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Abstract 
Adaptive management has become the preferred approach for managing environmental flows 
globally, and successful implementation recognizes multiple dimensions of variability and complexity 
in socio-ecological systems.  This paper outlines an environmental flow assessment methodology that 
explicitly addresses the uncertainty and change inherent in adaptively managing multiple values for 
management of environmental flows. While non-stationarity and uncertainty are well recognised in 
the climate literature, these have not been addressed within the structure of environmental flows 
methodologies. Here, we present an environmental flow assessment that is structured to explicitly 
consider future change and uncertainty in climate and socio-ecological values, by examining scenarios 
using ecological models. The environmental flow assessment methodology further supports adaptive 
management through the intentional integration of participatory approaches and the inclusion of 
diverse stakeholders. We present a case study to demonstrate the feasibility of this approach, 
highlighting how this methodology facilitates adaptive management. Rethinking our approach to 
environmental flows assessments is an important step in ensuring that environmental flows continue 
to work effectively as a management tool under climate change.  

Keywords: environmental flows, adaptive management, uncertainty, non-stationarity 

 

1. Introduction 
Environmental Flows are now well recognised as a management tool to protect and restore riverine 
ecosystems from the impacts of extraction and river regulation (Horne et al., 2017a, Le Quesne et al., 
2010, Arthington et al., 2019).  Over the last 20 years, an array of methods has been developed to 
assess environmental flow requirements (Poff et al., 2017, Tharme, 2003).  These methods mainly 
stem from the physical sciences, with hydrologic, hydraulic and habitat simulation methods 
underpinning many of the approaches used today (Poff et al., 2017).  Holistic methods aim to create 
a bridge to integrate the physical and social sciences, but are still largely dominated by physical 
considerations. 

Parallel to the development of these methods has been a push for adaptive management, and the 
need to establish frameworks for management that deal with complexity and uncertainty of social-
ecological systems by enabling flexibility in the face of unexpected events, and learning through time 
(Holling, 1978; Pahl-Wostl et al., 2008; Webb et al., 2018).  However, to date, there has been little 
discussion of how environmental flow assessment methods link into and best support an adaptive 
management process.   This is becoming even more pertinent with changes not only in our knowledge 
systems and values, but also with changing climate conditions. 

Adaptive management focuses on learning that informs decision making through time (Allan and 
Watts, 2018).  Learning can occur at different levels within the decision-making process (Webb et al., 
2017).  At one end of the spectrum, technical learning can occur supported by modelling and 
monitoring data; at the other, social learning can occur through monitoring the decision context and 



values, supported by the partnership and inclusion of diverse stakeholders in a participatory approach 
(Roux and Foxcroft, 2011; Fujitani et al., 2017; Kingsford et al., 2017; Allan and Watts, 2018).  This 
social learning can help ensure that managers have the support and latitude to adjust decisions to 
improve progress towards desired outcomes.   Importantly, however, since its introduction in the 
1970s (Holling, 1978) adaptive management has been based on the philosophy of incomplete 
knowledge and learning through reflection (Allen et al., 2011).  This incomplete knowledge, or 
uncertainty, has traditionally covered structural or process uncertainty, lack of observational data, and 
environmental variability (Williams, 2011).  However recent complex natural resource management 
challenges mean that management must now also address the uncertainty of what the future holds.  
Principal among these is the effect of changing climates on environmental outcomes. But other 
dynamic influences including invasive species, changing economic and policy environments, and 
greater inclusion of the roles and rights of Traditional Owners in water planning processes, all point 
the way to an uncertain future. Adaptive management, coupled with scenario analysis and 
emphasising participatory approaches that reflect diversity in stakeholders, has the ability to address 
both the traditional notions of uncertainty but also the new challenges of environmental non-
stationarity (Allen et al., 2011).  Maintaining legitimacy for environmental flows will likely require a 
more concerted and continual effort. 

The adaptive management cycle is an iterative process divided into three key phases: planning, 
learning, and doing.  In environmental water management, environmental flow assessments currently 
form a key component of planning (Mussehl et al., in review).  While environmental flows assessments 
have largely depended on biophysical methods, there has been increasing recognition of the role of 
social science and the importance of considering an interconnected socio-ecological system (Anderson 
et al., 2019, Pahl-Wostl et al., 2013).  Methods such as SUMHA (Sustainable Management of 
Hydrological Alterations) explicitly represent the importance of stakeholder involvement for adaptive 
management.  A number of environmental flow methodologies include an iterative loop to represent 
an adaptive approach (e.g. ELOHA, Poff et al. 2010; SUMHA, Pahl-Wostl et al. 2013).  These iterative 
loops relate to the outer loop of adaptive management, i.e. informing broad decisions made at the 
longer time scale (5 – 10 years).  However, there is also an opportunity for year-by-year incremental 
learning through monitoring (linking to the inner loop of adaptive management).  This would require 
an environmental flows assessment method that allows consideration of non-stationarity through an 
approach of continuous learning.  There has been no detailed analysis of what is needed from an 
environmental flows assessment, or what structure it should take, to ensure adaptive management is 
possible at both the inner and outer loop scales.       

