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Abstract. Integrated water resources management offers an ideal platform for addressing the goals of freshwater
conservation and climate change adaptation. Environmental flow assessment and systematic conservation planning have
evolved separately in respective aquatic and terrestrial realms, and both are central to freshwater conservation and can
inform integrated water resources management. Integrating these two approaches is mutually beneficial. Environmental
flow assessment considers dynamic flow regimes, measuring social, economic and ecological costs of development
scenarios. Conservation planning systematically produces different conservation scenarios that can be used in assessing
these costs. Integration also presents opportunities to examine impacts of climate change on conservation of freshwater
ecosystems. We review progress in environmental flow assessment and freshwater conservation planning, exploring the
mutual benefits of integration and potential ways that this can be achieved. Integration can be accomplished by using
freshwater conservation planning outputs to develop conservation scenarios for assessment against different scenarios,
and by assessing the extent to which each scenario achieves conservation targets. New tools that maximise comple-
mentarity by achieving conservation and flow targets simultaneously should also be developed.
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Introduction

Sustainable development of water resources is critical if society
is to derive long-term benefits from freshwater ecosystems.
Integrated water resources management is a widely accepted
approach to support the sustainable development of water
resources, coordinating the activities of multiple sectors in
developing and managing water and related resources in an
equitable manner, while conserving and restoring freshwater
ecosystems (Global Water Partnership 2000). It supports a
catchment-level approach to water resources management,
which is important given the connected nature of most fresh-
water ecosystems, which makes them susceptible to impacts
from upstream, downstream and surrounding landscapes.

Over the past 30 years, environmental flow assessment has
evolved into a tool to inform integrated water resources manage-
ment, linking changes in the natural flow regime from proposed
development to ecological responses and condition (Poff et al.
2010). Resulting scenarios of catchment development can be
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used to assess the ecological, social and economic consequences
(Dollar et al. 2010). They also help formulate a long-term vision
for the catchment and ultimately guide subsequent activities. At
the same time, systematic conservation planning was evolving
as a planning and assessment tool in conservation science. With
its overarching goal of planning for the long-term persistence of
biodiversity, systematic conservation planning offers a practical
tool, identifying areas of relative biodiversity importance. The
decline in freshwater biodiversity (Ricciardi and Rasmussen
1999; WWF 2004) and numerous calls for its conservation
(Abell 2002; Dunn 2003; Nilsson et al. 2005) have increased
application of systematic conservation planning approaches to
freshwater systems (Nel et al. 2009; Linke et al. 2010). These
freshwater conservation planning tools identify priority systems
for freshwater conservation, providing a strategic conservation
framework across entire regions. This strategic conservation
framework is lacking in most integrated water resources man-
agement programs (Gilman et al. 2004).
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Environmental flow assessment and freshwater conservation
planning have evolved separately, with the former originating
from the water sector (Tharme 2003), and the latter primarily
emerging from the terrestrial realm (Margules and Pressey
2000). They should complement each other in the conservation
of freshwater ecosystems. They both inform integrated water
resources management, share similar principles, include envir-
onmental sustainability, allocate limited resources efficiently,
are scientifically defensible and engage stakeholders (Richter
et al. 2006; Nel et al. 2009). The science and scope of the tools
has reached a point of maturity and practicality for meaningful
integration to enhance the respective tools and ultimately their
use in water resources management. The present paper provides
a starting point for integration. We begin by outlining the key
objectives of environmental flow assessment and conservation
planning and how they have evolved. We then describe the
mutual benefits that could be realised through integration,
recognising the potential of such integration for planning under
climate change. Finally, we explore implementation of integra-
tion, highlighting challenges.

Environmental flow assessment

Removal of water from rivers, and other changes to their flow
regimes, invariably result in a loss of ecosystem function
and resilience (Bunn and Arthington 2002). The greater the
divergence from a natural flow regime — in terms of volume
and timing — the greater the ecosystem changes (Poff and
Zimmerman 2010). Environmental flow assessments are
designed to evaluate how much a river ecosystem changes with
alterations to its natural flow regime (Tharme 2003). Resultant
environmental-flow recommendations describe the flow regime
necessary to sustain key ecological and societal values. Today,
environmental flow assessments focus on the following two
main contexts: management and/or restoration of single systems
or sites, and integrated water-resources assessment and plan-
ning, usually at the catchment scale. The present paper focuses
on the latter.

Environmental flow assessments began in the 1940s in the
USA, and gained momentum after the 1970s (Tharme 2003).
Since then, a vast number of approaches have been developed to
assess environmental flows (Tharme 2003; Arthington et al.
2010). Early environmental flow assessments provided scien-
tific input to water-use decisions on the needs of rivers, which
were (and often still are) based solely on engineering solutions.
They typically had narrow objectives, focussing on the mini-
mum flow for single, valued species (usually fish). Over the past
two decades, approaches have evolved to become more appro-
priate for informing integrated water resources management,
with significant adaptations. First, instead of using individual
species or a specific ecosystem service, the focus has expanded
to more ‘holistic’ approaches that encompass the whole aquatic
ecosystem, including the riparian zones, floodplain and estuary.
This more comprehensively addresses the set of social and
economic benefits derived from the ecosystem, which is espe-
cially important for the livelihoods of associated rural commu-
nities (King and Brown 2010).

Second, there was a shift from single, prescriptive flow-
regime recommendations to producing scenarios (Brown and
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King 2010). Scenario construction is aided by establishing flow-
response relationships that allow prediction of response indica-
tors to increasing changes in the flow regime. Over the years, the
largely biophysical response indicators (e.g. bank erosion, water
chemistry, rare species, riparian forests) have also been supple-
mented with indicators relevant to social (e.g. livestock health,
recreational sites, transport) and economic (e.g. employment,
gross domestic product) consequences (Dollar et al. 2010; King
and Brown 2010). Social, economic and ecological trade-offs
can then be assessed in a stakeholder-driven negotiation process.

