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Significant progress in environmental flow management has occurred in recent years
due to several factors. These include governments committing to environmental flow
programs, significant progress in scientific understanding, and environmental flow
assessment methods that are cognizant of stakeholder participation and co-design.
However, there remain key challenges facing environmental water management. In this
paper, we report on a horizon scanning exercise that identified the questions, which,
if answered, would deliver much needed progress in the field of environmental water
management. We distributed an online survey to ask researchers and practitioners in
the field of environmental water management to identify the key questions. The authors
then consolidated 268 submitted questions and organized them into key themes. The
consolidated list was presented to a workshop of environmental water researchers and
practitioners, where attendees were asked to review the questions, vote on the most
important, and provide feedback on gaps, issues, or overlaps. The breadth of issues
facing environmental water management is captured by the six key themes into which
questions were classified: (1) Ecological knowledge and environmental flow assessment
methods, (2) Adaptive management, (3) Integrated management and river objectives,
(4) Knowledge transfer: applying best practice in a global context, (5) Community
knowledge and engagement, and (6) Active management. These questions provide a
roadmap for research and management innovations that will improve the effectiveness
of environmental flows programs.
Keywords: environmental flows, environmental water, horizon scanning, adaptive management, active
management

INTRODUCTION
Aquatic ecosystems and freshwater biodiversity are in decline worldwide (Dudgeon et al., 2006).
Continued population growth and changing life styles, coupled with climate change, will only
increase competition for scarce water resources in many regions in the future, with commensurate
increases in the threats to aquatic ecosystems (Meyer et al., 1999; Poff et al., 2002), and in some
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regions of the globe (Poff and Matthews, 2013; Rockström et al.,
2014; Zarfl et al., 2015). In this horizon scanning exercise, we
identify and discuss the big questions, which, if answered, would
deliver significant progress in the field of environmental water
management, and would underpin the next wave of efforts to
protect and restore these most important aquatic ecosystems.

cases significantly modifying current river ecosystems and
generating hybrid and novel systems (Acreman et al., 2014;
Laizé et al., 2017). Environmental water management aims to
respond to these threats by both protecting and where necessary
restoring flow regimes to support aquatic ecosystem function
and biodiversity (Meyer et al., 1999; Poff et al., 2002). In 2007,
the Brisbane Declaration established an international consensus
on the definition of environmental flows, as “the quantity,
timing, and quality of water flows required to sustain freshwater
and estuarine ecosystems and the human livelihoods and wellbeing that depend on these ecosystems” (emphasis added). As
a result, environmental flows assessments have expanded from
site-specific scientific studies to holistic studies that recognize
the links between hydrology, ecosystem condition, societal
expectations, and socio-economic outcomes. The Brisbane
Declaration called for commitment to a number of key actions
to restore and maintain environmental flows, many of which
were aimed at expanding the number of locations where
environmental flows are implemented, broadening stakeholder
engagement, and enhancing the capacity required to implement
and maintain environmental flows (Brisbane Declaration, 2007).
It is now 10 years since the Brisbane Declaration and
there has been clear progress on a number of fronts. First,
the concept of environmental flows and “environmental water
management” has been widened to reflect the sentiments of the
Brisbane Declaration. Environmental flow assessment methods
are now cognizant of stakeholder participation and co-design,
and recognize the dual role of environmental water in supporting
ecological and social values, especially for those who rely on
rivers and floodplains to support their livelihood (King and
Brown, 2010; Finn and Jackson, 2011). Second, there has
been significant progress in our understanding of the scientific
concepts and ecological processes that underpin environmental
flows (Arthington et al., 2006; Horne et al., 2010; Arthington,
2012; Acreman et al., 2014), and third, environmental water
requirements have now been discussed and incorporated into
high-level water policy and legislation in many countries across
the globe (Hirji and Davis, 2009; Le Quesne et al., 2010;
O’Donnell, 2014). This latter development is reflected in the
growing number of government agencies and non-government
entities funding environmental water projects (Garrick et al.,
2011; Pahl-Wostl et al., 2013), and the large sums expended
on river flow restoration projects. We have also recently seen
the first cases of rivers being granted the same legal status as a
person and with the same rights—the Whanganui River in New
Zealand, the Ganga and Yamuna Rivers in India (currently stayed
pending the outcome of an appeal to the Supreme Court), and
Himalayan glaciers, rivers, streams, lakes, and forests (O’Donnell
and Talbot-Jones, 2017). Collectively, the establishment of these
new legal persons represents the most significant creation of new
legal rights for nature since 2010, when Bolivia passed the Law of
Rights of Mother Earth (Plurinational State of Bolivia, 2010).
Despite this progress in the science, policies and legislation
of environmental flows, cases of implementation have been
limited, There remain key challenges facing environmental water
management, especially in response to the rapid socio-economic
and environmental changes currently affecting rivers in many
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METHODS
Horizon scanning exercises like the one discussed here provide a
useful reference of the current state of the discipline, and help to
set the agenda for future research efforts (Sutherland et al., 2006).
Past horizon scanning studies in the environmental science field
have identified questions using some combination of: (1) a survey
to gather as wide a range of opinions in the field as possible, (2) a
workshop, and (3) a review process (Sutherland et al., 2006, 2013;
Rudd et al., 2011; Parsons et al., 2014; Seddon et al., 2014). We
used all three stages of this sequence.
We developed an online survey, the link for which was
distributed through the authors’ existing professional and
research networks. The survey link was also distributed to
authors of papers from Environmental Flows sessions at
the International Symposium on Ecohydraulics (ISE), the
community for the conference at which the later workshop took
place. Receivers of the email were also asked to distribute it to
their own networks, so the total number of recipients would have
been larger. The survey asked researchers and practitioners in the
field of environmental water management to identify:
“What questions, if answered, would allow the biggest progress in
the field of environmental water management?”

