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ABSTRACT

Water resource developments and changes in landuse can impact on the livelihoods of those people reliant on
ecosystems goods and services. Environmental flows can used be to assess the consequences for a downstream
riparian community of flow-related changes in river resources; to predict the implications of flow falling below
critical levels and to consider tradeoffs between on- and off- stream uses of water. As such, environmental flow
assessments bring into relief the implications of developments on ecosystems and communities hitherto excluded
from decision-making. This paper describes the role of Environmental Flow Assessments as a tool in ecosystem
management and examines various nuances of environmental flow considerations in planning.
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INTRODUCTION

When we alter the flow of a river by damming,
diverting or abstracting some of its water, we cause the
river, its floodplains, estuary and associated wetlands to
change. The more the flow changes, the less the
ecosystem can provide the goods and services that
people value it for. The impacts of such water-resource
developments can stretch downstream for hundreds of
kilometres, even affecting marine ecosystems (EF
Window Brochure 2003). 

Thus, often the benefits obtained through
upstream water resource developments are achieved at
the cost of downstream impacts on the environment
and on society making direct use of that environment
(Goldsmith and Hildyard 1984, McCully 1996, WCD
2000). That many recent water resources develop-
ments, in particular dams, have taken place in
developing countries means that these impacts are
experienced mainly by rural riparian communities,
many of which might use the rivers for subsistence
(McCully 1996, Turpie 2000, WCD 2000, February
2003). These rural communities are often the most

marginalised members of society with very little or no
income (Derman and Poultney 1987, McCully 1996)
and river resources are a vital component of their
livelihoods. The simple fact is that the availability and
quality of the river resources on which these people
depend (e.g., fish, trees, algae, snails and crabs) are
themselves dependant on the volume, quality and
timing of water flowing through the ecosystem. 

Environmental Flows, or Flows for People and the
Environment (Acreman et al. 2003), are increasingly
being recognized as a valuable tool in water-resource
management as they can provide an indication of the
volume, quality and timing of water required to
maintain a river ecosystem in some pre-determined
condition. An Environmental Flow (EF) can be defined
as: ‘water that is purposefully left in or released into an
aquatic ecosystem to maintain it in a condition that
will support its direct and indirect use values’ (Brown
and King 2002). EFs are based on an understanding of
how flow changes can cause changes in river condition.
This understanding can be used to describe the pattern
of flows (including floodplain inundation and periods
of low or even no flow) for the river that will:
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* reduce the downstream impacts of a water-resource
development;
* rehabilitate systems impacted by past developments;
* allow calculation of the costs of compensating people
downstream for such impacts.

The provision of EFs is not intended to mimic a
pristine river. A regulated river system cannot repro-
duce all aspects of natural flow, while at the same time
providing for competing uses (Dyson et al. 2003).
Thus, the concept of trade-offs or compromises
between competing uses of water and the river are
central to the concept of EFs. Setting an environmental
flow means striking the right balance between
allocating water directly for people (for power genera-
tion, industry, agriculture and public supply) and
indirectly for people (by providing ecosystem goods and
services; EF Window Brochure 2003).

In order for people to decide on the future
condition of an ecosystem, they need to be able to
weigh up the different options available to them. The
creation of options, or scenarios, that link a required
volume of water (and the distribution of that water in
time) to an expected river condition can assist in
deciding on that future condition, and is usually done
as part of an Environmental Flow Assessment (EFA).

 This paper briefly describes the links between
flow, ecosystem condition and the livelihoods of rural
riparian communities, with some examples where
appropriate. The science of EFs and EFAs is also intro-
duced, with particular reference to links between the
biophysical and sociological components of EFAs. The
data, research, capacity and policy requirements needed
to support EFAs are discussed and, for those who wish
to gain more insight into the field of environmental
flows, a list of recommended further reading is
provided.

Links Between Ecosystem Functioning and Flow

Different components of the flow regime maintain
different parts of aquatic ecosystems (Table 1). Thus,
loss of one component of the flow regime will affect a
system differently than will loss of some other compo-
nent (King et al. 2003). The most important character-
istics of a natural flow regime are usually: degree of
perenniality, magnitude of flows in the wet and dry
season, and large floods that occur at longer intervals
(King et al. 2003). Identifying these flow components
and understanding the ecosystem consequences of their
loss or modification is central to a flow assessment.

