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The Second International Symposium on the Management of Large Rivers for Fisheries was held on 11 – 14
February 2003 in Phnom Penh, Kingdom of Cambodia. It had three primary objectives: 

to provide a forum to review and synthesize the latest information on large rivers;
to raise the political, public and scientific awareness of the importance of river systems, the living aquatic
resources they support and the people who depend on them; and
to contribute to better management, conservation and restoration of the living aquatic resources of large rivers.

The Symposium was organised in six sessions: 

Session 1 Status of rivers
Session 2 Value of river fisheries
Session 3 Fisheries ecology and conservation
Session 4 Management of river fisheries
Session 5 Statistics and information
Session 6 Synthesis

Over 220 river scientists and managers from around the world attended the Symposium. 
Contributed papers represented 96 rivers from 61 river basins from all continents and climatic zones.  

Selected papers submitted to the Symposium appear in these proceedings, which consist of:
Proceedings of the Second International Symposium on the Management of Large Rivers for Fisheries: Volume 1
Proceedings of the Second International Symposium on the Management of Large Rivers for Fisheries: Volume 2

Papers appearing in these proceedings have been subject to the regular academic refereeing process. Additional
selected papers will appear in the journal Fisheries Management and Ecology.

ORIGINS 
of the SYMPOSIUM
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Abell R. Thieme M. Lehner B.

Conservation Science Program, World Wildlife Fund, 1250 24th St. NW Washington, DC
USA 19041  E-mail: robin.abell@wwfus.org

ECOREGION  CONSERVATION  FOR
FRESHWATER  SYSTEMS, WITH  A  FOCUS

ON  LARGE  RIVERS

ABSTRACT

Conservation planning with the express purpose of protecting the aquatic biodiversity of large river
systems is a relatively new endeavour. A conservation blueprint should be designed around the protection of
sufficient habitat for the most wide-ranging and sensitive species and of the physical processes that create and
maintain those habitats. WWF and several other organizations have adopted an approach to large-scale plan-
ning, referred to as ecoregion conservation (ERC). An ecoregion is a large unit of land or water containing a
geographically distinct assemblage of species, natural communities and environmental conditions. The bound-
aries of an ecoregion encompass an area within which important ecological and evolutionary processes most
strongly interact. Large river basins often fit this definition. Conservation strategies that are formulated at the
ecoregion scale have the potential to address the fundamental goals of biodiversity conservation: 1) represen-
tation of all distinct natural communities within conservation landscapes and protected-area networks; 2)



maintenance of ecological and evolutionary processes
that create and sustain biodiversity; 3) maintenance of
viable populations of species; and 4) conservation of
blocks of natural habitat that are large enough to be
resilient to large-scale stochastic and deterministic dis-
turbances as well as to long-term changes. Through
ERC we generate a vision for what an ecoregion
should look like in 50 years if its biodiversity targets
are to be maintained. These targets fall into five main
categories: distinct communities, habitats and species
assemblages; large expanses of intact habitats and
intact native biotas; keystone habitats, species and phe-
nomena; large-scale ecological processes; and species
of special concern. The nature of freshwater systems
requires that we go beyond identifying discrete aquat-
ic areas on a map. A vision for a freshwater system
must take into account the importance of lateral, longi-
tudinal and even vertical connectivity; examine threats
originating upland, upstream and even downstream;
incorporate strategies for protecting hydrologic
processes operating over large scales; and consider the
implementation of land-based conservation strategies
in the larger catchment. WWF and partners, has under-
taken ERC in a number of freshwater systems, includ-
ing the Amazon, Congo, Niger and lower Mekong
Rivers. The many lessons we have derived from our
work include the critical need to integrate the expertise
of hydrologists with that of biologists, the importance
of starting with catchments rather than small
“hotspots” and the value of integrating freshwater
strategies with parallel efforts in adjacent terrestrial
and marine systems. Next steps for our work involve
improving the classification of aquatic habitats so that
all types can be represented in a conservation blue-
print; investigating the habitat requirements and
metapopulation structures of select wide-ranging focal
species; forecasting future threats like climate change
and incorporating that information into our strategies;
and conducting research to begin to identify thresholds
in land use that translate into threats to aquatic biodi-
versity.
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INTRODUCTION

Conservation planning with the express pur-
pose of protecting the aquatic biodiversity of large
river systems is a relatively new endeavour. From
headwaters to mouth, these systems typically are char-
acterized by high habitat heterogeneity with corre-
sponding high species richness. Many also support
large numbers of endemic species and may be distin-
guished by ecological phenomena (e.g. large-scale
migrations of fish) and evolutionary phenomena (e.g.
radiations of multiple species from a common ancestor). 

Unfortunately, these systems’ large size also
hampers the development and implementation of
effective conservation strategies. There is consensus
within the conservation community that strategies
must be scale-appropriate, tailored to the spatial and
temporal scales over which ecological processes oper-
ate (Fausch et al. 2002). Freshwater managers have
long recognized the need to take a whole-basin
approach to planning, as evidenced by the large num-
ber of river and lake basin planning organizations and
authorities around the world. However, protecting or
restoring hydrological and ecological processes over
millions of square kilometres is a daunting task, espe-
cially where river systems cross international bound-
aries. Additionally, freshwater systems are often high-
ly degraded, particularly in their lower reaches, having
been modified extensively for irrigation, waste dispos-
al, hydropower, flood control, navigation and other
uses. Restoration of these downstream reaches can
require enormous expenditures for uncertain conserva-
tion returns, but these areas are essential components
of a representative suite of conservation priorities
(Frissell 1997). 

Understanding the trade-offs associated with
different conservation strategies is critical for any
large-scale planning effort. This is certainly the case
for large river or lake systems, where stakeholder
dynamics are nearly as complex as ecological dynam-
ics. One well-known, basin-wide approach that focus-
es on trade-offs is Integrated River Basin Management
(IRBM). In past IRBM projects, the maintenance of a
reliable and safe water supply for human use has 



generally taken precedence over the protection of bio-
diversity, or the goals have been vaguely defined
(Hooper and Margerum 2000). 

Ecoregion conservation (ERC), a large-scale
planning approach adopted by World Wildlife Fund
(WWF, known also as the World Wide Fund for
Nature) and several other organizations, shares
IRBM’s whole-system perspective but puts biodiversi-
ty solidly first. An ecoregion is a large unit of land or
water containing a geographically distinct assemblage
of species, natural communities and environmental
conditions (Dinerstein et al. 1995). The boundaries of
an ecoregion encompass an area within which impor-
tant ecological and evolutionary processes most
strongly interact. For aquatic biodiversity, large river
basins often fit this definition, though in some cases
biogeographic barriers separate a basin into two or
more ecoregions, or neighboring basins are biotically
similar enough to be combined together (Abell et al.
2000; Thieme et al. unpublished data). 

The first step in ERC is to develop a “biodiver-
sity vision.” The vision aims to outline those areas and
processes that are essential for maintaining an ecore-
gion’s biodiversity features for at least the next 50 to
100 years. We then build a conservation strategy
around this vision, taking into account the range of
trade-offs inherent in different options. Beginning with
a vision that is firmly grounded in biodiversity targets
is one of the characteristics that distinguish ERC from
most past IRBM endeavours. 

We build a vision around a subset of biodiver-
sity features – targets – that distinguish the ecoregion
and/or serve as umbrellas for other features. These tar-
gets fall into five main categories: 

- Distinct communities, habitats and species
assemblages (e.g. “hotspots” of richness or
ende-mism); 

- Large expanses of intact habitats and intact
native biotas (e.g. un-impounded rivers, assem-
blages without exotics); 

- Keystone habitats, species and processes (i.e.
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features that exert a powerful influence on the
composition, structure and function of ecosys-
tems and consequently on biodiversity, such as
seasonal flooding); 

- Large-scale ecological phenomena (e.g. long-
distance migrations of fish); 

- Species of special concern (e.g. sensitive
species that can serve as focal species for plan-
ning). 

ERC is applicable to terrestrial, freshwater and
marine systems, but the approaches for each realm are
somewhat different. A terrestrially focused vision nor-
mally identifies a suite of biologically distinct areas for
protection (Dinerstein et al. 2000), but the nature of
freshwater systems requires that we go beyond identi-
fying discrete aquatic areas on a map. A vision for a
freshwater system must take into account the impor-
tance of lateral, longitudinal and even vertical connec-
tivity; examine threats originating upland, upstream
and also downstream; incorporate strategies for pro-
tecting hydrologic processes operating over large
scales; and consider the implementation of land-based
conservation strategies in the larger drainage basin
(Abell et al. 2002). 

Conservation strategies that are formulated at
the ecoregion scale have the potential to address the
fundamental goals of biodiversity conservation (modi-
fied from Noss 1992): 

Representation of all distinct natural communi-
ties within conservation landscapes and protect-
ed-area networks; 
Maintenance of ecological and evolutionary
processes that create and sustain biodiversity; 
Maintenance of viable populations of species;
and 
Conservation of blocks of natural habitat large
enough to be resilient to large-scale stochastic
and deterministic disturbances as well as to
long-term changes. These goals, developed for
biodiversity conservation in general, are essen-
tial for the freshwater realm and for large river
systems in particular.



WWF and its partners have undertaken ERC in
a number of freshwater systems around the world.
Here we review a general methodology that we have
developed for applying ERC to freshwater systems and
we discuss variations of this methodology as applied to
the Congo, Lower Mekong, Amazon and Niger River
systems.

GENERAL ERC METHODOLOGY

No two ERC projects have used identical
methodologies, due to differences in each ecoregion’s
ecology and available biodiversity data. Nonetheless,
all vision-building efforts share some basic compo-
nents (Table 1). A more detailed flowchart of steps is
given in Abell et al. (2002). 

The foundation of a vision is a biological
assessment:- a record of the distribution of species,
communities and habitats in the ecoregion, of ecologi-
cal processes sustaining this biodiversity and of cur-
rent and future threats to its maintenance. WWF’s
approach to ERC focuses on historic, rather than cur-
rent, distributions of biodiversity features, with the
understanding that many of these features have disap-
peared or are impaired. We take this approach because
the vision is intended to go beyond maintaining the sta-
tus quo, incorporating restoration as a tool where nec-
essary.

WWF has developed maps of freshwater ecore-
gions for North America and Africa (Abell et al. 2000;
Thieme et al. unpublished data) and is in the process of
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Representation groundwork

Develop representation decision rules

Refine ecoregion boundaries and define biogeographic sub-ecoregions

Identify habitat types for representation analysis or map habitats across ecoregion

Biological importance

Generate overall map of important areas

Identify and delineate areas (e.g. river reaches, wetlands) of biological importance

Assign levels of importance to areas based on their relative contribution to maintaining the ecoregion’s biodiversity

targets

Identify and delineate areas (including terrestrial) that are important for maintaining abiotic processes (e.g. hydro-

logically active areas)

Ecological integrity

Assign levels of ecological integrity to important areas

Map threats to aquatic biodiversity across the region of analysis (including terrestrial and/or marine areas)

Evaluate ecological integrity of important areas, based on habitat intactness and population/species viability

Prioritization

Prioritize among important areas based on the combination of biological importance and ecological integrity levels

Representation analysis

Conduct a representation analysis to ensure that all biogeographic sub-ecoregions and naturally occurring habitat

types are sufficiently represented in the suite of priority areas; add to the priority areas to achieve representation, if

necessary 

Table 1: Basic steps for developing a freshwater biodiversity vision through ERC 



finalizing a global ecoregion map (Abell et al. unpub-
lished data). Ecoregion delineations are based on bio-
geography of freshwater taxa, with an emphasis on the
distribution of freshwater fishes. These delineations
are relatively coarse and a first step for an ERC project
team is to revise the boundaries of its ecoregion based
on more detailed information and regional expertise.
For ecoregions that cover one or more sub-basins of a
larger river or lake drainage basin, an ERC team may
choose to extend the visioning effort to cover multiple
ecoregions, in order to capture the entire area over
which hydrological processes occur. Similarly, an ERC
effort for a riverine ecoregion with diadromous species
(e.g. salmon) might consider the adjoining marine
environment in its region of analysis.

Most ecoregions are sufficiently large and bio-
logically complex to justify dividing them further into
biogeographic sub-ecoregions. We define sub-ecore-
gions for the purposes of achieving representation. If
sub-ecoregions contain different species assemblages,
then we should have examples from each sub-ecore-
gion in the vision’s ultimate set of priorities. 

A second, finer representation filter relates to
habitats. In each sub-ecoregion, our goal is to capture
examples of all naturally occurring habitats. This
approach is based on the assumption that, as with sub-
ecoregions, different habitat types typically support
different species assemblages. Habitat types can be
mapped and classified across the entire ecoregion
using satellite imagery or other data layers (van
Niewenhuizen and Day 2000; Higgins 1999).
Alternately, experts can assign habitat type designa-
tions to areas, based on a pre-defined list. 

Representation goals – the number of habitat
occurrences that should be protected in each sub-
ecoregion and the size or other minimum quality that
the occurrences must achieve – are specific to each
ecoregion. Goals are often set based on the habitat
needs of focal species, which serve as umbrellas for
other taxa. A variety of criteria can be used to select
focal species (Table 2). Most often these species are
either wide-ranging, sensitive, or both. We attempt to
define the minimum characteristics that an area would
need if it were to support a viable population of the
focal species.

with  a  focus  on large rivers 5

Connectivity

Evaluate connectivity of the priority areas based on the dispersal and migratory requirements of focal species; add

corridors/linkage areas to achieve connectivity, if necessary

Future threats

Evaluate future threats to the priority areas and across the ecoregion

Conservation interventions

Develop specific recommendations for conservation interventions in the priority areas

Develop recommendations for broad conservation interventions (e.g. aimed at all riparian zones across the ecore-

gion)

Biodiversity vision

Evaluate if the recommendations, if implemented, would achieve protection of the ecoregion’s biodiversity over the

long term (50 years)

Modify the recommendations, if necessary, to achieve a sufficiently ambitious biodiversity vision



Once this groundwork is complete, the assess-
ment can proceed with the identification of biological-
ly important areas. Biologially important areas are
those places, such as certain river reaches, headwater
drainages, wetlands, or waterfalls, that are known (or
highly suspected) to support one or more identified tar-
gets. For example, a given river reach may be distin-
guished by high species richness or endemism in one
or more taxonomic groups; it may provide habitat for
an endemic genus or even family; it may support an
unusually intact species assemblage; it may represent
one of the last remaining large expanses of intact 
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Biological characteristics

1. Climatic sensitivity

2. Sensitive to pollution

3. Low reproductive rate

4. Limited dispersal ability

5. Space-demanding/wide-ranging

6. Migratory, with specialized spawning sites

7. Large-bodied/largest member of feeding guild

8. Dependent upon rare, widely dispersed habitat

9. Narrow temperature or water chemistry require-

ments

10. Adapted to particular flow regime, water level, flood

cycle

11. Specialized dietary, habitat requirements (particu-

larly breeding, nursery sites)

12. Population seasonally/daily concentrated and/or

aggregates during part of life cycle

Population status

1. Population small or declining

2. Meta-populations with unique genetic compositions

Human-impact factors

1. New and large markets for consumptive use

2. Habitat threatened by loss, conversion, degradation,

or fragmentation

3. Population threatened by direct exploitation, harass-

ment, or ecological interactions

Table 2: Attributes of focal species

Waterbirds

1.  Aquatic plants

2.  Freshwater fish

3.  Aquatic mammals

4.  Trichoptera (caddisflies)

5.  Ephemeroptera (mayflies) 

6.  Aquatic and semi-aquatic reptiles

7.  Amphibians with aquatic life stages

8.  Odonata (dragonflies and damselflies)

9.  Diptera (mosquitoes, black flies, midges)

10. Neuroptera (hellgrammites, dobsonflies, alderflies)

11. Crustaceans (crabs, lobsters, copepods, ostra-

cods)

12. Aquatic and/or wetland molluscs (snails and mus-

sels)

13. Coleoptera (diving beetles, riffle beetles, whirligig

beetles)

14. Hemiptera (backswimmers, diving bugs, water

striders, water scorpions)

Table 3: Taxonomic groups to consider for a fresh-

water ERC assessment (modified from Abell et al.

2002)

habitat; it may be one of few areas where ecological
processes like flooding and associated migrations
occur; it may serve as an important refuge or source
pool for keystone species; it may contain a rare habitat
type; or it may harbor one or more species of special
concern.

Typically, experts from a variety of disciplines
use published and unpublished data, combined with
their own observations, to identify these important
areas. A strong expert group is knowledgeable about a
range of taxa representing the most important biotic
components of the ecoregion (Table 3). Maps of
important areas for different taxa (e.g. fish, molluscs,
amphibians) are often produced separately and then
combined with other maps (e.g. important floodplains)
to create a single depiction of areas of biological
importance. 

In many of the world’s river systems, however,
there are scant species and assemblage data to inform



this process of identifying important places. Where
data are lacking, sub-ecoregions and habitat classifica-
tions can serve as proxies. In this situation, we recom-
mend identifying areas of biological importance based
on size, intactness, connectivity, or other attributes,
making sure that the areas cover all habitat types
occurring naturally in all sub-ecoregions. 

Areas of high biological importance cannot be
protected if hydrologic and other abiotic processes fail
to function within their natural ranges of variation.
Maintaining these processes requires looking upstream
and upland from the biologically important areas.
Methodologies for identifying such “abiotic” areas are
crude but evolving and almost by necessity must rely
on models for large river systems. For a given ecore-
gion, consultation with hydrologists, biogeochemists
and other physical scientists is essential, both to iden-
tify the critical processes and interpret any model out-
puts.

Important areas for biological targets and abiot-
ic processes are often collectively referred to as “can-
didate priority areas.” These areas are usually each
assigned a level of importance (highest, high, moder-
ate) based on their relative contribution to maintaining
the ecoregion’s biodiversity features. This classifica-
tion helps to differentiate among the areas during the
later prioritisation process.

The other major input to prioritisation is an
evaluation of the areas’ ecological integrity. Habitat in
the areas can range from virtually intact to critically
degraded. Even intact areas, however, may be unable
to support viable populations of species over the long
term because of insufficiencies of size, connectivity, or
other characteristics. An evaluation of ecological
integrity, in the context of ERC, incorporates both
habitat intactness and the likelihood that the species
and communities in that area can endure over the long
term, barring additional disturbances. We call this lat-
ter attribute “population/species persistence.” Levels
of ecological integrity (e.g. intact, altered/degraded/
highly degraded) are assigned to each important area
based on assessments of habitat intactness and popula-
tion/species persistence.

