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Editorial on the Research Topic

Environmental flows in an uncertain future

Introduction

The implementation of comprehensive environmental flow programs for all

freshwater ecosystems worldwide, has never been more urgent. Globally, human

population growth and activities are placing increasing pressure on freshwater

resources, leading to competition for ever scarcer water and overallocation (Tickner

et al., 2020; Vanham et al., 2022). Coupled with climate change and increased incidences

of drought and flooding, these shifting patterns of water use, and allocation have severely

impacted flowmagnitudes, durations, and timing in rivers around the world (Estrela et al.,

2012; Dettinger et al., 2015; Murgatroyd et al., 2021) and caused widespread degradation

of aquatic biodiversity and ecosystem condition (Vörösmarty et al., 2010). These effects

are exacerbated by the associated changes in temperature, contaminants, nutrients, and

sediments which are modulated by altered flows (Olden and Naiman 2010).

Increasing non-stationary conditions associated with climate change introduce

additional uncertainties and complicate challenges in achieving water security under

increasing demand, modified environmental conditions and socioeconomic constraints

(Arthington et al., 2018a). The combination of uncertainty in downscaled climate

predictions, effects of prolonged droughts, and unpredictability in patterns of future

water demand for urban, agricultural, and industrial uses makes long-term

implementation of environmental flows programs challenging. There also remain

considerable challenges in predicting how the ecosystem will respond to streamflow

conditions outside those in recent history (Tonkin et al., 2019). Moreover, changing social

and political priorities make it difficult to predict which innovative and integrated
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solutions to water resource management programs aimed

reducing water scarcity can be effective, while still protecting

the environment (Wineland et al., 2022).

New approaches are needed to assess and manage risk to

aquatic environments that balance current needs with predicted

future climatic shifts (Poff, 2018; Horne et al., 2019; Tonkin et al.,

2019). These approaches must build on our current

understanding of managing water resources in water-scarce

regions and include consideration of increasing extreme

events such as droughts and floods. Risk management,

tradeoff analysis, adaptive management, and participatory

analysis will become increasingly necessary to translate science

into practice (Poff et al., 2016). To address uncertainties

associated with the changing biophysical and sociopolitical

landscape there is a need to develop consistent approaches to

managing environmental flows in a transparent manner with

input from a broad range of stakeholders, agencies, affected

entities, and community organizations. Environmental flow

assessments and implementation must be robust under

changing climate, demands, economies, and social values.

In this Research Topic, we provide an integrated, multi-

disciplinary compilation of innovative science and policy

approaches to developing and implementing environmental

flows in water-scarce environments with multiple completing

interests, particularly when they apply to large geographic areas.

The focus is on approaches that account for heterogeneity across

spatial scales and uncertainties associated with changing climate,

and which consider additional management drivers, such as

increases in water temperature, groundwater pumping and

downstream effects on coastal resources. Collectively, these

articles provide knowledge and approaches that can be

applied and tested in other parts of the world.

Articles in this Research Topic are loosely organized around

three major themes. The first of these is the development of new

holistic approaches to establishing environmental flow

recommendations. Second, are strategies and approaches for

addressing system variability and uncertainty associated with

climate change. Third are articles that include the consideration

of new challenges, that provide opportunities for more integrated

approaches for managing river flows to meet multiple

management needs.

Advances in environmental flow
assessment methodologies

The first ten papers in the Research Topic highlight advances

in the development of methods to establish environmental flows

that are rigorous, flexible and readily implementable across broad

spatial scales. Stein et al. discusses the collaborative development

of the California Environmental Flows Framework (CEFF) as an

example of a process for developing environmental flow

recommendations at a statewide scale. The CEFF uses a tiered

functional flows approach, which focuses on protecting a broad

suite of ecological, geomorphic, and biogeochemical functions

instead of specific species or habitats. It can be applied

consistently across diverse stream types and spatial scales. The

functional flows approach complements previously developed

flow assessments such as ELOHA (Poff et al., 2010) and DRIFT

(King et al., 2003), by guiding the selection of metrics to ensure all

functional flow components and their associated physical and

biological processes are considered in the development and

implementation of environmental flow recommendations

(Yarnell et al., 2020).

A key element to implementing environmental flows across

large heterogenous landscapes is the development of

parsimonious tools that relate hydrologic (or hydraulic)

changes to ecological response, and which are readily

accessible to agencies and potentially affected communities.

The first step of this analysis requires tools to evaluate

hydrologic alteration more readily at ungauged locations.

Grantham et al. developed a machine learning model to

estimate functional flows for ungauged stream reaches across

broad spatial scales. This approach provides a pathway for

increasing the pace and scale of establishing initial

environmental flow targets. Methods of coupling hydrologic

change with ecological responses are demonstrated by Peek

et al., who established relationships between specific elements

of the annual hydrograph and biological stream condition, based

on benthic invertebrates and algae. The results indicate that

indices of biological stream condition were most closely

associated with flow alteration characterized by metrics of

seasonality and timing, such as fall pulse timing, dry-season

timing, and wet season timing. Magnitude metrics, such as dry-

season baseflow, wet season baseflow, and the size of the fall pulse

were also important in influencing biological stream conditions.

Consideration of functional flow elements of the annual

hydrograph is fundamental to designing flow regimes that can

benefit native biota under changing conditions, while still

support seasonal human uses.

Implementation of the tools discussed in the first three

papers is demonstrated in a pair of companion papers

illustrating application of CEFF in a highly altered watershed

in CA, United States. Taniguchi-Quan et al. used the California

Environmental Flows Framework to develop ecological flow

needs based on distinctive components of the natural flow

regime in a highly altered watershed (Figure 1). Their

approach allowed for consideration of the effects of altered

channel morphology and specific life history needs for species

of management concern (Figure 1). Effects of channel

morphology were also illustrated by Yarnell and Thoms who

demonstrated how floodplain reconnection helped achieve

functional environmental flows.

Subsequently, Irving et al. applied the approach developed by

Taniguchi-Quan et al. to identify high priority sub-basins for

implementing flow management actions, in order to optimize
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local ecological resources. The prioritization process accounts for

the appropriate level of sensitivity, provides broad accounts of

ecological benefits, and reduces classification errors.

Successful environmental flow approaches must allow for

the incorporation of the needs of the environment for water

alongside the other multiple demands on the resource and

provide transparent mechanisms to consider complementary

and competing demands, and the associated benefits and

tradeoffs, for all affected parties. Willis et al. demonstrated a

process to evaluate tradeoffs between different environmental

flow strategies, based on either functional flows or percentage of

natural flows. They found that in some cases, functional flows

can provide increased ecological benefits in certain

circumstances, while still allowing modest increases in

hydropower production. Similarly, Serra-Llobet et al. showed

that cost-effective multi benefit projects can be designed that

both reduce flood risk and restore ecosystems, with the

principal barriers often being institutional and regulatory,

rather than technical. Maskey et al. provide an example of

the importance of considering multiple management needs as

part of the inherent tradeoffs of environmental flows. They

demonstrate, in a study of reservoir operations in the San

Joaquin Basin, CA, United States that the combination of

hydropower reservoir operations and climate change can

alter hydrology in potentially ecologically detrimental ways,

and that reservoir operations have substantially greater affect

than climate change effects. They conclude that in the future,

modifying reservoir operations has the potential to mitigate

some effects of climate change on flows.

The institutional barriers to investigating tradeoffs in water

allocation can be partially overcome by an inclusive process that

accounts for local knowledge and builds a broad constituency for

supporting and implementing environmental flow programs.

Mussehl et al. discuss how to fill a critical gap in developing

environmental flow recommendations using a participatory

governance framework to incorporate diverse stakeholder

views and knowledge. They demonstrate how inadequacies in

public participation engagement with local communities and

Indigenous peoples, can be remedied using a holistic framework

for incorporating a diversity of stakeholder views. The proposed

framework unifies current participatory engagement approaches

into the environmental flows assessment method for a complete

engagement strategy.

Addressing uncertainty and change in
environmental flow assessments

One of the most challenging aspects of implementing

environmental flow programs is addressing uncertainty associated

with the non-stationarity of dynamic systems and climate regimes.

Judd et al. highlight the need to reassess the foundation of

environmental flow assessments and how objectives can be

established considering non-stationarity. Judd et al. present a

FIGURE 1
Conceptual model for refining ecological flow needs for wet-season and dry-season baseflow and spring recession flow components, based
on black willow habitat in the United States (from Taniguchi-Quan et al.)
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process for developing “climate ready” environmental flow targets

that use concepts of persistence, adaptation, and transformation to

ensure targets do not become obsolete and are achievable under

future hydrologic and ecologic conditions. The paper highlights that

consideration of climate change in existing environmental flow

assessments is rare. Campbell et al. illustrate how a variable and

changing climate can be considered by proposing new indicators

that capture the dynamic condition for non-woody vegetation, to

better characterize the effects of environmental watering over

changing climatic conditions.

Horne et al. examine the complete environmental flows

assessment process and call for a rethink of current

approaches so that they better meet the needs for managing

environmental water under climate change and uncertainty. This

process addresses five key considerations of environmental flow

assessments under change and uncertainty: 1) acknowledgement

of uncertainties, 2) stakeholder engagement, 3) multiple sources

of knowledge, 4) modelling that supports tradeoffs and change,

and 5) links to monitoring. The suggested approach requires a

shift in all aspects of the environmental flows assessment process

to actively consider management under conditions of non-

stationarity.

Bond et al. examine modelling approaches that better capture

ecological response to a changing flow regime. They show that

lags in species recovery following major drought may be

exacerbated by changing flow conditions, but that there is

considerable variability and uncertainty. They conclude that

state-and-transition simulation models may provide a

parsimonious approach to evaluating changes in stream

communities by overcoming many of the data challenges

associated with more complex mechanistic models.

John et al. apply “stress testing methods” to evaluate the

feasibility of establishing environmental flows under future non-

stationary climate conditions. They address many of the previous

technical challenges of applying stress testing methodologies at a

larger spatial scale and across multiple interconnected objectives

as required to assess environmental flow objectives. Stress testing

results showed that increasing environmental entitlements

yielded the largest benefits in drier climate futures, whereas

relaxing river capacity constraints (allowing more targeted

delivery of environmental water) offered more benefits for

current and wetter climates. Ultimately, there was a degree of

plausible climate change beyond which none of the adaptation

options considered were effective at improving ecological

outcomes and transformative options would need to be

considered.

Emerging issues for environmental
flow assessments

Environmental flow programs must continue to evolve and

adapt to better accommodate emerging needs and management

issues beyond the effects of surface flow regimes on stream and

river ecology (Arthington et al., 2018b). This Research Topic

includes four articles that provide examples of emerging issues

that require some enhancement of environmental flow efforts.

These include management needs related to groundwater effects,

flow induced changes in temperature and its effect on instream

biological communities, and the effects of flow management on

downstream estuaries and other coastal resources.

Yarnell et al. applied the California Environmental Flows

Framework (CEFF) to evaluate the relative contribution of

groundwater inputs to streamflow and how surface-

groundwater interactions should be accounted for in

environmental flow assessments and management actions. The

outcomes created opportunities for integrated surface-

groundwater management strategies that support the recovery

and protection of streamflow in groundwater-influenced

streams. The Research Topic of confounded stressors was also

evaluated by Abdi et al., who modeled the effect of water reuse on

temperature to illustrate the combined effects on sensitive species

and habitats. They demonstrated that managing flow along with

substrate modification and shading could reduce water

temperatures to within thermal tolerance ranges necessary to

support steelhead migration in the highly urbanized Los Angeles

River, United States.

The outcomes of environmental flow programs also extend

beyond the riverine environment. Brookes et al. quantified how

environmental flows improved outcomes for a coastal lagoon

system by preventing the ingress of saline water. The fresher

conditions created by environmental water provision supported a

considerable expansion of suitable fish habitat area. This is a less

commonly encountered example of assessing the effect of

environmental flow management on estuarine systems.

Similarly, Chilton et al. reviewed environmental flow

requirements of estuaries to: 1) identify the key ecosystem

processes (hydrodynamics, salinity regulation, sediment

dynamics, nutrient cycling and trophic transfer, and

connectivity) modulated by freshwater flow regimes, 2)

identify key drivers (rainfall, runoff, temperature, sea level rise

and direct anthropogenic impacts) that generate changes to the

magnitude, quality and timing of flows, and 3) propose

mitigation strategies (e.g., modification of dam operations and

habitat restoration) to buffer against the risks of altered

freshwater flows and build resilience to direct and indirect

anthropogenic disturbances.

The nineteen articles included in this Research Topic provide

examples of technical tools, participatory approaches, modeling

and tradeoff analysis and implementation strategies that advance

the concepts, knowledge, and practice of managing

environmental flows under uncertain conditions. The findings

and innovative approaches presented will be instructive for the

advancement of environmental flows globally, helping contribute

to the roadmap needed for the protection and restoration of

aquatic ecosystems well into the future. The Research Topic of
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articles also highlights technical advances necessary to continue

improving environmental flow management, including: 1) the

need for models that can better simulate and be used to evaluate

competing water needs under future hydroclimatic scenarios and

in consideration of multiple ecosystem needs (Chen and Olden

2017); 2) the need to consider species dispersal across catchments

in response to climate change and shifting water use practices;

and 3) the need to evaluate the resilience of environmental flow

approaches to multiple compounding stressors to improve our

ability to adaptively manage systems in light of increasing

demands and uncertainty (Tonkin, 2022).
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The California Environmental Flows
Framework: Meeting the Challenges
of Developing a Large-Scale
Environmental Flows Program
Eric D. Stein1*, Julie Zimmerman2, Sarah M. Yarnell 3, Bronwen Stanford4, Belize Lane5,
Kristine T. Taniguchi-Quan1, Alyssa Obester4, Theodore E. Grantham6, Robert A. Lusardi 3

and Samuel Sandoval-Solis 3,7

1Southern California Coastal Water Research Project, Costa Mesa, CA, United States, 2The Nature Conservancy, Sacramento,
CA, United States, 3Center for Watershed Sciences, University of California, Davis, Davis, CA, United States, 4California
Department of Fish andWildlife, Sacramento, CA, United States, 5Department of Civil and Environmental Engineering, Utah State
University, Logan, UT, United States, 6Department of Environmental Science, Policy and Management, University of California,
Berkeley, Berkeley, CA, United States, 7Land, Air, Water Resources Department, University of California, Davis, CA, United States

Environmental flow programs aim to protect aquatic habitats and species while
recognizing competing water demands. Often this is done at the local or watershed
level because it is relatively easier to address technical and implementation challenges at
these scales. However, a consequence of this approach is that ecological flow criteria are
developed for only a few areas as dictated by funding and interest with many streams
neglected. Here we discuss the collaborative development of the California Environmental
Flows Framework (CEFF) as an example process for developing environmental flow
recommendations at a statewide scale. CEFF uses a functional flows approach, which
focuses on protecting a broad suite of ecological, geomorphic, and biogeochemical
functions instead of specific species or habitats, and can be applied consistently across
diverse stream types and spatial scales. CEFF adopts a tiered approach in which statewide
models are used to estimate ecological flow needs based on natural functional flow ranges,
i.e., metrics that quantify the required magnitude, timing, duration, frequency, and/or rate-
of-change of functional flow components under reference hydrologic conditions, for every
stream reach in the state. Initial flow needs can then be revised at regional, or watershed,
scales based on local constraints, management objectives, and available data and
resources. The third tier of CEFF provides a process for considering non-ecological
flow needs to produce a final set of environmental flow recommendations that aim to
balance of all desired water uses. CEFF was developed via a broad inclusive process that
included technical experts across multiple disciplines, representatives from federal and
state agencies, and stakeholders and potential end-users from across the state. The
resulting framework is therefore not associated with any single agency or regulatory
program but can be applied under different contexts, mandates and end-user priorities.
The inclusive development of CEFF also allowed us to achieve consensus on the technical
foundations and commitment to applying this approach in the future.
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INTRODUCTION

For decades, river scientists have been working to understand the
quantity, quality, and timing of flows needed to sustain healthy
river ecosystems. This work has resulted in the development of
approaches for defining enviornmental flows that recognize the
importance of natural flow variability and ecosystem functions
(Poff et al., 2010; Richter et al., 2012; Horne et al., 2017). In
addition to the direct, predictable impacts of flow changes on
ecological condition (Poff et al., 1997; Bunn and Arthington 2002;
Arthington 2012), researchers have increasingly recognized the
role of other factors in mediating the relationship between flow
and ecology, including the physical form and structure of the
stream channel, impairments to water quality, and biological
interactions among species (Beechie et al., 2010; Wohl et al., 2015;
Yarnell et al., 2015; Mazor et al., 2018). As a result, researchers
and water resource managers have advocated for holistic
environmental flow assessment methods designed to support
physical, chemical, and biological functions of streams that, in
turn, sustain ecosystem health (Poff and Matthews 2013; Palmer
and Rui 2019; Tickner et al., 2020). Despite these scientific
advances, assessing environmental flows in a holistic manner
faces significant obstacles. Many of the holistic approaches used
to develop ecological flow needs (or requirements) are extremely
complicated and difficult to implement, require significant
funding, and are limited to local sites and not readily
transferable (Chen and Olden, 2018). Thus, managers continue
to use relatively simple affordable tools that focus on the needs of
a single species or life stage and fail to address the spatial
complexity and/or temporal variability required for a healthy
river ecosystem (Arthington et al., 2006; Meitzen et al., 2013;
Horne et al., 2019).

In addition to the technical challenges of assessing
environmental flows, implementation faces significant socio-
economic and regulatory barriers. In most rivers, ecosystem
water needs must be balanced with legal requirements, public
health and safety requirements, and social values and priorities
for water, including other human uses. The process of developing
environmental flow recommendations often requires lengthy
public proceedings that can take years to resolve. As a result,
only a small fraction of the world’s rivers has formal protections
of environmental flows (Smakhtin et al., 2004; Tickner et al.,
2020). There remains a need to accelerate implementation
and improve the effectiveness of environmental flows in
supporting the ecological health of rivers and streams (Reid
et al., 2019; van Rees et al., 2021). In particular, water
managers need a consistent approach for transforming
complex environmental data into scientifically defensible, easy-
to-understand environmental flow recommendations that are
effective in supporting a broad range of ecosystem functions
and preserving the multitude of benefits provided by healthy
rivers and streams.

The challenges of developing ecologically protective,
implementable, environmental flow recommendations can
be exacerbated in drier climates, regions that support
sensitive species or habitats, and areas with high levels of

competition for water resources (Arthington et al., 2012;
Horne et al., 2017; Tickner et al., 2020b). California is
emblematic of these challenges due to its expansive water
infrastructure and over-allocated surface water supplies
(Grantham and Viers 2014), in addition to high regional-
scale diversity of climate, geology, and elevation that
supports diverse stream types with highly variable flow
regimes (Ode et al., 2016; Lane et al., 2017). Intense
human water-use pressures, coupled with high geographic
diversity, broad range of management needs (e.g., urban
water supply, agriculture, forestry, fisheries management,
species protection), and a complex and highly fractured
governance structure has resulted in piecemeal approaches
to establishing environmental flow recommendations across
the state, making development of a statewide environmental
flows program particularly daunting.

In 2017, a collaborative team of agency personnel, academic
researchers, and non-governmental organization scientists from
across the state of California formed an Environmental Flows
Workgroup to create a framework for developing environmental
flow recommendations statewide. The goal of the workgroup was
to develop a shared, scientifically defensible approach to
protecting river ecosystems that would be flexible enough to
be used statewide by a variety of different stakeholder groups. The
workgroup also explicitly sought to incorporate a holistic
understanding of flows needed to sustain the physical,
biological, and chemical functions of streams in a way that
was easily accessible to managers. Finally, the workgroup
focused on building an inclusive process that incorporated
feedback throughout to ensure that the final product was
useful and useable by the target end user community. The
workgroup built on a 2014 review of methods for establishing
environmental flow needs (Dahm et al., 2014), that included
consideration of the Instream Flow Incremental Methodology
(IFIM) and the Ecological Limits of Hydrologic Alteration
(ELOHA). The review recommended a regional approach that
draws from the strengths from these two methods and includes a
hydrologic classification and analysis, site specific fieldwork and
extrapolation, definition of environmental flow regime,
interaction between scientists and stakeholders, as well as an
adaptive management protocol.

The result of this effort is the California Environmental Flows
Framework (CEFF; CEFWG 2020). While developed for
California, CEFF provides a case study to illustrate how large-
scale environmental flow programs can be designed in a
technically defensible and practically implementable manner.
This paper presents the guiding principles and approach
underlying CEFF and describes a process for stakeholder
coordination, initial testing, and outreach that may be
instructive for other large-scale programs. We also outline
ongoing challenges for successful long-term implementation,
foremost of which is ensuring the technical and policy
infrastructure to support CEFF is established in a manner that
accomplishes the overall goals of resource protection and
sustainable water use with opportunities for adaptive
management and refinement over time.
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GUIDING PRINCIPLES FOR DEVELOPING
THE CALIFORNIA ENVIRONMENTAL
FLOWS FRAMEWORK
Key objectives of CEFF are to provide a consistent approach and
set of tools for developing environmental flow recommendations
across California’s diverse landscape; incorporate a more holistic
understanding of flow and the physical, biological, and chemical
functions it sustains in a way that is accessible to managers;
standardize, streamline, and improve transparency of
environmental flow assessments; provide flexibility to
accommodate diverse management goals and priorities; and
improve coordination and data sharing among management
agencies and other stakeholders. To realize these objectives,
CEFF development was guided by the following key principles.

Functional Flows Approach
Functional flows are distinct aspects of a natural flow regime that
sustain the ecological, geomorphic, and biogeochemical functions
upon which native aquatic communities depend (Escobar-Arias
and Pasternack 2010; Yarnell et al., 2015). By focusing on the
functions provided by flow variability within and among seasons,
functional flows offer a more effective means of improving river
ecosystem health than conventional approaches (Grantham et al.,
2020). Conventional environmental flow approaches often focus
on species-specific or life-stage specific flow requirements (e.g.,
Bovee 1982) or seek to explicitly link individual flow metrics to
specific ecological response metrics (e.g., Poff et al., 2010). By
omitting consideration of other aquatic species, community
interactions, the physical landscape, and physical or chemical
processes, these traditional approaches are typically not
protective of the broader river ecosystem over large spatial or
temporal scales. In contrast, a functional flows approach
characterizes key flow components, via a suite of flow metrics,
that are ecologically protective across rivers and species (Yarnell
et al., 2020), and thus provides a mechanism to address a diversity
of stream types and management needs within a large-scale
environmental flow program.

A functional flows approach supports overall ecological
function by identifying the components of the annual

hydrograph necessary to support geomorphic and biological
processes. This approach recognizes that all components of the
natural flow regime are necessary to support freshwater
biodiversity (Bower et al., 2021) and that different elements of
the flow regime work together to support diverse species
assemblages (Figure 1; Yarnell et al., 2015, 2020). The
approach emphasizes both intra- and inter-annual flow
variability and spatial heterogeneity of flow needs; for
example, flows necessary to support floodplain inundation in
low gradient systems may be different from flows necessary to
support sediment movement in higher gradient systems.
Similarly, higher spring flows in wet years may better support
native fish communities, while lower spring flows in dry years
may be more advantageous to native amphibians. A function-
based approach is also critical for accommodating non-
stationarity in environmental conditions associated with
shifting climatic patterns. Poff (2017) emphasizes that to
provide for long-term resiliency, environmental flows must
evolve from state-based to process-based approaches that are
both temporally and spatially variable and account for “non-flow”
factors such as temperature and sediment.

The focus on function also provides more flexibility as
managers work to balance ecological and non-ecological needs.
Rather than prescribing specific daily or monthly flows, the
approach provides seasonal ranges and prioritizes flows to
support ecological functions. For example, managers could
evaluate a range of scenarios with variable flow timing and
magnitude to achieve the function of providing migration cues
for anadromous species, rather than attempting to implement a
single static value. The focus on function allows environmental
water to be targeted to specific times of the year where flows will
have the greatest environmental benefit. It also recognizes that
most native aquatic species are adapted to the natural flow
variability that maintains physical processes supportive of key
life history needs (e.g., periodic overbank flooding that fills
breeding pools on the floodplain) and reduces suitability for
invasive species. Moreover, functional flows can be managed over
multiple years, providing the flexibility to emphasize ecological
uses in some years while allocating more water for other uses in
other years, thereby limiting impacts to long-term stream health.

Consistent Statewide Approach
A consistent statewide approach lowers the barriers to
implementation of more holistic environmental flows and
promotes consistency and transfer of knowledge across
individual applications. Providing readily accessible tools (and
models) allows for evaluation of ecological flow needs in any
watershed or region of the state regardless of the level of available
data or local expertise (Grantham et al., 2021). Previously, most
commonly used tools for rapidly determining ecological flow
needs in California were based on a percentage of unimpaired
flow (Tessman, 1980). Although easy to apply, these approaches
often fail to support a broad suite of ecological functions and can
result in inefficiencies in water allocation that foster conflicts
between competing water demands. CEFF can be used to
determine function-based ecological flows in watersheds across
the state and be adapted to a variety of management contexts.

FIGURE 1 | Schematic representation of an idealized annual hydrograph
associated with key physical processes (yellow bars) and species needs
(green arrows) that are supported by functional flows. Modified from Yarnell
et al., 2010.
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These statewide tools make it possible for state, regional, or
watershed agencies and programs to rapidly develop
environmental flow recommendations that support a broad
suite of ecological and geomorphic functions for their location
of interest. Consistent assessment approaches can also be helpful
in illustrating the connections between hydrology and ecology in
a manner that is accessible to local managers and stakeholders
and can encourage deeper investigation based on local priorities
and resources. When implemented, innovations and expansions
developed to support local uses can be incorporated back into the
statewide framework, allowing it to continue to evolve and
improve.

Tiered Structure
A tiered approach provides a consistent foundation that is
broadly applicable as well as mechanisms for expansion and
intensification to meet local and regional needs. Many programs
aim to establish environmental flow recommendations to balance
water needs associated with agricultural production, urban water
demands, groundwater management, energy production, or other
uses. Availability of data and tools, as well the level of detail
necessary to conduct tradeoff analysis, may vary across programs
(or regions). Opperman et al. (2018) developed a tiered approach
to developing environmental flow recommendations by
beginning with desktop analyses and incorporating additional
data and resources as needed. We have expanded on the concept
by providing the predicted natural range of functional flow values
as a starting point for ecological flow needs that can be readily
applied across an entire region or state. The tiered approach also
provides transparency aroundmanagement objectives at each tier
of the framework, by providing an “ecological-only”management
scenario based on natural functional flow components in the first
tier, the ability to account for local circumstances (e.g., altered
sediment regimes, channel incision, invasive species, water
quality) in the second tier if needed, and specific management
objectives for balancing ecological outcomes and human water
needs in the third tier.

CEFF is structured so that managers can choose to develop
environmental flows using a readily available statewide functional
flows dataset (Grantham et al., 2021), or can draw extensively on
site-specific information, depending on need and data
availability. The first tier allows for rapid determination of
ecological flow needs for all stream reaches in the state
through the application of statewide models that provide
estimates of natural flow ranges. This consistent process
lowers barriers to initial development of environmental flow
programs associated with insufficiency of local data. In areas
where potential for conflict with other water uses is low, the first
tier products based on natural flows may be sufficient and/or may
provide interim flow recommendations until additional data or
models can be developed. The second tier allows for
consideration of local physical or biological conditions that
require additional analysis to increase certainty in ecological
flow needs; this may be particularly important in areas where
the potential for conflict with other uses is high. The third tier
guides managers through a process to develop final
environmental flows that evaluates trade-offs between human

and ecological needs, when necessary. Human water needs only
inform the third tier, so the tiered structure also clearly
distinguishes the scientific process of determining ecological
flow needs from the sociopolitical process of balancing
ecological and non-ecological water demands.

Broad Applicability Across Programs
California has a diverse set of local agencies, water users,
stakeholders, and other parties that are involved with and
affected by environmental flow decisions. An environmental
flows framework must be robust enough to apply across
numerous programs with different mandates and objectives.
Existing laws, policies, and processes focused on water quality,
water supply, and habitat often also relate to environmental flows
resulting in piecemeal and uncoordinated approaches.
Furthermore, state and local ordinances may have competing
objectives that can constrain environmental flow implementation
(e.g., stormwater management, wastewater discharge
requirements, water recycling policies). California’s “first in
time, first in right” system of water rights, combined with
overallocation of many river systems, has led to conflict
among water users that does not fully integrate ecosystem
needs (Grantham and Viers, 2014). For an environmental
flows framework to be successful over the long-term, it must
be flexible enough to be applied to address a broad range of
management needs, such as stream restoration, dam releases,
fisheries management, water recycling, and groundwater
recharge. Broad applicability helps ensure that the framework
is not “owned” by any one agency or program, but is a product of
the collective, allowing a consistent set of tools and approaches to
be more uniformly applied.

Stakeholder-Driven Process
Early, ongoing, and transparent interaction with stakeholders
improves trust and helps to build agreement on key management
objectives and approaches to meet them. Past studies have shown
that analytical results alone cannot produce decisions (Failing
et al., 2013); decisions are the product of stakeholder values.
Stakeholder factions often have different values based on both
cognitive and emotional perspectives. Successful development
and implementation of an environmental flows program requires
mechanisms for coordination among agency programs to achieve
consensus on a technical approach and for providing maximum
transparency and opportunity for engagement by the larger
stakeholder community.

Hall et al. (2021) lay out a process for meaningful public
engagement in the scientific process. They argue that useful
public participation in science is not a function of simply
asking for assistance, but a function of relationships of trust
and respect earned over time. Researchers must commit
themselves to cultivating on-going relationships with a broad
array of community members (Burdett et al., 2021; Golladay et al.,
2021), and these relationships cannot solely be based on
researchers’ needs. Instead, relationships should be built on
mutual understanding that emerges when research design and
execution are informed by community members’ place-based
experiences. An example of broad stakeholder coordination is
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development of the Nile Basin Initiative (NBI 2017), arguably,
one of the most ambitious environmental flows efforts globally.
The Nile Basin Initiative produced a 10-year strategy among ten
member states to achieve sustainable water use through equitable
utilization of water resources. Development of the NBI was a
broadly inclusive process that resulted in six goals that address
agricultural, ecological, hydropower, and socioeconomic
interests.

Stakeholders may not always come to consensus on the
trade-offs inherent in choosing a set of environmental flow
recommendations for implementation, but clarity around
management objectives and trade-offs provides
transparency for how decisions are made and a framework
for adaptive management if management objectives are not
fully achieved.

CALIFORNIA ENVIRONMENTAL FLOWS
FRAMEWORK DEVELOPMENT PROCESS

CEFF was developed through multiple layers of collaboration and
coordination with technical experts, key agencies, and potentially
affected stakeholders based on the guiding principles discussed
above. Technical development was led by a cross-disciplinary
team of scientists and engineers working collaboratively with
environmental flow practitioners from state agencies. The team
drew from environmental flow experiences around the world to
develop an approach that is both rigorous and practical. The
broad technical expertise and experiences of the development
team included hydrology, geomorphology, ecology, modeling,
and statistical analysis. Proposed technical approaches were
vetted through agency experts to ensure that the ultimate
framework and products were compatible with agency
mandates and implementation capability. The key elements of
success of this group were the close working relationship between
agency and outside technical experts, including shared
workloads, consistent sharing of data and technical outputs,
and routine communication. This produced a level of
understanding and trust among the technical workgroup and
fostered broader outreach to other technical experts around the
state. Ultimately, this led to CEFF being a product of the collective
and not a product of any single agency or program.

Agencies with traditionally different objectives were
involved throughout the development of CEFF, including
the State Water Resources Control Board, which is
responsible for balancing human and ecological water
needs, and the California Department of Fish and Wildlife,
which determines flow needs in streams and rivers for fish
and wildlife. Because CEFF was not developed to support any
one regulatory program and is not a regulatory tool, agencies
had the opportunity to co-develop CEFF so that it could be
applied across a variety of contexts and augmented to meet
their program-specific needs. For example, the California
Department of Fish and Wildlife is using CEFF products
to inform the development of ecological flow criteria for
priority watersheds when site-specific data are unavailable,
or site access is limited; they have also used CEFF tools to

complement some of their site-specific technical studies. The
State Water Board is using CEFF to inform allowable water
withdrawals associated with cannabis cultivation and
diversions of treated wastewater associated with the State’s
Recycled Water Policy. Involvement of multiple agencies
throughout the process ensured that the final products
would be useful in addressing a broad range of mandates
and helped spread funding and program management costs
and responsibilities among programs.

Technical development of CEFF was coupled with a broad
stakeholder engagement process centered around a statewide
environmental flows workgroup. This workgroup was
established by the State’s Environmental Protection and
Natural Resources agencies as a forum for discussion of
assumptions and approaches used during CEFF development.
This workgroup includes federal, state, and local agency
representatives, watershed groups, and other entities involved
in developing and implementing environmental flow programs
at the watershed or regional level, and it was co-chaired by
the State Water Resources Control Board and the California
Department of Fish and Wildlife. The workgroup provided
a mechanism for feedback from a variety of stakeholders
and instream flow practitioners during the formative stages of
CEFF development. The technical development team
presented draft technical products and discussed alternative
approaches at each step. Iterative adjustments were made to
address stakeholder questions and concerns throughout the
development process.

As part of stakeholder coordination, several watershed groups
partnered with the development team to conduct “proof of
concept” investigations. These initial applications were critical
in helping to refine the approach in a way that could be
implemented across the diverse climatic and physical
landscape of California. For example, several watershed
groups used CEFF to determine ecological flow needs for the
Cosumnes River in the Central Valley agricultural region to be
used in future flow negotiations and paired this work with
other efforts to address groundwater sustainability in the
watershed. In southern California, CEFF was used in the
urbanized San Juan Creek watershed management area to
prioritize streams for restoration based on locations where
restoring functional flows would result in greatest ecological
gain (Irving et al., 2021) and to develop refined ecological
flow needs that consider altered physical habitat (Taniguchi
et al., 2021). Partnering with local workgroups provided a
mechanism to determine the ability for CEFF to accommodate
the vast array of local circumstances and provide feedback to the
overall statewide approach to facilitate maximum applicability.
At the same time these local groups help build a broad
constituency for CEFF and a level of trust in the underlying
technical foundation. Ultimately, the aim is to have this network
provide “bottom-up” support for ongoing implementation of
CEFF in concert with the relatively “top-down” approach used
during the development phase. This hybrid approach has proven
to be successful over the long term by reducing resistance to pure
command-and-control approaches and ensuring that specific
social, cultural, and economic considerations are accounted for
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in program implementation (Yohannes 2001; Chiranjeewee and
Vacik 2012).

OVERVIEW OF THE CALIFORNIA
ENVIRONMENTAL FLOWS FRAMEWORK

The technical approach of CEFF is based on functional
flows–i.e., distinct aspects of a natural flow regime that sustain
ecological, geomorphic, or biogeochemical functions, and that
support the specific life history and habitat needs of native aquatic
species (Yarnell et al., 2015). Most California streams have five
functional flow components that support several critical physical,
biogeochemical, and biological functions that maintain river
ecosystem’s health and satisfy life history requirements of
native species (Figure 2; Yarnell et al., 2020):

• Fall pulse flow: Following first major storm event at the end
of dry season

• Wet-season peak flow: Coincides with the largest storms in
winter

• Wet-season baseflow: Sustained by overland and shallow
subsurface flows in the periods between winter storms

• Spring recession flow: Represents the transition from the wet
to dry season and is characterized by a steady decline of
flows over a period of weeks to months

• Dry-season baseflow: Sustained by groundwater inputs to
rivers

Managing for these five functional flow components
preserves essential patterns of flow variability within and
among seasons, but it does not mandate either the restoration
of full natural flows or maintenance of historical ecosystem
conditions. Although the five natural functional components
of flows are recognized in all of California’s rivers, their flow
characteristics–magnitude, timing, frequency, duration, and
rate of change–vary regionally. For example, the spring
recession flow component will have a larger magnitude

and longer duration for snowmelt-dominated rivers in the
Sierra Nevada than for the flashy, ephemeral rivers in the
South Coast. Characteristics of the functional flow
components also vary by water year type (e.g., wet,
moderate, dry). These functional flow components can be
quantified by a suite of functional flow metrics—quantitative
measures of the flow characteristics of each of the five
functional flow components—that reflect the natural
diversity in flow characteristics throughout the state.

CEFF uses a tiered approach that begins with general statewide
environmental flow recommendations based on natural
hydrology, progresses through site-specific adjustments, and
finally reconciles with non-ecological flow needs (Figure 3).
The first two sections focus on development of consistent,
scientifically-supported estimates of ecological flow needs,
expressed as quantifiable metrics that describe ranges of flows
that must be maintained within a stream and its margins to
support the natural functions of healthy ecosystems. The final
section provides a process whereby non-ecological management
objectives, including water needs for people, are evaluated and a
final set of environmental flow recommendations are produced.
An example output of CEFF is shown in Table 1. The final
framework does not prescribe flows that must be implemented,
but instead outlines a method for quantifying flows that support
ecological function and assessing trade-offs among multiple
competing objectives to meet the needs of different
stakeholder groups.

CEFF Section A-Identify Ecological Flow
Needs Based on Natural Functional Flows
Section A of CEFF provides guidance for evaluating ecological
flow needs based on natural functional flow metrics. Natural
functional flow metrics have been quantified for all stream
reaches in California (Patterson et al., 2020; Grantham et al.,
2021). Reference expectations are generated by a statewide model
of reference hydrology that is based on physical and climatic
watershed characteristics and provide a consistent starting point
for all environmental flow assessments. The flow metrics

FIGURE 2 | Functional flow components for California depicted on a representative hydrograph. Blue line represents median (50th percentile) daily discharge. Gray
shading represents 90th to 10th percentiles of daily discharge over the period of record (Yarnell et al., 2020).
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produced by the statewide model account for streams in different
climatic or physiographic settings that will have inherently
different natural flow regimes, such as the relative contribution
and timing of rainstorms, snowmelt runoff, and groundwater
discharge, all of which affect biological community composition
(Lane et al., 2018).

The outcome of Section A is a set of values for natural
functional flow metrics that characterize the natural variability

in flow that supports essential ecosystem functions. The user will
also have evaluated whether there are non-flowmediating factors,
such as altered physical habitat or water quality impairments, that
could limit the effectiveness of the natural range of functional
flowmetrics in supporting ecosystem functions. If limiting factors
are identified for one or more flow components, the user should
proceed to Section B to refine ecological flow needs for the subset
of functional flow components for which natural flows are

FIGURE 3 | An overview of three sections of the California Environmental Flows Framework, with the key questions addressed in each section.

TABLE 1 | Example output from CEFF process showing environmental flow recommendations for a subset of functional flow metrics. Ranges of flow recommendations
shown in parentheses allow for accommodation of natural variability and different water year types.

Functional flow component Flow metric Environmental
flow recommendations

Fall pulse flow Fall pulse magnitude 62 (30–180) cfs
Fall pulse timing Oct 20 (Oct 7–Oct 28)
Fall pulse duration 3 (2–7) days

Wet-season baseflows Wet-season baseflow magnitude 324 (260–410) cfs
Wet-season start timing Nov 13 (Nov 3–Nov 30)
Wet-season duration 168 (145–184) days

Peak flow 5-year peak flow magnitude 3,790 (3,000–4,800) cfs
5-year peak flow duration 3 (1–6) days
5-year peak flow frequency 1 (1–3) event(s)

Spring recession flows Spring recession magnitude 520 (300–980) cfs
Spring start timing Apr 28 (Apr 6–May 14)
Spring duration 50 (36–66) days
Spring rate of change 6 (3–10) % decline per day

Dry-season base flows Dry-season baseflow 22–23 cfs
Dry-season start timing June 20 (June 5–July 7)
Dry-season duration 151 (121–183) days
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unlikely to support ecosystem functions. If no additional limiting
factors are identified, the user can proceed to Section C to develop
final environmental flow recommendations.

CEFF Section B-Refine Ecological Flow
Needs for Components Requiring
Additional Consideration
Section B of CEFF provides guidance for determining if non-flow
impairments–such as altered physical habitat, poor water quality,
or invasive species–require further consideration because the
natural range of functional flow metrics may fail to support
desired functions. Section B allows users to account for site-
specific non-flow impairments that may change the relationship
between reference-based flow metrics and ecological outcomes.
This involves developing conceptual models, compiling data and
information, and performing quantitative analyses to assess the
relationship between functional flow components and ecosystem
responses relevant to ecological management goals (Figure 4).
The user performs a detailed analysis of the linkages between
flow, physical habitat, water quality, and biological interactions to
refine ecological flow needs for the functional flow components
requiring additional consideration. For example, consideration of
floodplain inundation during peak flood flows in an incised
channel may require site-specific data and detailed flow-
ecology relationships to refine the initial set of ecological flow
needs to support ecological functions either combined with
channel restoration or without it. At the end of Section B,
these refined needs are combined with those developed in
Section A to define a full set of ecological flow needs
associated with all functional flow components.

CEFF Section C-Developing Environmental
Flow Recommendations
Section C outlines a process for developing environmental flow
recommendations that balance ecological management goals with
other non-ecological water management objectives, such as
human uses. This section represents a transition from a
scientific process, in which ecological flow needs are developed

(Sections A and B), to a process that incorporates social values
and other management needs, including human uses of water,
public health and safety needs, and legal and regulatory
requirements. For example, application of CEFF in the Little
ShastaWatershed involved considering how to balance ecological
needs with the need for groundwater withdrawals and spring
diversions to support agricultural priorities (Yarnell et al., 2021).
In Section C, the user continues to engage stakeholders (including
traditionally underrepresented groups) to guide the development
of a final set of environmental flow recommendations and an
implementation plan for their study area.

Because users must take into account numerous sociopolitical
considerations that are often site-specific and non-scientific,
Section C provides less prescriptive guidance than Sections A
and B. Instead, Section C offers a conceptual framework,
including suggested tools, to help the user appropriately
balance ecological and non-ecological management objectives
to develop a set of environmental flow recommendations. The
end of Section C provides guidance for the development of an
implementation plan and monitoring strategy that incorporates
adaptive management principles to increase the likelihood that
environmental flow recommendations will achieve desired
management objectives.

LOOKING FORWARD TOWARD
IMPLEMENTATION

Completing an accepted and agreed upon framework for
developing ecological flow needs is only a starting point.
Developing, implementing, and sustaining environmental flow
programs in a manner that protects and restores ecological
functions requires long-term commitment from numerous
entities, a process for continually adapting and improving the
approach, mechanisms for communication and data sharing, and
sustained funding. CEFF, like many environmental flows
approaches, is complex and initial applications will inevitably
reveal challenges not contemplated during the development
process. Ongoing technical assistance and a forum for
addressing implementation challenges is critical for early
successes. Moreover, there needs to be a mechanism for sharing
positive and negative experiences from initial projects to support
and encourage continued use of the framework. To help achieve
these goals, the California Environmental Flows Workgroup has
developed an implementation workplan to support application of
CEFF. Key elements of this workplan include:

• Maintaining the statewide workgroup as a forum for
receiving, addressing, and disseminating frequently asked
questions and answers regarding CEFF application. This
will help build a consistent and engaged community of
practitioners that can ultimately support each other and
contribute to future improvements and refinements of the
approach.

• Continued development of technical tools and models for
estimating flows in ungaged streams, calculating functional
flowmetrics, and predicting biological consequences of flow

FIGURE 4 | Generic conceptual model demonstrating relationships
between a functional flow component, ecosystem functions, and ecological
response as mediated by factors such as physical habitat, water quality, and
biological interactions.
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modification. These tools will be documented and made
widely available through the state’s environmental flows
website.

• Expansion of technical tools to improve the ability to
consider groundwater interactions, effects of geomorphic
alteration (either impacts or restoration), and relationship
of flow alteration with other stressors, such as temperature
and water quality. These tools will support the ability to
refine ecological flow needs to accommodate local
circumstances (as outlined in CEFF Section B). Future
efforts will include evaluation of effects of climate change
on natural flows to support development of “climate
resilient” ecological flow needs.

• Process for documenting case studies and the associated
lessons learned (both positive and negative). A variety of
case studies are being implemented across the state. A
metadata and case study documentation template has
been developed to help users document, catalogue, and
track these case studies and associated data, products,
and reports in a clear and consistent manner. A web
portal is planned to provide ready access to these case
studies to help inform future applications of CEFF.

• Development of a monitoring and adaptive management
strategy to track and improve CEFF effectiveness. This effort
will include 1) developing consistent methods, protocols, and
data structures and 2) developing consistent performance
standards that support a process to track and assess outcomes
of flow management actions across projects. Part of the
strategy involves developing relationships with existing
monitoring programs and identifying opportunities to
partner/leverage efforts across programs.

• Development of data management infrastructure to allow
compilation of development and monitoring data. As
implementation proceeds, this structure will provide
standard data templates that will facilitate compilation of
monitoring data in a consistent manner. This will facilitate
ongoing improvement of CEFF by providing a way to use
data to improve statewide and regional models. This will
also provide the ability to track the effectiveness of CEFF
flow recommendations in supporting ecological functions.

CONCLUSION

Environmental flow programs are inherently complicated and
often contentious. Successful implementation requires a
commitment to maintain technical rigor and a willingness to
recognize and remedy weaknesses as they are identified. Given
the multitude of entities that must cooperate to implement
environmental flow programs, shared commitment and
responsibility and ongoing open and cordial dialogue are
critical. Only through such cooperation will there be sufficient
knowledge, resources, time, and funding to realize the ecological
and social benefits of managing environmental flows. The
California Environmental Flows Framework provides an
example of one approach that hopes to accomplish these goals
over time.

Although the concept of functional flows has been broadly
understood for some time (Beechie et al., 2010; Yarnell et al., 2015),
managers have lacked a mechanism for translating these concepts
to a decision-making process that could be readily implemented at
broad spatial scales. Through CEFF, managers can easily access
information about functional flows in varying watersheds and
regions and incorporate these concepts into water management
decisions. The tiered framework allows for full consideration of
ecological flow needs (Sections A and B) before trade-offs between
competing management objectives are considered and final
environmental flow recommendations are developed (Section C).

CEFF is in early phases of implementation, so the ultimate
outcomes are still uncertain. However, the time and effort
dedicated to an inclusive and transparent development process
establishes a clear roadmap and expectations that should reduce
conflicts during implementation. CEFF implementation is
envisioned as an incremental process, where early stages will
produce successes, failures, and lessons that can be used to
expand and improve the Framework over time. Therefore, the
interagency workgroup is committed to supporting pilot
application case studies that can be used to test CEFF and
learn which concepts apply well on the ground and which
require refinement. The myriad of potential applications can
never be fully anticipated, so the commitment of the statewide
team to continue to receive feedback from early adopters is key to
ensuring long-term success and acceptance of CEFF.

Providing water for the environment requires compromises to
support both ecological and non-ecological uses. This balance can
be achieved by adopting strategies that focus on maintaining
ecosystem functions over long time periods and across
watersheds as opposed to goals based on specific species or
habitats in specific locations. The functional flows approach
accounts for different needs of different stream types in
different seasons and the natural variability of flows between
wet and dry years, and it ensures available environmental water is
allocated in a way that delivers the maximum potential benefit.
This ultimately demonstrates the value of environmental flows
and provides more certainty about the amount, timing, and
persistence of available water for all uses. The functional flows
approach also offers the opportunity to adapt water allocation
programs over time in response to both short-term droughts and
long-term changes in precipitation and runoff patterns associated
with long-term climate change.
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Estuaries host unique biodiversity and deliver a range of ecosystem services at the
interface between catchment and the ocean. They are also among the most degraded
ecosystems on Earth. Freshwater flow regimes drive ecological processes contributing to
their biodiversity and economic value, but have been modified extensively in many systems
by upstream water use. Knowledge of freshwater flow requirements for estuaries
(environmental flows or E-flows) lags behind that of rivers and their floodplains.
Generalising estuarine E-flows is further complicated by responses that appear to be
specific to each system. Here we critically review the E-flow requirements of estuaries to 1)
identify the key ecosystem processes (hydrodynamics, salinity regulation, sediment
dynamics, nutrient cycling and trophic transfer, and connectivity) modulated by
freshwater flow regimes, 2) identify key drivers (rainfall, runoff, temperature, sea level
rise and direct anthropogenic) that generate changes to the magnitude, quality and timing
of flows, and 3) propose mitigation strategies (e.g., modification of dam operations and
habitat restoration) to buffer against the risks of altered freshwater flows and build
resilience to direct and indirect anthropogenic disturbances. These strategies support
re-establishment of the natural characteristics of freshwater flow regimes which are
foundational to healthy estuarine ecosystems.

Keywords: environmental flows (E-flows), estuaries, freshwater flow requirements, freshwater flow alteration,
ecosystem process and function, anthropogenic disturbance, climate change, mitigation and adaptation

1 INTRODUCTION

In many aquatic ecosystems, the freshwater flow regime, defined as the quality, quantity and
timing of flows (Kotzé, 2016), is regarded as the key variable shaping ecosystem processes
(Bunn and Arthington, 2002; Poff and Zimmerman, 2010). Any modification to the delivery of
freshwater flows has an impact on the functioning of aquatic ecosystem processes and
associated biological, chemical or physical responses (Van Niekerk et al., 2012).
Importantly, flow modifications that elicit major responses threaten the ability of an
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ecosystem to support and maintain a diverse and
resilient community of organisms (Andreasen et al., 2001;
Adams, 2014).

The flow regime influences ecosystem processes from the
headwaters of rivers and their catchments through to the
marine environment, and sometimes as far as the continental
shelf (Jutras et al., 2020; Liang et al., 2020). For example, slow-
flowing headwaters provide adequate duration for organic matter
decomposition and delivery of nutrient-rich water into the ocean,
stimulating productivity over the continental shelf (McClelland
et al., 2012). At the end of river catchments where freshwaters
transition into the sea, estuaries form an important conduit
between marine, freshwater and terrestrial realms (Gillanders
et al., 2011; Arthington, 2012; Adams et al., 2016a; Kotzé, 2016).
Strong physical, chemical and biological gradients are generated
by site-specific interactions of inflowing saline and freshwater
sources (Thrush et al., 2013; Kim et al., 2017) which drive
estuarine ecosystem processes (Figure 1), such as salinity
stratification, sediment erosion, flocculation and deposition,
and the cycling of nutrients. These processes interact over a
variety of spatial and temporal scales driven by variations of
freshwater flow (Belmar et al., 2019; Clark and O’Connor, 2019).
Because they have sharp environmental gradients, estuaries are
complex systems hosting a diversity of habitats (e.g., open water,
seagrass beds, mudflats, mangrove forests) that support a large

diversity of organisms (Barbier et al., 2011; Pinto and Marques,
2015).

Despite their ecological significance, estuaries are some of the
most degraded ecosystems on Earth (Gillanders et al., 2011;
Vermeiren and Sheaves, 2014; Kotzé, 2016). This degradation
is often rapid, due to their susceptibility from both coastal and
catchment pressures induced by climate change and direct
anthropogenic stressors (Figure 1; Waltham and Sheaves,
2015). The widespread degradation of estuaries is notably
caused due to eutrophication (Pinckney et al., 2001; Davis and
Koop, 2006; Maier et al., 2009; Howarth et al., 2011) and has been
the focus of research for many decades (e.g., Barlow et al., 1963;
Caperon et al., 1971; Livingston, 1996). However, we also
highlight the degradation estuaries have experienced as a
consequence of modifications to freshwater flow regimes
(Arthington, 2012; Kiwango et al., 2015; Stein et al., 2021),
resulting in a decline in estuarine habitat quality due to
altered ecosystem processes (Pinckney et al., 2001; Mbandzi
et al., 2018). This can induce problems, such as eutrophication
(see Section 4), due to biological responses (e.g., algal blooms,
seagrass dieback) associated with modified ecosystem structure
and function (Cottingham et al., 2018; Scharler et al., 2020).

Freshwater flow requirements to support fully functional,
healthy estuaries are largely ignored compared with those of
river and floodplain environments (Peñas et al., 2013; Adams,

FIGURE 1 | Conceptual diagram demonstrating the influences of freshwater flows on important estuarine ecosystem processes: 1) hydrodynamics, 2) salinity
regulation, 3a–e) sediment dynamics (a: catchment sediment input, b: lateral sediment exchange, c: mouth erosion/deposition, d: estuarine turbidity maximum (ETM), e:
lateral erosion), 4a–e) nutrient cycling and trophic transfer (a: biogeochemical processing and exchange between sediments, open water and atmosphere, b: catchment
nutrient and organic matter (OM) inputs, c: lateral nutrient and energy exchange, d: primary production, e: food webs), and 5a–c) hydrological connectivity (a:
longitudinal connectivity, b: lateral connectivity, c: energy transfer and faunal migrations), 6) spatial and temporal variability, and the drivers which change the influence of
freshwater flows upon the ecosystem processes: 7a-b) climate (a: rainfall, temperature, snowmelt, storms and droughts, b: evaporation and evapotranspiration, 8) sea
level rise and 9a–c) direct anthropogenic drivers (a: vegetation clearance, b: land use modification, c: in-channel structures).
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2014; Kiwango et al., 2015; Van Niekerk et al., 2019b; Stein et al.,
2021). This has been attributed to a lack of understanding of both
the mechanisms which drive estuarine ecological functioning
(Gippel et al., 2009; Peñas et al., 2013) and the responses to
changes in flow (Gippel et al., 2009; Peñas et al., 2013; Adams,
2014; Van Niekerk et al., 2019b), both of which are attributable to
a lack of long-term data (Peñas et al., 2013; Van Niekerk et al.,
2019b). Where E-flow strategies have been implemented, they are
usually tailored to individual estuaries and general principles and
lessons learnt have not been synthesised to provide transferability
to other estuary types with different geomorphological or
hydrological characteristics (Taljaard et al., 2004; Peñas et al.,
2013).

Here we seek to address the issue of specificity of E-flow
applications to individual estuaries by considering the major
underlying mechanisms that govern estuarine dynamics. We
avoided focusing on specific resources or ecosystem states
(Van Niekerk et al., 2019b) for the purpose of providing a
general conceptual understanding of how E-flow requirements
vary among estuaries. A critical review of the literature was
undertaken to:

1) Identify key ecological processes influenced by the freshwater
flow regime (hydrodynamics, salinity regulation, sediment
dynamics, nutrient cycling and trophic transfer, and
connectivity),

2) Identify key drivers (rainfall, runoff, temperature, sea level rise
and direct anthropogenic) that generate changes to the
magnitude, quality and timing of freshwater flows, and

3) Propose how direct and indirect anthropogenic alterations to
these key drivers can be mitigated to buffer against the risks of
altered freshwater flows and maintain ecological resilience of
estuaries.

Our synthesis can help guide estuarine catchment
management to define appropriate freshwater flow strategies
and limits of acceptable change in the face of current and
future climate and direct anthropogenic pressures including
climate change.

2 KEY ESTUARINE ECOSYSTEM
PROCESSES

The major processes driving estuarine ecosystems are
hydrodynamics (e.g., water circulation, mixing and flushing),
salinity regulation, sediment dynamics (e.g., sediment delivery,
deposition and erosion), nutrient cycling and trophic transfer,
and hydrological connectivity (e.g., longitudinal and lateral
exchange of water; #1–5, Figure 1). These processes are driven
by the interactions of freshwater flow and tides, which modify the
physical structure of the estuary, biogeochemical transformations
and the behaviour of organisms (Thrush et al., 2013; Belmar et al.,
2019). Variability in physical and biogeochemical process
pathways creates a wide range of ecological niches and unique
patterns of connectivity between them. This supports biodiversity
(Sun et al., 2013; Sun et al., 2015), and many organisms have

evolved life history traits tuned to the wide variations in
physicochemical conditions (Sun et al., 2015; Zhang M. et al.,
2017; Duggan et al., 2019; Izegaegbe et al., 2020).

2.1 Hydrodynamics
Freshwater flows influence the estuary hydrodynamics, i.e., the
circulation of water and associated hydrologic transport and
mixing of constituents (#1 Figure 1; Wolanski and Elliot,
2016). The degree to which flow affects estuarine
hydrodynamics is mediated by the local tidal regime, the
geomorphology of the estuary and local climate, such as the
predominant wind speed and direction (Goodrich et al., 1987;
Scully, 2010). Substantial freshwater flow can destabilise vertical
stratification and ultimately flush out brackish water (Scharler
et al., 2020). Conversely, when freshwater flow is small, it may not
prevent seawater ingress, with freshwater remaining largely intact
as a buoyant overflow above the saline water derived from the
ocean (Ortmann et al., 2011; Cloern et al., 2017). Salinity
stratification, characterised by a salt wedge, is often associated
with a turbidity maximum (#3d Figure 1) and anoxic deep waters
as the density stratification isolates the deeper waters from the
atmosphere and largely negates atmospheric re-aeration (Bruce
et al., 2014; Wolanski and Elliot, 2016). Importantly, there is
enormous variability generated by the mixing of fresh and salt
waters, flows operating at multiple temporal scales (interannual,
seasonal, diurnal, tidal and sub-tidal) and spatial variability from
the furthest marine influence (water level variations or saline
intrusion) to the estuary mouth, often encompassing major
geomorphological changes that both influence, and are
influenced by the estuary hydrodynamics.

The residence time of water in an estuary (inversely related to
the flushing rate, #1 Figure 1) is strongly influenced by freshwater
flow (Wolanski et al., 2006; Huang et al., 2020). It affects the
distribution of salinity, dissolved oxygen and resident organisms,
sedimentation rates of particulates, processing times of nutrients,
contaminants (e.g., toxins, heavy metals) and pathogens, and
contaminant exposure risk to resident organisms (Cottingham
et al., 2018; Clark and O’Connor, 2019; Fonseca et al., 2020).
Residence time can be highly variable across a range of time
scales, from interannual to tidal, and modified by estuarine
morphology.

2.2 Salinity Regulation
The length of an estuary is defined by the furthest point of tidal
influence where saline water penetrates from the mouth upstream
to the point of inflowing freshwater (#2 Figure 1; Kim et al.,
2017). Typically, a longitudinal salinity gradient runs from the
upstream areas where freshwater enters the estuary to marine
conditions at the mouth. Where estuaries receive little freshwater,
this salinity gradient can sometimes be reversed (i.e., an inverse
estuary, where the salinity is lowest at the mouth and increases
with distance upstream; Sheaves, 1996; 1998; Potter et al., 2010).
Varying salinity generated by inflowing freshwater provides a
basis for estuary classification and biological community
composition, as salinity is a key determinant of species
distributions (Doering et al., 2002; Kanaya et al., 2011;
Arthington, 2012; Peñas et al., 2013; Lee and Kuhn, 2019).
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Seasonal changes in salinity driven by variations in freshwater
discharge result in shifts in biological communities (Collocott
et al., 2014), promoting species diversity by controlling dominant
species, such as the mangrove Kandelia obovate in the Tanshui
River estuary, Taiwan, allowing for succession (Shih et al., 2011).
These fluctuations may also facilitate adaptation to highly varying
salinity conditions, promoting species with wide distributions
and competitive advantages (Sheaves, 1998). Important life cycle
events, such as the reproduction and recruitment of fishes,
jellyfish, shrimp, crabs and prawns (Sun et al., 2013; Sun et al.,
2015) and the germination of macrophyte seedlings (Kim et al.,
2013; Kim et al., 2015) are triggered by seasonal shifts in salinity.
Furthermore, these shifts can maintain a greater phytoplankton
biodiversity and promote carbon and nutrient transport via
phytoplankton (Ortmann et al., 2011). Large flow events (e.g.,
10-year or 100-year floods) can benefit estuarine biodiversity,
promoting high phytoplankton productivity as freshwater flows
subside (Steichen et al., 2020), as well as favouring opportunistic
microbenthic species over the incumbent dominant species
(Izegaegbe et al., 2020). However, there are often adverse
effects of large flow events on estuaries (Osburn et al., 2019;
Hu et al., 2020), such as changes to geomorphology and salinity,
which can cause stress to and mortality of organisms through
increased flushing and osmotic stress (Park et al., 2014).

2.3 Sediment Dynamics
The delivery, deposition and erosion of sediments in estuaries
shape their geomorphology (Kench, 1999). Freshwater inflows
transport sediment particulate material to estuaries (#3a
Figure 1) that settles out in areas of low velocity (#3b
Figure 1; Russ and Palinkas, 2020). Settling rates can be
enhanced by flocculation associated with increasing salinity
(#2 Figure 1; Yan et al., 2020). Sediment delivery is important
for building habitat structure in estuaries (#4d Figure 1; Le Pape
et al., 2013; Li et al., 2019). The deposition of fine-grained
particles allows for colonisation by plants (e.g., saltmarsh,
mangroves) and infauna (e.g., polychaetes; Le Pape et al.,
2013; Sottolichio et al., 2013; Sampath and Boski, 2016; Li
et al., 2019; Adams, 2020).

Flow-driven resuspension of particles (#3c and #3d Figure 1)
in addition to tidal currents, wind-induced surface waves and
internal waves scour and erode sediments and sand bars (Adams
et al., 2016b; Lund-Hansen et al., 1999). Flow-induced
resuspension of recently deposited sediments can stimulate
primary productivity and establish an estuarine turbidity
maximum (ETM, #3d Figure 1; Wolanski et al., 2006; Yan
et al., 2021). The ETM can be important for fish species by
providing light contrast needed to detect prey (Hasenbein et al.,
2013) or reducing light to avoid predators during juvenile life
stages (Stewart et al., 2020).

Freshwater flow interacts with marine sediments at the mouth
of estuaries. Turbulent wave action in the coastal surf zone
resuspends sediments which are transported by flood tides and
deposited in the mouths of estuaries, forming sand bars (Webster
2010; Whitfield et al., 2012). Scouring by freshwater flows can
reduce sand bar development and maintain a connection to the
sea (#3c Figure 1; Kjerfve, 1994; Webster, 2010; Whitfield et al.,

2012). An open connection to the sea allows for flushing of
sediments, nutrients and contaminants out of the estuary (Adams
et al., 2020). Scouring of bank sediments (#3e Figure 1) can
facilitate control of invasive macrophytes and maintain channel
width and open water habitat (Belmar et al., 2019).

Sediment delivery, deposition and erosion dynamics are
important processes within estuaries due to their strong
influence on the geomorphology, water quality and habitat
availability, and freshwater flows are critical to their provision.
The delivery of macronutrients, nitrogen (N) and phosphorus (P)
by freshwater flows are similarly important to estuarine
ecosystem functioning.

2.4 Nutrient Cycling and Trophic Transfer
Freshwater flows affect processing rates of materials and energy
flows within estuaries (Vinagre et al., 2011a; Shen et al., 2019).
The mixing of fresh and saline water influences biogeochemical
processes (#4a Figure 1) through controls on elemental
concentrations via geochemical processes (e.g., flocculation,
adsorption, desorption, precipitation, dissolution and redox
fronts) and uptake, storage and transformation by
microorganisms (Jensen et al., 1995; Conley, 2000; Gaonkar
and Matta, 2019).

The dual role of estuaries as carbon sink and source is
mediated by freshwater flows (Gorman et al., 2020; Jutras
et al., 2020). River discharge promotes flushing (#1 Figure 1)
of organic matter to adjacent marine waters which may stimulate
offshore productivity and support commercial fisheries (Shen
et al., 2019). As a carbon sink, estuaries are considered efficient
“filters” that trap and process a large fraction of catchment-
derived organic carbon delivered by inflowing freshwater (#4b
Figure 1) and store carbon in the sediments via burial (#4a and c
Figure 1; Hu et al., 2020; Wu et al., 2020). Primary producers
(#4d Figure 1) take up and store carbon via photosynthesis along
with bioavailable nutrients (Liang et al., 2020). Large vegetation,
such as seagrass beds and mangrove forests, provide long-term
carbon storage through their large standing stock (Thrush et al.,
2013) and is influenced by sediment deposition (#3c Figure 1;
Krauss et al., 2014) and salinity distribution (#2 Figure 1; Krauss
et al., 2014; Riddin and Adams, 2010).

Allochthonous organic matter and nutrients (#4b Figure 1)
are delivered by freshwater flows, stimulating primary
productivity (#4d Figure 1) with flow-on effects through the
food web both within the estuary (#4d Figure 1; Piazza and La
Peyre, 2012; Le Pape et al., 2013; Ruibal-Conti et al., 2013; Dan
et al., 2019; Vinagre et al., 2019) and in the nearshore coastal
environment (Porter et al., 2010; Niemistö and Lund-Hansen,
2019). Productivity is enhanced by flows via a number of
mechanisms. Vertical mixing (#1 Figure 1) can increase the
flux of nutrients from the sediments to the water column,
which can then be redistributed by baroclinic cycling and
transported into offshore coastal waters (Markull et al., 2014).
Conversely, increased water column stratification (#1 Figure 1)
from freshwater inputs can lead to decreased oxygen
concentrations in the lower water layer, leading to increased
fluxes of ammonium from the sediments (#4a Figure 1). These
conditions have been found to stimulate flagellate
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(dinoflagellates, cryptophytes, chrysophytes, prymnesiophytes,
euglenophytes and prasinophytes) production, which has in
turn been suggested to favour trophic transfer to zooplankton
and reduce phytoplankton which dominate under low-flow
conditions (McNaughton, 2018). Low oxygen concentrations
also increase nitrogen and phosphorus cycling rates from the
benthos, which can act as a positive feedback maintaining the
persistence of extensive hypoxia in bottom waters (Conley et al.,
2009; Testa and Kemp, 2012). Enhanced productivity as a result
of catchment-derived nutrient inputs can persist for several
months after flows have receded (Vinagre et al., 2011a;
Vinagre et al., 2011b; Dias et al., 2016).

2.5 Hydrological Connectivity
Hydrological connectivity can be generated by freshwater flows in
two planes; longitudinally (#5a Figure 1) from catchment to
ocean, and laterally from exchanges with intertidal and littoral
habitats, and adjacent wetlands (#5b Figure 1; Duggan et al.,
2019). Longitudinal connectivity is promoted by open mouth
connections to the ocean that allow passage for motile organisms
(Drinkwater and Frank, 1994) which need access to important
estuarine breeding and nursery habitat, such as penaeid prawns
(Duggan et al., 2019) and diadromous fish species (Nordlie, 2003;
Milton, 2009; Pasquaud et al., 2015; Merg et al., 2020; Scharler
et al., 2020), in addition to species which migrate to the marine
environment after spending time in the estuary (Drinkwater and
Frank, 1994; Milton, 2009; Pasquaud et al., 2015).

Lateral connection to intertidal habitats and adjacent coastal
wetlands has benefits for pelagic and intertidal organisms (Clark
and O’Connor, 2019) by allowing accessibility to habitat and food
resources, and stimulating benthic primary production (Vinagre
et al., 2011b; Piazza and La Peyre, 2011; Raman et al., 2020). For
example, in northern Australia, wet-season flows connect habitats
laterally (Waltham et al., 2019), promoting fish larval recruitment
(Godfrey et al., 2017) and stimulating productivity of fisheries
(Duggan et al., 2019).

Freshwater flows facilitate connectivity through resource
provision for terrestrial animals and birds from flow-
stimulated primary and secondary productivity (#5c Figure 1;
Belmar et al., 2019). This links estuaries to habitats further inland
via terrestrial fauna migrations (Kiwango et al., 2015), and to
other ecosystems at local, regional and continental scales via bird
migrations (Buelow and Sheaves, 2015). The habitat
requirements of migrating organisms are often shaped by
freshwater flows (Schrandt et al., 2015). For example, spring
freshwater flows decrease salinity in the Fraser River Estuary,
Canada, enabling development of microalgal biofilms high in
lipids, which are key energy-rich food items for the migrating
western sandpipers (Calidris mauri; Schnurr et al., 2020).