In this paper we describe a environmental flow assessment framework that links to the adaptive 
management cycle and explicitly allows consideration of non-stationarity and uncertainty, including 
climate change.  The approach described can either be adopted as is, or individual elements can be 
integrated with other existing environmental flow methodologies to improve the ability for adaptive 
management.  We begin by discussing key considerations for the environmental flow assessment 
process (Section 2).  We then introduce a possible framework for environmental flow assessments 
(Section 3) and demonstrate the application of this framework using the Kaiela, Victoria, Australia as 
a case study (Section 4).  Environmental flow assessments form a foundational activity in the planning 
of environmental water programs.  This paper demonstrates an approach to environmental flows 
assessment that provides a critical step forward in enabling the successful implementation of adaptive 
management rather than remaining an aspiration for environmental water management. 

 



2. Elements for environmental flow assessments to enable adaptive 
management 

While the role of adaptive management is embedded within the environmental flows literature, there 
is currently little practical guidance on how to incorporate adaptive management into the 
environmental flows assessment process (Mussehl et al., in review).  Here we outline a number of 
important elements for consideration in the structure of an environmental flows assessment.  A core 
theme is the need to inform trade-offs and directly consider uncertainty, two concepts that are poorly 
dealt with in current environmental flows assessment methods (Williams et al., 2019). These concepts 
are not new in themselves, but they have not been linked together within the context of an 
environmental flows assessment process.  Note there is a body of literature more broadly on enabling 
factors for adaptive management (Rist et al., 2013, Gregory et al., 2006).  Here we focus specifically 
on the approach to environmental flow assessments as a core element of an adaptive approach to 
environmental management. 

1. Acknowledgement of uncertainties 

A core principle of adaptive management is the ability to adapt and alter decisions and adjust 
hypotheses over time as uncertainties narrow.  This concept is well suited to environmental 
management where “knowledge is incomplete, and when, despite inherent uncertainty, managers and 
policy makers must act” (Allen and Garmestani, 2015).   Despite growing implementation, our ability 
to predict the outcomes of environmental flows applications remains limited (Acreman et al., 2014b), 
and they are thus well suited to being managed adaptively (Webb et al., 2017).  While it is well 
acknowledged that uncertainties exist, they are rarely captured or articulated within environmental 
flows assessments.  Successful implementation of adaptive management requires documentation of 
what we know and what we assume or predict (Allen and Garmestani, 2015, Williams and Brown, 
2014).  Thus, a key element of an environmental flows assessment to support adaptive management 
is a shift to documenting and embracing uncertainties and assumptions (Horne et al., 2018). This 
includes capturing and understanding the underlying assumptions and objectives that lead to specific 
flow recommendations, as a single flow component often supports several poorly documented aims, 
making adaptive management more challenging.  

Importantly there are different types of uncertainties and these will be represented and addressed 
differently within an adaptive management framework.  As noted above, much of the foundations of 
adaptive management consider these uncertainties in the context of a stationary environment.  
Therefore, climate change and other non-stationarities pose challenges to traditional adaptive 
management approaches (Williams, 2011).  One strategy is to incorporate scenarios into the adaptive 
management process and develop adaptive decision making to respond to key triggers (Williams, 
2011).  This allows explicit consideration of a range of unknown futures and how they might impact 
achievement of objectives. 

 
2. Stakeholder engagement  

Participatory approaches are discussed as a crucial element of planning for climate change (Burton 
and Mustelin, 2013, Tompkins and Adger, 2004). A number of recent publications have renewed calls 
for greater stakeholder participation and consideration of environmental flows within a socio-
ecological system (Anderson et al., 2019, Conallin et al., 2018).  Stakeholder engagement throughout 
planning and decision-making is critical to fostering process-based legitimacy and community 
acceptance. Process based legitimacy, or input legitimacy, is as important as outcome efficacy, or 
output legitimacy, to overall program success (Godden and Ison, 2019, O’Donnell et al., 2019).  This 



was clearly demonstrated in the initial stages of development of the Murray-Darling Basin Plan in 
Australia, where a number of key stakeholder groups were not engaged in the process, leading to 
widespread mistrust (Colloff and Pittock, 2019). Including a wide range of stakeholders is particularly 
important where trade-off decisions will be required or where the science remains uncertain or 
contested (Pahl-Wostl et al., 2007), both of which are relevant to environmental flow management 
under climate change.     

However, to date, much of the literature concerning stakeholder involvement in environmental flows 
has focussed only on objective setting (Acreman et al., 2014a).  It is well recognised that ecological 
objective setting involves a societal choice and a range of relevant perspectives (Pahl-Wostl et al., 
2007).  In contrast, the literature around participation and co-design highlights the importance of 
involvement throughout the process including those aspects traditionally treated as a wholly technical 
process within environmental flows management (Mussehl et al., in review).  Rather than attach the 
participatory process around existing technocratic approaches to environmental flows, it may be 
beneficial to restructure the technical aspects of environmental flows assessment to fit within a 
participatory framework (Mussehl et al., in review). 

 
3. Multiple sources of knowledge  

Most environmental flows assessments focus primarily on scientific and technical approaches to 
quantifying flow requirements, placing a large emphasis on ‘best available science’. This is founded in 
an underlying assumption that science is objective and unbiased. However, all knowledge is partial 
and situated within a specific perspective and context (Rosendahl et al., 2015, Haraway, 1988). 
Individuals who contribute knowledge to the environmental flows process will bring their own 
perspectives and unique values, and evidence suggests that our perceptions of risk influence decision 
making in water resources (Kosovac et al., 2019). Many approaches to environmental flows 
assessment are dominated by discipline-based knowledge articulated through expert elicitation or 
through data-driven modelling when enough data are available. Expert elicitation processes can be 
designed to minimize bias through well designed elicitation protocols, engaging with a range of 
disciplines, and the use of appropriate models (de Little et al., 2018b, Webb et al., 2018). Such 
discipline-specific thinking also affects the methods and characteristics of climate change impact 
assessments for freshwater ecosystems (John et al., 2021).  