Respondents were asked to think globally, with no limitation on
the scope of the questions, so they could be broad high level
questions, or very specific questions.
We then reviewed the survey responses and identified
overlaps in content. The questions were consolidated into a
smaller list (included in this paper) and organized into key
themes. Classification of the questions drew on the diverse and
extensive experience of the authors. For example, although many
individual questions related to the theme of climate change, the
authors considered that climate change is an issue that needs
consideration as part of all elements of environmental water
management. Thus, climate change has been integrated into all
themes rather than being a single theme.
The consolidated list was presented at a workshop conducted
during the 11th ISE meeting, held in Melbourne, Australia, in
February 2016 (Webb et al., 2016). This international conference
drew delegates from over 30 countries, and environmental
water management was one the key foci, including several
sessions dedicated to this topic. Further, unlike many other
conferences that deal with environmental flow science, this
conference spans a range of disciplinary perspectives and extends
from science to practice. The workshop attracted approximately
40 participants. Questions were arranged into themes, with
each theme’s questions posted in a different part of the room.
Participants were conducted around the room and took place in
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a discussion facilitated by two of the authors (JAW, ACH) about
each theme and question to maximize shared understanding.
Participants were asked to review the questions, vote on the most
important, and provide feedback on gaps, issues, or overlaps. This
paper is based on the questions identified through the survey,
refined through the workshop, and complemented by insights
and discussions during manuscript preparation.
There are clear limitations in any exercise of this kind. The
questions identified will be closely linked to the geographies
and disciplines of those involved in the survey. We attempted
to mitigate these effects though the multi-step approach, and
through the inclusion of a range of backgrounds, specializations,
sectors, and locations, but there will no doubt remain some
inadvertent bias. However, as seen in the results section,
some regions are underrepresented in the survey (e.g., South
America, North America and Africa). This is likely due to the
distribution lists used for the survey which may have placed
greater emphasis on Australia and Oceania. Similarly, there
is a greater representation of ecology and hydrology which
reflects the dominance of these disciplines more broadly in the
science and practice of environmental flows. Importantly, the
authors for this journal paper include a broad cross-section, both
in terms of geography and discipline to ensure a broad and
balanced perspective in the interpretation of the study results.
However, a limitation of such horizon scanning exercises is
the sample of opinions included in the process. Despite these
limitations, this overview provides a valuable snapshot of the
big issues for future environmental water management and
offers a challenging and timely re-assessment of future research
agendas.

