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Foreword
The importance of water management for the wise use of wetlands has been a key theme in the Resolutions and
guidance adopted by the Ramsar Convention, as well as being highlighted in the original text of the Convention
itself. Following the adoption of Resolution VI.23 (Ramsar and Water) in 1996, Ramsar’s suite of water-related
guidance has been steadily expanded, and it has been brought together in the 4th edition of Ramsar Handbooks
8 (Framework for the Convention’s water-related guidance), 9 (River basin management), 10 (Water allocation
and management), 11 (Managing groundwater), and 12 (Coastal management).
The present report, which provides a review of methods for determination and implementation of environmental water requirements for estuarine wetland ecosystems, was prepared in response to a request from the
Convention’s Contracting Parties to the Scientific and Technical Review Panel (STRP) which is reflected in Task
3.3 of the STRP Work Plan for 2003-2005 for the Panel’s expert working group on Water Resource Management.
This report complements the adopted guidelines for the allocation and management of water for maintaining
the ecological functions of wetlands (Resolution VIII.1, 2002), and focuses on a specific wetland type, namely
estuaries. The ecological functioning of estuaries depends on inflows from both the adjacent coastal marine
waters as well as freshwater inflows from the river basin upstream. The complex relationship between these
two inputs determines, to a large extent, the nature of the estuarine ecosystem and associated services which
are provided by that ecosystem. Understanding how the relationship between freshwater inflows and marine
inflows can be affected by different drivers, including human activities, is essential to achieving the wise use of
estuarine wetland ecosystems.
Dr Heather MacKay, Chair of the Scientific and
Technical Review Panel 2009-2012
December 2012
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Environmental water requirements for estuaries

Summary
This report provides a review of available methods for determining the environmental water requirements
of estuaries, as well as a discussion of trends in method development and requirements for the successful
implementation of environmental water requirements. In most countries the environmental water requirements of estuaries have only recently received attention – in the past these requirements were seldom
considered in water resources planning and environmental management, mostly because of the lack of
long-term monitoring data on estuarine ecosystems and a limited understanding of the influence of freshwater inflow on the structure and function of estuaries. In some cases it was incorrectly assumed that the
environmental water requirements determined for rivers would protect downstream estuarine processes,
and in other cases the omission was a result of divided sectoral management of water resources or lack of
applicable legislation.
Three countries have made substantial progress in developing methods for assessment of environmental
water requirements for estuaries, i.e., Australia, South Africa and the USA, and the main focus of the report
is on their experiences. Methods have mostly been developed within practical applications, representing
a “learning-by-doing” approach. Recently-used methods take a holistic and adaptive approach and are
presented as frameworks that include a number of steps and provide a broad strategy for assessment of
environmental water requirements for estuaries. These frameworks also include elements of risk assessment and adaptive management. Most approaches����������������������������������������������������
are data-intensive and emphasize long-term monitoring so that the impacts of freshwater inflow alteration can be understood.
Because of limited financial resources, some countries have prioritized specific estuaries for assessment. In
other countries, legal battles relating to water use and allocation have resulted in the execution of detailed
modeling and monitoring exercises, the development and testing of methods, and the implementation of
water allocations to meet environmental water requirements.
This review demonstrates that a range of methods and frameworks is available for determining the environmental water requirements of estuaries. Implementation is currently slow, however, because of costs
and lack of expertise as well as inadequate institutional and legal arrangements. Technical expertise is
required especially for modeling sediment, hydrodynamic and water quality processes in estuaries and
linking these to biotic responses in order to understand the implications for determination of environmental water requirements. Successful implementation of environmental water requirements for estuaries has
occurred where there have been strong governance structures, stakeholder participation, monitoring, and
feedback in an adaptive management cycle.

1. Introduction

(COP8) to review Resolutions VIII.1 and VIII.2 and to
prepare further guidance for consideration at COP9.

1.1 Ramsar guidance and other materials
related to this report

The STRP’s 2003-2005 Work Plan for Working Group
4: Water Resource Management included the preparation of ‘Guidance for environmental flow assessment for wetland ecosystems’ (Task 3.3) as one of its
priorities, with the following objectives:

In 2002, Contracting Parties to the Ramsar Convention
adopted two Resolutions relating to environmental
water allocations:
• Resolution VIII.1 (Guidelines for the allocation and
management of water for maintaining the ecological
functions of wetlands);
• Resolution VIII.2 (The Report of the World
Commission on Dams and its relevance to the Ramsar
Convention).
In addition, the STRP was requested in 2002 at the
8th meeting of the Conference of Contracting Parties

i) To prepare reviews and associated guidance for
Contracting Parties for COP 9 on environmental
flow methodologies for rivers and other types
of wetland ecosystems and their biophysical
components, appropriate for regulated systems
- with particular attention given to assistance in
the management of dam-related impacts - and
unregulated systems;
ii) To prepare guidance, as appropriate, on the processes of determining and implementing environ-
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mental flows, building on the existing guidance
provided at COP8 (Resolutions VIII.1 and VIII.2,
and supporting papers) and a synopsis of material derived from the technical reviews.
This Technical Report has been prepared in response
to that request to STRP reflected in Task 3.3(i) in the
2003-2005 Work Plan; it also serves as supplementary
material related to the following Ramsar Handbooks
(Ramsar Convention, 2011):
• Handbook 8 (An Integrated Framework for the
Convention’s water-related guidance);
• Handbook 9 (Integrating wetland conservation and
wise use into river basin management);
• Handbook 10 (Guidelines for the allocation and management of water for maintaining the ecological functions of wetlands); and
• Handbook 12 (Wetland issues in Coastal Zone
Management).

1.2 Terminology: “environmental
flows” and “environmental water
requirements”

A

t present there is no single, internationallyagreed definition of the term “environmental
water requirements”, and the terminology continues
to evolve over time as the concept becomes more
widely accepted and applied. The term “environmental flow (or flows)” has been most commonly
adopted to date, irrespective of whether the water
in the wetland is flowing or not, and this probably
reflects the limited attention currently given to wetland ecosystems other than rivers. In this report the
more general term “environmental water requirements” is used in respect of both flowing and nonflowing systems, unless another term is used in a
specific source document, example or case study.

2

“Environmental flows” (or, in this report, “environmental water requirements”) refers to the water
regime of a river, wetland or coastal zone necessary
to maintain the biophysical components, ecological processes, and health of aquatic ecosystems and
associated ecological goods and services (Arthington
et al., 2006). The concept of Environmental Flows
is rapidly developing into a suite of frameworks
and tools for the protection and restoration of
inland and coastal aquatic ecosystems (Naiman et
al., 2006). Environmental Flows is a sub-discipline
of Ecohydrology which encompasses all aspects
of research related to flow-ecology relationships
(Hannah et al., 2004; Naiman et al., 2006).

1.3 Scope and purpose of this report

I

n the Ramsar Classification System for Wetland
Types, estuaries fall under Marine and Coastal
waters (Category F) where they are defined as including the permanent waters of estuaries and estuarine
systems of deltas (Ramsar Convention, 1996). They
are distinct and valuable environments in which continual mixing of freshwater and marine water generates a complex array of habitats. Estuaries perform
important chemical and physical functions; they trap
nutrients, filter toxic pollutants and transform wastes
that enter from the watersheds, nearshore ocean,
and the atmosphere. Physical functions of estuaries
include the amelioration of coastal storm impacts,
the attenuation of flooding, and the mitigation of erosion on bordering landmasses (Davidson et al., 1991;
Kennish, 2000). Commercial activities related to estuaries frequently include shipping, marine transportation, oil and gas recovery, electric power generation,
marine biotechnology, aquaculture and mariculture,
fisheries production and tourism. Other benefits
and services often provided by estuaries include
sediment supply, soil formation, genetic resources,
raw materials for subsistence and commercial use,
aesthetic value, cultural and educational value and
water supply. Table 1 gives an overview of the ecosystem services provided by estuaries.
Implementation of environmental water requirement
determinations is recognised as being important to
support the intrinsic, ecological, social and economic
values of estuaries. However, much research in the
field of environmental flows has focused on methods
for rivers with much less attention given to methods for estuaries. There are a number of well-documented and widely used methods such as In-Stream
Incremental Methodology (IFIM), habitat analysis,
and Building Block Methodology (BBM) (King and
Louw, 1998). Recently, practitioners in the field have
adopted a more holistic approach to assess the environmental water requirements not only for the river
system but also the associated wetlands, groundwater and estuary systems (Acreman, 2003). In most
countries the environmental water requirements of
estuaries have only recently received attention. In
the past these requirements were ignored, largely
because of the lack of long-term monitoring data and
an understanding of the structure and function of
estuaries. In some cases an incorrect assumption was
that the environmental water requirements determined for rivers would protect downstream estuarine processes, while in others the omission was the
result of the divided sectoral management of water
resources.

Environmental water requirements for estuaries
Table 1. Ecosystem services of aquatic and water-dependent ecosystems and their importance in estuaries
(from Van Niekerk and Turpie, 2012, adapted from Costanza et al., 1997 and Turpie and Clark, 2007)

Cultural
services
(attributes)

Supporting services

Regulating services

Provisioning services
(goods)

Ecosystem services

Description

Importance in
estuaries

Water

Provision of water for subsistence and agricultural
use (only applicable in fresher upper reaches)

Low

Food, medicines

Production of fish and food plants; medicinal
plants

High

Raw materials

Production of craftwork materials, construction
materials, fodder and biofuel (especially important
in rural and arid areas)

Medium to
high

Climate regulation

Carbon sequestration, oxygen and ozone production, urban heat amelioration

High

Disturbance regulation

Flood control, drought recovery, refuges from pollution events

High

Water regulation

Provision of dry season flows for agricultural,
industrial and household use (only applicable in
fresher upper reaches)

Low

Erosion control and
sediment retention

Prevention of soil loss by vegetation cover and
capture of soil, e.g., reeds and sedges preventing
bank erosion

High

Ecological regulation

Regulation of diseases and pests such as malaria,
bilharzia, liver fluke, black fly, invasive plants due
to the effects of salinity.

High

Waste treatment

High retention, therefore effective in breaking
down waste and detoxifying pollution. Tidal and
fluvial flushing assist with dilution and transport
of pollutants

Medium to
high

Refugia/ Nursery areas

Critical habitat for migratory fish and birds,
important habitats or nursery areas for species

High

Export of materials and
nutrients

Export of nutrients and sediments to marine
ecosystems

High

Genetic resources

Medicine, products for materials science, genes for
resistance to plant pathogens and crop pests, ornamental species

Low

Structure and composition of biological
communities

The characteristics, including rarity and beauty,
that give an area its aesthetic qualities or make
it attractive for recreational, religious or cultural
activities

High

This review focuses on the methods and frameworks
developed for assessment of the environmental water
requirements of estuaries. The objectives of this study
were to assess the strengths and weaknesses of avail-

able methods, to describe recent trends in method
development, and to identify requirements for the
successful implementation of environmental water
requirements for estuaries.

3

Ramsar Technical Reports
2. The importance of freshwater inflow
to estuaries and the changes in
estuaries in response to altered
freshwater inflow

T

he importance of freshwater inflow to estuaries
and the changes in estuaries in response to altered
freshwater inflow are discussed briefly below. Other
studies have addressed this topic in greater detail
(Browder and Moore, 1981; Drinkwater and Frank,
1994; Whitfield and Wooldridge, 1994; Bate and
Adams, 2000; Alber, 2002; Estevez, 2002; Gillsanders
and Kingsford, 2002; Fohrer and Chicharo, 2012).
This section provides an overview of the topic for the
benefit of readers new to the field.