An evaluation of habitat intactness normally
combines an analysis of geospatial data with expert
assessment. A wide variety of geospatial information
can be used (Table 4), though not all possible measures
(Table 5) will be relevant to or available for a given
ecoregion. Most, though not all, geospatial information
and measures will relate to activities on the terrestrial
landscape resulting in altered flow regimes and water
quality. The analysis of habitat intactness, then, is typ-
ically conducted across each of the important areas’
watersheds. 
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Biotic

1. Indigenous areas

2. Vegetation/land cover

3. Areas of deforestation

4. Aquaculture operations

5. Cattle/livestock densities

6. Human population density 

7. Species distributions (e.g. IBAs)

8. Ranges of exotic species or areas of known intro-

ductions

Table 4: Possible geospatial data layers to inform an evaluation of habitat intactness 

Abiotic

1. Roads

2. Canals

3. Railroads

4. Refineries

5. Toxic sites

6. Major ports

7. Industrial sites

8. Protected areas

9. Fishing centres

10. Towns and cities

11. Areas of conflict

12. Drainage projects
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13. Water temperature

14. Runoff (by grid cell)

15. Pesticide application

16. Extent of floodplains

17. Power generation plants

18. Discharge (by river segment)

19. Water abstractions/Water use

20. Channelized or dyked streams

21. Erosion potential (by grid cell)

22. Pipelines (present and planned)

23. Sediment transfer (by grid cell)

24. Land uses (current and historic)

25. Mining activity and concessions

26. Logging activity and concessions

27. Irrigated and non-irrigated croplands

28. Fish passage devices (working and failing)

29. Inter-basin water transfers (present and planned)

30. River network (e.g. derived from Digital Elevation

Model)

31. Impoundments and reservoirs (present and

planned), plus additional barriers to passage

1.  Percentage of area grazed, by sub-basin
2.  Average population density, by sub-basin
3.  Length or area of floodplain habitat cut off from river
4.  Urban expansion or population growth, by sub-basin
5.  Sediment contribution or erosion potential, by sub-basin
6.  Number of impoundments per stream length, by sub-basin
7.  Road density or number of road-stream crossings, by sub-basin
8.  Number of pipeline-stream crossings, or length of pipeline, by sub-basin
9.  Average discharge, flow accumulation, or runoff of grid cells, by sub-basin
10. Length or percentage of streams with riparian vegetation cover, by sub-basin
11. Degree of protected area coverage (all areas, or only aquatic habitats), by sub-basin
12. Number or coverage of mining, logging, or other resource extraction operations, by sub-basin
13. Percentage of land-use classes within fixed-width buffer of streams or other water bodies, by sub-basin
14. Percentage of land-use classes, by sub-basin (e.g. 20 percent forest, 40 percent agriculture, 10 percent urban)
15. Percentage of headwaters (defined by elevation, gradient, stream order) with original land cover, by sub-

basin
16. Number or length of free-flowing streams, divided by number or length of impounded streams, by sub-basin
17. Length of stream habitat lost as a result of channelization (requires historic and current stream morphology

maps)
18. Length of stream flooded by impoundments, or length of stream above impoundments made inaccessible to

migrating species, by sub-basin

Table 5: Possible geospatial analyses for an assessment of habitat intactness. Additional examples are given in

Abell et al. (2002)



Evaluating the population/species persistence
of a given area is more of a challenge than evaluating
its habitat intactness, because we generally have little
or no information about species’ life cycles, habitat
requirements and metapopulation structures. Layering
that information for all or a subset of species historical-
ly occurring in the area would allow evaluation of the
overall population/species persistence of the area. For
obvious reasons, detailed assessments like these are
many years off. Where there is literally no information
available to evaluate population/species persistence,
the assessment of habitat intactness can be used alone
to signify ecological integrity.

Biological importance and ecological integrity
levels are typically the two main inputs used to priori-
tise among important areas. A matrix with levels of
importance on one axis and levels of ecological
integrity on the other provides a simple tool for assign-
ing priority levels. ERC teams have often chosen to
take a “triage” approach, assigning lower priority to
those areas considered to be highly degraded and prob-
ably beyond repair (Table 6). An alternative approach
might assign highest priority both to those degraded
areas most urgently in need of protection to stem fur-
ther habitat loss and to those intact areas representing
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Table 6: Example of an integration matrix for assign-

ing priority levels to important areas

Ecological Integrity Biological Importance

High Medium Low

Intact I II III

Altered/degraded I II III

Highly degraded II III IV

This ERC effort focused only the subset of Amazonian

rivers with associated flooded forests or grasslands.

adding new areas to the set fills gaps in representation.

Similarly, new areas may be added to address
issues of connectivity. Important areas that are func-
tionally isolated could theoretically be reconnected
through the restoration of intervening areas or the
removal of a structural barrier. 

This process yields a set of areas – a combina-
tion of linear and polygonal features – that represent
those parts of the ecoregion that are most important
from a biodiversity conservation perspective. This col-
lection of places does not necessarily constitute a
vision. There remain the issues of impending threats,
conservation interventions for the important areas and
conservation strategies needed more broadly within
the ecoregion and perhaps even outside of it. 

Forecasting future threats – their form, direc-
tion, location and magnitude – is an inexact science,
but developing a conservation plan without an eye to
the future is surely shortsighted. Some future threats,
such as structural developments and land concessions,
are gazetted and thus have a degree of predictability.
Others, such as population growth, may be forecasted
based on current trends. Climate change models can
yield predictions about future changes in water avail-
ability and water temperature over large scales, provid-
ing an idea of possible impacts and their extent; differ-
ent models, however, often show inconsistencies in
their results, which demand careful interpretation. We
recommend combining quantitative information with
expert assessment to identify those areas in need of
urgent attention if impending threats are to be fore-
stalled. A future threats assessment can also suggest
actions to be implemented across the ecoregion.

With information on current and future threats,
it is possible to recommend conservation interventions
for each important area, for the ecoregion as a whole
and for areas of intermediate size. These recommenda-
tions will likely relate to the type of protection required
(e.g. creating buffer zones along a river, reducing
water withdrawals), rather than to the exact approach
(e.g. land purchases, regulations) for achieving it.

rare opportunities for preservation. Once the matrix is
designed, priorities are assigned to important areas to
highlight those that should be given attention first.

Following the prioritisation, a representation
analysis is undertaken to ensure that all sub-ecoregions
and habitat types have been captured in the suite of pri-
orities. Elevating the priority level of certain areas or



The biodiversity vision is the sum total of these
outputs. An ERC team looks at the final set of recom-
mendations and evaluates if these actions would, in its
best judgement, result in protection of the ecoregion’s
biodiversity features over the long term. If not, then the
vision is probably not ambitious enough and requires
modification. Once the vision is complete, the next
step is development of an actual implementation strat-
egy, based on a host of biological and socio-economic
considerations. A vision, though, should never be so
final that new scientific and socio-economic informa-
tion cannot be incorporated as it becomes available.

APPLICATION OF THE ERC APPROACH TO
SPECIFIC LARGE RIVER SYSTEMS 

The approach described above is based on a
theoretical ecoregion. In the real world, especially for
large river systems, data and expertise limitations pre-
vent undertaking many of the steps. Here we briefly
describe the variations that resulted from applying
ERC to the Congo, Lower Mekong, Amazon and Niger
River systems.

Our first major attempts to apply ERC to large
rivers were for the Congo and Lower Mekong systems.
These efforts were undertaken consecutively, in March
2000. In each of these situations, we relied solely on
expert assessment workshops to develop visions, with
few geospatial data sets available to inform the
process. Each of the workshops lasted three days and
the expert groups were comprised of about a dozen
individuals each. Experts identified biologically
important areas on maps, evaluated the areas’ ecologi-
cal integrity and developed recommendations for those
areas and the ecoregion as a whole. Data insufficien-
cies required the experts to take coarse approaches and
their frustration with the lack of information led them
to focus their recommendations largely on how to fill
data gaps. 

Within the Amazon River system, with its vast
size and almost complete lack of species data for all
but a few locations, we took a different approach based
almost entirely on geospatial data. Instead of identify-
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ing important areas for biodiversity, a team of scien-
tists first divided the basin into sub-ecoregions, for the
purposes of representation. They then divided the sub-
ecoregions into major sub-basins, which were the units
of analysis for the remainder of the assessment.
Landsat TM imagery was used to map habitat types
within the floodplains and associated rivers. Biological
importance for each sub-basin was based on a combi-
nation of calculated habitat diversity (applying a
Shannon-Weaver Index), the presence and extent of
special habitats (lakes, secondary rivers, islands,
cataracts) and the results of prior biodiversity assess-
ments (i.e. PROBIO and ProVárzea/PPG7). 

Ecological integrity of the Amazonian sub-
basins was also assessed primarily as a function of
geospatial indicators. These indicators were percent
natural vegetation coverage within floodplain habitats;
percent natural vegetation coverage within each sub-
basin; size of population centres within each sub-
basin; presence and assessed degree of impact of
urban, petroleum, mining and farming within each
sub-basin; and number and location of dams within
each sub-basin. Population/species persistence was not
explicitly addressed. The biological importance and
ecological integrity values were used to identify a
highest priority sub-basin in each sub-ecoregion, in
order to achieve representation at a very coarse scale.
Additional areas were added to achieve connectivity
within the Amazon River main stem.

To identify major threats and opportunities for
each priority sub-basin, experts again relied heavily on
geospatial data and developed general recommenda-
tions for conservation interventions. The next step will
be conducting more detailed assessments of the priori-
ty sub-basins to identify smaller priority areas. In
effect, the ERC process will be repeated for these sub-
basins, most of which are as large as entire ecoregions
found elsewhere.

The Niger River Basin effort differed from the
Congo, Mekong and Amazon efforts in two ways: it
used a more balanced combination of expert assess-
ment and geospatial data and it explicitly included



hydrological considerations. The experts were provid-
ed with hardcopy maps displaying land cover (USGS
2001), protected areas (WWF data), roads (ESRI
1993), Important Bird Areas (BirdLife International
data), dams (FAO 2001), agricultural suitability (FAO
2000) and population density (ORNL 2001). Data on
runoff generation from a global hydrological model,
provided by the University of Kassel, Germany (Döll,
Kaspar and Lehner 2003), were used as a starting point
for discussions about which sub-basins were most
important for maintaining the flow regime. 

Three taxonomic expert groups (for fish, birds
and other vertebrates) and one for hydrological
processes worked to delineate areas of importance
across the Niger Basin. The experts selected 19 priori-
ty areas for conservation action. They assigned a level
of threat to each area and developed a list of conserva-
tion actions that should be undertaken in the priority
areas and at the level of the basin.

The visions for these four river systems are in
various stages of completion (Baltzer, Nguyen Thi Dao
and Shore 2001; WWF 2001; WWF 2002; Wetlands
International unpublished data). Maps illustrating the
results are available upon request from WWF. 

DISCUSSION 

Our experiences applying ERC to the four river
systems of the Congo, Lower Mekong, Amazon and
Niger have taught us a range of lessons. We have
incorporated these lessons into each successive effort,
but the nature of ERC is that all ecoregions present
unique circumstances that require flexibility and inno-
vation.

The most important and perhaps obvious, les-
son is that terrestrial approaches to ERC translate
imperfectly to freshwater systems. For instance, evalu-
ating the ecological integrity of an aquatic area
requires looking beyond it, since upland, upstream and
downstream activities affect it and barriers to dispersal
and migration can be impassable. Terrestrial areas are
affected by activities outside their boundaries, but
most often to a lesser extent.
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A second lesson relates to the importance of
expanding our analysis beyond pure biological infor-
mation. Ever since we first applied ERC to freshwater
systems, we have known that a robust vision must
incorporate information on hydrologic processes. But,
it was only with the Niger River Basin effort that quan-
titative hydrologic information was used and to rela-
tively good effect. However, the global hydrologic
dataset used for the modelling was coarse and the proj-
ect would have benefited from the development of
finer-scale data. The Niger experience has also taught
us the value of explicitly linking the hydrological and
biological parts of an assessment and in future efforts
we intend to identify those places with the greatest
hydrologic impact on biologically important areas. 

In general, the inclusion of one or more hydrol-
ogists and perhaps biochemists as well, may be the
most important way that an ERC team can improve
upon a standard visioning process. Aquatic biologists
and physical scientists rarely have opportunities to
interact and many hydrologists have never been chal-
lenged to put their expertise to use in biodiversity con-
servation. Conserving aquatic biodiversity is as much
about maintaining physical processes as it is about
focusing on species. 

All four ERC efforts have underscored the
importance of entering an assessment effort with as
much geospatial data on hand as possible. The most
successful efforts have allowed experts to use and react
to map-based information and to the results of geospa-
tial analyses. In an ideal situation, a geographic infor-
mation system (GIS) would be employed to divide an
ecoregion into component sub-basins; the optimal
scale of these sub-basins would vary by ecoregion
according to the precision of digital elevation models
and the scale of available geospatial data (e.g. there is
no need to delineate very small sub-basins if land
cover data are at a coarser scale). A variety of calcula-
tions related to the distribution of habitat types and
threats could be undertaken for each sub-basin prior to
an assessment, in order to inform it. 



Geospatial data have weaknesses as well as
strengths. They provide relatively standardized infor-
mation about parts of ecoregions with which experts
are unfamiliar and they allow for quantitative meas-
ures. On the other hand, geospatial data will always
only be a proxy for direct measures of habitat intact-
ness. They can also be outdated, inaccurate, or mis-
leading (e.g. when a protected area is in fact no more
than a paper park). 

Expert assessment can complement and vali-
date the results of a geospatial analysis, because
experts make their assessments based on observations
of actual aquatic habitats. But, because aquatic biolo-
gists may be unfamiliar with land-based threats occur-
ring at a distance from their study sites, it is important
to involve additional individuals with a detailed
knowledge of activities occurring on the landscape. A
usual challenge is finding experts who understand how
specific land uses affect aquatic species and habitats
(e.g. how plantation forest differs from native forest in
terms of hydrologic and nutrient flows).

We have also learned the value of a pre-assess-
ment habitat classification in enabling an automatic
representation analysis once priority areas are delineat-
ed. A sophisticated classification would go beyond
simply identifying different habitat types on a map and
would assign classes based on similarities of geomor-
phology, ecological processes and environmental gra-
dients (Higgins et al. 1999). Of course, the accuracy of
these classifications must be ultimately checked on the
ground, a task that can be daunting for remote, isolat-
ed areas of large river systems.

Habitat classifications and geospatial analyses
cannot replace expert assessments entirely, but for
ecoregions where biodiversity data are virtually non-
existent and experts are unfamiliar with large areas, the
classifications and analyses can provide a preferred
alternative to guesswork. Ecoregions that are the most
data-poor in terms of biological information can be
least suited to expert assessment, because the experts
have a frustratingly small amount of information on
which to base their decisions. In these cases, data sur-

rogates and/or predictive models can provide a first cut
at an assessment and experts can then review the
results. On the other end of the spectrum, an ecoregion
that is data-rich, with comprehensive information on
species distributions, is a good candidate for the use of
a systematic algorithm to assist priority-setting
(Margules and Pressey 2000). In the middle are those
ecoregions where some species and habitat distribution
data exist, but data are not available for the entire
region of analysis or they are largely unpublished. In
this case, an expert workshop may be the most appro-
priate approach for conducting an assessment.

Our experiences in the Congo, Lower Mekong
and Amazon have reinforced the value of integrating
freshwater strategies with parallel efforts in adjacent
terrestrial and marine systems. These realms are inti-
mately connected, yet we tend to pursue independent
planning efforts due to resource limitations, a lack of
crossover expertise and a need to highlight the conser-
vation of normally neglected aquatic biodiversity.
Integrating separately derived results into a single
vision is possible, but a true integration of planning for
freshwater, marine and terrestrial biodiversity requires
more than a simple overlay of priority areas.
Incorporating hydrologic concerns into terrestrial and
even marine planning may provide a good platform for
a true integration. 

Our methodology for conducting biological
assessments and developing biodiversity visions in
freshwater systems is still quite young and is evolving
rapidly. We expect to improve our approach to classi-
fying aquatic habitats by working with partners like
The Nature Conservancy, which has developed a
methodology for habitat classification in data-rich sys-
tems. We hope to catalyze investigations of the habitat
requirements and metapopulation structures of select
wide-ranging focal species, like the giant Mekong cat-
fish (Pangasianodon gigas (Chevey), with the inten-
tion of exporting methodologies for species investiga-
tions in other similar systems. We are developing tools
for forecasting future threats and incorporating that
information into our strategies; climate change in par-
ticular is expected to have drastic consequences for
aquatic biota in certain regions, yet we have failed to
incorporate this information into the design of conser-
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vation plans. Finally, we hope to conduct research
aimed at identifying thresholds in land use that trans-
late into threats to aquatic biodiversity, so that we can
begin to answer the critical question of ERC, “How
much is enough?”
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ABSTRACT

The purpose of this study was to determine the
magnitude of the fisheries sector along the Amazon
River in Brazil. Total income and employment
were estimated for the principal activities compris-
ing the fisheries sector: fish processing plants,
stores selling fishing material, gas stations, restau-
rants, ice factories and boatyards. Businesses were
interviewed in 15 cities along the Amazon River.
The number of fishing boats and total catch were
estimated using data from the Brazilian Coast
Guard (Capitania dos Portos) and fish landings data
collected in 7 cities. Results show that the fisheries
sector generates R$389 million yr-1 and 168 315
jobs. The major share of employment was generat-
ed by subsistence and commercial fishing activity,
while most income was generated by the process-
ing industry. It was also estimated that 7 531 fish-
ing boats landed 83 847 tonnes in towns along the
Amazon River. 

15

Almeida O.1 Lorenzen K.2 McGrath D.1, 3

1 IPAM, Av. Nazaré, 669, Centro, 66035-170 Belém, PA, Brazil 
2 Imperial College, RRAG, Prince Consort Road, London SW7 2BP, UK
3 UFPA/NAEA and WHRC

THE  COMMERCIAL  FISHING  SECTOR
IN  THE  REGIONAL  ECONOMY
OF  THE BRAZILIAN  AMAZON



INTRODUCTION

Fisheries have long played an important role in
the Amazonian regional economy both for subsistence
and trade. In recent decades, a modern commercial
fishery has developed, as a result of technological
changes and the growth of urban markets and exports.
This is transforming Amazon fisheries. In the process
total catch and direct and indirect employment and
income have grown enormously. Today the fishery is
one of the most important renewable resources of the
basin and of fundamental importance to the population
and economy along the Amazon-Solimões River.

Unlike other sectors of the economy, such as
forestry or mining, the fisheries sector receives little or
no attention from government policy makers or region-
al development programs. While generally excellent
data on the biological aspects of Amazonian fisheries
are now available, there are virtually no data of com-
parable scope and quality on the economic aspects of
regional fisheries. What data are available are usually
from questionable sources and grossly underestimate
the magnitude and importance of the sector. As a
result, Amazon commercial and subsistence fisheries
have been the invisible sector, its size and importance
to the regional economy largely unknown and grossly
undervalued.

The purpose of this study is to determine the
magnitude of the fisheries sector along the Amazon-
Solimões River. Total income and employment are
estimated for the main activities of the sector, includ-
ing fish processing plants, stores selling fishing gear,
gas stations, restaurants, ice factories and boatyards.
The total number of fishers, boats and the total catch
along the Amazon River are also estimated. Finally, the
long-term benefits generated by the fisheries sector are
compared to those generated by the forestry sector.

