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SUMMARY  21 

1. The implementation of environmental flow regimes offers a promising means to 22 

protect and restore riverine, wetland and estuarine ecosystems, their critical 23 

environmental services, and cultural / societal values. 24 

  25 

2. This Special Issue expands the scope of environmental flows and water science 26 

in theory and practice, offering 20 papers from academics, agency researchers 27 

and non-governmental organizations, each with fresh perspectives on the 28 

science and management of environmental water allocations.  29 

 30 
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3. Contributions confront the grand challenge for environmental flows and water 31 

management in the Anthropocene – the urgent need for innovations that will help 32 

to sustain the innate resilience of social-ecological systems under dynamic and 33 

uncertain environmental and societal futures.  34 

 35 

4. Basin-scale and regional assessments of flow requirements mark a necessary 36 

advance in environmental water science in the face of rapid changes in water 37 

resource management activities worldwide (e.g. increases in dams, diversions, 38 

retention, and reuse). Techniques for regional scale hydrological and 39 

ecohydrological modelling support ecological risk assessment and identification 40 

of priority flow management and river restoration actions.  41 

 42 
5. Changing flood-drought cycles, long-term climatic shifts and associated effects 43 

on hydrological, thermal and water quality regimes add enormous uncertainty to 44 

the prediction of future ecological outcomes, regardless of environmental water 45 

allocations. An improved capacity to predict the trajectories of ecological change 46 

in rivers degraded by legacies of past impact interacting with current conditions 47 

and future climate change is essential. Otherwise we risk unrealistic expectations 48 

from restoration of river and estuarine flow regimes. 49 

 50 

6. A more robust, dynamic, and predictive approach to environmental water science 51 

is emerging.  It encourages the measurement of process rates (e.g., birth rate, 52 

colonisation rate), and species traits (e.g., physiological requirements, 53 

morphological adaptations) as well as ecosystem states (e.g., species richness, 54 

assemblage structure), as the variables representing ecological responses to 55 

flow variability and environmental water allocations. Another necessary 56 

development is the incorporation of other environmental variables such as water 57 

temperature and sedimentary processes in flow-ecological response models. 58 

 59 
7. Based on contributions to this Special Issue, several recent compilations and the 60 

wider literature, we identify six major scientific challenges for further exploration, 61 

and seven themes for advancing the management of environmental water. We 62 
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see the emerging frontier of environmental flows and water science as urgent 63 

and challenging, with numerous opportunities for reinvigorated science and 64 

methodological innovation in the expanding enterprise of environmental water 65 

linked to ecological sustainability and social well-being.   66 

 67 

Keywords: ecohydrology, environmental flows, river restoration, ecosystem services, 68 

social-ecological resilience   69 

 70 
 71 

INTRODUCTION 72 

 73 

The science of water for the environment has progressed remarkably over the decade 74 

since the landmark 2007 Brisbane Declaration. This influential call for universal 75 

implementation of environmental flows was prepared on behalf of 800 delegates at the 76 

10th International Riversymposium and Environmental Flows Conference (Brisbane, 77 

Australia, 2007). The Declaration proposed a new definition of environmental flows as 78 

“the quantity, timing, and quality of water flows required to sustain freshwater and 79 

estuarine ecosystems and the human livelihoods and well-being that depend on these 80 

ecosystems” (https://www.conservationgateway.org/Files/Pages/brisbane-81 

declaration.aspx). The Brisbane Declaration (2007) and research that followed have 82 

influenced the science, social-ecological dimensions and international acceptance of 83 

environmental flows and environmental water management in both theory and practice. 84 

This Special Issue of Freshwater Biology focused on ‘Evaluating and Managing 85 

Environmental Water Regimes in a Water-Scarce and Uncertain Future’ (Kennen, Stein 86 

& Webb, 2018) further expands the envelope of environmental flows. It offers 20 papers 87 

from academics, agency researchers and non-governmental organization (NGOs), each 88 

with fresh perspectives on the science and management of environmental water 89 

allocations. It is timely, allowing an opportunity to update progress since the 2010 90 

publication of the Special Issue of Freshwater Biology on ‘Environmental Flows: 91 

Science and Management’ (Arthington, Naiman, McClain & Nilsson, 2010), and more 92 

recent reviews and compilations (e.g., Arthington, 2012; Poff & Matthews, 2013; 93 

https://www.conservationgateway.org/Files/Pages/brisbane-declaration.aspx
https://www.conservationgateway.org/Files/Pages/brisbane-declaration.aspx
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Acreman et al., 2014a, b; Horne, Webb, Stewardson, Richter & Acreman, 2017a, Horne 94 

et al., 2017b, Webb, Watts, Allan and Conallin, 2018a). 95 

Globally, human population growth and diverse activities are placing increasing 96 

pressure on freshwater resources, leading to over-allocation, competition, water 97 

scarcity, and a pervasive downward trend in aquatic biodiversity and ecosystem 98 

condition (Dudgeon et al., 2006; Vörösmarty et al., 2010). These problems seem likely 99 

to be exacerbated by climate change and the human drive to achieve water security 100 

under increasingly modified environmental conditions and social-economic constraints 101 

(Acreman et al., 2014b; Laize et al., 2014). There is growing appreciation that 102 

hydrologic systems and human demands on those systems are not only dynamic, but 103 

also changing from historical norms to shifting baseline conditions and novel flow 104 

regimes - non-stationarity is the new norm (Milly et al., 2008). The challenge for 105 

environmental flow science and water management in the Anthropocene is to build on 106 

past research, to innovate and develop new tools, models and integrated 107 

implementation frameworks that will help to sustain the innate resilience of diverse 108 

aquatic ecosystems under dynamic and uncertain environmental and societal futures 109 