Third, conceptual frameworks and tools have recently been
developed for environmental flow assessments across large
geographical scales (e.g. catchments or bioregions with regu-
lated and unregulated rivers). These regional approaches allow
for configuration of rivers at different levels of ecological
condition (natural to highly modified), depending on societal
aspirations. Trade-offs at the catchment level allow identifica-
tion of configurations that optimise social, economic and
ecological outcomes (King and Brown 2010). The expanded
geographical scale of these assessments necessitates approaches
that can be applied with limited existing data, achieved by
combining empirical measurements with modelled data and
expert opinion. A key premise is that rivers in a hydrogeomor-
phological class (e.g. stable groundwater streams, or seasonally
pulsed snowmelt streams) have similar flow-ecological
responses that can be applied across the class, without requiring
data for all rivers (Arthington et al. 2006; Kennard ef al. 2010).
Because of associated uncertainties, implementation of envir-
onmental flows requires an effective adaptive management
framework with monitoring that tests ecological responses to
management for further refinement (King and Brown 2010; Poff
et al. 2010).

These advances provide opportunities for incorporating
quantitative environmental-flow recommendations into inte-
grated water resources management. Several decision-support
frameworks and tools exist for scenario-based regional environ-
mental flow assessment (Tharme 2003; Richter et al. 2006;
Dollar et al. 2010; Poff et al. 2010). There are nine key steps
(Fig. 1), as follows: (1) identification of ‘analysis nodes’ where
water-management decisions are needed or anticipated; (2) col-
lation of flow data for each node (long-term gauged daily data or
hydrological modelling); (3) classification of rivers expected to
respond similarly to flow alterations; (4) determination of
deviation of current from natural flow regime at each node;
(5) selection of ecological-, social- and economic-response
indicators and relevant data; (6) construction of flow—response
relationships of each river type and changes in flow-regime
metrics; (7) development of a range of potential water-use
scenarios and their impact on the flow regime; (8) evaluation
of social, economic and ecological consequences of each
scenario (relative to present day) with stakeholders to arrive at
a consensus scenario; and (9) monitoring of ecological response
to management and refinement where necessary.

Many flow—response relationships can be produced reflect-
ing the response of each river type for each response indicator
to changes in each of the flow-regime metrics. This information
needs to be synthesised so that it can be understood by non-
technical stakeholders. While acknowledging that it is ideal to
use all relationships, Poff er al. (2010) proposed a new
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Fig. 1.

Nine key steps in regional, holistic environmental flow assessments for evaluating

the ecological, social and economic consequences of different development scenarios
relative to current conditions. The process should be embedded within a stakeholder-driven
implementation process linked to an adaptive management cycle (feedback loops omitted).

framework (ecological limits of hydrologic alteration,
ELOHA) within which a parsimonious suite of flow—response
relationships are extracted for evaluation. This selection would
depend on the sensitivity of the river type to a particular flow
alteration, the ability to manage a particular flow metric, the
certainty of the flow—response predictions, and the relevance to
stakeholders. The downstream response to imposed flow trans-
formations (DRIFT) tool (Brown and Joubert 2003) develops
summary ecological-condition categories of the overall devia-
tion of the current from the natural condition. For each
scenario, ratings of flow changes for each response indicator
are combined using a set of pragmatic rules to derive overall
ecological-condition categories relative to natural condition

(Table 1). These overall ecological-condition categories can
be embedded in policy processes (e.g. South Africa water
policy) and are easy to communicate to stakeholders. They
also considerably simplify evaluation of the social and eco-
nomic consequences, linked to overall ecological condition
rather than to each flow metric (Dollar et al. 2010). Determin-
ing the overall ecological condition is problematic because
factors other than flow (e.g. water quality or habitat structure)
affect ecological condition (Ormerod et al. 2010), and distinct
boundaries of flow alteration, and hence ecological condition,
are difficult to define. Recognising this, detailed flow—response
relationships within DRIFT scenarios can also be accessed for
further evaluation.
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Table 1.

J. L. Nel et al.

Ecological-condition categories (after Kleynhans 2000) used in the downstream response to imposed flow transformations (DRIFT)

environmental flow assessment tool (Brown and Joubert 2003) to describe the deviation of ecosystems from their natural condition

Ecological-condition ~ Description

category

A Unmodified, natural.

B Largely natural with few modifications. A small change in natural habitats and biota may have taken place, although the ecosystem
functions are basically unchanged.

C Moderately modified. A loss and change of natural habitat and biota have occurred, whereas basic ecosystem functions are still
predominantly unchanged.

D Largely modified. A large loss of natural habitat, biota and basic ecosystem functions has occurred.

E Seriously modified. The loss of natural habitat, biota and basic ecosystem functions is extensive.

F Critically/extremely modified. Modifications have reached a critical level and the system has been modified completely, with an

almost complete loss of natural habitat and biota. In the worst instances, the basic ecosystem functions have been destroyed and the

changes are irreversible.

Scenario evaluation ideally incorporates risk assessment, in
which stakeholders identify thresholds beyond which ecologi-
cal, social or economic systems reflect unacceptable change
(Poff et al. 2010). Thus, the environmental flow becomes the
flow regime described by the consensus scenario for each river.
These can be converted into a desired ecological-condition
category for each river (see Table 1; Dollar et al. 2010).

Systematic conservation planning

Systematic conservation planning originally had a very narrow
focus of locating formal protected areas. It grew from the rea-
lisation that the world’s protected-area systems were biased in
biodiversity representation, most commonly favouring areas of
low economic potential (Pressey 1994). Early conservation
planning focussed on systematic methods for biodiversity
representation in protected areas and strategic use of conserva-
tion resources (Kirkpatrick 1983). This approach had limited
applicability to connected ecological units such as freshwater
ecosystems (Dunn 2003). Even in terrestrial settings, there were
limitations. First, ecosystems within protected areas were
essentially ‘locked away’ from human use, thus inadequately
accounting for compatibility between human use and con-
servation (Richter et al. 2003). Second, protected areas alone are
insufficient at conserving the variety of biodiversity. They
should be cornerstones of biodiversity conservation, supple-
mented with other conservation strategies (Margules and
Pressey 2000). Third, areas selected for representation are often
not adequate for supporting natural processes that are essential
for the long-term persistence of biodiversity, such as large
migration corridors (Balmford et al. 1998).