2.1 Estuary types

A

classification of estuary types can provide a useful framework for understanding the characteristics of estuaries in general, why they occur where
they do, what features they share and, most importantly, how they function (Davidson et al. 1991).
However, this is a complex and difficult task because
of the high variability that exists among estuaries
worldwide. Classification has generally been aimed
at grouping estuaries based on different characteristics, including such aspects as geological (e.g., substrate type, historical formation and depth), physical
(e.g., circulation, currents and mouth states), chemical (e.g., nutrients, pH, turbidity, salinity and dissolved oxygen levels) and biological (e.g., community composition and food web structure) characteristics (Simenstad and Yanagi, 2012).
Whitfield and Elliot (2011) classified estuaries into
three primary categories (river mouths; valleys; lakes
and lagoons) based on geomorphology (estuary morphometrics and mouth dimensions) and hydrography (river flow and salinity). This is a useful classification for determining sensitivity of an estuary to
changes in freshwater inflow (Tables 2 and 3):

River mouths are dominated by riverine influences
and can take the form of a single or multiple-mouth
estuary. The estuary is usually fresh or oligohaline
(salinity < 5 ppt) but conditions can range from riverine to estuarine.
Valleys are located in a drowned river valley and
can consist of a single channel or a number of tributaries. A full salinity gradient from fresh to marine
conditions is common but the estuary is seldom
hypersaline.
Lagoons and lakes are located on a coastal plain
where there is a strong supply of marine sediment
which results in the development of barrier beaches,
dunes or bars. These systems can become closed to
the sea, resulting in hypersaline conditions.
Changes in freshwater inflow will influence the mixing between fresh and saltwater, and this mixing
determines the physical and chemical properties of
the estuary, the length of the estuary, inundation
levels, and residence time (Fohrer and Chicharo,
2012). Mixing processes are influenced more by the
river inflows in estuaries of the river mouth type.
Tides and river inflows are important in valley
types, whereas wind can control mixing processes in
lagoons and lakes.

2.2 The response of estuaries to changes
in freshwater inflow

A

ny long-term change in the quantity, quality
and timing of freshwater inflow will influence
the structure and function of an estuary through
changes in geomorphology, hydrology, water quality, exchanges with the sea, habitat availability, connectivity and ecological processes. Changes typically
include a reduction of freshwater inflow volume,
but human interventions can also lead to increases
in freshwater inflow through interbasin water transfers, agricultural return flow, and stormwater flows
from urban areas. These changes will alter the ability
of the estuary to provide the goods and services that

Table 2. Primary estuary types and the relationship to other existing classifications
(Whitfield and Elliot, 2012)

4

Estuary ecosystem
type

Alternative terminology used in classifications by others

River mouths

Delta front estuaries and deltaic formations

Valleys

Drowned river valleys, fjords, fjards, firths, rias, estuarine bays, and some tectonic estuaries

Coastal lakes and
lagoons

Blind estuaries, bar-built and intermittently open estuaries, coastal plain estuaries, barrier beaches and estuarine embayments

Environmental water requirements for estuaries
support mankind. Management of estuaries in terms
of the environmental water requirements is necessary to balance the use of estuaries with the ability
to deliver goods and services. Tables 4 and 5 outline
the responses of permanently open and intermittently closed estuaries to a reduction in freshwater
inflow which influences the abiotic characteristics,
causing changes in the abundance, productivity, distribution, and composition of the biota. The effect of
these changes on the provision of ecosystem services
is indicated.

reeds or even terrestrial species not resistant to salinity. Closure of the mouth also prevents recruitment
of invertebrates and fish to the estuary from the sea.
Freshwater inflow thus influences the ‘connectivity’
of nursery habitats for certain species within estuaries. Species may inhabit a variety of freshwater and
estuarine habitats at different stages of their life cycle
and the loss of connectivity between these habitats
due to reduced freshwater supply can influence the
survival of juvenile organisms reliant on those habitats to complete their life cycle.

To a large extent, the inflow of freshwater controls
the hydrodynamics of an estuary and therefore the
sediment transport within the system and the nature
of the mouth (i.e., whether open or closed). Upstream
dams can attenuate smaller river floods that might
otherwise help to maintain the physical shape and
structure of an estuary. Floods are needed to regularly scour accumulated marine and catchment sediment from the estuary, deepening the mouth and
resetting the salinity regime. Upstream dams reduce
the erosion capacity of river floods with the result
that estuary channel dimensions shrink, sediments
accumulate in the subtidal zone, and flood tidal
deltas are deposited. Reduced freshwater input can
thus result in sediment build-up and an increase in
the frequency and length of time during which the
mouth of an estuary is closed to the sea (see Table
5). This will lead to reduced scouring of the bar at
the mouth and marked siltation of the channel (e.g.,
Tuggerah Lakes in New South Wales, Wilson Inlet in
Western Australia; Lukatelich et al., 1987). Artificial
breaching of the mouth may then become an option.
In New South Wales, Australia, artificial breaching
is primarily undertaken to prevent flood damage to
properties along estuary shorelines (Gillsanders and
Kingsford, 2002). The situation is similar in South
Africa.

Influence of changes in freshwater inflow on
salinity

Influence of changes in freshwater inflow on
estuary mouth closure
Freshwater input plays an important role in ensuring that the mouths of intermittently open estuaries
remain open to allow tidal exchange with nearshore
marine water. Tidal exchange is important for the full
functioning of all estuarine attributes. For example,
any restriction of tidal exchange can lead to the loss
of zonation and diversity of salt marsh plants which
are at the base of primary productivity. In high rainfall areas, if tidal exchange is restricted because of a
closed estuary mouth, the water level in the estuary
may rise and sediment salinity may be reduced for
long periods. This weakens salt marsh plants and
allows encroachment into those areas by brackish

Reduction in freshwater inflow can result in saline
water extending further upstream and displacing
brackish habitats at the expense of saline habitats
(Adams et al., 1992; Wortmann et al., 1998). Freshwater
inflow determines the extent of the longitudinal
salinity gradient as well as the extent and structure
of the vertical salinity stratification in an estuary.
Within this gradient, researchers have observed certain areas, i.e., the river estuary interface (REI zone),
that appear to be biologically distinct and richer than
others (Bate et al., 2002). Reductions in freshwater
inflow will shrink the most productive part of the
estuary; the brackish middle to upper or mesohaline
mixing zone of the estuary. Such compressions have
caused losses in primary and secondary productivity and fishery resources in certain Black Sea deltas
(Rozengurt and Haydock, 1981, cited in Jay and
Simenstad, 1994).
Reduced freshwater inflow may result in the estuary becoming hypersaline, particularly when this is
coupled with high evaporation rates and low rainfall.
Alternatively, the opening of upstream impoundment floodgates can also negatively affect the salinity
regime in estuaries as a large release of freshwater
can change the salinity in the estuary from full sea
water to full freshwater and back again over a short
period of time (Irlandi et al., 1997). A sudden drop
in salinity following a management response to high
salinity can result in severe physiological stress for
estuarine biota.

Influence of changes in freshwater inflow on
water quality
Freshwater inflow has a strong influence on the water
quality characteristics of an estuary. The delivery of
dissolved and particulate matter and the concentrations thereof is affected by changes in the timing and
quantity of freshwater entering an estuary (Alber,
2002). Reduced input of nutrients and organic matter to estuaries has implications for productivity and
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trophic structure in these systems. Generally there is
a positive relationship between phytoplankton biomass and freshwater inflow, particularly as a result
of increased nutrient availability with increased
inflow (Malone et al., 1988; Mallin et al., 1993; Snow
et al., 2000). The same pattern holds for pelagic consumers: both euryhaline copepods and fish attain significantly higher biomass in estuaries having a longitudinal salinity gradient (Schlacher and Wooldridge,
1996). Residence time (the length of time that material
remains in an estuary) is also important, however.

Influence of changes in freshwater inflow on
fisheries
Reduced fisheries production has been attributed
to altered freshwater inflow in many estuaries, particularly in those dominated by rivers (Livingston
et al., 1997). High spring run-off is a cue in the life
histories of many fish and shellfish (Alber, 2002).
Whitfield (1994) found that the abundance of newlyrecruited marine fishes into Eastern Cape estuaries,
South Africa, showed a significant positive correlation with longitudinal salinity gradients within the
systems studied. It was suggested that it is the riverine and estuarine olfactory cues associated with the
salinity gradients which attract the postflexion larvae
and early juveniles into estuaries and not the salinity
gradients per se. These findings were confirmed by
James (2006) in laboratory experiments specifically
designed to test those observations.

Sensitivity of different estuary types to
changes in freshwater inflows

6

Bar-built or barrier estuaries are the types most sensitive to change in freshwater inflow because a reduction in freshwater inflow has the effect of increasing
the size of the bar at the estuary mouth, thus reducing
the influence of the marine water inflows (Table 4).
Estuaries that normally only have intermittent connections to the sea are known as TOCEs (temporarily
open/closed estuaries) in South Africa and ICOLLs
(intermittently open lakes and lagoons) in Australia.
These systems also occur on the southeastern coast of
New Zealand, the southeastern coasts of Brazil and
Uruguay as a well as the southwestern coasts of India
and Sri Lanka (Perissinotto et al., 2010). Many of these
systems have been degraded as a result of reduced
freshwater inflow and eutrophication. Freshwater
abstraction can increase residence time of a body of
water in an estuary, increasing pollutant concentration and eutrophication. The three dominant hydrodynamic states in these estuaries are; open mouth,
semi-closed and closed mouth (Snow and Taljaard,
2007). In the semi-closed state, the mouth of an estuary is nearly closed with only a shallow, narrow

opening allowing water to “trickle” out to sea, but
the mouth is then too perched and shallow for tidal
exchange. However seawater may enter the estuary
during spring high tides (Van Niekerk et al., 2002).
In principle all estuaries are sensitive to reductions and changes in freshwater inflow and studies
which determine the freshwater inflow requirements
should treat each estuary as a unique complex system. Indicators have been identified that could be
used to establish the extent to which estuaries would
be sensitive to inflow modification (Taljaard et al.,
2004; Lamberth et al., 2008). The volume of the natural mean annual runoff that an estuary receives is
probably the most important parameter to consider
when in judging the potential sensitivity to reduced
freshwater inflow. In general the larger the natural
mean annual runoff into an estuary, the less sensitive
it is likely to be to small reductions in river inflow
as long as the mouth remains open most of the time.
However, the bathymetry of an estuary can cause
exceptions. In estuaries that are permanently open to
the sea the most important effect of reduced seasonal
base flow or extended duration of low flow is an
extension in the upstream intrusion of saline marine
water. Evaporation can result in hypersaline conditions particularly in arid and semi-arid areas where
freshwater inputs are reduced in estuaries that are
closed to the sea (Table 3).
The reasons that estuaries are often only intermittently connected to the sea include the size of the
estuary, the supply of marine sediment and the
degree of wave action in and near the mouth, absence
of protection of the mouth by rocks, beach slope, and
low mean annual run-off. Larger estuaries are less
prone to mouth closure than are smaller estuaries
because of greater tidal flow through the mouth – in
larger estuaries the tidal flow provides the primary
driving force keeping the mouth open. Small estuarTable 3. Sensitivity of different estuary types to
changes in freshwater inflow
River
mouths

Valleys

Coastal
lakes
and
lagoons

Mouth closure
& loss of marine
connectivity

Low

Moderate

High

Eutrophication

Low

Moderate

High

Saline intrusion

High

Moderate

Low

Hypersalinity

Low

Moderate

High

Environmental water requirements for estuaries
Table 4. Response of an open estuary to a reduction in water quantity (volume of freshwater inflow) and
potential human impacts in terms of the provision of ecosystem services
Abiotic driver

Biotic response

Effect on ecosystem services

Increased marine
sedimentation

Loss of open water habitat

Activities such as boating & fishing affected

Reduced input of fluvial
sediments

Erosion and loss of wetland habitat

Loss of ecotourism as areas with
recreational, tourist appeal lost

No sediment input to
marine environment

Loss of habitat

Loss of beaches, coastal erosion

Increase in stratification
and hypoxia of bottom
waters

Death of sensitive organisms

Bait collection & fisheries affected.
Loss of protein rich food source

Increase in retention of
pollutants

Accumulation of toxins in fish and
shellfish

Not suitable for consumption,
reduced food supply

Eutrophication and
decrease in water
transparency

Toxic algal blooms

Aesthetic appeal, recreation and
tourism lost

Loss of submerged aquatic vegetation

Increased health risk form toxic
algae blooms (ingesting blue green
algae, shellfish poisoning)

Reduced flushing of
pathogens

Accumulation of toxins in fish and
shellfish

Human health issues

Reduced freshwater inflow to marine
environment

Loss of spawning and migration cues in
the marine environment for invertebrate
& fish recruitment

Reduced fisheries

Longitudinal salinity gradient lost

Decrease in habitat diversity

Loss of estuary nursery function
- fisheries affected – loss of livelihoods for fishing communities

SEDIMENT
Biota with a preference for sand displace mud species

RETENTION

Decrease in biodiversity

Aquaculture affected

SALINITY

Reduced productivity in the river estuary interface zone

Loss of protein food source

Reduced fish & invertebrate recruitment
Increase in saltwater
intrusion

Intrusion of marine predators, invasive
alien species, parasites and diseases.
Loss of brackish habitats, species richness and productivity

Reduced fisheries

Decrease in primary and secondary
productivity

Loss of fisheries

NUTRIENTS
Reduced nutrient input
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Table 5. Response of an intermittently closed estuary to a reduction in water quantity (volume of freshwater inflow) and an increase in the duration and frequency of closed mouth conditions. Potential human
impacts in terms of the provision of ecosystem services are indicated.
Abiotic driver

Biotic response

Effect on ecosystem services

No tidal exchange

Loss of intertidal habitat and wetlands

Wetland purification capacity,
erosion control and flood mitigation lost

Loss of diversity (e.g., intertidal salt
marsh & waders)
Loss of marine
connectivity

Loss of invertebrate & fish recruitment,
interruption of life cycles

Reduced fisheries

Decline in salt tolerant biota
Loss of marine – catchment connectivity

Loss of recruitment of catadromous species that live in freshwater and breed in
the sea (e.g., eels & freshwater mullet)

Reduced food security and loss
of cultural aspects

Increase in water level

Loss of intertidal habitat e.g., intertidal
salt marsh and waders

Loss of tourist appeal, bird
watching
Surrounding property flooded
which results in artificial
breaching

Decrease in water level

Die-back of submerged plants
Nursery habitats for invertebrates and
fish lost

Loss of bait and fisheries
resources
Reduced ecotourism

Reduced foraging & nesting habitat for
waterbirds.
Eutrophication and
decrease in water
transparency

Loss of submerged aquatic vegetation
such as seagrass, harmful algal blooms,
fish kills.