3 DRIVERS OF CHANGE

3.1 Changes in Flow to Estuaries
Climate and direct anthropogenic forcing are changing
freshwater flow regimes in non-uniform ways around the
globe (Haddeland et al., 2014; Greve et al., 2018;

Gudmundsson et al., 2021). Both the flow magnitude (e.g.,
volume) and distribution (e.g., low, average and high flows)
are changing (Gudmundsson et al., 2019). Flow is decreasing
in many river-catchments (Table 1) and generally across regions
(Table 2) due to in-channel engineering structures, over-
extraction and reduced precipitation, whilst increasing in some
rivers and regions due to increased rainfall and reduced snowpack
attributable to a changing climate (Gudmundsson et al., 2019;
Gudmundsson et al., 2021). At the regional scale, the change in
direction of the flow distribution is consistent whereby minimum
flows (minimum and 10th percentile), average flows (mean and
median) and high flows (maximum and 90th percentile) tend to
be either all increasing or decreasing (Gudmundsson et al., 2019).
However, at the catchment scale, variability in the direction of
changes has been observed between flow indices (Douglas et al.,
2000) and the same flow indicator at different parts of the
catchment (Fleming et al., 2020). Recent declines in freshwater
flows have been observed in southern Australia (Zhang et al.,
2016; Huang et al., 2020), the Mediterranean (Haddeland et al.,
2014; Greve et al., 2018), southern Africa (Haddeland et al., 2014)
and southern Asia (Mondal and Mujumdar, 2012). Conversely,
increases have been observed for rivers flowing to the Arctic
Ocean (Durocher et al., 2019), northern Europe (Haddeland et al.,
2014; Greve et al., 2018) northern Asia (Tananaev et al., 2016) and
northern North America (Durocher et al., 2019).

3.2 Changing Hydro-Climatological
Regimes
River flow regimes are largely determined by meteorological
processes (e.g., precipitation from rainfall or snowfall, and air
temperature, which affect snowmelt and evaporation rates; #7a
and b Figure 1), and by human alterations to watercourses (e.g.,
dams and water extraction; Leblanc et al., 2012; Zeiringer et al.,
2018, as well as straightening and channelisation). Urbanisation
affects the volume and quality of river flow from increases in
impervious surfaces andmodification of rainfall-runoff ratios and
water quality (McGrane, 2016; Strohbach et al., 2019; Wałęga
et al., 2019) as well as increases in temperature.

Seasonal peaks in flow (#6 Figure 1) can vary with latitude,
altitude and the degree of river regulation (Haines et al., 1988;
Naiman et al., 2008; Zeiringer et al., 2018). Glacial regimes tend to
be characterised by high summer flow and diurnal peaks from air
temperature increasing glacial melt during the day (Zeiringer
et al., 2018; Durocher et al., 2019). Nival regimes are similar to
glacial regimes but mostly occur in lower altitude areas with
spring peaks of flow in response to glacial melt (Zeiringer et al.,
2018). Pluvial regimes occur in the temperate and arid to semi-
arid zones and tend to be stochastic and unpredictable, associated
with sporadic rainfall events (Naiman et al., 2008) interspersed by
prolonged dry periods (Loik et al., 2004; Bunn et al., 2006; Datry
et al., 2018). The tropics are characterised by distinct wet and dry
seasons (Warfe et al., 2011). Life histories of estuarine organisms
have evolved to allow adaptation to these diverse flow regimes
(Lytle and Poff, 2004).

Seasonal demand for irrigation water, changes in rainfall
distribution and increased glacial melt shift the timing and
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magnitude of peak flow (IPCC, 2014; Rottler et al., 2020). With
climate change, flows are predicted to increase due to greater
rainfall, particularly in high-latitude arctic regions with glacial
and nival hydrological regimes. Flow may be approximately 30%
greater while ice cover may decrease by 50–80% by the end of the
21st century as a result of increased air temperature and reduced
snowfall (Andersson et al., 2015). In contrast, mid-latitude
temperate regions and the wet-dry tropics may experience an
overall drying trend, with a decrease in mean precipitation and
more frequent and prolonged heat waves (Greve et al., 2018).

An increase in global temperature of 0.85°C between 1880 and
2012 has led to greater evaporation and evapotranspiration rates
(#7b Figure 1), reducing the volume of water delivered to
estuaries (Nijssen et al., 2001; IPCC, 2014). Floods and
droughts are predicted to become more severe and frequent
with climate change (IPCC, 2014), altering flows (Gillson and
Suthers, 2012). Storms can potentially deliver the annual average
inflow to an estuary within a day or two (Steichen et al., 2020).
Conversely, droughts significantly reduce flows to estuaries,
causing serious hydrological imbalance (Ibáñez and Caiola,
2013; Brookes et al., 2015; Dittmann et al., 2015; Leterme
et al., 2015). Storms and droughts are intrinsic components of
natural flow regimes and can maintain biodiversity over

evolutionary time scales as organisms adapt to them (Lytle
and Poff, 2004; Naiman et al., 2008). However, they may be
detrimental if their frequency ormagnitude does not allow system
recovery (Thrush et al., 2008). Precipitation and evaporation
interact with the bio-geophysical characteristics of the
catchment (e.g., drainage area, elevation, topography, drainage
network patterns, soil type, soil moisture content, vegetation type
and cover, human land use type and cover) to determine the
volume of runoff or groundwater recharge reaching estuaries
(Ruibal-Conti et al., 2013).

3.3 Sea Level Rise
Sea levels (#8 Figure 1) rose by an average 2 mm/year around the
globe between 1971 and 2010 (IPCC, 2014) but between 1993 and
2012, rates of increase of 8–14 mm/year were recorded in the
western Pacific Ocean, along with the coastal regions of south-
east Asia, eastern Japan and north-eastern Australia (Church
et al., 2013). Western coastlines of North and South America and
parts of the eastern coastline of the United States are less affected
by sea level rise (Church et al., 2013). Sea level rise alters the
geomorphological structure and physicochemical characteristics
of estuaries (Kimmerer and Weaver, 2013; Arellano et al., 2019;
Khojasteh et al., 2021). Seawater is likely to intrude further inland,
particularly where elevation gradients are low and where there are
reductions in freshwater flows (Payne et al., 2019; Khojasteh et al.,
2021). This may threaten freshwater habitat and water for human
consumption (Hong et al., 2014; Haddout and Maslouhi, 2018;
Wang and Hong, 2021). Increased salinity may also increase
density stratification and persistence of salt wedges (Krvavica
et al., 2017), leading to anoxia of bottom sediments and loss of
benthic biota (Kimmerer and Weaver, 2013). Where littoral
structures (e.g., levees) have been erected, intertidal habitat
areas are likely to reduce in size as marine water intrudes up
to these barriers (Colombano et al., 2021; Khojasteh et al., 2021).
This has implications for intertidal species distributions and
associated organisms due to excessive inundation and salinity
(Smith et al., 2009; Payne et al., 2019). These impacts may vary
depending upon the degree of sea level rise, which is non-uniform
globally, although sea level will increase in 95% of the world’s
ocean by 2100 (Church et al., 2013; IPCC, 2014).

3.4 Direct Anthropogenic Drivers
Globally, only a small fraction of catchments, covering a mere
0.16% of the Earth’s surface, are unaffected by human activities,
and few rivers retain natural flow regimes (Vörösmarty et al.,

TABLE 1 | Changes in flow volumes reaching the sea from river-catchments and regions over the past century as a result of climate change and direct anthropogenic
catchment modifications. Multiple volume change values denote a range.

River-Catchment/Region Time period Volume change (%) Flow indicator Source

Arctic Region, Eurasia and North America 1975–2015 +11 to +11.9 Annual mean Durocher et al. (2019)
Colorado River, United States 1896–2018 −20 Annual mean Hoerling et al. (2019)
Iberian Peninsula, Spain 2000–2015 −0.2 to −0.78 per year Annual mean Serrano et al. (2020)
Lena River, Russia 1925–2013 +47 Annual mean Tananaev et al. (2016)
Murray-Darling River, Australia 1895–2006 -59 Annual mean Kingsford et al. (2011)
Peel-Harvey Estuary, Australia 1970–2020 -74 Annual mean Huang et al. (2020)
Yangtze River, China 1950s–2000s -11 Annual Mean Kattel et al. (2016)

TABLE 2 | Significant trends in regional streamflow from around the world,
between 1971 and 2010. Annual flow indices are: mean (mean flow), min
(minimum flow), max (maximum flow), P10 (10th percentile flow volume), P50 (50th
percentile or the median flow volume) and P90 (90th percentile flow volume;
Gudmundsson et al., 2019).

Subcontinental region Annual flow indices
(mean, max, min,
P10, P50 and

P90) showing significant
trend

Trend

Amazon Max, P90, P50 Increasing
Central North America Min, P10 Increasing
East Asia Min, P10 Increasing
Eastern North America Mean, Max, Min, P10, P50 Decreasing
North-east Brazil All Decreasing
Northern Europe All Increasing
Southern Africa Min Decreasing
Southern Asia (Indian subcontinent) Mean, Max, P90 Decreasing
Southern Australia and New Zealand All Decreasing
Southern Europe (Mediterranean) All Decreasing
Western North America Mean, P90 Decreasing
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2010). There are multiple demands for freshwater resources,
reducing water volumes of streams and wetlands (Gillanders
and Kingsford, 2002; Vörösmarty et al., 2010; Abbott et al.,
2019; Dudgeon, 2019). Alterations to watercourses include the
clearing of native vegetation (#9a Figure 1) for agricultural,
industrial and urban land use (#9b Figure 1), and the
development of in-channel structures (#9c Figure 1) to
capture and divert water for irrigation, hydropower and
consumptive use (Bunn et al., 2014). These activities change
the quantity (Vörösmarty and Sahagian, 2000; Alber, 2002;
Kingsford et al., 2011), quality (Liu M. et al., 2019) and timing
of flows (Cai et al., 2019).

3.4.1 Water Diversions and In-Channel Structures
Of the 31% of total global runoff that is accessible to humans,
more than half is either extracted or withheld behind in-channel
structures (Postel et al., 1996). Approximately 60% of the world’s
freshwater storage is behind dams, equating to five times the
volume of the Earth’s rivers (Vörösmarty and Sahagian, 2000).
Dams change the timing and magnitude of flow, and also affect
longitudinal connectivity between catchments and rivers, posing
a barrier to the transport of water, sediment, organic matter and
nutrients, and the upstream and downstream movements of
organisms (Poff et al., 2007; Bunn et al., 2014; Chen et al.,
2016). This is highlighted by the negative impacts of dam
construction for reproduction and abundance of anadromous
and catadromous fishes (Drinkwater and Frank, 1994). Dams
may also cause severe water quality problems through methyl-
mercury (MeHg) production associated with stratification and
anoxia, with MeHg delivered to estuaries on release of water
(Hsu-Kim et al., 2018). Inter-basin transfers, where water is
shifted between catchments, is driven by human water
requirements for agriculture and energy, and exacerbates
changes to the flow regime in both the donor (Micklin, 1988)
and recipient water catchments (Shumilova et al., 2018; Yu et al.,
2018; Dudgeon, 2019). These transfers may also introduce foreign
material and organisms to the donor basin (Yu et al., 2018;
Dudgeon, 2019).

3.4.2 Vegetation Clearance and Land-Use
Modification
In undisturbed catchments, nutrient transport is regulated by the
volume of freshwater runoff and the type and extent of vegetation
within the catchment (Harris, 2001; Adams et al., 2020). The
majority of nutrients exported in freshwater flows are in organic
form (e.g., DON; Conley, 2000; Harris, 2001). However, as
catchments are modified and the vegetation is cleared, nutrient
export increases (Adams et al., 2020) and the ratio of bioavailable
to total nutrients increases (Harris, 2001), with concomitant
changes in nutrient ratios (Conley, 2000). Wide-scale
catchment vegetation clearance and human industrial activities
(e.g., mining) may also be responsible for increased sediment
loads due to soil disturbance (Thrush et al., 2004; Norkko et al.,
2006). Furthermore, rivers are often used for waste disposal
contributing nutrients, contaminants and pollutants from
agricultural, industrial and urban settings (Van Niekerk et al.,
2019a; Gaonkar and Matta, 2019; Robins et al., 2019).

4 RISKS TO ECOSYSTEM FUNCTIONING
UNDER MODIFIED FLOW

Increases in flow (Figure 2), decreases in flow (Figure 3) and
changes to the natural timing of flow (Figure 4) affect estuarine
hydrodynamics, salinity, water quality, biogeochemical cycling
and geomorphology, and alter the suitability of habitat for
resident and migratory organisms that have adapted to the
natural variations of the flow regime (Arthington, 2012; Sun
et al., 2015; Zhang H. et al., 2017).

4.1 Increasing and Decreasing Flows
Long- and short-term increases in flow can lead to changes to
geomorphology from sediment erosion (#1 Figure 2; Park et al.,
2014) and prolonged inundation of intertidal habitat
(#2 Figure 2; Adams, 2020), both resulting in habitat loss.
Elevated flow may transport more sediment, humic substances
and dissolved organic matter (DOC, including chromophoric
components) from catchments (#3 and #4 Figure 2) which act to
reduce light availability (#5 Figure 2) to primary producers
(Andersson et al., 2015; Glover et al., 2019). Excess sediment
may impact benthic fauna through interference with filter feeding
and smothering of larvae (#5 Figure 2; Huang et al., 2016).
Increased allochthonous organic matter and nutrient loading
(#4 Figure 2) can increase heterotrophy in estuaries and
reduce efficiency of food web transfers (#6 Figure 2; Wikner
and Andersson, 2012; Soares and Berggren, 2019). It can also
stimulate primary production which may be assimilated into the
food web increasing productivity, but can also lead to algal
blooms (#7 Figure 2) which compromise water quality and
may reduce dissolved oxygen upon bloom collapse (Woodland
et al., 2015; Claassens et al., 2020; Steichen et al., 2020).
Recruitment and survival of planktonic larvae may be reduced
from excess flushing (#8 Figure 2; Lueangthuwapranit et al.,
2011; Park et al., 2014), which can be exacerbated by breaching of
natural barriers due to increased flow and/or increases in the
frequency and magnitude of storms (#9 Figure 2; Li et al., 2019).

In contrast, flow reductions decrease the delivery of organic
matter and nutrients (#1 Figure 3; Alber, 2002; Alvarez-
Lajonchère et al., 2018), and sediments to estuaries
(#1 Figure 3; Vörösmarty et al., 2003; Liu C. et al., 2019).
Reduced sediment, nutrient and organic matter delivery may
negatively impact the provision of intertidal (#2 Figure 3;
Sottolichio et al., 2013; Adams, 2020) and pelagic (Hasenbein
et al., 2013; Stewart et al., 2020) habitats. The extent of inundation
of intertidal areas is reduced, diminishing the transport of
nutrients, sediments and organisms between pelagic and
littoral habitats and exposing intertidal areas to desiccation
(Adams, 2020). Biological community structure is then
impacted through reductions to primary productivity and
nutrient and energy flow through the food web (#3 Figure 2;
Vinagre et al., 2011b; Clark and O’Connor, 2019). The
hydrodynamics of the estuary are altered through reductions
to vertical mixing and flushing, increasing the retention of
particles with consequent nutrient enrichment, phytoplankton
blooms, dissolved oxygen reduction and pollution problems
(#4 Figure 3; Drinkwater and Frank, 1994; Waltham et al.,
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2013; Cottingham et al., 2018; Scharler et al., 2020). Reduced
flows decrease sediment scouring at the mouth and along the
banks (#5 Figure 3), creating sandbars and a barrier to migration
of fauna (Nelson et al., 2013; Pasquaud et al., 2015), as well as
reducing open water habitat area (Belmar et al., 2019). Reduced
flows also lead to a reduction in the area and volume of the
halocline which is an important region for estuarine productivity
and a breeding area for some fish species, such as black bream
(Acanthopagrus butcheri; Jenkins et al., 2010; Williams et al.,
2012; Williams et al., 2013).

Modified flow regimes alter salinity, whereby flow increases
reduce salinity throughout the estuary and push the salinity
gradient closer to the mouth (#10 Figure 2; Adams, 2020;
Steichen et al., 2020). In contrast, flow reductions increase
estuarine salinity with the intrusion of seawater (#6 Figure 3),
driving the salinity gradient further upstream (Sheaves et al.,
2007; Hallett et al., 2018) and can result in the development of a
reverse salinity gradient and hypersaline conditions from
evaporation in warm, dry climates (Whitfield et al., 2012).
Altered salinity can create barriers to the movement of
organisms, removing access to important habitat and resources
(Romañach et al., 2019; Santos et al., 2019) and can shift the
distribution of species, causing it to contract or fragment (Alber,
2002; Park et al., 2014; Lauchlan and Nagelkerken, 2020). This
can affect population dynamics by increasing the intensity of
competition when distributions overlap (Shih et al., 2011) or by

promoting the expansion of invasive or dominant species (Shih
et al., 2011; Rodríguez-Climent et al., 2013). In some cases,
prolongation of these impacts can lead to local extinctions
(Nicol et al., 2018).

Increasing seawater penetration up the estuary in response to
flow reductions can alter the position of the ETM (#7 Figure 3),
moving it to the shallower upper reaches inhabited by benthic
primary producers where reductions to light availability, in
addition to salinity-induced osmotic stress, decreases growth
and survival (Sottolichio et al., 2013; Robins et al., 2016). This
can impact the organisms which use these areas as habitat, such as
juvenile fish and invertebrates (Zhang H. et al., 2017; Belmar
et al., 2019; Henderson, 2019). Increasing salinity in the upper
reaches may also cause the transition of fringing riparian
woodlands to saltmarshes or mangroves as a result of
prolonged inundation and osmotic stress (Conner and Askew,
1992; Brinson et al., 1995), which can permanently alter estuary
ecosystem structure and function (Brinson et al., 1995).

4.2 Interactive Effects From Climate and
Direct Anthropogenic Drivers
The impacts of long-term changes to flow volumes may be
exacerbated by climate change (Lauchlan and Nagelkerken,
2020). Greater snowmelt (#11 Figure 2) and precipitation
(#9 Figure 2) may act in unison to drive major increases in

FIGURE 2 | Modified estuarine ecosystem processes under long-term increases in flow and/or increases in the frequency and magnitude of large flow events.
Impacts of this flow scenario are: 1) excess sediment erosion, 2) prolonged inundation of intertidal habitat, 3) increased sediment and 4) organic matter and nutrient
loading, 5) reduced light availability and excess sediment impacts on benthic fauna, 6) reduced trophic transfer efficiency 7) algal bloom formation and associated water
quality decline, 8) excess flushing, 10) decreasing salinity throughout the estuary and associated changes to species distribution, and 15) bioaccumulation of toxins
in organisms. Principal drivers of change are: 9) increased rainfall and frequency and magnitude of storms, 11) increased snow melt, 12) sea level rise, 13) large dam
releases and 14) anthropogenic land use modification.
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freshwater flows to high-latitude estuaries (Andersson et al.,
2015). Sea level rise (#12 Figure 2), increased frequency and
magnitude of storms (#9 Figure 2) and large dam releases
(#13 Figure 2) in response to increased precipitation and
snowmelt may act accordantly to exacerbate the impacts of
increased flows (Figure 2), which may be reflected in severe
scouring of sediments at the estuary channel mouth (Riddin and
Adams, 2010; Whitfield et al., 2012).

Conversely, sea level rise (#8 Figure 3) may offset losses from
flow reductions by maintaining an open channel mouth, allowing
for transfer of organisms, nutrients and sediments between
intertidal and pelagic areas (Lester et al., 2013). The
importance of marine-derived organic matter, nutrients and
sediments relative to catchment inputs may affect
biogeochemical activity, impacting estuarine organisms and
food webs as river water is typically more nutrient-rich than
seawater (Statham, 2012). Sea level rise associated tidal incursion
may cause erosion and act with decreasing freshwater inputs to
reduce intertidal habitat (Whitfield et al., 2012; Arellano et al.,
2019). The collective impacts of reductions in rainfall, increased
frequency of drought (#9 Figure 3) and freshwater extraction and
diversion (#10 Figure 3), together with greater saline intrusion,
impact species distributions and can affect drinking water
availability (Kingsford et al., 2011; Romañach et al., 2019;
Wang and Hong, 2021).

Anthropogenic development in estuaries and their catchments
(#14 Figure 2) can act accordantly with climate change to

exacerbate the impacts from increased flows (Hu et al., 2020).
Flooding may lead to overflows of untreated sewage in urbanised
and industrialised areas, increasing contaminant and pathogen
concentrations (Olds et al., 2018). Where there are mining
activities, it may transport large quantities of heavy metals
(e.g., mercury). These metals bioaccumulate in commercially
important fisheries species (#15 Figure 2) to levels exceeding
the limit for human food consumption (Gamboa-García et al.,
2020).

4.3 Changes to the Timing of Flows
Modifications to the timing of flow delivery can have profound
impacts on estuarine processes (Figure 4) with consequences for
species which are adapted to these natural variations (Bunn et al.,
2014; Cai et al., 2019; Izegaegbe et al., 2020). Modified seasonal
flow patterns (#1 Figure 4) interact with temperature (#1a
Figure 4) and the delivery of nutrients, organic matter and
sediments (#1b Figure 4), to alter the hydrodynamics (#1c
Figure 4), salinity (#1d Figure 4), resource availability (#1e
Figure 4), predator-prey cycles and food web functioning (#1f
Figure 4; Hallett et al., 2018; Hamilton et al., 2020). Changes to
the seasonality of flow due to climate change (#2 Figure 4) alters
the timing of bioavailable dissolved nutrient export to estuaries,
particularly where there are high delivery rates of these nutrients
(e.g., agriculturally developed catchments), which can lead to
increased phytoplankton biomass and reduced dissolved oxygen
concentrations (Wagena et al., 2018). This can alter the spatial-

FIGURE 3 | Modified estuarine ecosystem processes under permanent decreases in flow volume and/or increases in the frequency and magnitude of drought.
Impacts of this flow scenario are: 1) reduced delivery of organic matter, nutrients and sediments, 2) losses to intertidal and pelagic habitat structure, 3) reduced nutrient
and energy transfer through the food web, 4) increased residence time with associated water quality decline, 5) reduced sediment scouring, 6) increased salinity and 7) a
shift upstream of the ETM. Principal drivers of change are: 8) sea level rise, 9) reduced rainfall and increasing droughts, and 10) in-channel structures and water
diversions.
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temporal dynamics of phytoplankton blooms and hypoxia
(#4 Figure 4), as observed in Chesapeake Bay, United States,
where spring flows are shifting earlier in the season and
stimulating an earlier onset and upstream shift of the spring
bloom (Testa et al., 2018). Flow increases in warmer, drier,
months (e.g., summer, tropics dry season) due to climate
change and dam operations (#3 Figure 4) increases resource
delivery to warmer estuarine waters (#4 Figure 4; Bunn et al.,
2014; Cai et al., 2019). Under these conditions, phytoplankton
activity becomes greatly stimulated and can lead to persistent
blooms, eutrophication, anoxia and associated physiological
stress for organisms (Hallett et al., 2018). Changes to seasonal
peaks in flow impacts species migratory patterns (#5 Figure 4)
which are often cued to seasonal changes in water chemistry
brought about by freshwater flows (Drinkwater and Frank, 1994;
Saintilan and Wen, 2012). Changes in migration patterns have
consequences for species interactions and food web functioning
(Hallett et al., 2018). For example, changes to the timing of flows
from spring to autumn have been attributed to the decline of the
endangered delta smelt (Hypomesus transpacificus) in the San
Francisco Bay Estuary, United States, due to decreases in the
abundance of its copepod prey. Lower temperatures together with
the presence of a bivalve predator at the time of flow delivery act
to reduce copepod biomass (Hamilton et al., 2020).

In estuaries which intermittently close to the ocean
(#6 Figure 4), sudden influxes of freshwater during warmer
months, when the mouth is closed, can cause a sharp

reduction in salinity, threatening brackish and marine species
that cannot migrate to preferred salinities (Scharler et al., 2020).
Furthermore, these flows can increase the inundation of intertidal
and littoral areas, causing loss of habitat and associated organisms
due to rapid freshwater transitions and physiological stress
(Adams, 2020).

5 STRATEGIES FOR RISK MITIGATION
FROM MODIFIED FLOWS

The flow regime is critically linked to key estuarine ecosystem
processes (Figure 5) that are potentially amenable to restoration
strategies involving changes in flow dynamics. Re-establishment
of key elements of the natural freshwater flow regime is required
to mitigate the multiple and interrelated risks posed to ecosystem
processes. Natural flow regimes typically consist of the following
principal components: low flow (e.g., drought), base flow, inter-
annual to annual peak flow and decadal peak flow (e.g., 10–100-
year flood recurrence). Strategies to achieve this are discussed in
the following sections.

5.1 Estuary Water Requirement
Preceding any ecological restoration actions, it is critical to define
desirable physical, chemical (e.g., salinity) and biological (e.g.,
habitat availability, species migrations) conditions to support the
suitable estuarine ecosystem processes and function outlined in

FIGURE 4 | Modified estuarine ecosystem processes under alterations to the timing of flows. Impacts of this flow scenario are: 1a–f) effects of modified seasonal
flow patterns on a) water temperature, b) sediment, nutrient and organic matter inputs, c) hydrodynamics, d) salinity, e) food webs and f) biological community
composition. This can cause 4) increased nutrient availability, phytoplankton blooms and eutrophication, 5) altered connectivity dynamics affecting migratory patterns
and biological community functioning, and 6) altered mouth scouring and associated impacts upon migration of organisms, salinity and intertidal flooding regimes.
Principal drivers are: 2) modified weather patterns as a result of climate change and 3) the presence and operation of in-channel structures.
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FIGURE 5 | Conceptual hydrographs displaying the effects of varying flow components (low flow, base flow, inter-annual to annual peak, decadal peak and post
peak) of the freshwater flow regime on the functioning of the key ecosystem processes: hydrodynamics and salinity regulation (A), sediment dynamics (B), and nutrient
cycling, trophic transfer and connectivity (C).
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Figure 5 (Perry and Hershner, 1999; Kiwango et al., 2015; Hallett
et al., 2018). Often, the above criteria can be defined
quantitatively using water quality characteristics which serve
as a basis for assessing the attainment of designated uses and
measuring progress toward meeting goals (Tango and Batiuk,
2013; Zhang et al., 2018). The flow regime required to deliver
desired conditions has been referred to as an estuary’s water
requirement (Adams et al., 2002) and needs to account for
volume (amount) and intra-annual and inter-annual variability
over the estuarine domain (Peñas et al., 2013; Zhang H. et al.,
2017; Van Niekerk et al., 2019b). Once desirable conditions are
defined, freshwater flow volumes can be linked through
approaches such as expert opinion, or statistical or
deterministic models to a given preferred physical state [e.g.,
salinity, nutrient, dissolved oxygen, water depth and mouth
morphology (closed/open)] and the presence and abundance
of desired organisms.

A guiding principle behind past estuarine water requirement
determination methods has been to return as far as practicable to
pre-regulation flow regimes without disrupting societal function
(Acreman et al., 2014). However, under global climate change,
modifications to the freshwater flow regime and its influence on
estuarine processes are inevitable (IPCC, 2014) and constraining
future flow regimes to historical targets can be not only
counterproductive, but incorrect, as it is necessary to consider
natural changes inherent to each system in addition to global
climate change (Acreman et al., 2014; Poff, 2018). Reference
conditions by which E-flow targets are determined are not static
(Poff, 2018) and may require non-stationary target conditions as
systems change and new reference conditions emerge
(Arthington et al., 2018; Poff, 2018). Ideally, research and
monitoring can be used to define limits of acceptable change
for site-specific system attributes (e.g., salinity timing and
concentration thresholds for fish recruitment or light
thresholds for seagrass growth). Monitoring programmes are
then required to support this approach, enabling qualitative
and quantitative measures of change (Claassens et al., 2020).

5.2 Modelling the Natural Flow Regime
Models are key tools to assist with understanding, planning for,
and mitigating impacts from rapid environmental change. For
estuaries, process-based models have been proven to be
particularly useful for exploring a range of flow regimes,
including reference conditions, target hydrological conditions
and extreme events (Beilfuss and Brown, 2010; Van Niekerk
et al., 2019b). Most models focus on simulating the prevailing
hydrodynamics and thermodynamics (Duarte et al., 2014;
Biguino et al., 2021), fewer examine geomorphological
evolution (Deng et al., 2017), and even fewer consider
ecological states (Panda et al., 2015; Weng et al., 2020). As
flow volumes to estuaries are naturally stochastic (Gillanders
and Kingsford, 2002), model simulations need to include a range
of relevant temporal variations that conform to the historical and
future variance distribution in terms of flow exceedance
likelihoods (Beilfuss and Brown, 2010; Van Niekerk et al.,
2019b). Model outputs can then be used to define
physicochemical or biological states for different flow regimes

(Peñas et al., 2013; Van Niekerk et al., 2019b). For fully coupled
hydrodynamic-ecological models, different flow scenarios have
been developed to consider factors leading to adverse water
quality outcomes, such as cyanobacteria blooms (Robson and
Hamilton, 2004) and hypoxia (Huang et al., 2018). These
mechanistic models can help to optimise biodiversity under
altered flow regimes and look for new opportunities (i.e., novel
flow regimes) to promote resilience (Hipsey et al., 2015; Tonkin
et al., 2021).

A long-standing example is the coupled watershed-estuary
model of Chesapeake Bay which has been in continuous
operation since 1982 (Shenk and Linker, 2013). The
Chesapeake Bay Program Partnership has been developing,
updating, and applying a complex linked system of watershed,
airshed, and estuary models which is used as a planning tool to
inform strategic management decisions and restoration efforts.
The model has been attributed to playing a crucial role in
pollutant load reductions, reduced anoxic “dead zone” volume
and increased submerged aquatic plant cover in the bay (Hood
et al., 2021).”

Long-term datasets are essential for ecohydrological
simulations to provide key boundary condition and within-
domain validation data, and develop confidence that the
model captures the dominant processes which drive estuarine
ecosystem functioning (Adams et al., 2016a; Van Niekerk et al.,
2019b; Claassens et al., 2020). Monitoring needs to occur at time
and space scales that are relevant to model input requirements
(Adams et al., 2016a). Most of our current models are challenged
by lags and hysteresis relationships that exist between flow and
biological responses and further efforts are required to prove the
current generation of models are fit for purpose in this regard
(Hipsey et al., 2020). Ultimately, models can then be used to
quantify the risks associated with a given pattern of water delivery
in terms of likelihood of crossing the limits of acceptable change.

In estuaries where there are sparse observation networks and
limited data, E-flow requirements may be difficult to define
(Adams, 2014). For such cases, rainfall-runoff models can be
used to simulate hydrological data from within the catchment, or
nearby catchments may be used to infer relationships between
rainfall and runoff (Van Niekerk et al., 2019b). Where long-term
physicochemical or biological data is missing, recent or current
salinity data can be used as an indicator or proxy for the
relationship between freshwater inflow and the functioning of
estuaries, due to the transferability of salinity effects to multiple
ecosystem elements (Peñas et al., 2013).

5.3 Dam, Agricultural and Wastewater
Operations to Benefit Environmental Flows
Throughout the globe, dam construction has impaired the natural
flow regime, with significant consequences for river and estuarine
ecosystem functioning (Poff et al., 1997). Typically, there are
multiple stakeholders and competing objectives for water (e.g.,
hydrological power, water supply) and releases from dams will
differ to the natural flow regime in terms of volume and timing
(Richter and Thomas, 2007; Watts et al., 2011). However, there
are opportunities to modify the operation of dams to work
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towards restoring natural flow regimes (Bednarek and Hart, 2005;
Richter and Thomas, 2007; Morais, 2008; Watts et al., 2011) or
design “novel” flow regimes (Tonkin et al., 2021) to prioritise the
characteristics of the flow regime which supply the most
ecological benefit. Richter and Thomas (2007) proposed a six-
step framework for planning and implementing dam re-
operation involving: 1) the assessment of dam-induced
alterations to the flow regime compared to pre-dam flows, 2)
describing the ecological and social consequences of modified
flows due to dam operation, 3) specifying goals (e.g., targeted
flows for ecological outcomes) for re-operation, 4) designing re-
operation strategies to achieve goals, 5) implementation of
strategies and 6) assessing results against goals.

Water consumption from irrigation can be reduced through
improvements to infrastructure and on-farm irrigation
technology, and by establishing legislation that requires
acquisition of licenses or permits, and sets allocation limits to
the volume of water extracted and the number of irrigators in a
catchment (Gippel et al., 2009). Effective monitoring and
enforcement are necessary to administer these measures
(Adams et al., 2020). Additionally, in estuaries and catchments
with intense agricultural production, alternative farming
practices can be introduced to reduce the use of fertilisers,
herbicides and pesticides, for example by balancing fertiliser
use with plant requirements and adopting integrated pest
management strategies to decrease nutrient and contaminant
loads (Olsen et al., 2006; Claassens et al., 2020).

In estuaries and catchments with urban development, storm
water management can be improved by increasing permeable
surface area and implementing alternative solutions, such as rain
gardens, to reduce excessive flow peaks, nutrient loads, toxins and
species invasions (McGrane, 2016). Increasingly, large-scale areas
are being targeted to reduce impervious surfaces and flood risks in
what has been termed “sponge cities” (Zevenbergen et al., 2018).
Improved infrastructure to effectively treat and recycle
wastewater can also reduce nutrient and contaminant loads.
This requires effective governance through routine monitoring
and compliance (Claassens et al., 2020).

5.4 Complementary Restoration Strategies
The implementation of strategies to determine and deliver the
most suitable E-flows alone may not address all of the threats to
estuarine processes. Non-flow related environmental factors,
such as various land use practices (e.g., vegetation clearance),
sediment modification (e.g., infilling, dredging), pollution and
invasive species proliferation, may also challenge the ecological
health of estuaries (Dias et al., 2016; Roebig et al., 2017; Poff,
2018). Consequently, other strategies may be necessary to restore
degraded estuaries and complement environmental flow
management strategies.

Artificial modifications to the geomorphology of an estuary,
such as dredging, may be used as a restoration method (Whitfield
et al., 2012; Park et al., 2014; Belmar et al., 2019). Where
prolonged reductions in freshwater inflows have occurred and
the mouth of an estuary is constricted, it may be necessary to
artificially breach the sand bar (Adams et al., 2016a). This enables
connection to the ocean, flushing of pollutants, return of marine

water incursions and passage for species migrations (Whitfield
et al., 2012). However, artificial breaching and channel
modification may have contrasting effects as a result of
physicochemical disturbances due to the increase in flushing
and subsequent tidal influx (Schallenberg et al., 2010),
expelling large numbers of hyperbenthic macroinvertebrates
into the ocean (Lill et al., 2012) and causing macrophyte die-
off due to water level decline and osmotic stress (dos Santos and
Esteves, 2002; dos Santos et al., 2006). Subsequent decomposition
of the dead macrophyte material can result in nutrient
enrichment (dos Santos et al., 2006), negating the benefits to
eutrophication from increased flushing. Prior understanding of
estuary specific factors (e.g., geomorphology, degree of tidal
incursion, presence/absence of macrophytes and benthic
fauna) that influence the natural mouth opening regime is
critical to artificial geomorphological restoration works
(Schallenberg et al., 2010).

Conversely, artificially infilling a naturally opened barrier may
also be used as a conservation strategy (Park et al., 2014). For
example, in Mobile Bay, United States, Hurricane Katrina
scoured a new channel to the ocean by cutting Dauphin Island
in two. The increased salinity and flushing in the bay negatively
impacted resident biota, in particular a large oyster population. In
response, infilling the breach in Dauphin Island improved
estuarine conditions with subsequent increases in oyster
abundance (Park et al., 2014). However, it is important to
note that artificially changing the geomorphology of estuaries
may have negative consequences for ecological health, often not
evident in short term assessments and implementation (Widdows
et al., 2007; Belmar et al., 2019).

Artificial structures, such as barriers, levees and sea walls,
can be used to manage increasing tidal incursions and protect
shorelines from increased wave and tidal energy due to sea level
rise (Koraim et al., 2011). Barriers, such as locks and gates, can
be used to manage tidal flow and provide protection against
tidal flooding, and have been operational in the River Thames
Estuary, United Kingdom, since the 1980s (Lavery and
Donovan, 2005). Levees and sea walls provide
geomorphological protection by fixing the shoreline in place
and are widely used in estuaries around the world (Koraim et al.,
2011). These structures can be implemented in conjunction
with intertidal and littoral habitat restoration to enhance
shoreline protection from erosion and flooding (Pinto et al.,
2018). However, shoreline protection structures are expensive
to erect and maintain, are susceptible to damage from large
storm events, can alter erosion/deposition dynamics and tend to
not be as effective as natural shorelines at attenuating wave and
tide energy (Koraim et al., 2011). In addition, they can pose a
barrier to lateral connectivity and cause intertidal and littoral
habitats to retract in response to changes in distribution as a
result of sea level rise induced salinity alterations (Colombano
et al., 2021; Khojasteh et al., 2021).

Artificial oxygenation may be used to locally negate the
negative impacts of low dissolved oxygen in the bottom waters
of vertically stratified and eutrophic estuaries, and in regions
upstream of weirs that restrict saline intrusion (Huang et al.,
2018; Larsen et al., 2019). Artificial oxygenation is an engineering
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measure to supply oxygen generated mechanically to anoxic or
hypoxic bottom waters, aerating the water and increasing redox
potential at the sediment-water interface to reduce sediment
nutrient release (Toffolon et al., 2013). This technique has
been more commonly used in deep freshwater lakes and
reservoirs (Gantzer et al., 2009; Toffolon et al., 2013), but was
successfully applied to shallow freshwaters upstream of the Swan
River Estuary, Perth, whereby dissolved oxygen concentrations
increased immediately in the water column post installation, with
improvements after several days at the sediment-water interface
increasing oxygen fluxes into the sediment (Larsen et al., 2019).
Previous attempts to address deoxygenation in the salt wedge
region of the Swan River Estuary were undertaken through
artificial destratification by application of bubble plumes to
mix surface and bottom waters (Hamilton et al., 2001).
Despite generating complete vertical mixing, this prototype
was not extended to full scale because of its localised influence
(30 m radius around the bubble plume) and inability to
extend over tidal excursions (Hamilton et al., 2001).

5.5 Holistic Management
Holistic catchment-to-coast management and restoration
planning is critical to mitigate the risks from the drivers of
change (Gippel et al., 2009; Watts et al., 2011; Arthington
et al., 2018; Stewardson and Guarino, 2018; Van Niekerk et al.,
2019a). A holistic approach aims to address the water
requirements of the entire river-catchment ecosystem,
including principal and tributary river channels,
groundwater, floodplains, lakes, estuaries and near-shore
marine ecosystems (Arthington et al., 2003). Environmental
flow delivery needs to be intertwined with other strategies,
such as nutrient management and climate adaptation, and a
holistic assessment must consider the consequences of water
releases, such as increasing nutrient loads and productivity
which can potentially lead to eutrophication where flushing is
not adequate.

Stakeholders play an integral role in the definition and
execution of environmental flow targets as reliable knowledge
of environmental conditions, both past and present, can be
contributed by scientific and non-scientific groups (Olsen
et al., 2006). However, difficulties can arise in achieving the
appropriate balance of flow delivery as there is often a large
number of stakeholders with varied, and sometimes opposing,
motivations and desired outcomes for E-flow targets (Gippel
et al., 2009). Holistic catchment management requires sound
understanding of the knowledge and interests of the many
relevant groups (e.g., individuals, local communities,
organisations, government agencies, private enterprises)
and good communication, including the discussion of the
consequences of potential courses of action to seek consensus
and enable E-flow targets to be met (Olsen et al., 2006; Watts
et al., 2011). This may require trade-offs and targeted
restoration of the processes within estuaries that provide
the greatest benefit for desired outcomes (e.g., increased
biodiversity, improved water quality; Van Niekerk et al.,
2019a).

Despite potential communication and motivational
limitations, holistic management is achievable. This is
highlighted by a long-standing holistic management system in
Chesapeake Bay, United States where the Chesapeake Bay
Program, a partnership including six states (Virginia,
Maryland, Pennsylvania, West Virginia, Delaware and New
York), the district of Columbia and hundreds of federal, state
and local government agencies, academic institutions and not-
for-profit organisations, formed in 1983 to guide and foster
restoration of Chesapeake Bay and its catchment (Hood et al.,
2021).

Given the rate of climate change and human impacts, long-
term changes to estuarine ecosystem structure and functioning
are inevitable (Arthington et al., 2018; Lauchlan and Nagelkerken,
2020). Environmental flows and restoration of estuaries need to
build resilience and buffer against the impacts enabling
organisms and ecosystems to adapt (Sun et al., 2013).

6 CONCLUSION

Knowledge of freshwater flow regimes to support fully functional,
healthy estuaries is still lacking compared to river and floodplain
ecosystems. Key estuarine ecosystem processes that are mediated
by freshwater flow regimes are hydrodynamics, salinity
regulation, sediment dynamics, nutrient cycling and trophic
transfer, and connectivity. These processes promote estuarine
biodiversity and support a wide range of ecosystem services, but
are threatened by changes to the magnitude and timing of flows as
a result of climate change and direct anthropogenic stressors.
Mitigation of these stressors can be achieved through a number of
strategies: defining desired physical and biological conditions
based on non-stationary target conditions, using numerical
models to simulate flow scenarios to predict the flows required
to produce desired conditions, modifying dam, agricultural and
wastewater operations to help to deliver these flows, performing
restoration strategies to complement flow delivery, and managing
E-flows holistically from catchment to coast and balancing the
needs of various stakeholders. By focusing on the ecosystem
processes influenced by the freshwater flow regime, we provide
greater transferability of E-flow requirements amongst estuaries.
Transferability of concepts around the ecology of complex
systems such as estuaries is difficult. We believe this synthesis
has drawn out the key concepts related to the effects of flow on
estuaries and presented them in a generally transferable way. This
review can help guide estuarine catchment management to define
appropriate freshwater flow strategies that provide resilience to
the impacts of current and future climate and direct
anthropogenic pressures.
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Robust Climate Change Adaptation for
Environmental Flows in the Goulburn
River, Australia
Andrew John*, Avril Horne, Rory Nathan, Keirnan Fowler, J. Angus Webb and
Michael Stewardson

Water, Environment and Agriculture Program, Melbourne School of Engineering, University of Melbourne, Melbourne, VIC,
Australia

Climate change presents severe risks for the implementation and success of
environmental flows worldwide. Current environmental flow assessments tend to
assume climate stationarity, so there is an urgent need for robust environmental flow
programs that allow adaptation to changing flow regimes due to climate change.
Designing and implementing robust environmental flow programs means ensuring
environmental objectives are achieved under a range of uncertain, but plausible climate
futures. We apply stress testing concepts previously adopted in water supply
management to environmental flows at a catchment scale. We do this by exploring
vulnerabilities in different river management metrics for current environmental flow
arrangements in the Goulburn River, Australia, under non-stationary climatic
conditions. Given the limitations of current environmental flows in supporting ecological
outcomes under climate change, we tested three different adaptation options individually
and in combination. Stress testing adaptation results showed that increasing
environmental entitlements yielded the largest benefits in drier climate futures, whereas
relaxing river capacity constraints (allowing more targeted delivery of environmental water)
offered more benefits for current and wetter climates. Combining both these options led to
greater than additive improvements in allocation reliability and reductions in environmental
water shortfalls, and these improvements were achieved across a wider range of climatic
conditions than possible with either of the individual options. However, adaptation may
present additional risks to some ecological outcomes for wetter climates. Ultimately, there
was a degree of plausible climate change beyond which none of the adaptation options
considered were effective at improving ecological outcomes. This study demonstrates an
important step for environmental flow assessments: evaluating the feasibility of
environmental outcomes under climate change, and the intervention options that prove
most robust under an uncertain future.

Keywords: environmental flows, climate change adaptation, freshwater ecosystems, climate stress testing,
mechanistic modeling
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1 INTRODUCTION

The implementation of environmental flows to restore river
ecosystems from anthropogenic degradation is growing
globally (Arthington et al., 2018). However, climate change
presents further challenges for environmental water
management and freshwater ecosystems (Poff and Matthews,
2013; IPCC, 2014; Horne et al., 2019). Despite the high
uncertainties involved, there is a need to test environmental
water management practices and assess how they perform
under different climate regimes (Poff et al., 2016). It may be
that current environmental flows objectives cannot be sustained
under current policy settings without significant adaptations, this
issue). Interventions designed to address an existing problem,
such as river regulation, may not fulfil the desired outcomes
under a different climate future (Poff, 2018). This is a challenge
for environmental flow implementation and may jeopardize the
value of investments in environmental flows. This paper explores
these issues using the Goulburn River, Australia as a case study
through the evaluation of different environmental flow outcomes
under a range of plausible climate futures and adaptation options.

Current environmental water planning in many parts of the
world adjusts flow delivery from year to year (Rayner et al., 2009;
Poff et al., 2010; Opperman et al., 2019). High flow components
are usually delivered in wetter years and critical low flow refuge
habitats protected in dry years when availability of environmental
water is low. Environmental flow strategies generally set out
objectives based on the assumption of climate stationarity
which provides an estimate of the frequency with which
different environmental flow components can be achieved
(Horne et al., 2019). Environmental flows have been
implemented around the world under varying degrees of
sophistication in locations such as Africa (Brown and King,
2012), Canada (El-Jabi and Caissie, 2019), Europe (Mezger
et al., 2019) and Asia (Chen and Wu, 2019). In many cases
these regions are projected to experience wetter conditions under
climate change (IPCC, 2013). However, drying climates are
projected with varying levels of uncertainty for many parts of
the world with environmental water programs such as south-east
Australia, western United States and the Mediterranean (IPCC,
2013). If climate change is neglected in environmental water
planning, then strategies based on annual water availability will
fail to deliver the intended long term flow regime, and particularly
the frequency of higher flow events. If this shift is ignored there
will be a decline in environmental condition and potentially poor
targeting of environmental water outcomes.

There is a need to anticipate the kind of impact climate might
have on environmental water outcomes and to develop strategies
to address vulnerabilities. However, this can be challenging for
complex river systems given large uncertainties in climate
projections. Climate stress testing methods (Brown et al., 2012;
Brown and Wilby, 2012) have evolved to assess system
performance for varying degrees of climate change that may
not be captured by scenario-based climate projections. Generally
referred to as “bottom-up” methods, they differ from scenario
assessments by beginning with an exploration of system
performance and vulnerability to changes in inputs (such as

precipitation or temperature). To date, most riverine
applications of these methods have been limited to assessing
water supply vulnerability (e.g., Turner et al., 2014;
Steinschneider et al., 2015; Henley et al., 2019), but they offer
promising utility to assess ecological outcomes in a way that
accommodates climate uncertainty (John et al., 2020). Robust
interventions are needed if regulated rivers are to adapt to
uncertain climate futures. Stress testing methods can help
identify robust solutions by assessing which options deliver
benefits over a wider range of potential climate changes (Poff
et al., 2016), and can be used to gain insights into wider system
performance before and after intervention (Weaver et al., 2013).

In this study, we tested the effectiveness of three different
intervention options to improve environmental water outcomes
in the Goulburn River for current conditions and a range of
plausible climatic changes. The three options were: increasing the
environmental water entitlement, relaxing river capacity
constraint issues (i.e., removing barriers to environmental
water delivery), and increasing the priority of some
environmental flow components so they are delivered outside
of the normal water allocation process. We did this by using a
stress testing methodology in which the effectiveness of each
individual option (and combination of options) was assessed
under various degrees of climate changes to gauge robustness.
Although these adaptation options are primarily designed to
improve freshwater ecosystem outcomes, we compared how
they perform for several key system metrics including
reliability of water supply, shortfall in meeting environmental
water demands, and stabilizing the long-term condition of
ecological endpoints.

2 METHODS

2.1 Case Study Approach—Adaptation in
the Goulburn River, Australia
The Australian government’s Murray Darling Basin Plan
represents a multi-billion-dollar investment in water
recovery to support the delivery of environmental flows
(Hart, 2016). This has delivered substantial volumes of
water to the environment in the form of water entitlements
(property rights with the same conditions as consumptive
water rights). In the Goulburn River in northern Victoria,
Basin Plan recovery has included nearly 400 GL/year
(400 Hm3/year) of high reliability water (∼30% of storage
and tributary inflows). However, this recovery target was
established assuming stationary climate conditions with
little consideration given to climate change (Prosser et al.,
2021). Although there is large uncertainty, future projections
for the region typically predict lower water availability through
increased temperatures and decreased cool season rainfall
(Timbal and Jones, 2008; Timbal and Drosdowsky, 2013).
Reduced natural flows due to climate change will increase
the demand for environmental water but reduce available
supply through lower water allocations. In historic dry
periods, environmental water managers typically focus on
low flows to sustain key habitats, in line with expectations
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on environmental water availability and tributary inflows
(Horne et al., 2020).

There are also barriers to the effective delivery of
environmental water. In the Goulburn River, capacity issues
relating to flooding concerns means not all flow
recommendations can be met. These capacity issues currently
limit controlled regulated releases to 10,000 ML/d (116 m3/s),
which is less than half of the flow recommendations for overbank
flows. “Piggybacking” (supplementing unregulated tributary flow
pulses with regulated releases) can be used to provide higher
flows, but non-linear routing considerations and existing
management arrangements mean it is difficult in practice to
time reservoir releases to best utilize tributary inflows (Kaur
et al., 2019).

2.2 Case Study Region and Characteristics
The Goulburn River basin in northern Victoria, Australia,
supports around AUD$1.4b in irrigated agricultural
production annually. The Goulburn catchment spans 1.6 m Ha
on the lands of both the Yorta Yorta and Taungurung traditional

owner nations. The Goulburn River is notable because it provides
10% of annual flows in the wider Murray-Darling basin despite
occupying only 2% of the land area. There are two major
regulation structures on the Goulburn River, Lake Eildon
(3,300 GL storage) in the upstream reaches and Goulburn
Weir, which diverts water to an offline storage at Waranga
Basin (430 GL) further downstream.

Water is allocated to users proportionately based on water
entitlements that fit into two categories: high and low security
shares. The focus of this paper is on high security shares as this is
the bulk of consumptive water use. Seasonal allocation volumes
are set such that all high security users receive a proportionate
share of their entitlement (i.e., all users receive the same
percentage of their entitlement based on seasonal water
availability), and these are updated throughout the water year.

The Goulburn Broken Catchment Management Authority
manages water entitlements on behalf of the environment.
There are nearly 400 GL of high security environmental water
rights in the Goulburn River, which are used to meet local
environmental objectives and downstream environmental flows

FIGURE 1 | Case study catchment of the Goulburn River basin. The flow duration inset describes Kaiela flow conditions in current and “natural” (modelled without
regulation structures and diversions) conditions. Compared to more natural conditions, rarer flows are lower in magnitude, and more common flows are higher in
magnitude for the current regulated regime.
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in the Murray River. There are also passing environmental flow
requirements from Lake Eildon and Goulburn Weir ensuring
minimum flow conditions are met.

There are various ecological values along the river including
important fish species such as Murray Cod (Maccullochella
peelii) and Golden Perch (Macquaria ambigua), and
floodplain water regimes maintaining River Red Gum
(Eucalyptus camaldulensis) forests. The most targeted
reaches for environmental managers are those downstream
of Goulburn Weir. This section of the river is known as Kaiela
in the language of the Yorta Yorta traditional owners. Key
features of the river basin are shown in Figure 1.

From a water management perspective, one of the more
challenging features of the Goulburn River basin is the large
quantity of water transferred downstream as inter-valley
transfers. These transfers are used to supply irrigation
demands much further downstream (up to 500 km) along
the Murray River. The majority of this water is delivered
over summer months to align with seasonal irrigation
needs. Inter valley transfer volumes have grown
substantially from 99 GL in 2012 to a peak of 433 GL in
2018. This now presents both an opportunity and risk for
freshwater ecology. Inter valley transfers can be timed to meet
some ecological demands along the lower Goulburn River, but
these also substantially increase summer flows leading to

severe negative impacts on bank stability and bank
vegetation (Wood et al., 2021).

The main environmental flow components are summarized in
Table 1. Environmental water plans change from 1 year to the
next depending on prevailing climate conditions and ecological
priorities. For example, in dry years water managers will prioritize
low flow components to provide drought refuge habitat and delay
some flow deliveries to guarantee critical supplies for the
following year.

2.3 Modelling Approach
The overall modelling framework used in this study is
summarized in Figure 2, and individual method components
are further discussed below. Briefly, the modelling steps
comprised three main components. First, a stochastic data
generation model was used to derive stochastic climate inputs
(monthly precipitation, temperature, and potential
evapotranspiration) that are representative of plausible future
conditions. These were input into a conceptual rainfall-runoff
model to provide monthly time series of reservoir and tributary
inflows. A water resource systemmodel was then used to simulate
monthly water allocations, demands, diversions, flows along river
reaches, and environmental flow releases. Finally, ecological
models were used to project ecological condition for 12
different endpoints at the key environmental reaches. These

TABLE 1 | Key environmental flow components in Kaiela (Goulburn River). Adapted from Horne et al. (2020).

Priority Flow component Magnitude (ML/d) Duration (days) Timing Frequency

1 Year round baseflow 500-1,000 (summer and autumn). Greater than
500 (winter and spring)

Continuous Continuous Yearly

2 Overbank or high flows Up to 30,000 opportunistically 5 days at peak
(opportunistically)

Late winter/spring >10,500 every year. >20,000
7 in 10 years

3 Early spring fresh 5,000 to 10,500 7 days at peak Early spring Yearly

4 Autumn fresh >5,700 7 days at peak Growing season
(March-April)

Yearly

5 Late spring fresh >5,600 2 days at peak Nov-Dec Yearly

6 Winter-spring variable
baseflow

Mimic natural variability. >500 Continuous Winter/spring Yearly

FIGURE 2 | Modelling and assessment framework used in this study.
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models are sensitive to daily flow statistics, so a disaggregation
method (John et al., 2021b) was used to estimate daily flows at this
site. The analysis was repeated for each individual adaptation
option and for different combinations of options.

2.4 Stochastic Data Generation and Climate
Change
We used a stress-testing approach that models system
performance under various combinations of possible climatic
changes that go beyond the ranges and combinations of changes
projected by general circulation models (GCMs). The benefit of
this approach is that it allows the performance of current and
alternative adaptation options to be assessed over a wider range of
joint climate changes than is possible using more traditional
scenario-based climate projections (Brown and Wilby, 2012).
Whilst stress-testing does not require stochastically generated
data, the use of stochastic data facilitates the exploration of system
performance under plausible climatic sequences that have not
been observed in the historic records (such as multi-year
droughts), which may include hysteretic behavior that varies
with antecedent conditions (John et al., 2021a). Many
ecological processes and rates of recovery and decline are
sensitive to specific flow sequences and differing antecedent
conditions (Shenton et al., 2012; Wang et al., 2018; Wheeler
et al., 2018).

Timeseries of monthly precipitation and monthly average daily
maximum temperature were generated using the stochastic stress
testing framework developed. This framework allows for
perturbations of long-term precipitation and temperature
statistics to produce stochastic scenarios that are representative of
changes in future climate. The adopted framework includes options
for simulating changes to long-term average precipitation,
precipitation seasonality, low-frequency variability of
precipitation, long-term average temperatures and non-stationary
runoff responses [temporary or permanent changes in the
relationship between rainfall and runoff linked to long-term
drought (Saft et al., 2015)]. Here, we only simulate changes to
long-term annual precipitation and temperature. Previous work has
shown that other changes may impact on ecological outcomes, but
we have limited the analysis for the following reasons: Ecological
outcomes in the regulated reaches of the Goulburn River are more
sensitive to changes in long-term average precipitation and
temperature than other climate variables; projections of changes
in rainfall-runoff relationships, whilst potentially very significant for
ecological outcomes, are highly speculative and subject to
considerable uncertainty; current policy guidelines for assessing
the impact of climate change on water resources developed by
the state water agency focus solely on changes in long-term
annual rainfall and temperature.

The bounds on changes in long-term average precipitation
and temperature were informed by an ensemble of 37 GCM
projections from CMIP5 (Taylor et al., 2012). Climate model
outputs were bias-corrected using an annual quantile-quantile
scaling approach (Johnson and Sharma, 2011), and then change
factors were calculated by comparing the running mean of 30-
year periods centered around a given year to a baseline set at

1980–2009. For example, the change factor for 2065 represents
the mean of the period 2050–2079 relative to the mean of
1980–2009. These change factor projections for the Goulburn
River basin for each individual GCM and the multi-model mean
are shown in Figure 3. Stress testing bounds were extended a
short way beyond the total envelope of change factors from
climate projections up to 2065. We tested changes in long-
term average precipitation from −30 to 15% of the baseline,
and increases in temperature from 0 to 4°C. These range of
changes are referred to as the tested “climate space.”

Later, in presenting stress testing results, we used change
factors for centered around 2040 and 2065 for two emissions
scenarios of RCP4.5 and RCP8.5. This is done to contextualize
GCM climate projections with the modelled climate change space
as part of the stress test.

2.5 Rainfall-Runoff Modelling
The WAPABA model (Wang et al., 2011) was used to simulate
monthly rainfall-runoff responses. This model was selected as it
has been found to outperform other monthly models (and some
daily models) in simulating monthly streamflow in Australian
catchments, and in this region specifically (Wang et al., 2011).
The WAPABA model was calibrated using an approach which
explicitly accounts for model behavior over multi-year wet and
dry periods in the historic record (Fowler et al., 2016), separate
calibrations were undertaken for different sub-areas of the
Goulburn catchment (reflecting hydrological differences over
the 1.6 m Ha area) and these were recombined spatially as
required to provide the inflows for the different inflow points
of the water resource model.

2.6 Water Resource Modelling
A simplified model of the river systemwas used to predict flows at
various key areas in the regulated river network. This model was
based on the state water agency’s detailed daily planning model,
but with reduced spatial detail and operating on a monthly
timestep. The model was calibrated to ensure adequate
representation of the flow regime at key ecological flow
reaches. The simplified model was necessary to reduce the
time needed to undertake the stress tests, each of which
requires thousands of model runs. Since ecological outcomes
are sensitive to daily flow patterns, a disaggregation scheme (John
et al., 2021b) was used to produce daily outputs from monthly
flow data at specific river reaches. The disaggregation scheme
considers both antecedent catchment wetness as well as flow
magnitude, and has been shown to outperform daily rainfall-
runoff modelling for a variety of purposes, but especially for
modelling ecologically relevant flow statistics under a non-
stationary climate (John et al., 2021b). Regulated dam releases
for irrigation deliveries and bulk inter-valley water transfers (but
not for environmental water releases) were disaggregated
uniformly as typically their within-month variability is low.

2.7 Metrics to Define System Performance
The Goulburn River is managed for multiple objectives—mainly
irrigation water supply and environmental outcomes.
Environmental flows are predominantly provided through
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water entitlements, and the availability of environmental water is
thus also a function of system reliability. Accordingly, we
investigated current system performance and the effect of
adaptation options on the reliability of high security water
shares, as this is representative of the general reliability for
water users. Reliability in this instance was represented by the
proportion of years that allocations are fully provided.

We used two different metrics to assess freshwater
ecosystem outcomes. The first metric is simply the average
annual volume of environmental water shortfall. This shortfall
is calculated by subtracting the modelled river flows from the
sum of annual flow environmental components. This metric
was selected as it has formed the basis for setting
environmental water recovery targets in the basin
(Murray–Darling Basin Authority, 2010). Ideally,
environmental water demands are fully met (or exceeded)
each year, but low water allocations or constraints on
delivery mean that not all flow recommendations can be met.

The second, more complex metric is derived using sequence-
based ecological models that explicitly calculate ecological
condition through time (Bond et al., 2018; Horne et al., 2018b;
Horne et al., in prep, this issue). Thesemodels have been developed
for 12 different ecological endpoints reflecting key river values
identified in themost recent environmental flow recommendations
update (see Table 2 for short description, and Supplementary
Material for more detail). The models use conditional probability
networks which take certain flow components and other
phenological inputs (such as habitat quality and food
abundance) and project how ecological processes, and
ultimately the ecological condition of the endpoints, respond
(Horne et al., 2018b). The models are sensitive to different
hydrological sequences since their condition at a point in time
also depends on conditions in the previous time step. Somemodels
are dependent on the outputs of others, such as fish recruitment
rely on macroinvertebrate outcomes (as a source of food). All
models were structured and parameterized using a combination of
expert elicitation and data integration using observations where
possible. Projected ecological condition is updated at an annual
time step (Horne et al., 2020).

To summarize the results of twelve difference ecological model
outcomes in one metric, we report the number of models inside a
tolerability range for each climatic simulation. The tolerability range
for each ecological endpoint was set according to the range of
behavior found under a set of baseline conditions. An example of
this calculation is shown below (Figure 4), but the method follows
that of Nathan et al. (2019). The baseline was established using the
distribution of ecological outcomes simulated using 100 replicates of
stochastic streamflows. For each climatic scenario considered, the
distribution of outcomes across 100 replicates was compared to the
baseline and the proportion of the non-overlapping portion of this
distribution estimated. The tolerability limit is set at −0.5. Whilst
this does not represent ecological tolerability in absolute terms
(i.e., strict physical limits to species survival), it does represent the
point at which the influence from climate change on ecological
outcomes will exceed the influence from natural climate variability
based on current river management and operating rules. Such a
metric was chosen as it allows direct comparison across the twelve
models. It is also theoretically sound in the assumption that impacts
will be felt more acutely when the range of conditions faced under
future climate departs from the range typically experienced (Horne
et al., 2019).

For the reliability and environmental water shortfall metrics, 50
replicates of 50 years long were generated for each combination of
precipitation and temperature change. The mean of the 50
replicates was then used as the response. We used more
replicates for the ecological models (100) to better characterize
the distributions, but shorter sequences of 20 years were used as
these are more relevant for management considerations and more
closely align with the longest critical phenological period in the
ecological models (generally floodplain vegetation).

2.8 Adaptation Options
Three different adaptation options were developed in cooperation
with water management agencies to improve environmental
water outcomes in different climatic regimes. These are
summarized in Table 3 and further described below.

The first option involved increasing the environmental water
entitlement by recovering water from other users in the system.

FIGURE 3 | Climate model projections for annual precipitation and temperature for the Goulburn River basin for RCP8.5. Each colored line is a CMIP5 model
projection. The bold black line is the multi-model-mean projection.
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TABLE 2 | Models of twelve key ecological endpoints for the Goulburn River, including the flow components they rely on to support individual ecological processes.

Model Description Key flow components Other influencing
models

Non-flow factors

Opportunistic fish
Periodic fish
Equilibrium fish

Fish population is influenced by three primary
drivers, the survival, recruitment and movement of
the population. Fish species must be able to
spawn, survive through to adulthood and disperse
within the catchment. Survival is a function of how
many fish there are to begin with, and how good
conditions are for survival. Movement in all three
populations is influenced by connectivity
throughout the catchment and, for the periodic
fish, to the larger Murray-Darling basin.
Recruitment is present in all three models as
drivers of overall population health but is
significantly different among the three models

Overbank Geomorphic
complexity Macro-
invertebrates

Temperature
Bank full
Spring Fresh
Baseflow
Rise and fall during nesting

Floodplain vegetation The Lower Goulburn River Floodplain supports a
range of flood-dependent vegetation communities
including river red gum (Eucalyptus
camaldulensis) open forest woodland. Smaller
areas of grey box (E. microcarpa) open forest
woodland with associated yellow box (E.
melliodora), white box (E. albens) and black box
(E. largiflorens) occur on higher parts of the
floodplain). Floodplain condition is influenced by
inundation events but also riparian management
and control of illegal logging

Overbank flows Excess litter
Proportion of tributary inflows Logging
Rainfall Cool fire (an indigenous

approach to manage excessive
litter accumulation)

Mid bank vegetation Vegetation on the mid bank varies from species
intolerant of prolonged inundation at the boundary
between the mid and upper bank such as Poa
labillardierei (Common tussock grass), to species
tolerant of flooding but requiring flood recession
over summer, such as Pasaplidium jubiflorum and
Carex tereticaulis. Species at the lower elevations
including the littoral zone are adapted to tolerate
more frequent inundation and are less tolerant of
drying. These species include a range of sedge
and rushes (Cyperus eragrostis, Cyperus
exaltatus, Juncus spp.) and forbs including,
Persicaria hydropiper, Alternanthera denticulata
and Centipeda cunninghamii

Spring freshes, Autumn freshes
and subsequent high flows

Littoral vegetation Tributary flows, overbank flows,
summer base flows, summer
flow pulses

Turtles Forage habitat combined with macroinvertebrate
population are the key drivers that influence turtle
body condition. Body condition influences the
likelihood of breeding and egg production,
essential for population persistence

Overbank flow Macro-invertebrates Fishing Foxes
Littoral vegetation
Geomorphic
complexity
Bank stability

Bank stability Large-scale fluctuations in water level have the
potential to induce localized riverbank erosion and
slumping, particularly after rapid falls in water level.
Holding water levels constant for prolonged
periods can increase the likelihood of notching of
the riverbank

Summer rate of rise and fall
Summer flow max and variation

Instream production Instream primary production provides the basis of
the river’s food web. The amount of instream
productivity is determined by the individual
amounts of production from benthic algae,
phytoplankton and emergent plants

Overbank flow Nutrients
Base flow External light

Platypus Platypus populations are governed by the
antecedent population condition at the end of the
previous year plus the success of reproduction
during the current year. Reproductive success is a
function of the provision of burrow habitat in which

Late winter overbank flows Geomorphic
complexity

September to January high
flows relative to winter depth

Macro-invertebrates

(Continued on following page)
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This option increases the total pool of annual environmental water
by 100 GL and reduces other water entitlements proportionately.

The second option attempts to improve the effectiveness of the
environmental water delivery by relaxing river capacity issues.
Existing arrangements mean controlled releases downstream of
both Lake Eildon and Goulburn weir are limited to approximately

10,000 ML/d. This option assumes these limits can be raised to
15,000 ML/d, thereby allowing the delivery of higher flow pulses
assuming sufficient water allocations.

The third option involves a change to environmental water
management policy. There are existing minimum passing flow
requirements downstream of Goulburn Weir that are delivered

TABLE 2 | (Continued) Models of twelve key ecological endpoints for the Goulburn River, including the flow components they rely on to support individual ecological
processes.

Model Description Key flow components Other influencing
models

Non-flow factors

the young platypus are reared, and the ability for
adult platypus to find sufficient food to maintain
good body condition both prior to breeding and
after the birth of the young

Geomorphic complexity Geomorphic diversity supports ecological
diversity by providing hydraulic and physical
habitat. This includes different forms (e.g., bars,
benches, pools) and different substrates (e.g.,
gravels, sands and silts). Providing this instream
habitat complexity requires both channel forming
events (e.g., those that provide larger movement
of sediment through the system and formation of
the overall river form such as pools and bars), and
maintenance flows (e.g., to scour finer sediments
or redistribute mobile sediments such as gravels)

High flow
Fresh
Proportion of tributary inflows
Low flow fresh
Summer baseflow

Macro-invertebrates Macroinvertebrates are primarily conceived as a
means objective for this study—as a food supply
for native fish, platypus and turtles. The
macroinvertebrate biomass and diversity will be
partly affected by the antecedent population
condition—the biomass and diversity in the
previous year. Beyond this, macroinvertebrates
respond to the quality and provision of habitat
extent and diversity

Summer/autumn fresh Instream production Instream vegetation
Baseflow
Spring fresh

FIGURE 4 | Illustration of how the tolerability range is calculated, after Nathan et al. (2019). When the proportion of the non-overlapping future distribution is greater
than 0.5, the dominant influence on the distribution of outcomes shifts from existing (or natural) variability to the imposed (climate) change.
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outside of the environmental water allocation process. This option
increases seasonal passing flows to deliver a fresh event of moderate
magnitude in the winter/spring months, which is an important flow
component for multiple ecological endpoints. The precise timing of
such events depends on water availability and environmental
demands which vary year to year. It can be delivered over the
July to October period, as there is some flexibility in the timing of
spring pulses (see Table 1), and at a peak magnitude of 3,000ML/d,
not including additional tributary flows.