To address these problems, the scope of systematic conser-
vation planning has expanded to explicitly include other con-
servation mechanisms that acknowledge the needs of both
people and ecosystems, ranging from highly restrictive (e.g.
protected areas) to less restrictive (e.g. conservation easements,
land stewardship) (Margules and Pressey 2000). In addition to
locating the most strategic protected areas, systematic conserva-
tion planning is now a tool that informs land-use decision-
making. Natural processes vital to the persistence of biodiversity
are also incorporated (Pressey et al. 2007; Klein et al. 2009q).
Design criteria, such as connectivity, are therefore explicitly

recognised as a critical component of systematic conservation
planning (Balmford et al. 1998).

The key objectives of systematic conservation planning are
to represent biodiversity and plan for its persistence by using
limited conservation resources efficiently (Margules and Sarkar
2007). It should also be embedded in stakeholder-driven imple-
mentation (Knight ez al. 2006). There are six key steps in most
current systematic conservation planning (Fig. 2). They include
(1) delineation of ‘planning units’ for assessment, (2) selecting
surrogate measures for biodiversity pattern and process, and
mapping their distribution, (3) setting quantitative conservation
targets for representation and persistence, (4) setting constraints
(e.g. management costs of conservation actions or economic
impact on stakeholders), (5) selecting planning units that
achieve the conservation targets for all biodiversity most effi-
ciently and (6) implementing, monitoring and adaptively mana-
ging conservation actions. This last step can be automated by
using complementarity-based conservation planning tools
(Sarkar et al. 2006). Complementarity promotes efficiency in
the number or area of selected planning units by choosing not
just the planning unit with the most biodiversity features, but
rather the one that contains the most unrepresented features
(Kirkpatrick 1983; Pressey 1994). Areas are chosen to comple-
ment, not duplicate, each other’s biodiversity. The incorporation
of social and economic constraints of each planning unit also
improves the cost efficiency of conservation action, although
this has only recently been done in terrestrial and marine settings
(Carwardine et al. 2008; Klein et al. 2008) and not in freshwater
settings.

Two maps can be generated from most generic conservation
planning tools. One is a relative index for each planning unit of
the required likelihood to meet conservation targets (‘irreplace-
ability map’); planning units with high irreplaceability have few
options for replacement, whereas planning units with low
irreplaceability can be replaced (Ferrier et al. 2000). The second
map displays the most efficient spatial solution for achieving
conservation targets at the lowest possible cost (‘minimum set’
map). These guide conservation planners in the formulation of a
conservation framework for the catchment with stakeholders
and regional conservation experts.

As systematic conservation planning has advanced, it has
become conceptually suitable to planning for freshwater
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Fig.2. Sixkey steps in freshwater conservation planning with examples of
supporting data. Steps are inter-dependent and not necessarily unidirec-
tional. The entire process should be embedded within a stakeholder-driven
implementation process.

biodiversity (Nel et al. 2009; Linke er al. 2010). Freshwater
conservation plans delineate subcatchments as planning units,
incorporating the need to manage the water resource and its
catchment (Lehner ef al. 2006; Thieme et al. 2007). Many
include the development of a river network topology (tree
hierarchies) to assess the position of candidate subcatchments,
relative to other upstream or downstream ones (Moilanen et al.
2008). This incorporates explicit longitudinal connectivity into
complementarity-based conservation planning tools (Linke
et al. 2007). Most plans also consider multiple-use zonation,
with different levels of protection depending on the role of that
particular subcatchment in achieving biodiversity goals
(Thieme et al. 2007; Turak et al. 2010). Zones are broadly
based on the concept of hierarchical protection in which fresh-
water focal areas are embedded within critical management
zones, which, in turn, are embedded in catchment management
zones (Abell et al. 2007). Freshwater focal areas largely repre-
sent natural examples of freshwater ecosystems and their
associated biodiversity, and their use is likely to be restrictive.
Use restrictions diminish in the latter two zones where the focus
is largely on persistence.
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Mutual benefits of integration
Systematic representation of freshwater biodiversity

Environmental flow assessments frequently incorporate at least
one scenario addressing the conservation of important fresh-
water ecosystems. This is usually based on an index of ecolo-
gical importance (Dollar et al. 2010) that scores each system by
using criteria such as richness, rarity, endemism, importance for
processes such as migration, naturalness, presence of protected
areas, fishing value and ecotourism potential (Kleynhans 2000;
Dunn 2003). This single relative index of ecological importance
is used to assess ecological, social and economic impacts of
different water-use scenarios.

Although the simplicity of the index of ecological impor-
tance is appealing, scoring approaches are conceptually flawed
when identifying priority areas for conservation (Pressey and
Nicholls 1989; Possingham ez al. 2006). They under-represent
the full suite of freshwater biodiversity because ecosystems with
low overall scores are left out. They also ignore complementar-
ity failing to maximise efficiency in achieving biodiversity
goals. Modern freshwater conservation planning methods over-
come these issues, producing a comprehensive solution that
includes all conservation targets, while minimising impact on
stakeholders (e.g. irrigators). Using freshwater conservation
planning tools rather than scoring for ecological importance
provides a more efficient, representative and scientifically
defensible approach for identifying high-value conservation
areas.