At the heart of any environmental flow assessment method lies
a need for knowledge of how the ecology of a system has been
affected by past human-induced changes in flow regimes, and
how it may respond to the partial or full restoration of particular
flows. Both the lack and inconsistency of generalizable empirical
relationships linking flow changes to ecological response (Poff
and Zimmerman, 2010) has seen the predominance of expertbased predictions of ecological response becoming embedded in
major environmental flow assessment frameworks (Horne et al.,
2010). Recognizing the limitations of such frameworks, river
scientists have emphasized the need for empirical flow-response
relationships for use in assessments (Arthington et al., 2006; Poff
and Zimmerman, 2010; Davies et al., 2014). Even so, most of
these recent efforts are still largely based on relatively simple
ecohydrological models (Webb et al., 2017). Our respondents
and workshop participants concluded that there is still much
work required with regard to basic knowledge of river ecology
and how to incorporate such knowledge into environmental flow
assessments, implementation, and management.
Q1—Can we demonstrate clear quantitative links between the
ecology of aquatic species and alterations in hydrology or
hydraulics at different spatial and temporal resolutions, and
develop appropriate models of these relationships?

Although our understanding of flow-ecology relationships has
significantly improved over the past 20 years (Arthington,
2012), there remain substantial gaps in our knowledge of the
ecological effects of flow alterations (Poff and Zimmerman,
2010; Webb et al., 2013). River ecosystems are influenced
by a wide range of factors, including species interactions,
temperature, and sediment dynamics, that may interact in
numerous unspecified ways with flow alteration (Acreman et al.,
2014). With much research still reliant on drawing patterns
from uncontrolled changes in flow conditions during floods or
droughts, a major challenge is to undertake controlled water
management experiments at the catchment scale (Konrad et al.,
2011; Olden et al., 2014). More collaboration between dam
owners/operators, landholders, and scientists is needed to codevelop hypotheses and provide robust tests of these via flow
manipulation experiments (Poff et al., 2003). This need to
improve our basic understanding of ecological relationships with
flow is reflected in Question 1, and the other questions identified
below sit under this higher level challenge.

RESULTS
Sixty-five individuals responded to the survey, providing a total
of 268 questions. A full list of questions obtained through the
survey is provided in Supplementary Material. Approximately
half of the respondents identified themselves as practitioners, and
61% identified themselves as researchers (i.e., some respondents
identified as both). The majority of respondents were ecologists
and hydrologists, with a smaller number of engineers, lawyers,
economists and social scientists. The majority of respondents
were from Europe (27) and Oceania (24), with smaller numbers
from North America (8), Africa (3), and Asia (3).
The original questions were consolidated into 57 questions,
which were classified into six themes that cover the full range
of the environmental water management cycle (Horne A. et al.,
2017b). The environmental water management cycle includes
establishing a vision and objectives for the river (through broad
stakeholder engagement), the science of determining the flow
regime needed to achieve the objectives, legal and institutional
arrangements to allocate and manage the water, and monitoring,
evaluation and adaptive management. During the workshop, 10
questions received much larger numbers of votes than the other
47, demonstrating their importance for workshop participants.
Below, these questions have been highlighted and are discussed
in detail. The other questions for each theme are presented in
boxed text, and are not listed in any particular order.
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Q2—Can we determine ecosystem resilience, and thresholds that
lead to a major change in ecological condition (or state) (i.e., can
failure points be identified)?

Current environmental flow assessment methods hinge on the
assumption of a stationary climate (i.e., long term average climate
conditions with variation) (Poff and Matthews, 2013). It is now
recognized that the climate is changing and future hydrologic
regimes are likely to deviate substantially from historical reference
conditions in many regions (e.g., Reidy Liermann et al., 2012).
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BOX 1 | Other key questions for ecological knowledge and environmental flow assessment methods.
• What is the current condition and biodiversity of our rivers worldwide?
• Are organisms adapting to altered hydrological and geomorphological regimes? We assume in our habitat suitability approaches that organisms have preferences
that, when not available, permanently diminish their performance and success. How strong is the evidence for this assumption?
• What is the time to, and duration of, ecosystem responses to prescribed environmental flows and what factors affect recovery rate from flow alteration?
• What is an appropriate reference condition in altered systems (altered through for example climate change, significant channel modification or regulating
infrastructure)?
• What is an appropriate flow assessment methodology for an ephemeral stream or intermittent river?
• What are the best methods and tools for environmental flow assessments in under-allocated1 . (rather than over-allocated) systems?
• How should multiple stressors be considered in environmental flow assessment and management?
• How do we better include the role of temperature and water quality in environmental water assessments and desirable outcomes and how will this change under
scenarios of climate change?
• Are we adequately considering sediment inputs to streams and their role in hindering and enhancing ecological response?
• How do we identify and create system-scale protected areas that conserve key processes and functions?
• How do we relate broad scale water management issues with protection of habitat and conservation of biodiversity at local scales?
• When is it appropriate to transfer eco-hydrological knowledge between river systems? How do we extrapolate monitoring and evaluation outcomes from one area
to another area that has not been monitored?
• What research methods will allow us to use site-scale data to inform large-scale responses to environmental flows, and include these in decision making?