(Poff & Matthews, 2013, Rockström et al., 2014).  110 

 111 

Our intent in this paper is not to provide an exhaustive review of environmental flows 112 

and water science over the past decade. Rather, we summarise the new developments 113 

explored in submissions to this Special Issue (Table 1). Papers span advances in flow-114 

ecological modelling; measurement endpoints (demographic process rates and species 115 

traits vs state variables); scaling up to regional and national levels; transferability of 116 

flow-ecological models; river restoration case studies; understanding the influence of 117 

legacies, lags and long-term trends, and the shifting roles of science under climate 118 

change and non-stationarity. From this basis, we identify research needs, new 119 

challenges and promising opportunities as the science and management of 120 

environmental water expands in scope under dynamic and uncertain environmental and 121 

societal futures. 122 

 123 

DEVELOPMENTS IN ENVIRONMENTAL FLOWS SCIENCE AND MODELLING 124 
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 125 

The synthesis paper of the Special Issue of Freshwater Biology on environmental flows 126 

published in 2010 (Arthington et al., 2010) proposed an invigorated global research 127 

programme to “construct and calibrate hydro-ecological models and to quantify the 128 

ecological goods and services provided by rivers in contrasting hydro-climatic settings 129 

across the globe”, with climate change intensifying the urgency. New advances in the 130 

development of environmental water assessment methods, flow-ecological modelling 131 

and integration with broader management platforms (e.g. Integrated Water Resources 132 

Management) have moved environmental water science forward. Here we summarize 133 

contributions of the present Special Issue (Table 1) to explore how they further 134 

strengthen the scientific basis of environmental flow assessment and implementation, 135 

and highlight emerging issues that warrant additional investigation.  136 

 137 

A prominent contribution in 2010 was the introduction of the Ecological Limits of 138 

Hydrologic Alteration framework (ELOHA, Poff et al., 2010) developed by an assembly 139 

of researchers, agency scientists and NGOs. This framework provided a scientifically 140 

robust basis upon which researchers and environmental water practitioners can develop 141 

holistic flow-ecological models for rivers of particular hydrological character revealed by 142 

flow regime classification. It was aimed at managing rivers at broad spatial scales (river 143 

basins, bioclimatic regions, jurisdictions). The ELOHA framework and its derivatives 144 

(e.g., PROBFLO – A regional scale probabilistic environmental flow modelling tool; 145 

O'Brien et al., 2017) encourage development of process-based relationships between 146 

flow alterations and ecological response. The approach also promotes the development 147 

and testing of alternative environmental water hypotheses and management scenarios 148 

(Kendy, Apse & Blann , 2012; McManamay, Orth, Dolloff & Mathews, 2013; Rolls & 149 

Arthington, 2014; Stein et al., 2017). ELOHA is structured to allow input from diverse 150 

stakeholders and has been further developed to embed and evaluate the social and 151 

cultural implications of environmental flow alternatives (e.g., Finn & Jackson 2011; 152 

Martin, Labadie & Poff, 2015). Applications of the ELOHA framework and innovations 153 

building on its architecture are increasing. It has been applied in the USA (Kendy et al., 154 

2012; Reidy Liermann et al., 2012; Sanderson et al., 2012; Buchanan, Moltz, Haywood, 155 



Table 1. Areas of environmental flows and water science covered in the contributions to this Special Issue of Freshwater Biology. 
 
Principal Scientific Themes Authors Title of Paper 

Introduction to Special Issue Kennen et al. Evaluating and managing environmental water in a water-scarce 
and uncertain future    

Method development and testing: 
analytical methods, hydrologic and 
flow-ecology modelling, ecological 
endpoints, and transferability of flow-
ecology models 

Cuffney & Kennen Potential pitfalls of aggregating aquatic invertebrate data from 
multiple agency sources: Implications for detecting aquatic 
assemblage change across alteration gradients 

 Mierau et al. Managing water diversions in unregulated streams using a 
modified percent-of-flow approach 

 Sengupta et al. Tools for managing hydrological alteration on a regional scale: 
Estimating changes in flow characteristics at ungauged sites 

 Mazor et al. Tools for managing hydrological alteration on a regional scale: 
Setting targets to protect stream health 

 Bond et al. Assessment of environmental flow scenarios using state-and-
transition models 

 Chen & Olden Evaluating transferability of flow-ecology relationships across 
space, time, and taxonomy.  

 Webb et al. Quantifying and predicting the benefits of environmental flows: 
Combining large-scale monitoring data and expert knowledge 
within hierarchical Bayesian models 

Application case studies: ELOHA 
framework, streamflow regulation, 

Steel et al. Associating metrics of hydrologic variability with benthic 
macroinvertebrate communities in regulated and unregulated 



regionalization approaches and 
threshold responses. 

snowmelt-dominated rivers 

 Zimmerman et al. Patterns and magnitude of flow alteration in California, USA 

 McKenna et al. Measuring and evaluating ecological flows from streams to 
regions: steps toward national coverage 

 Monk et al. Flow-velocity ecology thresholds in Canadian rivers: A comparison 
of trait and taxonomy-based approaches 

Efficacy evaluation: states and rates, 
streamflow trends, discharge and 
drought effects, and water availability  

Wheeler et al. States and rates: Complementary approaches to developing flow-
ecology relationships 

 Gendaszek et al. Streambed scour of salmon spawning habitat in a regulated river 
influenced by management of peak discharge 
 

 Hain et al. Using regional scale flow-ecology modeling to identify catchments 
where fish assemblages are most vulnerable to changes in water 
availability 

 Lynch et al. The influence of drought on flow-ecology relationships in Ozark 
Highland streams 

 Stewardson & 
Guarino 

Basin-scale environmental water delivery in the Murray-Darling, 
Australia: A hydrological perspective 

Forward-looking, discussion and 
synthesis papers 

Thompson et al. Legacies, lags, and long term trends: Effective flow restoration in a 
changed and changing world 

 Stoffels et al. Science to support the management of riverine flows 

 Poff Beyond the Natural Flow Regime? Broadening the hydro-



ecological foundation to meet environmental flows challenges in a 
non-stationary world 

_______________________________________________________________________________________________________________________________ 
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Palmer & Griggs, 2013), Spain (Belmar, Velasco & Martinez-Capel,  2011), China 156 

(Zhang et al., 2012), Australia (Arthington, Mackay, James, Rolls, Sternberg, et al. 157 