METHODOLOGY

DATA COLLECTION

The major activities comprising the sector were
organized into four groups on the basis of their func-
tional role within the sector, inputs (ice, boat building,
fuel and fishing gear), fishing, processing and market-
ing (markets and fairs) and services (restaurants). To
assess the importance of the fisheries sector, business-
es, Coast Guard officers and Fisher Union officials
were interviewed in 15 of a total of 52 cities along the
Amazon-Solimões River corridor. Cities were chosen
from a stratified sample. All three cities larger than 250
000 inhabitants were selected and a random sample of
12 cities was chosen from the remaining 49 (Figure 1).
In each city we interviewed representatives of all fish
processing plants, stores selling fishing material, gas
stations, fish restaurants, ice factories and boatyards
that were available and agreed to be interviewed,
approximately 89 percent of the total number of busi-
nesses in the sampled cities (Table 1). Due to the large
number of fish markets and individual vendors a sam-
pling strategy was employed for this sector. In the two
largest cities, Belém and Manaus, a random sample of
markets was chosen and a sample of vendors was inter-
viewed in each market. In the remaining sample cities
all public fish markets were visited and a sample of
individual vendors was interviewed. Overall, 17 per-
cent (n=238) of the total number of vendors was inter-
viewed in large and small cities. Businesses were iden-
tified based on interviews with key informants such as
presidents of fisher’s unions, government officials,
researchers and businessmen. For activities such as
boatyards and gas stations, owners were asked to esti-
mate the proportion of their business that involved the
fisheries sector. 

A field team consisting of a researcher and
assistant undertook interviews. The questionnaire was
tested and adjusted in Santarém with one assistant and
an extra field assistant was trained in a nearby sample
city. Interviews in the remaining 13 cities were con-
ducted from April to June 2001. Interviews were short
and included questions on the number of employees,
production or volume of product sold, selling prices of
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products and seasonal variation in economic activity.
The number of fishing boats in each city was obtained
from the local Coast Guard office. A total of 436 inter-

views were conducted of which about half were with
market vendors (Table 1).
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Figure 1. Map of the Amazon-Solimoes Basin showing location of the sampled cities

Table 1: Total interviews per type of business, average income and total estimation of annual income (in R$1) in

the Amazon/Solimões River, 2001. R$3 equivalent to US$1.

Number of business (1) Average annual income Number business            Total Annual
per city   income 

All cities
Interviewed   Existing         Large                   Small      Large Small

cities (3)    cities (49)

Fish Markets 238 1 366 24 241 13 803 367.67 21.92 41 563 167 

Business 48 51 80 786 19 761 10.33 1.67 4 118 183 

Ship Yard 7 10 150 000 119 300 1.00 0.58 3 840 506 

Ice factory 24 26 463 987 128 570 4.00 1.17 12 938 761 

Fish processing plant (2) 12 14 10 896 806 8 462 500 193 593 060

Gas station 32 36 310 905 217 441 6.00 1.50 21 578 166 

Restaurant 18 22 232 574 23 628 5.33 0.56 4 367 205 

Total 379 1 525 281 999 048 

(1) Does not include interviews with unions, Coast Guard and fish markets managers. 

(2) In the cities visited there were 14 fish industries from which 12 were interviewed. As we have the total number of fish processing plants

for the two states (20) there is no need to estimate using the cities sampled.



ANALYSIS

Economic performance of the fishing sector
was estimated in terms of employment and income.
Gross income and employment were calculated in
three steps: first, the average income and employment
was calculated for each type of business for small and
large cities separately. Then based on the total number
of businesses in each city the total income and employ-
ment was calculated for a city. Finally this value was
scaled up for the 49 small and 3 large cities along the
Amazon-Solimões. For example, in the case of fish
markets in small cities given an average of 22 vendors
with a gross annual income of R$13 803 per vendor the
total annual income for the fish market was of R$302
562. For all 49 small cities the total income was esti-
mated at R$14 825 394 (Table 1). The same methodol-
ogy was used to estimate number of boats. To avoid
double counting fish in the marketing chain, the value
of the fish sold by the commercial fleet to fish markets
and processing plants was deducted from the total
income of these two segments. Subsistence fishing is
also valued using the price of fish sold in the commu-
nity to highlight the economic importance of this seg-
ment in relation to others (Cowx 2003; Hanley,
Shogren and While 1997). 

The relationship between landings and urban
population was used to estimate total landings. Data on
fish landings in 7 cities were obtained from the litera-
ture and the relationship between urban population and
landings was found to be linear. This relationship was
used to estimate the catch of the cities that do not have
landing data. A linear relation was used because of the
tendency to overestimate results based on averages
(Figure 2).

RESULTS

NUMBER OF BOATS AND FISHERS

Based on the number of fishing boats registered
with the Coast Guard per city (Figure 2), we estimate
that 7 531 fishing boats operate on the Amazon-
Solimões river. Assuming there are 6.4 fishers per boat
(Almeida, Lorenzen and McGrath 2003), we estimate
that there are 48 198 fishers in the commercial fleet.

Data from the Santarém and Tefé regions were
used to estimate the total number of rural families
along the Amazon/Solimões River. In Santarém there
are 198 communities with a total of 9 876 families (De
Castro 1999) on 2 683 km2 of floodplain resulting in a
population density of 3 68 families km-2. The flood-
plain area along the Amazon River in the State of Pará
is estimated to be 21 720 km2 (based on Bayley and
Petrere 1989) for a total population of 79 930 families.
Queiroz (1999) estimates the population of the
Mamirauá Ecological Station on the Solimões River to
be 672 families in an area of 2 420 km2 for a popula-
tion density of 0.28 families km-2 (Queiroz 1999).
Multiplying by the area of várzea along the Amazon-
Solimões River, we estimate that there are 18 166 rural
families on the floodplain in the state of Amazonas.
The total for the states of Pará and Amazonas is 98 096
families. Assuming 1.14 fishers per household
(Ruffino, Mitlewski, Isaac et al. 1999), the number of
fishers on the Amazon-Solimões floodplain is estimat-
ed to be 111 829.

Using a somewhat different methodology,
Bayley and Petere (1989) arrive at a figure of 228 600
subsistence and commercial fishers in 1980 for the
entire Amazon basin, equivalent to 102 870 (45 per-
cent of the total), if only the Amazon-Solimões River
is considered. Deducting our estimate of the number of
commercial fishers (48 198) would leave a total of 54
672 subsistence fishers. This estimate is about half the
one presented above. If one corrects for population
growth over the last twenty years, Bayley and Petrere’s
estimate would increase to about 70 percent of that
presented here. Since their extrapolation is based on an
estimate of population density for a region in the
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Figure 2. Number of tonnes landed in several cities in relation to
county population (Source: Manaus, Itacoatiara, Manacapuru,
Parintins based on Batista (1998); Santarém, Almeida et al. (2001);
Tefé, Barthem (1999); Belém, Barthem (sd) Population data: IBGE
several years). Does not include fish processing plant landings.



Peruvian Amazon, outside the present study area, we
use here our estimate for the Brazilian Amazon.

Finally, based on landing data available for the
regional markets of seven Amazon cities (Figure 2) the
total volume of fish landed in urban centres along the
Amazon-Solimões rivers is estimated at 46 269 tonnes
(based on a log-log regression of catch and population
of a = -1.72 and b = 0.959). The total commercial land-
ings along the Amazon-Solimões River are estimated
at 83 847 tonnes when the value of the catch landed at
processing plants is included (37 578 tonnes; Cabral
and Almeida 2003). 

INCOME AND EMPLOYMENT GENERATED

Total income of the fisheries sector is estimat-
ed at R$389 million (Table 2). The activities generat-
ing this income include the commercial fishing fleet,
fish processing plants, fish markets, boatyards, ice fac-
tories, commercial establishments, gas stations and
fish restaurants. There are significant differences

between activities in their contribution to total sector
income and employment. Fish restaurants, businesses
selling fishing equipment and boatyards specialized in
building fishing boats each contribute 1 percent of the
total income generated by the sector. Ice factories and
gas stations specialized in selling to fishing boats con-
tribute between 3 percent and 6 percent, respectively.
The activities that contribute most to total sector
income are fish processing plants (36 percent), subsis-
tence fishing (33 percent) and the commercial fleet (16
percent) (Table 2).

The relative importance of fish processing
plants, despite the small number operating in the
Amazon, is due to their large size and high income per
plant (averaging R$10 million in sales) (Table 2). Fish
markets, in contrast, were not as important despite the
large number of vendors and markets.

Fish processing plants account for a large part
of the generated income. In 2001, for example, 20 fish
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Table 2: Annual income and employment along the Amazon and Solimões riverbanks, Brazil, 2001.

Annual Income (R$) Annual Employment

Total for riverbank Percent Average per Total for Percent
Business riverbank
per year

Subsistence fishers (1) 127 485 060 33 111 829 66

Commercial fishing fleet (2) 62 000 460 16 48 198 29

Fish markets (3) 12 468 950 3 1.3 2 839 2

Commerce 4 120 027 1 2.8 324 0

Ship yard 3 859 594 1 4.63 124 0

Ice factory 12 918 190 3 9.61 397 0

Fish processing plant (4) 139 993 060 36 147.47 4 044 2

Gas station 21 578 166 6 4.29 301 0

Fish restaurant 4 364 332 1 6.93 259 0

Total 388 787 839 100 168 315 100

1) 111 829 families * 1 583 kg per family (based on Queiroz 1999; McGrath et al. 1998) multiplied by R$ 0.72 per kilo (Almeida and
McGrath 2000). 
2) Consider total landings in cities (46 269 tonnes, see text) multiplied by the average price of Santarém, Manaus and Belém (R$1.34;
Ruffino 2002).
3) Consider 30 percent of the total income of fish market from Table 1. 
4) Total income of fish processing plants estimated in Table 1 subtracted by the value paid to commercial fishers (40 000 tonnes times
the price R$1.34; Ruffino 2002 and Almeida and Cabral 2003).



processing plants received approximately 38 thousand
tons of fish (Cabral and Almeida 2003). Most of these
plants are located in Belém, Manaus and Santarém (70
percent) and the main species processed included pira-
mutaba (Brachyplatystoma vaillantii) and dourada
(Brachyplatystoma flavicans). 

Subsistence (66 percent) and commercial fish-
ing (29 percent) generated 95 percent of total employ-
ment in the sector. The remaining 5 percent was divid-
ed between fish processing plants (2 percent) and all
other activities. 

DISCUSSION 

The results of this study show that the total
income of R$389 million generated by the commercial
fishery sector, is about four times greater than earlier
estimates based on fish landings and subsistence catch
(Mitlewski 1997). The study also found that subsis-
tence and commercial fishing fleets are the major con-
tributors to sector employment (95 percent). Other
activities, such as fish markets, establishments selling
fishing gear, gas stations, ice factories and restaurants,
make a comparatively limited contribution to total sec-
tor income and employment, together generating only
15 percent of the total, or R$60 million annually. It is
likely that because of the sampling methodology
employed and because some types of businesses were
not considered, such as supermarkets - an increasingly
important outlet for fish in the three major cities, this
figure underestimates the contribution of these activi-
ties. In addition, because we sampled only cities along
the main river, employment and income generated by
boatyards, many of which are located on tributaries with
better access to wood, may also be underestimated. 

This study also supports observations made in
an earlier study; that the last twenty-five years of fish-
eries development have led to the growth, but only par-
tial transformation of the sector. Employment has
grown with the expansion of the commercial fisheries,
but is still overwhelmingly concentrated in the capture
of fish. The low level of capitalization of the fleet is
reflected in the limited employment and income gener-
ated by activities that support the fishing fleet and by

the muted presence of downstream activities. Every
commercial fisher, for example, generates only 0.17
jobs in the rest of the sector. While processing activi-
ties are the second largest source of employment, they
are still a small fraction of the total for the sector. 

The importance of the subsistence fishery often
goes unrecognized in terms of both its contribution to
total catch, as well as, to the overall floodplain econo-
my. The subsistence fishery accounts for 65 percent of
the total catch in the Brazilian Amazon, twice the com-
mercial catch. The subsistence fishery also accounts
for a comparable proportion of employment (66 per-
cent). 

The subsistence fishery is a central element of
the household economy that contributes directly and
indirectly to total household income. Almeida,
Lorenzen and McGrath (2003) found that 84 percent of
floodplain households in the Santarém area fish for
subsistence and occasional sale. The protein obtained
from fishing is by far the most important source for
floodplain populations (Murrieta 1998). Income from
subsistence and commercial fishing represents 37 per-
cent of total household income, providing food and
cash that enable these households to generate at least
the same income from other activities such as farming
and ranching (Almeida et al. 2003). Furthermore, fam-
ilies with more diversified household economies tend
to earn more as they take fuller advantage of the flood-
plain resource base. The subsistence fishery, then, is a
strategic factor in the smallholder floodplain economy
that policymakers should take into account in design-
ing development policies for floodplain development
(Allison and Ellis 2001; Cowx 2003; Hanley et al.
1997).

This study also reveals the deficiencies in offi-
cial statistics for the fisheries sector. Table 3, for exam-
ple, shows employment per activity in the primary sec-
tor. According to this table there are 1.2 million people
employed in the primary sector in the states of
Amazonas and Pará and only 17 742 employed in the
fisheries sector. However, comparison of these govern-
ment employment statistics with the number of fishers
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processed by the fish processing industry, then the total
area exploited would be 134 150 ha (half the area for
half the catch). Based on present patterns of exploita-
tion, this same area of forest would provide round-
wood for 6 sawmills (134 150 ha/242 ha/90 year rota-
tion cycle system (Almeida at al. 1995, Veríssimo et
al. 1992) and generate an annual income of 4 million

calculated in this study (160 027) shows that the offi-
cial figure grossly underestimates employment in the
sector. See also estimates by Bayley and Petrere
(1989). The difference between official estimates and
reality is actually even larger because the data in Table
3 cover two entire states while the estimate used here
is only for the Amazon-Solimões River corridor. 

It is interesting to compare the relative contri-
butions that the fisheries and forestry sectors make to
the regional economy. This comparison hinges on the
relative sustainability and long-term productivity of
the two sectors in municipalities where a substantial
part of their total area consists of floodplain and upland
forest, as in the municipality of Santarém.

To compare the forestry sector with the fishing
sector some assumptions have to be made. The total
floodplain area of the municipality is estimated at 268
300 ha (Pro-Várzea, PPG7). Half of the commercial
catch, of 3 500 tonnes is landed in local markets and
the other half at fish processing plants. We consider the
catch landed at local markets and consumed by the
local population to be equivalent to roundwood pro-
duction by the timber industry, as both are sold
unprocessed. Likewise, the catch landed at the fish
processing industry is equivalent to sawnwood produc-
tion for the region. If we only consider the catch
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Table 3: Number of people occupied in primary sector, Pará, Brazil, 1996.

Amazonas State Percent Pará State Percent Total Percent

Annual crops 203 842 58 371 794 42 575 636 47

Horticulture 8 458 2 7 323 1 15 781 1

Perennial crops 67 953 19 91 743 10 159 696 13

Ranching 30 858 9 175 900 20 206 758 17

Agriculture and ranching 7 762 2 95 465 11 103 227 8

Silviculture and forest exploitation 20 444 6 128 766 15 149 210 12

Fishing and aquaculture 10 525 3 7 217 1 17 742 1

Production of vegetable coal 597 0 5 717 1 6 314 1

Total 350 439 883 925 1 234 364 100

Source: IBGE (1997)

dollars. By comparison, the main fish-processing fac-
tory in Santarém generates a gross annual income of
R$10.5 million, almost twice that of the forestry sector
for an equivalent area. While a more rigorous compar-
ison would need to be refined to account for the impor-
tance in the annual catch of migratory species from
outside the region, the basic point stands: when dealing
with floodplain and upland areas of roughly equal size,
floodplain fisheries generate more income and
employment than forestry. Furthermore, unlike the
forestry industry where most of the original forest area
will not be available for a second cut, fisheries produc-
tion can be maintained indefinitely. This example
shows the enormous income generating potential of
floodplain fisheries when properly managed; under-
scoring the strategic role they can play in the sustain-
able development of municipalities located along the
Amazon floodplain. 



CONCLUSION

Earlier we referred to Amazon fisheries as the
invisible sector whose contribution to the regional
economy is grossly under-estimated and consequently
under-appreciated by government policymakers. Here
we present the results of a first attempt to estimate the
actual magnitude of the sector in terms of employment
and income generation for the Amazon-Solimões
River corridor. Results of this analysis show that
income generation by the sector is four times larger
than previous estimates (Miltewski 1997, considering
present dollar parity and only the Amazon-Solimões
corridor), while direct employment is 8 times that in
published government statistics. The study also reveals
that the major contributors to sector employment are
the subsistence and commercial fisheries. Fish pro-
cessing plants are the major contributors to sector
income. The contribution of other activities, both
upstream and downstream, is just 15 percent of total
income. As these results suggest, total job creation per
commercial fishers is estimated very low, 0 17 and
even lower if subsistence fishery is also included,
underscoring the artisanal nature of the fishery. While
the magnitude of the subsistence fishery is captured in
this report, the sector’s contribution to overall flood-
plain income and employment has not been adequate-
ly assessed, due to the absence of data on floodplain
agriculture and ranching. However, data from the
Santarém region indicate that it can be considerable.
Finally, while at the basin level fisheries’ income and

employment are dwarfed by that of the forestry sector,
for municipalities along the Amazon-Solimões River
corridor the relative importance of local fisheries can
be significantly greater than that of the forestry sector
in the medium to long term, at least for the municipal-
ities along the Amazon river.

In conclusion, we hope that this study helps to
make the sector more visible, so that policymakers
have a greater appreciation for the sector’s contribu-
tion to regional income and employment and stimu-
lates them to adopt policies that enhance the sector’s
contribution to regional livelihoods and development.
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ABSTRACT

Historical and zoogeographic factors appear to explain
the origin of Neotropical freshwater fish diversity, but proxi-
mate factors maintaining such remarkable levels of regional
diversity, particularly in large floodplain rivers, remains
unknown. Floodplain rivers are characterized by high levels of
landscape and temporal heterogeneity. The littoral zone is com-
posed of a mosaic of habitat templets upon which local com-
munities are assembled and represents a highly dynamic com-
ponent of the landscape due to seasonal water level fluctuations
associated with the annual flood pulse. Results presented indi-
cate littoral species are forced to continually disperse across the
landscape in association with a moving land-water interface
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and lend support to an implicit theoretical trade off
between colonization and competition ability among
fishes of tropical floodplain rivers. The continual dis-
assembly and reassembly (due to dispersal) of local
communities across a spatially heterogeneous land-
scape should result in low extinction rates (i.e. at the
regional level) and could theoretically maintain a near-
ly infinite regional species pool. Consequently, we
suggest that the flood pulse paradigm should be
expanded to include a potential mechanistic under-
standing of maintenance of high levels of beta and
gamma diversity in floodplain rivers. Interactions
among seasonal hydrology, variability in habitat struc-
tural complexity and landscape heterogeneity appear
to maintain high aquatic species richness in these low-
land rivers. It follows that alteration of seasonal water
level fluctuation (e.g. damming) and habitat hetero-
geneity (e.g. channelization) should have substantial
and negative consequences on the maintenance of
regional biodiversity pools in floodplain rivers. 