One of the key benefits of adaptive management is its potential
to facilitate learning through a structured dialogue between
scientists, citizens, and managers (Pahl-Wostl et al., 2007;
Ladson, 2009). However, a preoccupation with meeting targets
largely limits environmental water management to an auditbased view of success or failure and does not sufficiently value
learning. Related to this is the significant challenge for adaptive
management of establishing the legitimacy of the environmental
water program to operate within institutional settings that allow
both success and failure, and therefore maximize the rate of
learning. Getting the institutional arrangements correct will be
essential to the success of adaptive management (Ladson, 2009).
This may require fostering relationships across institutions that
bring different skills and incentives (Westgate et al., 2013).

Hybrid and novel ecosystems are likely to be created (Acreman
et al., 2014; Moyle, 2014; Laizé et al., 2017). An understanding
of ecological thresholds and resilience will become increasingly
important as climate change further impacts river flow regimes
and ecosystems (Rockström et al., 2014). This will require
specific research to understand the resilience and reversibility of
particular environmental systems (Groffman et al., 2006; Capon
et al., 2015).
Further key questions on Ecological knowledge and
environmental flow assessment methods are shown in Box 1.

Adaptive Management
Adaptive management centers on iterative learning and feedback
to change management strategies (Allen and Garmestani,
2015; Webb et al., 2017). Adaptive management is wellsuited to problems such as environmental water management,
where the outcomes are responsive to management, there
is uncertainty about the impacts of management, and yet
decisions must still be made (Williams and Brown, 2014). There
are multiple sources of uncertainty affecting environmental
water management, including climatic uncertainty affecting
future water availability and demands for consumptive use,
and scientific uncertainty concerning ecological responses to
changing patterns of flow variability (Lowe et al., 2017). While
many environmental water agencies and policy documents refer
to adaptive management, there are few documented examples of
its successful implementation (Westgate et al., 2013).

Q4—How to determine (and fund and maintain) an adequate
monitoring, evaluation, reporting, and feedback system within
an adaptive management cycle to measure hydrology, hydraulics,
etc., and the ecological response to environmental flow regimes?

Monitoring and evaluation form an essential, but often timeconsuming and expensive, aspect of adaptive management
(Williams and Brown, 2014). Without monitoring, there can
be no adaptive learning, no way to complete the adaptive
management cycle, and no way to update future management
in light of new knowledge. One reason identified for the failure
of adaptive management is the unfortunately common lack
of commitment to monitoring and evaluation by management
agencies (Schreiber et al., 2004). Monitoring and evaluation
programs need to support both short-term implementation
and long-term planning of environmental water programs and
must be designed to distinguish flow-related impacts from
multiple other pressures affecting ecosystem state and function
(see also section Integrated Management and River Objectives).
The design, funding, and administration of such monitoring
and evaluation programs needs to be identified as early as

Q3—How do we progress adaptive management processes
beyond simply meeting targets toward learning and feedback?

1 In

this context, an under-allocated system refers to a system where it may still
be possible to increase consumptive water use and retain ecological values of the
river. An over-allocated system is one where water abstractions or flow regulation
is significantly impacting on the environmental values of the river and a rebalance
is required.
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BOX 2 | Other key questions for adaptive management.
• How do we operationalize evidence-based environmental water management? How do we translate research evidence into the decision-making processes?
• How can adaptive management approaches best be applied to implementation of environmental flows? Do the text book approaches suit environmental water
management?
• How do we capture and disseminate the learnings and lessons from “informal adaptive management”? How can we legitimize this approach?
• How do we maintain support and funding to allow the completion (many times) of the adaptive management loop of plan-implement-measure-respond?