2012; Mackay, Arthington & James, 2014; James, Mackay, Arthington & Capon, 2016) 158 

and Africa (O’Brien et al., 2017). Development of the ‘hydrologic foundation’ has 159 

dominated these applications and prompted new approaches to accurately simulate 160 

flows and estimate flow metrics at many ungauged locations across broad geographical 161 

regions.  162 

 163 

Two papers in this special issue illustrate these developments. Sengupta et al. (2018) 164 

demonstrate a novel technique to simulate flow regimes at any stream reach of interest 165 

across the southern California region. Zimmerman et al. (2018) generated statistical 166 

models that predict natural monthly flows at all stream segments in California. They 167 

assessed hydrologic alteration risk for gauged watersheds by comparing flow metrics 168 

based on expected (modelled) unimpaired with observed (gauged) flow metrics (cf. 169 

Mackay et al., 2014). Other papers in this issue demonstrate the utility of developing a 170 

strong regional hydrological foundation as a platform for more detailed ecological 171 

studies in areas of particular concern (e.g., Hain et al., 2018; Mazor et al., 2018; 172 

McKenna, Reeves & Seelbach, 2018).   173 

 174 

Environmental flow recommendations have been grounded in relationships between 175 

flow variables and ecological responses to natural flow variability and flow alterations 176 

from natural or historic baselines (Davies et al., 2014; Poff, Tharme & Arthington, 2017). 177 

The range of flow metrics and ecological variables from which to choose is vast (e.g., 178 

Olden & Poff, 2003; Kennen, Henriksen & Nieswand, 2007; Carlisle, Falcone, Wolock, 179 

Meador & Norris, 2010) and the choice may depend on context, practitioner interests, 180 

management endpoints, societal values, data availability, and best professional 181 

judgement. Environmental flow assessment methods and models have shifted from a 182 

focus on a few species (usually commercially valuable or endangered fish) to 183 

community level responses (e.g., invertebrates), ecosystem processes (e.g., 184 

productivity) and to larger spatial scales of investigation (e.g., multiple river basins, 185 

regions). These developments have generated significant issues around data type, 186 
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access, compatibility and analysis (Maas-Hebner et al., 2015; Webb, Arthington & 187 

Olden, 2017a). Recent growth of Web-based data repositories offers huge potential to 188 

combine data sets from different sources and regions (e.g., Monk et al., 2018). 189 

However, there are pitfalls to avoid. Cuffney & Kennen (2018) advise that combining 190 

multiple agency invertebrate data sets for use in stream condition assessment requires 191 

harmonization of differences in subsampling procedures, taxonomic groups identified 192 

and levels of taxonomic resolution (e.g., Chironomidae).  193 

An alternative to the use of species as indicators of response to flow is to identify 194 

groups of species (guilds) that share biological attributes or traits (such as physiological 195 

requirements and morphological adaptations) and have functional (mechanistic) 196 

relationships with environmental conditions (Poff, 1997; Frimpong & Angermeier, 2010; 197 

Poff, 2018). Quantifying traits of aquatic and riparian species and defining the flow-198 

related guilds to which they belong was a recommendation from the 2010 Special Issue 199 

(Dunbar et al., 2010; Merritt, Scott, Poff, Auble & Lytle, 2010). It was envisaged that 200 

such studies would lead to catalogues of flow-related guilds for taxa of interest (e.g., 201 

vegetation, invertebrates, fish) and associated sets of flow-ecological relationships for 202 

different hydrological river classes or flow regime modifications (Arthington et al., 2010). 203 

Evidence is mounting that fish, invertebrates, and stream algae with particular traits 204 

respond in consistent ways to patterns of flow variability and flow regime alterations 205 

(e.g., Mims & Olden, 2012, 2013; Rolls & Sternberg, 2015; McManamay & Frimpong, 206 

2015). Further development of trait groups as the biological units of response to flow 207 

has been recommended to strengthen mechanistic flow-ecological models derived from 208 

ELOHA studies (Rolls & Arthington, 2014; James et al., 2016) and other broad-scale 209 

investigations (Frimpong & Angermeier, 2010; Hain et al., 2018).   210 

 211 

In this Special Issue, Monk et al. (2018) describe one of the first studies to apply a 212 

traits-based approach across a large geographic area (eastern and western Canada). 213 

Their paper quantifies the response of the macroinvertebrate community in terms of 214 

traditional taxonomic indicators versus ecological traits along a velocity gradient. Chen 215 

& Olden (2018) review numerous studies and convincingly demonstrate that trait guilds 216 

can provide a sound basis or “basic building block” for transferring flow-ecological 217 
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relationships within and across river basins experiencing similar climatic and 218 

hydrological conditions. Their findings also support efforts to conserve species for which 219 

understanding of flow requirements is limited by using similar “surrogate species” 220 

(Lindenmayer & Likens, 2011; Webb, Stewardson & Koster 2017b). The advantages of 221 

a traits-based approach have become even more evident as environmental science and 222 

management come to terms with shifting climatic and hydrological regimes, which may 223 

result in species replacements within similar functional guilds (Poff et al., 2017). 224 

Structured frameworks to advance traits-based theory and prediction in ecology support 225 

these applications (e.g., Frimpong & Angermeier, 2010; Webb et al., 2010a). 226 

  227 

Numerous statistical techniques and ecological modelling tools are used to explore 228 

relationships between flow variables and ecological attributes (e.g., species richness, 229 

abundance, community composition, functional traits, and ecosystem properties). 230 

Statistical techniques used in environmental water applications are advancing, as is the 231 

broader understanding of their application and limitations. This Special Issue provides a 232 

number of examples where advanced modelling techniques such as distance-based 233 

linear modelling (DISTLM), partial least squares projection to latent structures (PLS) 234 

modelling, Boosted Regression Trees (BRT), and Bayesian hierarchical models are 235 

used to capture the relationship between alterations in flow and ecosystem response. 236 

The inherent stochasticity of natural flow regimes and the challenges of non-stationarity 237 