However, environmental flows management takes place within a complex socio-ecological system and 
rivers can be understood in a multitude of ways. Managing environmental flows for diverse objectives 
requires decision makers to consider multiple knowledge sources (Poff et al., 2003, Roux and Foxcroft, 
2011). These knowledge sources can be technical, administrative, political, traditional, and local in 
nature, and may include supporting empirical data (Raymond et al., 2010). Given the validity of 
multiple types of knowledge for decision-making, environmental flows assessment methods should 
incorporate these different sources of knowledge. Adaptive management can be framed in a way that 
supports incorporating these different sources of knowledge, particularly when paired with 
participatory frameworks (Fujitani et al., 2017). Including participatory modelling approaches as an 
element of the adaptive management cycle creates spaces for knowledge coproduction, ensuring that 
diverse perspectives are represented within the models  (Voinov and Gaddis, 2008).  

 

4. Modelling that supports trade-off and change 



Modelling and documentation is a core component of adaptive management.  There are two distinct 
elements of modelling to support adaptive management of environmental water (Kingsford et al., 
2011, Stewardson and Rutherfurd, 2008).  The first is an explicitly defined conceptual (or mental) 
model of how the ecological objectives link to anthropogenic processes and relevant flow 
management decisions (Kingsford et al., 2011, p1196). Such models are particularly important when 
using a participatory approach; they can assist with co-learning by multiple stakeholders by exposing 
different understanding of system behaviour (Kingsford et al., 2011).  The second type of model is a 
quantitative predictive model that is used to evaluate potential management decisions. The 
relationships in this predictive model should be consistent with the conceptual model, but they may 
comprise a reduced range of responses and processes (Horne et al., 2018). 

In a non-stationary environment, a major consideration is how the models will respond to conditions 
outside those experienced historically.  Tonkin et al. ( 2019) highlight the challenge of commonly used 
regression models to predict ecological responses to flow in a non-stationary environment.  These 
approaches assume that the current relationships between flow and management actions will 
extrapolate into new climate conditions.  They highlight the importance of using mechanistic models 
that can predict outcomes under a range of future environmental regimes.   

 

5. Link to monitoring  

The key to successful adaptive management is learning. In the context of the mechanistic biophysical 
models mentioned above, such learning is enabled through monitoring and research in the system 
being managed. Environmental flows monitoring programs are often aimed at measuring progress 
towards environmental flows objectives (Gawne et al., 2021, Gawne et al., 2020), thus demonstrating 
the ‘return on investment’ on the taxpayer funds invested in environmental water. While such 
monitoring is an important part of the accountability of environmental flows and the social license to 
use water that might otherwise have been employed for consumptive purposes, it is not the best 
monitoring for adaptive management. This type of outcome-focused monitoring by necessity needs 
to have questions set at the start of the environmental flows program. Monitoring methods may be 
able to evolve over time (e.g. Webb et al., 2019), but the measurement endpoints are selected at the 
beginning of the program and cannot be readily changed. 

For adaptive management, the focus of monitoring needs to be on reducing aleatory uncertainty 
arising from the random variability in the parameters included in existing models, but also on reducing 
epistemic uncertainty inherent in the model structures themselves. Outcome-focused monitoring may 
be able to reduce aleatory uncertainty if the overall program objectives overlap with uncertain 
relationships in the quantitative models. However, such monitoring is very unlikely to reduce 
epistemic uncertainties in model structure, which are constructed to detect pre-identified outcomes 
(i.e., test a priori hypotheses). A need to reduce epistemic uncertainty implies the need for research, 
rather than monitoring as such. The two terms overlap, but we use them separately here to emphasize 
that research (unlike monitoring) is designed to disentangle mechanisms in the processes leading to 
environmental flow outcomes, or to fill specific knowledge gaps regarding important relationships. 
Such research also needs to be flexible and reactive to new learning as it occurs during the adaptive 
management cycle. 

This flexibility will also be a necessary feature of research as we head into an uncertain future. We 
face the prospect of step changes in the systems being managed, potentially requiring modification of 
initial models to account for evolving mechanistic understanding of system properties under non-



stationarity of environmental drivers. Being flexible and reactive inevitably leads to tension and trade-
offs between the relative value of research that responds to the latest learning and identified 
knowledge gaps, versus long-term data sets collected using the same methods.  Both types of 
knowledge acquisition are important, but currently environmental flows monitoring programs are 
biased towards long-term standardized data collection aimed primarily at demonstrating program 
outcomes (e.g. The Commonwealth Environmental Water Holder Office monitoring program (MER) in 
Australia; (Gawne et al., 2021)). 

 

3. Environmental flow assessment approach to support adaptive management 
Environmental flows assessment are a key aspect of environmental flow management more broadly 
(Horne et al., 2017a).  In the previous section we detailed five key elements that would better allow 
environmental flows assessments to enable adaptive management of environmental flows 
management. In Figure 1, we propose an approach to environmental flow assessments that addresses 
these 5 elements.    The approach is based around the fundamental aspects of participatory modelling 
(Voinov et al., 2016) and links this with themes from adaptive management (Mussehl et al., in review).  
Rather than a linear method, the approach highlights the iterative nature of participatory approaches 
and their multiple feedback loops. The outer loop (forming a circle) represents the longer-term 
iterations and feedbacks that happen through environmental flows management.  The inner-loops 
and feedbacks represent the continuous learning that can occur iteratively on a year-to-year basis. 