Incorporating flow-regime dynamics into conservation
planning

The persistence of freshwater biodiversity is greatly influenced
by hydrological connectivity along three spatial dimensions
(longitudinal, lateral and vertical) and a temporal dimension, all
linked to the natural flow regime (Pringle 2001). Freshwater
conservation planning has focussed on incorporating the spatial
dimensions of connectivity by identifying upstream, down-
stream and lateral linkages potentially affected by human
impacts. The temporal dimension of the natural flow regime —
the variability in magnitude, timing, frequency, duration, rate of
change and predictability — has received only rudimentary
consideration in freshwater conservation planning. The tem-
poral dimension is usually captured by indices of alteration.
These include disturbances that can be mapped as surrogate
measures of likely flow-related changes (e.g. extent of imper-
vious surface in the catchment, extent of irrigated agriculture,
density of dams, levees and weirs). These are combined with
surrogate measures of non-flow-related change to derive an
index of overall ecological condition for rivers (Stein ez al. 2002;
Turak et al. 2010) and wetlands (Ausseil et al. 2010). These
indices of ecological condition are used to set explicit rules in
conservation planning tools. For example, if choices exist
between two sites with similar biodiversity characteristics, the
site with the best ecological condition is favoured (Turak ef al.
2010). Ecological-condition indices are also used to formulate
different conservation strategies for sites selected in the con-
servation portfolio; e.g. sites selected in a conservation plan that
are in poor ecological condition may be highlighted as priority
areas for restoration (Linke et al. 2007).
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The methods of examining flow alteration in freshwater
conservation planning are simplistic, and would benefit greatly
from the understanding gained over three decades of environ-
mental flow-assessment research on modelling flow-regime
dynamics (King et al. 2003; Arthington et al. 2006; Poff et al.
2010). In addition, catchment-wide environmental flow-assess-
ment recommendations deliver quantitative flow recommenda-
tions necessary to maintain different overall ecological
conditions (Dollar et al. 2010), which can be used to develop
guidelines that should accompany conservation planning pro-
ducts (Knight et al. 2006). This opportunity could be further
exploited by ensuring that the environmental flow-assessment
exercise includes ecological-response indicators that are
directly relevant to the biodiversity measures used in the con-
servation planning exercise. Individual metrics of relevance for
developing specific conservation-management activities can
then be examined, as well as the index of overall ecological
condition that summarises multiple ecological response and
flow-alteration relationships.

Explicit scenario-based analysis of social and economic
implications

Freshwater conservation planning has not yet explicitly con-
sidered the social and economic costs and benefits of con-
servation action. Incorporation of conservation costs greatly
improved the alignment of biodiversity goals with social and
economic objectives in terrestrial and marine settings
(Carwardine et al. 2008; Klein et al. 2008, 20095). For fresh-
water ecosystems, the process of examining conservation costs
is complex because of the range of upstream, downstream and
upland dependencies. Modern environmental flow assessment
evaluates different water-use scenarios by explicit linking of
flow changes (and consequent changes in ecological condition)
to social and economic costs and benefits within this depen-
dency framework (King and Brown 2010). Incorporation of
such methods in freshwater conservation planning will improve
the social and economic cost-efficiency of achieving biodi-
versity goals. Environmental flow assessment also assesses
social and economic consequences for all systems in the
catchment, not just the ones of high conservation value, high-
lighting the need to manage the catchment as an integrated
whole.

Another key strength of environmental flow assessments in
the context of integrated water resources management is objec-
tive assessment of social, economic and ecological conse-
quences of flow changes from a range of different
development scenarios, rather than prescription of a specific
flow regime. This scenario-based approach empowers stake-
holders to formulate their own vision for water resources in the
catchment. With increasing availability of finer-scale climate-
change scenarios (Saji ef al. 2006), environmental flow assess-
ment can also evaluate ecosystem responses to combined
development and climate-change scenarios. Predicted changes
in rainfall and temperature will have an impact on water
resources; moreover, rainfall changes tend to be amplified in
changes to the flow regime. For example, in modelling the
changes to the variability of inter-annual flooding, some regions
have shown a two- to five-fold amplification of change from
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Fig. 3. Freshwater conservation planning could be used within existing
environmental flow assessment frameworks, beginning with two maps of a
catchment. These can then be used to assess achievement of conservation
targets with flow-related changes. This provides explicit information for
assessing trade-offs between conservation and development. The process
can be iterative where conservation planning products are refined by using
the conservation options available under the selected development scenario.

rainfall to runoff (Schulze 2005); this has important implications
in future planning around extreme events such as floods and
droughts. Changes to the flow regime under various climate-
change scenarios can be quantified (Schulze 2005; Palmer et al.
2008) and used in an environmental flow-assessment exercise to
examine the likely impacts of development and conservation
within a changing climate. Such proactive planning offers an
ideal starting point for considering climate change-adaptation
strategies within the context of water-resources development,
but have yet to be explored.

Options for integration
Conservation targets for scenarios

For each scenario assessed, the ecological condition (Table 1)
resulting from flow-related change must not just be translated
into social and economic consequences, but also evaluated
against the achievement of conservation targets (Fig. 3). This
makes the trade-offs between conservation and development
explicit. Such assessment can be achieved in several ways. One
way is to use a specific conservation scenario to compare
achievement of conservation targets under current ecological
conditions with conditions under proposed development. Such a
single conservation scenario represents only one of many pos-
sible conservation solutions, and offers no information on other
conservation options in the light of development options (Ferrier
et al. 2000). An alternative is to use the irreplaceability of each
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subcatchment to produce the options available for conservation.
Development in subcatchments with high irreplaceability values
should be penalised, since these subcatchments are probably
most needed to achieve conservation targets. The use of irre-
placeability may address such prescription, but comes with the
following disadvantages: selection of only highly irreplaceable
subcatchments for conservation will not achieve all targets; and
some conservation choices still need to be made between sub-
catchments with low irreplaceability. The extent to which
development exhausts all options in subcatchments with low
irreplaceability therefore also needs to be included in such an
assessment.

Environmental flow assessments and freshwater conserva-
tion planning should be at comparable levels of resolution,
ideally using the same planning units (subcatchments or stream
segments). Each subcatchment requires an analysis node, with
associated hydrology and flow—response relationships (Fig. 1).
Hydrological data at subcatchment scales are lacking in most
parts of the world, although this obstacle can be addressed
through hydrologic simulation models of rainfall-runoff and
other catchment processes (Kennen et al. 2008). If no data are
available, river-type classification can then be used to extra-
polate flow responses across to analysis nodes belonging to the
same river type (Arthington et al. 2006; Kennard et al. 2010), to
quantify different configurations of desired ecological condition
relative to water use in the catchment.