Table 1. Different components of the flow regime maintain different parts of aquatic ecosystems in temperate
regions (from Brown and King 2003).

Flows Importance to river ecosystem

Low flows: their range in Low flows occur when the river is not in flood. They are larger and more varied in the wet
dry and wet seasons  season than in the dry, and define whether the river flows all year, only during the wet

 season or just after rains. They create different conditions in different seasons, dictating
 which biotic species occur at any time of the year, and their numbers.

Small floods: size, numbers Small floods stimulate spawning in fish, flush out poor-quality water, cleanse the riverbed,
per year, and timing  and sort the river stones by size thereby creating different kinds of habitat. They trigger and

 synchronise activities as varied as upstream migrations of fish and germination of seedlings
 on riverbanks.

Large floods: size, frequency of Large floods trigger the same responses as do small ones, but also provide scouring flows that
occurrence and timing  shape the channel. They move and cleanse cobbles and boulders on the riverbed, and deposit

 silt, nutrients, eggs and seeds on floodplains. They inundate backwaters, secondary channels
and floodplains, and trigger bursts of growth in many species. They re-charge soil moisture
levels in the banks, enabling seedlings of riparian trees to grow, and maintain links with the
sea by scouring estuaries.

The temporal characteristics of the flow regime also have an important influence on the overall character of a river ecosystem.
Fluctuations between low flows and small and large floods change conditions through each day and season, creating mosaics
of areas inundated and exposed for different lengths of time. The more diverse the physical conditions, the higher the
biodiversity and the greater the resilience of the ecosystem to disturbance.
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Different management actions will affect different
components of the flow regime and, in turn, elicit
various responses from the affected aquatic ecosystem.
The sort of management action, the components of the
flow regime most commonly affected and examples of
the consequences for aquatic ecosystems are summari-
sed in Table 2 (Brown and King 2003). Not all changes

to the flow regime are a result of direct manipulations
of flows. For instance, deforestation of an upland
catchment can significantly increase the magnitude of
large floods and depress dry-season lowflows, resulting
in downstream erosion and loss of sensitive and
potentially useful species (reduced biodiversity).

 

Table 2. Some examples of management actions that impact flow, and consequences for aquatic ecosystems (from
Brown and King 2003).

Management actions Example of the impact on flow Examples of ecosystem consequences

Irrigation flows (using
the river as a conduit)

Dry-season lowflows increased,
and seasonal variability reduced.

Can result in seasonal reversal of the flow regime, i.e.,
higher flows in the dry than in the wet season. Hydraulic
and thermal conditions, in particular, can become
mismatched with life-cycle requirements, causing species
to decrease in numbers and abundance. Pests are often
able to take advantage of such environmental conditions
or the weakening of competition from the affected
species, and increase in abundance.

Run-of-river
abstraction

Wet and dry season low flows
reduced.

Reduces habitat availability and restricts movement of
aquatic animals, thus increasing competition for space
and vulnerability to predation
Increases diurnal temperature fluctuations, concentrates
effluents and can lead to toxic algal blooms. 

Large dams Frequency and duration of floods
reduced.

Flood cues that trigger fish spawning or seed germination
may occur at the wrong time of the year or not at all,
resulting in a failure to produce new generations of
individuals.
Reduced wetting of banks stresses riparian vegetation
and reduces establishment of seedlings. Bank stability is
weakened and soil erosion increases.
Closure of estuary mouths eliminates access for marine
fish using estuaries as nursery areas.
Reduced flooding of riparian wetlands and floodplains
causes loss of fisheries and other attributes.

Hydro-power stations Timing and distribution of flows
altered.
Rate of change between high and
low flows increased.

Mismatched flows and abnormal flow fluctuations.
impact life-cycle stages of many animals and plants.

Afforestation of
catchment

Wet and dry season lowflows
reduced and small floods
attenuated.

Reduces floods cues that trigger fish spawning or seed
germination, and decreases wetted habitat through the
year.

Deforestation of
catchment

Frequency of large floods
increased inducing dry season
droughts.

Reduces habitat availability in the dry season.
Increases the risk of animals being washed away.
Increases bank and bed erosion, which alters the
available habitat for aquatic species.
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Table 3. Examples of valued features of rivers that could be protected through environmental flows (from Brown
and King 2003).