Figure 1 shows the complete environmental flows management process.  The stages shown in green 
are usually part of an environmental flows assessment.  However, to support adaptive management, 
these stages need to be part of an iterative loop and must connect the broader stages of 
environmental flows management.  The stakeholders are essential across all stages of environmental 
flows management and should actively be engaged and drive each stage.  We briefly outline the steps 
below before demonstrating them in more detail through a case study in the following section.  

 Scoping and abstraction – This step involves understanding the context for environmental 
flows management, the key threats or issues of concern, policy context and decision-making 
process.   

 Envisaging and objective setting – A stakeholder driven approach to identifying objectives.  
Clearly articulating fundamental objectives and means objectives will help clarify and support 
management decisions, modelling and research needs at later stages. 

 Ecological model and future scenario formulation – Development of stakeholder informed 
conceptual models that link fundamental objectives, through means objectives to the 
decisions that can be managed (such as flow components or riparian zone management).  
Development of future scenarios (both climate and social) that may also impact on 
environmental flow outcomes.  Adopting a participatory approach to build a shared 
understanding that incorporates multiple knowledge sources. 

 Model quantification, data, logic, cross checking – Translation of conceptual models into 
quantified models, making use of expert knowledge and data.  Modelling approach should 
be stakeholder driven and consider available resources and existing information.  Modelling 
should be considered “living models” that can be readily updated as new research and data 
become available.  The modelling approach used should be able to perform under non-
stationarity. 

 Model application to environmental flow assessment – Stakeholder driven approach 
informed by a combination of ecological models and flow scenarios used to sensitivity test 



the system and identify priority flow components.  Consideration of ideal flow ranges rather 
than single values for each flow component to allow operational decisions to vary through 
time.   

 Monitor and evaluate – a monitoring program to assess the success of the environmental 
flows program, informing both the short term and long term adaptive management loops, 
and feeding data into updated quantified models.  This includes the opportunity to update 
ecological models based on new research through the inner loops of adaptive management. 

 Implement communication and transparency – a communication strategy designed to share 
information about the environmental flows program beyond those stakeholders 
immediately involved.  The participatory approach to the overall environmental flow 
management, along with clearer documentation of conceptual models, data and 
uncertainties, should in itself improve transparency. 

 

 

 

Figure 1  - Key Elements of an Environmental Flow management that considers non-
stationary environments.  The overall approach is based on participatory modelling 
(adapted from Voinov et al., 2016).  People are central to the trade-off decisions that will 
be required under water scarcity, and for planning for adaptation and transition.  Feedback 
loops within the approach link to adaptive management concepts (see Mussehl et al, in 
prep.).  Outer loop of adaptive management is shown with a solid line, inner loops with 
dotted lines.  The green activities are those that commonly form part of an Environmental 
Flows Assessment. In order for an environmental flows assessment to contribute to 
adaptive management, the link to the white blocks needs to be explicitly planned. 
Modelling components consider future scenarios, adopt mechanistic methods and 
incorporate multiple sources of knowledge.   

 



4. Case study:  The Kaiela, Victoria, Australia 
4.1. Background 
The Kaiela (Lower Goulburn River) in northern Victoria, Australia, is the stretch of river downstream 
of the Goulburn Weir to the confluence of the Murray River.  The Kaiela (meaning “father water”) 
forms part of the Yorta Yorta Nation.  The Kaiela has significant environmental values associated with 
the river and its floodplain and wetland habitats (Gawne et al., 2013).   

Flows in the Kaiela have been significantly altered by the construction and operation of upstream Lake 
Eildon (which has a storage volume of roughly twice mean annual inflows) and Goulburn Weir.  Water 
traded to the Murray River system (referred to as Inter-Valley Transfers) causes significant volumes of 
water to be transferred out of the Goulburn system over the irrigation season, leading to unseasonal 
and prolonged high summer flows downstream of Goulburn weir.   

Environmental flows are provided in the Goulburn River through a number of different legislative 
mechanisms.  A large proportion of environmental flows are achieved through environmental water 
entitlements that can be actively managed by environmental water managers (Doolan et al., 2017).  

 

Figure 2:  Map of the Kaiela (Goulburn River), Victoria, Australia 

 



4.2. Environmental Flows Assessment  
4.2.1. Scoping and abstraction 
The environmental flows assessment was initiated by the Goulburn Broken Catchment Management 
Authority (GBCMA).  Stakeholder identification took place through consultation with GBCMA 
representatives, with participants broadly categorized into the following three groups: agency 
representatives, expert panel scientists, and community members. Community member participants 
were recruited based on further conversations with the GBCMA and focused on current members of 
the existing Environmental Water Advisory Group (EWAG).  A Yorta Yorta Nation representative was 
part of the advisory group for the project.  Initial phone interviews were held with all identified 
stakeholders to gauge key areas of interest and concern for establishing environmental flow 
recommendations. 

 

4.2.2. Envisaging and objective setting 
A workshop was used to elicit a first cut of the objectives specific to the management of environmental 
water and associated decisions around flow regime.  In the development of an objectives hierarchy, 
we focused on presenting the fundamental (core driving or strategic objectives) and means objectives 
(the objectives that need to be met to achieve the fundamental objectives) (Gregory et al., 2012).  The 
workshop used a series of group-based activities to elicit this information from stakeholders.  Key 
points of contention were identified and discussed collectively in the later stages of the workshop. 