All options were modelled individually and in all possible
permutations, giving a total of seven adaptation scenarios and
current conditions. Options are abbreviated as follows: increased
entitlement (IE); relaxed constraints (RC) and seasonal passing
flows (PF). If a combination of options is discussed it uses the

requisite combined abbreviation (i.e., IERC for the combination
of increased entitlement and relaxed constraints).

3 RESULTS

The results of the stress test are first presented for the three
metrics of water supply reliability, environmental water
shortfalls and the ecological model outcomes under baseline
(i.e., no adaptation) conditions. Next, the results for the three
metrics are presented for each individual adaptation option,
and these are followed by the results obtained for different
combinations of the options. Only a selected set of results are
presented here in order to illustrate the main findings but

TABLE 3 | Summary of different adaptation options trialed in this study. Options are modelled individually and in all combinations.

Adaptation option (short
name)

Description Rationale

Increased environmental
entitlement (IE)

Environmental entitlements in the system increased by 100 GL, other
entitlements reduced commensurately

Increasing the environmental water entitlement will increase the
volume of water able to be delivered as environmental flow

Relaxed river
constraints (RC)

Maximum regulated releases raised from 10,000 ML/d to 15,000 ML/
d in all river reaches

Relaxing constraints will allow higher flow components to be delivered
assuming sufficient environmental water allocations

Seasonal pulse flow (PF) Increased existing passing flows to deliver a moderate fresh event in
Spring months. This occurs before other water is allocated to users

This flow component is important for many ecological endpoints.
Increasing its priority in the allocation process to match that of
passing flows means it can be delivered even in dry years with low
water allocations

FIGURE 5 | Stress testing results for current system conditions (no adaptation) according to three output metrics: (A) allocation reliability; (B) environmental water
shortfalls; and (C) ecological model responses. Note the x and y-axes are identical for all three plots. GCM outputs are plotted over failure surfaces for two time periods
and two emissions scenarios. Also highlighted is the system performance in the absence of climate change (0, 0).
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results for all combinations of options are presented in
Supplementary Material.

3.1 Current System Stress Test
System performance under current conditions (no adaptation) is
shown in Figure 5 for the three different response metrics.
Allocation reliability for the current climate is about 91% (see
highlighted value at (0, 0) in Figure 5A). System reliability is
more sensitive to changes in precipitation than temperature,
indicated by the near vertical contours in Figure 5A, and this
is generally true for all output metrics. Sensitivity of reliability to
changes in climate increases once mean annual precipitation
drops to ∼−10%, as is seen in the decrease in contour widths.
This variable sensitivity of reliability is significant because a large
number of climate model outputs for both emissions scenarios
are clustered in this region. System reliability is nearly zero for the
driest and warmest combination of tested climate changes (top
left-hand corner, Figure 5A).

There are many similarities between the stress test results for
environmental water shortfalls and reliability since available
environmental water volume depends on water allocations in
the system. Despite the large environmental water entitlement,
there is still on average 152 GL/year of shortfalls in meeting flow
recommendations in current climatic conditions (see 0, 0 in
Figure 5B). Most shortfalls occur during the wetter periods,
demonstrating river capacity issues in delivering higher flows
in wetter years alongside other irrigation transfers.

The ecological models show a clear window of favorable
conditions for different climates (vertical white band in
Figure 5C). In some cases, significantly wetter conditions are

intolerable (pink area to the right of the white band—models
affected were bank stability, littoral vegetation, platypus, and
instream production). However, the major mode of
intolerability is too little water, not too much, as evidenced by
the large darker pink area to the left of Figure 5C. Typically,
models that are stressed under wetter conditions also benefit from
drier conditions, which explains why even under extremely dry
conditions not all 12 models are outside of the tolerability range.
Changes in mean annual precipitation of ∼−10% are significant as
most models are outside tolerability limit of −0.5 for these drier
conditions. The threshold of precipitation change that causes
models to leave the tolerability range is slightly modulated by
changes in temperature, with temperature increases reducing the
threshold. Beyond ∼−20% changes in mean annual precipitation
the maximum number of models (eight) are stressed. The
ecological model outputs may be more useful for directly
assessing ecological outcomes as they offer more direct
information on the ecological significance of climate change
compared to the environmental water shortfall metric.

It is worth further investigating the extent of existing river
capacity issues. This can be done by looking at what is driving the
environmental water shortfalls, especially for wetter conditions
when water resources should be plentiful. Figure 6 shows a
similar stress test output to Figure 5 but describing
constrained water delivery (i.e., allocated environmental water
that cannot be delivered due to river capacity constraints), and
the proportion of shortfall categorized into low and high flow
components. Here a high flow component is the portion of any
flow component above 5,000 ML/d. This threshold translates to
between the 10th and 20th flow exceedance percentiles based on

FIGURE 6 | Stress testing results for current system conditions showing: (A) constraints (allocated environmental water that cannot be delivered due to river
capacity constraints); (B) and the low flow proportion of the environmental water shortfall; and (C) the high flow proportion of the environmental water shortfall.
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FIGURE 7 | Stress testing results for selected adaptation options relative to baseline performance in Figure 4. (A–C) for increased entitlement; (d–f) for relaxed
constraints; and (g–i) for both the above options. Note the x and y-axes are identical for all plots. GCM outputs are plotted over failure surfaces for two time periods and
two emissions scenarios. Also highlighted is the system performance in the absence of climate change (0, 0).
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historic records. The low flow component is any flow below
5,000 ML/d. Constraint issues are clear in baseline conditions
from the large volume of 165 GL/year of environmental water
that cannot be delivered (see (0, 0) in Figure 6A). This is roughly
equal to the total environmental water shortfall (Figure 5B) and
more than a quarter of the total environmental water entitlement.
Note that this water is not “lost,” as unused water can be carried
over and used later in the season. Rather it represents the annual
sum of water that could have been delivered for priority flow
components if not for flow constraints. There are still significant
constraints of 100 GL/year for climate projections with a decrease
in long term precipitation of 10%, but constraints decrease as the
climate gets drier as less water is allocated for environmental
water or irrigation. High flows make up approximately three
quarters of the shortfall under the existing climate. This
proportion stays remarkably constant through changes in
climate, although as conditions get hotter and drier, low flows
make up a progressively higher portion of the total shortfall.

3.2 Adaptation Responses
The adaptation response using increased seasonal baseflows (PF)
had almost no impact in reducing environmental water shortfall
or improving ecological modelling outputs, and it reduced
allocation reliability (see Supplementary Material). This was
also true when combined with any other adaptation option. It
is likely that the volume of water and scope of this option is
insufficient to affect the flow regime and deliver tangible
ecological benefits. As such, this option is no longer
considered in the following results, but full results can be
found in Supplementary Material.

The remaining options for adaptation include the increased
environmental entitlement, relaxed constraints, and their
combination. These three results are presented in Figure 7.
Figure 7, which shows the difference rather than the absolute
values (where “difference” refers to change relative to the “no
adaptation” case in Figure 5). For example, in Figure 7 below,
response surfaces show the increase in reliability, reduction in
environmental water shortfall and change in number of models
within the tolerability range. Results for each option not relative
to the baseline (i.e., the same arrangement as Figure 5) can be
found in Supplementary Material.

The increased entitlement (IE) option reduces allocation
reliability compared to the baseline for much of the tested
climate space, with slightly higher reductions around moderate
reductions in mean annual precipitation (Figure 7A). The
reasons for reliability reductions are unclear, but seasonal
water use and carryover of allocation from 1 year to the next
is different between irrigators and environmental water
managers, so it is conceivable that this has some influence on
reliability. It is worth remembering however, that in this example
the increased environmental entitlement comes from other water
users in the system. From Figure 7B, there is relatively little
benefit to addressing environmental water shortfalls in the
current climate regime, with reductions in shortfall of only
4 GL/year. Reductions in shortfall become larger for a hotter
and drier climate, presumably linked to less frequent existing
constraint issues in dry climates, and thus maximizing the

usefulness of the increased entitlement. Ecological model
outcomes show marginal improvement for conditions around
a moderate degree of drying climate (between 5 and 10%
reductions in mean annual precipitation), but worse outcomes
for wetter climates (Figure 7C). In this instance, higher
environmental entitlements increase overall river flows in
downstream reaches, which would have otherwise been
diverted for irrigation. This has negative consequences for the
models known to be sensitive to seasonally high flows (bank
stability, littoral vegetation, platypus, and instream production).

The relaxed constraints (RC) option increases allocation
reliability, from ∼2.5% in the current climate up to 5% for
moderately drier and hotter conditions (Figure 7D). This also
had the benefit of not reducing other water user entitlements
compared to option IE. The driving factor here appears to be that
RC tends to improve airspace since water can be used more
rapidly (e.g., releasing relatively larger floods for environmental
purposes), freeing up space in reservoirs and increasing the ability
of the reservoir to intercept subsequent flows. For the current
climate, overall spill volumes are 17% lower in RC compared to
the baseline, but there is no difference in mean reservoir storage
level in model simulations. Shortfall reductions were more
apparent for scenarios with relatively small changes in mean
annual precipitation (Figure 7E). Unlike IE, RC becomes less
effective at reducing shortfalls for progressively drier climates,
again, presumably because river capacity issues become less
common with reducing streamflows. Ecological model
responses are stronger than the IE case, with improvements in
moderately drier climate but poorer outcomes in wetter climates
(Figure 7F). The RC option ultimately leads to higher river flows
in wetter climates compared to the baseline as it allows the
delivery of higher flow components and larger inter valley
transfers.

The option combining both increased entitlements and
relaxed constraints (IERC) has some significant overall benefits
for reliability and ecological outcomes. Interestingly,
improvements in allocation reliability and environmental
shortfalls are greater than the sum of the benefits of each
option individually (Figure 7G). The reductions in reliability
from IE were no longer apparent when combined RC. Reliability
increased from 3.4% in the current climate up to 8% for
moderately drier and hotter conditions (although this option
still ultimately reduces entitlement for non-environmental water
users). This greater than additive response was also true for
reductions in environmental water shortfalls, which are at
their highest for moderately dry and hot climates (Figure 7H).
This blends the responses from IE, which offers higher benefits in
dry climates, and RC, which reduces shortfall more for the
current and wetter climates. Ultimately, this provides
significant improvements in a large portion of the climate
space projected by GCMs for all emissions scenarios and
future periods investigated. Ecological model outcomes are
more favorable still for drier and hotter conditions compared
to IE and RC (Figure 7I). However, this comes at the expense of
even poorer conditions in wetter climates for those models that
are sensitive to higher river flows, including reductions in
ecological outcomes in the current climate.
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A simple way of assessing the sensitivity of individual ecological
models to climate change is the sequence in which they leave the
tolerability range. Table 4 shows this sequence as conditions get
progressively drier. Hence, Table 4 generally shows descending
sensitivity to a drier climate, with more sensitive models at the
top and less sensitive at the bottom. Note that as some models leave
their tolerability range at the same magnitude of precipitation
change, their sequence is recorded as the same. Since ecological
models are more sensitive to precipitation, the temperature increase
is held steady at 2°C for the purposes of Table 4. Adaptation options
primarily improve outcomes for fish models compared to the
baseline. Adaptation increases the range of change in mean
annual precipitation these models can tolerate by up to 10%.
Models that have poorer outcomes under adaptation scenarios in
wetter climates almost all have interdependencies on bank stability
outcomes. Instream production, littoral vegetation, and platypus
models also all have seasonal requirements for flows remaining
below a certain range. It is conceivable that an adjustment in system
management, such as changes in the way IVTs are delivered in
summer, can reduce the sensitivity of these models to wetter
climates. However, bank stability outcomes are sensitive to high
flows at any time of the year. Since bank stability is still linked to
instream production, littoral vegetation, and platypus models, there
is a degree of sensitivity that likely cannot be reduced through
seasonal flow management.

4 DISCUSSION

4.1 The Role of Stress Testing for
Environmental Flows Management
There is a widely accepted challenge in how to include climate
change considerations in environmental flow recommendations
and management (Acreman et al., 2014; Horne A. C. et al., 2017;
Poff, 2018). This case study demonstrates that a stress testing
approach, commonly applied to other water resource challenges,
can inform the appropriate combination of water recovery with
other policy settings and river management practices to achieve

environmental objectives under a range of plausible futures.
Proposed environmental flow regimes can be evaluated for
their sensitivity to different climatic regimes before substantial
investments in water recovery or environmental legislation are
made. Or like in this case study, existing environmental flow
arrangements can be augmented to deliver more robust outcomes
under climate change. Our results showed important thresholds
for precipitation change that lead to non-linear reductions in
system reliability and ecological change. These manifested
around a decrease in precipitation of 10% (slightly modulated
by temperature increases). Using a more traditional climate
scenario-based assessment limits the range of uncertainty in
climate inputs that can be explored and does not offer insights
into potentially important thresholds of climate change or
ecological response.

Stress testing approaches can also be easily adapted from
assessing long-term climate change risk to shorter-term risk
such as droughts (Hall and Leng, 2019), simply by changing
the time period over which responses are evaluated. In such cases
there might be slightly different stressors considered, and the
requirements of water resource and ecological modeling may
change, but the stress testing principles of exploring vulnerability
to uncertainty in system inputs are equally applicable.

Adaptation for freshwater ecosystems under climate change
can also be supported by advances in environmental flows
optimisation (Horne et al., 2016) and machine learning
approaches for hydrological and ecological models (Sit et al.,
2020). Optimisation can assist in short-term active management
of environmental water (Horne et al., 2018) or longer-term
setting of flow recommendations (Horne A. et al., 2017).
Machine learning approaches can offer significant predictive
accuracy for ecological responses to change (McKay et al.,
2019), although risk a loss of transparency and easily
interpretable outcomes for stakeholders (Hain et al., 2018;
Kennen et al., 2018). Integrating complex models into a stress-
testing methodology can be computationally expensive, but
typically once training has been performed machine learning
models are quick to run. Approaches based on historic data must

TABLE 4 | Sensitivity of ecological models to changes in long-term annual precipitation for current conditions and each adaptation option. The sequence in which models
leave their individual tolerability range is given, as well as the precipitation change threshold when they leave their range. Note that some models leave their tolerability
range at the same precipitation change hence their sequence is recorded together.

Model Sequence in which models leave tolerability
range for drying climate

Precipitation change threshold at 2 °C of warming

No adapt IE RC IERC No adapt (%) IE (%) RC (%) IERC (%)

Geomorphic complexity 1 1 1 1 −5 −5 −10 −10
Periodic fish 1 1 1 2 −5 −5 −10 −15
Equilibrium fish 1 1 1 2 −5 −5 −10 −15
Floodplain vegetation 1 2 1 1 −5 −10 −10 −10
Opportunistic fish 1 2 1 2 −5 −10 −10 −15
Macroinvertebrates 2 2 1 2 −10 −10 −10 −15
Mid bank vegetation 2 3 2 3 −10 −20 −20 −20
Turtles 3 4 3 3 −25 −25 −25 −20
Bank stability n/a n/a n/a n/a 15 15 5 5
Littoral vegetation n/a n/a n/a n/a 15 10 5 0
Instream production n/a n/a n/a n/a n/a 15 10 10
Platypus population n/a n/a n/a n/a n/a 15 15 15
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be mindful when extrapolating to potentially novel climate or
ecological conditions, and in these cases mechanistic models may
help in providing sounder projections (Tonkin et al., 2019). This
is especially important for stress testing approaches which
typically aim to expose vulnerability under highly uncertain
future changes.

4.2 Significance of Results
There are distinct differences in the inferences made from
comparing adaptation options using the broader shortfall
metric and the outputs from ecological models. We argue
that the ecological model outputs are more useful for
assessing the effects of climate change on environmental
flow outcomes. The shortfalls metric implies that,
notwithstanding particular characteristics of individual
options, all options offer benefits through reductions in
shortfall in various regions of the tested climate change
space. The ecological models, however, demonstrate that all
adaptation options were suited for a hotter and drier future
only when combined with other existing river management
practices. For wetter futures (of which there is still a possibility
implied by the spread of GCM projections) the adaptation
options lead to poorer outcomes overall. Whilst perhaps
counter intuitive, this is due to the operation of the river to
meet consumptive water needs along with environmental
flows; the delivery of these consumptive flows has more
impact in wetter years.

This result highlights some of the challenges for devising
environmental flow recommendations. In water limited
locations such as Australia where the largest impact on
regulated rivers has historically been irrigation diversions,
most recommendations are concerned with minimum flows to
meet species needs, and most environmental flow planning
objectives have been framed around water recovery. In this
context, the concept of a “shortfall” metric makes sense.
Nonetheless, flow recommendations should always include the
full range of ecologically relevant flow components including
maximum flows. In other words, particularly when considering
climate change, they should present the envelope of acceptable
flow conditions and sequences. This concept is perhaps more
familiar in the USA or Europe, where there is a more common
precedent of implementing environmental flows to mitigate river
regulation from hydropower infrastructure (Poff et al., 2007). The
emergence in recent years of summer inter valley transfers as a
flow management issue in the Goulburn River illustrates that this
issue can also arise in drier climates. As the case study
demonstrates, not including the full range of ecologically
relevant flows in decision frameworks increases the risk of
making maladaptive decisions around effective intervention
under climate change. Using mechanistic ecological models to
project ecological condition offers a way to make more informed
decisions on the robustness of adaptation and can more clearly
highlight potentially important thresholds in ecological response
(Horne et al., 2019; Tonkin et al., 2019). The methods we use here
are equally applicable in other basins around the world. A benefit
of the stress testing approach is the flexibility to tailor the
assessment to almost any degree or type of system change,

whether climate-related or a more internal basin issue such as
land clearing. However, in all cases, output metrics and
definitions of baseline performance should carefully consider
the more local water management objectives and issues within
the basin.

High flow components are the first to be affected in drying
climates. Increases of daily rainfall intensities can offset drier
soil moisture regimes and improve natural catchment inflows,
but this typically only affects larger floods that are too rare to
provide year-to-year key ecological needs (Wasko and Nathan,
2019; Wasko et al., 2020). This work demonstrates the
importance of maintaining high flow regimes for ecological
outcomes using regulated river releases to “piggyback”
declining natural catchment inflows under drying climates.
As a general environmental watering strategy, more targeted
delivery of key flow components is an effective way to
maximize the ecological benefit of environmental flows
(Horne et al., 2018a). Options that increase flexibility for
environmental water managers can be more effective over a
wider range of climatic conditions.

The reliability metrics conveyed that dry climate futures have
significant implications for water availability in the river. Testing
of adaptation options to support environmental flows suggest
that while a degree of climate change can be accommodated
through changed operational and policy settings, larger climate
changes cannot be adapted to using any of the options tested here.
Reductions in long-term average precipitation of >20% stress the
maximum number of ecological endpoints regardless of
interventions. Although we do not go into detail on
implementation viability of any of the options presented here,
they do represent significant investments in infrastructure or
policy change. Under very dry climate futures preserving current
ecological values may become an increasingly untenable goal in
this river system, and perhaps many others. This could be
considered through an adaptation pathway planning process,
which may also include options for transformation and
considering a shift in objectives for the environmental flows
program. With regard to pathways planning, our results here
imply that relaxing constraints may be a better option for the
immediate future rather than increasing environmental
entitlements. The stress testing approach can be useful for
sequencing implementation of adaptation to highlight low-
regret pathways.

4.3 Confounding Factors
There are two major sources of uncertainty that limit analyses of
adaptation effectiveness for freshwater ecosystems. The first of these
is deep uncertainty in how the climate may respond to greenhouse
gas emissions. Stress testing methods can explore uncertainties by
testing various combinations of changes that may not be considered
using downscaled climate projections, but it is infeasible to test every
conceivable way in which the climate may change. Changes in the
seasonal distribution of precipitation is projected by GCMs in the
Goulburn River basin (Timbal and Jones, 2008). Potential changes in
low-frequency variability of precipitation that affects the frequency
or duration of multi-year dry periods will also influence reservoir
reliability and high and low tributary inflows. We originally focused
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on changes to long-term average precipitation and temperature
because they were shown to be more influential than seasonality
or low-frequency variability for ecological outcomes in the regulated
reaches of the Goulburn River. Further work could assess adaptation
to additional changes beyond long-term average precipitation and
temperature as either knowledge of future climate changes or
ecological stressors increases. There are still challenges with
communicating higher dimensional (i.e., more than two) changes
in a larger number of climatic variables in stress tests in a manner
that assists decision making for flow managers, although this is
ongoing area of research (Culley et al., 2021).

More uncertain still are changes in landscape, hydrological
and ecological properties as a result of climate change. These have
the potential to be highly influential to environmental water
outcomes. This is a diverse set of changes but broadly includes
changes in land-use patterns (Kuemmerlen et al., 2015),
vegetation cover and vegetation water use behavior (Frank
et al., 2015; Tietjen et al., 2017), non-stationary rainfall-runoff
responses (Peterson et al., 2021), and ecological dynamics
(Anderson et al., 2006; Wolkovich et al., 2014). Some of these,
such as the impacts of land-use change, can be included in current
hydrological models. However, there is limited opportunity to
include biophysical dynamics or non-stationary runoff responses
in hydrological models (Blöschl et al., 2019). Non-flow drivers of
ecological outcomes are important to include when establishing
flow-ecology relationships in ecological models (Poff and
Zimmerman, 2010; Poff, 2018). Some of these drivers are
included in the ecological models used in this study, such as
bushfires, sediment and nutrient regimes and predator-prey
relationships. But there are more fundamental problems with
making projections for these influences compared to flows, which
can be relatively more easily simulated with hydrological and
water resource models. For example, in the turtles model one of
the most influential factors in turtle population is coincident fox
population (which predate offspring). But it is extremely
challenging to project fox populations responses to climate
change. Moreover, non-flow drivers of ecological responses
may themselves be subject to intervention in order to improve
environmental flow outcomes (Nicol et al., 2021). Such
“complementary measures” are being actively explored in
Australia and other water-limited jurisdictions and will almost
certainly become part of the toolset for improving ecological
outcomes for environmental flows under a drying climate.

5 CONCLUSION

This study shows that stress testing methods are an effective way
to assess the sensitivity of environmental water outcomes and the
robustness of adaptation options to uncertain changes in climate.
The stress testing reveals shortcomings in current system
management, vulnerability of irrigation and environmental
water to a drying climate, and general limits to the tolerability
of ecological endpoints to changes in long-term climate. It also
shows the regions of the future climate space (i.e., hot or cool, dry
or wet) in which different adaption options are most effective.
Combining the increased environmental entitlement and relaxed

constraints adaptation options together provide a very robust
reduction in shortfalls across almost the entire tested climate
space. However, the ecological models suggest that while these
options are effective at increasing ecological resilience under
drying climates, they risk deteriorating outcomes for some
models under wetter climates. The apparent effectiveness of
adaptation options, and potentially the recommendations from
an impact or adaptation assessment depend on the type of
response metric used. Therefore, the use of multiple metrics
for adaptation effectiveness, particularly those incorporating
mechanistic relationships and ecological dynamics, helps
reduce maladaptation risk under climate change.

One of the starker results from this study is none the options
tested here could adapt ecological outcomes to stronger impacts
of a drying climate. Multiple GCMs project reductions in mean
annual precipitation between 10 and 20% by 2065 even under a
moderate emissions scenario of RCP4.5. This degree of climate
change causes severely low water allocations in the system, large
environmental water shortfalls and leads to worse outcomes for
most ecological endpoints in the river system regardless of
adaptation attempts. This suggests that river managers should
be prepared for potentially inevitable transitions in regulated
river ecosystems unless aggressive climate change mitigation
efforts are pursued.
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Identifying Functional Flow Linkages
Between Stream Alteration and
Biological Stream Condition Indices
Across California
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Large state or regional environmental flow programs, such as the one based on the
California Environmental Flows Framework, rely on broadly applicable relationships
between flow and ecology to inform management decisions. California, despite having
high flow and bioassessment data density, has not established relationships between
specific elements of the annual hydrograph and biological stream condition. To address
this, we spatially and temporally linked USGS gage stations and biological assessment
sites in California to identify suitable paired sites for comparisons of streamflow alteration
with biological condition at a statewide scale. Flows were assessed using a set of
functional flow metrics that provide a comprehensive way to compare alteration and
seasonal variation in streamflow across different locations. Biological response was
evaluated using the California Stream Condition Index (CSCI) and Algal Stream
Condition Index (ASCI), which quantify biological conditions by translating benthic
invertebrate or algal resources and watershed-scale environmental data into an overall
measure of stream health. These indices provide a consistent statewide standard for
interpreting bioassessment data, and thus, a means of quantitatively comparing stream
conditions throughout the state. The results indicate that indices of biological stream
condition were most closely associated with flow alteration in seasonality and timing
metrics, such as fall pulse timing, dry-season timing, and wet season timing. Magnitude
metrics such as dry-season baseflow, wet season baseflow, and the fall pulse magnitude
were also important in influencing biological stream conditions. Development of ecological
flow needs in large-scale environmental programs should consider that alteration to any of
the seasonal flow components (e.g., dry-season baseflow, fall pulse flow, wet-season
baseflow, spring recession flow) may be important in restructuring biological communities.

Keywords: bioassessment, flow modification, ecological flow management, seasonality, flow-ecology relationship,
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1 INTRODUCTION

Flow alteration is a pervasive and significant issue globally and in
California, where over 95% of California’s gaged streams have
altered flow (Poff et al., 2007; Grantham et al., 2014; Zimmerman
et al., 2017). Hydrologic alteration of flow by dams, diversions,
and urbanization impacts seasonal and inter-annual flow
variability, population connectivity, gene flow, biodiversity,
and ecological processes (Dudgeon et al., 2006; Yarnell et al.,
2010; Carlisle et al., 2011; Peek et al., 2021). While the causes and
related impacts of flow alteration are well documented (Poff et al.,
2007), significant gaps remain in linking flow management with
ecological responses to track current stream conditions, evaluate
restoration efficacy, and provide future flow recommendations
(Poff and Zimmerman, 2010).

A critical component of developing ecological flow needs for
management is to identify relationships between specific flowmetrics
that represent distinct characteristics of the annual hydrograph and
measures of biological stream conditions at broad spatial scales (Poff
and Zimmerman, 2010). A variety of datasets and approaches have
been used for assessing stream conditions, with benthic invertebrates
and algae as the most common indicators of stream health in a wide
range of flow alteration studies across the United States (Stevenson
and Smol, 2003; Lawrence et al., 2010; Stevenson et al., 2010; Lunde
et al., 2013; Stevenson, 2014; Mazor et al., 2016; Steel et al., 2018). For
example, hydrologic alteration or impairment has been shown to
strongly influence aquatic benthic invertebrate communities (Poff
et al., 2007; Rehn, 2009), and benthic invertebrates have been used to
link metrics of hydrologic variability to biological community
response (Poff and Zimmerman, 2010; Steel et al., 2018). Studies
of the direct relationships between algae and flow are limited
(Kirkwood et al., 2009; Miller et al., 2009; Schneider et al., 2016),
with some exceptions involving algal blooms in large rivers (Cheng
et al., 2019; Xia et al., 2020) and directly following a flood (Schneider
et al., 2016). However, impacts of flow alteration on water quality
(Nilsson and Renöfält, 2008) can also indirectly influence the
composition of algal communities (Allan, 2004; Lange et al.,
2016). Yet, evaluation of direct relationships between individual
flow metrics and biologic response across broad spatial scales and
assessment of whether such relationships provide a means of
quantitatively comparing stream conditions across large regions
remains limited.

Unified assessment tools have been developed to compare
biologic stream conditions across large heterogeneous
landscapes, such as California (see (Mazor et al., 2016; Beck
et al., 2019b; Theroux et al., 2020); however, quantitative
comparison of biologic metrics with flow metrics to assess
ecological response to flow alteration at these large spatial scales
has not been completed. Two key datasets in California provide the
opportunity to explore quantitative flow-ecology relationships
across a diversity of climate, geology, hydrology, and land use
impacts. For streamflow data, the US Geological Survey (USGS)
National Water Information System (NWIS) is a comprehensive
and distributed application that provides a wide range of water
data, including daily stream flows from over 28,000 stations across
the United States, including over 700 stations in California. To
describe and quantify the different flow components and

characteristics of California’s seasonal hydrograph, a functional
flows approach provides a standardized hydrologic method to
evaluate the role of the flow regime in structuring stream
ecosystems (Yarnell et al., 2020). Twenty-four functional flow
metrics were developed for California by Yarnell et al. (2020)
that quantify five key flow components (fall pulse flow, wet-season
baseflow, peak flow, spring recession flow, and dry-season
baseflow) of the flow regime, with individual metrics describing
the magnitude, timing, frequency, duration and rate of change of
each functional flow component (Supplementary Appendix S1).
The functional flow metrics are not directly linked to individual/
specific organisms/groups, but are associated with specific
biological and ecosystem processes (Yarnell et al., 2020).
Calculated from existing daily flow data, functional flow metrics
provide a comprehensive way to compare alteration and seasonal
variation in streamflow across different locations.

For biological and biophysical data, the SurfaceWater Ambient
Monitoring Program (SWAMP) is tasked with assessing surface
water quality throughout California. The program coordinates
water quality monitoring across the state and collects data to
support water resource management by the State Water Board.
The data collected by SWAMP’s probabilistic Perennial Stream
Assessment survey is used to characterize in-stream biological
conditions and make estimates about the extent of healthy
streams in different regions of the state. These data include two
standardized bioassessment indices, the California Stream
Condition Index (CSCI) based on benthic macroinvertebrate
data and the Algal Stream Condition Index (ASCI), that
provide quantitative measures of biologic stream conditions
across broad spatial scales (Mazor et al., 2016; Theroux et al.,
2020). CSCI and ASCI are predictive multimetric indices
developed for California streams (Mazor et al., 2016; Theroux
et al., 2020) and include many stream and landscape components
that describe biological sensitivities or tolerances to disturbance.
The indices allow for the evaluation of biotic response without
specificity to one individual metric (e.g., taxa richness), enabling
coverage of a broader range of characteristics and stressors
associated with individual watersheds. These indices are
intended to aid stream management (e.g., condition assessment,
prioritization, and flow target development; see (Stein et al., 2017;
Mazor et al., 2018; Beck et al., 2019a)) and have been integrated
into unified assessments of stream health (Beck et al., 2019b). With
low regional bias and consideration of natural variation, CSCI and
ASCI can distinguish between reference and biologically degraded
sites, can be applied at multiple scales, and are appropriate to apply
to the diverse landscapes of California (Mazor et al., 2018).
Leveraging these statewide biological datasets in conjunction
with methods for quantifying hydrologic variability via
functional flow metrics across California (Grantham et al., 2021.
this issue; Stein et al., 2021 this issue; Yarnell et al., 2020) provides a
unique opportunity to assess biological response to hydrologic
alteration across the large-scale diversity of California.

Here, we aim to address the need for broadly applicable
quantitative relationships between flow and ecology that
inform management decisions across large diverse regions,
such as California. Our objectives were to: 1) identify
functional flow and biological condition metrics that explain
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the greatest variation in statewide and regional data, and 2) assess
relationship trends between functional flow metrics and
biological condition. This research has important implications
for environmental flow management, particularly where
practitioners seek to link biological response to functional
flows, assess restoration efficacy, and track change in managed
freshwater systems.

2 MATERIALS AND METHODS

2.1 General Approach
To assess relationships between streamflow condition and stream
health, all ASCI and CSCI sites were spatially and temporally
paired with proximal USGS gages across California. In some cases
where ASCI and CSCI sites were associated with more than one
USGS gage, all site pairs were retained for the analysis. Using
these paired sites, we calculated 24 functional flow metrics
defined by Yarnell et al. (2020), using a minimum of 10 years
of continuous flow data at each selected USGS gage site. We
calculated hydrologic alteration (delta hydrology) using a
normalized difference between the observed median value and
predicted median value of each functional flow metric. Statistical
models were then developed to identify which of the functional
flow metrics were most closely associated with biological index
scores, and the directionality of those relationships.

2.2 Pairing of Biological Stream Condition
(California Stream Condition Index and
Algal Stream Condition Index) Sites With US
Geological Survey Gage Sites
We identified all bioassessment sites (n � 2,935) in the SWAMP
dataset with available ASCI and CSCI scores from data sampled
between 1994–2018 during late spring and summer months (May

to September, when sampling typically occurs). To pair
bioassessment sites with USGS gage sites, we filtered locations
to include only bioassessment sites occurring in the same
Hydrologic Unit Code (HUC) catchment as USGS gages with at
least 10 years of contiguous daily flow data (Figure 1). We filtered
bioassessment sites from the previous step to include only sites on
the same National Hydrography Dataset (NHD) mainstem stream
or river as the USGS gage (in the same HUC12 catchment)—
provided each site was within 10 km downstream of the
gage—using the nhdplusTools, dplyr, and sf packages in R
version 4.1.1 (Blodgett, 2018; Pebesma, 2018; Wickham et al.,
2018, 2019; R Core Team, 2021). Using this list of biological-
gage site pairs, we removed sites that did not contain flow data after
1994 to ensure temporal overlap with the biological assessment
sampling events (i.e., all ASCI and CSCI data was collected and
calculated after 1994). Data from final site pairs were used in all
subsequent analyses. For bioassessment sampling events and
resulting ASCI or CSCI scores that occurred in the same water
year at the same location, we calculated the median value of these
replicate scores to use in the statistical modeling.

2.3 Calculating Delta Hydrology Using
Functional Flow Metrics
Once the selected ASCI and CSCI sites were paired with proximal
USGS sites, we calculated functional flow metrics (FFM) over the
longest contiguous period of record for each USGS gage using the
using the Functional Flows Calculator API client package in R
(version 0.9.7.2)1, which uses hydrologic feature detection
algorithms developed by Patterson et al. (2020) and the
Python functional flows calculator2. We calculated a

FIGURE 1 | Workflow diagram of steps used to pair biological stream condition sites with USGS gage locations.

1https://github.com/ceff-tech/ffc_api_client.
2https://github.com/NoellePatterson/ffc-readme.
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normalized hydrologic alteration metric based on the departure
from the predicted reference flow (difference between the
observed FFM and the predicted [unimpaired reference
condition] FFM) associated with the stream segment at the
USGS gage (see Grantham et al. this issue for additional
details on how predicted reference-based functional flow
metrics were modeled). This measure of delta hydrology was
calculated as:

(50 percentile Observed FFM

− 50th percentile Predicted FFM)/ 50th percentile Predicted FFM

In some cases, the FFM value for a single water year at a gage
could not be calculated, resulting in an “NA” value. This could
occur for several reasons, such as the data record was incomplete
or the annual hydrograph was extremely different compared with
the predicted reference condition. These instances would often
lack a seasonal flow pattern that the flow calculator relies on to
derive subsequent metrics (Patterson et al., 2020). If more than
70% of the annual values for a metric across the period of record
at a gage were NA, then the flow alteration for that metric at that
gage was not included in the dataset. One additional metric,
seasonality, was calculated for each gage using the same period of
record; seasonality is based on Colwell’s metrics, which measure
the seasonal predictability of environmental phenomena
(Colwell, 1974). These metrics are defined in terms of
Predictability (P), Constancy (C), and Contingency (M)—
where M represents temporal variability and P is the reliable
recurrence of seasonal patterns across multiple cycles.
Importantly, Colwell’s P is maximized when environmental
phenomenon is constant throughout the year, if the seasonal
fluctuation is consistent across all years, or a combination of both
(Tonkin et al., 2017). Following Tonkin et al. (2017), we
calculated seasonality as Colwell’s M/P, as it can be applied in
a wide range of ecological studies (Tonkin et al., 2017; Radecki-
Pawlik et al., 2020; Peek et al., 2021) and provides a measure
ranging from 0 to 1, with 1 being highly seasonal, of how the
environment or daily flow varies within a single year.

2.4 Statistical Analysis of Stream Condition
Indices vs. Functional Flow Metrics
To determine which FFMs had the strongest association with
streamflow alteration, we modeled estimates of delta hydrology
(departure from the predicted reference flow) for each FFM
against biological condition scores (i.e., ASCI and CSCI) using
boosted regression tree analysis, following methods from Steel
et al. (2018).

Each model was run with CSCI or ASCI as the response and
the delta hydrology statistic for each FFM and seasonality as the
covariates. Boosted regression trees, a method from the decision
tree family of statistics, are well suited for large and complex
ecological datasets; they do not assume normality nor linear
relationships between predictor and response variables, they
ignore non-informative predictor variables, and they can
accept predictors that are numeric, categorical, or binary (Elith
et al., 2008; Brown et al., 2012). Boosted regression trees are also

unaffected by outliers and effectively handle both missing data
and collinearity between predictors (De’ath, 2007; Dormann
et al., 2013). Importantly, such methods are becoming more
common in ecological analyses and have been shown to
outperform many traditional statistical methods such as linear
regression, generalized linear models, and generalized additive
models (Guisan et al., 2007). Boosted regression tree models were
run with grid iteration and tuning across parameters (shrinkage
[0.001–0.005], interaction depth [3–5], number of minimum
observations in a node [3–10], and bag fraction [0.75–0.8]) in
model validation, following guidelines from Elith et al. (2008). To
assess the relative influence of each FFM in the model, we used
the mean-square error method (Ridgeway, 2015).

The most influential FFMs were further examined by plotting
the delta hydrology metric values against biological condition
scores. To better understand regional patterns and assess
relationships across different scales, we also analyzed ASCI
and CSCI scores and delta hydrology for FFMs across three
stream classifications—snowmelt, rain, and mixed (combination
of rain, snow, or groundwater)—based on Patterson et al. (2020)
and (Lane et al., 2017). Thus, each model was also run using only
sites associated with one of these stream classes.

3 RESULTS

3.1 Pairing of Biological Stream Condition
Sites With US Geological Survey Gage Sites
We mapped a total of 2,935 unique locations with CSCI values,
2,320 unique locations with ASCI values, and 736 USGS gage sites
(Figures 2–3) across California. Despite a relatively large pool of
sites to work with, after filtering and pairing, we identified 233
ASCI and 231 CSCI sites associated with 222 USGS gages across
the state. Thus, approximately 10% of the total bioindicator sites
exist in close spatial proximity (<10 river kilometers) to USGS
gage sites with long-term flow data (>10 years). Eight metrics
were dropped (Supplementary Appendix S1) from the FFM
calculations due to incomplete data, thus, for every site pair, data
included a single biologic condition score, and 16 flow alteration
metric scores, one for each of the remaining functional flow
metrics. The functional flow calculator returned a wide range of
values that indicate the broad array of regional hydrologic
conditions across California, including a small percentage (<2)
of extreme outliers that occurred in the 98th percentile or greater
of all data (Figure 4).

3.2 Statistical Analysis for Statewide Site
Pair Dataset
Boosted regression tree models with delta hydrology and
seasonality metrics explained 46% of the deviance in CSCI
data, with a cross-validation correlation of 0.678 (se � 0.019)
and 31% in ASCI with a cross-validation correlation of 0.552 (se �
0.041). Of the 16 functional flow metrics included in the model,
eight had relative importance values greater than 5%, and
Colwell’s seasonality metric was consistently one of the top
three variables in all models (Figure 5, Table 1). The two
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most influential FFMs in the statewide model were fall pulse
timing (CSCI � 13.6, ASCI � 12.3% relative influence) and
seasonality (CSCI � 15.5%, ASCI � 7.6%) (Figure 5). Dry
season timing was one of the most important variables in the
CSCI model, but it was not influential in the ASCI model
(Table 1). Three of the top metrics for CSCI related to timing
(fall pulse timing, Coldwell’s seasonality, and dry-season timing),
while the remaining significant metrics were associated with flow
magnitudes (wet-season baseflow and fall pulse magnitude)
(Table 1, Figure 5). For ASCI, the top metrics were also
primarily associated with timing (fall pulse timing, Colwell’s
seasonality, wet season timing, and spring timing), while other
influential metrics were largely associated with flow magnitude
(dry-season baseflow, wet-season baseflow, and fall pulse
magnitude). When comparing both ASCI and CSCI
cumulatively, the strongest metrics were fall-pulse timing and
Colwell’s seasonality, followed by dry-season baseflow and wet-
season timing. Interestingly, the smallest difference in relative
importance occurred in the fall pulse magnitude metric (Figure 5,
Table 1).

Normalized delta hydrology (departure from reference
value) for three of the top FFMs was plotted against the
ASCI and CSCI scores, grouped by the degree of stream
alteration based on bioassessment stream condition
thresholds defined by Mazor et al. (2016) and Theroux et al.
(2020). Values that fall below zero indicate flow values that are
earlier (timing) or decreased (magnitude) from the expected
reference condition (Figure 6). Based on the delta hydrology,
fall pulse timing occurred earlier than the expected reference

FIGURE 2 |Maps of California showing (A)CSCI (n � 2,935) and ASCI (n � 2,320) sites, (B) USGS gages (n � 736), and (C)CSCI-USGS (n � 231) and ASCI-USGS
(n � 233) site pairs with >10 years of flow data. Note, some ASCI and CSCI sites paired with more than one USGS gage site.

FIGURE 3 |Map of California showing selected biological sampling sites
for CSCI (circles, n � 231) and ASCI (diamonds, n � 233) data overlaying
stream classifications from Patterson et al. (2020).
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condition across all bioassessment threshold
categories—though the lowest values typically corresponded
with the most altered category—for both ASCI and CSCI.
For magnitude metrics, the pattern was more distinct in the
fall pulse magnitude metric for ASCI, which showed all but the
“Likely intact” scores were reduced from the expected reference
condition, and for CSCI, all the “very likely altered” and “likely
altered” categories had distributions that were reduced
compared to the expected reference conditions (Figure 6).
Interestingly, for Colwell’s measure of seasonality, there was
a consistent positive trend towards higher CSCI and ASCI
scores with more predictable and consistent seasonality
(recurring intra-annual patterns of temporal variability, e.g.,
summer low flow periods and winter floods occurring each year)
(Figure 7).

3.3 Statistical Analysis by Stream Class
Using the paired sites, we split sites based on stream class
(Patterson et al., 2020), with the largest number of sites
occurring in stream segments classified as Rain (Snowmelt:
ASCI � 37, CSCI � 55; Mixed: ASCI � 88, CSCI � 83; and
Rain: ASCI � 231, CSCI � 226). Because ASCI and CSCI sites
paired with multiple proximal USGS gages, sample sizes differed
from the total number of unique stations (Figures 2–3). Stream
class models of delta hydrology showed seasonality, fall pulse, dry
season, and wet season flow components were consistently

important in all regional models, while spring recession flow
was important primarily in the rain and mixed stream class
models (Table 1, Figure 8). The only regional model that
included a peak flow component was the ASCI-snowmelt class
model. In the snowmelt class models, the 10-years flood
magnitude had the highest relative influence score for ASCI,
while seasonality and fall pulse timing had the highest influence
for CSCI, respectively (Table 1). The fall pulse timing was also the
most influential metric for CSCI in the rain class model and for
ASCI in the model of mixed stream class sites (Table 1, Figure 9).

Several metrics with the highest relative influences in the
regional stream class models were further examined by
plotting the delta hydrology values for each FFM against the
paired bioindicator scores by the thresholds identified in each
bioassessment index. Figure 9 shows the highly variable nature of
data inherent to the wide diversity of climate and topography
across California. However, trends in the data indicated potential
underlying relationships that should be explored further. In
particular, the data indicated that as seasonality increases,
stream condition (ASCI or CSCI) index also generally
increased, with this pattern most pronounced in the mixed
and snowmelt stream classes (Figure 9A). For fall pulse
timing, the data indicated sites with much earlier fall flow
pulses than the expected reference condition generally
corresponded with the more altered flow categories for both
ASCI and CSCI (Figure 9B).

FIGURE 4 | Boxplots of delta hydrology for functional flow metrics used in the modeling analysis for paired sites across California. The solid pink line in the
background indicates no difference between the observed 50th percentile and the predicted reference 50th percentile metric value. Values to the left of the line are
reduced or early, and values to the right are inflated or late, relative to the expected reference value. Extreme outliers (>98 percentile) have been removed from the
boxplot.
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4 DISCUSSION

Quantitatively linking flow and bioassessment data across large diverse
regions, such as California, sheds light on which types of relationships
are important to consider when establishing ecological flow needs.
Our results support previous findings that flow seasonality and

alterations to seasonal flow components are closely related to
stream health and are likely important in restructuring biological
communities (Tonkin et al., 2017, 2021). Specifically, we found that
metrics associated with flow timing (including seasonality) were the
most influential in linking functionalflowmetrics with biologic stream
condition. Interestingly, while altered seasonality and timing were the

FIGURE 5 | Relative importance of functional flow metrics in boosted regression tree models assessing flow alteration relative to ASCI and CSCI scores for paired
sites across California. Relative influence values were calculated using a mean-square error (MSE) approach, which determines those variables with the largest average
reduction in MSE. Functional flow metrics are described in Supplementary Appendix S1.

TABLE 1 | Mean relative influence values for functional flow metrics included in four models (with data from all California and three regions based on stream class) that
assessed flow alteration in relation to ASCI and CSCI scores. Bolded values were most influential (>5%).

Flow metric name All CA Rain Mixed Snowmelt

CSCI ASCI CSCI ASCI CSCI ASCI CSCI ASCI

Fall pulse timing 13.6 12.3 20.2 3.6 2.6 35.7 8.6 10.4
Fall pulse magnitude 6.4 6.9 6.3 4.9 2.7 8.1 10 5.9
Wet-season timing 5.1 13.8 2.8 17.6 3.6 6.5 2.1 11.6
Wet-season baseflow 5.8 5 6.6 4.4 1.1 4.6 1.1 5.8
Wet-season duration 4.4 2.7 4.4 3.4 9.7 8.1 5.1 2.5
Wet-season median flow 2.2 3.7 2.7 5.7 3.2 0.7 8.2 1.9
10-year flood magnitude 3.8 3.1 3.5 2.7 5.3 3.3 3.4 16.7
2-year flood magnitude 4.8 2.8 5.2 2.3 3.6 3.1 4.1 2.5
5-year flood magnitude 3 1.4 3.4 1.1 3.3 1.2 3.6 0.9
Spring timing 4.4 4.1 8 6.8 9.1 1.5 1.7 8.4
Spring duration 3.8 4 3.5 2.2 8 7.3 2.7 2.4
Spring recession magnitude 3.8 6.5 2.8 5.8 3 6.7 7.6 1.5
Dry-season high baseflow 2.7 5 3 5.8 9 1 1.2 9.7
Dry-season baseflow 5.9 15.8 6.5 16.4 4.7 3.2 7.4 2.8
Dry-season timing 9.7 1.2 5.1 1.1 11.4 2.7 5 2.6
Dry-season duration 5.2 4 6.2 3.5 5.7 4 8 1.4
Colwell’s M/P 15.5 7.6 9.8 12.7 14.2 2.1 20.3 13
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FIGURE 6 | Influential functional flow metric values (normalized as delta hydrology) versus binned ASCI and CSCI values (based on thresholds from Mazor et al.
(2016) and Theroux et al. (2020) for all paired sites across California. The red zero line delineates departure from expected reference flow metric, where values <0 are
reduced or early, and values >0 are inflated or late, relative to the expected reference value. Notches indicate an approximate 95% confidence interval to compare
medians, where if notches of two boxplots do not overlap, this suggests the medians are significantly different (see McGill et al. (1978).

FIGURE 7 | Colwell’s seasonality versus binned ASCI and CSCI values (based on thresholds from Mazor et al. (2016) and Theroux et al. (2020) for all paired sites
across California. Notches indicate an approximate 95% confidence interval to compare medians, where if notches of two boxplots do not overlap, this suggests the
medians are significantly different (see McGill et al. (1978).
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most influential flow metrics for CSCI, altered dry season baseflow
and timing were most informative for ASCI, indicating at large spatial
scales (e.g., California), there may be differences in how exactly
seasonal flow changes invertebrate and algal communities. In
developing environmental flow recommendations, managers
should look to retaining the natural seasonal timing of higher and
lowermagnitude flows in order to support native aquatic assemblages.

4.1 TimingMetrics had the Strongest Link to
Biological Stream Condition
In both statewide and regional stream class models, timing
metrics were the most important, often comprising three or
more of the top five influential metrics. Of the timing metrics,
fall pulse timing was the most influential in describing biological
differences in the statewide CSCI and ASCI models. The timing of
the fall pulse flow in California typically occurs in November
(Ahearn et al., 2004) but varies widely between 1st October and
15th December (Patterson et al., 2020). It represents the first
precipitation event following the dry season baseflow period, and
thus is important in determining the biological condition of
streams (Yarnell et al., 2015). During the prior dry season low
flow period, filamentous algal mats typically become more
prevalent and are associated with increases in stream
temperature, reduced streamflow velocity, and nutrient
enrichment (McIntire, 1966; Poff et al., 1990; Suren et al.,
2003). Changes in stream velocity associated with the arrival

of the fall pulse flow may scour and effectively remove algal mats,
ultimately flushing organic material downstream. The fall pulse
flow is also known to flush organic matter and nutrient subsidies
from adjacent riparian habitats to streams, enhancing food
resources and detrital carbon for foraging invertebrates
(Ahearn et al., 2004; Blanckaert et al., 2013). During the dry
season low flow period, invertebrates commonly use the
hyporheic zone as a refuge from potentially unsuitable
environmental conditions (e.g., temperature) (Wood et al.,
2010; Stubbington, 2012). Fall pulse flows reconnect streams
with their hyporheic zone and decrease water temperature
(Yarnell et al., 2015) providing a cue for fall or winter
invertebrate emergence (Ward and Stanford, 1982), the timing
of which may help synchronize life history events or behavioral
adaptations that increase reproductive success (Lytle, 2001; Lytle
and Poff, 2004). As a result, fall pulse flows not only increase
invertebrate habitat availability and heterogeneity (Blanckaert
et al., 2013; Naman et al., 2016), but reconnect invertebrate
communities and population gene flow through dispersal
(Townsend and Hildrew, 1976; Mackay, 1992), providing a
vital food resource for resident fishes and other higher order
consumers. Thus, fall pulse flow timing may be a key factor in re-
establishing food web and community connectivity (Elliott, 1973;
Nislow et al., 1998; Romaniszyn et al., 2007).

While timing was highly influential in the statewide ASCI
model, dry season baseflow was the most influential metric, such
that flows both above and below reference condition may impact

FIGURE 8 | Relative importance of functional flow metrics in boosted regression tree models assessing flow alteration relative to ASCI and CSCI scores by stream
classification (Patterson et al., 2020). Relative influence values were calculated using a mean-square error (MSE) approach, which determines those variables with the
largest average reduction in MSE. Functional flow metrics are described in Table 1.
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algal condition (Table 1, Figures 5–6). Dry season baseflow
supports algal growth and primary producers by maintaining
water temperature and dissolved oxygen (Yarnell et al., 2020). As
a result, low flows can increase algal biomass and cover (Biggs,
1985; Biggs et al., 2005; Schneider and Petrin, 2017), and due to
lower velocities and higher water temperature, algal communities

change from a diatom dominated assemblage to a filamentous
algae dominated system (Dewson et al., 2007). However, once the
fall pulse flow begins, the benthic communities shift again in
response to changing flow and temperature conditions, thus
helping to explain the combined influence of dry season
baseflow and fall timing metrics on algal communities.

FIGURE 9 | (A)Colwell’s seasonality versus binned ASCI and CSCI values (based on thresholds fromMazor et al. (2016) and Theroux et al. (2020) for all paired site
by stream class. Notches indicate an approximate 95% confidence interval to compare medians, where if notches of two boxplots do not overlap, this suggests the
medians are significantly different (see McGill et al. (1978). (B) Fall pulse timing values (normalized as delta hydrology) versus binned ASCI and CSCI values (based on
thresholds fromMazor et al. (2016) and Theroux et al. (2020) for all paired site by stream class. The red zero line delineates departure from expected reference flow
metric, where values <0 are reduced or early, and values >0 are inflated or late, relative to the expected reference value.
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4.2 Seasonality and Climate Change
Our results indicated that timing was the most important factor to
consider when linking biological stream condition with flow,
especially for invertebrates that have evolved in river systems
with consistent hydrologic seasonality and predictability. Timing
metrics such as wet season timing, dry season timing, spring timing,
and seasonality were all influential in the statewide and regional
models. While California’s Mediterranean climate integrates a
significant amount of interannual variation (Persad et al., 2020),
flow regulation has altered patterns of hydrologic seasonality and
predictability in many watersheds (Kupferberg et al., 2012; Peek
et al., 2021). Climate change is expected to exacerbate these patterns
such that earlier peak flow and snowmelt timing will occur (Kapnick
and Hall, 2010) and seasonal predictability will decrease as more
extreme wet and dry events take place (Swain et al., 2018; Persad
et al., 2020). Therefore, environmental flow recommendations
should incorporate the ecological flow needs of benthic
invertebrate and algal communities with consideration for both
current and future conditions, particularly if existing
communities are mismatched to current environmental
conditions (Botero et al., 2015).

4.3 Modeling Limitations
There are many potential factors that cannot be accounted for within
modeling frameworks focused solely on the impacts of flow
modification on biologic conditions. Interactions with stream
temperature, ecological dynamics associated with population
density and predation, as well as water chemistry and nutrient
loads can all play important roles in influencing biological stream
condition (Nilsson and Renöfält, 2008; Miller et al., 2009; Lange et al.,
2016; Schneider et al., 2016). However, the benefit of linking biological
indices likeCSCI orASCIwith flow is the ability to quantify and assess
stream conditions across broad spatial areas, often with very different
underlying geography, geology, and watersheds. The biologic indices
are designed to be regionally stable and are standardized so they can be
compared across large spatial scales (Mazor et al., 2016). BRTs do not
explicitly account for spatial autocorrelation, thus models may have
under or overestimated the strength of the relationships we identified
based on systematic similarities associated with spatial clumping of
sites. However in the context of our study, we do not believe this is an
issue because the sampling design selected both ASCI and CSCI sites
independently, and by using stream class, we were able to compare
samples across very different geographic space (i.e., “mixed” stream
class can occur in the northern coast of California or in the Sierra
Nevada or in the Southern Coast). Nonetheless, patterns we identified
across stream class and statewide scales showed similarities that are
unlikely to be influenced by spatial autocorrelation. It is also important
to use caution when interpreting regional stream class models for
ecological meaning because CSCI and ASCI produce locally relevant
reference expectations. For example, landscape heterogeneity and
local climate variability could contribute to variation in the data
within models from the same stream class. Future approaches to
assessing flow alteration and biologic stream condition at finer
scales may benefit from more specific models that account for
important local variables or use individual functional feeding
groups or taxa as the biologic response. Nonetheless, identifying

key functional flow metrics that influence stream health, as
shown here, will help inform the development of ecological flow
needs across broad regions, such as California.

5 CONCLUSION

We paired bioassessment sites and hydrologic gaging sites across
the broad diversity of California’s landscape to evaluate links
between flow alteration and stream health conditions. Despite a
significant limitation in the number of available sites with paired
biologic and hydrologic data, we identified relationships between
functional flow metrics and biologic condition indices and found
that alterations in seasonality, fall pulse and wet season timing, and
dry season baseflow were the most influential in shaping stream
communities. These results can help to inform flow management
both in terms of developing ecological flow needs that explicitly
mimic natural seasonal timing and monitoring changing stream
conditions with restoration activities or future climate changes.

Future analyses may leverage this information and approach to
focus on more discrete flow-ecology relationships, with particular
attention to temporal lags associated with drought impacts or the
sensitivity of biological metrics. More specific hydrologically
sensitive biological metrics (e.g., more distinct functional feeding
groups in benthic invertebrate data, hydrologically sensitive
taxonomic groups, etc.) may provide additional detail for
assessment of the impacts of flow alteration on a given stream
reach. Furthermore, this approach provides a method to assess such
metrics and relationships through time, so adaptive approaches to
flow management can be implemented, monitored, and revised.

This analysis highlights that despite the information-rich spatial
datasets that spanmuch of California, there remains a significant gap
in leveraging and layering these datasets in an effective manner.
Pairing biological and flow sites spatiotemporally was challenging,
and sites were limited across all stream classes, but particularly in
snowmelt dominated systems. When data from biological or
hydrological time series are limited, alternative approaches can be
implemented using modeled streamflow or modeled stream
condition indices to predict whether or not flow alteration
deviates from reference expectations (Stein et al., 2017; Mazor
et al., 2018; Irving et al., 2021; Maloney et al., 2021).
Furthermore, ongoing monitoring may benefit from more
discrete and targeted sampling to link biological data more
accurately with surface flow data. Nonetheless, this current
approach provides a novel integration of disparate spatiotemporal
datasets and indicates broad relationships can be identified between
functional flow metrics and indices of biological stream condition.
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Thermal Suitability of the Los Angeles
River for Cold Water Resident and
Migrating Fish Under Physical
Restoration Alternatives
Reza Abdi1,2*, Ashley Rust1, Jordyn M. Wolfand3, Kristine Taniguchi-Quan4, Katie Irving4,
Daniel Philippus1, Eric D. Stein4 and Terri S. Hogue1

1Department of Civil and Environmental Engineering, Colorado School of Mines, Golden, CO, United States, 2Research
Applications Laboratory, United States National Center for Atmospheric Research, Boulder, CO, United States, 3Shiley School of
Engineering, University of Portland, Portland, OR, United States, 4Biology Department, Southern California Coastal Water
Research Project, Costa Mesa, CA, United States

Anthropogenic development has adversely affected river habitat and species diversity in
urban rivers, and existing habitats are jeopardized by future uncertainties in water
resources management and climate. The Los Angeles River (LAR), for example, is a
highly modified system that has been mostly channelized for flood control purposes, has
altered hydrologic and hydraulic conditions, and is thermally altered (warmed), which
severely limits the habitat suitability for cold water fish species. Efforts are currently
underway to provide suitable environmental flows and improve channel hydraulic
conditions, such as depth and velocity, for adult fish migration from the Pacific Ocean
to upstream spawning areas. However, the thermal responses of restoration alternatives
for resident and migrating cold water fish have not been fully investigated. Using a
mechanistic model, we simulated the LAR’s water temperature under baseline
conditions and future alternative restoration scenarios for migration of the native,
anadromous steelhead trout in Southern California and the historically resident Santa
Ana sucker. We considered three scenarios: 1) increasing roughness of the low-flow
channel, 2) increasing the depth and width of the low-flow channel, and 3) allowing
subsurface inflow to the river at a soft bottom reach in the LA downtown area. Our analysis
indicates that the maximum weekly average temperature (MaxWAT) in the baseline
condition was 28.9°C, suggesting that the current river temperatures would act as a
limiting factor during the steelhead migration season and habitat for Santa Ana sucker. The
MaxWAT dropped about 3%–28°C after applying all the considered scenarios at the study
site, which is 3°C higher than the determined steelhead survival threshold. Our simulations
suggest that without consideration of thermal restoration, restoring hydraulic conditions
may be insufficient to support cold water fish migration or year-round resident native fish
populations, particularly with potential river temperature increases due to climate change.

Keywords: river temperature, environmental flows, mechanistic modeling, multilayer linear regression, restoration,
Los Angeles River, fish migration, climate change
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1 INTRODUCTION

Like many urban rivers, the Los Angeles River (LAR) is
experiencing a renaissance and is now viewed as a valuable
ecosystem to be restored as a community amenity as opposed
to the old paradigm where it was considered a source of flooding
to be controlled and a conveyance for treated wastewater to the
ocean (Beach, 2001; Everard and Moggridge, 2012). Given that
the LAR flows through one of the largest and most urbanized
cities in the United States, complete restoration to an undisturbed
condition is not achievable through reclamation efforts. Instead,
the overall goal is to improve ecological function through targeted
remediation efforts to provide a more ecologically dynamic state
(Bernhardt and Palmer, 2007). This aligns with similar projects
across the world where there is an integrated and pragmatic
approach to urban river restoration to improve biodiversity and
achieve overall ecosystem function and resilience (Palmer et al.,
2005; Smith et al., 2014; Chou, 2016).

Identifying an ecological endpoint is one of the standards for
successful river restoration (Palmer et al., 2005; Zhang et al., 2018;
O’Brien et al., 2020). The anadromous steelhead trout
(Oncorhynchus mykiss) is classified as endangered in southern
California (U.S. Department of Commerce, 1997). For the LAR,
improving river connectivity for steelhead from the sea to their
native spawning grounds in southern California is a priority
ecological endpoint (City of Los Angeles, 2007). Connecting
urban rivers to healthy reaches can be successful as flow and
sediment are more likely to be in balance and the fish can exploit
new areas (Findley and Taylor, 2006). In addition to meeting the
trout’s physical habitat requirements, because fish are ectotherms,
water temperature must be within a defined thermal range for
migrating fish to survive. Stream temperature influences the
distribution of fish, food availability, body growth, movement,
fecundity, and spawning success (Caissie, 2006).

In this study, we assessed how physical restoration scenarios
focused on improving connectivity will alter stream temperatures
to better support migrating steelhead. To do so, we evaluated how
restoration measures within the LAR may improve stream
temperature during steelhead migration and support other
native fish habitat from January through June which is
primarily the migration season in southern California (Moyle
et al., 2008). Stream temperature is a function of flow, depth,
velocity, and substrate connections, all of which may be altered
during the LAR stream restoration. Gu and Li (2002) found that
the sensitivity of stream temperature to river flow rate is as
significant as that to weather. Therefore, the other physical
parameters that are controlled by flow (i.e., depth and
velocity) also affect water temperature. Furthermore, water
temperature in riverine systems within highly urbanized areas
can be elevated through modifications in riparian landcover (by
affecting the shading on the water surface), as well as surface and
subsurface inflows (LeBlanc et al., 1997; Chen et al., 1998; Van
Buren et al., 2000; Sridhar et al., 2004; Herb et al., 2009; Sun et al.,
2015; Abdi and Endreny, 2019). Like other similar projects,
remediation of the LAR has the best chance of success if
efforts improve ecological function and the river can support
self-sustaining populations (Palmer et al., 2005).

Fixing hydrologic and hydraulic conditions of urban rivers
through physical modification is often the focus of river
restoration projects (Barber and Gleason, 2017), yet seldom do
restoration efforts look at how stream temperature can be
improved for native fish. River temperature is a critical factor
in riverine networks, as it controls the saturation of dissolved
oxygen (Sand-Jensen and Pedersen, 2005; Null et al., 2017). In
addition, while many rehabilitation projects do concentrate on
improving water quality to address water contamination, stream
temperature is often overlooked (Purcell et al., 2002; Walsh et al.,
2005; Pander and Geist 2013). Rivers are often highly thermally
polluted due to industrial discharges (e.g., thermoelectric power
plants return flows; Madden et al., 2013) or due to associated
land-use change e.g., deforestation and urbanization; (Parker and
Krenkel, 1969; Wunderlich, 1972; Walsh et al., 2005; Poshtiri and
Pal, 2016; Rogers et al., 2021). Increasing air temperatures from
climate change are expected to increase river temperatures as well
(Eaton and Scheller, 1996).

In addition to air temperature, substrate inflow as
groundwater and hyporheic exchange regulates river water
temperature during wet and dry weather (Risley et al., 2010;
Kurylyk et al., 2016), which depending on site conditions (e.g.,
hard or soft bottom, and urbanized or forested area) and
seasonality may vary (Poole and Berman, 2001). The
upwelling in the LAR is important due to the condition of the
river however, the hyporheic exchange inflow is negligible due to
hardening of the floodplain (Paulinski et al., 2021). Further,
riparian zone shade effects from tree canopy, hillslope, and
buildings are also factors reducing river water temperature by
providing terrestrial-based reduction in direct and diffuse solar
radiation and the view-to-sky factor for the river, which
influences longwave radiation (Boyd and Kasper, 2003).
Recent advances in temperature modeling now provide the
tools to explore how managing flows and riparian shading can
influence thermal conditions within desired migration corridors.

This study aims to assess the river temperature condition for
steelheadmigration on the LARmainstem and evaluate the cooling
or warming effects of potential restoration scenarios. The applied
restoration scenarios are suggested by the United States Bureau of
Reclamation (U.S. Bureau of Reclamation, 2019): 1) increasing
roughness of the low-flow channel (see Supplementary Figure S11

for an example of a low-flow channel) to reduce velocity, 2)
increasing the depth and width of the low-flow channel in
addition to increasing the roughness, and 3) applying additional
subsurface upwelling to Scenario 2. Our central research questions
are: 1) to what degree does river temperature limit steelhead
migration in LAR mainstem from the Pacific Ocean to the soft
bottom section of the LAR (Glendale Narrows)? 2) how does river
temperature respond to restoration scenarios to facilitate steelhead
migration? and 3) how would simulated thermal changes limit the
year-round resident native fish in alternative restoration scenarios?
Modeling results could provide a better understanding of the role
of water temperature as a limiting factor for steelhead migration in
the LAR. Our study had two hypotheses: 1) that warm water

1Figures and tables with “S” are presented in the supplementary materials.
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temperature is a limiting factor for cold water migrating fish in
LAR and 2) the proposed USBR restoration actions cannot address
the temperature problems for both species. Findings from this

work will provide the LAR water managers with a more holistic
understanding of the capabilities and consequences of river
restoration alternatives.

FIGURE 1 | Study area on LAR’s mainstem. The figure includes the weather stations and river temperature monitoring stations as well the flow monitoring stations
that are represented by the arrows The inset with an arrow shows the site location within the state of California, United States.
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2 METHODS

We estimated the optimum thermal suitability ranges in the
determined river reach of the LAR based on the desirable
thermal condition for steelhead (see section 2.3). We then
simulated the water temperature for current conditions and
under the restoration alternatives for the LAR based on the
considered thermal metrics.

2.1 Study Area
We evaluated the thermal impacts of the alternative scenarios that
were originally proposed by the United States Department of the
Interior Bureau of Reclamation (U.S. Bureau of Reclamation,
2019) for steelhead migration on the LAR. The study area is an
approximately 19.6 km reach of the LAR, from the confluence
with Arroyo Seco tributary to the confluence with the Rio Hondo
(Figure 1). The selected study reach overlaps with the domain
considered in other restoration analyses of the river system (U.S.
Bureau of Reclamation, 2019; Reaches 7 and 8 in; U.S. Army
Corps of Engineers, 2016).

The study reach drains a 1,270 km2 area located entirely
within the alluvial, coastal LAR watershed. The LAR watershed
has a mild semi-arid Mediterranean climate with seasonal
precipitation occurring primarily in the winter months
(October through March). The study reach includes the
physical and thermal contributions of the Arroyo Seco
tributary and effluent from three water reclamation plants
that discharge to the LAR upstream of the channel. Flows
within the river are primarily wastewater-dominated,
particularly in the summer months, when the three water
reclamation plants collectively contribute over 70% of the
total river flow (Stein, et al., 2021b). The water reclamation
plants are upstream of the study reach and their influence on
the water temperature is already captured by the upstream
river temperature boundary condition. The mainstem of the
LAR is primarily concrete-lined for flood control purposes
(Mika et al., 2017; Read et al., 2019) except for a 17.7 km reach
in the Glendale Narrows, a 3.9 km reach upstream of
Sepulveda Dam, and the estuary (Figure 1). The hard-
bottom section of the river is armored with uniform
geometry to expedite stormwater removal and provide flood
protection. The area under study is notable for its channelized
and mostly trapezoidal cross-section form, gray concrete
armoring, lack of subsurface inflows due to groundwater
upwelling, and absence of riffle-pool bedform morphology
that could provide thermal refugia, and lack of riparian
vegetation.