Loss of assimilative capacity
(waste treatment)
Loss of fisheries
Reduced recreational value
Decreased value surrounding
real estate

Increase in retention of
pollutants

Accumulation of toxins in fish and
shellfish

Increase in retention of
human pathogens
Hypersaline conditions

No contact recreational activities, declines in public health
Die-back of wetlands
Change in species composition, reduced
abundance and community composition.

ies have less tidal marine inflow and are very sensitive to reductions in river inflow and thus reduction
in the amount of outflow, because this is the main
force keeping the mouth open. If outflow decreases
below a certain volume the mouth closes and remains
closed until such time as river inflow increases sufficiently to cause the water level inside the estuary to
rise and the mouth to be breached.
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Not suitable for consumption,
reduced food supply

The larger the amount of sediment available in the
adjacent marine environment, and the stronger the

Banks destabilized, loss of buffers and flood control

wave action, the greater the likelihood that the estuary mouth will close. In estuaries where there is not
a large amount of sediment available, for example
on a rocky coastline or where longshore transport is
quite far offshore, an estuary tends to be less likely to
experience mouth closure due to river inflow reduction. The mouth is also less prone to closure when
it is protected against wave action, for example by a
headland (Taljaard et al., 2004).
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Summary
In summary, changes in freshwater inflows, particularly those resulting from human activity, alter the
dynamic nature of estuaries. This has serious implications because the temporal and spatial heterogeneity to which the biota have adapted is altered,
sometimes permanently. Estuaries occur at the lower
ends of large river catchments but their complexity
and relatively small size makes them susceptible
to human impacts upstream. The manner in which
estuary characteristics are influenced by freshwater
inflow is often not the result of a single flow event,
but rather that of characteristic flow patterns occurring over weeks or months. In estuaries there is a
much larger buffer or delay effect between river
inflow patterns and their effect on abiotic parameters
than there is in rivers (Taljaard et al., 2004). For these
reasons, methods for determining the environmental water requirements of rivers are not easily transferred to estuaries. The strong longitudinal gradients
of abiotic characteristics and changes in response to
tides and freshwater inflow influence the biotic composition and function. Estuaries are complex systems
which therefore require holistic and process-based
approaches for determining the freshwater inflow
requirements. A sound approach would require that
the investigator has an understanding of the natural
variability in the quantity and timing of freshwater,
including whether or not this has changed over time
and how it is likely to change in the future (Olsen
et al., 2006). Setting up scenarios of future possible
changes in inflow is important because they can be
effectively communicated to stakeholders as they
identify the implications of alternative courses of
action in terms of the social, economic and ecological
implications.

3. Methods and frameworks used to
determine the environmental water
requirements of estuaries

T

he term “����������������������������������������
Methods” describes the scientific (technical) tools used to investigate the freshwater
inflow required to sustain the ecological function
of an estuary (Dyson et al., 2003). “Approaches” are
ways of working to derive the assessments using,
for example, expert teams, whereas “frameworks”
provide a broad strategy for assessments of environmental water requirements. Frameworks include
a set of steps, linked components or tools that cover
all aspects of the process of establishing agreed environmental flow allocations to estuaries (Gippel et al.,
2009a). Understanding the relationships between
freshwater inflow, estuary condition, and estuary

resources is the basis of estuary environmental water
requirement assessments and Alber (2002) classified
the approaches into three types:
• Inflow-based methods determine an acceptable
level of deviation in freshwater inflows relative to
the natural or reference freshwater inflow regime.
• Condition-based methods determine the freshwater inflow required to maintain agreed conditions within the estuary.
• Resource-based methods determine the freshwater inflow required to maintain suitable conditions for particular resources (e.g., certain commercially or culturally important species).
Table A.1 in the annex to this report indicates the
countries and estuaries where these methods have
been applied.

3.1 Inflow-based methods

I

nflow-based methods rely on hydrological analyses and assume that if the inflow is maintained then
this will maintain estuary condition and resources as
well. The percent-of-flow approach (Flannery et al.,
2002) is an inflow-based method for unimpounded
rivers that was applied to Southwest Florida estuaries. It set limits to freshwater withdrawals as a percentage of stream flow at the time of withdrawal.
Other inflow-based methods such as the Indicators of
Hydrologic Alteration (IHA) trend analysis method
have been applied to Georgia (USA) estuaries (Alber
and Flory, 2002).
The advantages of this approach are that it is simple,
rapid and cost effective. However, the weaknesses
are the lack of supporting ecological information
and the assumption that ecosystem change is linear
and that only flow influences estuary health. The
approach would be less useful in highly-regulated
and altered systems.

3.2 Resource-based methods

R

esource-based methods focus on organisms
and fisheries that are of economic importance.
Freshwater inflows are set on the basis of the requirements of the selected biotic or fisheries resources, and
the goal is to protect the estuary by focusing on key
resources. One of the early studies considered the
pink shrimp, Farfantepenaeus duorarum, as an indicator of the health and productivity of the Florida
Bay ecosystem. The pink shrimp simulation model
(Browder et al., 1999) was used to show the influence
of upstream water management and the response of
the shrimps to changes in salinity.
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Resource-based methods have also been used in
Texas (USA), which has had a long history of environmental water management for estuaries. After
a drought in the 1950s which caused low flow,
hypersalinity, fish kills, and the loss of blue crabs
and white shrimp in the estuaries (Copeland, 1966;
Hoese, 1967; Montagna et al., 2002), legislation was
passed to give consideration to the environmental
water requirements of bays, estuaries and arms of the
Gulf of Mexico. The Texas Estuarine Mathematical
Programming model (TxEMP, Matsumoto et al., 1994;
Powell and Matsumoto, 1994; Powell et al,. 2002) was
used to model salinity inflow and fishery harvest
relationships. A series of relationships between historic monthly inflow and the catch of various fish,
crustaceans and mollusks were used as the basis for
the model (Matsumoto et al., 1994, cited in Alber,
2002). Other resource-based methods have been used
in the South Florida Water Management District and
in tropical Australia (Table A.1 in the annex to this
report). Halliday et al. (2003) and Robins et al. (2005)
developed a framework for determining environmental flows to sustain estuary-dependent fisheries
(Figure 1).
Robins et al. (2005) used correlative analyses in the
Fitzroy River Estuary to relate catch to flow and
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rainfall variables. The method used to assess the
environmental water requirements of the Suwanee
River estuary involved the identification of ‘target
habitats’ to be protected within the estuary (Figure
2). Thereafter, existing and new knowledge was used
to recommend the salinities needed to sustain the target habitats (Mattson, 2002). Five target habitats were
identified and recommendations made in terms of
the freshwater inflow needs to maintain the salinity
regime suitable to the particular habitat.
The advantages of these resource-based methods
are that they have stakeholder buy-in because of the
economic, social and political value of the resource,
particularly with regard to recreational and commercial fishing. Therefore it is important that the indicator chosen by the scientists should be linked to the
resources valued by society (Alber, 2002). These factors as well as the availability of time series data (from
commercial catch or landing records) has resulted in
environmental water allocations to sustain fisheries
becoming a key feature of many Australian water
management plans (Halliday et al., 2003).
Lack of data particularly with regard to commercial
fisheries would limit the application of this framework to other estuaries, and an obvious disadvan-

Figure 1. Generalised framework to identifying aspects of the freshwater flow regime that are potentially
important to estuarine fisheries production (after Robins et al. 2005).
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Figure 2. An example of the resource-based approach to assess the environmental water requirements of
the Suwannee River Estuary, Florida (after Mattson, 2002).
tage is that these methods are based on a limited
number of species and their habitat requirements,
which may overlook other important resources with
different inflow requirements (Alber, 2002). Another
disadvantage is that the models require large data
sets even when the number of target species is small.

3.3 Condition-based methods

I

n this approach, environmental water requirements are set to maintain specific physical and
habitat conditions in order to protect the estuarine
ecosystem. For example, the X2 approach sets the
freshwater inflow to maintain specific conditions
(e.g., salinity) at a given point in an estuary. In the
San Francisco Bay Estuary, California, freshwater
inflow is managed so that the X2 (the distance from
the Golden Gate Bridge to the 2 ppt isohaline, measured 1 m off the bottom and averaged over more
than 1 day) is positioned where it may be beneficial
to aquatic life (CALFED, 2002, cited in Alber, 2002).
Significant statistical relationships had previously
been found between X2 and the supply of phytoplankton and phytoplankton-derived detritus, the
abundance of mysids and shrimp, the survival of

salmon smolts and the abundance of planktivorous,
piscivorous and bottom-foraging fish (Kimmerer and
Schubel, 1994; Jassby et al., 1995). This X2 location
changes in relation to the freshwater inflow into the
estuary.
An advantage of this approach is that it has many
components of adaptive ecosystem management
involving scientists, managers and a consortium of
federal and state agencies working in the estuary.
The approach also considers all trophic levels (Alber,
2002).
Disadvantages are that the approach excludes
alternative models that could be explicitly tested
(Kimmerer, 2002) and the method can only be applied
in an estuary if empirical relationships between salinity and ecological processes, e.g., phytoplankton production, are understood.

