.2). The same pattern
was also found in high and low nutrient rivers in a
study by Camargo and Jiménez (2007). Also, many
macrophytes are not easily detected outside the
late spring and summer growth period, whereas
diatoms can be monitored throughout the year.
Thus, the number of species that will be found at a
particular site is more stable.

The response of diatoms over much shorter
time periods (Dixit et al., 1992) than macrophytes
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Figure 11.2 Mean number of diatoms and macrophyte species at different discharge categories (based on catchment
rainfall runoff to that site). Vertical lines indicate standard error for each mean value. A linear regression for both the
diatoms and macrophytes is shown as a dotted line. The diatom regression line is significant at P = 0.036, and the
macrophyte regression line is significant at P = 0.017. The lines have significantly different slopes at P = 0.01.

(Seele et al., 2000) helps to produce a more general
measure of ecological quality when they are used
in conjunction, making it useful for the WFD;
the highly fluctuating diatom metric is effectively
stabilized by the longer macrophyte response
time.

The present method of combining indices from
biological elements in the WFD is a ‘one-out,
all-out’ method in which the status of the
worst biological element determines the overall
ecological quality. This approach has been criticized
repeatedly for being over-sensitive (Moss et al.,
2003; Søndergaard et al., 2005; Johnson et al.,
2006; Dodkins and Rippey, 2008; Moss, 2008;
Noges et al., 2009; Borja and Rodrı́guez, 2010). The
alternative of averaging metrics is also problematic
due to eclipsing, i.e. a failing metric being ignored
owing to the dominance of other metrics reporting
high status values (Suter, 1993; Dodkins and
Rippey, 2008). By combining macrophytes and
diatoms, which compete for similar resources of
light and nutrients, a more balanced measure of
the ecological status is produced without the same
problems of eclipsing, since low scoring species,
whether diatoms or macrophytes, will still have an
influence on the final ecological status.

The future of biological
indices?

Regulatory agencies may hope that biological
indices developed for the WFD provide an
integrated way to assess all the ecological
problems a river may be subjected to, their
causes, and management solutions. However,
biological monitoring in the WFD gives a subjective
estimate of ecological degradation based on a few
parameters that are often subject to high natural
variation. Ecological systems are not composed
of separate physical, chemical, macrophyte,
invertebrate, fish and phytobenthos components,
but are complex highly interconnected and
dynamic systems. The development of new indices,
as well as the specification of monitoring methods,
should reflect the information requirements,
and thus there is plenty of scope for developing
more specialized indices outside the scope of the
WFD, for example to diagnose specific impacts.
In such cases, combining information from
all the different biological elements (as well
as hydromorphological, riparian and chemical
components) in a more structured way that reflects
their ecological interactions may produce a more
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robust and sensible approach to diagnosis than
separating indices based on the specializations
of the monitoring scientists. Indeed, integrating
biological elements together within indices may
bridge the gap between subjective scoring systems
and inhibitively complex ecological modelling,
as well as producing indices that have a better
causal relationship with impacts, within both
Mediterranean and temperate rivers.
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Introduction

Bryophytes have been used extensively as
indicators of fluvial and ecological conditions in
watercourses (Vanderpoorten, 2002; Zechmeister
et al., 2003; Fritz et al., 2009). They are nutritionally
independent from their growing substrata, many
have perennial life strategies enabling them
to survive in harsh conditions and most are
directly influenced by the physico-chemical
properties of the water they inhabit (Proctor, 1982;
Glime and Vitt, 1984). Furthermore, bryophyte
communities are influenced by lithological and
climatic gradients and also by different types and
extent of physical disturbance to river ecosystems
(Muotka and Virtanen, 1995; Suren, 1996; Scarlett
and O’Hare, 2006). In some places, bryophyte
information has been used to establish near-
natural ‘reference’ conditions for conservation
and water quality purposes and also to assess the
hydrological character of watercourses (Slater et al.,
1987; Vanderpoorten, 2002). This approach is
particularly relevant for shallow mountain streams
where bryophytes are adapted to live with little
competition from higher plants and where the

availability of dissolved carbon dioxide is not
limited (Bain and Proctor, 1980; Vitt and Glime,
1984; Grime et al., 1990).

Nevertheless, the use of bryophyte information
for aquatic plant monitoring purposes has been
inconsistent. This is despite advice that recording
the presence and extent of bryophyte taxa is
needed as part of aquatic macrophyte inventories
(Environment Agency, 2003), or that bryophyte
species can be used for assessing the trophic status
of rivers (Holmes et al., 1999; Haury et al., 2006).
In Portugal, bryophyte surveys are included in the
national biological assessment work programme for
the European Water Framework Directive (WFD;
Council of the European Communities, 2000).
However, the use of bryophyte information is
limited by problems in identifying certain difficult
taxa, remaining uncertainties about ecological
requirements and incomplete species distribution
data.

This chapter describes work to improve existing
knowledge about bryophyte communities and the
environmental factors affecting their distribution in
the mountain streams of north-west and central-
western Portugal. In so doing we explore the
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value of using bryophyte community information
for fluvial and ecological assessments of these
watercourses at a regional scale.

Study area

In biogeographical terms, north-west Portugal is
at the western-most edge of the Euro-Siberian
Region and is also located at the northern border
of the Mediterranean Region (Costa et al., 1998).
The climate is wet and temperate, with annual
precipitation of 600–3000 mm and a mean daily
temperature range of 7–17◦C. The climate is
strongly influenced by the moderating effect
of the Atlantic Ocean but there is considerable
intra-annual variability of precipitation and
consequently in river flows, which can result

Figure 12.1 Location of the study area and stream segments in relation to: (a) Europe: (b) the Iberian Peninsula;
(c) Portugal. (A–F: represents the TWINSPAN groups to which bryophyte communities were assigned — see
Figure 12.2).

in extended dry periods during the summer.
The influence of the Mediterranean climate is
particularly evident in the Sicó mountain range
located in the central-western area of Portugal.
The entire study area (Figure 12.1) is mountainous
(up to 1500 m altitude) and characterized by steep,
headwater streams dominated by bedrock and
boulders, fast currents and sequences of pools,
riffles, waterfalls and rapids.

Aquatic macrophytes found in these headwater
systems depend on their ability to attach firmly
to the stream-bed substratum, resist scouring and
tolerate low nutrient levels. These communities
are of great phyto-geographical importance owing
to the colonization routes during the Iberian
Peninsula formation (Sérgio, 1990) and the
refuge nature of the area during the final glacial
phase of the late Quaternary period (Petit et al.,
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2002). Typical helophytes include Carex elata,
Galium broterianum, Osmunda regalis, Myosotis
stolonifera, Viola palustris and Oenanthe crocata

(Costa et al., 1998); characteristic bryophytes
include Platyhypnidium lusitanicum, Scapania
undulata, Fissidens polyphyllus, Fontinalis squamosa,
Racomitrium aciculare and Racomitrium lamprocarpum
(Vieira et al., 2005), with macroalgae such as
Lemanea fluviatilis, Cladophora spp. and the lichen
Dermatocarpon luridum which is also typically
found.

In general, these fluvial ecosystems are in good
ecological condition and most are included within
Natura 2000 network of protected sites designated
under the European Habitats Directive (Council
of the European Communities, 1992). However,
human pressures do occur, most notably point and
diffuse sources of organic and nutrient pollution,
and alterations of natural flow regimes caused by
hydro-electric power generation.

Field sampling and data
collection

A total of 187 stream segments, each 100 m
long and located in 11 river catchments, were
surveyed between May 2003 and October 2008
(Figure 12.1). Macrophyte groups and the presence
of macro-algae, bryophyte, lichen and vascular
plant species were recorded as percentage cover
in each 100 m segment. Aquatic and semi-aquatic
bryophyte species found in the micro-habitats
of the stream bed and along the channel
margins were recorded and distinguished as either
liverworts (Marchantiophyta) or mosses (Bryophyta)
(von Konrat et al., 2010). Species percentage data
were converted to abundance-frequency values
of the Domin scale (Curral, 1987) to highlight
differences in cover of uncommon or rare species
and also to reduce the emphasis of dominant
species (Jager and Looman, 1995). The diversity
of bryophyte communities in each stream segment
was calculated using the Brillouin Index (HB =
1/N(ln(N!)-� ln ni!)), where N = total cover of
bryophyte species in the segment, and ni = cover
of species ‘i’ in the stream segment (Glime et al.,

1981). The value of this index usually ranges from
1 to 4 (Glime et al., 1981).

Environmental conditions were assessed locally
following a field protocol using the methods,
equipment and parameter classes presented in
Table 12.1 or taken from national Geographic
Information System data (Agência Portuguesa do
Ambiente, 2008).

Data analysis

Richness, cover abundance, taxon groups (von
Konrat et al., 2010) and diversity of bryophytes
were correlated with the environmental
parameters using Spearman correlation coefficients
(Rs) and analysed using the SPSS 15.0 software
package (SPSS, 2006). Bryophyte community types
were analysed with the dichotomous hierarchical
classification ‘Two Way Indicator Species Analysis’
(TWINSPAN), a technique developed by Hill
(Gauch and Whittaker, 1981) using Community
Analysis Package 1.52 (Hederson and Seaby,
1999). Species abundance values were treated
throughout the classification process by the choice
of ‘cut levels’ (0, 2, 4, 6, 8) recommended when
using scales such as Domin (Causton, 1988),
to define up to five pseudo-differential species
in the dendrogram (McCune and Grace, 2002).
The contribution of each species for intra-group
similarity was calculated with SIMPER analysis
(‘Similarity Percentages – Species Contributions’)
in the Community Analysis Package 1.52 for each
TWINSPAN group (Hederson and Seaby, 1999).

Distribution patterns of bryophyte communities
were investigated by indirect ordination
(Detrended Correspondence Analysis – DCA).
This was done by plotting the total variance
of floristic data and by projecting, a posteriori,
environmental parameters as co-variables in
ordination space without forcing ordination axes
to be distorted by the environmental gradients,
using the software program CANOCO 4.52 (ter
Braak and Šmilauer, 2003). In addition, the first
four axes of DCA ordination were further analysed
using a weighted correlation matrix derived by
environmental variables and scaling axes of species
ordination.
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Table 12.1 Ecological variables assessed in stream segments and respective abbreviations and discriminated classes.

Description n◦ of classes (minimum to maximum)

1REGIONAL
EROS Soil erosion in the valley 3 classes (null erosion-high erosion)
ESCO Runoff 8 classes (300 to >2200 mm)
HUMI Mean annual air humidity 4 classes (70 to >85%)
INSO Solar incidence 10 classes (<1800 to 2700 h yr−1)
PRELP Summer precipitation (PRELPs), Winter

precipitation (PRELPw) and total annual
precipitation (PRELP)

16 classes (0 to >3001 mm yr−1)

RESI Water dry residue 3 classes (0 to 400 mg L−1 CaCo3)
TISO Soil acidity 5 classes (<4.5 to 8.5 pH units)
TMAR Annual average temperature (TMART); maximum

temperature of coldest month (TMARM);
minimum temperature of coldest month
(TMARm); Average temperature of warmest
month (TMARMax); Average temperature of
warmest month (TMARMin);

10 classes (−2.5 to 22.5 ◦C)

2LOCAL
ALTI Altitude 8 classes (0 to 1600 m)
CAUD Water discharge 5 classes (minimum to high)
CMAR Overhanging trees 4 classes (0 to 100%)
COND Conductivity (WTW pH/Cond340i) 15 classes (0 to 1300 �s cm−1)
DECL Stream-bed average slope 4 classes (null to 180◦)
DURZ Hardness 3 classes (0 to 400 mg L−1 CaCO3)
ESTA Stream-bed stability 5 classes (low to high)
FONV Degree of conservation of natural vegetation in

river banks and adjacent slopes
5 classes (absent to intact formations)

HETC Number of fluvial morphodynamic habitats 5 classes (1 to 5 habitats present)
HETS Substrate heterogeneity 5 classes (‘one size’ to ‘several sized rocks’)
INSU Stability Index of the substrate (weighted sum of

the percentages of classes of substrate) (Suren
1996)

6 classes (0 to 6)

LARG Average width 5 classes (0 to >5 m)
LUMI Shade 3 classes (shaded to exposed)
MINE Water mineralization 3 classes (low to high mineralization)
ORDE Strahler segment order 5 classes (1st to 5th order)
PERM Flow regime seasonality 3 classes (constant to highy seasonal)
pH Water pH (WTW pH/Cond340i) 7 classes (4.5 to 8.0 pH units)
PROF Average depth 6 classes (1 to >100 cm)
SEDI Embeddedness 5 classes (no sediment to humus/earthy

elements)
SITU Water turbulence 5 classes (lagoon to cascade)
SUBM Size classes of substrate 6 classes (0–0.01 cm diameter to bedrock

slabs)
TEMP Water temperature (WTW pH/Cond340i) 4 classes (5 to 25◦C)
TURB Flow type 5 classes (‘laminar flow’ to

‘white water’)
VELO Water velocity (Geopacks ‘Flowmeter 1’) 12 classes (null to >3 m s−1)
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Table 12.1 (Continued)

Description n◦ of classes (minimum to maximum)

2PRESSURES
BARR Presence of dikes or dams upstream/downstream

modifying the ratio depth/width of water column
4 classes (non-existent to large dam)

PAST Grazing intensity in the river bed and banks 4 classes (no grazing to bovine or equestrian
grazing)

POLU Pollution (solid waste) in river bed and banks and
evidence of eutrophication in water

4 classes (non polluted to algae, turbidity and
solid detritus)

1Data source: National Environmental Agency (Agência Portuguesa do Ambiente, 2008)
2Data source: Field assessment for all variables, except ALTI and ORDE where topographic maps were used

Results

Structure
Bryophytes were found in every stream segment,
covering on average about 43% (SD = 32.07)
of the available rocky substrata and representing
a substantial proportion of the total macrophyte
cover (mean = 56.77%; SD = 32.33). The mean
diversity of bryophyte species for each segment,
expressed by the Brillouin Index, was 2.1 (SD =
0.50), showing an intermediate value of diversity
of these communities.

Table 12.2 shows the significant correlations
established between environmental parameters
and several aspects of bryophyte and macrophyte
occurrence. Overall, the correlations between
environmental parameters and each bryophyte
Division are limited but generally higher (r �

0.3) when mosses and liverworts are aggregated
(Cob M+L; Table 12.2). Species richness, diversity
and total macrophyte cover show less significant
correlations with the selected parameters (Table
12.2).

Composition and groupings
A total of 292 macrophyte taxa were recorded
from the stream bed, of which 175 were
bryophytes. Mosses (134 taxa) were predominant
compared with liverworts (41 taxa). On average, 15
bryophyte taxa were found in each stream segment
(range: 2–30).

The TWINSPAN classification of bryophyte
composition is shown in Figure 12.2, while the

geographical location of each group is indicated in
Figure 12.1. The TWINSPAN analysis established
six groups of stream segments from several
geographical locations and different combinations
of the most frequent species. However, a small
overlap between some of the most frequent
species did occur (Tables 12.3 and 12.5). SIMPER
analysis indicated that a small group of bryophyte
species were responsible for the similarity
between segments of the same TWINSPAN
group. On average 3–4 species were responsible
for determining a group and this confirms the
importance of certain indicator species, some of
which are unique to a group but also appear
in classification analysis as ‘pseudo-species’.
Examples include Cinclidotus fontinaloides, Bryum
alpinum, Ceratodon purpureus and Leptodictyum
riparium (Table 12.3; Figure 12.2).

Ordination and environmental drivers
The DCA ordination supports the segregation
of TWINSPAN groups and essentially reflects
a river hierarchy, represented by bryophyte
communities from more acidic, higher altitude
streams, with greater rainfall and runoff (groups
B, C and D) to those characterizing more
mineralized watercourses at lower altitudes
(groups A, E and F; Figure 12.3). The first two
axes in the ordination diagram were strongly
correlated with the measured environmental
data. Since the correlation values of species–
environment relationships for the first four axes
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Table 12.2 Values of the Spearman’s
correlation coefficient between
environmental parameters of segment
characterization (see Table 12.1 for
abbreviations) and percentage values
of coverage of bedrock by moss and
liverwort species (Cob M+L);
bryophyte (mosses and liverworts)
species richness (S); Brillouin Index
for the stream segment (HB); Total
coverage of macrophytes
(Cob Macro). Only significant
Spearman correlations greater than
0.3 and with p � 0.001 are shown.

Parameter Cob M+L S HB Cob Macro

EROS −0.301
TMARm −0.314
COND −0.303
POLU −0.465 −0.379
LUMI −0.393 −0.378
TEMP −0.310
LARG −0.320
HETC 0.373 0.346 0.350
DECL 0.310
HETS 0.301
FONV 0.321
CMAR 0.377 0.370

are between 0.897 and 0.978, it suggests that
floristic composition is influenced by multiple
gradients. The first axis is related mainly to climatic
variables (runoff, precipitation and temperature),
altitude, light incidence, water column features
(e.g. the presence of dams; channel width)
and especially to water quality and soil acidity
parameters (r � 0.3) (Figure 12.3; Table 12.4).
The second axis has weaker correlations with the
environmental variables.

Discussion

Bryophyte groups, species richness
and diversity
Bryophytes associated with water are generally
positively associated with diverse, steep, shaded
watercourses in natural landscapes; they become
less prominent with increasing water pollution,
temperature and incident light and also in
slower-flowing rivers where higher plants become

187 segments

Cinclidotus fontinaloides

Leptodyctium riparium

Thamnobryum alopecurum
Chiloscyphus polyanthus
Brachythecium rivulare

Racomitrium lamprocarpum
Polytrichum commune

Fissidens polyphyllus
Platyhypnidium lusitanicum

Scapania undulata
Hyocomium armoricum

Fontinalis squamosa

Racomitrium aciculare

Bryum alpinum
Bryum capillare
Ceratodon purpureus

A
(8 segments)

B
(11 segments)

C
(89 segments)

D
(62 segments)

E
(6 segments)

F
(11 segments)

Figure 12.2 Summary dendrogram derived from TWINSPAN classification of the stream segments (number of
segments in each group; for each dichotomy, the species names used to divide the TWINSPAN groups are indicated;
TWINSPAN group name codes A to F shown in bold).
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Figure 12.3 Indirect Ordination Biplot (DCA) of species composition of stream segments coded by their TWINSPAN
group. Each group is represented by a polygon that delimits its area of distribution in the diagram, with subsequent
(and non-influential) projection of environmental co-variables (represented by arrows). Length of gradient- axis 1:
7.183; axis 2: 6.171; eigenvalues – axis 1: 0.804; axis 2: 0.536; species; accumulated variance – axis 1: 5.2; axis 2: 8.6;
total inertia: 15.5. For abbreviations representing parameters, see Table 12.1).

predominant. High bryophyte cover is therefore
indicative of turbulent, clean water and stable
substrata usually associated with cool, steep
mountain streams with natural tree shade along
the margins. This confirms the preference of
bryophytes as a general group for clean, shallow,
undisturbed fluvial micro-habitats (Glime and Vitt,
1984).

Previous studies have shown that bryophyte
species richness tends to be higher at or just above
the air-water interface compared with deeper or
more emergent habitats (Muotka and Virtanen,
1995) or seasonally intermittent watercourses
(Fritz et al., 2009). This has been explained by
four main factors: (i) the presence of facultative
and semi-aquatic species; (ii) the existence of
few obligate aquatic bryophyte species capable of
withstanding deep water (Vitt and Glime, 1984);

(iii) the need to obtain carbon from CO2 in the
air or dissolved in turbulent waters (Bain and
Proctor, 1980); and (iv) competitive exclusion by
vascular macrophytes growing in deeper reaches
characterized by deposits of fine sediment (Madsen
et al., 2001). In our study area, shallow conditions
and large seasonal variations are part of the
natural flow regime, while the predominance of
bedrock favours the presence of several rheophilic
and semi-aquatic mosses (e.g. Platyhypnidium spp.,
Racomitrium spp., Marsupella spp.).

A greater variety of flow and fluvial
geomorphological features tends to increase
species richness and diversity. This is probably
because the availability of micro-habitats is directly
related to the heterogeneity of river-bed substrata
and also new opportunities for colonist species
following erosion in the late succession phases of
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Table 12.4 Weighted correlation matrix values of DCA
analysis, presenting fluvial co-variables influence on
bryophyte species ordination axis 1 (r SP AX1). Only
co-variables with values greater than 0.3 are shown.

Parameter r SP AX1

COND −0.8
RESI −0.7
DURZ −0.7
TISO −0.6
pH −0.6
MINE −0.4
POLU −0.4
INSO −0.3
BARR −0.3
LARG −0.3
TMARM −0.3
PRELP 0.3
ESCO 0.3
ALTI 0.5

substrate colonization (Douglas and Lake, 1994;
Barrat-Segretain, 1996).

Total macrophyte cover, itself highly correlated
with the presence and abundance of mosses and
liverworts in most of the sampled stream segments,
was negatively correlated with disturbance factors
such as soil erosion in the river catchment, water
pollution and an increase of incident light levels
reaching the stream bed. These factors affect
ecological integrity through siltation, nutrient
enrichment and an increase in air and water
temperatures.

Bryophyte communities

The TWINSPAN classification of bryophyte
communities reveals geographical overlaps in
some of the study areas, suggesting that different
environmental and ecological conditions occur
in the same mountain range. Each TWNSPAN
community is dominated by a different assemblage
of species which have distinctive, diverse and
recognizable ecological preferences (Dierssen,
2001).

Bryophyte communities found in higher altitude
streams with acidic substrata of metamorphic
or magmatic origin, resemble high mountain
communities described for acid waters in the
Swiss Alps (Geissler, 1982) and European springs
(Zechmeister and Mucina, 1994). These bryophyte
communities, (TWINSPAN group B), usually
colonize spring peat areas, exposed springs or
ephemeral streams located in areas with high
levels of erosion and incident light. These habitats
are usually located in or influenced by extensive
cattle pastures and characterized by high annual
precipitation, lower temperatures, acidic soils and
water with the lowest pH and conductivity levels
(Table 12.5).

The aquatic rheophilic acidophilous to
slightly neutrophilous bryophyte communities
(corresponding to TWINSPAN groups C and D)
are similar to others described for Central Europe
(Marstaller, 1987), France (Denise-Lalande and
Touffet, 1987) and Northern Spain (Gil and
Guerra, 1985), but contain species endemic to the
Iberian Peninsula (e.g. Racomitrium lusitanicum,
Racomitrium hespericum) or western Europe (e.g.
Platyhypnidium lusitanicum, Fissidens polyphyllus,
Hyocomium armoricum, Radula holtii). Usually these
communities are found in hillside streams with
highly heterogeneous but stable bedrock substrate
and turbulent, acidic, low conductivity running
water, surrounded by near-natural vegetation and
land use (Table 12.5).

The basophilic bryophyte communities were
found in limestone watercourses located in the
Sicó mountain range (TWINSPAN group A, with
Cinclidotus fontinaloides as an indicator species).
These communities are similar to those described
by Allorge (1947) for the base-rich watercourses
of the northern and central Iberian Peninsula
mountains, despite poorer representation of
orophilous species and greater occurrence of
desiccation-tolerant species in the Sicó mountain
communities. The most neutrophilic bryophyte
communities (TWINSPAN groups E and F)
were found in stream segments of the north-
west mountain valleys; here, higher average air
temperatures and levels of water mineralization
are caused by a combination of factors including
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lithology, water retention by dams and also
pollution and nutrient enrichment resulting from
industrial and intensive agricultural activities that
elevate water conductivity and pH levels (Table
12.5). TWINSPAN Groups E and F are similar to the
bryophyte communities described for limestone
areas in Spain (Fuertes Lasala and Martinez-Conde,
1988). The selection of Leptodictyum riparium as an
indicator species for TWINSPAN Group F reflects
the occurrence of this species in watercourses
highly enriched with phosphate and nitrate-N;
this confirms its tolerance of eutrophication in
watercourses elsewhere in Europe (Kelly and
Huntley, 1987) and its Species Trophic Rank (STR)
in the Mean Trophic Rank (MTR) Index (Holmes,
2010).

Conclusions

Bryophyte communities can provide a useful,
simple biological indicator for assessing the fluvial
and ecological character of mountain streams.
This is because knowledge about the ecological
requirements of the relatively small number of
predominant bryophyte taxa represented by the
TWINSPAN groups enables deductions to be made
about water pH and conductivity associated with
underlying lithology, human influences and also
the predominant climatic and hydrological regime.
The type and extent of bryophyte cover on stream
beds can indicate some important hydrological
features, such as maximum water levels and
depth, variety of substrata, flow and micro-habitats
and also climatic conditions related to average
local temperature and incident light levels. When
bryophyte species’ richness or community diversity
are used as indicators, lower values of these
parameters might indicate that there is less spatial
variety or seasonal variability in the stream flow,
because higher heterogeneity of micro-habitats and
flow produces richer and more diverse bryophyte
communities.

Confidence in these conclusions could be
improved by further analyses to refine the
trends and measures included in biological
monitoring and assessment programmes required

to inform national management plans, implement
the Water Framework Directive and achieve
conservation objectives for watercourses with
fluvial habitats and species designated under the
Habitats Directive.

Acknowledgements

We thank Fundação para Ciência e Tecnologia
(FCT) for providing funding through doctoral
and post-doctoral grants (SFRH/BD/6969/2001;
SFRH/BPD/63741/2009) to the first author; Dr
Nigel Holmes for comments on the manuscript and
Joana Vicente for the help with Figure 12.1.

References

Agência Portuguesa do Ambiente. Atlas do Ambiente

(Maps I.16.4, I.13, I.9, I.6, I.1, I.4.1, III.1, I.2). (http://

www.iambiente.pt/atlas/est/index.jsp). Accessed 12

July 2008.

Allorge P (1947) Essai de Bryogeographie de la Péninsule

Ibérique. Encyclopédie Biogéographique et Écologique 1:
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briológica Ibérica. Anales del Jardı́n Botánico de Madrid 46:

371–92.

Slater FM, Curry P, Chadwell C (1987) A practical

approach to the evaluation of the conservation status

of vegetation in river corridors in Wales. Biological

Conservation 40: 53–68.

SPSS (2006) SPSS 15.0 for Windows. SPSS Inc., Chicago,

USA.

Suren AM (1996) Bryophyte distribution patterns in

relation to macro, meso, and micro scale variables

in South Island, New Zealand streams. New Zealand

Journal of Marine and Freshwater Research 30: 501–23.



P1: TIX/XYZ P2: ABC
JWST110-c12 JWST110-Boon December 8, 2011 9:19 Trim: 246mm X 189mm Printer Name: Yet to Come

The Use of Bryophytes for Fluvial Assessment of Mountain Streams in Portugal 157
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Introduction

The term ‘hyporheic’ literally means ‘below’ and
‘flow’ and is therefore out of sight and, until
relatively recently, has also been out of mind
for most stream ecologists and those engaged in
river conservation in the UK. Perhaps the best
and most widely used definition of the hyporheic
zone (HZ) is that of Boulton et al., (1998) who
defined it as an active ecotone between the river
flow and the underlying groundwater where water
flows through the substrate. However, other classic
physically based definitions concern the proportion
of river water and groundwater mixing, which
emphasize the spatial and temporally dynamic
nature of the HZ (Harvey and Bencala, 1993; Triska
et al., 1993).

There has been a significant increase in the
amount of research centred on the HZ of rivers
of varying geology and flow regime in the last 20
years (Boulton et al., 2010; Robertson and Wood,

2010). This reflects the increasing international
recognition of the contribution that the HZ makes
in supporting riverine biodiversity (Dole-Olivier
et al., 2009), economically important fisheries
(Malcolm et al., 2010), pollution dispersal (Gandy
et al., 2007) and the processing and transient
storage of nutrients essential for ecosystem
functioning (Mulholland and Webster, 2010). The
seminal paper on the ecology of the HZ by Traian
Orghidan was first published in 1953, subsequently
reproduced in German for a wider audience in
1959 (Orghidan, 1953, 1959) and has recently
been translated into English (Orghidan, 2010).
However, it was almost a decade before the wider
ramifications of this research were appreciated by
the scientific community as river ecologists began
exploring the vertical distribution of riverine fauna
within river beds in Europe (Schwoerbel, 1961).
Later in North America, the vertical distribution
of fauna was also examined (Coleman and Hynes,
1970) and the potential role of the HZ as a
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refugium during adverse environmental conditions
highlighted (Williams and Hynes, 1974).

During the 1980s and early 1990s there was
an increasing acknowledgement of the interaction
between surface water and groundwater systems
(Danielopol, 1980; Hynes, 1983; Valett et al.,
1993) resulting in a proliferation of ecological,
hydrological and biogeochemical research centred
on the HZ (Grimm and Fisher, 1984; Stanford
and Ward 1988; Triska et al., 1990). This growing
awareness and research effort culminated in the
HZ being firmly integrated within stream ecosystem
theory (Ward, 1989; Boulton et al., 2010) and
landscape ecology (Gibert et al., 1990; Datry et al.,
2008). However, many of the reported patterns
and hypotheses advanced have still not been
formally tested in the UK. This chapter considers
developments in HZ research, and achievements
in the UK during the last 20 years. In particular
it highlights how current research is contributing
to wider international research agendas centred on
the HZ.

The state of knowledge in 1990

Research on the HZ in the UK until recently
lagged behind that of North America, Australia
and other parts of Europe (Proudlove et al., 2003;
Robertson et al., 2008). Before 1990 research on
the HZ of UK rivers was based on collecting and
describing fauna rather than on ecological studies.
A total of 35 taxa are recognized as obligate aquatic
hypogean organisms in the UK. Taxonomically
water mites contribute the greatest biodiversity
to the hyporheic zone (Table 13.1). In contrast,
Crustacea dominate other groundwater habitats
(numerically and in species richness) including
caves, springs and boreholes in aquifers (Table
13.2). However, most groundwater hypogean taxa
have also been recorded inhabiting the HZ. It
is somewhat surprising that five of the seven
obligate subterranean macroinvertebrate species
(stygobites) in the UK were described during the
19th century (Robertson et al., 2009; Knight and
Gledhill, 2010).

Table 13.1 Water mites recorded in the UK associated
with the hyporheic zone.

Acari
HYDRACHNIDIA

HYDRYPHANTOIDEA
Hydryphantidae

Thyasella mandibularis (Lundblad, 1924)
Wandesia (Wandesia) racovitzai Gledhill, 1970
Tartarothyas romanica Husiatinschi,1937

LEBERTIOIDEA
Torrenticolidae

Monatractides (Monatractides) madritensis (K.Viets,
1930)

Torrenticola (Megapalpis) thori (Halbert, 1944)

HYGROBATOIDEA
Hygrobatidae

Atractides (Tympanomegapus) acutirostris (Motas &
Angelier, 1927)

Atractides (Atractides) denticulatus (Walter, 1947)
Atractides (Atractides) latipalpis (Motas &Tanasachi,

1946)

Feltriidae
Feltria (Azugofeltria) motasi (Schwoerbel, 1961)
Feltria (Feltria) cornuta Walter, 1927
Feltria (Feltria) denticulata E.Angelier, 1949
Feltria (Feltria) subterranea K.Viets, 1937

Aturidae
Barbaxonella angulata (K.Viets,1955)
Albaxona lundbladi Motas & Tanasachi,1947
Aturus brachypus K.Viets, 1936
Kongsbergia (Kongsbergia) clypeata Szalay, 1945

Lethaxonidae
Lethaxona (Lethaxona) cavifrons Szalay, 1943

ARRENUROIDEA
Momoniidae

Stygomomonia (Stygomomonia) latipes Szalay, 1943

Neoacaridae
Neoacarus hibernicus Halbert, 1944

Hungarohydracaridae
Hungarohydracarus subterraneus Szalay, 1943

HALACAROIDEA
Halacaridae

Lobohalacarus weberi (Romijn & Viets, 1924)
Parasoldanellonyx parviscutatus (Walter, 1917)
Soldanellonyx chappuisi Walter, 1917
Soldanellonyx monardi Walter, 1919
Porolohmanella violacea (Kramer, 1879)
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Although the HZ was not widely recognized
as a distinct habitat in its own right by many
researchers in the UK before 1990, there is a
relatively rich source of data on the biota of
the HZ in the form of historic biological records
collected by the Cave Research Group of Great
Britain and subsequently by the British Cave
Research Association 1938–1976 (Proudlove et al.,
2003). Fortuitously, the biological recorder and
team of collectors did not confine themselves to
caves and as a result accumulated an extensive
record of organisms from the HZ, including more
than 125 river sites where Niphargus aquilex was
known to occur. These historical records have
recently been compiled and mapped providing
the first comprehensive overview of hyporheic
and hypogean biodiversity and the presumed
geographical distribution of subterranean fauna in
the UK (Proudlove et al., 2003; Robertson et al.,
2009).

Many of the earliest records of fauna from
the HZ and other groundwater-dominated habitats
in the UK were collected from alluvial deposits
associated with chalk streams, springs and wells
within the chalk of Hampshire and Dorset. This
region has the highest biodiversity of hypogean
macroinvertebrate fauna recorded in the UK thus
far, but it also represents the region of greatest
sampling intensity. Two sites in particular are
notable for their historic hypogean biodiversity,
first the ‘old town well’ in Ringwood (Hampshire)
and second, the Waterston cress beds (Dorset). Five
macroinvertebrate taxa (Amphipoda: Niphargus
aquilex, N. fontanus, N. kochianus kochianus and
Crangonyx subterraneus; Isopoda: Proasellus cavaticus)
and one copepod (Acanthocyclops sensitivus) were
recorded historically from Ringwood, although the
well does not exist today (Proudlove et al., 2003),
and five hyporheic macroinvertebrate taxa were
recorded from Waterston during a 5-year study
(1969–1974) examining the temporal variability in
the occurrence of hypogean taxa. The research on
the Waterston cress beds represents the only long-
term study of hyporheic faunal dynamics in the UK
to date and clearly demonstrates the strong link
between groundwater flow and the abundance of
obligate hypogean fauna (Gledhill, 1977).

A number of studies were carried out before
1990 examining meiofaunal groups (organisms
passing through a 1 mm mesh sieve but retained
on a 63 �m sieve) recorded from the HZ,
including Ostracoda (Fox, 1964, 1967), Cladocera
(Fryer, 1993), Syncarida (Gledhill et al., 1993)
(Table 13.1) and water mites (Acari: Hydrachnidia
and Halacaridae) (Gledhill, 1979; Table 13.2).
This significant recording effort showed that the
biodiversity of the HZ and other hypogean habitats
was lower than in mainland Europe and appeared
to reflect the glacial history and hydrogeology of
the site. Sites in the south of the UK in karstic
rocks (chalk and limestone) generally support a
greater biodiversity of HZ and hypogean taxa than
those that are further north of the Devensian glacial
maxima and in non-karstic rocks. However, despite
this extensive period of sampling, few UK scientists
recognized or referred directly to the HZ and
there was limited acknowledgement of its wider
functioning. This historic sampling also left many
large ‘holes’ in the known geographical distribution
of organisms of the UK and, as a result, biodiversity
assessments of the HZ were incomplete.

The UK science and policy
context (1990–2010)

During the 1990s the importance of the dynamic
nature of interactions between surface water
and groundwater within the HZ began to be
acknowledged in the UK while its contribution to
the wider physical and ecological functioning of
river systems was gaining international recognition
(Stanford and Ward, 1993; Gibert et al., 1994).
As a result there was an international shift in
emphasis away from specific hypogean habitats
(caves, springs or HZ) and their unique fauna
and environmental characteristics towards stream
processes and organisms of varying sizes (spawning
fish through to meiofauna) that can use, or
migrate between, individual habitat units both
vertically and laterally (Gibert et al., 1994). This
also led to a growing appreciation of the need
for inter-disciplinary research at the interface of
hydrology, geomorphology and ecology for the
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Table 13.2 Hypogean Crustacea recorded in the UK associated with the hyporheic zone and other groundwater
dominated habitats.

Primary Habitat

Scientific Name Hyporheic Zone Other groundwater habitats

CRUSTACEA
Amphipoda

Niphargidae
Microniphargus leruthi Schellenber, 1934 X
Niphargus aquilex Schiodte, 1855 X
Niphargus fontanus Bate, 1859 X
Niphargus glenniei Spooner, 1952 X
Niphargus kochianus kochianus Bate, 1859 X

Crangonyctidae
Crangonyx subterraneus Bate, 1851 X

Isopoda
Asellidae

Proasellus cavaticus (Leydig, 1871) X

Syncarida
Bathynellidae

Antrobathynella stammeri (Jakobi, 1954) X

Copepoda
Cyclopoida

Acanthocyclops sensitivus (Graeter & Chappuis, 1914) X

Ostracoda
Pseudocandona eremite (Vejdovsky, 1882) X?

effective conservation and management of river
systems (Petts et al., 1995; Krause et al., 2011).

The first comprehensive study in the UK of
meiofauna within the HZ and their association
with the benthic community occurred during the
late 1980s (Rundle, 1990; Rundle and Hildrew,
1990). The growing international interest in surface
water–groundwater interactions coincided with
concerns regarding the physical and ecological
health of many groundwater-dominated rivers in
the UK. These concerns centred on lowland streams
dominated by groundwater (primarily chalk) and
the impact of a protracted drought (1990–1992)
and increased groundwater abstractions to meet
water supply needs on the salmonid fisheries and
wider riverine biodiversity (Castella et al., 1995;
Marsh et al., 2007). A range of inter-disciplinary
research projects centred on the HZ examined

surface water-groundwater hydrological exchange
and thermal characteristics of water within the
HZ (Evans et al., 1995, Evans and Petts, 1997),
and the impact of sedimentation on fish spawning
and benthic macroinvertebrate habitat (Sear, 1993;
Acornley and Sear, 1999; Wood and Armitage,
1999).

The EC Water Framework Directive (Council
of the European Communities, 2000) and the
Groundwater Directive (Council of the European
Communities, 2006) specifically encouraged
regulatory authorities to consider groundwater
dependent ecosystems and groundwater ecology.
The Water Framework Directive (WFD) stimulated
a wider European interest in groundwater
ecology through the EU-funded Protocol for
the Assessment and Conservation of Aquatic Life
in the Subsurface (PASCALIS) project (Gibert
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and Culver, 2009). This, together with the
Groundwater Directive, has stimulated research
on the HZ in European countries such as Ireland
(Arnscheidt et al., 2009; Kibichii et al., 2009). In
addition, regulatory bodies have taken a direct
interest in the HZ for the first time in the UK.
However, despite these policy developments there
has been no move to develop monitoring networks
for the HZ in the UK, probably because of a lack
of incentives and compulsion for such networks
and a general lack of knowledge regarding the
functional significance of the HZ (Buss et al.,
2009).

The start of the 21st century saw researchers
in the UK stress the importance of hyporheic and
benthic meiofauna within lotic foodwebs and in
secondary production (Stead et al., 2004). Research
at the river-channel scale also showed how benthic
fauna in the HZ are associated with upwelling and
downwelling water within riffles (Davy-Bowker
et al., 2006) and marked the beginning of a period
of significant growth in HZ research.

Significant advances in the understanding of HZ
ecology in the UK were made through the Natural
Environment Research Council (NERC) LOwland
CAtchment Research (LOCAR) programme
(2000–2006). This was designed specifically to
address hydrological, hydrogeological, geomor-
phological and ecological interactions in permeable
river catchments (Wheater and Peach, 2004). This
inter-disciplinary programme resulted in a series of
projects on the natural functioning of the HZ and
on human impacts. These included the temporal
variability in temperature regimes at the scale of
individual riffles (Hannah et al., 2009), spatial and
temporal variability in HZ fine sediment storage
associated with the growth of aquatic macrophytes
(Heppell et al., 2009), and the occurrence of
methanogenesis within the HZ of streams with
extensive macrophyte growth and subject to
increased sedimentation from agricultural runoff
(Sanders et al., 2007).

More recently, reviews of HZ ecology and
biodiversity have been published for Scotland
(Gilvear et al., 2006; Pryce et al., 2010) and for
England and Wales (Robertson et al., 2008). The
historic distribution data for England and Wales

have been updated with a growing number of
records from the Environment Agency, records
compiled by the national subterranean Crustacea
recorder (Lee Knight) and additional published
sources (Davy-Bowker et al., 2006; Stubbington
et al., 2009) providing a comprehensive database
of fauna collected within the HZ and other
hypogean habitats (Robertson et al., 2008). These
data are now publicly available via the UK National
Biodiversity Network (NBN) Gateway which
contains more than 1300 records of hypogean
macrocrustaceans.

Most significantly this database has allowed the
distribution of HZ fauna to be studied in detail
for the first time at a national scale in relation
to underlying geology and glacial history (Plate
17) (Robertson et al., 2008). A NERC funded
knowledge transfer ‘Hyporheic Network’ has also
made major advances in stimulating awareness of
the HZ and in sharing ideas (Buss et al., 2009;
Krause et al., 2011).

The current status of HZ
research and its importance to
understanding biodiversity and
ecological functioning in rivers

Although much of the research on HZ ecology in
the UK appears to have been directed historically
towards obligate hypogean organisms, most of the
organisms recorded in terms of abundance and
diversity are of benthic origin (Proudlove et al.,
2003). This pattern is similar to that reported for
most other regions of the world where the HZ
has been studied in detail (Marmonier et al., 2010;
Olsen et al., 2010; Wood et al., 2010). The following
section summarizes how research in the UK is
contributing to international scientific research on
the wider functioning of the HZ in relation to
salmonid fisheries, the HZ refuge hypothesis, the
role of hydrogeology, and the impact of nitrate
loading. It also describes how recent research has
begun to unlock the ‘hidden’ fauna of the HZ in
the UK through a national-scale survey of Scotland
(Pryce et al., 2010).
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Salmonid fisheries
The potential importance of hydrological
exchanges and the hydrochemical characteristics of
the HZ to the maintenance of salmonid populations
has been widely acknowledged (Tonina and
Buffinton, 2009; Yamada and Nakamura, 2009).
Continuing research in Scotland has made
an international contribution in quantifying
the influence of different physicochemical
characteristics of the HZ on the survival and
performance of salmonid embryos (Malcolm et
al., 2008). In particular, this work has shown
the importance of fine sediment infiltration into
salmonid redds and its influence on dissolved
oxygen supply (Malcolm et al., 2010). In some
instances naturally occurring deoxygenated
upwelling groundwater in near-natural upland
stream systems with coarse sediment can
experience significantly reduced egg survival
(Soulsby et al., 2009)

Hyporheic refuge hypothesis
Although the HZ has often been described
as a refuge for riverine fauna during adverse
environmental conditions evidence to support it
appears to be scarce and divided (Robertson and
Wood, 2010). Some studies clearly demonstrate
faunal use of the HZ during adverse conditions
(Marchant, 1995), while others have found
little or no evidence of HZ refugial use by
aquatic invertebrate fauna (Boulton et al., 2004).
Research in the UK has demonstrated that benthic
macroinvertebrates use the HZ as a refuge during
periods of low flow in both perennial and naturally
ephemeral streams (Stubbington et al., 2009; Wood
et al., 2010). Work undertaken on the Little
Stour River in Kent during the final stages
of a supra-seasonal drought (2004–2006) found
that HZ refuge use coincided with the highest
surface water temperatures and lowest dissolved
oxygen. In particular, an increase was observed
in the proportion of benthic taxa, primarily the
amphipod Gammarus pulex, inhabiting the HZ
compared with those on the river bed during the
most adverse conditions (Figure 13.1 a, 13.1b).
Somewhat surprisingly the number of obligate
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Figure 13.1 Macroinvertebrate faunal community
response (April–October 2006) during the final stages of
a supra-seasonal drought event (2004–2006) Mean (+/-
1 standard error) on the Little Stour River, Kent: (a)
proportion of benthos within the hyporheic zone relative
to those recorded in the benthic zone
(arcsin-transformed); (b) proportion of Gammarus pulex
within the hyporheic zone relative to those recorded in
the benthic zone (arcsin-transformed); and (c)
abundance of obligate hypogean invertebrates.
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hypogean taxa recorded also increased significantly
at the same time (Figure 13.1 c). Studies of benthic
faunal use of the HZ during low flows are now
under way in the River Lathkill and River Glen
in Central England; in common with studies in
other countries they indicate high spatial and
temporal variability in benthic faunal use of the
HZ (Stubbington et al., 2011). Future research in
this area needs to examine how vertical hydraulic
gradients (upwelling versus downwelling water)
and substratum characteristics influence benthic
faunal use of the HZ as a potential refugium.

Hydrogeological influences
on HZ ecology
The potential influence of hydrogeology on the
physical and hydrochemical characteristics of the
HZ and the distribution of fauna utilizing the HZ
habitat has been increasingly recognized (Hancock
et al., 2005). Research in England is examining
the influence of hydrogeology on meiofaunal
assemblages living in the hyporheic zone in
three geological areas strongly associated with
groundwater aquifers. Thirty-two sites distributed
evenly across four geographical areas: Permo-
triassic sandstone (Devon); Cretaceous chalk
(Dorset); fluviokarst (Derbyshire) and glaciokarst
(North Yorkshire) have been sampled during
periods of high and low groundwater levels.
Bou-Rouch sampling, with piezometers inserted
to a depth of 20 cm and 50 cm into the river
bed, indicated that chalk and sandstone sites had
significantly lower abundances at both 20 cm and
50 cm compared with karst sites. The abundance of
fauna decreased significantly from 20 cm to 50 cm
at all sites in both upwelling and downwelling
areas except in the glaciokarst. Here, significantly
higher abundances of Chironomidae, Harpacticoida
and Oligochaeta were found in the deeper
samples in both upwelling and downwelling areas
(Dunscombe et al., in prep.). In this study,
changes in species assemblage amongst crustaceans
occurred between sites in northern and southern
England although the underlying causes have
yet to be examined. In northern England sites
were dominated by Bryocamptus sp. while in the
south Nitocra sp. and Canthocamptus sp. were

more abundant (Dunscombe et al., unpublished
data). The hypogean amphipod Niphargus sp. only
occurred in parts of southern England consistent
with suggestions that the current distribution
of obligate groundwater organisms still reflect
the influence of past glaciations (Strayer, 1994;
Robertson et al., 2009; but see Proudlove et al.,
2003). However, further research is required to
unravel the significance both of geology and glacial
history on HZ community composition.

Nitrate pollution
Nitrate is the most common groundwater pollutant
in the UK and processes in the HZ are likely to
be important moderators of the flux of nitrate
between surface water and groundwater (Smith,
2007). However, the potential influence of nitrates
on hyporheic assemblages is less well known.
Studies in England have examined the hyporheic
assemblages of lowland chalk rivers which differed
in their degree of nitrate pollution: the catchments
of the rivers Piddle and Frome (Dorset) were
moderately polluted with nitrates (20–30 mg L−1),
whereas the rivers Lee and Rib (London) were
highly polluted with nitrates (50–60 mg L−1).
The Dorset rivers have been severely affected by
agricultural activities and dairy farming, with the
main source of nitrates coming from the use of
fertilizers. The London rivers are largely urban
and mainly influenced by sewage water treatment
works and septic tanks. Sites were sampled during
periods of high and low groundwater levels using
a Bou-Rouch pump, with piezometers inserted
to a depth of 20 cm and 50 cm into the river
bed. The abundance of hyporheic invertebrates
was low probably because of the small interstitial
space available and the influence of fine sediment
(clogging) (Pacioglu et al., unpublished data). Total
invertebrate abundance was significantly higher in
the shallow compared with the deep hyporheic
and did not differ significantly between the head
and tails of riffles, in agreement with Davy-Bowker
et al. (2006). Results also indicate that hyporheic
assemblages may be used as bioindicators of nitrate
pollution and may be sensitive to clogging of
interstitial spaces by sediment (Pacioglu et al.,
unpublished data). Further research is needed to
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improve understanding of how HZ communities
and individual taxa respond to nutrient loadings
and their role in nutrient processing and uptake.

Regional and national biodiversity
Contemporary HZ research in the UK has begun
to focus on regions of the country poorly explored
historically, including the English Peak District,
Yorkshire Dales and Lincolnshire. In addition, sites
in south-west England and some associated with
lowland chalk streams where benthic fauna have
been studied in the past are being re-examined
with specific consideration of the role of the HZ
(Stubbington et al., 2009). Research at present
covers a range of sites in England, Scotland and
Wales (Pryce et al., 2010; Wood et al., 2010; Schmid
and Schmid-Araya, 2010; Stubbington et al., 2011).
A summary of HZ biodiversity recorded at these
sites is given in Table 13.3. This clearly highlights
the greater biodiversity recorded in southern chalk
and limestone sites compared with northern sites
and those on non-karstic geology.

Research in Scotland, where few data existed
previously, has begun to explore the ecology and
functioning of the HZ. This study has encompassed
sites from the north to the south, and both
hard metamorphic and igneous geologies and
soft rocks including the Durness limestone at
Inchnadamph. The vertical and spatial variation
in the composition and density of the hyporheos
at 25 sites distributed across Scotland has been
investigated, using a combination of Bou-Rouch
pumping and Karaman-Chappuis pits to sample
the interstitial fauna of exposed gravel bars
(Pryce et al., 2010). The faunal assemblage was
dominated by four major groups – oligochaetes,
cyclopoid copepods, nematodes and dipterans. In
total, 44 microcrustacean species were identified,
with Microcyclops varicans, Bryocamptus pygmaeus
and Bryocamptus zschokkei the most abundant and
widely distributed. There was no evidence of a
specialist hypogean fauna at any site, even those
on limestone, consistent with the influence of
glacial legacy on distribution patterns (Strayer,
1994; Robertson et al., 2009).

Table 13.3 Biodiversity of aquatic invertebrates recorded from sites/regions of the UK where examination of the
hyporheic zone has occurred during the last 5 years (2006–2010).

River
Total No.
Taxaa

Total No.
Familiesa

No.
Benthic
Taxab

No.
Benthic
Familiesb

No.
Hyporheic
Taxac

No.
Hyporheic
Familiesc

No.
Hypogean
Taxa

Little Stour (Kent)* 107 52 104 52 68 39 5
R. West Glen (Lincolnshire)* 75 52 75 52 43 39 0
R. East Glen (Lincolnshire)* 64 49 64 49 45 37 1
R. Lathkill (Derbyshire)* 69 50 69 50 53 42 1
R. Wharfe (North Yorkshire)† 44 38 44 38 1
R. Wye (Derbyshire)† 41 35 41 35 0
R. Exe (Devon)† 38 32 38 32 5
R. Frome (Dorset)† 44 35 44 38 0
R. Piddle (Dorset)† 50 34 50 34 3
R. Rib (London)† 56 32 56 32 4-5
R. Lee (London)† 46 30 46 30 5
Scottish lowland (9 sites)1 38 (30-46) 27 (22-32) 17 (11-20) 0
Scottish upland (5 sites) 1 34 (23-40) 23 (15-28) 18 (9-24) 0
Scottish montane (6 sites) 1 27 (22-31) 15 (10-19) 17 (14-20) 0

*Studies did not identify meiofaunal groups beyond order, †Studies did not sample the benthos, 1Mean per site with
range shown in brackets, aTotal number of taxa from both benthic and hyporheic zone sampling, bNumber of taxa
recorded in benthic samples, cNumber of taxa recorded in hyporheic zone samples.
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Hyporheic samples collected at depth
(50 cm), obtained by the Bou-Rouch method,
supported very variable densities of organisms
with composition more strongly aligned to
physicochemical gradients, while shallow pit
samples (15 cm) supported more uniform densities
of generalist taxa. Although numbers of individuals
in the HZ were on average lower in montane sites,
there was no evidence of a corresponding reduction
in taxon diversity, and the proportion of organisms
found at depth was typically higher in montane
sites.

Dissolved oxygen concentrations in the HZ were
the best descriptor of community composition and
this supports findings reported elsewhere (Meyer
et al., 2008; Marmonier et al., 2010). In both
pits and pipes diversity was positively correlated
with DO concentrations indicating that the greatest
diversity of hyporheos tended to be found at the
upstream end of gravel bars where oxygen-rich
river water was downwelling. The inclusion of HZ
samples alongside conventional kick samples was
found to increase family level richness at a site by
58%.

Emerging issues and
research gaps

Today a small number of scientists in the UK are
making a significant contribution to the study
of HZ biodiversity. However, it certainly should
not continue to be solely the efforts of a few
enthusiasts (these days mainly academics). At
present the geographical coverage of sampling
is still dominated by historic patterns of obligate
hypogean fauna within limestone and chalk
of southern England, and further detailed
examination of other river types is required
to understand fully the distribution both of benthic
taxa and those intimately associated with the
HZ. A co-ordinated approach to sampling and
monitoring the HZ (and even parafluvial habitats)
is required alongside traditional benthic sampling
programmes. Future research must adopt a long-
term perspective to quantify the nature of temporal
dynamics within the HZ. This will allow data such

as those collected in the 1970s by Gledhill (1977)
for a range of localities to be set in context and
provide a benchmark for future studies. Methods
of sample collection also need to be standardized to
allow robust statistical comparison of data between
sites. To date each research group or organization
has used its own protocols for water extraction,
sample volume, depth of collection and number
of replicates. It is not pertinent here to provide
a standard protocol but this issue needs to be
addressed urgently.

Opportunities for sampling should also be
exploited when the hyporheos is exposed
by excavations or where new engineered
channels and restoration of gravel beds provides
opportunities for examining the rates and modes
of hyporheic colonization. This type of research is
essential to understand faunal community response
to environmental variability and disturbance
events (Robertson and Wood, 2010) and to
determine if the responses observed within benthic
and hyporheic habitats are similar in timing and
magnitude. Preliminary evidence suggests that the
faunal response differs in some instances and that
this reflects the refugial capacity/characteristics
of the HZ (Wood et al., 2010). This in turn
will be strongly associated with the benthic
and HZ sedimentary characteristics (particle size
distribution and porosity), dissolved oxygen
availability and nutrient dynamics (Kasahara et al.,
2009). A greater understanding of these factors
will aid in unravelling the limitation on benthic
faunal use of the HZ as a habitat or refuge. This
may ultimately be possible only through the use
of field-based experimental studies centred on the
HZ at a range of spatial scales to complement those
being undertaken in other geographical locations.

Although major developments have been made
in undertaking research on the HZ in the UK in
the last 20 years it is important to recognize that
sampling and identifying biota in samples from
the HZ is often highly selective. Many of the
studies described in this chapter have centred on
specific faunal groups, several concentrating on the
taxonomically better resolved macroinvertebrates
and microcrustaceans, while neglecting groups
such as rotifers and ciliates which elsewhere
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make a significant contribution to species richness,
biomass, abundance and productivity (Reiss and
Schmid-Arraya, 2008).

Management and conservation

Although hyporheic zones play an important
role in the functioning of river systems, the
environment agencies in the UK do not include
these areas in routine survey, monitoring or
management. Monitoring water chemistry is
carried out mainly on the water flowing within
river channels, while most biological monitoring
covers only benthic macroinvertebrates living
on the river bed. The EC Water Framework
Directive (WFD) has encouraged an expansion
of monitoring taxonomically (to include fish,
macrophytes and diatoms) but not spatially, so
it is still an activity directed predominantly at
the river channel and the bed surface. The WFD
does include a requirement to assess the status of
groundwater bodies, but this only covers chemistry
and microbiology (Arnscheidt et al., 2009). The
European Groundwater Directive (Council of the
European Communities, 2006) deals specifically
with subterranean waters; however, the Directive
is aimed at preventing groundwater pollution
(e.g. from pesticides) and does not have an
ecological component, although the introduction
does refer to the need for further research into
groundwater ecosystems (Knight and Penk, 2010).
Thus, at present the classification of ecological
status of rivers in the UK does not take account
of the vertical dimension (downwards into the
hyporheic) or the lateral dimension (outwards into
the floodplain) even though the importance of
these is well known (Ward, 1989).

The lack of routine monitoring of hyporheic
zones means that environmental impacts in those
areas may not be adequately recorded or managed.
In general, threats to hyporheic habitats are
those that apply to rivers as a whole, but some
are more important than others because they
directly affect sediments or the movement and
quality of water within them. These include
gravel extraction, river engineering (especially

works affecting river beds), flow regulation
(including abstraction), nutrient enrichment (with
consequential effects on algal growth) and siltation
(leading to clogging of substrates and reductions in
oxygen concentration).

Not only has the monitoring and management
of hyporheic zones been neglected, but their
evaluation and protection for nature conservation
has not yet been attempted explicitly. The
Wildlife and Countryside Act 1981 (which applies
to England, Wales and Scotland) requires the
designation of Sites of Special Scientific Interest
(SSSIs) (Boon, 1991); similar legislation applies in
Northern Ireland. These sites are selected using
published guidelines (JNCC, 1995) which draw
on the principles set out in A Nature Conservation
Review (NCR) (Ratcliffe, 1977). The NCR was
the first comprehensive attempt in Britain to
produce an evaluation of nationally important
nature conservation areas using criteria such
as representativeness, naturalness, diversity and
rarity. These criteria have achieved a broad level of
acceptance, and they have continued to influence
conservation evaluations, including those of rivers
(Boon et al., 1997; Boon and Freeman, 2009).
However, the NCR contained just three short
paragraphs on ‘subterranean rivers and streams’,
mainly with reference to underground waters and
the invertebrates in caves; only one sentence might
be taken to include hyporheic zones: ‘Subterranean
water also exists in the interstices of gravel and
in fissures in chalk and limestone where a highly
specialised microflora and fauna is found’ (Ratcliffe,
1977). In the 34 years since the NCR was published
no evaluations of rivers for conservation have
mentioned specifically hyporheic zones and their
communities. The Geological Conservation Review
has a volume devoted to karst features (Waltham
et al., 1997) listing almost 100 important cave sites
(mainly in England and Wales) most of which have
been designated as SSSIs. However, these have
been selected for their geological rather than their
biological interest.

The European Habitats Directive (Council of
the European Communities, 1992) also lacks
any reference to hyporheic habitats, although
Annex I, which lists threatened habitats requiring
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the designation of Special Areas of Conservation
(SACs), does include a reference to subterranean
habitats in a category named ‘Caves not open to
the public’. Eight running water types are listed in
Annex I but there has been no attempt to gather
data on hyporheic habitats either in selecting SACs
or in their site descriptions.

Recently, ‘Rivers’ has been added to the list
of ‘priority habitats’ under the UK Biodiversity
Action Plan (the UK government’s response to the
international Convention on Biological Diversity)
(http://www.ukbap.org.uk/UKPriorityHabitats.aspx).
The description of the ‘Rivers’ habitat includes a
sub-section devoted to ‘active shingle rivers’.
As these river types are characterized by
dynamic interactions between surface water
and groundwater perhaps this will focus attention
on the importance of including a vertical dimension
in future river conservation strategies in the UK.

Conclusions

In summary, HZ science in the UK is in a good
state of health but for advancement of the science
to exceed progress over the past 20 years there
needs to be forward thinking. Indeed the UK could
set the agenda in hyporheic research and be a
world leader, but for this vision to be realized the
following need to be addressed:
(a) A focus on research themes with testing of
specific hypotheses. Key areas include interaction
between nutrient loading and community
composition, the abiotic controls on the HZ
as a refugium (substratum characteristics and
particularly the role of clogging, upwelling versus
downwelling water) and the unique contribution
of the HZ to biodiversity.
(b) A co-ordinated approach to sampling, pooling
of data and creation of long-term datasets.
(c) A need for standardized techniques for
sampling equipment, depth(s) of sample collection,
volume of sample extracted, etc.
(d) A move towards the study of a wider range of
faunal groups to characterize the HZ community
and the development of an inter-disciplinary

scientific community with the taxonomic skills to
make this a reality.
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CHAPTER 14

Taxonomic Distinctness as a Measure
of Diversity of Stream Insects Exposed
to Varying Salinity Levels in
South-Eastern Australia
Richard Marchant1 and Ben Kefford2

1Department of Entomology, Museum of Victoria, Melbourne, Australia
2Department of Environmental Sciences, University of Technology, Sydney, Australia

Introduction

Average taxonomic distinctness (or delta+) is a
measure of biodiversity that has been applied
successfully to various marine communities (Clarke
and Warwick, 2001) but has not been used with
freshwater communities until recently. Marchant
(2007) applied it to a large dataset of benthic insects
from rivers in Victoria, Australia and others have
used it on more restricted sets of freshwater taxa
(Heino et al., 2005; Abellan et al., 2006; Bhat and
Magurran, 2006).

Delta+ is a measure of the taxonomic breadth
of a sample based on the average taxonomic
distance apart of every pair of species present.
Distance is derived from a taxonomic tree (or
hierarchy) incorporating species, genera, families
and so on. Thus it acknowledges that a measure
of diversity should incorporate information not
just on the number of species present, but also
on their degree of relatedness, giving lower scores
to samples consisting of closely related species. It
also has the great advantage of not being sensitive
to variations in sampling effort (as demonstrated
mathematically by Clarke and Warwick, 1998; see
Methods for an empirical demonstration), unlike

species richness and most other biotic indices,
which are cumulative measures that increase with
sample size. Delta+ is an average measure rather
than a cumulative one. Thus it is potentially of
great value when the aim is to relate a measure
of biological diversity to environmental disturbance
based on data collected over a large spatial scale
where it is likely that sampling effort and perhaps
even sampling techniques vary.

An additional advantage is that it is possible to
test delta+ for departures from expectation. An
expected value can be calculated from the master
list of all species likely to be encountered in a
region. As delta+ does not vary with sampling
effort a sub-set of species (say the species found
at a single site) will be expected to have the same
delta+ value as that for the master list. If the value
for a site is lower than expected, then a true loss
of diversity has occurred and for aquatic habitats
this is usually the result of habitat disturbance,
pollution or other forms of degradation (Clarke and
Warwick, 2001; Marchant, 2007).

Increasing levels of salinity are a widespread
occurrence in rivers in south-eastern Australia,
largely as a result of clearing of vegetation
by European settlers, and have long been
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Table 14.1 Number of macroinvertebrate samples from
the bank and channel habitats in each of the electrical
conductivity (EC) categories.

EC category
(mS cm−1) Category

Number of
samples
(bank)

Number of
samples
(channel)

<0.050 1 390 367
0.050–0.099 2 429 368
0.10–0.19 3 296 223
0.20–0.29 4 166 72
0.30–0.49 5 187 105
0.50–0.99 6 317 171
1.0–1.49 7 196 109
1.5–1.9 8 194 81
2.0–2.9 9 211 99
3.0–3.9 10 122 56
4.0–4.9 11 94 45
5.0–6.9 12 140 55
7.0–9.9 13 104 31
10–14.9 14 71 28
15–30 15 28 10
>30 16 21 9

recognized as an environmental hazard (Kefford
et al., 2006). Since the early 1990s monitoring
of macroinvertebrate communities in rivers in
Victoria and South Australia has resulted in
the accumulation of a large dataset of species
distribution at many sites. An obvious difficulty in
using such data to determine the effects of salinity
on biological diversity is that sampling effort varies
across the dataset. When sites are assigned to
salinity categories in order to reveal major trends
it becomes clear that different salinity ranges have
been sampled with very different numbers of sites
and thus quite different amounts of effort (Table
14.1). Generally, the higher salinity categories
have many fewer samples because such sites are
relatively uncommon among river habitats, even
in south-eastern Australia. Taxonomic distinctness
is well suited as a measure of diversity in this
situation because variations in sampling effort do
not affect its value. It thus may provide a reliable
measure of diversity when only a species list is
available for each site.

Thus we hypothesized that rising salinity levels
should result in a decrease in delta+ for riverine
macroinvertebrates and that the response of this
index could differ from that of species richness,
which Kefford et al. (2011) have recently examined
for this region. In addition, we wanted to test
the idea that decreases in delta+ are accompanied
by reductions in trophic diversity, as suggested by
Warwick and Clarke (1998) and Marchant (2007).

Methods

Two species-level datasets were compiled from lotic
macroinvertebrate samples taken in Victoria and
South Australia by the Environment Protection
Authority (EPA) Victoria and the South Australian
EPA, one dataset for each of the two habitats
at a site: the bank (a low velocity region near
the edge of the channel) and the main channel
(often a riffle). More samples were available for
the bank (2966 samples from 941 sites) than the
channel (1829 samples from 607 sites). Only data
on insect species were extracted; these constitute
approximately 93% of the species recorded at
Victorian sites (Marchant et al., 2006). These sites
spanned a range of potential disturbances, e.g. poor
water quality, variations in land use, reductions in
discharge. However, most samples (approximately
70%) were from reference sites, which exemplified
the least disturbed conditions available. Samples
were assigned to different predefined (Kefford et al.,
2006) salinity categories (Table 14.1). As many sites
were amalgamated into each salinity group other
disturbance gradients were probably obscured or at
least minimized.