Discharge within the LAR mainstem and tributaries is heavily
managed through dams and reservoirs, distributed stormwater
capture systems, spreading grounds, and water reclamation
facilities. The hydrology within the watershed is constantly
changing due to the complexity of the system, the need to
balance existing water supplies, and the uncertainty of climate
change impacts. For example, municipalities within Los Angeles
are seeking to reuse wastewater for water supply, which would
have significant impacts on hydrologic and hydraulic conditions
in the effluent-dominated LAR. Since wastewater effluent is

typically warm, an increase in discharge may elevate river
temperatures outside the thermal tolerance range for some
fish; a decrease in discharge may also have temperature effects.
In the study herein, however, we focus on the impacts of
restoration alternatives on river temperature under existing
hydrologic conditions to isolate their effects.

Migrating steelhead were present in the LAR until 1940 when
urbanization began to rapidly increase. Changes to velocity,
depth, temperature, and refuge habitat are all considered to be
contributing factors to migration no longer occurring. Although
migration has not been observed since then, resident populations
still exist in the upper watershed tributaries (Stein et al., 2020).
Current restoration efforts are aimed at creating conditions along
the mainstem that would once again allow migration to occur
between the ocean and the extant upper watershed populations.
High temperatures are considered one of the key limiting factors
for steelhead migration under current conditions (Stillwater
Sciences, 2020). Exposure to high temperatures can result in
acute and chronic stress for migrating adults, which can lead to
secondary stress effects such as increased energy use,
immunosuppression, depressed reproductive maturation, and
overall could reduce growth and reproductive fitness and lead
to mortality if exposure is prolonged i.e., 7 days; (Myrick and
Cech, 2000; A. Myrick and Cech, 2005; Boughton et al., 2015;
Stillwater Sciences, 2020).

2.2 Model Setup
We used a one-dimensional hydraulic model, HEC-RAS (U.S.
Army Corps of Engineers, 2016), under steady-state conditions to
calculate water surface profile data coupled with the i-Tree Cool
River model (Abdi and Endreny, 2019; Abdi et al., 2020b) to
simulate water temperature. The HEC-RAS model was a
previously-created hydraulic model of the LAR, as
documented in Stein et al. (2021a.) Briefly, the model was
compiled from various sources and channel geometry was
validated with LiDAR data, as-builts, and Google Earth, to
confirm that low-flow channel geometry was correct (U.S.
Army Corps of Engineers, 2004; Environmental Science
Associates, 2018; HDR CDM, 2011; U.S. Army Corps of
Engineers, 2005). The final hydraulic model used in this study
was from station #4A through station #4D (Figure 1) with a
length of almost 19.6 km and 440 cross sections.

We applied the Arroyo Seco tributary inflows to the main
channel in HEC-RAS to generate depth and velocity data to
evaluate migration feasibility (i.e., minimum depth and max
velocity to support migration) as well as seven other hydraulic
parameters including cross-sectional distances, flow, minimum
channel elevation, and water surface elevation to calculate the
water column depth, top width, flow area, and wetted perimeter.
These hydraulic parameters were used as inputs to the i-Tree
Cool River model. The one-dimensional steady flow component
in HEC-RAS uses the standard step method for the solution of
steady gradually varied flow (Chow, 1959). The i-Tree Cool River
model applies the standard advection, dispersion, reaction
equation to the water surface profile outputs, generated by
HEC-RAS, to simulate river water temperature (Abdi et al.,
2020a).
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2.3 Ecological Metrics
Our focus was to evaluate the thermal impacts of alternative
restoration scenarios on native year-round resident fish
populations and steelhead migration from the estuary to the
soft bottom habitat in the Glendale Narrows. From the Glendale
Narrows the anadromous trout can reach potential spawning
grounds in upper tributaries. The restoration scenarios will also
improve physical habitat for other native fish that could be
reintroduced such as the endangered Santa Ana sucker
(Catastomus santanae; U.S. Fish and Wildlife Service, 2000;
U.S. Fish and Wildlife Service, 2011).

Steelhead are anadromous and migrate into freshwater to
spawn between the middle of January to the middle of June
each year in California (Santa Ynez River Technical Advisory
Committee (SYRTAC), 2000), which generally coincides with
high flows in the LAR. The steelhead are a large-bodied fish;
adults average 721 mm in length across their native range (Quinn,
2018). A minimum depth of 0.3 m (1 ft) of water is needed for the
adult migrating trout to swim up the river, while greater depths
closer to 0.6 m (2 ft) are required for adults to rest periodically
during migration (U.S. Bureau of Reclamation, 2019). They are
strong swimmers, capable of swimming 1.5–3 m/s for prolonged
distances and 4–8 m/s for burst speed (U.S. Bureau of
Reclamation, 2019). When migrating to spawning grounds, the
trout also need locations to rest and recover at speeds below
1.5 m/s. The goal of the planned river restoration is to provide
habitat and hydraulic conditions that are passable by migrating
adult trout to return to spawning grounds upstream of the study
reach. While the planned river restoration considers stream
velocities and depths appropriate for steelhead, it overlooks
temperature as a limiting factor. Steelhead are cold water
stenotherms that cannot survive in water above 25–30°C
(Hokanson et al., 1977; Myrick and Cech, 2000; A. Myrick
and Cech, 2005).

Other smaller-bodied native fish species remain in freshwater
year-round, inhabiting the LAR during the high flows when
steelhead are migrating and during the low-flows in the
summer. Other native fish considered in this analysis include
the threatened Santa Ana sucker, a small (16 cm) fish that prefers
low to mid gradient streams with coarse substrate, a minimum
depth of 40 cm, and temperatures below 22°C (U.S. Fish and
Wildlife Service, 2011; Haglund et al., 2001; Haglund and Baskin,
2003). Different studies have observed mortality of Santa Ana
sucker at temperatures between 22 and 32.8°C, we therefore used
22°C as their critical thermal maximum (Moyle, 2002; U.S. Fish
and Wildlife Service, 2011).

The temperature threshold for Steelhead ranges from 24–32°C
(Lee and Rinne, 1980; Myrick and Cech, 2000; Sloat and
Osterback, 2013; Spina, 2007 and references therein) under lab
conditions, where loss of equilibrium or death occurs within
7 days, through direct mortality, or indirect mortality from
impairment of function. Steelhead temperature preference has
been reported between 17.8–24.6°C (Verhille et al., 2016),
however, optimum swimming speed has been documented as
14–15°C (Myrick and Cech, 2000), temperatures higher than the
optimum may hinder swimming ability making it more
challenging for fish to swim against the velocities considered

in restoration. A barrier to migration has been estimated at
21–24°C (Stabler, 1981; Washington State Department of
Ecology (WDOE), 2002), at which point individuals will start
expressing avoidance behavior by sheltering in cooler tributaries,
refusing to migrate, or migrating back downstream (McCullough
et al., 2001). The critical thermal maxima for Steelhead, wherein
fish lose equilibria after 24 h of exposure, has been observed to be
25°C (Myrick and Cech, 2000). While prolonged exposure,
i.e., 7 days at 21°C, however, can lead to mortality, therefore
the U.S. Environmental Protection Agency (USEPA) (2003)
recommends a maximum weekly maximum temperature
(MWMT) of 20°C for migratory corridors.

Santa Ana Sucker have been documented in large temperature
ranges from 8 to 26°C (Saiki et al., 2007) but are typically found in
temperatures below 22°C (Moyle, 2002). Limited information
describing tolerances to water temperature is available, however,
mortality has occurred at elevated water temperatures,
i.e., 27–33°C (San Marino Environmental Associates (SMEA),
2010; U.S. Fish and Wildlife Service, 2014), and their physical
condition has been noted to worsen in average temperatures of
19.3°C (range 14.4 – 25.9°C, Saiki et al., 2007).

To evaluate whether the proposed restoration scenarios would
provide thermal habitat to support the native fish species in the
migration season, we used observed and modeled data to
calculate thermal metrics to compare to fishes critical thermal
maximas. Temperatures can be limiting to fish in two ways,
exceeding maximums over short term exposures can lead to death
while exceeding optimal weekly average temperatures can reduce
survivability by inducing avoidance behavior that could impact
migration success (McCullough et al., 2001), increasing metabolic
costs that can impact viability of eggs (Sauter et al., 2001), and
causing impairment. The first metric, the Maximum Weekly
Maximum Temperature (MaxWMT) is the 7 days moving
average of daily maximum temperatures. The second is the
Maximum Weekly Average Temperature (MaxWAT), defined
as the 7 days moving average of daily mean temperatures
(Table 1). The third thermal metric is the Minimum Weekly
Minimum Temperature (MinWMT), which is the 7-days moving
minimum of daily minimum temperatures. We compared these
calculated metrics from the observed and modeled data to the
critical thermal maxima of each of the fishes of interest in
this study.

2.4 Input Data and Scenarios
2.4.1 Station #4A: Upstream Boundary Condition
River temperature monitoring station #4A, immediately
downstream of the LAR and Arroyo Seco tributary confluence,
was the boundary condition for the simulations (Figure 1).
hourly observed water temperature data at this station was
provided by Mongolo et al. (2017) for the dry season
(i.e., with no storm event) in June 10–July 18, 2016 but not
the migration season (February 1–May 31). Continuous river
temperature data is rare on the LAR; however, single layer or
multilayer regression relationships have been used to estimate
water temperatures (Mohseni et al., 1998; Caissie, 2006; Neitsch
et al., 2011). To get the river temperature at the upstream
boundary condition for the desired migration season
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(February 1–May 31, 2016), we trained a multilayer linear
regression machine learning (ML) algorithm (Murtagh, 1991;
Pedregosa et al., 2011) on Google’s TensorFlow model version
2.3.1 (Abadi et al., 2015) using Keras artificial neural network
(ANN) library (Chollet et al., 2015) on Python 3. We used the
observed hourly river temperature data at LAR station #4A 936
observations, (Mongolo et al., 2017) as the dependent variable for
the model training and testing. We used hourly weather data,
including air temperature, wind speed, station pressure, and
relative humidity as the independent variables as the
predictive features. We obtained the weather data for training
the model for station #4A from Burbank Airport weather station
for the same time window (Supplementary Table S1).

After data gathering, cleaning2 and organizing, we used the
available observed river temperature data for June 10–July 18,
2016 for our ML algorithm and used 0.6, 0.2, and 0.2 ratios for the
training, validating, and testing phases, respectively. Mean
absolute error (MAE) was used as the target error
optimization parameter. The MAE decreased to 1.1°C after
100 iterations. The R2 for the testing process was 0.78 with a
p-value of 0.202 (>α � 0.05) for a two-sample t-test, showing that
there was no significant difference between the observed and
predicted river temperatures.

By applying the observed weather data in the migration season
(February 1–May 31, 2016; see Supplementary Table S2 for more
statistical details) on the trained ML algorithm, we predicted the
upstream water temperature boundary condition for the i-Tree
Cool River model. Supplementary Table S3 shows the statistical
properties of the prediction and Supplementary Figure S2A
demonstrates the scatter plot between the observed air
temperatures and predicted river water temperatures. Based on
the predictions from our trained algorithm, the water
temperature in migration season had an average of 23.7°C
with 25th and 75th percentiles of 22.0°C and 25.4°C
respectively, and a standard deviation of 2.5°C
(Supplementary Table S3).

2.4.2 Station #4D: Downstream Control Point
We used the observed water temperature data provided by
Mongolo et al. (2017) to determine river water temperature at
the downstream boundary, station #4D (Figure 1). We trained a
separate multilayer linear regression ML algorithm for station
#4D to predict water temperature in the migration season
(February 1–May 31, 2016). We used the observed hourly
river temperature data on LAR stations #4D (Mongolo et al.,

2017) as the dependent variables for the ML algorithm and
similar independent features (air temperature, wind speed,
station pressure, and relative humidity) obtained from Long
Beach Airport weather station (Supplementary Table S1).

After data cleaning, for June 10–July 18, 2016, the ML
algorithm with 0.6, 0.2, and 0.2 ratios for the training,
validating, and testing phases respectively was applied to the
station #4D dataset. The MAE was 2.5°C after 100 iterations
(Supplementary Table S1). The R2 for the testing process was
0.68 with a p-value of 0.16 (>α � 0.05) for a two-sample t-test,
showing that there was no significant difference between the
observed and predicted river temperatures.

Using the trained ML algorithm, we predicted water
temperature at station #4D in the migration season (February
1–May 31, 2016) using weather data from the Long Beach Airport
weather station (see Supplementary Table S2) as the
independent variables. The observed air temperature and
predicted water temperature showed a similar pattern on
variations in the migration season (Supplementary Figure
S2B) and as shown in Supplementary Table S3, the predicted
water temperature, had an average of 21.2°C with a 25th and 75th
percentiles of 17.6°C and 24.7°C respectively, and a standard
deviation of 5.2°C. As seen in Supplementary Tables S1, S2, S3,
the observed air and water temperatures support the variation of
predicted water temperature in stations #4A and #4D.

2.4.3 Input Data for Simulations
To check the accuracy of the simulated river temperatures along
the LAR in the study reach, we calibrated and validated the i-Tree
Cool River model for the migration season (February 1–May 31,
2016). For this study, we simulated hourly water temperatures
using the i-Tree Cool River model. We used hourly weather data
obtained from the Burbank Airport weather station as was used in
the ML model training procedure. For the direct and diffuse
shortwave radiations, we used hourly data from National
Renewable Energy Laboratory’s National Solar Radiation
Database NREL NSRDB; (Sengupta et al., 2018) for the station
location on the LAR. We obtained solar radiation data from
NREL’s NSRDB (station ID #83948 located at 34.09N, 118.22 W).
In the simulation period, the average air temperature was 17.1°C
and the average relative humidity was 53.9% (Supplementary
Table S2).

According to Risley et al. (2010), we considered the long-term
observed flow data for the flow gaging stations in the study area
during the simulation time frame (February to May from 1985 to
present). We used the observed flow data from the LA County
stations #F57C for the LAR mainstem and #45B for the Rio
Hondo tributary (Figure 1). Based on the assumption of 50%
exceedance probability and assuming steady state for the
simulations (Stein et al., 2021a), we assumed a constant flow

TABLE 1 | River temperature metrics used to evaluate the model results from different restoration scenarios in terms of fish thermal habitat suitability.

Metric Definition Description

Min 7 days min (MinWMT) The minimum weekly minimum value of a continuous 7 day period (°C) Temperatures that may be below fish survival threshold (11°C)
Max 7 days max (MaxWMT) The maximum value of a continuous 7 day period (°C) Temperatures that may exceed fish survival thresholds (25°C)
Mean 7 days max (MaxWAT) The maximum average over a 7 day period (°C) Average conditions

2Process of preparing the data for the ML algorithms by removing or modifying
inaccurate, corrupted, or improperly formatted data (https://www.sisense.com/
glossary/data-cleaning/).
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of 3.74 m3/s (132 ft3/s) in the LAR mainstem and 0.03 m3/s
(0.9 ft3/s) in the Rio Hondo tributary.

Using the calculated flow values from the observed data, we
ran the HEC-RAS (U.S. Army Corps of Engineers, 2011) model in
steady-state to get the water profile data for the cross-sections,
including cross-sectional distances, flow, minimum channel
elevation, and water surface elevation to calculate the water
column depth, velocity in the channel, top width, flow area,
and wetted perimeter. The average river water depth for the LAR
in the study period was about 26 cm, the average water velocity
was 0.8 m/s, and the average cross-sectional water level area was
5.9 m2. The i-Tree Cool River model uses an internal linear
interpolation function to resample the HEC-RAS cross-
sectional outputs to refine the spacing of cross-sections to
100 m and applies the spatial variation channel data and
riparian features to simulate the river temperature (Abdi and
Endreny, 2019; Abdi R. et al., 2021). Due to the bare concrete bed
and lack of riparian shading in the river reach, we considered no
subsurface inflow and no shading effect in the simulations.

2.4.4 Restoration Scenarios
Based on Manning’s equation, at low-flow values (less than about
5.7 m3/s (200 ft3/s)) a deepened and roughened low-flow channel
could provide the minimum depth requirements and velocities
suitable for resting and migration of steelhead in the LAR (U.S.
Bureau of Reclamation, 2019). To do so, the underpinning
concept of the fish passage design for the LAR is to increase
the depth, width, and roughness of a low-flow channel that would
fit within the larger concrete flood control channel and could
accommodate the large-bodied trout (Fryirs and Brierley, 2000;
U.S. Bureau of Reclamation, 2019).

Even low flows in the LAR tend to occur near critical depth
(U.S. Bureau of Reclamation, 2019), meaning that increasing
Manning’s roughness within the low-flow channel could increase
the depth and reduce velocity to provide a passable condition
without exhausting the trout during migration and allow the
sucker viable habitat. For the first management scenario, we
increased the roughness without changing the channel
geometry. The Manning’s roughness coefficient in the baseline
condition within the concrete bed material was 0.017 and as
suggested by the U.S. Bureau of Reclamation (2019), we assumed
that the low-flow channel roughness of the design concepts would
be equivalent to that of a natural gravel or cobble bed stream with
a Manning’s n-value of 0.035 (two times larger).

For the second scenario, in addition to changing the
roughness, we modified the channel geometry to reach the
desired ranges of depth and velocity. Based on the U.S. Bureau
of Reclamation (2019), we applied a design flow of 8.5 m3/s
(300 ft3/s) for the low-flow channel capacity, which
corresponds to the 10 percentile of the annual exceedance for
mean daily flows during the 1985 to 2017 period. Increasing flows
in the low-flow channel area would improve habitat conditions
but when the low-flow channel capacity is exceeded, habitat
conditions decline (U.S. Bureau of Reclamation, 2019). As a
result, we selected 8.5 m3/s (300 ft3/s) as the optimal design
flow to balance habitat at base flow and higher flows. For the
design flow, assuming a uniform trapezoidal low-flow channel,

we used the top width of 20 m (65 ft) and the depth of 0.6 m (2 ft).
We considered the cross-sectional design as the starting point for
the design of the alternative management scenario and adjusted
the mentioned values for the HEC-RAS cross-sections. We also
assumed that the top elevation of the designed low-flow channel
designs matches the elevation of the existing concrete near the
channel center and excavating a wider and deeper.

The alternative design of the low-flow channel would require
demolishing a portion of the existing concrete near the channel
center and excavating a wider and deeper low-flow channel,
which would also allow for subsurface upwelling. Groundwater
in the basin is intensively managed for water supply and
subsurface water quality reasons (Upper Los Angeles River
Area Wastewater (ULARA), 2019). An estimate of
groundwater upwelling was provided by the Los Angeles
Department of Water and Power (LADWP) at a constant rate
of 3,000 acre-ft/yr, or approximately 0.117 m3/s (4.14 ft3/s). We
distributed the estimated upwelling over the simulation reach
with a constant temperature, slightly adjusted, based on annual
average air temperature at the Burbank Airport weather station
(18.7°C) as suggested by Glose et al. (2017) and Abdi et al.
(2020a).

To simulate the thermal impacts of the alternative restoration
scenarios for the LAR downstream of the Glendale Narrows
permeable soft bottom reach, we calibrated and validated the
mechanistic river temperature model for the migration season
under baseline conditions using the considered control point
(station #4D). In the baseline condition thermal simulations, we
used the HEC-RAS modeling’s outputs for steady-state
conditions in the migration season. Applying values for the
440 cross-sections from the HEC-RAS model setup, we
calibrated the temperature model based on solar radiation data
and substrate temperature. In the calibration period (February
1–April 30, 2016), the coefficient of determination was 0.75 with
and Nash Sutcliffe Efficiency (NSE) of 0.69 (Supplementary
Figure S3A). In the validation period (May 1–31, 2016), the
coefficient of determination was 0.66 and the NSE was 0.59
(Supplementary Figure S3B).

3 RESULTS AND DISCUSSION

Results from baseline condition simulations, and under potential
restoration scenarios, showed that during migration season,
baseline thermal conditions would not support the steelhead
or resident Santa Ana sucker. Even with restoration of
hydraulic conditions, temperatures would exceed their optimal
thermal maxima. Water temperature should therefore be
considered a limiting factor in facilitating steelhead migration
on the LAR or establishing Santa Ana sucker populations. On
average, water temperature was about 4°C higher than the fish’s
threshold (25°C). Even though management scenarios could
improve physical conditions, other plans should be considered
to reach the desired temperature thresholds.

The ML-based predictions of river temperature in the
migration season for upstream and downstream of the study
area showed that the calculated thermal metrics, MaxWMT and
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MaxWAT, exceeded the recommended 20°C MaxWMT for fish
corridors and critical maxima survival threshold of 25°C for the
steelhead, which is also above the 22°C maxima for the sucker
(Figure 2). The median of MaxWMTs was 28.9°C at station #4A
and reached 33.6°C at station #4D, an increase of 16% over
baseline condition. The median of MaxWATs was 27.2°C at
station #4A and reached 28.2°C at station #4D, an increase of
4%. We observed a 30% decrease in the median of the calculated
MinWMTs from 20.1°C to 13.7°C. The 16% increase and a 30%
decrease in the median of MaxWMTs and MinWMTs metrics
respectively, showed that the diel variations of the water

temperature at the downstream station were broader
compared to at the upstream station. One explanation could
be that the upstream station is in a soft bottom portion of the river
while the downstream station is after 20 km of bare concrete
channel, which can increase water temperature (Sun et al., 2016).

By increasing the Manning’s roughness in the low-flow
channel from 0.017 to 0.035 (Scenario 1), the average cross-
sectional water column depth increased by 50% to 39 cm and the
average flow velocity decreased by 55% to 0.44 m/s (see Figure 3;
Supplementary Table S4 for more details). Under this scenario,
the water profile in the river channel was elevated due to the

FIGURE 2 | Boxplots show the variation of the calculated thermal metrics: MaxWMT (A), MaxWAT (B), and MinWMT (C) for the predicted water temperatures
during the migration season in 2016 (February 1–May 31, 2016) for the upstream at station #4A and downstream at station #4D. The red dashed line shows the
maximum temperature a steelhead could tolerate.

FIGURE 3 | Variation of the cross-sectional velocity (A) and depth (B) in the base case condition and under determined management scenarios. The y-axis in both
panels is in log format.
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increased Manning’s roughness coefficient, and the estimated
average diel change in the river temperature, based on the defined
thermal metrics (MaxWMT-MinWMT), decreased by 30% from
20.6°C to 14.5°C. The average MaxWMT in the simulated
migration season for Scenario 1 decreased by 2.3°C–31.1°C
(7% compared to the baseline condition) and the average
MinWMT increased by 3.8°C–16.6°C (29% compared to the
baseline condition; Figure 4). The average MaxWAT didn’t
change significantly compared to the other two metrics and
decreased by only 0.1°C–28.8°C (0.3% compared to the
baseline condition) and it was 3.8°C higher than the
determined steelhead survival line (Table 2). As reported by
Smith and Lavis (1975) and Ahmadi-Nedushan et al. (2007), the
decrease and increase in the average MaxWMT and MinWMT,
respectively, demonstrates that the relative change on water
temperature occurs primarily through the associated impact of
increase/decrease of the water column depth, which is also
connected to the increased/decreased thermal inertia of the river.

Updating the cross-sections in the study area, in addition to
increasing the Manning’s roughness (Scenario 2), caused an
increase of 17 cm in the average flow depth compared to the
baseline case (from 26 to 43 cm), and a 20% decrease in the
average velocity (from 0.79 m/s cm to 0.63 m/s cm; Figure 3;
Supplementary Table S4). The increase of flow depth starting at

station 7,500 m for the next 1 km was more pronounced by about
40 cm. This increase has the potential to provide thermal refuge
for the steelhead or sucker, however, the averageMaxWAT in this
reach was 28.1 C so we were not able to support this claim.
Executing Scenario 2 demonstrated the same pattern of changes
in the average MaxWMT and MinWMT that was noted for
Scenario 1 (Table 2). The difference between the average
MaxWMT and MinWMT for Scenario 2 was 12.9°C, which
was 37% lower than the same difference for the base case and
11% lower than Scenario 1. A smaller difference between these
thermal factors under Scenario 2 indicates that deeper in the
water column caused fewer fluctuations in the diel river water
temperatures as reported by Gu et al. (1999). The average
MaxWMT for Scenario 2 dropped to 30.4°C, demonstrating a
9 and 2.2% decrease compared to the baseline case and Scenario 1,
respectively. The average MinWMT for Scenario 2 increased to
17.5°C which was 36.7 and 5.4% higher than the base case and
Scenario 1, respectively (see Figure 4). The average MaxWAT
also was 28.3°C which, even though it was 0.6°C lower than the
base case condition similar to Scenario 1, was higher than the
considered steelhead survival line (by 3.3°C; Table 2).

Under Scenario 3, including groundwater upwelling in the
study area, the average MaxWMT and MaxWAT values for the
simulation period were 30.1°C and 28°C (Table 2). Although

FIGURE 4 | Boxplots showing the variation of the thermal metrices for the base case condition and under 3 applied scenarios. The figure shows the variation of
three defined metrics MaxWMT (A), MaxWAT (B), and MinWMT (C) for the simulations in the migration season (February 1–May 31, 2016). The red dashed line shows
the maximum temperature a steelhead could tolerate.

TABLE 2 | Average thermal metrics of the river temperature (°C) in the downstream control station #4D for the baseline condition and under the alternative scenarios during
the migration season (February 1–May 31, 2016).

ML algorithm HEC-RAS/iTree cool river modeling

Baseline
condition

Scenario #1 (Manning’s coefficient
increase)

Scenario #2 (Scenario #1 + geometry
increase)

Scenario #3 (Scenario #2 + subsurface
inflow)

MaxWMT 33.4 31.1 30.4 30.1
MaxWAT 28.9 28.8 28.3 28.0
MinWMT 12.8 16.6 17.5 17.5
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Scenario 3 provided the lowest values for the higher ranges of the
determined thermal metrics, they were still higher than the
desired temperature range for the steelhead migration and
resident sucker (Figure 4; Table 2). Subsurface inflow
temperature and volume parameters are typically sensitive
parameters that affect river water temperature significantly
(Abdi and Endreny, 2019; Abdi et al., 2020b). By studying the
Shasta River tributary in northern California, Nichols et al. (2014)
showed that subsurface upwelling inflows could act as reservoir
releases to decrease water temperature. Loheide and Gorelick
(2006) noted the importance of hyporheic exchange, as an
important form of subsurface inflows in Cottonwood Creek in
northern California during summer dry weather. They
demonstrated that the absence of the subsurface inflows could
lead to river temperatures warming in the downstream direction.
In winter, Risley et al. (2010) and Kurylyk et al. (2016)
documented that groundwater temperature could also
contribute a warming effect where the river water temperature
is typically below subsurface water temperatures. During the
summer, in the LAR, Abdi et al. (2020a) simulated a similar
phenomenon of groundwater cooling by redirecting warm
surface inflows to infiltration via constructed riffles and pools,
which then entered the river as cooler groundwater inflows. These
findings indicate how pronounced the subsurface inflows are for
reaching determined thermal thresholds for steelhead migration
feasibility.

Other studies have demonstrated the impact of flow change on
water temperature due to the hydraulics of river flow (Gu et al.,
1999; Sinokrat and Gulliver, 2010; Abdi B. et al., 2021). Gu and
Li (2002) showed that river water temperature’s sensitivity to
flow and its properties (in first 20% flow change) is as significant
as that to climate data such as air temperature, humidity, and
solar radiation. Hockey et al. (1982) studied the variation of
water temperature in the Hurunui River in New Zealand and
found that for every 1 m3/s reduction in river flow, water
temperature increased by 0.1°C. Garner et al. (2017) studied
a 1,050 m reach of Girnock Burn River basin in east Scotland
and found that for the scenarios with low gradient velocities
(0.023 m/s), the water stayed longer within the reach, causing
higher maximum and lower minimum temperatures. The
findings from Garner et al. (2017) support our results
showing the effect of lower water velocities on simulated
water temperature due to enhanced heat accumulation and
dissipation. However, since we didn’t increase the canopy
density in our scenarios, we didn’t get significant changes in
water temperatures (Figure 2). Flow velocities in even lower
gradients could cause a warming effect in the water
temperatures as well, where the residence time would be too
high which allows water more time to heat up from solar
radiation. Therefore, depending on other factors (riparian
shading, upwelling, and inflows), a threshold should be
considered for the residence time in the rivers to avoid
unwanted warming of the water. Comparing the findings of
other studies and our results shows a mixed, sensitive, and
uncertain response of water temperature to variation of flow
depth and velocity. Therefore, water temperature needs to be
considered as a limiting factor based on the results from our

simulations and the overall uncertainty of water temperature’s
response to changes in depth and velocity.

Ecological restoration scenarios such as riparian shading from
tree canopy, cooler substrate temperature (Trimmel et al., 2018;
Abdi R. et al., 2021), as well as additional groundwater recharge
and hyporheic exchange inflow could be considered to decrease
water temperatures (Saha et al., 2017). Sun et al. (2015) simulated
river temperature along six separate reaches of Mercer Creek in
Washington State and found that tree and hillslope shading
reduced the annual maximum temperatures by 4°C. Further,
Dbouk (2017) noted that conductive heat transfer approaches
and embedding conduit materials with a high thermal
conductivity into substrate materials that have a much lower
thermal conductivity could be used to act as cooling channels. For
subsurface inflows, as suggested by Abdi and Endreny (2019), the
relative contribution of groundwater and hyporheic exchange
inflow with river water varies by site conditions and seasonality.
For the LAR, Abdi et al. (2020a) showed that an 18% groundwater
inflow contribution during dry weather in only a 0.5 km reach
decreased LAR water temperature by 0.3°C. The need for
additional restoration actions will only be exacerbated by
climate change (Justice et al., 2017; Merriam and Petty, 2019),
which is projected to increase river temperatures in the West
(Risley et al., 2010; Rheinheimer et al., 2015).

The baseline temperature conditions of the LAR are not cool
enough to support the native Santa Ana sucker nor migrating
steelhead. The trout have a thermal maxima of 25°C (Myrick and
Cech, 2000; A. Myrick and Cech, 2005) and the sucker’s maxima
has been observed to be 22°C (Moyle, 2002). Temperatures at or
near the steelhead’s maxima have been observed to be a source of
chronic stress in other southern California streams, which may
make them vulnerable to other poor water quality conditions and
physiological stress (Materna, 2001; Dagit et al., 2009). Warm
stream temperatures will also block the migration of salmonids,
temperatures above 23°C have prevented steelhead migration in the
Northwestern United States (McCullough et al., 2001). The results
of our temperature modeling demonstrate that the three restoration
scenarios selected for this study do not improve thermal conditions
enough in the LAR to support the return of these fishes.

Despite a generally thermally inhospitable environment,
thermal refugia can occur in association with cold water
patches created from tributaries, groundwater seeps and
springs, and shade. Trout have been observed to occupy
thermal refugia in streams that exceeded their thermal
tolerance where the refugia were 3–8°C colder than ambient
stream temperatures (Ebersole et al., 2001). Thermal refugia
could be present throughout the LAR, providing a reprieve
from warm stream temperatures which would allow trout and
sucker populations to survive. However, areas for thermal refugia
may be limited due to the primarily engineered nature of the
channel. The temperature modeling conducted here did not
evaluate fine-scale micro-habitats, instead, the stream
temperature was modeled on a reach-scale. Our modeling
results suggest that overall, the stream temperatures are not
hospitable to the steelhead and Santa Ana sucker even in
consideration of proposed restoration alternatives. Support of
suitable habitat for resident and migratory fish will require
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additional measures to ameliorate thermal conditions and allow
fish to reach upstream areas with more suitable physical and
thermal habitats.

This work may be indicative of other urban rivers, in which
restoration alternatives have been proposed to restore physical
river parameters but water quality is not explicitly modeled or
considered (Wohl et al., 2015). In addition to temperature, cold
water fish are sensitive to other pollutants, like metals (Ingersoll
and Mebane, 2014; Naddy et al., 2015) and trace organics
contaminants (Petrovic et al., 2002), such as those from tire
wear (Tian et al., 2021). Water quality stressors, in addition to
changing water management regimes and the effects of climate
change, should be studied in tandem with optimal hydraulic and
temperature parameters for target species. Our work suggests that
future studies and management recommendations should
consider environmental conditions that are holistically needed
to support target species. Further, this work serves as an
illustration of the challenge of habitat restoration in urban
rivers, given the uncertain climate future.

4 CONCLUSION

Like most other urban rivers, the LAR is severely impacted by
anthropogenic development and urban activities and since it has
been channelized and confined, it suffers from a decline in biological
habitat and species diversity. Hydraulic conditions in the LAR
channel are not suitable for many of the native fish fauna
because of shallow depths and high velocities. Several restoration
scenarios have been suggested to provide increased flow complexity
and habitat heterogeneity within this confined urban stream, such as
increasing the roughness of the channel substrate and redesigning
the cross-sectional channel area (USBR, 2019). Restoration scenarios
could facilitate the migration of the steelhead in the river, specifically
targeting the passage from the Pacific Ocean to the upstream
Glendale Narrows soft bottom area and upper tributaries.
However, previous work focused on improving the depth and
velocity for the fish habitat suitability while the thermal condition
of the river in the migration season was overlooked.

Our simulations of the baseline condition showed the river
temperature was about 4°C higher than the determined threshold
for fishes, therefore river temperature in the migration season
would not support sustainable migrating steelhead or resident
sucker populations despite suitable water column depths and
average velocities. Hence, river temperature should be considered
as a limiting factor for habitat suitability in facilitating steelhead
migration plans in the LAR. Further, after applying the developed
restoration scenarios in the study area, our simulations showed
that even though the restoration scenarios decreased the 4°C
thermal gap, they were still higher than the desired temperature
range for the steelhead migration and the resident Santa Ana
sucker (about 3°C after applying three considered scenarios
combined). This indicates that additional ecological restoration
actions, such as shading, should be considered and applied to
further decrease the water temperature in the river passage during
the migration season and to support year-round resident native
fish such as the Santa Ana sucker.
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Environmental flows, or the practice of allocating water in river systems for ecological purposes,
is a leading strategy for conserving aquatic species and improving river health. However,
consideration of surface-groundwater connectivity is seldom addressed in environmental flow
development due to a lack of methodologies that account for groundwater contributions to
instream flow. Groundwater-influenced streams have been identified as key refugia for native
biota under a rapidly changing climate. These ecosystemsare anticipated to bemore resistant to
climate change because groundwater input buffers the adverse effects of low flows and high
temperatures, particularly in the dry season. Less understood, however, is the relative
contribution of groundwater inputs to streamflow and how these surface-groundwater water
interactions should be accounted for in environmental flow assessments and management
actions. In order to assess ecological flowneeds in groundwater-influenced streams,we applied
the California Environmental Flows Framework (CEFF) in two river systems in California,
United States. The Little Shasta River and the lower Cosumnes River are representative of
many groundwater-influenced streams throughout the semi-arid western United States.
Historically, perennial streamflow once sustained diverse native aquatic species in these
ecosystems, but water withdrawals for irrigated agriculture has resulted in periodic stream
dewatering. We found CEFF was useful in quantifying ecological flow needs for seasonal
components of the flow regime that support ecosystem functionality. In particular, CEFF offered
flexibility to incorporate information on the seasonal and spatial dimensions of groundwater
influences in the development of ecological flow targets. The focus on ecosystem functions in
CEFF, and ability to account for groundwater influences on those functions, creates
opportunities for integrated surface-groundwater management strategies that support the
recovery and protection of streamflows in groundwater-influenced streams.
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1 INTRODUCTION

Development of river systems for human use is ubiquitous across
the globe (Lehner et al., 2011; Grill et al., 2019; Cooley et al., 2021)
and has resulted in drastic reductions in freshwater biodiversity
and ecosystem services (Vorosmarty et al., 2010; Reid et al., 2019).
Recent global biodiversity initiatives explicitly call for actions that
restore freshwater ecosystem processes, improve water quality,
accelerate environmental flow implementation, and protect
critical habitats (Tickner et al., 2020a; van Rees et al., 2021).
Environmental flows, or the practice of allocating water in river
systems for ecological purposes, is a leading strategy for
conserving aquatic species and improving river health (Horne
et al., 2017). Environmental flows are often implemented in
regulated rivers through re-operation of large dams, but less
attention has been given to rivers where flow is affected by
other water management activities, including diversions from
surface waters, springs, and groundwater sources. In particular,
existing environmental flow programs and methodologies rarely
account for the influence of groundwater withdrawals on river
flows, despite well-recognized interactions between surface water
and groundwater in many river systems (Rohde et al., 2017).
Moreover, groundwater management programs are typically
focused on urban or agricultural uses and rarely account for
environmental water needs of groundwater dependent
ecosystems (GDEs), defined as “terrestrial, aquatic, and coastal
ecosystems that require access to, replenishment or benefit from,
or otherwise rely on subsurface stores of water to function or
persist” (Howard and Merrifield, 2010). New environmental flow
assessment approaches are needed that consider surface-
groundwater interactions and incorporate the role of
groundwater in supporting the health of groundwater-
influenced streams and their associated GDEs.

In California, one of the most geographically diverse states in
the United States, groundwater-influenced streams are found
throughout climatically variable regions and across varying
geologies (Howard and Merrifield, 2010). In these streams,
groundwater discharge via surface springs or shallow
subsurface flow provides dry season baseflow critical for
sustaining aquatic habitat when precipitation is low or lacking.
Groundwater inputs typically create cool water upwelling in
streams when hot temperatures and low flows in the dry
season can limit instream productivity and physiologically
stress fish and other organisms (Cunjak, 1988; Davidson et al.,
2010). Conversely, during the wet season, groundwater can have a
warming effect on physiological stressful low-temperature
conditions (Davidson et al., 2010). Groundwater-influenced
streams have also been shown to provide highly productive
rearing habitat for salmon and other native fishes in California
because of their naturally higher levels of nutrients, including
nitrate and phosphate (Lusardi et al., 2016; Lusardi et al., 2020).
The combination of optimal thermal regimes, high productivity,
and stable hydrologic conditions make groundwater-influenced
streams critical refugia for coldwater species in arid and semi-arid
environments such as California (Lusardi et al., 2021).

Despite their high conservation value, most groundwater-
influenced streams have been highly altered by human

activities (Gomez-Baggethun et al., 2019; Tickner et al.,
2020b). Because of their reliable flows and high water quality,
groundwater-influenced streams serve as valuable water supplies
for agricultural and municipal uses. As a result, surface water
diversions, groundwater pumping, and drainage of riparian
wetlands are ubiquitous and have substantially impacted
groundwater-influenced stream habitats. Diversions from
surface springs and groundwater pumping have also
contributed to widespread flow depletion across the
United States (Jasechko et al., 2021), particularly in the dry
season when groundwater contributes a substantial portion of
baseflow and when aquatic ecosystems are already stressed by
high temperatures and low flows (Zipper et al., 2019). There is an
urgent need to prevent further degradation of groundwater-
influenced streams and their associated GDEs and to
implement actions to restore and protect the surface water
and groundwater sources that sustain environmental flows.

Many environmental flow assessments focus on developing
flows that support the needs of one or more key aquatic species,
such as PHABSIM for assessing hydraulic habitat requirements
for salmon (Milhous et al., 1989; Spence and Hickley, 2000), with
little consideration of other important ecological factors such as
temperature or nutrient concentrations that can be strongly
influenced by groundwater contributions. In contrast, holistic
approaches go beyond the needs of single species and consider the
role of flow variability on ecosystem processes and aquatic
community response. For example, the Ecological Limits of
Hydrologic Alteration (ELOHA) framework is an approach to
identify ecological flow needs using relationships between flow
and multiple ecological outcomes, including single species
responses but also indicators of biotic community health (Poff
et al., 1997). However, such approaches require high-quality
coupled data on biological and flow conditions and may
overlook mediating factors that can alter flow-ecology
relationships, such as altered channel morphology or water
quality impairments. To overcome these limitations, river
scientists have called for a “functional flows approach” to
freshwater ecosystem management. The functional flows
approach aims to manage and restore discrete components of
the natural hydrograph that support key ecosystem functions and
drive geomorphic and ecological processes (Yarnell et al., 2015).
By focusing on key seasonal flow components such as the spring
snowmelt recession or peak flood flows, the functional flows
approach holistically addresses the needs of all aquatic species
that are adapted to the natural seasonal variability in flow, but
does not require the high density of data needed to develop
ecological-flow relationships. Rather, the approach considers how
flows interact with physical channel conditions, floodplains,
sediment regimes, thermal regimes, and other physical
processes, including groundwater connectivity, to support
critical ecosystem functions (Yarnell and Thoms).

Here, we describe an application of the California
Environmental Flows Framework (CEFF), which uses a
functional flows approach to determine environmental flow
needs, in two groundwater-influenced streams in California.
We demonstrate how the influence of groundwater on stream
functions can be incorporated in CEFF through 1) an evaluation
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of groundwater sources contributing to streamflow, 2)
consideration of channel morphology controls on surface-
groundwater interactions, and 3) assessment of groundwater
effects on stream water quality. We also discuss management
actions that could be expected to sustain surface-groundwater
interactions that are critical to stream ecosystem health. CEFF
and other holistic environmental flow assessments that account
for influences of groundwater are likely to become increasingly
important for restoring the ecological health of rivers and
maintaining ecosystem resilience in the face of climate change.

2 METHODS

2.1 California Environmental Flows
Framework
The California Environmental Flows Framework (CEFF) is a
structured process for setting environmental flow standards
following a functional flows approach. Functional flows are
components of the natural flow regime that sustain the
biological, physical, and chemical processes upon which native
freshwater species depend (Yarnell et al., 2015; Grantham et al.,
2020). The functional flows approach is founded on the principles
of the natural flow regime paradigm (Poff et al., 1997), but
recognizes specific dimensions of flow variability and their
interactions with the landscape as being particularly important
for supporting ecosystem processes. Unlike other environmental
flow assessments, a functional flows approach does not rely on
single species flow needs to determine appropriate flows, but
rather focuses on the natural ranges of specific flow components
that drive ecosystem functions, such as the spring snowmelt
recession that provides spawning cues for fish or peak flood
flows that provide channel-floodplain connectivity, and
recommends preservation of those flow ranges as ecological
flow standards. For California, five functional flow
components have been identified that support key ecosystem
functions—fall pulse flow, wet-season baseflow, peak flows,
spring recession flow, and dry-season baseflow—each of which
are quantified by a suite of functional flow metrics describing
their magnitude, timing, frequency, and duration (Yarnell et al.,
2020). CEFF provides a process for defining the ranges of these
key flow components, taking into consideration potential
mediating factors such as channel conditions, water quality
conditions, and biologic interactions, and then developing
environmental flow recommendations that balance multiple
water uses (Stein et al., 2021).

CEFF is organized into three sections (Stein et al., 2021). In
section A, initial ecological flow needs—flows broadly protective
of ecosystem health and expected to support critical ecologic
functions and native aquatic and riparian communities—are
estimated from predicted natural ranges of functional flows
using hydrologic modeling methods (see (Grantham et al.),
this issue, for more information on the modeling approach).
In section B, ecological flow needs may be revised if physical,
chemical, or biological process have been altered and natural
ranges of functional flows would no longer support ecologic
functions. Revised ecological flow needs are based on

additional site-specific information that describes the
relationship between functional flow components and
ecosystem response. For example, consideration of channel
geomorphology (e.g. floodplain connectivity in incised
channels) may require adjustments to the ecological flow
ranges for peak flows to ensure inundated floodplain habitat
and associated functions are provided. While flow needs for
individual species of management or regulatory interest (e.g.
endangered salmon) may also be evaluated to confirm that the
functional flows provide suitable flow requirements, adjustments
to the ecological flow ranges should not be made to meet only the
singular needs of a species of interest (Obester et al., 2021).
Rather, a range in flow variability for all key flow components
should be retained to ensure ecosystem functionality is met.
Section C of CEFF provides guidance on determining
environmental flows—flows that consider both ecological flow
needs and human water demands—and offers suggestions for
implementing and adaptively managing environmental flows
over time (Stein et al., 2021).

In this paper, we highlight how groundwater influences were
addressed in application of CEFF to the Little Shasta River, a
spring-influenced stream in northern California, and the lower
Cosumnes River, a floodplain groundwater-influenced river in
central California. At both study sites, we followed the guidance
under CEFF sections A and B to determine ecological flow needs
supportive of ecosystem functionality and provide ecological
considerations for future development of environmental flow
recommendations by watershed stakeholders via section C
(CWQMC-EFW, 2021). Following section A guidance, we
downloaded the predicted natural ranges of functional flows
(quantified as a suite of functional flow metrics) for each
study site from the California Natural Flows database (https://
rivers.codefornature.org). Metrics are expressed as a range of
values expected to occur at each location of interest under natural
conditions over a long-term period of record (10 or more years),
developed from models that rely on a network of reference gages
in the region (Grantham et al., this issue). We then evaluated
factors that may contribute to, or limit the effectiveness of, the
natural range of functional flow metrics in supporting ecosystem
functions to determine whether the range of metrics for any flow
component should be refined per guidance in section B. In
particular, we assessed the potential for contributions of
groundwater to enhance surface flows at each study site,
especially during the dry season when runoff from
precipitation is limited or lacking and flows are often
sustained by groundwater inputs. We evaluated existing
studies and knowledge of known groundwater inputs, such as
discrete spring volumes, and determined whether these
contributions should be considered in our estimates of the
natural range of dry season baseflow magnitude or other
functional flow components.

Per guidance in section B, we also evaluated the potential of
non-flow factors, including physical habitat and water quality, to
affect the relationship between natural functional flows, surface-
groundwater interactions, and ecosystem functions. For example,
altered channel morphology, such as channel incision, can limit
the functionality of several key functional flow components by
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modifying flow hydraulics and the spatial and temporal
interactions of water and the landscape. Deeply incised
channels require higher peak flows to inundate the floodplain
during the wet season and to provide floodplain connectivity,
riparian recruitment, and habitat availability for native fish
during the spring flow recession (Yarnell et al., 2015). Reduced
floodplain connectivity can limit functions such as groundwater
recharge that support gaining stream conditions and extended
riparian soil moisture for GDEs, and highly incised channels can
cause groundwater levels to fall below riparian vegetation rooting
depths, resulting in the loss of riparian vegetation and habitat
(Loheide and Booth, 2011; Barlow and Leake, 2012). We
evaluated existing studies and information available on
channel morphology at each site to assess whether altered
channel conditions may prevent floodplain inundation or
decrease baseflow due to water loss (drainage) to the
surrounding subsurface, and thus require higher peak flow
magnitudes or higher dry season baseflow magnitudes,
respectively, to achieve functionality.

Additionally, we reviewed existing studies on water quality
conditions at each study site to determine whether groundwater
contributions may affect water temperature or water quality
conditions such that increased or decreased baseflow may be
needed during the dry season. While groundwater-influenced
streams provide reliable water supply during the dry season, they
are particularly notable for providing high water quality with
limited contaminants from their adjacent wetlands and deep
aquifer sources (Lusardi et al., 2021). Groundwater-derived
baseflows also typically provide relatively cool water during
the dry season and warm water during the wet season, helping
to mitigate physiologically stressful seasonal extremes in
temperature (Davidson et al., 2010). In addition, spring-fed
systems in particular provide high naturally derived nutrient
levels that support high aquatic productivity relative to
surface-dominated streamflows (Lusardi et al., 2016). During
the dry season especially, considerations of baseflow volume
alone may be insufficient to support suitable habitat
conditions for aquatic biota as the quality of water, including
temperature and nutrient conditions, are critical to species
persistence and success.

The outcomes from section A and section B analyses determine
ecological flow needs at each study site, which can then be used by
watershed stakeholders seeking to develop environmental flow
recommendations following guidance under section C.

2.2 Study Sites
2.2.1 Little Shasta River
The Shasta River, a large tributary to the Klamath River, was
historically one of the most productive salmon streams in
California (National Resources Council, 2004). Groundwater
from cold, nutrient-rich springs provided nearly optimal
aquatic habitat conditions that supported robust populations
of Chinook salmon (Oncorhynchus tshawytscha) and coho
salmon (Oncorhynchus kisutch). More than a century of
aquatic and riparian habitat degradation along the Shasta
River and its tributaries has resulted in dramatic declines of
wild salmon populations, including upper Klamath/Trinity

spring-run Chinook and the federally threatened Southern
Oregon/Northern California Coast coho salmon (Moyle, 2002;
Moyle et al., 2017). Diversion of surface and groundwater
resources in support of irrigated agricultural activities
throughout the Shasta Basin, including the Little Shasta River
tributary, reduced the quantity and quality of cold-water habitat
during juvenile rearing and adult migration in summer and
autumn. Historical adjudication of water rights did not
consider the quality and quantity of water necessary to
support native fishes. As a result, surface water allocations
prioritize agricultural and other human water use, with limited
water remaining in the environment to support ecological
functions needed by salmon and other aquatic species. While
progress had been made reconciling ecological water needs and
human uses in some of the highest priority reaches, stream flows
are insufficient for supporting healthy ecosystem conditions in
most of the Shasta River.

The Little Shasta River plays a vital role in the recovery of
native fishes in the Shasta River watershed, and thus is of great
interest to the regulatory community and other stakeholders.
Originating at 1830 m in elevation and extending approximately
41.7 km west from the Cascade Mountains of northern California
until its confluence with the Shasta River within the lower
Klamath River basin (Figure 1), the Little Shasta River
contributes to riverine habitat diversity within the broader
Shasta River watershed because of its mixed source hydrology.
While the mainstem Shasta River receives the majority of its flows
from productive groundwater springs emerging from volcanic
terrain, the Little Shasta River derives its streamflow from both
surface runoff (snowmelt and wet season rainfall) over
predominantly volcanic and metavolcanic terrain and
groundwater fed from several springs. Three distinct stream
reaches—headwaters, foothills, and bottomlands—have been
identified in the Little Shasta River that reflect different
geomorphic and hydrologic conditions (McBain and Trush,
2013) (Figure 1). The steeper and higher elevation forested
headwaters are fed by surface runoff from winter rainfall and
spring snowmelt and control the hydrologic and thermal regime
of the river. The foothills reach is dominated by herbaceous and
shrub land cover with a lower gradient (<4%) and wider channel,
creating more diverse channel habitats, with flow that is fed by the
headwaters and supplemented by discrete groundwater-fed
springs. The bottomlands reach is the lowest gradient (<1%),
dominated by agricultural and herbaceous land cover and
exhibiting wide shallow channels with limited habitat
complexity that creates warmer water temperatures and
supports extensive riparian wetlands.

Multiple groundwater springs and seeps contribute baseflow
to the Little Shasta River and its tributaries throughout the upper
headwaters reach and near Table Rock at the eastern edge of the
Little Shasta Valley where porous volcanic rocks overlay less
permeable Quaternary alluvium (Figure 2). Historical flow data
prior to agricultural development and spring diversions are
unavailable for the Little Shasta watershed, but information on
spring discharge volumes and monthly flows dating back to the
early decades of the 20th century can be found from Shasta
Watermaster reports and was also summarized in Nichols et al.
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(2016). These historical accounts indicated that, collectively,
springs contributed in excess of 20 cfs to the Little Shasta
River (Adams et al., 1912). These spring-fed baseflows are
augmented by surface runoff from winter rainfall and spring
snowmelt in the headwaters, which contribute mean monthly
flows ranging from less than 5 cfs during the dry season (typically
June-October) to over 50 cfs during the wet season (Nov-May)
and annual peak flows of 200–800 cfs (historical data, USGS gage
11516900). Together, rainfall and snowmelt provided seasonal
hydrologic variability on top of the stable, cool groundwater-
supported baseflows throughout the year.

Downstream of the foothills reach, the low gradient
bottomlands reach includes multiple GDEs and wetlands,
supported by both local groundwater sources and upstream
baseflow contributions (Figure 1). Historically, these low-lying
wetlands likely supported a diverse aquatic community
throughout the year with a variety of warm surface-water and
cool groundwater-influenced habitats through which native fish
migrated during spring, summer, and autumn. Nutrients from
upstream springs likely contributed to primary and secondary
productivity in the bottomland reach, supporting higher order
consumers such as steelhead trout (Oncorhynchus mykiss) and
coho salmon (Lusardi et al., 2020). However, agricultural
development, surface diversions, and groundwater pumping
have now disconnected most of the lower Little Shasta River

into isolated pools during the irrigation season, limiting access to
high-quality, cold-water habitat in the foothills reach that may be
conducive to supporting juvenile coho salmon (Nichols et al.,
2016). Thus, restoration of each of the three reaches in the Little
Shasta River, including both environmental flow allocations and
physical habitat improvements, is considered a high priority for
conserving threatened populations of anadromous fishes and the
diverse aquatic and riparian communities in the watershed (Lukk
et al., 2019).

To assess the flows needed to support ecological functions
within the Little Shasta River, three locations of interest (LOI)
were chosen that represented varying flow and habitat conditions
within the watershed. The foothills reach (LOI 3) has an active
stream gage and is downstream of Cold Springs (Figure 1). Flow
in this reach is provided by surface runoff from the headwaters
and spring flow from several key discrete groundwater sources.
Inputs from the cold-water springs provide suitable temperatures
and high nutrients for primary and secondary production crucial
for rearing native fish, particularly under warming climate
conditions that may adversely affect stream temperature
conditions and limit salmonid habitat suitability (Isaak et al.,
2015; Isaak et al., 2018). Two additional locations of interest were
chosen in the upper and lower portions of the bottomlands reach
where effects from surface diversions, agricultural use, and
groundwater levels influence wetland habitat and streamflow

FIGURE 1 | The Little Shasta River watershed, tributary to the Shasta River in Northern California. Streamlines reflect differing geomorphic and hydrologic
conditions, including small tributaries and three primary stream reaches: headwaters, foothills, and bottomlands. Groundwater dependent ecosystems (GDEs) are
shown as green shaded polygons. Locations of interest are shown as orange squares, and flow gages are shown as blue diamonds. Background images shows
topographic map with elevation contours and private versus public (US Forest Service) land designation. LOI 3 is coincident with the LSR flow gage. USGS gage
11516900 in the upper watershed is no longer active; USGS gage 11517000 on the main Shasta River just upstream of the Little Shasta confluence is currently active.
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during various seasons (LOI 2 and LOI 1, Figure 1). LOI 2 occurs
where the stream transitions into the bottomlands reach and
shallow groundwater interacts with surface water conditions and
adjacent wetland habitat. LOI 1 is at the downstream end of the
bottomlands reach, where the cumulative influence of runoff and
groundwater accretion occurs in the watershed near its
confluence with the Shasta River.

2.2.2 Cosumnes River
The Cosumnes River is the largest undammed river on the west
side of the Sierra Nevada range in California. Located between the
American and Mokelumne River watersheds and originating at
2,315 m in elevation, the Cosumnes River flows from the granite-
dominated forested Sierra Nevada mountains 130 km westward
to the San Francisco-Bay Delta via its confluence with the
Mokelumne River in the Central Valley (Figure 3). The lower
Cosumnes River in the Central Valley is a low gradient alluvial
floodplain stream that is supported by unregulated surface runoff
(winter rainfall and spring snowmelt) from the upper
mountainous watershed and a complex of shallow perched
aquifers and a deep expansive aquifer underlaying the entire
Central Valley (Robertson-Bryan, 2006). The lower river and its
connected floodplain include extensive GDEs, including the
largest remaining Central Valley riparian forest, that support a
diverse native fish assemblage and hundreds of species of

migratory birds (Kleinschmidt Associates, 2008). In addition,
the lower watershed supports thousands of acres of productive
agricultural land and several local communities.

Prior to European settlement in the mid-19th century, the
lower Cosumnes river system was comprised of a series of shallow
anastomosing fluvial channels grading into a complex of stream
channels, seasonal marshes, and “lagunitas” or perennial
floodplain lakes near the confluence with the San Francisco-
Bay Delta that supported a wealth of biodiversity (Wiener, 2021).
However, agricultural development in the late 1800s and early
1900s leveled the floodplains, leveed the main stream channel,
and converted the river system into a deepened single channel
corridor with little floodplain connectivity. Decades of
groundwater overdraft and uncoordinated stream diversions
have contributed to diminished river flows in the lower
Central Valley reaches, particularly in the summer and
autumn dry season when some reaches periodically go dry
(Wiener, 2021). For anadromous fish species, such as Central
Valley Fall-run Chinook salmon (Oncorhynchus tshawytscha)
and Central Valley steelhead trout (Oncorhynchus mykiss) that
are key conservation priorities, a lack of suitable flows in the
channel for migration and spawning in autumn and winter and
limited access to an inundated floodplain for juvenile rearing in
spring has contributed to precipitous population declines
(National Marine Fisheries Service, 2014). As a result, resource

FIGURE 2 | Springs and estimated historic discharges (in cubic feet per second) based on early 20th century watermaster reports (reproduced from Nichols et al.,
2016). Evans spring and Cold springs are shown on Figure 1, for location reference.
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agencies, agricultural entities, and other stakeholders are working
under the auspices of the Sustainable Groundwater Management
Act to address groundwater basin aquifer sustainability,
characterize surface-groundwater interactions, understand the
related GDEs, and measure groundwater recharge and use.
However, integration between groundwater and surface water
hydrology is needed in order to inform the development of
environmental flow standards supportive of the ecological
functionality required by anadromous fish and other aquatic
and riparian species.

Unlike other Sierra Nevada watersheds, the Cosumnes River is
not impacted by large dams that capture runoff and sediment. As
such, the flow regime in the lower watershed reflects winter rain-
dominated surface runoff with the influence of snowmelt from
the upper watershed in spring, particularly in wetter colder years
when the Sierra snowpack is more substantial. Summer baseflows
in the dry season are sustained by a combination of low flows
from the upper watershed and groundwater contributions from
shallow perched aquifers and the larger underlying deep aquifer
when conditions are appropriate.

Currently, the lower Cosumnes River can be described as
three contiguous stream reaches with slightly differing
conditions, constraints, and opportunities with regard to
surface-groundwater interactions and flow functionality.
The upper reach extends from the base of the forested
foothills where the river emerges into the Central Valley to

about 13 km downstream where herbaceous and shrub land
cover dominates and channel gradient further decreases
(Figure 3). Levees are less ubiquitous in this upper reach
allowing for river adjustment during high flows and local in-
channel deposition of sediments contributing to channel
diversity. Channel flows seasonally connect to the primary
underlying aquifer such that groundwater levels range from
0 m to approximately 30 m below ground surface (bgs)
depending on the time of year and extent of river flow
(Wiener, 2021). Low groundwater levels in late summer
and autumn in particular contribute to drying of the
stream channel in this losing reach such that when fall
precipitation begins, elevated streamflows are often ‘lost’ to
the underlying channel sediments until enough flow has
saturated the subsurface and local groundwater levels have
increased enough to limit seepage losses supporting higher
sustained river flow. The middle reach of the lower Cosumnes
River extends through predominantly pasture and
agricultural land across the valley floodplain for
approximately 27 km to the Highway 99 crossing where
floodplain connectivity increases and tidal influences from
the Delta downstream begin to affect flow conditions.
Throughout the middle valley reach, channel levees are
frequent, the river is deeply incised, and only the largest
floods inundate the floodplain in the few locations with levee
setbacks. Channel flows are fully disconnected from the

FIGURE 3 | The lower Cosumnes River watershed in Northern California. Groundwater dependent ecosystems (GDEs) are shown as green shaded polygons.
Locations of interest are shown as orange squares. Background images shows topographic map with elevation contours and private versus public (US Forest Service)
land designation. LOI 1 is coincident with USGS gage 11335000 in the upper reach and is currently active. LOI 2 is coincident with USGS gage 11336000 in the lower
reach and is not currently active.
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primary aquifer, which is typically 12–30 m bgs throughout
the year; however, seepage from the channel during winter
and spring flows saturate the adjacent channel areas helping
to support riparian vegetation and recharge local shallow
perched aquifers (Wiener, 2021). Similar to the upper reach,
channel flows in autumn only become sustained when enough
flow has saturated the local subsurface and remains high
enough in volume to overcome channel seepage rates. The
lower stream reach extends downstream of the highway about
18 km to the river confluence with the Delta. The river is less
incised in this reach with fewer levees that are set-back or
breached from floodplain restoration projects to allow for
more frequent floodplain inundation at lower flows. At its
most downstream end, the river is comprised of multiple
tidally-influenced channels that shift across the lower
floodplain and support the most diverse aquatic and
riparian habitat in the lower watershed. Due to higher
groundwater levels (<10 m bgs) partially controlled by
tidal backwater influences in the Delta, surface flows in
this lower reach are seasonally connected to the primary
underlying aquifer and support riparian and wetland
vegetation throughout the floodplain. Frequent floodplain
inundation during high flows contributes large volumes of
water to groundwater recharge helping to maintain elevated
groundwater levels and surface water-groundwater
connectivity throughout much of the year.

To assess ecological flow needs within the lower Cosumnes
River, two locations of interest were selected that represent
various habitat conditions within the lower watershed. One
location of interest (LOI 2) was chosen at the transition from
the upper to middle reach where an active stream gage is located
(Figure 3), providing long-term daily flow dating from 1908 to
present. This upper location characterized the river where
channel incision is high and groundwater levels are low, but
perched aquifers help to support riparian vegetation and GDEs
adjacent to the channel. A second location of interest (LOI 1) was
chosen at the transition from the middle to lower reach, where
floodplain restoration projects have increased floodplain
connectivity and past research provides additional information
on local groundwater conditions (Figure 3). This downstream
location characterized surface flow, groundwater conditions, and
habitats supportive of the extensive GDEs located throughout the
lower watershed. A previously maintained flow gage was also
located at this lower location, providing daily flow data from 1942
to 1982.

3 RESULTS

Comprehensive descriptions of the environmental flow
assessments following CEFF are provided in technical reports
for the Little Shasta River (Yarnell et al., 2021) and for the Lower
Cosumnes River (Yarnell and Obester, 2021). Here we provide a
summary of the outcomes from CEFF sections A and B at each
study site, with a focus on how groundwater influences were
accounted for in the determination of ecological flow needs that
support stream functionality.

3.1 Accounting for Groundwater
Contributions
The natural range of functional flows estimated from models in
CEFF section A reflected a flow regime dominated by surface
runoff hydrology. These models include predictor variables that
characterize the climatic and physical characteristics of the
contributing watershed area, including precipitation,
temperature, geology, elevation, and drainage area (Grantham
et al.). Although baseflow contributions are potentially accounted
for in a groundwater recharge index in the models (Wolock,
2003), the predicted baseflow components were generally
underestimated at the two study sites, indicating that the
models were not capturing the effects of local groundwater or
spring contributions. For example, at LOI 3 in the foothills reach
of the Little Shasta River, predicted dry season baseflow
magnitude ranged from 1–20 cfs, averaging 9 cfs (Table 1),
which reflected the range in surface water runoff across wet
and dry years. However, additional year-round groundwater
discharge of 10 cfs from Cold Spring, just upstream of LOI 3
(Figure 2), would nearly double the estimates of natural summer
baseflow. Downstream at LOI 2 and LOI 3 (Figure 1), cumulative
additions of up to 20 cfs from upstream springs (Figure 2) would
also substantially increase dry season and wet season baseflows.
To account for groundwater contributions not reflected in the
models, we added these discrete spring volumes to the predicted
dry season and wet season baseflow magnitudes for the Little
Shasta River in Section B. At LOI 3 in the foothills reach
(Figure 1), we added 10 cfs from Cold Spring located just
upstream (Table 1), and an additional 20 cfs to each of the
two LOIs in the bottomlands reach, reflecting the cumulative
spring contributions from the upstream headwaters and foothills
reaches.

We also evaluated the potential for subsurface groundwater
inputs from locally adjacent high groundwater levels to support
and sustain baseflow conditions during the dry season at each site.
Although limited data was available to quantify the interactions
between surface flow, groundwater, and the associated GDEs in
both the lower reaches of the Little Shasta River and the lower
Cosumnes River, groundwater modeling results from ongoing
studies in both basins indicated that portions of these streams
vary between gaining and losing conditions as they traverse their
respective valleys. In the Little Shasta River, modeled losses to or
gains from groundwater appear to be small relative to spring
contributions (pers comm, L. Foglia), but additional study will
provide insight to whether gaining reaches may prolong higher
baseflow duration, support higher soil moisture in riparian areas,
and contribute to healthier conditions for GDEs. Thus, no further
adjustments accounting for subsurface flow were made at this
time to the dry season baseflow magnitudes in the Little Shasta
River (Table 1). Similarly, adjacent perched aquifers in the lower
Cosumnes River may contribute to higher baseflow and extended
baseflow duration during the dry season. Previous studies on
subsurface stratigraphy, groundwater elevations, and surface
water-groundwater connectivity in the lower Cosumnes
watershed have linked lowered groundwater elevations to
disconnection of surface flows in the channel, but the
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contributions of discrete local perched aquifers remains unknown
(Wiener 2021). Thus, we chose to retain the predicted dry season
baseflow magnitudes from section A as ecological flow needs in
the lower Cosumnes River until further study can be completed
(Table 2). Ongoing and new research in both study basins will
help further quantify surface-groundwater connections and aid in
determining groundwater levels needed to support stream
functionality during the dry season. These future studies will
also inform whether dry season baseflows should be adjusted in
the future to account for shallow subsurface groundwater
contributions, particularly in the lower Cosumnes River.

3.2 Channel Morphology Controls on
Streamflow Interactions
The Little Shasta River and Cosumnes River watersheds are less
developed than many California watersheds in that they are free
of large hydroelectric or water supply dams, leaving natural
geomorphic and hydrologic processes largely intact. However,
once the rivers reach their downstream valleys, the stream
channels are incised to varying degrees throughout their lower
reaches potentially affecting streamflow interactions with the
floodplain and adjacent groundwater levels. In the Little Shasta
River, much of the stream through the bottomlands reach is
confined to a single asymmetric channel that constrains baseflow
and moderate flows (such as the fall pulse flow) to limited

connection with riparian areas. However, analysis of a LIDAR-
derived DEM available for the Shasta basin (TerraPoint USA,
2008) suggests that channel incision is modest: peak flows, such as
the 2-year flood of 143 cfs, inundate the adjacent floodplain and
support riparian recruitment. Thus, the predicted natural range
of functional flow metrics from section A for the wet season peak
flows and spring recession flow would likely provide expected
functionality, and we chose not to adjust the metrics (Table 1).
However, as the stream was likely historically a multi-channel
system typical of wetlands where lower flows provided greater
lateral connectivity and supported GDEs, consideration of
channel rehabilitation actions that promote habitat complexity
and increase riparian interactions at lower flows is needed.

Conversely, in the middle reach of the lower Cosumnes River
between LOI 1 and LOI 2 (Figure 3), the channel was incised such
that only flows greater than approximately 8,000 cfs inundated
the floodplain (USFWS, 2001). Given the predicted median 2-
year flood flow was 7,158 cfs and the predicted wet seasonmedian
flow was 560 cfs at LOI 1 (Table 2), we expected flows between
1,000 cfs (greater than the wet season median flow) and 7,158 cfs
(less than the 2-year flood flow) to at least partially inundate the
floodplain during most years. We therefore increased the 2-year
flood flow magnitude to 8,000 cfs to ensure more frequent
floodplain inundation and support for associated floodplain
functions, such as groundwater recharge, riparian recruitment,
and extended inundation of GDE habitats (Table 2). Additional

TABLE 1 |Natural functional flowmetrics from CEFF Section A and updated functional flowmetrics from Section B accounting for spring contributions at LOI 3 in the foothills
reach of the Little Shasta River. Values reflect medians and 10th–90th percentiles of functional flow metrics for all water year types combined. Values that were updated
are in bold. Magnitude metrics are expressed in cubic feet per second (cfs) and timing metrics are expressed in day of Water Year, where day 1 � October 1).