Feature Explanation of Value Examples of environmental flows required

Aquatic animals Freshwater fish are a valuable source of
protein for rural people. Other valued
attributes include: favoured angling fish,
rare water birds, or the small aquatic life
that forms the base of the food chain.

* flushing flows to maintain the physical
habitat;
* flows to maintain suitable water quality;
* flows to allow passage for migratory fish;
* small floods to trigger life-cycle cues such as
spawning or egg-laying.

Riparian vegetation Stabilises river banks, provides food and
firewood for rural people and habitat for
animals, and buffers the river against
human activities in the catchment.

* flows that maintain soil-moisture levels in the
banks;
* high flows to deposit nutrients on the banks
and distribute seeds.

River sand Used for building. * flows to transport sand and to separate it from
finer particles.

Estuaries Provide nursery areas for marine fish. * flows that maintain the required salt/fresh-
water balance and mouth conditions in the
estuary.

Aquifers and
groundwater

Maintain the perennial nature of rivers
through acting as sources of water during
the dry season

* flows to recharge the aquifers.

Floodplains Support fisheries and flood-recession
agriculture for rural people

* floods that inundate the floodplain at the
appropriate time of the year.

Aesthetics The sound of water running over rocks,
the smells and sights of a river with trees,
birds and fish.

* sufficient flow to maximise natural aesthetic
features, including many of the flows mentioned
above.

Recreational and
cultural features

For example, clean water and rapids for
river rafting or clean pools for baptism
ceremonies or bathing. Also features
valued by anglers, birdwatchers, and
photographers.

* flows that flush sediments and algae, and that
maintain the water quality û see also aquatic
animals.

Ecosystem services Maintain the capacity of aquatic
ecosystems to regulate essential ecological
processes, for instance: purify water,
attenuate floods or control pests.

* flows that maintain biodiversity and
ecosystem functioning.

Overall environmental
protection

A wish to minimise human impacts and
conserve natural systems for future
generations.

* some or all of the above type of flows.

.

Links Between Livelihoods and Flow

The section above described how the functioning of
aquatic ecosystems is inextricably linked to their flow
regimes, and in so doing described numerous ecosystem
goods and services that are linked to flow. The direct

use of ecosystems for livelihoods has been clearly
demonstrated in most parts of the world (e.g.,
Shoemaker 1998; Metsi Consultants 2002, Adams
2000). Freshwater ecosystem resources most commonly
utilised include:
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• rich floodplain soils for agriculture;
• fish, including both freshwater and coastal fisheries;
• other fisheries such as frogs, crabs, turtles and

prawns;
• reeds;
• drinking water;
• sand for building materials;
• wild vegetables and herbs;
• medicinal plants;
• firewood;
• transport.

Each of these is linked directly to the flow in the
river, and changes to that flow could alter the
availability or quality of the resource. For instance, fish
are dependent on patterns in a natural flow regime that
trigger their breeding and migrations, provide havens
for juveniles and maintain habitats (Tables 1 and 2).
Abstraction of water from rivers alters these patterns:
unseasonal releases from dams can flush eggs and
juveniles from the system; attenuation of highflow
events can reduce floodplain inundation, preventing
fish from accessing their breeding areas on the
floodplain (Welcomme 2001, Davies and Day 1998),
and unnaturally low flows disrupt the connectivity of
the system, creating barriers to migration. Changes in
water quality also affect fish numbers and diversity
(Miranda 2001).

Reductions in fish catches, as a result of
disruptions of the flow regimes that supported them,
have been reported in, among others, (summarised
from February 2003):
* Thailand - After the Pak Mun Dam was built in the
1990s on Thailand’s Mun River, the many fish species
that once inhabited the river disappeared. 
* Mozambique - Hoguane (1997) studied the effect of
Zambezi River flow management on the prawn fishery
of central Mozambique, establishing that prawn
abundance is directly related to runoff patterns in the
Zambezi River. The presence and operation of Cahora
Bassa Dam on the Zambezi has resulted in a loss of
these prawn fisheries estimated at $10-20 million per
annum. 
* Senegal - Following the construction of the Manantali
Dam in the Middle Senegal River Valley, some
downstream villages reported complete elimination of
the fish harvests as a result of reduction in flows. Other
villages reported a reduction in catch size, fish size and
an absence of certain species (Salem-Murdock et al.
1993).
* Nigeria - Downstream of the Kainji Dam fish yields

in the Niger River dropped from 19.6 tons to 12.2 tons
between 1967, before, and 1969, after, the closure of
the dam (Davies 1979 in Horowitz et al. 1991).