Four overarching objectives for the Kaiela River were identified through the workshop process: 

 Maximise native floral biodiversity 
 Maximise native faunal biodiversity 
 Maximise self-sustaining populations of icon faunal species 
 Promote community health and wellbeing through connection to river 

These four overarching objectives were defined more specifically as fundamental objectives, with 
underpinning means objectives.  The fundamental objectives were: 

 Maximise self-sustaining populations of opportunistic fish 
 Maximise self-sustaining populations of periodic fish 
 Maximise self-sustaining populations of equilibrium fish 
 Maximise self-sustaining populations of turtles 
 Maximise self-sustaining population of platypus 
 Maximise structural complexity and diversity of floodplain vegetation, including wetlands 
 Maximise structural complexity and diversity of bank vegetation 
 Ensure social and community needs of the river are met (including fishing, boating, swimming 

and ceremonial uses) 

The workshop revealed that the overall values held across the diverse group of stakeholders for the 
river were quite consistent.  While there were variations in the wording that different stakeholders 
used to describe objectives, the fundamental objectives where consistent across groups.  The 
fundamental objectives show that the river is valued for both its intrinsic value (e.g. biodiversity), and 
also the social wellbeing and interactions it provides (e.g. recreation).   

Each fundamental objective can be achieved through meeting a number of means objectives (refer to 
supplementary material for a complete table).   For example,  maximising self-sustaining populations 
of periodic fish requires supporting population survival (through ensuring instream habitat diversity , 



maintaining water quality to support refugia (minimize blackwater events), maximizing 
macroinvertebrate community biomass, supporting population recruitment (through provision of flow 
related spawning cues, and Ensuring longitudinal connectivity throughout channel and supporting 
population movement (through ensuring longitudinal connectivity throughout channel and to larger 
Murray system).  These means objectives are reflection in the ecological models developed in later 
stages.  Importantly, while supporting macroinvertebrate populations and geomorphology were not 
fundamental objectives identified by stakeholders, they came up repeatedly as means objectives and 
essential for meeting the range of fundamental objectives.  

Along with specific objectives for the river, stakeholders repeatedly raised the importance of process 
objectives—objectives related to how decision-making should be conducted (Box 1). These included 
the desire for community ownership, transparency and knowledge exchange (refer to supplementary 
material for further details).  These objectives link to the overarching themes of participatory and 
adaptive approaches to environmental flows. 

 

4.2.3. Ecological models and future scenario generation 
Initial conceptual models were developed in a stakeholder workshop.  The workshop deliberately 
mixed agency representatives, scientists and community members so that different knowledge 
systems were incorporated, and to facilitate a shared understanding.  These models were then 
documented and refined based on discussions with technical experts which ensured consistency in 
terminology and approach.  Many refinements were aimed at simplifying models to ensure they were 
appropriate to translate into quantifiable models.  This was an iterative process with the technical 
expert in each area. 

Models were developed for each of the fundamental objectives (see supplementary material).  Models 
were also required for a number of elements that while not fundamental objectives, are essential to 
underpin the fundamental objectives: 

 Macroinvertebrate biomass and diversity 
 Bank stability 
 Instream habitat complexity 
 Instream productivity 

The ecological models developed through this process have a very specific role; they are not detailed 
ecological life-cycle models.  They aim only to include enough detail to prioritise or support different 
flow release decisions by environmental managers.  The conceptual model for periodic fish is shown 
as an example in Figure 4.   



 

Figure 3. Conceptual model for periodic fish (blue indicates flow components, orange is non 
flow drivers and green is antecedent condition of the population).  The model represents 
the condition of periodic fish following a year of river flows. 

  

Future flows scenarios were based on stochastic data (Fowler, in review), shifted to reflect plausible 
future changes in climatic conditions (Table 1). In general, these shifts are consistent with global 
climate models (GCMs) from CMIP5 projections for a twenty-year planning horizon and a high 
emissions scenario (RCP8.5). Generally, the “Wet” scenario follows the upper range of wetter GCMs, 
the “Dry” scenario follows the lower range of hottest and driest GCMs, and the “Moderate” scenario 
is the multi-model mean GCM outputs. However, it is noted the various GCMs provide a range of 
future projections (Grose et al., 2020).   The future unregulated flows provide input to a water resource 
model to simulate outcomes under current regulated water management rules (John et al., in review).    

Table 1  Climate change scenarios applied to stochastic data.  

Climate scenario Change in mean annual 
rainfall 

Change in mean 
temperature 

Change in rainfall 
seasonality 

Wet (low impact) + 10% + 1°C None 
Moderate - 5% + 1°C None 
Dry (high impact) - 10% + 2°C 3% of wet season (Jun-Nov) 

rainfall redistributed to dry 
season (Dec-May). 
 

 

4.2.4. Model quantification 
The conceptual models were translated into conditional probability networks (Horne et al., 2018) 
using a formal expert elicitation process.  Conditional probability networks were adopted as they allow 
for incorporation multiple of sources of information (data and expert views), they can be readily 
updated, and they show a physical structure that stakeholders could connect to the conceptual 
models previously developed through workshops (Horne et al., 2018).  The ecological models enable 
the relative outcome between flow scenarios to be assessed, with an indication of the likely overall 
condition for each objective. (Note: A similar netica approach was taken to compare relative futures 
by Bestgen et al., 2020).   