Before delta+ can be calculated a master list of
all species potentially present must be compiled. In
this case the master lists were simply the combined
list of species for each habitat. Five taxonomic levels
were present: species, genus, family, order and
class. Presence/absence species data for samples in
each electrical conductivity (EC) category (Table
14.1) were pooled and an average delta+ value
was then calculated using the TAXDTEST routine
in PRIMER v.6 (Clarke and Gorley, 2006), with a
constant path length between different taxonomic
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levels; no weighting of taxonomic categories was
used. Two reduced datasets consisting only of
Ephemeropteran, Plecopteran and Trichopteran
(EPT) species (for bank and channel habitats) were
also compiled and delta+ recalculated. In all cases
average delta+ for a given EC category was plotted
against the number of species recorded in that
category.

The expected values for delta+ and its 95%
confidence limits (for variously sized subsets) were
determined by random sampling from the master
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Figure 14.1 Funnel plots of delta+ for all insect species from (a) bank habitats and (b) channel habitats. The numbers
indicate the salinity categories (Table 14.1).

species lists and were superimposed on the plots
of delta+ versus species number, also using the
TAXDTEST routine. The funnel shaped confidence
limits (hence the name funnel plots) are drawn as
continuous lines above and below an essentially
horizontal line representing the expected value of
delta+ (Figure 14.1). The fact that the expected
value is horizontal or constant demonstrates its lack
of sensitivity to sample size (as measured by the
number of species recorded). It is clear, however,
that the confidence limits widen rapidly when
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number of species recorded is very low and the
power to distinguish a genuinely disturbed site thus
greatly diminishes with small samples.

The percentage of species in each of five feeding
groups (shredders, grazers, collectors, filterers and
predators) was determined for each EC category
(for the complete datasets only) and a measure
of the diversity of feeding groups was calculated
using the complement of the Simpson index (i.e.
1 – Simpson index) from the DIVERSE routine in
PRIMER v.6. This measure takes its largest value
when all five feeding groups are equally abundant.
Feeding group diversity for each EC category was
plotted against delta+. If changes in dominance
of feeding groups are expected, as is possible in
disturbed river habitats, then a correlation between
delta+ and feeding group diversity may arise.

Results

The funnel plot for data from the bank habitat
(Figure 14.1a) demonstrates that delta+ values
were just above expectation in categories 1–4 and
decreased slightly but continuously from category
1 to 12. For the higher categories (13–16) delta+
was clearly below expectation and for three of
these categories the recorded values were below
the lower boundary of the 95% confidence limits,
indicating a significant departure from expectation.
For the channel habitat (Figure 14.1b) categories
14–16 also had delta+ values below expectation,
but category 13 was close to expectation. Thus in
both habitats insect diversity based on delta+ was
lower than expected at salinities above 7–14.9 mS
cm−1. At lower salinities in the channel habitat
delta+ was either within the confidence limits
or just above the higher boundary. In fact, for
the channel habitat there appeared to be a slight
but continuous increase in delta+ from salinity
category 1 to 12, the opposite of the trend which
occurred at the bank. These different trends may
indicate that changes in species composition at
low salinities were somewhat different in the two
habitats. However, these trends were also relatively
minor compared with the much greater declines in
delta+ at high salinities.

When datasets were reduced to EPT species
delta+ values at the bank (Figure 14.2a) for
categories 13–15 also differed from the expected
value, but remained within the confidence limits
(except for category 14 which was below the lower
boundary) and did not display a continuous decline
as salinities increased. On the other hand, the
channel EPT species (Figure 14.2b) displayed a
more continuous decrease in delta+ at salinities
above category 12, but only categories 13 and 14
were below the confidence limits. In both habitats
the rise in delta+ for category 15 suggests that the
effects of increasing salinity were less consistent
compared with those for the total insect fauna.

Feeding group diversity declined more or less
linearly as delta+ decreased (Figure 14.3) for the
bank data (r2 = 0.94, p � 0.001) but less so for the
channel data (r2 = 0.57, p � 0.001). Thus the idea
that reductions in trophic diversity are reflected
in reduction of delta+ is certainly confirmed by
these datasets. In the highest salinity categories
(14, 15 and 16) predators and detritivores were
the dominant feeding groups, while all five feeding
groups were more evenly represented at lower
salinities (category 13 and below). It is tempting to
suggest that the high correlation between feeding
group diversity and delta+ indicates that declines
in trophic diversity fully explain declines in delta+.
However, the lower correlation for the channel
data and the fact that sites in these datasets suffered
a range of disturbances (in addition to increasing
salinity) make it more likely that reductions in
trophic diversity are only one of a number of factors
that could influence the value of delta+.

Discussion

Delta+ and salinity
Delta+ indicated that diversity of aquatic insects
was significantly below expectation at river sites
with high salinities in south-eastern Australia. Such
a decline at high salinities was not unexpected
and has already been shown for this dataset
(Kefford et al., 2011). However, the previous study
relied on species richness data which had been
standardized to number of species per 21 samples,
the lowest number of samples per salinity category
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Figure 14.2 Funnel plots of delta+ for the EPT data from (a) bank habitats and (b) channel habitats. The numbers
indicate the salinity categories (Table 14.1). Too few EPT species were recorded in category 16, which was excluded
from both plots.

for the bank habitat (Table 14.1). Although such
manipulation is common (but quite tedious) when
comparing species data collected with different
amounts of sampling effort, less of the data from
sites with large numbers of samples are used
and some uncertainty surrounds values that rely
on extrapolation. Delta+ does not depend on
extrapolation, can be calculated after minimal
manipulation of the raw data, and has been used
successfully to identify disturbed sites from datasets
of marine biota (Clarke and Warwick, 2001) and
benthic insects from rivers (Marchant, 2007).

Both the study by Kefford et al. (2011) and this
one present a different picture of the effect of
salinity on diversity of aquatic insects in south-
eastern Australia (based on field data) than that
presented by Hart et al. (1991); they suggested that
field records of salinity indicated that a threshold of
about 1.6 mS cm−1 existed, above which diversity
of aquatic insects declined markedly. The current
study does not show a marked threshold at this
salinity level (category 8) either for all insect species
or just for the EPT species. Kefford et al. (2011)
showed that species richness of aquatic insects
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Figure 14.3 The relationship between feeding diversity
and delta+ for insect species from the bank habitat. Each
point represents the feeding diversity for an individual
salinity category.

(and all macroinvertebrates) actually rose slightly
between categories 1 and 5 (they used the same
salinity categories as shown in Table 14.1 and data
for bank habitats only). Beyond category 5 species
richness declined slowly to category 13 and then
more rapidly for categories 14 to 16. There was
again no indication of a threshold at category 8.
For EPT species Kefford et al. (2011) recorded a
continual, more or less even, decline over the
whole salinity gradient, with approximately 50%
of EPT species (in 21 samples) being lost at around
category 5 or 6.

The contrast between the patterns revealed
by species richness and taxonomic distinctness
perhaps reflects the dissimilar ways these indices
respond to disturbance. For example, as salinity
increases, the loss of species, but not higher taxa
such as genera or families, will result in small
declines in delta+, but larger declines in species
richness. There is some evidence that this is
occurring as Kefford et al. (2011) found that family
richness varied less with increasing salinity than
species richness. Despite these different responses,
both indices suggest that the decline in diversity of

aquatic insects is somewhat more complex in the
face of increasing salinity than that suggested by
Hart et al. (1991).

Delta+ as a diversity index
Many of the disturbances to catchments and
rivers, such as increasing salinity levels, occur over
broad geographic scales and it is only logical that
biological monitoring should occur on a similar
spatial scale (Johnson and Gage, 1997; Marchant
et al., 1999). If a gradient of disturbance is present
or suspected in data collected over a large scale,
then it should be possible to assign sites to different
categories of disturbance, as done here with salinity
levels. Delta+ can then be calculated as an index of
diversity without concern for the inevitably uneven
sampling effort associated with each category. In
this manner it may be possible to gain at least
a preliminary view of the effects of a specific
disturbance over a large region.

With a large dataset it should also be possible to
regress delta+ against a variety of environmental
variables in an effort to determine whether
predictor variables exist. Marchant (2007) tried
this for data from the Australian state of Victoria,
using seven uncorrelated variables relating largely
to longitudinal changes along river channels and
delta+ values from essentially undisturbed sites
in 27 river basins. These regressions explained
little of the variance in delta+ (8–12% depending
on whether data came from the bank or
channel habitat) and this seemed due to the
mostly undisturbed nature of the sites. With sites
spanning a wider range of quality a number
of predictor variables might be identified. Heino
et al. (2005) showed that taxonomic distinctness
varied strongly along environmental gradients for
stream invertebrates in Finland. As a consequence,
they doubted whether delta+ alone could be
used to distinguish degraded sites, but they did
not test this by constructing funnel plots for
their data.

Experience suggests that delta+ is unlikely to
be sensitive to disturbances unless species data
are used in the calculations (Marchant, 2007):
delta+ calculated using the genus or family levels
from the current dataset varied very little (results
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not presented). Similarly, subsets of data, such
as the EPT species, generally produce a weaker
signal (Marchant, 2007) or an inconsistent one
(Figure 14.2) but this seems to depend on the
diversity of higher taxa available. In the data used
here there are only 31 families of EPT species
compared with 81–91 families of insects in the
full dataset. Fewer families result in a narrower
taxonomic breadth, which in turn means a less
variable measure of delta+.

Trophic diversity diminished continuously as
delta+ declined with the current data, indicating
that this index of biodiversity was explicitly linked
to an aspect of functional diversity. Marchant
(2007) noted that for insect data from Victorian
river sites the delta+ values for individual feeding
groups were always well below the expected
value. Thus, a decrease in delta+ associated with
disturbance may be closely related to a change in
ecological conditions, e.g. the reduction in number
of species in one or more feeding groups. The
originators of delta+ (Clarke and Warwick, 1998,
2001) acknowledged that they were surprised that
any conclusions about site diversity could be drawn
from a series of species lists collected with varying
sampling effort. The fact that delta+ can be linked
to functional diversity reveals it has additional
characteristics that increase its robustness as an
indicator of disturbance.

Further use of delta+
Average taxonomic distinctness is likely to be most
useful with large datasets collected over extensive
spatial scales, especially those where sampling
effort and technique have been variable. These
are the sorts of biological data that management
agencies may well possess but have not analysed
in detail because of the difficulties in compensating
for variable effort. To our knowledge, however, no
agencies have used delta+ as a broad-scale measure
of disturbance. In Australia most agencies routinely
identify stream invertebrates only to the family
level, thus precluding its use.

Clearly, delta+ needs to be tested against a
variety of stressors to determine whether it is
a generally sensitive measure of disturbance to
invertebrate communities over large spatial scales.

However, as an index of biological diversity its
insensitivity to sampling effort and its reflection
of changes in trophic diversity bode well for this
sort of use. Delta+ may also be a valuable aid
to those using reference sites for bioassessment of
rivers (Bailey et al., 2004). The selection of suitable
reference sites is open to debate and is often based
solely on examination of routine environmental
(e.g. physical and chemical) conditions. Delta+
provides a biological means of assessing whether
proposed reference sites have similar levels of
biodiversity, adding a perspective not usually
available.
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Introduction

Systematic approaches to conservation planning
have undergone considerable development in the
10 years since the seminal review of Margules
and Pressey (2000), but to date have mostly
been applied to terrestrial and marine ecosystems.
Examples of systematic approaches in freshwater
ecosystems are relatively rare (Nel et al., 2009a),
in part reflecting the common focus on terrestrial
landscape elements in conservation planning while
freshwater ecosystems are more often protected
as ‘bycatch’ in terrestrial reserves rather than via
a deliberate process (Saunders et al., 2002). In
addition, there are real practical difficulties in
designing robust reserve networks to protect linear
systems in which management of land-use impacts
on freshwater biodiversity is complicated by
the inherent longitudinal connectivity of riverine
ecosystems (Abell et al., 2007; Nel et al., 2009a).
More recent approaches have begun to address
both the specific need for robust planning for
freshwater conservation (Nel et al., 2009b; Heiner
et al., 2010, Barquin et al., this volume), and
the functional implications of connectivity when

prioritizing sites for protection and/or management
(Linke et al., 2007, Moilanen et al., 2008).

The requirement for protecting a representative
range of ecosystems is clearly recognized in New
Zealand both in legislation and in national policy
documents. For example, the Reserves Act 1977
legislates for reserves to ‘ensure the survival or
preservation of . . . a representative range of all
classes of natural ecosystems and landscapes’.
Similarly, a national biodiversity strategy (Anon.,
2000) lists several goals including the need
to ‘progressively protect priority representative
freshwater habitats. . .’. However, a review of
progress in implementing this strategy (Green
and Clarkson, 2005) noted in particular both the
continuing decline of many freshwater ecosystems
and the limited progress on freshwater biodiversity
protection. Concerns continue to be raised over
widespread declines in the condition of lowland
rivers and streams as a result of land-use
intensification (Ministry for the Environment,
2007), and particularly in dairy farming where
increased fertilizer use is resulting in significant
increases in nitrogen pollution (Wilcock et al.,
2009).
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This chapter describes the development of a
systematic approach to biodiversity conservation
planning for New Zealand’s rivers and streams, and
its use is demonstrated through the identification
of a representative set of high value sites for
management as part of a wider application of
conservation planning tools within this country’s
Department of Conservation. Specific aspects that
are described include the development of a
biologically optimized environmental classification
for use as a surrogate of biodiversity patterns,
expert assessments of human impacts for use
as a surrogate of biodiversity condition, and the
complementarity-based estimation of site priority
using an approach that incorporates explicit
consideration of longitudinal connectivity.

Methods

Input data
The analysis was carried out in three stages
involving the preparation of input data, the
calculation of three sets of site priorities, and
the selection of high value sites. Input data
were derived from a digital description of New
Zealand’s river network derived by GIS analysis of
digital elevation data (Snelder and Biggs, 2002).
This network contains approximately 567 000 line
segments, each representing a section of river
or stream between two adjacent confluences. All
analyses used planning units (Plate 18a) that break
rivers of fourth or higher order into their third or
higher order sub-catchments and their main stem.
Catchments of first- to third-order streams were
treated as individual planning units.

Attribute data associated with each river and
stream segment described both its membership in
an environmental classification (Plate 18a) and
the estimated current biodiversity condition given
human impacts (Plate 18b). The environmental
classification, described in detail by Leathwick
et al. (2011), was derived using generalized
dissimilarity modelling (GDM – Ferrier et al.,
2007) to maximize its ability to capture biological
patterns. Separate GDM analyses were made of

relationships between biological turnover and a set
of functionally based environmental predictors at
sample sites for freshwater fish (13 363 sites) and
macroinvertebrates (2677 sites); results were then
combined to guide the subsequent classification
process. The classification contains four levels of
classification detail (recognizing 20, 100, 200 and
300 river groups respectively) to provide differing
levels of discrimination for different applications.
At a broad (20-group) level of detail (Table 15.1)
groups A–F occur predominantly in the lowlands,
with groups A (lowland, low-gradient streams)
and C (lowland hill-country streams) the most
extensive; groups G–L occur at middle elevations,
varying in their frequency of high-flow events and
degree of glacial influence; group M contains a
very small set of larger, glacially fed lowland rivers;
and groups N–T occur at high elevations differing
mostly in their elevation and degree of glacial
influence.

Estimates of biodiversity condition were based
on the systematic assessment of human pressure
factors, measured across all river segments using
a mix of GIS-based and modelled data (Abell
et al., 2002; Leathwick et al., 2010). Estimates
of catchment clearance and impervious cover
were derived from GIS analysis of satellite
and digital topographic map data, respectively.
Nitrogen inputs were estimated from a regionally
based regression model implemented within a
catchment framework (Woods et al., 2006). The
distributions of introduced fish were predicted
from environment-based statistical models using
catch data for nine species from an extensive
collection of fish sampling data (n = 13 363).
The locations of mines, dams and other point
discharges were derived from digital spatial data
from a range of sources, with impacts modelled
upstream and/or downstream as appropriate.
Expert opinion was used to define a response curve
describing the expected impact of each pressure
on biodiversity, with the estimated impacts for all
factors combined to give an overall estimate of
pressure. Biodiversity condition was then defined
as 1 minus total pressure, values ranging from zero
(totally degraded) to 1 (pristine) (Plate 18b).
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Conservation rankings
All conservation rankings were calculated using the
publicly available spatial conservation prioritization
software Zonation (Moilanen et al., 2005, Moilanen
2007), using options specifically designed to
accommodate both the complementarity-based
analysis of environmental classification data
(described in detail in Leathwick et al., 2010) and
consideration of the effects of connectivity that
are appropriate to riverine ecosystems (Moilanen
et al., 2008). Zonation uses a raster or grid-based
algorithm that starts by assuming that all input cells
are protected, and then uses a reverse stepwise
heuristic to progressively remove cells having
the lowest marginal contribution to conservation
outcomes (Moilanen et al., 2009). Grid cells can
be removed individually or in groups defined
by planning units. At the end of the removal
process all cells on a landscape are ranked, results
indicating those sites that best protect a full range
of ecosystem types for any specified level of
geographic protection.

An initial Zonation analysis used a set of 200 grid
layers as its primary input, each describing the
distribution of one of the 200-level groups from
the river environments classification at a grid
resolution of 100 m. While each of these grid layers
initially indicated just the presence (1) or absence
(0) of a single target classification group, they
were modified prior to the analysis by replacing
all zeroes with values describing the biological
similarity between the target group and those
groups occurring at other sites (Leathwick et al.,
2010). This enabled the prioritization process to
take account of similarities between environmental
groups (rather than treating them as unrelated
entities), allowing substitution between related
groups in proportion to their degree of biological
similarity. Two additional grid layers described the
estimated current biodiversity condition of river
segments and the membership of river segments
in the third-order planning units described above.
Results from the initial ranking using these
layers indicate those sites whose selection would
maximize the protection of a full range of
environment types nationally for any given extent

of protection, while taking account of both
current biodiversity condition and the desirability
of protecting connected sets of planning units.

A second set of gap-analysis rankings was
then calculated to identify high value sites that
currently lack legal protection. This used an
additional grid layer indicating those planning units
already having 80% or more of their geographic
extent under formal, legal protection (principally
Crown-owned conservation land focusing on the
protection of terrestrial values), but also including
regional reserves and covenanted private land.
These ‘protected’ planning units, accounting for
21.1% of the entire river network, were held back
until all other planning units had been removed,
so that rankings indicate both the relative priority
of sites within protected lands, and the ability
of non-protected sites to complement those river
environments already protected.

Finally, a third set of rankings was calculated to
identify sites with high regional values, recognizing
the important role played by historic disturbance
over geological timescales in determining some
distributional patterns. Priorities were calculated
separately within each of 29 biogeographic units
defined for New Zealand’s freshwater ecosystems
(Leathwick et al., 2007), with these individual
regional rankings combined into a single layer for
the next phase of the analysis.

Identifying high value sites
for conservation
High value sites for conservation management
were identified using a manual selection process
built around the three sets of Zonation rankings
calculated nationally, with protected sites held
back, and regionally. National rankings were
considered first, with the most highly ranked
sites identified and assessed for their feasibility
of management. In some cases, lower-ranked
planning units were included within large
high value sites to improve the practicality of
management (e.g. where active management
of a degraded headwater planning unit would
also be required to ensure the maintenance of
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high value planning units further downstream).
Similarly, when considering smaller, first- to
third-order planning units, we sought where
possible to identify high value sites containing sets
of adjacent small catchments to facilitate more
efficient management through the creation of
reasonably sized management units. This identified
an initial set of 94 high value sites.

The national gap-analysis rankings were then
examined, focusing on those non-protected
planning units with the most potential to
complement already protected planning units.
These were used to identify a further 33 high value
sites, many of them having direct connectivity
with protected planning units. Finally, to ensure a
degree of coverage across all biogeographic units, a
further 41 high value sites were added from the top
5% of planning units from the regional rankings,
mostly in biogeographic units having few or no
planning units with high rankings in either of the
two national analyses.

Results

Ranking analyses
Rankings from the Zonation analysis of the
combined national set of spatial data (Plate
19a) indicate the order in which planning units
should be protected to maximize the protection
of a full range of river environment types,
subject to some target level of overall geographic
protection. For example, protection of the highest
priority sites (dark blue in Plate 19a) would
protect 10% of the total river network, and
extending geographic protection to provide 20%
coverage would also require protection of the
mid-blue coloured planning units. The inclusion
of estimates of biodiversity condition is reflected
in the generally higher rankings given to good
condition planning units (Plate 18b, 19a), with
the top 10% of planning units having an average
condition of 0.71 compared with an overall average
for all planning units of 0.39. In addition, the
use of connectivity constraints clearly favours the
prioritization of interconnected sets of planning
units from catchments having generally good

condition; note the geographic clustering of
priorities given to interconnected planning units
within large catchments in Plate 19a.

A subtly different set of priorities is indicated
from the second set of national rankings in which
planning units having 80% or more of their
extent already protected were retained until all
non-protected planning units had been removed
(Plate 19b). Here, rankings shown in green
indicate the relative priority of sites within the
21.1% of planning units already having substantial
protection. By contrast, rankings shown in shades
of blue indicate priorities for the remaining
non-protected sites, based on their ability to
complement the biodiversity values of those sites
already protected.

Results from the regional rankings are broadly
similar to those from the initial national analysis,
with high priority generally given to inter-
connected sets of good condition planning units
(Plate 19c). However, there are sometimes marked
differences between the national and regional
analyses that reflect the more restricted geographic
contexts of the latter. For example, biogeographic
units that have been extensively modified by
human activity will always have 10% of their
sites ranked highly, even though they may have
few if any sites that are highly ranked nationally.
However, sites may also be ranked highly in
regional analyses because the environments that
they contain, even though widespread nationally,
are rare regionally.

Selection of high value sites for
conservation
High value sites – identified by selecting planning
units with high rankings (top 5%) nationally
or regionally, or for their ability to complement
currently protected planning units – are distributed
throughout New Zealand, but with a bias towards
planning units that are in good condition. Overall,
these high value sites contain approximately 8%
of New Zealand’s river network, with a little
over half of the total area of these sites (53.3%)
already legally protected. The use of pragmatic
decisions in delineating some of these sites is clearly
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Table 15.1 Representation of level one environments (n = 20) in high value sites selected using national and regional
rankings of conservation priority. Additional columns indicate the percentage of the total network occupied by each
river environment, its average condition, and its representation in planning units (PLU) already having 80% or more of
their extent under formal protection. River environments having greater than 20% representation in high value sites
are shown in bold.

River Environment
Percentage of
total network

Average
condition

Percentage in
protected PLU

Percentage in
high value sites

Lowland rivers and A 21.86 0.253 0.70 4.41
streams B 0.37 0.345 17.37 38.89

C 44.07 0.407 15.10 7.11
D 4.38 0.302 2.38 4.79
E 0.14 0.134 1.12 23.06
F 0.12 0.324 6.26 21.53

Mid-elevation rivers and G 10.45 0.405 19.94 7.71
streams H 7.27 0.698 43.54 9.16

I 0.37 0.478 73.83 14.08
J 4.20 0.746 91.71 11.38
K 0.08 0.735 81.53 28.06
L 0.16 0.835 80.17 30.70

Glacial M 0.02 0.381 35.40 25.52

High elevation rivers and N 3.59 0.876 57.08 19.83
streams O 1.09 0.902 94.51 16.03

P 0.86 0.879 76.01 13.96
Q 0.36 0.979 65.78 21.74
R 0.01 0.988 100.00 23.33
S 0.42 0.908 89.80 47.34
T 0.19 0.957 97.37 68.07

apparent in Plate 19d, with the inclusion of lower-
ranking planning units to facilitate management at
a whole-catchment level (lower left of Plate 19d),
and the amalgamation of sets of adjacent, highly
ranked small catchments to facilitate more efficient
management (right of Plate 19d).

While the selected high value sites provide
at least some protection across a full range of
ecosystem types (Table 15.1), the highest levels of
representation (20% or more) are provided mostly
for middle to high elevation environments (K–M,
Q–T) that are generally in very good condition
because of their existing legal protection. However,
note that these environments comprise only a
small proportion (1.2%) of the total river network.
High levels of representation are also provided for
three lowland environments (B, E, F) that are

again of limited extent, but which have suffered
moderate to high levels of degradation through
human activity. Lower levels of representation are
provided for those environments that predominate
at low- and middle-elevations (A, C, D, G, H), all
of which have been severely degraded by human
activity. Of these, A and D in particular have very
low levels of representation in existing reserves.

Although all biogeographic units contain at
least one high value site, there is also an
uneven spread of high value sites across units
(Table 15.2). The highest levels of representation
occur in the northern Northland unit, which
contains distinctive environments of restricted
geographic range. Elsewhere, the highest levels
of representation occur in the extensive montane
biogeographic units of the western and southern
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Table 15.2 Representation of
biogeographic units in high value sites
selected using national and regional
rankings of conservation priority.
Biogeographic units having greater than
20% representation in high value sites
are shown in bold.

Biogeographic unit
Percentage of
network

Average
condition

Representation
(%)

Auckland 1.16 0.331 3.75
Banks Peninsula 0.38 0.253 3.58
Bay of Plenty 2.69 0.239 2.21
Canterbury 11.47 0.395 11.51
Clutha 7.89 0.459 7.10
Coromandel 0.91 0.580 15.66
East Cape 6.27 0.472 6.18
Fiordland 2.89 0.764 20.67
Grey-Buller 3.87 0.578 3.99
Hawkes Bay 2.59 0.416 3.83
Manawatu-Wairarapa 4.92 0.325 4.77
Marlborough 4.62 0.533 7.67
Mokau 2.21 0.410 4.29
Motueka-Nelson 1.46 0.465 7.66
Northland - eastern 1.60 0.390 12.69
Northland - northern 0.40 0.415 34.45
Northland - western 3.33 0.359 4.45
Northwest

Nelson-Paparoa
2.56 0.698 13.23

Otago Peninsula 0.10 0.291 0.62
Palliser-Kidnappers 1.89 0.316 4.16
Southland 8.27 0.377 5.50
Stewart Island 0.65 0.974 25.09
Taieri 2.88 0.335 16.23
Taranaki 0.94 0.292 3.90
Waikato 6.74 0.269 4.89
Waitaki 5.07 0.453 5.89
Wanganui-Rangitikei 6.63 0.415 4.98
Wellington 0.52 0.424 8.25
Westland 5.09 0.716 23.75

South Island (Westland, Fiordland, Stewart Island).
The rivers and streams in these units have generally
been much less modified by human activity than
in the drier climates predominating in much of the
rest of New Zealand, and many have extensive legal
protection.

Discussion

In broad terms, this analysis highlights several of
the challenges and compromises, both technical
and practical, which are inherent in trying to
implement a consistent and systematic approach
to the conservation of riverine ecosystems. For

example, on the technical side, issues around
surrogacy were addressed using a data-driven
statistical procedure to define a river environments
classification that was tuned explicitly to maximize
its ability to discriminate biological patterns. By
contrast, in attempting to include estimates of the
impacts of multiple stressors, a lack of sufficient
data describing these impacts forced reliance on
expert opinion in defining relationships between
pressures and ecological integrity, an approach
similar to that used in several other recent
studies (Nel et al., 2009a). Having assembled
the most robust available data, the ranking of
planning units for their ability to contribute to
the representative protection of riverine ecosystems
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was facilitated by a newly developed method
that, rather than treating the river environments
as a set of unrelated entities, took full account
of their inter-group similarities (Arponen et al.,
2008; Leathwick et al., 2010); this allowed the
calculation of more robust, complementarity-based
rankings than is possible when using a scoring-
based algorithm (Ferrier and Wintle, 2009). In
calculating these rankings, an approach was used
that is designed specifically to account for the
functional implications of longitudinal connectivity
within catchments (Moilanen et al., 2008), enabling
consideration of both the downstream impacts
of stressors in headwater catchments, and the
requirements for upstream and downstream access
by New Zealand’s extensive migratory fish fauna.
However, while this ranking process was essentially
objective in its application, subjective decisions
were still required not only about how best to
balance the influence of these various factors, but
also in identifying subtly different sets of rankings
to identify the best conservation opportunities
across landscapes, despite widely varying patterns
of current protection and condition.

Current work is exploring further improvements
to the approach described here. For example,
use of these rankings to identify a set of
high value sites for targeted management made
us aware of a need to balance better the
trade-off between selecting good condition sites
and achieving even representation across all
environment types. Recent rankings recalculated
with more muted condition scores have enabled
better identification of lowland sites that, while
degraded, are the best-condition examples of
those river environments suffering the most
widespread impacts from human activity, and
which were otherwise under-represented in our
high value sites. Similarly, in other recent analyses,
rankings have been calculated successfully that
integrate across rivers and streams, lakes and
wetlands, identifying significant opportunities to
target river management into planning units where
collateral benefits for lakes and wetlands can
also be expected. Finally, trial analyses including
distributional data for threatened species also show
considerable promise, having particular value for

their consideration both of broad-scale ecosystem
patterns and of rarer biodiversity elements that are
often not well captured by generic surrogates. In
the longer term, greater gains are likely through
the development of approaches that shift the focus
to the prioritization of ‘management actions for
sites’ using information about the likely benefits,
cost and feasibility of different candidate actions
to maximize the retention as opposed to the
protection of biodiversity (Moilanen et al., 2009;
Ferrier and Drielsma, 2010). In a recently modified
version of Zonation, such an approach has been
implemented successfully, identifying the most
cost-effective set of management actions across a
landscape, while also balancing the distribution
of these actions with the broader objective of
maintaining representation across a full range of
environments (Moilanen et al., in press).

Practicalities of implementation
At a practical level, these results highlight in
particular the difficulty in achieving representative
protection of a full range of river ecosystems in
landscapes subject to intensive land management.
This difficulty is compounded further by both
the marked disparities in patterns of protection
and condition across different environments, a
common feature in many countries (Pressey et al.,
1996), and the frequent failure of terrestrially
focused protected areas to adequately represent
freshwater values (Herbert et al., 2010). In
New Zealand, conservation lands predominantly
contain those montane and/or wild landscapes
that were left undeveloped after the imposition
of European patterns of settlement; conversely,
lowland environments suitable for agriculture
are severely under-represented (Leathwick et al.,
2003). This imbalance is particularly problematic
for riverine ecosystems, given their longitudinal
connectivity (Abell et al., 2007; Nel et al., 2009a). As
a consequence, the functional integrity of pristine
headwaters can be effectively undermined, despite
their protected tenure, if key functions such as
migration are prevented by impeded access or
habitat degradation in lower reaches. Conversely,
intensive land-uses in the upper parts of larger
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rivers are capable of causing biodiversity losses over
long distances downstream, even though the lower
reaches are formally protected.

In broader terms, the approach demonstrated
here could be relatively easily implemented in
other countries, particularly those having at least
some existing spatial data describing environmental
and biological characteristics of their riverine
ecosystems. In particular, all of the routines used
here – for example, to develop a digital description
of New Zealand’s river network — are widely
available in well documented software and are
relatively straightforward to implement. However,
significant social and organizational challenges
can be encountered when implementing such
analytically complex approaches in management
organizations (Knight et al., 2009), requiring a
willingness to learn and adopt new ways of
thinking in the practice of both science and
freshwater management (Reyers et al., 2010).
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CHAPTER 16

Assessing the Conservation Status of
Alder-Ash Alluvial Forest and Atlantic
Salmon in the Natura 2000 River
Network of Cantabria, Northern Spain
José Barquı́n, Bárbara Ondiviela, Marı́a Recio, Mario Álvarez-Cabria,
Francisco J. Peñas, Diego Fernández, Laura Oti, Andrés Garcı́a, César Álvarez and
José A. Juanes
IH-Cantabria, Universidad de Cantabria, Santander, Spain

Introduction

A major aim of nature conservation is to
prevent the loss of habitats and the extinction
of species by maintaining and restoring biological
communities and their associated ecosystem
functions (Primack, 2008). To achieve this
successfully, a key requirement is the ability to
assess the integrity and functioning of ecosystems
under different environmental scenarios. During
the last 20 years major advances have been
made in assessing river ecosystem integrity and
establishing the impact of human activities (Karr,
1999; Bonada et al., 2006; Poquet et al., 2009;
Vaughan, 2010; Fernández et al., 2011). Several of
these assessment methods have been developed
in response to environmental legislation; good
examples are the Habitats Directive (HD; Council
of the European Communities, 1992) and Water
Framework Directive (WFD; Council of the
European Communities, 2000) in Europe and the
Clean Water Act and Endangered Species Act in
the United States. Notwithstanding these legal
obligations, habitat loss, ecosystem degradation

and loss of freshwater biodiversity have continued
to accelerate (Millennium Ecosystem Assessment,
2005; Dudgeon et al., 2006).

Many countries and international organizations
still classify habitats and species according to their
risk of extinction, using criteria developed by the
International Union for the Conservation of Nature
(IUCN, 2001). Few attempts have been made to
apply this principle to wider biological communities
despite an increasing need to do so, particularly in
relation to conservation strategies underpinning
major legislation such as the European Habitats
Directive (Nicholson et al., 2009). Establishing
the reasons for the decline and potential loss
of habitats and species is vital for establishing
priorities within conservation strategies and
management plans. A broader perspective, beyond
an exclusive focus on endangered species and
habitats, is therefore required (Karr, 1990). A
good example is improving how the conservation
status of habitats and species protected under
the Habitats Directive is assessed (European
Commission, 2006). This is because there can be
anomalies between current conservation status
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and the longer-term prospects for sustaining
habitat area or population size (Primack, 2008).
Ideally, conservation status assessment should
take into account future environmental conditions
by predicting the consequences of management
practices and other pressures so that realistic long-
term conservation objectives can be set and the
effectiveness of measures to achieve them properly
evaluated. The potential effects of climate change
on river ecosystems are particularly relevant in this
respect (Ormerod and Durance, this volume).

This chapter presents a new approach to
assessing conservation status, using alder-ash
(Alnus glutinosa – Fraxinus excelsior) alluvial forest
habitat and Atlantic salmon (Salmo salar) occurring
in the Natura 2000 river network of Cantabria,
northern Spain, to demonstrate how it works. The

Figure 16.1 The Natura 2000 river network in Cantabria, showing survey sites where Atlantic salmon were present (•)
and absent (◦) during July–September 2010.

method evaluates conservation status in relation to
the ecological requirements of habitats and species
and the integrity of ecosystem functioning (IH
Cantabria, 2010). The two case studies demonstrate
how specific indicators such as distribution range,
habitat structure, population composition and
vulnerability to human activities are used and
integrated to assess overall conservation status
(Soulé and Orians, 2001; Primack, 2008).

Study area

The study area covered the river basins in
the province of Cantabria, northern Spain
(Figure 16.1). Cantabria is a mountainous,
coastal region and both these characteristics play
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an important role in determining climate and
river morphology. Coastal rivers are generally
below 400 m in altitude, while inland, where
some mountain peaks exceed 2600 m in the
Cordillera Cantábrica, the steep, deep valleys
contain short torrential rivers with high erosive
power. Cantabria has a humid oceanic temperate
climate (average annual temperature 14◦C) and an
average annual precipitation of about 1200 mm.
Rainfall is regularly distributed throughout the
year with winter and spring maxima. Storms can
occur at any time and snow is common from late
autumn to early spring in the mountains.

The high altitude range produces a marked
vegetation zonation. The north is characterized
by Euro-Siberian vegetation, comprising deciduous
forest, while in the south there is a transition from
Euro-Siberian to Mediterranean-type vegetation.
The natural deciduous forest below 400 m is
dominated by ash (Fraxinus excelsior), lime (Tilia

sp.), hazel (Corylus avellana), maples (Acer spp.),
oaks (Quercus spp.), poplars (Populus spp.) and holm
oak (Quercus ilex). However, eucalyptus plantation
(Eucalyptus globulus) and improved pasture-land
dominate parts of this coastal zone. Between 400
and 1100 m oaks (Quercus robur and Quercus

petraea) dominate the southern slopes, with
beech (Fagus sylvatica) and holly (Ilex aquifolium)
predominant on northern slopes. Native forest
has been highly modified to create pasture land.
From 1100 to 1800 m birch (Betula sp.) is
dominant, while above 1800 m the sub-alpine
vegetation comprises shrubs (e.g. Genista sp., Erica
sp. and Ulex sp.) and mountain grasslands. The
Mediterranean influence further south produces a
native vegetation community dominated by holm
oak, with melojo oak (Quercus pyrenaica), bay laurel
(Laurus nobilis) and strawberry tree (Arbutus unedo).

Riparian vegetation up to 700 m altitude is
dominated by groves and galleries of alder (Alnus

glutinosa) (Lara et al., 2004). Willow groves formed
by Salix atrocinerea (Northern Cantabrian cordillera)
and S. cantabrica (Southern Cantabrian cordillera)
replace alder where soils are thin or where
there are large river level fluctuations. At high
altitudes alder is replaced by ash or hazel, while
in steep valleys beech, oak and mixed Atlantic

forest can dominate the riparian forest. Where
natural riparian forests have been modified by
human activity the vegetation is usually dominated
by brambles (Rubus spp.), roses (Rosa spp.),
hawthorn (Crataegus monogyna) and blackthorn
(Prunus spinosa). Pasture land has also been created.
Average population density is 103 inhabitants
km−2; towns and cities are concentrated along the
coast, and the main city of Santander has 184 000
inhabitants.

Alder-ash alluvial forest

Alder-ash alluvial forest is one of the most
extensive riparian ecosystems in northern Spain
and classified as a priority habitat (91E0*, Annex
I) under the Habitats Directive (Council of the
European Communities, 1992). The habitat
comprises mainly alders, ash and willows
(mainly Salix alba). The main phytosociological
associations that describe this habitat in detail
are the Alno-Padion, Alnion incanae, Salicion albae,
Hyperico andrisaemi–Alnetum and the Salicetum
angustifolio–albae (IH-Cantabria, 2010). These
vegetation communities form the first line
of vegetation in deep alluvial soils which are
periodically inundated but well-drained during the
drier months.

Fish communities

In the Cantabrian region fish communities are
based on assemblages of 15 native species. Atlantic
salmon (Salmo salar) is one of the most endangered
and characteristic fish in the region (Garcı́a de
Leániz et al., 1992). Salmon fishing occurs in four
of the main river catchments, (the Deva, Nansa,
Pas-Pisueña and Asón rivers), but historically in
another eight rivers. These salmonid rivers are
dominated by brown trout (Salmo trutta), eel
(Anguilla anguilla) and Adour minnow (Phoxinus

bigerri); allis shad (Alosa alosa), Ebro barbel
(Luciobarbus graellsii), madrilla (Parachondrostoma
miegii) and sea lamprey (Petromyzon marinus) are
only found in the lower parts of some of the
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main rivers (Doadrio, 2001). The southern river
catchments are also dominated by brown trout
and Adour minnow, but introduced gudgeon
(Gobio gobio) can also be dominant in some river
reaches.

Methods

Conservation status assessment
The methods described in this chapter were
developed as part of a larger project to
write management plans for ‘Special Areas
of Conservation’ in the Natura 2000 river
network in Cantabria (IH Cantabria, 2010). These
management plans include recommendations for
conservation and restoration actions based on
the evaluation of habitat and species conservation
status. For these actions to be effective in the longer

Conservation and/or Restoration Measures (Management Plan)

Conservation Status Assessment

Intrinsic
Indicators

Specific
Indicators

Hydrology &
Connectivity

Physical
Habitat

Integrity

Biological
Communities

Environmental Objectives

Endemicity

Assessment of Habitats/Species
Characteristics

Ecosystem Assessement

Relictism

Singularity
Vulnerability

Structure &
Composition

Area/
Distribution

Range

Lateral
Connectivity

(END)

Hydrological
Regimen (IRC)

Longitudinal
Connectivity

(ICFC)

Physical
Habitat

Integrity
(ICEF)

Habitat
Modification
Score (HMS)

Macroinvertebrate
Community (MMI)

Fish Community
(ICI)

Riparian Quality
(RQI)

Priority

Fragility

Figure 16.2 Variables used in the assessment of the conservation status of habitats and species within the Natura 2000
river network in Cantabria and how they inform environmental objectives and conservation actions.

term, the conservation status assessment needs to
take account of factors that might change or affect
the ecological integrity of habitats and species.
Conservation status assessment, therefore, should
indicate the likelihood of a habitat or species
remaining sufficiently extensive to sustain its long-
term ecological integrity (European Commission,
2006). This principle can be equally applied to the
conservation of species and habitats where they
occur outside the Natura 2000 network of protected
sites.

Our evaluation of conservation status
uses an assessment of habitat and species
characteristics and ecosystem function based
on five groups of measurable attributes:
(i) intrinsic indicators (e.g. endemism); (ii)
specific indicators (e.g. distribution range); (iii)
hydrological connectivity; (iv) habitat integrity;
and (v) biological communities (Figure 16.2).
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The assessment of intrinsic and specific
characteristics (e.g. endemism, vulnerability)
determines priorities for conservation action,
while ecosystem assessment is used to identify
those factors which threaten the environmental
conditions needed to maintain species or habitats at
favourable conservation status. The core measures
selected for specific indicators were: (i) area of
habitat and distribution range of species; (ii) habitat
structure and species population composition; and
(iii) vulnerability to human activities (Figure 16.2).
The ecosystem assessment was carried out for 105
geographical units, grouped into 12 river types.
The derivation of these assessment units and river
types is described in detail elsewhere (IH Cantabria,
2010).

kilometres
0 0.2 0.4

Hab
ita

t U
nit

kilometres

Fluvial network
Fluvial network mapped

0 0.9 1.80.45

Figure 16.3 The extent of the river network in Cantabria mapped for vegetation communities between 2009 and
2010. Habitat units were defined as 500 m river lengths and the adjacent 25 m on either side.

Conservation assessment for
alder-ash alluvial forest
Information about river habitats was based on
1:5000 scale maps that were annotated by botanical
experts interpreting aerial photographs taken in
2004 (Gobierno de Cantabria, 2004) and using
Environmental Systems Research Institute (ESRI)
ArcMapTM 9.3.1 mapping software and map
databases. Using the aerial images vegetation types
were identified and their distribution mapped
up to 100 m on both sides of the river
channel included in the Natura 2000 network
(Figure 16.3). This mapping exercise produced
11 337 vegetation ‘polygons’, with each given a
unique code. Field survey visits during 2009 and
2010 verified the mapped boundaries and also
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recorded the relative area of the three predominant
vegetation formations. These vegetation formations
were classified into phytosociological associations
(Mueller-Dombois and Ellenberg, 1974; Goldsmith
et al., 1986). Conservation status assessment was
restricted to those habitats that were the most
predominant vegetation formation in any of the
polygons, while habitat area was calculated using
second and third dominant vegetation types as
well.

River Habitat Survey (RHS; Raven et al., 1997;
Environment Agency, 2003) was carried out on
300 sites to characterize the physical structure
of the river channel. Habitat Modification Scores
(HMS) were calculated for each 500 m RHS
survey length to determine the extent of artificial
modification to the channel. For some river
channels surrogate HMS scores were also estimated
from aerial photographs.

The first specific indicator (relative area covered
by each habitat) reflects the importance of
geographical extent for nature conservation
purposes (Meffe and Carroll, 1997; Primack, 2008).
To achieve favourable conservation status in our
system the observed habitat area should exceed
an expected value (Table 16.1). The ‘expected’
area was calculated by dividing the river network
into 500 m lengths, with 25 m buffers on either
side of the channel. This produced 1451 units,
each approximately 2.5 ha in area (Figure 16.3).
Units that were not severely affected by human
activities were identified using three main criteria:
(i) absence or very minor hydrological alteration,
so units located downstream from large dams with
capacity to regulate high flows were excluded; (ii)
absence or very minor morphological alteration,
defined by an HMS score � 200 calculated from
field survey and aerial images (Fernández et al.,
2011); (iii) absence or very limited intensive
land management – those units where tilled
land, intensive pasture, forest plantation or urban
developments exceeded 10% of the total area were
excluded.

The relative habitat area was calculated for
each of 12 river types (IH Cantabria, 2010) by
incrementally combining data from relevant 500
m lengths (Figure 16.4). The ‘expected’ value
used to compare observed values was set as the

tenth percentile (P10) for each of these incremental
distributions and is therefore dependent on the
length of each assessment unit and river type
(Annex 1). Favourable conservation status was
only achieved if the observed area of each habitat
was at least the calculated P10 value for the given
assessment unit area size and river type (Annex 2).

Habitat structure and composition were
calculated on the basis of a qualitative assessment
of different variables that characterize important
aspects of vegetation communities (Pettit and
Naiman, 2005). The six variables used depended
on the dominant vegetation type (e.g. forest,
shrubs, aquatic macrophytes) in each assessed
polygon. Table 16.1 shows how each variable was
used to determine whether overall conservation
status was favourable or not. Favourable status
was only achieved when all six variables for each
dominant habitat in each polygon were favourable.
In addition, the habitat could only reach favourable
status when the relative area of the habitat with
favourable structure and composition exceeded
60%; this rule was used to ensure that more
than half the existing habitat patches could be
expected to be in an ecologically functioning
condition.

Habitat vulnerability assesses the capacity to
tolerate the effects of human activities (De Lange
et al., 2010). It was calculated by combining
two variables – habitat sensitivity and degree
of exposure to pressures. Habitat sensitivity was
determined by assigning a score (1 = nil; 2 =
low; 3 = medium; 4 = high) derived for several
pressures using a Delphi method involving 22
experts. The average sensitivity score was then
calculated for each typical pressure. The degree of
exposure to pressures was assessed by estimating
the overlap between the dominant habitat and the
area affected by human pressures in each polygon,
the latter calculated using specifically designed
ARCGIS tools (IH Cantabria, 2010). A habitat was
considered vulnerable if more than 10% of it
coincided with a high sensitivity activity or more
than 20% of a medium sensitivity activity within
a polygon. Favourable conservation status of the
habitat within the assessment unit could only be
achieved if the non-vulnerable relative area of the
habitat exceeded 60%.
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Table 16.1 Variables and critical values used for the evaluation of specific indicators within the conservation status
evaluation system for alder–ash alluvial forest (*91E0, Annex I, Habitats Directive) and Atlantic salmon in the
Natura 2000 river network, Cantabria, northern Spain.

Diagnosis

Specific Indicators Favourable Inadequate

HABITATS

Area
Percentage area covered in each

assessment unit
Observed relative area ≥ Expected Observed relative area < Expected

Structure & Composition
Invasive species Absent / Spaced plants Patches
Transformer species* Absent Spaced plants / Patches
Organic matter (plant debris) Abundant / Present Absent

*9
1E

0

Fragmentation degree Absent / Present Abundant
Regeneration Seedlings and saplings present Seedlings and saplings absent
Disease (physiological state) Absent Present

Vulnerability

Overlap between observed area and
area covered by high and medium
pressure influence zone

Vegetation polygon overlaps < 10%
with high or < 20% with medium
pressure influence zone

Vegetation polygon overlaps > 10%
with high or > 20% with medium
intensity influence zone

SPECIES

Distribution Range
River length (km) Occupied length ≥ 60% reference Occupied length < 60% reference

Structure & Composition

Population Size Observed population size
≥ 3 generations ago

Observed population size
< 3 generations ago

a1SW / MSW ratio ≤0.1 >0.1
Female / Male ratio ≥ 0.3 < 0.3

Sa
lm

o
sa

la
r

Productivity (Individuals m−2) ≥ 0.01 < 0.01

Vulnerability
Overlap between distribution range

(DR) and length covered by high
and medium pressures influence
zone

DR overlaps < 20% with high or
< 40% with medium intensity
pressure layer

DR overlaps > 20% with high or
> 40% with medium intensity
pressure layer

*Transformer species are a subset of invasive plants which change the character, condition, form or nature of ecosystems
over substantial areas relative to the extent of that ecosystem (Richardson et al., 2000).
a1SW: one sea-winter fish; MSW: multi-sea-winter fish.
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Figure 16.4 Box plot showing the
relative area of alder-ash alluvial forest
along river types 3 and 4 in Cantabria,
showing the mean, median and percentile
values. Figures calculated as river reaches
in reference condition in cumulatively
increasing 500 m lengths (0.5–4 km).

Combining the three specific indicators provided
a final score for the conservation status for each
habitat. Favourable status was only achieved if all
three indicators were favourable and the habitat
was not considered vulnerable (Figure 16.5).

Conservation status assessment for
Atlantic salmon
Conservation status was assessed using a
combination of angling catch records (1990–2008)
and spawning gravel and electro-fishing
surveys (Figure 16.1). Salmonid spawning
gravels were mapped in all main rivers
during September–December 2007 and 2008.
Fish populations were surveyed in 96 river

reaches (average survey length, 66.0 m) during
August–September 2010, using either portable
(2 kW) or on-site (13 kW) electro-fishing units.
Population was estimated from multiple pass
removal methods (Carle and Strub, 1978).

The proportion of the near-natural (‘reference’)
habitat currently occupied by salmon was used as
a principal indicator, with favourable conservation
status achieved only where the occupied
distribution was at least 60% of the expected
distribution range. This criterion was selected
in accordance with IUCN guidelines which state
that a species is vulnerable or endangered when
50% of its range is lost, and at risk of extinction
when more than 70% of its range is lost over a
three-generation time period (IUCN, 2001). Three
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Figure 16.5 The different variables used for specific indicators to assess conservation of species and habitats in the
Natura 2000 river network of Cantabria.

generations represent 15–18 years for Atlantic
salmon in Cantabria. The current distribution
of salmon was determined by recent catch
records and electro-fishing surveys (Figure 16.1).
Reference distribution range was determined using
a combination of known historical distribution
range and habitat suitability models (Garcı́a de
Leániz et al., 1992). These models predicted the
presence/absence of salmon using catchment
variables such as channel slope, altitude, average
annual precipitation and geology and the 2010
electro-fishing survey results as response variables
using classification and regression trees (De’ath
and Fabricius, 2000; IH Cantabria, 2010).

Population structure and composition were
determined using four measures: (i) the number
of adult fish; (ii) the proportion of grilse (first sea-
winter fish); (iii) the proportion of adult females;
and (iv) average fry density per spawning gravel
area. These variables are important in establishing
the risk of extinction (Meffe and Carroll, 1997;
Primack, 2008), the effects of fishing pressures
(Garcı́a de Leániz et al., 1992; Garant et al., 2003),
population dynamics (Consuegra and Garcı́a de
Leaniz, 2007) and reproductive success (Elliot,
1996). The information was relatively easy to
calculate from Regional Government records and
similar data are likely to be collected in the
future. Specific indicators were calculated for each
river population, although genetic flow among
these salmon populations is known to be frequent
(Consuegra et al., 2005).

Trends in the number of salmon caught can
indicate whether the population is sustainable.
Catch records for Atlantic salmon are highly
variable (cf. Klyashtorin and Rukhlov, 1996),
so using a 5-year running average which is
equivalent to the average generation time-span
(Garcı́a de Leániz et al., 1992) provides a smoothed
trend (Figure 16.6b). Our assertion was that
a salmon population achieves favourable status
when the 5-year average capture was equal to
or larger than the one calculated 15 years (i.e.
three generations) before the date of evaluation,
provided that at least 100 adults were caught
(Consuegra and Garcı́a de Leaniz, 2007; Kuparinen
et al., 2010). The numbers for 2004–2008 were
therefore compared with those caught during
1990–1994.

The proportion of grilse and female adults was
calculated for 1990–2008 and benchmark values
derived from previous studies (Garcı́a de Leániz
et al., 1992; Consuegra and Garcı́a de Leaniz,
2007). On this basis, the population structure and
composition was determined as favourable when
the proportion of grilse in the catch was �10%
and the proportion of female adults exceeded
30%. Average fry density per spawning gravel area
was calculated using electro-fishing surveys and
estimating total gravel area within each 500 m
length of river sampled.

Vulnerability was calculated on the basis of
sensitivity and degree of exposure to pressures; this
was determined by the overlap between current
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Figure 16.6 Number of Atlantic
salmon reported caught by anglers in
Cantabria (a) between 1990 and 2008,
and (b) running 5-year average. All
salmon rivers (–•–); Pas-Pisueña river
(-··◦-··), Asón river (···�···), Deva river
(–�–), Nansa river (–�–) Miera river
(−−♦−−).

salmon distribution and areas affected by relevant
human pressures. The salmon population was
considered vulnerable if more than 20% of its
distribution range coincided with areas of high
sensitivity pressures or more than 40% of medium
sensitivity pressures. Overall conservation status
was assessed as a combination of all these indicators
(Figure 16.5).

Results

Extent and conservation status of
alder-ash alluvial forest
An estimated 1084 ha of alder-ash alluvial forest
occur along the Natura 2000 river network,
equivalent to 2.5 % of the mapped area (Annex 1).
The majority of the habitat occurred along river
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types 5 (250.9 ha), 3 (237.1 ha), and 4 (185.0
ha; Annex 2). This habitat was the predominant
vegetation form in 63% of the vegetation polygons,
a secondary co-dominant type in 22% and tertiary
co-dominant in 15%.

Habitat condition could only be determined
with confidence in 65 of the 105 assessment
units. Of these, 62 were classified as favourable
and three as inadequate (Plate 20a). Habitat
composition and structure was favourable in 54
assessment units, and inadequate in 11 units,
mainly because of invasive and transformer species
(90% of the cases) and fragmentation (10% of
cases; Plate 20b). The habitat was considered non-
vulnerable to human pressures in 15 assessment
units but vulnerable in 51, mainly because of the
presence of embankments, bank reinforcements,
water abstraction, flow regulation and point and
diffuse pollution (Plate 20c). Conservation status
was classified as favourable in 21.5% (n = 14) of
the assessment units, ‘favourable at risk’ in 57%
(n = 37), and inadequate in 21.5% (n = 14) (Plate
20d).

Distribution and conservation status
of Atlantic salmon
During 1990–2008, 4538 adult salmon were
caught, representing an average annual catch of
229.4 salmon (SE: ±36.4). The Pas-Pisueña and
Asón River catchments contributed, on average,
40% and 24% to the annual catch totals
respectively. Numbers caught varied from 53 in
1998 to 602 in 1991 (Figure 16.6a). The 5-year
running average reached a maximum of 384.6
for the period 1990–1994 and a minimum of 128
during 2002–2006 (Figure 16.6b). Salmon were
found in 32% (n = 31) of the electro-fished survey
sites, but fry were only present in 20 of them
(Figure 16.1).

The potential reference length of river for salmon
was estimated at 556.6 km. Salmon have a current
distribution of 236.4 km, meaning that 57.5% of
the potential distribution has probably been lost
since the 1950s and contributed to their extinction
from six rivers (Annex 3). The Saja-Besaya, Nansa
and Miera rivers have lost an estimated 87.8%,
72.7% and 42.8% of their salmon population

distribution range, respectively; the Asón, Pas-
Pisueña, and Deva rivers have lost less (16.4%,
24.4% and 38.8%, respectively) (Annex 3; Figure
16.7a). These differences may be caused by large
dams (�10 m high) located in the lower courses of
the first three rivers.

All salmon populations in Cantabrian rivers
are considered vulnerable to human pressures
(Annex 3; Figure 16.7b); this is mainly the result
of point and diffuse pollution, water abstraction,
barriers to migration, habitat degradation due to
bank reinforcement, and also angling. Distribution
range was only considered favourable for the
Asón, Pas-Pisueña and Deva populations, but
inadequate for the other rivers (Annex 4). The
population structure and composition indicator was
inadequate for all the salmon populations (Annex
4). Consequently, the overall conservation status
for all the salmon populations was classified as
inadequate (Table 16.2).

Discussion

The criteria, rules and assumptions used in the
assessment method indicate that the conservation
status for the majority of alluvial alder-ash forest
found along the Natura 2000 river network in
Cantabria was ‘favourable-at risk’ whilst that of the
salmon population was ‘inadequate’.

Alder-ash conservation status
The distribution of alder-ash alluvial forest along
Cantabrian rivers is similar to its distribution
throughout northern Spain, where riparian
galleries on alluvial soils occur from almost sea
level to 700 m (Lara et al., 2004). One of the
main constraints in reaching conclusions about
conservation status using our method is data
quality and in particular the availability of reliable
information at a scale relevant for the study of
riparian habitats. In most cases the detail required
is more than that appearing on 1:5000 scale maps.
Although obtaining this information is costly
and specialist botanist knowledge is required, the
results represent a valuable baseline for future
assessment of conservation status (Dias et al.,
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(a)

(b)

Figure 16.7 Evaluation of Atlantic
salmon: (a) distribution range;
(b) vulnerability. Solid white lines:
present distribution range. Solid black
lines: estimated reference range. Grey
and white lines: reaches affected by
high (intense) pressures.

Table 16.2 Distribution, population structure, vulnerability and conservation status of Atlantic salmon in Cantabrian
rivers based on historic and current populations.

River Distribution range
Structure and
Composition Vulnerability Conservation status

Agüera Inadequate Not evaluated Inadequate
Asón Favourable Inadequate Vulnerable Inadequate
Campiazo Inadequate Not evaluated Inadequate
Deva Favourable Inadequate Vulnerable Inadequate
Escudo Inadequate Not evaluated Inadequate
Gandarilla Inadequate Not evaluated Inadequate
Miera Inadequate Inadequate Vulnerable Inadequate
Mioño Inadequate Not evaluated Inadequate
Nansa Inadequate Inadequate Vulnerable Inadequate
Pas-Pisueña Favourable Inadequate Vulnerable Inadequate
Sabiote Inadequate Not evaluated Inadequate
Saja-Besaya Inadequate Not evaluated Vulnerable Inadequate
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2004). New techniques that can map vegetation
from satellite images (Apan et al., 2002; Read et al.,
2003) and data from Laser Imaging Detection and
Ranging (LiDAR) (Lefsky et al., 2002), are being
tested to produce vegetation maps at different
spatial scales for nature conservation at a pan-
European level (Bock et al., 2005). Although
remote sensing is invaluable because it can cover
large areas and distinguish major phyto-sociological
associations (Merters, 2002) ground-truth survey
information is required for validation and to
assess the structure and composition of vegetation
formations (Farid et al., 2006; Goetz, 2006).

Hardwood alluvial forests are widely recognized
as important habitats for the conservation of
several species (Tockner and Ward, 1999; Sabo
et al., 2005) and maintaining river ecosystem
functioning (Wallace et al., 1999; McClain et al.,
2003; Pettit and Naiman, 2005). Consequently,
riparian vegetation characteristics are assessed in
several river survey protocols (Fernández et al.,
2011). However, very few studies have considered
the conservation status assessment of alder-ash
alluvial forests, even though European Member
States are obliged to report the status of this priority
habitat under Article 17 of the Habitats Directive
(Council of the European Communities, 1992).
So far, these reports (Joint Nature Conservation
Committee, 2007; Søgaard et al., 2007) have
followed traditional guidelines for conservation
status assessment within the Natura 2000 network
based on habitat range, area, structure and
function, typical species and human pressures
(European Commission, 2006). Many of the
reports have assessed alder-ash alluvial forest as
being at favourable conservation status, reflecting
our conclusions, but the baseline information from
several Member States is not always reliable.
Suitability maps for different vegetation formations
(Echevarria et al., 2008; Mücher et al., 2009) would
assist in establishing reference range and area
and this would provide a much more reliable
assessment of conservation status in relation to
habitat changes caused by human activities.

For habitat structure and function, alder-ash
alluvial forest has been classified as ‘unknown’
or ‘inadequate’ across most of Europe (Joint

Nature Conservation Committee, 2007; Søgaard
et al., 2007). However, the assessment of human
pressures has been largely qualitative and with
no geographical context, so the most effective
management action required is unclear. Our
results show that invasive and transformer species
(sensu Richardson et al., 2000) and fragmentation
are the main reasons preventing achievement
of favourable conservation status for alder-ash
alluvial forest along Cantabrian rivers. Identifying
affected areas using Geographical Information
System (GIS) polygons can help to target effective
restoration and conservation measures. Linking
impacts (e.g. embankments, bank reinforcements,
water abstraction, flow regulation and point and
diffuse pollution) to specific management action
would provide a much better basis for river
conservation and management at the appropriate
geographical scale.

Atlantic salmon conservation status
Our conclusion about salmon conservation status
is similar to that in previous studies which
demonstrated that most populations were either
extinct, endangered (the Nansa and Deva rivers),
or critically endangered (Asón and Pas rivers;
Garcı́a de Leániz et al., 1992). In Spain as a
whole, salmon is considered endangered (Doadrio,
2001), while in Europe it is classified as ‘near
threatened’ (Elvira, 2001). Salmon in northern
Spain are at the southern limit of their natural
range (McCrimmon and Gots, 1979), and the
Cantabrian populations have been subject to a
variety of major pressures during the last 50
years (Garcı́a de Leániz et al., 1992). Even in
the Asón, Pas and Deva rivers where distribution
range was considered favourable, populations are
very vulnerable to point and diffuse pollution,
water abstraction, barriers to migration, habitat
degradation and angling.

Catch records suggest that none of the salmon
populations achieves a sustainable minimum level
(cf. metapopulation effective size; Kuparinen et al.,
2010). Although the Miera and Deva rivers showed
larger number of salmon towards the end of the
15-year period (Figure 16.6), catch records usually
underestimate fish population sizes (O’Connell,
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2003), so our estimates may be too low. Assessing
favourable status using catch records alone is
unreliable because angling effort has not been
taken into account and there is no calibrated
baseline to determine population size under near-
natural habitat and water quality conditions.
Spurious assessment can also result from catch
returns which are cyclical or erratic. Great care is
needed, therefore, in interpreting catch records.

One consequence of small salmon populations
is the loss of genetic variability. This may not be
a major problem for salmon in northern Spain
because high levels of dispersal and asymmetric
gene flow have been suggested as important
mechanisms maintaining the genetic diversity of
these small Iberian populations (Consuegra et al.,
2005). Previous studies have shown that the Asón
River population is crucial in maintaining the
genetic diversity of Cantabrian salmon (Kuparinen
et al., 2010). Our assessment indicators for grilse,
females and fry production show that the Asón
population could be at a higher risk than the
others. Although salmon stocking programmes in
the region may have been successful in maintaining
genetic diversity, they may not be effective in
reversing population declines in the longer term
(Ciborowski et al., 2007). This reaffirms the need to
understand the factors affecting conservation status
and target action to sustain key populations by
improving river habitat and the natural functioning
of river processes.

Conclusions

Our new approach for determining conservation
status should help to define what is needed
to conserve and restore alder-ash alluvial forest
and Atlantic salmon in the Cantabrian rivers.
The diagnostic approach can be applied to a
range of other habitats and species within the
Natura 2000 river network, so that conservation
action to maintain or restore natural ecosystem
processes can be more effectively targeted. This
is because the local effects of new or increased
pressures on habitats and species can be forecast
with reasonable confidence. Anticipating the

potential effects of climate change will also be an
important consideration. Because information on
conservation status and pressures can be made
available through a user-friendly GIS system the
benefits of the method as a decision-support
tool to support strategic environmental planning
can easily be demonstrated (IH Cantabria, 2010).
Nevertheless, the assumptions and rule-based
criteria used need to be tested further and refined
to improve confidence in the assessments and their
applicability to areas outside Cantabria.
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Annex 1 The main catchment variables used to characterize the 12 river types occurring in the Cantabrian region of
northern Spain. The estimated area of alder–ash alluvial forest (*91E0) is also shown.

River
type

Accumulated
length (km)

Accumulated
altitude (m)

Segment
slope (%)

Temperature
(◦C) *91E0 (ha)

1 6.6 76 0.2 14.4 0.9
2 3.4 130 2.2 14.2 61.8
3 191.9 643 0.5 14.1 237.1
4 11.7 326 2.8 13.8 185.0
5 63.9 750 1.5 13.2 250.9
6 3 574 5 12.8 80.6
7 2.4 838 10.4 12 39.5
8 32.1 1049 2.8 12.2 85.6
9 7.4 1341 8.9 10.6 17.8

10 3.6 977 4.2 10.6 31.9
11 16.3 1015 0.5 10.6 8.3
12 148.5 1067 0.4 10.8 85.0

Annex 2 The percentile 10 of alder–ash alluvial forest habitat relative area (%) occurring in each assessment unit size
(up to 2.5 km) and associated river type. These values were used as expected values for those river types with this
habitat as the dominant vegetation type in any vegetation polygon.

Assessment unit length (km)

River type Number of reference reaches 0.5 1 1.5 2 2.5

1 Not in Natura 2000 river network
2 4 21.2 22.7 22.2 23.1
3 5 4.1 4.3 4.5 5.4 6.3
4 8 0 0 0 0 0
5 49 0 0 0.3 2.3 2.0
6 36 0 0 0 0 1.8
7 45 0 0 0 0 0
8 28 0 0 0 0 0
9 37 0 0 0 0 0

10 54 0 0 0 0 0
11 35 Not a dominant formation
12 5 7.8 8.8 10.1 10.8 11.8
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Annex 3 Occupied, reference and vulnerable river length used to evaluate the distribution range and vulnerability of
Atlantic salmon in Cantabrian rivers. The percentage of lost river and vulnerable length is also shown.