3.4 Holistic Ecosystem Methods and
Frameworks

T

he review of available methods indicates that
recent studies have taken a holistic and adaptive
approach and are mostly presented as frameworks
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which provide a broad strategy for the assessments
of environmental water requirements for estuaries.
Methods used in these frameworks are holistic, in
that they consider the entire ecosystem and include
multi-disciplinary teams and stakeholders.
Holistic ����������������������������������������
methods have mostly developed from practical applications, a learning-by-doing approach. For
example, in Australia Peirson et al. (2001) addressed
the requirements of the Richmond River estuary
which formed the basis of the proposed methods of
the National River Health Program (Peirson et al.,
2002). In South Africa scientists had been working
with the Department of Water Affairs and Forestry
on the freshwater requirements of estuaries at least
ten years prior to the formalisation of methods
in 1999 (Taljaard et al., 2004). Indeed a survey by
Moore (2004) and a question on how the concept of
environmental flows became established in various
countries elicited a majority response from respondents that this was as a result of the introduction of
Environmental Flow Assessment (EFA) projects
either by government agencies or sources from outside the country.
Ecosystem-based approaches are more holistic,
but data requirements are intensive. An ecosystembased approach generally makes use of experts from
a range of disciplines, with knowledge of both living
(biotic) and non-living (abiotic) components of the
estuarine ecosystem, which implies that consensus
among experts may not always be achieved (Dyson
et al., 2003). Studies vary in their selection of parameters that are evaluated and the timeline over which
the implications of change are assessed. These types
of studies are generally replicable and can transfer to
other sites or systems (Dyson et al., 2003).
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Good physical, chemical, water quality and ecological data are needed to determine appropriate
environmental water requirements. For example,
fundamental to the FLOWS method used for estuaries in Victoria, Australia, is the development of
flow relationships between physical and ecological
objectives using conceptual models of key species
and processes. Conceptual models are also used in
the benchmarking method in Queensland, Australia
(Table A.2 in the annex to this report). The confidence
in the assessment is dependent on an understanding
of the relationship between flows, abiotic and biotic
responses. Data are however not always available.
This was identified as a major stumbling block by the
different Australian states when the applicability of
the Peirson et al. (2002) environmental water requirement method was investigated (Gippel, 2002). The
FLOWS method was also adapted in the environ-

mental water requirement assessment of the Jiaojian
Basin, China, where researchers required a method
which represented an asset-based, holistic approach
(Gippel et al., 2009b).
Benchmarking is a “top down” method that defines
environmental water requirements in terms of acceptable levels of change from the natural flow regime
(Arthington et al., 1998). The effects of changes are
benchmarked by comparison with similar river
reaches that have already been modified. The method
can be used to evaluate the consequences of many
different scenarios of flow regulation and appears to
be suitable for poorly studied areas (Schofield et al.,
2003). The concept of “benchmarking” has recently
been incorporated into an environmental water
requirement method called ELOHA (Ecological
Limits of Hydrological Alteration). This approach
involves quantification of stress/response relationships and environmental water requirement guidelines for different classes of rivers with contrasting
flow regime types (Arthington et al., 2006). It is a
flexible framework for assessing and managing environmental water requirements across large regions
and is being used to integrate environmental water
requirements into regional water resource planning
and management worldwide (Poff et al., 2010).
Disadvantages of the benchmarking approach are
that there are often uncertainties about processes at
the benchmark or reference estuary sites, and there
are difficulties in separating flow and non-flow
related impacts and understanding the lag effects of
impacts. The South African method for the determination of the ecological reserve for estuaries (Resource
Directed Measures (RDM) method) addresses this by
defining a reference state for each studied estuary.
An Estuarine Health Index is then used to assess the
present state of the estuary and deviation from the
reference condition (Figure 3). The health index identifies flow and non-flow related impacts. The ecological importance of an estuary (Turpie et al., 2002)
together with the present state assessment is then
used to recommend an Ecological Reserve Category
which defines the level of protection afforded to an
estuary. Resource Quality Objectives are also set to
maintain water quantity, quality, habitat and biotic
integrity to keep the estuary in the recommended
ecological state, and monitoring requirements are
identified. The method also evaluates different freshwater inflow scenarios. Hydrological specialists
provide monthly runoff datasets for each scenario;
these are analysed by the hydrodynamic specialists and then presented to ecological specialists for
their assessment. This is an ecosystem approach that
requires an understanding of the effect of changes in
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Figure 3. The procedures for the determination of the preliminary ecological water requirements (reserve)
for South African estuaries (after DWAF 2004).
river inflow on abiotic components (e.g., hydrodynamics, sediment dynamics, and water quality) and,
subsequently, the response of biotic components
(e.g., microalgae, macrophytes, invertebrates, fish
and birds) (Adams et al., 2002; Taljaard et al., 2004;
DWAF, 2004).
The South African method was developed in response
to the National Water Act (No. 36 of 1998), which
establishes the Reserve (of water) for basic human
needs and ecosystems, wherein a certain amount of
water must be set aside for basic human needs and
ecosystems before water can be allocated for other
uses. Methods for the determination of the environmental water requirements of estuaries were published in 1999, and studies have been completed on a
variety of estuary types from different biogeographic
zones in South Africa (see Table A.2 in the annex to
this report). According to Close (2005), a disadvantage of the approach is that the risk to components
influenced by the flow alterations is not considered.
Risk assessment approaches have been used in
Australia and the UK (Table A.2 in the annex to this
report). The Peirson et al. (2002) method was an eco-

system approach that included aspects of risk assessment (Figure 4). In the absence of detailed hydrodynamic data on the Fitzroy River estuary, Australia,
Gippel et al. (2008) applied a risk assessment
approach. Close (2005, 2007) reviewed reviewed
available methods for determining environmental
water requirements for estuaries and recommended
the BAFFLER (Bayesian Adaptive Framework for
Flows to Maintain Estuarine Resources) approach to
be followed for the Hill and Moore Rivers, Western
Australia (Table A.2). This method relies on risk
assessment and incorporates levels of uncertainty
and prediction of estuarine response to altered freshwater inputs. The approach includes monitoring and
adaptive management which allows for updating
and re-evaluation of understanding and hypotheses
and therefore improves decision making in knowledge-poor environments. A national framework for
assessing and implementing environmental water
requirements for estuaries in Australia has recently
been proposed (Gippel et al. 2009b). This is a twotiered approach, one for assessing simple, data-poor,
low-value systems, or for prioritising multiple estuaries, and a detailed approach for complex, data-rich,
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Figure 4. The key steps used in the risk assessment/ecosystems approach used for Australian estuaries
(after Peirson et al., 2002).
high-value estuaries. The detailed assessment is a
13-step process termed an Estuary Flows Map. An
important aspect of this framework is the flexibility
to allow application of a range of scientific assessment methods to each particular estuary.
Most of the recent approaches / frameworks have
identified the importance of adaptive management
and monitoring. Richter et al. (2005) proposed the
six-step ESWM (ecologically sustainable water management) framework which focuses on determining
the flow requirements of rivers prior to the commencement of hydropower projects and includes
whole, functioning ecosystems (including estuaries),
variable flow regimes, and use of interdisciplinary
science teams. The case study was the Apalachicola
River and Bay where a flow regime was identified to
maintain the biological diversity and productivity of
the system (Richter et al., 2003). Implementation of
the flow recommendations occurs on a trial basis, the
system is monitored to test responses and hypotheses, and further research is conducted if needed.
This framework was applied to the Savannah Riverfloodplain-estuarine system and used in the adaptive
management of Thurmond Dam (Table A.2).
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Olsen et al., (2006) described the Integrated Water
Resource Management (IWRM) framework which
was tested in the Laguna de Terminos Estuary,

Mexico, and in Samana Bay, Dominican Republic
(Table A.2). This is a low-cost approach suitable for use
in developing countries that includes socio-economic
aspects in the assessment. The framework involves
stakeholders and incorporates both scientific and traditional knowledge. The main goal is to create and
sustain a governance process that is just, transparent and accountable to those affected by its actions.
The interests of the many upstream and downstream
stakeholder groups in the watershed and estuary are
linked. This process involves the negotiation of plans
and policies, subsequent decision making, monitoring, education and enforcement.

3.5 Models as tools in environmental water
requirement studies

C

onfidence in the determination of the environmental water requirements of estuaries requires
detailed modeling studies linking hydrology, hydrodynamics, water quality, and biotic responses.
Comprehensive environmental water requirement
assessments for estuaries will always require some
level of modeling, indicating the need for technical
expertise in these studies.
Early studies on the environmental water requirements of estuaries were effective at modeling salinity
changes and the effect on indicator organisms (e.g.,
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Lambert and Fruh, 1978). Examples where simple
models have been used to relate salinity structure
to freshwater flow include the investigations by
Jassby et al. (1995) in California and an investigation
for the Swan River, Western Australia, by Kurup et
al. (1998) (Table A.3 in the annex to this report). In
Tasmania, Davies and Kalish (1994) examined effects
of upstream storages on the flushing of the Derwent
Estuary, and Davies et al. (2002) investigated specific
flow requirements for the upper Derwent Estuary
by modeling relationships between flow and ecosystem functioning. The U.S. Environmental Protection
Agency (USEPA) Water Quality Analysis Simulation
Program (WASP5), which consists of two stand-alone
computer programs, was used to determine the freshwater allocations for the Pascogoula River and estuary (Harza 1995, cited in Peirson et al., 2002). Chan
et al. (2002) investigated the impacts of hydrological
changes on the Swan River estuary using a coupled
hydrodynamic-ecological numerical model, which
was employed to make assessments of pre-modification and post-modification scenarios, with the major
focus placed on the likely changes to phytoplankton
biomass and species composition.

Models��������������������������������������������
have also attempted to integrate the physical, chemical and biological processes in an estuary.
Slinger (2000) identified and linked five models used
to assess the environmental water requirements of
South African estuaries. These models were used
to simulate the response of two estuaries to a range
of inflow scenarios. In a study on three estuaries in
China, researchers incorporated three types of water
requirements into flow requirement calculations:
the water cycle, the biological cycle, and the habitat
(Yang et al., 2005). A bioenergetic model was used by
Hae-Cheol and Montagna (2009) to relate macrobenthic biomass and salinity regimes in order to assess
the implications of changes in freshwater inflow to
benthic ecosystem dynamics. Ecohydrology models have now been applied to a number of estuaries
(Wolanski, 2007). Such a model was developed for
the low flow condition in the Guadiana Estuary in
Spain and Portugal and was used to predict ecosystem health and test the response of the system to different management scenarios (Wolanski et al., 2006).
A combination of hydraulic and hydrodynamic modeling and Geographic Information Systems (GIS)
tools can be effectively used to communicate about

Figure 5. A decision tree used to determine the type of numerical model most suited to estuaries (1D = one
dimensional, 2D = two dimensional, 2Dh = two dimensional horizontal, 3D = three dimensional (after Van
Ballegooyen et al., 2004).
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environmental water requirements, as was done for
the delta of the Senegal River (Duvail and Hamerlynk,
2003). The delta was substantially modified by the
construction of the Diama dam in 1986, after which
no floods reached the floodplain or estuarine areas
downstream, which remained dry. In 1994, managed
flood releases from the dam were initiated. Hydraulic
modeling was developed as a tool to support stakeholder negotiations on the desired characteristics
of the managed flood releases. Initially, a water
balance model was developed. The data were then
integrated into a one-dimensional hydraulic model,
MIKE 11 (DHI, 2000). When associated with a Digital
Elevation Model and a Geographic Information
System (ArcView), the model provided a dynamic
description of floods. Flood extent, water depth, and
flood duration data were combined with ecological
and socio-economic data. The water requirements of
the different stakeholders were converted to flood
scenarios and the benefits and constraints analysed.
A consensus scenario was reached through a participatory process (Duvail and Hamerlynck, 2003).
The purpose of the study, complexity of the estuary,
and available expertise will determine the type of
model to be used. For example, there are a number
of predictive tools that can be used to assess the
hydrodynamics (or water circulation patterns) of
estuaries. These range from 3D numerical models,
2D numerical models, 1D numerical models, water
balance models, and statistical relationships to conceptual models (Van Ballegooyen et al., 2004). Figure
5 indicates a decision tree for application of numerical modeling. Numerical modeling can be used to
assess the incremental effects of changes in river
inflow which are difficult to derive from a number of
once-off sampling surveys.

4. Trends in method development and
implementation
4.1 Factors influencing method
development and implementation

A
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lthough there has been an increase in the development and application of environmental
water requirement assessment methods for estuaries, this review has found that substantial progress
in implementation has primarily taken place in three
countries: Australia, South Africa, and the USA.
South Africa has assessed the environmental water
requirements of approximately 10% of the country’s
estuaries using the same method each time, whereas
Australia has applied different methods to determin-

ing environmental water requirements for approximately 5% of the country’s estuaries.
Other countries where initiatives are underway are
China (Sun and Yang, 2004; Sun et al., 2008; Sun et al.,
2009; Zhao et al. 2009), Taiwan (Liu et al., 2005), the
Dominican Republic and Mexico (Olsen et al., 2006).
Tasmania is in the process of developing and refining
an environmental water assessment methodology
through the Tasmanian Environmental Flows Project
(TEFlows Project) (Gippel et al., 2009a).
Different methods are developed and used in
response to different social, economic and political
pressures. In China the influences of changes in runoff in the Yangtze Estuary were studied before the
construction of the Three Gorges Dam (Luo and Shen,
2002; Chen and Chen, 2002, as cited in Sun and Yang,
2004). The USA has the longest history of environmental water assessments for estuaries, which have
often been prompted by drought and deterioration
in estuarine health. In Europe the focus is more on
estuary water quality: management objectives are set
for estuaries through the Water Framework Directive
to achieve good ecological status in all water bodies
(Acreman et al., 2010).
Dam construction and the necessary environmental
impact assessments have resulted in a number of
studies. In Portugal, Morais et al. (2009) investigated
the changes in the Guadiana Estuary in response to
the filling of the Alqueva Dam.