The way freshwater conservation targets are set and com-
municated is a potential obstacle. Scientifically defensible
targets are usually defined on the basis of specific requirements
for the persistence of biodiversity (Carwardine et al. 2009);
however, minimum population sizes or minimum habitat
requirements for the persistence of most freshwater species
are not known (Abell 2002). Freshwater conservation planning
commonly sets socio-political targets, reflecting societal aspira-
tions. The 20% target for all aquatic biodiversity is commonly
adopted by freshwater conservation planning (IUCN 1991).
Such socio-political targets of simple percentages lack scientific
defensibility and may not result in the persistence of biodiversity
(Svancara et al. 2005). Nevertheless, they reflect an aspiration
for equity in representing biodiversity. Socio-political targets
are useful for measuring progress towards conservation and
informing integrated water resources management, particularly
if they symbolise a societal aspiration endorsed by policy and
effectively communicated to stakeholders (Roux et al. 2009).
However, they are preliminary and should be updated with new
ecological information and changing social values of
conservation.

Integration of conservation planning and flow targets

A simple option for integrating freshwater conservation plan-
ning and environmental flow assessment would be to complete a
freshwater conservation plan for the catchment, producing an
irreplaceability and minimum-set map. The minimum-set map
would form the conservation scenario for evaluation against
development scenarios (Fig. 3). Because there are many possi-
ble configurations to achieve conservation targets in the light of
development options, a better solution to integration would be to
maximise biodiversity and flow targets simultaneously, while
minimising social and economic costs.
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Fig. 4. A simple diagram of how complementarity benefits could be
achieved by simultaneously planning for both biodiversity and flow targets.
Values show the mean annual runoff per subcatchment. Selecting Subcatch-
ments 2—4 would achieve a desired mean annual runoff of 300 million m* for
the estuary and represent the most conservation targets — Fishl, Fish2,
Riparian forest (RF).

Such integration will require developing new tools that
combine the models of environmental flow assessment and
complementarity-based conservation planning tools, e.g. Marxan
(Possingham et al. 2000). A highly simplified schematic shows
the potential complementarity benefits (Fig. 4). One of many
scenarios may require a desired condition for the estuary, with a
mean annual runoff (MAR) flow target of 300 million m® per
year. In addition, biodiversity representation may require setting
targets to capture at least one population of fish1 and fish2, and a
stand of riparian forest. Choosing Subcatchment 1 for conserva-
tion would provide the desired MAR flow target for the estuary,
but would fail to conserve the required suite of biodiversity.
Choosing Subcatchments 2—4 would meet the desired MAR flow
target and all the conservation targets, as long as there are no
large-scale migration dependencies among the fish populations.
Catchments 2—4 can also support water resources development in
Catchment 1 by providing the natural flooding and sediment
pulses to the estuary. In reality, the solutions are far more complex
and data-intensive, involving many more biodiversity features
and flow-analysis nodes, and increasing levels of uncertainty
owing to lack of data. New optimisation tools need to be
developed to support the array of data inputs (e.g. expert opinion,
surrogate measures of biodiversity, simulations of flow-regime
metrics and biodiversity pattern, and flow and conservation
targets). These tools should build on the frameworks and deci-
sion-support tools developed in environmental flow assessment
and conservation planning, which cope with data limitations and
uncertainty.

Deriving an overall ecological condition, relative to natural,
provides a common currency between environmental flow
assessments and freshwater conservation planning, and will be
central in the development of tools that combine environmental
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flow assessment and conservation planning approaches. Recent
tools in freshwater conservation planning are heading in this
direction, with the development of tools that quantify conserva-
tion contribution of any river section (Turak et al. 2010) or
wetland (Ausseil ez al. 2010) relative to its ecological condition,
and the recognition of multiple-use zones (Abell et al. 2007)
linked to ecological condition. By quantifying the link with
ecological conditions and conservation targets, and the social
and economic cost implications of maintaining different ecolo-
gical conditions, each planning unit can be assigned an ecolo-
gical condition that achieves conservation and flow targets,
while minimising social and economic costs. This approach
recognises that altered rivers contribute to conservation targets,
albeit to a lesser extent than natural rivers. The conservation
planning tool, Marxan with Zones (Watts et al. 2009), recently
applied in and marine settings (Klein ef al. 20095b), holds
potential in this regard.

Linking ecological condition to upstream/downstream cost
implications aligns freshwater conservation planning with
environmental flow assessments. It also aligns these tools with
existing river-health monitoring (Wright et al. 1993; Davies
2000; Lazorchak et al. 2000; River Health Programme 2006),
where monitoring ecological condition can be used to assess the
outcomes of environmental flows and conservation planning.

Conclusions

Research and practice in conservation has tended to focus on
terrestrial biodiversity, whereas water resources management
has tended to have a more utilitarian focus. Given the dire state
of freshwater ecosystems and associated biodiversity (Dudgeon
et al. 2006), it is high time to elevate freshwater biodiversity
concerns on the agendas of both these sectors.

There has been a recent steady increase in the development of
freshwater conservation planning and environmental flow
assessment as catchment-wide planning tools for water
resources planning. Integrating these two fields of science is
mutually beneficial. Incorporating the outputs of conservation
planning into environmental flow assessments could enhance
the ecological-assessment component of environmental flow
assessments, representing freshwater biodiversity in the catch-
ment more systematically and efficiently. Similarly, freshwater
conservation planning would benefit from the value of environ-
mental flow assessment in measuring persistence of ecosystems
and species under different flow regimes. Assessment of the
social and economic consequences of flow scenarios, within an
upstream—downstream dependency framework, would also ben-
efit freshwater conservation planning. Scenario-based environ-
mental flow assessments can also be adapted to show the
consequences of a range of different development scenarios
on achievement of freshwater conservation targets. Predicted
flow responses with climate change can also be assessed for
different development options.