River
Occupied

length (km)
Reference

length (km) Lost length (%)
Vulnerable
length (km)

Percentage
Vulnerable (%) Vulnerability

Agüera 0 27.7 Extinct Not evaluated
Asón 54.8 65.6 16.4 50.3 91.8 Vulnerable
Campiazo 0 19.5 Extinct Not evaluated
Deva 46.5 75.9 38.8 46.5 99.9 Vulnerable
Escudo 0 20.5 Extinct Not evaluated
Gandarilla 0 4.7 Extinct Not evaluated
Miera 24.7 43.1 42.8 22.5 91.3 Vulnerable
Mioño 0 5.4 Extinct Not evaluated
Nansa 16.0 58.8 72.7 16.0 100.0 Vulnerable
Pas-Pisueña 78.9 104.4 24.4 78.1 98.9 Vulnerable
Sabiote 0 4.7 Extinct Not evaluated
Saja-Besaya 15.5 126.3 87.8 15.5 100.0 Vulnerable
Total 236.4 556.6 57.5

Annex 4 Atlantic salmon population size and reference size, one-sea-winter (1SW) and multi-sea-winter (MSW) adult
ratio and adult female ratio estimated from angling captures in the year 2008 and density of fry in spawning gravels
estimated from electro-fished sites between July-September 2010 in Cantabrian rivers.

Variables Asón Miera Pas-Pisueña Nansa Deva

Population size (captures) 44.8 0.4 74.2 18.8 49.4
*3G population size (captures) 112.6 0 192.6 59 20.4
1SW / total adults 0.17 0.00 0.09 0.08 0.03
Female / male 0.00 0.00 0.64 0.50 0.50
Density 0+ (individuals m−2) 0.005 0.016 0.025 0.012 0.023
Diagnosis structure and composition Inadequate Inadequate Inadequate Inadequate Inadequate

*3G: estimate of population size three generations ago (benchmark level)
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Introduction

It is widely recognized that human activities
have resulted in significant changes to the
hydromorphology (flow characteristics and
fluvial geomorphology) and ecology of riverine
ecosystems globally and that to reinstate
morphological diversity, physical river restoration
may be required in many instances (Jansson
et al., 2007). However, significant questions
remain regarding the ecological ‘benefits’ resulting
from physical restoration measures on their
own (Harrison et al., 2004). Several species of
riverine flora and fauna have been extirpated or
disadvantaged by historic channel modifications
across much of lowland England (Brown, 2002;
Mainstone and Clarke, 2008). In many instances
river restoration (physical and ecological) may
not be possible without direct intervention or
re-establishment of target habitat features and/or
organisms (Jones et al., 2009; Thompson and Lake,
2010).

Floodplains are ecologically complex
environments that are frequently subjected
to change from both natural and anthropogenic
forces (Brown, 1997). Some natural river processes,
such as sedimentation and erosion, are episodic

and depositional units may vary in extent and
thickness owing to the variation in the magnitude
of sediment transport or depositional events. In
addition, the sedimentary record of past/historic
rivers may be biased by the erosion of pre-
existing deposits (Brown, 2002). River channel
changes may reflect high magnitude floods and in
particular human channel management activities,
including dredging, channel straightening and
widening (Figure 17.1). Owing to the potential
reworking of riverine sediments, obtaining suitable
stratigraphically dated sediment sequences can
be problematic when compared with lakes.
Riverine sedimentary sequence development
may be episodic because of alternating periods of
erosion and deposition (Greenwood et al., 2006).
In addition, owing to channel migration these
sequences typically represent relatively limited
periods of time (�500 years) compared with
lake chronologies. However, when evidence of
short-term changes is required fluvial sediments
provide a rich and diverse archive of aquatic
and terrestrial environmental change (Amoros
et al., 1987; Greenwood and Smith, 2005). These
records can be extracted from palaeochannels
produced as the river channel migrated across its
floodplain or from deposits isolated as a result of

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 17.1 Idealized representation of channel change
(straightening) typically identified from examination of
historic maps or aerial photographs between historic
surveys of the river.

channel management or realignment activities
(Plate 21). Once abandoned, the cut-off channel
may be subject to natural sedimentation processes,
although this may be punctuated by periodic
reactivation of flow during spates (Brown, 1997;
Howard et al., 2009).

Many rivers have been modified extensively
for centuries for a variety of purposes, although
some of the most significant modification of
rivers in Europe took place during the industrial
revolution (1760–1850) and in the UK during
the decades following World War II (post-1945),
in a drive to increase food security through
improved land drainage and associated flood
management (Mainstone, 2008). Historic river
channelization, involving straightening, deepening,
widening and re-profiling resulted in greatly
reduced habitat heterogeneity and significant,
although largely unquantified, changes in riverine
and floodplain biodiversity (Davis et al., 2007).
A better understanding of the geomorphological,
hydrological and biodiversity elements that have
been compromised or lost is required in order
to characterize the benefits of planned measures
to restore and reinstate channel form and
function (Newson and Large, 2006). To generate
this understanding in an environment where

human impacts have affected natural processes
over large spatial scales, palaeoenvironmental
and palaeoecological approaches may provide a
valuable insight into past instream conditions and
a direct comparison with contemporary channel
hydromorphology and the associated instream
community (Brown, 2002; Greenwood and Smith,
2005). Historic palaeoecological studies centred on
rivers, such as the Rhine, have demonstrated that
sub-fossilized insect remains (material that has not
been fossilized/mineralized owing to lack of time
or inappropriate conditions) within abandoned
palaeochannel sediments can be used successfully
to characterize the ‘original/natural habitats’ of the
River Rhine (Klink, 1989). Detailed examination
of the sub-fossilized aquatic insect community
and contemporary river fauna clearly indentified
the increasing impact of thermal pollution and
changes in nutrient status and increasing sediment
accumulation rates.

This chapter explores the potential use
of palaeoenvironmental and palaeoecologial
techniques in developing the concept of the
‘reference condition’ for river ecosystems.
It describes a range of biological proxies
available within riverine sediments to assess
palaeoenvironmental/ecological conditions and
outlines a method for examining the contemporary
channel, instream ecology and historic archival
data (maps and land drainage records). The
approach is illustrated with reference to a pilot
study undertaken on the River Eye (Leicestershire),
and shows how palaeochannel sediments may be
used to inform the conservation, management and
future restoration of lowland rivers in the UK.

Reference conditions

The need to identify ecological reference conditions
in freshwater ecosystems has occurred as a
result of legislation such as the European Union
Water Framework Directive (WFD; Council of
the European Communities, 2000) and the
United States Environmental Protection Agency
guidelines (USEPA, 2006). Historically, reference
conditions for river restoration have been based
primarily on routine physical and biological
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monitoring data from near-natural sites and
modelling simulations (Sandin and Verdonschot,
2006; Hawkins et al., 2010; Nestler et al., 2010).
These data typically provide short- to medium-
term records (typically �20 years) of instream
community and habitat composition (Monk et al.,
2007). In most instances, quantitative records of
instream ecological dynamics are only available for
the time period after the most significant human
impact to river systems. As a result many ‘reference
sites’ are typically located in headwater regions
(upstream of the most severe human impacts),
while lowland and somewhat larger sites, which
have experienced the most severe degradation, are
poorly represented. In some lowland river types,
even headwater reference sites may be unavailable
owing to large-scale land-use intensification across
whole catchments.

There are several methods available for defining
reference conditions for macroinvertebrate and
diatom communities in river systems, such as
RIVPACS (Wright, 2000) and DARES (Kelly et al.,
2008). RIVPACS (River InVertebrate Prediction
and Classification System) assesses river quality by
predicting the macroinvertebrate fauna expected to
be found in the absence of major environmental
stress and comparing this with the observed
fauna at each site (Wright, 2000). DARES
(Diatoms for Assessing River Ecological Status)
uses modern diatom assemblages to determine
reference conditions based on comparisons across
a number of sites. However, while diatoms can
be used to determine the level of impact, they
cannot at present be used in rivers for assessing
ecological status, as required for the WFD (Kelly
et al., 2008). In addition, neither RIVPACS nor
DARES can define a reference condition for a
riverine site in the absence of high quality/low
impact reference sites of a ‘similar’ type. As a result
there is a need for alternative approaches which
draw on palaeoecological and palaeoenvironmental
techniques. For many lowland rivers, with a long
history of management and human impacts, this
may be the only potentially viable method available
for the identification of historic instream ‘reference
conditions’.

Palaeoecological techniques are well established
and applied in the study of lakes across the globe,

although their application to river ecosystems has
been limited in comparison (notable exceptions
being: Ogden, 2000; Ogden et al., 2001; Brown,
2002; Smith and Howard, 2004; Greenwood
et al., 2006; Davis et al., 2007; Kelly et al.,
2008; Howard et al., 2009; Reavie and Edlund,
2010). It has been demonstrated that it is
possible to identify lentic and lotic sediment
deposits before the first evidence of human
activity and use these to define ‘pristine’ reference
conditions (Bennion et al., 2011). However, this
and other research has also clearly recognized
that pristine systems are not static and that
natural variability occurs over short (inter-annual
to decadal) and long (centennial to millennial)
time-scales. It is also increasingly acknowledged
that a ‘pristine’ reference condition is not always
the most useful, appropriate or achievable in
the study of lakes or rivers and that a more
pragmatic approach may be required. Bennion et al.

(2011) proposed the use of a ‘reference’ concept
that incorporates: (1) the extent of degradation
recorded contemporaneously compared with a
historic state/condition; and (2) the potential for
recovery (natural or associated with restoration)
in the absence of human impacts. Based on these
criteria a range of reference conditions can be
identified across many catchments at a regional
scale, prior to significant industrial or agricultural
events throughout the period of human impact.
These conditions may vary from specific periods
(e.g. industrial revolution – 1860–1850; or the
periods of agricultural intensification – e.g. post-
1945 in the UK), through to dates when disruption
of longitudinal or lateral connectivity within the
fluvial environment occurred (e.g. construction of a
dam or mill, or land drainage activities). As a result
it may be more appropriate to consider multiple
reference conditions as a series of benchmarks
rather than a target for restoration activities.

Palaeoecology and habitat
restoration

Advances in the field of palaeoenvironmental and
palaeoecological research have centred primarily
on lakes and the development of quantitative
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reconstruction techniques, in the form of transfer
functions for nutrients, pH and salinity over
varying time-scales (Bennion et al., 2001; Anderson
et al., 2006; Battarbee et al., 2011). Recent research,
centred on the palaeochannel sediments of former
active river channels, has demonstrated that it
is possible to reconstruct in-channel habitat and
floral and faunal community characteristics based
on the sub-fossil remains of aquatic invertebrates
from the late-glacial through to the modern
period (Greenwood et al., 2003; Davis et al.,
2007). When this information is combined with
historic data in the form of maps, archival
records and aerial photographs it allows the
exploration of the recent fluvial geomorphological
and biological change and the identification
of features (habitats or organisms) that have
suffered from historic management operations or
environmental degradation, to be identified.

Such evaluations have direct relevance to
the scientific underpinning and generation of
strategic physical restoration plans for rivers,
working alongside strategic plans for addressing
other human impacts, such as pollution and
unsustainable water use. Results can potentially be
used to identify appropriate restoration measures,
based on a knowledge of lost or disadvantaged
habitats and species, and to provide a transparent
ecological and biodiversity justification for those
measures when seeking to secure operational
resources for their future restoration and
conservation. Strategic physical restoration
plans are being developed for riverine Sites of
Special Scientific Interest (SSSIs) across England,
including those designated as Special Areas of
Conservation under the EC Habitats Directive
(Mainstone and Holmes, 2010). These plans have
long-term objectives and accommodate natural
and assisted natural recovery processes, and can
benefit in the short, medium and long term from
the results of palaeoecological evaluations. More
widely, the WFD is emerging as a potentially
powerful driver for the physical restoration of
river habitats, and over time should lead to the
development of further river restoration plans that
would benefit potentially from palaeoecological
information of historic instream conditions and
community composition.

A range of potential proxies exist within
palaeochannel sediments including diatoms,
pollen, plant macrofossils, aquatic insects and
gastropods (Greenwood et al., 2003; Davis et al.,
2007) which have been used to characterize
instream habitats and conditions over historic
timescales (Gandouin et al., 2005; Greenwood
et al, 2006; Howard et al., 2010). Some proxies,
particularly diatoms, are widely used in lentic
and lotic ecosystems to reveal contemporary and
palaeolimnological change (Gell et al., 2005; Kelly
et al., 2008). They are increasingly used to help
support decision making in river management
(Kelly et al., 2008) and in conjunction with
transfer functions can be used to infer past/palaeo
conditions for a number of ecological and water
quality parameters and for nutrient levels (Reavie
and Smol, 1997; Gell et al., 2005, 2007). However,
within the current investigation, the use of four
aquatic invertebrate proxies (aquatic Coleoptera,
Trichoptera, Chironomidae and Gastropoda)
are examined in detail. All four proxies display
long-term genetic stability with morphological
consistency seen in their exoskeleton and
shell features (Lowe and Walker, 1997). This
enables direct cross-referencing of fossils with
contemporary samples.

Coleoptera
The use of sub-fossilized insect remains recorded
in river sediments as proxies has historically
centred on the elytra (wing cases) and pro-notal
plates of aquatic and terrestrial Coleoptera (beetles)
(Coope, 1986) which have been widely used
in palaeoenvironmental investigations of rivers
(Coope et al., 2002; Elias, 2006). Many taxa
display adaptations to specific instream habitats
and preferences for substratum, flow velocity
and thermal ranges (Coope, 1986; Greenwood
et al., 2006). The sub-fossil remains are easily
extracted from river sediments and can provide
comprehensive palaeoenvironmental information
(Coope, 1986). Smith and Howard (2004) for
instance, used groups of aquatic beetles to
characterize the palaeodischarge rates of streams.
More recently the preferences set out in the Lotic
Invertebrate Index for Flow Evaluation (LIFE)
have been applied successfully to palaeochannel
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sediments to reconstruct historic flow regimes in
the River Trent catchment (Greenwood et al.,
2006).

Trichoptera larvae
Trichoptera (caddis flies) are associated with
almost all types of water body and are widely
used as environmental indicators (Chessman
et al., 2006; Greenwood et al., 2006). Trichoptera
are comparatively under-used in the field of
palaeohydrology and palaeoecology although
the head capsule (especially the frontoclypeal
apotome) and thoracic plates (from the mesonotum
and pronotum) are well preserved in both river
and lake sediments (Greenwood et al., 2003).
Trichopteran head capsules and thoracic plates
are sclerotized and are well preserved if deposited
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Figure 17.2 Vertical distribution of sub-fossil Trichoptera and Coleoptera from an idealized palaeochannel deposit
indicating the transition in community structure from a predominantly lotic to lentic community (between 110–100 cm
depth) resulting from channel cut-off (after Howard, 2007).

in-situ. However, they are not resistant to
erosion and if subject to transportation usually
experience severe degradation and fragmentation
(Williams and Eyles, 1995). Each family and
most species of Trichoptera display distinctive
patterning and arrangement of setal pores on the
frontoclypeal apotome, allowing identification
to species level in many instances (Plate 22).
These factors, when combined with knowledge
of their ecology, provide an accurate means of
reconstructing past environmental conditions
within palaeochannels (Greenwood et al., 2003,
2006). This may be particularly valuable in
identifying the timing of channel cut-off or
isolation following anthropogenic diversion, by
observing the change in characteristic fauna of
lotic (e.g. Hydropsyche contubernalis) to lentic (e.g.
Phryganea bipunctata) conditions (Figure 17.2).
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Chironomidae
Chironomids (non-biting midges) have been
widely used in the study of palaeoenvironments
to assess the trophic status of lakes (Langdon
et al., 2006). Since the early 1990s the sub-
fossil chitinous head capsules have been used
as indicators of palaeo-temperature, dissolved
oxygen, pH, salinity and wider palaeo-climate
characteristics (Brooks, 2006). The sub-fossilized
head capsule remains of chironomid larvae have
received considerable attention in lakes; although
they were initially overlooked and ignored in
rivers because of the assumption that larval head
capsules were not well preserved and/or present
in very low abundances (Elias, 1994). However,
this assumption has recently been challenged by
Gandouin et al. (2005) and Howard (2007) who
reported that chironomid remains are typically
more abundant than those of either Coleoptera
or Trichoptera. Both Gandouin et al. (2005) and
Howard et al. (2010) have successfully linked
palaeochannel chironomid assemblages with
channel evolution, and instream habitat and flow
variability.

Gastropoda
Gastropod shells are preserved in a wide range of
sediments where there is a sufficient amount of
calcium carbonate. Non-marine molluscs are one
of the most common groups of macrofossils to
be found in palaeo-deposits and dominate fossil
assemblages in freshwater tufas (Ložek, 1986).
Larger species have characteristic shells that can
be easily identified in the field, and in general
where gastropods are found they are usually
found in large numbers, providing easy and
accurate analysis (Ložek, 1986). Compared with
insect proxies, fossil gastropod shells are readily
transported and eroded in flowing environments.
However, they can provide a clear indication of
channel isolation/cut-off and the transition from
flowing to standing water conditions.

Multi-proxy analysis

The potential accuracy of reconstructing past
riverine environments and communities has

been greatly enhanced through the use of
multiple indicator groups/organisms (a multi-
proxy approach). Individual proxies, such as
Trichoptera or Coleoptera, may be sensitive to
specific environmental factors such as temperature,
pH or stream flow velocity. Each proxy provides
a record of variability which, when combined,
may facilitate the identification of common/
contemporaneous trends across different faunal
groups that may be overlooked or obscured if
examined independently. For example, Trichoptera
remains are typically more abundant in the fossil
record when the channel was flowing actively
and Coleoptera usually occur more frequently
under lentic conditions, with the exception of
Elmidae (riffle beetles). As a result these two
proxies can be used effectively to indicate the
timing of channel cut-off or oxbow lake formation
(Figure 17.2). If the floral or faunal remains from
the palaeochannel sediments can be identified
to an appropriate taxonomic level, knowledge
regarding the preferences for individual species
that influence the distribution and abundance can
aid interpretation and allow an environmental
reconstruction of the past riverine conditions to be
made.

Case study – River Eye,
Leicestershire, England

Several rivers designated as Sites of Special
Scientific Interest in England have been identified
provisionally as potential candidates for future
restoration (Mainstone, 2007). Following initial
screening, the River Eye (Leicestershire) was
selected for a pilot study of the proposed method
outlined above. The River Eye has been designated
as an exceptional example of a semi-natural
lowland clay stream (Natural England: http://
www.sssi.naturalengland.org.uk/citation/citation
photo/1001178.pdf). The River Eye rises at
Bescaby, approximately 10 km north east of
Melton Mowbray in Leicestershire, later to
become the River Wreake, downstream of
Melton Mowbray. The river flows for 21 km
before joining the River Soar. The geology of
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the catchment consists primarily of Jurassic and
glacial clays, although there is also a groundwater
influence on river flow from the underlying
Jurassic limestone (Natural England: http://www
.sssi.naturalengland.org.uk/citation/citation photo/
1001178.pdf). The study site in this investigation
is a 1.4 km reach of the river, which flows
through pasture land and is dissected by a flood
alleviation impoundment and a railway line.
Parts of the SSSI are considered to be in an
unfavourable condition due to the operation of
impoundments, dredging activities and diffuse
agricultural runoff, all resulting in sedimentation
and nutrient enrichment.

Contemporary conditions and
archival data

A survey of the river was undertaken to determine
contemporary hydromorphological features
and to identify suitable sedimentary deposits
for palaeoenvironmental analysis. This survey
identified an in-channel island, which had been
stabilized by terrestrial vegetation, including a large
willow tree. Using an increment borer this tree
was examined to determine its minimum age (47
annual growth rings) an indication that the latest
date of initiation of tree growth, and earliest date
of flow cessation and terrestrialization of the site
(latest date of island formation was 1962).

The nature and magnitude of recent/historic
natural channel movement and/or anthropogenic
modification of the channel shape and form was
examined using historic Ordnance Survey maps
with survey dates of 1887, 1959, 1977 and the most
recent survey. This information was complemented
by records of land use and changes associated
with land drainage and flood alleviation, provided
by the landowner/tenant, dating back for more
than 75 years. Detailed examination of historic
maps indicated that the channel had not moved
laterally throughout the 123-year period since the
first survey and that its form had remained stable.
However, significant ponding of the study reach
occurred owing to the presence of a weir in the
town of Melton Mowbray, approximately 2 km

downstream. As a result of the ponding, the natural
pool–riffle sequence had changed and the number
of riffles had been reduced, particularly at the
downstream end of the reach. More recently a
flood alleviation dam had been constructed which
was used to retain water and prevent flooding
of Melton Mowbray during periods of high water
flow.

Analysis of contemporary and
palaeo communities

The contemporary instream macroinvertebrate
community was examined from a representative
range of instream habitats (pools, riffles, runs and
marginal vegetation) using both semi-quantitative
kick samples and quantitative Surber samples. The
palaeochannel sediments and community were
sampled using a sediment pit on an instream island
(dated by the presence of a large willow tree at
least 47 years old). In addition, sediment cores
(1 m long) were extracted from palaeochannel
depressions on the adjacent floodplain using
a Cobra corer. Ongoing research is aimed at
confirming the chronology using lead 210 (210PB)
and caesium 137 (137Cs) dating techniques. These
data, in association with data obtained from
the Environment Agency of England and Wales,
provided a contemporary baseline dataset. A total
of 50 taxa were recorded, including five Coleoptera,
12 Trichoptera and 14 Gastropoda taxa.

Examination of the Coleoptera, Trichoptera
and Gastropoda present in both contemporary
and palaeo-samples from the River Eye showed
that a greater number of taxa were recorded in
the contemporary samples (31 taxa) compared
with the historic palaeo-sample (26 taxa). The
palaeo-community from sediments beneath the
instream island indicated that before isolation/
terrestrialization the site was a relatively fast-
flowing riffle. A total of four Coleoptera and
five Trichoptera taxa were common to both the
palaeo and contemporary samples. Two riffle
beetle taxa (Elmidae – Limnius volckmari and Riolus
subviolaceus) and three Trichoptera (Hydropsyche

sp., Brachycentrus subnubilus and Athripsodes
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Table 17.1 Coleoptera and Trichoptera taxa recorded
from palaeo-sediments and the contemporary channel of
the River Eye, Leicestershire.

Species Palaeo Contemporary

COLEOPTERA
Haliplus ruficollis group x

√
Nebrioporus depressus (F.)

√ √
Helophorus brevipalpis Bedel

√ √
Helophorus sp.

√
x

Elmis aenea (Müller)
√ √

Limnius volckmari (Panzer)
√

x
Oulimnius tuberculatus

(Müller)

√ √

Riolus subviolaceus (Müller)
√

x

TRICHOPTERA
Agapetus fuscipes (Curtis) x

√
Tinodes waeneri (L.) x

√
Polycentropus flavomaculatus

(Pictet)
x

√

Hydropsyche pellucidula
(Curtis)

√ √

Hydropsyche siltalai (Döhler)
√ √

Hydropsyche instabilis x
√

Hydropsyche sp.
√

x
Brachycentrus subnubilus

(Curtis)

√
x

Lepidostoma hirtum (F.) x
√

Halesus radiatus (Curtis) x
√

Limnephilus lunatus Curtis x
√

Goera pilosa (F.)
√ √

Athripsodes aterrimus
(Stephens)

√
x

Athripsodes bilineatus (L.)
√ √

Hydroptila sp.
√ √

aterrimus) were unique to the palaeo-samples
(Table 17.1). Most of the gastropods recorded in
the contemporary samples were recorded from
macrophytes in slow-flowing and marginal areas
(with the exception of Theodoxus fluviatilis and
Ancylus fluviatilus), and as a result they are not
considered further here.

The results indicate that broadly similar faunal
communities occur within the riffle habitats of
the River Eye circa 1962 and contemporaneously.
However, two riffle beetle taxa (Limnius volckmari

and Riolus subviolaceus) and two Trichoptera taxa

(Brachycentrus subnubilus and Athripsodes aterrimus)
present in the palaeo-sample were notably absent
from the river today. These taxa are typically
associated with coarse-grained substrates and
instream vegetation, suggesting that there has
been an increase in the volume of fine sediment
input and a reduction in aquatic macrophyte
growth (Gunn, 1985; Dietrich and Waringer, 1999;
Wallace et al., 2003; Smith and Howard, 2004).
In addition, the overall reduction of riffle habitat
availability due to ponding means that availability
of habitat for the historic ‘benchmark community’
may be confined to a relatively small number of
localities on the River Eye today. However, given
the similarities between the contemporary and
historic Coleoptera and Trichoptera communities,
it suggests that appropriate restoration measures,
addressing the availability of riffle habitat and
fine sediment input, may assist the recovery and
expansion of the benchmark community type
recorded.

Future prospects

The results of the pilot study suggest that the
proposed method enables the identification of a
benchmark community, including details of the
taxa that may have been extirpated historically
and more recent colonizers. This information will
help those agencies engaged in managing the
contemporary system, and for planning future
conservation and restoration activities, by directly
supporting research and management efforts
centred on the physical and ecological restoration
of river SSSIs in England being undertaken by
Natural England. In addition, the results generated
from this research will support the work of the
Environment Agency in implementing the WFD.
However, further analysis of other historic localities
(palaeo-sediments) on the River Eye is essential
to characterize the communities associated with
historic pools, backwaters and ‘run’ habitats
(Amoros et al., 1987). On the River Eye, this will
allow historic instream biodiversity to be more
fully quantified. Research at present is examining
lateral sediment deposits and those associated with
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an historic mill located on the river and should
provide further valuable information regarding
the structure and composition of benchmark
communities.

The method presented here is currently being
applied and tested at two other lowland sites (River
Wensum, Norfolk and River Hull, Yorkshire).
On both of these rivers, the active channel
has been moved historically (realigned) to
increase land drainage and the dates of these
operations are known. The historic channels
are still present although floodplain succession
has transformed them into shallow wetland
habitats. The underlying river sediments, last
active immediately before engineering works,
can be easily sampled by coring and/or sediment
pits, and provides an excellent opportunity to
establish benchmark conditions for both rivers.
Given that future restoration activities are likely
to occur, the information provided by examining
the palaeochannel sediments and the sub-fossil
remains they contain, will also serve as a valuable
benchmark for post-restoration monitoring of
recovery of the instream community.

An important future challenge will be to
develop protocols that maximize the usefulness
of palaeoecological data in the development and
support of strategic physical restoration plans.
Judicious site selection for sediment coring is
central to such protocols. Sites must be chosen
to have sufficiently broad relevance to whole
river systems to allow extrapolation of results
to unsurveyed reaches. Combining the use of
palaeoecological data and historical information on
physical channel modifications will help to evaluate
the likely spatial extent of losses of functional
riverine habitats and their associated biota.
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CHAPTER 18

The Espace de Liberté and Restoration of
Fluvial Process: When Can the River
Restore Itself and When Must we
Intervene?
G. Mathias Kondolf
Department of Landscape Architecture and Environmental Planning, University of California, Berkeley, USA

Introduction

As the sciences of fluvial geomorphology and
river ecology have progressed, the dependence of
alluvial river channel form upon fluvial process
has become better understood. In place of the
traditional notion that ‘stability’ was desirable in
ecology, there is an increasing recognition that
disturbance is not only inevitable in many systems,
but is also vital to their regeneration (Naiman
et al., 2005). Channel dynamics, bank erosion,
deposition and recruitment of large wood to
the channel are now understood to be essential
processes for the creation of complex and diverse
channel habitats (Gurnell et al., 2002; Florsheim
et al., 2008) as well as the diverse floodplain
habitats (Stanford et al., 2005) needed by many
valued species. The 2010 River Conservation and
Management Conference in York (on which this
volume is based) provided an opportunity to look
back at how the field has evolved since the
first conference in 1990 (Boon et al., 1992). It
is notable that river restoration became popular
in North America earlier than in Europe, and
early projects reflected notions that channel
stability was inherently desirable. These concepts

still exert strong influence in much of North
America, reflected in the paradigm of designing
a stable, single-thread, meandering channel as an
ideal goal in river restoration that is still widely
accepted in many regions of America (Kondolf,
2006). By the time river restoration became
widespread in Europe, especially in response to the
requirements of the Water Framework Directive
(Council of the European Communities, 2000),
the field had integrated more advanced concepts
of the fluvial process as a basis for ecosystem
restoration, in effect leap-frogging over the ‘stable-
meandering-channel’ paradigm in which much
of North American practice is still mired. The
River Drau in Austria provides an illustration.
From 2001–2003, bank revetments were removed
from three formerly stabilized reaches to allow
self-forming river processes to occur (Formann
et al., 2007). In one reach, revetments were
removed and a secondary channel reconnected
to the mainstem to encourage dynamic erosion
and deposition (Figure 18.1). As a result, the
channel is now wider, with a greater range of
water depths and high structural diversity (Figure
18.1b). Ironically, the pre- and post-restoration
images are opposite to that which one typically

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 18.1 The River Drau at Klelach-Lind, Austria. A) oblique aerial view October 2001, showing pre-restoration
condition: a single-thread channel with fixed banks. B) same view in June 2004, showing condition after bank
protection removed and side channel re-connected to main river flow, with banks actively eroding, channel aggrading,
and complexity increasing. From Habersack and Piégay (2008), used by permission.

sees in presentations of stream restoration projects
in conferences attracting practitioners in North
America, where braided channels are typically
viewed with suspicion and the curved single-
thread, the stable channel in the left-side image
(Figure 18.1a) would be accepted implicitly as the
desirable goal. The main difference is that these
North American projects would utilize what are
termed ‘natural materials’ such as the root wads
of trees and boulders, rather than uniformly-sized
rocks, in order to stabilize the bank. Such stream
restoration projects are now required as mitigation
for development impacts in some parts of the
US, with a highly developed ‘stream mitigation
banking’ programme in North Carolina, which

requires construction of such single-thread stable
channels (Lave et al., 2008; BenDor et al., 2009).

Given that dynamic fluvial processes create the
complex habitats needed by native species, it
follows that the most effective restoration strategy
is to set aside a zone within which riverine
processes can function without conflicting with
human uses, termed variously the ‘espace de liberté’,
‘erodible corridor’ (Piégay et al., 2005), ‘fluvial
territory’ (Ollero, 2010), or ‘channel migration
zone’ (Rapp and Abbe, 2003). This approach
can be viewed as not truly ‘restoration’ but
as ‘preservation’ of what is already working.
Nonetheless, it is probably a more effective use
of restoration funds than most projects involving
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active intervention and physical changes to the
channel.

The next most effective restoration strategy
would be restoration of processes (Beechie et al.,
2010). Examples include high flows released
from reservoirs, gravel added to sediment-starved
channels downstream of reservoirs, and removing
dykes that block flood waters from inundating
floodplains. In these cases, by restoring the
processes the river can be expected to create
complex forms (and thereby diverse habitats).
The approaches that are least sustainable and
least likely to succeed are those that attempt to
create directly, through mechanical action, the
complex habitats of the natural river (especially

Figure 18.2 The suitability of the espace de liberté vs other, more intrusive river management approaches, as a function
of degree of urban encroachment (x-axis) and available stream power and sediment (y-axis). See text for explanation.
From Kondolf (2011).

if the restoration goals are based on outdated
notions of stability as the desired state of the
ecosystem).

If the espace de liberté is the most sustainable
approach, how can it be implemented universally?
There are urban environments in which buildings
and infrastructure have so encroached to the river
banks that there is insufficient room for an active
corridor. There are low-energy, low-sediment-
load streams whose spontaneous recovery from
channelization or other such impacts might take
centuries, if indeed it were to occur at all. We
can envisage the effects of these two factors
on the potential for effective implementation of
the espace de liberté approach (Figure 18.2). The
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greatest potential for the approach is in the
upper right corner of the bivariate plot, where
stream power and sediment supply are high, and
where there is relatively little urban encroachment
up to the banks. Where stream power and
sediment load are low, whether the condition
be natural (reflecting catchment geomorphology)
or resulting from human-induced changes (such
as reservoir-reduced flow regime and sediment
load), the river does not have the capacity to
erode, deposit, and rebuild its complex forms,
at least not in time scales demanded typically
by the public for visible restoration projects.
Below dams, flow dynamics and sediment loads
can be partially restored through reservoir re-
operation and sediment augmentation (centre).
However, high stream power and sediment load
are not sufficient in themselves, because even
a potentially dynamic channel could not be
permitted to erode, deposit, and migrate if there
is a high degree of urban encroachment up to
the banks. In such cases, natural elements can
be incorporated into restoration schemes, but
the channel must typically be hardened to resist
erosion and undermining of infrastructure. In
highly urban settings, ‘restoration’ of straightened
or canalized channels can be likened to ‘gardening’,
in which desired elements can be incorporated into
the projects, but they are not sustained by present
fluvial process, and thus require maintenance.
In such highly urban settings, social benefits
may outweigh ecological (left side of diagram).
With high-value land uses (such as premium
vineyards) adjacent to channels that are not
highly dynamic, zones most vulnerable to bank
erosion can be identified and infrastructure set
back in advance of erosive high flows, an approach
termed anticipatory management, which plots in an
intermediate position, just below and to the left of
the espace de liberté approach (Figure 18.2).

Clearly, the espace de liberté is not a feasible
approach for river management everywhere.
However, it can be applied far more broadly
than it is at present, especially in North America,
where – even in rural settings where infrastructure
constraints are lacking and there is a high ecological
potential from a dynamic channel – meander bends

have commonly been hardened with boulders and
large wood (Kondolf, 2006).

The potential to give the river a corridor is
illustrated by two case studies in contrasting
settings, one in peri-urban Geneva, Switzerland,
the other in rural California, USA.

The Aire, Geneva: a
peri-urban river

The Aire drains a 100 km2 catchment, flowing
northward from the Salève range and glacial
moraines in France onto the Plaine de L’Aire, a
broad basin through which the Aire is naturally
unconfined and alluvial (Figure 18.3). As it enters
the basin, the Aire flows northward over its
alluvial fan to the village of Lully, then flows
eastward at a lower gradient with a meandering
pattern, ultimately joining the Arve just above
its confluence with the Rhône, in Geneva. To
understand the constraints and opportunities facing
managers on the Aire, it is useful to summarize the
geomorphic context and history of interventions.

As the Aire flows onto the Plaine de L’Aire
(from the town of St Julien), it descends across
its alluvial fan with an active, braided channel.
This reach was shown on the 1810 cadastral
map as having a channel about 100 m wide,
within which a narrower lit mineur was shown
in the carte Dufour of 1871 (Figure 18.4).
Following a large flood in 1876, dykes were
built to create a sediment basin within the wide,
braided lit majeur; the basin has been dredged
periodically to remove sediments accumulated in
wet years. Downstream of Lully, the first 3 km of
the single-thread, meandering channel (sinuosity
1.46), was straightened artificially and converted
to a trapezoid with concrete banks and bed in
the 1930s. This ‘channelized reach’ had a higher
gradient (increased from 0.005 to 0.007), draining
adjacent agricultural lands efficiently and routing
flood waters downstream more quickly, increasing
peak flood discharge. In the 1960s, the reach
of the Aire furthest downstream was put in
an underground culvert to permit building of
industries and a major highway over its former
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Figure 18.3 Location map of the Aire River, Canton of Geneva.

course (DIAE, 2003). However, if the culvert’s 66
m3s−1 capacity is exceeded, parts of the industrial
area will be flooded. In 1987, a flood bypass
structure was completed 500 m downstream of
the autoroute N1 bridge. Its function is to protect
houses built on the floodplain downstream of the
Pont des Marais (DIA 2003), by diverting 45 m3s−1

into a bypass tunnel that flows directly to the
Rhône, for a total capacity of more than 100 m3s−1.
The Aire neatly illustrates the challenges faced
by urban rivers in industrialized societies. Flood
peaks have increased because of urbanization and

the increased extent of impermeable surface in
the catchment, while urbanization encroachment
onto floodplains has increased the population and
infrastructure vulnerable to damage by floods.
The channelized reach of the Aire is typical of
the approach to river management of its epoch:
channel simplification and increased effectiveness
of flood conveyance. However, while the canal
drained the agricultural lands more effectively, to a
large extent it simply displaced (and exacerbated)
the flood problem downstream, delivering flood
waters more quickly and with larger peak flows
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Figure 18.4 The Aire River as depicted on the Carte Dufour of 1871, showing wide dynamic lit majeur on the alluvial
fan reach.

than before. The existence of a subterranean
culvert under a densely developed part of the
city is also typical. While it solved a problem at
the time, it is a supremely inflexible approach
in that the capacity of the subterranean culvert
cannot be increased, except by exhuming the
culvert and increasing its dimensions – a project
whose costs and disruption would be prohibitive.
The appearance of houses on the floodplain
downstream of the Pont des Marais, despite policies
intended to prevent settlement on such flood-
prone lands, is also typical. In response to the new
population at risk, the public agencies’ response
was to implement an engineering solution (the
flood bypass) rather than buying out badly-sited
dwellings (politically unpopular). The flood bypass
to the Rhône is useful as it also helps manage

flood waters that would threaten the industrial
area above the culvert downstream. As the climate
changes, more intense precipitation and thus more
intense floods are anticipated in coming decades.
Thus, there is a need to find ways to manage flood
waters in excess of the system’s current capacity.

While the river’s ecosystem has suffered greatly
from human modifications, below the channelized
reach and above the entrance to the culvert the
river remains remarkably intact and with strong
ecological values (between the Pont de Marais and
Pont Rouge, Figure 18.5). Societal expectations
today call for greater ecological integrity of
waterways, not only for biodiversity, but also
to allow natural processes of self-purification
to function, and to provide opportunities for
children to play and adults to relax beside streams.
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Figure 18.5 Between the Pont des Marais and Pont Rouge the Aire retains many natural qualities, despite receiving
runoff and sediment load from the disturbed reaches upstream. Photo by author, October 2010.

Throughout Switzerland and Europe generally, the
past three decades have seen an explosion of
restoration projects, many of which have involved
restoring meander bends to straightened river
channels, and removing bank protection to allow
the rivers to erode, deposit, and shift their course,
within a delimited corridor (Brookes, 1987; Binder
et al., 1993; Brookes and Shields, 1996). These
projects have become ubiquitous on small streams,
especially in rural areas where conflicts with
infrastructure are minimal, and are also observed
increasingly on larger rivers (such as the Danube
in Baden Wittenburg) and in urban settings
with more complex constraints. By re-establishing
meander bends, the overall gradient of the river is
reduced, and flow patterns become more complex.

This, in combination with the removal of hardened
bank structures creates opportunities for erosion,
deposition and creation of complex fluvial forms
that in turn provide habitats for a variety of species
and life-stages (Habersack and Piégay, 2008).

Thus, both flood control and the river ecosystem
were in need of improved management. The
Canton of Geneva revised its water law in 1997
to require improved water quality, enhanced
ecological values and better public access to
the Aire, and established a fund to support
revitalization of the river. After completing
studies of hydrology, landscape, ecology and river
management to provide a basis for a restoration
strategy (DIAE, 2003) the Canton selected the
proposal of the group Superpositions, led by
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Table 18.1 Objectives of the revitalization of the Aire River, Geneva.

� Reducing downstream flood risk by using the floodplain to store flood waters through construction of two dykes
normal to the direction of flow, designed to retain flood waters, and in a future phase to construct an above-ground
stream channel downstream of the Pont Rouge, which will serve to convey flood waters in excess of the capacity of the
subterranean culvert.

� Revitalization of dynamic channel processes by removing concrete banks and armoured bed, and in places lowering
the adjacent floodplain to create a wider lit majeur.

� Re-routing the river into a large northward meander bend, which was cut off artificially from the river during the
canalization project of the 1930s.

� Creating a meandering lit majeur, with erodible banks, immediately south of the canal.
� Establishing an 80 m wide wildlife corridor along the channel by converting agricultural lands to riparian habitat.
� Retaining the canal as a human artifact, to serve as a trail and parkland, recreating the meandering channel to the

south of the canal. The canal will be partially filled in, its north bank developed as the continuous trail, with
recreational opportunities provided in the partially-filled canal. Human use will be encouraged in the canal and trail,
thereby taking pressure off the restored channel and riparian corridor.

Geneva landscape architect Georges Descombes,
to revitalize the river. The restoration approach
sought to allow the Aire to recreate its own
complex morphology, while providing access for
the large urban population nearby, and providing
flood retention (Table 18.1).

Revitalization of the Aire has been under way
in three phases since 2002, allowing the stream to
migrate as much as possible given infrastructure
constraints, restoring the channel to a meander
bend that had been cut off artificially, while
retaining portions of the artificial channel as a
human artifact, adapted to provide recreation for
users from the surrounding urban area. Artificial
elements such as poured concrete steps define the
banks at key points, stabilize the channel at critical
infrastructure points and provide human access
points, contrasting with the dynamic channel
nearby.

Dykes cutting transversely across the floodplain
along with channel control structures, will create
two retention basins on the floodplain, to
limit flows downstream to the flood bypass
and underground culvert to 70 m3s−1, the
combined capacity of these two downstream
components.

In the final phase (affecting most of the
channelized reach) now under review, the
designers propose to create a wide lit majeur

within which a narrow lit mineur is expected to

develop and migrate. In response to concerns that
a featureless bed for the wide lit majeur would
lack habitat value and visual appeal, and calls for
cutting a pilot channel to provide some deeper
water for fish, the designers’ proposal (Figure 18.6)
is an intriguing one: they propose to excavate
diamond-shaped depressions in the bed to create
an initial ‘lozenge’ pattern, which will provide
some initial bed complexity whilst presenting a
compelling landscape design. The expectation is
that this pattern will be a formalized beginning
to recovery of the braided pattern that existed
historically in this reach, while the traces of the
mechanical excavation will be erased over time,
perhaps gradually by a series of small floods, or
perhaps at once in a large flood.

Upstream of the flood bypass, the Aire
experiences a wide range of flows, including
frequent geomorphically competent flows. The
bypass system is designed to allow floods to
increase within the channel up to 45 m3s−1, such
that the channel of the Aire still has energy to
erode and deposit. That the Aire has sufficient
sediment supply to build complex channel forms
is demonstrated by the rate of sediment deposition
in a deep ‘pool’ that was excavated to provide
a deep-water fish habitat (and which filled in
with gravel and sand within a year) and the
abundant and mobile gravel bars in the natural
reach downstream of the bypass, where slower
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Figure 18.6 The ‘lozenge’ approach to jump-starting channel complexity on the Aire, as illustrated (a) in a conceptual
diagram and (b) in the restoration plan. Source: ADR Architectes, Geneva, used by permission.

velocities allow deposition that is not possible in
the high-energy channelized reach.

The Aire can be located in the upper right of
Figure 18.2, in the lower left of the espace de liberté
space. The approach is clearly to give the stream a
corridor, though the surrounding urbanization set
constraints on the width and longitudinal extent
of the corridor, and provides a constituency for
restoration and a clientèle to use the human
access features created. Unlike many conventional
‘restoration’ projects in North America, which seek
to create a stable idealized form, even where the
channel could migrate freely with infrastructure
conflicts, the restoration concept for the Aire
identified the zone within which the river could
be ‘free’ and removed constraints on its lateral
mobility.

Deer Creek, California:
restoring lateral and vertical
connectivity in a rural stream

In a very different context, Deer Creek, a tributary
of the Sacramento River, drains 540 km2 of the
southern Cascades Range, flowing south west onto
the Sacramento Valley floor (Figure 18.7). Deer
Creek traverses its alluvial fan for about 17 km
before joining the Sacramento River. A rural area
in the interior of California, land use is primarily
livestock grazing and orchards. Historically, flood
flows would overtop the current channel of
Deer Creek and occupy some of the multiple
channels across the fan surface, clearly visible in
the crenulation of contour lines on the topographic
map (Figure 18.8).
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Figure 18.7 Location map of Deer Creek, Sacramento Valley, California.

In 1949 the US Army Corps of Engineers
undertook a project to control flooding along
Deer Creek, by straightening and clearing the
channel, and constructing levees along much of
the lower 11 km of Deer Creek. Upon completion
of the project, responsibility for maintaining the
levees was given to the local government (Tehama
County Flood Control), with responsibility for
the channel bed to the State of California
Department of Water Resources, which cleared

the channel of accumulated gravel and vegetation
in the 1980s. Since the levees were constructed,
three floods have broken through the left bank
levee about 8 km upstream of the Sacramento
River confluence, allowing flood flows across the
adjacent alluvial fan (Figure 18.9). After the most
recent flooding (1997), there was strong interest
among local residents and landowners to find a
more sustainable solution to flooding along Deer
Creek.
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At the same time, Deer Creek is a critical
habitat for the remnants of spring-run chinook
salmon (Oncorhynchus tshawytscha), a species listed
as threatened under the US Endangered Species
Act. As the Sacramento River and its major
tributaries were dammed in the 20th century, Deer
Creek (along with other small tributaries, Mill and
Butte Creeks) assumed greater importance as a fish
habitat. The salmon traverse the lower, alluvial
reach en route to remote canyons cut into volcanic
rocks that offer them suitable spawning and rearing
habitat. Autumn-run chinook use the alluvial
reach for spawning, and spring-run, winter-run,
and other salmonids, mostly from other drainages,
use the alluvial reach for (non-natal) rearing.
However, habitat quality is limited by lack of
riparian vegetation and shade, the channel form
is very simple, and the gravel sizes (D50 from
55–190 mm) are larger than ideal for chinook
salmon spawning (Kondolf and Wolman, 1993).
The channel lacks complex features that provide
good habitat, such as tight bends and secondary
circulations, undercut banks, scour pools, woody
debris jams, and a well-developed pool-riffle
sequence. In response to these problems, salmon
restoration programmes in the 1990s proposed
planting vegetation along the low-flow channel
banks and mechanically constructing spawning
riffles by adding smaller-sized gravels to the creek
(CDFG, 1993; USFWS, 1995; CALFED, 1997).

However, a geomorphic analysis concluded that
the underlying cause of the habitat degradation
was the flood control project (DCWC, 1998).
Aerial photographs from 1938 showed that before
the flood control project the channel was highly
complex, with frequent pool-riffle alternations,
meander bends, and gravel bars, with trees
overhanging the channel, undercut banks and
log jams (Figure 18.10a). Aerial photographs
taken after the flood control project showed a
marked simplification of the channel and thus
loss of habitat (Figure 18.10b). Moreover, channel
maintenance requires clearing accumulated gravel
bars, and levees constrain high flows within
the low-flow channel (concentrating flow and
increasing shear stress on the channel bed more
than when floods overflowed from the channel)

(a) (b)

Figure 18.10 Details from aerial photographs of alluvial
Lower Deer Creek (a) in 1938, and (b) 1997, showing
the transformation of Deer Creek from a multi-threaded,
complex channel to a simplified, wider main channel
with higher shear stress in floods. Also visible in the
1997 photo detail is the levee breach along the left
(south) bank. Flow is from top to bottom, length of river
shown is about 1100 m.

(DCWC, 1998). Thus, if, as had been recommended
by the salmon restoration programme, riparian
vegetation were to be planted and spawning riffles
constructed, they would probably wash out in
the high shear stresses of the constrained levee
system. With the process altered by the levees, such
constructed forms would be unlikely to persist.

Thus, the habitat problems previously identified
along Deer Creek (lack of shading, simplified
channel form and too-coarse spawning gravels)
were all symptoms of an underlying cause:
the effects of a flood control project built five
decades before. Rather than spend restoration
funds on treating the symptoms (planting trees
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and adding gravel to the channel) the geomorphic
analysis recommended addressing the underlying
problem and redesigning the flood infrastructure
to allow Deer Creek to flood much of its (still
mostly agricultural) floodplain in a controlled way,
protecting vulnerable structures by ring levees. This
approach would have the advantages of providing
better flood protection to the structures on the
floodplain, while reducing shear stresses in the
low flow channel, allowing bars to build and
riparian vegetation to establish within the floodway
that is now ‘maintained’ (cleared). The result
should be improved habitat in the channel of Deer
Creek. The potential for floodplain reconnection
to accommodate the design discharge through
increased cross-section area, higher hydraulic
roughness and reduced average velocities and thus
reduced shear stresses in the main channel was
demonstrated by a three-dimensional modelling
study conducted as a component of a PhD thesis
(MacWilliams, 2004).

Reduced shear stresses within the main channel
would allow riparian trees to become established
and mature along the banks, and allow complex
channel forms such as gravel bars to develop and
persist. With denser riparian vegetation along
channel banks, shading and channel complexity
would increase. Another potential benefit of
increased channel complexity is expected to
be increased exchange between surface water
and hyporheic waters (shallow groundwater
within the stream-bed gravels). The potential for
natural bed undulations to induce downwelling
of surface waters into the bed and upwelling
of hyporheic waters was demonstrated through
field observations with piezometers in the reach
upstream of the flood control project, where the
bed is still complex with large gravel bars and
pool-riffle sequences (Tompkins, 2006).

Perhaps the most significant ecological
implication of the natural surface–groundwater
interaction was its buffering effect on stream water
temperature. The alluvial reach of Deer Creek
provides rearing habitat for juvenile salmon and
trout, and summer water temperature is a major
limitation on salmonid habitat. During summer
months, daytime air temperatures may exceed

40◦C, driving water temperatures up, especially in
simplified channels exposed to the sun. Tompkins
(2006) installed piezometers in the gravel at
the tails of pools (where surface water is driven
into the bed) and downstream within the riffles
(where hyporheic water emerges from the gravel
bed) (Figure 18.11). The results documented
hyporheic exchange from downwelling and
upwelling associated with undulations in the
gravel bed in the relatively undisturbed reach
upstream of the flood control project. Continuous
water temperature recorders in these piezometers
showed that diurnal fluctuations of surface waters
in Deer Creek commonly exceed 5◦C in the
summer, but the diurnal fluctuations of the deep
areas of pools influenced by shallow groundwater
were muted dramatically, typically only 1–2◦C
(Figure 18.12). Thus, hyporheic exchange can
reduce diurnal fluctuations and provide thermal
refugia for temperature-sensitive salmonids, with
potentially significant benefits to fish. Tompkins
(2006) observed that during the day, juveniles
of steelhead trout (Oncorhynchus mykiss) were
concentrated almost exclusively in sites with
upwelling, cooler hyporheic water.

The proposed restoration strategy of setting
back levees would allow much of the flood waters
to flow across the floodplain, thus reducing
shear stresses on the bed of the main channel
during floods. Three-dimensional modelling
of flood flows demonstrates that significant
reductions in bed shear stress could be expected
(MacWilliams, 2004). The combination of lower
shear stresses from levee setbacks and a new
management approach that no longer involves
channel ‘maintenance’ (i.e. removal of in-channel
vegetation and gravel bars) could allow Deer
Creek to rebuild its channel complexity over time.
Detailed monitoring of bed mobility and channel
change over a three-year period from 2004 to 2006,
including a 5-year flood (2006), demonstrated that
the bed of Deer Creek is mobile even at flows with
return interval of less than 2 years, and that a
5-year flood results in mobilization of virtually the
entire bed, with substantial erosion, recruitment of
large wood from banks, build-up of gravel bars and
increase in complexity (Kondolf et al., 2008). In
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Figure 18.11 View upstream to a riffle in Deer Creek, showing the location of piezometers and temperature sensors
upstream of the riffle (in downwelling groundwater) and in the riffle face (in upwelling groundwater). Photo by Mark
Tompkins, July 2005.
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Tompkins (2006).
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addition, observed recruitment of Salix and Populus

seedlings on freshly deposited or exposed surfaces
after the flood suggests that recovery of riparian
forest would follow soon upon the recovery of the
complex channel. Based on the extent of channel
change observed in the 5-year flood, a period of
about four decades would be sufficient to return
the bed complexity of Deer Creek to something
approaching its complexity before the flood control
project.

Fortunately, the Deer Creek floodplain
remains mostly agricultural so there is a better
opportunity here to reconnect the floodplain and
channel than along most streams in California.
Monitoring geomorphic changes during high
flows demonstrates that Deer Creek is capable
of ‘restoring itself’ by increasing its channel
complexity through erosion and deposition,
and monitoring hyporheic flows demonstrates
that complex, undulating beds on Deer Creek
experience strong hyporheic exchange and,
consequently, provide significant buffering against
the diurnal fluctuations in water temperature.

Conclusions

Letting the river restore itself through natural
channel dynamics seems an obvious approach,
both for the likely ultimate success of the
restoration and for cost-efficiency in achieving
the result. While such projects have become
common in Europe since the Water Framework
Directive (Council of the European Communities,
2000), the dominant paradigm in North American
river restoration (written into legal mitigation
requirements in some jurisdictions, such as North
Carolina) remains the creation of a stable, single-
thread channel. In large part this probably
reflects popular misconceptions about fluvial
geomorphology and aquatic ecology when stream
restoration became popular in North America (e.g.
notions that stable channels and stable ecosystems
were desirable), as well as cultural preferences for
such channels (Kondolf, 2006).

In the espace de liberté approach, a corridor is
set aside within which the river can erode and

deposit dynamically. This requires that the river
has sufficient stream power and sediment load
so that it can erode, deposit and build complex
channel forms through natural fluvial processes.
Some channels have such low gradients and low
sediment loads that recovery of a complex pattern
from a straightened, simplified channel might take
centuries (if indeed it were to be achieved at all),
and in these cases, active intervention may be
justified. The espace de liberté approach also requires
that sufficient land be made available for the river
channel to be dynamic, eroding and depositing.
This is more likely in rural settings than urban
ones, but even in a highly urbanized region, it is
often possible to find lands adjacent to the river
channel that are suited for such a zone, whether
agricultural, parking lots, or abandoned industrial
parcels.

In rural areas with high-value crops (such as
the premium wine grapes of the Napa Valley) and
channels with erosion concentrated on meander
bends and other hotspots, typically measured in
metres per decade, anticipatory management may be
appropriate. This intermediate approach identifies
sites of likely bank erosion and creates vegetated
setbacks there, rather than re-working the banks
or adopting a uniform setback.

The Aire River, on the edge of urban Geneva, and
Deer Creek, deep in the rural Sacramento Valley
in California, both possess the stream power and
sediment load needed to rework their channels into
more complex forms, as demonstrated by changes
documented in recent high flows. Along the Aire,
there is sufficient open land (mostly agriculture)
adjacent to the channel to create an espace de liberté

in some reaches. Along Deer Creek, flood control
levees must be set back to allow the channel
to move, but this approach promises to improve
habitat whilst also reducing the risk of levee
failure.

As understanding improves on how fluvial
ecosystems function, it is increasingly clear that the
physical processes of erosion, sedimentation, and
channel migration do a very good job of creating
high quality habitat. The most effective approach to
restoring rivers will often be for us to stand aside,
and give the river its space.
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CHAPTER 19

Multi-Purpose, Interlinked and
Without Barriers: The Emscher River
Ecological Concept
Mechthild Semrau and Rudolf Hurck
Emschergenossenschaft, Essen, Germany

Introduction

River restoration and rehabilitation work over the
past 20 years has largely been carried out at the
site level (Åberg and Tapsell, this volume; Holmes
and Janes, this volume), and there are very few
examples where it has incorporated an entire river
catchment. The Emscher region in Germany is
such an example; water quality improvement and
river rehabilitation are core elements of a major
30-year economic regeneration and environmental
improvement programme for a former heavily
industrialized catchment. This chapter provides a
brief overview of the effects of industrial growth,
the spatial planning and ecological concepts behind
the regeneration programme, the institutional
structures that have enabled the work to be carried
out, the design of an ‘ecological hotspot’ and some
results from the first 20 years.

The Emscher River

The Emscher River and its tributaries are 340 km
in length and together drain a catchment area of
865 km2 before joining the River Rhine in the Ruhr
region of north-west Germany. With 2 300 000
people living in the catchment, the population

density (2 700 km−2) is one of the highest in Europe
and 30% of the catchment area has an impervious
surface (Sieker et al., 2006).

To accommodate major industrial development
in the catchment, the original meandering river
and its tributaries were systematically engineered
from the early 1900s to form what was effectively
an open wastewater sewer system. Construction
of closed sewers was prevented by frequent large-
scale ground subsidence caused by coal mining
in the area. Sewage was processed centrally at
a water treatment plant at the confluence with
the Rhine. To counteract the effects of mining
subsidence, the river bed along 82 km of the
channel was lowered by up to 9 m; this work
was augmented by flood embankments up to
10 m high along 75 km of the lower reaches.
Most of the tributaries were engineered in similar
fashion. In many places, industry developed on
land immediately adjacent to the river channel.
A major part of the catchment was turned into
polder and the landscape developed into a multi-
structured pattern of urban areas alternating with
grassland, woodland and agriculture. In the early
1990s mining activities moved away from the
Emscher area. At the same time the existing
drainage system was no longer able to comply with
stricter wastewater treatment and water quality
nutrient standards. Consequently, transportation

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.

243



P1: TIX/XYZ P2: ABC
JWST110-c19 JWST110-Boon December 8, 2011 9:39 Trim: 246mm X 189mm Printer Name: Yet to Come

244 Recovery and Rehabilitation

of untreated or mechanically treated wastewater
was stopped; biological treatment was re-located
within the Emscher catchment to de-centralize the
wastewater system and prevent the discharge of
sub-standard effluent into surface waters. With the
decline of traditional industries that had dominated
the catchment for 80 years unemployment grew
rapidly. This and the associated increase in derelict
land prompted questions about how to regenerate
the region and attract new employers.

The Emschergenossenschaft

The Emschergenossenschaft (Emscher River
Association) is the oldest of 11 water boards in
the Northrhine-Westfalia region of Germany.
It was founded in 1899 to solve problems
caused by the combination of industrialization,
increasing volumes of sewage, associated public
health hazards and coal mining in the Emscher
catchment. The Emschergenossenschaft is a self-
managed, non-profit making public association
that is controlled by its members. Since 1926 the
Emschergenossenschaft has worked together with
another water board, the Lippeverband (Lippe
River Association). Both water boards have special
legislative obligations related to: (i) the treatment
of sewage, municipal and industrial wastewater;
(ii) flood protection and storm water management;
(iii) maintenance and ecological improvement of
water bodies; (iv) the supply of water for industrial
purposes; and (v) the management of drainage and
sewage systems.

Spatial and integrated river
basin management

Regeneration of the Emscher region required
a strategic spatial plan and funds to finance
the priority work. The aim of all the planning
partners in the region was to solve economic and
environmental problems not only by re-developing
areas, but also by improving the overall quality
of the region to make it attractive to investors
and businesses. Various actions need to be taken

to achieve these improvements. An important
factor in creating an attractive environment for
business, people and nature was rehabilitation
of the Emscher River and re-generation of the
surrounding area (Emschergenossenschaft, 1991,
1992, 1999; Semrau et al., 2008, 2009).

Restoration of the Emscher and its tributaries
as an urban river system is part of an integrated
river basin management plan within the spatial
plan for the Emscher region. The objectives and
programme of work fulfil the requirements of
the Water Framework Directive (WFD; Council
of the European Communities, 2000). In 1991,
several years before the WFD, an ambitious river
restoration programme began, comprising (i)
construction and improvement of four wastewater
treatment plants (now completed); (ii) building
423 km of wastewater sewers by 2014 (211 km
of which have been completed) and combined
storm water overflow measures; and (iii) ecological
rehabilitation of 326 km of open watercourses
by 2020 (58 km of which have been completed
– (Plate 23)). Full details can be found elsewhere
(Emschergenossenschaft, 1991, 1992, 1999;
Semrau et al., 2008).

The budget for this improvement work is 4.4
billion euros over 30 years, of which 2.1 billion
euros had been spent by September 2010. These
actions will considerably improve water quality in
the Emscher River, and because the watercourse
will no longer receive wastewater the associated
odour and visual problems will be alleviated as
well.

Creating space for a living river
– Masterplan Emscher:future

The first step in creating a living river Emscher
was to develop a plan, Masterplan Emscher:future.
The Masterplan represents an integrated spatial
planning tool for water management, urban and
landscape development and river restoration. The
main objectives of Masterplan Emscher:future for the
new river are: (i) to provide an informal planning
mechanism without any formal commitment; (ii)
to set ‘milestones’ for a long-term process and
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turn vision into reality; (iii) to provide a focus
for developments and planning activities of various
regional and local organizations – a script for joint
activities; (iv) to demonstrate the details of various
options; and (v) to invite potential partners to
cooperate in the work. The Plan is refined and
updated as opportunities and needs arise.

Ecological concept

An underlying principle of the Masterplan

Emscher:future was an ecological concept for
the Emscher River (Semrau et al., 2009). Other
components were related to flood management,
groundwater management, urban development
and leisure opportunities. Because of extensive
physical alteration, the Emscher and its tributaries
bear no resemblance to the river or support the
aquatic and floodplain ecosystems of the pre-
industrial catchment landscape that existed more
than 150 years ago. The ‘reference condition’
(sensu WFD) for the Emscher is a lowland sand-bed
river (cf. LAWA, 2000). Feasibility studies quickly
showed that the consequences of coal mining,
industrial development, population changes and
the severe physical degradation of the channel
would prevent pre-industrial river conditions being
restored. It was simply not possible to return the
river to its original, meandering state. In these
circumstances, reference conditions could not be
the direct goal for river rehabilitation, but they
provide useful guidance on the most appropriate
type of actions to achieve ‘good ecological potential’
for heavily modified watercourses, as required by
the WFD.

The spatial planning approach to rehabilitation
was based on the availability of space alongside the
river channel. In some locations sufficient space
should enable an ‘assisted natural recovery’ of
the Emscher river-bed (Newson, 2002; Kondolf,
this volume), allowing development of features
and vegetation typical of a lowland river and
its floodplain. These localities, together with
confluences where less heavily degraded tributaries
join the main river, will provide ‘nodes’ for
flora and fauna to recolonize the waterway

system. The main ecological objective is to
enable the development of floodplain meadows.
Beyond the channel, re-development of floodplain
habitats sustained by rain water and streams will
supplement the ecological recovery. In densely
populated areas where space is very limited,
the river profile must be adapted within the
constraining factors.

The concept is therefore a model that can
define the optimum ecological design for waterway
recovery (Plate 24). It is based on four principles:
(i) a non-interrupted river, as far as possible,
connecting source to mouth;
(ii) ‘ecological hot spots’ are the most important
locations for ecological development of the river
– these locations allow the Emscher to shape
its channel and floodplain in a near-natural
fashion and provide opportunities for features and
vegetation typical of a lowland river to develop;
(iii) the confluence points of relatively unaffected
tributaries are important nodes in the river system,
because they are sources of recolonization by flora
and fauna;
(iv) adapted urban wetlands provide the chance
for floodplain-related habitats to be developed
behind flood embankments, providing further
biological connections with the water-related and
other biotopes in the catchment.

Creating an ecological hotspot
– Emschermouth

One of the major ecological ‘hot spots’ to be
developed will be re-creation of the Emschermouth
(Plate 25). This is where the river joins the Rhine
and is the location of the redundant centralized
wastewater treatment plant. Regeneration of the
site will form a new mouth area of about 19 ha.
Work will include installing five rock ramps in
the channel to overcome the difference in river-
bed height between the Rhine and Emscher caused
by previous river management to counteract
subsidence from coal mining. More than 2 000 000
m3 of soil will be excavated and half of this used
to construct embankments. Similar to the Rhine
floodplains, the new Emschermouth will usually
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be flooded for 80 days per year. The high water-
levels in times of flooding will make it difficult for
channel vegetation to develop owing to the high
water velocities. However, in the area as a whole
features typical of a lowland river mouth should
develop, producing a variety of wetland habitats
and vegetation such as alder (Alnus spp.) floodplain
forest, sedges (Carex spp.), reedmace (Typha spp.),
reed (Phragmites australis) flotegrass (Glyceria spp.)
and various pondweeds (Potamogeton spp.).

Monitoring

Monitoring progress of the rehabilitation work
is extremely important, particularly if the design
or location of structures need to be changed
because they are not producing the required or
anticipated results. The monitoring programme
for the Emscher includes water quantity, water
quality, biological indicators and morphological
structure. Survey and assessment methods are
based on WFD requirements.

At present about 20 streams which have
already been rehabilitated now have sand substrate
expected for the Emscher under more natural
conditions. The streams have been colonized
by about 400 species of invertebrates (mainly
molluscs, crustaceans, oligochaetes and aquatic
insects) and a variety of fish species; the incoming
fauna also includes some rare species (Semrau et al.,
2011).

Discussion

Despite being used for wastewater management
for such a long time, the Emscher offers good
potential for a new ecological system with
major benefits both for humans and nature.
An important objective of integrated river basin
management in the Emscher catchment has been
to combine technical work on landscape and urban
development with related projects on art, leisure
and waterfront architecture (Braioni et al., this
volume). This contribution to a multi-disciplinary
spatial planning approach has proved to be very
successful. However, to achieve several goals

simultaneously requires the understanding and
close cooperation of the customers and members
of the Emschergenossenschaft. This applies not
only to the municipalities but also to industrial
partners – often major international businesses –
which require considerable persuasion that formal
and informal tasks are best accomplished together.
Local support for river restoration is a fundamental
requirement (Åberg and Tapsell, this volume) and
regular sharing of work steps between the various
disciplines leads to a much more efficient planning
process and more relevant outcomes.