4.2 Freshwater requirements of the marine
environment

E

stuarine habitats often extend beyond the mouth
of an estuary, and offshore habitats in the marine
environment are dependent on nutrient and sediment inputs from catchments (Loneragan and Bunn,
1999; Robins et al., 2005; Lamberth et al., 2009). In
any environmental water requirement study this is
an important aspect that needs to be identified at the
onset. In this context, Tasmania now requires that
freshwater allocations be determined for freshwater
dependent ecosystems (Pinto, in Gippel, 2002). The
omission of methods for determination of environmental water requirements of the marine environment from the current South African methods comes
as a result of the divided sectoral management of
water resources and marine resources (Taljaard et al.,
2004). Worldwide there is a need for integrated water
resource management and a catchment to coast ecosystem management approach. The term Integrated
Coastal and River Basin Management is being used
by UNEP (http://www.gpa.unep.org) (Olsen et al.,
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2006), which reflects growing recognition of this
need.

science as knowledge progresses which would facilitate optimal management and use of environmental
flows.

4.3 Institutional barriers to implementation

Monitoring has been occurring since 1997 in the
lower Hastings River, Australia, to detect impacts
caused by increased water extraction at Koree Island
(Bishop, 2005). Detailed studies in Australia include
those for the Murray River (South Australia, MDBC,
2000; Geddes, 2005; MDBC, 2008), Fitzroy Estuary
(Queensland), Derwent Estuary (Tasmania), and the
Richmond Estuary (New South Wales).

A

major stumbling block to the assessment
and implementation of environmental water
requirements is the lack of legislation and inadequate institutional and governance arrangements.
Management of estuaries in most countries is shared
among multiple government departments and cooperative governance is poor. For example in New
South Wales, Australia, water planning is administered by the Department of Water and Energy, while
estuary management is driven by local government
committees (Gippel et al., 2009a). The Murray-Darling
Basin receives water inflows from multiple states,
and therefore to ensure integration the Australian
Commonwealth Government is responsible for
water planning across the whole basin. In Tasmania,
estuarine water requirements were ignored because
it was assumed that the minimum flows determined
for rivers would protect downstream estuarine processes. However, there is now growing recognition
that estuaries need separate environmental water
requirement assessments (Gippel, 2002).
Moore’s (2004) survey on perceptions and interpretations of environmental water requirements indicated
that the issue of implementation is a cause for concern. Factors hampering implementation have been
related to cost, expertise, adequate institutional and
legal arrangements, and effective stakeholder participation. High confidence assessments require detailed
studies with high resource requirements and long
time frames. Technical expertise is required to model
the sediment, hydrodynamic and water quality processes. However, there are many occasions where
lack of resources and data result in estuary water
requirement assessments based on expert panels and
qualitative risk assessments. Gippel et al. (2009a) suggested bridging funding from national government
to ensure implementation of estuary environmental
water requirements until a “user pays” system could
be developed.

4.4 Adaptive management of freshwater
inflows to estuaries

T

here are a few successful case studies of adaptive management and monitoring in a number
of countries. For nearly 20 years the adaptive management framework has been recognised as the most
effective approach to natural resource management
(Holling, 1978). This provides for the integration of

The USA Texas Parks and Wildlife Department,
Coastal Fisheries Division, has an extensive monitoring program for fish in all Texas bays, and the
Texas Water Development Board monitors and collates river inflow and bay hydrographic data to estimate flows to the coast (Powell et al., 2002). Adaptive
management in allocating environmental water
requirements to the Nueces Estuary, Texas, has been
ongoing since the construction of the Choke Canyon
Reservoir in 1982. This has been a stakeholder driven
process that has increased estuary health while
providing a sustainable water supply to the region
(Montagna et al., 2009).
In the Great Brak Estuary (South Africa), a mouth
management plan involving water releases from the
Wolwedans Dam has ensured that the mouth has
remained open at important times, i.e., spring / summer to ensure fish recruitment and survival of salt
marsh (Adams et al.,1999). The construction of the
dam 3 kilometers upstream of the head of the tidal
influence of the estuary in 1989 reduced freshwater
input to the estuary and increased the frequency and
duration of mouth closure (Slinger, 2000).
In the Savannah River system, water releases for
ecosystem purposes have been conducted from
Thurmond Dam annually in spring since 2004 (Wrona
et al., 2007). As part of an adaptive management plan,
scientists have been monitoring the impact of flow
restoration on various ecological processes and water
quality. The process is iterative, where each controlled flood pulse is viewed as an experiment that is
monitored and scientifically refined over time. The
resultant learning through testing, evaluation, and
modifying management actions results in effective
adaptive management (Holling, 1978; Walters, 1986).
Central to the practice of adaptive management is
sustained and carefully targeted monitoring (Olsen
et al., 2006).
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4.5 Implications of climate change

Improving data and knowledge

uture management of environmental water
requirements for estuaries will need to consider
climate change effects as changes in precipitation
and run-off will alter estuary responses. Sea level
rise, increased temperatures, and coastal storms will
lead to changes in physical processes (e.g., modification in mouth conditions, salinity regimes, nutrient
pulses, sediment regimes) and biological responses
with an impact ultimately on ecosystem services. For
example sea level rise and reduced freshwater inflow
will increase salinity and result in longer flooding,
leading to loss of salt marsh and mangrove habitat.
Banks will become destabilized, resulting in erosion
and loss of buffers for flood control. According to
global climate change predictions, freshwater runoff
to coastal areas will decrease in mid-latitudes and
increase around the equator and at higher latitudes
(Day et al., 2012). The outer tropics and subtemperate zone will be drier, and high latitudes will become
wetter. Management should focus on maintaining
healthy estuarine ecosystems so that they will be better able to adapt to climate change. This may require
ongoing review of and adjustments to the environmental water allocations for estuaries.

The implementation of environmental water requirements requires a sound understanding of estuarine
processes and the relationship between abiotic drivers and biotic responses. Basic hydrological and
biological data are needed to improve confidence
in assessments. Quantitative data are required to
improve predictions so that there is less reliance on
expert opinion. Research should focus on the identification and separation of flow and non-flow related
impacts. Information on ecological needs and tolerances of different biota are also important research
topics. More demonstration flow restoration projects
are needed to validate conceptual models through
action research.

5. Conclusions

Most of the recent methods for determining the environmental water requirements of estuaries fall into
the holistic or ecosystem approach. Frameworks
have been developed which are not prescriptive
about which scientific methods should be used for
assessments. These frameworks include elements
of risk assessment and adaptive management. Most
approaches are data rich and emphasize the need for
long term monitoring in estuaries so that the impacts
of freshwater inflow alteration and the variable
nature of these systems can be understood.

F

Strengthening implementation
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This review has shown that a range of methods
is available for determining the environmental
water requirements of estuaries. What is urgently
needed is the implementation of recommendations
to ensure the protection of estuaries and rehabilitation of stressed or degraded estuarine ecosystems.
A method or framework will only be as good as the
protection the environmental water requirements
have afforded to an estuary. There will be progress
if a learning-by-doing approach is initiated and
there is implementation, monitoring, and feedback
in an adaptive management cycle. On the basis of
a number of international reviews, case studies and
analysis, Le Quesne et al. (2010) proposed a number
of guidelines for advancing the implementation of
environmental water requirements. These included
undertaking a phased approach, limiting allowable
water abstraction as soon as possible, and developing
clear objectives for environmental water requirement
policy based on an inclusive, transparent and wellcommunicated process. The need for a clear institutional framework, including independent oversight,
was also emphasized. Successful local pilot projects
were thought to be vital for building technical capacity and political support.

Transferability of methods and frameworks
There are many ways in which estuaries have been
defined, but this review has identified that the methods used to determine estuarine environmental water
requirements have been influenced more by the
available knowledge of the system in question and
the available budget than by the type of estuary. The
same methods and frameworks are being applied
across a variety of estuary types in both South Africa
and Australia.

Including social, economic and cultural issues
Because of the demand for freshwater resources
and climate change effects on water availability,
the necessity of environmental water requirement
assessments for estuaries will increase. Future studies should include social, economic and cultural
issues in an integrated water resources management
framework because of the high levels of competing
water uses and the need to link these issues to the
process of formulating environmental water requirements. It is the scientist’s role to indicate the consequences of different flow scenarios so that trade-offs
can be based on sound environmental knowledge.
Ecosystem services can be used to communicate
results. However, strong governance structures are

Environmental water requirements for estuaries
also needed to ensure implementation and management of environmental flows.

6. References
ACREMAN MC (2003) Defining water requirements. In: Dyson, M., Bergkamp, G. and Scanlon,
J. (eds). Flow: The Essentials of Environmental Flows.
Pp 11-28. Switzerland & U.K., IUCN (The World
Conservation Union). 118 pp.
ACREMAN MC, FERGUSON, AJD (2010).
Environmental flows and the European Water
Framework Directive. Freshwater Biology 55, 32-48.

BAIRD M, WALKER S, WALLACE B, SAKOV
P, PARSLOW J, WARING J (2001). Simple
Estuarine Response Model. A coupled biologicalphysical model of estuarine response in Australian
estuaries. CSIRO and CRC for Coastal Zone,
Estuary and Waterway Management. National
Land and Water Resources Audit. http://www.per.
marine.csiro.au/serm/
BAO Y, MAYS LW (1994) Optimization of freshwater inflows to Lavaca-Tres Palacios, Texas, estuary.
Journal of Water Resources Planning and Management
120, 218-236.

ADAMS JB, KNOOP WT, BATE GC (1992) The
distribution of estuarine macrophytes in relation
to freshwater. Botanica Marina 35, 215-226.

BATE GC, ADAMS JB (2000) The effects of a single freshwater release into the Kromme Estuary :
Overview and interpretation for the future. Water
SA 26, 329-332.

ADAMS JB, BATE GC, O’CALLAGHAN
MO (1999) Primary Producers. In: Estuaries in
South Africa. (eds. Allanson, B.R. and Baird, D.).
Cambridge University Press. pp 91-117.

BATE GC, WHITFIELD AK, ADAMS JB,
HUIZINGA P, WOOLDRIDGE TH (2002)
The importance of the river estuary interface (REI)
zone in estuaries. Water SA 28, 271-279.

ADAMS, JB, BATE GC, HARRISON
TD, HUIZINGA P, TALJAARD S,
VAN NIEKERK L, PLUMSTEAD EE,
WHITFIELD AK, WOOLDRIDGE TH (2002).
A method to assess the freshwater inflow requirements of estuaries and application to the Mtata
Estuary, South Africa. Estuaries 25(6B), 1382–1393.

BINNIE, BLACK and VEATCH
ENGINEERING CONSULTANTS (1998)
Determining The Freshwater Flow Needs
of Estuaries, R & D Technical Report W113,
September, Environment Agency, Bristol, ISBN
SO-7/98-B-BAXV.

ALBER M, FLORY J (2002) The effects of changing
freshwater inflow to estuaries: A Georgia perspective. Georgia Coastal Reasearch Council, State
of Georgia, 53 pp. http: //www.gcrc.uga.edu/
FocusAreas/freshwater_inflow.htm
ALBER M (2002) A conceptual model of estuarine
freshwater inflow management. Estuaries 25(6B),
1246-1261.
ALEXANDER HD, DUNTON KH (2002)
Freshwater inundation effects on emergent vegetation of a hypersaline salt marsh. Estuaries 25
(6B), 1426-1435.
ARTHINGTON AH, BRIZGA SO, KENNARD
MJ (1998). Comparative evaluation of environmental flow assessment techniques: best practice framework. LWRRDC Occasional Paper
25/98. Land and Water Resources Research and
Development Corporation LWRRDC: Canberra;
26 pp.
ARTHINGTON AH, BUNN SE, POFF NL,
NAIMAN RJ (2006). The challenge of providing
environmental flow rules to sustain river ecosystems. Ecological Applications 16, 1311-1318.