Flow component Flow metric Natural functional flow
metrics at LOI 3

Updated functional flow
metrics at LOI 3

Median (10th-90th percentile) Median (10th-90th percentile)

Fall pulse flow Fall pulse magnitude (cfs) 28 (7–74) 38 (17–84)
Fall pulse timing (WY day) 32 (6–61) 32 (6–61)
Fall pulse duration (days) 4 (2–8) 4 (2–8)

Wet-season baseflow Wet-season baseflow (cfs) 11 (1–28) 21 (11–38)
Wet-season median flow (cfs) 33 (5–69) 33 (5–69)
Wet-season timing (WY day) 74 (23–149) 74 (23–149)
Wet-season duration (days) 121 (59–211) 121 (59–211)

Peak flows 2-year flood magnitude (cfs) 143 (19–514) 143 (19–514)
2-year flood duration (days) 2 (1–5) 2 (1–5)
2-year flood frequency (# per season) 1 (1–3) 1 (1–3)
5-year flood magnitude (cfs) 165 (115–1,000) 165 (115–1,000)
5-year flood duration (days) 1 (1–3) 1 (1–3)
5-year flood frequency (# per season) 1 (1–2) 1 (1–2)
10-year flood magnitude (cfs) 373 (162–2090) 373 (162–2090)
10-year flood duration (days) 1 (1–2) 1 (1–2)
10-year flood frequency (# per season) 1 (1–2) 1 (1–2)

Spring recession flows Spring recession magnitude (cfs) 90 (25–308) 90 (25–308)
Spring timing (WY day) 223 (161–251) 223 (161–251)
Spring duration (days) 78 (41–127) 78 (41–127)
Spring rate of change (percent) 0.056 (0.04–0.08) 0.056 (0.04–0.08)

Dry-season baseflow Dry-season baseflow (cfs) 9 (1–20) 19 (11–30)
Dry-season high baseflow (cfs) 11 (2–35) 11 (2–35)
Dry-season timing (WY day) 299 (264–334) 299 (264–334)
Dry-season duration (days) 148 (81–227) 148 (81–227)
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results from USFWS (2001) also showed that a minimum of 180
cfs at each LOI in the lower Cosumnes River would be needed to
allow salmonid migration and passage during autumn under
current physical habitat conditions. This is comparable to the
predicted fall pulse flow median magnitude of 212 cfs (range
65–671 cfs) at LOI 1 and 239 cfs at LOI 2 (Table 2). Therefore, we
chose to revise the minimum magnitude for the fall pulse flow to
reflect the minimum salmonid passage flow of 180 cfs, but
retained the remaining range of fall pulse flows to support
interannual flow variability.

3.3 Groundwater Effects on Stream Water
Quality
Previous studies in the Little Shasta basin have explored the
relationship between water quality conditions, including
water temperature, and native fish habitat suitability in the
foothills and bottomlands reaches, where impacts from
grazing and flow diversions result in warm water
temperatures, shifts in stream nutrients, and limited
riparian cover in some locations (Nichols et al., 2016; Lukk
et al., 2019). In the foothills reach under current conditions
where spring flows are fully diverted and streamflow is
predominantly surface runoff, water temperature and
nutrient data from 2016 to 2018 showed that the number
of over 20°C days (and thus physiologically stressful for

salmonids) increased from upstream to downstream
regardless of year, and that nitrogen was the limiting
factor on productivity in the reach (Lukk et al., 2019).
However, macroinvertebrate data showed water quality
conditions were “good” in the upper foothills reach, based
on the Hilsenhoff’s Biotic Index (Hilsenhoff, 1987). Below the
diversions at the downstream end of the foothills reach,
seasonally occurring low-flow and no-flow conditions
disconnected the bottomlands from the foothills, and
resultingly, macroinvertebrate data indicated “fairly poor”
water quality conditions. Thus, while the upper foothills
reach currently provides suitable physical, chemical, and
biological conditions to support a healthy cold-water
ecosystem under predominantly surface runoff conditions,
limited productivity from low nutrient content and resulting
limited food resources suggest that juvenile salmonids may be
less able to tolerate elevated water temperatures in the reach,
even for short periods. Increasing groundwater contributions
from the springs to the channel will likely have a large impact
on keeping water temperatures low and supplementing
aquatic productivity. Therefore, we chose to retain the dry
season baseflow magnitudes adjusted for spring flow
contributions, with no additional adjustments for water
quality considerations, presuming that cold nutrient-rich
spring flow comprises the additional 10 cfs in dry season
baseflow (Table 1).

TABLE 2 |Natural functional flowmetrics from CEFF Section A and updated functional flowmetrics from Section B accounting for altered channel morphology at LOI 1 in the
upper reach of the lower Cosumnes River. Values reflect medians and 10th–90th percentiles of functional flowmetrics for all water year types combined. Values that were
updated are in bold. Magnitude metrics are expressed in cubic feet per second (cfs) and timing metrics are expressed in day of Water Year, where day 1 � October 1).

Flow component Flow metric Natural functional flow
metrics at LOI 1

Updated functional flow
metrics at LOI 1

Median (10th-90th percentile) Median (10th-90th percentile)

Fall pulse flow Fall pulse magnitude (cfs) 212 (65–671) 212 (180–671)
Fall pulse timing (WY day) 27 (8–48) 27 (8–48)
Fall pulse duration (days) 4 (2–9) 4 (2–9)

Wet-season baseflow Wet-season baseflow (cfs) 183 (66–344) 183 (66–344)
Wet-season median flow (cfs) 510 (290–937) 510 (290–937)
Wet-season timing (WY day) 77 (52–103) 77 (52–103)
Wet-season duration (days) 121 (72–171) 121 (72–171)

Peak flows 2-year flood magnitude (cfs) 7,158 (3,998–13,436) 8,000 (8,000–13,436)
2-year flood duration (days) 3 (1–16) 3 (1–16)
2-year flood frequency (# per season) 2 (1–5) 2 (1–5)
5-year flood magnitude (cfs) 13,502 (8,083–22,216) 13,502 (8,083–22,216)
5-year flood duration (days) 1 (1–5) 1 (1–5)
5-year flood frequency (# per season) 1 (1–3) 1 (1–3)
10-year flood magnitude (cfs) 18,815 (11,110–28,708) 18,815 (11,110–28,708)
10-year flood duration (days) 1 (1–3) 1 (1–3)
10-year flood frequency (# per season) 1 (1–2) 1 (1–2)

Spring recession flows Spring recession magnitude (cfs) 1954 (668–5,719) 1954 (668–5,719)
Spring timing (WY day) 200 (168–228) 200 (168–228)
Spring duration (days) 60 (33–115) 60 (33–115)
Spring rate of change (percent) 0.07 (0.04–0.16) 0.07 (0.04–0.16)

Dry-season baseflow Dry-season baseflow (cfs) 35 (7–127) 35 (7–127)
Dry-season high baseflow (cfs) 100 (40–227) 100 (40–227)
Dry-season timing (WY day) 267 (236–304) 267 (236–304)
Dry-season duration (days) 161 (109–217) 161 (109–217)
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Previous studies regarding water quality conditions in the lower
Cosumnes River have primarily focused on nutrients and pollutants
associated with agricultural runoff, point sources, and land uses,
rather than water temperatures. While elevated water temperatures
during the dry season have been noted as one of many causes of
decline in native fishes throughout Central Valley streams (USFWS,
2001), the extensive riparian forest and connected floodplains in the
lower reaches help buffer high water temperatures during the warm
dry season when sufficient baseflow is available (Robertson-Bryan,
2006). The primary water quality concerns in the lower Cosumnes
River are potentially high levels of nitrogen, phosphorus, suspended
sediments, and mercury related to agricultural drainage and
pesticide use (Robertson-Bryan, 2006). Previous studies on water
chemistry showed that the majority of nutrients and suspended
sediments in the lower watershed originated from both point sources
(e.g. wastewater treatment facilities) and non-point sources (e.g.
urban and agricultural runoff), with nutrient concentrations,
conductivity, and pH levels generally increasing from upstream to
downstream (Ahearn et al., 2005). During the dry season baseflow,
in stream reaches that were not dry, nutrient concentrations
increased as flows decreased and shallow groundwater
contributions from perched aquifers became the dominant source
of baseflow. However, sediment and nutrient levels remained within
water quality criteria delineated by local regulations (Ahearn et al.,
2004). During the early wet season in autumn, the fall pulse flow and
early storm events flushed nutrients through the river system, and
then in the late wet season as progressive flushing had occurred,
conductivity and nutrient concentrations decreased with successive
high flows. As a result, inmost years, almost the entire annual load of
nutrients and sedimentmoved through thewatershed during thewet
season (Ahearn et al., 2004). These studies suggest that while water
quality may be a concern for aquatic species in the lower Cosumnes
River under extreme low flow conditions, when sufficient baseflows
occur in the dry season and periodic flushing flows occur during the
wet season, water quality conditions likely remain suitable for native
aquatic species. We thus chose to retain the natural predicted range
of dry season baseflow magnitudes from section A (Table 2) as
supportive of suitable water quality conditions throughout the lower
reaches, particularly where riparian areas are intact.

4 DISCUSSION

Accounting for groundwater interactions in environmental flow
development requires a holistic approach that encompasses
evaluation of surface-groundwater interactions and their
relationship with channel morphology, local geology, water quality
conditions, and aquatic and riparian communities. Application of
CEFF to the Little Shasta River and lower Cosumnes River provided a
guided but flexible approach to determining ecological flow needs in
these groundwater-influenced streams that more accurately reflected
hydrologic conditions than other traditional methods that singularly
focus on volumetric surface flow conditions or single-species habitat
suitability approaches. CEFF provided an initial set of ecological flow
needs that were centered around seasonal components of the flow
regime that support ecosystem functionality and were derived from
predominantly surface runoff characteristics and conditions.

However, the flexibility of CEFF allowed for assessment and
inclusion of spring flow contributions and groundwater influences,
as well as detailed analysis of when and where groundwater influences
were most important in each watershed. The focus on ecosystem
functions inCEFF, and understanding the importance of groundwater
to those functions, provides the opportunity for discussion of
management strategies that specifically support groundwater
conditions and address the surface-groundwater connectivity that
supports groundwater dependent ecosystems.

In California and other semi-arid environments where
development of groundwater sources for agricultural use and
consumption is common, the loss of groundwater contributions
to stream ecosystems can be particularly acute. In the case of the
Little Shasta River, depleted streamflows during the summer dry
season have impacted both aquatic and riparian communities,
including high-profile wild salmon populations. The ecological
flow needs analysis completed in CEFF not only provided specific
baseflow values needed to improve stream functionality and
associated habitat conditions, but also highlighted the critical
need for a portion of baseflow to be supplied from nutrient-rich
cold spring flow, rather than solely from other warm surface flow
sources, in order to provide suitable water quality conditions for
benthic invertebrates and native fishes (cf. Lusardi et al., 2016).
Similarly, in the lower Cosumnes River, floodplain inundation
that promotes groundwater recharge to the shallow aquifer may
support seepage of cooler higher quality water to summer
baseflow than warmer surface water from agricultural runoff.
In both streams, holistic evaluation of the relative importance of
groundwater contributions to stream ecosystem dynamics allows
for more comprehensive evaluation than traditional species-
based approaches and provides additional options for
management decisions that support both human uses and
sustainability of key refugia for native biota under a rapidly
changing climate.

For the Little Shasta River and lower Cosumnes River,
stakeholder discussions regarding how to best manage water
allocations to provide environmental flow needs and meet
agricultural water demands are ongoing. As outlined in section
C of CEFF, these discussions include accurate assessments of
water use and streamflow alteration, analysis of trade-offs
between water use for agriculture and ecological needs,
evaluation of management actions that support surface-
groundwater interactions and connectivity, and development
of monitoring and adaptive management plans. The
streamflow alteration analysis in both basins indicated that dry
season baseflows are depleted and likely altered (Yarnell and
Obester, 2021; Yarnell et al., 2021). Depleted baseflow in the Little
Shasta River likely reflects spring flow and surface flow
withdrawals (all discrete springs in the basin are currently
fully diverted to off-channel uses), small losses to groundwater
due to underlying geologic conditions, and, in the bottomlands
reach, decreased groundwater elevations associated with
groundwater pumping. Similarly, depleted baseflow in the
lower Cosumnes River likely reflects small losses to
groundwater due to underlying geologic conditions and
decreased groundwater elevations associated with groundwater
pumping. Information from additional studies quantifying
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surface-groundwater interactions and contributions from
perched aquifers and saturated conditions will help inform the
groundwater levels needed to support stream functionality for
aquatic species and GDEs during the dry season.

Based on varying hydrogeomorphic conditions throughout
each of the reaches in the Little Shasta and lower Cosumnes
River, particularly with respect to seasonal connections
between surface water and groundwater, several potential
management actions could be undertaken in CEFF Section
C to improve ecological functionality and robustness. In the
foothills reach of the Little Shasta River, where habitat is
generally in good condition, actions might include limiting
spring water diversions in an effort to support prolonged dry
season baseflow with high quality, cold, nutrient-rich water,
limiting seasonal groundwater withdrawals to maintain
shallow groundwater levels and limit channel seepage losses,
and funding support for supplemental water sources for
agriculture, such as winter runoff diversions, use of recycled
water, and voluntary water use efficiency improvements. In the
bottomlands reach of the Little Shasta River, where habitat
conditions are poor and a lack of summer baseflow has
impacted the aquatic biota in particular, similar actions to
those above could be taken as well as actions to reduce channel
incision and improve lateral connectivity within riparian areas
in an effort to support GDEs. In the lower Cosumnes River,
Mount et al. (2001) presented a three-part strategy to
improving baseflow conditions that included augmentation
of surface flows, management of groundwater pumping, and
restoration of natural flood regimes. Building on this strategy
for the lower Cosumnes basin, additional management actions
that support groundwater contributions may include:
managed recharge to primary and perched aquifers, which
would benefit surface water-groundwater connections and
agricultural water supply; floodplain reconnection, levee
relocation/set-backs, and habitat restoration projects to
promote riparian and groundwater dependent habitats and
improve flood management; and relocation of shallow wells
next to the river channel, particularly in perched aquifers, and
use of alternative water sources such as stored winter
diversions, recycled water, and voluntary water use
efficiency improvements. As discussion and evaluation of
management actions by stakeholders in each basin
continues, consideration of their potential effects on the
desired ecological objectives identified in section A should
be included. Further study and quantification of the ecological
consequences of failing to satisfy ecological flow needs may
help in evaluating trade-offs inherent in meeting ecological
and non-ecological management objectives. Monitoring plans
should, therefore, explicitly measure surface flow conditions,
groundwater conditions in both perched and deep aquifers,
changes in channel morphology, and the health and suitability
of channel and floodplain habitats for aquatic species and
GDEs linked to these conditions (Rohde et al., 2017). The
ecological conditions and current management practices in the
Little Shasta River and lower Cosumnes basin are
representative of many groundwater-influenced streams in
agricultural landscapes, and thus the management

approaches recommended here could apply broadly to
similar river systems.

5 CONCLUSION

Groundwater-influenced streams and their associated GDEs are key
climate refugia for arid and semi-arid ecosystems, such as those in
California. Under changing climate conditions where extreme
hydrologic conditions such as floods and droughts are increasing,
water management frameworks that explicitly integrate groundwater
and surfacewater conditions are needed tomeet ecological flowneeds
and determine environmental flows that will support functioning
river ecosystems and the aquatic community, improve river health,
and sustain the freshwater ecosystem services upon which human
societies depend. CEFF provides a flexible framework that is focused
on the functionality of flow and incorporates consideration of the
interconnections between groundwater, surface runoff, channel
morphology, and water quality conditions. We found that
application of CEFF to two groundwater-influenced streams in
California provided a means to determine ecological flow needs
that accounted for groundwater contributions and their interactions
with channel morphology and water quality to holistically support
ecological functionality. The results will aid ongoing discussions of
management actions that support groundwater contributions within
each stream and ultimately help to support climate resilient habitats
in these watersheds.
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Environmental Flows Framework to Determine Ecological Flow Needs
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and Stein, E. D. (2022). Front. Environ. Sci. 9:788295. doi: 10.3389/fenvs.2021.788295

There was an error in the published article. The labels in Figure 3 were incorrect. LOI 1 (Michigan
Bar) is located upstream (the yellow circle to the right in the figure) of LOI 2 (McConnell). The
corrected figure appears below:

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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FIGURE 3 | The lower Cosumnes River watershed in Northern California. Groundwater dependent ecosystems (GDEs) are shown as green shaded polygons.
Locations of interest are shown as orange squares. Background images shows topographic map with elevation contours and private versus public (US Forest Service)
land designation. LOI 1 is coincident with USGS gage 11335000 in the upper reach and is currently active. LOI 2 is coincident with USGS gage 11336000 in the lower
reach and is not currently active.
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Rethinking Condition: Measuring and
Evaluating Wetland Vegetation
Responses to Water Management
Cherie J. Campbell 1*, Ross M. Thompson1, Samantha J. Capon2 and Fiona J. Dyer1

1Centre for Applied Water Science, Institute for Applied Ecology, University of Canberra, Canberra, ACT, Australia, 2Australian
Rivers Institute, Griffith University, Nathan, QLD, Australia

Environmental water management is increasingly used to restore riverine, wetland and
floodplain ecosystems and requires an understanding of what the flow regime or
restoration objectives are, why these objectives are being targeted and how outcomes
will be evaluated. This perspective paper focuses on non-woody vegetation, an important
component of river-floodplain ecosystems and a targeted outcome for many
environmental flow management programs, such as the Basin wide environmental
watering strategy for the Murray-Darling Basin in Australia. Effective management of
non-woody vegetation using environmental water requires identifying a suite of
measurable condition outcomes (the “what”), understanding how these relate to
broader functions and values (the “why”) and developing clear cause-and-effect
relationships between management and outcomes (the “how”). A critical component of
this process is to characterise what constitutes management success, which requires
reimagining current definitions of condition to better incorporate dynamic functions and
diverse values. We identify the need to characterise condition in a structured framework
using both ecological data and societal values. This approach will not only help inform the
development of benchmarks, watering objectives and monitoring metrics, but will also
facilitate engagement by a broader spectrum of the community with the management and
outcomes of environmental watering.

Keywords: vegetation condition assessment, environmental flow, environmental water management, flooding,
floodplain, restoration, wetland plants

INTRODUCTION

Evaluating success is a key challenge in restoration ecology (Palmer et al., 2005; Wortley et al., 2013; Prach
et al., 2019). The answer is seemingly simple—“success occurs when the ecological restoration reaches its
goal” (Prach et al., 2019). However, the reality is a melting pot of divergent expectations, definitions and
measures of success (Wortleyet al. 2013; Prach et al., 2019) with ongoing debates over how to define or
categorize success or failure (Wortley et al., 2013; Prach et al., 2019; Galbraith et al., 2021; Marchand et al.,
2021). Evaluating outcomes from environmental management actions, such as environmental flows, is
important as it enables learning by doing to inform futuremanagement activities (Pollard et al., 2011; Vietz
et al., 2018; McLoughlin et al., 2020). Evaluation also strengthens theoretical understanding (Török and
Helm2017), improving the predictability of restoration outcomes (Bullock et al., 2011; Brudvig et al., 2017).

Central to evaluating outcomes of management actions such as environmental flows is our
understanding of what the restoration objectives are, why these objectives are being targeted and how

Edited by:
Avril C. Horne,

the University of Melbourne, Australia

Reviewed by:
Catherine M. Febria,

University of Windsor, Canada
Andrea Funk,

University of Natural Resources and
Life Sciences Vienna, Austria

*Correspondence:
Cherie J. Campbell

Cherie.Campbell@canberra.edu.au

Specialty section:
This article was submitted to

Freshwater Science,
a section of the journal

Frontiers in Environmental Science

Received: 25 October 2021
Accepted: 31 December 2021
Published: 21 January 2022

Citation:
Campbell CJ, Thompson RM,
Capon SJ and Dyer FJ (2022)

Rethinking Condition: Measuring and
Evaluating Wetland Vegetation

Responses to Water Management.
Front. Environ. Sci. 9:801250.

doi: 10.3389/fenvs.2021.801250

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 8012501

PERSPECTIVE
published: 21 January 2022

doi: 10.3389/fenvs.2021.801250

104

http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2021.801250&domain=pdf&date_stamp=2022-01-21
https://www.frontiersin.org/articles/10.3389/fenvs.2021.801250/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.801250/full
https://www.frontiersin.org/articles/10.3389/fenvs.2021.801250/full
http://creativecommons.org/licenses/by/4.0/
mailto:Cherie.Campbell@canberra.edu.au
https://doi.org/10.3389/fenvs.2021.801250
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2021.801250


outcomes will be assessed in relation to these. This paper focuses
on non-woody vegetation condition as a targeted outcome of
environmental water actions. While improved vegetation
condition is a common objective of environmental water
management, the construct of condition is often poorly
defined (Gibbons et al., 2006; Gibbons and Freudenberger
2006). In particular, naturally dynamic responses of vegetation
to variable water regimes are not well represented by static
descriptions of condition (Campbell et al., 2021). Following
the principles of Campbell, James et al. (2021), wetland
ecological condition needs to consider i) various scales and
levels of ecological organisation, ii) temporal context and
complexity, iii) non-hydrological modifying factors, and iv)
align with management objectives and ecological, sociocultural
and economic functions and values. In this perspective article we
consider what we want to achieve by targeting watering for
wetland vegetation condition. We explore the idea of success,
specifically in terms of reimagining current definitions of
condition to better incorporate dynamic functions and diverse
values. We conclude by highlighting the potential for a
framework of condition, structured around the principles of
Campbell, James et al. (2021), to provide the building blocks
for a data-driven narrative that synthesises disparate pieces of
information.

WHAT DO WE WANT TO ACHIEVE BY
WATERING NON-WOODY
WETLAND-FLOODPLAIN VEGETATION
AND WHY DO WE TARGET THESE
OUTCOMES?

Determining objectives for environmental management or
restoration projects remains a critical first step (Prach et al.,
2019) and processes and principles for setting objectives have
been dealt with extensively in the literature (Tear et al., 2005;
Lindenmayer et al., 2008; Horne A et al., 2017; Campbell et al.,
2021). Ultimately why we water rivers, wetlands and floodplains
reflects what we value about them (Gonzalez Lopez and Amerigo
Cuervo-Arango, 2008; Arsenio et al., 2020). An outcome may be
valued because of its intrinsic worth, such as biodiversity or the
inherent right of a species to exist (Dudgeon 2014; Jax and Heink
2015). In some situations management is focussed on
maintaining or restoring ecological functions (de Groot et al.,
2002; Capon et al., 2013), such as the provision of habitat or food
(Valinoti et al., 2011; Bice et al., 2014; McGinness et al., 2014).
Increasingly management is focused on achieving multiple
ecosystem services including: aesthetics (Cottet et al., 2013),
cultural connection (Douglas et al., 2019; Moggridge and
Thompson 2021), recreation (Gitau et al., 2019), education
(Flitcroft et al., 2016), or tourism (Balmford et al., 2009;
Harrison et al., 2010). There are also calls for environmental
water management to increase the focus on managing for
resilience to better link environmental water management to
ecological sustainability and social well-being (Arthington
et al., 2018; Poff 2018). Research has shown that the level of

support for the implementation of environmental management
activities is linked to stakeholder engagement, including the
ability to relate to environmental outcomes by a shared belief
in the value of the outcome (Conallin et al., 2018; Okumah et al.,
2020; Liguori et al., 2021).

Non-woody vegetation (NWV) can comprise a significant
proportion of biodiversity in many catchments and is
fundamental to many ecosystem functions. The Murray-
Darling Basin (MDB) in Australia, for example, supports a
tremendous diversity of both plants and vegetation
communities (Brooks 2020; Capon and James 2020), including
more than 700 native plant species (Dyer et al., 2021) and a wide
diversity of vegetation communities (Brooks 2021). Many of these
plant species can be described as non-woody—which in the
context of this paper refers to all vascular plant species expect
for trees and large shrubs as well as macro-algae such as
charophytes. NWV comprises floating plants, submerged
macrophytes, herbs, grasses, sedges, sub-shrubs, and tall reeds.
NWV communities tend to be highly dynamic in space and time
(Keddy 2010; Capon and Reid 2016; Hunter 2021), reflecting
variation in inundation patterns over multiple scales (Thoms
et al., 2006; Leblanc et al., 2012; Tulbure and Broich 2019).

Functionally, non-woody plant species and vegetation
communities are critical components of river-floodplain
ecosystems, providing food and habitat for a large array of
biota including fish (Bice et al., 2014), woodland and
waterbirds (Kingsford and Thomas 2004; Ma et al., 2010;
McGinness et al., 2018), frogs (Wassens et al., 2010;
McGinness et al., 2014), and macroinvertebrates (Warfe and
Barmuta 2006). NWV also supports a wide range of ecological
functions such as carbon and nutrient cycling (Carpenter and
Lodge 1986; Baldwin et al., 2013), bank stabilisation (Marden
et al., 2005; Docker and Hubble 2008), sediment and flow
dynamics (Neary et al., 2012), water quality (Withers and
Jarvie 2008) and regulation of microclimates (Reeder 2011;
Choi et al., 2014; James et al., 2015). Furthermore, NWV
supports many social, cultural and economic values, often
playing a key role in shaping aesthetically beautiful places
(Cottet et al., 2013; Saha et al., 2020), having cultural
importance for food, medicine, or fibre (Conroy et al., 2019;
Higgisson et al., 2021), contributing to the enjoyment of
recreational pursuits (Harrison et al., 2010; Zhu et al., 2011),
or supporting tourism (Siikamaki et al., 2015; Hausmann et al.,
2020). Thus, by watering wetlands and floodplains and
supporting the vegetation communities within them, we can
support a range of ecological, socio-cultural, and economic
functions.

Environmental water management can also be targeted to
promote ecological resilience, i.e., the ability for ecosystems to
resist or respond to change and implies long-term sustainability
(Capon and Reid 2016; Chambers et al., 2019). To persist into the
future, plant species and vegetation communities, as well as the
functions these underpin, need to be resilient to factors such as a
changing climate (Capon et al., 2013) that includes changes to
rainfall, temperature, fire regimes and the intensity of extreme
events (CSIRO and Bureau of Meteorology 2015). Plant species
and vegetation communities also need to be resilient to pressures
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from development, land use, pollution, pest plants and animals,
and ongoing competition for water resources (Reis et al., 2017;
Dudgeon 2019; Reid et al., 2019). Managing for resilience is a
function of understanding the different traits of taxa and
communities that contribute to resilience (Combroux et al.,
2001; Santamaria 2002; Clarke et al., 2015) to particular
environmental disturbances (Chambers et al., 2019), key
factors which underpin recovery mechanisms such as dormant
seed banks (Brock 2011; Haines-Young et al., 2012; Capon and
Reid 2016; Liu et al., 2020) as well as spatial resilience (Chambers
et al., 2019). In many modified catchments, environmental water
actions are likely to play a critical role in building resilience,
helping to restore the health of vegetation from a degraded state
(Overton et al., 2014; Bond et al., 2018), which can require a
recovery flow regime that is, more frequent than the long-term
average (Campbell et al., 2021). Environmental water can also
help fill the role of small to medium floods (Bond et al., 2014)
which, because of regulation, have been lost from the hydrograph
in locations such as the mid to lower River Murray (Maheshwari
et al., 1995).

HOWDOWE KNOW IF WE’VE SUCCEEDED
IN MEETING THE OBJECTIVES?

Evaluating outcomes against goals or objectives remains pivotal
to determining the success of environmental water management
and ecological restoration projects (Prach et al., 2019), though
what constitutes success or failure is still a topic of debate
(Wortley et al., 2013; Prach et al., 2019; Galbraith et al., 2021;
Marchand et al., 2021). Evaluation is “the process of judging or
calculating the quality, importance, amount or value of
something” (Cambridge-English-Dictionary 2020), and
inevitably involves some degree of subjectivity albeit informed
by expert opinion and experience (Prach et al., 2019).
Considerable benefit in evaluating outcomes to environmental
water management comes from the knowledge gained in relation
to managing future environmental water management actions.
For example, determining the factors that led to objectives not
being met, such as water availability, climate or other factors, can
help inform future water management. Results may indicate the
need for complementary actions, such as the control of pest
animals, or the need to adjust future objectives or expectations.
Because environmental water management is often carried out at
scales that prevent the establishment of unmanaged “controls” for
comparison, evaluation often requires a sophisticated “teasing
apart” of the roles of different drivers and potential confounding
variables (Konrad et al., 2011; Gawne et al., 2019). For long-term
goals and objectives, this may require multiple scenarios of
expectations based on a range of potentially interacting
variables and management options that may influence water
availability, or broader scale factors such as climate.

The definition of evaluation given in this paper highlights the
need to know the state of what is being evaluated, i.e., its quality,
importance, amount or value—which in the context of assessing
vegetation outcomes to management activities such as
environmental flows can be broadly defined as vegetation

condition. There is no standard definition for “vegetation
condition” (Gibbons et al., 2006), rather it is seen as a
continuum of “good” to “bad” depending on the context or
goal (Gibbons and Freudenberger 2006). Condition is also
inherently a comparative concept (Parkes and Lyon 2006) and
involves value judgements—good condition for whom or good
condition for what (Gibbons and Freudenberger 2006). Viewing
condition as representing “the quality, importance, amount, or
value of something” links to key elements of what we’re trying to
achieve by watering NWV namely the contribution NWV makes
to ecological, socio-cultural and economic functions and values,
biodiversity, and the need to support resilience to maintain these
values into the future. It also aligns with Driver-Pressure-State-
Impact-Response (DPSIR) models used internationally
(Tscherning et al., 2012; Robele Gari et al., 2015) in
environmental assessments, such as Australian State of the
Environment (SoE) reporting (Jackson 2017). The SoE
approach describes the “State” as incorporating both current
condition as well as recent trends in condition (Jackson 2017),
highlighting the importance of temporal trajectories.

Definitions of condition, however, are not straightforward.
Defining the state of something, such as NWV, is complex. NWV
responses occur across different spatial and temporal scales. As
highlighted by the SoE approach (Jackson 2017), state needs to
consider current condition along with trends. Trend changes in
NWV are influenced by a number of factors including flow
regimes and climatic cycles across different temporal scales
(Ryo et al., 2019). Considering the spatial scale across which
responses and trends are assessed is important and influences
ecological and spatial resilience (Chambers et al., 2019).
Condition, as described in the paragraph above, is framed by
the functions and values provided by NWV—“the quality,
importance, amount, or value of something.” Functions and
values also inform targets which are further used in the
evaluation of the quality of condition in relation to targets
(Figure 1). NWV provides numerous ecological, socio-cultural
and economic functions and values, that can be broadly grouped
as providing i) habitat, ii) regulating, iii) production, and iv)
information functions and values (de Groot et al., 2002; Capon
et al., 2013). NWV also contributes to biodiversity at different
levels of ecological organisation (Noss 1990), such as individual
plants, populations, species, communities, and vegscapes, which
are landscape-scale mosaics of plant communities, and through
the expression of a variety of attributes—composition, structure
and process (Noss 1990) (Figure 1).

As depicted in DPSIR models, the state of NWV, is further
influenced by drivers and pressures (Figure 1). For NWV in
floodplain-wetland systems key drivers and pressures include
aspects of flow regimes across multiple temporal scales, such as
individual pulses or inundation events, short-term flow regimes
(e.g., annual to 10 years), and longer-term flow patterns over
decades to centuries. NWV responses are also influenced by a
range of non-flow drivers and stressors such as climate, pest
plants and animals and land use development (Reid et al., 2019).
The above components are depicted graphically in Figure 1 and
further discussed in Campbell et al. (2021). Campbell et al. (2021)
summarised characteristics of NWV responses into four
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principles to guide the development of objectives and evaluation
approaches: i) identify indicators that align with management
objectives and ecological functions that support ecological, socio-
cultural and economic values; ii) identify appropriate spatial
scales and levels of ecological organisation; iii) identify
relevant temporal dynamics, trajectories and uncertainties; and
iv) identify non-hydrological modifying drivers. In the following
section we propose a vision for NWV condition and the
evaluation of outcomes, particularly across broad spatial scales
such as whole-of-Basin, that encapsulates these principles, as well
as the construct of condition as representing “the quality,
importance, amount or value of something” as presented here.
While theMDB has been the backdrop for developing these ideas,
the proposed characterisation of condition is applicable to other
floodplain-wetland systems where environmental water
management is used to achieve non-woody vegetation outcomes.

WHAT DOES GOOD CONDITION LOOK
LIKE FOR WETLAND-FLOODPLAIN NWV?

We propose that good condition should reflect a combination of
ecological-socio-cultural and economic functions and values,
biodiversity, and resilience—where resilience incorporates
current and projected changes to flow regimes, climate, and
other non-flow stressors and drivers, and that these

components of condition should be assessed across multiple
spatiotemporal scales and across multiple levels of ecological
organisation (Figure 1).

This characterisation of NWV condition requires a
multifaceted approach that can be informed by reference to
literature, ecological theory, analysis of data, and human
insights. There is a wealth of knowledge and insight held by
practitioners working in the environmental water management
space that is, rarely captured in published literature [with notable
exceptions such as Jahnig et al. (2011); Horne A. C. et al., 2017;
Wineland et al. (2021)]. Relationships between vegetation
responses and flow regimes to inform definitions of condition,
can be derived from quantitative analysis of data (e.g., Bowen
2019), expert elicitation (e.g., Sinclair et al., 2015; DELWP 2016;
Sinclair et al., 2018), professional insights (Jahnig et al., 2011;
Cook et al., 2012), traditional knowledge (Jackson et al., 2015;
Douglas et al., 2019; Moggridge et al., 2019), structured literature
reviews (e.g., Greet et al., 2011; Webb et al., 2012), conceptual
models (Capon et al., 2009; Casanova 2015), or approaches which
combine multiple aspects (e.g., Webb et al., 2015).

Similarly, the values and functions supported by NWVneed to
be derived from a broad range of stakeholders using appropriate
techniques to facilitate engagement (Moggridge et al., 2019;
Sterling et al., 2019; Liguori et al., 2021). Community
understanding and support for environmental flows is an
important part of social license and the ability to effectively

FIGURE 1 | Conceptual framework depicting key components in the characterisation of non-woody vegetation (NWV) condition in floodplain-wetland
environments: (A) represents the common use of “state” in Driver-Pressure-State-Impact-Response models and the links with targets and drivers and pressures
[redrawn from (Jackson 2017)]; (B) depicts the state of NWV as condition and trends, where condition incorporates functions and values, biodiversity and resilience and
trends covers both spatial and temporal complexity; (C) represents the components of NWV condition within biodiversity, functions and values and resilience.
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implement environmental water management actions (Dare
et al., 2014), with community understanding and support
inevitably linked to personal values (Gonzalez Lopez and
Amerigo Cuervo-Arango, 2008). To reflect the diversity of
values, functions also need to encompass a range of services
from ecological, such as habitat and regulation, to economic

production and other social and cultural functions such as
information, aesthetics, education and wellbeing (de Groot
et al., 2002; Capon et al., 2013).

Using the conceptualmodel inFigure 1 components of condition
can be structured in a framework that explicitly incorporates i)
ecological, socio-cultural and economic functions and values, ii)

TABLE 1 | Example application of the proposed framework for (a) ephemeral herbfield vegetation and (b) submerged macrophyte vegetation. Components used to
characterise the condition of non-woody vegetation (see also Figure 1) would be defined by workshopping with stakeholders. Example specific characteristics are
provided based on ephemeral herbfields and submerged macrophytes in arid inland south-eastern Australia.

Component Sub-component Description

a) Ephemeral herbfields

Functions and
values

Ecological, socio-cultural and economic functions and values Biodiversity; habitat for amphibious insects; erosion prevention; nutrient/carbon
cycling; other socio-cultural and economic functions and values determined by
consultation with scientists, managers and communities

Biodiversity Characteristics of community type Species germinate and grow on recession of water; typically high species richness
and high cover (in healthy examples) with rapid turnover of species composition; can
form distinct bands of vegetation; often dominated by short-lived species that
germinate from persistent seed banks (though later successional species can persist
for longer); diversity and cover are important attributes; seed banks are crucial

Example species: (semi-arid inland south-eastern Australia) SomeMyriophyllum spp.,Marsilea spp., Limosella spp.,Glinus spp.,Centipeda spp.,
some Callitriche spp., Glycyrrhiza acanthocarpa., some Persicaria spp.,
Glossostigma spp., plus others

Attributes (e.g., composition, structure, process): (potential
vegetation response metrics)

Species richness; % cover; turnover/temporal composition; seed bank composition
and viability; productivity (e.g., patterns of greening and browning)

Resilience Ecological resilience Composition, abundance and viability of seed banks at individual locations
Spatial resilience Landscape distribution and configuration of community types with different levels of

ecological resilience
Trends Temporal Assemblages transition between naturally variable wet-dry phases; limits of

acceptable variability would need to be defined
Spatial See spatial resilience

Drivers/
Pressures

Flow requirements/pressures: (potential explanatory variables) Temporary inundation. Recession rates need to maintain adequate soil moisture to
enable species to complete life-cycles and set seed; season of water recession will
influence species composition; frequency/inter-flood dry period needs to maintain
seed bank viability

Non-flow drivers/pressures: (potential explanatory variables) Disturbance (e.g., pigs, horses); grazing (non-native and native); extent of litter cover;
shading; climate (influence of evaporation/rainfall on soil moisture); salinity;
temperatures

b) Submerged macrophytes

Functions and
values

Ecological, socio-cultural and economic functions and values Habitat for particular fish species; habitat for macroinvertebrates; substrate for
biofilms; water quality processes; contribution to productivity; aesthetic values; other
socio-cultural and economic functions and values determined by consultation with
scientists, managers and communities

Biodiversity Characteristics of community type Presence of water; low species richness and high cover may be characteristic; may
be dominated by vegetative reproduction; structure and cover are important
attributes

Example species: (semi-arid inland south-eastern Australia) Ruppia spp., Potamogeton spp., Vallisneria spp., Charophytes
Attributes (e.g., composition, structure, process): (potential
vegetation response metrics)

% cover; structural complexity

Resilience Ecological resilience Cover of submerged macrophytes and capacity for vegetative regeneration or
germination from seedbanks at individual locations

Spatial resilience Landscape distribution and configuration of community types with different levels of
ecological resilience

Trends Temporal Relative stability over time within the limits of natural flow variability
Spatial See spatial resilience

Drivers/
Pressures

Flow requirements/pressures: (potential explanatory variables) Permanent to semi-permanent water; following complete drying may require at least
6 months inundation for submerged vegetation to re-establish; water level typically
needs to be maintained >50 cm and <2 m (can exceed these bounds for short
periods; may need to be <1 m if water is very turbid); influenced by water quality
(turbidity, salinity, pH, algal blooms, blackwater events)

Non-flow drivers/pressures: (potential explanatory variables) Mechanical disturbance (carp, waterbirds, boats); temperature
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biodiversity at multiple levels of ecological organisation and across a
range of attributes, and iii) resilience to changes in flow, climate and
other non-flow drivers, and to assess the trends in these components
across multiple temporal and spatial scales.

Table 1 provide an example of the information that could be
collated to help characterise condition for two NWV communities,
ephemeral herbfield vegetation, and submerged macrophyte
communities. This applies the concepts from Figure 1. While
these examples are both at the community level of ecological
organization a similar process could be undertaken for species or
landscape mosaics. Socio-cultural and economic functions and
values are underrepresented in the current examples and require
further research. By having a structured framework, that considers
both ecological data and societal values, guidance can be given to
water managers to help inform the development of benchmarks,
watering objectives and monitoring metrics. There are, however, key
pieces of information required to apply such a framework.

First, condition needs to be described at different levels of
ecological organisation and explicitly relate to wet-dry phases. In
highly dynamic systems, such as wetlands that cycle through wet-dry
phases (Boulton et al., 2014), different points in the wet-dry phase
should inform condition. The relative importance or influence of
various phases is likely to vary for different wetland types or
communities, for example, the inundated phase for submerged
vegetation compared with flow recession and the drawdown phase
for some ephemeral herbfields. Thapa et al. (2020) examined the
productivity response of four vegetation communities to four phases
of the wet-dry cycle and acknowledge the need to expand response
patterns to wet-dry cycles to other biological attributes such as
flowering, seed set and germination. In relation to levels of
ecological organisation, a high proportion of studies investigating
vegetation responses to flow regimes focus on the level of community
(CJC unpublished data). More work is required to define the
characteristics of condition at other levels of ecological
organisation, such as area, spatial configuration, as well as flow
and vegetated connectivity at landscape scales.

Second, expected response trajectories for NWV outcomes need
to be defined. These trajectories need to be explicit about the
timescale across which responses are expected to occur (Ryo et al.,
2019), for example, species may germinate only weeks after
inundation, while target cover values or the full complement of
species in the seedbank may only be expressed after multiple wet-
dry inundation events across multiple years. The state of vegetation
prior to management interventions will also impact expected
response trajectories (Bond et al., 2018). The flow and non-flow
conditions conducive tomeeting expected response trajectories also
need to be explicitly stated (Bino et al., 2015). For example, a series
of drought years with below-average rainfall and above-average
temperatures will interact with expected outcomes from
environmental flow. Similarly, land use factors such as grazing
pressure (Nicol et al., 2007; Souther et al., 2019), animal disturbance
(Vilizzi et al., 2014) and nutrient runoff (Smith 2003) are also likely
to impact outcomes from environmental flows. Expected responses
also need to provide an indication of the shape of the trajectory, be
that a return to some “pre-disturbance” condition state, slowing the
rate of decline, or facilitating transition to novel but functional
systems (Hobbs et al., 2014).

Third, there needs to be a better understanding of the
ecological, socio-cultural and economic functions and values
provided by different types of vegetation outcomes as well as
appropriate metrics to address these (Capon et al., 2013;
Campbell et al., 2021). An additional important consideration
is the way in which values and appropriate participation are
incorporated as highlighted by Moggridge et al. (2019) and
Douglas et al. (2019) in relation to the integration of cultural
values into water planning.

Characterisation ofNWVcondition needs tomove beyond single-
state, ecologically derived definitions to capture ecological, socio-
cultural and economic functions and values (de Groot et al., 2002;
Capon et al., 2013), incorporate scale (Rolls et al., 2018) and dynamic
temporal trajectories (Ryo et al., 2019), consider trade-offs or
transitions to novel ecosystem types (Hobbs et al., 2014), while
not losing sight of the inherent value of biodiversity (Dudgeon
2014). Adequate characterisation of condition is required to
successfully evaluate dynamic NWV outcomes to environmental
flows. The ability to evaluate outcomes is critical in terms of
learning by doing to inform future management activities
(Conallin et al., 2018; Watts et al., 2020). Evaluation also
improves the theoretical basis for predicting outcomes (Bullock
et al., 2011; Brudvig et al., 2017; Török and Helm 2017), is an
important component in achieving the aims of restoration projects
(Prach et al., 2019), such as environmental flows, and for effective
communication of and engagement with outcomes (Conallin et al.,
2018). Improving the health of our rivers, wetlands and floodplains is
important not only in terms of supporting ecosystems but in terms of
the deep connection people have with these environments that affects
their physical and mental wellbeing (Russell et al., 2013; Reeves et al.,
2021). Howwe characterise and evaluate conditionmay have benefits
to both ecosystem health and how people connect with
environmental flows and the rivers, wetlands and floodplains to
which they’re delivered.

RECOMMENDATIONS

We conclude by proposing recommendations for the future of
NWVmonitoring and evaluation, particularly at large spatial scales:

• Develop indicators of condition at different levels of ecological
organisation that incorporate biodiversity, ecological, socio-
cultural and economic functions and values, and resilience

• Undertake monitoring and evaluation across multiple levels
of ecological organisation to address biodiversity, functions
and values and resilience, for example:
o Population or species level: e.g., monitoring of individual
species or populations of interest, such as rare and
threatened species, species significantly contributing to
the character of Ramsar sites, important food or habitat
for fauna, or species identified for other values such as
importance to aboriginal people.
o Community level: e.g., monitoring, at both the field level
and via remote sensing, of community assemblages and
dynamics at multiple spatiotemporal scales in terms of the
contribution to biodiversity and functional processes.

Frontiers in Environmental Science | www.frontiersin.org January 2022 | Volume 9 | Article 8012506

Campbell et al. Rethinking Condition

109

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


o Vegscape level: e.g., monitoring of spatiotemporal
configuration of ecosystem patches and evaluating the
requirements for long-term resilience, for example, what
and how much, where and when?

• Undertake research to establish the links between different
levels of ecological organisation and the influence of flow
and non-flow drivers, e.g., species or community
assemblages associated with different ecosystem types,
different flow regimes, and other non-flow drivers

• Establish trajectories of expected responses for defined
outcomes that incorporate different flow scenarios and
scenarios for key non-flow drivers such as climate

• Invest in better understanding the ecological, socio-cultural
and economic functions and values of NWV, e.g., how these
change in space and time, appropriate indicators for
monitoring, and appropriate ways of integrating values.

• Establish processes to synthesize outcomes and knowledge
across multiple levels of ecological organisation
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Purposeful Stakeholder Engagement
for Improved Environmental Flow
Outcomes
Meghan L. Mussehl1*, Avril C. Horne1, J. Angus Webb1 and N. LeRoy Poff 2,3

1Environmental Hydrology and Water Resources Group, Department of Infrastructure Engineering, The University of Melbourne,
Melbourne, VIC, Australia, 2Department of Biology, Colorado State University, Fort Collins, CO, United States, 3Institute for
Applied Ecology, University of Canberra, Canberra, ACT, Australia

Rivers are dynamic social-ecological systems that support societies and ecosystems in a
multitude of ways, giving rise to a variety of user groups and competing interests.
Environmental flows (e-flows) programs developed to protect riverine environments are
often conceived by water managers and researchers. This is despite continued calls for
increased public participation to include local communities and Indigenous peoples in the
development process. Failure to do so undermines social legitimacy and program
effectiveness. In this paper, we describe how adaptive management of e-flows allows
an opportunity to incorporate a diversity of stakeholder views through an iterative process.
However, to achieve this, stakeholder engagement must be intentionally integrated into the
adaptive management cycle. Stakeholder engagement in e-flows allows for the creation of
a shared understanding of a river and opens collaborative and innovative management
strategies that addressmultiple axes of uncertainty. Here, we describe a holistic framework
that unifies current participatory engagement attempts and existing technical methods into
a complete strategy. The framework identifies the primary steps in an e-flows adaptive
management cycle, describes potential roles of various stakeholders, and proposes
potential engagement tools. Restructuring e-flows methods to adequately include
stakeholders requires a shift from being driven by deliverables, such as reports and
flow recommendations, to focusing on people-oriented outcomes, such as continuous
learning and fostering relationships. While our work has been placed in the context of
e-flows, the intentional integration of stakeholder engagement in adaptive management is
pertinent to natural resources management generally.

Keywords: adaptive management, rivers, participatory methods, stakeholder engagement, social-ecological
system (SES), environmental water, environmental flows (e-flows)

INTRODUCTION

Rivers and the communities that live with them are inextricably intertwined (Wantzen et al., 2016;
Anderson et al., 2019). Our values, beliefs, and cultural understandings of rivers are as dynamic as the
flowing waters and extend beyond a biophysical perspective. In the quest to protect freshwater
ecosystems worldwide, environmental flows (hereafter e-flows) programs have been developed and
instituted that describe and quantify the water a river needs to sustain these complex systems
(Arthington et al., 2018). In decades past, the water management sector described rivers in primarily
biophysical terms and articulated the river as an entity that could be “objectively known” and
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managed (Anderson et al., 2019). Increasing awareness of the
complexities of river-human-ecology interactions, and the
multitude of ways water flows through both social and
ecological systems, challenge the notion of the river as a
bounded, non-social object (Linton and Budds, 2014). Coupled
with calls for more participatory decision-making in e-flows
management (Pahl-Wostl et al., 2013; Conallin et al., 2017),
this shift in understanding necessitates new management
strategies that increase the diversity of perspectives represented
by those living in river catchments. This is echoed in the updated
2018 Brisbane Declaration on Environmental Flows, which
defines e-flows in relation to “human cultures, economies,
sustainable livelihoods, and well-being” and proceeds to
outline six statements that explicitly reference the societal,
economic, and historical significance of flows (Arthington
et al., 2018). The Declaration goes on to call for engagement
and empowerment of communities and stakeholders in relation
to e-flows and acknowledges the diversity of cultural contexts in
which these programs take place. Despite this call, no clear
framework for doing so exists. Here, we contribute to this
dialogue by proposing an e-flows framework that broadly
defines stakeholder groups, delineates their roles, and links
purposeful participatory methods to the adaptive management
cycle to improve public legitimacy and management outcomes in
e-flows.

Rivers and communities are intertwined social-ecological
systems that encompass the complex interactions between
river ecosystems, human society, and the management
structures and institutions that mediate our relationships with
rivers. Social-ecological systems are inherently complex and
contain multiple dimensions of uncertainty, such as
environmental and climactic variables, ecosystem unknowns,
and social behaviors and relationships that can be difficult to
understand or predict (Rogers et al., 2013). In river management,
water flows are more than just a biophysical phase of the
hydrologic cycle; they encapsulate cultural, historical, and
political narratives of rivers (Bakker, 2012; Perreault, 2014;
Anderson et al., 2019). E-flows management thus takes place
within an intricate web of physical and abstract hydro-social
relationships. Adequately dealing with this level of multi-layered
complexity calls for the development of new problem solving
approaches within the specific context of the social-ecological
system (Stringer et al., 2006; Allan and Watts, 2018; Godden and
Ison, 2019).

Major obstacles to the implementation of e-flows programs
are often social and political in nature, with researchers citing a
lack of effective stakeholder engagement, limited public
acceptance, and political reluctance as significant challenges
(Le Quesne et al., 2010; Horne et al., 2017; Harwood et al.,
2018). In response, there have been calls to improve
stakeholder engagement in the e-flows assessment process,
increasing the diversity of perspectives represented and
reflecting the values of communities within the catchment
(Horne et al., 2017; Arthington et al., 2018). These calls for
increased engagement in e-flows take place within the context of a
wider “participatory turn” in water management (Holzkämper
et al., 2012; Cook et al., 2013; Harrington, 2017). Arguments for

increased participation in water management are numerous,
from claims regarding increased cost-efficiency to a normative
call for just and equitable environmental management practices
(Stoll-Kleemann and Welp, 2006; Stringer et al., 2006). However,
stakeholder engagement and community participation often fail
to deliver the desired outcomes, likely because they are
implemented in an ad-hoc manner and only achieve a shallow
level of engagement (Cook et al., 2013; Jager et al., 2016; Conallin
et al., 2017). Perhaps not surprisingly, suitable frameworks to
guide participatory processes are lacking, particularly for water
practitioners attempting to achieve multiple cultural, ecological,
and economic objectives.

In the last half century, as the science and practice of e-flows
has evolved, a variety of different actors have been involved in
developing and implementing e-flows assessment methods.
Originally the discipline was dominated by researchers and
biologists focused on the relationships between river flows and
a single species, developing hydrologic methodologies to
determine the necessary amount of in-stream water (Tennant,
1976; Tharme, 2003; Poff and Matthews, 2013). While these early
methods are described as being purely technical, there was some
consideration given to social-flow relationships both in the
development of e-flows methodologies and in river regulation
in the early 20th century. Both recreational and aesthetic values
were considered in the original Tennant method and included in
river studies in the US at the time (Brown et al., 1991; Anderson
et al., 2019). In the 1980s concern about pollution, over-
allocation, and ecosystem integrity led to the development of
more nuanced e-flows methodologies including habitat
simulation, hydraulic rating, and more sophisticated
hydrologic methods (Tharme, 2003; Poff et al., 2017).
However, many of these early e-flow assessments were still
top-down, expert driven projects with limited community or
Indigenous involvement.

Over time, the scope of participants has widened to include
conservationists, ecologists, water managers, policy makers, and
NGOs as more “holistic” methodologies rose to prominence in
the 1990s and early 2000s (Poff and Matthews, 2013; Poff et al.,
2017). Holistic approaches such as the Building Block
Methodology (BBM) and Downstream Response to Imposed
Flow Transformation (DRIFT) described social components
and objectives, but articulated the social and biophysical as
discrete systems and still relied almost exclusively on the
guidance of expert opinion (King and Louw, 1998; King et al.,
2003; Anderson et al., 2019). Some researchers have used the
Ecological Limits of Hydrologic Alteration (ELOHA) framework,
a holistic approach to e-flows assessments, as a foundation to
explore methods of increasing engagement and incorporating a
greater understanding of social-ecological relationships (Poff
et al., 2010; Finn and Jackson, 2011; Martin et al., 2015). The
Sustainable Management of Hydrologic Alterations (SUMHA)
framework tailored ELOHA to explicitly consider stakeholder
objectives and to garner participation from water agencies and
stakeholders in a process of organizational learning (Pahl-Wostl
et al., 2013). While these approaches made significant advances in
how we conceptualize flow-ecology dynamics and proposed
robust strategies for e-flows management, they are still limited
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by an imposed division between nature and society (Conallin
et al., 2018b; Anderson et al., 2019).

The growing awareness of the myriad of ways in which society
and water are intimately connected and even co-constituted is
evident in the fields of engineering and geography through
scholarship on socio-hydrology and hydrosocial studies
respectively (Linton and Budds, 2014; Wesselink et al., 2017;
Ross and Chang, 2020). At the same time, the field of ecology has
articulated the concept of social-ecological systems to describe
highly complex systems where society and ecosystems are
coupled through both direct and indirect interactions that are
difficult to predict (Ostrom, 2009; Maldonado et al., 2020).
Adequately handling the complexity of the interactions
between flows, societies, and ecosystems will require new
e-flows methodologies that reflect multiple perspectives of the
river and articulate these relationships. These methodologies will
require greater involvement from all involved stakeholders to
capture these interactions.

Recent projects within the last few decades have explicitly
explored the connections between society and rivers in attempts
to characterize and even quantify social-flow relationships as well
as expand the scope of who is involved in the process of water
management. These projects challenge previous approaches that
divided rivers and societies into separate entities and explore
social-ecological relations in new ways. They push us to think
beyond a unidirectional transfer of ecosystem services to
recognize multiple value systems for rivers and to develop
pluralistic management approaches (Himes and Muraca, 2018;
Anderson et al., 2019).

In India, there has been significant work in the last decade
to address issues regarding the management of the Ganga
River, an extremely large and complex basin with millions of
people dependent on the river for economic, cultural, and
spiritual needs. Several projects related to the introduction of
e-flows to the Ganga have incorporated significant stakeholder
involvement, recruiting a wide array of participants for the
process-from international experts and NGOs to local
community members and water users (O’Keefe et al., 2012).
An emphasis was placed on developing approaches to
integrate social and cultural views into e-flows including an
analysis of the cultural and spiritual water requirements
within an e-flows assessment on the Ganga (Lokgariwar
et al., 2014; Kaushal et al., 2019). In Australia and
New Zealand the concept of cultural flows has been
introduced in parallel to e-flows to better articulate and
protect Maori and Aboriginal stakes in river catchments.
These regions have even been home to emerging
collaborative partnerships between Indigenous
organizations and water managers (Tipa and Nelson, 2008;
Memon and Kirk, 2012; Crow et al., 2018; Jackson and Nias,
2019). While we have presented a few examples of the current
advances in the ways e-flows management can be expanded to
include social-flow interactions more adequately, Anderson
et al. (2019) investigates a wide range of these projects, making
it clear that this work is happening on a global scale.

The need to incorporate both technical and social knowledge
bases into e-flows assessments requires a broader management

framework that can accommodate the manifold uncertainties
arising from transdisciplinary collaboration. Adaptive
management fills this need, as it provides tools for managers
to deal with the complexity and uncertainty inherent in social-
ecological systems (Holling, 1978; Pahl-Wostl et al., 2008; Webb
et al., 2018). Adaptive management is a learning-by-doing
approach intended to foster cyclical learning through time.
Conceptualizations of learning within this process can vary
depending on what the focus of learning is, who does the
learning, and how it is used (Allan and Watts, 2018). Webb
et al. (2018) identified two main learning themes in adaptive
management. At one end of the spectrum are programs centered
on technical learning largely supported bymodeling; on the other,
there are programs centered on learning about the social-
ecological system supported through social learning
undertaken by diverse participants. Strategic, collaborative, and
participatory frameworks have all been proposed as different
takes on the adaptive management concept. These versions all
depend heavily on stakeholder engagement and suggest
structured approaches to decision making and knowledge
production (Roux and Foxcroft, 2011; Fujitani et al., 2017;
Kingsford et al., 2017; Allan and Watts, 2018). Adaptive
management provides a useful scaffold to incorporate multiple
types of knowledge, diverse values, empirical data, and
institutions in e-flows management. While attempts at socially
aware and culturally appropriate e-flows assessments are already
occurring across the world, incorporating a structured learning
process will allow for knowledge transfer within and between
e-flows programs. Calls for stakeholder engagement often sit
outside current flow assessment methodologies, making it
difficult to contextualize and integrate participatory methods
(Conallin et al., 2017). To address this gap, we propose a
general framework that meaningfully engages diverse
stakeholders for the purpose of developing e-flows targets,
assessment, and management. This framework places the
participatory process around the adaptive management
framework, building in key opportunities for engagement at
every stage.

ADDRESSING CHALLENGES FOR THE
MANAGEMENT OF E-FLOWS

E-flows implementation faces significant challenges, the most
critical of which are socio-political in nature. E-flows
management takes place in the context of complex social-
ecological systems which are inherently dynamic, uncertain
environments. The challenges of managing river systems
under natural climactic and environmental uncertainty are
compounded by the risks associated with anthropogenic
climate change and complicated by changeable socio-political
contexts. While adaptive management was developed specifically
to address issues of complexity and uncertainty, the approach has
not always been successful at creating sustained management
programs or instigating significant policy changes. Many
approaches to adaptive management are not intentionally
designed to address the social challenges faced by e-flows
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implementation. Working with diverse stakeholders within a
catchment is challenging, as participants will come to the
process with different values, perspectives, and knowledge.
Supporting social learning and fostering community
ownership within management processes is essential for
building program legitimacy. Below, we discuss four ways
that an adaptive management approach based in
participatory methods addresses the social challenges
presented by e-flows management.

Co-Production of Knowledge
All knowledge is inevitably situated and partial, and
management strategies that are limited to a few forms of
knowledge have limited capacity to generate innovative
solutions to complex problems (Haraway, 1988; Matos,
2015; Rosendahl et al., 2015). Transdisciplinary knowledge
co-production that embeds scientific and non-scientific
knowledge into research and decision-making processes has
become a popular, yet difficult, objective within water
governance (Brugnach and Özerol, 2019). Knowledge co-
production is a pluralistic approach that appreciates the
validity and relevance of multiple ways of knowing. It
brings together diverse sources of knowledge and
perspectives to generate “context-specific knowledge” and
explore potential strategies for tackling complex problems
(Miller et al., 2008; Reyers et al., 2015; Norström et al., 2020).
Engaging with different participants in knowledge co-
production also improves social networks, cultivates
communal ownership, and builds capacity for future
engagement (Armitage et al., 2011). Co-production can
take place in a multitude of ways, depending on how the
participation is structured and the overarching goals of the
program. Within adaptive management, co-production can
occur from the point of project initiation, when problems are
identified, framed, and placed in context. Conceptual and
quantitative models can be produced using multiple sources of
knowledge and are based on the values and inquiries of the
participatory group. Adaptive management learning
processes that integrate specialist, local, traditional, and
social knowledge bases widen the scope of learning that
can be pursued and open up new avenues of exploration in
the management of the system (Fernández-Giménez et al.,
2019).

The National Freshwater Ecosystem Priority Areas
(NFEPA) project in South Africa is a useful example of a
national-scale freshwater conservation project that targeted
knowledge co-production. Over the course of the 4-year
process, over 450 participants were involved in the co-
production of conservation goals and spatial data that
ultimately resulted in an atlas and implementation manual
identifying 37 areas for conservation. These results are
available freely on a supporting website and uptake within
the identified areas has been promising (Nel et al., 2016). The
NFEPA process was designed to create space for dialogue
among participants from diverse knowledge backgrounds
and they successfully engaged in the co-production from
developing objectives to the final production of maps.

Social Learning to Support Adaptive
Management
Pairing social and technical learning through iterative processes
enables wider stakeholder ownership of knowledge and can
encourage collaborative environmental governance (Wyborn,
2015; McLoughlin et al., 2016; van der Molen, 2018). Adaptive
management traditionally uses a single-loop learning approach, in
whichmanagement is conceptualized as an experiment within the
system and the results of the experiment are used to update
knowledge of the system and design new management strategies
(Stem et al., 2005). While this type of learning is critical to the
adaptive management process, this style of deductive hypothesis
testing assumes the ongoing validity of underlying values and
goals. Double-loop learning describes institutional learning, in
which the decision making processes themselves are updated
through iterations (Williams, 2011; Petersen et al., 2014;Williams
and Brown, 2018). Beyond this, triple-loop learning encourages
stakeholders to revisit and modify the underlying beliefs and
perceptions that drive management (Pahl-Wostl, 2006). Social
learning to support institutional reframing occurs through
collective processes in which learners’ beliefs are updated
through successive interactions with one another and the
management environment (Pahl-Wostl, 2006; Fernández-
Giménez et al., 2019).

Embedding social learning into the adaptive management
cycle will allow us to critically examine the institutional
frameworks and processes that govern e-flows management
Assessing these structures and making incremental changes
will allow a shift from rigid river regulation to a
“multifunctional dynamic landscape” (Pahl-Wostl, 2006).
Social learning, whether structured within management or
emerging organically, is highly dependent on “learning spaces”
where stakeholders can share knowledge, develop common
understandings, and work cooperatively (Lumosi et al., 2019).
Moellenkamp et al. (2010) explored how intentional, informal
participatory processes run in parallel to the formal water
management process facilitated social learning and provided
avenues for experimentation. They found that the
participatory process facilitated institutional changes and shifts
in applied methodology for management (Moellenkamp et al.,
2010). Restructuring the adaptive management cycle to create
learning spaces through the integration of participatory processes
allows participants to engage in critical social learning about the
relationships between stakeholders, management frameworks,
and the river.

Recognizing and Addressing Multiple
Sources of Uncertainty
E-flows management is complicated by the many uncertainties
associated with a complex social-ecological system, including
unknown flow-ecology relationships (Bunn and Arthington,
2002; Lynch et al., 2018; Watts et al., 2020), measurement
uncertainty (Stewardson and Rutherfurd, 2006; Goguen et al.,
2020), the dynamics of a non-stationary climate and environment
(Milly et al., 2008; ThompsonLaizé et al., 2014; Poff, 2018), and
ambiguous or shifting social perceptions of the water resource
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systems (Gleick, 2000; Hogl et al., 2012). Adaptive management
seeks to reduce the uncertainties associated with ecological
systems through a structured learning process (Williams, 2011;
Webb et al., 2017). Recognition and transparency regarding
uncertainty fosters trust between stakeholder groups and
increases acceptance of management programs despite these
uncertainties (Acreman et al., 2014; Conallin et al., 2018b).
Previous literature on e-flows and water resources has focused
on ecological and environmental uncertainty; social-ecological
relationships and perceptions of management represent another
axis of uncertainty. This will be increasingly the case as we adjust
to managing under a changing climate where different sets of
trade-offs and decisions will be needed (Horne et al., in review).
Societal and personal values regarding the environment also shift
over time (Kendal and Raymond, 2019) and in response to
engagement with environmental issues and political dialogues
(Hards, 2011; Corner et al., 2014; Wolsko, 2017). Maintaining
legitimacy through time will require transparency about
uncertainty and non-stationarity in both physical and social
dimensions of environmental water management. We suggest
that social values regarding flows and management are also non-
stationary and that diverse stakeholder engagement throughout
the adaptive management cycle will allow us to capture these
changing social-ecological contexts and embed them into
management.

Fostering Program Legitimacy
Legitimacy is crucial to the success of adaptive e-flows
management, as public trust and confidence in management
agencies is what allows them to function (Horne et al., 2017;
O’Donnell and Garrick, 2017). The concept of legitimacy can be
constrained by a focus on the centrality of government
institutions and agencies that are presumed to be acting in the
public interest and supported by sound technical guidance
(Gearey and Jeffrey, 2006; Godden and Ison, 2019). In
countries where federal and state institutions are responsible
for e-flows governance, community participation is often
mandated through legal instruments that may have a narrow,
inflexible definition of engagement (Godden and Ison, 2019).
Fostering legitimacy for e-flows programs and associated
management is two pronged, requiring focus on both input
and output legitimacy (Hogl et al., 2012; O’Donnell et al.,
2019). E-flows programs have previously depended largely on
building output-based legitimacy, defining their credibility based
on the success and efficacy of their management programs as
shown through scientific indicators. While this is a necessary
component of overall legitimacy, building input legitimacy in
parallel through process-focused, stakeholder driven initiatives
builds public trust and confidence for program success, and in
turn helps to bolster trust in program outputs. Input legitimacy
focuses on transparency, access, representation, and
accountability throughout decision making and management.
These values encourage stakeholders to create a shared
understanding of the problem and develop a shared vision for
success (Cullen, 1990; Webb et al., 2010).

In an analysis of water management projects in the
Netherlands, van Buuren et al. (2012) describe throughput

legitimacy as the carry through of democratic principles and
deliberative opportunities throughout the management process.
In one of their case studies, there were protests following a dike
improvement proposal that had no community input. In
response to the protests, the original proposal was scrapped,
and a collaborative process was developed with the agreement
that any new proposal must have public support. The new process
emphasized communication and transparency by building in key
opportunities for citizens to contribute their voice. This new
process complemented existing institutions and frameworks,
leading to a hybridized strategy with greater throughput
legitimacy (van Buuren et al., 2012).

FRAMEWORK FOR INCORPORATING
STAKEHOLDER ENGAGEMENT IN
E-FLOWS
The framework we outline here is designed around a
participatory approach to the adaptive management e-flows
that purposefully incorporates a diverse range of stakeholder
perspectives and knowledge. This framework is flexible and can
be adapted the range of contexts in which e-flows are
implemented. We break down the adaptive management
cycle, identifying when and how stakeholders might
participate to support social learning and knowledge co-
production.

Primary Stakeholders Involved in the
E-Flows Process
Stakeholders are broadly defined as the individuals,
organizations, and institutions that have an interest in the
outcome of an e-flows program. This definition casts a wide
net, particularly given that stakeholders may define themselves as

Key Definitions
Stakeholder Engagement - targeted involvement of identified stakeholder
groups with a vested interest in the outcome of environmental flows
management. Involvement may be cursory, involving primarily information
relay and consultation, but may extend to more in-depth engagement and
collaborative governance.

Participatory Methods - a directed form of stakeholder engagement,
participatory methods enable a diverse set of stakeholders to play an
active role in shaping management strategies and solutions, encouraging
communal ownership of outcomes.

Social Learning - Changes in the attitudes, perceptions, and knowledges
of stakeholders instigated by social interactions between one another and
with institutional frameworks. These shifts must impact the management
decisions and the relational dynamics of the group and may extend beyond
the individual participants to influence perceptions within the wider
community.