Conclusions

There are significant advantages in including
the whole river as part of a major long-term
regional economic regeneration programme, not
least because of the scale of financial investment
involved. The economic and environmental
benefits can be significant, even if the scale of
previous modification caused by industrialization
and mining prevents full restoration of the river.

An ecological concept for the catchment is
helpful for spatial planning of river rehabilitation.
Exploiting opportunities to allow the river to
develop more naturally, such as using natural
recolonization sources provided by tributaries,
and developing ecological ‘hotspots’ should allow
ecological recovery to be maximized, although this
will take time to happen.
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Introduction

Rehabilitation work has become an important
activity for improving the state of degraded river
systems around the world (Bernhardt et al., 2005;
Dudgeon, 2005; Skinner and Bruce-Burgess,
2005). International programmes, agreements
and legislation, such as the United Nations Local
Agenda 21, Millennium Declaration, the Water for

Life Decade and, in particular, the European
Water Framework Directive (WFD; Council
of the European Communities, 2000), have
encouraged river managers to harmonize human
and environmental needs to achieve sustainable
ecosystem management.

River rehabilitation projects are increasing both
in size and number, but there is very little available
evidence that quantifies their ecological and social
benefits. The main reason for this is that most river
rehabilitation projects lack effective monitoring
data needed for evaluation, due primarily to
insufficient resources and poor planning (Kondolf
and Micheli, 1995; Bash and Ryan, 2002). Long-
term post-project monitoring of river rehabilitation
is particularly rare (Mitsch and Wilson, 1996;
Muotka et al., 2002; Roni et al., 2005). For adequate
evaluation, river rehabilitation monitoring needs to
cover environmental and social aspects, both in the

short and longer term, to establish how effective
schemes have been.

Although the importance of assessing the social
outcomes of river rehabilitation projects has been
widely recognized and advocated (Downs and
Kondolf, 2002; Palmer et al., 2005; Wohl et al.,
2005; England et al., 2008), there have been few
empirical instances where it has been carried out
(but see Tunstall et al., 2000; Asakawa et al., 2004;
Woolsey et al., 2007; Schaich, 2009). Assessing
social outcomes has often been secondary to
environmental monitoring and is rarely an
integrated part of a river rehabilitation plan (Eden
and Tunstall, 2006). Large-scale habitat destruction
and increasing rates of species extinction emphasise
the importance of an ecosystem context for river
rehabilitation. However, very few rivers – and
especially those in need of rehabilitation – are
unaffected by human activity and pressures.
Society has become increasingly dependent
on river management through, for example,
irrigation, drainage, flood protection and hydro-
electric power generation. Rivers are therefore
expected to fulfil a range of human needs and
as a result rehabilitation work on degraded
systems is as much a social as an environmental
undertaking (Wohl et al., 2005; Pahl-Wostl,
2006).

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
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For ecosystem rehabilitation to be socially
desirable and considered worthy of promotion, it
needs to encompass cultural values and achieve a
sustainable balance between ecological and societal
requirements (Pfadenhauer, 2001; McDonald et al.,
2004; Gobster et al., 2007; Braioni et al., this
volume). This chapter uses research results from
two sites in England – the urban River Skerne
and the rural River Cole – to demonstrate how
public engagement, and specifically the inclusion
of a social science component in the design,
can improve the outcomes of river rehabilitation
schemes and increase the support for similar work
in the future.

Case studies

The River Skerne in Darlington, County Durham,
and the River Cole near Swindon, Wiltshire, were
included in a joint initiative between the UK and
Denmark to demonstrate best practice in urban
and rural river rehabilitation and to encourage
river rehabilitation across Europe (Figure 20.1).
In 1993, the newly-formed River Restoration
Project (now the River Restoration Centre; Holmes
and Janes, this volume), together with South
Jutland Council, Denmark, obtained funding from
the European Union LIFE project (L’Instrument
Financier pour l’Environnement) and financial
support from local river management and other
organizations to rehabilitate reaches on the River
Skerne and River Cole in England and the River
Brede in Denmark (Holmes and Nielsen, 1998).
The wider aim of this demonstration project was
to promote further rehabilitation work, so sites
were chosen where degraded river reaches could
be improved successfully with a low risk of
failure. The sites were also chosen to offer the
greatest potential for enhancing wildlife, landscape,
recreation, water quality, fisheries, amenity and
other local interests (Holmes and Nielsen, 1998;
Vivash et al., 1998). Work included re-meandering
previously straightened or diverted channels and
these demonstration sites have been important
in encouraging larger river rehabilitation schemes
(Holmes and Janes, this volume).

Figure 20.1 Location of the River Skerne and River
Cole rehabilitation sites in England.

River Skerne

The 2 km long rehabilitation reach on the River
Skerne is located in an urban area on the
northern outskirts of Darlington in north-east
England, where the river flows through open
green space surrounded by housing and industrial
estates. During the last 150 years, the River
Skerne has been extensively modified (the channel
straightened and dredged) as a result of industrial
and urban development. The rehabilitation site
location has a rich industrial heritage, including
the world’s first railway line – from Stockton to
Darlington (Eden et al., 1999).
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(b)

(a)

Figure 20.2 (a) River Skerne in
1994, before rehabilitation (Photo:
Environment Agency); (b) the same
site in 2007, 11 years after
rehabilitation (Photo: Ulrika Åberg).

Construction of the new channel began in
July 1995. Infrastructure and industrial waste
deposits limited the ambitions for rehabilitation; for
example, re-meandering was restricted by adjacent
contaminated land and a major gas pipeline buried
alongside the river (Vivash et al., 1998). Where
new meanders were cut, part of the old channel
was used to create two backwaters. As a flood-
water retention measure to protect higher ground
from flooding, about 25 000 m3 of material was

removed from the river banks. Lowering the
bank increased the lateral connectivity between
the river channel and adjacent floodplain, with
the excavated material used for landscaping
purposes. A new footbridge was constructed at the
downstream end of the section; it was designed
to resemble a steam locomotive, emphasizing the
historical significance of the Skerne railway bridge.
Figure 20.2 shows the River Skerne before and after
rehabilitation.
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River Cole

Rehabilitation of the rural River Cole involved a
2.5 km long reach with approximately 0.5 km2 of
floodplain near the village of Coleshill in southern
England. The River Cole has a long history of
modifications associated with woollen milling in
Coleshill, and more recently, land drainage. The
earliest record of a mill in Coleshill dates from
the Domesday Book (1086). By the early 1800s
the river upstream of the mill had been filled in
and replaced by an artificial mill leat. During a
major land drainage scheme in the 1970s, the river
downstream of the mill was deepened by about 1m
(River Restoration Project, 1995a).

Rehabilitation work began in July 1995 and was
divided into two parts, upstream and downstream
of the mill at Coleshill. Above the mill a new
shallow river channel was excavated alongside the
mill leat, in approximately the same location as
the pre-1800 river course, which diverted some of
the flow from the mill leat. The shallow nature
of the new channel was designed to reconnect
the river with its adjacent floodplain, which is
grazed by cattle. Downstream from the mill,
the river bed was raised and the straightened
channel re-meandered. The river banks were also
protected from cattle grazing by fencing. Figure
20.3 shows photographs from the upstream and the
downstream rehabilitated reaches.

Methods

The public perception research involved
quantitative and qualitative social science research
methods. Post-project surveys were carried out
in 1997, 1 year after rehabilitation (Tapsell
et al., 1997) and again in 2008 (Åberg, 2010).
The sampling and questionnaire design were
similar for the two surveys, but the survey
technique differed somewhat. For the River
Skerne, households within 500 m of the river
rehabilitation were randomly sampled, while at
the River Cole all households in Coleshill village
were visited. In 1997, a structured interview was
used, with participants answering questions from
an interviewer. In total, there were 260 responses

for the River Skerne and 36 for the River Cole.
In 2008 a postal questionnaire survey was used.
The River Skerne survey received 123 responses (a
35% response rate); the River Cole survey received
20 responses – a 42% response rate, representing
a substantial proportion of all the households in
Coleshill village.

The questionnaire used a combination of
tick-box questions and open-ended questions.
The content was designed to be relevant both
to the research and the respondents, giving
those involved a good opportunity to respond
to the questions (Parfitt, 2005). In addition to
assessing the perceived value of the rehabilitated
river, the aim was to analyse views after scheme
implementation and to investigate how and if
perceptions and expectations had changed over
time. Data collected included general demographic
information, the frequency and purpose of
visits and a comparison of the rivers and their
surroundings before and after rehabilitation. Visit
frequency, attractiveness, wildlife, recreation,
safety, flooding, public consultation and overall
satisfaction were used to gauge perception. In
addition, qualitative in-depth interviews were held
with river rehabilitation professionals involved
with the two schemes to establish their views on
the success of the two projects.

Results

The results showed a clear difference in attitudes
towards the projects on the River Skerne and
Cole (Figure 20.4). Respondents at the urban
River Skerne overall were very positive, while
views on the rural River Cole rehabilitation
were decidedly mixed. The perception ratings of
the River Skerne rehabilitation project regarding
attractiveness, wildlife, recreation, safety and
overall satisfaction were all higher in 2008 than in
1997. Conversely, several aspects about the River
Cole project were rated lower in the 2008 survey
than 1997.

Perception about the attractiveness of the Skerne
rose markedly between 1997 and 2008, while
for the River Cole, opinion remained equally
divided about the river becoming more and less
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(b)

(a)

Figure 20.3 The upstream (a) and
downstream (b) rehabilitated reaches
on the River Cole in 2008, 12 years after
rehabilitation (Photos: Ulrika Åberg).

attractive. Improved access and riparian vegetation
contributed towards the perceived increase in
attractiveness of the Skerne. Easy access along
footpaths increases visits and people become more
familiar with the river; this in turn is linked to
attractiveness, as familiarity often creates a sense of
affection. At the River Cole site the lack of riparian
vegetation, caused by cattle grazing upstream of
the mill, and limited public access downstream
appear to have contributed to lower public affinity

and perceived attractiveness for the rehabilitated
reaches.

An increase in wildlife was seen as one of the
most positive aspects of rehabilitation on both the
Skerne and Cole, but the grazed riparian vegetation
along the River Cole was seen as a limitation for
enhancing wildlife interest.

Increased access provided by new footpaths and
footbridge along the Skerne increased visits and
recreational opportunities between 1997 and 2008.
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Figure 20.4 Perception of change in attractiveness, wildlife, safety and recreation at the River Cole and River Skerne
rehabilitation sites.
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Figure 20.5 Level of satisfaction of the River Cole and River Skerne rehabilitation projects, comparing public
perception data from 1997 and 2008.

On the Cole, recreation opportunities were largely
perceived as having remained the same, but with
a slight reduction in 2008; one reason highlighted
was the lack of access or circular routes in the
downstream section. Flooding was also mentioned
by several respondents as the main reason causing
reduced recreational opportunities along the River
Cole, notably through increased inundation of the
village football pitch.

Most residents living near the River Cole had
strong views either for or against flooding, but
understanding the ecological benefits appeared to
play a major part in creating positive attitudes. The
majority of respondents at the River Skerne did
not see flooding as causing any major problems
or nuisance, but there were no strong views in
favour. Security was perceived as remaining the
same or increased at the Skerne, while flooding and
bare river banks were seen as a security issue for
children at the River Cole.

There was a marked contrast in overall
satisfaction levels between the Skerne and
Cole sites (Figure 20.5). The vast majority of
respondents at the River Skerne had a positive
attitude towards the rehabilitation; in 1997 82%
were satisfied with the project while in 2008 the
figure was 90%. The satisfaction level for the
Cole rehabilitation declined from 70% in 1997
to approximately 50% in 2008. In addition to
physical appearance (including vegetation, wildlife
and recreational facilities), satisfaction was strongly

associated with community benefits and levels of
public participation.

Public participation is now an integral part of
almost every environmental design project and
is also generally promoted through policies and
legislation (Council of the European Communities,
2000; HarmoniCOP, 2005; Pahl-Wostl, 2006).
However, there are major differences in the
perception of river rehabilitation projects, and our
research has shown how local sense of pride,
ownership and care for a project can be influenced
by different levels of public involvement. At
both sites local residents were informed about
the project through public meetings, site visits,
information boards, newsletters and other forms
of communication. At the River Skerne, local
residents were also consulted about parts of the
project before construction, so people had the
chance to influence the design of features such as
new footbridges or tree planting (River Restoration
Project, 1995b). In addition, local school children
were involved, notably to help with tree planting.
This generated a sense of inclusion, ownership,
pride and care for the area, which is important
for encouraging environmental interest from the
younger generation. The role of a local liaison
officer as a mediator between those carrying
out the project and local residents was also
important in helping the success of the Skerne
project (Tunstall et al., 2000; McDonald et al.,
2004).
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Consensus-building and consultation for the
River Cole scheme was carried out with the
landowner (the National Trust) and tenant farmers.
Local residents generally considered that there had
been few opportunities to influence decisions and
that their opinions were only sought after the
rehabilitation work (Tapsell et al., 1997). This was
largely because the scheme was a ‘demonstration’
project and the decision to proceed had already
been taken by the National Trust. Ideally,
consultation should involve all stakeholders before
decisions are made. Prior to rehabilitation the River
Cole was considered by many local residents as
fairly attractive, so they did not entirely understand
the objective of the scheme. This highlights the
importance of communicating clearly the full
ecological and social benefits of rehabilitation
schemes to local communities. The 1997 and
2008 questionnaire results suggest that increased
public participation is likely to lead to higher
satisfaction with the rehabilitation scheme and a
positive attitude to further work. Without local
demand for river rehabilitation there will be
limited opportunities for large-scale schemes and
associated advances in scientific understanding.

Discussion

Several significant findings emerged from our
research, with public involvement, access and
understanding nature being the most important.

Public involvement
At the River Skerne, people were satisfied with
the rehabilitation of their river and generally had
a positive attitude towards rehabilitation work. On
the River Cole, there seemed to be a division
of opinion between professionals, who supported
further rehabilitation, and non-professional local
residents who remained sceptical towards the
rehabilitation and considered the work to be ‘quite
enough’. Limited opportunities for involvement,
combined with restricted access to the rehabilitated
reaches and other parts of the river, made people
feel left out. Many local residents also failed to see
any direct benefits for the community and were
therefore indifferent or even reluctant regarding
further rehabilitation work.

There is a strong link between public
involvement and positive perception of the two
river rehabilitation projects. Projects that exclude
people by focusing only on nature and take merely
a scientific approach risk being counter-productive,
because they limit the development of a sense
of pride and affection and therefore discourage
local residents from taking responsibility for the
long-term care of the rehabilitated riverscape. This
was clear for the River Cole where local residents
felt excluded – a negative perception that persisted
12 years after the rehabilitation work.

Access
The results showed that together with riparian
vegetation and wildlife, people rated access to
the river highly. Access is an important factor
contributing to preference and affection for an
area. Footpaths and circular routes encourage
familiarity, which in turn can cultivate a feeling
of belonging and care for the area (Nassauer,
1995; Eden and Tunstall, 2006; Gobster et al.,
2007). Increased access can also provide greater
possibilities for a larger number of people to enjoy
the rehabilitated river-scape. Conversely, too much
visitor pressure can limit the benefits of ecological
rehabilitation by increasing noise and litter, which
is considered a nuisance for local residents. There
was evidence of this on the urban River Skerne.
At both the Skerne and Cole sites people favoured
both more frequently used rehabilitated areas,
with increased access provided by new footpaths,
and quieter areas with limited access but higher
ecological integrity. Appreciation of both ‘low use’
and ‘high use’ areas provides the opportunity for
rehabilitation design to create a balance between
areas of higher ecological integrity and areas of high
recreational value (Manning, 1997). The Skerne
provided clear evidence that the design of urban
riverscapes can influence the well-being of local
residents by creating well used green spaces for
people to exercise, socialize and feel safe and
relaxed.

Understanding nature
Individual attitudes towards the river environment
before rehabilitation work influenced perceived
benefits of the schemes. At the urban River
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Skerne, where the river was widely considered
to be in poor condition beforehand, the river
rehabilitation measures were recognized as a major
improvement to the riverscape. Local residents
could more easily understand the benefits of re-
meandering the straightened river channel, and
despite some worries about increased flood risk,
people recognized that the scheme was bringing
something positive to the local community –
notably a safe, high quality green space. At
the River Skerne the rehabilitated corridor has
provided a well-used urban recreational space
where green space and wildlife contributed to high
scores for attractiveness.

At the River Cole, a lower percentage of
the respondents saw the rehabilitation project as
beneficial to the local community; a predominant
reason for this was the increase in over-bank flows.
This was seen as having a negative effect on the
local community, as well as reducing recreational
opportunities along the river. Since local affinity
for the River Cole was already well-established,
many villagers considered rehabilitation work
unnecessary. Because the site was considered to
be ‘attractive’, ‘natural’ and ‘good for wildlife’
before rehabilitation, there was no reason to ‘mess’
with the river (Tunstall et al., 2000) and the
rehabilitation measures were therefore less well
regarded. In the 2008 survey two respondents
even wanted the upstream rehabilitated reach
to be ‘put back’ to its pre-rehabilitation state.
Historical modification to this part of the river – the
replacement of the original river with a mill leat in
the early 1800s – had been present for generations,
and familiarity with the pre-modification character
was not within living memory. For many, the mill
leat was therefore considered part of the ‘natural’
cultural landscape. It is possible that over time the
1995 rehabilitation will also come to be viewed as
the ‘natural’ landscape.

People generally have a preference for what
appears familiar and natural to them; this may
not always accord with professional expert opinion
on ‘good’ or ‘high’ ‘ecological status’ using
WFD terminology (Council of the European
Communities, 2000). On the River Cole, there was
more opportunity for comprehensive rehabilitation
measures, such as river–floodplain reconnection.

This potential for increased ecological quality
was disliked by some local residents because it
conflicted with their interests and fundamental
beliefs in land and river management. Those
interests were based on the premise that farmland
should be protected from flooding, supported by a
Government policy that dominated for over three
decades following the Second World War (Tunstall
et al., 2004; Johnson et al., 2005). Rehabilitation
on the River Cole was designed to increase
the river–floodplain connectivity and thereby the
frequency of over-bank flows. About half the
survey respondents considered over-bank flows as
a negative factor, while the others gave either
strong positive comments, or no particular opinion.
Describing the perception of suburban residential
landscapes, Joan Nassauer argued that ‘people
who are knowledgeable about ecological systems
are more likely to perceive increased biodiversity
and improved landscape structure as attractive
than are people who are less knowledgeable’
(Nassauer,1993; page 60). On the River Cole people
who were clearly familiar with river ecosystems
and the ecological benefits of over-bank flows
were supportive while those who appeared less
knowledgeable of these were opposed.

Public participation has been shown to be vital
in exchanging scientific and local knowledge about
river systems and improving the understanding
and appreciation of the objectives for river
rehabilitation. Early and effective participation
is needed to achieve this, using joint learning
opportunities and information exchange (Newson
and Chalk, 2004; Eden and Tunstall, 2006; Reed,
2008; Raymond et al., 2010). Building community
support through their involvement is crucial to the
ecological enhancement of our rivers.

Conclusions

Our research has clearly demonstrated the social
benefits that river rehabilitation can provide,
particularly in urban areas. It has also increased
the understanding of public perception of such
schemes in the short and longer term. Public
engagement has been shown to create not only
positive attitudes, but also pride and a long-term
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interest in caring for the local environment.
On the contrary, ignoring the public has been
shown to lead to negative feelings of exclusion
and discontent, which might jeopardize the
possibilities for future river rehabilitation. The
results reaffirm the importance of involving local
communities in order to gain their understanding
and support for river rehabilitation. This is
achieved through public participation, mutual
knowledge transfer and consensus-building, which
also increases the likelihood of support for further
river rehabilitation. Wider understanding of the
scientific objectives and multiple benefits of river
rehabilitation by local people is needed in both
rural and urban areas. Our findings demonstrate
the need for social scientists to be involved in
river rehabilitation projects, alongside ecologists,
hydrologists, geomorphologists and engineers.
This would help river rehabilitation planners to
understand, interact and influence those affected
by project work.
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Introduction

The recovery and rehabilitation of rivers from
severe pollution, and also from geomorphological
and ecological degradation, is of paramount
importance for river conservation and
management. Many rivers in developed countries
have shown dramatic chemical and ecological
improvement since the 1970s (Lester, 1975;
Cioc, 2002; Langford et al., 2009; Langford et al.,
2010), but river pollution and impoundment
have continued to increase in many developing
countries over the past four decades (Revenga
et al., 2000; Vörösmarty et al., 2010). Pollution is
still a major threat to freshwater biodiversity in
developing countries (Dudgeon et al., 2006) and
could lead to local extinctions of species in a similar
fashion to that witnessed in developed countries
as a result of industrial and population growth
from the 18th century (Sheail, 1998; Harrison
and Stiassny, 1999; Worthington, 2010). Already,
population growth and rapid industrial expansion
in developing countries have accelerated the
physical, chemical and biological deterioration of
many rivers, despite an increasing demand for
good quality potable water (Duda and El-Ashry,
2000).

Improvement in water quality and the recovery
of river ecology from pollution and physical
deterioration require an understanding of the
impacts, remedial interventions and biological
responses involved. Only then can the long-term
recovery of rivers be achieved, by applying the most
appropriate and economically effective measures.
There are four key human contributions that
achieve change: legislation; technology; economics;
and public opinion. To understand the relative
importance of these factors it is necessary to
take a long-term perspective. Human impacts on
rivers have changed over time, driven by shifts
in economic activities (e.g. from agriculture to
industry in the UK in the 19th century; industrial
re-location overseas which began during the
1960s–1970s) and the nature of discharges to river
systems (Sheail, 1997). The relatively clean rivers
of pre-industrial revolution Britain in the 18th
century became polluted by industrial and domestic
waste, compounded by urban and agricultural
runoff (Klein, 1957; Hynes, 1960; Lester, 1975;
Wheeler, 1979; Wood, 1982; Holland and Harding,
1984; Whitton and Crisp 1984; Sheail, 1993;
Burton, 2003; Langford et al., 2009, 2010). The
change was exacerbated by population migration
from rural to urban areas, so by the early 1850s
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Britain was more of an urban than a rural society
(Lane, 1978).

Reductions in industrial pollution during the
latter part of the 20th century led to a marked
improvement in the chemical water quality of
many British rivers. As a result, there has been
an associated recovery in the biological diversity
of plants, invertebrates and fish (Lester, 1975;
Holland and Harding, 1984; Whitton and Crisp,
1984; Davies and Walker, 1986; Langford et al.,
2009; Langford et al., 2010). However, the recovery
of river systems, including individual reaches, can
vary enormously and the specific mechanisms
determining the type and pace of recovery are
not fully understood, even though the basic
principles have been outlined (Yount and Niemi,
1990; Milner, 1996). Although the biological
recovery of British rivers gives an indication of
the processes involved, there are few datasets
suitable for studying long-term changes in biology
and chemistry and also in which linkages can
be examined. Nevertheless, long-term biological
trends linked with changes in legislation, regulation
and technology can provide a valuable insight into
those interventions that are most effective both
in economic and environmental terms. Similarly,
measures that have little effect on recovery can be
identified, leading to better allocation of resources
(Yount and Niemi, 1990; Milner, 1996; Masters
et al., 2007; Langford and Frissell, 2009; Langford
et al., 2009, 2010).

The River Trent: a brief history
of pollution
The River Trent and its tributaries drain a major
part of the English Midlands. The main river rises
north of Stoke-on-Trent, flowing through Burton-
on-Trent, then Nottingham before discharging
into the Humber estuary (Figure 21.1). The
catchment area is 10 450 km2 and the river is
274 km long. Approximately 6 million people
live in the catchment, concentrated mainly in
Birmingham, the industrial area known as the
Black Country, Stoke-on-Trent and the Potteries,
Nottingham, Leicester and Derby (Harkness, 1982;
Martin, 1994; Jarvie et al., 2000). Because of

a concern over pollution in the river (Spicer,
1950) water quality monitoring began in the late
19th century (Worthington, 2010), while regular
biological surveys began in the 1950s. The River
Trent therefore has one of the longest and most
complete water quality monitoring datasets of
any river in Great Britain. This information is
augmented by individual studies and surveys from
the 1930s (Woodiwiss, 1964; Lester, 1975; Jarvie
et al., 2000).

Severe water quality problems probably began
when sewerage systems were built to serve
industrial towns in the mid-1850s (Lester, 1975;
Haslam, 1991). In 1887 some 3000 salmon (Salmo
salar) were caught in the Trent, but 10 years later
only 100 fish were caught (Lester, 1975). By the
1950s salmon were virtually absent from the river.

In 1951 several fishless reaches of the river were
so polluted they were considered a potential danger
to public health (Sheail, 1998). Affected reaches
included the Stoke-on-Trent section of the Trent
and its tributary the Fowlea Brook, about 80 km
of the River Tame from its source to its confluence
with the Trent, and some reaches of the River
Erewash in the east Midlands (Sheail, 1998). Water
quality at Nottingham was equivalent to secondary
treated sewage effluent (Martin, 1994). In 1957 it
was estimated that £50 million would be needed to
tackle pollution from sewage and industry (Sheail,
1998).

The Trent and its tributaries were affected
by several industrial processes associated with
vehicle manufacture, metal finishing, the pottery
industry, brewing, textiles and hosiery and a
large coal and steel industry (Jarvie et al., 2000).
Unlike other major rivers in the UK, a large
proportion of this industrial development and
the attendant workforce were located in the
headwaters of the catchment (Lester, 1975), so
some tributaries were polluted right up to their
source (Langford et al., 2010). The Trent was
affected by several of these polluted tributaries
draining highly populated and industrialized areas.
For example, the River Tame (flowing through
Birmingham), the Fowlea Brook (Stoke-on-Trent)
and Bottesford Beck (Scunthorpe) contributed
significantly to the poor quality of the Trent
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for over 150 years (Spicer, 1950; Lord, 1968;
Lester, 1975). As late as the 1970s a division
between murky polluted and clear unpolluted
water was clearly visible for several hundred
metres downstream of confluences where mixing
of the water was weak (Lord, 1968). As with
many polluted rivers in the UK, improved water
quality in the early 1960s resulted from better
sewage treatment and reduced industrial discharges
(Martin, 1994). Despite reductions in several
pollutants, nitrate and phosphate concentrations
have continued to increase, most probably linked to
the intensification of farming methods and sewage
treatment works where ammonia is oxidized (Jose,
1989).

From the 1920s, electricity generating power
stations were constructed along parts of the river.
These abstracted and discharged large amounts of
cooling water, in some cases involving volumes
that were more than half the dry-weather flow of
the river. The Trent was unique in that it supported
the largest concentrations of power stations in the
world by the 1960s, producing over 15 000 MW
of electricity in total (Langford, 1983, 1990). As
a consequence, water temperatures could exceed
30◦C in summer and 15◦C in winter in some
reaches, while temperature rises of 8–10◦C were
typical. The chemical and biological effects have
been well studied, but the main problem was

that the biological effects of raised temperatures
were often obscured by the amount of background
organic and inorganic pollution (Langford, 1972).
Closure of the older power stations and the
introduction of cooling towers resulted in a
decrease in river temperatures from the 1980s.

Methods and data sources

The overall aim of the River Trent study is to
quantify long-term changes in the biology and
chemistry of the river, using data from as many
sampling sites as possible and applying the results
for future environmental planning and control.
Data from a small number of sites are illustrated in
this chapter to test the potential uses of the more
extensive databases. The historical trend analysis
is based on information derived from a variety
of sources (Table 21.1). The varied nature of the
data, and in particular the variation in quality
and sampling frequency, mean that interpretations
must be treated with caution, despite considerable
efforts to ensure comparability both spatially and
temporally. Consequently, it is not always possible
to show variability for some years or sites, so only
broad trends can be deduced.

For the purposes of this chapter, chemical
pollution is indicated by minimum dissolved
oxygen (DO) concentrations to determine the

Table 21.1 Summary of data sources used for the River Trent study.

Data Period Data sources

Chemical data 1923–1990 National and Parliamentary archives; mostly in Ministry of Agriculture Fisheries
and Food (MAFF), Standing Committee on River Pollution (SCORP) reports.

1988–2010 Records from the Environment Agency Water Information Management
System (WIMS).

Summarized chemical data 1938–1990 Reports produced by the Trent Fishery Board, Trent River Board, Trent River
Authority, Severn Trent Regional Water Authority, and the National Rivers
Authority.

1946–2010 Peer reviewed research papers.
Biological data (benthic
macroinvertebrate records)

1956–1987 Historic River Data Archive at the University of Southampton (dated 1950s
onwards), plus more recent records (1970s and early 1980s) donated by the
Environment Agency.

1988–2010 Records from the Environment Agency National Biological Systems Database
(BioSys).
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‘worst case’ situation. This parameter also has the
longest record of measurements. A figure of 5 mg
L−1 of dissolved oxygen is used as a threshold,
because it represents about 50% saturation at 16◦C
and is considered the minimum level for the long-
term survival of salmonid fish (Tebbutt, 1983).
Benthic macroinvertebrate data, derived from
hand-net surveys, were compared by using taxon
richness, which is approximately equivalent to
the Biological Monitoring Working Party (BMWP)
index, (Ntaxa) (Wright et al., 2000). Taxon richness
(Ntaxa) was preferred as a measure because it is
an un-weighted indicator of change to compare
with the oxygen trends (Clarke et al., 2002). Other
indices such as Average Score Per Taxon (ASPT)
and BMWP (Wright et al., 2000), are both partial
surrogates for chemical conditions because they
depend on tolerance to chemical variables and
are not therefore independent of chemistry. Taxon
richness does not represent composition of the
fauna but the assumption is that low numbers
of taxa indicate the presence of a few pollution-
tolerant taxa, whereas higher numbers include
the appearance of less tolerant, cleaner-water taxa
(Wright et al., 2000; Clarke et al., 2002).

Trends in data on dissolved oxygen and
invertebrate taxon richness were analysed at four
key sites chosen to represent perceived different
pollution zones related to specific tributaries,
conurbations or effluents (Figure 21.1). The sites
are:
� Hanford: located about 4 km downstream from
the Potteries and Fowlea Brook, the most polluted
tributary in that reach (Lester, 1975);
� Yoxall: situated in a reach considered to
be recovering from pollution about 75 km
downstream from the Potteries and 3–5 km
upstream from the confluence with the River
Tame;
� Willington: located about 14 km downstream
from the River Tame confluence, (the most
polluted tributary in the middle reaches of the
Trent) and 5 km downstream from the breweries
of Burton-on-Trent;
� Gunthorpe: situated 15 km downstream
from Nottingham and 5 km downstream from
Nottingham’s main sewage treatment works.

Results

Longitudinal dissolved oxygen
profiles
In the 1920s and 1930s the major pollution
problems were associated with Stoke-on-Trent
and the Potteries, near the source of the river
(Figure 21.1). Although there were some effects
caused by the River Tame entering from the
Black Country industrial conurbation, minimum
oxygen concentrations below 5 mg L−1 were
only recorded over short distances (Figure 21.2A,
B). Dissolved oxygen concentrations were also
reduced downstream from the East Midlands and
Nottingham sewage treatment works, but these
remained mostly above 5 mg L−1.

In 1953, minimum oxygen concentrations below
5 mg L−1 were recorded for almost the whole of the
Trent from the Potteries downstream, including the
tidal reaches (Figure 21.2C). This corresponded to
the effects of an increase in munitions and other
manufacturing during the Second World War. By
1972, minimum oxygen concentrations in the river
had risen to over 5 mg L−1 for almost the whole
of the river downstream from the Potteries (Figure
21.2D), a situation that still prevailed in 2008
(Figure 21.2E).

Temporal changes at specific sites
The oxygen profiles from the 1920s to 2010 differ
among the four selected individual sites (Figure
21.3). At Hanford, gross pollution is indicated
by low dissolved oxygen concentrations from the
1920s to 1966, after which a marked recovery
took place (Figure 21.3A). At Yoxall, oxygen
levels were generally higher than at Hanford
but concentrations declined locally in the 1940s
and 1950s, followed by a rise during the mid-
1960s (Figure 21.3B). By the mid 1970s minimum
oxygen concentrations were generally more than
5 mg L−1, albeit with lower levels during the late
1980s and early 1990s, which coincided with a 4-
year period of low rainfall and low flows. Dissolved
oxygen concentrations at Willington (middle Trent)
and at Gunthorpe (lower Trent) were similar and
matched those of the upper reaches (Figure 21.3C,
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Figure 21.3 Minimum dissolved oxygen concentrations (closed symbols) and taxon richness shown as the number of
BMWP-listed macroinvertebrate taxa (Ntaxa - open symbols) at four sites on the River Trent (Figure 21.1). Dotted
horizontal lines show 5 mg L−1 dissolved oxygen.
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D). At both Willington and Gunthorpe, lower
dissolved oxygen levels during the 1950s and early
1960s were followed by a rise during the mid-1960s
and relatively high (7-8 mg L−1), stable levels after
the 1970s (Figure 21.3C, D).

At Hanford, dissolved oxygen concentrations
were typically much lower than at the other
three sites between 1923 and 1962 (Figure 21.3).
However, the recovery phase during the middle
1960s was broadly synchronous, with minimum
oxygen concentrations at all four sites generally
above 5 mg L−1 by the early 1970s. From the mid-
1970s, minimum dissolved oxygen concentrations
at all four sites generally exceeded 5 mg L−1.
The 4-year low flow (1988–1992) conditions were
reflected in lower oxygen concentrations. Oxygen
data from 1982 to 1987 are not available in the
records, but the apparent fall in concentrations
from 1982 to 1987 at Hanford, Yoxall and
Willington did not occur at Gunthorpe (Figure
21.3).

Ecological recovery from the 1950s to
2010
In the Hanford reach just downstream of the
Potteries (Figure 21.1) the rapid recovery in
dissolved oxygen concentrations in the mid-1960s
was not matched by an immediate recovery in
the invertebrate fauna (Figure 21.3A). Instead
taxon richness increased slowly during the 1970s
but more rapidly after 1995, following a period
of relatively stable and high dissolved oxygen
levels from 1975. By 2008, 17–24 benthic
macroinvertebrate taxa were recorded per sample
compared with fewer than five taxa during the
1950s to 1970s.

At Yoxall, which was generally a reach of
recovery from the pollution from the Potteries, the
increase in dissolved oxygen in the mid-1960s was
followed by a gradual increase in taxon richness,
rising from five to 11 in the 1950s–1960s, about 20
in the 1980s and 25–30 since the year 2000 (Figure
21.3B).

At Willington taxon richness began to increase
about 5 years after the oxygen levels rose in the
early 1960s; however, numbers rose more rapidly
after 1980, a trend that continued during the 1980s

and 1990s. By 2000, taxon richness was mostly
between 18 and 30 per sample compared with five
or less in the 1960s and 3–10 in the 1970s (Figure
21.3C).

At Gunthorpe, downstream of Nottingham
sewage treatment works, the rise in taxon richness
reflected more closely the trend in dissolved
oxygen, with increases following within 2 years of
the increase in oxygen (Figure 21.3D). The major
biological improvement was after 1994–1995,
even though the minimum dissolved oxygen
concentration had usually been more than 5 mg
L−1 for almost 20 years. Taxon richness rose from
5–6 in the 1960s and 1970s to 18–28 after 1995
(Figure 21.3D).

At all sites, the changes in oxygen and taxon
richness did not correspond after 2004 (Figure
21.3). Although minimum oxygen concentrations
remained relatively stable, there were clear declines
in taxon richness by between 6 and 16 taxa at all
sites during 2004–2005 to 2010. The reasons for
this are not yet clear, though episodic pollution
(The Ecologist, 15 October 2009) and low flows may
have been influential. The decline at Gunthorpe
was less marked than at the other sites, while most
recent surveys by the Environment Agency have
shown improvements from the lowest 2004–2010
values.

Other chemical changes and water
temperatures
There have been reductions in the majority of
polluting substances in the River Trent since
the 1950s, most notably the concentrations
of ammonia (as N), hard detergents, 5-day
biochemical oxygen demand (BOD) and heavy
metals (Jarvie et al, 2000; Environment Agency,
unpublished data). As examples, reductions at
Nottingham (7 km upstream of Gunthorpe),
included: BOD 14 to 3 mg L−1 (1963–95); ammonia
3.5 to 0.2 mg L−1 (1963–93); and dissolved copper
45 to 7�g L−1 (1974–2004) (Environment Agency,
unpublished data).

Water temperatures in the middle and lower
Trent have fallen as older power stations have
closed and been replaced by stations with cooling
towers (Langford, 1990). Mean annual water
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temperatures fell between 2◦C and 9◦C at various
locations along 150 km of river downstream from
Willington (Environment Agency, unpublished
data) between 1964 and 1992. At the power station
intake located at Ratcliffe-on-Soar, upstream from
Nottingham, there were daily fluctuations of up to
8–10◦C in the 1970s but less than 0.5◦C in 2002
(Southampton University, Historic Data Archive).

Discussion

The chemical and ecological quality of the
River Trent has improved greatly since the
1960s. The very poor water quality in the
upper reaches during the 1920s and the whole
length of the river in the 1950s and early
1960s was followed by improvements in water
quality in the mid-1960s (Figure 21.2). There
was also a steady increase in the number of
benthic macroinvertebrate taxa, although the
rate of biological improvement was slower than
improvements in oxygen concentrations (Figure
21.3).

Evidence from this research and previous studies
(Spicer, 1950; Lester, 1975) confirms that pollution
in the main River Trent was concentrated around
the Potteries area until the 1940s, principally
caused by domestic sewage. The polluting effects
of the River Tame and also those tributaries
draining the East Midlands were evident but not
as significant. By the 1950s, the condition of
the whole river had deteriorated as measured
by dissolved oxygen concentrations (Lester,
1975). The most likely causes were industrial
expansion, lack of investment in pollution control
infrastructure and also possibly damage to sewers,
sewage works and factories by air raids during the
Second World War. During this period, pollution
of the Tame had become so severe that the Trent
below the confluence contained few invertebrate
taxa and no fish for more than 30 km (Langford,
1972; Lester, 1975). This situation continued for
many years, with the lower reaches of the Tame
itself containing mainly oligochaetes and a few
other pollution-tolerant groups until the early
1970s (Langford et al., 2010).

At all four study sites an improvement in
dissolved oxygen concentrations began in the early
1960s, but in each case there was a delay in
the rate of recovery of the invertebrate fauna.
The cause of this delay is not certain, but
studies in other polluted rivers suggest that delays
are influenced by factors such as the presence
and mobility of potential colonizing species in
the catchment, chronic low-level pollution and
episodic incidents (Milner, 1996; Langford et al.,
2009, 2010). Limiting factors such as ammonia,
BOD or heavy metals will in many cases also have
more influence on the rate of recolonization than
dissolved oxygen (Langford et al., 2009, 2010).
We plan to test this hypothesis in relation to
historic recovery rates. For example, Langford
et al. (2009) showed that ammonia concentrations
may be the best predictor of ecological status
in streams and that dissolved oxygen or BOD
may be less relevant as a biological surrogate.
Our results suggest that oxygen concentrations
may be a poor predictive measure, but this needs
to be investigated further. For example, severe
toxic pollution by cyanides or acids from metal
finishing industries can kill all living organisms,
including bacteria, without triggering severe de-
oxygenation. This is simply because no organisms
survive to process the organic matter which causes
de-oxygenation (Hawkes, 1956). Between 1990
and 2010 changes in oxygen and other water
quality variables were relatively small, but the
invertebrate fauna continued to recover (Figure
21.3).

Water temperatures declined in the middle and
lower reaches of the Trent during a similar period
to chemical improvement, as a result of the closure
of older, direct-cooled power stations. Today there
are fewer, large power stations fitted with cooling
towers, so raised temperatures can barely be
detected more than 100 m downstream of outfalls
(Langford, 1990). The biological response to this
change has not yet been quantified for the whole
of the River Trent.

The River Trent provides an excellent case study
for examining variation in river water quality,
temperature and biology over a long timescale.
The data reveal a complex pattern of recovery
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from pollution, influenced by socio-economic,
technological and biological factors. Improvements
in chemical condition during the later part of the
20th century paved the way for the subsequent
recovery of invertebrate communities. There have
also been considerable improvements in fish
populations – coarse fish now thrive in all parts
of the main stem and migrating salmon are now
being recorded in various reaches and tributaries
(Cowx and O’Grady, 1995). The fishless reaches of
the 1950s and 1960s no longer exist (Langford et al.,
2010).

Historical studies of ecological and socio-
economic conditions clearly show how far human
activities have shaped river environments and
landscapes. They can contribute important
knowledge to help provide an economic,
sociological and technical framework for future
river conservation and restoration programmes
(Haslam, 1991; Hayashida, 2005). In addition to
a better understanding of the links between the
chemical and ecological attributes of rivers, long-
term records also provide important evidence of
how other factors can affect rivers. These include
rapid economic expansion (industrialization
and population growth), recession (industrial
decline and relocation overseas), war (armaments
manufacture; financial priorities to provide
armaments and defences rather than to protect
the environment; destruction of infrastructure),
and the response to large-scale natural disasters
such as floods, through action to help survival and
reduce risk. It is still unclear to what extent the
recovery of severely polluted rivers such as the
Trent has resulted from purposeful actions (e.g.
enforcement of pollution legislation, technological
progress) compared with the consequences of
economic factors such as recession and industrial
emigration. In this context, the cost of over-
zealous environmental regulation may itself lead
to relocation of industry overseas and thereby
exacerbate recessionary effects. This happened in
the UK during the 1960s (Langford et al., 2010).

Knowledge of historical changes to the
environment can reveal active and passive factors
that have influenced ecological improvement
and this can provide useful insight for meeting
future challenges (MacKenzie et al., 2002; Reid

and Ogden, 2006). Further planned analyses
should provide the basis for discriminating
between the effects of active interaction and the
biological responses such as recolonization. This
ability would provide a better basis for investing
resources in the most effective and efficient ways
to achieve and maintain the ecological recovery of
rivers.

Historical analyses can also provide information
to help protect high quality rivers and to
accelerate the recovery of polluted rivers in
developing countries. In many of these regions
recent economic development has produced similar
problems to those of Britain and other developed
countries in the early to mid 20th century, and
environmental concerns are now growing. Our
continuing programme of studies includes analyses
of the socio-economic and historical aspects of
the various industries within the whole Trent
catchment and an assessment of the causes of
varying rates of invertebrate recolonization within
the river system.
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Introduction

Rivers are complex systems and are strongly
influenced by the landscapes through which they
flow (Hynes, 1975; Vannote et al., 1980). Actions
taken well away from the river can sometimes
have adverse effects on channel morphology, river
flow, water quality and biological communities,
with consequent environmental, economic and
social implications and costs. These landscape-scale
factors are particularly relevant in Mediterranean
regions of the world because they amplify the
effects of the annual seasonal wet and dry periods
and the unpredictable variability of precipitation
between years (Boulton, 2003). The impacts on
aquatic ecosystems can be particularly severe
during the dry season (Fisher et al., 1998; Stanley
et al., 1997).

Most Mediterranean streams are temporary,
characterized by seasonal events of flood and
drought and inhabited by aquatic communities
that are adapted to this pattern and uncertainty.
As the demand for water increases, especially for
agricultural use, availability is becoming a major
problem, especially during the dry Mediterranean
summers. This has led to extensive physical
modification of rivers to provide more reliable
access to water both for human consumption
and agricultural irrigation (Kondolf and Batalla,
2005). Extreme water shortages and crop failures
during the droughts of the early 1990s exposed the
vulnerability of Mediterranean areas to climatic
extremes (Weiß et al., 2007). An important
conclusion from these events was that future
climate change could hinder substantially
efforts for a truly sustainable approach to
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water management in the region. The potential
consequences of more frequent and longer
droughts include an increase in desertification, a
decrease in water availability for food production
and new threats to human health, ecosystems and
the economies of affected countries. At a strategic
scale, the construction of dams and reservoirs is
a way of increasing the volume and reliability
of water supplies for agricultural and urban use.
However, dams disrupt significantly the natural
hydrological and fluvial morphological processes
that control habitat structure, the intensity and
frequency of floods, floodplain connectivity and
water quality conditions (Bunn and Arthington,
2002). The cumulative effect of small-scale local
modifications to the river channel and water flow
can have equally adverse effects on the special type
of freshwater ecosystem represented by temporary
streams. For example, the physical disturbance and
modification of temporary streams is widespread
in Mediterranean regions where local people rely
on streams and rivers for their water supply and to
graze their livestock in the dry periods (Gasith and
Resh, 1999).

Action to tackle one problem often leads
to adverse effects on other sectors of society;
therefore, a wide range of interests needs to be
taken into account when managing land and water
within a river catchment (Lee and Dinar, 1996).
Involving a range of stakeholders in the planning
and decision-making process is important and
this is a key principle enshrined in the European
Water Framework Directive (WFD; Council of
the European Communities, 2000; Leal, 2006).
However, the technical guidance for the WFD
does not refer explicitly to temporary, seasonally
intermittent streams; aiming to achieve ‘good
ecological status’ is more readily associated with
permanent watercourses. Therefore, securing the
full environmental benefits expected from the
WFD by December 2015 is a major challenge
for Mediterranean countries. For example,
monitoring methods and assessment protocols
need to take account of the seasonal and between-
year variations in assessment programmes for
temporary watercourses, not only to safeguard
water supplies for human use but also to conserve
ecological interest and integrity. This means it is

important to develop effective decision-support
tools for catchments with temporary streams,
particularly as climate change is very likely to
increase pressure on already scarce water resources
(Weiß et al., 2007).

Several catchment-based land and water quality
models have been developed in the past 20 years
(Lenzi and Di Luzio, 1997; Lowrance et al., 2000;
Cerucci and Conrad, 2003; Gassman et al., 2007).
These have explored the impact of land-use change
on water conditions, notably The Soil and Water
Assessment Tool (SWAT) which was developed
by the US Agricultural Research Service as a
multi-disciplinary catchment modelling tool. SWAT
has over 30 years of practical use for stream-
flow calibration and analyses associated with
pollutant loading and climate change impacts on
hydrology (Gassman et al., 2007). However, the
assumptions used in these models are based on
permanent watercourses, so their application in
catchments where streams are dry for part of
the year is limited (Trancoso et al., 2009). A
study of the effects of climate change on stream
hydrology was carried out in a demonstration
river catchment in southern Portugal to improve
current knowledge about temporary watercourses.
The main objectives of this research were: (i)
to study long-term patterns and trends of air
temperature and precipitation; (ii) to use the
SWAT model to simulate total runoff and discharge
across the entire catchment; and (iii) to develop
practical management guidance for implementing
conservation strategies.

Study area

The study area was the Pardiela catchment in
southern Portugal. The Pardiela is a fourth-order
Mediterranean stream with a catchment area of
514 km2 (Figure 22.1a). The altitude range is from
505 m in the headwaters to 169 m, at its confluence
with the Degebe River (Gallart et al., 2008). Mean
air temperature ranges from 9◦C in winter to 23◦C
in summer, with a mean annual precipitation of
600 mm (Lillebø et al., 2007). The Pardiela has
a typical Mediterranean hydrological regime, with
low discharge in the dry summer period and high
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(a)

(b)

Figure 22.1 a) Map of Portugal, showing the location of the Pardiela catchment (38◦ 38’ N, 07◦ 42’W), the
1 km × 1 km study site (black dot) and the Vigia reservoir. b) Aerial photographs of the study site taken in 1958 (left)
and 2005 (right).

discharge in the wet autumn and winter. During
the summer, the headwaters dry out completely
and the middle reaches contract to a series of pools.
The downstream reaches contain water all year
round owing to the presence of a large dam located

in an adjoining tributary and a weir where the
Pardiela joins the Degebe River. Catchment land-
use is dominated by holm oak (Quercus ilex ssp.
rotundifolia), olive groves, vineyards and pasture
land. Riparian vegetation is fragmented and mainly
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consists of ash (Fraxinus angustifolia), willows (Salix

atrocinerea and S. salviifolia), poplars (Populus nigra)
and introduced African tamarisk (Tamarix africana).

Field measurements were made at a 1 × 1
km study site in the middle reaches, selected for
its location and ease of access (Figure 22.1a).
The channel in the study site had a bedslope of
0.32%, a mean width of approximately 20 m and a
maximum depth of 1.4 m. The substrate comprised
mainly sand, gravel and pebbles. Maximum
altitude in the study site was 243 m. Changes in
land use and stream morphology at the study site
were assessed using aerial photographs taken in
1958 and 2007 (Figure 22.1b).

Methods

Establishing climatic patterns
and trends
Climatic information for the catchment was based
on temperature and precipitation data generated by
a long-term weather station at Évora (Instituto de
Meteorologia, http://www.meteo.pt/) and national
weather stations in Azaruja and Santa Susana
(Sistema Nacional de Informação de Recursos
Hı́dricos, http://snirh.pt/). The national stations
provided more than 60 years of temperature and
precipitation data. These were compared with
the 30-year average for the period 1961–1990,
in line with the minimum recommended time
period required to observe climatic trends. Climatic
trends were tested using the non-parametric
Mann-Kendall statistic test; time series patterns
were analysed using the so-called progressive and
retrograde series of the sequential Mann–Kendall
test in order to establish the likely beginning of
significant trends (Sneyers, 1990).

Applying the Soil and Water
Assessment Tool
The 2009 version of SWAT (SWAT2009; ArcGIS
Version 9.3; http://swatmodel.tamu.edu/software)
was used to simulate a time series of discharge
hydrographs for 46 different locations in the
Pardiela catchment, selected randomly to represent

the headwaters, middle and lower reaches. Data
used for the SWAT model were taken from
a number of sources, including: (i) 1:100 000
scale soil map (Gonçalves et al., 2005); (ii)
Corine Land Cover 2000 at 1:100 000 scale
(http://www.igeo.pt/); and (iii) the Alentejo Digital
Terrain Model, provided by the Administração
da Região Hidrográfica do Alentejo I.P. Field
measurements included data from a weather
station specially installed in the study reach
which provided continuous information on
air temperature, precipitation, wind speed and
direction, solar radiation and relative humidity.
An automatic multi-parameter probe, inserted in
the stream bed, measured the water level every 30
minutes. Discharge measurements were recorded
in the study reach during and after the flood events
and for each month during the two hydrological
years from October 2007 to October 2009.

The SWAT model was calibrated using the
field measurement data from October 2007 to
October 2009 in order to establish the discharge
pattern throughout each of the two hydrological
years. The information was used to predict the
number of days without flow and infer the pattern
of ephemeral flow along different reaches and
tributaries throughout the catchment.

Results

Climatic trends
The pattern of annual variability in mean air
temperature at Évora during the period 1941–2006
showed a gradual increase when compared with
the average air temperature for 1961–1990 (Figure
22.2a). The Mann-Kendall statistical test confirmed
a trend of increasing mean air temperature. Both
progressive (dark grey line in Figure 22.2b) and
retrograde (light grey line) series began to increase
after 1977, but the upward trend only became
statistically significant (t = 1.96, � = 0.05) in 2003,
following the intersection point between the two in
2002.

The annual variability of mean precipitation
during the period 1932–2007 indicates a gradual
decrease when compared with the average
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Figure 22.2 a) Annual variability of
mean air temperature in the Pardiela
catchment during 1941–2006. The
dashed line represents the average air
temperature during the period
1961–1990 (data from the Évora
weather station). b) Progressive (dark
grey) and retrograde (light grey) series
of Mann-Kendall statistic test. The
dashed lines represent the significance
boundaries (t = 1.96; � = 0.05).

precipitation for 1961–1990 (Figure 22.3a).
The progressive and retrograde series (in dark
grey and light grey respectively; Figure 22.3b)
suggest that the precipitation started to decrease
in 1973, but the intersection point of the two
indicates that 1978 represented the beginning
of a statistically meaningful downward trend.
However, the decreasing trend did not cover the
entire period; for example, in 2005 the progressive

series exceeded the statistically significant level (t
= 1.96), indicating a temporary reversal caused by
an unusually wet year.

Hydrological modelling
Comparison of field measurements for discharge
taken in the study site with modelled outputs
using the automatic probe, weather station and
in situ measurements indicated that the SWAT

Figure 22.3 a) Annual variability of
mean precipitation in the Pardiela
catchment during 1932–2007. The
dashed line represents the average
precipitation during the period
1961–1990 (data from the Azaruja
and Santa Susana meteorological
stations). b) Progressive (dark grey)
and retrograde (light grey) series of
Mann-Kendall statistic test. The
dashed lines represent the significance
boundaries (t = 1.96; � = 0.05).
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Figure 22.4 Hydrograph outputs for the two hydrological years (October 2007–October 2009) generated from the
SWAT model. The lines represent different reaches of the Ribeira da Pardiela.

simulations were able to capture the annual
pattern of flow with an adjustment factor of r2

= 0.9693 (SWAT simulations = 1.9146 × in

situ measurements). Given the good calibration
between the model and field measurements, the
SWAT model was used to estimate total annual
runoff from the entire catchment. The modelled
hydrographs demonstrated the typical pattern
of annual discharge in temporary streams; an
expansion period during October to April and a
contraction period from late May to September
(Figure 22.4). The headwater reaches had a natural
tendency to flow only during and shortly after
heavy rainfall. In the middle reaches flow started
as a result of the first autumn flood and a base flow
was maintained until late spring, when a lack of
rainfall and increasing temperatures gradually led
to an interruption in flow causing contraction of
the stream into a series of large pools. The pattern
for the downstream reaches was similar to the
middle reaches but with higher discharge levels. In
all cases maximum discharge occurred during flood
events.

The SWAT model was able to estimate total
runoff for the two hydrological years and allocate
the proportion of this to different parts of the

catchment (Figure 22.5). As expected, this shows
that the main-stem channel accounts for the
greatest proportion while headwaters contribute
the smallest amount. Transforming the modelled
data into an estimate of the percentage of days
without flow over the 2-year period shows the
effects of the seasonal pattern more clearly (Figure
22.6). Headwaters had no flow for 89% of days
compared with 56–84% in the middle reaches and
56% at the downstream end.

Land use and stream morphology
Comparison of aerial photographs (Figure 22.1)
indicates that predominant land-use in the study
site remained broadly the same between 1958 and
2007. Holm oak forest declined from 46% to 36%
and olive groves from 23% to 22%, whilst pasture
land increased from 30% to 34%. The most notable
changes were an increase in urban land-use from
1% to 4% and the establishment of vineyards,
which occupied 4% of land in 2005. Average
channel width declined from 38.8 m to 17.6 m,
while morphological features such as gravel bars
that were obvious in the 1958 aerial photograph
were no longer visible in the narrower channel
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Figure 22.5 Total runoff for the two
hydrological years (October
2007–October 2009) generated from
SWAT model. The main stem of the river
accounts for the greater part of total
runoff (black and dark grey areas).
Tributaries only add part of the total
runoff, and headwater reaches make the
smallest contribution to the amount of
total runoff (light grey areas).

Figure 22.6 Percentage of days with
no discharge (October 2007–October
2009) estimated by the SWAT model.
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of 2005. By then, the channel course could only
be distinguished by the outline of fringing riparian
vegetation (Figure 22.1b).

Discussion

The Ribeira da Pardiela catchment demonstrates
the broad characteristics and problems of
temporary rivers in the Mediterranean region.
Evidence for increasing mean annual air
temperature and decreasing mean annual
precipitation detected in the catchment
reflects similar findings from other parts of the
Mediterranean and could lead to major problems
being experienced elsewhere. For example, Bladé
and Castro-Dı́ez (2010) found evidence for an
overall decrease in precipitation over the entire
Mediterranean region, but particularly in north-
west Africa, the southern Iberian Peninsula,
Italy, the Balkans and Turkey; this has resulted
in reduced availability of water for surface and
underground aquifer systems. Several authors
have predicted that by the 2070s there could be
a decrease in annual runoff of up to 36% in the
south (Alcamo et al., 2007), increasing the drought
risk in western and southern Europe (Lehner et al.,
2006).

Headwater tributaries in the Mediterranean
region usually flow only following consecutive
days of rainfall that is sufficient to saturate the
soil. At other times the channel is naturally dry.
However, the natural flow regime in the middle
and lower reaches is affected significantly by
water abstraction, particularly for agriculture. This
is a particular problem during the dry period,
when unregulated water abstraction, together with
livestock roaming along the stream bed damage
in-channel habitats. In some cases there are also
health risks associated with poor water quality.
These factors, and water abstraction in particular,
may have caused the channel in the study site to
narrow between 1958 and 2005 (Figure 22.1b).

Given that the most likely impacts of climate
change in Mediterranean regions will affect the
availability of water it is extremely important

to develop policies and management practices
that will not only safeguard human health, but
also maintain and conserve the ecological status
of temporary rivers. However, the between-year
variation in precipitation, combined with trends
of increasing temperature, decreasing rainfall and
greater human demand for water means that
sustainable ecosystem management is particularly
difficult in Mediterranean regions (Baron et al.,
2002). Improved hydrological models are needed
to predict with greater confidence the amount of
water available and the ecological consequences
associated with different scenarios of climate
change so that conservation strategies and water
management practices are complementary and
effective.

Mediterranean rivers are valuable ecosystems
that have been recognized as one of the foremost
25 ‘global biodiversity hotspots’ (Myers et al.,
2000). Action needs to be taken at the landscape
level to safeguard this ecological interest. In
Portugal, landowners have the responsibility for
maintaining rivers by clearing the stream bed and
channel margins, but in an uncontrolled fashion
this has resulted in unsustainable use of water
and river landscapes. A catchment management
approach, applying the principles of the WFD
(Council of the European Communities, 2000), is
therefore required to protect the special character
and ecological value of temporary Mediterranean
streams and their corridors. To illustrate the
practical aspects and benefits of sustainable
management a small number of demonstration
catchments could be used to apply practical
conservation strategies which could then be tested
and monitored at relatively low cost. These
conservation strategies should reflect sustainable
development principles, balancing human needs
and ecosystem health and exploiting the benefits
provided by traditional land management such as
holm oak forest and olive groves. Special attention
should be focused on the problems caused by
water abstraction and livestock damage to the
river channel and margins. Using the experiences
of physical and biological problems from other
similar catchments (Gómez et al., 1995, 2005),
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Table 22.1 Generic proposals for the management and conservation of temporary Mediterranean stream corridors.

Policy and technical proposals
Management plans should include temporary stream basins (landscape and riparian areas) and monitoring, assessment

and management strategies should reflect their particular needs.
Hydrological models need to be adapted to reflect the special nature of river catchments with temporary streams to

improve the monitoring of present conditions and predict future scenarios in terms of water availability and quality.
Human activities along temporary river corridors (e.g. grazing, vegetation cutting and sediment extraction) should be

restricted and a network of locations for priority action should be developed.
Stakeholders and landowners should be encouraged to conserve riparian vegetation and channel margins.
Demonstration catchments should be selected according to their biological and/or ecological importance or quality status,

to show the benefits of applying new water management and conservation techniques.

Social and educational proposals
Stakeholders and local people should be involved in advice and education regarding the importance of temporary river

corridors, the protection of their biodiversity and the maintenance of water quality. They should also be offered
technical assessment and guidance to solve management problems.

Regulation and incentive proposals
Where relevant, use regulations, economic incentives and taxes to encourage sustainable catchment management.

generic management principles, including the use
of education, incentives and regulation, can be
applied to catchments with temporary streams
(Table 22.1).

Conservation and rehabilitation strategies should
identify critical reaches, including headwaters and
middle reaches that represent the most vulnerable
locations in terms of water availability and demand.
Management strategies need to be shared and
influenced by interested stakeholders and land
owners, so that proposed actions can be designed
to suit local circumstances. In this way they
are more likely to be understood, supported and
implemented by those who are affected by the
need to change their behaviour (Åberg and Tapsell,
this volume). Proposed actions should reflect
overall policy objectives such as achieving WFD
objectives, but should clearly explain the benefits
of sustainable water management to local people,
which is one of the most important requirements
for successful river conservation.

Conclusions

Hydrological and ecological knowledge about
temporary streams needs to be improved if these

special ecosystems are to be conserved. Their
vulnerability to a combination of climate change
and increasing demand for water is particularly
acute. There is an urgent need for catchment-
scale management strategies to be developed and
implemented to reduce this vulnerability and
promote sustainable land-use. Sharing information
and developing management strategies with local
people, focused initially on a few key catchments to
demonstrate the principles in practice would help
to improve the chances of success.
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Gonçalves MC, Reis LCL, Pereira MV (2005) Progress

of Soil Survey in Portugal. European Soil Bureau.

Research Report no. 9: 275–9.

Hynes HBN (1975) The stream and its valley.

Verhandlungen der Internationalen Vereinigung für

theoretische und agnewandte Limnologie 19: 1–15.

Kondolf GM, Batalla RJ (2005) Hydrological effects of

dams and water diversions on rivers of Mediterranean-

climate regions: examples from California. In Catchment

Dynamics and River Processes: Mediterranean and Other

Climate Regions, Garcia C, Batalla RJ (eds). Elsevier:

Amsterdam; 197–211.

Leal FW (2006) Watersketch: trends in sustainable river

basin monitoring in the Baltic: some scenarios for

sustainable river management. In Sustainable Chemistry

and Biotechnology – A Contribution to River Management,

Leal FW, Greif D, Delakowitz B (eds). Environmental

Education, Communication and Sustainability 21:

123–35.

Lee DJ, Dinar A (1996) Integrated models of river

basin planning, development and management. Water

International 21: 213–22.
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CHAPTER 23

The History, Development, Role and
Future of River Restoration Centres
Nigel T.H. Holmes1 and Martin Janes2

1Alconbury Environmental Consultants, Warboys, UK
2River Restoration Centre, Silsoe, UK

Introduction

The concept of river restoration centres originated
at the 1990 River Conservation and Management
conference in York (Boon et al., 1992). A paper
given by Nadia Johanisova from Czechoslovakia
entitled ‘The struggle to conserve one Czech
river’ simultaneously inspired and shamed most
of the delegates. The prime reason was that
in stark contrast to what her local community
was doing for river restoration by their own
volition, very few practical outcomes were being
achieved in countries such as the UK, where
legislation, institutional arrangements and funding
were available for similar work but not being
used. The day after that talk, several like-minded
delegates met to determine what more could
be done to restore rivers and improve water
management in the UK. The result was the
development of the River Restoration Centre (RRC)
(http://www.therrc.co.uk).

In the 1980s and 1990s there was considerable
debate about the terminology defining river
‘restoration’, ‘rehabilitation’, ‘enhancement’ and
also ‘mitigation’ (Cairns, 1988; Brookes and
Shields, 1996). Several books were published
on the rationale, benefits and justification for
river restoration (Brookes, 1988; Purseglove, 1988;
Harper et al., 1998) and also explaining the
different approaches for achieving it (Gore, 1985;

Harper et al., 1992; Petersen et al., 1992; Brookes
and Shields, 1996). These publications took a
more comprehensive approach to river restoration
compared with the previous narrow focus based
mainly on fisheries enhancements (O’Grady et al.,
1991). They also advocated the need for re-
connecting rivers with their floodplains (Havinga,
1992; Large et al., 1993). More practical examples
and a means of sharing experiences were required,
so that future work would be more cost-effective. It
was hoped that monitoring the environmental and
economic benefits would garner wider support for
large-scale reversal of the historical degradation of
rivers (Purseglove, 1988).

Legislation enabling and encouraging river
restoration work varies greatly across the world. In
Europe, there are powerful legal obligations that
require Member States to improve the ecological
status of rivers. For example, the 1992 EC Habitats
Directive (Council of the European Communities,
1992) aims to achieve and maintain the ‘favourable
conservation status’ of particular habitats and
species, including those associated with rivers. The
Directive means that activities affecting ‘Special
Areas of Conservation’ must not damage the
integrity or ecological functioning of the habitats
and species for which they were designated. It also
implies that steps to restore ecological integrity,
including restorative or mitigation measures, need
to be taken as well as measures to improve linear

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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landscape features such as river corridors. The
EC Water Framework Directive requires Member
States to aim to achieve ‘good ecological status’
or ‘good ecological potential’ of rivers and other
water bodies by December 2015 and publish actions
as ‘programmes of measures’ in river basin plans
(Council of the European Communities, 2000).
Despite publication of these plans by several
Member States it is still unclear how much
restoration of physically damaged rivers is included
in the detailed actions.

One reason why the talk by Nadia Johanisova
had so much impact was that it confirmed that
environmental awareness and peer pressure
from the public can lead to change for the
better – particularly in cities such as London and
Liverpool (Environment Agency, 2001; Wood
et al., 1999). Sometimes change only results from
the direct action of individuals and communities,
without support from legislation or public bodies.
Nevertheless, environmental legislation and
political support are strongly influenced and
shaped by individual and collective pressure and
action (Boon et al., 1992). Regardless of legislative
support, work to rehabilitate rivers and their
floodplains will always be improved by sharing
experiences of project work, including success and
failure. Facilitating this shared experience is a key
role for river restoration centres.