BISHOP KA (2005) Hastings District Water Supply
Augmentation Scheme: detection of potential
future water-extraction impacts on the aquatic
biota of the lower Hastings River. Main Specific
Monitoring Report. Study undertaken for the
NSW Department of Commerce on behalf of the
Hastings Municipal Council, March 2005.
BISHOP KA, TAYLOR M, CLOKE P,
CHADWICK M (2001) Emigrant Creek Dam
environmental flows investigation. Study undertaken for Rous County Council.
BOYES B (2006) Environmental Water
Requirements for the Shoalhaven River Estuary
– Discussion Paper. Shoalhaven Environmental
Flows Scientific Advisory Panel. NSW Department
of Natural Resources, March.
BRIZGA SO (2000) Burnett Basin water allocation and management plan: proposed environmental flow performance measures. Department
of Natural Resources: Brisbane, Queensland. 2
Volumes.
BRIZGA SO, ARTHINGTON AH, CHOY
S, DUIVENVOORDEN L, KENNARD M,
MAYNARD RW, POPLAWSKI W (2000)
Burnett Basin Water Allocation and Management

19

Ramsar Technical Reports
Plan: Current Environmental Conditions and
Impacts of Existing Water Resource Development.
Department of Natural Resources, Brisbane, 2
Volumes.
BRIZGA SO, DAVIS J, HOGAN A,
O’CONNOR R, PEARSON RG, PUSEY
BJ, WERREN GL (2001a) Barron Basin Water
Resource Plan: Environmental Investigations
Report. Department of Natural Resources and
Mines, Brisbane.
BRIZGA SO, HOGAN A, PEARSON RG,
PUSEY BJ, WERREN GL (2001b) Barron Basin
Water ResourcePlan: Ecological Implications
Report. Department of Natural Resources and
Mines, Brisbane.
BRIZGA SO, CRAIGIE NM, ARTHINGTON
AH, CHOY S, MCKAY S, PUSEY B,
WERREN G, POPLAWSKI W (2001c)
Pioneer Valley Water Resource Plan: Current
Environmental Conditions and Impacts
of Existing Water Resource Development.
Department of Natural Resources and Mines,
Brisbane.
BRIZGA SO, CRAIGIE NM, ARTHINGTON
AH, CHOY S, MCKAY S, PUSEY B,
WERREN G, POPLAWSKI W (2001d)
Pioneer Valley Water Resource Plan: Proposed
Environmental Flow Assessment Framework.
Department of Natural Resources and Mines,
Brisbane.
BRIZGA SO, ARTHINGTON AH, CHOY SC,
KENNARD MJ, MACKAY SJ, PUSEY BJ,
WERREN GL (2002) Benchmarking a ‘top-down’
methodology for assessing environmental flows
in Australian Rivers. Proceedings Environmental
Flows Conference, 4th Ecohydraulics conference 2002, Cape Town. http://www.academia.
edu/739864/Benchmarking_a_top-downmethodology_for_assessing_environmental_flows_in_
Australian_rivers
BROWDER JA, MOORE D (1981) A new
approach to determining the quantitative relationship between fishery production and the flow of
freshwater to estuaries. In: Cross, R., Williams, D.
(Eds.), Proceedings of the National Symposium on
Freshwater Inflow to Estuaries, FWS/OBS-81/ 04.
U.S. Fish and Wildlife Service, Office of Biological
Services, Washington, D.C., pp. 403–430

20

BROWDER JA, RESTREPO VR, RICE JK,
ROBBLEE MB, ZEIN-ELDIN Z (1999)
Environmental influences on potential recruit-

ment of pink shrimp, Farfantepenaeus duorarum,
from Florida Bay nursery grounds. Estuaries 22,
484-499.
BROWDER JA, ZEIN-ELDIN Z, CRIALES
MM, ROBBLEE MB, WONG S, JACKSON
TL, JOHNSON D (2002) Dynamics of Pink
Shrimp Farfantepenaeus duorarum recruitment
potential in relation to salinity and temperature in
Florida Bay. Estuaries 25, 1355-1371.
CHAN TU, HAMILTON DP, ROBSON BJ,
HODGES BR, DALLIMORE C (2002) Impacts
of hydrological changes on phytoplankton succession in the Swan River, Western Australia.
Estuaries 25, 1406-1415.
CLOSE PG (2005) Information Requirements and
a Recommended Procedure for the Determination
of Ecological Water Requirements for the Hill
and Moore River Estuaries. Centre of Excellence
for Natural Resource Management, University of
Western Australia. 84 pp.
CLOSE PG (2007) Water requirements for estuaries: relationships between freshwater inflows,
hydrodynamics and larval fish dynamics in estuarine lagoons, south-western Australia. PhD Thesis,
University of Western Australia, Australia. 289 pp.
COPELAND BJ (1966) Effects of decreased river
flow on estuarine ecology. Journal of the Water
Pollution Control Federation 38, 1831–1839.
COX DR, PEIRSON WL (2003) Hawkesbury
Nepean River saline dynamics long term model
simulations. WRL Technical Report 2003/10. Study
undertaken for the Hawkesbury Nepean River
Forum. October 2003. http://www.hawkesbury.
nsw.gov.au/files/28299/File/Bill_Peirson.pdf
DAVIDSON NC, LAFFOLEY Dd’A, DOODY
JP, WAY LS, GORDON J, KEY R, DRAKE
CM, PIENKOWSKI MW, MITCHELL
RM, DUFF KL (1991) Nature Conservation and
Estuaries in Great Britain. Peterborough, Nature
Conservancy Council. 422 pp.
DAVIES PE, WARFE D, PARSLOW J, TELFER
D (2002) Environmental Flows for the Lower
Derwent River. Project Report. Freshwater
Systems, CSIRO Division of Fisheries and
Oceanography, GECO consulting, Hobart. http://
www.dpiw.tas.gov.au/inter.nsf/Attachments/
LBUN-62L48E/$FILE/Env%20Flows%20Chap%20
1-3_s_d.pdf
DAVIES PE, KALISH SR (1994) Influence of river
hydrology on the dynamics and water quality of

Environmental water requirements for estuaries
the upper Derwent Estuary, Tasmania. Australian
Journal of Marine & Freshwater Research 45, 109-130.
DAY JW, YANEZ-ARANCIBIA A, RYBCZYK
JN (2012) Chapter 8.11. Climate Change:
Effects, Causes, Consequences: Physical,
Hydromorphological, Ecophysiological, and
Biogeographical Changes. In: McLusky, D. &
Wolanski, E (ed.), Treatise on Estuarine and Coastal
Science, Volume 8:. Elsevier, Oxford.
DEPARTMENT OF WATER AFFAIRS AND
FORESTRY (DWAF). (2004). Water resource protection and assessment policy implementation
process. Resource Directed Measures for protection of water resource: Methodology for the determination of the ecological water requirements
for estuaries. Version 2. Pretoria: Department of
Water Affairs.
DOERING PH, CHAMBERLAIN RH,
HAUNERT DE (2002) Using submerged aquatic
vegetation to establish minimum and maximum
freshwater inflows to the Caloosahatchee Estuary,
Florida. Estuaries 25, 1343-1354.
DRINKWATER KF, FRANK KT (1994) Effects of
river regulation and diversion on marine fish and
invertebrates. Aquatic Conservation: Freshwater and
Marine Ecosystems 4, 135-151.
DUVAIL S, HAMERLYNCK O (2003) Mitigation
of negative ecological and socio-economic impacts
of the Diama dam on the Senegal River Delta
wetland Mauritania, using a model based decision support system. Hydrology and Earth System
Sciences 7, 133-146.
DNR, (2000) Department of Natural Resources,
Condamine-Balonne Water Allocation and
Management Plan Environmental Flows Technical
Report. Department of Natural Resources:
Brisbane.
DYSON M, BERGKAMP G, SCANLON J. eds.
(2003) Flow: The Essentials of Environmental
Flows. pp 11-28. Switzerland & U.K., IUCN The
World Conservation Union. 118 pp.
ESTEVEZ ED (2002) Review and assessment of
biotic variables and analytical methods used
in Estuarine Inflow studies. Estuaries 25(6B),
1291-1303.
EVEN S, THOUVENIN B, BACQ N, BILLEN G,
GARNIER J, GUEZENNEC L, BLANC S, FICHT
A, LE HIR P (2007) An integrated modeling
approach to forecast the impact of human pressure in the Seine estuary. Hydrobiologia 588, 13–29.

FLANNERY MS, PEEBLES EB,
MONTGOMERY RT (2002) A percent-of-flow
approach for managing reductions of freshwater
inflows from unimpounded rivers to Southwest
Florida Estuaries. Estuaries 25, 1318-1332.
FOHRER N, CHICHARO L (2012). Chapter
10.06. Interaction of river basins and coastal
waters – an integrated ecohydrological view.
In: McLusky, D. & Wolanski, E (ed.), Treatise
on Estuarine and Coastal Science, Volume 10:
Ecohydrology and restoration. Elsevier, Oxford.
GEDDES MC (2005) Ecological outcomes for the
Murray Mouth and Coorong from the managed
barrage release of September – October 2003.
Report prepared for the Department of Water,
Land and Biodiversity Conservation. South
Australian Research and Development Institute
(Aquatic Sciences). Adelaide. SARDI Aquatic
Sciences Publication No. RD03/0199-2. 69 pp.
GILLSANDERS BM, KINGSFORD MJ (2002)
Impact of changes in flow of freshwater on estuarine and open coastal habitats and the associated
organisms. Oceanography and Marine Biology: An
Annual Review 40, 233-309.
GIPPEL CJ (2002) Workshop on environmental
water requirements for Australian estuaries.
Outcomes and further directions. Report to
Environment Australia. http://www.environment.
gov.au/water/publications/environmental/rivers/
nrhp/pubs/workshop.pdf
GIPPEL CJ, ANDERSON BG, COOLING M,
LLOYD L, KERR G (2008). Environmental
Water Requirements of Darlot Creek and Lake
Condah: Final Recommendations Paper. Fluvial
Systems Pty Ltd, Stockton. Glenelg Hopkins
Catchment Management Authority, Hamilton.
GIPPEL CJ, ANDERSON B, HARTY C, BOND
N, SHERWOOD J, POPE A (2009a) Gap
analysis and strategy development for national
level estuary environmental flows policies.
Waterlines Report, National Water Commission,
Canberra. http://www.nwc.gov.au/__data/assets/
pdf_file/0011/10433/Waterlines_estuaries_final_
report1.pdf.
GIPPEL CJ, BOND NR, JAMES C, WANG XQ
(2009b). An asset-based, holistic, environmental
flows assessment approach. International Journal of
Water Resources Development 25 (2), 301-330
HAE-CHEOL K, MONTAGNA P (2009)
Implications of Colorado river (Texas USA) freshwater inflow to benthic ecosystem dynamics: A

21

Ramsar Technical Reports
modeling study. Estuarine, Coastal and Shelf Science
83, 491-504.
HALLIDAY IA, ROBINS JB, STAUNTONSMITH JS (2003) A conceptual framework for
investigating environmental flows for estuarine
fisheries production. Paper presented at 2003
Riversymposium. http://archive.riverfestival.com.
au/2003/content/papers2003Index.htm
HALLIDAY IA, ROBINS JB (2007)
Environmental flows for subtropical estuaries:
understanding the freshwater needs of estuaries
for sustainable fisheries production and assessing the impacts of water regulation. Final Report
FRDC Project NO. 2001/022 Coastal Zone Project
FH3/AF.
HANNAH DM, WOOD PJ, SADLER JP (2004)
Ecohydrology and hydroecology: A new ‘paradigm?’ Hydrological Processes 18, 3439-3445.
HARDIE R, LLOYD L, SHERWOOD J (2006)
Draft Method for Pilot Trials: Determining the
Environmental Water Requirements of Victoria´s
Estuaries – Development of a Module to Extend
the Flows Methodology, Earth Tech Engineering
Pty Ltd, Australia. 1-101 pp.
HOESE HD (1967) Effects of higher than normal
salinities on salt marshes. Contributions to Marine
Science 12, 249–261.
HOLLING CS (1978) Adaptive Environmental
Assessment and Management. John Wiley and
Sons, New York.
IRLANDI E, MACIA S, SERATY J (1997).
Salinity reduction from freshwater canal discharge: effects on mortality and feeding of an
urchin (Lytechinus variegatus) and a gastropod
(Lithopoma tectum). Bulletin of Marine Science 61,
869-879.
JASSBY AD, KIMMERER WJ, MONISMITH
SG, ARMOR C, CLOERN JE, POWELL
TM, SCHUBEL JR, VENDLINSKI TJ (1995)
Isohaline position as a habitat indicator for estuarine populations. Ecological Applications 5, 272–289.
JAY DA, SIMENSTAD CA (1994) Downstream
effects of water withdrawal in a small, high
gradient basin: Erosion and deposition on the
Skokomish River Delta. Estuaries 17(3), 702-715.