Knowledge Co-production - by valuing and using specialist, local,
traditional and other types of knowledge, new management solutions are
generated that would not have been otherwise articulated.

Legitimacy - the ongoing social acceptance of an institution or
organization’s actions regarding an issue based on the perceived
effectiveness and appropriateness of the actions.
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such and seek engagement while other stakeholders may actively
choose not to be involved. The narrative around stakeholder
engagement has often focused on the aspirational inclusion of
communities, framing the community participants as
stakeholders while other participants, such as bureaucrats,
managers, and experts, are responsible for facilitating the
engagement process. In practice, it is rare that e-flows projects
frame these other participants as stakeholders with distinct values
and perspectives. However, previous literature in the field of
e-flows identified three primary categories of stakeholders,
distinguishing researchers, and water managers as discrete
stakeholder groups along with local communities (Edelenbos
et al., 2011; Webb et al., 2018). Webb et al. (2018)
conceptualized these groups within a Venn diagram, where
management strategies and projects involve different
combinations of groups. In addition to these three groups, we
have added Indigenous peoples as a discrete group, given their
unique relationship with and knowledge of catchments, their
recognition by existing governance frameworks, and their
traditional and ongoing role as custodians (Nania and
Guarino, 2014; Wilson, 2014; Jackson, 2017; Moggridge et al.,
2019). E-flows management, like all natural resource
management, is underpinned by the values, data, knowledge,
and people involved in the process (Kennedy and Koch, 2004).
Management strategies involve different contributions from these
stakeholder groups and an ideal adaptive management approach
would lie at the intersection of the four groups.

Conceptualizing engagement between stakeholders in complex
management scenarios is always difficult. We have defined four
broad stakeholder categorizations (Indigenous peoples, water
managers, researchers, and local community) to enable a
discussion of how stakeholder participants might engage with
the adaptive management process. These broad groupings are
useful, as this is how stakeholders are often identified for
inclusion in the participatory process, regardless of how their

role in the process is defined or evolves. Using these categories
to identify and recruit stakeholder participants ensures that critical
groups of stakeholders are included throughout the process. This is
particularly important, given that key stakeholder groups are often
left out of the management process (Webb et al., 2018) leading to
incomplete learning cycles and poor social legitimacy. We
recognize that these categories are broad and include a myriad
of possible participants and organizational arrangements. The
stakeholder participants for any program will be influenced by
the scale of the project and by the governance structures and
policies already in place. It is also important to note that this
framework, as with anymanagement framework, will not be able to
describe all the possible nuance of stakeholder participants and
arrangements. Rather, it is a tool for conceptualizing these
relationships within the adaptive management context.

Table 1 highlights two e-flows case studies with a range of
participants, and groups the participants into the stakeholder
categories used for this framework. In the Honduran case study, a
large multi-national NGO, The Nature Conservancy, was asked
to fulfill the role of facilitator as well as complete much of the
technical work associated with the e-flows assessment. Hence, we
have defined them as researchers within our stakeholder
categories. The only water managers involved in the
Honduran case study were technical and engineering
representatives from the ENEE, a quasi-governmental
hydropower management agency that is responsible for dam
operations. The workshop consultation process for their
project included representatives from Indigenous communities,
local government officials and NGOs, and a range of Honduran
and international experts (Esselman and Opperman, 2010). The
Australian case study included a range of participants in an
e-flows assessment. While the project was organized by the
local catchment management authority, a university team
acted as the project leads, facilitating workshops and supplying
technical modeling expertise. In addition to the university team, a

TABLE 1 | E-flows case studies with participants grouped into stakeholder categories.

Stakeholder categories

Case Study Indigenous Peoples Local Community Water Managers Researchers

Patuca River,
Honduras Esselman
and Opperman (2010)

Representatives from local
Miskito, Tawahka, and Mestizo
communities

Local boat captains Engineers and hydrologists from ENEE
(National organization in charge of
hydropower dam operation)

The Nature Conservancy (acted as
facilitators, modelers, and
contributed technical expertise)

NGO and government
agency representatives from
within river area

Honduran and international experts
in aquatic ecology and other related
disciplines

Kaiela (Lower
Goulburn) River,
Australia

Water Officers from local
Aboriginal organizations within
the catchment area

Landholders Basin-level Catchment Management
Authority

University research team (acted as
facilitators, modelers, and
contributed technical expertise)

Horne et al. (2021) in
this issue)

Individual citizens involved in
local environmental advisory
group

Department of Environment, Land,
Water, and Planning (Sets and manages
State-level environmental water policy)

Panel of discipline experts in aquatic
ecology, fluvial geomorphology, and
related fields

Local Council members Commonwealth Environmental Water
Office (Owns and manages
environmental water)
Goulburn-Murray Water (Manages flow
operations on river)
Murray-Darling Basin Authority
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panel of discipline experts were recruited for the project, fulfilling
the role of researchers within our framework. Local community
participants included local elected council members, landholders,
irrigators, and other interested citizens. The water policy officers
from two local Aboriginal organizations were also included in
workshops and played a role on the project steering committee.
Given the complicated governance structure surrounding water
in Australia, several different water management agencies were
included, representing basin, state, and local scales of
management (Horne et al., 2021).

Table 2 outlines some key features of these four stakeholder
categories and the importance of their roles throughout the

e-flows process. First, we note that here we refer to Indigenous
peoples as stakeholders; however, we acknowledge that in some
contexts it would be better to refer to them as rights holders (see
Jackson, 2018; Latta, 2018; Pomart, 2020). Potential roles of
Indigenous groups are highly context specific and depend on
multiple factors including but not limited to: the empowerment of
groups at both federal and local levels, the degree of colonization,
historical disenfranchisement, and the extent of Indigenous
diasporas (Woodward and McTaggart, 2016; Stefanelli et al.,
2017; Clapcott et al., 2018; Norman, 2018). While we have
described Indigenous peoples as a stakeholder group akin to
water managers and local communities, it is important to

TABLE 2 | Key features of each stakeholder group based on the four elements that underpin the e-flows process.

Stakeholder
group

People Knowledge Data Values

Local
Community

Diverse group that may represent
many varied interests, including
recreational, economic, and cultural.
Typically live in close proximity to river,
but may only be occasional users of
the river

Lay knowledge is primarily
based on experience with the
river through time and space

While not always holders of data
themselves, community stakeholders
may have knowledge of unique data
sets from previous projects

Values may be extremely diverse
among this group, ranging from
community-based to economic to
conservation

Cultural understandings of the river
and riparian area also represent a
unique knowledge base

Community stakeholders may be a
source of social or economic data

Values can be process-based and
related to their experience with the
decision-making process

Knowledge of social
relationships between
stakeholders and socio-
economic-riverine context

Researchers Primarily consulting scientists and
academics who may or may not live
near the river

Technical knowledge of flow-
ecology relationships and river
processes

Access to specific technical data sets
regarding ecology and hydrology

Values of researchers may be
diverse as well, often based on
ensuring the use of the best
available science

Typically have a specific domain of
expertise may have spent many years
workingwith this river or in the same region

Understanding and experience
with technical tools and software
associated with modelling

May have access to research
networks in order to obtain datasets

Water
Managers

Institutional or agency representatives
responsible for maintaining river
resources and implementing
management

Understanding of legislation and
regulations required for
implementation

Access to datasets held at an
institutional level. May include
ecological, meteorological, and
hydrologic data

Personal values of individual
stakeholders in this group may be
superseded by values and
objectives of respective agencies

Different levels of management range
from federal to state to local,
influencing perspective of individual
stakeholders from this group

Knowledge of local and regional
constraints related to water
delivery

Carry the risk of failure and are
responsible for mismanagement

Knowledge of institutional
hierarchies and decision-making
context that shapes management

Indigenous
peoples

Indigenous peoples may identify
themselves as traditional custodians
or owners of the river and connected
landscape

Traditional ecological knowledge
and understandings of the river

Due to marginalization in existing
institutions, access to formal data sets
may not exist

Values of Indigenous groups may
vary widely and cannot be easily
summarized

Indigenous peoples’ right to be
included in the decision-making
process may be legitimized through a
legal framework. Regardless of
whether this framework is in place,
they should be included as a
stakeholder group

Management/Custodianship
knowledge that predates
colonial settlement

Some data may exist through
previous projects seeking to formalize
Indigenous knowledge may be
present, but intellectual property
rights need to be negotiated

Values may be connected to identity
and long-standing connection to
landscapes

Cultural, social and economic
knowledge of the river that is tied
to long historical traditions

Values may be related to rights to
natural resources management
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understand the significance of customary management practices
and dynamic social-ecological relationships that predate colonial
settlement and persist today despite post-colonial
institutionalization (United Nations Declaration on the Rights
of Indigenous Peoples, 2008; Chen et al., 2018; Magdaleno, 2018).
Indigenous groups have varied recognition and legal rights within
water governance globally (Macpherson, 2019). Currently,
Indigenous communities and organizations assert custodial
rights, challenge existing governance frameworks, and form
collaborative partnerships with non-Indigenous organizations.
The ways in which Indigenous communities engage with water
governance varies from country to country and regionally within
nations. Leading and participating in various forms of water
governance (including e-flows) can play an important role in self-
determination (von der Porten and de Loë, 2013; Pirsoul and
Armoudian, 2019). Because of the importance of context-based
approaches for Indigenous inclusion, we do not make specific
recommendations for their role in the e-flows process. However,
we recommend that Indigenous groups be included as early as
possible and throughout the adaptive management cycle using
any participatory guidelines developed by the groups themselves
(Jackson et al., 2012; Crow et al., 2018). Community is often the
focal point of engagement programs in natural resources
management, and it is widely recognized that community
support is critical for the sustained success of e-flows
programs (Horne et al., 2017; Allan and Watts, 2018; Watts
et al., 2020). However, when poorly executed, these attempts can
become tokenistic, and shallow engagement can harm the long-
term success of flows programs (Conallin et al., 2017; Pirsoul and
Armoudian, 2019). The definition of community is often left
amorphous but can be broadly defined as individuals and groups
who live or work locally and have a stake in the decision-making
process. This may include irrigators, recreational users,
conservationists, local government and politicians, as well as
other concerned citizens who identify themselves as
stakeholders. Community participants bring specific local
knowledge to the decision-making context and can reflect
broader community-based values and perspectives. This
localized knowledge is rooted in the day-to-day experiences
with the river and reflects social understandings of the system.
Because the umbrella of community covers a range of individuals
and groups, a broad spectrum of viewpoints will be present and
there is a potential for conflict and competing perspectives, both
within the group and with other stakeholder groups (Haddaway
et al., 2017). While negotiating these dynamics is a challenge, with
careful conflict resolution it can also be an opportunity to identify
shared values and engage in critical social learning (Carr, 2015;
Conallin et al., 2017). Successful engagement with community
members will recognize their role in knowledge co-production
and increase their capacity to participate in all phases of the
adaptive management cycle, including decision making.

The published literature has tended to view researchers as
unbiased experts in their field and has depended heavily on their
guidance in creating water management policy (Stewardson and
Webb, 2010); thus valuing this technical knowledge above other
forms (Edelenbos et al., 2011). However, casting researchers as
impartial and neutral observers can be problematic given observed

expert bias (de Little et al., 2018) and the intrinsic personal
perspectives individual researchers bring to their interactions
(Yamamoto, 2012; Mandel and Tetlock, 2016). Similarly, water
agency representatives are seldom framed as stakeholders in
e-flows management, as they are often the organizers of
stakeholder engagement activities. Water agency representatives
also bring their own biases and values to the decision making
process, particularly when considering risk (Kosovac and
Davidson, 2020). Although researchers and agency representatives
are typically considered ‘outside’ the formal engagement process, the
groups share key aspects with other stakeholders. They have a unique
knowledge of the system, often live within or near the catchment of
concern, and have a vested interest in catchment management.

Restructuring e-flows management to acknowledge
researchers and agency representatives as distinct stakeholders
akin to community and Indigenous peoples opens new avenues of
collaboration and creates space for dialogue between the groups.
Researchers and agency representatives can play a meaningful
role in knowledge creation when framed as stakeholders with
unique sets of values, data, and knowledge (Rosendahl et al.,
2015). Placing researchers and agency reps amongst other
stakeholders allows them to make their values and
perspectives explicit. These values then become one piece of
the larger management puzzle, on a par with those of other
groups, and allows decision makers to balance multiple types of
knowledge and varied perspectives (Hare and Pahl-Wostl, 2002;
Hare et al., 2006; Raymond et al., 2010; Edelenbos et al., 2011).

It is important to recognize that stakeholder groups are neither
homogenous nor static; each group’s perspectives will be dynamic,
varying both within the group and through time (Steyaert and
Jiggins, 2007; Conallin et al., 2017). Therefore, engagement programs
should be conceptualized as long-term programs that continuously
reengage with participants, recruit new participants, and are self-
reflective enough to capture changing perspectives and relationships.
Stakeholder recruitment and analysis, detailed in Table 2 under the
Planning heading, is a critical step in identifying the stakeholder
participants and beginning the engagement program. Stakeholder
analysis can be used to systematically identify the individuals or
groups who have a long-standing interest in e-flows decisions, are
potentially impacted by management actions, or are already in a
position of influence (Reed, 2008; Reed et al., 2009; Conallin et al.,
2017). A stakeholder analysis may also identify existing social
interactions between the various groups and the river, including
potential sources of tension and conflict. Building a flexible
engagement strategy will help account for these considerations,
allowing different stakeholder groups to participate in the ways
they deem appropriate and when they have the capacity to do so.

Participatory Adaptive Management for
E-Flows
Adaptive management has previously been identified as a useful
approach for e-flows based on its ability to deal with complex and
uncertain systems (Webb et al., 2018). The adaptive management
cycle is an iterative process divided into three primary phases,
planning, learning, and doing. Figure 1 illustrates how the common
steps in e-flows management align with the phases of adaptive
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management. Mapping these two processes together allows us to
determine where in the cycle various stakeholder groups should be
engaged and in what manner. Each phase of the adaptive
management cycle presents an opportunity for meaningful
stakeholder engagement allowing the phases to be underpinned
by the people, knowledge, data, and values of each stakeholder
group. Successful engagement will involve all four stakeholder
groups to varying degrees in every phase, with contributions
from each group changing over time. It is impossible to define
the exact level engagement for different stakeholder groups at every
step of e-flows management and being too prescriptive in this
regard runs the risk of limiting a program’s ability to evolve
through time. We believe that the context of each e-flows
program and the stakeholders themselves should determine the
level of engagement and guide tool selection.

Table 2 provides detail on the e-flows activities that align with
the phases of the adaptive management cycle shown in Figure 1.
We suggest guiding principles for each of these phases and
elaborate on some the important considerations for these
activities. In Table 2, we have focused on activities that typically
take place during e-flows management, such as environmental
flows assessment and recommendations, modeling, and

monitoring, etc. These activities can all include engagement
with the four stakeholder groups but are often not structured to
include participation as a fundamental component of the activity.
The participatory methods highlighted in Table 2 are broad
frameworks or concepts that will require a suite of tools to
execute, including workshops, steering committees, focus groups
and other tasks (Hare et al., 2006). These participatory methods
have been identified through a survey of the literature regarding
stakeholder engagement in natural resources management, though
we do not present a comprehensive list of all possible participation
frameworks and tools. These methods should be selected based on
the context of individual projects and approaches, including the
resources and capacity of stakeholder groups involved.

Many of the activities in the planning phase of e-flows
management fall under the broad umbrella of the e-flows
assessment (printed in bold within the Planning row in Table 3),
an activity that occurs in the initial implementation of a program and
is periodically updated (Tharme, 2003; Jain, 2012). Much of the
planning for an e-flows program takes place on a long-term time
scale, as e-flows assessments take a considerable amount of time and
resources to conduct. In practice, a broad e-flows assessment is often
conducted every 5–10 years for a catchment. Seasonal and yearly

FIGURE 1 | The phases of adaptive management in e-flows: Planning (shown in green), Doing (shown in purple) and Learning (shown in gold). The boxes show the
activities involved in e-flows adaptive management. The majority of planning takes place within a longer multi-year time frame while doing and learning takes place on a
seasonal and ongoing basis. The e-flows activities here correspond directly with the activities described in Table 3.
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TABLE 3 | Role and form of participation across the adaptive management cycle.

Adaptive
management
phase

E-Flows activities Guiding principles Considerations Participatory
methods

References

Plan Program Initiation Early and intentional stakeholder
engagement through a
transparent strategy

Diverse avenues of participation
and ongoing stakeholder
recruitment can give programs
more flexibility and resiliency

Stakeholder
Engagement Plan

Conallin et al. (2017)

Situation Analysis Program strategy places
emphasis on trust building and
social and organizational
relationships

Conflict will arise and is an inherent
feature of participatory processes
but is not always an impassable
barrier to cooperation

Stakeholder
Recruitment and
Analysis/ Conflict
Mapping

Reed et al. (2009), Young
et al. (2016), Haddaway
et al. (2017), Fisher et al.
(2020)

E-flows Assessment Participant values as a starting
point for program initiation and
vision planning

Regardless of methodology for
e-flows assessment, diverse types
of knowledge can be included

Shared Vision
Planning

Connor et al. (2012), Palmer
et al. (2013)

Creating a Vision Validating and utilizing multiple
types of knowledge that can
influence future monitoring and
modeling efforts

Objectives for program are not
limited to the biophysical
conditions of the river

Participatory
Modelling

Hare (2011), Robles-Morua
et al. (2014), Voinov et al.
(2018)

Determine Hierarchy of
Objectives

Indigenous peoples’ role as right
holders should be addressed
and Indigenous organizations
should be contacted
immediately upon program
discussions

Structured Decision
Making

Gregory et al. (2012), Failing
et al. (2013), Guerrero et al.
(2017), DeWeber and
Peterson (2020)

Evaluating Options Knowledge Co-
production

Djenontin and Meadow
(2018), Norström et al.
(2020)

Defining Targets Thresholds of
Potential Concern

McLoughlin et al. (2011),
Roux and Foxcroft (2011)Flow

Recommendations
Flow Implementation
Plans
Modeling
Documentation

Do Implementation Proactive communication with
stakeholders and community
throughout doing phase

Implementation is unlikely to
involve all participants all the time.
However, implementation of
flows should be transparent and
well communicated to all

Citizen Science
Programs

Aceves-Bueno et al. (2015),
Hadj-Hammou et al. (2017)

Monitoring Inclusion of participants in
implementation and monitoring
ensures that targets and
measures align with overarching
program values and objectives

Indigenous peoples may play an
active role in flow implementation
depending upon capacity and
roles within management area

Indigenous
Community Based
Monitoring

Wilson et al. (2018), Reed
et al. (2020)

Documentation Monitoring is critical to e-flows
programs for justification of flows
and supporting learning
processes

Monitoring should be designed
engage all interested participants
and should be made accessible
for multiple levels of engagement

Monitoring should extend
beyond the bounds of traditional
biophysical approaches and
should be inclusive of multiple
sources of knowledge

Learning happens continuously
throughout the doing phase as
management is adjusted intra-
yearly in response to shifting
factors. This learning can be
done with participants and
should be well documented

Datasets and documentation
should be widely accessible and
updated regularly to ensure all
participants have access

Participants can help guide
management decisions when
drastic events necessitate a
response outside of planning phase

(Continued on following page)
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e-flows planning takes place on a much shorter time frame and is
informed by the e-flows assessment as well as updated learning.
Successful stakeholder engagement for the program begins with the
early development of an engagement strategy that is supported by
the involvement of participant stakeholders from its conception
(McLoughlin et al., 2016; Conallin et al., 2017). Stakeholders should
be embedded in this planning phase through an inclusive approach
that prioritizes stakeholder values in the creation of a shared vision
and the development of program objectives.

The doing phase (detail in second row of Table 3) consists
primarily of implementation and monitoring. Implementation of
flows or supplying specific flows to the river via a weir or dam, is
informed by the planning phase and targets the objectives agreed
upon by stakeholders. While flow implementation may fall to water
agencies, within-year changes to flow management can be done
with stakeholder involvement.Well-designedmonitoring programs
support adaptive management within the specific context of the
program (Williams, 2011; Gawne et al., 2020). Monitoring
programs present a unique opportunity for all stakeholders and
the wider community to engage in data collection and learn about
the hydro-social and ecological conditions of the river through

hands-on experience, fostering multi-directional learning and a
sense of environmental stewardship (Conallin et al., 2018a).

The learning phase (detail in third row of Table 3) is often
ambiguously described in the literature on adaptive management,
but it is acknowledged to be the crucial step for reengagement
with the adaptive management cycle (Horne et al., 2017). We
emphasize here that learning extends beyond updating the flow-
ecology relationships and includes social and organizational
learning as well through a focus on multi-loop learning with
the inclusive involvement of all participants (Williams and
Brown, 2018; McLoughlin et al., 2020). A key aspect of
adaptive management is continued iterative learning through
repeating the cycle, and a lack of repetition is often blamed for the
failure of adaptive management projects (Biggs et al., 2011;
Fernández-Giménez et al., 2019). Proper documentation and
oversight can improve the chances of adaptive management
success, ensuring that lessons learned are communicated to
participants and the wider community and enabling learning
within and between programs. This documentation and oversight
can be carried out through a designated Reflector role within the
program (see the fourth row of Table 3) (Webb et al., 2018).

TABLE 3 | (Continued) Role and form of participation across the adaptive management cycle.

Adaptive
management
phase

E-Flows activities Guiding principles Considerations Participatory
methods

References

Learn Assess Results Engagement in multiple levels of
learning (technical, social, and
organizational) is crucial to
ongoing adaptive management

Accurate and thorough records
of learning phase activities
support ongoing adaptive
management and application to
other projects

Institutional or Double
Loop Learning

Fitzpatrick, (2006), Kunler
and Lemos (2008)

Update Flow-Ecology-
Society Relationships

Use of best available science to
contextualize flow-ecology
relationships

Databases of monitoring and
technical learning need to be
accessible to a wide variety of
stakeholders

Reflexive or Triple
Loop Learning

McLoughlin et al. (2020)

Update Understanding
of Participant
Relationships

Learning focuses not just on
updated flow-ecology
relationships, but learning about
the decision-making process
and social-ecological
relationships

Accessible and widely
disseminated knowledge,
including accessible science
communication

Knowledge Co-
production

Djenontin and Meadow
(2018), Norström et al.
(2020)

Reevaluate
Management

Structures

Learning needs to be well-
resourced, particularly social
learning. This may include a
specific position within the
management program or require
cross-disciplinary training

Participatory
Modelling

Basco-Carrera et al. (2017),
Falconi and Palmer (2017)

Modeling
Documentation

Repeat Reflection Reflection on the success of the
adaptive management cycle and
on the stakeholder engagement
plan to support multiloop
learning

Determining how this role will be
supported and funded through
time will be critical for carrying
lessons learned forward

Reflector Role Webb et al. (2018)

Documentation Reflector role may be filled by a
single individual or by a group of
participants. The reflector role
could be a way for community
participants to engage deeply
with the project and encourage
continued involvement
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CASE STUDY: KAIELA (LOWER
GOULBURN) E-FLOWS ASSESSMENT

To ground these concepts in a real-world application, the Kaiela
E-flows Assessment is presented as a case study in Figure 2 (further
details are given in Horne et al., 2021 in this special issue). The
Kaiela River is located within the contentious Murray-Darling
basin in Australia, where over-allocation and significant drought
has historically caused water scarcity and tension between water
user groups. The Goulburn Catchment Management Authority
(GBCMA) is responsible for local catchment management and
e-flows planning. An environmental flows assessment was
undertaken in 2019–20. A key focus for the GBCMA was
placing a greater emphasis on stakeholder engagement and
explicitly addressing the complexity and uncertainty around the
context of e-flows management. For these reasons, this project was
conceived within a wider process of adaptive management.

Figure 2 focuses on the planning portion of the adaptive
management cycle, where most of the work for an e-flows
assessment takes place. The University of Melbourne was
engaged to facilitate and manage the e-flows assessment, but also
played a dual role as scientists. The project focused on principles of
participatory modeling when developing the project plan, shown
through an emphasis on the modeling stage of the project. The
project was developed around a series of participatory workshops
that were attended by all stakeholders and designed to facilitate
knowledge coproduction. Stakeholder participants for this project
are detailed in Table 1. A panel of discipline experts was assembled

to participate in all workshops and provide input to quantification of
ecological models using a formal expert elicitation approach.
Representatives from the different federal and state water
agencies participated in the workshop series. Figure 2 details
when and how these stakeholder groups were involved in the
planning stage of this adaptive management program.

This case study only shows the application of these concepts in the
planning portion of the adaptive management cycle. The University
of Melbourne team was only engaged for the purpose of conducting
an e-flows assessment and has not been directly involved in
implementation or monitoring. The GBCMA undertakes
monitoring and iterative processes of planning and management
outside the scope of the project presented here. Full case studies of the
adaptivemanagement cycle where iterative social learning cycles have
been completed are difficult to demonstrate. This is due to the long
time frames necessary for successful adaptive management and social
learning. In contrast, university and government funding cycles for
research and e-flows projects are often quite short. This challenge is
explored further in the following discussion.

DISCUSSION

The framework we have proposed in this paper links participation to
the already widely accepted concept of adaptive management of
e-flows. It recognizes the inherent similarities between existing
participatory methods and the adaptive management cycle.
Making this connection serves a number of benefits, including

FIGURE 2 | Diagram showing the planning phase of an adaptive management cycle for e-flows management. The case presented here is an e-flows assessment
for the Kaiela (Lower Goulburn) River in Northern Victoria, Australia. The boxes in green show the e-flows activities while the boxes in blue show the associated activities
for these steps. The stakeholder roles and tools used are explained for each of these activities. While this process focused on the planning phase through an e-flows
assessment, adaptive management is expected to continue through to doing and learning phases.
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allowing improved acknowledgement and addressing of uncertainty,
allowing for multiple ways of knowing, and linking usually isolated
“science” processes to the participatory approach. At the centre of
the framework is the creation of a shared vision and transparent
values to guide management activities. Allowing stakeholders to
guide their own involvement and constantly reengaging with
participants builds authentic relationships to support the
management of catchments, creating credible e-flows programs
that reflect the diversity of perspectives within the catchment. By
incorporating a greater diversity of knowledge, including local and
traditional knowledges, participatory-based management has the
potential to generate a deeper understanding of the complex
social-ecological system. Managers are currently tasked with
balancing biophysical objectives of e-flows programs with social/
cultural factors within the catchment. Our framework provides a
platform to explore the myriad ways the biophysical and the social/
cultural are interconnected, and creates space for difficult
conversations, such as value prioritization and ecological
vulnerabilities in a changing climate. Open and flexible
participatory adaptive management allows us to create and test
alternative management paradigms in a structured and
documented way.

Within a participatory adaptive management framework,
stakeholders can engage with the issue of uncertainty on multiple
levels. Dealing with uncertainty is one of the primary reasons for
utilizing an adaptive management approach, but it can often be
difficult to discuss and contextualize what exactly is meant by
uncertainty and to communicate ideas across stakeholder groups.
Supporting transdisciplinary conversations allows us to come to a
shared understanding of what uncertainty means within the system,
how it may be quantified, and the best ways to address it. We also
believe that involving a greater diversity of perspectives and creating
a shared vision will foster greater resilience within e-flows programs,
addressing multiple axes of uncertainty.

Including a structured engagement program as a fundamental
component of e-flows management ensures relationships and trust
are developed over the long term. This creates opportunities for the
participants to reflect on shifting political tides and social sentiments
over time. We believe that e-flows management can then be
responsive to social and relational uncertainties, an element of
uncertainty that is frequently overlooked in technically focused
approaches. Open dialogue and collaborative knowledge
production cultivate trust and allow the group to revise
management elements over time, developing mechanisms to
respond to changing conditions. This trust is also a crucial
component of program legitimacy, wherein participants trust that
the decision-making process is reflective of the group’s shared values
and emergency decisions can bemade efficiently with limited dissent.

Reformulating the adaptive management framework to
adequately integrate stakeholder engagement and community
participation will require a significant cultural shift within the
e-flows community of practice. While there has been an increasing
recognition of the importance of stakeholder engagement in
e-flows, most approaches still focus on technical solutions to
physical problems without sufficiently considering the societal
context of management. We suggest that there needs to be a
balance between output driven technical solutions and socially

based strategies focusing on long-term outcomes. Building lasting
relationships between stakeholder groups within the context of
adaptive management allows for flexible management that is
responsive to the changing nature of social-ecological systems.
Engagement with community members and other stakeholder
groups ensures that management reflects the values of the
community and utilizes a variety of knowledge sources and data.

We have advocated for increased involvement of Indigenous
groups and for the reconsideration of their role in water
management to acknowledge their traditional and ongoing
relationship with land and water and potential to act as
rightsholders. While we have not made specific recommendations
here, we would like to draw attention to work already taking place on
this issue. Cultural flows assessments, performed in combination
with or parallel to an e-flows assessment, will help managers and
Indigenous peoples understand the quantity and quality of water
required to maintain spiritual, economic, cultural, social, and
environmental needs of communities (MLDRIN, 2007;
Lokgariwar et al., 2014; Jackson, 2017; Tipa and Associates Ltd.,
2018). Another avenue for establishing Indigenous peoples as
rightsholders is the creation of Indigenous partnerships for water
management. Water is implicitly tied to economic development
through consumptive and agricultural uses, and when Indigenous
peoples are excluded from management conversations their
communities are disenfranchised. Indigenous partnerships in the
co-management of water will guarantee that Indigenous peoples
have a say in development projects and empower their communities
through forms of self-governance (Hemming et al., 2019; Mooney
and Cullen, 2019; Markham et al., 2021).

We recognize that implementing an adaptive management
framework centered on participatory methods will be a challenge
for practitioners faced with real-world constraints and limitations.
Significant obstacles are presented by resource and time availability.
Short-term funding cycles and timelines limit the long-term
planning necessary to foster authentic relationships between
stakeholders. Pre-existing tensions and distrust between
stakeholders can make initiating engagement difficult and
increase the chances of conflict disrupting the process. Moreover,
once an engagement process is underway, it can be derailed by
stakeholder burnout and high turnover among participants. Dealing
with the complexity presented by these challenges will require
managers and facilitators to embrace a “messier” e-flows process
than the linear, technocratic approaches they are used to. First and
foremost, it is important for project organizers to be honest and
transparent with participants about the goals of the project and the
extent of engagement available in the process, particularly regarding
influence over decision-making. Transparency is critical to aligning
stakeholder expectations and fostering trust throughout the
engagement process. Project managers should work with
stakeholders to develop a flexible engagement plan that includes
multiple types of participation and is responsive to shifting
stakeholder needs, desires and capacity. Building engagement
capacity and identifying process champions within all stakeholder
groups will improve long-term project resilience.

It is important to keep in mind that a participatory adaptive
management framework requires continuity. The engagement
process does not end with one project, but constantly seeks to
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reengage and encourage stakeholder relationships with the
e-flows program. Ensuring continuity throughout the life of an
e-flows program fosters trust and encourages the development of
program legitimacy. Structuring management approaches for
long-term, multi-project engagement could transform e-flows
management. Building capacity among Indigenous and
community stakeholders for long-term participation,
knowledge co-production, and shared decision making will
allow for creative management approaches reflective of
community values and character, and ultimately lead to the
enduring success of e-flows programs.
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Application of Flow-Ecology Analysis
to Inform Prioritization for Stream
Restoration and Management Actions
Katie Irving1*, Kristine T. Taniguchi-Quan1, Amanda Aprahamian2, Cindy Rivers2,
Grant Sharp2, Raphael D. Mazor1, Susanna Theroux1, Anne Holt1, Ryan Peek3 and
Eric D. Stein1

1Southern California Coastal Water Research Project, Costa Mesa, CA, United States, 2County of Orange–OC Public Works,
Orange, CA, United States, 3Center for Watershed Sciences, University of California, Davis, Davis, CA, United States

A key challenge in managing flow alteration is determining the severity and pattern of alteration
associatedwith the degradation of biological communities. Understanding these patterns helps
managers prioritize locations for restoration and flow management actions. However, the
choices made about how to use these flow-ecology relationships can have profound
implications on management decisions (e.g., which biological endpoints, which thresholds,
which seasonal flow components to use). We describe a process for using flow-ecology
relationships to prioritize management actions that 1) Represents the most relevant
components of the annual hydrograph, 2) Demonstrates an appropriate level of sensitivity
in order to discriminate locations to informdecisionmaking, 3) Aims to protectmultiple biological
assemblages, 4) Reduces misclassification of priority areas (i.e., error of omission). Our
approach is based on the functional flows approach which uses multiple flow metrics that
describe the frequency, timing, magnitude, duration, and rate of change of seasonal process-
based components of the annual hydrograph. Using this approach, we performed a flow-
ecology analysis of regional bioassessment data, through which we determined where flow
alteration impacts biology and prioritized reaches for changes in flow management to protect
aquatic resources in a highly urbanized region of southern California, where managing scarce
water resources leads to difficult decisions about tradeoffs that require technical information.
We identified three important functional flowmetrics for eachof twobioassessment indices, one
based on benthic macroinvertebrates, and another based on benthic algae. Based on
thresholds that describe levels of alteration as well as thresholds describing the probability
of achieving a healthy biological condition, we compared nine biological threshold combinations
for each index. We found instances of flow alteration that impact biological condition highly
variable (0–100%of subbasins) between combinations andwepresent amethod for finding the
most appropriate combination for prioritizing locations for flowmanagement. We apply the final
thresholds to the study region and propose 16 subbasins of high priority for implementing flow
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management and restoration. Importantly, we show that focusing on a single biological group
would result in biologically altered locations being effectively ignored.

Keywords: flow-ecology, prioritization, benthic macroinvertebrates, algae, flow alteration, functional flows, urban
streams, flow management

1 INTRODUCTION

Flow alteration is a pervasive and global issue, the extent of
which has critical consequences for shaping biological
communities and regulating ecological processes (Poff et al.,
1997; Bunn and Arthington 2002; Poff and Zimmerman 2010;
Tonkin et al., 2018). While many documented cases of flow
alteration arise from large dams and hydropower plants (Poff
et al., 2007; Lehner et al., 2011; Couto and Olden 2018), flow
alteration is also a product of abstraction, urban run-off and
channel modification, creating a depleted or augmented flow
magnitude, homogenization of seasonal fluctuations and altered
timing and duration of flow events (White and Greer 2006;
Zimmerman et al., 2018). The latter source of alteration is
typical of semi-arid, highly urbanized regions such as
Southern California (Hawley and Bledsoe 2011) and causes
reduction or detriment to suitable habitat for native and

endangered species. The influence of flow alteration on
various ecological responses is well documented (Poff et al.,
1997; Konrad et al., 2008; Poff and Zimmerman 2010; Carlisle
et al., 2011; Carlisle et al., 2017; Yarnell et al., 2020) and has been
evaluated in flow management assessments of stream condition
and used to define flow targets and recommendations
(Cartwright et al., 2017; Stein et al., 2017; Mazor et al., 2018;
Maloney et al., 2021). A key challenge in managing flow
alteration is determining the severity and pattern of
alteration that is associated with the degradation of biological
communities that warrants a management response. An
additional challenge in highly altered urban areas, is
understanding which seasonal-specific components of the
annual hydrograph are necessary to address the impact on
biological response (Yarnell et al., 2015). Understanding
these patterns helps managers prioritize locations for
restoration and flow management actions.

TABLE 1 | Initial Functional Flow Metrics (n � 16) used in this study, modified from Yarnell et al. (2020). With their associated flow components (n � 5), codes, descriptions,
and units.

Flow component Flow metric name Unit Flow metric code Flow metric description

Fall pulse flow Fall pulse magnitude cfs FA_Mag Peak magnitude of fall pulse event (maximum daily peak flow during event)
Fall pulse timing water

year day
FA_Tim Water year day of fall pulse event peak

Fall pulse duration Days FA_Dur Duration of fall pulse event

Wet-season
baseflow

Wet-season baseflow
magnitude

cfs Wet_BFL_Mag_10 Magnitude of wet-season baseflows (10th percentile of daily flows within that
season, including peak flow events)

Wet-season median flow
magnitude

cfs Wet_BFL_Mag_50 Magnitude of wet-season flows (50th percentile of daily flows within that season,
including peak flow events)

Wet-season timing water
year day

Wet_Tim Start date of wet-season in water year days

Wet-season duration Days Wet_BFL_Dur Wet-season baseflow duration (# of days from start of wet-season to start of
spring season)

Wet-season peak
flows

Peak magnitude cfs Q99 Magnitude of largest annual storm (99th percentile of daily flows within the water
year)

Spring
recession flow

Spring recession magnitude cfs SP_Mag Spring recession start magnitude (daily flow on start date of spring-flow period,
4 days after last wet-season peak)

Spring timing water
year day

SP_Tim Start date of spring in water year days

Spring duration Days SP_Dur Spring flow recession duration (# of days from start of spring to start of dry-
season baseflow period)

Spring rate of change Percent SP_ROC Spring flow recession rate (median daily rate of change over decreasing periods
during the recession)

Dry-season
baseflow

Dry-season baseflow
magnitude

cfs DS_Mag_50 50th percentile of daily flow within dry season

Dry-season high baseflow
magnitude

cfs DS_Mag_90 90th percentile of daily flow within dry season

Dry-season timing water
year day

DS_Tim Dry-season baseflow start timing (water year day of dry season)

Dry-season duration Days DS_Dur_WS Dry-season baseflow duration (# of days from start of dry season to start of wet
season)
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Much progress has been made in identifying important
components of the annual hydrograph and relating those to
biological alteration. The functional flows approach (FFA)
outlined in (Yarnell et al., 2020; Yarnell et al., 2015) is a
quantifiable method that determines the range and
characteristics of flow in the system. FFA consists of 24
distinct functional flow metrics that describe the frequency,
timing, magnitude, duration, and rate of change of seasonal
process-based components of the annual hydrograph. Five key
components of the natural flow regime have been identified for
California (Yarnell et al., 2020, Table 1), where each component
relates to one or more ecological, geomorphic or biogeochemical
processes that support ecosystem function (Yarnell et al., 2015).
Limited empirical studies are available that link the functional
flowmetrics and stream biota (but see Peek et al., 2022). However,
through a literature based conceptual study, specific functional
flow components and associated metrics have been selected to
represent the ecological processes and importance to stream
communities in California (Yarnell et al., 2020).

Bioassessment tools based on primary producers (e.g., algae)
and consumers (e.g., benthic macroinvertebrates) have been
developed as indicators of stream health for aiding
management decisions. The California Stream Condition
Index (CSCI) and the Algal Stream Condition Index (ASCI)
are predictive biological indices developed specifically for
California streams (Mazor et al., 2016; Theroux et al., 2020)
comprised of multiple measures of taxonomic composition and
completeness, compared to reference-based benchmarks that are
calculated for individual sites based on watershed characteristics.
Both indices are measures of biological alteration that compare
observed taxa and component metrics to values expected under
reference conditions based on site-specific landscape-scale
environmental variables. Both indices are intended to aid
stream management and decision making and both have been
integrated into unified assessments of stream health (Beck et al.,
2019b). Moreover, CSCI is currently being used to evaluate
regulatory compliance in regions of California (Loflen and
Fetscher, 2020). These tools can be used to identify areas
where hydrologic alteration is affecting biological condition.
The CSCI index has been previously applied to innovatively
derive flow targets through flow-ecology relationships (Stein
et al., 2017; Mazor et al., 2018) to aid management decisions.
In this previous application, flow alteration was measured on
various temporal scales (i.e., daily, monthly, annually) but
provided limited direct assessments of flow alteration on a
seasonal scale (Mazor et al., 2018).

Given its pervasiveness, it is necessary to prioritize flow
management in areas where biology is most impacted by
flow alteration. Flow-ecology relationships can be used to
inform decisions about where to prioritize flow management
actions. However, this requires a series of choices be made, such
as which biological endpoints to focus on, which thresholds to
use to relate the change in flow (Delta H) to biological condition
and which seasonal components of the hydrograph to prioritize.
These choices may have substantial implications on the
resulting management actions. For example, a vital first step
in quantifying flow-ecology relationships is establishing

connections that are functionally and biologically meaningful
(Davies et al., 2014). That is, to link specific functional flow
components and associated metrics to represent the ecological
processes and importance to stream communities (Yarnell et al.,
2020). Threshold-based approaches are frequently applied in
flow-ecology analysis to first, determine a value where biological
condition is considered close to reference expectations, and
second, determine a limit of flow alteration associated with
achieving biological reference condition. Common applications
apply a single index threshold, e.g., a CSCI score ≥ 0.79 (10th
percentile) that indicates biological composition similar to
reference expectations (Mazor et al., 2016; Stein et al., 2017;
Mazor et al., 2018; Beck et al., 2019a), and a probability
threshold defined as the Delta H where the likelihood of
achieving a healthy CSCI score is half the likelihood at an
unaltered site (Mazor et al., 2018). However, to aid flow
management prioritization decisions, the thresholds applied
need to ensure there is adequate discriminatory power
among locations within the study area. To achieve
discriminatory power the assessment tool should
demonstrate an adequate level of sensitivity. For example, a
flow-ecology assessment that applies sensitive thresholds (a
high index threshold together with a high probability
threshold) increases the chance that most sites within the
study area would be deemed biologically altered, making it
challenging to identify the most impacted sites and prioritize
accordingly.

In addition, focusing only on one particular group of stream
biota may compromise other aspects of the stream ecosystem
(Tonkin et al., 2021). Certain flow components, e.g., summer
baseflow, maintain in-stream habitat for benthic
macroinvertebrates (Supplementary Table S1) where
augmented flows could increase habitat availability. In
contrast, the same flows could impact the composition of algal
communities by introducing scouring events, or lengthen the
duration of scour (Schneider and Petrin, 2017). Consequently,
areas considered biologically altered for algal communities could
be overlooked if flow alteration impacts are only estimated for
benthic macroinvertebrates.

In this study, our objectives were to demonstrate a process
for using flow-ecology relationships to prioritize management
actions and explore the implications of various choices
(i.e., seasonal flow components, index thresholds,
probability levels associated with achieving reference
condition biology) on the outcomes. The process observes
the following criteria:

1. Aims to protect multiple biological assemblages
2. Reduces misclassification of priority areas (i.e., error of

omission).
3. Representative of the most relevant components of the annual

hydrograph
4. Demonstrative of an appropriate level of sensitivity to

discriminate locations to inform decision making

We demonstrate this process in the San Juan Hydrologic
Unit in Southern California, where the County of Orange on
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behalf of the municipalities within the SJHU applied this
approach to inform decisions on restoration and
management prioritization in compliance with
requirements under a local stormwater permit, National
Pollutant Discharge Elimination System (NPDES).
However, the approach can have broader applications to
inform watershed management decisions.

2 MATERIALS AND METHODS

2.1 Study Area
Our study area is the San Juan Hydrologic Unit (SJHU, Figure 1)
located in Southern California, United States that covers an area
of 496 mi2 throughout Riverside (∼18%), Orange (∼52%) and San
Diego (∼30%) Counties. SJHU comprises several major

FIGURE 1 | Bioassessment sites from Southern California with blue study area highlighted (left). Map of study area divided into individual subbasins (right). Red
borders are subbasins assessed under the flow-ecology analysis (n � 60). Grey sub basins were not evaluated (n � 13).

FIGURE 2 | Percent impervious surfaces of all subbasins in SJHI and location in California state. NLCD 2019 urban impervious raster.4
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watersheds that drain directly to the Pacific Ocean, including San
Juan Creek, Aliso Creek, Laguna Canyon Creek, Salt Creek, and
Segunda Deshecha Creek. Most of the upper tributaries of the
major watersheds are undeveloped, while the lower coastal
portions of the watersheds are highly urbanized (Figure 2).
The major land uses in the region include developed pervious
land, single- and multi-family residential homes, transportation,
and open space with low vegetation. The region is characterized
by a Mediterranean climate with wet winters and dry summers.
This region, also known as The South Orange County Watershed
Management Area (South OC WMA) has a designated Water
Quality Improvement Plan (WQIP) instigated by the San Diego
Regional Water Quality Control Board. Altered hydrology and
channel erosion from increasing urbanization in the area has been
identified as a high priority water quality condition. The
identification and elimination of nuisance dry weather flows
and restoration of 23,000 linear feet of degraded stream
habitat are key implementation strategies to achieve the goals
of the WQIP.1

For modeling purposes, SJHUwas divided into 73 sub basins and
stream segments, including areas that are heavily urbanized and
areas that remainmostly natural. However, as some subbasins in the
SJHU have existing flow management (n � 13), they were not
included in the analysis. The subbasins were delineated following
Taniguchi-Quan (this issue).

2.2 Overview of Approach
The process we provide observes the following criteria:

5. Aims to protect multiple biological assemblages
6. Reduces misclassification of priority areas (i.e., error of

omission).
7. Representative of the most relevant components of the annual

hydrograph
8. Demonstrative of an appropriate level of sensitivity to

discriminate locations to inform decision making

Acknowledging these criteria, we explored the implications of
various choices outlined above through the following process:
Bioassessment data collected from wadeable streams across

southern California were modeled with Functional Flow
Metrics (FFM) calculated from regional flow models developed
for southern California (Sengupta et al., 2018) to create regional
flow-ecology curves. Ecologically meaningful relationships were
determined through a FFM filtering process that included
boosted regression tree analysis and generalized linear models.
Three thresholds relating to the index score, i.e. that defines a
reference or altered biological condition, and three thresholds of
probability, i.e. defining the point in the curve at which the Delta
H limit is determined, were combined to create nine threshold
combinations for each index (e.g., 0.79 index threshold and 0.5
probability threshold represents one combination, Table 2). All
threshold combinations were compared for each chosen FFM. To
estimate where altered flow impacts biological condition
(hereafter referred to as biological alteration) in the study area,
FFM calculated from a hydrological model were used to predict
the probability of achieving a healthy bioassessment index score
for each subbasin. These scores were used to define biological
alteration for each threshold combination using specific criteria.
The threshold combinations were compared and tested for
appropriate discriminatory power for use in prioritization
decision making. The final combinations were used to
prioritize subbasins for management actions for both
bioassessment indices separately as well as a synthesized
combination of both indices. Our recommendations are based
on the outcome of this approach.

2.2.1 Biological Data
We gathered data from 480 unique bioassessment sites sampled
under a variety of long term, statewide ambient monitoring
programs in the southern California region that were selected
probabilistically and visited between 2001 and 2018. Samples
containing benthic macroinvertebrate data were available from
420 sites, and samples containing algae data were available from
324 sites. For sites with multiple sampling events, we selected the
most recent sampling. Each site consisted of a 150-m assessment
reach that was divided into 11 equidistant transects. At each
transect, benthic macroinvertebrates were collected using a
technique-frame kick net, and algae were collected using
sampling tools appropriate for the substrate at each location
(i.e., a rubber delimiter for small, hard substrates; a plastic
delimiter for soft substrates, and a syringe scrubber for large
hard substrates) following the standardized protocol outlined in

TABLE 2 | Threshold combinations (n � 9) for CSCI and ASCI. Each combination consists of one index threshold and one probability threshold.

CSCI ASCI

Combination Index Threshold Probability Threshold Index Threshold Probability Threshold

1 0.63 0.25 0.75 0.25
2 0.63 0.5 0.75 0.5
3 0.63 0.75 0.75 0.75
4 0.79 0.25 0.86 0.25
5 0.79 0.5 0.86 0.5
6 0.79 0.75 0.86 0.75
7 0.92 0.25 0.94 0.25
8 0.92 0.5 0.94 0.5
9 0.92 0.75 0.94 0.75

1https://www.southocwqip.org/
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Ode et al. (2016); thus, both assemblages were sampled from
microhabitats (e.g., riffles, pools, fallen wood) in proportion to
their relative abundance within the reach. Taxonomic analyses
were performed according to Woodard et al. (2012) for benthic
macroinvertebrates and Stancheva et al. (2015) for algae.

We calculated biological index scores for all samples and
generated benthic macroinvertebrate CSCI scores following
(Mazor et al., 2016) and algal ASCI scores following (Theroux
et al., 2020). Both the CSCI and the ASCI are predictive indices
that incorporate site-specific landscape scale environmental
variables (e.g., watershed area, geology, and climate) into
predictions of reference expectations. The CSCI index is
comprised of two components: a multi-metric index and a
ratio of observed/expected (O/E) taxa. The ASCI is a multi-
metric index and is calculated using a hybrid combination of
diatoms and soft-bodied algae. As primary producers, diatoms
and soft-bodied algae are sensitive bioindicators that are
responsive to multiple stressors, including temperature,
nutrients, and flow (Stevenson et al., 2010; Tornés and
Sabater, 2010; Stancheva and Sheath, 2016), and we opted to
apply the hybrid index in this study due to its sensitivity and
incorporation of multiple assemblages (Theroux et al., 2020).
Index scores were calculated for each site for the year in which the
sampling took place, this resulted in one score per site through the
time series.

2.2.2 Hydrological Data
Though the large majority of bioassessment sites were ungauged,
we leveraged the readily available, modeled flow timeseries from an
ensemble of regional HEC-HMS rainfall–runoff models developed
for southern California (Sengupta et al., 2018). In brief, simple
mechanistic ensemble models were calibrated on 26 gauges
(Figure 1) using high quality hourly streamflow and
precipitation data. The ungauged reaches were assigned to the
most similar gauged reaches through a random forest model using
both natural and anthropogenic catchment characteristics. At each
bioassessment site, daily flow timeseries were modeled under
current and reference conditions, where reference conditions
were defined as no developed land and zero imperviousness
and used the same rainfall timeseries as the current condition.
FFM (also see Section 2.3) were calculated annually from the
reference and current timeseries for each site using the Functional
Flows Calculator API client package in R (version 0.9.7.2, https://
github.com/ceff-tech/ffc_api_client). The package uses hydrologic
feature detection algorithms, which includes iterative Gaussian
smoothing, feature detection, and a data windowing methodology
to detect the timing of seasonal flow transitions, developed by
Patterson et al. (2020) from the Python functional flows calculator.
2 The functional flows calculator has difficulty detecting the timing
of seasonal flow transitions (i.e., transition from dry-season to wet-
season or wet-season to spring recession) if the annual hydrograph
lacks seasonality. In such cases, the timing, duration, and
magnitude metrics cannot be estimated for the water year. If
timing values were not quantified with the calculator, we used

the median timing value calculated across the period of record, to
calculate the seasonal magnitude metrics for dry-season and wet-
season baseflow and spring rate of change. If there were less than 5
timingmetric values calculated across the period of record, we used
the median timing value for the given water year across all sites.
Delta H (the difference in flow metric from current to reference)
was estimated as a measure of flow alteration (Sengupta et al.,
2018). The total number of years with Delta H estimations varied
by site, ranging from 1 to 23 years and an average of 15 years per
site. Fall pulse flow may not be observed every water year, and
therefore, may have limited number of Delta H values calculated at
a given site. Note that the peak magnitude metrics (i.e., 2-year, 5-
year, and 10-year flood magnitude, timing, frequency, and
duration) that were identified in the suite of functional flow
metrics for California (Yarnell et al., 2020) were not utilized in
this study because 242 sites had modeled flow timeseries with less
than 20 years, primarily due to gaps in the rainfall data. Instead, we
used the 99th percentile of daily flow each year, referred to herein
as the magnitude of the largest annual storm, as our peak
magnitude flow metric which was found to have strong
importance to CSCI (Mazor et al., 2018). Therefore, we used a
total of 16 FFM in our analysis.

2.3 Identifying the Most Relevant Flow
Components
2.3.1 Determining Relative Importance of FlowMetrics
To determine the importance of each FFM in predicting the values of
bioassessment indices, Boosted Regression Trees (BRTs) were
developed for both CSCI and ASCI scores, using the Delta H of
all FFMs as predictors. BRTs are a nonparametric, part regression
(decision trees) and part machine learning (boosting), application
commonly used in ecological analysis (Elith et al., 2008; Elith and
Leathwick 2015) and have been successful in similar applications for
variable selection (Irving et al., 2020) and analysis (Peek et al., this
issue). BRTs were chosen over other modeling approaches to deduce
the relative importance of variables as they are able to fit complex
nonlinear relationships between the predictors (i.e., FFMs) and the
response (i.e., index scores) (Elith et al., 2008). BRTs are also robust
to correlation, outliers and handle metrics of varying scales without
the need to standardize (Friedman 2001; Elith et al., 2008). The
percentage explained variance for the BRTs was calculated using the
formula: null deviance–residual deviance/null deviance. We applied
a 10-fold cross-validation procedure through the gbm. step function
in R package dismo (Elith et al., 2008; Hijmans et al., 2020) with
method � “Gaussian”. The following BRT criteria were applied:
CSCI; learning rate � 0.005, bag fraction � 0.8 and tree complexity �
5, ASCI; learning rate � 0.003, bag fraction � 0.8 and tree
complexity � 5.

2.3.2 Flow-Ecology Relationships
Flow-ecology analysis was performed on both bioassessment indices
and individual FFMs separately. This analysis relates Delta H to
biologically relevant flow alteration, i.e., location of sites where altered
flow likely impacts the biology. All analysis was carried out in R
statistical programming version 4.0.2 (R Core Team, 2020).
Generalized Linear Models (GLMs) were applied on each2https://github.com/NoellePatterson/ffc-readme

Frontiers in Environmental Science | www.frontiersin.org February 2022 | Volume 9 | Article 7874626

Irving et al. Flow-Ecology to Inform Prioritization

137

https://github.com/ceff-tech/ffc_api_client
https://github.com/ceff-tech/ffc_api_client
https://github.com/NoellePatterson/ffc-readme
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


response variable separately, ASCI and CSCI, with a single predictor
variable (FFM), repeated for each FFM (n � 16). The GLMs were
applied with binomial error distribution (1,0) with logit link function.
Delta H is a value either higher or lower than reference condition,
therefore separate GLMs were performed on positive and negative
DeltaH gradients for each FFM to create a full curve. TheGLMswere
compared by using the relative measure of model fit Akaike
Information Criterion (AIC) where a lower value denotes a better
fitting model. The probability of achieving a healthy index score was
extracted from each GLM and scaled between 0 and 1. Delta H limits
were determined by estimating the negative and positive value
associated with each probability threshold, that is, the value on
the X axis (Delta H) at the point in which Y (probability of
achieving a healthy score) intercepts the flow-ecology curve.

The CSCI and ASCI scores contained one value per site for each
index throughout the time series. The scores were converted to binary
format using the index thresholds outlined in Section 2.4. The index
data were combined with the FFM data to produce a value of each,
per site. FFMdata is an annual time series, therefore themedianDelta
H value across the modeled period of record was calculated to have
one value per site as per the index data. Metrics for sites that
contained only one delta H value were removed from analysis.
Here, median Delta H was applied as a proxy for flow alteration.

2.3.3 Identifying the Most Relevant Seasonal Flow
Metrics
To identify themost relevant FFM for analysis, we prioritizedmetrics
based on relevancy and amenability tomanagement actions using the
following process: 1) removed FFM that showed less than 5% relative
importance from the BRT analysis, 2) removed highly correlated
variables (Spearman, >0.7) and retained the metric with the lowest
AIC value from the GLMs (based on the 10th percentile score value)
per pairwise comparison, 3) ensured data density was sufficient for
analysis (i.e., flow-ecology relationships were not driven by only very
few data points), 4) ensured metrics chosen could be influenced
through flow management actions.

2.4 Identifying Appropriate Bioassessment
Index Thresholds and Levels of Probability
Each index had three identified thresholds of alteration that
correspond to 1) Likely altered (ASCI: 0.75, CSCI: 0.63), 2)
possibly altered (ASCI: 0.86, CSCI: 0.79), and 3) likely intact
(ASCI: 0.94, CSCI: 0.92), which correspond to the first, 10th and
30th percentile value of the index based on the distribution of
reference scores (Mazor et al., 2016; Theroux et al., 2020). The index
threshold is the score in which to transform the continuous index
score to binary (1: reference condition, 0: altered condition) as the
response input for the GLMs. Following the FFM filtering process,
GLMs were performed, as above, on the chosen FFM and
bioassessment indices formatted with each index threshold. Here,
the AIC values from each model are reported, but not used for
comparison. The probability threshold is the point in the curve
where we determine the Delta H limits and ranges from 0 to 1. For
simplicity and to include a full range of values, we tested the
probability thresholds of 0.25, 0.50 and 0.75. This resulted in 9
threshold combinations for each FFM (Table 2).

Flow-ecology analysis (as described in Section 2.3.2) was
conducted for each index threshold and Delta H limits were
extracted for each bioassessment index, chosen FFM and
threshold combination.

Delta FFM in the SJHI study area was calculated through a
continuous Loading Simulation Program in C++ (LSPC)
following Taniguchi-Quan et al. (this issue), which resulted in
one Delta H value per subbasin (n � 60) per year (1994–2018).

2.5 Determining Biological Alteration
Biological alteration for each threshold combination was annually
classified using the following criteria:

• Biologically Altered: if change in FFM falls outside of Delta
FFM limits

• Biologically Unaltered: if change in FFM falls within Delta
FFM limits

The percentage of subbasins biologically altered for each
threshold combination for both bioassessment index and
single FFM were plotted over time. Any threshold
combinations that had percentage altered subbasins between
25 and 75% were kept for further analysis. In cases where
more than three combinations were determined, the limits
were reduced to 40–60%. This process was repeated for each
FFM and the combination that appeared consistently in all FFM
for each bioassessment index was chosen for the final analysis.

Biologically altered years based on the final threshold
combination for each index were summarized as a percentage
of the modelled period (1994–2018), which were used to
synthesize alteration across all chosen FFM within each
subbasin. The subbasin was classified as “likely altered” if at
least two of the three chosen FFM were altered for >50 percent of
years. This resulted in an alteration map for both CSCI and ASCI.

To determine priority subbasins, we synthesized biological
alteration across bioassessment indices the following criteria was
applied:

• High priority: Both indices indicate biologically altered flow
• Medium priority: One index indicates biologically
altered flow

• Low priority: Neither index indicates biologically altered flow

Biological alteration was mapped by subbasin for each index
separately and prioritization was mapped using the synthesized
combination of indices. All maps were created in R statistical
programming version 4.0.2 (R Core Team, 2020), using packages
“sf” (Pebesma, 2018) and ggmap (Kahle and Wickham, 2013)
with spatial projection of NAD83, California zone 6 (ft US).

3 RESULTS

3.1 Identifying the Most Important Flow
Components
The FFM filtering process resulted in three ecologically meaningful
flow-ecology relationships for each bioassessment index.
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3.1.1 Determining Relative Importance of FlowMetrics
The BRTs demonstrated a consistent ability to discriminate FFM
relationships to index scores; CSCI (explained variance: 0.37), ASCI
(explained variance: 0.3). The first step of the FFM filtering process
(BRT relative importance, Figure 3; Supplementary Table S2)
showed that Q99 had the highest relative importance for both
CSCI and ASCI (CSCI; 51.5%, ASCI; 55.2%). In models applied
on CSCI, FFMs describing timing and duration showed the highest
relative importance (i.e., Wet_BFL_Dur; 12%, SP_Tim; 5.5%). In
models applied on ASCI, FFM describing magnitude and duration
had the highest relative importance (SP_Mag; 9.4%, DS_Dur_WS;
5.6%, SP_Dur; 5.3%). FFM describing Fall Pulse flows showed
relatively low importance for both bioassessment indices so were
removed from further analysis.

3.1.2 Flow-Ecology Relationships
The AIC of the flow-ecology relationships between
bioassessment indices and FFM was wide ranging for both
CSCI (AIC: range � 13.5–396.3, mean � 215.3 ± 20.9) and
ASCI (AIC: range 15.4–324, mean � 175 ± 17.1). All flow-
ecology figures available in Supplementary Material.

3.1.3 Identifying the Most Relevant Metrics
GLM figures, coefficients (AIC) and data density (n) for all FFMs and
indices are available in Supplementary Table S3 and Supplementary
Figures S2A,B. The FFM for CSCI with high relative importance
were Q99, Wet_BFL_Dur, SP_Tim, DS_Mag_50 and DS_Dur_WS.
Q99 and Wet_BFL_Dur were highly correlated (Spearman: 0.79),
however, as Q99 showed such high relative importance it was kept in

the analysis (Figure 3). From the remaining highly important
metrics, SP_Tim and DS_Dur_WS were kept for further analysis.
Although not correlated and the relative importance of DS_Mag_50
was slightly higher thanDS_Dur_WS,DS_Mag_50 showed a positive
relationship with increasing alteration for positive Delta
(i.e., alteration), therefore was deemed unrealistic and removed
from analysis (Supplementary Figure S2). The final FFM for
CSCI had sufficient data density for both negative and positive
Delta H GLMs.

The FFM for ASCI with high relative importance were Q99,
SP_Mag, SP_Dur, and DS_Dur_WS. There was a high correlation
between Q99 and SP_Mag (Spearman; 0.73). similar to CSCI, as
Q99 showed such high relative importance it was kept in the
analysis (Figure 3) and. SP_Mag was removed. The remaining
two FFM; SP_Dur, and DS_Dur_WS were not correlated,
therefore remained in the analysis. The final FFM for ASCI
had appropriate data density for both negative and positive
Delta H GLMs. It is important to note that the negative delta
Q99 was driven by one or two outliers in both CSCI and ASCI
flow-ecology curves (Figures 4, 5), however as no biologically
altered subbasins in the SJHU showed depleted Q99 (see Section
3.3) and this metric showed the highest relative importance
overall, Q99 was retained for further analysis.

3.2 Identifying Appropriate Bioassessment
Index Thresholds and Levels of Probability
Applying the different combinations of index thresholds on the
GLMs and probability thresholds produced highly varied Delta H

FIGURE 3 | Relative importance of FFM for each bioassessment index extracted from BRTs, color coded by flow component. Red stars indicate the chosen
metrics.
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FIGURE 4 | Flow-Ecology relationship between probability of achieving a
healthy CSCI score and all chosen FFM. Each threshold refers to the first, 10th
and 30th CSCI score percentile, i.e., likely altered possibly altered and likely
intact.

FIGURE 5 | Flow-Ecology relationship between probability of achieving a
healthy ASCI score and all chosen FFM. Each threshold refers to the first, 10th
and 30th score percentile, i.e., likely altered, possibly altered and likely intact.
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limits (Supplementary Table S4; Figures 4, 5). For example, the
most conservative combination for CSCI and DS_Dur_WS
(index: 0.92, probability: 0.75, Delta H limits: −26.17 to
1.95 days) and the most liberal combination (index: 0.63,
probability: 0.25, Delta H limits: −146.5 to 148.4 days) showed
a percentage difference of 165.8% (266 days). This difference
comprises 71.7% of the entire range of Delta H values (372 days)
in the study area across all subbasins and years.

The delta H limits extracted from the flow-ecology analysis for all
threshold combinations applied to the 60 subbasins of the study area
produced biological alteration that ranged widely (Figure 6;
Supplementary Table S6). The most lenient threshold
combination (CSCI � 0.63, ASCI � 0.75, Probability � 0.25) in
each panel, generally shows the lowest level of alteration of all
combinations. The most stringent combinations (CSCI � 0.92,
ASCI � 0.94, Probability � 0.75) show a much higher level of
alteration for all FFM. The yellow color throughout the subbasins
for Q99 (Figure 6 top panel) indicates that both indices show low
alteration throughout the study area for most threshold
combinations. The remaining FFM for both CSCI and ASCI
show higher and more varied levels of alteration throughout the

study area and for the threshold combinations indicated by the varied
blue (high alteration), green (moderate alteration) and yellow (low
alteration) subbasins. The percentage of biological alteration over
subbasins and years ranged between 0 and 100 for both CSCI and
ASCI across all chosen metrics and subbasins. Threshold
combinations applied on CSCI models initially deduced several
combination options for DS_Dur_WS and SP_Tim (Figure 7).
However, only one combination within the % biological alteration
limits for Q99 (index: 0.92, Probability: 0.25), which corresponded
with combination determined for DS_Dur_WS and SP_Tim.
Threshold combinations applied on ASCI models deduced several
combination options with one combination consistently determined
for each FFM (index: 0.94, Probability: 0.50). Delta H limits for the
final threshold combinations, together with overall biological
alteration are outlined in Table 3.

3.3 Determining Biological Alteration
Biological alteration for each index (Figure 8) showed fewer
subbasins likely to be altered (n � 20) for CSCI than ASCI (n �
29). The synthesized prioritization map (Figure 8) shows varied
levels of biological alteration throughout the study area (High

FIGURE 6 | Threshold combinations comparison for CSCI, ASCI and all chosen FFM. Horizontal values are the probability thresholds and vertical are the index
thresholds. Percentage alteration is percentage of years deemed as altered following the alteration definition.
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FIGURE 7 | Percentage of subbasins classified as altered each year for the modelled period of record (1994–2018) under each threshold combination for CSCI (left
panel) and ASCI (right panel). The grey box indicates the range of altered subbasins (%) needed to provide discriminatory power. The threshold combination linesmust be
within the grey box throughout the time series to remain in the analysis.
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priority; n subbasins � 16, Medium priority; n subbasins � 17,
Low priority; n subbasins � 27). The subbasins determined as
medium priority consisted of 4 subbasins deemed likely altered
for CSCI and 13 subbasins deemed likely altered for ASCI. In
most cases of alteration, the FFM show higher values than the
delta H limits for each bioassessment indices, i.e., Q99 (n � 16),
SP_Tim (n � 16) and DS_Dur_WS (n � 15) in subbasins
determined as high priority. In contrast, SP_Dur showed lower
values than the delta H limits for the majority of high priority
subbasins (n � 13).

4 DISCUSSION

Through the analysis, we have shown that applying different
thresholds for different bioassessment indices can vastly impact
the outcome of biological alteration assessments. These
differences could be instrumental in determining priority
locations for flow management or restoration. In addition, by
focusing on most relevant seasonal flow metrics we are able to

make recommendations for flow management on specific aspects
of the hydrograph that impact biological communities.

4.1 Prioritization
Our prioritization analysis identified locations of basins that are
high, medium, and low priority for management actions.
Importantly, 17 subbasins were determined as medium priority.
These subbasins outline the locations where biological alteration
was determined as altered for one, but not both, bioassessment
indices. By using only one index, these locations would have been
mis-classified as high or low priority. This miscalculation would
have resulted in several subbasins not being designated for
management actions, effectively being ignored, as well as several
subbasins requiring management that could compromise other
aspects of the stream ecosystem (Tonkin et al., 2021). This result
adheres to two items of our process criteria 1) Aiming to protect
multiple biological assemblages and 2) Reduces misclassification of
priority areas (i.e., error of omission).

In this study, ASCI and CSCI were impacted mostly through
augmented flow metrics where the values were higher than the

TABLE 3 | Final threshold combinations for each chosen metric, mean alteration over all sites and years and delta H limits for each FFM. Percentage of years altered per
subbasin available in Supplementary Table S5.