For the purposes of this chapter river restoration
centres are defined as ‘organizations dedicated
to promoting river restoration’ (collectively
restoration, rehabilitation, enhancement; sensu
Cairns, 1988); they achieve this by sharing
knowledge on successful techniques. Organizations
that qualify under this term are those with a broad
focus on rivers and their floodplains, with a prime
purpose of sharing information widely among
practitioners.

Development of the River
Restoration Centre in the UK

The precursor to the first river restoration in
the UK was the River Restoration Project (RRP),
formed in 1992 as a result of discussions following

Nadia Johanisova’s inspiring presentation at
York. After the York conference a small team
developed a project structure, the purpose
of which was to demonstrate what could be
done for river restoration in the UK. This team
comprised dedicated enthusiasts and professionals
who garnered support and obtained funding from
organizations such as the National Rivers Authority
and British Coal (RRP, 1994).

The RRP was launched in 1992 by John Major,
then the British Prime Minister. Its aim was to
demonstrate how to carry out successful river
restoration and promote the multiple benefits
available to a wide audience. In March 1993,
the RRP and Danish partners secured European
Union funding for a demonstration project on river
restoration for three sites in Denmark and the
UK (Holmes and Nielsen, 1998; Nielsen, 1998).
The aims of this collaborative project were: (i) to
establish pilot sites demonstrating state-of-the-art
techniques for restoring severely degraded rivers;
(ii) to monitor the benefits of river restoration for
water quality, flood protection, ecology and local
amenity; (iii) to motivate and train practitioners,
encouraging them to include restoration work as
a means of achieving better river management; (iv)
to show how a partnership approach could achieve
common goals that would not be possible by a
single body; (v) to establish the costs and benefits of
restoration schemes; (vi) to assess public perception
of restoration activities; and (vii) to disseminate
information about river restoration.

Restoration work was completed at the three
demonstration sites (on the River Brede in
Denmark and the rivers Skerne and Cole in
England) in 1996 (Holmes and Nielsen, 1998;
Vivash et al., 1998). Some monitoring continued
after the restoration work was completed (Biggs
et al., 1998; Åberg and Tapsell, this volume) and the
RRP developed into a fully fledged river restoration
centre (RRC, 1997). The RRC was established
because sharing information about what had been
done, and what was being done elsewhere, had
become a greater priority than simply doing more
demonstration projects.

Early development of the RRC focused on
the transition from a demonstration project to a



P1: TIX/XYZ P2: ABC
JWST110-c23 JWST110-Boon December 8, 2011 10:4 Trim: 246mm X 189mm Printer Name: Yet to Come

The History, Development, Role and Future of River Restoration Centres 287

centre providing advisory services that were not
available elsewhere. The increase in published
literature, improved knowledge resulting from the
demonstration work and easier access to UK and
European funds for river restoration generated
a far greater interest in river restoration at this
time. The main limiting factor was availability
of expertise and experience to take advantage of
these new opportunities. The RRC had four main
objectives: (i) set up a network of subscribers and
keep them informed of restoration developments;
(ii) provide direct advice and guidance; (iii)
support projects advancing knowledge and
understanding of restoration techniques and
benefits; and (iv) promote the benefits of
river restoration through visits, presentations,
documentation and other means (RRC, 1997).
These objectives were instrumental in shifting
traditional, institutionalized mindsets from single
to multiple-objective restoration, founded on
ecological principles and outcomes.

Since its formation the RRC has been the
UK focus for developments in understanding
river management and restoration. By 2010 the
three core activities were knowledge exchange;
advice and assessment; and promoting, facilitating
and supporting best practice for watercourse
and floodplain management. The recent emphasis
on ‘ecosystem goods and services’, ecosystem
assessment and reversing the decline in biodiversity
have shifted the international political perspective
towards a truly integrated catchment approach
to river management (Mant and Janes, 2005;
Everard, this volume). River restoration is now a far
more commonly used and understood term, so the
emphasis of the RRC is now less on explaining the
rationale and more about providing practical advice
and support for its implementation (RRC, 2010).

Development of the European
Centre for River Restoration
(ECRR)

For more than 20 years, the European Union
has acknowledged the benefits of restoring
rivers and their floodplains by funding several

multi-million euro river restoration projects
through the LIFE (L’Instrument Financier pour
l’Environnement) programme. The RRP–Danish
LIFE project concluded that the greatest benefit
from the demonstration work would be derived
by sharing this and other knowledge on river
restoration (Holmes and Nielsen, 1996). Forming
an international ‘information-sharing community’
was one of the LIFE project outputs, with an
early initiative a conference on the ‘physical
dimension’ of river restoration in Denmark in
1995. This conference was organized by the
National Environment Research Institute (NERI), a
partner in the LIFE project and host for the ECRR
in its early years (NERI, 1997); the proceedings
were published as a special edition of Aquatic
Conservation in 1998 (Hansen et al., 1998).

An ‘informal’ ECRR existed during 1995–1999
by courtesy of a few dedicated individuals
supported by their institutions – a pattern
repeated for subsequent national and international
river restoration centres. In 1999 the official
constitutional meeting of the ECRR was held
in Silkeborg, Denmark, with 55 participants
representing 22 European countries. A
management board was set up and the first
formal steps towards a European network on river
restoration were taken.

The ECRR is ‘a European network based on
a framework of national networks (national
centres for river restoration) whose mission is
to enhance and promote river restoration and
sustainable river management throughout Europe,
disseminating information on river restoration
experiences and approaches, and fostering
the establishment of national river restoration
networks in as many European countries as
possible’ (http://www.ecrr.org). It acts as an
international ‘network of networks’, and promotes
river restoration through publications, newsletters,
international conferences, thematic workshops
and field trips (http://www.ecrr.org/ecrr-past-
activities.html). The aim of the ECRR is to
support the development of river restoration as
an integral part of sustainable water management
throughout Europe by: (i) improving confidence
in implementing river restoration; (ii) increasing
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knowledge on river restoration schemes and
techniques; (iii) facilitating improved exchange
of information from river restoration work
worldwide; (iv) improving the quantification of the
benefits from river restoration projects by applying
better evaluation techniques; and (v) encouraging
and facilitating the setting up of national river
restoration centres across Europe. This work is
channelled through relevant national institutions
that act as contact points on river restoration.
Contacts can be nominated national centres for
river restoration (non-governmental organizations
(NGOs) or similar associations), or simply
coordinated networks of individuals. Most of
these contacts are represented on the management
board of the ECRR. The ECRR depends on ‘host’
institutions that act as a secretariat for coordinating
activities. The role of secretariat has been held,
in turn, by NERI (Denmark), the Institute for
Inland Water Management and Waste Water
Treatment (RWS-RIZA, The Netherlands), the
Italian Centre for River Restoration (CIRF, Italy)
and the Dutch Government Service for Land and
Water Management (The Netherlands). The ECRR
network currently also includes more than 300
individual members, comprising organizations and
individuals from all over the world. The ECRR

functions as a result of activities by the constituent
individuals and organizations.

National river restoration
centres in Europe

By the end of 2009 there were nine national
European river restoration centres/networks with
active websites (http://www.ecrr.org/partners-
ecrr.html) (Table 23.1). In 2010 a further six
national centres started linking up with the
ECRR, and this expansion is likely to continue
in future. About a third of European countries
still do not have dedicated ‘centres’, but several
have institutions that act as contact points for
the exchange of knowledge. Roles, activities
and funding for individual European centres
vary considerably. For example, the CIRF in
Italy is a ‘not-for-profit’ technical–scientific
association, created in 1999 by a group of people
with very different backgrounds, to promote
the culture of river restoration. Its goals are
similar to those of the RRC and ECRR and it
is funded primarily through membership fees,
income from technical advice provided to

Table 23.1 River restoration centres and networks in Europe at the end of 2009.

Country Centre/network Web-site

Belgium University of Antwerp, Ecosystem Management
Research Group (ECOBE)

http://www.ua.ac.be/main.aspx?c=*ECOBE

Denmark Danish Centre for River Restoration (Dansk Center for
Vandløbsrestaurering – DCVR)

http://www2.dmu.dk/1_Om_DMU/2_tvaer-
funk/3_vlres/default_en.asp

Finland Environment Institute (SYKE) http://www.environment.fi/
Italy Italian Centre for River Restoration (Centro Italiano per

la Rqualificazione Fluviale – CIRF)
http://www.cirf.org/php/inglese/home.htm

Netherlands Netherlands Centre for River Studies (NCR) http://www.ncr-web.org/
Romania Romanian River Restoration Centre (RRRC) http://www.rowater.ro/sites/en/default.aspx
Russia Russian Institute for Integrated Water Management

and Protection (RosNIIVH)
http://www.wrm.ru/about_eng.php

Spain & Portugal Iberian Centre for River Restoration (Centro Ibérico de
Restauración Fluvial – CIREF)

http://www.cirefluvial.com/en/

United Kingdom The River Restoration Centre (RRC) http://www.therrc.co.uk/
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non-members, running events and sale of
publications (http://www.cirf.org/php/inglese/
who.htm).

River restoration centres
worldwide

In 1973 American Rivers (AR) was set up to
increase the number of rivers protected by the
National Wild and Scenic Rivers Act and to
prevent deterioration of wild rivers by large
dam construction (see also Hamill and Melis,
this volume). This ‘not-for-profit’ organization
is dedicated to protecting and restoring
healthy natural rivers and the life that they
sustain (http://www.americanrivers.org/about-
us/history/). American Rivers now has a large
supporter base (65 000) and five offices from
where it works on five major programmes: (i)
rivers and global warming; (ii) protecting rivers;
(iii) clean water; (iv) water supply; and (v)
restoring rivers. In 2010 the organization spent
more than 6.3 million US dollars on its river
restoration programme to remove unsafe dams,
improve operations of river infrastructure, help
to reduce loss from floods and re-connect people
to their rivers. Making information available
and sharing information is now a large part of
what the organization does especially locally
through its National River Cleanup programme
(http://www.americanrivers.org/about-
us/history/).

River Restoration Northwest (RRNW) was
founded as a not-for-profit organization in
2002 to meet the need for a regional forum for
design professionals in the US state of Oregon.
The stated goals of RRNW are to advance
the science and standards of practice of river
restoration through educational programmes
that emphasize an inter-disciplinary approach
to promote responsible practices, discuss and
exchange ideas, assess projects, reflect on
lessons learned, and provide technology transfer
(http://www.rrnw.org/pageview.aspx?id=32244).
RRNW, as an organization, is centred on its
annual symposium held every year since 2002,

similar in aim, origin of delegates (engineers,
biologists, hydrologists, and other stream
restoration professionals) and attendance numbers
to the annual RRC conferences held in the
UK since April 2000 (http://www.rrnw.org/
pageview.aspx?id=32244).

The Asian River Restoration Centre (ARRC)
was established as a direct result of a special
workshop session entitled ‘River Restoration in
Asian Monsoon region’, at the 4th World Water
Forum held in March 2006 (http://www.a-rr.net.
(English version of website)). The importance
of river restoration as a multi-disciplinary and
multi-organization task, supported by river
engineers, environmental scientists, ecologists,
water managers and the public was the driving
force behind ARRN. It was established in November
2006, with China, Korea and Japan as the
founder members. In common with the ECRR, an
organization within one of the founder countries
acts as the secretariat, in this case the Foundation
for Riverfront Improvement and Restoration
(RFC) in Tokyo, Japan. The ARRN is a non-
political network for exchanging knowledge and
technological information on the restoration of
rivers and catchments in Asia.

The Australian River Restoration Centre (ARRC)
was established in 2008 using the RRC and
ECRR model. The importance of rivers for
people, and people championing the health of
rivers, are strong themes for the organization
(http://www.australianriverrestorationcentre.com
.au). ARRC was established to provide people with
access to resources, information, stories, workshops
and conferences that combine to develop a sense of
‘belonging’ for people who care about Australia’s
rivers. It provides a range of free and commercial
services, using income to improve and update the
knowledge, resources and opportunities for sharing
information. ARRC has developed strong links with
the ECRR, the ARRN and several organizations
doing similar work in Canada and North America.

The International RiverFoundation (IRF) is also
based in Australia and aims to reach a world-
wide audience with a multi-million Australian
dollar trust fund supporting its activities. This
not-for-profit organization emerged in 2003 from
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Table 23.2 International winners of the Thiess Riverprize, 1999–2010.

Year River Organization Prize (AUD)

2010 River Thames, England The Environment Agency for England and Wales 350 000
2009 Lake Simcoe, Canada Lake Simcoe Region Conservation Authority 350 000
2008 St Johns River, USA St Johns River Water Management District 350 000
2007 Danube River, Central-Eastern

Europe
International Commission for the Protection of the

Danube River
300 000

2006 Sha River, China Chengdu Sha River Restoration Project Incorporation 225 000
2005 Drôme River, France Communaute de Communes du Val de Drôme 150 000
2004 Siuslaw River Basin, USA The Siuslaw Institute 100 000
2003 Alexander River, Israel/Palestine The Alexander River Restoration Project 100 000
2002 Mekong River, S. E. Asia Mekong River Commission 100 000
2001 Blackwood River, Australia Blackwood Basin Group 100 000
2000 Grand River, Canada Grand River Conservation Authority 100 000
1999 River Mersey, England Mersey Basin Campaign 100 000

an annual week-long celebration of the city of
Brisbane’s people, culture and environment, which
included a Riverfestival and Riversymposium. The
festival had the clear intent of attracting people
from beyond Brisbane, involving those elsewhere
in Australia and throughout the world. The Thiess
Riverprize, valued at 100 000 Australian dollars
(AUD) was introduced at the second Brisbane
festival in 1999 for improving rivers and public
involvement with rivers anywhere in the world.
The prestige of the prize has steadily increased
its value which is now AUD 350 000. A national
prize, valued at AUD 25 000 was introduced in
2001 and is now worth AUD 200 000; since
2008 it has been funded by the Australian
Government.

In 2003, the Riverfestival established a separate
foundation to ensure the continued funding
of the Riverprizes; this created an international
organization for river protection and enhancement,
known as the International RiverFoundation
(http://www.riverfoundation.org.au). The IRF is
financed by donations from individuals, companies
and both local and national Australian Government
sources. The IRF runs a Twinning Programme
which means that Riverprize winners mentor river
restoration partnership projects around the globe.
Twinning partners so far have included Israel and
Burkina Faso, the US and Russia, Australia and

Thailand, Canada and Argentina, and the UK and
India.

The IRF is involved in identifying and rewarding
best practice in river management; informing,
empowering and building the technical capacity
of river managers worldwide; and educating
and inspiring governments, companies and
communities around the world to protect river
systems. The greatest influence in rewarding
achievements for river restoration is their
partnership with the International Riversymposium
and securing funding for the prestigious
International Thiess Riverprize (Table 23.2).

Prospects for the future

The 1990 York conference had a fundamental
influence on the development of river restoration
centres. Further development, expansion and use
of these centres should continue over the next 20
years, although how far and how fast this will
happen remains uncertain. In our view, improved
communication in sharing knowledge from river
restoration work, and in particular the wider
benefits to society (Åberg and Tapsell; Everard,
this volume), will be best achieved through the
establishment of more national centres and links to
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organizations that have wider interests and remits
than just river restoration.

Within individual countries, community and
catchment-based organizations can be expected to
develop and undertake local projects. The Rivers
Trusts are a good example of this in the UK
(Newson, this volume) and in Scotland there
has been close cooperation between fisheries-
focused trusts for some time, coordinated by
the Rivers and Fisheries Trusts of Scotland
(http://www.rafts.org.uk). These Trusts usually
work in discrete catchments concentrating their
efforts on practical riparian, river and fishery
improvement works. Most have been formed as a
result of growing local awareness of environmental
degradation or concern over the decline of high-
profile species. The majority started out as riparian,
fishing or river associations but they now have
an important role in achieving broader river
improvements needed to fulfil ecological objectives
for the Water Framework Directive (Council of
the European Communities, 2000; Newson, this
volume).

Formation of an umbrella organization, the
Association of Rivers Trusts (ART) in 2001, was a
logical consequence of the long-established trusts
wishing to share information and to work more
closely with each other. With individual Rivers
Trusts now covering a large part of England and
Wales, and new ones still being formed, the aim of
the ART is ‘to coordinate, represent and develop
the aims and interests of the member trusts in the
promotion of sustainable, holistic and integrated
catchment management and sound environmental
practices, recognizing the wider economic benefits
for local communities and the value of education’
(http://www.associationofriverstrusts.org.uk).
Umbrella bodies such as ART enable local
groups to be represented at influential national
and international forums. Independent local
trusts, assisting each other through an umbrella
organization could be a successful model for other
parts of the world over the next 20 years.

From its base in Brisbane, the IRF has aspirations
to develop a strong global presence with regional
centres (e.g. in Europe, USA and Canada), because
it cannot be truly international while operating

from a single Australian city base. Its focus will
remain ‘healthy rivers’ in its broadest sense and it
aims to work in strategic alliances with regional and
national NGOs.

Established international organizations also have
an important role in developing community
partnerships that provide major environmental and
social benefits associated with river rehabilitation.
A good example is the United Nations Educational,
Scientific and Cultural Organization’s Institute
for Water Education (UNESCO-IHE) which, since
2003, has worked with local people to promote
awareness of water management issues and to
assist with restoration projects (O’Keeffe, this
volume; http://www.unesco-ihe.org). The Institute
is the largest water education facility in the world
and will play an important global role in the wise
use of water in the future. This is a good example
of an international organization that could provide
some of the capacity building and science-based
functions of river restoration centres, without
having a specific remit to do so.

The World Wide Fund for Nature (WWF) is an
NGO that is also involved in river restoration work
in the developing world. Use of freely available
Geographical Information Systems (GIS) for data-
gathering has proved most successful where other
information is very limited. As WWF has no
political or institutional affiliation it can often gain
the trust of local people and undertake projects
by obtaining commercial sponsorship through,
for example, corporate social responsibility. This
combination provides a powerful and rapid means
of getting work done and information reported
with well established media coverage. Global
organizations such as the WWF, supported by the
technical and educational work of UNESCO-IHE,
are therefore expected to lead the way in broader
community-led actions that improve human and
environmental health in those countries likely to
be affected by water crises in the future.

Conclusions

From humble beginnings in the 1980s and 1990s,
river restoration has developed rapidly. It is now
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part of commonly used terminology, is embedded
in the US Clean Water Act and European
water legislation (Council of the European
Communities, 2000), draws large investment
worldwide (http://www.americanrivers.org/about-
us/history/), and enables local people to
understand the benefits of naturally functioning
ecosystems (australianriverrestorationcentre.com
.au). River restoration centres have been
instrumental in a shift from defending people
and property against nature to working with
natural processes; this has been achieved by
promoting a change in approach, building
technical capacity and information resources
and encouraging a more integrated understanding
of rivers and their management. As scientific
understanding of rivers and societal interest in the
natural environment has grown, river restoration
centres have channelled that new knowledge and
interest through successive stages of development:
demonstrating reach-scale physical improvements;
addressing catchment problems based on local
solutions for species and naturalness; and long-
term investment in changing the way in which
river catchments are managed to assist habitat
recovery.

Nevertheless, although river restoration has
increased in profile there has been a continuing
decline in the condition of many major river
systems (Khan and Akbar, this volume). A criticism
of river restoration centres could be that they
are failing to protect vulnerable rivers. However,
the majority of river restoration centres worldwide
have purposely remained outside the political
and lobbying arenas and instead concentrated
on advising and working with governments and
environmental regulators to achieve change.

Looking further ahead we can anticipate several
developments. There will be coordinating river
restoration centres worldwide. ECRR and ARRN
will have helped in the development of other
international centres in North and South America
and in Africa. These centres will also have helped
create national centres within their own area of
geographical influence, as well as played a role
in developing national centres beyond their own
continental boundaries. Local groups will have

increased, not only producing practical benefits
for their own communities, but also, through
umbrella organizations, influencing national and
international river restoration work. Organizations
such as WWF and UNESCO-IHE will have helped
carry out many river and wetland management
projects around the world, and improved the
condition of rivers for people globally. The
International RiverFoundation will drive a global
integrated river basin restoration network to link
and inspire international and national bodies to
be even more effective in sharing knowledge,
facilitating change and celebrating restored healthy
rivers.

It is sobering to conclude this chapter with
reference to the severe flooding that affected many
parts of Australia in early 2011. Ironically, one of
the worst affected areas was Brisbane, because it
was the community of this city, celebrating the
value of its own river, that gave birth to the IRF. We
hope that the reaction will not be to turn against
river restoration, but instead to focus on it as part of
truly sustainable water management in the future.
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CHAPTER 24

From Stockholm to Rio II: The Natural
and Institutional Landscapes Through
Which Rivers Flow
Peter Bridgewater1, Lei Guangchun2 and Lu Cai2

1Joint Nature Conservation Committee, Peterborough, UK
2School of Nature Conservation, Beijing Forestry University, China

Introduction

Ecclesiastes 1:7 (King James Version): All the rivers
run into the sea; yet the sea is not full; unto the place from

whence the rivers come, thither they return again. All
the Rivers Run is also the title of an historical novel
about the River Murray, written by Australian
author Nancy Cato in 1958, and subsequently
made into a television mini-series. As part of its
introduction to the Programme on Inland Waters,
the Convention on Biological Diversity cites the
Native American Indian proverb No river can return

to its source, yet all rivers must have a beginning –
an echo of the Ecclesiastes text. Finally, And Quiet
Flows the Don is the first part of the great epic
(Tuxuŭ oh,), based on the Don River, written by
Sholokhov in 1934.

Religion and literature alike have been thus
fascinated by, and used the metaphors of, rivers
and their roles in landscapes. Rivers are part of
human culture, from being the site of ancient
and modern cities of great power and wealth, to
forming transport lines along which trade of all
kinds can take place. Yet rivers are also important
in the institutional landscapes of environmental
law and practice; and more recently have been seen
as vital connectors in landscapes, part of the great
global water cycle, and providers of a whole suite

of ecosystem services that are uniquely riverine.
This chapter charts the course of rivers through all
these different landscapes: geographical, cultural,
ecological and institutional, examines along the
way some case studies from China, and looks at
lessons for the future.

Institutional landscapes

Since 1970, the world has witnessed great
changes in understanding and perception
of the environment. Before 1970, very few
governments had separate ministries dealing with
the environment. At national and international
levels the environment was simply part of other
activities. For example, at UN level, UNESCO
was dealing with the environment through its
science sector; FAO through its many programmes
dealing with natural resources; UNDP took little
notice of the environment as it was tasked with
development. And the UN Secretariat had almost
no cognisance of the natural environment, focusing
instead on the socio-economic environment.

In 1968 UNESCO held a key conference on the
biosphere (UNESCO, 1970), which gave rise to
its Man and Biosphere programme that continues
today through the World Network of Biosphere
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Reserves. In 1971 the first of the global conventions
dealing with environmental issues was born in
Ramsar, Iran, as governments, non-government
organizations and UNESCO sought to establish a
global focus on maintaining wetlands to ensure
the survival of migratory waterfowl. This was
to be achieved through the establishment of
the Convention on Wetlands of International
Importance especially for Waterfowl, better known
by its shorter title of the Ramsar Convention
(Matthews, 1993).

In 1972 a major UN Conference on the
Human Environment was held in Stockholm.
This conference established the United Nations
Environment Programme (UNEP) and made strides
in developing legal protocols for environmental
protection. Synchronously within UNESCO the
results of the Biosphere Conference (UNESCO,
1970) had begun to be applied with the earliest
Biosphere Reserves being declared, and the
Convention concerning the Protection of the World
Cultural and Natural Heritage began to inscribe
natural sites on the World Heritage List.

By the mid-1970s there were in place,
therefore, opportunities to recognize riverine
places of special global significance, and provide
them with appropriate national management
and conservation (often wrongly ascribed as
‘protection’), according to the rules and procedures
of each international programme or convention.
Examples of rivers (or more frequently parts
thereof), listed under the conventions and
programmes are given in Table 24.1.

1977 saw the United Nations Conference on
Water held in the Mar del Plata, Argentina (Cano,
1981). This brought global attention at high level
to the ‘water issue’. One clear outcome from this
meeting was the recommendation that Integrated
Water Resources Management (IWRM) should be
the approach for managing the multiple competing
uses of water resources, especially rivers and their
catchments. IWRM focused on structural measures
and non-structural measures to control natural
and artificial water resources systems for beneficial
uses.

In the 1980s, discussions on international
environmental governance tended to have a

species focus; Bahaman and Varis (2005) noted
that ‘water faded from international agendas
(in the 1980s), so much so that the Brundtland
Commission Report (WCED, 1987), which laid
the cornerstones to the concept of sustainable
development in international policy, hardly
addressed the issue of water’. That situation
changed in the 1990s, and water was given
prominence through a number of conferences and
international organizations. For example, 1990
saw the first international conference on river
conservation and management, organized by the
Nature Conservancy Council in Great Britain. The
results of that conference were published in Boon
et al. (1992).

Efforts such as the International Conference
on Water and Environment (ICWE, 1992)
produced The Dublin Statement on Water and

Sustainable Development, which contained inter
alia ‘In the coming decades, management of
international watersheds will greatly increase in
importance. A high priority should therefore be
given to the preparation and implementation of
integrated management plans, endorsed by all
affected governments and backed by international
agreements.’

The Dublin Statement also fed into the World
Conference on Environment and Development
(WCED) held in Rio De Janeiro, Brazil, in
1992 on the 20th anniversary of the Stockholm
conference. The WCED was notable for producing
a local action framework, Agenda 21, and the
establishment of three key UN conventions –
the Convention on Biological Diversity (CBD),
the Framework Convention on Climate Change
(UNFCCC), and the Convention on Combating
Desertification (UNCCD).

1992 also saw the entry into force of the
regional Convention on the Protection and Use
of Transboundary Watercourses and International
Lakes (Water Convention), under the auspices
of the UN Economic Commission for Europe.
This Convention sought to strengthen national
measures for the protection and ecologically sound
management of transboundary surface waters and
groundwaters. Also in 1992 the European Union
adopted the Habitats Directive (Council of the
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Table 24.1 Representative examples of river systems (or part thereof) listed under the World Heritage Convention
(WH), Ramsar Convention (R), or accepted as a UNESCO Biosphere Reserve (BR).

Site name Convention Country

The Three Parallel Rivers of Yunnan WH China
Kakadu National Park WH; R Australia
Puerto-Princesa Subterranean River WH Philippines
Loire Valley Cultural Landscape WH France
Mid-Rhine Valley Cultural Landscape WH Germany
Zone Humide du Moyen Niger II R Niger
Danube delta WH; R; BR Romania/Ukraine
Volga delta R ; BR Russian Federation
Okavango delta R Botswana
River Luiro Mires R Finland
Waza Logone Floodplain R ; BR – part Cameroon
Upper Mississippi River Floodplain Wetland R USA
McConnell River R Canada
Rio Pilcomayo R Argentina
Flusslandschaft Elbe Biosphere Reserve Part WH; BR Germany1

El Chaco Biosphere Reserve BR Paraguay2

Frontenac Arch Biosphere Reserve BR Canada3

Tonle Sap Biosphere Reserve BR Cambodia4

Middle Zambezi Biosphere Reserve BR Zimbabwe
Desnianskyi Biosphere Reserve BR Ukraine

1This ‘riverscape’ biosphere reserve also comprises a cultural landscape, designated as World Heritage (The Garden
Kingdom of Dessau-Wörlitz).
2The Biosphere Reserve covers a series of ecosystems ranging from forest areas, matorral, savannahs and lacustrine and
riparian ecosystems, both of permanent and temporary character.
3Frontenac Arch Biosphere Reserve is situated in south-eastern Ontario at the intersection of terrestrial and riverine
ecosystems, the Frontenac Arch and the Saint Lawrence River. The area comprises islands and islets of the Saint Lawrence
River that are important stepping-stones for the migration of plants and animals.
4The Tonle Sap Biosphere Reserve consists of a lake and its floodplain fed by the Mekong River with three distinct zones:
an open lake at its centre, a freshwater swamp forest surrounding it and seasonally flooded grasslands at the margins.
The area under water in the dry season is five times less than in the rainy season and the mass of flood water reverses
direction between seasons.

European Communities, 1992). The focus of this
Directive was ‘to contribute towards ensuring
biodiversity through the conservation of natural
habitats and of wild fauna and flora in the
European territory of the Member States to which
the Treaty applies’. Given this focus on protected
area establishment the directive was thus limited in
application to river systems.

In 1997 the UN General Assembly voted for the
adoption of the Convention on the Law of the Non-
Navigational Uses of International Watercourses – a
global overarching framework governing the rights
and duties of States sharing freshwater systems.

Rieu-Clarke and Loures (2009) noted ‘the potential
role that the Convention could play, once in force
and widely ratified may in fact be more critical
than ever.’ So far only 17 States have signed
the UN Convention – less than half the number
required for entry into force. Despite the positive
experience of the UNECE Water Convention, the
underwhelming attitude of most nations seems
likely to keep the Convention unratified.

Individual activities under the various
established and new conventions proceeded
apace through the 1990s, including the adoption
by the CBD of a programme on inland waters
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(CBD, 2010a), which includes, inter alia, river
systems. Yet perhaps the ‘water community’
and the ‘ecosystem community’ failing to make
effective common cause distinguishes the 1990s
with policy actions and activities proceeding in
separate areas of research, development and
implementation, despite the adoption of IWRM in
1977.

The WCED also established the Commission on
Sustainable Development (CSD) (CSD, 2010), a
body managed by the UN Secretariat in New York.
It aims to cover the spectrum of activities relating
to sustainable development, and meets annually.
Water in various ways has been considered by the
CSD from time to time, in 2004–2005 explicitly
so. Disappointingly, the CSD has not produced any
radical new thinking on sustainable development
or conservation generally, and certainly not with
respect to rivers.

Within the UN system as a whole programmes
(and the key thinking underlying them) remain
separated. Even within organizations, for example
UNESCO, the existence of two programmes from
the era of the 1970s, the International Hydrological
Programme (IHP) and the Man and Biosphere
Programme (MAB) continue to have separate
governing bodies, and often duplicate effort and
work. Promotion of an ecotones activity, very
much directed at rivers, and a programme on
ecohydrology is tending to blur that separation, and
promote the value of an integrated approach.

2000 saw the Second World Water Forum,
held at a very high level and reinforcing very
strongly the need for integrated approaches.
The Ministerial Declaration (WWC, 2000) called
for ‘institutional, technological, and financial
innovations’. In Johannesburg in 2002, 10 years
after the WCED in Rio, the World Summit
on Sustainable Development (WSSD) produced a
wide-ranging Plan of Implementation (UNDESA,
2002). This contained the following reference to
rivers: ‘Develop and implement national/regional
strategies, plans and programmes with regard to
integrated river basin, watershed and groundwater
management’ – bringing rivers and groundwaters
into clear juxtaposition, and again emphasizing the
need for integrated management.

In Europe in the same year the EC Water
Framework Directive (WFD) was adopted (Council
of the European Communities, 2000), echoing
again the need for integrated management through
a requirement to produce river basin management
plans. The WFD has a focus on ecosystem
management, and the maintenance of ecosystem
status of relevant water bodies, including rivers.
Boon and Lee (2005) discussed the relationship
between ecological status and conservation value,
and concluded that the WFD can contribute to
nature conservation. They also advocated the need
to consider the commonplace as well as the rare,
and the need for a landscape perspective as well
as one on protected areas – a theme which will
become more important in the coming decades.

Following WSSD, the UN System established
UN-Water in 2003, with a scope encompassing
all aspects of fresh water, including surface and
groundwater resources and the interface between
fresh water and sea water (UNWATER, 2010). UN-
Water has 26 members from the UN System and
civil society and was an important contributor to
the third World Water Forum held in Kyoto, 2003.
Further World Water Forums followed rapidly in
2006 (Mexico) and 2009 (Turkey).

This necessarily short review illustrates that
the number of meetings is increasing, while the
time between meetings is decreasing. Yet the
conclusions of meetings are often worryingly
similar, and there is little practical action as
rivers and other aquatic systems show increasing
degradation. That IWRM could be agreed in 1977,
and yet is still being discussed (rather than being
implemented) in 2010 is a condemnation of these
international processes.

Natural landscapes

In the course of journeying through the
institutional landscapes, it is apparent that
terminology and concepts have changed, and new
perspectives, new paradigms have arisen. IWRM
is an obvious case in point, but others include the
term ‘biodiversity’ itself, the concept of ecosystem
services, concepts in landscape ecology, novel
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ecosystems and ecological flows. Yet Karr (1991)
in commenting on the perception of biological
degradation of rivers as the stimulus for (US) state
and federal legislation on water quality exposed
the reality that ‘any biological focus was lost in the
search for easily measured physical and chemical
surrogates’.

Two centuries of taming rivers has simply
provided more opportunity for the demonstration
of human frailty as floods increase in frequency
and volume, often in countries where they have
not previously been seen. And, at the same time,
other (typically endorheic) systems are simply
evaporating away, merely leaving their impression
on the landscape. Ellis et al. (2010) noted that much
of the earth’s landscapes have become fragmented,
and anthropogenic. They emphasized that this
has been an accelerating trend since 1700, and
that in 2010 ‘less than 20% of the biosphere
remains semi-natural and only a quarter is left
wild.’

Despite being omnipresent landscape features,
rivers are often seemingly ignored or forgotten, or
they are seen as dividers rather than integrators
of the landscape. Informed by the collective body
of river science over recent decades, the following
sections address the role of rivers as landscape
integrators and connectors, as ecosystem/landscape
engineers, illustrating the themes with case studies
from China.

Rivers as landscape integrators

As highly linear ecosystems, rivers vary
considerably along their length. Rivers and their
networks, from origin as spring or glacier until
they reach the sea, have also lateral, vertical and
temporal dimensions varying along their length.
Ensuring longitudinal connectivity – the linkages
of habitats, species, communities and ecological
processes between upstream and downstream
portions of a river corridor or network – must be
a key goal of river management and conservation
(Boon, this volume). Ensuring longitudinal
connectivity is also critical for the maintenance
of system resilience under pressure from climate

and other global changes. Equally important is
an understanding of connectivity through time,
so integrating landscape change is a vital area of
river ecology, and subsequent management and
conservation action.

Lateral connections between rivers and
their surrounding landscapes are essential for
maintaining biodiversity in both the riverine
and in the associated floodplain and riparian
ecosystems. These connections are driven in large
part by hydrological processes; with the interaction
between river flows and floodplains creating the
dynamic conditions that are the basis for associated
wetlands. Riparian and floodplain ecosystems and
their connectivity with river systems are important
for conservation of all the component ecosystems
(Naiman et al., 1993; Hughes et al., 2005).

Conservation of species and habitats usually
requires looking beyond surface hydrology.
Groundwater-fed systems are linked to river
systems in often complex space–time dimensions,
so conservation requires maintaining groundwater
flows as well as flowing surface waters.
Groundwaters, such as in karstic areas, provide
habitat for highly specialized species, as well as
water for millions of people (Leibundgut et al.,
1998). Groundwater catchments and surface water
catchments may not spatially or geopolitically
coincide, adding an additional layer of complexity
to conservation. While rivers are ecosystems
themselves, they influence adjacent ecosystems
from origin to ocean. In many cases this has
created ecosystems where flooding effects are
mollified rapidly through creating and maintaining
wetlands, including flooded forests.

During the last century human populations have
attempted to tame this feature of river life, by
canalizing or channelling rivers, creating dams and
by using increasing amounts of water from source
to sea for domestic human use but especially for
agricultural irrigation. The scientific challenge in
understanding the provision of ecosystem services
remains the ability to predict how any river system
might respond over time to new water withdrawal,
or to the restoration of previous flow regimes.
These problems will become even more difficult as
human demands for fresh water and pressures on
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water resources increase with global environmental
changes.

Rivers and their biota as
ecosystem engineers

‘Ecosystem engineers’ is a term coined by Jones
et al. (1994) for ‘any organism that creates or
modifies ecosystems’. They identified two different
types of ecosystem engineers:
� Allogenic engineers that modify the environment
by changing materials mechanically from one form
to another. Humans are perhaps the best-known
allogenic engineers.
� Autogenic engineers that modify the environment
by modifying themselves, for example the growth
of trees.

Invasive alien species are often ecosystem
engineers, both allogenic and autogenic in nature.
Rivers can be affected by alien species in various
parts (or all) of their lengths, as well as providing
easy means for movement of species and their
propagules along the length of the river, or
between and within riparian ecosystems.

In river systems, beavers (Castor spp.) are
archetypal ecosystem engineers since in their
process of tree cutting and damming they alter
their ecosystem extensively. Beaver dams change
hydrological processes significantly and promote
different species and populations from those in
free-flowing rivers. Aznar and Derochers (2008)
examined beaver (Castor canadensis) pond dynamics
and associated riparian bird communities. They
noted that ‘following water disappearance,
abandoned beaver ponds were invaded by grassy
areas and alder shrubs and supported higher bird
species numbers than nearby riparian areas.’ They
postulated that ‘Beaver population control or
geographic confinement may suppress both spatial
and temporal dynamics of beaver pond creation
and abandonment, and could impact riparian
vegetation and birds.’

Wright et al. (2002) for the Appalachians
found that ‘in the central Adirondacks, New
York, USA, ecosystem engineering by beaver leads
to the formation of extensive wetland habitat

capable of supporting herbaceous plant species
not found elsewhere in the riparian zone’. They
are specific in talking about ‘beaver modified
patches’, and ecosystem engineering resulting in
increased landscape patchiness or heterogeneity
is also a feature noted by Jones et al. (1994).
In Scotland, the European beaver (Castor fiber)
has been reintroduced after an absence of 400
years (Halley, 2011), and has set about re-
engineering its habitat in a manner consistent with
its previous role. Interestingly, in this case public
reaction has not all been positive, suggesting that
if ecosystem re-engineering can occur, it needs
to be accompanied by social engineering, or least
increased public awareness.

Like beavers, Milu (Elaphurus davidinus – a
species of deer) in China are ecosystem engineers.
Archaeological remains from 7000 BP shows their
semi-domestic use in trampling swamp/marsh
into rice paddy (You, 2005). The trampling tillage
culture for rice paddy was subsequently spread
to South-east Asia by buffalo. In China the
Milu became extinct about 150 years ago, but
in 1985 they were re-introduced from England.
Unfortunately, monitoring shows that these
translocated Milu populations are compacting the
riverine soil, and feeding selectively on only a
few species, thus forcing a simplified vegetation
pattern, and threatening their own habitat
(Zhang et al., 2007). However, in a twist, and
linking to invasive alien species, this ecosystem
engineer is controlling Spartina alterniflora, a
wide spread(ing) species, causing ecosystem
damage along the eastern Chinese coast (Ding,
2009).

While the Milu and buffalo ecosystem engineers
were working slowly on producing rice paddies,
human agro-engineers decided to accelerate the
process of wetland reclamation. This reclamation
in the middle and lower Yangtze has reduced the
area of floodplain lakes from 25 828 km2 in 1949
to 14 073 km2. Dongting Lake, which used to
be the largest freshwater lake in the floodplain,
shrank from 4350 km2 in 1949 to 2625 km2 in
1995 and lost water capacity of 12.6 billion m3.
This reclamation and creation of paddy in too
rapid a fashion changed flooding frequency and
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contributed to the great flood damage in 1995,
1996 and 1998.

So while there is mounting evidence of species
acting as ecosystem engineers in both positive and
negative ways and in many different situations,
there is little about how ecosystems themselves
in turn may act as landscape engineers. Naiman
et al. (1993) noted that; ‘Riparian corridors
possess an unusually diverse array of species and
environmental processes. This ‘ecological’ diversity
is related to variable flood regimes, geomorphic
channel processes, altitudinal climate shifts, and
upland influences on the fluvial corridor. This
dynamic environment results in a variety of life
history strategies, and a diversity of biogeochemical
cycles and rates, as organisms adapt to disturbance
regimes over broad spatio-temporal scales.’

Miller et al. (1995) observed that ‘throughout
western North America, flood regimes have
been altered as a result of large-scale water
impoundments and diversions, yet the effects
on riparian landscape structure have not been
quantified.’ They found a decline in flooded area
of 75% between 1937 and 1990 for the Rawhide
Wildlife Management Area, and this decline was
reflected in a change in age structure of cottonwood
(Populus spp.) stands, indicating a shift from young,
dense stands to older, more open stands. Critical
in their observations was that ‘some traditional
measures of landscape structure (i.e. richness,
diversity, dominance, average patch perimeter
length, average patch shape) appeared insensitive
to these changes, although the proportion of the
landscape that changed land types declined with
increasing distance from the river’.

It is clear, thus, that rivers and riparian systems
can affect, modify and manipulate landscapes (or
ecosystems) with attenuation increasing in distance
from the river. However, the nature of rivers
as landscape engineers in the past may become
increasingly constrained as the effects of hard
engineering are manifest, resulting in changes
both in temporal and spatial landscape engineering
effects of river ecosystems.

Naiman et al. (1993) proposed that effective
riparian management could ameliorate many
ecological problems related to land use and

environmental quality. They argued that riparian
corridors should play an essential role in water and
landscape planning, in the restoration of aquatic
systems, and in catalyzing institutional and societal
cooperation for these efforts. Seventeen years on
it is not clear whether their arguments have
been widely accepted or taken up by society. It
is perhaps time to re-evaluate not only the role
of river organisms as ecosystem engineers within
river ecosystems, but also the wider role of rivers
as landscape engineers, not just for human well-
being, but for the support and maintenance of
other ecosystems along the river as it journeys from
the mountains to the sea.

Rivers as a key support for
future life on earth

While ecosystem services had been developed
as a concept in the 1990s (Daily, 1997) it
was the Millennium Ecosystem Assessment (MA)
(2005a) through its conceptual framework
(MA, 2003) which brought the concept to
the fore of environmental policy making, and
started to influence biodiversity conservation
and management discussions. In its conceptual
framework, the MA set out to establish ecosystem
services in a range of categories: provisioning,
regulating, cultural or supporting – all of which it
linked to human well-being. Supporting services
go beyond simply assisting human well-being
directly and show how ecosystems provide services
to support other ecosystems, or other elements of
biodiversity.

For wetlands (including rivers) a specific
synthesis report was prepared for the Ramsar
Convention (MA, 2005b). That report contained
some key messages, among which the most
relevant (rewritten for rivers) are:
� The primary indirect drivers of degradation for
rivers have been population growth and increasing
economic development.
� Excessive nutrient loading is expected to become
a growing threat to rivers.
� The projected degradation of rivers will reduce
their capacity to mitigate impacts and result in
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further reduction in human well-being, especially
for poorer people in lower-income countries.
� Invasive alien species are important as they can
often cause very significant impacts on the riverine
and adjacent ecosystems, especially in floodplains
and deltas. It is worth noting that some alien
species may not be especially invasive, and actually
develop new species combinations, forming novel
ecosystems (Hobbs et al., 2006; Marris, 2009) that
can deliver their own suite of services, and provide,
or restore, resilience and sustainability to river
ecosystems.

Ecological flows and ecosystem
services: case studies

Changes in the state of rivers affect dramatically
their ability to provide ecosystem services – the
decline in the Tigris and Euphrates systems, the
Colorado river system in the USA, Murray-Darling
system in Australia and Aral Sea basin in central
Asia are obvious examples. Data from 925 large
global rivers (MA, 2005b) show that the runoff of
one third of these rivers has changed significantly.
Included in these 925 rivers were the Yangtze River
and the Yellow River from China. The following
two case studies illustrate the linkage between
ecological flows and the provision of ecosystem
services.

The Yellow River
The Yellow River flows for 5464 km to reach
the Pacific. Its annual outflow of the source
region in Qinghai-Tibet plateau is 24.87 billion m3,
contributing 40% of the total annual flow of the
Yellow River. Within the source region climate
change has had, and continues to have, a major
impact on the amount and quality of water in
the Yellow River. Under published scenarios for
climate change (Lin et al., 2006) the major threats
the region faces are melting glaciers, increase of
melting depth of permafrost, shrinkage of lakes and
wetlands, soil erosion, vegetation degradation and
desertification.

According to Yu (2006) water use in the Yellow
River basin experienced four stages as free use

(before 1949), priority use for those with closer
access (1949–1986), ration planning (1987–1998)
and integrated management (1998 to present).
Analysis of data from 1959–2002 showed how
climate change affects natural flows. Since the
1990s the annual flow declined by 4.73 billion m3

in Lanzhou, south Gansu province, an important
inflow area for the Yellow River (Wang et al.,
2005). During this period temperature showed
an increasing trend, accompanied by a decline of
average annual precipitation (Yao et al., 2007).
These climate changes are amplified by human
disturbance in the area (Niu and Zhang, 2005; Yao
et al., 2007).

In addition, the Yellow River is the world’s most
sand-laden river carrying 1.6 billion tons annually
(Yellow River Commission, 1998). Because of
silting caused by the sand load, the river bed is
rising by around 10 cm each year and some reaches
are now 4–6 m above the ground level, with the
highest 10 m. Despite the large volume of water
in the river, water scarcity is a serious problem in
the Yellow River basin. According to the Annual
Water Resource Report of the Yellow River, the
total annual flow in the river systems was 49.777
billion m3 with human water use of 38.354 billion
m3, i.e. 77.05% (Yellow River Commission, 2008).

There are always interactions between natural
water resource changes and human activities,
including water diversions, unlimited groundwater
use and rain water collection. Currently water
retention in dams is 29.91 billion m3, or about
60.92%, of the total outflow of the Yellow River
in 2008 while the total capacity of water reservoirs
in the basin is more than 72 billion m3. The largest
ecological event in the Yellow River basin was the
lack of flow to the sea during 22 of the years from
1972–1999, for a total of 1092 days.

The longest break was in 1997, when the river
had little or no flow to the sea for about 226
days, extending at some times up to 700 km
inland (Wu et al., 1998; Zhou and Chen, 1998).
This drought affected an area of 5.4 × 104 km2

and 140 million people were at risk because of
water shortages. During the entire period from
1972–1996 an area 70.42 × 104 hm2 was affected
resulting in reduced food production of around
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98.6 × 108 kg, and with total industry losses of
26.8 billion RMB (Wang and Zhu, 2002). This
flow break also resulted in negative environmental
impacts, such as soil salinity rises in the riverine
zone, desertification of soil, landward movement of
saline and brackish delta ecosystems and damage
to some estuary ecosystems with less sand being
transmitted and deposited.

While data are scarce on ecological changes to
the more inland stretches of the river resulting
from changes to ecological flows, for the lower
reaches and estuarine region several reviews have
been published. Estuarine primary productivity
was affected dramatically by the decrease in
nutrient input, and associated rises in salinity and
surface temperature of sea water (Tian and Wang,
1997; Fan and Huang, 2008); all associated with
decreasing flows of fresh water in the 1990s. Lack
of freshwater outflow from April to June (He et al.,
2000) affected the spatio-temporal hydro-dynamics
with impacts on the spawning and hatching of fish
and shrimp. The effects combined to contribute
to fish and crustacean resources declining in the
estuary and adjacent open bay. The number of fish
species declined from 146 in the 1950s to 119 in
the 1980s, and 73 in the 1990s. The fish catch in
Laizhou Bay in 1998 was only 3.3% of that in 1959
(Jin and Deng, 2000).

During the period of decreased freshwater flows,
the vegetation of the lower reaches of river shores
changed from meadows dominated by Lalang Grass
(Imperata cylindrical var. major) to a brackish/saline
vegetation type, especially an increase in reed beds
dominated by Phragmites australis (Wang, 2000).

The combined evidence of human and ecological
dysfunction persuaded the Chinese government In
1987 to set the total annual flow of the river at 58
billion m3 (Yu, 2006) and the annual flow needed
for flushing 1.6 billion tons of sand into the sea is
21 billion m3. By 1999, the Chinese government
adopted a provincial water quota management that
maintains 21 billion m3 for ecological flows by
limiting the maximum water use along the river to
37 billion m3. Thus while some problems remain,
there are now management strategies in place to
ensure the continued ecological flows of the river,
and since 1999 it has not failed to reach the sea,

thus ensuring the continued provision of services
from all its component ecosystems.

The Yangtze River
Poyang Lake, the largest freshwater lake in China,
is located on the southern bank of the middle
reaches of the Yangtze River, and is fed by five
major rivers: the Gan, Fu, Xing, Rao and Xiu.
Because of its natural links with the Yangtze
River the system is a typical flood-fed lake, with
significant water level fluctuation throughout the
year. With the flooding in summer, the lake
extends to more than 3000 km2, while in winter
it is less than 1000 km2. Water level fluctuation
is the main driver for landscape dynamics between
different wetland types in summer and winter.

The lake is a major centre for avian diversity,
with 99% of the world’s critically endangered
Siberian crane (Grus leucogeranus) (Wu et al.,
2009), over 95% of the world’s endangered
oriental stork (Ciconia boyciana), and over half
of the world’s threatened swan geese (Anser
cygnoides) and white-naped cranes (Grus vipio)
wintering there (Barter et al., 2004; Cao et al.,
2008). Poyang Lake also supports numerous
other aquatic animals dependent on its wetlands,
including the globally threatened finless porpoise
(Neophocaena phocaenoides) (Xiao and Zhang,
2002), the endangered Chinese sturgeon (Acipenser

sinensis) and the critically endangered Chinese
paddlefish (Psephurus gladius).

Table 24.2 shows the range of provisioning,
regulating, cultural and support ecosystem services
recorded for the lake, the main drivers and their
scale effects. The key conclusions are:
1) Ecosystem services have been declining over the
past 50 years, with major drivers being wetland
reclamation, water pollution and over-exploitation
of natural resources.
2) Supporting services are by far the most
important, with success in managing migratory
waterbird populations.
3) Cultural services may become more important
with the socio-economic development of China and
enhanced environmental awareness.

The CBD’s ecosystem approach and its 12 guiding
principles (CBD, 2010b) offer a useful framework
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Table 24.2 Assessment of the principal ecosystem services of Poyang Lake Wetlands.

Ecosystem
Service Current Status Direction of changes Drivers of change

Impact (external
and internal)

Supporting
Migratory bird

species
>400 000 birds

annually, including 19
threatened species,
visit and use the lake.

Improving Establishment of 14 nature
reserves

Habitat destruction in
middle reaches of
Yangtze River

Global

Other species Habitat for 114 species
of fish, key habitat
for finless porpoise

20 fish species extinct;
Yangtze dolphin

critically endangered
Finless porpoise

threatened

Dams upstream
Over-fishing
Habitat destruction
Deteriorating aquatic

environment in the
whole river

Global and
regional

Primary
production

5.6 x 106 t biomass
annually

Declining Wetland reclamation Local

Hydrological
cycle

15% of water outflow
to Yangtze River.
Groundwater of the
Poyang Lake basin
maintained

Hydrological
buffer/flood
retention function
declining

Wetland reclamation leads
to decline in water
retention capacity

Regional

Nutrient cycle
and soil
formation

Soil and nutrients from
the lake basin
trapped

Declining Wetland reclamation Lake basin

Regulating
Flood

mitigation
Reduction of 48-53% of

the flow from its
tributary rivers

Flood retention
capacity decreased by
30%

>1466 km2 wetland
converted to farmland

Regional and
local

Carbon sink Annually fixes 300 000-
480 000 t of organic
carbon, with total
storage of 32 x 106 t

Biomass decreased by
30%

5-7.5 x 106 t of organic
carbon loss.

Wetland reclamation Global

Provisioning
Water On average 400 x 106

m3 d−1 of fresh water
every day

Potable water resources
decreased by 36%

Water pollution from
industries, sewerage and
agriculture /aquaculture

Regional and
local

Fish for food Fishery of >600 000 t
annually

Aquaculture
production been
increased, but natural
stocks decreased

Overfishing;
Destruction of spawning

sites

Local

Building
materials

Extraction of 48 x 106 t
yr−1 of sand

Sand resources
depleting

Over-exploitation Local impact on
wetland
hydrology in
winter

Cultural
Tourism >50 million visitors

annually to Poyang
Lake region

Increasing Economic development and
growing conservation
awareness

Global and
National scale
impact

Research and
education

Base for long-term
ecological
observation and
monitoring

Increasing research and
environmental
education

Awareness of the
significance of the
ecosystem

Global and
national
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to evaluate ways and means of improving the
quality of government programmes in place for
ecosystem management and the provision of
ecosystem services from the Poyang Lake section
of the Yangtze River. For example:
1) Government at all levels should use the 12
guiding principles in programme planning, design,
implementation, monitoring and evaluation. None
of the existing programmes for environmental
management has fully applied the 12 guiding
principles.
2) In applying these guiding principles the most
difficult aspects to achieve are democracy, fairness
in decision-making and stakeholder participation,
which are all closely related. This reinforces the
view that the management of people is often the
key issue in managing environments.
3) A wetland conservation programme has been
exemplary in implementing the 12 principles, and
this may explain why supporting services for
migratory birds and cultural services have been
enhanced, while other supporting, regulating and
provisioning services have been declining over the
past 50 years.
4) The Precautionary Principle is not applied well,
almost always due to short-term goals rather than
longer-term visions being implemented. While
investment and job creation are government
priorities, risks continue for the provision of some
ecosystem services.

Overall, the ecosystem services provided by the
Poyang Lake region of the Yangtze remain in a
fragile state, yet there appears sufficient system
resilience to allow the continuing consolidation
of improvements. A major problem remains: the
potential degradation of the upstream ecosystem
services in all the tributary rivers, as well as in the
main Yangtze River itself.

Discussion: river landscapes
into the future

Protected areas and rivers
Dudgeon et al. (2006) noted that ‘trade-offs
between conservation of freshwater biodiversity
and human use of ecosystem goods and services

are necessary. We advocate continuing attempts
to check species loss but, in many situations,
urge adoption of a compromise position of
management for biodiversity conservation,
ecosystem functioning and resilience, and human
livelihoods in order to provide a viable long-term
basis for freshwater conservation’. Protected areas
are one way, but only one way, to achieve these
aims, together with an approach like that of the
wise use of wetlands in the Ramsar Convention
(Bridgewater, 2008).

Traditional protected areas, in particular
protected areas in IUCN categories II, V and
VI (Dudley, 2008) are large and polygonic, rather
than linear, landscape features and so are rarely
designed to ensure appropriate management
of longitudinal connectivity in the landscape.
While rivers are frequently used to demarcate
the boundaries of such protected areas they are
rarely seen as protected areas themselves. The
Flusslandschaft Elbe Biosphere Reserve is an
exception here, perhaps serving as a model for
the development of riverine protected areas. Of
course, some rivers are included for part of their
length in other IUCN protected area categories,
or with special designations such as Wild or
Heritage Rivers. Such a designation, however,
often operates against the landscape or ecosystem
approach.

In many, if not most, countries there
are overlapping and potentially conflicting
responsibilities of different government agencies
responsible for management of rivers and the
protected areas which they may form, include, or
through which they flow. Consequently, managing
riverine species and habitats within a protected
area can be complicated by the need to coordinate
activities between multiple authorities, some with
mandates at odds with biodiversity conservation or
even management. In short, this militates against
integrated management.

Ideally, protected areas established to conserve
river ecosystems would encompass the river’s
catchment in its entirety, using innovative
combinations of protected areas and other
strategies within an IWRM framework (O’Keeffe,
this volume). Existing protected areas designed to
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protect terrestrial ecosystems no doubt confer some
benefits to their component riverine biodiversity
through landscape management, but there are
significant opportunities to provide enhanced
protection focused on the special needs of rivers.
Designs for new protected areas can and should
include riverine considerations from the outset
in order to achieve better integration between all
elements of the protected area.

The IUCN protected area definition (Dudley,
2008) – ‘A clearly defined geographical space,
recognised, dedicated and managed, through legal
or other effective means, to achieve the long-term
conservation of nature with associated ecosystem
services and cultural values’ – relates to protected
areas that conserve primarily river corridors or free-
flowing rivers. A wide range of river conservation
strategies targeted at protecting water quality and
quantity, such as managing for ecological flows,
and using an understanding of ecosystem services
to develop wise use (sensu Ramsar), normally
fall outside standard protected area activities.
Yet effective conservation of riverine protected
areas will only be achieved satisfactorily through
coordinated use of such strategies within and
beyond the protected area boundaries.

Research for better river conservation
and management
Rivers flow through both institutional and
natural landscapes; thus a research agenda for
river conservation should take these conflated
landscapes into account. This means a need to
draw the results of research on river systems from
the social and natural sciences, and promoting
wherever possible multifocal research. Blending
indigenous or traditional knowledge about rivers
and their management is an area that deserves
greater attention in this context.

More detailed work on the provision and
maintenance of ecosystem services by rivers and
their attendant ecosystems is crucial and such
work should involve design and implementation of
monitoring programmes. Understanding the effects
of climate and other global change along the length
of the world’s great rivers is also an important need,

and especially the effects of climate change on the
‘third pole’ (Qiu, 2008).

Since rivers are very active ecosystems,
and contain or host active organisms, more
understanding of the role of species as ecosystem
engineers, and rivers as landscape engineers will
help design better conservation programmes. This
includes further work on ecological flows; again
this is an excellent area for interaction between
social and natural sciences.

Finally, the role of ecohydrology as a developing
and integrating discipline should be promoted in
river environments.

Future institutional landscapes

The general message of rivers in the institutional
landscape is one of failure – especially to reach
the oft repeated but rarely attained mantra of
integration in management. From the Murray-
Darling System in Australia to the great rivers in
Africa, America and Asia, the stories are always
familiar despite the differing continental settings.
International, regional and national institutional
frameworks for, or including, river conservation
and management are simply not working.

The problem is not a lack of effort and dialogue,
but that effort has been, and remains, unfocused
and diversionary rather than focused and visionary.
There is an urgent need to move from words
to action – the global community does not have
the luxury of spending more time re-crafting
mechanisms for governance; serious management
and conservation action at local and national
level are what is needed. Just as the global
landscapes have become more fragmented and less
resilient, so the institutional landscape has become
more fragmented, replete with redundancy, and
ultimately less resilient.

The way forward is not to have another three
decades of procrastination and lip-service to river
management but to implement it. Rivers are in
trouble everywhere, yet we know most of the
problems and we know the answers. Our weakness
is in implementation. Perhaps when the nations
of the world gather in Rio de Janeiro in 2012
to discuss again the global environment and the
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human place in it, rivers can take centre stage and
emerge as key global systems to manage, conserve
and treasure, ensuring that the evanescent goal of
sustainable development can finally be achieved.
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CHAPTER 25

What Have Rivers Ever Done For Us?
Ecosystem Services and River Systems
Mark Everard
Environment Agency, Bristol, UK

Introduction

River restoration initiatives that specifically
incorporate social outcomes in their design provide
evidence that management to enhance the natural
biodiversity, character and functioning of river
ecosystems can also result in broader societal
benefits (Nielsen, 1998; Bannister et al., 2005;
Åberg and Tapsell, this volume). However, it is
not common practice for all potential societal,
economic and nature conservation outcomes,
both positive and negative, to be considered in
integrated post-project appraisal (Everard, 2009a;
Langford and Frissell, 2009). Consequently, there
have been insufficient quantitative studies to
substantiate the broad supposition that aquatic
ecosystem restoration produces public benefits
automatically.

‘Ecosystem services’ define the multiple benefits
provided to society by ecosystems, including
tangible goods such as food, regulation of the
environment, cultural benefits such as recreation,
and maintenance of ecosystem integrity and
resilience (Millennium Ecosystem Assessment,
2005). Many of these services have been
degraded historically by ecosystem management
or exploitation to maximize a few selected
services. For example, agricultural intensification
in Europe following the Second World War was
driven by the need to boost food production and
resulted in substantial conversion of land for

agricultural purposes, enabled by publicly-funded
land drainage and flood defence schemes (Scrase
and Sheate, 2005). Subsequent recognition of the
cumulative loss of biodiversity and the associated
benefits of water storage and purification, soil
fertility and stability is now reversing this policy
– for example, favouring the re-flooding of land
that has proved uneconomic to defend and
farm (Woods, 2006). Land-use change for urban
or agricultural development is a particularly
significant cause of global ecosystem degradation
(OECD, 2008; IUCN, 2009), and is one of many
examples of narrowly focused development
decisions resulting in the cumulative reduction of
ecosystem integrity and functioning (Everard and
Appleby, 2009).

An ecosystem services approach provides a more
comprehensive framework for assessing multiple
societal benefits from restoration and enhancement
initiatives (UNEP, 2007), as well as the basis for
comparing the breadth and balance of positive
and negative impacts (Millennium Ecosystem
Assessment, 2005). This creates opportunities to
recognize, protect and aid the recovery of a wider
range of ecosystem services provided by rivers and
wetland habitats. In so doing, it thereby recognizes
the interests of an extended set of beneficiaries,
many of whom may have previously been unaware
or excluded from decision-making.

This chapter outlines lessons learned from a
range of case studies that have attempted to assess
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positive and negative impacts on the full range of
ecosystem services resulting from interventions in
aquatic ecosystems.

Methods: ecosystem services
case studies

Taking an ecosystem approach
Not all studies claiming to take an ecosystem
approach actually do so; this perpetuates the
traditional narrow approach of pre-selecting
services considered to be ‘important’, with the
implicit assumption that all other services must
be less important or unimportant. For example,
the Land Use and Environmental Services report
(Land Use Consultants with GHK Consulting,
2009) pre-selected four ‘important services’
(regulation of water quality, availability of water
resources, management of flood risk, storage of
carbon in soils), explaining this pre-selection as
a practical means of coping with the complexity
and costs entailed in addressing all services. These
studies merely reaffirm previous ‘exploitation
economics’ decisions (sensu Johnson et al., 2007),
that emphasize the values of selected beneficial
outcomes, generally for a few, local and influential
stakeholders, while overlooking services beneficial
to ecosystem integrity and wider society as a
whole.

By contrast, An Introductory Guide to Valuing
Ecosystem Services (Defra, 2007a) recommends a
weighting system based on expert assessment of
the likely direction and significance of impacts
across all ecosystem services (Table 25.1). This
weighting system recognizes the resource pressures

Table 25.1 ‘Likelihood of impact’ weighting system
(from Defra, 2007a).

Score Assessment of effect

++ Potential significant positive effect
+ Potential positive effect
0 Negligible effect
- Potential negative effect
– Potential significant negative effect
? Gaps in evidence / contention

and complexities of operational decision-making
and also the need to find simple means to retain
a systems-level overview of likely outcomes. From
this overview, limited resources can then be
directed at the most significant likely impacts or
knowledge gaps.

An inclusive approach to
quantification and valuation
As ecosystem services describe the multiple benefits
that society derives from ecosystems, they are
inherently suited to valuation. Economic appraisal
or other forms of quantification are not integral
to ecosystem service assessment, but they provide
a common basis for assessing the relative impacts
across different types of ecosystem services.
Nevertheless, for credibility it is important that
the methods used for economic assessment avoid
double-counting, but account for both positive and
negative impacts.

The dangers of double-counting ecosystem
services are profound. Turner et al. (2008)
distinguish ‘intermediate services’, which occur
within ecosystems but which are not directly
consumed by people, from ‘final services’ which
people use and for which markets (trading in
services with associated price information) are
more readily identifiable. An example is the
contribution of the ‘intermediate’ regulatory
service of ‘water purification and waste treatment’
to the ‘final’ provisioning service of ‘fresh water’
(sensu Millennium Ecosystem Assessment,
2005). This approach can be taken further
by recommending valuation only of those
components comprising ‘goods’, defined as
the products of ecosystem services used by people
and for which market values can be more readily
derived (Bateman et al., 2011). However, the
danger of this approach is that unvalued services
may remain overlooked in policy and decision-
making, unwittingly perpetuating the narrow
‘exploitation economics’ which historically has
caused ecosystem depletion.

Case study selection
Very few economic studies have applied an
approach that values or weights ecosystem services
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to establish those most likely to be, rather than
assumed to be, of the highest priority and also to
compare the societal benefits gained. Key attributes
of several case studies taking an inclusive approach
to ecosystem service quantification or valuation
and explaining how double-counting has been
avoided are summarized in Annex 1.

Case study quantification
and valuation
Methods for quantification and economic valuation
of ecosystem services are still being developed
and it still remains difficult to value many non-
traded services (Turner et al., 2008). Nevertheless,
it is important to ascribe either a value or non-
monetary significance to all services if they are to
be allocated any worth in decision-making. Various
methods were applied to the selected case studies,
using a series of stated assumptions to link the
marginal impacts of schemes to real or surrogate
markets. Some of these markets were formal – for
example, related to the costs of food production,
including the availability of higher level agri-
environment subsidy payments; the River Glaven
case study was such an example (Annex 1,
2). Other markets were informal, relating the
implications of air quality improvement to health
benefits and deducing values by using published
population and health management costs; this
approach was used in the Mayes Brook restoration
case study. For some case studies (e.g. Wareham;
east of England studies; the Pancheshwar Dam)
valuation was considered either impossible or
unnecessary to support decision-making and the
drawing of substantial conclusions.