(discussed above) can be accommodated using machine learning approaches such as 238 

Artificial Neural Networks (ANN) and Adaptive Neuro Fuzzy Inference Systems 239 

(ANFIS), which have been applied sporadically in the broader ecohydrology literature 240 

(e.g., Kennard, Olden, Arthington, Pusey & Poff , 2007; Bisht & Jangid, 2011; 241 

respectively). Hain et al. (2018) and Mazor et al. (2018) demonstrate the use of BRTs to 242 

establish relationships between altered flows and biological response. Bayesian 243 

methods have informed a range of environmental flow studies and risk assessment 244 

frameworks (e.g., Hart & Pollino, 2009; Shenton, Hart & Chan, 2014; Stewart-Koster et 245 

al., 2010; Webb et al., 2010b; Chan et al., 2012; O'Brien et al., 2017). Bayesian 246 

hierarchical models can be strengthened by incorporating prior knowledge (e.g., derived 247 

from expert elicitations) and data from large-scale environmental water monitoring 248 
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programs, and used to predict the ecological outcomes of environmental water at 249 

multiple spatial scales and over time (Webb, de Little, Miller & Stewardson, 2018b).  250 

 251 

Wheeler K., Wenger S.J. & Freeman (2018) regard methods used to generate flow-252 

ecological relationships as a continuum ranging from the measurement of “state” 253 

variables (a “snapshot of a condition or property (i.e., a state) derived from a single 254 

measurement in time”), to the measurement of “rates” reliant on repeated 255 

measurements made over time (e.g., change in the state variable biomass) or estimates 256 

of demographic process rates (e.g., birth rate, colonisation rate). However, their 257 

literature review shows that many studies involve a third approach, “repeated states”, 258 

characterised by “temporally repeated measurements of ecological state responses”. 259 

Repeated-state responses expressed as rate responses can generate predictions of 260 

biotic response to specific flow sequences over time, although they do not reveal the 261 

actual mechanisms underlying the dynamics of ecological change. Whilst the authors 262 

recognise the strengths and limitations of all these approaches, they argue that “rates 263 

approaches have been underused to date and could facilitate substantial progress” in 264 

mechanistic understanding of flow-ecological relationships (Wheeler et al., 2018).  265 

 266 
Dynamic population models based on the vital rates of aquatic species (e.g., fecundity, 267 

survival, migration) can inform prediction of ecological outcomes from environmental 268 

flow management (Shenton, Bond, Yen & MacNally 2012). However, the information 269 

required on vital rates is frequently unavailable. This limits the practical application of 270 

dynamic population models in decisions about how and when to deliver limited 271 

environmental water. Bond et al. (2018) describe an alternative – a state-and-transition 272 

framework – for translating alternative sequences of floodplain inundation events into 273 

dynamic ecological responses of floodplain vegetation in the lower Murray River, 274 

Australia. This approach has the ability to integrate the entire historical flow sequence 275 

and past ecological condition in models to determine dynamic responses of aquatic 276 

species at any future point in time. Comparison of the outputs from these simple state-277 

and-transition models with those from demographic models is a desirable next step. The 278 

state-and-transition modelling framework can be applied to many aquatic organisms 279 
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influenced by flow, and also to explore the impacts of a range of other factors 280 

influencing vegetation dynamics, such as salinity, fire, grazing, climatic variability and 281 

climate change (Bond et al., 2018).. 282 

 283 

The narrow focus on flow in aquatic systems affected by many drivers and stressors 284 

has implications for the way environmental flow requirements are assessed, their 285 

ecological outcomes and societal support for river restoration (Poff et al., 2010; 286 

McManamay et al., 2013; Capon & Capon, 2017). Yet multiple driver and stressor 287 

considerations remain relatively neglected in environmental water assessments 288 

(Acreman et al., 2014a). For example, changes in flow often coincide with changes in 289 

water temperature downstream from dams. Olden & Naiman (2010) reviewed the 290 

ecological roles of water temperature and advocated more effort on the integration of 291 

the flow and thermal regime requirements of aquatic species. The interactions of flow 292 

regime and thermal regime proved vital in understanding the distribution patterns of 293 

invertebrate communities in spring snowmelt dominated streams of California (Steel, 294 

Peek, Lusardi & Yarnell, 2018). Studies on fish, crayfish and benthic macroinvertebrate 295 

communities in Ozark streams have shown that geomorphology, water quality and 296 

watershed scale disturbance can be more strongly related to stream community 297 

responses than flow variability (Lynch, Leasure & Magoulick, 2018).  In this context, 298 

understanding the ecological effects of landscape alterations relative to flow alterations 299 

remains a challenge (McManamay et al., 2013; Walsh & Webb, 2014; Craig et al., 300 

2017). 301 

 302 

Environmental flow frameworks (e.g., ELOHA, DRIFT – Downstream Response to 303 

Imposed Flow Transformation, King, Brown & Sabet , 2003) recognise the need to 304 

understand geomorphic, habitat and other sources of variation that generate the 305 

environmental context for ecological responses to flow variability and environmental 306 

flow strategies (Poff et al., 2010; Reidy Liermann et al., 2012). For example, peak-307 

discharges from dams can be managed to minimise streambed scour and protect 308 

salmon eggs incubating within streambed gravels during floods (Gendaszek, Burton, 309 

Magirl & Konrad, 2018). Mierau et al. (2018) recommend a modified percent-of-flow 310 
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(MPOF) approach (a maximum allowable percentage change in riffle crest thalweg 311 

depth, a common, ecologically-meaningful hydraulic measurement) to help protect 312 

ecological functions in unregulated Californian streams. Studies such as these 313 

strengthen flow-ecological models and fortify river restorations by working at the 314 

interface of hydrology, geomorphology, hydraulics, water quality and ecological 315 

processes. 316 

 317 

BASIN-SCALE ECOLOGICAL RESTORATION 318 

 319 

Preliminary implementation of instream / environmental flow assessments originated in 320 

small-scale local studies, and the majority of implementation projects are still 321 

undertaken at specific river sites or several reaches. However, dams, landscape-scale 322 

effects, human water use and climate change modify river ecosystems from reach to 323 

tributary scale, and cumulatively at the basin and regional scale (Poff, Olden, Merritt & 324 