For many rural riparian communities, particularly
in developing countries where nutrition is frequently
compromised, fish are an important protein source
(Heeg and Breen 1982, Scudder and Conelly 1984 in
Horowitz et al. 1991, Adams 2000, Beilfuss et al.
2002), and loss of fish resources can have a significant
negative impact on their nutritional status (Jackson and
Marmulla 2001, Metsi Consultants 2002). Fishing is
also central to the way of life in many areas, and its loss
can result in a loss of community identity and
traditions (Jackson and Marmulla 2001).

Other changes in the riverine ecosystems as a
result of flow changes can also have a marked affect on
the livelihoods of downstream riparian communities.
These include those for which examples are provided
below.

Health
In 1979, where flow to the Pongola Floodplain was cut
off by Pongola Poort Dam in South Africa, there was an
outbreak of typhoid in the communities on the
downstream. This was attributed to people drinking
water obtained by digging in the bed of the non-flowing
river (Heeg and Breen 1982). Changes in flow volumes
and patterns, particularly those associated with the
construction of large dams, have also been linked with
an increase in vector-borne diseases such as malaria,
schistosomiasis, encephalitis, hemorrhagic fevers,
gastroenterritis, internal parasites, filariasis and oncho-
cerciasis (Goldsmith and Hildyard 1984, McCully
1996, Lerer and Scudder 1999, Beilfuss 2002). A
reduction or loss of riparian vegetables or herbs can also
have health implications, as these plants often contain
essential trace elements (Metsi Consultants 2000).

Safety
A dam’s ability to control flood events is dependent on
numerous factors, including the size of the impound-
ment and the water levels in the impoundment at the
time of a flood, but it is probably safe to say that no
dam can control all floods that occur in a system.
When large floods do occur in such rivers, they are thus
potentially far more hazardous than in the un-dammed
river.

Transportation
The effect of flow regulation on transportation is to
some extent dependent on the size of the river. For
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instance, in areas where rivers are not used to facilitate
transport but at times present an obstacle to travellers,
river regulation may make river crossings safer
(notwithstanding the unexpected flooding issues
discussed above). However, in other areas where the
river itself is travelled using canoes, boats or ferries low
flows and/or unnatural flood releases can severely
hamper river transport:

 "Here we depend on the river for transport. This has
become difficult with the low water level. We have fruit
orchards across and up the river and we always used our
boats to bring the fruit down to the village but now our
boats get stuck. Now we will need a road”. 

--Villager, Ban Phongam, Theun River down-
stream of Yali Falls Dam, Laos (Shoemaker 
1998 cited in February 2003).

Salinisation
Reduced flows can result in salinisation in downstream
reaches, particularly in arid areas, as flushing of salts
may be reduced (Davis and Day 1998). Irrigation
return flows often exacerbate this effect. In many parts
of the world, this has resulted in downstream water
quality being managed through dam releases, as in the
Breede River, South Africa (Brown and Fowler 2000).
As waters become more saline they are less suitable for
drinking and irrigation and can have a great negative
impact on crop yields.

In summary, the consequences for a downstream
riparian community of flow-related changes in river
resources are dependent on four main factors (February
2003):
* the extent of flow modification;
* the extent to which used river resources are linked to
flow;
* the extent of use of the resources by the communities;
* the degree of dependence of the communities on the
resources.

Additionally, the consequences for the health of
the people and their livestock will depend on:
* the extent of river use by communities or their
livestock;
* the extent to which river-related health issues are
linked to flow.

ENVIRONMENTAL FLOW ASSESSMENTS

As mentioned previously, EFs are a tool that can be
used to provide an indication of the volume, quality
and timing of water required to maintain a river

ecosystem (and hence the goods and services it
provides) in some agreed on situation. The science of
EFs has four main objectives (King 2003):

1. to understand the nature and functioning of river
systems.
2. to be able to predict how the river will change with
flow change.
3. to understand the subsistence use of river resources.
4. to be able to predict how subsistence use will be
affected by river change.