The expert elicitation process was based on the methods developed in de Little et al. (2018a).  Surveys 
were used to elicit expert predictions on the effects of environmental flow deliveries.  Experts were 
asked to estimate the likely condition of a certain model element, given different combinations of its 
driving variables. All experts were asked to complete the survey for each ecological model, even when 
the model was outside their area of expertise because using a range of respondents with diverse 
backgrounds leads to more robust outcomes and less bias (Hanea et al., 2017). The aggregated 
predictions from experts became the prior probability distributions used to parameterise the models.   
Bayesian modelling was then used to incorporate monitoring data into the models, creating a 
posterior modelled output that is driven by both expert knowledge and data.  Given the data available, 
integration of the data at this time only had minimal impact on the models.  The models were created 
within the software package Netica.  All models are provided in supplementary material.  The CPNs 
were used to examine the best combination of flow components, and the sensitivity of overall 
outcome to different flow components (refer to supplementary material). The models were tested 
using historical flow data and the results compared with monitoring data for fish (refer to 
supplementary material for further details).   

4.2.5. Model application to environmental flow assessment 
Each model was assessed through a workshop process to check whether they were performing as 
expected, or that outcomes could be adequately explained.  A flow tool was developed in MatLab X.X 
to simulate the outcomes for each objective under different multi-year flow scenarios.  This was used 
to test ecological model performance and compare to historical data.  The flow tool was also intended 
to support environmental manager decisions on an ongoing basis. By incorporating antecedent 
conditions in the ecological models (i.e., ecological conditions at the start of the year based on either 
modelled output or surveyed data), the flow tool can inform the best flow strategy for the coming 
season and thus generate maximum performance over time. In other words, an environmental 
manager can assess at the start of the year what the flow priorities will be over the coming year by 
running the flow tool with information about current ecological conditions and predicted flows for the 
season.   

A structured workshop was used to define the environmental flow recommendations.  The ecological 
models and flow tool were significant inputs to this workshop.  The workshop asked participants to 
firstly prioritise flow components for each individual objective, and then to work in small groups to 
prioritise flow components across objectives and understand when and why the priorities might 
change due to external drivers (such as climate). 

While in most environmental flow assessments the flow recommendations are the key output and 
management tool, the key output through the Kaiela project is the flow assessment tool described 
above that allows different flow scenarios to be run through the ecological models.  However, 
environmental flow recommendations were included as they are an output that managers are familiar 
with.   The ecological models were used to determine the key flow components across the full suite of 
ecological objectives and their relative priority in providing outcomes.  A facilitated discussion at a 
stakeholder workshop was used to develop a set of flow recommendations (details in supplementary 
material).  The recommendations are given in priority order, where each year the higher priority flow 
components should be provided where possible before moving down the list.  This reflects the variable 
availability of environmental water in the Goulburn River and allows planning for years with minimal 
water allocations.  Similarly, to allow for and indeed encourage variability, flow recommendations are 
made as a range, rather than the absolute numbers they have previously been provided as.  For 
example, the year round baseflow recommendation (aimed at providing habitat diversity and 
sustaining the system) is given as: 



 Preferred flows are between 500 – 1000 ML/d (or natural) during summer and autumn 
 During summer and autumn, ensure variability in flow regime (CV > 0.2) (e.g. mean of 750 and 

standard deviation of 150 ML/d) 
 During winter and spring ensure flow is great than 500 ML/d. 

To recognize the operational constraints of delivering particular flow components, the 
recommendations specify some events as “opportunistic”.  For example, the overbank flow 
recommendation states “Opportunistic event – aim to provide as high as possible an event by 
piggybacking natural event with a dam release.  Where overbank not possible, still provide as large an 
event as possible (aiming for 15,000 ML/d) for channel maintenance and forming.”  Where there are 
trade-offs between flow components (e.g. some favor fish over vegetation), the recommendations 
specify that these should be considered based on antecedent ecological condition.   

The flow tool was also used to test the flow recommendations and ensure their implementation leads 
to positive ecological outcomes through the ecological models.  A timeseries of flows that achieves 
the full flow recommendations was developed and run through the flow tool (Figure 6).  In reality, the 
flow recommendations would not be perfectly achieved or the same hydrograph repeated year in year 
out. However this approach was used to test how the models respond and confirm that the flow 
recommendations were leading to the best outcomes.  Due to the inclusion of a node that represents 
antecedent conditions, it will take some time for species to reach their equilibrium behaviour if this 
same flow regime was provided every year.  The antecedent condition for all models was set to 0 (i.e. 
100% poor or equivalent) at the start of the simulation. 

The output for all models in their overall condition is shown in Figure 6. Some models respond more 
quickly than others, but the typical range for achieving equilibrium condition is between two and five 
years.  None of the models reach a steady state condition of 100% even following repeated delivery 
of all environmental flow components. There are several reasons for this. 

• The results in Figure 6 are the proportion of maximum possible condition achievable 
through flow manipulation. The results show that it is not possible to simultaneously 
maximize benefit for all ecological endpoints in the river, even with unlimited 
environmental water. 

• The overall condition index is a composite of the different states of potential outcome (e.g. 
Good, Average, Poor). It is not a deterministic prediction of condition. 

• Experts stated their uncertainties in the parameterization of the ecological response models 
to reflect ecological outcomes under unforeseen events and poorly understood processes. 
Uncertainties were also incorporated into the calculation of the overall condition index. 

 



 

Figure 4. Example annual timeseries achieving the flow recommendations and average flow 
in the Kaiela for two time periods. 

 

 

Figure 5. Model responses to achieving a repeating series of the flow recommendations. 