INTRODUCTION

Tropical floodplain rivers are home to the
largest fraction of freshwater fish biodiversity
(Dudgeon 2000; Lundberg 2001) and as such should
be a focal point of global conservation efforts.
Recently, conservationists have focused their efforts
on species conservation through identification and
conservation of hotspots (i.e. areas with high levels of
endemism) (Meyers et al. 2000). Unfortunately, tropi-
cal rivers and associated fish faunas are absent from
this conservation initiative (Meyers et al. 2000; Brooks
et al. 2002). Not only have rivers been undervalued in
conservation efforts, but also ecological understanding
of community and assemblage dynamics in lowland
rivers lags behind other fields of study (e.g. limnology
in temperate lakes). We suggest that better conceptual
understanding of these systems will lead to more effec-
tive conservation and restoration practices. 

Recent studies have made great headway in
understanding large-scale patterns of freshwater fish
diversity. In an insightful review of the source of South
American freshwater fish fauna richness, Lundberg
(2001) identified area and latitudinal gradient as suit-

able explanations for large-scale maintenance of
neotropical riverine freshwater fish diversity, but sug-
gested that a historic-zoogeographic perspective is
needed to understand the genesis of this diversity.
Lundberg presented evidence that river basins were
repeatedly transformed during periodic geological
upheavals and changes in basin boundaries and inter-
basin connections resulted in sympatric speciation
opportunities. Lundberg reasoned that low baseline
extinction rates resulted in the present-day richness of
neotropical freshwater fish species. 

Although historical and zoogeographic factors
may explain the origin of neotropical freshwater fish
diversity, there is little understanding of proximate fac-
tors (sensu Resetarits and Bernardo 2001) maintaining
this remarkable diversity across the landscape at
regional and local scales, particularly in large flood-
plain rivers. Fish assemblages in European and North
American temperate forested lakes are structured by a
series of nested filters operating first at regional and
subsequently at local scales (Tonn 1990; Tonn et al.
1990). Stream fish assemblages in the same two
regions (Europe and North America) also exhibited
hierarchical structure with regional zoogeography and
local habitat templets structuring local fish assem-
blages (Matthews 1998; Lamouroux, Poff and
Angermeier 2002). Characterization of the relationship
between regional and local fauna richness has been
identified as a useful metric to evaluate the degree that
species interactions regulate local community dynam-
ics (Cornell and Lawton 1992; Hugueny and Cornell
2000). Cornell and Lawton (1992) stated that unsatu-
rated assemblages are ubiquitous in nature and as a
consequence regional richness is free of local con-
straints, although this logic has been seriously chal-
lenged (Shurin et al. 2000). Cornell and Lawton (1992)
speculated that the regional species pool regulates
local richness, which should be a function of landscape
heterogeneity and evolutionary diversification.
Empirical data have revealed that contemporary ener-
gy availability and habitat heterogeneity successfully
predict the current global distribution of riverine fish
diversity (Guégan, Lek and Oberdorff 1998).
Furthermore, fish assemblages in Africa, North
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America and Western Europe may be either unsaturat-
ed i.e. non-interactive (Tonn et al. 1990; Hugueny and
Paugy 1995; Griffiths 1997; Oberdorff et al. 1998) or
saturated i.e. interactive (Tonn et al. 1990; Angermeier
and Winston 1998). In their comparative study, Tonn et
al. (1990) demonstrated that North American assem-
blages exhibited an asymptotic relationship between
local and regional richness (i.e. interactive local
assemblages), whereas European assemblages did not
(i.e. non-interactive local assemblages). Similar to
temperate lakes, North American stream fish assem-
blages (i.e. Virginia) also showed local community sat-
uration (Angermeier and Winston 1998). The likeli-
hood that neotropical fish assemblages are saturated
seems high, because regional diversity in these settings
is remarkably high (Jepsen 1997; Arrington and
Winemiller 2003) yet alpha diversity is not substantial-
ly greater than similar North American samples
(Matthews 1998), that have much lower regional
diversity levels. Though a consensus on this subject
has not been reached (Cornell and Lawton 1992;
Shurin et al. 2000), the possibility exists that local
community interactions may regulate regional species
richness for fishes in neotropical rivers. 

Much attention has focused on spatiotemporal
dynamics in lotic environments as a mechanism for
maintaining biodiversity (e.g. Schlosser 1987;
Townsend 1989; Ward 1989, 1998; Poff and Allan
1995; Matthews 1998; Schlosser and Kallemeyn 2000;
Oberdorf, Hugueny and Vigneron 2001). Recent work
conducted on European floodplain rivers has charac-
terized landscape attributes of floodplain rivers as
shifting mosaics of habitat features with varying levels
of among-habitat connectivity (Ward, Tockner, Arscot
et al. 2002; Amoros and Bornette 2002). The combina-
tion of landscape heterogeneity and temporally vari-
able among-patch connectivity are common features of
floodplain rivers that result in observed patterns and
levels of biodiversity (Ward 1998; Ward et al. 1999;
Ward et al. 2001; Tockner et al. 1999; Amoros and
Bornette 2002; Robinson  et al. 2002). The general
synopsis is that a dynamic landscape composed of a
mosaic of habitat patches in various successional states
maintains the high regional diversity levels observed

in floodplain rivers. This should be the case whether or
not local communities are saturated, because effects of
landscape and temporal heterogeneity should over-
come competitive exclusion (Levin and Paine 1974;
Chesson and Huntley 1997; Hurtt and Pacala 1995).

In this limited review, we hope to address the
following questions based on experience with fish
assemblages in neotropical floodplain rivers. How are
neotropical fishes organized across the river-floodplain
landscape? What factors influence assemblage struc-
ture in these local communities? How are such large
regional species pools maintained? 

ORGANIZATION OF FISH DIVERSITY IN
TROPICAL FLOODPLAIN RIVERS 

Characterization of patterns of species occur-
rences and relative abundance is a major goal in com-
munity ecology (Hubbell 2001). A central debate
among community ecologists has been the role of
deterministic versus stochastic processes often inferred
through examination of random or non-random pat-
terns in assemblage data. Studies of fish assemblages
in temperate streams have demonstrated both random
(Grossman, Moyle and Whitaker 1982; Grossman et
al. 1998) and non-random patterns (Meffe and Sheldon
1990; Jackson, Somers and Harvey 1992; Taylor
1996), with results often strongly dependent on the
spatial, temporal and numerical scale of the study
(Rahel 1990, Angermeier and Winston 1998). Tropical
floodplain rivers have been studied less frequently and
have yielded mixed results. Goulding, Carvalho and
Ferreira (1988) concluded that fish assemblages of the
Río Negro (Brazil) were random associations of
species. More recent studies also support the random
association hypothesis (Jepsen 1997; Saint-Paul et al.
2000).

A few studies in tropical river systems have
concluded fish assemblages are structured in a non-
random manner. Working in the same system as Jepsen
(1997), Arrington (2002) documented non-random
structure of fish and macroinvertebrate assemblages
among major habitat types (e.g. sandbank, leaf litter,
submerged wood) located in the moving littoral. Fish
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assemblages in these local habitats were maximally
structured during the low-water period and less struc-
tured in rising- and falling-water periods.
Consequently, juxtaposition of multiple habitat types
and the resulting landscape heterogeneity resulted in
high levels of observed beta diversity, which substan-
tially influenced the estimate of the regional species
pool. Similarly, fish assemblages on the floodplain of
the Brazillian Amazon were found to be non-randomly
structured among major habitat types (Petry, Bayley
and Markle 2003), though habitats in this study were
characterized by dominant macrophytes. Others have
shown fish assemblage structure in tropical rivers is
influenced by water type (Ibarra and Stewart 1989;
Cox Fernandes 1999), sample depth (Lundberg et al.
1987; Stewart, Ibarra and Barriga-Salazar 2002;
Hoeinghaus et al. 2003), seasonally falling water lev-
els (Cox Fernandes 1999) and diel period sampled
(Arrington and Winemiller 2003). Rodriguez and
Lewis (1997) found structured assemblage patterns in
Orinoco floodplain lakes that were correlated with
water clarity. They inferred predation by alternative
predators in clear or turbid lakes was driving assem-
blage structure. As Winemiller (1996) hypothesized,
tropical floodplain river fish assemblages appear to be
structured by both stochastic and deterministic
processes and the magnitude of these processes varies
seasonally (Arrington 2002). 

MAINTENANCE OF FISH DIVERSITY IN
TROPICAL FLOODPLAIN RIVERS

We suggest that the flood pulse paradigm be
expanded to include a potential mechanistic under-
standing of maintenance of high levels of beta and
gamma diversity in floodplain rivers. We hypothesize
that the flood pulse (Junk, Bayley and Sparks 1989),
i.e. the annual hydrologic pattern of predictable flood-
ing of lateral floodplain habitats in large tropical
rivers, regulates community assembly patterns and
regional diversity levels. As conceived by Junk et al.
(1989), the flood pulse concept linked riverine produc-
tivity to predictable annual patterns of flooding and
characterized the main channel as a passageway for
fish migrations. Although some fish species undoubt-
edly use the main channel for migration (Junk et al.

1989; Fernandes 1997; Wei et al. 1997; Duque,
Taphorn and Winemiller 1998), many species either
seasonally (low water) or consistently occupy main
channel habitats (e.g. deep channel, shifting sand-
banks, snag complexes). We shift our focus from the
main channel / highway analogy (Junk et al. 1989) to
the moving littoral as a dynamic habitat template. We
define the moving littoral as the dynamic land-water
ecotone occurring along main channel margins and
extending onto the floodplain during high water. The
moving littoral, thus, represents a highly dynamic
component (i.e. shallow water) of the landscape com-
posed of a mosaic of habitat templets upon which local
communities are assembled (Southwood 1988;
Townsend 1989; Bayley 1995; Arrington 2002; Petry
et al. 2003). Furthermore, local habitat templates in the
moving littoral may be thought of as being disturbed at
some intermediate level (Connell 1978; Townsend,
Scarsbrook and Dolédec 1997; Ward et al. 1999; Sheil
and Burslem 2003) due to the seasonally predictable
patterns of drying and wetting in lowland rivers (Junk
et al. 1989; Arrington and Winemiller 2003). 

As discussed above, there is considerable
debate regarding the roles of deterministic and sto-
chastic processes regulating local fish assemblages. A
new hypothesis receiving considerable attention is
Hubbell’s (2001) “neutral theory”, which assumes per
capita equivalence of within-trophic-level community
members. Community change is assumed to occur
through stochastic ecological processes and random
speciation. Application of the neutral theory has result-
ed in the generation of multiple testable predictions,
which can serve as working null hypotheses in com-
munity studies. For example, local communities are
expected to be sub-sets of the larger metacommunity,
with species relative abundance equal between the two
when migration rates into the local community are
non-trivial (Hubbell 2001). 

Previous studies have shown the importance of
immigration rates on the structure (including richness)
of local communities (MacArthur and Wilson 1967).
Dispersal rates determine the importance of local com-
munity regulators in zooplankton assemblages
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(Jenkins and Buikema 1998) and predominantly limit
diversity in newly formed assemblages (Shurin et al.
2000). Temporal variation of fish assemblage structure
in a Brazilian estuary has been linked to fish immigra-
tion and emigration dynamics (Garcia, Vieira and
Winemiller 2001). For temperate streams, Schlosser
(1987) offered a conceptual model indicating the gen-
eralized importance of immigration and extinction
processes for the development of fish assemblage
attributes. Using Schlosser’s model as a starting point,
Taylor and Warren (2001) showed stream fish immi-
gration rates were positively related to stream size and
negatively related to flow variability. They then docu-
mented patterns of nestedness in fish assemblage
structure that were positively related to extinction rates
and negatively related to immigration rates. They also
observed that colonization and extinction dynamics of
species appeared “more or less random” in habitats
with high immigration rates, a result predicted by
Townsend’s (1989) patch dynamics concept. 

Recent work by Arrington, Winemiller and
Layman (in review) examined the influence of colo-
nization rate and habitat complexity on the dynamics
of local fish assemblages in the Cinaruco River, a
floodplain river located in the Venezuelan llanos.
Habitat patches of varying complexity and coloniza-
tion rates were created within broad main-channel
sandbanks and were colonized by fishes and macroin-
vertebrates for a period of 21 days. In accordance with
island biogeography theory, Arrington et al. found a
significant positive influence of colonization rate on
the number of species in local habitat patches.
Furthermore, they observed more complex habitats
contained significantly more species. Results varied
when treatment effects were evaluated separately for
two distinct subsets of the fish assemblage. Richness
of fish taxa with low vagility was positively related to
colonization rate and habitat patch complexity, where-
as richness of highly vagile fishes was positively relat-
ed to patch complexity but not colonization rate.
Presumably, increased colonization ability by vagile
species swamped the influence of habitat patch isola-

tion. These results suggest local community dynamics
in this neotropical floodplain river are dominated by
near continuous dispersal and colonization of habitat
patches in the moving littoral (sensu “patch dynamics
concept” Townsend 1989) by adult fishes (Arrington et
al. in review). Furthermore, low concordance was
observed between ranks of species from the meta-com-
munity and local habitat patches; thus falsifying one of
Hubbell’s (2001) hypotheses (see above). In a parallel
experiment, Arrington et al. (in review) documented
largely stochastic structure of local assemblages in
newly formed habitat patches, but increasing levels of
non-random organization were observed in patches as
time progressed (> 24 days). Taken together, these data
suggest dispersal is most important in structuring
assemblages in newly formed patches, whereas the
influence of local processes on assemblage structure
increases as time progresses. 

A considerable body of ecological theory has
been developed that indicates tradeoffs in colonization
and competitive abilities should preclude competitive-
ly dominant species from occupying all suitable habi-
tats in a spatially heterogeneous landscape (i.e. the
moving littoral of floodplain rivers) and as a conse-
quence competitive subordinates should persist in the
regional species pool (Levin and Paine 1974; Hurtt and
Pacala 1995). The experiments by Arrington et al. lend
support to an implicit theoretical trade off between col-
onization and competition ability in fishes of tropical
floodplain rivers, where littoral species are forced to
continually disperse across the landscape in associa-
tion with a moving land-water interface. This continu-
al disassembly and reassembly (due to dispersal) of
local communities across a spatially heterogeneous
landscape should result in low extinction rates (i.e. at
the regional level) and could theoretically maintain a
nearly infinite regional species pool (Hurtt and Pacala
1995). 

Additional studies on the Cinaruco River
appear to support such a mechanism in maintaining a
very large regional species pool in a tropical floodplain
river (Arrington 2002). Through most of 1999, six
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habitats were sampled from the moving littoral zone in
the Cinaruco River. These habitats function as habitat
templets, upon which local communities are assembled
(Arrington 2002) and their spatial distribution in the
main channel and floodplain is a dominant component
of spatial habitat heterogeneity. Each month seven
replicate diurnal samples were collected using the
same seine (see Arrington 2002 for a description of
methods). We plotted fish species accumulation curves
for each habitat independently (Figure 1). In each habi-
tat, we observed a continual and positive slope of the

accumulation curve, with observed total assemblage
richness (γ diversity) reaching 50 to 80 fish species per
habitat type. In addition to observed species richness
values, we estimated γ diversity for specific littoral
zone habitats using a non-parametric estimator based
on observed relative abundance data. The technique,
known as abundance-based coverage estimator,
assumes information about un-sampled species is held
in the rarest classes of species collected (Chao and Lee
1992; Colwell and Coddington 1994; Chazdon et al.
1998) and can be computed using freely-available soft-
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Figure 1. Species accumulation curves for standardized seine samples collected from six habitats located in the moving littoral zone
of the Cinaruco River, Venezuela reveal the diversity of tropical floodplain fish assemblages. Samples were collected through most of
1999, excluding the peak-wet season (see Arrington 2002). Number of samples collected per habitat was: river rock 45, river sand 69,
river snag 47, lagoon leaf 36, lagoon sand 36 and lagoon snag 31. Each point along the solid line represents an estimate of the total com-
munity richness (including taxa not sampled) for specific littoral zone habitats based on the relative abundances of the most rare species
in our samples (see Colwell 1997).



ware (Estimate S, Colwell 1997). In some habitats,
such as river rock (Figure 1), the estimated size of the
species pool far exceeds observed values. These local
communities were consistently composed of relatively
rare species. Thus, it appears that community assembly
within isolated habitat patches, such as our river rock
habitats, are more dependent upon stochastic coloniza-
tion processes (i.e. colonization limitation).
Furthermore, these patches often contained species
characteristic of adjacent open sandbank habitats,
which suggests leaky boundaries may lead to “mass
effects” (Townsend 1989) in local patches that are not
biologically saturated. Others have hypothesized that
low dispersal or connectivity among patches should
result in lowered α diversity, but promote β and γ
diversity (Hubbell 1997), particularly in floodplain
rivers that are characterized by high levels of spa-
tiotemporal heterogeneity (Ward et al. 1999; Tockner
et al. 1999; Amoros and Bornette 2002). In more con-
tiguous (higher connectivity) patches, lower estimates
of total richness may reflect reduced persistence of rare
(Hubbell 2001) or competitively inferior (Hurt and
Pacala 1995) species with higher colonization rates
(higher α diversity but lower β diversity; Amoros and
Bornette 2002). At present we are unable to identify
the mechanism(s) driving the difference between
observed and expected diversity (Figure 1). But, our
experimental results indicate that a combination of col-
onization limitation (dispersal) and biotic interactions
result in low α diversity but high β diversity
(Arrington et al. in review). We submit that the annual
flood pulse interacts with basin geomorphology and
adds temporal heterogeneity to an already spatially
heterogeneous landscape, both of which are critical in
maintaining high levels of γ diversity observed in low-
land tropical rivers (Figure 2). 