Pepin, 2007; Poff et al., 2010). A shift to basin-scale and regional assessments marks a 325 

significant advance in environmental flow science and implementation.  It began to 326 

emerge in parallel in South Africa (King et al., 2003), Australia (e.g., Arthington, Bunn, 327 

Poff & Naiman, 2006), the USA (Poff et al., 2010; Kendy et al., 2012) and in Europe 328 

through the European Water Framework Directive (Acreman & Ferguson, 2010).  329 

 330 

Contributions to this Special lssue demonstrate the increasing interest in basin and 331 

regional scale hydrological modelling to support ecological risk assessment and setting 332 

priority restoration actions (Hain et al., 2018; Mazor et al. 2018; McKenna et al., 2018; 333 

Sengupta et al., 2018; Zimmerman et al., 2018). Several papers focus on river 334 

restoration in the Murray-Darling Basin, Australia, where the health of aquatic 335 

ecosystems has deteriorated over decades of excessive water withdrawals, largely to 336 

support irrigated agricultural production. The Murray-Darling Basin Plan (Hart 2016a, b) 337 

aimed to partly restore the integrity of the basin’s aquatic ecosystems, with substantial 338 

volumes of environmental water being a centrepiece of the Plan. Stewardson and 339 

Guarino (2018) describe hydrological outcomes from delivery of environmental water to 340 

restore ecosystem processes throughout basin. The ambitious long-term objective is to 341 
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restore basin scale connectivity and associated ecological processes that operate at 342 

basin scale (e.g., Leigh, Sheldon , Kingsford & Arthington, 2010; McCluney et al., 2014). 343 

These outcomes will take some time to be realised but early signs are that ecological 344 

benefits are being achieved.  345 

Ecological benefits anticipated from environmental watering actions in the Murray-346 

Darling Basin have come under intense political and scientific scrutiny (e.g., Capon & 347 

Capon, 2017). How much ecological improvement can be expected in a system affected 348 

by the legacy of past environmental disturbances (e.g., removal of trees from 349 

floodplains and woody debris from channels, land-use change, sedimentation, rising 350 

salinity and invasive alien species)? How soon can measurable ecological responses to 351 

environmental watering be expected? Which species and processes can be expected to 352 

show a response? How will legacies, new insults and climatic shifts interact and affect 353 

long-term ecosystem trends in the basin? Thompson, King, Kingsford, MacNally & Poff  354 

(2018) argue that the effects of legacies, time-lags, species traits and long-term trends 355 

must be integrated into conceptual and numerical models of community-level responses 356 

to environmental flows. Otherwise we risk setting unrealistic expectations from 357 

environmental flows and river restoration.  358 

 359 

In the context of the environmental watering plan for the Murray-Darling Basin, Stoffels, 360 

Bond & Nicol, (2018) ask “What roles must scientists fulfil to best support water 361 

management decisions? What are the major barriers to seeing those roles fulfilled? 362 

How can those barriers be removed?” Their suggestions are worthy of precise record, 363 

however the sequence is ours: 364 

• Fundamental research, resulting in improved outcomes through the identification 365 

of non-flow management interventions that work in synergy with environmental 366 

flows; improved understanding of the ecological limitations of current policy; and 367 

increased usability and generalisation of knowledge.  368 

• Modelling to support spatial and temporal projections of ecosystem change under 369 

different flow scenarios, resulting in more effective management decisions; 370 

improved causal inference about flow effects; identification of threats to the 371 
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efficacy of flow management; and scaling flow-response dynamics to broader 372 

spatial extents.  373 

• Decision science, leading to more defensible environmental flow and water 374 

management decisions and more efficient use of resources. 375 

• Monitoring and evaluation of ecosystems to support scientifically-defensible 376 

reporting of outcomes, and to reduce uncertainty through adaptive management. 377 

 378 

Stoffels et al. (2018) argue that a major impediment to seeing these roles fulfilled is the 379 

ad hoc nature of much of the current research effort. They conclude that “scientists and 380 

managers must quickly strengthen partnerships at multiple scales to develop wise 381 

science investment strategies, so that we can effectively and efficiently maintain our 382 

socio-political license to operate, reduce uncertainty, and transform knowledge into 383 

smart flow decisions”. While collaboration between scientists and managers is important 384 

for the development of environmental water strategies, stakeholder support is 385 

paramount to successful implementation (Webb et al. 2018a). We offer the perspective 386 

that broad environmental water coalitions that integrate the interests of diverse 387 

stakeholders, state and provincial agencies, water-resource managers, and indigenous 388 

decision makers are needed for successful implementation of targeted environmental 389 

water recommendations (see Novak et al., 2016).       390 

 391 

CHALLENGES FOR ENVIRONMENTAL FLOWS UNDER UNCERTAINTY 392 

 393 

A fundamental principle of the contemporary science of environmental water and 394 

practice is that restoration of specific elements of the natural flow regime will restore 395 

associated ecological components and processes (Poff & Matthews, 2013). Statistical 396 

models of flow-ecological relationships are based largely on state variables (e.g., 397 

species richness, assemblage structure). Population rates and ecological processes are 398 

seldom measured, and other limiting factors have often been ignored (e.g., water 399 

temperature) or dealt with through independent management programs such as riparian 400 

restoration and meeting general water quality standards (Stewardson & Guarino, 2018). 401 

The management of alien species is usually divorced from environmental water 402 
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assessment and management. This is common despite the fact that the success of 403 

many alien riparian and aquatic species has been clearly linked to altered flow regimes, 404 

and latterly to climate change (Bunn & Arthington, 2002; Rahel & Olden, 2008). 405 

Furthermore, the influence of legacy effects in degraded rivers, and the question of what 406 

should be measured, and at what spatial and temporal scales of potential influence by 407 

environmental water and other factors, is poorly articulated and largely neglected 408 