The flow tool also allowed assessment of future climate scenarios to be considered, something that is 
not possible with existing environmental flow assessment approaches. Stochastic data sets (110 – year 
sequences) across dry, average and wet scenarios were put through the flow tool.  The performance 
under different scenarios was compared using the stress metric outlined in Nathan et al. (2019). Here, 
ecological changes were assessed by comparing the distribution of outcomes from each scenario 
against the distribution of outcomes from the baseline scenario. A stress index is calculated that 
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reflects the proportion of the future distribution that does not overlap the baseline distribution. The 
index ranges from -1 to 1, where -1 is a distribution of outcomes wholly worse than baseline 
conditions, 1 is a distribution of outcomes wholly better than the baseline and 0 is future that is 
indistinguishable from the baseline.  

Climate scenario results are shown in Figure 5. In these figures, each year of stochastic data is shown 
as a separate climate replicate (grey lines), with the overall flow regime inferred from the median of 
individual years. This allows an assessment of how natural climatic variability influences the range of 
hydrologic conditions.  The stress scores for each ecological end point are shown in Table 4.  
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Figure 6  Future scenarios showing hydrologic outputs from 3 climate scenarios.  These 
exceedance curves show the proportion of time (x axis) that a given flow (y axis) will be 
exceeded.   

 

Table 2. Stress indices calculated for each model and scenario (where dark orange 
represents a high stress score and dark green represents a high benefit).  

Models High climate impacts Moderate climate impacts Wet climate 

Bank Stability 0.66 0.38 -0.24 

Floodplain Vegetation -0.51 -0.45 0.13 

Geomorphic Complexity -0.59 -0.35 0.15 

Instream Production 0.45 0.24 -0.21 

Littoral Vegetation 0.76 0.19 0.04 

Macro Biomass Diversity -0.52 -0.34 0.33 

Mid Bank Vegetation 0.12 0.16 -0.13 

Opportunistic Fish Population -0.58 -0.28 0.34 

Periodic Fish Population -0.48 -0.30 0.13 

Platypus Population 0.55 0.27 -0.10 

Turtle Population -0.20 -0.05 0.11 

Equilibrium Fish Population -0.56 -0.35 0.35 

 

The future climate scenarios reveal some unintuitive hydrologic results.  For example, while it is 
expected that a wetter climate future will assist in providing ecologically relevant flows, these same 
conditions may also lead to adverse outcomes due to increases in summertime intervalley transfers 
to meet trade demands in the Murray River.  In a moderate climate scenario with 5% reduction in 
long-term annual rainfall, the ability to deliver certain high flow components can reduce by up to 10% 
compared to current conditions. In a high impact scenario this reduction is approximately 20%. 
Baseflow conditions remain less affected under climate change compared to high flows. Under both 
the moderate and high impact climate scenarios, high flow events are significantly reduced, which 
would impact the ability to deliver water to the lower Kaiela floodplain through piggy-backing storage 
releases of environmental flows to natural flow events. These overbank flows are important across a 
range of the ecological objectives.  Under drying climates, high flow components are amongst the first 
to be affected due to lower seasonal rainfall and drier soil moisture regimes (Table 4).  It is important 
to consider that long dry spells and wet spells typical for the Australian climate may lead to extended 
periods of high or low flows. For example, in the high impact climate scenario, although the average 
proportion of years with flows over 30,000 ML/d was 9%, within the 110 years of simulated data there 
was a sequence of 29 years consecutively below the threshold. Therefore, it is all the more important 
to be able to deliver this flow component through environmental water rights and releases from 
storage.   Figure 9 shows the implications of not providing these large flow events (this figure can be 
compared with Figure 6). 

Table 3. Changes in overbank flooding from the modelled climate scenarios 



Scenario Percentage of years 
with overbank flows 
(15,000 ML/d) 

Number of years 
between events of 
15,000 ML/d  

Median 
(Maximum) 

Percentage of years 
with overbank flows 
(30,000 ML/d) 

Number of years 
between events of 
30,000 ML/d  

Median (Maximum) 

Current climate 84% 2 (3) 39% 3 (12) 

Wet climate 86% 2 (3) 53% 2.5 (7) 

Moderate climate impacts 71% 2 (3) 23% 4 (17) 

High climate impacts 57% 2 (10) 9% 8 (29) 

 

 

 

Figure 7. Model responses to achieving a repeating series of the flow recommendations, without 
the inclusion of overbank flows. 

 

4.2.6. Monitor and evaluation 
Monitoring and evaluation for the system is not funded through the same project and funding pool as 
the environmental flows assessment process.  This causes some disconnect within the adaptive 
management cycle. Monitoring on the Kaiela is funded through state and federal agency projects with 
the goal of creating long term, continuous ecological data sets (Webb et al., 2010, Treadwell et al., 
2021). These are objectives-based programs that monitor ecological responses to flow events with the 
aim of evaluating the efficacy of environmental flows management. These monitoring programs were 
designed outside of environmental flows assessments and are an integral part of the overall 
monitoring scheme for the entire Murray-Darling basin. Regulatory agencies need continuity and 
consistency in monitoring methods and locations, reducing program flexibility. That work will continue 



to incrementally reduce aleatory uncertainty within the existing models, and indeed the empirical data 
used to update the prior relationships developed in this study were drawn from one of these programs 
(LTIM; Gawne et al. 2020). However, the current monitoring and research design (Webb et al. 2019) 
pre-dates this environmental flows assessment, and was not designed specifically to reduce 
uncertainties in the models generated. Hence, advances in understanding are likely to be small.  
Addressing context specific knowledge gaps present in reach-level environmental flows assessments 
will require responsive monitoring strategies that evolve in conjunction with environmental flows 
management.  