These objectives are put into practice in an EFA,
which aims to provide advice on the consequences of
various types of flow manipulation for the condition of
downstream aquatic ecosystems and for the people who
are dependent on them, to the extent that it is possible
to do so given the level of information that is available
for the ecosystem of concern. An EFA is simply a
synthesis of data on, and understanding of, a river
ecosystem in order to provide scenarios of the impacts
of changes in flow (Brown and King 2003). In its most
comprehensive form it provides a structured assessment
of the consequences of different levels of water
abstraction or other flow manipulations on all
biophysical components of an ecosystem, such as the
channel, the quality of the water, and the plants and
animals. Increasingly, these assessments also
incorporate the consequences of flow manipulation for
rural people who live alongside and who directly utilise
the resources offered by the river, such as water for
drinking, food (fish and vegetables) and reeds.

EFAs provide information for decision-makers on
flow options to mitigate the potential impacts of
water-resource developments on rivers in two main
ways (February 2003).

1. They illustrate the levels of mitigation that can be
achieved by reserving different volumes of water for
river maintenance, including the most appropriate
distribution of the reserved volume. For instance, the
EFA would stipulate the magnitude, duration and
frequency of the floods required in a river to maintain
banks and floodplains, or of small floods to stimulate
fish spawning. Similarly, an EFA could provide the
timing and size of a flood needed to breach an estuary
mouth, and the possible consequence of that flood not
being provided.

2. The more advanced EFAs define in detail the water
quality, physical habitat and biotic characteristics that
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typify the desired condition of the river, and the flow
regime most likely to achieve this. In this manner, EFAs
define measurables that can be used for management of
the resource.

There is no single method, approach or framework
to determine an EF, and many methods have been used
around the globe (Dyson et al. 2003). These can be
mixed and matched (or added to) to suit almost any
river or level of data. Useful global reviews of EFA
methodologies employed to date are provided in
Arthington et al. (2003) and Dunbar et al. (1998). The
methodologies vary widely in their data requirements
and in the level of detail they provide. Many, and in
particular the so-called holistic methodologies, which
consider the response of the entire aquatic ecosystems
to changes in flow, make provision for inclusion of
expert opinion. This is in recognition of the fact that in
many countries data on riverine ecosystems are either
sparse or not available at all. 

The methods also vary in the attention that they
pay to the inclusion of sociological considerations in
the final output. The effects of changing resources or
health profiles on rural communities are often unclear
because they may lead to changes in behaviour
patterns. For example, a reduction in one fish species
may simply result in a different species being fished
using a different method, with little on no impact on
the nutritional status or traditions of a community.
Health impacts are especially challenging to understand
because of the wide range of other (non-flow related)
factors influencing community and livestock health.
Also, change in the livelihood circumstances of one
household may have a knock-on effect on other
households, making flow-related impacts difficult to
understand and predict. Yet it is this process - to
understand the links between rivers and subsistence
users and use this to predict how they might be affected
by flow changes û that is the essence of the social
component of an EFA.

Disciplines Required

Environmental flow assessment is a multi-disciplinary
activity that requires experts from a wide range of
disciplines. Local circumstances and requirements will
affect almost every aspect of an EFA, including the
disciplines required for the social and biophysical
components of the study. Nonetheless, EFAs typically
include specialists from the following biophysical
disciplines:

* hydrology;
* hydraulics;
* geomorphology/sedimentology;
* water quality;
* riparian and aquatic botany;
* aquatic invertebrates;
* fish.

Similarly, the sociological components could
require input from specialists in the following
disciplines:
* anthropology;
* sociology;
* public-health medicine;
* veterinary science;
* water supply;
* resource economics.

The other fields involved could be microbiology,
if disease organisms and parasites are of importance, or
biologists knowledgeable in water birds, semi-aquatic
mammals, frogs and reptiles, if these are deemed
important flow-linked components of the ecosystem.

In an EFA the biophysical and sociological experts
need to work closely with one another. The biophysical
team use their understanding of the functioning of the
river as an ecosystem in order to predict how it could
respond to flow changes, and sociological team evaluate
the predicted ecosystem response in terms of its impact
on the communities. 