(Thompson et al., 2018). Shifting climatic regimes and associated effects on 409 

hydrological, thermal and water quality regimes add enormous uncertainty to the 410 

prediction of future ecological outcomes. Novel physical conditions and ecological 411 

outcomes can be expected (Acreman et al., 2014b; Thompson et al., 2018).   412 

 413 

Poff (2018) calls for a new era in environmental science and water management, 414 

building on rigorous predictive science, past successes and a realistic appreciation of 415 

the highly altered and non-stationary nature of today’s aquatic ecosystems, many of 416 

which are situated within human-dominated landscapes. The real challenge for 417 

environmental flows and water science is to “develop the capacity to more confidently 418 

state under what circumstances flow interventions will be successful and resilience can 419 

be achieved”. While managing to maintain flow variability is essential to resilience 420 

thinking, aiming to maintain or restore the historical pattern of flow variability is typically 421 

unrealistic because this baseline is now changing with permanent climatic and other 422 

environmental shifts (Humphries & Winemiller, 2009; Acreman et al., 2014b; Poff, 423 

2018). Moreover, restoration to achieve a former ecological state would be near 424 

impossible to attain in highly degraded rivers experiencing prolonged legacy effects and 425 

lagged responses to contemporary changes, with climate change adding further stress 426 

(Acreman et al., 2014b;Thompson et al. 2018). Poff (2018) calls for a more robust and 427 

dynamic predictive science involving time-varying flow characterizations, and more use 428 

of process (e.g. demographic) rates and species traits rather than the present reliance 429 

on measurement of ecosystem states. Another necessary development is the 430 

incorporation of other environmental variables such as water temperature and 431 

sedimentary processes in flow-ecological response models. In this dynamic milieu, 432 

concepts of novel ecosystems and “ecosystems by design” (Palmer et al. 2004, 433 
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Acreman et al. 2014b) have entered the discourse about social-ecological choices and 434 

the kinds of ecosystems that may be desirable in the future. A positive feature of this 435 

next generation approach to environmental water is the emergence of holistic 436 

frameworks (e.g., decision support systems) that more directly incorporate ecosystem 437 

services and cultural values important for local communities, as well as valued features 438 

of modified aquatic ecosystems, into the decision-making process for managing flow 439 

regimes (e.g., King & Brown, 2010; Novak et al., 2016; Poff et al., 2016; O’Brien et al., 440 

2017).   441 

 442 
SCIENTIFIC CHALLENGES AND AREAS FOR FURTHER EXPLORATION  443 

 444 

Managing environmental flow and lentic water regimes into the future will require new 445 

research to better understand ecohydrological relationships and quantify ecological and 446 

societal outcomes from environmental flows. To progress this will require improved 447 

empirical, experimental and modelling approaches to address the inherent complexity 448 

and dynamism of interactions between hydrology, physical change, and ecological 449 

response under shifting environmental regimes. New management frameworks to 450 

inform decisions regarding tradeoffs and priorities are also needed. Opportunities 451 

abound to advance scientific understanding of complex ecohydrological relationships in 452 

order to improve models that predict changes in these relationships over varying spatial 453 

and temporal scales, and to account for and quantify the inherent uncertainty 454 

associated with prediction in stochastic systems. Major scientific challenges and 455 

opportunities include: 456 

• Advanced understanding and quantification of ecological processes and social-457 

ecological outcomes from delivery of environmental flows. Recent reviews have 458 

stressed the need for advances in theoretical, empirical, experimental and 459 

modelling approaches to advance scientific understanding of river functioning 460 

and guide future management of environmental of flow regimes (Downes, 2010; 461 

Davies et al., 2014; Palmer, Menninger & Bernhardt, 2010; Gillespie, Desmet, 462 

Kay, Tillotson & Brown, 2015; Horne et al., 2017a, b). As one approach, 463 

controlled environmental water management experiments designed and 464 
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monitored in collaboration with dam operators and stakeholders yield deep 465 

insights (Poff, Allan, Palmer, Hart, Richter, Arthington …. Stanford, 2003; Olden 466 

et al., 2014; Horne et al., 2017) and could be required as standard practice. A 467 

capacity to separate the relative effects of flow alterations from other stressors on 468 

riverine ecosystems (e.g., landuse change, water quality, alien species) is 469 

essential to guide management decisions that should be integrated at basin 470 

scale (Palmer, Menninger & Bernhardt, 2010; Gillespie et al., 2015; Horne et al., 471 

2017b). More effort is warranted to quantify flow–ecosystem and social-472 

ecological outcomes at basin and regional scales in diverse river types, climates 473 

and governance contexts (McCluney et al., 2014; Olden et al., 2014; Jackson 474 

2017; Stewardson & Guarino, 2018). The ELOHA framework offers one way 475 

forward (Poff et al., 2010; Pahl-Wostl, Arthington A, Bogardi, Bunn, Hoff, 476 

Lebel….Tsegai, 2013; Finn & Jackson, 2011). 477 

 478 

• Improved understanding of complex hydrological interactions. This includes 479 

improved understanding of groundwater-surface water interactions and 480 

processes, and how water management practices that affect both surface and 481 

subsurface flows contribute to environmental water allocations and associated 482 

management. More attention, improved assessment methods, modeling and 483 

ecological response monitoring are needed to integrate groundwater-dependent 484 

ecosystems into environmental flows assessment and management (e.g., Eamus 485 

& Froend, 2006; Richardson et al., 2011; Arthington, 2012; Gleeson & Richter, 486 

2017). 487 

 488 

• Quantify/predict the interaction between hydrology, sedimentary processes, 489 

geomorphology, hydraulics, temperature, and ecological variables. Improved 490 

understanding of these interactions will help parse out the degree to which flow 491 

variability and management are the main drivers of ecological change, and how 492 

each affects physical elements (e.g., sediment, temperature) that in turn shape 493 

habitat, biological communities and ecosystem processes (e.g., Downes, 2010; 494 

Olden & Naiman, 2010). Several papers in this special issue illustrate how the 495 
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influence of flow on hydraulic processes can be linked to desirable ecological 496 

outcomes (Gendaszek et al., 2018; Mierau et al., 2018). A more process-based 497 

(“mechanistic”) understanding of such relationships is needed, integrated with the 498 

influence of limiting factors and stressors unrelated or indirectly related to flow 499 