Table 25.2 presents the variety of quantification
and valuation techniques applied in the case
studies. This creative and context-dependent
approach to quantification and valuation can lead
to significant uncertainties in valuation. However,
the primary purpose of valuation was not to
derive precise monetary values, but rather to
assess the general tendency (positive or negative)
and magnitude of ecosystem service impacts, to
compare them, and identify potentially significant
evidence gaps or areas of contention to support
systems-scale understanding and decision-making.

Total benefits and disbenefits from these
schemes were assessed by determining an
appropriate timescale for realizing benefits
and applying a discount rate specified by the
UK government’s ‘Green Book’ (HM Treasury,
http://www.hm-treasury.gov.uk/data greenbook
index.htm). A 25-year timescale was used for
many of the schemes, recognizing that this may
underestimate the value of longer-lived assets
but providing a simple and consistent means
to compare schemes. ‘Net present value’ was
calculated by applying the discount rate specified
in the Green Book for the given lifetime. Net
present values were divided by scheme costs to
derive benefit-cost ratios.

Results

Key findings from the case studies are shown
in Annex 2. Summary statistics are reproduced
for those case studies in which valuation was
undertaken, with more detailed explanation of
methods and values for individual ecosystem
services referenced for convenience. For all
services, high-level conclusions emerging
from quantitative or qualitative analyses are
highlighted. Several principles, for example
that ecosystem restoration tends to generate
benefits across all ecosystem service categories,
were consistent across schemes. Nevertheless,
comparison between schemes (e.g. comparing the
proposed Pancheshwar Dam in the Himalayas with
ecosystem-based solutions) reveals considerable
differences in likely outcomes between approaches
based on ‘hard engineering’ compared with
restoring ecosystem functioning.

Ecosystem services analysis reveals a variety of
planned and unanticipated negative and positive
consequences affecting the overall public value
of these schemes. For example, the two fisheries
schemes (the Bristol Avon and River Glaven)
were found to yield most of their benefits to
wider sectors of society than just angling interests.
In addition, several ‘environmental’ interventions
yielded substantial actual and potential ecosystem
services benefits such as health, amenity and
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Table 25.2 Examples of how ecosystem services were quantified and, where possible, valued.

Ecosystem services
(Millennium Ecosystem
Assessment, 2005)

Selected examples from the case studies of how this service was quantified and, if
appropriate, valued in monetary terms.

Provisioning services
Fresh water Tamar case study: projected cost savings on treatment of abstracted water resulting from

river quality protection.
Food (e.g. crops, fruit,

fish, etc.)
Alkborough Flats case study: net marginal change associated with lost arable production

replaced by rare livestock breeds grazing outputs.
Biochemicals, natural

medicines,
pharmaceuticals

Pancheshwar Dam case study: loss of natural biochemicals through inundation of
mountain habitat and its rare and diverse wildlife and genetic resources was the basis for
‘likelihood of impact’ score (Defra, 2007a).

Regulatory services
Air quality regulation Mayesbrook Park case study: impact of tree planting and growth on air quality was linked

to the costs of health-related air pollution in the UK. High degree of uncertainty but
likely significant beneficial outcomes assumed.

Climate regulation (e.g.
local temperature/
precipitation,
greenhouse gas
sequestration)

Mayesbrook Park case study: projected tree growth, augmented by likely carbon
sequestration in reedbeds, wetland habitat and floodplain soils (all based on
peer-reviewed sources). Augmented by estimating the contribution of urban ‘green
spaces’ to micro-climate, adjusted for the number of people living within 500 m; likely
benefits considered significantly positive, but uncertainties prevented full quantification.

Water regulation (e.g.
timing and scale of
runoff, flooding)

River Glaven case study: estimated improved river flow buffering (through reconnection
of channel to floodplain) multiplied by the value of vulnerable property downstream.

Alkborough Flats study: imported a value from a detailed, bespoke cost-benefit study.
Erosion regulation Tamar case study: regulation of erosion quantified by extrapolating likely improvements to

bank/wetland protection to data obtained for the costs of dredging in the Tamar estuary.
Water purification and

waste treatment
Tamar and Bristol Avon case studies: the provisioning service of ‘fresh water’ was

separately quantified; the regulatory service was not separately quantified, in order to
avoid double-counting.

The benefit of waste assimilation service separate from freshwater abstraction, could be
assessed by the costs of additional treatment were the environment not to perform it.

Cultural services
Cultural heritage The loss of the culturally important Pancheshwar site by dam construction was assessed as

potentially highly significant (++).
Recreation and tourism Mayesbrook Park case study: restoration would improve ‘green space’ facilities for local

people, quantified using user survey data. Valuation deduced from a related study, with
appropriate revision to the locality of Mayesbrook Park.

Social relations (e.g.
fishing, grazing or
cropping
communities)

River Glaven case study: sea trout restoration project served as a focal point for a number
of statutory, local conservation, key estate and landowner, and other groups, enhancing
local social capital around river integrity. Valuation based on time expenditure,
particularly by volunteers, multiplied by published estimated values for different skill
levels.

ADDENDUM: Education
resources

‘Education resources’ service at Mayesbrook Park: recognized the value of restored river
and park habitats to sporting and amenity opportunities, close to schools. Value derived
on averted cost of school coach trips to similar resources elsewhere.

Supporting services
Nutrient cycling Published values for nitrogen and phosphorus cycling from a related study on wetlands

used in the Tamar, Alkborough Flats, Mayesbrook Park and Bristol Avon case studies.
Provision of habitat River Glaven, Bristol Avon and Mayesbrook Park case studies: enhanced habitat valued by

costs averted from bespoke management works for priority species or general wildlife.
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regional development. The best example of this
is the Mayes Brook restoration and Mayesbrook
Park enhancement scheme in urban east London.
Ecosystem service assessment also helped to
identify a range of cost-beneficial improvements to
scheme design in various case studies.

Studies also found that the weighting of likely
outcomes (e.g. for the east of England, Wareham
and the proposed Pancheshwar Dam case studies),
rather than full valuation, did not affect the
confidence associated with the conclusions
and recommendations needed for decision-
making.

Discussion

Seven principal lessons emerge from the review of
case studies.

1. System-level assessment may lead
to different outcomes compared with
traditional, discipline-focused
assessment
Ecosystem services provide a structured framework
to explore likely outcomes of proposals, policies or
actions at a systemic level. This avoids a narrow
disciplinary focus, because it considers impacts on
broader benefits, beneficiaries and the interactions
between them. The proposed Pancheshwar Dam
case study shows how consideration of socio-
ecological systems in a fully inter-dependent way
takes account of many wider effects on ecosystems
and the people dependent upon them. These
effects were not considered in the formal project
documentation, which concentrated solely on the
engineered benefits of stored water, hydropower
generation and flood storage. The east of England
case studies also concluded that an overtly habitat-
specific focus may overlook ecosystem services
benefits accruing from the interactions between
different habitats and their potential beneficiaries.
The ecosystem services approach therefore breaks
through the narrow thinking about how specific
habitats support disciplinary interests. Similar
conclusions emerge from the transition from land

drainage-led policy that supported food production
and urban development, in favour of working with
natural hydrological processes and recognizing
broader catchment services (Defra, 2005; Everard
et al., 2009a).

Notwithstanding the novelty of the approach
and associated current shortfalls in practical
methods and its remoteness from current practice,
sustainable outcomes can more readily result
from systemic appraisal of ecosystems and their
wide-ranging beneficiaries. This highlights the
inter-dependencies between ecosystem services
and hence the wider ramifications of decisions
for a variety of stakeholders, including future
generations. It also supports the conclusion in the
east of England case study that: ‘Decision making
in the region needs to take into account all the full
range of benefits the natural environment provides
if it is to be sustainable, the ecosystem services
approach offers a way of assessing such values’
(Glaves et al., 2009).

2. Ecosystem restoration maximizes
value across all ecosystem services
All the English case studies addressed restoration
of habitat and/or ecosystem functioning, resulting
uniformly in the improvement or maintenance
of all four ecosystem service categories. This
compares with engineering-based solutions in the
Wareham case study and options for housing
development in an urban riparian site in the east of
England case studies. Likewise, the planned piped
water, hydropower and flood storage outcomes of
the proposed Pancheshwar Dam would result in
substantial net degradation of ecosystem services,
affecting the livelihoods of many people. Both the
Mayesbrook Park and Great Yarmouth (east of
England) case studies concluded that ecosystem
restoration was likely to provide a cost-effective
means for achieving health benefits and social
inclusion. One conclusion from the River Glaven
study was that flood risk benefits could justify the
catchment sea trout restoration scheme outright,
notwithstanding the fishery focus of scheme
design. The provision of public benefits, while
avoiding unanticipated negative impacts, is a
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likely outcome of those management options that
improve or restore ecosystem functioning.

3. Stakeholder participation enhances
evaluation and decision-making
processes
All ecosystem services reflect different
stakeholders, who either benefit or suffer from
policy decisions and management actions. An
ecosystems approach enables key stakeholders to
be identified, avoiding the historical bias towards
influential people and thus potentially leading to
more equitable and sustainable outcomes. This
is exemplified by the planning process for the
proposed Pancheshwar Dam which, in line with
many large dam schemes, excluded the interests
of many affected by its construction (World
Commission on Dams, 2000). This bias towards
the interests of privileged sectors of society has also
been a feature of much of the industrial history of
the UK (Everard and Appleby, 2009). Involvement
of a variety of stakeholders also leads to more local
support and ultimately to better decisions (Everard
et al., 2009b; Åberg and Tapsell, this volume).
Glaves et al. (2009) concluded that an ecosystem
services approach promoted greater participation in
decision-making, enabling individuals to consider
issues and values which may have previously
been overlooked. It also resulted in exploration of
cross-sectoral issues and a more inclusive approach
to solutions, exemplified by the Wareham case
study.

4. Ecosystem services help
communicate key issues and
engage people
Ecosystem services can also provide the basis of
an intuitive language that makes communication
of environmental management schemes more
understandable. Framed in simple language (‘fresh
water’, ‘recreation and tourism’, ‘soil formation’,
etc.), ecosystem services address ways in which
non-technical people can relate to how the natural
world works. This enables non-specialists to take
part in decision-making and promotes mutual
understanding and dialogue between different
interest groups (Newson, this volume).

5. Local schemes designed in the
context of catchment functioning
can contribute to sustainability
The fisheries benefits of the Bristol Avon riparian
buffer zone scheme yielded an estimated 3:1
lifetime benefit-to-cost ratio for local angling
interests, but total benefits gave an estimated
benefit-to-cost ratio of 31:1, with 91% of the
benefits accruing to wider sectors of society. The
River Glaven sea trout restoration project returned
an estimated 99% benefit to non-angling interests,
largely because the sea trout represented an ‘iconic
species’ (sensu Everard and Kataria, 2011a, b)
inspiring other local interest groups to support the
restoration of river conditions that would enable
the return of a charismatic native fish species.

The Alkborough Flats scheme demonstrated
that the common assumption that ‘trade-offs’
are inevitable is not applicable when optimizing
particular ecosystem services. The coastal managed
realignment work not only enhanced the ‘target’
services of wildlife, flood protection and navigation
but also protected ‘provisioning’ ecosystem services
through the value derived from grazing by rare
livestock breeds offsetting the value lost from
former arable production.

The case studies thereby support an
assertion by Everard and Powell (2002) that a
coordinated combination of localized management
interventions can, if scaled-up, collectively restore
catchment-scale functioning and its associated
range of beneficial services. This principle
is seen in both sustainable drainage systems
(SuDS) compared with traditional single-discipline
drainage solutions (Woods-Ballard et al., 2007)
in urban sub-catchments, as well as the multiple
benefits derived from river conservation and
management at a wider catchment scale.

6. Markets have a key role to play
in realizing the benefits of
ecosystem services
Markets are the means by which ‘buyers’ purchase
goods and services from ‘providers’. These could be
clothing, other commodities or ecosystem services
including food, fresh water and wool fibre, albeit
that market prices today often externalize many
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environmental and social costs (Porritt, 2005;
Everard, 2009b). Other ecosystem services now
have emerging markets, such as climate regulation
in the UK (i.e. the Climate Change Levy http://
www.decc.gov.uk/en/content/cms/what we do/
change energy/tackling clima/ccas/cc levy/cc levy
.aspx), Europe (the Emissions Trading Scheme
ec.europa.eu/clima/policies/ets/index en.htm) and
globally (such as REDD+ under the United Nations
Framework Convention on Climate Change,
http://www.unfccc.int). In some instances, agri-
environment and other subsidies already serve as
crude ‘markets’ with public taxation channelled
into payments targeted at more sensitive land-use
to increase public benefits such as biodiversity,
landscape and sometimes water yield (Everard
and Appleby, 2009). However, markets for most
ecosystem services such as pollination, nutrient
cycling, water purification and storm regulation
are currently missing.

In future, ‘Paying for ecosystem services’ (PES)
schemes should offer considerable potential to
safeguard important ecosystem services, because
they develop markets to connect service providers
(which may include land managers affecting the
production of services) with buyers who benefit
from them (OECD, 2010). Markets therefore
provide a powerful means to bring human inter-
dependency with ecosystems into the mainstream
of policy and practice (TEEB, 2010).

Identification of values, or at least semi-
quantified significance, for many currently non-
marketed services in the case studies highlights the
potential role of PES or other market mechanisms
to address more ecosystem services in decision-
making. The Tamar and Alkborough Flats case
studies suggest that evidence/knowledge gaps can
limit or compromise the ability to value benefits
such as fish recruitment, air quality enhancement
and all aspects of climate regulation. Valuation
is also not possible where economic techniques
have yet to be developed (Turner et al., 2008).
There are also potentially significant ‘missing
markets’ for health and amenity improvements
projected in the urban Mayesbrook Park and
east of England case studies, suggesting that
environmental investment can contribute cost-

effectively to societal benefits beyond those
traditionally considered as ‘environmental’.

In a review of the nature and state of
development of PES markets, the OECD (2010)
estimates that there are around 300 such
schemes established around the world, while
the Department for Environment, Food and Rural
Affairs is promoting the approach in England
(Defra, 2010a). PES schemes and other market
mechanisms will undoubtedly continue to evolve
to address more ecosystem services in decision-
making, including evident beneficial opportunities
for health, access and recreation, fisheries and
other broader interests to invest in ecosystem
enhancement.

7. Systemic perspectives should be
built into management tools
If the ecosystem services approach is to be
implemented in practice, appropriate tools are
required to avoid the shortfalls of narrow,
fragmented disciplinary thinking and regulation,
institutional structures and associated budgets.
Examples include new tools for screening
development plans in South Africa (Diederichs
et al., 2002). There are also opportunities to add
an ecosystem services perspective to existing tools
such as Environmental Impact Assessment (EIA)
and Strategic Environmental Assessment (SEA),
and the derivation of programmes of measures
under the EC Water Framework Directive
(http://ec.europa.eu/environment/water/water-
framework/index en.html). This review suggests
that improvements are not only feasible but
also likely to contribute to more sustainable and
equitable environmental outcomes, particularly for
river and wetland conservation and management.
PES and other market mechanisms may assist
this by valuing more ecosystem services in
terms relevant to many current decision-making
processes. Beyond the ethical, economic and
environmental cases for embedding an ecosystems
approach there are also requirements for doing
so, such as those within the UK government
ecosystem services action plan (Defra, 2007b,
2010b).
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Accelerating the transition to
ecosystems-based decision-making
Decision-making informed by consequences for all
attributes of ecosystems, their beneficiaries and
associated economic implications is essential if the
current rapid decline in ecosystem quality and
extent is to be reversed (Millennium Ecosystem
Assessment, 2005). Protection or restoration of
aquatic and other ecosystems secures or rebuilds
the natural capital essential for the security, health
and economic opportunity for people, including
creation of value through the ecosystem services
they provide. The case studies used in this review
provide collectively the evidence to advance the
case for a transition in perception, management
and governance of rivers and other ecosystems
underpinning continued human prosperity. The
credibility of the approach will be improved as
valuation techniques are further tested, refined
and included in policy and project-level decision-
making for river conservation and management.
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Annex 1 Key attributes of selected ecosystem services case studies.

Case study (principal source
publication) Relevant attributes of the scheme

Tamar 2000 (Everard, 2009a) The ‘Tamar 2000’ project sought to stabilize farm incomes by improving
agricultural practices and farm diversification in the predominantly rural
River Tamar catchment (south-west England). It did so by recommending
farm interventions to protect or enhance the river ecosystem, including some
farm business diversification.

Managed realignment of the
estuarine coast at Alkborough
Flats (Everard, 2009a)

A degraded flood bank at Alkborough Flats (on the Humber estuary,
north-east England), erected following the Second World War to ‘reclaim’
arable land had become uneconomic to renew. Managed realignment
permitted tidal inundation of more than 400 ha of floodplain to form salt
marsh, mudflat, reedbed and other intertidal habitat. This fulfilled intertidal
habitat mitigation obligations under the EC Habitats Directive and reduced
flood risk elsewhere in the estuary.

Sea trout restoration on the River
Glaven (Everard, 2010)

Restoration of habitat and improvement of access for sea trout recolonization
on the River Glaven (eastern England) brought together a range of statutory
and voluntary organizations with common aspirations to rehabilitate the
river ecosystem.

Buffer zone installation on the
upper Bristol Avon (Everard and
Jevons, 2010)

Fishery interests installed fencing to exclude cattle from a field edge on the
upper Bristol Avon (North Wiltshire, England). Regeneration of vegetation
over the subsequent growing season was significant, improving aesthetics
and also narrowing the river channel which reinstated low diversity and
sinuosity, bed scour, sediment and other pollutant attenuation, and
supported fish recruitment whilst providing habitat for other wildlife.

Mayes Brook restoration in
Mayesbrook Park (Everard
et al., in press)

The planned restoration of the Mayes Brook in Mayesbrook Park (East London)
offers an opportunity to create an ecological and community focal point
within a broader environmental regeneration project. Rehabilitation of a
river reach within a currently barren park landscape also provides a chance
to demonstrate synergistic approaches to flood storage and biodiversity
enhancement.

Options for coastal defence
development at Wareham
(EFTEC, 2007; summary in Defra,
2007a)

Appraisal of options for tackling a degraded historic coastal flood defence
bank at Wareham (Poole Harbour, southern England) explored likely
outcomes and economic values associated with changes. Non-monetary
weighting by stakeholders helped rule out certain options, directing
attention towards the most important data gaps and uncertainties, and
enabling identification of a preferred managed realignment option.

Linked set of five ecosystem
services assessments in the east
of England (Glaves et al., 2009)

A linked set of ecosystem service studies addressed the implications of
development in five discrete locations in the East of England. It took a
consistent approach to defining the opportunity, summarizing habitat types
on the site, auditing ecosystem services, applying the Defra (2007a)
weighting scheme, monetization of some of the most significant ecosystem
services, and consideration of issues affecting them. This information was
used to assess likely differences between ‘do nothing’ and ‘preferred
development’ scenarios.

The proposed Pancheshwar Dam
(Everard and Kataria, 2011a, b)

The proposed Pancheshwar Dam is planned to be the world’s second tallest
dam on the Kali River, defining the India/Nepal border in the Himalayas.
Benefits including water and power supply were included in official
documentation, but there was no formal acknowledgement of wider local
and catchment-scale impacts.
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Annex 2 Key findings from the case studies.

Case study Key findings

Tamar 2000 The Tamar 2000 programme stabilized and enhanced farm profitability and regional
eco-tourism. Benefits from improved river functioning accrued across all four ecosystem
service categories. Estimated gross annual benefits for provisioning services (£ 578 099),
regulatory services (£ 2,474 955), cultural services (£ 320 477) and supporting services (£ 501 775)
contributed to substantial lifetime benefits representing a benefit-to-cost ratio of 109:1
relative to scheme costs. This included many planned benefits, but also ‘collateral’ ecosystem
services benefits that were not specifically targeted. Were it possible to quantify three services
believed to be significant – fish recruitment and the regulation of air quality and all aspects of
climate – it is considered that calculated benefits would have been significantly higher.

Managed
realignment at
Alkborough Flats

The managed realignment achieved its design objectives (intertidal habitat mitigation, flood
storage and protection of navigation) but also enhanced a wide range of additional
ecosystem services across all categories. Estimated gross annual benefits for provisioning
services (£ 1745), regulatory services (£ 14 553 excluding flood regulation enhancement which
was quantified on a different basis), cultural services (£ 159 830) and supporting services
(£ 757 618) contributed to a lifetime benefit (including flood risk uplifts) of 3.22:1. This
exceeded the benefit-to-cost value achieved by traditional benefit-cost methods, because it
recognized wider public benefit. A key finding was the overturning of an unstated
assumption that ‘provisioning services’ (loss of food production) were being traded against
‘regulatory services’ (flood risk) and ‘supporting services’ (habitat for wildlife) gains. In fact,
the annual loss of arable food and fibre production was more than offset by higher values
derived from food, fibre and genetic stock sales from ‘rare breeds’ grazing on the site
post-intervention. Were it possible to quantify the perceived substantial benefits from
recruitment of fish of commercial and recreational importance, this value might have been
substantially enhanced. Ecosystem-based management of habitat to address identified
problems can therefore result in a wide range of additional benefits.

Sea trout
restoration on the
River Glaven

Sea trout restoration on the River Glaven served as a focus for a wide range of stakeholders in
the river, for whom the return of this native fish had ‘iconic’ significance regardless of their
interests in angling. Benefits from improved river functioning again accrued across all four
ecosystem service categories. Estimated gross annual benefits for provisioning services
(£ 20 000), regulatory services (£ 66 550), cultural services (£ 167 159) and supporting services
(£ 21 480) contributed to lifetime enhancement representing a substantial benefit-to-cost
ratio of 325:1. Flood risk management benefits alone accounted for a benefit-to-cost ratio of
13:1, which would have been sufficient to justify investment in the scheme. The building of
relationships between different, formerly fragmented interest groups across the catchment
was a particularly significant outcome, with sea trout serving as a potent symbol of a river
restored to health along with its many associated benefits to society. The study also addressed
likely benefits of further work to bypass a major obstruction on the river, concluding that this
was economically viable based on a wide range of benefits with flood risk outcomes again
potentially providing sufficient justification for investment.

Buffer zone
installation on the
upper Bristol
Avon

This buffer zone installation was only 330 m in length but targeted a field edge long recognized
as severely degraded by cattle poaching and also representing a substantial source of
sediment, nutrient, faecal organisms and associated pollutants. Benefits from improved river
functioning were recognized across all four ecosystem service categories. Estimated gross
annual benefits for provisioning services (£ 508), regulatory services (£ 1840), cultural services
(£ 4633) and supporting services (£ 1618) contributed to lifetime enhancement representing a
substantial benefit-to-cost ratio of 31:1. Though driven by angling interests and funded from
a fishery management budget, this buffer zone yielded only 9.6% of its total benefits to
recreational anglers with the remainder favouring broader sectors of society.

(Continued)
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Annex 2 (Continued)

Case study Key findings

Mayes Brook
restoration in
Mayesbrook Park
(Planned)

The Mayes Brook restoration is part of wider landscape enhancement in Mayesbrook Park which
will create new habitat for wildlife and public enjoyment in this deprived area of east
London. In contrast to rural case studies, the dense urban setting will result in no increase in
provisioning services. However, significant benefits were projected for regulatory, cultural and
supporting services which, cumulatively, yielded a significant benefit-to-cost. Many of the
more significant benefits are expressed through social and health services as a well as urban
regeneration. ‘Ecosystem service’ assessment also helped identify a range of potentially
cost-beneficial improvements for the restoration scheme, including improved hydrological
functioning of the park landscape and infrastructure, improved water purification through
management of semi-natural wetland treatment systems, improved climate regulation
through energy-efficient design of buildings, installation of renewable energy sources and
re-use of tree and other park trimmings as biomass fuel (or mulch), and the optimization of
park restoration to provide health and educational resources to the local community.

Options for coastal
defence
development at
Wareham

Ecosystem service assessment of different ways of replacing a coastal defence bank at the
western end of Poole Harbour included estimates of the economic value arising from a range
of options. However, involvement of stakeholders and use of the Defra (2007a) weighting
system proved helpful in selecting or ruling out options, as well as directing attention towards
the most important data gaps and uncertainties that may have a bearing on the results of
appraisals. Stakeholder consensus based on weightings proved adequate for decision-making
about the favoured management realignment option.

Linked set of five
ecosystem services
assessments in the
east of England

This linked set of studies in the east of England found that ecosystem services provided a more
useful means of looking at the outcomes of cross-habitat processes than using a narrower
habitat-based approach, and that it related more directly to the ways people access and use
their services. An ecosystem services approach was also found helpful in addressing problems
associated with many or just a few services, breaking down cross-sectoral barriers, forcing
individuals to consider issues and values which may have previously been overlooked, and
promoting wider stakeholder participation which may be lost if the approach eventually
becomes systematized into an inflexible ‘top down’ method. Although economic values were
assigned to a number of the ecosystem services identified as the most significant, the report
recognized that using them to assess preferred outcomes from the selected ‘scenarios’ would
skew conclusions in favour of options with current market advantages while obscuring
outcomes for other ecosystem services for which markets were not readily found. Conclusions
were therefore drawn using the Defra (2007a) weighting scheme.

The proposed
Pancheshwar Dam

Marginal changes likely to arise from the proposed dam project were weighted at both local
and wider catchment scales, recognizing potential impacts on a wide range of beneficiaries. A
principal conclusion of this non-valued ecosystem services study was that only benefits to
influential communities are reflected in formal project documentation, whereas the dam
would inundate or seriously damage significant ecological, cultural, spiritual and tourist sites.
It would also impair ecosystem services and associated livelihoods along the affected river
valleys of very large numbers of people who are excluded from the planning and
decision-making processes. Outcomes from the ecosystem services assessment were used to
address compliance with the seven ‘strategic priorities’ identified by the World Commission on
Dams (WCD, 2000); none was compliant. Also, major factors such as the potential impacts of
earthquakes on dam integrity seem to have been overlooked. This challenges the
sustainability, fairness, net economic viability and likely reputations issues for India and Nepal
stemming from the proposed dam scheme.
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CHAPTER 26

The Glen Canyon Dam Adaptive
Management Program: Progress and
Immediate Challenges
John F. Hamill and Theodore S. Melis
Grand Canyon Monitoring and Research Center, U.S. Geological Survey, Flagstaff, USA

Introduction

The Colorado River provides water for more than
27 million people in the western United States of
America. It provides habitat for unique assemblages
of fish and supports a variety of uses such
as agriculture, hydro-electric power generation,
various industries and a range of recreational
activities. There are 22 major reservoirs in the
Colorado River Basin (Pontius, 1997), including
Lake Powell, formed by the Glen Canyon Dam,
approximately 24 km upstream from the Grand
Canyon National Park (Figure 26.1). The lake holds
approximately 33 000 000 m3 of water, while eight
hydro-electric generators on the dam produced
3.5 million megawatt hours of energy in 2007.
The management of the Colorado River and the
operation of Glen Canyon Dam are governed by a
complex series of laws, Supreme Court decrees and
operating principles; these are collectively known
as the ‘Law of the River’ (Adler, 2007). In general
terms, the Law of the River provides for the
equitable distribution and sharing of water among
the seven Colorado River Basin states – Arizona,
California, Colorado, Nevada, New Mexico, Utah,
and Wyoming.

Since it was completed in 1963, Glen Canyon
Dam has altered the Colorado River in several

ways. The most important have been: (i) altering
the hydrology by decreasing flow in spring but
increasing it during the summer and winter
(Topping et al., 2000a); (ii) greatly decreasing sand
supply to Grand Canyon, while also increasing
sand-transport capacity through nearly doubling
the median discharge during the 1990s (Topping
et al., 2000a, b, 2003); and (iii) decreasing year-
round water temperature and virtually eliminating
seasonal water temperature variability (Vernieu
et al., 2005). Since most of the sediment load of
the river is now deposited in Lake Powell, the
downstream tributaries, primarily the Paria and
Little Colorado Rivers, provide the Grand Canyon
with only about 16% of the pre-dam sand supply
(Wright et al., 2005). Water released from the
dam is also cold, with a post-construction average
temperature of 8◦C (Webb et al., 1999). The dam
has been blamed variously for narrowing rapids,
sediment erosion, invasive non-native riparian
vegetation and the loss of native fish (Webb et al.,
1999).

The international prominence of the Grand
Canyon, (a World Heritage Site), and public
concern about the impacts of the dam, resulted
in the Grand Canyon Protection Act (GCPA)
of 1992. The GCPA directs the Secretary of
the Interior to operate Glen Canyon Dam and
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Figure 26.1 The Colorado River system, from Lake Powell to the western-most boundary of Grand Canyon National
Park, Arizona, showing key land management designations.

exercise other authorities ‘in such a manner
as to protect, mitigate adverse impacts to and
improve values for which Grand Canyon National
Park and Glen Canyon National Recreation Area
were established, including but not limited to,
natural and cultural resources and visitor use’.
The Secretary of the Interior oversees work
of agencies within the US Department of the
Interior (’the Department’) responsible for the
management of public lands and related resources.
These agencies include the Bureau of Reclamation,
which manages Glen Canyon Dam, and the
National Park Service, which manages Grand
Canyon National Park and Glen Canyon National
Recreation Area.

In addition to directing the Secretary of the
Interior to protect downstream resources, the
US Congress specified that the GCPA should be
implemented in a manner fully consistent with the
provisions of a variety of existing laws that govern
water allocation and development in the Colorado
River Basin; provide for long-term monitoring and
research to determine the effect of the Secretary’s
actions; and require consultation with federal and
state agencies, Native American tribes, and the
general public, including affected stakeholders as
required by the Grand Canyon Protection Act of
1992. The Endangered Species Act of 1973 also has
significantly influenced dam operations throughout
the Colorado River Basin.
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This chapter provides a brief overview of how
adaptive management has been implemented in
the Colorado River corridor below Glen Canyon
Dam (Figure 26.1). It focuses on monitoring and
experimental research related to Grand Canyon
sand resources and an endangered species of
fish, the humpback chub (Gila cypha). Many
of the activities discussed in this chapter were
implemented to minimize the impacts of Glen
Canyon Dam operations on the humpback chub.

Adaptive management

In the early 1990s, adaptive management emerged
as an important strategy for resource management
in major US river systems. Generally described
as ‘learning by doing,’ many of the efforts in US
riparian ecosystems were based on the adaptive
environmental assessment and management
approach to natural resources management
(Walters, 1986; Williams et al., 2007). This
approach assumes that managed natural resources
will always change, that scientific understanding
of ecosystems is constantly improving, and that
it is important for natural resource managers to
use the best currently available information to
make decisions. The approach brings together
the strengths of different scientific disciplines
to address the information needs of resource
managers and encourages scientists and managers
to work closely in sharing and using scientific
information to support decisions.

In this context, adaptive management was
selected by the Secretary of the Interior in a
1996 ‘Record of Decision’ on the Operation of
Glen Canyon Dam Final Environmental Impact
Statement to meet the mandates of GCPA (US
Department of the Interior, 1996). The formal
establishment of the Glen Canyon Dam Adaptive
Management Program (‘the Program’) was delayed
until 1997 because The Secretary of the Interior
could not implement the Record of Decision,
which included the creation of the Program,
until the General Accounting Office completed a
cost-benefit analysis. However, a Transition Work

Figure 26.2 Organizational structure of the Glen
Canyon Dam Adaptive Management Program.

Group and the Grand Canyon Monitoring and
Research Center began formulating a strategic plan
in 1995, and the first high-flow experiment was
conducted in 1996.

The intent of the Program was to ‘initiate
a process of adaptive management whereby
the effects of dam operations on downstream
resources would be assessed and the results of
those resource assessments would form the basis
for future modifications of dam operations’ (US
Department of the Interior, 1995, page 34). The
environmental impact statement specified the five
major Program components (Figure 26.2) described
below. More recently, the Secretary of the Interior
added a Policy Group, comprising senior officials
from departmental agencies, to ensure intra-
departmental communication and coordination at
the national level (Figure 26.2). This Policy Group
provides a mechanism for incorporating specific
agency mandates and policies into the decision-
making process.
1. Adaptive Management Work Group (’the Work
Group’); this is a 25-member stakeholder
committee that operates in accordance with the
Federal Advisory Committee Act of 1972 (Table
26.1). The Work Group makes recommendations
to the Secretary of the Interior on how to best alter
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Table 26.1 Adaptive Management Work Group member organizations.

Secretary of the Interior’s Designee Colorado River Basin States

Tribes Arizona: Arizona Department of Water Resources
Hopi Tribe California: Colorado River Board of California
Hualapai Tribe Colorado: Colorado Water Conservation Board
Navajo Nation Nevada: Colorado River Commission of Nevada
Pueblo of Zuni New Mexico: New Mexico Office of the State Engineer
San Juan Southern Paiute Tribe Utah: Water Resources Agency
Southern Paiute Consortium Wyoming: State Engineer’s Office

State and Federal Cooperating Agencies Non-Governmental Groups
Arizona Game and Fish Department Environmental
Bureau of Indian Affairs Grand Canyon Trust
Bureau of Reclamation Grand Canyon Wildlands Council
National Park Service Recreation
US Department of Energy, Western Area Power

Administration
Federation of Fly Fishers/Northern Arizona

Flycasters
US Fish and Wildlife Service Grand Canyon River Guides

Contractors for Federal Power from Glen Canyon Dam
Colorado River Energy Distributors Association
Utah Associated Municipal Power Systems

dam operations or conduct other management
actions to meet the Department obligations under
the GCPA and other statutes.
2. The Secretary of the Interior Designee serves as the
chair of the Work Group, providing a direct link
between the Work Group and the Secretary of the
Interior.
3. The Technical Work Group includes technical
representatives from the Work Group’s 25
stakeholders. It translates the Work Group’s
objectives and goals into resource information
needs, identifies science questions that determine
the basis for long-term monitoring and research
activities, and disseminates research results
and resource recommendations to Work Group
members.
4. The U.S. Geological Survey Grand Canyon

Monitoring and Research Center (’the Center’) is
the Program’s science provider, monitoring and
evaluating the effects of dam operations and
related factors on natural, cultural, and recreational
resources. It is not a member of the Work Group or
Technical Work Group.
5. Independent Review Panels provide independent
peer review of scientific activities. One of the

panels, the Science Advisors, comprises a group
of academic experts which provides independent
scientific oversight and technical advice to ensure
that science activities are efficient, objective, and
scientifically sound.

The annual budget for the Program was
approximately $ 10 million in 2010 and is
derived from Colorado River Basin hydro-
electric power revenue. Historically, about 80%
of these funds have been used by the Center for
monitoring, research, and experimental actions;
the remaining money is administered by the
Bureau of Reclamation for Program management
and compliance activities.

Learning by doing

In the 1970s, Grand Canyon National Park started
studies to evaluate the downstream impacts of
the Glen Canyon dam operations. In 1983,
further monitoring and research efforts supported
by the Bureau of Reclamation’s Glen Canyon
Environmental Studies provided scientists with
additional post-dam flow and sand-transport data.
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This information was needed to develop and
calibrate physical models as well as helping
managers decide how dam operations could be
altered to reduce sandbar erosion in Grand Canyon
National Park.

High flow experiments
Various experimental flows were conducted
throughout the 1990s and beyond (Table 26.2).
The Program, established in 1997, is best known
for a series of three high-flow experiments (HFE),
or controlled water releases from Glen Canyon
Dam that were designed to mimic natural pre-
dam seasonal flooding. These HFEs took place
in March 1996, November 2004, and March
2008. The primary objective of these experiments
was to restore geomorphic processes and rebuild
sandbars that provide habitat for native plants
and animals, supply camping beaches for river
runners, and provide fine sediment that helps
to protect archaeological sites from weathering
and erosion. The first HFE was conducted in late
March 1996 to test the ‘beach/habitat-building
flow’ concept described in the final Environmental
Impact Statement (US Department of the Interior,
1995; Schmidt et al., 1999; Webb et al., 1999). The
preferred option for dam operation identified by
the Environmental Impact Statement was one of
modified low fluctuating flow. This was assumed
to allow ‘new’ sand from tributaries to accumulate
more rapidly in the river channel over several
years. The idea was that accumulated channel
sand would then periodically be mobilized during
artificial floods and re-deposited along shorelines
as new, higher elevation sandbars.

Several lessons have been learned from the three
HFEs. First, contrary to predictions, sand that enters
the Colorado River periodically from the Paria and
Little Colorado Rivers below the dam (Figure 26.1)
did not accumulate in the river channel under
normal modified low fluctuating flow operations
(Rubin et al., 2002). This conclusion is true even
when the quantity of sand supplied by tributaries
is above average, as was the case in the late
1990s. The rapid export of new sand is explained
by the fine grain size of the sediment, combined
with an increased daily mean flow below the dam

compared with previous conditions (Topping et al.,
2003). Topographic sandbar data from the 1996
HFE showed that without a sufficient supply of new
sand, sandbars built during the HFE were derived
from lower elevation sandbars within eddies rather
than from sand accumulated over previous years in
the river channel (Rubin et al., 2002). These results
indicate that HFEs conducted under sand-depleted
conditions, such as that in 1996, will not sustain
sandbar area and volume successfully (Rubin et al.,
2002; Topping et al., 2006).

Using these findings, scientists and managers
focused on the need to time HFEs shortly after
episodic tributary floods supply new sand to the
Colorado River downstream from the dam. This
timing was tested during an HFE conducted in
November 2004, under conditions of lower than
average annual tributary sand input that occurred
during September–November 2004; the result was
a temporary increase in sandbar area and volume,
mainly in the upper half of Marble Canyon
(Topping et al., 2006). A third HFE, in March 2008,
was conducted following above-average levels of
sand enrichment resulting from tributary floods
in the autumn of 2006 and again in 2007; this
HFE resulted in more widespread sandbar building
(Hazel et al., 2010). However, almost all sandbar
gains resulting from the three HFEs were eroded
away within six months following a return to
normal modified low fluctuating flow operations.
Monitoring data on flow, sediment transport and
sandbar topography suggested that erosion of new
sandbars was correlated positively with mean daily
flows and inversely correlated with tributary sand
supply to the river following HFEs (Grams et al.,
2010).

Monitoring also confirmed that substantial
increases in total eddy–sandbar area and
volume were only possible by implementing
HFEs following large tributary sand inputs.
Consequently, while managers lack the ability to
increase the sand supply to the river or limit annual
releases, they may still be able to promote greater
sandbar stability by changing daily to seasonal
patterns of flow following HFEs. An experiment
that combines repeated HFEs under sand-enriched
conditions with a more stable daily-to-seasonal
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Table 26.2 20-year history of flow experiments from the Glen Canyon Dam, 1990–2010.

Flow treatment Duration Objective(s) Replication Monitoring

Varied patterns of
daily power-plant
releases (to inform
environmental
impact statement
studies).

10-day periods with
4-day monitoring
(14 months in
1990–1991).

Sandbars, fish
conservation, river
navigation, sand
transport, water
temperature,
modelling support.

Daily release patterns
were repeated over
10-day cycles for a
given flow scenario,
then flows were
lowered and
stabilized while
sandbar monitoring
occurred.

Discharge, stage,
temperature and
suspended-sediment
transport, fish and
other aquatic
parameters,
including synoptic
quality of water.

Interim daily
fluctuating flows
(experimental
re-operation of dam
under low
fluctuating flows
(LFF)).

August 1991 to
October 1996.

Conserve sandbars,
fish, improve river
navigation, limit
sand transport.

Diurnal flows were
limited, and were
varied with annual
hydrology.

Discharge, stage,
temperature and
suspended-sediment
transport, fish and
aquatic food.

1996 record of
decision (ROD) –
rules governing
daily fluctuations
(interim LFF rules
are changed to
modified low
fluctuating flow
operations).

Ongoing since autumn
1996 with only
occasional
interruptions to
conduct other
related flow
experiments, such as
high flow and low,
steady flow tests.

Sandbars, campsites,
aquatic food, fish,
archaeological sites.

Yes; annually with
variation derived
from upper
Colorado River Basin
hydrology.

Discharge, stage,
temperature,
suspended-sediment
flux, fish, aquatic
food, campsites,
archaeological sites.

Beach/habitat-
building flows
(or high-flow
experiments).

Spring 1996 and 2008;
autumn 2004.

Sandbars and related
near-shore habitats.

Yes, both sand
depleted and
enriched conditions
with peak flows of
2.5 to 7 days.

Sandbars and sand
mass balance, sand
grain size, native
(humpback chub)
and non-native fish
(trout), cultural
sites, campsites,
food production,
riparian plants,
power revenue.

Habitat maintenance
flows.

Autumn 1997, spring
and summer 2000.

Sandbars and native
fish, including
humpback chub.

Yes, under both sand
depleted and
enriched supply
conditions.

Sandbars and related
near-shore habitats,
fish and food, plus
riparian plants.

Spring and summer
steady flows.

April–September 2000. Humpback chub. No. Native fish abundance.

Autumn steady flows. 2008–2012. Humpback chub. Yes – annually during
September–October
over 5 years.

Near-shore juvenile
chub habitat use
and survival.

Enhanced winter
fluctuating flows.

2003–2005. Limit rainbow trout
recruitment through
increased juvenile
mortality rates from
flows.

No – one 3-year block,
increased winter
fluctuations in
January through
March.

Rainbow trout
abundance in
tail-water reach
below dam.
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pattern of releases provides the best opportunity to
determine if it is feasible to rebuild and maintain
sandbars in a sustainable manner (US Geological
Survey, 2008). These conclusions on HFEs were
based on results available in September 2010 and
presented at the River Conservation and Management

conference in York. Subsequent, more extensive
analyses of the HFEs have now been published
and include unexpected findings, notably the
response of non-native fish species (Melis, 2011;
http://pubs.usgs.gov/circ/1366/).

Fish removal and translocation
experiments

By 2002, scientists and managers had also
identified non-flow experimental treatments and
conservation measures intended to benefit the
endemic, native fish species below the dam
(Table 26.3). In 2000 and 2001, when monitoring
efforts detected a significant decline in the Grand
Canyon humpback chub population, the Program
implemented an emergency plan to reverse the
decline. Rainbow trout (Oncorhynchus mykiss) and

brown trout (Salmo trutta) were thought to prey
upon and compete with humpback chub and other
native fish, so they were removed experimentally
in large numbers from the area near the confluence
of the Colorado and Little Colorado Rivers – the
reach where most Grand Canyon humpback chub
are found. The removal experiment took place
during 2003–2006 and reduced the rainbow trout
population by 90% in the targeted area during
the experimental period (Coggins and Yard, 2010).
This removal experiment demonstrated that trout
populations below the dam could be controlled
effectively within limited reaches of Grand Canyon
National Park (Coggins, 2008; Coggins and Yard,
2010). However, there is still uncertainty about
whether such actions really benefit humpback
chub populations in the longer term. Habitat, flows,
water temperature, food availability, and non-
native fish populations have all varied over the
last 20 years and therefore confounded attempts
to explain more precisely the factors that limit
native fish reproduction and survival. Nevertheless,
a combination of experimental actions, drought-
induced warming of the river and other factors
have probably contributed to an approximately

Table 26.3 Non-flow experimental treatments implemented as part of the Glen Canyon Dam Adaptive
Management Program.

Non-flow treatments
and conservation
measures Duration Resource focus Replication Resources measured

Non-native fish
removal.

2003–2006. Humpback chub
population trend.

No – one 4-year block
only, but control
reach was utilized
upstream of
treatment reach.

Numbers of
non-native fish
removed in
treatment reach,
chub population.

Fish translocation to
expand tributary
rearing habitat
(humpback chub
juveniles were
relocated upstream
within Little
Colorado River (LCR)
spawning habitat).

2002–2010 in the LCR;
also 2009–10 in
Shinumo Creek,
another tributary
further
downstream.

Humpback chub
juvenile recruitment
to increase adult
population in Grand
Canyon National
Park.

Yes – LCR annually,
using naturally
spawned, wild
juvenile chub from
the lower reaches of
the Little Colorado
River, juvenile chub
also moved from
LCR to Shinumo
Creek.

Humpback chub
growth rates and
adult population
abundance within
Grand Canyon
National Park.
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50% increase of adult humpback chub (4+ years
old) in the Grand Canyon population between
2001 and 2008 (Coggins and Walters, 2009).

In addition to controlling non-native fish, the
range of humpback chub in Grand Canyon has
expanded as a result of a successful translocation
project on the Little Colorado River. Extensive
monitoring and assessments of the reach where
the fish were relocated preceded the translocation.
Additional humpback chub translocations to
other tributaries are now being planned and
implemented on the basis of learning that
took place during the initial translocation
effort.

The importance of monitoring

Monitoring and modelling are fundamental
requirements of the adaptive management process
(Walters, 1986; Williams et al., 2007). Over the past
13 years, the Program has invested approximately
$ 65 million in research, development and the
evaluation of monitoring programmes and
models. This has been to assess the status and
trends of priority resources, most notably the
aquatic food base, native and non-native fish
species, sandbars, water flows, water temperature,
archaeological sites, recreational camping beaches
and riparian vegetation. Results from these
long-term monitoring programmes (Table 26.4)
have provided information that has been used
to inform management action and evaluate
experimental actions (Walters et al., 2000; Gloss
et al., 2005; Kaplinski et al., 2005; Voichick and
Wright, 2007; Coggins and Walters, 2009; Topping
et al., 2010a, b). On the basis of monitoring
results (Gloss et al., 2005), Lovich and Melis
(2007) determined that success in achieving the
improved resource conditions set out in the 1995
Environmental Impact Statement has been mixed
(US Department of the Interior, 1995). Table 26.5
provides a summary of the status and trends of
key resources in 2009 (Hamill, 2009). The most
notable improvement below Glen Canyon Dam
over the last 20 years has been the 50% increase in
the population of the endangered humpback chub

since 2001, during a time when it has declined
elsewhere in the Colorado River Basin (Hamill,
2010).

Current challenges and future
opportunities

The legal framework governing management of
the Colorado River is complex and includes
federal statutes that present conflicting goals and
requirements (Adler, 2010). Grand Canyon is one
of the most complex (and contested) settings
for water resource management in the world, a
situation reflected by the wide variety of interests
and agencies involved in the Program and their
widely divergent goals and missions (National
Research Council, 1999). Many of the challenges
facing the Program are associated with difficulties
in getting different stakeholder groups, each with
widely varying values and goals, to agree a
common vision (Schmidt et al., 1998; Adler, 2007).
A common criticism of the Program has been the
lack of clearly defined and measurable targets for
goals and objectives (National Research Council,
1999; Adler, 2008; Susskind et al., 2010). Targets
and the methods used to measure progress towards
them are needed to inform future planning,
experimentation, monitoring, and management
activities. Unfortunately, quantified targets have
not yet been agreed, thereby limiting possibilities
for meaningful trade-off evaluations by decision
makers. For example, the 2001 strategic plan lists
12 goals for various key resources, activities and
uses, several of which are in apparent conflict with
one another; a good example is tension between
hydro-electric power production and sediment
conservation.

It follows that effective collaboration is crucial
to the success of adaptive management work
programmes (Williams et al., 2007; Emerson,
2010). Susskind et al. (2010) argued that while
collaborative effort is well suited to the Glen
Canyon Adapative Management Program, it has
been used ineffectively. For example, Native
American tribes participating in the Program
contend that their traditional knowledge of the
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Table 26.4 A summary of monitoring activities for the Glen Canyon Dam Adaptive Management Program.

Resource Focus Geographic scope Parameters Frequency

Aquatic food base. Total organic carbon
budget,
invertebrate
production.

Glen Canyon Dam
(GCD) to Pearce
Ferry.

Primary production,
tributary inputs,
biomass and density
of dominant taxa.

Quarterly.

Native and non-native
fish.

Evaluate survival and
recruitment.

GCD to Diamond
Creek, Little
Colorado River.

Population status,
trends, and
condition.

Three times annually.

Lees Ferry rainbow
trout.

Sustainable, high
quality angling.

Glen Canyon
tail-waters.

Population status,
trends, and
condition.

Seasonally.

Kanab ambersnail. Snail and egg
abundance, habitat.

Vaseys Paradise. Population status,
trends, habitat area.

Annually.

Riparian and spring
communities.

Discerning impacts of
dam operations on
vegetation.

GCD to Diamond
Creek.

Vegetation
communities,
species composition,
density, and
distribution.

Annual sampling with
5-year mapping
updates.

Lake Powell: quality of
water.

Lake Powell
water-quality
parameters.

Lake Powell. Temperature, pH,
conductance,
dissolved oxygen.

Quarterly.

Colorado River: quality
of water.

Flow, temperature,
suspended
sediment, water
chemistry.

GCD to Diamond
Creek.

Variable. Variable (15 minutes
to hourly).

Sediment Sandbar area and
volume; channel
sediment volume,
and grain size.

45 long-term sandbars
and reaches.

Repeat topographic
and grain size
surveys.

Annual to every
5 years.

Recreational
experience.

Campsite area, quality,
and distribution.

45 long-term sandbars. Camp area. Annually.

Hydropower
generation and
costs.

Kilowatts and costs. GCD. Hourly generation
capacity,
replacement market
values.

Hourly and daily.

Cultural resources. Resource condition
and physical
stability.

Sample of sites in
Colorado River
ecosystem.

Erosion rates, surface
stability.

Biannually.

ecosystem is equivalent to Western scientific
knowledge, but their concerns and suggestions
receive little attention in the decision-making
process (Dongoske et al., 2010).

Collaboration among participants and the
development of mutually agreed outcomes in the
Program would be improved if suitable incentives
encouraged stakeholders to work towards common
goals; if a process for evaluating trade-offs among

conflicting or competing goals was developed and
used; if facilitation and mediation expertise was
incorporated throughout the Program; and if a
full-time executive director/coordinator provided
continuity of programme leadership from one
administration to the next (National Research
Council, 1999; US Institute for Environmental
Conflict Resolution, 2006; Adler, 2007; Walters,
2007; Susskind et al., 2010).
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Table 26.5 The 2009 status of resources that represent the main focus of the Glen Canyon Dam Adaptive Management
Program (from Hamill, 2009).

Resource
Environmental Impact
Statement prediction (1995) Status (2009)

NATURAL RESOURCES
Water quality (water temperature). (Goal:

Establish water temperature, quality,
and flow dynamics to achieve Program
ecosystem goals).

No effect. Since 2003, downstream water
temperatures have increased in response
to drought conditions (http://pubs.
ugs.gov/ds/2007/251/).

Specific conductance (salinity). No effect. Drought conditions, prevalent since 1999,
generally result in increases in specific
conductance (http://pubs.usgs.gov/
ds/363/).

Sediment (sandbars and related physical
habitats). (Goal: Maintain or attain
levels of sediment storage within the
main channel and along shorelines.)

Modest improvement. Sandbars erode during periods between
high flows. Increases in total sandbar
area and volume are only possible when
high-flow releases follow large tributary
floods that enrich sand supplies in the
main channel (http://pubs.usgs.
gov/fs/2007/3020/).

Aquatic food web (Goal: Protect or
improve the aquatic food base.)

Potential major increase. Increases were apparent in Glen Canyon
Dam tailwater reach, but the trend is
unclear along downstream reaches.
Unlikely that quagga mussels (Dreissena
bugensis) will become well established
in the mainstem Colorado River below
Lees Ferry or its tributaries
(http://pubs.usgs.gov/of/2007/1085).

Native fish (humpback chub) (Goal:
Maintain or attain viable populations
of existing native fish.)

Potential minor increase. The population of adult humpback chub
(Gila cypha) decreased between 1989
and 2001; however, adult abundance has
increased more than 50% since 2001
(http://pubs.usgs.gov/of/2009/1075/).

Trout (Goal: Maintain a naturally
reproducing population of rainbow
trout above the Paria River.)

Increased growth potential,
dependent on stocking.

Rainbow trout (Oncorhynchus mykiss)
numbers have decreased in the Lees
Ferry reach until 2008 when increased
recruitment was detected in response to
the March 2008 high-flow experiment.

Riparian vegetation (Goal: Protect or
improve the biotic riparian and spring
communities.)

Modest increase. Native and non-native woody vegetation
continues to expand in the river corridor.
Non-native tamarisk (Tamarix
ramosissima) is the dominant species,
making up 24% of vegetation
(http://pubs.usgs.gov/of/2008/1216/).

Kanab ambersnail (Goal: Maintain or
attain viable populations of Kanab
ambersnail.)

Some incidental take. Snail habitat increased since 1998 (Chapter
6 at http://www.gcmrc.gov/
products/score/2005/).

(Continued)
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Table 26.5 (Continued)

Resource
Environmental Impact
Statement prediction (1995) Status (2009)

CULTURAL RESOURCES
Archaeological sites affected (Goal:

Preserve, protect, manage, and treat
cultural resources.)

Moderate degradation (fewer
than 157 sites affected).

Archaeological site condition continues to
decline because of a combination of
factors including erosion, gravity, visitor
impacts, and insufficient sediment
(Chapter 11 at http://www.gcmrc.gov/
products/score/2005/).

RECREATION RESOURCES
Whitewater boating camping beaches

(average area at normal peak stage)
(Goal: Maintain or improve the quality
of recreational experiences.)

Minor increase. Areas suitable for camping have decreased
on average 15% per year between1998
and 2003 (Chapter 12 at http://www.
gcmrc.gov/products/score/2005/).

Another criticism is that some of the flow and
non-flow experiments that have been conducted
over the last 20 years (Tables 26.2, 26.3) were
either inadequately designed or only partially
implemented. This emphasizes the need for a
scientifically sound, long-term experimental plan
within an adaptive management framework. Since
2002, there have been several failed attempts
to develop such a plan; consequently, a major
challenge is to develop an agreed long-term plan
for evaluating the effectiveness of policies and
management actions within a scientifically sound
experimental framework. Consensus on such a
plan would increase the likelihood that monitoring
and field experiments over the long term would
focus on the most pressing management questions
and allow scientists time and resources to isolate
the variables that are driving specific trends, such
as the increase in the adult humpback chub
population.

Monitoring is a central pre-requisite for
determining the effectiveness of experimental
and management actions, so long-term funding
of this activity is essential (National Research
Council, 1996). While the Program has made
a substantial investment in current monitoring
efforts, the scope and cost of the overall monitoring
programme remains a subject of debate. For
example, increased emphasis on implementing

costly management and compliance actions
without expanded financial support would reduce
the funds available for monitoring. Such a shift
in emphasis would impair the ability of the
Program to monitor the status of key resources
and attributes adequately, information which is
needed to assess the effectiveness of management
actions. Therefore, the prime challenge is for
the Department and the Working Group to
secure long-term financial support to meet the
growing Program demands for both science and
management actions. Alternatively, the scope of
the management objectives and related science
activities could be reduced to focus on the very
highest priorities.

Conclusions

Adaptive management associated with Glen
Canyon Dam has now been implemented for 13
years. There have been significant achievements
in the development of long-term monitoring
and the use of results to inform large-scale field
experiments and management actions. Overall,
progress in achieving strategic management
objectives has been mixed. A notable success
has been the increase in the humpback chub
population, while re-establishing sandbars and
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protecting archaeological sites are showing only
temporary, modest improvement or even a decline.

Several new initiatives in the last two years
have started to address shortfalls in the Program
design. The most notable are: (i) Federal agencies
working with non-federal stakeholders to establish
specific, measurable, and realistic future conditions
and outcomes in the Program; (ii) the Working
Group has established an ad hoc group to evaluate
its charter and provide recommendations to
improve the Program’s governance structure and
operating procedures; and (iii) the Department
is now engaged in meaningful consultation with
Native American tribes to recognize their values,
knowledge, and priorities for the Program. In
addition, an experimental protocol that would
allow repeated HFEs during appropriate sand-
supply conditions below the dam is expected in
early 2011. The Department has also announced
that it intends to develop an Environmental
Impact Statement in 2011 to support a long-term
experimental and management plan related to dam
operation. Addressing fundamental value conflicts
by the use of collaborative management processes
and decision-support tools will be crucial to the
success of these efforts.

If implemented successfully, these new initiatives
offer great potential for improving the effectiveness
of the Program. This could result in an operational
protocol for the dam that improves downstream
resources, features and uses in the Glen Canyon
National Recreation Area and the Grand Canyon
National Park while meeting the energy needs and
water supply obligations of the western United
States. Maintaining credible and effective research
and monitoring effort to evaluate the effects of
experimental and management actions will be a
major component in achieving these objectives.
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CHAPTER 27

An Individual-Based Model of
Swan–Macrophyte Conflicts on a
Chalk River
Kevin A. Wood1,2, Richard A. Stillman2, Francis Daunt1 and Matthew T. O’Hare1

1Centre for Ecology and Hydrology, Edinburgh, UK
2School of Conservation Sciences, Bournemouth University, Poole, UK

Introduction

Mathematical models are a useful way of predicting
the outcomes of ecological change on animal
populations; in so doing, they can facilitate the
testing of management options for conservation
management problems (Stillman and Goss-
Custard, 2010). One such problem is the grazing of
aquatic macrophytes by mute swans (Cygnus olor) in
chalk rivers in southern England. Many chalk rivers
are highly valued for their salmon and trout fishing
and for their nature conservation interest and
several are protected under the European Habitats
Directive (Council of the European Communities,
1992). Their naturally high diversity of aquatic
macrophyte and macroinvertebrate communities
is maintained by careful management of the
river channel and banks for nature conservation
and fisheries purposes (Environment Agency,
2004). Water crowfoot (Ranunculus penicillatus
ssp. pseudofluitans) is a particularly important
macrophyte in these rivers, supporting a high
secondary production of macroinvertebrates and
fish (Berrie, 1992). However, grazing by flocks of
non-breeding mute swans can severely reduce the
biomass of Ranunculus, raising concerns among
fisheries interests in particular that habitat and
cover for other river species, notably brown

trout (Salmo trutta) may be degraded (Trump,
1996; O’Hare et al., 2007). The reduction in
Ranunculus can also affect water levels in chalk
rivers (Dawson, 1989). Successful chalk river
management in these circumstances therefore
requires a good understanding of the movement
and behaviour of mute swans and the likely
intensity of grazing on Ranunculus at different
localities. Mathematical modelling of ecological
interactions and animal–plant relationships can
be applied to river management. For example,
O’Hare et al. (2007) developed a simple ‘resource–
consumer’ model that predicted the depletion of
Ranunculus and the mute swan carrying capacity
of a short section of chalk river. However, the
relevance of this type of mathematical model to
river management is limited because of several
assumptions, notably: (i) swans do not have energy
reserves; (ii) they feed at a fixed rate; (iii) swans
leave a feeding area when Ranunculus biomass falls
below a threshold level, regardless of food quantity
outside the study site; and (iv) the river is the
only available foraging habitat used. Given what
is known about swan behaviour on chalk rivers
these assumptions are unlikely to be valid (Trump,
1996). Individual-based models (IBMs) are also
‘resource–consumer’ models but do not make these
unrealistic assumptions. Instead, they predict the
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Figure 27.1 A concept diagram of the individual-based model ‘MORPH’, illustrating the key parameters required
(inputs) and the predictions generated (outputs).

movements of animals on the basis that foragers
attempt to maximize their perceived fitness.
This approach has been used successfully to test
management scenarios for the conservation of
coastal wading bird populations (Stillman and
Goss-Custard, 2010; Figure 27.1). This chapter
briefly describes how an IBM for a population
of swans in a chalk river was developed and
tested, and suggests how this approach could
be used as a decision support tool for river
management.

Methods

Parameters for the IBM known as MORPH
(Stillman, 2008) were derived and tested for a 1.1
km length of the River Frome and an adjacent
pasture field in Dorset, in southern England,
(50◦41’N, 02◦11’W) for 22 days during May–June
2010. Detailed information for the study site
is described in O’Hare et al. (2007). For the
model, the river was divided into nine sections,

based on shared environmental characteristics and
hereafter referred to as ‘river patches’. The nine
river patches ranged from 93.0 to 1193 m2

in area, while the adjacent field patch area was
50 000 m2. For each patch a value was assigned
to each parameter required by the MORPH model
(Stillman, 2008) using a combination of field data
and available literature sources (Table 27.1). The
MORPH model was then tested against field data
reported by O’Hare et al. (2007).

Grass biomass in the pasture field was sampled in
May and June 2010 using a 0.00785 m2 hand corer
(n = 5 for each month); all above-ground biomass
was removed, dried to constant weight at 60 ◦C
using a Heraeus Kelvitron T oven and then weighed
to ± 0.1 g on a Pesola PTS3000 balance. Change in
grass biomass over time (in the absence of swan
grazing) was calibrated to zero (0.0 g m−2 d−1)
because a t-test indicated that statistically there was
no significant difference between values in May
(mean 203.8 g m−2 ± 26.0 SD) and June (mean
196.2 g m−2 ± 107.6 SD) (t = 0.15, d.f. = 8,
p = 0.88), probably due to cattle grazing.
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Table 27.1 Derivation of model parameters. Plant biomass and intake rate values are expressed as dry mass.

Parameter Value Derivation

Number of swans 41 The initial number of swans that were present on the study site
Swan energy requirements 5842 kJ d−1 O’Hare et al. (2007)
Swan energy store 145 690 kJ Energy content of swan tissue (34.28 kJ g−1) multiplied by the

difference between mean (10 750 g) and starvation (6500 g) mute
swan mass (Wood, unpublished data)

Initial Ranunculus biomass
in study area

184.5 g m−2 O’Hare et al. (2007)

Initial Ranunculus biomass
outside study area

171.1 g m−2 O’Hare et al. (2007)

Ranunculus growth rate 0.0 g m−2 d−1 Growth rate under swan grazing pressure as swans remove growth
tissues (O’Hare et al., 2007)

Ranunculus energy content 16.5 kJ g−1 O’Hare et al. (2007)
Ranunculus digestibility 0.523 O’Hare et al. (2007)
Swan intake rate when

feeding on Ranunculus
0.00-0.03 g s−1 Intake rate, I = (0.0031x) / (1 + (0.0934x)), where x = Ranunculus

biomass (Wood, unpublished data)
Initial grass biomass 203.8 g m−2 This study
Grass growth rate 0.0 g m−2 d−1 This study
Grass energy content 17.6 kJ g−1 Value for pasture grasses foraged by Bewick’s swans (Cygnus

columbianus) (van Gils et al., 2008)
Grass digestibility 0.269 Mean value for digestibility of pasture grasses consumed by Bewick’s

swans (van Gils et al., 2008)
Swan intake rate when

feeding on grass
0.01 g s−1 Bewick’s swan functional response for grass (van Gils et al., 2007) for

a sward height of 7.2 cm (this study)

The model was run 10 times and results
compared with field observations. As all 10
simulations were based on identical parameter
values, predictions do not typically vary and thus
the standard deviation (SD) for model predictions
was zero unless stated otherwise.

Results

The MORPH model predicted 181.1 swan days
occupancy, compared with 215 swan days observed
in the field and the 181–193 swan days predicted
by the mathematical model of O’Hare et al. (2007).
Predicted mean Ranunculus biomass after grazing
(i.e. depletion) was 171.0 g m−2, which closely
matched the 171.1 g m−2 observed. The proportion
of predicted time that swans spent foraging during
daylight (38.5%) was within the range calculated

by a time budget study in May 2010 for the
River Frome (mean 27.2% ± 19.2 SD; Wood,
unpublished data), and for the nearby River Avon
which is a similar chalk river (mean 25.3% ± 15.1
SD) (Trump, 1996). The mean percentage of time
spent by swans on river patches was predicted to
be 96.0% (± 0.2 SD); this was very close to the
observed value of 97.8%.

To assess how robust these predictions were,
the sensitivity of the model was examined when
subjected to an increase and a decrease of 25%. In
general, these changes to the parameter values did
not alter the predictions of the model (Figure 27.2).
The total number of swan days, Ranunculus biomass
after grazing and the percentage of time spent on
the river patches were all sensitive to changes in
Ranunculus biomass, both in the model patches and
outside the model area, but not to changes in any
other parameter.
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Figure 27.2 Sensitivity of the four model predictions to a 25% increase and decrease in the value of each parameter.
*indicates analyses not possible because swans moved out of the study area immediately.

Discussion

This study builds on previous work by O’Hare
et al. (2007) and improves it by replacing a
simple ‘resource–consumer’ model with a more
realistic individual-based (IBM) one. For the River
Frome the IBM predictions of macrophyte biomass
depletion, number of swan days supported by
the study area, feeding patch use and the time
swans spend feeding were generally similar to field
observations. However, the model underestimated

the number of swan days that the study section of
river could support and also overestimated the time
swans spent feeding.