THREATS TO FISH DIVERSITY IN TROPICAL
FLOODPLAIN RIVERS

Rivers face a number of anthropogenic threats
(Allan and Flecker 1993; Crisman et al. 2003) and dam
building appears particularly damaging to tropical
riverine biodiversity (Grossman, Dowd and Crawford
1990; Goulding, Smith and Mahar 1996; Pringle et al.
2000). Large floodplain rivers are characterized by a

remarkable degree of spatiotemporal heterogeneity in
their natural state (Ward et al. 1999, 2001, 2002) and
this heterogeneity is maintained by fluvial dynamics
acting on landscape features. In the Tagliamento River
(Italy) corridor, for example, landscape features expe-
rienced up to 80 percent turnover in a 3-year period,
but features maintained similar relative proportions
across the landscape (Ward et al. 2001). Construction
of dams for flood control or hydroelectric power gen-
eration constrains these fluvial dynamics and can
result in dramatic loss of spatial heterogeneity (Toth et
al. 1995; Schmidt et al. 1998). If the interaction
between the natural rise and fall of flood waters and
floodplain spatial heterogeneity (habitat templates for
organisms) maintains regional diversity levels in trop-
ical floodplain rivers (Figure 2), then loss of the flood
pulse not only will impact biological production (Junk
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Figure 2. A conceptual model illustrating the importance of
spatiotemporal heterogeneity in maintaining biological diversity in
floodplain rivers. This model is derived from the intermediate dis-
turbance hypothesis (Connell 1978; Shiel and Burslem 2003) and
the “patch dynamics concept” (Townsend 1989) and is supported
by fish data collected from the Cinaruco River, Venezuela, an
unregulated, tropical lowland river. Anthropogenic alterations
such as channelization and flow regulation are expected to result
in compromised heterogeneity; direction of impact is indicated by
dotted lines.



et al. 1989; Bayley 1995), but impoverish regional
species pools (Grossman et al. 1990; Ward et al. 1999).
Furthermore, reduction of landscape heterogeneity
may impair the resilience typically observed in these
systems (Townsend 1989; Meffe and Sheldon 1990;
Townsend et al. 1997). Consequently, restoration
strategies for floodplain rivers must emphasize the
return of hydrologic variability characteristic of the
pre-impacted system (e.g. Toth, Arrington and Begue
1997) as well as re-establishing among-habitat connec-
tivity (Toth et al. 1998). 

Interactions among seasonal hydrology, vari-
ability in habitat structural complexity and landscape
heterogeneity appear to maintain high aquatic species
richness in these lowland rivers. It follows that alter-
ation of seasonal water level fluctuation (e.g.
damming) and habitat heterogeneity (e.g. channeliza-
tion) should have substantial and negative conse-
quences on the maintenance of regional biodiversity
pools in floodplain rivers. Better ecological under-
standing is needed to properly manage and preserve
biological diversity in tropical floodplain rivers. 
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ABSTRACT

Worldwide there is growing awareness of
the pivotal role of the flow regime (hydrology) as
a key ‘driver’ of the ecology of rivers and their
associated floodplain wetlands. Ecological
processes related to flow and other factors govern
the ecosystem goods and services that rivers pro-
vide to humans, such as flood attenuation, water
purification, production of fish and other foods
and marketable goods. Protecting and restoring
river flow regimes and hence the ecosystems they
support by providing environmental flows has
become a major aspect of river basin manage-
ment. Over 200 approaches for determining envi-
ronmental flows now exist and they are used or
proposed for use in more than 50 countries
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worldwide. Most methodologies currently used in
Australia and southern Africa and increasingly in other
countries, are holistic in their scope, recognising that it
is necessary to provide water for aquatic ecosystems
from source to sea and for all water-dependent ecolog-
ical components. This paper provides a brief history of
the development of environmental flow methods and
identifies the main features and strengths of each, giv-
ing most emphasis to holistic or ecosystem methodolo-
gies. We then present an overview of research initia-
tives needed to enhance these approaches and improve
their capacity to predict the ecological, social and eco-
nomic consequences of change in river flow regimes.   

INTRODUCTION

In many parts of the world there is growing
awareness of the pivotal role of the flow regime
(hydrology) as a key ‘driver’ of the ecology of rivers
and their associated floodplains (see Richter et al.
1996; Poff et al. 1997; Puckridge et al. 1998; Bunn and
Arthington 2002; Naiman et al. 2002 for reviews).
Every river system has an individual or ‘signature’
flow regime with particular characteristics relating to
flow quantity and temporal attributes such as seasonal
pattern of flows, the timing, frequency, predictability
and duration of extreme events (e.g. floods and
droughts), rates of change and other aspects of flow
variability (Richter et al. 1996; Poff et al. 1997; Olden
and Poff 2002). Each of these hydrological character-
istics has individual as well as interactive regulatory
influences on the biophysical structure and functioning
of river and floodplain ecosystems, including the phys-
ical nature of river channels, sediment regime and
water quality, biological diversity/riverine biota and
key ecological processes sustaining the aquatic ecosys-
tem (Naiman et al. 2002). These processes in turn gov-
ern the ecosystem goods and services that rivers pro-
vide to humans (e.g. flood attenuation, water purifica-
tion, production of fish and other foods and marketable
goods).

In large part, recognition of the importance of
flow and its interactions with other driving variables
has stemmed from an increasing body of information
describing the negative impacts to riverine ecosystems

that are clearly attributable, either directly or indirect-
ly, to the alteration of natural flow regimes
(Rosenberg, McCully and Pringle 2000; Bunn and
Arthington 2002).

Recognition of the escalating hydrological
alteration of rivers on a global scale and the resultant
environmental degradation has led to the gradual
establishment of a field of scientific research termed
environmental flow assessment (EFA) (Tharme 2003).
In simple terms, such an assessment addresses how
much and which specific temporal characteristics, of
the original flow regime of a river should continue to
flow down it and onto its floodplains in order to main-
tain specified features of the riverine ecosystem
(Arthington et al. 1992; Tharme and King 1998; King,
Tharme and De Villiers 2002). An EFA produces one
or more descriptions of possible modified hydrological
regimes for the river, the environmental flow require-
ment(s) (EFRs) or environmental water allocation(s),
each regime linked to a predetermined objective in
terms of the ecosystem’s future condition. 

Environmental flow assessments are directed at two
main types of management response to the potential
and extant impacts of altered flow regimes: 

(1) A proactive response, intended to maintain the
hydrological regimes of undeveloped rivers as close as
possible to the un-regulated condition, or at least to
offer some level of protection of natural river flows
and ecosystem characteristics, and (2) A reactive
response, intended to restore certain characteristics of
the pre-regulation flow regimeand ecosystem in devel-
oped rivers with modified/regulated flow regimes.
Both of these circumstances can be addressed using the
environmental flow assessment methods currently
available. 

The level of resolution of the EFR produced
may range from a single annual flow volume through
to, more commonly nowadays, a comprehensive, mod-
ified flow regime where the overall volume of water
allocated for environmental purposes is a combination
of different monthly and more frequent, event-based
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flow quantities such as within-channel or floodplain
flood pulses (Tharme 2003). The scale at which the
assessment is undertaken may also vary widely, for
instance, from an entire large river basin that includes
a regulated main channel and/or several regulated trib-
utaries, to a flow restoration project for a single flow-
impacted river reach (Arthington, Brizga and Kennard
1998; King, Tharme and Brown 1999). Different
methodologies are appropriate at each particular spa-
tial scale as well as in relation to typical project con-
straints, including the time frame for assessment, the
availability of data, technical capacity and finances
(Tharme 1996; Arthington et al. 1998; Arthington, et
al. 2003a; Kennard et al. 2003b). Methodologies
accordingly range from rapid, reconnaissance-level
approaches for regional, national or basin wide water
resources planning, to resource intensive methodolo-
gies for highly exploited, individual river sites subject
to multiple uses or rivers of high conservation signifi-
cance.

This paper describes the origins of methods for
environmental flow assessment and the different types
of approaches presently available. It does not describe
individual methods in detail, as many reviews, case
studies and manuals are available (inter alia Bovee
1982, 1998; Milhous, Updike and Schneider 1989;
Arthington and Pusey 1993; Stalnaker et al.; Tharme
1996; Jowett 1997; Stewardson and Gippel 1997;
Dunbar et al. 1998; Arthington 1998; Arthington and
Zalucki 1998; Dunbar et al. 1998; Milhous 1998; King
et al. 2002, 2003, 1999; Tharme 2003). Further infor-
mation on recent world developments in the field of
environmental flow assessment can be found in River
Research and Applications Volume 19 (2003) contain-
ing selected papers from the International Working
Conference on Environmental Flows for River Systems
and the Fourth International Ecohydraulics
Symposium (held in Cape Town, South Africa, March
2002).   

The main focus of this paper is the category of
techniques termed holistic methodologies (sensu
Tharme 1996) and their diversification to address both
river ecosystem protection (i.e. proactive approaches)

and river ecosystem restoration (i.e. reactive approach-
es). We outline the characteristics, strengths and limi-
tations of the main holistic methodologies in use today
and comment on shared features and best practices that
commend these methods for use in developed as well
as developing countries. We conclude with a brief
overview of the modelling and research initiatives
needed to enhance these holistic methodologies and
increase their capacity to produce quantitative predic-
tions of the effects of altering a river’s flow regime
outcomes and eventually, predictive models of the eco-
logical and knock-on socio-economic consequences of
changes in river flow regimes.

THE ORIGINS OF ENVIRONMENTAL FLOW
ASSESSMENT

Tharme (1996) traced the evolution of environ-
mental flow methodologies worldwide, observing that
historically, the United States of America was at the
forefront of research with the first ad hoc methods
appearing in the late 1940s and a series of more for-
mally documented techniques emerging in the late
1970s. In most other parts of the world, EFA process-
es became established far later, with approaches to
determine environmental water allocations only begin-
ning to appear in the literature in the 1980s. Early on
and still today in some countries, the focus of environ-
mental flow assessment was the maintenance of eco-
nomically important freshwater fisheries, especially
salmonid fisheries, in regulated rivers. The main objec-
tive was to define a minimum acceptable flow based
almost entirely on predictions of instream habitat
availability matched against the habitat preferences of
one or a few species of fish (see Jowett 1997; Pusey
1998 for reviews). It was assumed that the flows rec-
ommended to protect target fish populations, habitats
and food resources would ensure maintenance of the
river ecosystem. From these early attempts to quantify
appropriate stream flows for fish, many new methods
and innovations have evolved and recently, a much
more comprehensive approach to EFAs has been
adopted in both theory and practice.
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DESCRIPTION OF METHODOLOGIES

Tharme (1996, 2003) has recognised four rela-
tively discrete types of environmental flow methodol-
ogy: (1) hydrological, (2) hydraulic rating, (3) habitat
simulation and (4) holistic methodologies; among
other techniques occasionally applied during EFAs.
The four types are briefly described below.

HYDROLOGICAL METHODOLOGIES

These represent the simplest set of techniques
where, at a desktop level, hydrological data, as natu-
ralised, historical monthly or average daily flow
records, are analysed to derive standard flow indices
which then become the recommended environmental
flows. Commonly, the EFR is represented as a propor-
tion of flow (often termed the ‘minimum flow’, e.g.
Q95 – the flow equalled or exceeded 95 percent of the
time) intended to maintain river health, fisheries or
other highlighted ecological features at some accept-
able level, usually on an annual, seasonal or monthly
basis. In a few instances, secondary criteria in the form
of catchment variables, hydraulic, biological or geo-
morphological parameters are also incorporated. As a
result of the rapid and non-resource intensive provi-
sion of low resolution flow estimates, hydrological
methodologies are generally used mainly at the plan-
ning stage of water resource developments, or in situ-
ations where preliminary flow targets and exploratory
water allocation trade-offs are required (Tharme 1996;
Arthington et al. 1998; Tharme 2003).

HYDRAULIC RATING METHODOLOGIES

Hydraulic rating methodologies use changes in
simple hydraulic variables, such as wetted perimeter or
maximum depth, usually measured across single, flow-
limited river cross-sections (commonly riffles), as a
surrogate for habitat factors known or assumed to be
limiting to target biota. Environmental flows are deter-
mined from a plot of the hydraulic variable(s) against
discharge, commonly by identifying curve breakpoints
where significant percentage reductions in habitat
quality occur with decreases in discharge. It is
assumed that ensuring some threshold value of the
selected hydraulic parameter at a particular level of

altered flow will maintain aquatic biota and thus,
ecosystem integrity. These relatively low-resolution
hydraulic techniques have been superseded by more
advanced habitat modelling tools, or assimilated into
holistic methodologies (Tharme 1996; Jowett 1997;
Arthington and Zalucki 1998; Tharme 2003).
However, select approaches continue to be applied and
evaluated, notably the Wetted Perimeter Method (e.g.
Gippel and Stewardson 1998).

HABITAT SIMULATION OR MICROHABITAT MODELLING

METHODOLOGIES

Habitat simulation methodologies also make
use of hydraulic habitat-discharge relationships, but
provide more detailed, modelled analyses of both the
quantity and suitability of the physical river habitat for
the target biota. Thus, environmental flow recommen-
dations are based on the integration of hydrological,
hydraulic and biological response data. Flow-related
changes in physical microhabitat are modelled in vari-
ous hydraulic programs, typically using data on depth,
velocity, substratum composition and cover; and more
recently, complex hydraulic indices (e.g. benthic shear
stress), collected at multiple cross-sections within each
representative river reach. Simulated information on
available habitat is linked with seasonal information
on the range of habitat conditions used by target fish or
invertebrate species (or life-history stages, assem-
blages and/or activities), commonly using habitat suit-
ability index curves (e.g. Groshens and Orth 1994).
The resultant outputs, in the form of habitat-discharge
curves for specific biota, or extended as habitat time
and exceedence series, are used to derive optimum
environmental flows. The habitat simulation-model-
ling package PHABSIM (Bovee 1982, 1998; Milhous
1998, 1982; Milhous et al. 1989; Stalnaker et al.
1994), housed within the Instream Flow Incremental
Methodology (IFIM), is the pre-eminent modeling
platform of this type. The relative strengths and limita-
tions of such methodologies are described in King and
Tharme (1994); Tharme (1996); Arthington and
Zalucki (1998); Pusey (1998) and they are compared
with the other types of approach in Tharme  (2003).
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HOLISTIC METHODOLOGIES

Over the past decade, river ecologists have
increasingly made the case for a broader approach to
the definition of environmental flows to sustain and
conserve river ecosystems, rather than focusing on just
a few target fish species (Arthington and Pusey 1993;
King and Tharme 1994; Sparks 1992, 1995; Richter et
al. 1996; Poff et al. 1997). From the conceptual foun-
dations of a holistic ecosystem approach (proposed by
Arthington et al. 1992), a wide range of holistic
methodologies has been developed and applied, initial-
ly in Australia and South Africa and more recently in
the United Kingdom. This type of approach reasons
that if certain features of the natural hydrological
regime can be identified and adequately incorporated
into a modified flow regime, then, all other things
being equal, the extant biota and functional integrity of
the ecosystem should be maintained (Arthington et al.
1992; King and Tharme 1994). Likewise, Sparks
(1992, 1995) suggested that rather than optimising
water regimes for one or a few species, a better
approach is to try to approximate the natural flow
regime that maintained the “entire panoply of species”. 

Importantly, holistic methodologies aim to
address the water requirements of the entire “riverine
ecosystem” (Arthington et al. 1992) rather than the
needs of only a few taxa (usually fish or invertebrates).
These methodologies are underpinned by the concept
of the “natural flows paradigm” (Poff et al. 1997) and
basic principles guiding river corridor restoration
(Ward et al. 2001,;Uehlinger et al. 2001). They share a
common objective - to maintain or restore the flow-
related biophysical components and ecological
processes of in-stream and groundwater systems,
floodplains and downstream receiving waters (e.g. ter-
minal lakes and wetlands, estuaries and near-shore
marine ecosystems). 

Ecosystem components that are commonly
considered in holistic assessments include geomor-
phology, hydraulic habitat, water quality, riparian and
aquatic vegetation, macroinvertebrates, fish and other
vertebrates with some dependency upon the

river/riparian ecosystem (i.e. amphibians, reptiles,
birds, mammals). Each of these components can be
evaluated using a range of field and desktop techniques
(see Tharme 1996; Arthington and Zalucki 1998;
Tharme 2003; for reviews) and their flow requirements
are then incorporated into EFA recommendations,
using various systematic approaches as discussed in
more detail below.

Holistic environmental flow assessments may
include evaluation of a range of other mitigation meas-
ures, for example, how to restore longitudinal and lat-
eral connectivity by providing fish passes or altering
the configuration of levee banks on a floodplain.
Management of storage water levels may also be
examined and recommendations made on the benefits
of more, or less, stable water levels. Some holistic
methodologies also take into consideration the influ-
ence of threatening processes and disturbances unrelat-
ed (or less directly related) to flow regulation and
advise on possible mitigation measures such as ripari-
an and habitat restoration, or the management of inva-
sive vegetation and fish.

TYPES OF HOLISTIC METHODOLOGY

Holistic methodologies currently represent
around 8 percent of the global total, with at least 16
extant methodologies based on the holistic principles
described above having been developed over the last
ten years (Tharme 2003). Although predominantly
developed and used in South Africa and Australia,
recently such methods have begun to attract growing
international interest in both developed and developing
regions of the world, with strong expressions of inter-
est from in excess of 12 countries in Europe, Latin
America, Asia and Africa (Tharme 2003). 

These approaches have been described (see
Arthington et al. 1998) as either ‘bottom-up’ methods
(designed to ‘construct’ a modified flow regime by
adding flow components to a baseline of zero flows),
or ‘top-down’ methods (addressing the question, “How
much can we modify a river’s flow regime before the
aquatic ecosystem begins to noticeably change or
becomes seriously degraded?”).
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For comparative purposes, selected holistic
methodologies are summarised in Table 1, in terms of
their origins, key features, strengths, limitations and
present stage of development and application (adapted
from Tharme 2003). Further details of the various
methodologies are available in the source references
provided in Table 1, as well as in the review papers
listed herein.

The South African Building Block
Methodology or BBM (King and Tharme 1994; King
and Louw 1998; King et al. 2002) was the first struc-
tured approach of this type. It began as a bottom-up
method, more recently incorporating the Flow Stress-
Response Method (O’Keeffe and Hughes 2002). In

this modified form, the BBM is legally required for
intermediate and comprehensive determinations of the
South African Ecological Reserve (DWAF 1999).
Other essentially bottom-up methodologies include
‘expert’ and ‘scientific panel’ methods developed and
applied in Australia (reviewed in Cottingham, Thoms
and Quinn 2002).

There are several so-called ‘top-down’ meth-
ods. Examples of top-down methods are the
Benchmarking Methodology (Brizga et al. 2001)  used
routinely in Queensland (Australia) at the planning
stage of new developments to assess the environmen-
tal impacts likely to result from future water resource
developments and DRIFT - Downstream Response to
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Table 1: Summary of holistic environmental flow methodologies presented in approximate sequence of development, highlight-
ing salient features, strengths and limitations, as well as their current status in terms of development and application (adapted
from Tharme 2003). Further information on the strengths and deficiencies of individual holistic methodologies is provided in
Tharme (1996); Arthington (1998); Cottingham et al. (2002); Arthington et al. (2003a); King et al. (2003); Tharme (2003).
Abbreviations: DNR – Queensland Department of Natural Resources; DWAF – South African Department of Water Affairs and
Forestry; EAFR – ecologically acceptable flow regime; EF – environmental flow; EFA – EF assessment; EFR(s) – EF require-
ment(s); EFM – EF methodology; TAP – technical advisory panel; WAMP – water allocation and management planning; WRD(s)
– water resource development(s); abbreviations for methodology names are given in the first table column.

Methodology              Origins                   Features, strengths and limitations Status

Holistic Approach:

(Arthington et al.

1992; Davies et al.

1996; Arthington

1998; Petit et al.

2001).