et al., 2016). Considering environmental water management
decisions in isolation from other water management tasks is
unlikely to optimize water use across all stakeholders. Where
water infrastructure is being planned, opportunities exist to
avoid or minimize potential socio-ecological impacts of this
infrastructure at a system scale, particularly through appropriate
dam placement (Opperman et al., 2015; Winemiller et al.,
2016) and the use of dam design features and operational rules
that enable environmental water delivery (Poff et al., 2016;
Thomas, 2017). These opportunities are rarely available for
existing infrastructure that was developed in isolation without
consideration of environmental water needs. Environmental
flows usually aim to consider all aspects of the flow regime, not
just quantity One feature of critical importance to river functions
is inundation of floodplain areas and wetland ecosystems
(Yarnell et al., 2015). Environmental water management needs
to maintain these critical ecosystem processes through the
integration of high flow events with flood management for
protection of infrastructure and floodplain uses (Acreman et al.,
2009; Arthington, 2012). Drought management also presents
significant challenges, including protection of refuge habitats
for aquatic biota at landscape scale, and options to provide
environmental flows in critical river reaches (Bond et al., 2008).

possible, and a commitment made to long-term engagement
(Davies et al., 2014). Moreover, a framework needs to be in
place to incorporate the lessons from monitoring outcomes and
evaluation into updated management practices (Webb et al.,
2017). Exploring options to enhance the resourcing, local support
and implementation of monitoring and evaluation (e.g., Liu et al.,
2014) has the potential to allow adaptive management to occur
in places where it may otherwise be neglected. Informal adaptive
management (Allan and Watts, 2017) may emerge spontaneously
in systems where there is trust and good communication between
stakeholders, but no formal process in place.
Further key questions on Adaptive management are shown in
Box 2.

Integrated Management and River
Objectives
It must be emphasized that environmental water needs should be
considered as a core part of water planning, water infrastructure
design and operations, and overall catchment management,
rather than independently (Hirji and Davis, 2009). However,
while there are approaches that embed environmental flows
within broad catchment management (King and Brown, 2010),
these decisions are often made somewhat in isolation of one
another (Horne A. et al., 2017a), ignoring the well documented
effects of other catchment stressors that may act independently
or interactively with flows (Jakeman and Letcher, 2003). Post-hoc
evaluation of environmental water projects has often identified
co-occurring stressors as responsible for underachievement from
environmental water delivery (Rolls et al., 2012; Mackie et al.,
2013). Failure to manage co-occurring stressors in an integrated
fashion is partly a function of how catchment and water
management agencies have developed over time, but is also partly
driven by the different rates at which decision-making processes
for different water and catchment uses have evolved over time.
Truly integrated catchment management (sensu Smith et al.,
2015) would be a major step forward for all stakeholders.

Q6—How can we improve the management of consumptive water
to help meet environmental objectives?

Ideally, the governance structure for managing water resources
would encourage development of approaches that maximize
shared benefits for both environmental and other water
users (for example, by managing water delivery to maximize
both consumptive and environmental outcomes, such as
enabling river operators to use irrigation or hydro-power water
delivery to meet environmental flow requirements). However,
environmental water management is often isolated from water
management more broadly. This limits the capacity for novel
integrated solutions to emerge, and for effective policy debate
(Dalal-Clayton and Bass, 2009).
This problem is exacerbated by current institutional
boundaries that delineate the environment as separate to
productive uses of water, and which can reinforce a competitive
mind set between these purposes. For example, although the
creation of water rights for the environment in Australia and
the western USA has increased the volume of environmental
water and improved environmental outcomes (Garrick et al.,
2009), it has done so by constructing the environment as just
another user of water (O’Donnell, 2017). In Australia, the
Commonwealth Environmental Water Holder frequently refers

Q5—How can environmental flows be better integrated into
mainstream water resource planning, flood and drought
management, river operations and infrastructure planning,
balancing the needs of people and ecosystems?