22

KALKE RD, MONTAGNA, PA (1991) The effect
of freshwater inflow on macrobenthos in the
Lavaca River Delta and Upper Lavaca Bay, Texas.
Contributions in Marine Science 32, 50-71.

KENNISH MJ (2000) Introduction. In: Kennish,
M.J. (Ed.), Estuary Restoration and Maintenance,
The National Estuary Program. CRC press,
Florida, pp. 1-7.
KIMMERER WJ, SCHUBEL JR (1994) Managing
freshwater flows into San Francisco Bay using
a salinity standard: Results of a workshop. In:
Dyer, K.R., Orth, R.J. (Eds.), Changes in Fluxes
in Estuaries: Implications from Science to
Management. Olsen and Olsen, Fredensborg,
Denmark, pp. 411–416.
KIMMERER WJ (2002) Physical, biological and
management responses to variable freshwater
flow into the San Francisco Estuary. Estuaries 25,
1275-1290.
KING J, LOUW D (1998) Instream flow assessments
for regulated rivers in South Africa using the
Building Block Methodology. Aquatic Ecosystems
Health and Management 1, 109-124.
KURUP GR, HAMILTON DP, PATTERSON JC
(1998) Modeling the effect of seasonal flow variations on the position of a salt wedge in a microtidal estuary. Estuarine, Coastal and Shelf Science 47,
191-208.
LAMBERT WP, FRUH EG (1978) A methodology
for investigating freshwater inflow requirements
for a Texas Estuary. Pp. 403-413 In ML Wiley (ed.)
Estuarine Interactions, Academic Press, 618 pp.
LAMBERTH SJ, VAN NIEKERK L,
HUTCHINGS K. (2008) Comparison of, and the
effects of altered freshwater inflow on fish assemblages of two contrasting South African estuaries:
the cool-temperate Olifants and the warm-temperate Breede. African Journal of Marine Science 30,
311-336.
LAMBERTH SJ, DRAPEAU L, BRANCH GM
(2009) The effects of altered freshwater inflows
on catch rates of non-estuarine-dependent fish in
a multispecies nearshore linefishery. Estuarine,
Coastal and Shelf Science 84, 527-538.
LE QUESNE T, KENDY E, WESTON D. (2010)
The Implementation Challenge: Taking stock of
government policies to protect and restore environmental flows. The Nature Conservancy. WWF
Global Flows Report 2010. 67 pp.
LLOYD LN, ANDERSON BG, COOLING
M, GIPPEL CJ, POPE AJ, SHERWOOD JE
(2008) Environmental Water Requirements of
the Gellibrand Estuary: Final Estuary FLOWs
Report. Lloyd Environmental Pty Ltd Report to
Corangamite CMA, Colac, Victoria, Australia.

Environmental water requirements for estuaries
LONERAGAN NR, BUNN SE (1999) River flows
and estuarine ecosystems: implications for coastal
fisheries from a review and a case study of the
Logan River, southeast Queensland. Australian
Journal of Ecology 24, 431-440.
LIU W-C, LIU S-Y, HSU M-H, KUO AY (2005)
Water quality modeling to determine minimum
instream flow for fish survival in tidal rivers.
Journal of Environmental Management 76, 293-308.
LIVINGSTON RJ, NIU XF, LEWIS FG III,
WOODSUM GC (1997) Freshwater input to a
gulf estuary: long-term control of trophic organization. Ecological Applications 7, 277-299.
LUKATELICH RJ, SCHOFIELD NJ,
MCCOMB AJ (1987) Nutrient loading and macrophyte growth in Wilson Inlet, a bar-built southwestern Australian estuary. Estuarine, Coastal and
Shelf Science 24, 141-165.
MALLIN MA, PAERL HW, RUDEK J, BATES
PW (1993). Regulation of estuarine primary production by watershed rainfall and river flow.
Marine Ecology Progress Series 93, 199-203.
MALONE TC, CROCKER LH, PIKE SE,
WENDLER BW (1988). Influences of river flow
on the dynamics of phytoplankton production in a
partially stratified estuary. Marine Ecology Progress
Series 48, 235-249.
MATSUMOTO J, POWELL G and BROCK D (1994)
Freshwater inflow needs of an estuary computed
by Texas estuarine MP model. Journal of Water
Resources Planning and Management 120, 693-714.

MOORE M (2004) Perceptions and interpretations of environmental flows and implications
for future water resource management – a survey
study. Masters Thesis, Department of Water and
Environmental Studies, Linköping University,
Sweden. 72 pp.
MONTAGNA PA, YOON WB (1991) The effect of
freshwater inflow on meiofaunal consumption of
sediment bacteria and microphytobenthos in San
Antonio Bay, Texas, USA. Estuarine Coastal & Shelf
Science 33, 529-547.
MONTAGNA PA, KALKE RD (1992). The effect
of freshwater inflow on meiofaunal and macrofaunal populations in the Guadalupe and Nueces
Estuaries, Texas. Estuaries 15, 307-326.
MONTAGNA, PA, KALKE RD (1995). Ecology
of infaunal Mollusca in South Texas estuaries.
American Malacological Bulletin 11, 163-175.
MONTAGNA PA, ALBER M, DOERING P,
CONNOR MS (2002) Freshwater inflow: Science,
policy and management. Estuaries 25, 1243-1245.
MONTAGNA PA, HILL EM and MOULTON B
(2009) Role of science-based and adaptive management in allocating environmental flows to the
Nueces Estuary, Texas, USA. WIT Transactions on
Ecology and the Environment 122, 559-570
MORAIS P, CHICHARO MA, CICHARO L
(2009) Changes in a temperate estuary during the
filling of the biggest European dam. Science of the
Total Environment 407, 2245-2259.

MATTSON RA (2002) A resource-based framework for establishing freshwater inflow requirements for the Suwannee River Estuary. Estuaries
25, 1333-1342.

NAIMAN RJ, BUNN SE, MCCLAIN ME,
VOROSMARTY CJ, ZALEWSKI M (2006) The
Science of Flow-Ecology Relationships: Clarifying
Key Terms and Concepts. 7 pp. http://www.
unesco.org/water/ihp/ecohydrology/pdf/

MDBC, Murray Darling Basin Commission, 2000.
Ecological need and opportunities for improved
hydrological management in River Murray
Barrages Environmental Flows: An evaluation
of environmental flow needs in the Lower Lakes
and Coorong. In: Good, A., Tucker, P., Long,
M. (Eds.), Report to the Murray – Darling Basin
Commission, Canberra, pp. 58-85.

OLSEN SB, PADMA TV, RICHTER BD (2006)
Managing Freshwater Inflows to Estuaries : A
Methods Guide. US Agency for International
Development, USAID Coastal Resource Center
at the University of Rhode Island and the Nature
Conservancy. USAID, Washington DC, 52 pp.
http://pdf.usaid.gov/pdf_docs/PNADH650.pdf
Accessed on October 19, 2012

MDBC, Murray Darling Basin Commission., 2008.
Murray-Darling Basin Rivers Ecosystem Health
Check, 2004-2007, Sustainable Rivers Audit Report
1. Murray-Darling Basin Commission, Canberra.
http://thelivingmurray2.mdbc.gov.au/__data/
page/1482/full_barrages.pdf

PEIRSON WL, NITTIM R, CHADWICK MJ,
BISHOP KA, HORTON PR (2001) Assessment
of changes to saltwater / freshwater habitat from
reductions in flow to the Richmond River estuary,
Australia. Water Science and Technology 43, 89-97.
PEIRSON WL, BISHOP K, VAN SENDEN
D, HORTON PR, ADAMANTIDIS CA

23

Ramsar Technical Reports
(2002) Environmental Water Requirements to
maintain Estuarine Processes. Environmental
Flows Initiative Technical Report Number 3.
Commonwealth of Australia. Canberra. 158 pp.
http://www.environment.gov.au/water/publications/environmental/rivers/nrhp/pubs/estuarine.
pdf Accessed on October 19, 2012
PERISSINOTTO R, STRETCH DD, WHITFIELD
AK, ADAMS JB, FORBES AT, DEMETRIADES
NT (2010) Ecosystem functioning of temporarily open/closed estuaries in South Africa. In:
Estuaries: Types, Movement Patterns. Editors:
Crane, JR, Solomon, AE. Nova Science Publishers,
Inc., New York. 142 pp.
POFF NL, RICHTER B, ARTHINGTON
AH, BUNN SE, NAIMAN RJ, KENDY E,
ACREMAN M, APSE C, BLEDSOE BP,
FREEMAN M, HENRIKSEN J, JACOBSON
R B, KENNEN J, MERRITT DM, O’KEEFE
J, OLDEN JD, ROGERS K, THARME RE,
WARNER A (2010) The Ecological Limits of
Hydrologic Alteration (ELOHA): A new framework for developing regional environmental flow
standards. Freshwater Biology 55, 147-170.
POWELL GL, MATSUMOTO J (1994) Texas
Estuarine Mathematical Programming Model:
A tool for freshwater inflow management.
In: K.R. Dyer, R.J. Orth (Editors), Changes in
Fluxes in Estuaries: Implications from Science
to Management. Olsen and Olsen, Fredensborg,
Denmark, pp. 401–406.
POWELL GL, MATSUMOTO J, BROCK DA
(2002) Methods for determining minimum freshwater inflow needs of Texas Bays and Estuaries.
Estuaries 25, 1262-1274.
RAMSAR CONVENTION (1996). The Ramsar
Convention definition of “wetland” and classification system for wetland type (as approved by
Recommendation 4.7 and amended by Resolutions
VI.5 of the Conference of the Contracting
Parties). http://www.ramsar.org/cda/en/ramsardocuments-recom-classification-system/main/
ramsar/1-31-110%5E21235_4000_0__
RAMSAR CONVENTION (2011). Ramsar
Handbooks for the Wise Use of Wetlands,
4th edition. Ramsar Convention, Gland,
Switzerland. http://www.ramsar.org/cda/en/
ramsar-pubs-handbooks-handbooks4-e/main/
ramsar/1-30-33%5E21323_4000_0__

24

RICHTER BD, MATHEWS R, HARRISON DL,
WIGINGTON R (2003) Ecologically Sustainable

Water Management: Managing river flows for ecological integrity. Ecological Applications 13, 206-224.
RICHTER BD, ROOS-COLLINS R, FAHLUND
AC (2005) A framework for ecologically sustainable water management. River Research Application
22, 297-318.
RICHTER BD, WARNER AT, MEYER JL,
LUTZ K (2006) A collaborative and adaptive
process for developing environmental flow recommendations. River Research and Applications 22,
297-318.
ROBINS JB, HALLIDAY IA, STAUNTONSMITH J, MAYER DG, SELLIN MJ (2005)
Freshwater-flow requirements of estuarine fisheries in tropical Australia: a review of the state of
knowledge and the application of a suggested
approach. Marine and Freshwater Research 56,
343-360.
SCHOFIELD N, BURT A, CONNELL D (2003)
Environmental water allocation, principles, practices, policies, progress and prospects. Canberra,
Australia. Canberra Publishing and Printing. Land
and Water Australia.
SCHLACHER TA, WOOLDRIDGE TH (1996).
Ecological responses to reductions to freshwater
supply and quality in South Africa’s estuaries: lessons for management and conservation. Journal of
Coastal Conservation 2, 115-130.
SHERWOOD JE (1983) Hydrodynamics of the
Gellibrand River Estuary. Faculty of Applied
Science and Technology, WIAE. Research Report
83-1. Prepared for the Rural Water Commission,
Victoria. 102 pp.
SHERWOOD J, CROOK D, FAIRBROTHER
P (2005) Werribee River Estuary Environmental
Flow Requirements. Prepared for Melbourne
Water, Victoria. 68 pp.
SIMENSTAD C, YANAGI T (2011) Chapter 1.01.
Introduction to Classification of Estuarine and
Nearshore Coastal Ecosystems. In McLusky, D. &
Wolanski, E (eds.), Treatise on Estuarine and Coastal
Science, Volume 1: Features/classification of estuaries
and coastal waters. Elsevier, Oxford.
SLINGER JH (2000) Decision support for the conservation and management of estuaries: Final
report of the predictive capability sub-project
of the co-ordinated research programme. Water
Research Commission Report No. 577/2/00.
Pretoria, South Africa.