 

4.2.7. Communication and transparency 
The Goulburn Broken Catchment Management Authority (GBCMA) is responsible for the ongoing 
management of environmental flows.  While a communication strategy was not part of the 
environmental flows study, the discussion of objectives made it clear that transparency, community 
involvement and communication are essential for the success of the program. 

The GBCMA has engaged an environmental water working group made up community members and 
key stakeholders to have an ongoing voice in the management of environmental flows.  Every year, 
the GBCMA is required to publish a seasonal environmental watering plan that outlines progress in 
the previous year and priorities for the following year.  The GBCMA also publishes regular 
communications in print and social media and through electronic and printed newsletters regarding 
the environmental flows program. This is being done through the current monitoring and research 
program (e.g. Treadwell et al. 2021), but at least partly fulfills the need for transparency identified by 
our flows assessment method. 

 

5. Discussion and conclusion 
In this paper, we have demonstrated an environmental flows assessment approach that more 
explicitly considers adaptive management under an uncertain future. It does this through participatory 
approaches, explicit representation of uncertainty and climate change scenarios, incorporation of 
multiple knowledge sources, modelling to support trade-offs and decision making, and links to 
monitoring.  The outputs of the environmental flow assessment are tools and models that can be 
readily updated with new knowledge in a changing environment.  This marks a significant shift from 
traditional environmental flows assessment methods that provide a more static approach, with flow 
recommendations fixed until the next iteration of a flows assessment. 

For the Kaiela case study, implementing a participatory environmental flows study was not without 
challenges, and these challenges will likely extend to other applications.  The resources available for 
an environmental flows project, including the timeline, are normally externally dictated.  It is difficult 
to incorporate a thorough stakeholder engagement process within these constraints.  Where project 
funding and timeline are constrained, this type of approach will not be possible.  Further, 
environmental flow assessments often have clearly articulated objectives, and funders are more 
comfortable with a linear project management approach.  The success of this flows study was in part 
due to GBCMA’s willingness to explore new approaches and respond to the participatory approach, 
and the ability to combine the study with several students PhD topics providing additional resources 
that are not usually available to an environmental flows assessment.  There was a large time 
commitment required from the various stakeholders, and having true influence over the process and 
project outcomes was important for sustaining their involvement.  Such an involved process requires 



commitment over an extended period.  This is challenged by not only by available resources, but also 
by continuity of stakeholder engagement.  Even within the duration of this project, a number of 
participants changed roles and new members joined in their place.  Participatory environmental flows 
assessment needs to be able to accommodate such changes.   

The environmental flow assessment in the Kaiela included extensive discussions of objectives.  This 
constituted a major component of the project, and one that is often glossed over in such studies.   The 
discussions on objectives and the decision-making process filtered through the entire project.  The 
flow objectives identified for the Kaiela are based on the values and outcomes identified by the local 
community and the GBCMA.  This local engagement is important for building legitimacy and ensuring 
the environmental flow recommendations align with the objectives of those that live near and are 
sustained by the river.  However, there is also a role for the Kaiela  to contribute to downstream values 
and health of the larger Murray Darling Basin.  This link was not explored through the flow study here.  
However, it may be that in some environmental flows assessments of smaller rivers, it is worth 
explicitly bringing this type of basin-scale perspective into the discussion of objectives.   

The information produced in the environmental flows assessment, including the ecological models, 
are aimed at supporting decision making on an ongoing basis and the short-term adaptive 
management of environmental water.  This focus on decision making allows scientists to shift away 
from building the “perfect model”, to instead construct models that represent our current 
understanding of how the ecosystem will respond to flow.  Within these models, there are aspects 
that will be well understood and for which we have significant data, and other aspects that remain a 
hypothesis or supported by anecdotal information only.  These models can be thought of as “living 
models” that get updated each year as river managers learn from decisions made and knowledge 
gained in previous years.  The process of developing the models using expert elicitation and data 
highlighted areas of key uncertainty.  

The documentation of clear ecological models provides the potential to link to monitoring and 
research, and to refine the knowledge base through time.  This is a core element of adaptive 
management.  However, in the Kaiela flows study, the scope of the project did not extend to design 
of a monitoring program to reduce aleatory uncertainty, or a research program to reduce epistemic 
uncertainty.  This link between the environmental flows assessment (and the ecological models that 
underpin it) with monitoring and research remains a key gap that needs to be addressed before the 
benefits of the adaptive management cycle can be properly realised.  A key aim of adaptive 
management is the ability to respond to changing information, values, and environments.  The 
documentation of clear fundamental and means objectives, along with clearly detailed ecological 
models, provides the basis for this continual learning and updating with new knowledge.  The nodes 
and links in the ecological models that are most uncertain (identified through the expert elicitation 
process), but which also have the most significant impact on the ecological outcome (identified 
through the sensitivity analysis), are those that should be the focus of future research.   

In many river systems, the environment is the first component to be impacted due to climate change 
because of the way in which water is allocated (Horne et al., 2017b, Prosser et al., 2021).  The use of 
scenarios within the adaptive management framework helps provide information for stakeholders to 
respond with management strategies through time.    Presumptive methods that set minimum 
allowable deviations will still be required where resources do not allow for this level of detail (Richter 
et al., 2012).  However, even in the case of these presumptive methods, consideration needs to be 
given as to how the system operation can adapt to accommodate uncertain futures.   
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