Environmental water is often seen as competing for water with
consumptive water users, however, providing environmental
flows greatly enhances water security for other users (Tickner
and Acreman, 2013; Tickner et al., 2017) and there are
significant opportunities to design infrastructure and water
delivery to consider environmental water requirements (Poff
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administrative settings, and political systems (Pahl-Wostl et al.,
2013). The challenge and urgency of protecting water regimes is
global, but significant advances in environmental water science,
policy, and practice have been unevenly distributed among
countries and biophysical, social, cultural, and political settings
(McClain and Anderson, 2015). A present-day cartogram of
published research efforts on environmental flows would be
heavily skewed toward North America, Europe, and Australia
(Poff and Zimmerman, 2010; Konrad et al., 2011).

to itself as the largest irrigator in the basin (Docker, 2013). Rather
than enabling a collaborative approach that can deliver shared
benefits to both the environment and irrigators, this framing
places the environment’s need for water in direct competition
with “other” irrigators’ needs. Although these environmental
water rights (which are often legally very similar and in some
cases identical to irrigator water rights), and the organizations
that manage them, have been an important step forward in
improving environmental water management, they have also
increased the institutional separation between water planning
more broadly, and managing water for the environment.

Q8—What are the best methods and tools for environmental
flows assessment and implementation in developing countries?

Q7—What changes will be needed to environmental objectives
and water allocation frameworks to support environmental water
management under climate change? How are climate change risks
distributed amongst water users?

Many developing countries are grappling with the challenges
of poverty alleviation, human well-being, and rapid economic
development. In such settings there is a need for relatively
simple methods that can be used to quantify environmental flow
needs in a quick, transparent, and repeatable fashion. Direct and
indirect human needs must form an important component of
this assessment (Christie et al., 2012). While it is not possible
to outline specific approaches in detail here, we highlight the
importance of several key elements, including the need to
elicit and synthesize local indigenous knowledge together with
scientific information where it is available (see Q10), the need
to characterize key aspects of the natural flow regime, especially
seasonality and inter-annual variability, and the use of conceptual
models to identify important components of the flow regime that
warrant some degree of protection in order to sustain biophysical
processes. Numerous “hydrology only” methods have been
developed, which can also be used in a precautionary sense to try
and set limits on hydrologic alteration. Arguably the initial goal
should be to ensure some degree of flow-regime protection to
help prevent irreversible ecological impacts (Richter et al., 2012),
until such time that there are policy and funding frameworks in
place to support the refinement of sustainable long-term watersharing arrangements among various competing and compatible
users (including the environment).

As climate change continues to impact upon water availability,
major policy discussions will be required to consider how
changes in resource availability are to be distributed amongst
water users, and what changes may be required to river
basin objectives (Acreman et al., 2014). Integration of
environmental water consideration into existing consumptive
water management activities requires new tools, skills and
governance arrangements for water management institutions.
These institutional arrangements and environmental water
allocation mechanisms need to reflect conscious decisions
concerning how water resources will be managed adaptively over
time (Horne A. C. et al., 2017b; O’Donnell and Garrick, 2017b).
Further key questions on Integrated management and river
objectives are shown in Box 3.

Knowledge Transfer: Applying Best
Practice in a Global Context
There have been few attempts to systematically assess the
global experience on implementation and effectiveness of
environmental watering under different levels of development,

BOX 3 | Other key questions for integrated management and river objectives.
• How will water resource availability in both surface water and groundwater systems change into the future (climate change, landuse change, interception), and
how will changes in water availability impact environmental water management?
• Should environmental flows be managed for restoration of particular elements (species, processes) or for adaptive potential (i.e., management for ecosystem
resilience)?
• What is the best approach to determining how much water can be sustainably extracted from a river (e.g., by setting a resource cap)?
• How can environmental outcomes be better represented in trade-off decisions where there are different kinds of information about the benefits in economic terms?
• How can the costs of providing environmental flows and the benefits of ecosystem services be better quantified to support water allocation decisions?
• How can environmental flows be more effectively integrated with other natural resource management activities, such as riparian restoration and the management
of invasive alien species?
• How can we build complementary works (e.g., habitat restoration, effects of barriers, invasive species management) into the evaluation framework for environmental
flows and future management decisions?
• How can we better understand and address the impacts of increased urban stormwater on urban waterways?
• How do we manage the risk of private property flooding (third party impacts) when providing large events for floodplain inundation?
• How can effective resource caps be implemented where systems are managed across agencies or jurisdictional boundaries?
• What is the best approach to assess how well environmental water is allocated and protected through governance arrangements, policy, and legislation?
• How should we embed environmental flows into the food-energy-water-ecosystem nexus, and the Sustainable Development Goals?
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BOX 4 | Other key questions for knowledge transfer: applying best practice in a global context.
• How many countries have included environmental water needs into formal legislation and how is this achieved?
• What models of environmental water governance exist around the world and what can we learn from them?
• What models for embedding environmental flows in water allocation mechanisms are used around the world and how effective are they?
• How can we undertake quick and cost-effective (but still robust) environmental flow assessments in knowledge poor systems?
• Can a better understanding of ecosystem services contribute to implementation of environmental flows in developing countries?
• Are there innovate funding mechanisms that can help secure more water for environmental flows and their management?
• How do we facilitate a rapid response to the decline of aquatic biodiversity?