(Palmer et al., 2010; Nestler, Stewardson, Gilvear, Webb, & Smith, 2016; Poff, 500 

2018).  501 

 502 

• Improve understanding of spatial variability and cumulative watershed effects. 503 

Relatively little work has been done on cumulative and interactive effects of flow 504 

regime alterations and the loss of spatial connectivity at various positions in the 505 

watershed (e.g., Stewardson & Guarino, 2018). Such efforts will help to 506 

disentangle the direct and indirect effects of landscape alteration (e.g., 507 

agriculture and urbanization) from ecological responses to flow alteration and 508 

loss of connectivity (e.g., Bunn, 2016). Novel research, modelling and systematic 509 

spatial analysis will also help with optimization of management strategies to 510 

restore river and riparian ecosystems (Hermoso et al., 2012; James et al., 2016; 511 

Hain et al., 2018).   512 

 513 

• Account for extreme events and non-stationarity. Establishing temporally robust 514 

environmental water targets is a challenge in complex, variable and changing 515 

water systems. This is particularly true when considering multiple temporal 516 

scales, including the role of extreme events and issues of non-stationarity 517 

associated with lagged effects from past and present changing land and water 518 

use practices and interactions with the effects of climate change (Thompson et 519 

al., 2018). Decision scaling is one approach to quantitatively project how dams 520 

might be operated to provide environmental flows under climate uncertainty such 521 

that engineering and ecological performance targets defined by stakeholders can 522 

be achieved (Poff et al., 2016). 523 

 524 

• Quantify stochasticity and uncertainty. Enhanced modelling approaches, such as 525 

Bayesian and machine learning methods, can improve our ability to account for 526 
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the stochastic nature of environmental water processes and quantify the 527 

uncertainty of ecological outcomes (Webb et al., 2017a, Webb et al., 2018a). 528 

However, improvements in modelling techniques and prediction accuracy may 529 

come at the expense of easily interpretable outcomes that resonate with diverse 530 

audiences and positively influence management decisions (Hain et al., 2018). 531 

Translating complex results into simple messages suitable for uptake into 532 

management and policy is a major challenge for the future. 533 

 534 

ADVANCING THE MANAGEMENT OF ENVIRONMENTAL WATER 535 

 536 

New evaluation tools can help ensure that management of environmental flows and 537 

lentic water regimes accounts for a broad range of water body types, a robust set of 538 

management endpoints, and the complexities of environmental, social, economic and 539 

political constraints. This section outlines themes where advances in management tools 540 

and approaches could be accomplished: 541 

 542 

• Include additional waterbody types in water allocation strategies. Relatively little 543 

work has been done on the water requirements of lentic waterbodies, wetlands, 544 

groundwater-dependent ecosystems and coastal systems, even though these 545 

may be particularly impacted by hydrologic alteration (e.g., Arthington, 2012; 546 

Gleeson & Richter, 2017). Expanding the scope of environmental watering 547 

beyond flowing waters has generated debate around terminology. Horne et al. 548 

(2017a) favor the term ‘’environmental water’ (a water volume or level) instead of 549 

“environmental flow” (quantity, timing and quality of discharge) in order to include 550 

lentic aquatic ecosystems (e.g., wetlands, billabongs, ponds, lakes) as well as 551 

flowing water bodies. However, many articles in this issue use the term 552 

environmental flows, suggesting a preference to maintain continuity of 553 

terminology. The renewed Brisbane Declaration and Global Action Plan on 554 

Environmental Flows (2018) has adopted a revised definition to embrace the 555 

many types of aquatic ecosystems dependent upon flowing, standing or sub-556 

surface fresh water, viz.: “Environmental flows describe the quantity, timing, and 557 
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quality of freshwater flows and water levels necessary to sustain aquatic 558 

ecosystems which, in turn, support human cultures, economies, sustainable 559 

livelihoods, and well-being” (Arthington et al., in review). In this definition “Aquatic 560 

ecosystems include rivers, streams, springs, riparian, floodplain and other 561 

wetlands, lakes, ponds, coastal waterbodies, including lagoons and estuaries, 562 

and groundwater-dependent ecosystems”.  563 

 564 

• Expand measurement of ecological responses to flow to reflect system 565 

dynamics. There is a need to move away from static hydrologic metrics and 566 

ecological endpoints (ecosystem states) towards a new suite of indicators 567 

(process rates, dynamic population models, state-and-transition models, and 568 

species traits) that can help measure the success of environmental flows and 569 

broader water management (Bond, 2018; Chen & Olden, 2018; Monk et al., 570 

2018; Poff, 2018, Wheeler et al., 2018). A complete understanding of biotic 571 

response to flow alteration, or to an environmental flow regime, requires 572 

information on how species (or trait guilds) respond over the short to long-term 573 

temporal spectrum, measured at the spatial scales needed for species to recruit, 574 

disperse and form meta-population and assemblage structures (Poff, 2018). 575 

Moreover, ecological responses that lie outside the standard averaging of 576 

hydrologic and ecological statistics and metrics may be essential in future efforts 577 

to account for the stochasticity of ecological systems 578 

 579 

• Embrace cultural and heritage values as well as ecosystem services. There has 580 

been some progress in traditional accounting of the societal benefits and 581 

services of environmental water (e.g., recreation, natural flood control, 582 

aesthetics, water supply, transportation), but far less work on the heritage and 583 

cultural importance of water, especially for indigenous populations (Finn & 584 

Jackson, 2011). This is particularly important in developing countries where 585 

environmental water is perhaps most needed to support basic human needs and 586 

the multifaceted dependence of indigenous peoples on aquatic ecosystems (King 587 