Bioassessment index FFM Index threshold Probability % Overall alteration Delta H (lower) Delta H (higher) Units

ASCI Q99 0.94 0.5 35.80 −0.03 28.19 cfs
ASCI DS_Dur_WS 0.94 0.5 49.82 −81.14 16.73 Days
ASCI SP_Dur 0.94 0.5 64.12 −37.95 22.87 Days
CSCI Q99 0.92 0.25 47.13 −0.04 18.43 cfs
CSCI DS_Dur_WS 0.92 0.25 50.88 −100.63 7.62 Days
CSCI SP_Tim 0.92 0.25 40.95 −89.68 15.06 water year days

FIGURE 8 | Locations of biological alteration for CSCI and ASCI individually (left panel) and final prioritization using synthesized alteration from both bioassessment
indices (right panel).
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associated upper Delta H limits. That is, three flow metrics,
magnitude of largest storm (96%), dry season duration
(86–89%) and spring timing (100%) were frequently too high
or too long, respectively, to support healthy algae and
macroinvertebrate communities. These exceedances could be a
result of increased flows in the region due to urban run-off,
including irrigation overspray which can augment baseflows and
flashier storm events from an increase in impervious surfaces also
impacting peak flows (Hawley and Bledsoe 2011). Spring
recession duration varies in direction of alteration, that is,
some subbasins have flows that are too long, while others are
too short. It is challenging to discuss the source of depletion
without further modeling or investigation, however the high
variability in the direction of the spring recession duration
(overall 31 subbasins showed a duration that was too short)
could be caused by the rain dominated, highly impervious system
promoting flashy flow that reduces the prominence of the spring
recession compared to natural conditions or those observed in
snow dominated systems (Yarnell et al., 2010).

The locations classed as high priority are generally
characterized by a high level of imperviousness from
urbanization (Figures 2, 8). However, several subbasins, i.e., in
Trabuco Creek consist of lower imperviousness than the
surrounding subbasins yet are still classified as high priority.
These subbasins may be impacted by development in the adjacent
subbasins from which urban run-off flows into the creek through
multiple outflows in the Trabuco Creek area.3 The seven high
priority subbasins are hydrologically connected, therefore
impacts downstream may be the result of accumulative effect
of augmented flows upstream, which is potentially also the
situation in Lower Aliso Creek. The high priority subbasins,
located in urbanized areas, are the places that need the most
attention from flow managers. There are substantial
socioeconomic considerations associated with restoration and
flow management within urban streams. To reduce augmented
flows from urban run-off, management will need to focus on
specific source-control techniques in conjunction with
community commitment (Fletcher et al., 2013). Under these
circumstances it is vital to maintain support of the local
community, however balancing perspectives from cultural,
political, and ecological viewpoints can create critical
challenges (Wohl et al., 2015).

The locations classed as low priority are generally
characterized by low imperviousness (Figures 2, 8) and hence,
are less impacted by urbanization and exhibit more natural
conditions, resulting in less degradation. Exceptions to this
rule, are the subbasins located in Oso Creek, including the
confluence with Trabuco Creek. Interestingly, nine subbasins
were identified as low priority in highly impervious areas
(Figures 2, 8). Three clusters of two subbasins are
hydrologically connected and comprise much of Oso Creek
and tributaries of San Juan creek as well as the smaller
watershed of Salt Creek. The remaining four subbasins are not

hydrologically connected but contain sections of Aliso Creek.
These subbasins may show some form of resilience to flow
alteration dependent on several biological and physical factors
likely acting on different scales (see Mazor et al., 2018), such as
water abstraction reducing the volume of urban run-off. Further
investigation of potential influencing factors will be necessary to
fully understand the resilience to flow alteration in these
subbasins.

4.2 Identifying Appropriate Bioassessment
Index Thresholds and Levels of Probability
Our comparison of index and probability combination thresholds
adheres to our process criteria item: demonstrating an
appropriate level of sensitivity to discriminate locations to
inform decision making. Committing to specific thresholds is
not strictly a scientific distinction, however, it is a decision that
could impact flow management outcomes.

In most applications of CSCI and ASCI, the 10th percentile
value (possibly altered, CSCI: 0.79, ASCI: 0.86) is applied (Stein
et al., 2017; Mazor et al., 2018; Beck et al., 2019a; Beck et al.,
2019b). We show that for determining prioritization the most
useful threshold was the 30th percentile for both indices (likely
intact, CSCI: 0.92, ASCI: 0.94) due to both sensitivity and
discriminatory power.

CSCI relationships to FFM were variable across different
combinations of thresholds and probabilities (e.g., Figure 7,
Dry Season Duration). This variation may stem from their
diverse life histories and hence direct responses to variations
in streamflow (Konrad et al., 2008; Rehn 2009). ASCI
relationships to FFM were also variable (Figure 7 right panel),
although, with the chosen threshold combination we see a higher
amount of biological alteration overall for ASCI (Figure 8) than
CSCI. The combination able to discriminate algal response
effectively was the second most stringent combinations in the
analysis, which suggests that extreme flow alteration is needed to
drastically impact algal communities. Previous studies indicate
that flow influences algal communities (Kirkwood et al., 2009;
Miller et al., 2009; Schneider and Petrin 2017; Cheng et al., 2019).
However confounding factors (i.e., water quality) mediated by
altered flow regimes (Allan 2004; Nilsson and Renöfält 2008;
Lange et al., 2016), are likely also driving algal condition in these
subbasins. Further investigation would be needed understand the
impact of flow-mediated water quality on algal communities to
ensure a successful response to flow management and restoration
(Suren et al., 2003).

4.3 Identifying the Most Important Flow
Components
Through our BRT and GLM analysis we deduced the most
important flow components for our study, thus abiding by our
criteria item to represent the most relevant components of the
annual hydrograph. By applying the functional flows approach
we can deduce a more mechanistic understanding of the
relationship between flow and the bioassessment indices. The
flow metric describing the magnitude of the largest storm (Q99)

3https://data-ocpw.opendata.arcgis.com/datasets/OCPW::outfall-locations-and-
observations-combined/explore
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was the most important metric for both CSCI and ASCI. This is
not surprising, as peak flows support many physical (e.g.,
maintenance and rejuvenation of habitat), biogeochemical
(e.g., increase nutrient cycling and exchange) and biological
(e.g., limit nonnative species through natural disturbance)
functions (Supplementary Table S1). This relationship agrees
with several studies that have determined peak flow metrics as
important influences on macroinvertebrates (Buchanan et al.,
2013; Stein et al., 2017; Mazor et al., 2018; Yarnell et al., 2020;
Bower et al., 2022) and algae (Lake 2000; Tsai et al., 2013;
Townsend et al., 2017).

It is challenging to compare the relationship between the
remaining FFM and bioassessment indices due to limitations
in the flow-ecology literature. Specifically, few studies focus flow-
ecology analysis directly on primary producers (Poff and
Zimmerman 2010; Yarnell et al., 2020) and efforts to model
season-specific metrics such as spring recession have only
recently been undertaken (Yarnell et al., 2016). Nonetheless,
recent studies provide insights into the FFM and index
relationships identified in this study.

The selected FFM for evaluating biological condition using
CSCI and ASCI scores describe duration of dry season
(Dry_Dur_WS) as well as the timing and duration of spring
recession flow (SP_Tim & SP_Dur), respectively. Steel et al.
(2018) similarly found spring recession to have a high
influence on macroinvertebrate community diversity possibly
through increasing habitat heterogeneity which in turn
increases species diversity and decreases water temperature,
promoting algal productivity and macroinvertebrate diversity
(Supplementary Table S1). Additionally, spring recession
timing as well as seasonal predictability was found to be
important for biological communities statewide across a range
of stream types (Peek et al., this issue). In our study, the timing of
the spring recession was consistently later in all subbasins, with
the duration of the spring recession being both too long and too
short. Spring duration is dependent on the timing of both the
spring recession and the dry season, therefore a late spring
recession, coupled with an early dry season may drive the
short duration, with a late dry season driving the longer
spring duration. This lack of seasonal predictability may be
influencing biological alteration in our study area as many
species are adapted to specific flow regimes and/or rely on
timing cues for reproduction or developmental aspects of their
life cycle (Poff and Ward 1989; Kennen et al., 2010; de la Fuente
et al., 2018).

Dry season flows are known to maintain habitat availability for
a broad range of aquatic species as well as support algal growth
and primary productivity by, e.g., maintaining water temperature
and dissolved oxygen (Supplementary Table S1). The duration
of these low flows in our study area are consistently longer, which
could explain the importance of this flow metric in augmented
subbasins. The deviations from reference condition can alter
hydraulic condition favoring certain types of algae, or creating
unsuitable conditions for algal growth (Townsend and Padovan
2009) as well as favoring macroinvertebrate species less sensitive
to changes in water quality (Leigh 2013). For example, low flows
tend to favor filamentous algal mats due to increases in water

temperature, nutrient concentration and reductions in velocity,
and high flows can favor scour-tolerant diatoms (McIntire 1966;
Dewson et al., 2007; Tang et al., 2013), which will ultimately
impact algal community assemblages.

Fall pulse flows were of minimal importance in our study for
both CSCI and ASCI, however Peek et al. (this issue) found a
prominent influence statewide and has been found elsewhere to
be important for benthic macroinvertebrates (Kennen et al., 2010;
Yarnell et al., 2020) as functionally, fall pulse flows reactivate the
system (Supplementary Table S1) after summer low flows. Our
metrics describing fall pulse flow however, included multiple
missing values (i.e., NA), which may be due to the hardcoded fall
time window that the functional flow calculator uses (Patterson
et al., 2020). Fall pulse flows, which represent the first flushing
flows of the water year, may occur outside of the defined time
window for fall flows, i.e., 1st October to 15th December
(Patterson et al., 2020). This temporal mismatch may lead the
calculator to discard genuine fall pulse flows that fall outside the
specific time window.

4.4 Further Applications
We focused our study on prioritizing areas for restoration and
flow management, however our process can be used for other
applications such as deriving flow targets, assessing current flow
alteration effects on biological condition and changes under
different management and climate change scenarios (e.g.,
Buchanan et al., 2013; Cartwright et al., 2017; Stein et al.,
2017; Kakouei et al., 2018; Mazor et al., 2018; Maloney et al.,
2021). Although the data used in this study was specific to
southern California, the data types are common to many other
regions. The two primary sources of data needed to run the
analysis are hydrologic model outputs and a bioassessment index.
The CSCI and ASCI are specific to California, but Indices of
Biotic Integrity (IBIs) are common. The approach described can
be applied in any area where these two common data sources can
be generated or compiled. The process used here is a great
complement to established environmental flows frameworks
such as the Ecological Limits of Hydrologic Alteration (Poff
et al., 2010) where flow-ecology relationships are developed to
assess the response of stream ecology, e.g., fish, vegetation and
invertebrates, to the alteration of flow. The recently developed
California Environmental Flow Framework (CEFF) is a
generalized management approach for “determining ecosystem
water needs that can be used to inform the development of
environmental flow recommendations statewide” (Stein et al.,
2021). The framework outlines guidance for identifying and
developing ecological flow needs through flow-ecology analysis
to ultimately provide environmental flow recommendations to
aid management decisions. By providing a process to evaluate
prioritization through flow-ecology analysis, our study has
provided an important foundation for the application of
CEFF. The next step in CEFF is to develop ecological flow
needs that consider altered physical habitat including the
evaluation of non-flow related influences (Stein et al., 2021).
To implement flow management actions in the high priority
areas, further investigation is needed the fully understand the
source of the alteration. The direction of alteration in our study
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differed throughout the study area; therefore, implementation of
management actions would need to be tailored to individual
subbasins accordingly. For example, in cases where, e.g.,
magnitude of largest storm are augmented, flow could be
managed through outflow diversions and/or retention areas
with slow-release of storm flow. In areas where flows are
depleted, management related to groundwater pumping or
channel morphology could be implemented.

Application of CEFF involves function-based flow metrics,
that account for ecological functions that occur across the entire
active floodplain at a seasonal scale. Targets therefore would be
considered based on the five functional flow components that
relate to seasons, however implementation programs to meet
these targets could be at daily, monthly or seasonal scales
depending on the variability of the system and how finely the
discharges can be managed. Taniguchi-Quan et al. (this issue),
investigated the high priority subbasins identified from our study
and illustrated the use of CEFF to develop ecological flow needs
supportive of focal species of management concern.

4.5 Limitations
Our study focused on macroinvertebrate and algae response to
altered flow. However, flow is not the only variable affecting the
biological condition of streams. Local scale conditions such as
water temperature, dissolved oxygen availability, nutrient
concentration, substrate, and habitat complexity, also play a
key role in the structure of biological communities. Many of
these factors are strongly linked to flow, therefore it is possible
that flow management and restoration efforts may be able to
address multiple issues related to biological degradation.
However, for flow management and restoration to be fully
successful, it is important to consider the effects of other
influencing factors at various spatial scales (King et al., 2016;
Verdonschot et al., 2016). Such a task is complicated by
interactive effects that modify the impact of confounding
factors (Folt et al., 1999), such as habitat complexity
dampening the strength of temperature effects (Scrine et al.,
2017) or a combined effect of flow velocity and increased
nutrient concentrations being smaller than the individual
impact (Bækkelie et al., 2017).

5 SUMMARY AND RECOMMENDATIONS

Through this study, we have demonstrated the consequences
of the various choices made during the development of flow-
ecology analysis to aid management decisions. Relying on
specific biological and probability thresholds can vastly
change the level of biological alteration, as well as the
importance of applying flow-ecology analysis on more than
one biological group. Specific thresholds will vary in different
regions however, we recommend applying our process to test
for sensitivity and ensure discriminatory power in the study
area. By applying our metric filtering process using the

functional flow approach we ensured only the most
relevant flow metrics were used, which help determine
what component of the flow regime is mostly affecting
stream biota. These considerations impact the prioritization
of locations for flow management as well as which
components of the flow regime to focus management actions.
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The Challenge of Setting “Climate
Ready” Ecological Targets for
Environmental Flow Planning
Meegan Judd1*, Nicholas Bond1 and Avril C. Horne2

1Centre for Freshwater Ecosystems, La Trobe University, Wodonga, VIC, Australia, 2School of Engineering, University of
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Implementing environmental flows has emerged as a major river management tool for
addressing the impacts of hydrologic alteration in large river systems. The “natural flow
paradigm” has been a central guiding principle for determining important ecohydrological
relationships. Yet, climate change and associated changes in rainfall run off relationships,
seasonality of flows, disruptions to food webs and species life cycle cues mean these
existing relationships will, in many circumstances, become obsolete. Revised thinking
around setting ecological objectives is required to ensure environmental management
targets are achievable, particularly in regions where water scarcity is predicted to increase.
Through this lens “climate ready” targets are those that are robust to changing water
availability or incorporate future adaptation options. Future objective setting should be
based around the inclusion of changing climate and water availability, and the associated
species and ecosystem vulnerabilities, and expected outcomes under different policy and
adaptation options. This paper uses south eastern Australia as a case study region to
review the extent to which current water management plans include climate considerations
and adaptation in objective setting. Results show untested climate adaptation inclusions,
and a general lack of acknowledgement of changing hydrological and ecological
conditions in existing management plans. In response this paper presents a process
for setting objectives so they can be considered “climate ready.”

Keywords: environmental flows, objectives, climate change, adaptation, water availability

1 INTRODUCTION

Increasing global populations and the demand for freshwater is resulting in water scarcity across
many parts of the globe (Vörösmarty et al., 2000; Bond et al., 2019). Regulation of rivers for human
water use has left many rivers with altered hydrology and degraded ecology (Bunn 2016), which will
be further impacted by climate change (Smakhtin et al., 2004; Palmer et al., 2008; Vörösmarty et al.,
2010). In many regions, water resources are being managed to maintain or reintroduce aspects of the
natural flow regime in an effort to protect and improve the health of aquatic ecosystems by
implementing environmental flows [elsewhere also referred to as environmental water (Horne A.
et al., 2017; Arthington et al., 2018)]. Approaches to determining flow requirements for ecosystems
are numerous, and reviews have outlined more than 200 recognised methods (Poff et al., 1997;
Tharme 2003; Arthington et al., 2006; Nel et al., 2011). More recently, the challenges of assessing
environmental flow requirements under a changing climate have been highlighted (Arthington et al.,
2018). However, while there has been some discussion around the need for additional hydrological
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and ecological modelling to inform future environmental flow
assessments (Tonkin et al., 2018; John et al., 2020), there has been
little discussion of the likelihood of achieving the ecological
targets that have historically been formulated in environmental
flow planning. This paper addresses this gap by examining the
requirement for “climate ready” targets, which we define as those
identified as plausible and achievable under changing regimes of
climate and water availability, and/or which incorporate
vulnerability assessments and trade off options.

Clear objectives are considered an essential step in ecological
stewardship, as they enable managers to determine appropriate
management strategies, prioritise funds, track performance, and
adaptively update management actions over time (Wilson and
Law 2016). As water scarcity becomes more commonplace,
setting realistic and attainable objectives at the commencement
of any water recovery project becomes essential to achieving the
ecological outcomes earmarked for water reallocation. Current
environmental flow objectives focus on flow dependent
environmental assets and particularly include species or
communities, habitats and ecological processes (Acreman and
Dunbar 2004; Yarnell et al., 2015). Objectives can be determined
by legislative requirements, local community values, a panel of
expert scientists or a combination of all of these (Cottingham
et al., 2002; Horne A. C. et al., 2017).

Academic and grey literature outline many methods for
setting objectives or goals in natural resource management
(Tear et al., 2005; Edvardsson,2007; Gregory et al., 2012;
Prober et al., 2018). For many decades the concept of
“SMART” goal setting (Specific, Measurable, Attainable,
Realistic, Time bound) (Doran 1981) has been widely accepted
including in the fields of ecological restoration, and conservation
and water management. The concept of SMART goals is still very
relevant in the face of climate change, especially in setting goals or
targets that are realistic and achievable in a non-stationary
environment.

Currently, there are few examples of widely accepted SMART
objective setting techniques being applied within environmental
flows studies (Acreman and Dunbar 2004), with objectives often
being poorly defined, deliberately vague (Wilson et al., 2009;
Capon and Capon 2017), or untested as to their feasibility.
Further, flow assessments are often required by government
agencies to be undertaken within short time frames and with
limited budgets, and consequently are not conducive to setting
long-term objectives due to time constraints on gathering and
processing new data (Arthington et al., 2006; Mezger et al.,
2019).

Objective setting in environmental flow planning
predominantly assumes the climate and environment is
stationary with most goals defined based on some form of
historic reference point – such as the restoration and/or
rehabilitation of naturally abundant or endangered or iconic
species and/or communities to a previous state (Dunlop et al.,
2013; Hallett et al., 2013). Indeed most environmental flow
methods are based on the assumption that ecosystem
responses to flow regimes will remain the same in the future
(Poff 2017; Horne et al., 2019; Tonkin et al., 2019). However,
ecosystems are changing and recognition of this is needed in

objective setting (Hobbs and Harris 2001; Choi 2007; Thompson
et al., 2021). Further, there is currently little recognition of the
impacts of climate change such as changing rainfall/runoff
relationships and seasonality of flows and the impact of these
on our ability to achieve existing objectives (the A and R in
SMART). Increasing air and water temperatures will affect
species physiology and ability to survive in situ, including
growth rates and reproduction timing (Koehn et al., 2011;
Bunn 2016). Bioclimatic envelope modelling suggests
widespread geographic shifts and/or extinction of species due
to water temperature changes and the exceedance of upper or
lower thermal tolerance of species (Booth et al.,. 2011; Dawson
et al., 2011; Comte and Olden 2017; Dudgeon 2019). Extreme
events (droughts and floods) will become more frequent and will
play an important role in shaping species populations,
composition and diversity and as the frequency of these events
increases, there will be limited ability of species to recover
between events (Shenton et al., 2012; Harris et al., 2018).
Reduced water availability and more frequent droughts will
lead to an increased number of streams becoming ephemeral
and consequent habitat fragmentation. Reduction in overbank
and high spring flows will impact floodplain vegetation, life cycle
cues for various species and hinder transport of carbon to the
river impacting aquatic food webs (Morrongiello et al., 2011).
Most of these climate change impacts are currently given little, or
no, consideration when determining the objectives associated
with environmental flows—both in terms of what the objectives
should be, and whether they are feasible and/or robust to changes
in water availability (Arthington et al., 2018).

It is now widely accepted that the climate is not stationary
(Milly et al., 2008; Tonkin et al., 2019) and the current suite of
environmental flow objectives aiming to restore conditions to an
historic reference are unlikely to be achievable (Prober et al., 2012;
Poff 2017; Capon et al., 2018; Thompson et al., 2021). This paper
uses south eastern Australia as a case study to review the extent
that current environmental water management plans include
climate considerations and adaptation in objective setting. The
results show that many current environmental flow objectives do
not consider climate change, with untested climate adaptation
inclusions, and a general lack of acknowledgement of changing
hydrological and ecological conditions in existing management
plans. Having identified this limitation with current plans, we
examine the literature and identify four key challenges to
achieving climate ready objectives for environmental flows
(Section 4); 1. Environmental flow assessment methods rarely
incorporate climate or water availability scenarios making it
difficult to assess if their objectives are achievable in the long
term. 2. High level of uncertainty around ecological responses to
climate change and water scarcity including a lack of vulnerability
assessments. 3. The spatial scale of ecological change and decision
making does not align well with site specific environmental flow
objectives. 4. Lack of guidance for objective setting to transition
systems. We then present a process for setting future objectives so
they can include such considerations (Section 5) to address the
challenge of making environmental flow objectives “climate
ready”; that is, being robust to changing water availability, or
incorporating climate adaptation options.
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2 WHAT DOES CLIMATE READY MEAN?

Existing environmental flow objectives may result in maladaptive
outcomes under climate change as hydrological and ecological
responses alter from our historic knowledge base (Hansen and
Hoffmam 2011; Capon and Capon 2017). Setting management
objectives that are relevant under future climate scenarios has
been recommended by Dunlop et al. (2013). “Climate ready”
objectives, as referred to in this paper, are defined as objectives
that include consideration of future changes in climate, flows and
ecosystem response, and particularly include adaptations to these
changes. Climate ready objectives link actions to future flow
scenarios and ecosystem or species vulnerabilities and are
informed by and provide benefit over a range of scenarios.

Several high level frameworks have been proposed for
examining climate impacts. For example, the IPCC has
widely used the Exposure, Sensitivity and Adaptive capacity
framework (Sharma and Ravindranath 2019). However this
framework has been criticised for not sufficiently
distinguishing between sensitivity and adaptability in
predicting ecosystem outcomes (Hinkel 2011; Fortini et al.,
2013; Juhola and Kruse 2015). Fortini and Schubert (2017)
presented a modified framework that integrates ecological
knowledge in predicting how species and ecosystems may
respond to changing climate conditions. Here we suggest
ecosystem adaptation responses based on the work of Boltz
et al. (2019) and Morrongiello et al. (2011);

• Persist/tolerate—the ability of an existing ecosystem or
species to retain its function under changing conditions
(Fortini and Schubert 2017). These are often generalist
species.
- Can a species persist/remain in situ and within its thermal
tolerance limit?

- Can a system return to the same ecological function after a
recurring disturbance?

- Is there enough area and spatial distribution of habitat
refuge?

- Are the tolerances to future scenarios known?
• Adaptability—enables the ecosystem to maintain its
function regardless of the species it includes. Focusing
water use on adaptation of ecological communities and
processes rather than historic reference states or specific
species will ensure objectives are achievable (Harris et al.,
2006; Hansen and Hoffmam 2011; Prober and Dunlop 2011;
Yarnell et al., 2015; Poff 2017; Capon et al., 2018).
- How connected are landscapes to facilitate migration to
new habitats?

- Is vegetation complex enough to allow adaptation and
resilience?

- Are carbon and energy cycles able to continue?
- Can genetic diversity be retained?

• Transformation/evolution—this will establish ecosystems
with new functions in novel circumstances. Given the
rapid pace of climate change and inability of species to
rapidly evolve many ecosystems will transform to a new
state (Fortini et al., 2013; Colloff et al., 2016).

- Are there obvious transformational pathways to a different
community assembly?

- Is assisted migration or translocation necessary?
- Is it better to stock fish from hatcheries rather than
promote spawning and recruitment in river/wetlands?

- Is there a need to conserve species outside of the natural
environment?

Examples of objectives incorporating climate considerations
that build on the three core species/ecosystem responses to
climate change outlined above are proposed (Table 1). It is
important to note that the suggested objectives address both
ecosystem response to climate change (e.g., drought tolerant
plants), and also management responses to climate change
impacts (e.g. flexible objectives). Ideally, inclusion of climate
considerations into objectives would include detailed
hydrological modelling of future scenarios along with
vulnerability assessments, however where this technical
information is not available the objectives in Table 1 allow for
input of general climate change adaptations based on the above
three ecosystem responses. (Angeler et al., 2014; Foden et al.,
2019; John et al., 2020).

3 DO WATER PLANS IN SOUTH EAST
AUSTRALIA HAVE CLIMATE READY
OBJECTIVES?
To determine the extent to which existing environmental flow
plans for rivers in south east Australia consider climate impacts or
adaptations, we evaluated a suite of documents against the
recommended adaptation objectives (Table 1).

Throughout south east Australia climate change is already
evident with average temperatures increasing between 0.6°C to
just over 1°C since 1910 (Victorian Department of Environment
2019). Predicted future changes in temperature include a further
increase in average, maximum and minimum temperatures of up
to 0.7°C by 2040 and 2.4°C by 2070 (OEH 2014; Victorian
Department of Environment 2019). Extreme hot days are also
predicted to double by 2050, and winters will be warmer. Winter/
spring rainfall has already declined by around 12% since the late
1990s, and warm season rainfall has increased. Future predictions
suggest further rainfall reductions in spring by around 1%–26%
by 2040, and extreme rainfall events are likely to become more
intense by the end of this century. Projected rainfall run off is
expected to decrease by 5%–40% by 2050, with three quarters of
long term gauging stations in the Murray Darling Basin (MDB)
already displaying a decline in flow since 1970 (BOM and CSIRO
2020; Department of Environment et al., 2020).

3.1 The Region
Inland south east Australia is dominated by the Murray Darling
Basin (MDB), the most regulated river system in Australia. River
regulation and water consumption in the MDB has resulted in
overallocation of water for consumptive use and degraded
riverine ecosystems (Ladson and Finlayson 2002; Grafton
et al., 2014; Hart 2016; Horne A. et al., 2017). In 2007 the
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Federal government passed the Water Act 2007 which required
the development of a strategic plan for river health (the Basin
Plan) and set volumetric limits on how much water can be used
for consumptive use and how much should be used to maintain
ecological condition. The Water Act 2007 enables the Australian
Government to recover water for the environment in several ways
(water buy backs, irrigation infrastructure upgrades) and
provides ecological objectives for the use of the recovered
water. Other parts of south east Australia included in this case
study are those in southern Victoria, including rivers around
Melbourne and river systems that end in estuary’s or coastal lakes
(e.g., Glenelg River, LaTrobe River).

3.2 Method
We reviewed a total of 422 riverine environmental flow objectives
from 44 separate documents describing flow requirements for

rivers in Victoria, southern New South Wales (NSW) and the
Murray River in South Australia (SA). The objectives were assessed
against the climate adaptation objectives outlined in Table 1.

Documents reviewed were public documents obtained
directly from the organisation or indirectly via the
organisation’s website. The documents analysed were
environmental flow studies, annual watering plans or longer
term (10 years) environmental water management plans from
local, state and federal government agencies (e.g., Catchment
Management Authorities, state governments, water holders, the
Commonwealth Basin Plan). The longest time frame for the
development of environmental flow objectives was associated
with the draft NSW Long Term Water Plans, which set
objectives outlining environmental outcomes and 5, 10 and
20 years targets for each objective, and a review of the plan
every 5 years to evaluate the targets. The date range of the plans

TABLE 1 | Example of ecological objectives that include consideration of climate impacts and adaptations.

Possible inclusions in future environmental water objectives Justification or intent

Persistence

Maintain diversity of habitats; including refuges 1. Maintain key ecosystem features e.g., buffer zones,
structural complexity of vegetation, diversity of geomorphic
features, protection of water quality

Many of these aspects are also relevant to adaptation, yet
the ability to persist relies on “protection” of these features
in the landscape West et al. (2009)

2. Consider drought induced low flows or provision or
maintenance of refuges (pool habitat for low flow/drought
conditions)

Allows species to persist in situ during periods of drought
West et al. (2009)

3. Seek to maintain dynamic ecological outcomes rather
than restore to an historic state (e.g., uses maintain rather
than restore/protect)

Aims to maintain attributes of current ecosystems that
could persist rather than aim for an historic reference point
Dunlop et al. (2013)

Adaptation

Maintain habitat and ecological function; focus
on population diversity and dynamics, carbon
cycling

4. Consider and provide for habitat diversity, connectivity
and/or conservation

Increased habitat diversity and connectivity improves
resilience by enabling species to migrate to new locations
with more tolerable climate and thermal tolerance zones, or
adapt to changing conditions Comte and Olden. (2017);
Fortini et al. (2013); Palmer et al.(2009)

Encourage increased movement of species from one
ecosystem to another (e.g., to new habitats within an
acceptable thermal tolerance range)
5. Maintain a diversity of species, without mention of
specific species

Aiming for species diversity, rather than species specific
conservation, the ecosystem can include species with
similar functions rather than focusing on protection of
endangered or highly vulnerable species

6. Ensure carbon cycling and energy sources for aquatic
and riparian productivity are maintained

Allows for continuation of some ecosystem function
regardless of species/communities Lin and Petersen.
(2013)

7. Aim for high functional redundancy and diversity within
an ecosystem

Encouraging large functional groups whereby one species
can fill the void made by another species of similar function
if extinction occurs

Transformation

Actively promote change 8. Objectives that are flexible, and achievable, with
changing water availability (e.g., they are achievable under
flood and long term drought conditions)

Objectives need to be flexible to changing water availability
and updated as climate and river flow scenarios become
available

9. Allow the establishment of locally non native species that
preserve regional biodiversity or sustain ecological
functions

Allows for potentially more suitable, climatically tolerant
species to fill a gap after disturbances, and provides for the
greatest diversity possible (e.g. stocking fish) West et al.
(2009)

10. Consider ex situ conservation or active translocation of
species to a new site

Species vulnerability assessments coupled with climate
scenarios will reduce uncertainty around viability of species
in certain locations. Incorporating this information into
environmental flow assessments will help with trade off
decisions regarding translocation and triage
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assessed was from 2010 to 2020, a date range we considered
adequate to anticipate potential inclusion of climate change
impacts. A list of documents assessed are provided in the
Supplementary Material.

The analysis focused on specific documented objectives, and
ignored visions and goals, which in most reports simply
mirrored higher level policy goals and were generally too
vague to evaluate against our specific criteria. Duplicate
objectives stated in more than one document for the same
system were identified and ignored to avoid double counting.
This case study is chiefly focused on the southern MDB, but also
includes objectives from southern Victorian catchments. Of the
documents assessed, 60%were from the southernMDB and 40%
were from southern Victoria. Not all climate adaptation
objectives (Table 1) were relevant to all the existing
objectives assessed e.g., where an existing objective was
focused on physical habitat, the adaptation objective relevant
to species diversity is not applicable.

3.3 Results
When assessing existing objectives against our adaptation
objectives, the existing objectives most frequently relied on
persistence and adaptation strategies (Table 2 and Figure 1).

Within the persistence response category, the
recommendation most frequently met was that aimed at
maintaining ecological outcomes rather than restoring them
(3). Under this adaptation objective, many of the existing
objectives aim to maintain populations of specific species,
including threatened species, or maintain components of the
environment to be in similar condition to a previous or current
state. Further, based on a word search of the objectives, there has
been a relative decline in the use of the words “restore” and
“protect,” and an increase in the use of “maintain” suggesting a
general recognition that restoring populations may no longer be
possible. This is an important recognition by water managers
however there is no specific mention in existing objectives that
connects this change of focus to consideration of future climate or

TABLE 2 | Assessment results comparing existing environmental flow planning documents against the climate change adaptation objectives of Table 1 (See
Supplementary Material for more detail).

Example objectives that incorporate climate change adaptations (from Table 1) Number of
objectives

that meet this
criterion

Number of
objectives
that could

meet
this criterion

Percent of
objectives
that could

meet
this criterion

Persistence—Aims to maintain habitats and features, including refuges

1 Maintain key ecosystem features that can support and
underpin the overall system e.g. buffer zones, riparian
areas incorporating drought tolerant plants, structural
complexity of vegetation, protect nursery and spawning
areas West et al. (2009)

158 183 86% (n = 183)

2 Considers drought induced low flows or provision or
maintenance of refuge or pool habitat for low flow/drought
conditions

11 33 33% (n = 33)

3 Seek to maintain ecological outcomes rather than restore
to an historic state (e.g. uses maintain rather than restore/
protect)

182 230 79% (n = 230)

Adaptation - Provides for improved migration and maintenance of ecological function

4 Considers habitat diversity, connectivity and/or
conservation

98 155 63% (n = 155)

4 Encourages increased movement of species (e.g. to new
habitats within an acceptable thermal tolerance range)

48 83 58% (n = 83)

5 Aim to maintain a diversity of species, without mention of
specific species

84 122 69% (n = 122)

6 Ensure carbon cycling and energy sources for aquatic and
riparian productivity are maintained

18 22 81% (n = 22)

7 Aim for high functional redundancy and diversity within an
ecosystem

19 41 46% (n = 41)

Transformation–Objectives that actively promote
change and/or are flexible to change

8 Objectives that are flexible, and achievable, with changing
water availability

8 15 60% (n = 15)

9 Allow the establishment of locally non native species that
maintain native biodiversity or ecosystem function in the
overall region West et al. (2009)

13 22 59% (n = 22)

10 If there was any suggestion for ex situ conservation or
active translocation

0 1 0% (n = 1)
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water availability, or if it is due to other considerations. The
Murray Darling Basin Plan (2012), and NSW long term water
plans (which link closely with the Basin Plan), include numerous
objectives with the wording “protect and restore”, “increase the
distribution and abundance” of fish, vegetation and waterbirds. It
has been widely documented that the Basin Plan does not
adequately address climate change (Young et al., 2011; Pittock
et al., 2015; Alexandra 2017) and this is evidenced by the
objectives assessed here. In the documents assessed for this
case study there were seven occurrences of objectives from the
Basin Plan stating “protect and restore” compared with two
occurrences of this wording in non Basin Plan documents.

From the adaptation response category, the two objectives met
most often were those considering habitat diversity, conservation
and connectivity (4), and those aiming to maintain a diversity of
species (5); both categorised as adaptation response. The high
frequency of objectives addressing habitat diversity, conservation
and connectivity (4) is a good start, however these objectives are
very broad. Examples of objectives in this category include
maintaining flow connectivity, improving vegetation zonation,
and maintaining inset benches and other geomorphologic
features. Although all these issues contribute to habitat
connectivity or diversity this category is now considered too
general and does not extract specific habitat function objectives.
For future use this response category would be best separated into
habitat function, habitat connectivity and habitat availability.

Very few objectives specifically mention climate change or its
impacts. A search for the words “climate change” show it is
mentioned just five times from the 422 objectives assessed.
Overall, existing objectives provide some climate change

adaptations as defined by response categories of Section 2,
however this is commonly a result of generic wording rather
than an explicit recognition of ecohydraulic relationship changes
under climate change.

Of the objectives assessed, very few included proactive
consideration of climate change adaptation (objectives that
meet the transformation response). While most existing
planning documents include some kind of adaptation
response, many of the objectives did not specifically refer to
climate change e.g., Provide periodic opportunities for
regeneration of riparian, floodplain and wetland plant species
falls into the “maintain a diversity of species” adaptation category
without recognition that floodplain and wetland watering will
become more difficult under climate change. Without inclusion
of vulnerability assessments and detailed hydrologic modelling
that takes future flows into account, these type of objectives are
unlikely to be feasible. None of the documents assessed in this
case study included detailed hydrologic modelling of future flow
and/or vulnerability assessments, and therefore had no evidence
to support the “achievability” of these objectives in a changed
future.

There were few objectives in the transformation response
group, such as encouraging the establishment of non locally
native species to maintain ecosystem function, and there were
zero objectives that considered active translocation of species to
more suitable habitats. Translocation is more likely to be required
for threatened or specialist species rather than for generalists or
species able to disperse on their own. Transformation may seem
radical and costly, but if not considered, current environmental
water management may lead to maladaptation and increased

FIGURE 1 | Number of existing flow objectives that meet the suggested climate change adaptation objectives.

Frontiers in Environmental Science | www.frontiersin.org February 2022 | Volume 10 | Article 7148776

Judd et al. Setting Climate Ready Targets

155

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


environmental loss. Thoughtful decisions around transformation
should be a well considered proactive response to an uncertain
future. Further, if transformation actions are undertaken, it may
alter objectives for environmental water use in a river system and
can provide opportunities for co-design of visions and
management strategies by riverine communities.

The remainder of this paper discusses the challenges of
preparing the environmental water industry to develop climate
ready ecological objectives and finally, we propose a process to
enable this to happen.

4 WHAT ARE THE MAJOR CHALLENGES
FOR INCORPORATING CLIMATE
CHANGE?
There have been high level discussions on the need to consider
climate change in environmental flow objectives, yet the lack of
guidance on how to implement this is hindering inclusion (Kiem
et al., 2016; Poff 2017). Most existing methods for determining
objectives do not sufficiently address the challenges of an
uncertain, non stationary future in terms of altered hydrology
and ecology. There is significant literature relating objective
setting to SMART guidelines, yet environmental flow objective
setting fails in the transparency required from a SMART objective
setting methodology. When considering non stationarity, this
limitation will become more pertinent as objective setting will
require clear articulation of what is valued and desired, and how
realistic this will be. Specific challenges that need to be considered
to move the practice forward include: (1) Environmental flow
assessment methods rarely incorporate climate scenarios or water
availability outlooks (Shenton et al., 2012; Horne et al., 2019)
making it hard to assess if their objectives are “Attainable” and
“Realistic.” (2) High level of uncertainty around ecological
responses to climate change and water scarcity including a
lack of species vulnerability assessments (3) The spatial scale
of ecological change and decision making does not align well with
site specific environmental flow objectives (4) Lack of guidance
for objective setting to transition systems. Each of these issues in
discussed in more detail below.

1. Water availability under climate scenarios

Current environmental flow assessments typically look at
historic water availability with little consideration for long
term future water availability or change. A challenge to
include long term future water availability lies in the large
knowledge gaps of climate change forecasting including how
the climate will respond to future greenhouse emission levels,
and the sequencing in global climate models of extreme events
(Hallegatte et al., 2012). There is also much debate around
downscaling methods, and the data and resources required to
derive regionally relevant information.

There are also many knowledge gaps on the effect on local
rainfall/run off (Saft et al., 2016), seasonality of flows, and water
quality (Arora et al., 2017). It is perhaps these large uncertainties
that has limited the incorporation of future scenarios and run off

changes into objective setting. While scenarios have been used
within decision making and environmental flow assessments
(King et al.,. 2000; King and Brown 2010), they rarely link
back to an assessment of the objectives under the SMART
framework (particularly the Attainable and Realistic).

One potential approach to address this uncertainty in future
outcomes and link back to the achievability of objectives is to
include fit for purpose and commonly agreed hydrologic models
using a range of stochastic data and narrative scenarios within
environmental flow assessment methods (Horne et al., in prep,
John et al., in prep). To demonstrate the potential ramifications of
incorporating water availability scenarios, a recent study in the
Goulburn River, Victoria (Australia) identified floodplain
vegetation condition as a high priority objective and resulted
in a recommendation for overbank flows. However, with the
inclusion of climate change it was found that overbank flows
would likely decrease by 12%–36% under a moderate to high
climate impact scenario, making this objective challenging to
achieve without significant reoperation of the river (Horne et al.,
in prep). Using climate/rainfall runoff scenarios to inform
decision making and objective setting should be included in
future flow assessments.

2. Uncertainty of ecosystem response to climate change

There are many uncertainties around how species,
communities and ecosystems will respond to hydrological
change and their vulnerability to climate change which may be
restricting the ability of water managers to develop climate ready
objectives (Kiem et al.,. 2016; Tonkin et al., 2018). Poff (2017)
suggests future environmental flowmanagement needs to include
ecological vulnerability assessments (EVAs). EVAs examine the
pressures climate change will have on a particular species or
taxonomic group and assesses their sensitivity (the degree that a
system is affected (adversely or beneficially) by climate change),
exposure (nature, magnitude and rate of change to a species) and
capacity to adapt (ability of a species or ecosystem to adjust to
climate change and/or benefit from opportunities or to respond
to the effects) (De Lange et al., 2010; Mastrandrea et al., 2010;
Pielke Sr et al., 2012; Foden and Young 2016).

Vulnerability assessments can be undertaken at the species or
ecosystem level, investigating different types of impact (e.g., decline
in diversity or ecosystem function, to species extinction), at a range
of spatial and temporal scales and can consider various climate
change impacts such as direct climate response, to predicted land
use change in response to climate impacts.

The three main methods for vulnerability assessments are:

1. Correlative approach – uses models to determine the
correlation between a species distribution range and its
historical climate requirements. This information is
subsequently combined with future climate projections to
predict areas of suitable climate for future distribution.
These models are sometimes called niche-based or species
distribution models.

2. Traits based approach – uses species biological characteristics
to estimate their sensitivity and capacity to adapt to estimates
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of their exposure to climate change. The scores for sensitivity,
adaptive capacity and exposure are then combined to
determine the vulnerability of a species.

3. Mechanistic approaches – uses process based models and
incorporates biological processes, thresholds and
interactions to predict a species response to changing
environmental conditions. These models can incorporate
species longevity and fecundity, predation and competition,
and changes in habitat suitability in response to climate
change, along with land use change (Foden and Young 2016).

There are pros and cons of each of these three methods and while
interest in applying vulnerability assessments has increased in the last
ten or so years (Foden et al., 2019), the method adopted will depend
on available data and resources. Fortini et al. (2013) developed and
tested a method to assess plant species vulnerability to climate
change which could be adapted to other ecosystems. They
focused on species responses to changes in habitat—specifically
area, quality and distribution - under a changing climate. Four
species responses included in the vulnerability assessment include
tolerate, remain in microrefugia, migrate and evolutionary
adaptation. These responses are commonly referred to as
methods of adaptation in adaptation literature.

Although there are limitations and uncertainties involved with
vulnerability assessments, the inclusion of species vulnerability
assessments in future flows assessments would provide water
managers with improved information to develop more robust
objectives. Vulnerability assessments will increase the knowledge
available to water managers on whether species are likely to
persist or adapt in the environment, or if a focus on
transformation is required. Upscaling species vulnerability
assessments to a guild or community level could then be
translated to broader spatial scales. Combining climate/rainfall
runoff scenarios and species vulnerability assessments would
greatly reduce uncertainty for future flow assessments.

3. Spatial scale

Many flow assessments are conducted at the scale of individual
river systems, and in some cases at even finer scales. However, life
cycle requirements of flora and fauna require interconnectedness of
flow regimes. Continuing to develop objectives restricted to a single
river scale will not enable long term trade off evaluations to bemade.
Larger spatial scale planning will enable different river systems to be
prioritised for certain life stages of species and habitat connectivity
and linkage corridors between fragmented habitats (Hobbs and
Norton 1996; Stein et al., 2013). Regional, or basin, spatial scale
management, rather than local, will become a necessity to maintain
ecosystem function, and increasingly important as water availability
decreases and reduces the ability to target the same objective at
multiple sites (Heller and Zavaleta 2009).

4. Acceptance to proactively manage intervention (transition the
ecosystem)

One adaptation action that needs to be addressed in
environmental flow assessments, but which is currently largely

ignored is the option to actively manage the river system to a new
state (West et al., 2009; Colloff et al., 2016; Thompson et al.,
2021). This includes consideration of management actions such
as translocation of species to new habitats, relying on stocking of
species rather than self-sustaining populations, and conservation
triage. This type of adaptation action recognises that under
climate change, water resources will not be able to conserve all
species at all locations and that environmental water can be used
as a tool for ecological transformation rather than restoration.
Proactively managing intervention ensures ecosystem functions
are retained and aims to avoid system collapse (Lin and Petersen
2013). Although these types of actions may not be required in the
immediate future and existing objectives may in fact be suitable in
the long term, if consideration of proactive adaptation is not
adopted future reactive adaptation is likely to be more costly to
the environment, society and economically, with potentially
higher losses to rivers, wetlands and local communities (Boltz
et al., 2019).

5 A PROCESS TO DEVELOP CLIMATE
READY ENVIRONMENTAL FLOW
OBJECTIVES
We propose a new process to develop “climate ready” objectives
that considers non-stationarity and attempts to address the four
challenges discussed above (Figure 2). Under our proposed
process, objective setting should be iterative, where objectives
are informed by scientists to reflect both the values and desires of
the community and meet the requirements of any legislation.
Community involvement is important for gaining legitimacy for
environmental flows and ensuring local communities, including
indigenous communities, are given a voice in the decision making
process (Pahl-Wostl et al., 2013; Anderson et al., 2019). This will
be increasingly important where objectives move towards
adaptation and transformation, rather than maintaining or
restoring existing condition.

Initial objectives, which can be based around ecosystem
response adaptations as per Table 1 or developed
independently, are tested against climate change scenarios,
sequences of possible extreme events, predicted water use and
vulnerability assessments to determine if the objectives are
achievable in the long term. This is a crucial new step and
addresses the challenges outlined in Section 4. Due to the
large uncertainty and constantly updated information around
climate and associated ecological changes, setting objectives
without the inclusion of the most up to date technical
information may lead to unachievable and irrelevant
objectives. While there are challenges of combining hydrology,
ecology and climate science (John et al., 2020), there is a need to
proactively manage riverine environments to enhance resilience
and future transformation.

If the objectives cannot be met under possible futures, a trade
off decision is required. The trade off decision will need to
determine what measures will be acceptable (for community,
government and the environment) to continue pursuing the
desired objective, or when a revision of objectives is best. This
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FIGURE 2 | Process to establish climate ready objectives in future flow assessements.

TABLE 3 | Examples of trade off considerations required in setting future environmental flow objectives.

Trade off considerations Example

Are there alternate ways to achieve the objectives? If the objective is to provide abundant recreational fish populations, can these be stocked fish rather than
naturally spawned and recruited?

Where is the best use of environmental flows on a basin wide
scale?

If the river and each tributary is delivering a flow component to achieve the same objective, can the same
result be achieved by delivering water to just a limited number of rivers e.g. is fish spawning required in every
tributary of a basin?
Decisions need to be made for retaining a representative area of each ecosystem rather than trying to
maintain all areas where water scarcity increases

Cost benefit to achieving the environmental objective If the objective of delivering overbank flows requires levee construction or land acquisition on the floodplain,
is the ecological benefit greater than economic and social cost?

Cost benefit to other water users To achieve a desired environmental flow objective larger volumes of water may be required to be re-allocated
from agricultural or other consumptive use. Are existing irrigation areas sustainable in the long term? Can
urban communities recycle more water?

Sequencing of extreme events such as drought Developing objectives for 2–5 consecutive dry years and/or 5–10 consecutive dry years will provide
information on life cycle thresholds of species and allow decisions to be made on how long to provide water
during periods of drought

Willingness of the community to transition to a new state Where future conditions will not sustain the historical complement of species could an alternative suite of
species deliver the same goods and/or services or ecological function, be acceptable to the community?
Does the community invest money in maintaining the full suite of current species, including endangered
species, or trade off some species to save others?

Revise objectives for the region Are the objectives for restoration goals sustainable in the long term, or should objectives be aimed at
ecosystem services?
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decision can be informed by climate adaptations such as: spatial
considerations, the best use of future water and its availability,
and ecosystem function and potential requirements to actively
transition the ecosystem to new state. However, in making these
trade off decisions each system will have different legacy issues
and community values, resulting in potentially different
decisions. This would be a new step in most environmental
flows assessments and leads to a clear articulation of the
decision making process when finalising objectives. Thompson
et al. (2021) have developed a management decision framework
where managers can “resist, accept or direct” actions in response
to climate change. This could be combined with our proposed
process to implement “climate ready” actions developed in
Figure 2.

With increased water scarcity under climate change, trade off
decisions in environmental flow management will become
standard practice in environmental flows assessments. Issues
and examples that will need to be considered in trade off
decisions will be many and complex (Table 3). Trade off
decisions will not only need to consider ecological outcomes,
but also the economic and social impact on other water users,
land use and planning, along with recreational and aesthetic
values held by impacted communities. A thorough participatory
education, consultation and negotiation process will enable trade
offs and development of future objectives that will be achievable
and accepted by river managers and communities.

Once trade off decisions are made, environmental flow
objectives may need to be revised. When revising objectives,
adaptation actions should be incorporated and focus on
managing for diversity of functional groups, improving
migration and reducing barriers to movement through the
landscape, increasing the resilience of the system to cope with
change, or actively promote change to a novel state (Table 1). It is
only by going through this process in its entirety that objectives
will be truly “climate ready.”

Incorporating these additional tasks for implementing
climate ready objectives will initially significantly increase the
complexity, time and resources required for determining
environmental flow requirements, yet without doing so, water
managers cannot make informed, proactive decisions and trade
offs when managing riverine environments into the future. All
objectives should be supported by the best available science
(Horne A. et al., 2017), monitoring data and should be updated
regularly. The framework should be re-evaluated at short,
regular time frames (e.g., 5 years) as new climate/water, and
species information, along with monitoring data become
available. Without including these considerations in objective
setting, environmental flows are unlikely to be able to achieve
the stated objectives, may lead to maladaptation and lose
support from local riverine communities. However, where
resources to implement the recommended framework are not
available or where appropriate climate and hydrology scenarios,
and species data are scarce, managers should consider
incorporating adaptation and transformation objectives as a
minimum (Table 1).

6 CONCLUSION

There is a need to establish clear best practice guidelines for
managers, scientist and consultants involved in developing
environmental flow goals under a changing climate. It is clear
from this research and thorough reading of current
environmental flow plans from south east Australia that
current environmental flow assessment do not include climate
ready flow objectives, do not adequately include future climate
and flow scenarios, and none have incorporated species or
ecosystem vulnerability assessments. Most objectives assessed
in the case study referred to current or historic states
considered achievable in a stationary environment where
relationships of the past will carry through to the future.
However, under climate change objectives need to incorporate
adaptations to new hydrological and ecological conditions by
increasing ecosystem resilience and the ability to transform.

There remain critical knowledge gaps that are limiting the
ability to adapt environmental water management to a non
stationary future (Capon et al., 2018). An encouraging start to
closing the knowledge gap is the monitoring of environmental
water outcomes and adaptive management that is currently
occurring in south east Australia (Watts et al., 2020).
However, the lack of future hydrologic modelling and
vulnerability assessments that can help determine the ability of
a species or ecosystem to withstand, or how it may change, in
response to a changing climate and more frequent extreme events
is greatly lacking. By incorporating the latest monitoring and
adaptive management results and available climate, flow and
vulnerability scenarios, water managers will be better equipped
to set objectives that are SMART and climate ready. Once this
information is available more informed and transparent trade off
decisions can be made and truly ‘climate ready’ objectives can be
set. Trade off decisions will need to incorporate ecological
information but also be negotiated with all impacted water
and river users to ensure legitimacy of environmental water
use, and full consideration of social and economic
implications. The need to make trade off decisions and
negotiations will only increase as competition for water and its
availability shifts under climate change.

Equipping water managers with the most up to date tools and
information to proactively manage water sustainability into an
uncertain future is vital to achieve desired ecological outcomes.
The process proposed in this paper should be applied to
catchment and basin wide environmental flow decisions and
updated as new information becomes available. If this or a
similar process is not adopted, future objectives will be
inadequate in preparing and/or supporting river managers in
achieving policy objectives.
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Flow alteration is a pervasive issue across highly urbanized watersheds that can impact the
physical and biological condition of streams. In highly altered systems, flows may support
novel ecosystems that may not have been found under natural conditions and reference-
based environmental flow targets may not be relevant. Moreover, stream impairments
such as altered channel morphology may make reference-based environmental flow
targets less effective in supporting ecosystem functions. Here, we develop an
approach for determining ecological flow needs in highly modified systems to support
existing ecological uses utilizing the California Environmental Flows Framework (CEFF).
CEFF was established to provide guidance on developing environmental flow
recommendations across California’s diverse physical landscape and broad array of
management contexts. This paper illustrates the application of CEFF in informing
ecologically-based flow restoration in a highly altered region of South Orange County,
California. The steps of CEFF were implemented including a stakeholder process to
establish goals and provide input throughout the project; identifying the natural ranges of
functional flow metrics, or distinct components of the natural flow regime that support
ecosystem functions; refining ecological flow needs to account for altered channel
morphology and the life history needs of riparian and fish species; and assessing flow
alteration to inform management strategies. Key considerations and lessons learned are
discussed in the context of developing ecological flow needs in highly altered systems
including when non-flow related management actions (i.e., channel rehabilitation) are
necessary to achieve ecological goals.
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1 INTRODUCTION

Flow alteration is a pervasive issue across highly urbanized
watersheds that can impact the physical and biological
condition of streams (Poff and Zimmerman, 2010). However,
addressing flow alteration and determining the ecological flows
needed to support ecosystem functions can be a challenge in
systems where alteration is widespread. Traditional reference-
based approaches, such as a percentage of unimpaired flow
(Richter et al., 2011), the Tennant method using a percentage
of mean annual unimpaired flow (Tennant, 1976), or the
Tessman method considering monthly unimpaired flow
(Tessman, 1980), can be implemented to determine minimum
environmental flows that serve as a management target. However,
reference-based environmental flow targets may not be relevant
nor realistic in systems that are far from reference. In highly
altered river systems, such as streams with augmented flows from
urban or wastewater discharges, altered flow regimes could
support novel ecosystems and species, such as birds that did
not occur under “natural” conditions (Luthy et al., 2015; Wolfand
et al., 2021). In such systems, ecological flow needs, or quantifiable
flow metrics that describe ranges of flows that must be
maintained to support ecosystem functions, should be tailored
to a suite of species of management concern that are
representative of communities, rather than mimicking the
entire natural flow regime (Tonkin et al., 2021).

Certain stream impairments, such as physical habitat
alteration, water quality impairment, and biological
interactions (i.e., invasive species), may alter the relationship
between flow and ecology making the natural ranges of flow
metrics less effective in supporting ecosystem functions. For
example, natural flood flows may not inundate floodplains if
the channel is deeply incised (Edwards et al., 2016), and thus the
functions associated with floodplain inundation, such as riparian
seed dispersal, fish breeding, and sediment deposition
(Opperman et al., 2010; Yarnell et al., 2015), may not be
supported. Similarly, high stream temperatures resulting from
riparian vegetation loss may limit the functionality of summer
baseflows for fish rearing if the temperatures exceed suitability
thresholds (Cross et al., 2013; Kristensen et al., 2015; Abdi et al.,
2021). Invasive species can further alter ecosystem functions, as
shown for example by studies on the impacts of invasive bullfrogs
in streams. Bullfrog tadpoles can outcompete native amphibian
tadpoles by consuming large amounts of benthic algae and
altering the dynamics of primary productivity in streams
(Kupferberg, 1997), while adult bullfrogs increase the
prevalence of disease that can decimate sensitive native
amphibians (Adams et al., 2017). Ecological flow needs in
highly altered systems should consider not only stream
impairments, but also the needs of multiple species.

Holistic approaches have been developed that go beyond the
needs of single species and consider the role of flow variability on
ecosystem processes. For example, the Ecological Limits of
Hydrologic Alteration (ELOHA) framework is an approach to
identify ecological flow needs using relationships between flow
and ecological outcomes (Poff et al., 2010). However, developing
such relationships requires high data density on biological

conditions as well as corresponding hydrologic data, which
are seldom available at the same location. Additionally, the
ELOHA framework does not consider mediating factors that
can alter flow-ecology relationships, such as altered channel
morphology or water quality impairments. The functional flows
approach is a holistic approach that aims to manage and restore
discrete components of the hydrograph that support key
ecosystem functions and drive geomorphic and ecological
processes (Yarnell et al., 2015). The functional flows
approach presumes that restoring the natural ranges of
functional flows will ultimately support ecosystem processes.
However, the natural ranges for certain flow components may
need to be adjusted to consider stream impairments and the
needs of novel species and habitats. The development of
designer flows that support novel ecosystems while balancing
the needs of society are especially critical in urban areas
(Acreman et al., 2014a; Tonkin et al., 2021).

The California Environmental Flows Framework (CEFF) uses
a functional flows approach to develop ecological flow needs and
environmental flow recommendations that balance water needs
of multiple uses (Stein et al., 2021b). This approach can
accommodate highly modified systems where the water
demand for human uses may be high and mimicking the
entire natural flow regime may be unrealistic. CEFF consists of
three key sections that focuses on identifying the natural range of
functional flows as a starting point (Section A; Grantham et al.,
2022), developing refined ecological flow needs that consider
physical and biological constraints (Section B), and producing a
final set of balanced environmental flow recommendations that
consider current hydrologic alteration and multiple uses of water
(Section C). CEFF was developed to be applied across California’s
diverse physical landscape and has the flexibility to be applied to a
wide range of management challenges. However, there is a need
to apply the conceptual approach of CEFF in real-world
applications across a diversity of stream types, including
groundwater-influenced systems (Yarnell et al., 2022) and
highly urbanized streams, to inform future implementation of
the framework.

This paper illustrates the utility of CEFF in developing
ecological flow needs that consider altered physical habitat in
a highly urbanized region of South Orange County (OC),
California. This study provides a unique opportunity to pilot
CEFF in a region where flow alteration is the highest priority
concern, augmented urban runoff may be supporting novel
ecosystems, and stormwater permits require that all nuisance
dry-weather discharges into streams be eliminated under the
Clean Water Act. Some considerations in Section C, including an
alteration assessment and evaluation of an alternative
management scenario, were conducted, but final
environmental flow recommendations that consider human
water uses were not produced. We explore how non-flow
related management actions, such as instream channel
rehabilitation of a widened reach, can influence ecological flow
needs and produce more achievable flow targets.

The main objectives of this study were to:

1) Provide a demonstration of CEFF in an altered system.
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2) Develop ecological flow needs that consider altered physical
habitat and are supportive of key species of management
concern.

3) Evaluate hydrologic alteration to inform management
strategies.

4) Provide an example of how changes to channel form can help
to achieve ecological flow needs.

Although CEFF was established for California, the
approach developed in this study can be utilized in other
places with highly modified systems. This study lays out a
functional flows approach that uses natural flows as a starting
point, identifies if the natural range of flows need to be
modified based on stream impairments, and develops a set
of holistic ecological flow needs that consider the natural
variability of functional flows across all seasonal components
of the hydrograph with special consideration to the landscape
and the species in it.

2 STUDY AREA

This study focuses on the San Juan Hydrologic Unit in South OC,
California which includes several major streams including San
Juan Creek, Trabuco Creek, Oso Creek, Aliso Creek, among
others (Figure 1). Most of the upper tributaries of the major
watersheds are undeveloped, while the lower portions of the
watersheds are highly urbanized. The major land uses in the
region include developed pervious land, single- and multi-family
residential homes, transportation, and open space with low
vegetation. The region is characterized by a Mediterranean
climate with wet winters and dry summers. Long-term mean
annual precipitation in the study region ranges from 722 to
299 mm (PRISM Climate Group, 2016). High priority areas
where flow alteration may be associated with a biological
decline were identified based on statewide bioassessment
indices for macroinvertebrates and benthic algae (Irving et al.,
2022). This paper focuses on a high priority area in lower Aliso

FIGURE 1 | South OC WMA with modeled subbasins. This study focuses on the high priority reach of Lower Aliso Creek (star).

Frontiers in Environmental Science | www.frontiersin.org February 2022 | Volume 10 | Article 7876313

Taniguchi-Quan et al. Ecological Flows Needs: Altered Systems

165

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Creek (see starred location in Figure 1) to illustrate the process
and application of CEFF to develop ecological flow needs.
However, the methods used in this study were chosen to allow
for the evaluation to be applied at the regional scale, across a
multitude of high priority stream reaches. The Lower Aliso study
reach was selected for this study because it is subject to a potential
decline in dry-weather flows from upstream outfall discharge
diversions, has experienced urban-induced channel erosion, and
is a soft-bottom reach of habitat importance for riparian and
aquatic communities.

Flow alteration and stream erosion are the highest priority
water quality conditions identified for the region (County of
Orange, 2021). Flow alteration is a pervasive issue across South
OC due to the effects of historical farming and ranching andmore
current rapid urbanization over the past 50–70 years. Flashier
hydrology has led to channel erosion issues (Hawley and Bledsoe,
2011; Hawley and Bledsoe, 2013), and many streams have shifted
from a historically intermittent-ephemeral system to a more
perennial system due to augmented baseflows from irrigation
overspray. In some areas, these augmented flows now support
sensitive species and habitats that were not historically present.
To promote streamflow enhancement and habitat restoration,
key implementation strategies have been identified through the
South OC Watershed Management Area (WMA) Water Quality
Improvement Plan including management of unnatural flows
and restoration of 23,000 lineal feet (4.35 mi) of degraded stream
habitat1. However, reduction of in-stream flows through flow
management actions, drought, and water conservation, pose a
potential threat to novel habitat and sensitive species that
currently depend on these “non-reference” flows. For
successful implementation, flow enhancement projects must
consider how these factors may impact the flows needed to
support key ecological functions.

Despite the widespread hydrologic alteration, streams in South
OC currently support a combination of willow and riparian scrub
communities, as well as federally listed bird species, such as the
least Bell’s vireo (Vireo bellii pusillus), and fish species of special
concern, such as the arroyo chub (Gila orcuttii). Although arroyo
chub is not currently observed in Aliso Creek, there is a desire to
rehabilitate stream conditions to be more conducive for sensitive
aquatic species in the future. Additionally, the long-term viability
of these species and habitats is uncertain in light of future changes
in flow and channel conditions.

3 METHODS

3.1 Stakeholder Engagement
A critical component to implementing CEFF is ongoing
stakeholder engagement that seeks to integrate stakeholder
values and local knowledge into the scientific process. We
have collaborated closely with the County of Orange and all
member agencies on our technical and stakeholder advisory
group, which included federal and state resource and

regulatory agencies, local water districts, non-governmental
and private organizations, local watershed groups, and
academic researchers. A total of 9 stakeholder meetings were
held over the course of 2 years, where the group agreed upon
management goals and project scope and provided valuable input
on the overall technical approach. The overarching ecological
management goals for this study, identified through the
stakeholder process, were to improve stream flow conditions
to benefit overall stream ecosystem health and to ultimately
maintain or provide suitable habitat conditions for indicator
species of management concern, willow and arroyo chub,
which are representative of riparian and aquatic habitats. We
also determined ecosystem functions for each functional flow
component that should be supported by ecological flows to satisfy
ecological management goals in the study area. Under the
functional flows approach, all functional flow components
should be maintained to achieve ecological management
objectives. Therefore, at least one ecosystem function for each
of the five functional flow components that are relevant to
ecological management goals were identified.

3.2 Quantifying Functional Flows
3.2.1 Hydrologic Model
A continuous simulation Loading Simulation Program in C++
(LSPC) model was developed and calibrated to characterize
current functional flow conditions across the South OC WMA
(Figure 1). This model was then applied to estimate reference
conditions. We did not use the predicted natural range of
functional flow metrics produced by Grantham et al. (this
issue) in this study because there was a lack of local reference
gages used in the statewide models.

Model Forcing and Parameterization
Present-day conditions were simulated for 1993–2019 using
LSPC. The model was forced by 16 continuous, hourly
precipitation records and 2 continuous, hourly
evapotranspiration records that spanned 1989–2019. The
model was run for the entire span of these input time series,
but the first 4 years of results were discarded to allow streamflows
and aquifer storage to equilibrate from their initial conditions.
Thus, the simulation period was 1993–2019. The study region
was discretized into 73 modeled subbasins based on major
tributary confluences, stream gage locations, channel type,
bodies of water, low flow diversion locations, impoundments,
and points of ecological interest. Land use for each subbasin was
assigned in LSPC as “hydrologic response units” (HRUs), which
were unique combinations of land use (County of Orange
dataset), soil type (from National Resource Conservation
Service (NRCS)), land slope (from County of Orange digital
elevation model), and imperviousness (from the National Land
Cover Database (NLCD) 2019)2. Characteristics of stream
reaches were assigned using LiDAR datasets of channel
morphology3, and major impoundments were included in the

1https://www.southocwqip.org/pages/flow-ecology-study.

2https://www.mrlc.gov/data.
3https://www.ocgis.com/ocpw/IllicitDischarge/.
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model after examination of available as-built or design drawings.
Flow diversions were modeled based on data provided by local
water utilities. Outdoor water usage (i.e., landscape irrigation)
was estimated based on water usage and sanitary return flow data
from 2015–2019, which accounts for current levels of water
efficiency measures and includes the tail end of a 5-years
drought which was from 2012–2016 (Lund et al., 2018).

Model Calibration
Stream gauging records were available during substantial
portions of the simulated period for upper Aliso Creek, lower
Aliso Creek, and lower Oso Creek from gages maintained by OC
Public Works (OCPW), and lower Trabuco Creek (USGS Gage
ID: 11047000). Additionally, dry-weather discharge
measurements were measured by OCPW staff at 8 locations
throughout the WMA on a monthly basis. The Lower Aliso
and Trabuco Creek gages were used as the two primary stations
for high resolution (hourly) calibration. Monthly dry weather
flow measurements were used to support dry weather calibration.
The period 2015–2019 was used as a calibration period for all
reaches because it includes dry weather runoff reductions
achieved through municipal water conservation efforts.

A good calibration during spring recession and low-flow
periods was critical as these were key functional flow
components. Additionally, understanding the source of dry
season streamflow and matching this in the calibration was
important to assess how conditions may change in a future
with less outdoor water use and potentially less rainfall. To
support this aspect of the calibration, a separate investigation
was conducted where stable water isotope samples were collected
from stream locations and known water sources (Lai, 2020b). In-
stream stable water isotope data were compared to rainfall,
groundwater, and imported potable water end-member
samples to understand the source of streamflow (e.g.,
rainwater or imported water used in irrigation) following the
methodology described in Lai (2020a) and Wallace et al. (2021).
Lai (2020b) revealed that groundwater comprises a significant
portion (65–80%) of dry weather flow in most stream reaches,
and so model parameterizations of groundwater infiltration and
storage were adjusted to match these observations from field
samples. The model calibration parameters and targets at the
lower Aliso Creek gage were: streamflow composition of 25–35%
imported water in July based on isotope data described above,
Nash-Sutcliffe Efficiency (NSE) and logarithmic NSE greater than
0.5, root-mean-squared error less than or equal to 0.7, and
percent bias plus or minus 25% (Moriasi et al., 2007).
Different streamflow composition targets were established for
different stations based on the results of the water isotope
investigation.

Reference Model Scenario
A reference condition model scenario was developed to quantify
the natural range of functional flow metrics as a starting point
(CEFF Section A) and to evaluate alteration of the current flow
regime to informmanagement decisions (consideration for CEFF
Section C). The reference condition scenario used the current
climatic, soil, and slope conditions in the watershed. However,

urban and agricultural land, imported water, water extraction,
water impoundments, and other flow regulation systems were
removed. This condition is not intended to represent a specific
point in time but instead to serve as broad characterization of the
natural flow variability in absence of anthropogenic disturbances.

3.2.2 Natural Ranges of Functional FlowMetrics (CEFF
Section A)
This study evaluated hydrology across a suite of 24 functional
flow metrics that describe the magnitude, timing, frequency, and
duration of functional flow components identified for California
streams (Yarnell et al., 2020). In California, functional flow
components include the fall pulse flow, wet-season baseflow,
peak flows, spring recession flow, and dry-season baseflow
(Yarnell et al., 2020). For a description of functional flow
metrics, see Supplementary Table S1. Modelled reference and
current hourly flow timeseries from water year 1993–2019 were
post-processed to mean daily flow, and functional flow metrics
were quantified using the Functional Flows Calculator API client
package in R (version 0.9.7.2, https://github.com/ceff-tech/ffc_
api_client), which uses hydrologic feature detection algorithms
developed by Patterson et al. (2020) and the Python functional
flows calculator (https://github.com/NoellePatterson/ffc-
readme). The functional flows calculator has difficulty
detecting the timing of seasonal flow transitions
(i.e., transition from dry-season to wet-season or wet-season to
spring recession) if the annual hydrograph lacks seasonality. In
such cases, the timing, duration, and magnitude metrics cannot
be estimated for the water year. If timing values were not
quantified with the calculator, we used the median timing
value calculated across the period of record, to calculate the
seasonal magnitude metrics for dry-season and wet-season
baseflow and spring rate of change. The natural ranges of the
flow metrics were defined as the 10th to 90th percentiles of the
reference metric values calculated across the modelled time-
period.