The depletion of Ranunculus represents a
substantial loss of chalk river habitat complexity
(O’Hare et al., 2007), indicating that management
action is required to reduce the impact on
conservation and fisheries interests. The model
predictions, albeit for a relatively short stretch
of river and adjacent pasture land, illustrate the
potential application of IBMs to assess both the



P1: TIX/XYZ P2: ABC
JWST110-c27 JWST110-Boon December 8, 2011 10:23 Trim: 246mm X 189mm Printer Name: Yet to Come

An Individual-Based Model of Swan–Macrophyte Conflicts on a Chalk River 343

intensity of swan grazing and movements of the
foraging birds. Swan grazing typically occurs from
May to September and involves several flocks
(Trump, 1996), so a more comprehensive IBM
which covers an entire year and involves larger
areas of river catchment is required if the model is
to be applied effectively. Elsewhere, the versatility
of IBMs has been demonstrated by their use in
predicting the effects of environmental change
on a range of animal populations, including
river-feeding swans, coastal wading birds and
invertebrate-feeding fish (Stillman and Goss-
Custard, 2010; West et al., 2011). IBMs can
also be used in freshwater ecosystems to model
resource–consumer interactions. Such models
could be used in a decision-support role and
should be of particular interest to those with
wildlife, environmental and fisheries interests
involved in river conservation and management.
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Introduction

This chapter provides an illustration of how
integrated research and evaluation techniques
can overcome the often conflicting needs and
priorities of different activities, land use and land
ownership along river corridors. The complex
inter-relationship between landscape, ecosystems,
environment and nature is a subject of current
debate in Italy (Malcevschi and Zerbi, 2007).
A good understanding of these relationships
is important if sustainable management of the
environment, safeguarding biodiversity and
restoring ecosystem functioning are to be
achieved, as required by international legislation,
recommendations and agreements (United
Nations, 1992; Aalborg Charter, 1994; Council
of Europe, 1996; Paour and Hitier, 1998; Council
of Europe and Committee of Ministers, 2008).
The need for multi-disciplinary knowledge and
understanding (Darby and Sear, 2008; Vaughan
et al., 2009; Reyers et al., 2010) is particularly
important for urban river corridors that also

support priority habitats and species protected as
part of the Natura 2000 network designated under
the European Habitats Directive (HD, Council of
the European Communities, 1992).

Conflicts can result from competing uses of
rivers such as water abstraction for drinking water
and irrigation purposes, effluent disposal, wildlife
conservation, transport infrastructure and urban
development, construction of flood defences and
recreational activities such as boating and angling
(Boon, 1992). In urban river corridors these
conflicts are amplified and can adversely affect all
four ‘ecosystem services’ categories (provisioning,
regulatory, cultural, supporting services) as
described in the Millennium Ecosystem Assessment
and The Economics of Ecosystems and Biodiversity
(Daily, 1997; Millennium Ecosystem Assessment,
2005; Sukhdev et al., 2010). Consequently,
understanding how to deal with these interactions
requires good data collection and analysis. This
information needs to be supplemented by general
and local knowledge of how to maintain and
improve environmental, landscape, social and
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Figure 28.1 A five–dimensional approach for
considering river conservation (modified from Ward,
1989 and Boon, 1992).

economic assets to achieve sustainable river
management based on ecosystem functioning
(Sukhdev et al., 2010; Everard, this volume).
Considerable effort has been invested in multi-
disciplinary river research since the 1980s (Naiman
and Décamps, 1990). As a consequence, the
conceptual dimension in a five-dimensional
approach for considering river conservation
(Boon, 1992) has expanded the previous four-
dimensional river ecosystem concept (Ward,
1989) and encouraged the integration of different
scientific disciplines. The idea of ‘territory’ in
Boon’s conceptual dimension corresponds well
with Italian law and planning (Figure 28.1) and
provides the basis for the development of models
and indices suitable to analyse and integrate the
results into multi-disciplinary evaluations (Braioni
et al., 2002, 2008a, b, 2009). These can be used in
conjunction with ecological, landscape and other
methods of analysis developed since the 1990s to
support the conservation and restoration of rivers
(Calow and Petts, 1994; Harper and Ferguson,
1995; Federal Interagency Stream Restoration
Working Group (FISRWG), 1998; Majone et al.,

2000; Naiman et al., 2005; Lindenmayer and
Hobbs, 2007; Darby and Sear, 2008). In this way,
the core requirements of European landscape
and wildlife legislation and agreements can be
addressed (Council of the European Communities,
1992; Aalborg Charter, 1994; Council of Europe,
Committee of Ministers, 2008). An illustration of
this is the use of an integrated evaluation model to
produce an Environmental Landscape Plan for the
River Adige in northern Italy.

The Integrated Evaluation
Model

An Integrated Evaluation Model (IEM) (Braioni
et al., 2009) has been developed using five key
steps:
1. Careful planning of data collection from a
variety of sources, to determine the type of
information needed for meaningful comparison
between different scientific and other disciplines.
2. Collecting the necessary data in a way that
allows comparison of aggregated and disaggregated
information for different specific purposes of
research and dissemination.
3. Data management, using complementary tools,
methods and indices designed to provide a
diagnostic ability to distinguish the individual
components of the river channel, riparian areas and
river corridor as well as combining them to answer
specific aims of the study. This approach allows
different scenarios to be determined by altering one
or more variables such as: (i) natural, artificial and
historical elements of the landscape; (ii) specific
wildlife habitats; and (iii) those components of the
river and floodplain ecosystems which contribute
to self-purifying processes.
4. Integration of the results in a practical plan or
project, based on the management of the river
channel and corridor using an evaluation system of
quality/degradation/risk to produce an ecological–
environmental landscape map identifying potential
land uses (Braioni et al., 2006, 2008b).
5. Producing guidance material based on a
combination of checklists, scenarios, standards,
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Figure 28.2 Basins and watercourses where the Integrated Environmental Model approach was applied: (a) northern
Italy; (b) the River Adige basin; (c) the Sarno river basin.

measures and management procedures (Braioni
et al., 2005, 2008a, 2009).

Study areas

This IEM approach was used on several river
corridor systems in Italy, covering different
types of morphology, hydrology, landscape and
human impacts (Figure 28.2). This was done
as part of a programme of work to produce
a series of practical management reports and
plans. The IEM was applied to reaches on
selected rivers for three specific purposes: (i)
to develop river basin management plans (sensu
Water Framework Directive (WFD); Council of the
European Communities, 2000) for ‘water bodies’
representative of the River Adige in northern Italy
and also for the rivers Reno, Marecchia and Senio;
(ii) as a contribution to the Environmental Plan
for the rivers Cordevole and Valsorda, Valzanca,
Travignolo, Canali within the Dolomiti Bellunesi
National Park (north-east Italy) and the Regional
Park of Paneveggio–Pale di S. Martino (Trento,
northern Italy); (iii) as part of a plan to transform
a ‘highly modified water body’ (sensu WFD) – the
Upper Sarno–Solofrana river system – into a pivotal

link in the natural, historical and environmental-
landscape network of the Campania Region of
southern Italy (Braioni et al., 2002, 2005, 2008a,
b, 2009).

Harmonizing nature
conservation and land use
along the River Adige corridor
in Verona

The River Adige and its corridor in the city
of Verona are ideally suited for the application
of an IEM approach to river management. The
water body is 25 km long and has a complicated
hydrological regime resulting from the pattern
of tributaries draining the surrounding hills and
channel diversions created for hydro-electric power
generation and irrigation (Figure 28.3).

The water body is at the node of an ecological
network where cultural history, nature and
landscape are inextricably linked. The River Adige
in Verona forms the central axis of the ‘Green
System’ (ecological network) that connects: (i) city
areas, with a rich variety of historic buildings
of different ages and their surrounding suburbs;
(ii) river habitats protected as part of the Natura
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Figure 28.3 (a) Map of the tributaries, irrigation and hydro-electric power channels and the stretches representing
Sites of Community Importance (HD, European Commission, 1992); (b) the river and corridor in the stretch
representing Site of Community Importance IT3210042.

2000 network under the Habitats Directive (Council
of the European Communities, 1992) and other
wildlife habitats in the surrounding hills; (iii) urban
green areas; and (iv) the historic walls of the
Scaligers, the Venetian and Austrian forts, which
include Ancient Roman features (Figure 28.4).

Two research teams applied the IEM approach to
the River Adige, with consultation at each stage in
the process described previously.

Ecological and hydrological
assessment

A team comprising biologists, ecologists, botanists,
chemists and hydraulic engineers, collected,
collated and analysed the attributes of the
river and its corridor listed in Table 28.1. This
research covered key ecological, hydrological,
morphological and landscape aspects. Three
indices were used to summarize the resulting
information: (i) the Wild State Index (WSI),
based on the diversity, richness and complexity of
fluvial habitats; (ii) the Buffer Strip Index (BSI),
derived using an assessment of the capacity of

riparian habitats to filter nutrients and pollutants
as part of a self-purifying process; and (iii) the
Environmental Landscape Index (ELI), which
expresses the capacity of an area to change without
losing its environmental interest (Braioni et al.,
2008a, b).

The WSI, BSI and ELI indices, used in
conjunction with traditional phyto-sociological
analyses of vegetation and measurements of
biological water quality and flow diversity, showed
the close coincidence between high (near-natural
or wild state) quality of the banks and riparian
areas and good environmental-landscape quality
of the river corridor. Notable and priority habitats
designated under the Habitats Directive (Council
of the European Communities, 1992) in these
areas included: (i) riparian and alluvial forests with
white willow (Salix alba), alder (Alnus glutinosa)
and ash (Fraxinus excelsior); (ii) semi-natural
dry grasslands (Festuco-Brumetalia) important for
orchids; (iii) muddy river banks with Polygono-
Bidention vegetation; (iv) mesophilous lowland
hay meadows; and (v) submerged and floating
vegetation (Ranunculion fluitantis and Callitricho-
Batrachian) in the river channel (Figure 28.5). In
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Figure 28.4 The River Adige in Verona
as the central axis that connects city
areas, urban green areas, Natura 2000
sites, urban parks, Scaligers’ castle and
Austrian forts.

addition, more than 350 species of plant and 117
bird species (11 of which are listed in Annex 1
of the Birds Directive; Council of the European
Communities, 2009) were recorded.

Pressures and impacts

The river and its corridor are subject to several
pressures and both benthic macroinvertebrate and

fish communities are particularly vulnerable to
impacts affecting hydrology and habitat structure
(Braioni and Salmoiraghi, 2007). Water level
fluctuations are caused by hydro-electric power
generation, agricultural irrigation and inflows from
urban water treatment works and intermittent
tributaries. These factors have impoverished
the morphological and hydrological diversity of
the river so much that some parts no longer
contain suitable breeding habitat for fish such as
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Table 28.1 Methods and attributes used to characterize the River Adige and its corridor (from Braioni and
Salmoiraghi, 2007).

Water quality (drinking quality; bathing water quality; biological quality; nutrient and pollutant load).
Morphometric, bathymetric, and sediment-size characteristics of the river bed, banks and flow, expressed as a functional

requirement for the minimum discharge rate for the fish Salmo trutta trutta, Salmo trutta marmoratus, Thymallus
thymallus, Leuciscus cephalus, Barbus plebejus and of benthic macroinvertebrates using the PHABSIM method (Bovee,
1986; USGS, 2001).

Macrobenthos in microhabitats: variety (number of taxa), density (m−2), density EPT taxa (m−2), EPT taxa/total taxa,
diversity (H’), homogeneity (H max), J (H’/H max), richness (D) indices, density and biomass of the functional feeding
groups (EPA, 1989; Somerville and Pruitt, 2004).

The hydromorphological quality of the river and riparian areas using the Quality Habitat Environmental Index (EPA, 2006)
and IFF (APAT, 2007) in relation to the minimum discharge rate for sustainable aquatic biota.

The floristic composition of river, riparian and river corridor vegetation.
The potential of river banks and riparian areas to support a high level of biodiversity based on the diversity, richness and

complexity of the fluvial habitats, using the Wild State Index (Braioni et al., 2008a).
The potential capacity to filter nutrients and pollutants, based on the complexity of the riparian structures involved in the

fluvial self-purifying process, using the Buffer Strip Index (Braioni et al., 2008a).
The Environmental Landscape Quality of the fluvial corridor (expressed as the capacity of an area to change without

losing environmental value), using the Environmental Landscape Index (Braioni et al., 2008a).

Italian barbel (Barbus plebejus), grayling (Thymallus
thymallus) and two Habitats Directive priority
species – marbled trout (Salmo trutta marmoratus)
and Lombardy brook lamprey (Lethenteron
zanandrai). Benthic macroinvertebrates are also
seriously impoverished – for example, in some
places Plecoptera have almost disappeared. If the
benthic macroinvertebrate and fish communities
recorded 30 years ago are used as a baseline
(Braioni, 1994), our conclusion is that present
habitat conditions are incompatible with the
water body achieving ‘good ecological status’ by
December 2015 as required by the WFD (Council
of the European Communities, 2000).

The Environmental Landscape
Plan

Using the ecological and pressure–impact
information described above, a second research
team developed ‘The Adige Park: an Environmental

Landscape Plan 2007’. The Plan contained proposals
for the designation of a protected wild area and a
network of local interest parks (Braioni and Tutino,
2007). The overall aim was to use the river and its
corridor as a central axis connecting different parts
of the city to green open spaces, offering a network

for educational opportunities, encouraging
sustainable development and leading to the
closer integration of historical and environmental
features of the landscape with local socio-economic
activities and local community needs.

The team which developed the Plan included
agronomists, economists, architects and journalists.
This was beneficial because experts from
several different disciplines and perspectives
could make proposals and also verify and test
assumptions. Key considerations included: (i) the
integration of agricultural and environmental
resources; (ii) the economic sustainability of
management interventions; (iii) a system to ensure
equitable resource-sharing between the different
stakeholders; and (iv) identifying informal meeting
areas for local people. In drawing up the Plan, an
analysis of each activity and its relationship and
impact on other activities and uses in the area was
carried out. This analysis was used to identify ways
of improving compatibility between sometimes
conflicting management activities within the park
area. For each activity the effects on wildlife,
landscape, economic, historical, cultural and social
equity were investigated. Other considerations
included property rights, planning regulations,
funding opportunities and the impact on local
communities affected by the activity. A key aspect
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Figure 28.5 Vegetation map of the River Adige and fluvial corridor system along the Site of Community Importance
IT3210042: (A) shows the Austrian Fort ‘S. Caterina’ where priority Habitat 6210 ‘Semi-natural dry grasslands and
shrubland facies on calcareous substrates (Festuco-Brumetalia) (*important orchid sites)’ occurs; (B) shows the ancient
cholera hospital, the Lazzaretto, architectural work of the XVII century in which Habitat 6250 ‘Lowland hay meadows
(Alopecurus pratensis, Sanguisorba officinalis)’ occurs.
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Table 28.2 The four themes used for strategic objectives in the North and South Park Plans (from Braioni and
Tutino, 2007).

Water resources and river ecosystem interconnections
Wild State quality of the river bed, banks, riparian areas; buffer zones; water and sediment qualities; Environmental

Landscape quality of the fluvial corridor; minimum discharge rate for sustainable aquatic biota.
Monitoring sites for checking uses of the soil in the banks, riparian areas, river corridor and water in addition to those

required by Italian law.
Hydraulic risk; potential effects of human activities on the ecosystem, river bed, banks and river corridor, taking into

account influences upstream and downstream.

Territorial interconnections
The system of urban parks; network of green areas; alternative access network of protected footpaths, bicycle paths and

roads; accessibility by public transport; parking and interchange areas for switching between different modes of
transport.

Cultural interconnections
Activity centres in the park; for sport, music; cultural exchange.
Outdoor exhibition spaces; ‘Land art’ works; open-air museum for ecological, wildlife and landscape education.

Social and economic interconnections
Production of local goods with the Park brand; sale of park-branded products in the local markets, restaurants, cafés, and

corporate canteens; small-scale hospitality in a variety of locations.

was establishing a process involving a wide range
of stakeholders.

Land management options were identified on
the basis of opportunities provided by agri-
environment incentive payments that would
encourage rural development and benefit the
wider environment. Areas were suggested where
current farming practices could continue, and those
where types of farming with limited environmental
or ecological impacts could be encouraged by
(for example) maintaining or improving wildlife
features (e.g. hedgerows, ditches) and high quality
landscapes. The proposed activities were also
designed to be compatible with low-impact cultural
tourism.

A matrix approach to management options was
used, highlighting associated benefits and potential
impacts, allowing mitigation measures to alleviate
negative environmental effects to be identified
where appropriate. Priorities could therefore be
based on the integration of legal, social and
economic factors and assessing the consequences
of potential action. This approach was used to
develop ‘Guidelines for environmental landscape
planning’ (Braioni and Tutino, 2007) and used
in plans for the North Park and the South

Park. Each Plan provides strategic objectives and
coordinated actions for four inter-related themes
based on systems and connections (Table 28.2).
These promote: (i) the river ecosystem; (ii) links
between urban and green spaces (iii) cultural
exchange; and (iv) local socio-economic benefits.
The aim was to provide a clear direction for
management proposals, with the best way of
achieving an equitable distribution of benefits,
identifying priorities and recommending mitigation
measures where they were needed.

Discussion

Monitoring and evaluation
Monitoring and evaluation are essential
requirements for assessing good ecological
status and progress towards it under the WFD
(Council of the European Communities, 2000).
The biological and eco-hydrological monitoring
network recommended by the Environmental
Landscape Plan has been designed to assess
progress towards several management objectives,
notably: (i) improved control of flow variation
caused by hydro-electric power generation
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and irrigation; (ii) reduced variations in flow
to ensure that minimum acceptable levels are
suitable for fish populations; (iii) increased
benthic macroinvertebrate diversity; (iv) restored
hydromorphological diversity of the river bed
and banks; (v) improved control of nutrients,
pollutants and pathogens entering the river; (vi)
maintaining the conservation status and integrity
of priority Habitats Directive features and other
wildlife interest (Figure 28.5); (vii) improved
buffering capacity and quality of the riparian
habitat and river corridor; and (viii) improved
effectiveness of restoration projects following flow
regulation work. Assessing the sustainability of
current activities and the potential effects of future
plans and projects is also required under Article 6.3
of the Habitats Directive (Council of the European
Communities, 1992).

The monitoring network required for this
evaluation is still at the planning stage, but it has
been recommended that results are presented in a
way easily understood by local communities using
an open-air educational facility, dedicated to the
promotion of sustainable management of the river
and its corridor.

The benefits of integrated planning
and management
Implementation of sustainable agricultural
practices with low environmental impact should
help to conserve and enhance the fluvial and rural
landscape, reduce pollutants entering the river and
groundwater and promote the development of the
ecological network of the River Adige. Renovating
buildings of historical interest such as traditional
farm buildings and courtyards, Austrian forts, the
walls of the Scaligers and the old cholera hospital
(Lazzaretto), together with strict application of
planning regulations and the use of sustainable
management objectives, should also favour the
conservation and management of priority wildlife
features in the settlement areas.

A system of designated pathways that safeguards
sensitive riparian and river channel vegetation, the
controlled flooding of wetlands during high river
flows and the careful location of observation sites
should also ensure sustainable land management

and zoning of activities which protect breeding
and resting habitats for birds such as little egret
(Egretta garzetta), wood sandpiper (Tringa glareola),
and kingfisher (Alcedo atthis). These management
practices should also favour the self-purification
of water and the creation of river channel
habitats suitable for benthic macroinvertebrates
(e.g. Perlodes, Perla, Capnia, Taeniopterix) and fish
such as marbled trout. An added advantage of
implementing these measures is that it will reduce
activities that are typical of abandoned landscapes,
such as illegal removal of sand and gravel from
the river, damage caused by lighting fires, and
indiscriminate cutting of shrub vegetation.

The River Adige Environmental Plan 2007
is part of the Town Plan for Verona that is
currently undergoing the approval process. It
has defined specific targets in the Town Plan,
notably those for landscape, environment, open
spaces, sustainable activities, and environmentally
sensitive agriculture associated with the River
Adige corridor. Several recommended actions are
already under way – for example, wetland creation
in the south Park, the renovation of the Lazzaretto
(the ancient cholera hospital), the extension of
riverside walks outside the town, local produce
markets, environmental education initiatives on
the river ecosystem and fluvial landscape, and
stretches of river allocated for canoeing. All these
actions have been taken following stakeholder
involvement. A similar planning approach has
been used for the River Ticino Park (Lombardy,
Northern Italy) and for other smaller watercourses
elsewhere.

Conclusions

An Environmental Landscape Plan based on
several scientific disciplines, and a matrix
approach that identifies management options
and the consequences of activities, can identify
practical sustainable management objectives for
an urban river corridor used for a variety of
activities. Involving stakeholders to gain local
community support and maximize the benefits
for wildlife, historical interests, the local economy
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and improved public access to green open spaces is
essential (Åberg and Tapsell, this volume; Hamill
and Melis, this volume). Monitoring progress
of the management objectives is important, as
is promoting the benefits of the main activities.
It also allows progress towards achieving good
ecological status under the WFD to be measured.
We would recommend that the principles of the
Integrated Evaluation Model described here are
used for similar urban reaches of river elsewhere.
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CHAPTER 29

A River in Crisis: The Lower River
Murray, Australia
Anne E. Jensen1,2 and Keith F. Walker1

1School of Earth and Environmental Sciences, The University of Adelaide, Australia
2Water Research Centre, The University of Adelaide, Australia

Introduction

Flow regulation and diversions have pervasive
effects on rivers and their floodplain communities
(Poff et al., 1997). In dry regions, where
competition for scarce water resources is intensified
by occasional drought, there may be severe impacts
on flora and fauna needing access to wetland
refugia (Kingsford, 2006). Flow regime changes
may also favour alien, invasive species (Bunn and
Arthington, 2002).

The River Murray (Figure 29.1), part of the
1 million km2 Murray-Darling Basin in south-
eastern Australia, flows for 2375 km to the sea
in South Australia, and has extensive floodplain
wetland and woodland communities that are
reliant on over-bank flows (Young, 2001). The
Murray, as principal river, contributes more than
75% of discharge from the system (long-term
annual median c.12 000 GL), but most of the Basin
is arid land and river hydrographs are punctuated
by erratic floods and droughts. Under natural
(unregulated) conditions, over-bank flooding in
the Murray occurred in spring every 2–3 years,
promoting seasonal reproduction in flora and
fauna, and occasional large flows would re-
connect floodplain habitats and promote ‘boom’
recruitment in key species. The flow regime has
been changed markedly, however, by diversions
and regulation (Maheshwari et al., 1995). This has

improved the security of supplies for irrigation
and other forms of resource use, but it has
altered the seasonal and inter-annual patterns of
flows, limiting over-bank flooding and connectivity
between river and floodplain communities and
affecting recruitment opportunities for native flora
and fauna.

This chapter describes the impacts of water
diversions, expanding knowledge from the last
20 years, and priorities and prospects for future
recovery of ecological health.

The river–floodplain ecosystem

The River Murray valley is a corridor through a
semi-arid landscape, providing habitat for many
diverse, water-dependent species; for example,
the river channel is home to crayfish (Euastacus

armatus), freshwater mussels (Alathyria jacksoni)
and turtles (Macrochelodina expansa, Emydura
macquarii). The floodplain vegetation includes the
majestic river red gum (Eucalyptus camaldulensis),
which dominates in zones with natural flooding
frequencies of 1 in 2–3 years and often has an
understorey of tangled lignum (Muehlenbeckia
florulenta). Black box (Eucalyptus largiflorens) grows
in more elevated areas with flood frequencies
of 1 in 5–10 years, and stands of this species
typically mark the outer boundaries of major

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
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Figure 29.1 Lower River Murray, South Australia.
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floods. Floodplain wetlands vary from lakes
and billabongs to incised creeks, flood-runners,
anabranches and claypans, supporting allied species
of crayfish (‘yabbies’, Cherax destructor), freshwater
mussels (Velesunio ambiguus) and turtles (Chelodina
longicollis). The separation of channel and wetland
species is blurred somewhat by the presence of
impoundments, particularly weir pools, where
river and floodplain species may cohabit (Walker
et al., 1992). These species are accompanied by
diverse waterbirds, fish, frogs, reptiles, mammals
and other fauna and flora (Jennings, 2009). All are
reliant on small to medium floods which inundate
all or most of the floodplain. A key mechanism
is the replenishment of soil moisture and shallow
water tables by these flood waters, to provide
water reserves during dry periods of low flow. The
natural floods and droughts are reflected in ‘boom
and bust’ cycles of recruitment.

The ecological consequences of the changed
regime have become increasingly apparent in the
last 30 years, especially in the Lower Murray,
South Australia. In 1990 there was clear evidence
of declines in the range and abundance of
some native flora and fauna, increases of alien
species (particularly common carp, Cyprinus carpio),
salinization of soil and water, and degradation
of wetlands (including Ramsar-listed wetlands at
Chowilla and the Coorong, Lower Lakes and
Murray Mouth). Some of these effects were
described 20 years ago at the conference on River
Conservation and Management in York, 1990 (Walker
et al., 1992).

Since 1990, degradation has increased, despite
major investments by governments in management
by local communities and state and federal agencies
(Walker, 2006), and new threats are emerging,
including exposure of acid sulphate soils, river-
bank slumping and the need for dredging at the
river mouth (Kingsford et al., 2011). The decline
has been intensified by severe, widespread drought
in 2002–2010. In 2009, the Sustainable Rivers
Audit, a Basin-wide assessment of river ecosystem
‘health’, showed that 20 of 23 valleys in the Basin
were in ‘poor’ or ‘very poor’ health (Davies et al.,
2010). The condition of the Lower Murray, in
particular, was rated as ‘poor’.

Governance

Under the Australian Constitution, sovereignty
over Murray-Darling Basin water resources is
vested in four states (Queensland, New South
Wales, Victoria and South Australia). There have
been attempts to transfer control to a central
authority, facilitated by a new Water Act (2007).
This requires consumptive use to be within
prescribed, long-term sustainable limits, intended
to reserve sufficient water to maintain key
ecological functions. The Act created the office of
the Commonwealth Environmental Water Holder
to manage environmental flows, and provided
for the establishment in 2008 of a new Murray-
Darling Basin Authority (MDBA) with greater
responsibility for environmental management, but
still without complete control over flows in
the system. In October 2010, the MDBA began
community consultations on a ‘Guide’ to a draft
Basin Plan that proposed ‘Sustainable Diversion
Limits’, intended to define a new balance between
agricultural and environmental needs (MDBA,
2010) (http://www.mdba.gov.au). The initial Basin
Plan proposals were met by strong public criticism,
particularly in regard to the likely social and
economic impacts of reduced water allocations for
irrigation, and at present these are under review.

The coincidence of over-allocation of resources
and persistent drought in 2002–2010 contributed
to a long-term crisis of water supply in the Murray,
particularly the Lower Murray. Although there has
been significant respite since September–October
2010, with high seasonal rainfall and flooding river
flows, the underlying problem of over-extraction is
not resolved. Concerns are deepened by projected
declines in rainfall and runoff associated with
global climate change (CSIRO, 2008).

A developing crisis

Retrospective
The Murray has been regulated since the late 19th
century, with escalations after 1920 and again
after 1950 (Maheshwari et al., 1995), and is now
controlled by more than 100 dams and many weirs,
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river-bank levees and other structures, nearly all
on tributary rivers. Flows in the 830 km Lower
Murray, below the Darling junction, are controlled
by 10 weirs, levees, wetland regulators and
barrages across the multiple channels connecting
Lake Alexandrina to the Murray Mouth (Walker
et al., 1992; Walker, 2006). The construction of
dams, weirs and barrages was encouraged by a
dry climate in the first half of the 20th century
and, paradoxically, increased again after flooding
in the 1950s and 1970s. With the return of
drier conditions in the mid-1990s, Basin water
resources in recent years have been well below full
storage capacity. River flows have been confined
to the main channel, with stable water levels in
weir pools, and no effective inundation of the
floodplains since a small flood in 1996.

In 1988, the River Murray Commission,
essentially a flow-regulating authority, was
supplanted by the Murray-Darling Basin
Commission (MDBC), with limited responsibilities
for environmental management. At that time,
resource management was concerned mainly
with storing and distributing water for irrigated
agriculture, but there was growing concern over
changes in riverine environments and declines
of native flora and fauna (Walker, 1992). In
particular, there was a recognition that the
naturally variable regime of low, medium and high
flows is a pre-requisite for most native species,
and that regulated flows favour only some species,
including alien species such as carp. Thus, variable
flows are needed to maintain the spatial and
temporal diversity of the physical environment,
and thereby to maintain biodiversity. In the
1990s, before the drought, the Lower Murray
had experienced a two to three fold reduction
in the frequency of over-bank flows compared
with unregulated conditions (Sharley and Huggan,
1995). Floods were about one-third of natural
volumes; they occurred less than half as often
and lasted for about one-quarter as long. The
effects of reduced flooding are compounded by
salinization of soil and water associated with rising
groundwater, land clearance and irrigation (Jolly
et al., 2001).

From 1990, questions over environmental and
management issues encouraged new research

(Table 29.1). Expert panels were established to
identify ‘environmental flow’ needs in the Murray
and Lower Darling rivers, including the Lower
Lakes (Jensen et al., 2000; Thoms et al., 2000;
Jones et al., 2002). The panels recommended water
management to restore key elements of the natural
flow regime, including over-bank flows in spring
and summer, and flows to keep the Murray Mouth
open for fish passage and to maintain mudflats for
migratory wading birds.

The last decade

Decline of woodlands
Recruitment to populations of some native plant
and animal species has faltered, leading to declines
in range and abundance and, in some cases,
local extinctions (Walker, 2006). One barometer
of change is the floodplain woodlands, dominated
by the iconic river red gum and black box. The
condition of river red gums especially has declined,
as they occupy habitats that were once flooded
every 2–3 years but now have not been watered
since 1996 (George et al., 2005; Jensen et al.,
2008a,b; Williams et al., 2008). The signs of stress
become apparent after 5–8 years without water
(Wen et al., 2010). As the subsurface freshwater
lenses have been exhausted, saline groundwater
has entered the tree root zones. The stressed trees
release up to 100 times less seed than healthy trees
(Jensen et al., 2008a, b), and there is insufficient
surface soil moisture for seedlings, which take at
least 2 years to develop sinker roots (George et al.,
2005).

In parts of the middle and lower Murray Valley,
up to 90% of eucalypt trees have declined or
died since problems were first reported in 1990
(Margules and Partners et al., 1990; MDBC, 2003,
2005). In these areas the incidence of stressed trees
increased from 52% in 2002 to 76% in 2004. At
Chowilla, South Australia (Figure 29.1), stressed
trees increased from 54% in 2002 to 89% in 2004,
with river red gums most affected (MDBC, 2005)
(Plate 26).

The prospects for over-bank flows in the next
2–3 years depend on rainfall and flow
management. Although intense regional rainfall
events in late 2010 increased soil moisture and
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Table 29.1 A sample of research findings relevant to understanding the Lower Murray ecosystem, 1990–2010.

Authors Findings

1990 Pressey, 1990 Decline of wetland species linked to reduced frequency,
duration and magnitude of flooding

1990 Margules et al., 1990 Declines in eucalypt woodlands
1992–1993 Walker et al., 1992; Walker

and Thoms, 1993
Disturbance in floodplain–river ecosystem due to stable

water levels associated with weirs
1992, 1994 Walker et al., 1992, 1994 Over-bank spring flows trigger breeding and regeneration

in key floodplain species
1995, 1998 Puckridge et al., 1998;

Walker et al., 1995
Floodplain communities characterized as ‘flood driven’;

vegetation adapted to changeable flows
1995 Maheshwari et al., 1995 About 80% of system’s mean annual discharge is diverted,

mainly for irrigation
1999 Slavich et al.,1999 Large floods (>100 000 ML d−1) needed to ameliorate water

and salt stress for black box trees
2000 Jensen et al., 2000; Thoms

et al., 2000
Need to reinstate key elements of natural hydrograph as

environmental flows
2001 Roberts and Marston, 2000;

Robertson et al., 2001
Flooding is a primary trigger for regeneration in riverine

wetland communities
2000–2002 Thoms et al., 2000; Young

2001; Jones et al., 2002
Loss of small to medium spring flows critical in decline of

biodiversity and wetland health; flows specified for a
‘healthy working river’

2002–2003 Jensen, 2002a; Walker, 2002;
Nicol et al., 2003

Environmental flows based on presumption that flooding
will promote recruitment; critical elements include
connectivity, rate of drawdown and depth

2001–2003 Jolly et al., 2001; Roberts,
2003

Decline in vegetation health attributed to changed
floodplain inundation. Dry phases more frequent,
growing conditions drier. Expected shift in species
composition, resilience reduced

2003, 2005 MDBC, 2003, 2005; George
et al., 2005

More than 75% of mature trees along 700 km of Murray
Valley dead, dying or stressed

2006 Walker, 2006 Serious ecological impacts of changed hydrological regime
2007–2008 Jensen et al., 2007, 2008a,

2008b
River red gums have aerial seed banks; timing of seed

release coincides with highest chance of soil moisture,
reduced seed from stressed trees

2010 Wen et al., 2010 Red gums exhibit stress after 5–8 yr dry

flows, river flows did not reach the floodplain until
December, later than the ecological optimum. If
the inundation fails to replenish freshwater lenses,
many stressed trees are likely to die.

Environmental flows
The challenges in deployment of ‘environmental
flow’ allocations are to understand the
relationships between flow regimes and ecosystem
processes, to identify changed elements of
the hydrograph and to translate them into a
programme of water allocations (Arthington

et al., 1991; Jensen et al., 2003). In 2005, a
spring flush in the Barmah-Millewa Forest, a
Ramsar-listed river red gum woodland in the
middle reaches of the Murray, was augmented
to extend over-bank flows for 2 months, in
support of waterbird and fish recruitment (King
et al., 2010). Other watering trials in Lower
Murray wetlands since 2000 have promoted
aquatic macrophytes, macroinvertebrates and river
red gum seedlings (Jensen, 2002a, b) and other
floodplain plants (Siebentritt et al., 2004). Although
serial watering brings added benefits, including



P1: TIX/XYZ P2: ABC
JWST110-c29 JWST110-Boon December 8, 2011 10:30 Trim: 246mm X 189mm Printer Name: Yet to Come

362 Integrating Nature Conservation Within Wider River Management

increased flowering, seed release and seedling
survival (Jensen, 2008), most environmental
watering to date has been ad hoc projects rather
than long-term, managed regimes.

Present conditions
In 2002 the Murray Mouth was closed by
coastal sand deposition, and required continued
dredging until late 2010, costing A$5.2M annually
(Kingsford et al., 2011). The initial closure resulted
from a lack of river outflow, caused by increased
diversions rather than drought, and no flows
passed the barrages from 2006 until September
2010. Most discussion over the need to maintain
an open river mouth has referred to diadromous
fish and the salinity of the Coorong, and hence
to plant and waterbird populations (Paton, 2010;
Kingsford et al., 2011), but the need to flush long-
term accumulations of salt, sediment and nutrients
must also be considered (Bourman and Barnett,
1995; Bourman et al., 2000).

In 2007–2010, river levels downstream of
Blanchetown (273 km from the mouth) fell by
more than 2 m, leaving the Murray shallow and
less than half its normal width, causing river
banks to collapse in some areas and endangering
property (Plate 27). In 2009, a temporary ‘bund’
(an earth embankment) was constructed to isolate
Lake Albert, and water was pumped from Lake
Alexandrina to prevent the level of Albert falling
below −0.37 m AHD and exposing acid sulphate
soils (Plate 28). By August 2010, Alexandrina had
regressed from its regulated level of +0.75 m AHD
to less than −1.0 m AHD.

In 2009, another temporary earth weir (a
‘regulator’) was constructed at Clayton to isolate
the Goolwa Channel (the lowermost reach of the
river before the mouth) (Plate 29). Again, its
main purpose was to maintain the water level and
prevent exposure of acid sulphate soils, although
there was also some speculation initially about
the need to maintain this area as ‘a freshwater
ecological refuge’. The Goolwa Channel receives
inflows from two small streams between Clayton
and Goolwa (Currency Creek, Finniss River), and a
further low-level regulator was constructed across
Currency Creek (a plan for a similar embankment

on the Finniss River was later abandoned). The
Clayton regulator averted the perceived threat
of acidification, although the impounded water
became saline.

A 20-year Long-Term Plan for the Coorong,
Lower Lakes and Murray Mouth has been
prepared by state and federal governments in the
context of extended drought, falling lake levels and
exposed margins, the loss of wetland ecosystems
and the perceived threat from acid sulphate soils
(http://www.environment.sa.gov.au/cllmm/the-
long-term-plan.html) (DEH, 2010; Kingsford et al.,
2011). The plan included a proposal to pump
hypersaline water from the Coorong to the ocean,
to lower the salinity to levels that would support
Ruppia tuberosa, a key food plant, and associated
populations of invertebrates, fish and birds (Paton,
2010). The plan provided also for treatment of
acid sulphate soils using powdered limestone, and
extensive planting around the margins of the lakes.

It had been expected to take some years,
given average rainfall, to re-wet the catchment
soil and refill the storages, but a rapid switch
from El Niño to La Niña weather conditions in
mid-2010 produced the highest recorded spring
rainfall in south-eastern Australia. In August–
September 2010, rainfall in the Lower Lakes
region and in upper catchments of the Murray
and its tributaries generated flows that restored
lake levels to +0.65 m AHD by early October,
and impoundments throughout the Basin were
returned to full capacity. The inflows in September
2010 flooded acid sulphate soils around the lake
margins and restored flows through the barrages to
the Coorong, and dredging at the Murray Mouth
halted in October 2010 (http://www.mdba.gov.au/
water/waterinstorage). As levels rose in September
2010, the temporary weirs subdividing the Lower
Lakes were breached (partly removed), although it
is not clear whether all will be removed entirely.
The plan to pump hypersaline water from the
Coorong has been delayed.

With improved conditions in early October 2010,
and lakes Alexandrina and Albert at 90% of normal
regulated levels, management priorities began to
move away from short-term responses. However,
while inflows from the Murray to the Lower
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Lakes for 2010–2011 are approaching the long-
term average, compared with record low inflows
in 2002–2009, one year of higher flows has
not been sufficient to repair long-term ecological
damage. The Basin Plan and regional Long-Term
Plan therefore still have critical roles to play in
establishing new water-sharing arrangements to
support ecosystem health, irrigated agriculture and
communities.

Opportunities

Scientific basis for management
In the last two decades, advances in understanding
water needs for ecological health (Table 29.2) have
led to wide agreement that the Murray Mouth

needs a minimum 3000–4000 GL annual discharge
for environmental maintenance. Some ecologists
argue that this is insufficient, and figures as high
as 7600 GL yr−1 have been suggested (Jones
et al., 2002; MDBA, 2010; Kingsford et al., 2011).
Increased environmental flows could be sustained
while still providing water to agriculture and Basin
towns, but this will require major reforms and
social adjustment, and the costs as well as the
benefits would need to be shared equitably among
all Australians. Early public reactions to the Guide
to the Basin Plan suggest that concessions to
environmental needs will be limited by concerns
over socio-economic issues.

While targets for environmental flows typically
have been expressed as an annual rate of

Table 29.2 Recommendations for environmental flow allocations relevant to the Lower Murray, 1997–2011.

Authors Findings

1997 Jensen and Nicholls, 1997;
Jensen et al., 1997

Environmental flows to Lower Murray and weir manipulation to increase
flood extent/duration. Preferred Murray water to turbid Darling water.
Managed seasonal variability in mainstream levels

2000 Thoms et al., 2000 Environmental flows to reinstate key elements of hydrograph, including
small spring floods, seasonal level variations, changed seasonality of
peaks

2000 Jensen et al., 2000 Environmental flows for Coorong, Lower Lakes and Murray Mouth to
promote fish passage, maintain mudflats for waders and increase tidal
flushing. Maintain salinity in Coorong; keep river mouth open

2001–2002 Whittington et al., 2001;
Jones et al., 2002

Concept of ‘healthy working river’ as compromise between river condition
and human use. Flows required 30% (low probability of recovery), 50%
(medium) and 70% (high), 4000 GL yr−1 needed

2002 Jensen, 2002a, b Wetland wetting and drying cycles managed on 2-yr cycle, max. 18 months
wet, starting spring–summer, max. 6 months dry to limit dry-phase
biomass

2002–2003 Walker, 2002; Nicol et al.,
2003

Critical indices of water regime are continuity of exposure, rate of
drawdown and depth

2003 Jensen et al., 2003 Environmental flows to icon sites to complete life cycles of key species, for
initial duration 1 week, 1 in 3 yr (350 GL), interim duration 4 weeks
(700 GL), and long-term duration 10 weeks, 1 in 3 yr (1500 GL)

2008 Wentworth Group of
Concerned Scientists

For moderate–high probability of healthy river system, require additional
1630-3350 GL yr−1 of environmental flows. Total environmental flow
4609-6843 GL yr−1, cost $8-9 billion

2009 Brookes et al., 2009 Coorong, Lower Lakes and Murray Mouth require 2000 GL yr−1 through
barrages. Option to pump hypersaline water from South Lagoon as last
resort, to restore hyper-marine conditions

2011 Kingsford et al., 2011 Median annual flow of 3800 GL yr−1 at barrages to sustain ecosystems.
Concern at fragmentation of system
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Table 29.3 Some policy initiatives relevant to environmental flows in the Lower Murray, 1995–2010.

Authority Key actions

1995 MDB Ministerial Council
(MDBMC)

Adoption of Cap on diversions, set at 1993–1994 diversion volumes
(Cap later found ineffective with users switching to linked sources,
hence increased diversions)

2002 MDBMC Commenced dredging at mouth; estimated 6 months’ duration but
continuing indefinitely (cost A$5.2M yr-1)

2004 MDBMC The Living Murray Program, target 500 GL yr−1 by June 2009, to improve
fish passage and flows to designated ‘icon sites’

2004 National Water Initiative
(all state governments)

States commit to restore over-allocated systems to sustainable levels of
extraction

2006 Plan for Water Security
(Commonwealth
Government)

Federal government pledged A$10B: A$3.1B buy-back, A$5.8B
infrastructure, A$0.5B water forecasting, A$0.5BMDBA

2006 Senior Basin Officials Group Crisis conditions: special accounting rules triggered as storages fall below
critical levels

2007 MDBA Authority appointed to develop Basin Plan
2008 Water for the Future

(Commonwealth
Government)

New federal government extended water security plan to A$12.9B, added
extra A$2.9B for necessary governance changes to support reforms (e.g.
water trading; Inter-Governmental Agreement)

2008 MDBA Sustainable Rivers Audit showed 20 of 23 valleys in MDB in ‘poor’ or ‘very
poor’ ecological condition

2009 MDBA By November 2009, 465 GL water entitlements purchased but little
delivered due to restricted supply

2010 MDBA Release of Guide to the draft Murray-Darling Basin Plan

discharge (e.g. 3000–4000 GL yr−1), they should
be regarded as averages over, say, a decade. The
most conservative ecological prescriptions suggest
that environmental flows for the Lower Murray
need to be delivered as a managed regime of
flow pulses of different magnitudes, with a peak
target of over-bank flows of 10 weeks’ duration
every 3 years (1500 GL per event) (Jensen et al.,
2003). This would require flows of 85 000 ML
d−1 reaching the South Australian border, achieved
by manipulating storages to augment a minimum
flow of 60 000 ML d−1. When flows are less than
60 000 ML d−1, environmental allocations could be
used to target key wetlands at lower elevations
via floodplain-creek systems. At sites which are
flooded artificially through river regulation, the
floodplain needs dry phases to promote seasonal
pulses of wetland flora and fauna, but the soils also
need to retain sufficient moisture to support plant
germination and seedling survival (Jensen, 2008).

Evolving policy
There have been important policy initiatives
regarding environmental flows (Table 29.3).
In 1995, the Murray-Darling Basin Ministerial
Council authorized a limit (‘Cap’) on basin-wide
diversions, set at 1993–1994 levels of water
resource ‘development’. This had some effect, but
consumers soon turned to other, linked sources,
such as groundwater and on-farm dams, and net
diversions in the ensuing 10 years rose by about
30% (CSIRO, 2008). Moreover, the Cap offered
no defence against a drying climate, foreshadowed
by the first recorded (temporary) closure of the
Murray Mouth in 1982.

In 2004, state governments signed the National
Water Initiative (NWI), designed to restore over-
allocated resources in the Murray-Darling Basin
to ecologically sustainable levels of extraction.
Ecologically sustainable levels of extraction have
subsequently been defined as providing sufficient
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water to maintain key ecosystem functions, key
environmental assets, a productive base and key
environmental outcomes for the water resource
(MDBA, 2010). An important reform was to
separate water rights from land ownership, so
that water ‘entitlements’ could be purchased
and traded (‘allocations’ are the quantities of
water that can be diverted annually, depending
on available supplies). Thus, consumers and
the environment (through the Commonwealth
Environmental Water Holder) may own water ‘on
paper’, but still be allocated little or no water under
drought conditions. Allocations for the 2010–2011
water year remain at 67% in South Australia
(October 2010), even though there is a small flood
event in the River Murray, in compliance with
‘pay-backs’ required under the accounting system
for water during drought conditions.

In 2004, The Living Murray programme
was launched by MDBA to secure water
for environmental flows by June 2009. The
aforementioned recommendations for a minimum
3000–4000 GL yr−1 were presented (Jones et al.,
2002), and the outcome of political bargaining was
a ‘First Step’ target of 500 GL yr−1 to be deployed
at six ‘icon sites’ (five Ramsar-listed wetlands
together with the Murray channel). By November
2009, 465.8 GL of water ‘entitlements’ had been
purchased, but only a small portion was allocated
and delivered, owing to the prevailing drought.

In 2006, an inter-governmental Senior Basin
Officials Group was formed to develop accounting
rules for water sharing when storages fall below
critical levels. The concept of ‘critical human
needs’ was developed, referring to flows needed
to maintain levels of domestic and industrial (but
not agricultural) water use. These needs have
priority over the environment, which is seen as
a competitor for water rather than a fundamental
component of the water resource.

Given the water crisis, a National Plan for Water
Security was announced in late 2006, including
A$3.1B to ‘buy back’ water, A$5.8B to increase the
efficiency of water supply infrastructure, A$0.5B
to improve forecasting and A$0.5B to establish a
new, ‘independent’ MDBA. The Water Act 2007 set
a new framework to provide water for ecosystem

health before allocating water for consumption,
and established the office of Commonwealth
Environmental Water Holder to purchase water for
environmental flows. The plan later was upgraded
to the Water for the Future programme, with an
additional A$2.9B to enable changes in governance
(e.g. water trading), and formalized by an Inter-
Governmental Agreement in 2008. The MDBA was
established in 2008, and its first major task, the
Basin Plan, will be implemented in 2012, or when
existing water plans are completed (for example,
the Victorian government has declared that its
pre-existing plans will operate until a review
scheduled in 2019). Although establishment of
a water-trading market is widely regarded as a
good economic reform, the most recent NWI
audit (NWC, 2009) is strongly critical of delays
in reforms that were intended to address over-
allocation issues. These reforms will be important
in underpinning the Basin Plan.

Drought responses
Options for management of the Lower Murray
from 2006 to June 2010 were limited by conditions
unprecedented since barrages were constructed
in 1939–1940, creating raised lake levels which
encouraged the development of local commercial
fishing, dairy and irrigation industries. Falling lake
levels after 2006 had serious consequences for
these industries, and for lakeside communities
reliant on water-based recreation and tourism.
Emergency domestic water supplies were piped in,
and tourism, recreation and agricultural uses were
restricted. As mentioned above (Present conditions),
temporary regulators were constructed at three
points to flood acid sulphate soils and prevent
acidification.

When full, the Lower Lakes lose 750–950 GL
annually through evaporation. Concern over these
losses led to proposals that the barrages should
be opened to inundation by sea water, although
this would completely change the character of the
Ramsar wetland (cf. Phillips and Muller, 2006;
Pittock et al., 2010). If the barrages were opened,
or removed, an additional weir would be required
near the Murray’s entry to Lake Alexandrina at
Wellington (Figure 29.1), to secure freshwater
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supplies taken from the river for urban and rural
communities. A proposal for such a weir was
formally abandoned in September 2010, but if
one were to be constructed at this location the
salinity of the lakes would increase, as there
would be reduced inflows and limited exchange
with the ocean, and less scope for flushing of
sediments, nutrients and salt (cf. Brookes et al.,
2009; Kingsford et al., 2011).

Until river flows resumed after September
2010, management policies in the Lower Lakes
region were focused on a series of isolated,
short-term actions. Under the ‘no-flow’ scenario,
managers considered that the lakes should be
partitioned into separate hydrological units, to
be managed as different wetland habitats. For
example, Lake Albert might become a temporary,
brackish wetland, and Lake Alexandrina also
could become more saline, with more variable
levels and a surface area perhaps half that of
the present lake. Integration of these and other
proposals into the Long-Term Plan has evoked
community debate over the need for holistic rather
than piecemeal perspectives. From an ecological
viewpoint, the emphasis on rapid deployment of
short-term engineering interventions disrupted
connectivity and could have prejudiced the
capacity of the ecological community for a
sustained recovery. From the government’s
viewpoint, the threat of acidification was seen
as unacceptably high (Stauber et al., 2008),
subordinating other concerns. The argument
about short-term management responses has lost
much of its intensity following the resumption of
river flows, but drought conditions inevitably will
return, and the basic issues still need to be resolved.

Future prospects
Even with the proposed return of environmental
water to the system, under the Basin Plan, future
management of the Lower Murray may need
to consider ‘downsizing’ the system, maintaining
some wetlands but sacrificing others, reducing the
floodplain and assisting ecological communities
to adapt to a changing climate. Renewed flows
may have provided some respite, but they come
from good fortune and not better management

policies. A long-term crisis remains, as flows
are not sufficient for complete recovery (for
example, increased flows are only starting to spill
onto the Lower Murray floodplain in December
2010, later than the seasonal optimum). Climate-
change forecasts suggest a 24–30% decline in
flows at the Murray Mouth in coming decades,
relative to 1895–2004 (CSIRO, 2008). In these
circumstances, a massive reduction in extractions
will be needed, perhaps 42–53% below the present
Cap on diversions (WGOCS, 2010). The irrigation
industry, typically extracting more than 5000
GL yr−1, faces proposed reductions of 27–37%
(MDBA, 2010). Additional funding would be
needed, of course, for social adjustments in rural
communities reliant on irrigation (WGOCS, 2010).
The Guide to the Basin Plan did not consider
the possible benefits of environmental flows above
3000–4000 GL yr−1 (MDBA, 2010) and, given
public concern over social and economic issues, it
needs to be emphasized that the proposed flows are
a minimum.

Conclusions

Governments and their agencies were unprepared
for the unprecedented conditions of the water
crisis, especially as it intensified in 2006–2010.
Rapid changes in the environment required rapid
responses, and the partnership between policy
makers, resource managers and scientists was
soundly tested (Kingsford et al., 2011). A challenge
for scientists will be to come to a shared
understanding that will allow objective, rigorous
assessments to take their proper place within
the context of community interests (cf. Sarewitz,
2004; Likens et al., 2009; Ryder et al., 2010). A
challenge for policy-makers and managers will be
to create a more transparent, more accountable
process for science-based policy and decision-
making. The research–management partnership
needs to be exercised as never before. The Murray-
Darling Basin Plan offers a historic opportunity
to include all parties and implement a true,
sustainable balance between resource use and
ecological imperatives.
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CHAPTER 30

The Nevis River: An Example
of River Conservation in the
New Zealand Context
Niall Watson
Otago Fish and Game Council, Dunedin, New Zealand

Introduction

In 1990 river management in New Zealand
was focused on a limited number of conflicting
objectives and suffered from the overlapping
policies of different agencies (Scott and Watson,
1994). New Zealand’s Water and Soil Conservation
Act 1967 encouraged a ‘multiple use’ approach to
water resources which resulted in the incremental
loss of natural and amenity values of rivers. At the
time river management lacked any real integration
despite a growing awareness of the importance of
rivers as fish and wildlife habitats and landscape
features, and the need to conserve them.

The natural values of rivers came a distant
second to flood control and drainage, to the
use of water for irrigation or waste disposal and
to the extraction of river gravels. There was
little consideration of channel form or riparian
management, water allocation limits or waterway
monitoring requirements. Water quality issues,
mostly from point-source pollution, were being
addressed, but non-point-source pollution was
only just beginning to emerge as a recognized issue.

Counterbalancing legal provisions had been
introduced into water legislation in 1981 after
mounting public concern about a likely surge in
hydro-dam construction and the risk of losing
more free-flowing rivers. Change in the law

provided a new mechanism for either preserving
rivers in their natural state or protecting natural
values such as fisheries where rivers had been
modified. Protection was achieved through the
making of National Water Conservation Orders
(WCOs) where rivers or their natural values were
judged to be ‘outstanding’ in a national context.
Rivers and lakes with WCO status were seen as
nationally important and the freshwater equivalent
of national parks.

The new law borrowed from the US Wild and
Scenic Rivers Act 1968 except that it could apply
to both rivers and lakes, required applications
and hearings with rights of appeal rather than
designations, and did not cover adjacent land
unless there was a clear connection to the water. It
was quickly put to good use by statutory agencies to
protect the outstanding conservation and amenity
values of some New Zealand rivers and by 1990
four WCOs had been granted for nationally
important rivers. The Mangonuioteao River was
protected for having outstanding habitat for the
native blue duck (Hymenolaimus malacorhynchos)
outstanding wild and scenic qualities and an
outstanding trout fishery. The Ahuriri River
was protected for its outstanding wildlife habitat
for wading birds, including the rare black stilt
(Himantopus novaezelandiae), and for its trout
fishery, and the Rakaia was protected for its

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
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outstanding wildlife habitat for wading birds, its
trout and salmon fisheries and as an example of a
braided river. The Motu WCO determined that the
river should be preserved in its natural state.

Major environmental law reform in 1991 led
to the passing of the Resource Management Act
(RMA), replacing the main water and land laws
of the time – the Water and Soil Conservation
Act 1967, the Town and Country Planning Act
1953 and the Soil Conservation and Rivers Control
Act 1941. The RMA was innovative, effects-based
legislation and involved structural changes in land
and resource management. Water management
became the responsibility of elected, catchment
based, Regional Councils, and land use was
controlled by District Councils.

Regional Councils had planning and
administrative responsibility for the ‘integrated
management of natural and physical resources’
within their respective regions through Regional
Policy Statements and Regional Plans. In addition,
their functions included, in the RMA’s section 30,
control of land use for the purpose of maintaining
water quality.

There was a widespread view that river
management would improve under the new
RMA policy and planning regime. Some argued
that Water Conservation Orders were no longer
necessary but the WCO provisions were retained
in the Act because of public opposition to their
removal.

Changes in river management
since 1990

Approaches to river channel management
improved markedly after the introduction of
the RMA because Regional Council river works,
affecting river beds and banks, were more
tightly controlled through the requirement
for resource consents including environmental
impact assessments. Flood control and drainage
activities started to be implemented in a
more environmentally sensitive manner but
rarely involved enhancement of the natural
characteristics of river channels or riparian

margins. Gravel extraction from river beds began
to involve consideration of environmental effects,
the sustainability of gravel resources and the rate
of replenishment. As a result the locations of gravel
takes often became limited to areas away from
their traditional location – the wet beds of rivers.

Rules in regional water plans were introduced to
control stock damage to river banks in a number
of cases (Otago Regional Council, 2004) and
riparian fencing was encouraged as ‘best practice’ in
intensively grazed areas (Otago Regional Council,
1996). Overall channel management improved
progressively although active river or stream
restoration projects were usually limited to the
more modified urban waterways.

While the quality of riparian management
improved in the 1990s and beyond to 2000,
the fencing of stock from waterways was often
minimalistic. Fencing was commonly constructed
only a short distance back from the water’s edge,
rather than providing riparian areas sufficient to
buffer rivers from the effects of adjacent land use.

Many of New Zealand’s rivers have adjacent
public riparian reserves with one estimate as high
as 70% (Public Access New Zealand, 1992). These
strips of public land were originally established
to provide public access (Hayes, 2008) but recent
legislation has introduced a focus on conservation.
Riparian reserves under three Acts (the RMA,
Conservation Act and Local Government Act) are
commonly 20 m wide but they are not actively
brought into play in river management, even
though in two cases out of three their statutory
purpose is primarily environmental. For example,
the statutory purpose of RMA Esplanade Reserves
is maintaining or enhancing water quality, aquatic
habitats and the natural functioning of adjacent
waters, as well as enabling public access and
recreation.

Riparian planting has been left largely to
conservation or landcare groups and little provision
has been made to actively manage vegetation in
riparian zones. Where riparian fencing does occur,
uncontrolled plant growth can limit public access
and reduce amenity values. This aspect of river
management is still not seen as a mainstream
regional council activity except when vegetation
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such as willow trees limits flood discharge capacity,
in which case the trees are removed sometimes
with adverse effects on the habitat values of rivers.

Since 1990 there has been increasing pressure
on the remaining point-source waste discharges to
water from industries such as dairy factories, meat
works and sewage treatment works, and this has
resulted in improvements with many discharges
now completely removed from rivers (Ministry for
the Environment, 2007).

Recognition of non-point-source pollution as a
tangible water quality problem grew through the
1980s (Wilcock, 1986) and 1990s (Smith et al.,
1993) and links were made between agricultural
land-use and adverse fisheries impacts (Harding
et al., 1999; Young and Hayes, 1999). Despite
recognition in policy documents, acceptance of
non-point-source pollution as a significant problem
by land users and regional councils was slow in
coming because of the dispersed nature of the
problem and the lack of benchmark water quality
data.

Intensification of agriculture from the mid-1990s
onwards was led by a progressive change to
dairying and away from more extensive sheep
and beef grazing, increasing the non-point-source
pollution problem and public awareness of it.
As dairying began to be established in non-
traditional locations, particularly on the South
Island’s Canterbury Plains, increases in irrigation,
stock densities and disposal of effluent to land
hastened water quality declines at a time when
communities were expecting improvements.

So a decade on, researchers drew similar
conclusions to those drawn before – that lowland
rivers in agriculturally developed areas were in
poor condition owing to high nutrient, sediment
and faecal contamination. The dairy boom was
identified as the main but not the only culprit
(Parkyn et al., 2002), a conclusion corroborated by
angler perceptions of long-term changes in lowland
river fisheries (Jellyman et al., 2003).

A major report on intensive farming
(Parliamentary Commissioner for the
Environment, 2004) questioned the sustainability
of current farming systems and the implications
for the environment. It noted that New Zealand’s

limited and fragile freshwater resource was coming
under increasing pressure from farming activities.
The report identified non-point-source pollution
from farming systems as a significant risk to the
New Zealand environment and to the future of
farming itself, concluding that a fundamental
redesign of farming systems was required to deliver
economic wealth and environmental sustainability.
However, no such redesign has yet occurred and
dairy farming has continued to expand with the
national dairy herd growing from 3.8 million in
1994 to 5.8 million in 2009.

There was a lull in pressure for new hydro-
development from the early 1990s but the quiet
period has now ended as power companies
pursue ‘renewable’ energy sources in response to
new climate change policies. Many rivers have
already been modified (Young et al., 2004) or
flooded through hydro-dam construction with
approximately 60% of the country’s electricity
coming from hydro-electricity schemes. The rush
to develop renewable electricity potential using
geothermal, wind and river resources poses a clear
risk to rivers with 65 potential hydro-schemes
being identified as ‘high to medium confidence
hydropower development opportunities’ across
New Zealand (East Harbor Management Services,
2004). Some new hydro-dam proposals on rivers
with important conservation and recreation values
such as the Wairau, Lower Waitaki and the
Arnold Rivers have recently been granted resource
consents. Others are tracking through the resource
consent approvals process including the Mokihinui
River on the South Island’s West Coast. Much of
the Mokihinui catchment is sub-tropical rainforest
and the valley is home to threatened wildlife but
the proposed 85 m high dam would destroy an
unspoilt wilderness river (Martin, 2008). Still other
rivers, such as the Nevis and Clutha, are under
active investigation by power companies.

A Proposed National Policy Statement on
Renewable Electricity Generation has been
prepared to address issues arising from the
new focus on renewable energy including
adverse environmental effects (Ministry for
the Environment, undated). One policy proposal
is to require decision-makers to have regard to
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the relative degree of reversibility of the adverse
environmental effects of different renewable
electricity options. This is likely to result in
geothermal and wind power production being
favoured ahead of hydro-dams.

In summary, New Zealand rivers are at present
under pressure from two directions, with middle
reaches and headwaters of rivers targeted for
hydro-electricity development and middle and
lower reaches receiving the full impact of non-
point-source pollution and irrigation demand.

Management response to this increasing pressure
has been a succession of variable attempts to
provide a lead in the area of water resource
management, but what is clearly uppermost in
the mind of many politicians is the importance of
agricultural production to New Zealand’s economy,
with the environment taking a clear second place.
One initiative which commenced in 2003, the
Sustainable Water Programme of Action (Benson-
Pope, 2006), resulted in Cabinet approval for two
national level policy instruments under the RMA in
important areas of water management – a National
Policy Statement for Freshwater Management, and
a National Environmental Standard on Ecological
Flows and Water Levels. Surprisingly these are
the first national policy initiatives to address core
environmental problems in the management of
water resources since the RMA was introduced in
1991.

Although well advanced through the approvals
process, both national instruments stalled while
a multilateral ‘Land and Water Forum’ involving
industry, Crown agencies and non-government
organizations has gone through a ‘collaborative
governance’ exercise (Land and Water Forum,
2010). The credibility of this consensus seeking
was badly undermined, however, by special
legislation taken under urgency which sacked
the elected water resource agency, Canterbury
Regional Council, and replaced it with Government
appointed commissioners. Government considered
the move necessary because of urgent problems
with water management in Canterbury including
a lack of proper water allocation planning
and increasing problems with water quality,
noting the strategic importance of the region’s
water for irrigation supply and hydro storage.

The Environment Canterbury (Temporary
Commissioners and Improved Water Management)
Act 2010 also suspended Water Conservation Order
provisions of the RMA in the Canterbury Region
even though three WCOs are already in place on
Canterbury Rivers – Ahuriri, Rakaia and Rangitata
– and one application for a fourth was well
advanced through the approvals process. The move
has been widely criticized (Brower, 2010; Macfie,
2010).

The Land and Water Forum report (Land and
Water Forum, 2010) made 53 recommendations
on aspects of water management in New Zealand,
including the urgent introduction of a National
Policy Statement on freshwater management but
there are concerns that many recommendations
are high level and will not advance the debate
much from the 2004 ‘Growing for Good’
report (Parliamentary Commissioner for the
Environment, 2004). The development of a
common position on water resources across a
broad spectrum of commercial and conservation
interests is seen as a step forward but it remains
untested (Weeber, 2010).

WCOs have continued to be used as an
option to recognize and protect the outstanding
natural values of important rivers, or to preserve
rivers in their natural state, and a further nine
WCOs were granted for river protection between
1991 and 2008. In this respect WCOs can be
seen to complement, rather than duplicate, the
integrated river management provisions possible
through water resource policy statements or plans,
providing a specific protection option for rivers
with outstanding natural and amenity values.
Although unpopular with Government, WCOs
have been described by the OECD (1996) as a
good example of strategic resource management,
preventing the gradual frittering away of valuable
water resource systems.

Nevis River

The Nevis River is a good example of a New
Zealand backcountry river at risk from hydropower
development. Situated in the South Island not far
from the tourist centre of Queenstown, it is part
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of a natural resource belt of mountain ranges and
river valleys that surrounds the town and provides
a foundation for the outdoor adventure tourism
sector of Queenstown and New Zealand.

The river has layers of natural and amenity
values with many being outstanding in their own
right. The catchment is largely tussock grassland
with pasture development at lower altitude.
The river flows naturally some 50 km from its
source to its confluence with the Kawarau River
without being dammed, diverted or straightened
through a relatively unmodified inter-montane
basin and valley system (LINZ, 2004) with steeper
gorge sections and low-gradient reaches where it
meanders across open river flats (Plates 30, 31).

The Nevis was included as part of a WCO
application which covered the whole of the
Kawarau Catchment including Lake Wakatipu
and its tributaries. It was lodged by the Minister
of Conservation in 1990 after pressure from
whitewater kayakers and rafters and was
eventually granted in 1997 covering 10 specified
waters to be ‘preserved’ in their natural state and a
further 10 to be ‘protected’ because of outstanding
features.

The Water Conservation (Kawarau) Order 1997
recognized the outstanding recreational fishing,
kayaking and wild and scenic characteristics of the
Nevis River but it stopped short of a complete
prohibition on dams. Since 1997 both hydro-
dam proponent Pioneer Generation Limited and
conservation interests – Otago Fish and Game
Council (Fish and Game), Clutha Fisheries Trust,
Department of Conservation and Royal Forest
and Bird Protection Society – have continued to
carry out research and surveys in the valley. By
2005, Fish and Game considered there was new
information which warranted a fresh look at the
adequacy of WCO protection. With a concurrent
escalation in hydro investigations, Fish and Game
decided to seek an amendment to the existing WCO
in order to prohibit dams completely (Ministry for
the Environment, 2010a).

The application was lodged in June 2006
and sought to recognize additional outstanding
values of the river, particularly native fish and
biogeographical features related to the river’s
geological history, trout fishery characteristics, and

historic sites from the gold rush era of the 1860s
onwards. The application was advertised for public
submissions in 2008 and hearings commenced in
November of that year continuing intermittently
until May 2010, with a wealth of new information
(Ministry for the Environment, 2010b) being
presented during 20 days of hearings.