If data are at comparable levels of resolution, environmental
flow assessment and freshwater conservation planning may be
integrated immediately by developing one or more strategic
and systematic conservation scenarios by using freshwater
conservation planning principles. The effects of different
development scenarios on achievement of conservation targets
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in the catchment may also be assessed. Integration in the
medium- to long-term should focus on developing new tools
that combine environmental flow-assessment tools with com-
plementarity-based conservation planning tools. Ecological
condition will be central in the development of new tools,
providing a common currency for assessment, planning, man-
agement and monitoring.

Integration of freshwater conservation planning and envir-
onmental flow assessment alone will not achieve conservation
and sustainable development goals. The exercise must be
embedded within integrated water resources management, sup-
ported by formal governance and adaptive management pro-
cesses that complement and strengthen an underpinning
philosophy of multi-stakeholder learning and cooperation.

Acknowledgements

We thank the Skukuza group of freshwater scientists who participated in a
meeting in the Murray—Darling River Basin to share knowledge and
experience on environmental flows, freshwater ecosystem conservation and
climate change. Funding for this work was provided by the CSIR, South
Africa. We extend special thanks to the guest editor, Richard Kingsford, and
two anonymous referees for considerable guidance in the reviewing of this
manuscript.

References

Abell, R. (2002). Conservation biology for the biodiversity crisis: a fresh-
water follow-up. Conservation Biology 16, 1435-1437. doi:10.1046/
J.1523-1739.2002.01532.X

Abell, R., Allan, J. D., and Lehner, B. (2007). Unlocking the potential of
protected areas for freshwaters. Biological Conservation 134, 48—63.
doi:10.1016/J.BIOCON.2006.08.017

Arthington, A. H., Bunn, S. E., Poff, N. L., and Naiman, R. J. (2006). The
challenge of providing environmental flow rules to sustain river eco-
systems. Ecological Applications 16, 1311-1318. doi:10.1890/1051-
0761(2006)016[1311: TCOPEF]2.0.CO;2

Arthington, A. H., Naiman, R. J., McClain, M. E., and Nilsson, C. (2010).
Preserving the biodiversity and ecological services of rivers: new
challenges and research opportunities. Freshwater Biology 55, 1-16.
doi:10.1111/J.1365-2427.2009.02340.X

Ausseil, A. E., Chadderton, W. L., Gerbeaux, P., Stephens, R. T. T., and
Leathwick, J. R. (2010). Applying systematic conservation planning
principles to palustrine and inland saline wetlands of New Zealand.
Freshwater Biology. doi:10.1111/J.1365-2427.2010.02412.X

Balmford, A., Mace, G., and Ginsberg, J. R. (1998). The challenges to
conservation in a changing world: putting processes on the map. In
‘Conservation in a Changing World’. (Eds G. Mace, A. Balmford and
J.R. Ginsberg.) pp. 1-28. (Cambridge University Press: Cambridge, UK.)

Brown, C. A., and Joubert, A. (2003). Using multicriteria analysis to develop
environmental flow scenarios for rivers targeted for water resource
management. Water S.A. 29, 365-374.

Brown, C. A., and King, J. M. (2010). Environmental flows in shared
watercourses: review of assessment methods and relevance in the
transboundary setting. In ‘Transboundary Water Management: Princi-
ples and Practice’. (Eds A. Earle, A. Jagerskog, K. Lexen and P. Qwist-
Hoffmann.) pp. 107-128. (Earthscan: London.)

Bunn, S. E., and Arthington, A. H. (2002). Basic principles and ecological
consequences of altered flow regimes for aquatic biodiversity. Environ-
mental Management 30, 492-507. doi:10.1007/S00267-002-2737-0

Carwardine, J., Wilson, K. A., Watts, M., Etter, A., Klein, C. J., et al. (2008).
Avoiding costly conservation mistakes: the importance of defining
actions and costs in spatial priority setting. PLoS ONE 3, ¢2586.
doi:10.1371/JOURNAL.PONE.0002586



Environmental flow assessment and conservation planning

Carwardine, J., Klein, C. J., Wilson, K. A., Pressey, R. L., and Possingham,
H. P. (2009). Hitting the target and missing the point: target-based
conservation planning in context. Conservation Letters 2, 3-10.
doi:10.1111/J.1755-263X.2008.00042.X

Davies, P. E. (2000). Development of a national river bioassessment system
(AUSRIVAS) in Australia. In ‘Assessing the Biological Quality of Fresh
Waters: RIVPACS and Other Techniques’. (Eds J. F.Wright, D. W
Sutcliffe and M. T. Furse.) pp. 113—124. (Freshwater Biological Asso-
ciation: Ambleside, Australia.)

Dollar, E. S.J., Nicolson, C. R., Brown, C. A., Turpie, J. K., Joubert, A., et al.
(2010). The development of the South African Water Resource Classi-
fication System (WRCS): a tool towards the sustainable, equitable and
efficient use of water resources in a developing country. Water Policy 12,
479—-499. doi:10.2166/WP.2009.213

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z., Knowler, D.
J., et al. (2006). Freshwater biodiversity: importance, threats, status and
conservation challenges. Biological Reviews of the Cambridge Philoso-
phical Society 81, 163—182. doi:10.1017/S1464793105006950

Dunn, H. (2003). Can conservation assessment criteria developed for
terrestrial systems be applied to river systems? Aquatic Ecosystem
Health & Management 6, 81-95. doi:10.1080/14634980301478

Ferrier, S., Pressey, R. L., and Barrett, T. W. (2000). A new predictor of the
irreplaceability of areas for achieving a conservation goal, its application
to real-world planning, and a research agenda for further refinement.
Biological Conservation 93, 303-325. doi:10.1016/S0006-3207(99)
00149-4

Gilman, R. T., Abell, R. A., and Williams, C. E. (2004). How can
conservation biology inform the practice of Integrated River Basin
Management? International Journal of River Basin Management 2,
135-148. doi:10.1080/15715124.2004.9635228

Global Water Partnership (2000). Integrated water resource development.
GWP Technical Advisory Committee Background Paper 4. March 2000.
GWP, Stockholm, Sweden.