BOX 5 | Other key questions for community knowledge and engagement.
• How do we build a broader, deeper community engagement in and support for environmental water?
• How do we communicate concepts of uncertainty and variability in the context of environmental water management and outcomes without undermining public
support?
• How can centralized ‘top down’ decision making best be integrated with localized ‘bottom up’ decision making in environmental water management?
• How should the concept of efficiency (i.e. least cost transactions) be balanced with legitimacy (public support and consultation) for environmental water management
organizations?
• How can indigenous and local knowledge be incorporated into environmental flow visions, planning, implementation and adaptive management?

Further key questions on Knowledge transfer are shown in
Box 4.

Q10—How best to build a shared understanding among all
stakeholders (including scientists)?

One of the profound shifts in the environmental flows assessment
process has been the transition from a purely technical
ecological and hydrological assessment, to the inclusion of local
communities and their values from the outset (Poff et al.,
2003; Rogers, 2006; Finn and Jackson, 2011). Frameworks
emerged in South Africa that considered the implications
of management scenarios for the people dependent on a
river’s natural resources (King et al., 2003; Arthington, 2012).
However, this process of engagement can become fragmented
after the initial environmental flows studies are complete. The
management of environmental water is an ongoing process, and
the adaptive management and learning processes need to include
continued dialogue between local communities, practitioners
and researchers. There is a particular challenge to integrate and
value local and indigenous knowledge and perspectives with
knowledge derived from researchers and technical agencies (Finn
and Jackson, 2011; Tan and Jackson, 2013; Tan and Auty, 2017).
Further key questions on Community knowledge and
engagement are shown in Box 5.

Community Knowledge and Engagement
A central element of sustainable water management is
establishing a shared vision for the river system, acknowledging
the diverse uses of the resource, and recognizing the variety of
ways that different cultures value the natural environment. The
amount of water needed by a river is inherently linked to what
type of river and ecological services the stakeholder community
wants. The benefits of stakeholder participation in policy and
management are well-recognized, leading to a better quality of
decision, better acceptance of decisions and development of
social capital (Poff et al., 2003; von Korff et al., 2012). This type
of legitimacy is crucial to the long-term success of environmental
water programs, ranking alongside efficiency and effectiveness as
the core elements of good water governance (OECD, 2015).
Q9—How can a more effective partnership between all
stakeholders—government,
communities,
NGOs,
and
scientists—be developed?

Active Management
Increasingly, mechanisms that require active and ongoing
decision making by environmental water managers are being
used to allocate environmental water, particularly in systems
that have high levels of abstractive demands and hydrological
alteration. The Murray-Darling Basin, Australia, is perhaps the
most notable example of this. By active management, we mean
systems where environmental water managers hold a right to
water and are required to make particular decisions about when
and where to release environmental water from storage to achieve
the best possible environmental outcomes (Doolan et al., 2017;
Horne A. C. et al., 2017c). In other management settings it may

Effective stakeholder engagement requires the involvement of
multiple groups, and respect for their different sources of
knowledge, values, and visions for aquatic ecosystems. Building
a meaningful partnership between stakeholders in which all
are committed to achieving successful enviornmental water
management takes time, effort, trust, and humility (Horne A.
C. et al., 2017a). However, there remain two clear challenges
that require novel approaches, these being: (a) the implemention
of participatory approaches in practice (Creighton, 2005), and
(b) measuring how successful these have been (O’Donnell and
Garrick, 2017a).
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BOX 6 | Key questions for active management.
• How can variability and sequencing of flow events and recovery of species be better integrated into environmental flow assessment methodologies?
• Can we mimic elements of the natural cycle of variability rather than attempting to optimize across all environmental endpoints in all years?
• What is the marginal improvement in biological conditions from incremental change in stream flow or water level (or from one flow component over another) at
different stream locations?
• How should ecosystem sensitivity, resilience and recovery rates be incorporated into decision making?
• What tools or prioritization process would support decision-making and trade-offs between environmental water regimes that have different objectives (considering
also the water preferences of invasive species)?
• What governance arrangements are suited to the real-time management decisions required for active management?