Trout fishery

While the 1997 WCO had recognized that the
river sustained an outstanding recreational fishing
amenity (Plate 32), subsequent survey work
showed that the brown trout in the Nevis grew
to an unusually large size, due in part to the
food producing capacity of the low-gradient river
reaches present (Olsen and Hayes, 2002). These
trophy trout and the highly scenic wilderness
setting (Unwin, 2009) combined with pristine
water and low angler density to provide a
‘backcountry trout fishery’ – a challenging blue-
ribbon fishing water particularly attractive to more
expert fly anglers from within New Zealand and
from overseas.

Flora and fauna

Native fish occurring in the river are limited
to one non-migratory galaxiid species. Initially
described as Galaxias gollumoides or Gollum galaxias
it occurs in smaller tributary streams in the middle
and upper reaches – a distribution resulting from
the introduction of trout over 100 years ago.
Gollum is found throughout the neighbouring
region of Southland but the Nevis population
is unusual. It was considered to be the only
occurrence of the species in the Clutha River
system. This small pocket of fish is thought to
have been captured by a reversal of the river’s
course caused by a tectonic uplift 500 000–800 000
years ago, described as a ’biogeographic river
capture’ (Waters et al., 2001). Genetic studies
confirmed that the Nevis population was quite
different from other stocks of the species and it
was identified first as an ‘evolutionary distinct
unit’ within the wider Gollum population (Golders
Associates, 2008). However, by the time of the
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WCO amendment hearing this status had been
reviewed and the population was recognized
as a separate undescribed species, Galaxias aff.
gollumoides ‘Nevis’ or Smeagol galaxias (Allibone
et al., 2010).

As the WCO hearing progressed it became clear
that Smeagol galaxias was a very important feature
of the river and the proposal to construct dams
was seen as a major risk with 11.5% of the known
sub-populations likely to be flooded by reservoirs.
Worse still, the reservoirs could be colonized by a
migratory galaxiid, the kõaro (Galaxias brevipinnis),
a piscivorous predator with an ability to climb damp
surfaces in its movement upstream. Protection of
the remaining Smeagol sub-populations with fish
barriers was not seen as sufficiently reliable for a
species so rare (Allibone, 2009).

An assemblage of rare and threatened plants
occurs on the valley floor alongside the river in
a part of the valley modified both by historic
gold mining and grazing. While the connection
between these plant species and the river posed
a difficulty in protecting it by a WCO, they were
identified as an outstanding feature of the Nevis
valley and one that would be at risk from hydro
development as their habitats would potentially be
flooded (Ministry for the Environment, 2010b).

The Nevis also provides habitat for a range
of native water birds including banded dotterel
(Charadrius bicinctus), black shag (Phalacrocorax
carbo), and paradise shelduck (Tadorna variegata)
but this aspect of the native fauna was not
considered a significant feature in the WCO
hearings. Of more significant interest was the
Nevis skink (Oligosoma toka sp. nov.) which, like
Smeagol galaxias, is only known from within the
Nevis valley but may have a wider distribution.
It has only recently been described as a separate
species (Chapple et al., 2011) and is at present its
official threat classification is considered to be ‘Data
Deficient’.

Historic values

The Nevis is a remote and isolated valley but in New
Zealand’s gold rush of the 1860s onwards it became

a bustling community with several hotels and a
school. Mining continued in the valley into the
20th century but then petered out. What remains is
a succession of interconnected historic sites, mined
areas, dredge ponds, water races, stock yards,
buildings – some in ruins and others occupied –
all now softened over time but still visible and
very accessible. The NZ Historic Places Trust gave
evidence that it was a historic area of national
importance but again the connection to the river
loomed as a legal issue.

WCO hearing outcome

The Tribunal released its decision in August 2010
and concluded that Smeagol galaxias is a new
outstanding characteristic of the river. They also
concluded that both historic values and rare
plants on the Nevis valley floor are outstanding
features but not sufficiently connected to the river
to be covered by the WCO (Ministry for the
Environment, 2010b). In the Tribunal’s estimation
the additional trout fishery characteristics – trophy
trout and backcountry character – did not cross the
’outstanding’ threshold and they considered that
landscape and kayaking evidence simply confirmed
values already recognized. On the strength of
Smeagol galaxias the Special Tribunal determined
that dams and diversions should be absolutely
prohibited on the Nevis River but an appeal to the
Environment Court was lodged against the decision
by Pioneer Generation Limited and hearings have
yet to commence.

Conclusions

Until the 1990s, rivers in New Zealand were
subject to major modification from flood control
and drainage activities, point-source pollution was
a common problem, and water allocation for
out-of-stream uses was not well managed. The
incremental loss of river resources saw pressure
to introduce a mechanism to protect nationally
outstanding waters through WCOs. Twenty years
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later rivers are at no less risk from the adverse
impacts of a range of activities, but the suite of
stressors has changed markedly. Non-point-source
pollution from agricultural nutrients, animal waste
and silt is a dominant feature of river degradation
along with the intense competition for surface
water flows for irrigation and the growing demand
for development of hydro-schemes to produce
renewable energy.

The innovative RMA introduced in 1991
has not achieved integrated river management
although there is little wrong with the law itself.
The failure has occurred in subordinate policy
development and implementation and there are
important lessons to be learned from the situation.
Regional planning for the management of natural
and physical resources has been too slow and
disappointingly variable across the country and
Regional Councils have not sought to exercise
controls on land use through regional policy
statements or plans, even though those functions
have been available to them.

Government’s reluctance to develop higher-level
national policies in key areas, particularly setting
minimum flows for rivers and controlling non-
point-source pollution, left a vacuum in an area
where national guidance was clearly required.
National level policy statements and environmental
standards should have come much earlier and will
now have to take account of the divergence in
regional policy responses or risk upsetting hard
won progress on land-use impacts at the regional
level.

Non-regulatory codes of practice and industry
accords need to be supported by regulatory
controls particularly through rules in plans. While
industries such as dairying should be taking greater
responsibility for their environmental performance,
the primary push must always come from regional
and district councils through enforceable rules and
thorough compliance monitoring. New Zealand’s
extensive network of public riparian reserves offers
a real opportunity for improvements in river
management without impinging on the rights of
private landholders. There needs to be a much
greater emphasis on matching farming systems to
environmental sustainability with a key measure

being downstream water quality. At present
there is an over-emphasis on compliance with
existing farming standards without considering
whether those standards are sufficient to protect
against off-site impacts; poor water quality being
commonplace in areas of intensive agriculture
would suggest they are not.

Hydro-electricity development is a serious
threat to rivers of real conservation importance in
New Zealand such as the Nevis and Mokihinui,
because of the emphasis on renewable energy
sources. That policy change has overlooked the
finite nature of rivers and their importance
for conservation, recreation and tourism. The
Proposed National Policy Statement on Renewable
Electricity Generation, which differentiates
between renewable electricity options on the
basis of reversibility, would provide an important
counterbalance. It could be expected to give a
higher priority in decision-making to relatively
low-impact geothermal power development
compared with high-impact hydro-development.

Finally Water Conservation Orders still have an
important role to play in the conservation of New
Zealand rivers but the law should be amended so
that the protection they provide can cover adjacent
or associated land-based characteristics that are not
directly connected to waterways.
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CHAPTER 31

Current and Future Challenges in
Managing Natural System Variability
for River Conservation in European
River Basins
Andrew R.G. Large
School of Geography, Politics and Sociology, Newcastle University, UK

Introduction

Rivers are immensely important – geologically,
biologically, historically and culturally. They are
central to many of the environmental issues that
concern society, but, a decade into the 21st
century, truly sustainable river conservation and
management actions have not been achieved.
This chapter examines the ways in which the
natural variability of rivers is addressed and
how challenges for river management in the
future are being identified and met. Fluvial
geomorphology is now becoming much more
centrally involved as a discipline underpinning
sustainable river basin management in the United
Kingdom (Newson and Large, 2006) primarily
by helping to define ‘reference conditions’ (sensu

Water Framework Directive (WFD), Council of the
European Communities, 2000) that are considered
characteristic of a ‘natural’, largely undisturbed,
river. A major problem in applying ‘natural’ and
‘reference conditions’ and departure from this state
to the rivers of England and Wales is the extent
of historical morphological modification to physical
habitat (Raven et al., 1998a; Seager et al., this
volume). Morphological pressure resulting from

this change is estimated to affect 48% of rivers,
59% of lakes, 89% of estuaries and 78% of coastal
waters in England and Wales (WRc, 2006). Current
definitions of morphological pressure are largely
based on the concept of ‘damage’, principally to
channel morphology but they may also include
impairment of water quality.

The last 20–30 years have been dominated
by conceptual models of how rivers behave
(Figure 31.1); however, predictive assessments that
integrate hydrology, hydraulics, geomorphology
and ecology (and also the complex interplay
between these four variables) are still lacking
(Boon et al., 2010; Rice et al., 2010; Vaughan
and Ormerod, 2010). In 1992, The International
Conference on Water and the Environment set
out the ‘Dublin Principles’ which emphasized
that integrated management of rivers and their
basins provides an ideal opportunity to protect
aquatic ecosystems in a truly sustainable manner
(ICWE, 1992). Eighteen years later, the four
Dublin Principles are far from being achieved. For
example, good water resource development and
management should be based on a participatory
approach, involving users, planners and policy-
makers, but this is not being widely practised.

River Conservation and Management. Edited by Philip J. Boon and Paul J. Raven.
C© 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Figure 31.1 Trends in river science over the period 1970 to 2010.

Table 31.1 sets out some of the trends in
river conservation and management predicted two
decades ago by Welcomme (1992) and summarizes
progress or otherwise for each of these in the
intervening period.

It is clear, for example, that river restoration
is still predominantly site-specific rather than
strategic in nature (Holmes and Janes, this volume;
Åberg and Tapsell, this volume); this perhaps
reflects the spatial variability of river morphology
(Sear 1994; Sear et al., 1996; Gilvear, 1999; Davy-
Bowker and Furse, 2006). Also, while river science
methods and associated conceptual understanding
of river behaviour have developed considerably,
sustainable restoration has not progressed to the

same extent in practice. The 1990s’ emphasis
on catchment-scale management subsequently
underpinned the river basin approach of the WFD
in Europe (Council of the European Communities,
2000). Despite this, the philosophical and practical
recognition of the importance of floodplains has
been slow, and their protection is still often
hindered by perceptions of flood risk and hazard.
For example, in England, ‘Making Space for
Water’ is a recent Government-led initiative
taking forward flood and coastal erosion risk
management; however, there are major challenges
in allowing space for rivers to move while high-
profile significant flood events over the past few
years continue to affect populations living in
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Table 31.1 Examples of ‘future prospects’ for river conservation and management raised by Welcomme (1992) and a
summary of progress in the intervening period.

Theme ‘Future prospect’ examples from 1992 Progress achieved by 2010

Conservation Rio Summit 1992 still to happen.
Recognition that conservation needs to

incorporate both conservation and use aspects
of the resource.

Iterations since (with little real progress?).
Move towards ‘ecosystem services’ useful here,

but belated impetus.

Basin approach River conservation largely a problem of
conservation of catchment areas.

Scenario 1? Managers work to mitigate worst
impacts.

Scenario 2? Managers better integrated into
whole decision-making process working
towards restoration.

Much restoration still essentially site-specific.
Europe-wide river basin approach only by
2008.

Impetus provided by Water Framework
Directive, but real progress lacking.

Conservation
needs of rivers

Development of tools for management. Good progress (e.g. RHS, biotopes,
hydromorphology, laser scanning and Global
Positioning Systems (GPS).

International meetings leading to new
conceptual and empirical approaches.

River Continuum Concept (1980) to River
Ecosystem Synthesis (2009) may not in itself
represent a major leap in scientific
understanding.

Recognition of importance of floodplains. Slow. Affected by flood risk perception and
reluctance to ‘make space’ for rivers. More
work on groundwater and its importance to
rivers still needed.

Stakeholder
involvement

Evident in 1990 that a single national authority
insufficient by itself to manage rivers.

Stated in 1990 that natural management unit is
the river basin.

Need to involve public in decision-making
process.

Move towards international consensus and
Integrated Water Resource Management
(IWRM).

Level advocated in Water Framework Directive.
Emphasis in 1990s on catchment level

management, but patchy progress since.
More informed allocation of resources among

users.
Since 1990 advocating limitations on activities

and restrictive moral codes only partially
achieved.

flood-prone areas. In addition, decision-makers
are only now beginning to recognize, through
the ‘ecosystem services’ approach, that the water
environment provides economic benefits in various
ways, depending on how it is managed. Provision
of these benefits can and should therefore be
recognized and valued (Everard, this volume).

In the UK, the Natural Environment Research
Council (NERC) recognizes implicitly the
importance of this socio-economic aspect in
their current 5-year research strategy (NERC,
2007). This emphasizes that sustainable water
conservation measures, including improved

knowledge exchange, data gathering and analysis
(‘Science into Society’), are needed to ensure
environmental security and maintain both the
health and wealth of society as a whole. The
NERC strategy demonstrates how environmental
science could make a key contribution to
improved methods and techniques for quantifying
ecosystem services, better knowledge transfer and
development of practical means for assessing the
economic benefits of biodiversity. Nevertheless,
the strategy also reveals that research effort in
water is rarely integrated adequately and needs to
be addressed.
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Hydromorphology: a new
terminology for river
conservation

There is a new international impetus for achieving
a more integrated approach to river management
and conservation. The WFD (Council of the
European Communities, 2000) is the most
far-reaching and important legislation for water
management in Europe to date (Newson and Large,
2006). Together with the EC Habitats Directive
(HD, 92/43/EEC; Council of the European
Communities), it requires rivers to be managed
in a way that maintains and improves ecological
quality and ecosystem health, determined partly
on the basis of ‘hydromorphology’. The WFD
presents major challenges for the management
of inland fresh water and coastal waters because
Member States must aim to achieve ‘good
ecological status’ (or ‘good ecological potential’
for ‘heavily-modified water bodies’) by December
2015. The term ‘hydromorphology’ was introduced
in WFD documentation to describe the physical
character and quality of water bodies; this was
to complement more traditional chemical and
biological quality elements. The term has recently
become prominent because of the need to consider
the variety of natural and anthropogenic variants of
river flow regime as well as fluvial geomorphology
(i.e. processes and landforms) in the description
of rivers (Newson and Large, 2006). As the WFD
has three 6-year cycles of river basin management
plans up to 2027, it will have a profound effect on
land and water resource management in Europe
over the next 20 years.

The four most important principles of the WFD
are: (1) to manage water on the basis of river
basins; (2) to use a combined approach for the
control of pollution, setting both emission limits
and water quality objectives; (3) to reflect the
true cost of water and ensure that users bear
the cost of provision and use; and (4) to involve
the public in decision-making (Council of the
European Communities, 2000; Logan and Furse,
2002; Large et al., 2005). Two technical definitions
(Article 2, WFD) are important in the context of
water status: (i) ‘artificial water body’ represents a

length of watercourse created by human activity
(e.g. a canal); (ii) ‘heavily modified water body’
(HMWB) is a length of river that has been changed
substantially from its natural physical state through
modifications such as channel straightening or
bank reinforcement and which is maintained in
this condition primarily for socio-economic reasons
– notably agricultural production, industrial use
and urban development. The HMWB category
clearly has implications for the integration of
hydromorphology into river restoration practice.
This is because the requirement for HMWBs to
achieve good ecological potential implies having
the necessary means for measuring improvements
of management actions.

The need for predictive
approaches

For the WFD, hydromorphological attributes are
a primary factor determining the high ecological
status classification of water bodies; elsewhere they
are used in support of biological quality elements
for classifying good and moderate ecological status.
To establish baseline conditions an extensive
network of monitoring is required, using methods
that variously describe river hydrology, hydraulics,
geomorphology and ecology and together take
account of the complex interactions between
them (Figure 31.2). However, a review of
existing approaches to hydrological, biological and
geomorphological typologies in rivers confirms that
few such integrated classifications exist (Table
31.2); in addition, none of the existing typologies or
methods can simply be applied to rivers outside the
geographical areas for which they were developed
(Large et al., 2005; Orr et al., 2008). This presents
a problem when trying to establish a common
classification and assessment framework for WFD
and other purposes (Boon et al., 2010).

Typologies are designed to incorporate current
knowledge of driving process variables while
classifications are empirically based (Naiman
et al., 1996). There is a need to improve process
information, or at least surrogates for process,
if, for example, potential climate change effects
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STRUCTURAL
(HYDROLOGY)

HYDROMORPHOLOGY

MImAS
Stream Power Mapping

COMPOSITIONAL
(GEOMORPHOLOGY)

Flow Duration variability
PHABSIM

Stewart’s Method
Low Flows 2000

Fluvial Audit
River Styles

RHS
GeoRHS
MImAS

Equivalent
Flows

Indicators of
Hydrological

Alteration
Instream Flow
Requirements

RHS
Physical Quality

Objectives

BMWP
SERCON

Rapid Assessment protocols
HABSCORE

LIFE database

Indices of Biotic Integrity
Good Ecological Status

Biotopes

ECOHYDROLOGY
BIOGEOMORPHOLOGY

FUNCTIONAL
(ECOLOGY)

Figure 31.2 Robust, process-based
and predictive typologies
incorporating full dynamic assessment
over the whole flow regime are
needed to define system variability
and reference condition - particularly
under scenarios of wider global
change. The tools in the centre of the
Venn diagram are among the most
adaptive and predictive approaches
currently available. This diagram is
cross-referenced with Table 31.2.

are to be included in predictive river typologies.
Incorporating information on ecosystem resilience
would also lead to more relevant characterization
of aquatic ecosystems and a more robust
quantification of current and predicted ecological
status.

Robust, process-based geomorphological
typologies incorporating full dynamic assessment
over the whole flow regime are needed to
define channel types and reach variability. The
current lack of such techniques is illustrated by
the centre of the Venn diagram in Figure 31.2,
with a major factor being a lack of effective
communication between scientific disciplines.
Despite the advances, made, for example, by
the planimetric map syntheses of Hooke and
Redmond (1992), the channelization/maintenance
maps using fluvial audit methods (Sear et al.,
1995, 2003) and the development of an extensive
database of River Habitat Survey sites (Raven et al.,
1998b; Seager et al., this volume), reliable spatial
data and maps of channel modification are still not

widely available in the UK. During 2000–2010,
airborne Light Detection and Ranging (LiDAR) and
terrestrial laser scanning became well-established
methods in river science for gathering precise and
reliable topographic datasets. These are extremely
effective tools for digital elevation model (DEM)
generation, landscape modelling and analysis
(Plate 33). There are several benefits of this
new technology: (i) it is characterized by very high
speed data collection; (ii) datasets can be stored and
interrogated later for a wide range of information;
(iii) there is fine-scale resolution to the coverage –
therefore LiDAR data can be used to verify features
in the field; and (iv) accurate spatial data can be
easily and rapidly collected for large areas (Large
and Heritage, 2009). As the technology develops
further to become standard practice for recording
complex topography, a change of emphasis is
occurring as river scientists move from innovative
data capture to systematic surveying frameworks
with well-established data collection and analytical
protocols.
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The role of fluvial
geomorphology in river
conservation

It is widely acknowledged among river scientists,
end-users and practitioners that problems
remain regarding: (i) the definition of reference
(‘natural’ or undisturbed) hydromorphological
conditions for rivers; (ii) the assessment of
departures from a reference state; and (iii)
agreement on the ecologically driven strategies for
river restoration (Newson and Large, 2006).
There are also significant economic costs
involved in implementing successfully the
requirements of the WFD. Major problems
include sub-optimal monitoring strategies, a
presumption about ‘active’ engineering-based
restoration (which is very costly) and the lack of
tangible evidence linking restoration/rehabilitation
with tangible ecological and economic benefits
beyond the immediate project location (Åberg and
Tapsell, this volume).

A scientifically based and economically
sustainable way of managing rivers and floodplains
requires a clear definition and consistent
application of the term ‘hydromorphology’ and
its associated requirements for quantitative and
qualitative scientific information. This is not easy.
For a long time after the term ‘geomorphology’
was first used in the 1880s (Goudie, 1985),
the discipline was considered by many other
scientists as somewhat ‘unscientific’ and lacking
true predictive capability (Tooth, 2009). Similarly,
‘hydromorphology’ has also suffered from this
view because several facets of river science remain
weak or qualitative. For example, Vaughan and
Ormerod (2010) point out that many biological
and geomorphological datasets have little or no
temporal dimension (although flow gauging is
an exception), and that significant scientific and
river management issues arise when data collected
originally for different purposes are interpreted for
conservation purposes. Truly integrated ecological
approaches are not yet available, so there remains
a pressing need for data to be collected over
the full range of flows to describe habitats and
their functioning adequately (Poff, 2009). The

biotype approach (Newson and Newson, 2000)
and GeoRHS method (Branson et al., 2005)
offer potential ways forward, but capturing
geomorphological and biological data depend at
present on intensive surveys and fieldwork – and
these are unlikely to be funded at sufficiently
extensive geographical scales to meet WFD needs
such as an accurate assessment of ecological status.

While there are exceptions (Darby and Sear,
2008), much of the data gathered that links
biota to habitat (and by inference to process)
has been static in nature, constrained by the
traditional focus of benthic macroinvertebrate
sampling methods for specific instream habitat
types (Figure 31.3). In addition, spatial and
temporal deficiencies in sampling can lead to
distortions such as data aliasing or smoothing,
sometimes suggesting trends that do not reflect the
true picture (Blöschl, 1996). These problems imply
the need for better specification of data capture
and confidence in interpretation by end-users
to the scientific community. This user-specified
research should not be the exclusive approach
because it would undermine the strong justification
for ‘pure’ river research and the advances made
through other means. These include long-term
research (Macklin and Lewin, 1997; Sear and
Arnell, 2006; Beechie et al., 2010), and strategic
research programmes involving end-users such as
the Flood Risk Management Consortium (FRMRC)
in the UK.

Relatively little attention has been paid to
natural hydrological variability in river systems,
although it plays an important role in defining
hydromorphological character. Managing fluvial
systems is difficult without a better scientific
understanding of variability, so quantifying this
variation is essential. Fluvial geomorphology has
an obvious role in this respect – it is now in a
much stronger position than before because of
a broadening research base and its contribution
to complex inter-disciplinary problems is now
more widely recognized (Dollar, 2004). This
is important because previously many policy
decisions relating to river management have been
made without adequate consideration of the
spatial and temporal complexity of fluvial systems
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Resolution (spacing) larger than the process scale causing aliasing in
the data. The result is environmental noise.

Extent of survey smaller than the process scale. The result can be an
impression of trend, where in reality there is none.

Spatial or time support too large compared with the process scale. The
result is excessive smoothing of patterns. 

What we do....

Traditional, static/taxonomic,
unit-based constrained
sampling (e.g. riffle-pool for
BMWP).

What we need....

Predictive and
adaptive monitoring
(edges and patches,
persistence, resilience,
robustness).

Figure 31.3 How rivers are traditionally sampled, problems with resolution of sampling in time series datasets (after
Blöschl, 1996), and what is really needed. Predictive flexible and adaptive monitoring focusing on edges and patches
will help to avoid some of the data issues shown (after Bloschl, 1996).

(Dollar, 2004). A major contribution of fluvial
geomorphology is the ability to assess whether
channels can restore themselves if left alone, or
encouraged – through assisted natural recovery – to
achieve a potentially much cheaper way for river
restoration compared with costly engineered
solutions (Brookes and Shields, 1996; Sear
et al., 2009). Nevertheless, there are still dangers
in drawing conclusions from incomplete or
inappropriate information. For example, rapid
assessment tools developed to characterize river
channels are too generalist at the point of
their application and, despite being based on
‘expert knowledge’, are often flawed owing to
inadequate local knowledge of river behaviour.
Recent advances of in-channel three dimensional
modelling offer a useful way of filling these
knowledge gaps (Clifford et al., 2006, 2010).

A range of habitat quantification methods has
been developed but these vary widely in their

approach. For example, in seeking to evaluate site-
specific rather than generalized Habitat Suitability
Indices, the European Aquatic Monitoring Network
compares habitat suitability criteria developed for
individual river reaches, specifying only one flow-
dependent biotope type per reach; the consequence
is that the data are combined from different
sites at different flows and different times of
year (EAMN, 2004). In contrast, others have
used newly available methods such as terrestrial
laser scanning to refine scales of investigation
significantly (Heritage et al., 2009; Milan et al.,
2010). Both approaches are justified, depending on
the purpose of study; generalized information is
useful for strategic management decisions, while
more sophisticated investigation can focus on
the relevant scale for specific biota by using
features such as water surface roughness as
indicators of micro-scale hydraulic variability.
Effective characterization of hydromorphology
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across a range of scales is vital in allowing
the quantification of interactions between habitat
and biology and to further the understanding
of ecological response to river management
(Carbonneau et al., 2004, 2006). For cost-effective
action, river managers need to know what type of
physical intervention and where in the catchment
will lead to greatest improvements in ecological
condition. Overall, while legislative change such
as the WFD has meant that predictive assessment
of ecology and physical habitat has become a
major driver for applied research and management,
the underlying problem remains that rivers
are individually unique, patchy, discontinuous
and strongly hierarchical systems (Frissell et al.,
1986; Poole, 2002). In essence, rivers and their
floodplains have proved difficult to manage in the
past – and the widespread perception is that they
remain so. For example, in the UK, media coverage
of what is perceived as an increasing incidence and
severity of flood episodes since 2000 ignores the
fact that the rise in damage and the costs of repair
are inevitable consequences of more people living
in flood-prone areas.

Geomorphology: a side-lined
discipline?

While there have been notable exceptions (Amoros
et al., 1987), several commentators such as Tooth
(2009) and Rice et al. (2010) have concluded that
geomorphologists have traditionally been slow to
engage with inter-disciplinary research agendas. As
a result the discipline has become somewhat ‘side-
lined’ over time in terms of its direct relevance
to society. Perhaps a more important question
is why, despite several attempts, an integrated
approach to river management has failed to
produce inter-disciplinary tools for practitioners.
The answer is probably two-fold: first, research
funding traditionally has a single disciplinary
focus and this has hampered the development
of integrated methods and insights; second,
institutionally, river management in the UK and
elsewhere has been run on the basis of parallel
strands of specialist disciplines such as fisheries,

ecology, hydraulics and flood risk management, so
this structural organization has failed to support a
truly inter-disciplinary approach. Better integration
and clear communication between river scientists
and local communities is needed to improve
knowledge transfer and in particular the beneficial
role of hydromorphology in river classification
and management. Fluvial geomorphologists
need to demonstrate the wider socio-economic
and environmental benefits of applying their
knowledge and scientific expertise, especially
for identifying the best multi-disciplinary ways
of achieving good ecological status and good
ecological potential for the WFD.

River conservation should benefit from an
improved understanding of relationships between
physical habitat and ecology and from better
communication between the scientific community,
users and practitioners. Hydromorphology is
central to river conservation and management
because it provides the physical template or
‘habitat’ upon which all river ecosystems are
based (Poff and Ward, 1990). However, the
ecological impact of habitat degradation and loss
is often difficult to establish in rivers because
species are often highly mobile, adapted to
system stresses and may, therefore, be capable
of using sub-optimal habitats (Orr et al., 2008).
In addition, system alteration is often chronic
and biological change per se is not evident until a
threshold is reached beyond which it is hard for
the ecosystem to recover. Although degraded river
systems are characterized by reduced diversity,
ecosystem function impairment and structural
degradation, the relative importance of physical
habitat degradation alone compared with other
pressures (e.g. diffuse pollution) is still not clear
(Vaughan and Ormerod, this volume).

Because hydromorphology is important
in the WFD, river managers need to know
what aspects of physical habitat and at which
locations intervention will yield the greatest
improvements in ecological condition (Raven
et al., 2000). This implies that information on the
hydromorphological character and condition for
complete river systems (or at least a representative
proportion) is needed. Establishing baselines
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of current condition requires an audit of the
amount, distribution and location of specific
habitat types within catchments. Ideally, these
hydromorphological audits should aim to identify
influences on both reach and catchment-scale
ecological processes and to consider whole
river-system response and resilience in the
face of future climate change (Ormerod and
Durance, this volume). However, assessing
systemic hydromorphology is at present limited
to broad-scale approaches; few methods have
been developed and tested to operate at a range
of spatial scales and which have predictive ability
and the capacity to use expert opinion. In the UK,
MImAS (Morphological Impact Assessment System
– SNIFFER, 2006), River Habitat Survey (Raven
et al. 1998a,b), biotype assessement (Newson and
Newson, 2000) and Geo-RHS (Geomorphological
RHS – Branson et al., 2005) are the only datasets
currently available for consistent assessment within
and between catchments (Table 31.2).

The WFD approach used to classify rivers
for river basin plans uses gradient, altitude
and geology criteria based on a number of
assumptions: (i) the river type contains a certain
morphological assemblage; (ii) potential impacts
are assessed using expert opinion to derive
a modification score – principally for channel
morphology as a result of direct physical alteration;
and (iii) modification determines ecological status.
Improving the current state of knowledge depends
on a better understanding of the ecological
response to engineering modification and habitat
rehabilitation work. For example, in regulated river
systems there are major effects from dams on
the flow regime, longitudinal continuity and the
downstream channel morphology. Although rapid
and simple post-project evaluation of engineered
river restoration schemes can be carried out and
presented in a way that is easy to understand by
the public (Åberg and Tapsell, this volume), they
are likely to be too ‘static’ to inform longer-term
river management strategies. Consequently, a more
dynamic understanding of hydromorphology needs
to be embraced both by the scientific community
and the general public, which takes account of river
processes as much as physical form.

However, there are major challenges in this;
for example, media coverage of recent flooding
in the UK has highlighted local opposition for
allowing rivers to alter their course and be
given sufficient floodplain space to function in a
more natural fashion. Inter-disciplinary knowledge
remains inadequate, particularly in regulated
systems with impacts on channel morphology in
natural flow regimes; consequently, there is a
disproportionate dependency on expert opinion,
often from a limited number of individuals, for
river management advice at catchment, reach
and habitat scales. The WFD puts new demands
on river science, not least to apply ‘useable
knowledge’ and develop practical ‘tools’ that allow
informed decision-making at a variety of scales
(Newson, 2002; Sear and Arnell, 2006). Ecological
science cannot, in isolation, provide the predictive
capability required, particularly in relation to WFD
reference conditions (Newson, 2002). The need
to develop more predictive and process-based
assessment and monitoring tools for rivers in the
UK would therefore allow hydromorphology to be
viewed not simply as a component for complying
with the WFD, but as a genuine and integral part
of condition assessment and river management
decisions.

Floods – living with uncertainty

During 2000–2010, northern England was affected
by several damaging floods, notably affecting York
(2000), Carlisle (2005), Morpeth (2008), and
Cockermouth (2009). Damage to property and
livelihoods was severe. It is currently not possible
to conclude whether these extreme events are
part of a pattern of wider hydro-climatic change.
However, the UKCIP02 programme scenarios (UK
Climate Impacts Projections 2002 programme,
now superseded by the UK Climate Projections
2009 – UKCP09) indicate that, by the 2080s,
increases in winter precipitation of up to 30%
and summer decreases in precipitation up to 80%
could occur in the UK (Hulme et al., 2002; Fowler
et al., 2007). A more important implication is
the prediction of an increase in the magnitude
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of extreme events; by 2100 there could be a
10–30% increase in the magnitude of UK rainfall
events, up to a 50-year return period (Fowler et al.,
2007). Equally pertinent to flood-risk assessment
is the conclusion that, for some time, Britain has
experienced a cyclic pattern of ‘flood-rich’ and
‘flood-poor’ periods (Werritty, 2002; Lane, 2008).
If a ‘flood-rich’ period coincides with extreme
events, the implications for affected catchments
could be severe, so the approach to flood risk
management will need to take account of this
apparent cyclic pattern.

It is not only water resources that are affected
by these extreme floods. Recent large floods in
north-east England affecting the River Wansbeck,
River Coquet, Glen/Bowmont system and River
Breamish in 2008, and the River Derwent and
River Cocker in Cumbria in 2009 have shown
similar patterns of sediment mobilization and,
with the exception of the Wansbeck, significant
alteration of channel course. In the majority
of cases this sediment re-mobilization involves
contemporary bedload of the rivers; however,
during the Derwent flood, several parts of the river
appear to have undergone a phase shift from a
sediment-limited situation to one where additional
sediment (in some cases re-mobilized from long-
forgotten industrial waste deposits) has re-entered
the system through bank erosion and channel
avulsion and temporarily shifted the channel out of
balance with its bedload (Plate 34). The 2009 River
Derwent flood emphasized the importance of local
sediment sources in affecting the morphological
response of the channel. The downstream effect
of this renewed geomorphological activity on
local communities was devastating – swathes of
agricultural land on the floodplain covered in
gravel and cobbles, undermined and collapsed
bridges, and road and rail infrastructure severely
disrupted.

Recent floods on the River Coquet and the
River Derwent in Cumbria have also confirmed
that morphological responses to high magnitude
events are non-linear (Phillips, 2003, 2006).
Consequently, the combined direct effects of
sedimentation and climate change could be

synergistic and severe. Moreover, the implications
of these combined factors are commonly
overlooked in flood-risk mapping exercises
and are likely to be important in river systems
with high rates of sediment delivery and long-
term transfer of sediment to floodplain storage
(Lane et al., 2007). The non-linear response
patterns of the Coquet, Till and Bowmont/Glen
river systems (Northumberland) highlight that
attempts to reduce lateral channel migration
by bank stabilization measures are more likely
to exacerbate flooding. This is because channel
capacity cannot be maintained with the erosion
patterns observed during the last two large
floods, a conclusion supported by longer-term
monitoring of these rivers. Confounding this
further, climatic and geomorphic responses are
not closely coupled, so different parts of the
river systems will respond differently because of
significant time-lag effects (Schumm, 1977; Orr
et al., 2008). Morphological response will also be
heavily influenced by local conditions such as
catchment gradient and lithology and by human
interference such as channel modifications and
floodplain development.

Generally speaking, a river channel adjusts
slowly or episodically in response to the major
drivers of river discharge (predominantly at
bankfull level) and fluvial sediment fluxes supplied
from the catchment or the channel upstream
(Thorne, 1997). In engineering terms, adjustment
is considered as ‘instability’, so its constituent
processes have been heavily controlled (Brookes,
1987; Sear et al., 1995). Many modifications
of river channel cross-sections carried out
for flood protection purposes also modify the
geomorphological behaviour and energy of
the flow, for example by increasing channel
depth and stream power (Brookes, 1987). Flow
regime, by contrast, is most heavily influenced
by impoundment, regulation and abstraction,
although catchment land-use, land-cover and
land-management are now also seen to have
a subtle but important influence, especially on
flow extremes and fine sediment concentrations
(Brooks and Brierley, 2004; Golosov et al., 2004).
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Over time, rivers in Britain have been heavily
managed through regulation, impoundment and
the drainage of floodplains. Post-war Britain
saw rapid expansion of urban development in
floodplain areas and the replacement of absorbent
floodplains with impervious surfaces. Given the
financial investment involved, simply retreating
from these developed floodplain areas is not
feasible, so ways need to be found of living with
the environmental and socio-economic risks. There
is a clear need for a more holistic approach to
‘catchment connectivity’ and to develop whole-
catchment assessment and modelling techniques
to assess flood risk so that flood-sensitive areas
can be targeted for management purposes (Brierley
et al., 2006, 2010; Rice et al., 2006; Brierley and
Fryirs, 2008). One element of a more integrated
approach is termed ‘catchment consciousness’; this
reflects the view that land and water must be
considered together, and that the whole river basin
represents an ecosystem capable, when intact, of
supporting sustainable solutions to human needs
as well as reducing risk from extreme rainfall
(Newson, 2009).

The three dominant variables that determine
local channel morphology and behaviour
are channel gradient, the extent of channel
confinement and catchment hydrology
(Montgomery and Buffington, 1998; Church,
2002; Reinfelds et al., 2003). As system change is
a function of the excess of force over resistance,
a truly process-based approach should be based
on the spatial distribution of driving and resisting
forces in the catchment. A critical issue is the size
of the disturbance and the river’s ability to resist
or accommodate the impact of that disturbance
(Werritty and McEwan, 1997). Bank strength
is likely to be a significant factor (Eaton et al.,
2004), but characterizing bank resistance is highly
dependent on site-specific conditions and this
problem has not yet been resolved successfully.
A combination of: (i) system complexity (Philips,
2003); (ii) singularity or, put another way, the
paradox that it is easier to make predictions for
an assemblage of landforms than for a single one
(Schumm, 1991); and (iii) limited data (Downs,

1995) have so far prevented detailed analysis of
the sensitivity of many rivers to a range of different
driving variables.

A fluvial geomorphology
approach to assessing flood
risk

The recent floods in northern England have
also demonstrated a clear need for a fluvial
geomorphology-based approach to assessing flood
risk. The contribution of fluvial geomorphology
to solving complex inter-disciplinary problems
represents an opportunity as well as a challenge
because previously many policy decisions were
made without adequate consideration of the spatial
and temporal complexity of river systems (Dollar,
2004). The benefit that fluvial geomorphology can
bring is impartial insight and understanding of river
systems (Kneupfer and Petersen, 2002). This is
particularly important in considering the potential
impacts of climate change on flood frequency and
magnitude. It is also vital to understand and predict
consequent alterations to channel geometry,
especially for rivers undergoing long-term
aggradation or which are subject to in-channel
management such as dredging. In future it will
be important to undertake more catchment-wide
audits of factors influencing sediment erosion,
transport and deposition, and in particular to
examine the role of flooding as this is when the
majority of rapid change in river systems occurs.
In the UK, fluvial audit was developed to do this;
a combination of field survey, historical map and
documentary information, and scientific literature
are used to gain a comprehensive understanding of
the river system and its catchment (Sear et al., 1995,
2003). Through this process, it is also important to
understand how river systems behave/respond in
the period between geomorphologically significant
events. This is because in some cases the responses
by a system that has not fully re-adjusted to a
previous event can be more severe than some of
the more immediate effects of the flood itself. So
far, there have been few studies that consider this
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cumulative time-lag effect, particularly in relation
to flood risk and hazard management.

Challenges for the future

In setting out their ‘2020 vision’, Rice et al. (2010)
emphasized that fluvial geomorphology needs to
sit alongside stream hydrology and hydraulic
engineering as a key element of an integrated,
inter-disciplinary scientific approach. To achieve
this, several areas of improvement by the scientific
community need to be made. Messages need
to be simplified – river science is currently full
of jargon which hinders understanding by local
communities and the general public. There is also
a need for better education, such as explaining
the benefits of river channels that are free to
adjust. The concept of ‘making space for a river’
needs to be supported by evidence that allowing
a river to move will protect riparian interests.
By encouraging wider society to embrace greater
uncertainty but with the promise of longer-term
benefits, the challenge of what a ‘natural’ river
really is remains. As Newson and Large (2006)
emphasize, in the UK they are not ‘wilderness
channels’, but watercourses that need some
management intervention to encourage a diversity
of physical habitat and increase resistance and
resilience to climate change. The inherent value
of these rivers and streams increases with their
occurrence as a proportion of the drainage network
– but then so too does the uncertainty as to how
the river might behave. The case for retaining
the ‘organic sediment’ load of rivers is similar
(Gurnell et al., 2002); so is the removal, where
feasible, of culverts and weirs to improve capacity
of rivers for future ‘assisted natural recovery’.
Self-evidently, this general approach requires the
support of interest groups and individuals affected
by the changes in river management (Williams,
2006).

Anticipated funding reductions might strengthen
the case that current research priorities should be
to ‘use existing literature or data better to identify
patterns among organisms, ecological functions
and river hydromorphological character’ (Vaughan

et al., 2009). However, a key catchment-scale
research challenge over the next 20 years will be to
better understand hydromorphological complexity
and the linkages with biological communities
to establish which river attributes need to be
measured and what information can and cannot
be simplified. Improved communication between
hydrology, fluvial geomorphology and ecological
sciences will be vital to encourage the development
of more reliable typologies, predictive modelling,
and monitoring procedures that are needed to
support adaptive management (Hamill and Melis,
this volume). An increased role for modelling
is needed for a better understanding of habitat
variability over varying hydrological regimes and
also simulating hydromorphological changes over
time. Some modelling approaches are beginning to
integrate directly the role of plants, woody debris,
invertebrates and other ‘ecosystem engineers’ in
hydromorphological alteration. This work should
be encouraged, and its scope broadened to
incorporate palaeo-hydrological modelling for a
better understanding of natural variability across
the timescales that climate change is likely to
influence (Sear and Arnell, 2006; Seddon et al., this
volume).

Climate change implies that present conditions
will not remain static and it also raises the
possibility that reaches used for reference purposes
may no longer provide reliable templates for river
conservation and management. Reduced resistance
and resilience – both at the reach and micro-habitat
scale – are predicted to be a consequence of climate
change, so sustainable river conservation will need
to build on innovative legislation drivers such as
the 1998 Republic of South Africa Water Act. This
Act recognizes that water is a ‘scarce and unevenly
distributed national resource which occurs in many
different forms which are all part of a unitary, inter-
dependent cycle’; that it forms a natural resource
that belongs to all people; and that the ultimate
aim of water resource management is to achieve
the sustainable use of water for the benefit of all
users. In the face of increasing water stress world-
wide, river conservation needs to be recognized as
a bona fide water use; paying for access to water
invokes rights to specific quantities (and quality)
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of water. Finally, the paradigm shift towards
an ecosystems services approach implies that
river scientists will have to put monetary values
on a range of ecosystem components, because
increasingly the case for river conservation will
involve demonstrating the economic benefits of
services provided by healthy ecosystems (Everard,
this volume). For some, this transition from a
purely scientific to a socio-economic rationale may
prove to be uncomfortable.
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56
Endangered Species Act (US) 193, 236, 326
Framework Convention on Climate Change 129, 298,

319
Global Water for Sustainability Programme 51
Grand Canyon Protection Act (US) 325, 326
Indus Water Treaty 71
International Conference on Water and Environment

298, 383
International Hydrological Programme 300
International Lakes (Water Convention) 298
Kyoto Protocol 129
Man and Biosphere Programme 297, 300
New Zealand Reserves Act 183
Ramsar Convention 70, 298, 299, 307
Resource Management Act (New Zealand) 372
Rio Declaration on Environment and Development 45
rivers listed under conventions 299
Second World Water Forum 300
South African Water Act 45, 49, 56
Third World Water Forum, Kyoto 300
UK Biodiversity Action Plan 113, 169
United Nations Conference on Environment and

Development 46
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United Nations Conference on the Human
Environment 298

United Nations Conference on Water 298
UN Local Agenda 21 249, 298
UN–Water 300
Water Act (Australia) 359, 365
Water and Soil Conservation Act (New Zealand) 371,

372
Wild and Scenic Rivers Act (US) 289, 371
Wildlife and Countryside Act (UK) 168
World Conference on Environment and Development

298
World Heritage Convention 299
World Summit on Sustainable Development 300
World Water Forums 300

Living Planet Index 45
loss of riparian vegetation 5, 56, 253

Mediterranean rivers 135, 273
Millennium Declaration 249, 345
Millennium Ecosystem Assessment 10, 303
Monitoring rivers using macrophytes and diatoms

135–42
BEnthic Assessment of SedimenT (BEAST) 137–8
combined diatom–macrophyte index 138–40
developing indices for assessing Mediterranean rivers

136–7
discharge – effects on diatoms and macrophytes

139
Guadiana River 136
Indice Biologique macrophytique en Riviére 136
Índice de Conservação Macrofitico 137
Índice de Macrofitos 137
LEAFPACS 136
macrophyte indices in Iberia 137–8
Mean Trophic Rank (MTR) 135, 155
Riparian Vegetation Index 138
RIVPACS-type approach 137
Trophic Diatom Index (TDI) 136
Trophic Index of Macrophytes 136
use of bryophytes for stream assessment 143–57

multi-functional catchment management 18–20

nature conservation – place in a wider framework 7–9
Nature Conservation Review (NCR) 168
New Zealand – river conservation 183–91, 371–9

changes in river management since 1990 372–3
conservation rankings 185–9
degraded sites 185, 187, 189
hydro-dam construction 371, 373–4, 375
identifying and selecting high value sites for

conservation 371–9
Land and Water Forum 374
land-use intensification 183–4

national biodiversity strategy 183
National Environmental Standard on Ecological Flows

and Water Levels 374
National Policy Statement for Freshwater Management

373–4, 377
National Water Conservation Orders (WCOs) 371–2,

374, 375–6
non-point source pollution 371, 373, 377
point-source waste discharges 371, 373, 376
renewable energy 373, 377
riparian management 371, 372
riparian reserves 372, 377
river classification 184
statutory protection of rivers 371
systematic approaches to conservation planning 183–4

Non-governmental organizations (NGOs) 8, 17, 18, 22–3,
288, 291, 328

American Rivers 8, 289
National Trust 256
Nature Conservancy 8
Rivers and Fisheries Trusts of Scotland 8, 20, 291
Rivers Trusts 23, 40

aim 291
monitoring information 88

Royal Society for Protection of Birds 8, 18, 22
Sierra Club 8
Worldwide Fund for Nature (WWF) 8, 22, 49, 51, 76,

291, 292

palaeoecology 211–21
biological proxies 212, 214
channel modifications 211, 219
characterizing instream conditions

using Chironomidae 216
using Coleoptera 214–5, 216, 217, 218
using Gastropoda 216, 217
using Trichoptera 215, 216, 217, 218

ecological restoration of river SSSIs in England 214,
216–7, 218

future prospects 218–9
habitat restoration 213–6
identifying benchmark communities 218–9
identifying reference conditions 211–21
Lotic Invertebrate Index for Flow Evaluation (LIFE)

214–5
multi-proxy analysis 216
palaeochannels 211–2, 215
River Eye case study, Leicestershire, UK 216–8

contemporary macroinvertebrate community 217
historic maps 217
invertebrates from palaeo-samples 218

River Rhine studies 212
physical structure of rivers – methods for characterization

and assessment 29–30
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Portugal
assessment of mountain streams 143–57
bryophyte species richness 150, 155
characteristics of bryophyte communities 152
climate 144
environmental variables influencing bryophytes and

other macrophytes 145–8
macrophyte communities in headwater streams 144–5
macrophyte indices 135–40
temporary streams 273–83
TWINSPAN classification of bryophyte communities

144–55
Precautionary Principle 24, 189, 307
protected areas, National Parks, reserves

Flusslandschaft Elbe Biosphere Reserve 307, 308
IUCN definition of ’protected areas’ 308
protected areas and rivers 8, 11, 50, 189, 307–8
Sites of Special Scientific Interest (SSSIs) 168, 214,

216–7, 218
UNESCO Biosphere Reserves 298, 299, 307

reference conditions
US EPA 212
using DARES 213
using RIVPACS 213
Water Framework Directive 39, 136–7, 138, 212–3,

245, 383, 393
remote sensing 4, 17

LiDAR 4, 205
River Habitat Survey 40
vegetation mapping 205

research needs and priorities 10, 114–6, 396
riparian management 303, 372
riparian reserves 372, 377
riparian vegetation 5, 48, 56, 138, 195, 205, 236, 237,

253, 256, 275, 280, 281, 334
River Habitat Survey (RHS) 29–43

baseline surveys 30–1, 36, 37, 38, 40
benchmarking exercise 39
channel and bank modification 33, 34
channel silting 32, 35
database 40
giant hogweed 34, 36
Habitat Modification Class (HMC) 30, 32, 33, 34
Habitat Modification Score (HMS) 30, 31, 32, 33, 38
Habitat Quality Assessment (HQA) 30, 38, 39
in-channel bars 32, 35–6, 38
invasive non-native plants 32, 34–5, 36
large woody debris 32, 35, 36
modification of river channels – comparison within

Europe 37
near-natural and reference conditions 30, 32, 33, 34,

39, 40
Phytophthora disease of alders 36–7

presentation of results 32
riparian habitat 32, 39
river channel modification 32
river typology 40
riverside trees and shading 34, 36, 38
sampling strategy 30–1, 39–40
summary of method 29–30
using results in river management 40

river management versus river conservation 11–12
river rehabilitation/restoration 225–41, 243–7, 249–59,

261–72, 285–93
Aire, Geneva 233–8
anticipatory management 228, 239
Asian River Restoration Centre 289
attitudes 252–5, 256–7
Australian River Restoration Centre 289
balancing ecological and societal requirements 250
bank protection 226, 231
characteristics of river restoration enthusiasts 18
consensus-building and consultation 256
co-ordination of river restoration centres worldwide

292
Deer Creek, California 233–9
definition of terms 285
Emscher River restoration 243–7

ecological concept 245
Emscher Region – integrated river basin management

244, 246
Emscher River Association (Emschergenossenschaft)

244
Emschermouth – ecological hotspot 245–6
Masterplan Emscher:future 244–5
monitoring 246
multi-disciplinary planning approach 246
re-development of floodplain habitats 245
reference condition 245

entire river catchment 243–7
Espace de Liberté 225–41
European Centre for River Restoration 287–8
hydromorphology 386, 390
increased exchange between surface and hyporheic

water 237
Institute for Inland Water Management 288
International Riverfoundation 289–90
Italian Centre for River Restoration 288
leitbild 22
level of public satisfaction 255–6
LIFE Project – Denmark and UK 250, 287
lit majeur and lit mineur 228, 230, 232
‘making space for the river’ 384–5
public participation 22–3, 255–6, 257–8
public perception 252, 255
restoring connectivity 233–9, 251, 257
restoring fluvial processes 225–41
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River Aire, Geneva
historic map 230
location map 229
objectives of restoration 232
restoration plan 233

River Brede (Denmark) 250, 286
River Cole (UK) 249–59, 286
River Drau (Austria) 225–6
River Drau, before and after restoration 226
River Restoration Centre 250, 285, 286–7, 288
river restoration centres 286

definition 286
in Europe 288–9
worldwide 289–90

River Restoration Northwest 289
River Restoration Project 18, 23, 250, 286
River Skerne (UK) 249–59
Riverfestival 290
Riverprize 290
Riversymposium 290
social outcomes of river rehabilitation 249, 313
spring-run chinook salmon – habitat quality 236
‘stable-meandering channel’ paradigm 225
stream power 227, 228, 239
stream water temperature 237, 238
urban regeneration 243, 244, 245, 246, 324
Water Framework Directive 225, 239, 244, 245, 249,

286, 291
World Wide Fund for Nature (WWF) 291, 292

river science – main themes 22, 384
rivers (named)

Adige (Italy) 345–55
attributes for characterization 350
ecological and hydrological assessment 348–9
Environmental Landscape Index (ELI) 348
Environmental Landscape Plan 350, 352
harmonizing nature conservation and land use

347–8
Integrated Evaluation Model – key steps in

development 346–7
integrated planning and management 353
monitoring and evaluation 352–3
pressures and impacts 349–50
Sites of Community Importance 348
strategic plan objectives 352
vegetation map 351

Aire (Switzerland) 228–33
Arnold (New Zealand) 373
Asón (Spain) 195, 202, 203, 204, 205, 206
Avon (UK) 11, 341
Berg (South Africa) 357
Breamish (UK) 394
Brede (Denmark) 250, 286
Bristol Avon (UK) 315, 316, 318

Canali (Italy) 347
Clutha (New Zealand) 373, 375
Cocker (UK) 394
Cole (UK) 249–59, 286
Colorado (USA) 304, 325–38
Columbia (USA) 47
Coquet (UK) 394
Cordevole (Italy) 347
Deer Creek (USA) 233–9
Derwent (Cumbria, UK) 394
Derwent (Trent catchment, UK) 263, 266
Deva (Spain) 195, 202, 203, 204, 205, 210
Drau (Austria) 225–6
Emscher (Germany) 243–7
Eye (UK) 216–8
Frome (UK) 84, 165, 166, 341, 342
Ganga (India) 55, 56
Glen/Bowmont (UK) 394
Great Ruaha River (East Africa)

conservation value 52
effect of flow reduction on fauna 53
environmental flow assessment 53
options for dry-season flow restoration 53–5
seasonality of flow 53

Guadiana River (Portugal) 136–7
Hull (UK) 219
Indus (Pakistan) 69–78

change in land-use pattern and occupations 75
dam projects 71
dams and barrages of Pakistan 72
degradation of mangrove forests 74
Indus delta – characteristics 69
Indus delta – economic value 71
Indus delta – environmental degradation 73–5
Indus delta – importance for conservation 70–1
Indus Ecoregion Programme 76–7
Indus Fan 69
Indus river dolphin (Platanista indica) 70, 75
Indus Water Accord 1991 73, 76
Indus Water Treaty 71
Integrated Water Resource Management 76
International Panel of Experts 76
irrigation 71, 76
Kotri Barrage 72–3, 75, 76
loss of fisheries resources 75
loss of livelihoods 74
migration from deltaic areas 75
options for management 76–7
over-allocation and abstraction 72, 73
Pakistan flood 2010 75
Pakistan Wetlands Programme 75
principles for long-term water planning 76
reduced flow 71–3
reduction in delta area 73
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rivers (named) (Continued )
salt-water intrusion 73–4
summary characteristics 69

Kerry (UK) 124–6
Little Colorado (USA) 325–38
Little Stour (UK) 164, 166
Lower Snake (USA) 47
Lower Waitaki (New Zealand) 373
Mara (East Africa) 50–2
Marecchia (Italy) 347
Mayes Brook (UK) 316, 317, 319, 322, 324
Mokihinui (New Zealand) 373, 377
Murray (Australia) 357–69

20-year Long-Term Plan 362
black box (Eucalyptus largiflorens) 357, 360, 361
‘Cap’ on water extraction 364,

366
changed flow regime – ecological consequences

357–8
climate change forecasts 366
decline of floodplain woodlands 360–1
drought responses 365–6
environmental flows 361–6
history of regulation 359
Lake Alexandrina 360, 362, 366
Living Murray programme 364, 365
Murray-Darling Basin – governance 359
Murray-Darling Basin Authority 359, 364, 365
Murray-Darling Basin Commission 360
Murray-Darling Basin Plan 359, 363, 364, 365, 366
National Plan for Water Security 364, 365
National Water Initiative (NWI) 364
naturally variable flow regimes 360
Ramsar sites 359, 361, 365
reduced flows 360
research findings 361
river–floodplain ecosystem – characteristics and

values 357, 359
river red gum (Eucalyptus camaldulensis) 360, 361
saline groundwater 360
sand deposition 362
scientific basis for management 363–4
soil acidification 365
Water for the Future programme 364, 365

Nansa (Spain) 195, 202, 203, 204, 205, 210
Ndembera (East Africa) 53, 55
Nevis River (New Zealand) 371–9

flora and fauna 375–6
historic values 376
hydropower 373, 374
kayaking 375, 376
trout fishery 375, 376
Water Conservation (Kawarau) Order 1997 375
WCO hearing outcome 376

Oder (Central Europe) 128
Paraiba (Brazil) 61–2
Pardiela (Portugal) 273–83
Pas-Pisueña (Spain) 195, 202, 203, 204, 210
Piddle (UK) 165, 166
Ravi (Pakistan) 71
Reno (Italy) 347
Rhine 6, 212, 243, 245, 299
Rhône (Switzerland) 108, 112, 113
Rio Conchos (Mexico) 55
Saja-Besaya (Spain) 203, 204, 210
Sao Francisco (Brazil) 55
Sarno (Italy) 347
Savannah (USA) 56
Senio (Italy) 347
Senqu (Lesotho) 56
Skerne (UK) 23, 249–59, 286
Snowy (Australia) 56
Spey (UK) 130
Tamar (UK) 316, 319, 322, 323
Travignolo (Italy) 347
Trent (UK) 261–72

delayed recovery of invertebrate fauna 269
dissolved oxygen concentrations 265–8, 269
ecological recovery 261–72
fishless reaches 262, 270
historical studies and long-term records 270
history of pollution 262, 264
impact of power stations 264, 268–9
nitrate and phosphate concentrations 264
rivers and major conurbations 263
summary of data sources 264
water temperature – increases and recovery 268–9

Tweed (UK) 11
Tywi (UK) 11, 112
Upper Ballinderry (UK) 11
Upper Little Tennessee (USA) 91–106
Valsorda (Italy) 347
Valzanca (Italy) 347
Wairau (New Zealand) 373
Wansbeck (UK) 394
Wensum (UK) 219
Willamette (USA) 56
Wye (Derbyshire, UK) 166
Wye (Wales, UK) 83–5
Yangtze (China) 305–7
Yellow (China) 304–5

rivers and their biota as ecosystem engineers 302–3, 396
allogenic engineers 302
autogenic engineers 302
beavers as ecosystem engineers 302
milu as ecosystem engineers 302

rivers as landscape integrators 301
‘Rivers of Dreams’ 23



P1: OTA/XYZ P2: ABC
JWST110-IND JWST110-Boon December 13, 2011 7:51 Trim: 246mm X 189mm Printer Name: Yet to Come

Index 411

scale and connectivity 9–10
hydrological connectivity 22
lateral connectivity 9, 196, 213, 251, 301
longitudinal connectivity 9, 22, 183, 184, 189, 196,

301, 307
Scottish Renewables Obligations 129
sea-lice infestations 127
species (named)

Acanthocyclops senativus 161, 162
Adour minnow (Phoxinus bigerri) 195
Alathyria jacksoni 357
alder (Alnus spp.) 34, 36–7, 246, 348
alder-ash (Alnus glutinosa-Fraxinus excelsior alluvial

forest) 194–210
allis shad (Alosa alosa) 195
Arctic charr (Salvelinus alpinus) 113
Athripsodes aterrimus 217–8
Atlantic salmon (Salmo salar) 8, 11, 107, 113, 193–210,

262, 270
Atlantic sturgeon (Acipenser sturio) 113
Azolla filiculoides 135
banded dotterel (Charadrius bicinctus) 376
barbel (Barbus barbus) 113
beaver (Castor spp.) 302
black box (Eucalyptus largiflorens) 357–8, 360, 361
black shag (Phalacrocorax carbo) 376
black stilt (Himantopus novaezelandiae) 371
blue duck (Hymenolaimus malacorhynchos) 371
Brachycentrus subnubilus 215, 217, 218
brown trout (Salmo trutta) 113, 195, 331, 339
Bryocamptus spp. 165, 166
bullhead (Cottus gobio) 11
Cherax destructor 359
Chinese paddlefish (Psephurus gladius) 305
Chinese sturgeon (Acipenser sinensis) 305
chinook salmon (Oncorhynchus tshawytscha) 236
chub (Leuciscus cephalus) 113
common carp (Cyprinus carpio) 359, 360
Crangonyx subterraneus 161, 162
dace (Leuciscus leuciscus) 113
Desmoulin’s whorl snail (Vertigo moulinsiana) 11
Ebro barbel (Luciobarbus graellsii) 195
eel (Anguilla anguilla) 107, 195
Emydura macquarii 357
Euastacus armatus 357
finless porpoise (Neophocaena phocaenoides) 305
floating water-plantain (Luronium natans) 11
flotegrass (Glyceria spp.) 246
freshwater pearl mussel (Margaritifera margaritifera)

climate change 121–32
decline in pearl mussel populations 121, 122–3,

128
decline in salmonid host stocks 127–8
ecology 121–2

effects of changes in precipitation on pearl mussel
123–6, 128

effects of temperature changes on pearl mussel 123–4
flooding in the river Kerry 124–6
glochidia larvae 122
growth and development of fish hosts 127
habitat reduction 126–7
impact of abstraction 130
impact of hydro-electric schemes 121, 129–30
impact of river engineering 121, 128–9, 130
importance of dappled shade 129
juvenile recruitment 123, 124–5, 126, 127
life cycle 122
links between rainfall and recruitment 124–5
mitigation of climate change 129–30
range of sizes 123
restoration of riparian vegetation 129
River Spey Special Area of Conservation 130
status in Scotland 122
woodland restoration – Forests and Water Guidelines

129
Gammarus pulex 164
giant hogweed (Heracleum mantegazzianum) 34–5, 36
Gollum galaxias (Gallaxias gollumoides) 375, 376
grayling (Thymallus thymallus) 113, 350
gudgeon (Gobio gobio) 196
Himalayan balsam (Impatiens glandulifera) 33, 34–5, 36,

82
humpback chub (Gila cypha) 327, 330, 331, 332, 334,

335
Hydropsyche spp. 215, 217, 218
Indus river dolphin (Platanista indica) 70, 75
Italian barbel (Barbus plabejus) 350
Japanese knotweed (Fallopia japonica) 6, 7, 33, 34–5, 36
kingfisher (Alcedo atthis) 353
kōaro (Gallaxias brevipinnis) 376
Limnius volckmari 217, 218
little egret (Egretta garzetta) 353
Lombardy brook lamprey (Lethenteron zanandrai) 350
Macrochelodina expansa 357
madrilla (Parachondrostoma miegii) 195
marbled trout (Salmo trutta marmoratus) 350, 353
milu (Elaphurus davidinus) 302
mute swan (Cygnus olor) 339–43
Nardia compressa 135
Nevis skink (Oligosoma toka sp. nov.) 376
Niphargus aquilex 161, 162
oriental stork (Ciconia boyciana) 305
otter (Lutra lutra) 11, 39
paradise shelduck (Tadorna variegata) 376
pondweeds (Potamogeton spp.) 246
poplar (Populus) 195, 239, 276, 303
rainbow trout (Oncorhynchus mykiss) 330, 331, 333, 334
reed (Phragmites australis) 246, 305
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species (named) (Continued )
reedmace (Typha spp.) 246
Riolus subviolaceus 215, 217, 218
river dolphin 47, 56, 70, 75, 306
river lamprey (Lampetra fluviatilis) 8, 11
river red gum (Eucalyptus camuldulensis) 357, 360, 361
sea lamprey (Petromyzon marinus) 11, 195
sedges (Carex spp.) 246
Siberian crane (Grus leucogeranus) 305
steelhead trout (Oncorhynchus mykiss) 47, 237
swan goose (Anser cygnoides) 305
tangled lignum (Muehlenbeckia florulenta) 357
water crowfoot (Ranunculus penicillatus ssp.

pseudofluitans) 339
white-clawed crayfish (Austropotamobius pallipes) 8
white-naped crane (Grus vipio) 305
willow (Salix spp.) 34, 195, 239, 276, 348
wood sandpiper (Tringa glareola) 353

stakeholders – roles as agents of sustainable river basin
management 22–3

Strategic Environmental Assessment (SEA) 319
stream power 227–8, 239, 387, 394
sustainability paradigm 17
Sustainable Urban Drainage Systems (SUDS) 19, 318
swan–macrophyte conflicts 339–43

derivation of model parameters 341
Individual-based models (IBMs) 339–43
MORPH model 340–1
resource–consumer models 339, 342
River Frome 340, 341, 342

Tallulah Falls geological formation 92
Tanzania 45, 50, 51, 52
taxonomic distinctness 175–82

delta+ as a diversity index 180–1
feeding group diversity 178, 181
further use 181

temporary Mediterranean streams 273–83
climate change 274, 280, 281
construction of dams and reservoirs 274
establishing climatic patterns and trends 276–7
global biodiversity hotspots 280
hydrological modelling 277–8, 280, 281
land use and stream morphology 278, 280
need for demonstration catchments 274, 280–1
Pardiela River, southern Portugal 273–83
proposals for management 281

Soil and Water Assessment Tool (SWAT) 274, 276,
277–8, 279

variability in temperature and rainfall 276–7
threats to rivers

abstraction 5, 6, 47, 51, 53, 55, 72, 73, 115, 130, 162,
168, 203, 205, 280, 394

acidification 5, 113, 362, 365, 366
agricultural intensification 22, 213, 264, 313, 373
angling pressures 203, 345
barriers to migration 203, 205
channelization 5, 18, 39, 212, 227, 232
dam construction 6, 19, 289, 371, 373
hydro-electric schemes 121, 129–30, 145, 325, 328,

332
increased water temperature 124
increasing salinity levels 178, 180, 360, 366
number of large dams worldwide 6
nutrient enrichment 5, 114, 135, 137, 147, 155, 168,

217
pollution

diffuse sources 5–6, 19, 48, 115, 145, 203, 205, 217,
392

industrial 80, 81, 121, 155, 213, 244, 245, 251,
261–72, 394

point sources 48, 103, 104, 115, 136, 145, 184, 203,
205, 371, 373

pollution incidents, England and Wales 5
saltwater intrusion 73–4, 76, 127

Three Gorges Dam, China 6, 47
trends in river science 20, 384
typologies 22, 386–8, 396

UK National Biodiversity Network (NBN) 163
UNESCO 297–8, 300
UNESCO-IHE Institute for Water Education 50, 51, 291,

292
Upper Wharfedale Project 19, 23
Usangu wetlands 53, 54, 55

wastewater treatment 19, 135, 243, 244, 245
Water for Life decade 249
wetland reclamation 302, 305, 306
Wild State Index (WSI) 348, 350, 352

York conference 1990 3–4, 7, 10, 17, 18, 45, 107, 225,
285, 286, 290, 359

York conference 2010 4, 225, 331