& Brown, 2010; Jackson, 2017). Holistic frameworks facilitate input from diverse 588 
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stakeholders (e.g., King & Brown, 2010; Poff et al., 2010; Conallin et al., 2017), 589 

and increasingly evaluate the social and cultural implications of environmental 590 

flows and water management alternatives (e.g., Finn & Jackson, 2011; Martin et 591 

al., 2015; Novak et al., 2016; O'Brien et al., 2017). Research to incorporate the 592 

social and customary relationships of indigenous people with water and 593 

ecosystems into environmental flow management and legislation is progressing 594 

(Jackson, 2017). As one example, the Water Management Act 2000 (New South 595 

Wales) requires recognition of the cultural, spiritual and heritage importance of 596 

land and water to Australian Aboriginal people. However, many social, technical, 597 

institutional and legal barriers remain to be addressed to more comprehensively 598 

embrace heritage and cultural values and perspectives into environmental water 599 

management.  600 

 601 

• Account for water scarcity and ecological drought. The growing number of areas 602 

and people facing water scarcity and drought necessitate environmental water 603 

strategies that transcend traditional water supply and demand methods, 604 

especially under changing socio-economic, climatic and environmental conditions 605 

(Bond, Lake & Arthington, 2008, Rockström et al., 2014). New approaches are 606 

needed to better address human demands for more water and new water 607 

infrastructure as well as the protection and restoration of global freshwater 608 

resources. For example, a great advance in the Murray-Darling Basin includes 609 

balancing water availability though implementation of a water market in which 610 

environmental water can be bought, sold, or leased. How can environmental 611 

water practitioners move this science forward? A desirable outcome would be to 612 

blend conservation opportunities (e.g., protection of cultural values, biodiversity, 613 

threatened species) with objectives to maintain or restore desirable elements and 614 

features of modified aquatic ecosystems in a balance with human needs for 615 

water and ecosystem services (Acreman et al., 2014b; Poff et al., 2016; Poff, 616 

2018). 617 

• Sustainable water resource development in intact watersheds. Environmental 618 

water allocations have been focused strongly on hydrologically altered systems 619 
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and their restoration, with far less emphasis or research in places that are 620 

currently hydrologically intact (e.g., Alaska, Kamchatka, South Africa). There is 621 

no environmental water roadmap for how water will be used to balance future 622 

human needs and ecological systems in regions currently unfettered by human 623 

alteration of the landscape. How can environmental water research support a 624 

better understanding of future water needs for ecosystems and people in such 625 

areas and thereby minimize degradation of currently intact ecosystems? As an 626 

example, Winemiller et al. (2016) recommend systematic spatial planning of new 627 

hydropower dams in the Mekong, Congo and Amazon basins to minimize 628 

impacts on biodiversity, especially fish, and on the people who depend largely on 629 

fisheries for livelihoods and well-being.  630 

 631 

• Apply a tiered approach to environmental flow assessment. Horne et al. (2017a) 632 

recommend a tiered approach whereby preliminary environmental water 633 

allocations can be established relatively rapidly across broad geographic regions 634 

in situations where resources for detailed assessment are limited. This first tier 635 

screening level assessment could provide initial broad spatial coverage and 636 

identify areas where more in depth social and ecological assessment is 637 

warranted. This concept has been promoted in the past and methods suited to 638 

each tier have been described (Tharme, 2003). Hain et al. (2018) champion this 639 

approach. 640 

 641 

• Active management of environmental water. Most environmental flow 642 

assessment methods are based on long-run expectations of hydrologic 643 

conditions, with targeted flow recommendations being developed at an annual 644 

scale. An increasing number of environmental flow programs require managers 645 

to actively make decisions about exactly when (and how much) water to release 646 

within these overall target recommendations. Smart decisions could achieve 647 

improved ecological outcomes for the same overall volume of water by taking 648 

advantage of unregulated inflows to rivers (known as ‘piggy-backing’; 649 

Stewardson & Guarino 2018). Similarly, decision processes may need to trade 650 
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off among ecological priorities, but possibly with different decisions among years. 651 

Tools are being developed to help inform decision making for active 652 

management of environmental water (e.g., Williamson et al., 2015; Cartwright, 653 

Caldwell, Nebiker & Knight 2017; Horne et al., 2017a). The challenge remains to 654 

use such tools within established and often inflexible institutional structures, and 655 

to encourage and support more flexible adaptive management / governance 656 

systems. 657 

 658 
CONCLUSIONS 659 

 660 

Papers in this Special Issue and other recent compilations (e.g., Arthington, 2012; Poff 661 

& Matthews, 2013; Acreman et al., 2014a; Horne et al., 2017a, b; Webb et al. 2018a) 662 

demonstrate impressive advances in environmental water science, modelling, 663 

implementation and management over the past decade. The challenge for 664 

environmental flow scientists and practitioners in the Anthropocene is to build on past 665 

achievements, strengthen the basic science, and develop more advanced, dynamic and 666 

scalable streamflow and ecohydrological models linked to integrated implementation 667 

frameworks. This will help to sustain the innate resilience of aquatic ecosystems under 668 

non-stationary and uncertain environmental and societal futures. Opportunities abound 669 

to advance understanding of complex ecohydrological processes in diverse aquatic 670 

ecosystems (including those with dependencies on groundwater), to improve tools that 671 

predict changes in these relationships over varying spatial and temporal scales, and to 672 

better quantify the inherent uncertainty associated with prediction in stochastic systems. 673 

New evaluation and decision support tools can help ensure that management of 674 

environmental water accounts for a broad range of lotic, lentic and groundwater-675 

dependent ecosystems, a realistic set of management objectives, and the complexities 676 

of cultural, environmental, institutional, economic and political constraints. The real 677 

challenge for environmental flows and environmental water management is to “develop 678 

the capacity to more confidently state under what circumstances flow interventions will 679 

be successful and resilience can be achieved” (Poff, 2018). We see the emerging 680 

frontier of environmental flows and water science as urgent and challenging, with 681 
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numerous opportunities for reinvigorated science and methodological innovation in the 682 

expanding enterprise of environmental water linked to ecological sustainability and 683 

social well-being.   684 
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