Environmental water requirements for estuaries
SNOW GC, ADAMS JB, BATE GC (2000) Effect
of river flow on estuarine microalgal biomass and
distribution. Estuarine Coastal and Shelf Science 51,
255-266.
SNOW GC, TALJAARD S (2007) Water quality in
South African temporarily open/closed estuaries: a
conceptual model. African Journal of Aquatic Science
32, 99-111.
SUN T, YANG ZF (2004) Calculating methods
for ecological flows in estuary and its application
in Haihe River basin. Environmental Informatics
Archives 2, 464-470.
SUN T, YANG ZF, CUI BS (2008) Critical environmental flows to support integrated ecological
objectives for the Yellow River Estuary, China.
Water Resources Management 22 (8), 973-989.
SUN T, YANG ZF, SHEN ZY, ZHAO R (2009)
Environmental flows for the Yangtze Estuary
based on salinity objectives. Communications in
Nonlinear Science and Numerical Simulation 14,
959-971.
TALJAARD S, ADAMS JB, TURPIE JK, VAN
NIEKERK L, DEMETRIADES N, BATE GC,
CYRUS D, HUIZINGA P, LAMBERTH S,
WESTON B (2004) Water Resource Protection
and Assessment Policy Implementation

Process. Resource Directed Measures for protection of water resources: Methodology for
the Determination of the Ecological Water
Requirements for Estuaries. Version 2.
Department of Water Affairs & Forestry, Pretoria,
South Africa.
TURPIE JK, ADAMS JB, JOUBERT A,
HARRISON TD, COLLOTY BM, MAREE
RC, WHITFIELD AK, WOOLDRIDGE
TH, LAMBERTH SJ, TALJAARD S, VAN
NIEKERK L (2002) Assessment of the conservation priority status of South African estuaries for
use in management and water allocation. Water SA
28, 191–206.
VAN BALLEGOOYEN R, TALJAARD S, VAN
NIEKERK L, HUIZINGA P (2004). Using 3D modeling to predict physico-chemical responses to
variation in river inflow in smaller, stratified estuaries typical of South Africa. Journal of Hydraulic
Research 42, 563–577.
VAN NIEKERK L, HUIZINGA P, THERON A.
(2002) Semi-closed mouth states in estuaries along
the South African coastline. In: Environmental
Flows For River Systems Proceedings. Fourth
International Ecohydraulics Symposium. Vol. 31
No. 1 (ISSN 0378-4738).

The Morecambe Bay Ramsar Site in the United Kingdom. Photo: Nick Davidson, Ramsar

25

Ramsar Technical Reports
VAN NIEKERK L, TURPIE JK. (eds) 2012. South
African National Biodiversity Assessment
2011: Technical Report. Volume 3: Estuary
Component. CSIR Report Number CSIR/NRE/
ECOS/ER/2011/0045/B. Council for Scientific and
Industrial Research, Stellenbosch
WALTERS C (1986) Adaptive Management of
Renewable Resources. Blackburn Press, New
Jersey.
WHITFIELD AK (1994) Abundance of larval and
0+ juvenile marine fishes in the lower reaches of
three southern African estuaries with differing
freshwater inputs. Marine Ecology Progress Series
105, 257–267.
WHITFIELD AK, WOOLDRIDGE TH (1994)
Changes in freshwater supplies to southern
African estuaries: Some theoretical and practical considerations, p. 41–50. In K. R. Dyer and
R. J. Orth (eds.). Changes in Fluxes in Estuaries:
Implications from Science to Management. Olsen
& Olsen, Fredensborg, Denmark.
WHITFIELD AK, M ELLIOT (2011) Chapter 1.07
Ecosystem and biotic classification of estuaries
and coasts. In: McLusky, D. & Wolanski, E (ed.),
Treatise on Estuarine and Coastal Science, Volume
12: Ecological economics of estuaries and coasts.
Elsevier, Oxford.

WOLANSKI E (2007) Estuarine Ecohydrology.
Elsevier, The Netherlands. 168 pp.

26

WOLANSKI E, CHICHARO L, CHICHARO MA,
MORAIS P (2006) An ecohydrology model of the
Guadiana Estuary (South Portugal). Estuarine
Coastal and Shelf Science 70, 132-143.
WORTMANN J, HEARNE, JW and ADAMS JB
(1998) Evaluating the effects of freshwater inflow
on the distribution of macrophytes. Ecological
Modelling 106, 213-232.
WRONA A, WEAR, D, WARD J, SHARITZ R,
ROSENZWEIG J, RICHARDSON JP, PETERSON
D, LEACH S, LEE L, JACKSON R, GORDON J,
FREEMAN M, FLITE O, EIDSON G, DAVIS M
and BATZER D (2007) Restoring ecological flows
to the lower Savannah River: A collaborative
scientific approach to adaptive management. :
Proceedings of the 2007 Georgia Water Resources
Conference, held March 27–29, 2007, at the
University of Georgia.
YANG ZF, SUN T, QIN XS (2005) Calculating
Methods for Quantifying Environmental Flows
in Estuaries: A Case Study of Haihe River Basin,
China. Journal Of Environmental Informatics 6
(2), 72-79..
ZHAO R, YANG ZF, SUN T, CHEN B and CHEN
GQ (2009) Freshwater inflow requirements for
the protection of the critical habitat and drinking water sources in the Yangtze River Estuary,
China. Communications in Nonlinear Science and
Numerical Simulation 14, 2507-2518.

Fawley, the ‘Solent and Southampton Water’ Ramsar Site in the UK.
Photo: Nick Davidson, Ramsar.

Environmental water requirements for estuaries
Annex
Table A.1. Examples of inflow, condition and resource based methods used to
determine the environmental water requirements of estuaries
Country

Method

Estuary

Reference

Inflow-based methods
USA

Percent-of-flow

South-Western Florida estuaries

Flannery et al., 2002

USA

Water withdrawal
regulations

Georgia estuaries: Savannah; Ogechee;
Altamaha; Satilla; St Marys

Alber & Flory, 2002

San Francisco Bay estuaries

Jassby et al., 1995

Condition-based methods
USA

X2 approach
isohaline position

Resource-based methods
USA

Pink shrimp modelindicator species

Florida Bay, Florida, USA

Browder & Moore, 1981,
Browder et al., 2002

USA

TxEMP

Nueces Estuary, Galveston Bay &
Trinity-San Jacinto Estuary

Matsumoto et al., 1994

1. Upper Lavaca Bay

1. Kalke & Montagna,
1991

USA

Texas Freshwater
Inflow methodology

2. Guadalupe & Nueces estuaries
3. Sabine-Neches, Trinity-San Jacinto,
Lavaca-Colorado, Guadalupe, MissionAransas, Nueces, Laguna Madre
4. San Antonio Bay

USA

Valued Ecosystem
Component Methods
1.Environmental flows
for indicator species.
2.Use of SAV to determine minimum and
maximum flows.

Powell et al., 2002

2. Montagna & Kalke,
1992
3. Montagna & Kalke,
1995

5. Nueces Marsh

4. Montagna & Yoon, 1991

1.Loxahatchee River & Estuary.

Alber, 2002

2.Caloosahatchee Estuary

1.SFWMD, 2001 as cited in
Alber 2002

3.Suwannee River Estuary

5. Alexander & Dunton,
2002, Montagna et al., 2009

2.Doering et al., 2002
3.Mattson, 2002

3.Environmental flows
for target habitats.
China

Sun et al., 2009

Protection of critical
habitat

Yangtze River Estuary

Australia

Determining flows for
fisheries

Gladstone harbour and Cape
Capricorn

Halliday & Robins, 2007

Australia

Determining flows for
fisheries

Fitzroy, Calliope and Boyne River
estuaries

Robins et al., 2005,
Halliday & Robins, 2007

Zhao et al., 2009
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Table A.2. Examples of holistic ecosystem methods and frameworks used to
determine the environmental water requirements of estuaries
Country

Method

Estuary

Reference

UK

Risk Assessment
Approach

UK estuaries

Binnie et al., 1998

Australia

Risk Assessment
Approach

Lake Condah and Darlot Creek the major
tributary of the Fitzroy River, Australia

Gippel et al., 2008

China

Risk Assessment
approach

Jiaojiang and Lingjiang estuaries

Gippel et al., 2009b

South
Africa

Resource Directed
Measures Method /
Ecological Reserve
Method

Orange, Olifants, Palmiet, Breede, Great
Brak, Goukamma, Knysna, Swartvlei,
Keurbooms, Matjies, Sout, Tsitsikamma,
Kromme, Seekoei, Sundays, East
Kleinemonde, Nahoon, Mtata, Mhlanga,
Mdloti, Thukela, Siyaya, Mhalthuze,
Nhlabane, St Lucia estuaries

Department of Water Affairs
and Forestry reports.

National River
Health Programme
approach

1. Richmond River Estuary

1. Peirson et al., 2002.

2. Emigrant Creek

2. Bishop et al., 2001

3. Hawkesbury Nepean River and
estuary,

3. Cox & Peirson 2003

4. Lower Hastings River

5. Boyes 2006

Australia

5. Shoalhaven
Australia

Australia

4. Bishop 2005

Benchmarking &
risk assessment

1. FitzRoy River Estuary

1. Brizga et al., 2002

2. Burnett Basin

ELOHA
Ecological Limits
of Hydrological
Alteration
– Queensland

3. Barron Basin

2. Brizga, 2000; Brizga et al.,
2000

FLOWS

4. Pioneer Valley

BAFFLER,

3. Brizga et al., 2001a, 2001b

5. Condamine-Balonne Basin

4. Brizga et al., 2001c, 2001d

6. Logan Basin, Mary Basin, Burdekin
Basin

5. DNR 2000
6. Arthington et al. 2006

Werribee & Gellibrand estuaries

Sherwood 1983, Sherwood
et al. 2005, Hardie et al. 2006,
Lloyd et al. 2008

Wilson & Torbay estuaries

Close 2005, 2007

Victoria
Australia

Adams et al., 2002, Taljaard
et al., 2004

(Bayesian Adaptive Framework for
FLows to maintain Estuarine Resources)
USA

28

Ecological
Sustainable Water
Management,
ESWM framework

1. Apalachicola River and Bay, Gulf of
Mexico, Florida
2. Savannah River- floodplain-estuarine
system and adaptive management of
Thurmond dam.

1. Richter et al. 2003, 2005
2. Richter et al. 2006 Wrona
et al. 2007

Environmental water requirements for estuaries
Table A.3. Examples of modelling studies used to determine the environmental water
requirements of estuaries
Country

Method

Estuary

Reference

USA

Numerical
modeling

Lavaca-Tres Palacios Estuary and the
Matagorda Bay system, Texas

Bao & Mays, 1994

USA

Numerical
modeling

Pascagoula River & Estuary

Harza, 1995, Riecke, 2002,
cited in Peirson et al., 2002.

USA

Bioenergetic
model

Lavaca-Colorado Estuary

Hae-Cheol & Montagna, 2009

Australia

Numerical
modeling

Derwent Estuary, Tasmania

Davies, et al., 2002

Australia

Hydrodynamicecological
numerical model

Swan River, Australia

Chan, et al., 2002

Australia

Simple Estuarine
Response Model,
SERM

Brunswick River estuary- New South
Wales, Huon River estuary- Tasmania,

Baird, et al., 2001

Maroochy River estuary- Queensland,
Port Phillip Bay- Victoria,
Wilson Inlet- Western Australia
Gippsland Lakes

Australia

Simple flow and
salt models

Swan River, Western Australia

Kurup, et al. 1998

China

Salinity, freshwater inflow
relationships

Haihe, Zhangweixin, Luanhe estuaries

Sun & Yang, 2004

Portugal

Ecohydrology
model

Guadiana Estuary, South Portugal

Wolanski et al., 2006

France

Hydrographic,
biogeochemical
and hydrodynamic linked
models

Seine River Estuary

Even et al. 2007

Senegal

Hydraulic,
hydrodynamic
modeling, GIS &
decision support

Senegal River floodplain and estuarine
areas

Duvail & Hamerlynk, 2003

China

Water cycle, biological cycle, and
habitat water
requirements

Haihe River Basin: Haihe, Luanhe, and
Zhangweixin estuaries

Yang et al., 2005
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