Developed in

Australia to address

EFRs of entire river-

ine ecosystem;

shared conceptual

basis with BBM and

the theoretical and

conceptual basis of

the Benchmarking

Methodology and

Flow Restoration

Methodology.

Conceptual and theoretical approach for bottom-up con-
struction of EF regime for whole riverine ecosystem from
headwaters to floodplains, including groundwater and estu-
ary or coastal waters; describes systematic construction of
a modified flow regime, on a month-by-month (or shorter
time scale) flow element-by-element basis and based on
best available scientific data, to achieve predetermined
objectives for future river condition of rivers; principally rep-
resents a flexible conceptual framework, elements of which
have been adapted in a variety of ways into several
Australian holistic methodologies and for individual studies;
basic tenets and assumptions as per BBM, which was
derived from it; incorporates more detailed assessment of
flow variability than early BBM studies; includes method for
generating trade-off curves for examining alternative water
use scenarios; some risk of inadvertent omission of critical
flow events (common to all holistic methodologies); applica-
ble to regulated or unregulated rivers and for flow restora-
tion; high potential for application to other aquatic ecosys-
tems; recommends a monitoring programme as a crucial
component of holistic flow assessments; lack of structured
set of procedures and clear identity for EFM hinders rigor-
ous routine application (but routinely used in customized
format in Western Australia).

Represents concep-
tual and theoretical
basis of most other
holistic EFMs; devel-
oped and applied in
various forms in
Australia, e.g. expert
panel assessments,
Flow Events
Method,
Benchmarking
Methodology and
Flow Restoration
Methodology
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Methodology              Origins                   Features, strengths and limitations Status

Building Block

Methodology (BBM):

(King and Louw 1998;

King et al. 2000).

Developed in South

Africa by local

researchers and

DWAF, through

application in

numerous water

resource develop-

ment projects to

address EFRs for

entire riverine

ecosystems under

conditions of vari-

able resources;

adapted for interme-

diate and compre-

hensive determina-

tions of the ecologi-

cal Reserve under

the new SA Water

Law.

Rigorous and extensively documented (manual and case

studies available); prescriptive bottom-up approach with

interactive scenario development; moderate to highly

resource intensive; shared conceptual basis with Holistic

Approach; developed to differing extents for both intermedi-

ate-level (2 months) or comprehensive (1-2 years) EFAs,

within South Africa’s Reserve framework; based on a num-

ber of sites within representative and/or critical river reach-

es; includes a well established social component (depend-

ent livelihoods); functions in data poor or rich situations;

comprises 3-phase approach : (1) preparation for work-

shop, including stakeholder consultation, desktop and field

studies for site selection, geomorphological reach analysis,

river habitat integrity and social surveys, objectives setting

for future river condition, assessment of river importance

and ecological condition, hydrological and hydraulic analy-

ses, (2) multidisciplinary workshop-based construction of

modified flow regime through identification of ecologically

essential flow features on a month-by-month (or shorter

time scale), flow element-by-flow element basis, for mainte-

nance and drought years, based on best available scientif-

ic data, (3) linking of EFR with water resource development

engineering phase, through scenario modelling and hydro-

logical yield analysis; EFM exhibits limited potential for

examination of alternative scenarios relative to DRIFT, as

BBM EF regime is designed to achieve a specific prede-

fined river condition; incorporates a monitoring programme

and additional research on important issues, as crucial

components of EF implementation; some risk of inadvertent

omission of critical flow events (common to all holistic

methodologies), high potential for application to other

aquatic ecosystems; links to external stakeholder and pub-

lic participation processes; flexible and amenable to simpli-

fication for more rapid assessments; less time, cost and

resource intensive than DRIFT; applicable to regulated or

unregulated rivers and in flow restoration context; now

incorporates Flow Stressor-Response Method facilitating

top-down, scenario-based assessments of alternative flow

regimes, each with expression of the potential risk of

change in river ecological condition.

Most frequently

used holistic EFM

globally, applied in 3

countries; adopted

as the standard

EFM for South

African Reserve

determinations

Expert Panel

Assessment Method

(EPAM): (Swales and

Harris 1995).

First multidiscipli-

nary panel based

EFM used in

Australia, developed

jointly by the New

South Wales

Departments of

Fisheries and Water

Resources.

Bottom-up, reconnaissance-level approach for initial

assessment of proposed WRDs with many conceptual fea-

tures and methodological procedures in common with the

Holistic Approach and BBM; rapid and inexpensive, with

limited field data collection; site-specific focus; applicable

primarily for sites where dam releases are possible; relies

on field-based ecological interpretation, by a panel of

experts, of different multiple trial flow releases (ranked in

terms of scored ecological suitability) from dams, at one or

Applied only in

Australia; several

applications, both in

original and various-

ly modified forms
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Methodology              Origins                   Features, strengths and limitations Status

a few sites, to determine EFR (typically expressed as flow

percentiles); low resource intensity; limited resolution of EF

output; aims to address river ecosystem health (using fish

communities as indicators), rather than to assess multiple

ecosystem components; strongly reliant on professional

judgement; limited subset of expertise represented by panel

(e.g. fish, invertebrates, geomorphology); simplistic in terms

of the range of ecological criteria and components

assessed (but scope for inclusion of additional ones) and

the focus on fish; no explicit guidelines for application; poor

congruence in opinion of different panel members (e.g. due

to subjective scoring approach, individual bias); requires

further validation; led to development of more advanced,

but similar SPAM, Snowy Inquiry Methodology and other

expert panel approaches.

Scientific Panel

Assessment Method

(SPAM): (Thoms et

al. 1996; Cottingham

et al. 2002).

Developed during

an EFA for the

Barwon-Darling

River System,

Australia.

Bottom-up field (multiple sites) and desktop approach

appropriate for provision of interim or intermediate level

EFAs with many conceptual features and methodological

procedures in common with the Holistic Approach and BBM;

evolved from EPAM as more sophisticated and transparent

expert-panel approach; aims to determine a modified flow

regime that will maintain ecosystem health; differs from

EPAM in that key features of the ecosystem and hydrologi-

cal regime and their interactions at multiple sites are used

as basis for EFA; EFR process includes: (1) identification of

management performance criteria by panel of experts for 5

main ecosystem components: fish, trees, macrophytes,

invertebrates and geomorphology, (2) application of the cri-

teria for three elements (and associated descriptors) identi-

fied as exerting an influence on the ecosystem components

(viz. flow regime, hydrograph and physical structure at 3

spatial scales), (3) workshop-based cross-tabulation

approach to identify and document generalised responses

and/or impacts for each ecosystem components to each

specific descriptor (for each element), so as to relate flow

regime attributes to ecosystem responses and EFRs; incor-

porates system hydrological variability and elements of

ecosystem functioning; includes stakeholder-panel member

workshop for EFR refinement; well defined EFA objectives;

some potential for inclusion of other ecosystem compo-

nents; led to the evolution of other expert-panel approach-

es; limited use of field data; poor definition of output format

for EFR; moderately rapid, flexible and resource-intensive;

simpler, less quantitative supporting evidence and less rig-

orous than Flow Restoration Methodology, BBM and DRIFT;

recent applications and limitations reviewed, need for a

Best Practice Framework identified.

Appears limited to a

single application in

Australia in its origi-

nal form; general

approach variously

modified for other

expert-panel based

EFAs
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Methodology              Origins                   Features, strengths and limitations Status

Habitat Analysis

Method: (Walter et al.

1994; Burgess and

Vanderbyl 1996;

Arthington 1998).

Developed by for-

mer Queensland

Department of

Primary Industries,

Water Resources

(now DNR),

Australia, as part of

water allocation and

management plan-

ning initiative. 

Relatively rapid, inexpensive, basin-wide reconnaissance

method for determining preliminary EFRs at multiple points

in catchment (rather than at a few critical sites); superior to

simple hydrological EFMs, but inadequate for comprehen-

sive EFAs; field data limited or absent; bottom-up process

of 4 stages using TAP: (1) identification of generic aquatic

habitat types existing within the catchment, (2) determina-

tion of flow-related ecological requirements of each habitat

(as surrogate for EFRs for aquatic biota), using small group

of key flow statistics, plus select ‘biological trigger’ flows and

floods for maintenance of ecological and geomorphological

processes, (3) development of bypass flow strategies to

meet EFRs, (4) development of EFR monitoring strategy;

EFM represents an extension of expert panel approaches

(EPAM, SPAM), with conceptual basis and assumptions

adapted from Holistic Approach; little consideration of spe-

cific flow needs of individual ecological components;

requires standardisation of process, refinement of flow

bands linked to habitats and addition of flow events related

to needs of biota; represents a simplified version of the

Holistic Approach; largely superseded by Benchmarking

Methodology.

Precursor of

Benchmarking

Methodology within

WAMP initiatives;

several applications

within Australia

Benchmarking

Methodology:

(Brizga et al. 2001,

2002). 

Developed in

Queensland,

Australia, by local

researchers and

DNR, to provide a

framework for

assessing risk of

environmental

impacts due to

WRDs, at basin

scale.

Rigorous and comprehensive, scenario-based, top-down

approach for application at basin scale; using field and

desktop data for multiple river sites; same conceptual basis

as BBM and Holistic Approach, EFM has 4 main stages: (1)

establishment: formation of multidisciplinary expert panel

(TAP) and development of hydrological model for catch-

ment, (2) ecological condition and trend assessment: devel-

opment of spatial reference framework (multiple river sites

within representative and critical river reaches), assessment

of ecological condition for suite of ecosystem components

(using 3-point rating of degree of change from reference

condition and appropriate methods for assessing each com-

ponent), development of generic models (conceptual,

empirical) defining links between flow regime components

and ecological processes, selection of key flow indicators

and statistics with relevance to these relationships, model-

ling-based assessment of hydrological impacts, (3) devel-

opment of risk assessment framework to guide evaluation

of potential impacts of future water resource development

and management scenarios: benchmark models are devel-

oped for all or some key flow indicators showing levels of

risk of geomorphological and ecological impacts associated

with different degrees of flow regime change, risk levels are

defined by association with benchmark sites which have

undergone different degrees of flow-related change in con-

Sole holistic EFM for

basin-scale assess-

ment and assessing

risk of environmental

impacts due to

WRD; adopted for

routine application in

Queensland with

applications in 15

basins; under con-

sideration for use in

Western Australia;

only applied in

Australia to date
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Methodology              Origins                   Features, strengths and limitations Status

dition, link models are used to show how the modelled flow

indicators affect ecological condition, (4) evaluation of

future WRD scenarios, using risk assessment and link mod-

els, ecological implications of scenarios and associated lev-

els of risk readily expressed in graphical form; EFM is par-

ticularly suited to data poor situations; potential for use in

developing countries and for application to other aquatic

ecosystems (e.g. wetlands, estuaries); utilises a wide range

of specialist expertise; presents a comprehensive bench-

marking process and transparent reporting system; pro-

vides several ways of developing risk assessment models,

guidance on key criteria for assessing condition and key

hydrological and performance indicators; a recent approach

built on several preceding EFA initiatives; no explicit consid-

eration of social component, but with scope for inclusion of

socio-economic assessments (note that socio-economic

issues are evaluated separately by DNR and considered

when the final EF recommendations are being decided);

requires evaluation of several aspects (e.g. applicability or

sensitivity of key flow statistics, degree to which bench-

marks from other basins or sites within basins are valid con-

sidering differences in river hydrology and biota); recom-

mends a monitoring programme and additional research on

important issues, as crucial components of EF implementa-

tion; requires documentation of generic procedure for wider

application.

Environmental Flow

Management Plan

Method (FMP):

(Muller 1997; DWAF

1999).

Developed in South

Africa by the

Institute for Water

Research, for use

for intensively regu-

lated river systems. 

Simplified bottom-up approach, applicable in highly regulat-

ed and managed systems with considerable operational

limitations; considered for use within South Africa Reserve

determination process only where BBM or equivalent

approach cannot be followed; workshop-based, multidisci-

plinary assessment including ecologists and system opera-

tors; 3-step process: (1) definition of operable reaches for

study river and site selection, establishment of current oper-

ating rules, (2) determination of current ecological status

and desired future state, (3) identification of EFRs using

similar procedures to BBM; EFM has limited scope for appli-

cation; structure and procedures for application are not for-

malised or well documented; poorly established post-work-

shop scenario phase; no evaluation undertaken; consider-

ably more limited approach than Flow Restoration

Methodology.

Limited to 3 applica-

tions; only used in

South Africa to date;

uncertain status

within the national

Reserve framework
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Methodology              Origins                   Features, strengths and limitations Status

River Babingley

(Wissey) Method:

(Petts et al. 1999).

First developed for

application in

groundwater-domi-

nated rivers, Anglian

Region of England.

Bottom-up field and desktop approach; EAFR (the EF

regime) defined in 4 stages: (1) ecological assessment of

river and specification of an ecological objective comprising

specific targets (for river components and biota), (2) deter-

mination of 4 general and 2 flood benchmark flows to meet

the specified targets, (3) use of flows to construct ‘ecologi-

cally acceptable hydrographs’, which may include provision

for wet years and drought conditions, (4) assignment of

acceptable flow frequencies and durations to the hydro-

graphs and their synthesis into a flow duration curve, the

EAFR; EFM uses hydro-ecological models, habitat and

hydrological simulation tools to assist in identification of

benchmark flows and overall EAFR; allows for flexible

examination of alternative EF scenarios; loosely structured

approach, with limited explanation of procedures for inte-

gration of multidisciplinary input; risk of omission of critical

flow events from EAFR; specific to baseflow-dominated

rivers and requires further research for use in flashy catch-

ments; requires documentation of generic procedure for

wider application.

Relatively limited

application to date;

general approach

appears to have

been extended to

other EFA studies in

the UK

Downstream

Response to

Imposed Flow

Transformations

(DRIFT): (King et al.

2003; Arthington et al.

2003a). 

Developed in south-

ern Africa by

Southern Waters

and Metsi

Consultants (with

inputs from

Australian and

southern African

researchers) as an

interactive scenario-

based holistic EFM

with explicit socio-

economic compo-

nent.

Rigorous and well-documented top-down, scenario-based

process with interactive scenario development; same con-

ceptual basis as BBM and Holistic Approach; appropriate

for comprehensive EFAs (1-3 years) based on several sites

within representative and critical river reaches; comprised

of 4 modules: (1) biophysical module: used to describe

present ecosystem condition, to predict how it will change

under a range of different flow alterations, uses generic lists

of links to flow and relevance for each specialist component,

each prediction and the direction and severity of change are

recorded in a database, to quantify each flow-related

impact, (2) sociological module: used to identify subsis-

tence users at risk from flow alterations and to quantify their

links with the river in terms of natural resource use and

health profiles, (3) scenario development module: links first

2 modules through querying of database, to extract predict-

ed consequences of altered flows (with potential for presen-

tation at several levels of resolution); this process is used to

create flow scenarios (typically 4 or 5), (4) economic mod-

ule: generates description of costs of mitigation and com-

pensation for each scenario; well developed ability to

address socio-economic links to ecosystem; considerable

scope for comparative evaluation of alternative modified

flow regimes; high potential for application to other aquatic

ecosystems; resource intensive but amenable to simplifica-

tion for more rapid assessments; uses many successful fea-

tures of other holistic EFMs; exhibits parallels with

EFM with most

developed capabili-

ties for scenario

analysis and explicit

consideration of

social and economic

effects of changing

river condition on

subsistence users;

limited application to

date, within southern

Africa
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Benchmarking Methodology; output is more suitable for

negotiation of tradeoffs than in BBM or other bottom-up

approaches, as implications of not meeting the EFR are

readily accessible; links to external public participation

process and macro-economic assessment; generic lists

provide clear parameters for inclusion in a monitoring pro-

gramme; applicable to regulated or unregulated rivers and

for flow restoration; EFM modules require refinement;

approach provides limited consideration of synergistic inter-

actions among different flow events and ecosystem compo-

nents; limited inclusion of flow indices describing system

variability; recommends a monitoring programme and addi-

tional research on important issues, as crucial components

of EF implementation; requires documentation of generic

procedure for wider application.

Adapted BBM-DRIFT

Methodology:

(Steward et al. 2002).

Developed in

Zimbabwe by Mott

MacDonald Ltd. in

collaboration with

Zimbabwe National

Water Authority

(with input from

South Africa)

through adaptation

of key elements of

BBM and DRIFT, in

response to require-

ments in new Water

Act for EFAs.

Simplified top-down, multidisciplinary team approach, for

use in highly resource-limited (including data limited) situa-

tions and with direct dependencies by rural people on river-

ine ecosystems; combines pre-workshop data collection

phase of BBM with DRIFT’s scenario-based workshop

process; comprises 3 phases: (1) preparation for workshop

as per BBM and DRIFT, but excluding certain components

(e.g. habitat integrity and geomorphological reach analyses)

and with limited field data collection, (2) workshop, with sim-

plified DRIFT process linking the main geomorphological,

ecological and social impacts with elements of the flow

regime (based on assessments of impact and severity for

component-specific generic lists), used to construct a

matrix, (3) use of matrix in evaluating development options,

where the matrix indicates ecosystem aspects that are

especially vulnerable or important to rural livelihoods,

socially and ecologically critical elements of the flow regime

and EF recommendations for mitigation; EFM incorporates

more limited ecological and geomorphological assessments

than BBM and DRIFT; limited coverage of key specialist dis-

ciplines; no link to system for defining target river condition;

limited capability for scenario development; especially

appropriate in developing countries context; requires further

development and validation; would benefit from inclusion of

economic data.

Under early develop-

ment, single docu-

mented application

to date
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Flow Restoration

Methodology

(FLOWRESM):

(Arthington et al.

1999; Arthington et al.

2000). 

Developed in a

study of the

Brisbane River,

Queensland,

Australia, specifical-

ly addressing EFRs

in river systems

exhibiting a long his-

tory of flow regula-

tion and requiring

flow restoration.

Primarily bottom-up, field and desktop approach appropri-

ate for comprehensive (or intermediate) EFAs; EFM repre-

sents hybrid of Holistic Approach and BBM; designed for

use in intensively regulated rivers with emphasis on identi-

fication of the essential features that need to be built back

into the hydrological regime to shift the regulated river sys-

tem towards the pre-regulation state; EFM uses an 11-step

process in 2 stages, in which the following are achieved: (1)

review of changes to the river hydrological regime (focusing

on unregulated, present day and future demand scenarios,

using hydrological simulation model), (2) series of 8 steps

within scenario-based workshop, using extensive multidisci-

plinary specialist input from field work, literature and expert

judgement: determination of flow-related environmental

effects for low and high flow months, rationale and potential

for restoration of various flow components so as to restore

ecological components and functions and establishment of

EFRS based on identification of critical flow thresholds or

flow bands that meet specified ecological or other objec-

tives, (3) develops series of EF scenarios (quantity, timing,

duration of flows) and assesses implications of multiple sce-

narios for system yield, (4) outlines remedial actions not

related to flow regulation, alternatives to flow restoration

(e.g. physical habitat restoration, fish passage facilities) are

evaluated when some elements of pre-regulation flow

regime cannot be restored fully for practical or legal rea-

sons, (5) outlines monitoring strategy to assess benefits of

EFRs; particular relevance to rivers regulated by large

dams, but applicable to any river system regulated by infra-

structure or surface and/or groundwater abstraction;

includes well-developed hydrological and ecological model-

ling tools; more rigorous than expert-panel methods;

includes flexible top-down process for assessing ecological

implications of alternative modified flow regimes and

impacts of not restoring particular flows; potential for adop-

tion of full benchmarking process to rank outcomes of not

restoring critical flows; some risk of inadvertent omission of

critical flow events (common to all holistic approaches);

requires documentation of generic procedure for wider

application.