TUCN (1991). ‘Caring for the Earth: A Strategy for Sustainable Living.” (The
World Conservation Union, UNEP and WWF: Gland, Switzerland.)
Kennard, M. J., Pusey, B. J., Olden, J. D., Mackay, S. J., Stein, J. L., et al.
(2010). Classification of natural flow regimes in Australia to support
environmental flow management. Freshwater Biology 55, 171-193.

doi:10.1111/J.1365-2427.2009.02307.X

Kennen, J. G., Kauffman, L. J., Ayers, M. A., and Wolock, D. M. (2008). Use
of an integrated flow model to estimate ecologically relevant hydrologic
characteristics at stream biomonitoring sites. Ecological Modelling 211,
57-76. doi:10.1016/J. ECOLMODEL.2007.08.014

King, J. M., and Brown, C. A. (2010). Integrated Flow Assessments:
concepts and method development in Africa and South-east Asia.
Freshwater Biology 55, 127-146. doi:10.1111/].1365-2427.2009.
02316.X

King, J. M., Brown, C. A., and Sabet, H. (2003). A scenario-based holistic
approach to environmental flow assessments for regulated rivers. River
Research and Applications 19, 619-639. doi:10.1002/RRA.709

Kirkpatrick, J. B. (1983). An iterative method for establishing priorities for
the selection of nature reserves: an example from Tasmania. Biological
Conservation 25, 127-134. doi:10.1016/0006-3207(83)90056-3

Klein, C. J., Chan, A., Kircher, L., Cundiff, A. J., Gardner, N., et al. (2008).
Striking a balance between biodiversity conservation and socioeco-
nomic viability in the design of marine protected areas. Conservation
Biology 22, 691-700. doi:10.1111/J.1523-1739.2008.00896.X

Klein, C. J., Wilson, K. A., Watts, M., Stein, J., Berry, S., ef al. (2009a).
Incorporating ecological and evolutionary processes into continental
scale conservation planning. Ecological Applications 19, 206-217.
doi:10.1890/07-1684.1

Klein, C. J., Steinback, C., Watts, M., Scholz, A. J., and Possingham, H. P.
(2009b). Spatial marine zoning for fisheries and conservation. Frontiers
in Ecology and the Environment. doi:10.1890/090047

Marine and Freshwater Research 9

Kleynhans, C. J. (2000) Desktop estimates of the ecological importance and
sensitivity categories (EISC), default ecological management classes
(DEMC), present ecological status categories (PESC), present attainable
ecological management classes (present AEMC), and best attainable
ecological management class (best AEMC) for quaternary catchments in
South Africa. DWAF report, Institute for Water Quality Studies,
Department of Water Affairs and Forestry, Pretoria, South Africa.

Knight, A. T., Driver, A., Cowling, R. M., Maze, K., Desmet, P. G., ef al.
(2006). Designing systematic conservation assessments that promote
effective implementation: best practice from South Africa. Conservation
Biology 20, 739-750. doi:10.1111/J.1523-1739.2006.00452.X

Lazorchak, J. M., Hill, B. H., Averill, D. K., Peck, D. V., and Klemm, D. J.
(2000). Environmental monitoring and assessment program — surface
waters: field operations and methods for measuring the ecological
condition of non-wadeable rivers and streams. US Environmental
Protection Agency, Cincinnati, OH.

Lehner, B., Verdin, K., and Jarvis, A. (2006). HydroSHEDS technical
documentation, V 1.0. WWE, Washington, DC. Available at www.
worldwildlife.org/hydrosheds [accessed 23 July 2010].

Linke, S., Pressey, R. L., Bailey, R. C., and Norris, R. H. (2007). Manage-
ment options for river conservation planning: condition and conserva-
tion re-visited. Freshwater Biology 52, 918-938. doi:10.1111/J.1365-
2427.2006.01690.X

Linke, S., Turak, E., and Nel, J. L. (2010). Freshwater conservation
planning: the case for systematic approaches. Freshwater Biology.
doi:10.1111/J.1365-2427.2010.02456.X

Margules, C. R., and Pressey, R. L. (2000). Systematic conservation
planning. Nature 405, 243-253. doi:10.1038/35012251

Margules, C. R., and Sarkar, S. (2007). ‘Systematic Conservation Planning.’
(Cambridge University Press: Cambridge, UK.)

Moilanen, A., Leathwick, J., and Elith, J. (2008). A method for spatial
freshwater conservation prioritization. Freshwater Biology 53,577-592.
doi:10.1111/J.1365-2427.2007.01906.X

Nel, J. L., Roux, D. J., Cowling, R. M., Abell, R., Ashton, P. J., et al. (2009).
Progress and challenges in freshwater conservation planning. Aquatic
Conservation: Marine and Freshwater Ecosystems 19, 474-485.
doi:10.1002/AQC.1010

Nilsson, C., Reidy, C. A., Dynesius, M., and Revenga, C. (2005). Fragmen-
tation and flow regulation of the world’s large river systems. Science
308, 405-408. doi:10.1126/SCIENCE.1107887

Ormerod, S. J., Dobson, M., Hildrew, A. G., and Townsend, C. R. (2010).
Multiple stressors in freshwater ecosystems. Freshwater Biology 55,
1-4. doi:10.1111/J.1365-2427.2009.02395.X

Palmer, M. A., Reidy Liermann, C. A., Nilsson, C., Florke, M., and
Alcamo, J. (2008). Climate change and the world’s river basins:
anticipating management options. Frontiers in Ecology and the Envir-
onment 6. doi:10.1890/060148

Poff, N. L., and Zimmerman, J. K. H. (2010). Ecological responses to altered
flow regimes: a literature review to inform the science and management
of environmental flows. Freshwater Biology 55, 194-205. doi:10.1111/
J.1365-2427.2009.02272.X

Poff, N. L., Richter, B. D., Arthington, A. H., Bunn, S. E., Naiman, R. J.,
et al. (2010). The ecological limits of hydrologic alteration (ELOHA): a
new framework for developing regional environmental flow standards.
Freshwater Biology 55, 147-170. doi:10.1111/J.1365-2427.2009.
02204.X

Possingham, H. P., Ball, I. R., and Andelman, S. (2000) Mathematical
methods for identifying representative reserve networks. In ‘Quantita-
tive Methods for Conservation Biology’. (Eds S. Ferson and
M. Burgman.) pp. 291-305. (Springer-Verlag: New York.)