Steps in the EFA process

Regardless of the method employed, the following
sequence of activities is usually adopted in an EFA:

1. Identify and characterise the study area
• the nature and extent of the downstream aquatic

ecosystems likely to be affected by flow changes at a
particular point;

• the flow-linked components of that ecosystem;

2. Identify and quantify the Population at Risk (PAR)
• the number and distribution of people using the

aquatic ecosystem resources in the study area;
• the health status of the PAR, and their livestock (if

relevant);

3. Identify the PAR’s use of river resources
• the aquatic ecosystem resources being used by

villagers;
• other aspects of the aquatic ecosystem considered to

be important to people (e.g., biodiversity);
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4. Identify and quantify the PAR’s interactions with the
aquatic ecosystem
• the extent of use of aquatic resources;
• the extent of dependence on the aquatic resources;
• the extent of contact with the aquatic ecosystems,

and the possible implications for the health of
villagers or their livestock should the condition of the
system change;

• possible alternative sources of aquatic ecosystem
resources;

5. Ascertain the links to flow
• the links between the resources being utilised and

flow from upstream;
• the links between factors that could influence

community health (such as disease vectors, nutrition,
water quality) and flow;

6. Develop scenarios
• the manner in which the flow-linked resources and

health factors were expected to change with changes
in flow;

• the resultant impact on resource availability, and the
risk of health problems;

• consequences for the PAR of the scenarios described
by the biophysical team.

Part of A Bigger Decision-Making Process 

An EFA will only provide information on flows related
to ecosystem condition, and ecosystem goods and
services. An assessment of the wider consequences of
each flow scenario should also be done (outside of the
EFA) to illustrate related macro-economics, such as the
loss or gain of irrigated agricultural land, the potential
for industrial and urban development and the cost of
water to offstream users. Without the full suite of
information, an informed trade-off between competing
uses of water cannot be made (Watson 2006).

DISCUSSION 

Inclusion of EFAs in water-resource planning requires
the cooperation and support of people involved in all
sectors of a water-resource development (government,
river scientists and engineers, stakeholders [including
rural communities], decision-makers, funders and water
managers). The blending of different perspectives will
take time and cooperation from all concerned, and
requires overcoming entrenched attitudes in all sectors.

Long-term and far-reaching ecological and social
concerns need to be injected into the water-deve-
lopment planning arena, and those making the input
need to provide clear and relevant information about
the consequences of not meeting EFRs (Brown and
King 2002).

EFRs can only be implemented successfully if
there is a sound policy framework that supports them.
Where the water policy defines the need for an EFR,
the EFA is used only to determine the volume and
distribution of the flows making up the EFR. However,
without such a framework, an EFA has the burden of
not only defining environmental flows but also of
giving legitimacy to them (Hirji, pers. comm., in Brown
and King 2002). In many cases, EFs are supported by
(if not explicitly mentioned in) existing environmental
legislation, policy or international conventions. 

A structured, transparent and widely accepted
decision-making process should be in place whereby the
results of engineering and economic studies, EFAs and
the concerns of all stakeholders are jointly considered
before a decision is made whether, and in what way, to
proceed with a water-resource development. 

Long-term data sets (in particular hydrology)
against which future/past changes in flow regimes can
be assessed are invaluable in determining and imple-
menting EFs, and where possible should be initiated/
rehabilitated. Where these data do not exist, however,
it is often possible to generate them or extrapolate from
similar systems. Few data does not mean an EFA
cannot be done. 

There is a world-wide shortage of concentrated EF
research and data. Nonetheless, experience has shown
that expertise on aquatic ecosystems exists in almost all
countries: in universities, government and non-
government organisations and, importantly, amongst
the people who live beside and depend on the aquatic
ecosystems. It is often advisable to link the people with
such local expertise with others, who have experience in
EFs, and EFAs it is important to distil out the flow-
linked aspects of people’s knowledge, and to help them
use this as a basis for predicting change. Initial
predictions can be checked and corrected if necessary
through follow up monitoring and detailed research. 

Once implemented, monitoring whether or not
flows for environmental maintenance are occurring and
are achieving their stated objectives is an essential part
of implementation of an EFR. Uncertainty is a reality.
No matter how many data, or how deep the under-
standing of an ecosystem, it is impossible to accurately
predict its every response to changing flow conditions.
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Future management of the systems will have to be
adaptive (based on monitoring results)(King 2003).
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