Most comprehensive

EFM for flow-related

river restoration; sin-

gle application in

Australia to date;

EFM case study on

Brisbane River used

as a procedural

guide in other recent

EF applications (e.g.

Ord River study,

Western Australia)
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Flow Events Method

(FEM): (Stewardson

and Cottingham

2002).

Developed by

Australian

Cooperative

Research Centre for

Catchment

Hydrology to pro-

vide state agencies

with a standard

approach for EFAs.

Top-down method for regulated rivers; considers the maxi-

mum change in river hydrology from natural or key ecologi-

cally relevant flow events, based on empirical data or expert

judgement; considered a method of integrating existing

analytical techniques and expert opinion to identify impor-

tant aspects of the flow regime; EFM comprises 4 steps: (1)

identification of ecological processes (hydraulic, geomor-

phic and ecological) affected by flow variations at range of

spatial and temporal scales, (2) characterisation of flow

events (e.g. duration, magnitude) using hydraulic and

hydrological analyses, (3) description of the sequence of

flow events for particular processes, using a frequency

analysis to derive event recurrence intervals for a range of

event magnitudes, (4) setting of EF targets, by minimising

changes in event recurrence intervals from natural or refer-

ence or to satisfy some constraint (e.g. maximum percent

permissable change in recurrence interval for any given

event magnitude); EFM’s singular development appears to

be analysis of changes in event recurrence intervals with

altered flow regimes; draws greatly on established proce-

dures of other complex EFMs (e.g. BBM, FLOWRESM and

DRIFT); may be used to: (1) assess the ecological impact of

changes in flow regimes, (2) specify EF management rules

and/or targets, (3) optimise flow management rules to max-

imise ecological benefits within constraints of existing WRD

schemes; possibly places undue emphasis on frequency

compared with other event characteristic independent of an

associated expert panel method, but could be embedded

into one as routine procedure.

Recent approach

with few applications

in Australia to date;

often linked to

expert-panel

approaches



Imposed Flow Transformations (King, Brown and
Sabet 2003), a scenario-based approach that also pre-
dicts the probable ecological impacts of various sce-
narios of flow regime change. These methodologies
make such predictions in different ways, as outlined in
Table 1 and the background literature cited for each
method therein. The Flow Restoration Methodology
(Arthington et al. 1999; Arthington et al. 2000) is a
bottom-up approach with the objective of shifting a
regulated flow regime and river system more towards
its natural state, combined with a simple top-down
appraisal of the probable ecological consequences of
not restoring certain features of the pre-regulation flow
regime. The Flow Events Method (Stewardson and
Cottingham 2002) seems to be a rather similar
approach, usually linked to a scientific panel method
(Table 1). 

Additional holistic methodologies developed
and applied elsewhere include the River Babingley
Method (Petts et al. 1999) developed in England and
the Adapted BBM-DRIFT methodology developed in
Zimbabwe (Steward, Madamombe and Topping 2002).

In applications of holistic methodologies to
date, the focus has almost entirely been on river sys-
tems, with most effort addressed to the main river
channel and its tributaries and it is only relatively
recently that specialist methods have been proposed to
address the freshwater flow requirements of down-
stream receiving waterbodies (e.g. floodplains and ter-
minal lakes in large arid-zone and tropical rivers) and
estuaries (e.g. Loneragan and Bunn 1999). Further,
methodologies to integrate the dynamic interactions of
surface and groundwater systems into existing holistic
methodologies are at a fairly immature stage of devel-
opment, with none routinely applied as part of holistic
assessments (King et al. 1999). 

SHARED STRENGTHS OF HOLISTIC
METHODOLOGIES

Most holistic methodologies employ some
form of expert panel-based approach in the derivation
of the EFRs of rivers, including those that are specifi-
cally termed ‘expert panel’ methods in their own right

themselves (e.g. Expert Panel Assessment Method and
Scientific Panel Assessment Method, see Table 1). In a
review of the use and utility of Australian expert panel
methods, Cottingham et al. (2002) commented that
environmental flow methods using scientific panels
have been “an excellent knowledge exchange mecha-
nism”, many are “rapid and inexpensive compared to
empirical investigations” (but note that the most recent
holistic methodologies use empirically derived, as well
as other, knowledge sources), have “the flexibility to
adapt the most appropriate and up-to-date assessment
methods”, and can “ make use of information ranging
from anecdotal to theoretical”.  Their shortcomings are
judged to fall into two categories: those relating to the
scope and quality of field assessments and “problems
relating to panel discussions and recommendations”
(Cottingham et al. 2002). 

To offset these shortcomings, Cottingham et al.
(2002) suggest that scientific panel methods would be
bolstered by the development of a flexible “best prac-
tice” approach suitable for wide application and
including the following major features: 

Clear processes for selecting panel members and
protocols to guide the conduct of panels and the
interactions between members; 
Guidelines for developing a “vision statement” and
explicit ecological objectives, so that any ecosys-
tem response to environmental flow provisions can
be measured against the desired outcomes in an
adaptive management framework; 
More explicit guidelines regarding the selection of
field sites and the collection of new field data; 

Procedures for recording the strengths and limita-
tions of evidence used to make environmental flow
recommendations; 
Consideration of the social and economic implica-
tions of environmental flow recommendations; 
A standard process for presentation and documen-
tation of findings; and 
An opportunity to make recommendations on the
additional information required to support or
improve decisions relating to water management
and particularly, to strengthen the scientific basis of
environmental flow assessments.
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It is worth noting that a “Best Practice
Framework” (see Figure 1) for the conduct of holistic
environmental flow assessments is already available in
Australia (Arthington et al. 1998) but was not dis-
cussed in the review by Cottingham et al. (2002) even
though it appears to offer most of the recommended
elements of good practice for ‘scientific panel’ meth-
ods. (2002). In the following sections of this paper, we
show how the more sophisticated and structured holis-
tic methodologies share common features that address

the best practices recommended above (points 1-7) and
the common and additional features proposed by
Arthington et al. (1998). We focus particularly on the
BBM, DRIFT and the Benchmarking and Flow
Restoration methodologies, as these represent the most
recent developments in holistic methodologies familiar
to us and were not included in the appraisal of
Cottingham et al. (2002).
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Figure 1. Best Practice Framework for assessing environmental flows in regulated and unregulated river systems (from Arthington et
al. 1998).



1) Protocols for selecting scientific/expert panels

Guidelines for selecting scientific or technical
panel members were established as part of the BBM
(King et al. 2000) and these formal procedures have
been incorporated into all of the more recent holistic
methodologies often based upon the well-established
protocols of the BBM (King et al. 2000). Each assess-
ment using the BBM, DRIFT, Benchmarking and Flow
Restoration methodologies involves one or more sci-
entists in the fields of hydrology (and occasionally,
geohydrology), hydraulics, geomorphology, water
quality and aquatic ecology (algae and aquatic plants,
riparian vegetation, invertebrates, fish, and wildlife
and occasionally, estuarine ecology). Each scientist is
expected to be familiar with the river system under
study or similar types of rivers and/or EFA procedures.

The roles, responsibilities and interactions of
panel members during EFA studies and associated
workshops are governed by the particular step-by-step
procedures built into each methodology.  These proce-
dures generally circumvent outright dominance of
workshops and discussions by any one member of the
team.  Each member has equal opportunity to con-
tribute as fully as they wish and it is usually not possi-
ble for any one member to dominate the workshops or
bias the outcomes of the evaluations of environmental
flow evaluations. Furthermore, workshops forming
part of the BBM, DRIFT, Benchmarking and Flow
Restoration methodologies are structured and facilitat-
ed in such a way that there are frequent comparisons of
results and EFA evaluations and results among the par-
ticipating scientists. These comparisons generally
reveal any inconsistencies of approach, or vastly dif-
ferent rankings of flow-related impacts in terms of one
or other ecosystem component (other than inherent dif-
ferences) and/or areas of personal bias. If such issues
can be identified early in the workshop process, they
can usually be resolved before any consistent patterns
of bias affect the entire EFA process. Sensitivity analy-
sis can also be used to identify the influence of partic-
ular components of the overall outcome of an EFA.

2) Guidelines for developing objectives

The BBM, DRIFT, Benchmarking and Flow
Restoration methodologies all address clear working
objectives established as part of the study design, and
formalized in design and the contracts signed between
the client and each scientific or technical panel mem-
ber. One or more shared, broad river visions (desired
future states in the BBM) may be established, or sev-
eral more common water resource development or
flow restoration objectives may be set, and EFAs eval-
uated to achieve these objectives.  The common prac-
tice is to evaluate the ecological consequences of sev-
eral well-defined scenarios of change in flow regime
(either flow reductions, or degrees of flow restoration).
These scenarios may be defined using various hydro-
logical statistics, plots and/or indices describing
important features of the flow regime modified versus
the natural (unregulated) flow regime.  Hydrological
statistics generally related to flow quantity, timing,
duration, frequency of floods and low flow spells, rates
of change (e.g. hydrograph rise and fall) and other
aspects of variability, including the presence/absence
of definite patterns of flow seasonality (after Richter et
al. 1996, 1997), as well as ill-defined objectives lead-
ing to weak EF recommendations are less likely when
the scenarios of hydrological change are explicitly and
statistically defined, and/or desired ecological end-
points are stated at the outset of the study.  To aim sim-
ply for ‘improved river health’ or ‘a sustainable river
ecosystem’ is too imprecise an objective for sound sci-
entific assessment.

3) Guidelines for field work

Cottingham et al. (2002) noted that many sci-
entific panel assessments on rivers of southern
Australia are based only on desk-top methods and best-
available information (often very limited or of poor
quality), or involve little more than a rapid field assess-
ment and single spatial/temporal “snap-shot” of the
river system conducted at sites “assumed to be repre-
sentative of the river system under consideration”. In
contrast, the site selection procedures of the BBM,
DRIFT, Flow Restoration and Benchmarking method-
ologies have a sound, well-documented rationale and
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they all offer an explicit and transparent framework
and methods, for evaluating the ecological implica-
tions of many alternative flow scenarios. A range of
quantitative procedures can be applied within any of
these methodologies to relate flow changes to ecologi-
cal responses (e.g. wetted perimeter analysis, vegeta-
tion transect analysis, water and sediment budget
analyses, empirical statistical models, multivariate sta-
tistical analyses, predictive population models). For
example, the fish components of the Flow Restoration
Methodology and DRIFT involve a year of field stud-
ies designed to enable consideration of a core set of
flow-related aspects of fish biology/ecology (see
Pusey 1998; Pusey et al. 1998; Kennard, Arthington
and Thompson 2000; Pusey, Kennard and Arthington
2000; Rall 1999; Arthington et al. 2003a). The
Benchmarking Methodology, in contrast, relies heavi-
ly on the interpretation of data from past field studies,
the literature and professional judgement rather than
new field studies to relate the ecological condition of
fish communities to the level and type of flow modifi-
cation (Brizga et al. 2002).

4) Procedures for rating confidence levels

The level of confidence in the BBM, DRIFT
and Benchmarking assessments is rated according to
the information sources available and their scientific
quality, thus providing the water manager with an
explicit means to undertake his/her own assessment of
the risks associated with management actions based on
limited or low quality information. The rating scheme
applied in DRIFT closely resembles that recommend-
ed by Downes et al. (2000) and adapted by Cottingham
et al. (2002) into “levels of evidence that support envi-
ronmental flow assessments”. In addition to confi-
dence ratings, the application of DRIFT in the Lesotho
Highlands Project involved several phases of peer
review (see King et al. 2003), which parallel the
sequence of reviews proposed by Arthington et al.
(1998) in their Best Practice Framework for environ-
mental flow assessments.

5) Estimating social and economic consequences

The DRIFT methodology includes an explicit
process for evaluating the social consequences of each
flow scenario stemming from earlier, less clearly
defined procedures applied within the BBM (King et
al. 2002) and thereby a means to estimate the econom-
ic costs of flow regulation in terms of changes in fish
and other natural resources or services used by local
rural communities (King et al. 2003). This represents a
significant advance of DRIFT over other holistic
methodologies and avoids the charge that “scientific
panels have only ‘green’ value-systems and that they
are an alternative environmental lobby” (Cottingham
et al. 2002). The Flow Restoration Methodology
(Arthington et al. 2000) and the Best Practice
Framework also incorporate socio-economic consider-
ations, the former by including a process for evaluating
the ‘cost’ of many different environmental flow sce-
narios generated by releasing flows from storage. In
that study, costs were represented in terms of water
yields foregone from a large storage reservoir if partic-
ular environmental flow scenarios were to be imple-
mented (Arthington et al. 1999; 2000). 

6) Documentation

The BBM, DRIFT, Flow Restoration and
Benchmarking methodologies all produce comprehen-
sive literature reviews and data reports describing the
study area and its ecological systems, EFA methods,
results and recommendations, thereby providing major
reference documents and benchmarks upon which to
base the planning and design of any river restoration
activities and future assessments or post-implementa-
tion monitoring of river condition. The collation of his-
toric information and preparation of a sequence of ref-
ereed reports is a fundamental aspect of the Best
Practice Framework (Arthington et al. 1998). 

7) Monitoring and further research

Cottingham et al. (2002) did not recommend
the incorporation of an explicit monitoring phase as
part of scientific panel assessments, although they
alluded to the principles of adaptive environmental
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management (Walters 1987). These principles and rig-
orous monitoring protocols are built into most other
holistic methodologies (see Table 1) and the Best
Practice Framework (Figure 1). For example, all com-
ponents of DRIFT include a detailed rationale and pro-
tocol for monitoring the geomorphological or ecologi-
cal outcomes of environmental flow allocations and
water management scenarios (King et al. 2003; Metsi
Consultants 2000). With regard to the application of
DRIFT in Lesotho rivers, the predictions of fish
responses to each environmental flow scenario have
formed the basis of hypotheses for testing by monitor-
ing and longer-term research (J. Rall, pers. comm.
2003). Benchmarking Methodology reports always
include a section describing key knowledge gaps and
research priorities for the catchment under study and
the Flow Restoration Methodology devotes a chapter
to research and monitoring requirements.

In considering the recommendations of
Cottingham et al. (2002) as to the desirable elements
of best practice in holistic EFAs based on ‘scientific
panel’ approaches, we suggest that the most recent
holistic methodologies developed and applied in
Australian and southern Africa already address the
main concerns and limitations raised above, as does
the Best Practice Framework (Arthington et al. 1998).
Even so, all such methodologies can be enhanced in
many ways and in the next section of this paper we dis-
cuss opportunities for the further development of this
type of approach to EFAs, particularly in relation to the
methods and models used to predict the ecological
consequences of flow regime change.

Further development of holistic methodologies

King et al. (1999) and Tharme (2003) consider
holistic methodologies to be especially appropriate for
use in developing countries, due to the need for
resource protection at an ecosystem scale and the
direct dependence of local people on the goods and
services provided by aquatic ecosystems for food and
broader livelihood security. Arthington et al. (2003a)
place holistic methodologies at the second level of a
three-tiered hierarchy of EFA methods, reflecting
recognition by several colleagues (Tharme 1996;

Dunbar et al. 1998) of the levels of complexity, confi-
dence in outcomes and risk of error at which EFAs are
needed and applied. These are Level 1: precautionary
hydrological approaches; Level 2: Holistic scientific
panel methodologies using all types of data, informa-
tion and professional judgement in a structured frame-
work, usually applied when time/resource constraints
preclude lengthy investigations and predictive model
development; and, Level 3: EFA assessments based on
detailed studies and predictive flow-ecology models.
Tharme (2003) rated holistic methodologies as having
moderate to high resource intensity, complexity and
resolution and high flexibility (Table 1) and recom-
mended their use when assessing water resource devel-
opments, typically of large-scale, involving rivers of
high conservation and/or strategic importance and/or
with complex user tradeoffs.

In assessing the utility of DRIFT and other
holistic methodologies, Arthington et al. (2003a) and
King et al. (2003) considered the gravest risk to be that
such approaches “may be used routinely and become
all that is sought and used, rather than investing in
securing new knowledge of river ecology to guide
sound decision-making in the future”. They caution
that “DRIFT and other scientific panel methods should
only be used where there is a genuine commitment to
implement and monitor the recommended environ-
mental flows, to support knowledge development and
to adapt water management strategies when better
information about the river’s responses to flow modi-
fication becomes available through monitoring and
research”. 

Clearly, holistic methodologies can be
enhanced by integrating modelled responses of river
ecosystems to flow change, be it regulation or restora-
tion, that is, by moving towards Level 3 of the EFA
hierarchy outlined above. At this level of resolution,
environmental water requirements would be defined
and alternative water resource developments or
restoration scenarios evaluated, by means of quantita-
tive predictive models describing relationships
between hydrology and the flow-related ecological
processes governing biological diversity and river
ecosystem integrity (Arthington et al. 2003). 
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Quantitative models that describe associations
between flow and geomorphological or ecological
parameters are available for some ecosystem compo-
nents (see Arthington and Zalucki 1998 and literature
cited therein). For example, hydraulic geometry mod-
els can be used to provide an indication of the likely
net change in channel dimensions resulting from flow
regime change (Brizga et al. 2001). Sediment transport
models can provide an indication of the likely implica-
tions of flow regime change for sediment processes.
Wetland and riparian water budget analyses have
proved useful in environmental flow studies designed
to restore regulated stream ecosystems (e.g. Pettit,
Froend and Davies 2001). 

It is useful to briefly review existing techniques
and models that predict the responses of fish to
changes in river flow regime and the extent of their
application in EFAs and river flow management in
general. 

Hydraulic rating and habitat simulation meth-
ods and modelling packages (e.g. PHABSIM - part of
IFIM) have been discussed above, so we confine this
review to some of the more advanced approaches.
Over a decade ago, O’Brien (1987) defined the mini-
mum stream flow hydrograph to maintain existing
habitat, food supplies and spawning potential of the
endangered Colorado River squawfish (Ptychocheilus
lucius) in terms of four flow characteristics. To devel-
op this minimum hydrograph, O’Brien (1987) com-
bined the results of a two-year field study, a physical
model, laboratory simulation of flows over cobble sub-
strate and a mathematical sediment transport model.
Hill, Platts and Beschta (1991) developed a method
linking the timing and magnitude of the low and high
flow attributes of annual flow hydrographs to in-
stream and out of channel physical habitat availability
and suitability for fish. In a more ambitious program of
studies, Williamson, Bartholow and Stalnaker (1993)
developed a conceptual framework and a suite of inter-
active mathematical models of salmon production
(SALMOD) simulating the dynamics of resident and
anadromous freshwater populations. Milhous (2003)
applied a time series analysis of predicted changes in

spawning, incubation, fry and juvenile habitat of
brown trout to model temporal changes in abundance
associated with discharge. This approach was also used
to model the effect of reservoir construction on ripari-
an dynamics. 