need to develop infrastructure and institutional arrangements
that allow multiple outcomes for society (Tickner et al., 2017).
The questions identified highlight the importance of
continuing to develop our fundamental understanding of how
natural flow variability influences riverine and other riverdependent ecosystems such as floodplains and wetlands. This
has in many ways been the motivation for much of the progress
in environmental flows to date (Bunn and Arthington, 2002;
Lytle and Poff, 2004). However, our questions also highlight
the disconnect between the processes of knowledge generation
and the uptake or translation into management processes and
adaptive learning.
As environmental water management transitions further into
an implementation phase, the institutions and processes that link
various stakeholders, and govern the process of allocating and
managing environmental water, become vitally important. There
is a growing body of work that examines the legal, regulatory
and organizational tools for the allocation and management
of environmental water (Godden, 2010; Foerster, 2011; PahlWostl et al., 2013), but to date, there has been insufficient work
integrating this research into the mainstream environmental
flows literature. The OECD recognized in 2015 that water
crises were fundamentally crises of governance (OECD, 2015),
and environmental water managers need to heed this lesson.
Strong institutions underpin accountability, transparency and
support efficiency, efficacy and legitimacy of environmental water
management (O’Donnell and Garrick, 2017a). As increasing
volumes of environmental water are allocated, the importance of
institutions and governance and their vital roles will continue to
grow.
Many of these challenges will be ongoing and constantly
refined (as will the fundamental ecological research). Rather
than providing “an answer” this paper has sought to stimulate
improvements in the scientific basis and robustness of the entire
environmental water management cycle, and new approaches
to be able to cope with changing attitudes, environmental
conditions, scenarios and priorities. This perspective is
highlighted through the themes described above, which are
about learning, sharing knowledge and engaging all stakeholders
in the complex processes of the water management cycle.

mean shifting between predefined conditions (wet or dry) that
have distinct environmental flow values associated with them
(King et al., 2008). These dynamic and reactive decisions require
more information from the scientific community concerning
the marginal benefits of providing water at a particular time
and location, and the sequencing or interaction between flow
events and ongoing environmental condition (Horne A. C.
et al., 2017c). There is a challenge in linking these short term
active decisions to longer term objectives of resilience, with
short term and long term management strategies aligned (Poff,
2017). Active management is a new challenge linked to novel
allocation mechanisms for environmental water management
(Horne A. C. et al., 2017b; O’Donnell and Garrick, 2017b), and
although none of the questions relating to active management
were given a top-10 ranking, the authors consider this to be a key
emerging theme for research in an ever more water-contested
and unpredictable future.
Active management is resource intensive. It requires a tradeoff between the flexibility and autonomy of these sorts of
allocation mechanisms and the expense of ongoing management.
It is not yet clear which sorts of river systems are best served by
this model.
Key questions on Community knowledge and engagement are
shown in Box 6.

CONCLUSIONS
The future in front of us is well summarized by the following
quotation—“Our future advances will not be concerned with
universal laws, but instead with universal approaches to tackling
particular problems, and with general theoretical insights about the
surprises that may ambush us if we think too narrowly.” (Kareiva,
2011).
The questions identified in this study cover the full diversity
of environmental water policy, science, and practice. The
discipline of environmental water management has traditionally
been driven from the perspectives of ecology and hydrology,
with somewhat separated lines of research around social
and institutional aspects of environmental water management
(Poff and Matthews, 2013). The results presented in this
paper highlight the benefits that would accrue from a more
multidisciplinary and inclusive approach in environmental water
research and management. This perspective is in keeping with
the recognition that sustaining river health and resilience is the
foundation for achieving human water security, and with the
Frontiers in Environmental Science | www.frontiersin.org
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