Possingham, H. P., Wilson, K. A., Andelman, S. J., and Vynne, C. H. (2006).
Protected areas: goals, limitations, and design. In ‘Principles of Con-
servation Biology’. (Eds M. J. Groom, G. K. Meefe and C. R. Carroll.)
pp. 509-533. (Sinauer Associates: Sunderland, MA.)



10 Marine and Freshwater Research

Pressey, R. L. (1994). Ad hoc reservations: forward or backwards steps in
developing representative reserve systems? Conservation Biology 8,
662—668. doi:10.1046/J.1523-1739.1994.08030662.X

Pressey, R. L., and Nicholls, A. O. (1989). Efficiency in conservation
planning: scoring versus iterative approaches. Biological Conservation
50, 199-218. doi:10.1016/0006-3207(89)90010-4

Pressey, R. L., Cabeza, M., Watts, M. E., Cowling, R. M., and Wilson, K. A.
(2007). Conservation planning in a changing world. Trends in Ecology &
Evolution 22, 583-592. doi:10.1016/J.TREE.2007.10.001

Pringle, C. M. (2001). Hydrologic connectivity and the management of
biological reserves: a global perspective. Ecological Applications 11,
981-998. doi:10.1890/1051-0761(2001)011[0981:HCATMO]2.0.CO;2

Ricciardi, A., and Rasmussen, J. B. (1999). Extinction rates of North
American freshwater fauna. Conservation Biology 13, 1220-1222.
doi:10.1046/J.1523-1739.1999.98380.X

Richter, B. D., Mathews, R., Harrison, D. L., and Wigington, R. (2003).
Ecologically sustainable water management: managing river flows for
ecological integrity. Ecological Applications 13,206-224. doi:10.1890/
1051-0761(2003)013[0206:ESWMMR]2.0.CO;2

Richter, B. D., Warner, A. T., Meyer, J. L., and Lutz, K. (2006). A
collaborative and adaptive process for developing environmental flow
recommendations. River Research and Applications 22, 297-318.
doi:10.1002/RRA.892

River Health Programme (2006). State of rivers report: Olifants/Doring and
Sandveld Rivers. Department of Water Affairs and Forestry, Belville,
South Africa.

Roux, D. J., Ashton, P. J., Nel, J. L., and MacKay, H. M. (2009). Improving
cross-sector policy integration and cooperation in support of freshwater
conservation. Conservation Biology 22, 1382-1387. doi:10.1111/
J.1523-1739.2008.01080.X

Saji, N. H., Xie, S.-P., and Yamagata, T. (2006). Tropical Indian Ocean
variability in the twentieth century climate simulations. Journal of
Climate 19, 4397-4417. doi:10.1175/JCLI3847.1

Sarkar, S., Pressey, R. L., Faith, D. P., Margules, C. R., Fuller, T., et al.
(2006). Biodiversity conservation planning tools: present status and
challenges for the future. Annual Review of Environment and Resources
31, 123-159. doi:10.1146/ANNUREV.ENERGY.31.042606.085844

J. L. Nel et al.

Schulze, R. E. (2005). Setting the scene: The current hydroclimatic ‘land-
scape’ in Southern Africa. In ‘Climate Change and Water Resources in
Southern Africa: Studies on Scenarios, Impacts, Vulnerabilities and
Adaptation’. (Ed. R. E. Schulze.) pp. 83-94. (Water Research Commis-
sion: Pretoria, South Africa.)

Stein, J. L., Stein, J. A., and Nix, H. A. (2002). Spatial analysis of
anthropogenic river disturbance at regional and continental scales:
identifying the wild rivers of Australia. Landscape and Urban Planning
60, 1-25. doi:10.1016/S0169-2046(02)00048-8

Svancara, L. K., Brannon, R., Scott, J. M., Groves, C. R., Noss, R. F., et al.
(2005). Policy-driven versus evidence-based conservation: a review of
political targets and biological needs. Bioscience 55, 989-995.
doi:10.1641/0006-3568(2005)055[0989:PVECAR]2.0.CO;2

Tharme, R. E. (2003). A global perspective on environmental flow assess-
ment: emerging trends in the development and application of environ-
mental flow methodologies for rivers. River Research and Applications
19, 397-441. doi:10.1002/RRA.736

Thieme, M., Lehner, B., Abell, R., Hamilton, S. K., Kellndorfer, J., et al.
(2007). Freshwater conservation planning in data-poor areas: an exam-
ple from a remote Amazonian basin (Madre de Dios River, Peru and
Bolivia). Biological Conservation 135, 484-501. doi:10.1016/J.BIO
CON.2006.10.054

Turak, E., Ferrier, S., Barrett, T. W., Mesley, E., Drielsma, M. J., et al.
(2010). Planning for persistence of river biodiversity: exploring alter-
native futures using process-based scenario modelling. Freshwater
Biology. doi:10.1111/J.1365-2427.2009.02394.X

Watts, M., Possingham, H. P., Ball, I. R., Stewart, R. S., Klein, C. J., et al.
(2009). Marxan with Zones — software for optimal conservation-based
land- and sea-use zoning. Environmental Modelling & Software 24,
1513-1521. doi:10.1016/J. ENVSOFT.2009.06.005

Wright, J. F., Furse, M. T., and Armitage, P. D. (1993). RIVPACS — a
technique for evaluating the biological quality of rivers in the UK.
European Water Pollution Control 3, 15-25.

WWEF (2004). ‘Living Planet Report.” (World Wide Fund for Nature: Gland,
Switzerland.)

Manuscript received 26 December 2009, accepted 17 September 2010

http://www.publish.csiro.au/journals/mfr



AUTHOR QUERY

AQI: Reference ‘River Health Programme, 2006 is not cited in the text. Please add an in-text citation or delete the reference.