The most recent developments in fisheries
modelling in relation to river hydrology and flow man-
agement are outlined in Arthington et al. (2003b) and
Halls and Welcomme (2003). Fisheries models can be
broadly categorised as empirical, population dynamics
and holistic. Empirical models are statistical represen-
tations of variables or relationships of interest, without
reference to the underlying processes. They have been
used to describe the response of fish yield to one or
more explanatory variables including measures of
river morphology, such as drainage basin or floodplain
area (e.g. Welcomme 1985), morpho-edaphic indices
(Bayley 1988; Pusey et al. 2000) and fishing intensity
(Welcomme 1985; Bayley 1988). Other models of this
type describe the relationship between fish catches and
freshwater flows into estuaries (Loneragan and Bunn
1999), an approach now forming part of Australian
environmental flow assessments in coastal rivers. 

Fish population dynamics models attempt to
describe the response of fish populations to exploita-
tion and environmental variation based upon estab-
lished theories of population regulation and upon
recent advances in understanding of floodplain-river
fisheries ecology and biology (Welcomme and
Hagborg 1977; Halls, Kirkwood and Payne 2001;
Halls and Welcomme 2003). They have yet to be incor-
porated into holistic environmental flow assessments
in any routine fashion, although efforts to do so are in
progress (P. Dugan, pers. comm. 2003). Nevertheless,
recent applications have informed river flow manage-
ment. For example, Minte-Vera (2003) developed a
lagged recruitment, survival and growth model for the
migratory curimba Prochilodus lineatus
(Valenciennes, 1847) in the high Paraná River Basin
(Brazil), with recruitment as a function of flooding and
stock size. Results obtained were used to evaluate the
risk to the population from various fisheries and dam-
operation management decisions.
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In the field of inland and floodplain fisheries,
the term ‘holistic’ applies to models that address fish
production or yield in the broader context of environ-
mental management and therefore integrate a diversity
of variables of hydrological, environmental or social
nature (e.g. fishing methods and effort). Holistic mod-
els can be broadly classified into ecological models
(e.g. Ecopath, see www.ecopath.org), multi-agent
models (e.g. FIRMA 2000; see http://cormas.cirad.fr/
indexeng.htm) and Bayesian networks. Baran, Makin
and Baird (2003) used a Bayesian network model to
assess impacts of environmental factors, fish migration
patterns and land use options on fisheries production in
the Mekong River. Bayesian network models are slow-
ly being incorporated into decision support systems for
the determination of river flow regimes that will sus-
tain river ecosystems and their fish populations. 

Despite these advances in fisheries modelling
(see also Arthington et al. 2003b; Halls and Welcomme
2003) and modelling developments for other ecosys-
tem components (beyond the scope of this paper), the
range of available quantitative models is generally too
narrow, or too limited in transferability across river
ecotypes, to provide a comprehensive basis for envi-
ronmental flow determinations. Therefore, models
generally need to be used in conjunction with/or as a
component within other knowledge-based methodolo-
gies. Furthermore, many of the ecological models
remain black-box (empirical) models and the ecologi-
cal processes they represent are not well understood.
Quantitative models of the secondary effects of flow
regime change (e.g. impacts of channel contraction for
vegetation and in-stream biota) are generally not avail-
able.

IMPROVING THE KNOWLEDGE BASE FOR
ENVIRONMENTAL FLOW ASSESSMENTS

Although major advances have been achieved
in the broad field of river ecology in recent decades,
substantial information gaps characterize every funda-
mental aspect of aquatic biology and the ecological
processes sustaining aquatic ecosystems are still poor-
ly understood (e.g. Walker, Sheldon and Puckridge
1995; Winemiller 2003), particularly in large flood-

plain river systems that are most threatened by water
resource development, fishing pressure and catchment
disturbance (Tockner and Stanford 2003). The main
knowledge gaps and research priorities for riverine
fish and fisheries have been reviewed by Arthington et
al. (2003b) and for aquatic systems more generally by
Dugan et al. (2002).

In the following section, we comment on the
value of experimental studies and long-term research
to inform river management and environmental flow
decision-making in particular.

FLOW MANIPULATION EXPERIMENTS

Experimental manipulation of river flow can
provide useful information informing environmental
flow assessments and some experimental releases from
dams have been made in this context (e.g. Harris and
Gherke 1995). For example, King, Cambray and
Impson (1998) demonstrated that experimental releas-
es from the Clanwilliam Dam on the Olifants River,
western South Africa, resulted in spawning and larval
recruitment of the Clanwilliam Yellowfish (Barbus
capensis), provided that water temperatures were suit-
able for spawning activity, egg survival and larval
development. Additional examples, focused on the
effects of managed floods on the floodplain wetlands
of large rivers, are provided in Acreman, Farquharson,
McCartney et al. (2000).

ENVIRONMENTAL FLOWS AS ECOLOGICAL EXPERI-
MENTS

There are few opportunities for experimenta-
tion in unregulated river systems and the high cost of
water has precluded widespread experimentation in
many regulated systems. Infrastructure constraints
(e.g. size of outlet valves, number of flood control
gates) also limit the scope of flow experimentation that
is possible. Nevertheless, many scientists argue that
the implementation of environmental flow regimes and
river restoration projects should be regarded as oppor-
tunities to conduct ecological experiments (Kingsford
2000; Lake 2001; Bunn and Arthington 2002) and have
called for rigorous and comprehensive monitoring of
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the ecological outcomes of environmental flows to
guide river flow management in the future. Poff et al.
(2003) have outlined how large scale demonstration
flow restoration projects in focus catchments that have
significant problems due to flow regime modification
and realistic opportunities for flow restoration, could
inform river science and management. Although there
are likely to be significant experimental design issues
(few suitable reference systems and limited opportuni-
ties for replication), ecologists believe that turning
flow restoration projects into experiments in restora-
tion ecology should be part of the research agenda
informing river flow management and are long over-
due (Kingsford 2000; Lake 2001; Bunn and Arthington
2002).

LONG-TERM ECOLOGICAL RESEARCH

Long-term research in relative undisturbed
catchments appears essential to improve our under-
standing of river ecosystem functioning in relation to
hydrological history and flow events such as floods
and droughts. From appropriate spatial and time series
investigations it may eventually be possible to develop
suites of models predicting how rivers will respond to
natural flow variations (and climate change) and vari-
ous types of flow regulation (Kingsford 2000; Bunn
and Arthington 2002; Arthington and Pusey 2003).
Such research is also needed to strengthen predictions
of restoration trajectories after flows are restored to
regulated rivers and their floodplains (Petts 1987;
Ward et al. 2001; Lake 2001). With further climate
change likely, river flow regimes will change in
response to altered thermal and rainfall distributions,
increasing evaporation rates, more extreme floods and
droughts and increasing water stress. Water shortages
and increasing competition for the available water will
place even greater demands on the scientific communi-
ty to define (and defend) the flow requirements of
rivers and floodplains. 

CONCLUSIONS AND RECOMMENDATIONS

This paper has outlined the origins and devel-
opment of four types of environmental flow methodol-
ogy recognised by Tharme (1996; 2003), namely

hydrological, hydraulic rating, habitat simulation and
holistic approaches. The latter category of methods, of
which there are now 16 different types, have many fea-
tures and strengths in common, particular the use of a
multi-disciplinary team of scientists and the structured
analysis of EFRs, usually in a workshop setting. We
have shown that the most recent holistic methodolo-
gies – BBM, DRIFT, Benchmarking and Flow
Restoration - already address and in some aspects
improve upon, the main elements of best practice in
holistic EFAs recommended by Cottingham et al.
(2002). An existing Best Practice Framework
(Arthington et al. 1998) sums up the most desirable
elements of holistic EFAs and most of the new gener-
ation holistic EFAs conform to this model.

Nevertheless, holistic methodologies could be
vastly enhanced by applying a wider range of quantita-
tive techniques to relate flow alterations to ecological
responses and by integrating models that facilitate pre-
diction of the responses of river ecosystems to flow
change, that is, by moving towards Level 3 of the EFA
hierarchy proposed originally by Tharme (1996) and
adapted by Arthington et al. (1998, 2003a). At this
level of resolution, environmental water requirements
would be defined and alternative water resource devel-
opments or restoration scenarios evaluated, by means
of detailed studies and quantitative predictive models
of the relationships between hydrology, biophysical
processes and ecosystem functioning (Arthington et al.
2003a). 

Several types of modelling facilitate prediction
of the responses of fish and fisheries to river hydrolo-
gy and changes in flow regime, as well as other envi-
ronmental and social factors. Recent developments in
empirical, population and multi-agent modelling are
increasingly being applied in river basin studies and
projections of the consequences of river flow change.
The integration of such modelling tools into existing
and enhanced holistic decision support systems is a
priority. 
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Review and synthesis papers contributed to
LARS2 (e.g. Arthington et al. 2003b; Junk and
Wantzen 2003; Winemiller 2003) have revealed sub-
stantial information gaps in every fundamental aspect
of aquatic biology and also show that the ecological
processes sustaining aquatic ecosystems are still poor-
ly understood, particularly the functioning of large
floodplain river systems. Increasing threats to these
systems from water resource development, interacting
with fishing pressure, catchment disturbance and cli-
mate change, highlight the urgency of establishing
experimental research and long-term research pro-
grams to inform river management and environmental
flow decision-making.

We suggest that there is a role for an interna-
tional research program to advance the scientific basis
of environmental flow assessments in rivers intended
for future water infrastructure development and in reg-
ulated rivers where there are opportunities for partial
restoration of the flow regime. The key elements of
existing holistic methodologies discussed in this paper
could provide the foundations for new and improved
decision support systems, featuring bottom-up and top-
down environmental flow methodologies that embody
predictive models describing the relationships between
river hydrology and flow-related geomorphological
and ecological responses. Predictive models of bio-
physical processes already in use in fisheries manage-
ment, for example, could be incorporated into EFAs
and decision support systems. These models should be
linked to processes for assessing the social and liveli-
hoods (and ultimately economic) consequences of
changes in flow regimes, for people dependent upon
rivers for, among other things, clean water supplies,
food resources, fibres, recreational opportunities and
spiritual values. 

Many features of DRIFT in its current, or vari-
ously adapted forms and several Australian holistic
methodologies, provide suitable platforms and tech-
niques for the further development of enhanced envi-
ronmental flow decision support systems. The applica-
tion of these new generation decision support tools
within large scale demonstration flow restoration proj-

ects in focus catchments could inform river science
and management in both the short and longer term.
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technical) restrictions of access to certain fishing
grounds resulting from their lack of adequate fishing
gears and in particular lack of boats necessary to fish
water bodies such as the open-waters of the Lake. The
existence of these ‘technical’ restrictions was largely
illustrated for instance through the analysis of the fish-
ing gear ownership. 

These various findings suggest that fishing
activities determine household wealth (and represent
therefore a key-element of the wealth differentiation),
but also that fishing activities are, in turn, strongly
determined by wealth. First, fishing determines wealth
and participates to wealth differentiation in the sense
that the better-off households, who can afford a larger
number of fishing gears, and also more efficient and
more productive gears such as the seines (Tauraw), are
actually in a better position to transform their labour
investment into a higher income in comparison to the
poorer households who fish on marginal and usually
less productive grounds with less efficient gears.
Furthermore, for these better-off households, the
incomes generated by the fishing activity are usually
directly re-invested either in more efficient or larger
fishing gears (which accentuates further the gap with
the poorest) or sometimes in non-fishing activities. In
this respect, numerous key-respondents emphasised
during the interviews that additional investments in
fishing inputs (through new fishing gears or more
labour allocated to this activity) can generate instanta-
neous income surplus, in contrast to farming activities
where several months (until the harvest time) would
have to pass before eventual benefits might be returned
from the investment. Given the very high (environ-
mental and political) uncertainty that characterises
these Sahelian regions, this capacity of the fishing
activity to generate instantaneous gains represent
(according to households’ experience) a substantial
advantage over farming.

Fishing is therefore a central element of wealth
differentiation. But, at the same time fishing is also
strongly determined by wealth. As emphasised above
through the analysis of the Chari Delta and western
shores data, only the wealthiest households have

access to the whole range of water-bodies (amongst
those available), while the poorest are marginalized or
even excluded from these water-bodies. This differen-
tial in fishing ground access is mainly determined by
the households’ wealth as illustrated by the compara-
tive analysis of access to water-bodies. 

The second major conclusion of this analysis is
certainly that, although the access to fishing grounds is
strongly related to wealth, there is nothing like a one-
to-one relationship between wealth level (or symmetri-
cally poverty level) and the contribution of fishing
activities to household livelihood. As the results of this
survey have shown, fishing can represent the vital
activity on which the poorest and most deprived house-
holds of a community rely to generate both income and
food in the absence of equitable access to land (as in
the Yaéré floodplain) and where, therefore, fishing can
be seen as the “last alternative of the poorest” (cf.
Table 2). But, as illustrated in the Chari Delta or along
the western shores, fishing can also reveal itself a pow-
erful lever for wealth differentiation and a central ele-
ment in the livelihoods of the better-off households
who use it to generate important revenues to be re-
invested in various fishing or non-fishing activities.
For instance, Neiland et al. (2000), using individual
household income data show how the better-off house-
holds along the western shores of the Lake use a large
part of the revenues generated by the fish catch to pur-
chase farming inputs (fertilisers, seeds, etc. but also to
hire farming labour). 

An important lesson from the above discussion
is therefore that the way fishing activity contributes to
household livelihood is remarkably complex and diffi-
cult to assess and that the relation between wealth (or
poverty) and fishing activities is more than ambiguous.
This last point brings additional support to the few
recent field studies (Kremer 1994; Neiland et al. 1997;
Neiland 2000) that tend to question the long-estab-
lished view that fishers are the ‘poorest of the poor’
and that fishing will always remain ‘a societal safety
valve for surplus labour’ (e.g. Bailey and Jentoft 1990,
p.341). In fact, as the livelihood analyses carried out in
the Chari Delta and along the western shores of the
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Lake suggest, one can even observe situations where
the poorest are too poor to be fishers! In those circum-
stances, the widespread perception that “fishery
rhymes with poverty” (Béné 2003), still widely spread
out amongst experts from international agencies and
decision-makers, is far too simplistic to reflect or
embody the complexity of the reality. In particular, this
perception has prevented the development of adequate
frameworks to assess the exact relationship, which
exists between fisheries, poverty and wealth, and to
identify the conditions which could make this activity
a powerful tool for poverty alleviation and rural eco-
nomic development. There is in that domain an urgent
need of further empirical and conceptual research. 

ACKNOWLEDGMENTS

The research presented in this paper is part of
the INCO-DEV project IC-18-CT98-0331 funded by
the European Commission. The authors are grateful to
M. Baba, E. Belal, L. Dara, T. Jolley, B. Ladu, K.
Mindjimba, S. Ovie, J. Quensière, O. Sule, F. Tiotsop
and A. Zakara for their collaboration during the field-
work and their helpful comments during the data
analysis. The opinions presented here are those of the
authors and do not necessarily reflect the views of the
European Commission.

REFERENCES

Bailey C. & Jentoft S. 1990. Hard choices in fisheries
development. Marine Policy, July: pp. 333-
344.

Béné C. 2003. When fishery rhymes with poverty, a first
step beyond the old paradigm on poverty in
small-scale fisheries. World Development, 316:
949-975.

Béné C., Mindjimba K., Belal, E., Jolley T. & Neiland A.
2003a. Inland fisheries, tenure systems and
livelihood diversification in Africa: The case
of the Yaéré floodplains in Lake Chad Basin.
African Studies, 622. (forthcoming)

Béné C., Neiland A., Jolley, T., Ladu B., Ovie S., Sule O.,
Baba O., Belal E., Mindjimba K., Tiotsop F.,
Dara L., Zakara A. & Quensiere, J. 2003b.
Natural-resource institutions and property
rights in Inland African fisheries. The case of
the Lake Chad Basin region, International
Journal of Social Economics, 303: 275-301.

Béné C., Neiland A., Jolley T., Ladu B., Ovie S., Sule O.,
Baba O., Belal E., Mindjimba K., Tiotsop F.,
Dara L., Zakara A. & Quensière J. 2002.
Inland fisheries, poverty and rural livelihoods
in sub-Saharan Africa: Investigation in Lake
Chad Basin areas. In Neiland and Béné eds.
Sustainable Development of African
Continental Fisheries: A Regional Study of
Policy Options and Policy Formation
Mechanisms for the Lake Chad Basin.
CEMARE University of Portsmouth and
European Commission, Final Report EU-
INCO Project No.IC18-CT98-9331. pp. 127-
152.

Davis A. & Bailey C. 1996. Common in custom, uncom-
mon in advantage: Common property, local
elites, and alternative approaches to fisheries
management. Society and Natural Resources,
9: 251-265.

76 Contribution  of  inland  fisheries to  rural  livelihoods  in  Africa:



FAO 1995. Review of the state of the world fishery
resources: Inland capture fisheries, FAO
Fisheries Circular 885. Rome, Food and
Agriculture Organization.

Fay C. 1989. Systèmes halieutiques et espaces de pou-
voirs: Transformation des droits de pratiques
de pêches dans le Delta Central du Niger,
Cahier des Sciences Humaines, 25, No.1-2:
213-236.

Kassibo B. 1994. Système de production et d’activité: La
zone pré-lascutre de Sendégué. In Quensière,
J. ed., La Pêche dans le Delta Central du
Niger. Paris, ORSTOM. pp.383-400.

Kremer A. 1994. Equity in the fishery: A floodplain in
N.E. Bangladesh, Research paper R94E. Bath,
UK, Centre for Development Studies,
University of Bath.

Neiland A.E. and Béné C. eds. 2002. Sustainable devel-
opment of African continental fisheries: A region-
al study of policy options and policy formation
mechanisms for the Lake Chad Basin. Final
Report EU-INCO Project No.IC18-CT98-
9331CEMARE. Brussels, University of
Portsmouth and European Commission. 289 pp.

Neiland A.E., Jaffry, S., Ladu, B.M., Sarch, M.T. and
Madakan, S.P. 2000. Inland fisheries of North
East Nigeria including the Upper River Benue,
Lake Chad and the Nguru-Gashua wetlands.
Characterisation and analysis of planning sup-
positions. Fisheries Research, 48: 229-243.

Neiland A.E., Jaffry S. & Kudaisi K. 1997. Fishing
income, poverty and fisheries management in
North-East Nigeria. In Neiland A.E. ed.
Traditional management of artisanal fisheries
in North East Nigeria, Final Report DFID
Research project R5471, CEMARE Report No.
R43. 291-319.

An  overview  from  the  Lake  Chad Basin  areas 77



78