3.2.3 Determination of Non-flow Mediating Factors
(CEFF Section A)
We conducted a literature review of existing watershed plans and
stream studies on lower Aliso Creek to determine whether there
were non-flow mediating factors, such as altered physical habitat,
that could limit the effectiveness of the natural range of functional
flow metrics in supporting ecosystem functions and identified
which flow components may require additional consideration.
The literature review included previous studies that assessed
existing channel morphology and the potential for stream
channel erosion to determine if the channel morphology was
altered (i.e., the potential for channel incision, widening, and
instability) and had the potential to limit functions associated
with specific flow components. The focal flow components
identified were subject to further analysis and refinement
(CEFF Section B) to determine if the natural range of flows
will be suitable for indicator species of management concern,
including willow and arroyo chub, under current stream
conditions and to develop refined ecological flow needs that
consider altered stream conditions. For all other flow
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components with no limiting factors that would require
additional refinements, the natural ranges of the flow metrics
would be used as the ecological flow needs (CEFF Section A).

3.3 Refined Ecological Flow Needs for
Components Requiring Additional
Consideration (CEFF Section B)
For functional flow components with non-flow limiting factors,
refined ecological flow needs were developed that considered the
non-flow impairments and the life history needs of focal species.
First, conceptual models were developed for the focal species that
describe the relationship between functional flow components,
mediating factor(s) (i.e., physical habitat), and ecosystem
responses. Next, we conducted a literature review and
compiled data to quantify the linkages in the conceptual
model and develop habitat suitability relationships (3.3.1). We
used hydraulic models to understand whether altered habitat
conditions would provide suitable habitat for the focal species
under various flow conditions (3.3.2). Finally, we determined
refined ecological flow needs based on the hydraulic
analysis (3.3.3).

3.3.1 Habitat Suitability Relationships
We evaluated whether the reference ecological flow needs would
provide suitable habitat for arroyo chub (Gila orcutti) and
Goodding’s black willow (Salix goodingii), both of which are
indicator species of management concern that are representative
of aquatic and riparian habitats. Arroyo chub are native to the
streams of southern California, however have been extirpated in
recent years due to habitat degradation, urbanization and
fragmentation (Moyle et al., 1995; Benjamin et al., 2016). The
willow are key components of riparian vegetation and provide
important habitat for the endangered least Bell’s vireo (Vireo bellii
pusillus). In highly urban areas of the study region, channelized
reaches lack riparian habitat. Therefore, areas with augmented
baseflows that support novel riparian habitat, may be of critical
importance.

Arroyo Chub (Gila orcuttii)
The data collated for arroyo chub consisted of fish abundance and
associated measurements of depth and velocity (Wulff et al.,
2017a; Wulff et al., 2017b). The fish abundance and hydraulic
data on depth and velocity were collected from 17 50 m reaches in
2015 (Wulf et al., 2017a) and 20 50 m reaches in 2016 (Wulff
et al., 2017b). At each reach, fish abundance data were collected
through a combination of seine netting, snorkeling and
electrofishing techniques. Fish abundance, depth, and velocity
(at 0.6 of the depth) data were collected where fish abundance
data were collected. Reach habitat data were measured at
transects positioned perpendicular to flow at every 10 m
throughout the reach. Depth and velocity measurements were
taken at each of 10 equidistant points along each transect. Depth
was measured with a graduated wading rod. Velocity was
measured with an electronic flow meter in the upstream
direction. The hydraulic data where fish were located were
defined as fish presences and reach habitat data where fish

were not found were defined as fish absences. Limited data
were available that described different life stages of chub,
therefore individuals of all lengths were included in the model.

Following the procedure for developing fish species models in
Stein et al. (2021a). Each hydraulic variable was modelled
separately with either fish abundance or presence/absence. In
brief, habitat suitability models were built for chub and velocity
by first calculating a frequency histogram of fish abundance and
velocity. A probability density curve was calculated from the
histogram following a normal distribution probability function.
To remove the accumulative probability values usually attained
from this calculation, the habitat data were centered around the
mean and scaled to 1 standard deviation. To maintain
intuitiveness of the curve, the scaled habitat data were
transformed back to their raw values. This results in a
maximum potential probability value of 0.4 (vs. 1.0) because
the total area under the curve represents the full range of
probabilities. The habitat suitability model for the hydraulic
variable depth was developed by applying Generalized Linear
Models (GLMs) with binomial error distribution (1,0) with logit
link function. The abundance data were transformed into
presence/absence data.

Goodding’s Black Willow (Salix gooddingii)
We developed a suite of habitat rules used to identify ecological
flow ranges for willow seedling and adult. Seedling mortality
increases in both very wet and very dry conditions
(Vandersande et al., 2001; Tallent-Halsell & Walker, 2002;
Stein et al., 2021a) and with increased shear stress (Pasquale
et al., 2014). Seedlings are dependent on soil water availability
until their roots can reach the water table. Periodic high flows
are important drivers of soil water content but are most suitable
for seedling establishment early on in the growing season as
large floods can scour the soil resulting in mortality (Woods
and Cooper, 2005). However, the peak flow metrics that are
related to scour do not typically occur during the critical
growing period of April to September. We did not develop
ecological flow needs for willow that correspond to the peak
flows, assuming that the reference-based values will be a
suitable target. Adult willows require flows to inundate the
overbank area seasonally. Although they can withstand some
large floods, these areas should not remain inundated for
prolonged periods which may result in mortality or impaired
growth (Hosner and Boyce, 1962; Nilsson, 1987; Bendix, 1999).
For adult willows, we used a wet-season and dry-season
baseflow lower threshold necessary to maintain at least 3 cm
of depth of flow in the active channel, under the assumption
that roots can reach the water table and used a maximum flow
threshold at the channel capacity to limit overbank inundation
and oversaturated soils in the overbanks. We also developed
habitat criteria for the spring recession start magnitude to
ensure that the lower limit will provide flows that will
inundate the overbank to provide soil moisture in the
overbanks prior to the start of the dry-season and ensure
lateral connectivity to the floodplain for riparian seed
dispersal. With these factors in mind, we determined flow
ranges by applying a suite of rules developed (Table 1).
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3.3.2 Stream Hydraulics
A one-dimensional hydraulic analysis, rather than a data- and
resource-intensive two-dimensional analysis, was implemented
to allow for flexibility in applying these methods across a
multitude of reaches in the study region. Overall, the
hydraulic analysis was conducted to evaluate whether altered
habitat conditions would provide suitable habitat for the focal
species under various flow conditions. Rating curves were
developed in R statistical programming version 4.0.2 (R Core
Team 2020) to apply to the simulated flow timeseries to produce
timeseries of hydraulic data for depth and average velocity at
discrete channel sub-sections. First, channel geometry and reach
characteristics, including slope (0.01) and field-verified
Manning’s roughness n (0.035), were taken from Orange
County’s LiDAR-derived channel geometry cross sectional
dataset4 near the outlet of the model subbasins. The channel
cross section was split into geomorphically-distinct sub-sections
(e.g., left floodplain, left overbank, main channel, right overbank)
where channel hydraulics were estimated. To build the rating
curves, hydraulic variables need to be estimated for a range of
flows at various water surface elevations. We identified 200 water
surface elevations, using the minimum bed elevation and the
maximum floodplain elevation at capacity as the range, that were
used to calculate discharge, ranging from 0 to 101 cfs, and
associated hydraulics. For every water surface elevation,
velocity and discharge were estimated across hundreds of
micro-sections of the channel geometry using Manning’s
equation. Micro-sections were defined by the change in
topography in the cross sectional profile. Total discharge was
determined by summing the discharges from each channel sub-
section. For each channel sub-section, maximum and average
depth and mean velocity were determined for every water surface
elevation. Rating curve functions were determined for each
hydraulic variable based on a least-squares fit.

3.3.3 Ecological Flow Needs to Support Species
Ecological flow needs were determined for the functional flow
components based on the habitat ruleset for willow and the
habitat suitability relationships for arroyo chub and compared
to the reference ecological flows identified in CEFF Section A.
Habitat suitability curves for depth and velocity for arroyo chub
were related to the flow at each cross-sectional sub-section by

applying the rating curve for each hydraulic variable in the habitat
suitability curve and flow in the stream. The flow associated with
the hydraulic value for a medium probability threshold of 50%,
which was an agreed-upon criteria by the stakeholder and
technical advisory groups, was determined for each hydraulic
variable to create a target flow range. Hydraulic flow ranges were
combined for each sub-section to develop ranges of integrative
ecological flow needs. On occasions where flow ranges for depth
and velocity did not overlap, the range of the variable least
supported by the current flow range (limiting hydraulic factor)
was used. The flow ranges developed for willow and arroyo chub
represent the refined ecological flow needs.

The refined ecological flow needs, from CEFF Section B,
and the natural range of the flow metrics for the remaining
components that were not refined, from CEFF Section A, were
combined to make up the overall ecological flow needs for all
functional flow components. In developing the overall
ecological flow needs, we evaluated whether the natural
range of flow metrics will be suitable for the indicator
species, to ensure that the holistic functional flow needs
will be supportive of the ecological management goals for
the region.

3.4 Alteration Assessment to Inform Flow
Management (Consideration in CEFF
Section C)
Prioritizing parts of the annual hydrograph to tailor management
actions can be difficult when alteration is widespread across broad
spatial scales and multiple aspects of the annual hydrograph. The
extent of current hydrologic alteration was evaluated based on
deviation from the reference ranges and deviation from the
refined ecological flow needs developed. Alteration was
assessed across all functional flow metrics by comparing the
distribution of metric values under current and reference
conditions. By utilizing the distribution of functional flows
across the full period of record, as opposed to a year-by-year
comparison, this approach evaluated the general trends in flow
conditions over time. First, the 10th, 50th (median), and 90th
percentiles were calculated for both reference and current
functional flow metric values. Next, we applied the criteria
illustrated in Figure 2 to assign an alteration status for each
metric by comparing the median current value to the 10th and
90th percentile range of reference values and evaluating the
percentage of years that current flow metric values fall within

TABLE 1 | Habitat criteria used to determine ecological flow needs for willow adult and seedling.

Life stage Functional flow
metric

Lower limit Upper limit

Adult Wet-Season Baseflow
Magnitude

Discharge necessary to maintain at least 3 cm depth of flow in
the river, under the assumption that roots can reach water table

Maximum flow that would not inundate the overbank area to limit
oversaturated soils in the overbanks

Dry-Season Baseflow
Magnitude

Adult &
Seedling

Spring Recession Start
Magnitude

Discharge necessary to inundate 10 cm depth in the overbank
areas for seed dispersal and to provide soil moisture in the
overbanks prior to the start of the dry-season

No upper limit, used the reference 90th percentile if > lower limit
(only refined the lower limit to ensure overbank inundation at the
start of spring recession)

4Dataset available at: https://www.ocgis.com/ocpw/IllicitDischarge/.
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the 10th and 90th percentile range of reference values. The
three alteration categories assigned were likely altered, likely
unaltered, and indeterminate and the direction of alteration
was categorized as high or low and early or late. For the focal
flow components with specific flow needs for willow and
arroyo chub, we utilized the same alteration criteria but
used the refined ecological flow needs instead of the
reference ranges.

3.5 Adjusting Ecological Flow Needs Based
on Design of Restored Channel
(Consideration in CEFF Section C)
Given the possibility that altered channel morphology may
limit ecological functionality of reference flows, we evaluated
scenarios for channel rehabilitation that may better support
ecologic functions under reference and current flow
conditions. In this example, we designed an alternative
channel geometry with a low-flow channel within the main
channel to provide suitable depths for arroyo chub (depth of at
least 0.53 m total in the main channel throughout the reach)
and a top width (1.5 m) that allows for seasonal inundation of
an inset floodplain for willow. We developed new rating curves
and identified revised ecological flow needs for willow and
arroyo chub. We compared the flow ranges under current and
reference conditions with the ecological flow needs under
existing and “restored” channel conditions. We also
evaluated the suitability of hydraulic conditions under both
the current geometry and the alternative channel design to
illustrate how non-flow actions, such as channel rehabilitation,
could achieve ecological flow needs.

4 RESULTS

4.1 Hydrologic Modeling
Model performance relative to calibration targets is shown in
Table 2 for the lower Aliso Creek gauge, which was located at the
study reach. Scatter plots of modeled mean monthly flow and
mean daily flow showed a good fit to observed data over multiple
orders of magnitude for the lower Aliso Creek gage (Figure 3).

4.2 Ecological Flow Needs
4.2.1 Functional Flow Components and Ecosystem
Functions (CEFF Section A)
Ecosystem functions that must be supported by ecological flows
to achieve management goals were identified for each functional
flow component (Table 3). All flow components support a broad
range of functions important to overall riparian and aquatic
ecosystem health. For example, the wet-season baseflow
increases shallow groundwater, which is important for riparian
habitat, and supports migration, spawning, and residency of
aquatic organisms. While the dry-season baseflow maintains
riparian soil moisture during the growing period and suitable
water temperatures for aquatic species.

4.2.2 Identifying Non-flow Limiting Factors (CEFF
Section A)
Channel Morphology
In lower Aliso Creek, portions of the reach have been identified to
have clear bank instabilities and major hydromodification
impacts due to increases in peak flows from upstream
urbanization (County of Orange, 2021). Channel incision and
widening via fluvial erosion and mass failure are the primary

FIGURE 2 |Criteria for assigning alteration status adapted from CEFF Appendix J (in review). Alteration was evaluated based on the deviation of current flows from
reference conditions and the deviation of current flows from refined ecological flow needs identified.
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channel responses to altered flood hydrology in lower Aliso Creek
(Collison and Garrity, 2009). In some areas where incision and
subsequent widening have decreased the longitudinal slope, the
channel was vertically stable and slightly aggregational, as
evidenced by the age of riparian trees observed on the inset
floodplain (Collison and Garrity, 2009; Tetra Tech, 2014).
Excessive channel widening in lower Aliso Creek, however, has
resulted in infrastructure failure of sewer lines and the adjacent
road (Tetra Tech, 2012). Although there is limited space for
future development in the contributing watershed and minimal
potential for future changes to peak flows, additional bank failure
and channel widening are likely to occur in locations where banks
are nearly vertical, composed of unconsolidated alluvium, and
contain tension cracks (Tetra Tech, 2010; Tetra Tech, 2014).

Altered channel morphology, including channel widening and
instability, may be a factor that could limit functionality of the
natural range of flow metrics for the spring recession flow, wet-
season baseflow, and dry-season baseflow component (Table 4).
For example, the widened channel could potentially limit
baseflows from providing necessary depths to support
migration, spawning, and residency of aquatic organisms. The
widened channel could also limit the natural range of the spring
recession flow from inundating the floodplain, which is necessary

for riparian seed dispersal and providing adequate soil moisture
prior to the dry-season. However, the functionality of the
natural range of the fall pulse flows and peak flows may not
be limited as these higher flows within the widened channel can
provide a range of depths and velocities that promote scour,
deposition, inundation, and floodplain connectivity. Therefore,
the refined ecological flow needs developed in Section B of CEFF
considered altered channel morphology as the primary limiting
factor to ensure that the associated stream functions can be
supported.

4.2.3 Determining Ecological Flow Needs (CEFF
Section B)
Habitat Suitability Relationships
Conceptual models to determine ecological flow needs for the
focal flow components considered altered channel morphology
and the life history needs of focal species, willow (Figure 4) and
arroyo chub (Figure 5). Habitat suitability models for arroyo
chub survival developed for the hydraulic variable velocity and
depth (deviance = 265.84, p < 0.001) are shown in Figure 6. The
velocity of 0.49 m/s was associated with the maximum
probability, and 0.19–0.79 m/s was the velocity range
associated with the medium probability of 0.2. The depth

TABLE 2 | Calibration targets and hydrologic model performance at the lower Aliso Creek gauge.

Constraint Target Model performancea Assessment

Streamflow composition 25–35% imported water in July 32% Pass
Nash-Sutcliffe Efficiency (NSE) >0.5 0.97 Pass
Logarithmic NSE >0.5 0.73 Pass
Root-Mean-Squared Error ≤0.7 0.18 Pass
Percent bias ±25% 4.1% Pass

aEach statistic was calculated for daily average flow rates.

FIGURE 3 |Comparison of monthly (A) and daily average (B) simulated streamflow to observed streamflow at the lower Aliso Creek gage between 1 October 2014
and 20 May 2019.
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associated with the medium probability of 0.5 was 53 cm, which
served as our lower limit of the ecological flow needs.

Refined ecological flow needs were developed for the dry-
season and wet-season baseflow magnitudes and the spring
recession start magnitude based on the habitat suitability
requirements for willow and arroyo chub (Table 5). Together,
the natural and refined ranges of flow metric values represent the
ecological flow needs, or the suite of functional flow metrics that

can serve as a management goal. Under current channel
morphology, the flow at the active channel capacity was 12
cfs. For willow adult, the ecological flow needs for wet-season
and dry-season baseflow magnitude were 0.1–12 cfs. The natural
range of the wet- and dry-season baseflow magnitude, 2 to 5 cfs
and 0.5 to 4 cfs, respectively, would be suitable for willow adult.
For willow adult and seedling, the ecological flow needs for the
spring recession start magnitude was 33–528 cfs. Under the

TABLE 3 | Functions associated with functional flow components and species of management concern, willow and arroyo chub. Table adapted from (Yarnell et al., 2020).

Functional flow
component

Type of
ecosystem
function

Supported ecosystem function Associated flow
characteristic

Willow Arroyo
chub

Fall Pulse Flow Physical Increase riparian soil moisture magnitude, duration X —

Biogeochemical Flush organic material downstream and increase nutrient cycling magnitude, duration X —

Reactivate exchanges/connectivity with hyporheic zone magnitude, duration — X
Wet-Season
Baseflow

Physical Increase shallow groundwater (riparian) magnitude, duration X
Biological Support migration, spawning, and residency of aquatic organisms magnitude — X

Support channel margin riparian habitat magnitude X X
Wet-Season Peak
Flows

Physical Scour and deposit sediments and large wood in channel and
floodplains and overbank areas. Encompasses maintenance and
rejuvenation of physical habitat.

magnitude, duration,
frequency

X —

Biogeochemical Increase nutrient cycling on floodplains magnitude, duration X —

Increase exchange of nutrients between floodplains and channel magnitude, duration X —

Biological Support fish spawning and rearing in floodplains and overbank areas magnitude, duration, timing — X
Support plant biodiversity via disturbance, riparian succession, and
extended inundation in floodplains and overbank areas

magnitude, duration,
frequency

X —

Limit vegetation encroachment and non-native aquatic species via
disturbance

magnitude, frequency X —

Spring Recession
Flow

Physical Recharge groundwater (floodplains) magnitude, duration X X
Biogeochemical Decrease water temperatures and increase turbidity duration, rate of change — X
Biological Increase hydraulic habitat diversity and habitat availability resulting in

increased algal productivity, macroinvertebrate diversity, arthropod
diversity, fish diversity, and general biodiversity

magnitude, timing, rate of
change, duration

— X

Provide hydrologic conditions for riparian species recruitment (e.g.,
cottonwood)

magnitude, timing, rate of
change, duration

X —

Limit riparian vegetation encroachment into channel magnitude, rate of change X —

Dry-Season
Baseflow

Physical Maintain riparian soil moisture magnitude, duration X —

Biogeochemical Maintain water temperature and dissolved oxygen magnitude, duration — X
Biological Maintain habitat availability for native aquatic species (broadly) magnitude, timing, duration — X

Condense aquatic habitat to limit non-native species and support
native predators

magnitude, duration — X

Support algal growth and primary producers magnitude — X

TABLE 4 | Potential non-flow limiting factors that may alter the relationship between the natural range of functional flow metrics and their intended functions for each
functional flow component.

Functional flow
component

Potential limiting factor Affected ecosystem Function(s)

Fall pulse flow None identified None, reference flow ranges should provide suitable conditions
Wet-season baseflow Altered channel

morphology
Potential limited habitat availability (i.e., depth) to support migration, spawning, and residency of aquatic
organisms;
Potential limited access to shallow groundwater (riparian)

Wet-season peak flow None identified None, reference flow ranges should provide suitable conditions
Spring flow recession Altered channel

morphology
Potential limited floodplain inundation and hydrologic conditions for riparian species recruitment and seed
dispersal

Dry-season baseflow Altered channel
morphology

Potential limited habitat availability (i.e., depth) for native aquatic species;
Potential limited riparian soil moisture
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existing channel morphology, the reference lower limit of 5 cfs
would not provide ecosystem functions associated with
floodplain inundation and would need to be increased to 33
cfs to provide such functions. For arroyo chub, depth was the
limiting hydraulic factor under the existing channel morphology.
Both the wet-season and dry-season baseflow magnitude need to
be at least 120 cfs to provide suitable depths in the existing

channel morphology for arroyo chub. The minimum flow of 120
cfs is well beyond the baseflow ranges under current and natural
conditions, 2 to 4.9 cfs and 0.3 to 3 cfs, respectively, and are only
observed during storm events. Overall, the natural range of flow
metrics would provide suitable conditions for willow but not for
arroyo chub. We therefore slightly adjusted the refined ecological
flow needs for willow to ensure that willows are supported

FIGURE 4 | Conceptual model for refining ecological flow needs for wet-season and dry-season baseflow and spring recession flow components based on black
willow.

FIGURE 5 | Conceptual model for refining ecological flow needs for dry-season and wet-season baseflow components based on arroyo chub.
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(Table 5). Given that the refined ecological flow needs for arroyo
chub were unrealistic management goals, we evaluated whether
channel restoration could provide suitable habitat for chub under
both natural and current flow conditions (see results in Adjusting
Ecological Flow Needs Based on Design of Restored Channel
(Consideration in CEFF Section C) Section).

4.3 Alteration assessment to inform
management (consideration in CEFF
Section C)
Overall, the fall pulse flow and spring recession flow components
had more than one flow characteristic that were likely altered

compared to natural conditions (Table 6 and Supplementary
Data Sheet S1 for current flow metric ranges). Although the
spring recession start magnitude was classed as likely
unaltered compared to reference conditions and the ecological
flow needs for willow, the spring flow recession was quicker and
had a larger rate of change compared to the natural range.
Alteration based on the ecological flow needs for willow were
likely unaltered for all relevant flow metrics, indicating that
current flow conditions are suitable for willow. In contrast, the
current flow conditions for the wet- and dry-season baseflow
magnitude were determined as altered low based on the flow
needs for arroyo chub, as the current baseflows were too shallow
for chub.

FIGURE 6 | Suitability relationships for arroyo chub survival based on velocity (A) and depth (B). Data used to generate curves were from (Wulff et al., 2017a, Wulff
et al., 2017a and 2017b).

TABLE 5 | Natural range of flow metrics from CEFF Section A and ecological flow needs for black willow and arroyo chub from CEFF Section B.

Flow component Flow metric Natural range of
flow metrics, median
(10th–90th percentile)

Ecological flow needs:
Black willow

Ecological flow needs:
Arroyo chub

Fall pulse flow Fall pulse magnitude 2.4 (1.7–5) cfs Same as natural range Same as natural range
Fall pulse timing Nov 29 (October 24–December 3) Same as natural range Same as natural range
Fall pulse duration 11 (3–16) days Same as natural range Same as natural range

Wet-season baseflow Wet-season baseflow magnitude 3 (2–5) cfs 0.1–12 cfs > 120 cfs
Wet-season timing Dec 15 (October 10—January 25) Same as natural range Same as natural range
Wet-season duration 67 (30–133) days Same as natural range Same as natural range

Peak flows5 2-year peak flow magnitude 31 cfs Same as natural range Same as natural range
2-year peak flow duration 4 (1–25) days Same as natural range Same as natural range
2-year peak flow frequency 2 (1–8) Same as natural range Same as natural range
5-year peak flow magnitude 423 cfs Same as natural range Same as natural range
5-year peak flow duration 3 (1–6) days Same as natural range Same as natural range
5-year peak flow frequency 3 (1–4) event(s) Same as natural range Same as natural range

Spring recession flows Spring recession start magnitude 15 (3–528) cfs 33–528 cfs Same as natural range
Spring timing Mar 3 (February 22–March 18) Same as natural range Same as natural range
Spring duration 109 (76–125) days Same as natural range Same as natural range
Spring rate of change 1.4 (0.9–1.9) % decline per day Same as natural range Same as natural range

Dry-season baseflow Dry-season baseflow magnitude 2 (0.5–4) cfs 0.1–12 cfs > 120 cfs
Dry-season timing June 20 (May 9–July 10) Same as natural range Same as natural range
Dry-season duration 198 (116–220) days Same as natural range Same as natural range

Bolded values were the ecological flow needs determined using the reach-specific channel morphology and habitat suitability criteria and unbolded values were the natural ranges.
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4.4 Adjusting Ecological Flow Needs Based
on Design of Restored Channel
(Consideration in CEFF Section C)
With the alternative channel design, the ecological flow needs for
the wet- and dry-season baseflows will allow for slightly less water
needed to support willow (Figure 7). The wet- and dry-season
baseflow magnitude lower limit for willow adult decreased from
0.11 cfs under the existing channel morphology to 0.09 cfs under
the alternative channel design. Both flow limits are below the
current wet- and dry-season baseflow range of 3.6–6.3 cfs and 2.4
to 5 cfs, respectively. The ecological flow needs for willow spring
recession start magnitude, which is defined by the flow associated
with overbank inundation, decreased from 33 cfs under existing
channel morphology to 18 cfs under the alternative channel
design, which is closer to the natural median value of 15 cfs.

Changes to the channel morphology could substantially
reduce the ecological flow needs to support arroyo chub for
the wet- and dry-season baseflow magnitudes. Ecological flow
needs would be reduced from >120 cfs under the existing channel
morphology to >16 cfs under the alternative channel design.

Habitat suitability for arroyo chub with the existing channel was
0.25% (+/- 0.34) of time during summer and 3.48% (+/- 0.35) of
time during winter. In the restored channel, current baseflows were
still not high enough to provide suitable depths during the winter
and summer, however, habitat suitability for chub increased to
0.88% (+/- 0.9) of time over the summer and 10.1% (+/- 0.91) of
time over winter. The most limiting physical habitat requirements
for arroyo chub survival was depth associated with the dry-season
and wet-season baseflowmagnitude, as velocity was suitable under
existing and restored channel conditions.

Suitability for willow adult with the existing channel was
99.1% +/- 0.3 of time during the summer and 85% (+/- 2.09)
during the winter. In the restored channel, suitability for willow
adult only minimally increased to 99.2% (+/- 0.23) during

summer and increased to 88.6% (+/- 1.01) during the winter.
The spring recession start magnitude was suitable for willow adult
and seedling for 80.1% of the modeled years with the existing and
the restored channels.

5 DISCUSSION

5.1 Study Limitations
We provide a simplistic one-dimensional hydraulic analysis of
physical habitat suitability at a high priority stream reach to
develop ecological flow needs that could be implemented at other
priority stream reaches, with the primary goal of illustrating the
process and application of CEFF in an altered system. The
alternative channel design evaluated here was not intended to
be a recommended design for channel rehabilitation, but rather
an illustration of how changes to the channel morphology could
be tailored to provide more suitable physical habitat conditions
for species of management concern, even without changing the
flow regime. Amore detailed two-dimensional hydraulic model is
recommended for the design of channel rehabilitation projects
and to evaluate the spatial variability of hydraulics at larger spatial
scales. Future evaluations should also consider the importance of
in-stream habitat heterogeneity for fish including availability to
low-flow refugia (Magoulick and Kobza, 2003). In intermittent
streams or during times of drought, fish can oversummer in
perennial pools that provide suitable refugia (Magoulick and
Kobza, 2003). There may be other limiting factors including
water quality and stream temperature, substrate composition,
interactions with invasive species, food availability, among others,
that should be considered in a comprehensive habitat suitability
analysis. Moreover, future research could couple a comprehensive
population viability model (Anderson et al., 2006; Shenton et al.,
2012; Tonkin et al., 2018), models based on guilds of species that
share similar flow needs (Merritt et al., 2010), or flow ecology

TABLE 6 | Alteration status and direction for functional flow metrics comparing current flows to natural ranges and ecological flow needs for willow and arroyo chub. Likely
altered statuses are bolded.

Flow component Flow metric Alteration status and direction based on:

Natural range of flow
metrics

Ecological flow needs:
Black willow

Ecological flow needs:
Arroyo chub

Fall pulse flow Fall pulse magnitude Likely Altered, High
Fall pulse timing Likely Altered, Early
Fall pulse duration Likely Unaltered

Wet-season baseflow Wet-season baseflow magnitude Likely Unaltered Likely Unaltered Likely Altered, Low
Wet-season timing Likely Unaltered
Wet-season duration Likely Unaltered

Peak flows 2-year, 5-year, and 10-year peak flow magnitude Not enough data
2-year, 5-year, and 10-year peak flow duration Likely Unaltered
2-year, 5-year, and 10-year peak flow frequency Likely Unaltered

Spring recession flows Spring recession start magnitude Likely Unaltered Likely Unaltered
Spring timing Likely Altered, Late
Spring duration Likely Altered, Short
Spring rate of change Likely Altered, High

Dry-season baseflow Dry-season baseflow magnitude Likely Unaltered Likely Unaltered Likely Altered, Low
Dry-season timing Indeterminate
Dry-season duration Likely Unaltered

Frontiers in Environmental Science | www.frontiersin.org February 2022 | Volume 10 | Article 78763113

Taniguchi-Quan et al. Ecological Flows Needs: Altered Systems

175

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


models based on community responses (Irving et al., 2022; Mazor
et al., 2018) with the eco-hydraulic analysis. Additionally, we
utilized a more simplified hydraulic analysis to be applied at
multiple high priority stream reaches in the South OC region.
This approach allows for the development of ecological flow
needs at the regional scale.

Although this study focuses on developing ecological flow
needs, multiple additional steps need to be taken to develop
balanced environmental flow recommendations that account for
ecological and non-ecological water uses. Prior to
implementation of flow management actions, a trade-offs
analysis that considers the consequences of multiple alternative
management scenarios on ecological and non-ecological
management objectives is recommended. For example, a
Multi-Criteria Decision Analysis (MCDA) could be used to
quantify socio-economic and environmental tradeoffs of
multiple management scenarios (Barton et al., 2020) and can

form the basis for developing environmental flow
recommendations among multiple stakeholders.

5.2 Importance of physical habitat on
developing ecological flow needs
In highly altered systems where channel morphology has been
altered via excess incision or widening, for example, the
relationship between physical habitat characteristics such as
depth, velocity, and shear stress, and flow will change, making
it critical to consider altered channel morphology when
developing ecological flow needs. Ecological flow needs based
solely on the natural flow regime may not provide suitable
physical habitat conditions to support species in areas where
stream channel alterations have occurred. In this study, the
natural range of baseflows and peak flows would provide
suitable conditions for willow adult, even with the widened

FIGURE 7 | Flow ranges for dry-season baseflow, spring recession flow, and wet-season baseflowmagnitudes under current and reference conditions and refined
ecological flow needs for focal species, willow and arroyo chub, developed for the existing channel morphology and a “restored” alternative channel design. Current flow
conditions are suitable for willow seedling and adult under existing and alternative channel geometries but are too low for arroyo chub.
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channel morphology. However, the natural lower limit of the
spring recession start magnitude would not support seasonal
floodplain inundation. In highly incised streams, the natural
ranges of peak flows, for example, may not inundate the
floodplain (Edwards et al., 2016) and important floodplain
functions and processes associated with lateral connectivity
such as seed dispersal and spawning (Hayes et al., 2018;
Yarnell and Thoms, this issue), may not be supported.

In the current widened channel, the natural ranges of
baseflows would not provide suitable depths for arroyo chub
in the main channel, even with the existing augmented
baseflows. Moreover, current baseflow conditions would be
too shallow to support arroyo chub with the alternative
channel geometry. If restoring flow and hydraulic conditions
for arroyo chub is a priority in this reach, channel rehabilitation,
including provisions for suitable refugia under low-flow
conditions, are likely necessary, in addition to flow
management. Likewise, critical physical habitat features such
as shallow edgewater habitats that provide slowmoving, warmer
water and refuge for tadpoles and other aquatic organisms may
no longer be accessible or present in highly enlarged stream
reaches (Wheeler et al., 2015). In addition to the importance of
lateral connectivity, longitudinal connectivity of the stream
network and the availability of low-flow refugia, such as
perennial pools, are important considerations when
determining if the natural ranges of flows can support
ecological functions.

Flow ecology relationships can be used to develop ecological
flow needs, but in highly altered systems with physical habitat
degradation, consideration of altered channel morphology should
be taken. Direct relationships between multiple aspects of flow
and ecological response, used in holistic frameworks such as
ELOHA (Poff et al., 2010), can be used to develop regional-scale
ecological flow needs if data on flow are characterized at every site
where biological data is collected. These direct statistical
relationships between flow and ecological response, however,
do not consider altered channel morphology and subsequent
flow needs derived from these relationships at streams with
altered morphology may not be adequate. In other words, a
flow in a stream with a natural morphology may be ecologically
protective but that same flow in an enlarged stream, may not be.
These direct flow ecology relationships could be developed for
different stream geomorphic types, as in the ELOHA framework,
but there is seldom the data density of both hydrology and
ecology collected specifically at enlarged geomorphic
stream types.

Amultitude of physical habitat suitability methods can be used
to directly link flow, hydraulics, and ecology (Ahmadi-Nedushan
et al., 2006) and can be especially useful in developing ecological
flow needs in streams with altered channel morphology. For
example, the Instream Flow Incremental Methodology (IFIM)
and the physical habitat simulation model, PHABSIM, which
uses IFIM as a basis (Stalnaker et al., 1995; Bovee et al., 1998) are
widely used to evaluate how physical habitat characteristics, such
as depth and velocity, vary with flow and are combined with
habitat suitability criteria to determine the amount of available
habitat across the stream network. However, PHABSIM has been

criticized because it cannot be used to evaluate flow variability
over time and cannot consider seasonal functional flow metrics
that are associated with timing and duration which are key
components of the flow regime (Railsback, 2016). More
sophisticated two-dimensional hydraulic modeling of
continuous flow could be applied to evaluate habitat suitability
both laterally across the channel and floodplain, longitudinally,
and temporally. However, such approaches require detailed
topographic information of stream and floodplain
morphology, require higher computing power and time, and
could therefore be an infeasible approach to develop ecological
flow needs across multiple stream reaches. Detailed hydraulic
analyses also typically consider the needs of single species and
may focus solely on one part of the annual hydrograph, such as
dry-season baseflow, which have the potential to result in
ecological flow needs that optimize conditions for one species
at the expense of others (Acreman et al., 2014b; Tonkin et al.,
2021).

In this study, we lay out a functional flows approach that is
broadly protective of ecosystem functions, considers altered
channel morphology, and could be applied to other modified
systems. Although our hydraulic analysis to develop ecological
flow needs for arroyo chub is similar to PHABSIM, the
functional flows approach goes beyond specifying flow needs
that correspond solely to baseflows by encompassing the natural
range of flow variability across multiple seasonal flow
components that are tied to a range of ecosystem functions
(see Table 3). Moreover, we illustrated how designing flow
targets based solely on a single species, may negatively
impact other species. For example, baseflow targets for
arroyo chub under the widened channel morphology would
be too high for willow and could lead to excess sediment
transport that could negatively impact bugs and algae.
Channel restoration may be necessary so that the natural,
current, or future range of flows can be functional for chub,
willow, and other species of management concern. The
approach we developed was designed to be simplistic enough,
in terms of data requirement and computing power, to be
implemented across multiple stream reaches, inclusive of all
seasonal flow components that are broadly protective of overall
stream health, and takes special consideration of the landscape
and the species in it.

5.3 Lessons Learned From Implementing
CEFF
CEFF provides flexible guidance that can be used to support
important habitats, even if they are not natural, and consider
alterations to the landscape. In this study, we developed
ecological flow needs for species of management concern that
may be indicative of aquatic and novel riparian habitat and
considered channel widening from the altered urban landscape.
Through Section B, multiple approaches could be used to
develop ecological flow needs including traditional hydraulic
analyses similar to PHABSIM, as illustrated with arroyo chub,
by using habitat suitability criteria that directly relate the life
history needs of species to aspects of the seasonal flow
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components, as illustrated with willow, or more complex
hydraulic approaches that were not explored in this study.
Regardless of the method used in Section B, the key to CEFF
is implementing a functional flows approach that considers all
seasonal flow components and aspects of the annual hydrograph
that are linked to ecosystem functions and the natural variability
of these components. The full set of ecological flow needs
developed through CEFF combines ecological flow needs
from Section A, based on the natural ranges, and the refined
ecological flow needs related to ecological management goals
from Section B.

In highly altered systems, the alteration evaluation of CEFF
Section C may be critical to inform future management
decisions. For example, we found that the ecological flow
needs developed for arroyo chub would never be achievable
under current flow conditions and the existing channel
morphology due to channel widening. Even with the current
augmented baseflows, the lower limit of the ecological flow
needs only occur during high flow storm events. If the goal of
restoring habitat for chub was a priority, non-flow related
management actions, such as channel rehabilitation, should
be implemented to provide more achievable ecological flow
targets and improve physical habitat conditions. Moreover,
CEFF could be used to inform the design of channel
rehabilitation projects to provide more suitable conditions for
species that are regulated and alternative non-flow related
management strategies aimed at achieving ecological
flow needs.

CEFF uses a functional flows approach that provides a
mechanism to determine if there may be optimal times of
the year that additional water could be used for other uses. In
this study, ecological flow needs for wet- and dry-season
baseflow for willow are below the current augmented
baseflow ranges, indicating that there may be opportunities
to divert and reuse a portion of the augmented baseflows while
still supporting willow. There may be more capacity for water
to be used for other uses during winter stormflows when flows
are highly augmented, well beyond the ecological flow needs.
In the effluent-dominated Los Angeles River, for example,
there was more capacity for wastewater reuse to occur during
the wet-season compared to the dry-season, as reductions to
the dry-season baseflow magnitude could impact novel
ecosystems and recreational uses (Wolfand et al., 2022).

6 CONCLUSION

This paper demonstrates the utility of CEFF in developing
ecological flow needs that consider altered physical habitat
and the needs of species of management concern. We
developed a functional flows approach that can be
implemented in other areas with highly modified streams.
First, we identified which seasonal functional flow
components may be impacted by altered channel morphology
and require further consideration. For the flow components
being refined, we used a simplistic hydraulic analysis that relates
flow, hydraulics, and habitat suitability to the life history needs

of multiple species of management concern. For flow
components that were likely not impacted by altered
morphology, we developed flow needs based on the natural
range of flow variability over time for multiple key components
of the hydrograph that are hypothesized to be protective of
overall stream health. Together, the refined and reference-based
ecological flow needs developed represented a holistic set of
ecological flow recommendations for all seasonal components
of the annual hydrograph. Moreover, by developing ecological
flow needs for multiple species, we illustrated how designing
flow targets based solely on a single species, may negatively
affect other species.

Results highlighted how non-flow management actions, such
as stream channel rehabilitation, may produce achievable
ecological flow needs and more suitable physical habitat
conditions. Although the augmented dry-season baseflow
magnitude is currently supporting the novel riparian habitat,
the widened channel could get restored to provide suitable
habitat in the main channel for fish and seasonal inundation
of an inset floodplain, for example, to support willow riparian
habitat. In highly degraded streams, non-flow related
management actions in addition to flow management may be
necessary to improve the habitat conditions for species that are
regulated.

Although CEFF was developed for California streams, the
flexible and non-prescriptive guidance that uses a functional
flows approach allows for the framework to inform the
development of ecological flow needs and environmental
flow recommendations in other regions and across a
multitude of management contexts. Additional studies
implementing CEFF across a diversity of stream types and
management applications are needed in order to refine the
framework and improve the development of environmental
flow regulations that are protective of overall stream health.
Future studies should also consider how future changes in
climate and water use may impact the ecological flows
needed to support ecosystem functions and stream health
over time.
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Assessing Hydrological Alteration
Caused by Climate Change and
Reservoir Operations in the San
Joaquin River Basin, California
Mahesh L. Maskey1,2*, Gustavo Facincani Dourado1, Anna M. Rallings1,
David E. Rheinheimer1,3, Josué Medellín-Azuara2 and Joshua H. Viers1

1School of Engineering, University of California, Merced, Merced, CA, United States, 2Water Systems Management Lab, School
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Caribbean, School of Engineering and Science, Tecnológico de Monterrey, Monterrey, Mexico

Freshwater aquatic ecosystems are highly sensitive to flow regime alteration caused by
anthropogenic activities, including river regulation and atmospheric warming-induced
climate change. Either climate change or reservoir operations are among the main
drivers of changes in the flow regime of rivers globally. Using modeled unregulated
and simulated regulated streamflow under historical and future climate scenarios, this
study evaluated potential changes to the flow regime due to climate change and reservoir
operations for themajor tributaries of the San Joaquin River Basin, California United States.
We selected a set of Indicators of Hydrologic Alteration (IHA) to evaluate historical and
projected future trends of streamflow dynamics: rise and fall rates, durations and counts of
low and high pulses, and the magnitude of extremes. Results show that most indicators
have pronounced departures from baseline conditions under anticipated future climate
conditions given existing reservoir operations. For example, the high pulse count
decreases during regulated flow conditions compared to increased frequency under
unregulated flow conditions. Finally, we observed a higher degree of flow regime
alteration due to reservoir operations than climate change. The degree of alteration
ranges from 1.0 to 9.0% across the basin among all future climate scenarios, while
reservoir operations alter the flow regime with a degree of alteration from 8.0 to 25%. This
study extends multi-dimensional hydrologic alteration analysis to inform climate adaptation
strategies in managed river systems.

Keywords: river regulation, indicators of hydrologic alteration, climate change, hydropower, san joaquin river
system

INTRODUCTION

The natural flow regime heavily influences river geomorphological and ecosystem processes,
affecting diverse abiotic and biotic components (Poff et al., 1997; Poff and Zimmerman, 2010).
Consequently, changes in the flow regime have a potential negative impact on aquatic ecosystems
and functions (Bunn and Arthington, 2002), not limited to biodiversity and productivity. Altered
hydrology can result in perturbed sediment dynamics, limited habitat formation, poor
biogeochemical cycling, invasion of non-native species, and disruption of phenological cues
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(Poff et al., 1997; Bunn and Arthington, 2002; Grantham et al.,
2010; Poff and Zimmerman, 2010; Yarnell et al., 2010). Recently,
there has been increased attention on how reservoir operations
and water diversions affect the natural flow threatening riverine
ecosystem (Grantham et al., 2010; Rheinheimer and Viers, 2015;
Yang et al., 2018). Many rivers have already lost their natural
conditions, due to reservoir operations such as hydropower,
irrigation, and other human activities (Poff and Zimmerman,
2010; Fong et al., 2016; Hayes et al., 2018; Grill et al., 2019; Kuriqi
et al., 2019). Although several efforts have been made to manage
environmental flows and establish the scientific foundation to
understand the mechanism of flow alteration (Richter et al., 1996;
Poff et al., 1997; Bunn and Arthington, 2002; Poff and
Zimmerman, 2010), adequate studies that have investigated
the effect of both reservoir operations and climate change
specifically for the San Joaquin River Basins where
hydropower generation is predominant do not exist to date.

Understanding the harmful impacts caused by regulation and
climate change on flow alteration are equally important to
maintain healthy ecosystems. The fourth Climate Change
Assessment suggests global temperatures will increase between
3.1 and 4.9°C (5.6–8.8°F) while the water supply from snowpack
will decline by two-thirds by 2,100 (Pachauri and Reisinger,
2007). Such changes will significantly influence the timing and
magnitude of river flow (Hidalgo et al., 2009; Das et al., 2013;
Knowles et al., 2018). Knowles et al. (2018) suggest that
projections of streamflow implied by climate models are
essential to understand climate change impacts on hydrology
and operations, as climate change can further stress already
impacted ecosystems. However, the nature of the climate
change involves uncertaintities and is not fully understood yet,
in a systematic way. Moreover, there is no single climate model
that fully captures the intricate details of hydrological processes,
however considering historical hydrology might lead to poor
environmental water planning (John et al., 2020). Therefore,
there is a crucial need to understand the impacts caused by
reservoir operations and anticipated climate change, in order to
set realistic managed environmental flows and their
ecological goals.

Gathering reliable ecological data can be costly and time-
consuming. Further, many times existing datasets are insufficient
to analyze complex ecological characteristics (Richter et al., 1996;
Yang et al., 2018). However, many hydrologic indices have been
proposed for different studies to overcome that problem (Richter
et al., 1996; Clausen and Biggs, 1997, 2000; Pettit et al., 2001;
Olden and Poff, 2003). Richter et al. (1996) offer a statistical
approach, the Indicators of Hydrological Alteration (IHA), to
characterize the temporal variability in hydrologic regimes, from
which biologically relevant statistical attributes can be derived
(Gibson et al., 2005; Law, 2013; Huang et al., 2017). These IHA
metrics are widely used in assessing the impacts of anthropogenic
activities such as dam regulation and agricultural diversion as well
as climate change on river flow regimes (Richter et al., 1996, 1998;
Magilligan and Nislow, 2005; Yan et al., 2010; Xue et al., 2017;
Kakouei et al., 2018, 2018). The use of IHA metrics can improve
establishing suitable strategies for planning, conservation and
restoration of impacted ecosystems with the anticipated

knowledge of flow regimes at the various phases of project
implementation, including climate change studies.

The primary goal of this research was to quantify the impact of
both reservoir operations and climate change on the river flow of
the four major river basin in the San Joaquin River (SJR) in
California, United States. For this, we used modeled hydrology,
simulated realistic reservoir operations (e.g., flood control rules,
instream flow requirements and urban/agricultural deliveries),
and evaluated IHA metrics as a proxy for streamflow changes
create four scenarios: free-flowing and regulated hydrology, both
under past and future climate conditions. This analysis aims to
answer the following research questions: 1) How do the flow
metrics vary between the past and near future projections
(2031–2060)? 2) What changes do they show under natural
and regulated flow regimes, in both, past and near future
projections? 3) What is the degree of hydrological alteration
caused by climate change and river regulation?

To answer these questions, we integrated a water allocation
model for the SJR basins. In particular, this research examines the
flow regime at the outlet of all these basins, concentrating on
ecologically relevant metrics that best represent the main aspects
of the flow regimes and their sensitiveness to climate change
(Olden and Poff, 2003; Rheinheimer and Viers, 2015;
Langhammer and Bernsteinová, 2020). To analyze the
statistical significance of differences, we employed
nonparametric trend tests for each metric. We further
quantified the degree of alteration integrating all metrics as a
complementary result, showing a deviated hydrological regime
from historical flow regimes at the basin outlet. Finally, we
discussed policy and management implications from this
study, followed by key limitations and future research avenues.

STUDY AREA

The San Joaquin River (SJR) is one of California’s two major river
systems draining California’s Central Valley into the ecologically
sensitive Sacramento-San Joaquin Delta (CWB, 2019). With an
area of 41,130 km2, the SJR basin yields an average annual surface
runoff of about 2 km3 (1.6 million-acre-feet). The SJR comprises
nine tributaries, including Cosumnes, Mokelumne, Calaveras,
Stanislaus, Tuolumne, Merced, Chowchilla, Fresno, and Upper
San Joaquin Rivers. This study considers a highly regulated
network of reservoirs and hydropower facilities within the four
most agriculturally important basins with the main tributary
rivers: Stanislaus, Tuolumne, Merced, and Upper San Joaquin
located in the Central Sierra Nevada (Figure 1). These subbasins
are highly regulated and are crucial to water management in the
state. The main catchment characteristics of each basin are
presented in Table 1, and the hydropower facilities within
each basin are included in Supplementary Tables S1–S4.

Each basin has a major storage reservoir at its lowest elevation
(basin outflow), formed by terminal “rim dams.” These
multipurpose reservoirs manage water for flood control,
recreation, urban and agricultural demand, environmental
needs, and hydropower generation. The reservoirs and
powerhouses in the region have a wide range of storage and
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generation capacities, ranging from less than 12 to 3,085 million
m3 and from less than 5 MW to over 500 MW, respectively
(Table 1 and Supplementary Tables S1–S4).

The main purpose for regulation in the Stanislaus and Upper
San Joaquin basins is hydropower generation, meanwhile the
Tuolumne and Merced basins are driven by agricultural and/or
urban water supply demands. Due to chronic anthropogenic
effects in the past and the construction of both the rim dams

and a vast array of high elevation reservoirs, the SJR system has
been facing challenges in maintaining river ecosystems (Obegi
and Wearn, 2016). Environmental flows in the region are
prescribed generally as minimum and sometimes also
maximum instreamflows, with flows varying between certain
thresholds dependent upon various water year type
classifications. Consequently, the State Water Resources
Control Board recommended maintaining 30–50% of the

FIGURE 1 | Study area map, San Joaquin River system, encompassing the four major basins: Stanislaus, Merced, Tuolumne, and Upper San Joaquin and their
major characteristics (Source: Data Basin (Peterman, 2002)). The USGS stations in black squares are the locations where IHA analyses were performed.

TABLE 1 | Salient features of river basins, considered, within the San Joaquin River Basin.

River Basin Catchment
Area (km2)

Historical period
(Water
yeara)

Hydropower
facilities

Mean annual
discharge
(million m3)

Storage
capacity

(million m3)

Hydropower
capacity (MW)

Mean annual
hydropower

generation (GWh)

Stanislaus 3,100 1981–2011 11 913 3,470 803 3,798
Tuolumne 4,851 1982–2012 4 1,205 3,319 586 2,073
Merced 3,288 1982–2012 3 1,226 1,307 107 327
Upper San
Joaquin

4,245 1981–2011 16 981 1,410 1,222 1,417

aWater year spans from October to September of the following year.
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natural flows in the SJR and its tributaries to reduce the
environmental impacts of flow regulation (SWRCB, 2018). The
high elevation reservoirs are operated independently by different
utilities, mostly driven by hydropower revenue. The rim dams, on
the other hand, as large storage facilities that feed into the SJR, are
the focus of restoration for the SWRCB proposal that
encompasses the restoration of the lower SJR as well as the
Sacramento-San Joaquin Delta located downstream. In
addition, the SJR is vulnerable to climate change even though
hydropower production tends not to be greatly affected (Madani
and Lund, 2009; Vicuña et al., 2011; Ligare et al., 2012;
Rheinheimer and Viers, 2015).

METHODS

Data Sources
This study employed daily gridded (1/16°) runoff data developed
by Livneh et al. (2015), forcing the Variable Infiltration Capacity
(VIC) model (Liang et al., 1994), with observed meteorological
data from NOAA/OAR/ESRL PSD (National Oceanic and
Atmospheric Administration/Oceanic and Atmospheric
Research/Earth System Research Laboratory Physical Sciences
Division), Boulder, Colorado, United States (Berkeley, 2017;
NOAA, 2017; UC). Hereafter, the historical hydrology dataset
(1950–2013) is referred to as “Livneh” data.

For the future scenario (2030–2060), we considered climate-
altered hydrology data from ten Global Circulation Models
(GCMs) identified by the California Department of Water
Resources (CA, 2015) and California’s fourth Climate Change
Assessment as the best representative to California (Herman
et al., 2018). The GCMs are forced by the Representative
Concentration Pathway (RCP) 8.5, a “business-as-usual”
greenhouse gas emissions scenario. These data were generated
by the Scripps Institution of Oceanography, as well as the
monthly bias-corrected data used for bias-correction. Livneh
and GCMs datasets were bias-corrected at basin level using
bias-corrected monthly data available with the daily data. In
addition, subbasin hydrology was bias-corrected when needed
with reference to observed streamflow and storage data from
USGS gauges by employing the quantile mapping and the linear
scaling approaches (Maskey, 2021).

The basin outflows are regulated sites below the hydropower
stations at each rim dam. All rim dams are operated primarily for
agricultural water supply, and flood control, among other
competing human demands, while releasing environmental
flows to maintain instream flow requirements at designated
locations according to federal regulatory requirements.
Hydropower is always the lowest priority at the rim dams,
even if hydropower is ultimately a major benefit of these
multipurpose reservoirs. To simulate water allocation in the
region, we used a water systems simulation and optimization
model built on Pywr, a Python package for generalised network
resource allocation (Tomlinson et al., 2020). Then, we assumed
historical water and hydropower demand under future climate
conditions.

Indicators of Hydrological Alteration
Framework
This study employed a suite of Indicators of Hydrological
Alteration (IHA) metrics developed by Richter et al. (1996) to
evaluate the impacts of reservoir operation and climate change on
flow regimes downstream of the rim dams. IHA encompasses 33
metrics grouped into five categories describing a flow regime in
terms of the magnitude of monthly flow, magnitude and duration
of extreme annual flows, the base flow condition, the timing of
annual extreme flow conditions, occurrence and duration of high
and low pulses, and rate and frequency of flow change (Table 2).

First, we analyzed all IHA metrics per water year basis for
identifying the flow parameters that provide better insight into
the degree of hydrological alteration. In this regard, we
concentrated on groups 4 and 5 (except reversals) in addition
to the magnitude of annual extremes. We also incorporated the
analysis of flow duration curves to describe the flow regime
changes further. The primary goal of this study was to
quantify the impact of reservoir operations on river flow
regime and compare it to the impact of climate change on the
natural (unregulated) hydrology. Using expert judgment and
knowledge based on prior work on flow alteration in the
region (Grantham et al., 2014; Rheinheimer and Viers, 2015),
we concluded a pre-selection of metrics would be more
representative of changes significant to environmental flows, as
well as avoid redundancy, manymatrics are correlated. Therefore,
a subset of eight flow metrics were selected for the specific
purpose of this study: 1) the number and duration of the low
and high pulse, 2) rise and fall rate, and additional 3) magnitudes
of extremes, in addition to flow duration curves.

Flow duration curve is characterized by the cumulative
frequency curve of sorted daily flow Qi, in descending order to
produce a probability of exceedance, pi as:

pi �
i

n + 1
(1)

where i is the rank of specific daily flow and n is the total number
of days. i ∈ [1, n]

High pulse count and duration refer to the number and
duration (in days) of flow events above 75-percentile of daily
flow over a year, respectively.

Low pulse count and duration refer to the number and
duration (in days) of flow events below 25-percentile of daily
flows over a year, respectively.

Rise rate is represented by the mean of all positive differences
between consecutive daily mean flows within each year. The fall
rate is the average of all negative differences between consecutive
daily flows. Magnitude of annual extremes is defined as highest
and lowest flows within each year.

Trend Test: Mann-Kendall Test
Managing ecosystem is difficult due to unpredictable variability of
climate and hydrological attributes and such processes have often
been widely assumed as stationary (Nathan et al., 2019).
Therefore we assessed the IHA metrics to identify possible
trends reflecting the reservoir operations and climate change
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impact. For this, we used the nonparametric Mann-Kendall test
(Mann, 1945; Kendall, 1948; Barbalić and Kuspilić, 2014; Tian
et al., 2019). The null hypothesis, H0, is that the data has no
significant trend; meanwhile, the alternative hypothesis, HA, is
that the time series will have either an upward or downward
monotonic trend. The test statistic is defined as:

S � ∑n−1
k�1

∑n
j�k+1

sgn(yj > yk) (2)

where S is the Mann-Kendall statistics, j ∈ (k, n) with n is the
length of time series; and

sgn(yj > yk) � ⎧⎪⎨⎪⎩ +1 for yj > yk
0 for yj � yk
−1 for yj < yk

(3)

If S � 0, the trend has no monotonic change; S> 0 implies the
upward trend; S< 0 means there is a downward trend for
p(yj >yk)≤ 0.05.

We tested selected indicators separately for the pre-impact and
post-impact periods, although all metrics were calculated
(Supplementary Materials, Supplementary Figures S1–S13,
and Supplementary Tables S5, S10). We considered the
historical timespan for each basin for pre-impact as listed in
Table 1 and future years for post-impact analysis to assess climate
change impacts. We considered the pre-and post-impact as

natural (unregulated) and regulated hydrology, and historical
and future climate driven-hydrology.

Degree of Alteration
To quantify the impacts of regulation on the study area, we
estimated the DOA as Xue et al. (2017) suggested. Richter et al.
(1998) defined the degree of hydrological alteration of a flow
regime for each indicator, in percentage, as:

D �
∣∣∣∣∣∣∣∣∣Np − N̂p

N̂p

∣∣∣∣∣∣∣∣∣ × 100 (4)

where Np is the number of pre-impacted years for which the
value of the indicator falls between the 25th percentile and 75th
percentile (range of variability), and N̂p is the expected number of
post-impacted years for which the indicator’s value falls within
the range of variability. Due to some inconsistencies among
indicators, Xue et al. (2017) proposed an overall degree of the
alteration as an integrative way as:

DOA �






∑32

i D
2
i

33

√
(5)

The DOA is then classified within five categories: slight
alteration (<20%), low alteration (20–40%), moderate
alteration (40–60%), high alteration (60–80%), and severe
alteration (>80%) (Xue et al., 2017).

TABLE 2 | Categories of IHA metrics and relevant ecological significance.

Groups Regime
characteristics

Hydrologic parameter Ecological Significance

Group 1: Magnitude of
monthly water conditions

Magnitude and Timing Mean value for each calendar month - Maintain suitable environmental conditions for
aquatic and terrestrial organisms
- Provide food and shelter for fur-bearing
mammals
- Maintain soil moisture condition and necessary
minerals

Group 2: Magnitude and
duration of annual extreme
water conditions

Magnitude and Duration Annual minima and maxima 1,3, 7, 30, and 90-days
means, No. of zero-flow days, Baseflow index: 7-days
minimum, flow/mean flow for the year

- Formation of the river channel components
suitable to habitat
- Establishment of the riverine ecosystem
- Floral distribution in the river channel and
floodplain

Group 3: Timing of annual
extreme water conditions

Timing Water year date of each annual 1-day maximum and
minimum

- Enhance behavior mechanism of aquatic life
- Access to specific habitats during various stages
- Enhance spawning for migratory fish

Group 4: Frequency and
duration of high and low pulses

Magnitude, Frequency,
Duration

No. of high and low pulses over a year, Mean duration of
high and pulses within each year

- Efficient distribution of nutrients between the
main channel and floodplain
- Accumulate bedload sediment and properly
distribute
- Provide adequate oxygen supply in the riparian
zone

Group 5: Rate and frequency
of water condition changes

Frequency, rate of
change

Means of all positive and negative differences between
consecutive daily means and No. of rises and No. of falls

- Drought stress on plants due to water deficiency
- Isolation of organisms in the floodplain during the
water level fluctuation
- Vulnerability of stranded organisms
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RESULTS

Flow Duration Curves
Figure 2 shows the flow duration curve for regulated and
unregulated flows under historical and future climate scenarios
for each basin. Regulated flows show lower variability of daily
flows with stepped curves, while unregulated flows exhibit
smoother curves with steep declines. That is caused by the
prescribed static environmental flows, that might vary in
magnitude within seasons or water year types, removing part
of the natural flow variation. In all cases, the higher the
probability of exceedance, the lower the flow. To detect
shifting extremes, Figure 2 also shows two thresholds at
28.3 and 2.83 cms [1,000 cubic feet per second (cfs) and
100 cfs, respectively]. The highest flows are mostly removed
by the river regulation, with a lower reduction in the Upper
San Joaquin due to its rim dam’s lower storage capacity, mean
while the lowest flows tend to be reduced in the Merced and
Upper San Joaquin, and absent in the Tuolumne and
Stanislaus basins.

Indicators of Hydrological Alteration
Metrics
While high pulse due to climate change may occur as high as
21 days annually in the Upper San Joaquin River, the Tuolumne,
and Merced River can experience above 17 high pulse every year
(Supplementary Figures S1, top). In warmer climate projections,
high pulse counts decrease with regulation in Stanislaus and

Tuolumne Rivers. At the same time, the other basins show no
distinct variability in high pulse counts caused by climate change.
However, cooler climate models show increased high pulse count
in all basins under regulation, but no distinct patterns in high
pulse counts in unregulated hydrology. Supplementary Tables
S5, S6 include median values and quartiles of selected metrics
among all 10 GCMs and corresponding relative changes from
historical flows, showing an increase in the occurrence of high
pulses caused by climate change, which is removed with
regulation, leading to a decrease in high pulse counts for the
Merced River basin (increased by 3.3%), possibly because it is the
only basin with no high-elevation reservoirs to contribute to flow
regulation.

On the other hand, low pulse count can be increased by 85.0%
in the Stanislaus River, for example, in the unregulated hydrology,
meanwhile it decreases by 2.5% in the Tuolumne River
(Supplementary Figures S5, bottom). Supplementary Tables
S5, S6 show an increase in median low pulse counts in the future,
although it slightly decreases in the Upper San Joaquin River
under regulation.

High pulse duration is increased in the future climate by 51.0,
31.3, 10.0, and 7.3% in the Stanislaus, Tuolumne, Merced, and
Upper San Joaquin River, in order (Supplementary Figures S2,
top). Supplementary Figures S2 also depicts increased high pulse
duration under regulation, except for the Tuolumne River, where
high pulse duration decreases by 15.2%. Tables 3, 4 reported that
the median changes in high pulse duration vary from 34.3 to
56.1% for regulated flows and from -12.5–17.4% for
unregulated flows.

FIGURE 2 | Flow duration curve for regulated (top) and unregulated (bottom) by scenarios. The top and bottom horizontal lines are the lines of 28 and 2.83 cms,
respectively.

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 7654266

Maskey et al. Assessing Hydrological Alteration Using IHA

186

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


TABLE 3 | p-value of Mann-Kendall test to identify significant monotonic trend in selected IHA metrics for regulated flows in the 1) Stanislaus (left) and Tuolumne (right); and 2) Merced (left) and Upper San Joaquin (right). The
range of p-value varies from 0 to 1, implied by the color from dark blue to red.

a) Stanislaus River Tuolumne River

High pulse

duration

0.87 0.75 0.12 0.79 0.02 0.55 0.33 0.09 0.05 0.25 0.68 0.87 0.70 0.10 0.29 0.42 0.69 0.87 0.03 0.50 0.23 0.91

High pulse

count

0.86 0.41 0.05 0.16 0.65 0.34 0.30 0.01 0.18 0.39 0.25 0.85 0.19 0.74 0.25 0.90 0.74 0.36 0.68 0.01 0.52 0.28

Low pulse

duration

0.74 0.42 0.56 1.00 0.12 1.00 1.00 0.58 0.44 0.48 0.91 0.32 0.91 0.25 0.97 0.49 0.51 0.04 0.60 0.01 0.30 0.83

Low pulse

count

0.21 0.41 0.35 0.01 0.16 0.38 0.34 0.04 0.02 0.06 0.67 1.00 0.32 0.62 0.45 0.30 0.35 0.11 0.20 0.59 0.46 0.53

Rise rate 0.73 0.42 0.11 0.12 0.69 0.25 0.78 0.11 0.01 0.12 0.39 0.96 0.07 0.17 0.13 0.76 0.06 0.79 0.15 0.20 0.03 0.92

Fall rate 0.52 0.17 0.05 0.17 0.86 0.24 0.48 0.05 0.03 0.50 0.52 0.78 0.07 0.13 0.11 0.56 0.10 1.00 0.13 0.21 0.02 0.92

Reversals 0.76 0.24 0.12 0.05 0.94 0.15 0.56 0.03 0.18 0.27 0.40 0.55 0.79 0.31 0.32 0.72 0.32 0.18 0.40 0.32 0.62 0.26

High flow 0.21 0.38 0.26 0.56 0.64 0.12 0.64 0.13 0.01 0.25 0.71 0.87 0.28 0.17 0.80 0.48 0.18 0.79 0.25 0.13 0.14 0.89

Low flow 0.25 0.07 0.45 0.03 0.87 0.36 0.88 0.04 0.13 0.08 0.82 1.00 0.32 0.64 0.01 0.64 0.20 0.24 0.23 0.93 0.97 0.59

b) Merced River Upper San Joaquin River

High pulse

duration

0.22 0.08 0.63 0.88 0.10 0.71 0.56 0.03 0.89 0.97 0.22 0.11 0.27 0.67 0.89 0.14 0.73 1.00 0.50 0.89 0.11 0.73

High pulse

count

0.97 0.65 0.47 0.08 0.09 0.78 0.33 0.11 0.05 0.00 0.69 0.28 0.34 0.47 0.95 0.71 0.23 0.42 0.40 0.08 0.82 0.48

Low pulse

duration

0.83 0.57 0.83 0.63 0.44 1.00 0.58 0.00 0.15 0.06 0.06 0.53 0.79 0.44 0.83 0.69 0.40 0.14 0.40 0.28 0.05 0.69

Low pulse

count

0.67 0.58 0.49 0.96 0.25 0.44 0.64 0.27 0.55 0.02 0.42 0.51 0.12 0.90 0.05 0.41 0.72 0.14 0.03 0.22 0.39 0.73

Rise rate 0.93 0.53 0.19 0.15 0.17 0.19 0.16 0.01 0.03 0.33 0.80 0.54 0.67 0.80 0.94 0.86 0.27 0.52 0.03 0.37 0.09 0.72

Fall rate 0.78 0.48 0.28 0.10 0.32 0.91 0.28 0.01 0.01 0.41 0.99 0.67 0.45 1.00 0.45 0.86 0.25 0.39 0.01 0.32 0.16 0.69

Reversals 0.27 0.13 0.69 0.14 0.63 0.19 0.54 0.38 0.38 0.37 0.30 0.35 0.90 0.76 0.51 0.89 0.56 0.10 0.14 0.93 0.57 0.17

High flow 0.76 0.61 0.16 0.32 0.23 0.51 0.89 0.01 0.07 0.11 0.95 0.97 0.52 0.86 0.68 0.75 0.37 0.89 0.12 0.51 0.06 0.90

Low flow 0.86 0.22 0.37 0.00 0.28 0.75 0.01 0.01 0.00 0.82 0.07 0.65 0.12 0.86 0.90 0.94 0.16 0.89 0.02 0.09 0.11 0.13
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TABLE 4 |Mann-Kendall test statistics implying increasing and decreasing trends of selected IHA metrics. Pink represents positive trends while cyan reflects negative trends in 1) Stanislaus (left) and Tuolumne (right); and 2)
Merced (left) and Upper San Joaquin (right).

a) Stanislaus River Tuolumne River

High

pulse

duration

10 −18 88 16 −127 -34 54 91 −105 −24 59 -8 19 −98 −61 −48 22 −10 −117 33 59 6

High

pulse

count

−11 −45 −109 −79 26 53 −58 −146 −76 −65 49 11 −74 20 68 8 -20 −51 24 −136 38 −63

Low

pulse

duration

−12 41 24 1 -64 1 −1 11 23 3 −18 −20 −6 −26 −2 13 21 −57 13 77 −29 4

Low

pulse

count

69 45 53 150 78 −50 52 108 127 23 −101 0 -60 30 45 61 −55 91 72 −32 −43 33

Rise rate −20 −46 −90 −87 −23 65 −17 −91 −143 −49 89 4 −109 −81 −89 19 113 −17 −85 −77 127 −7

Fall rate 37 77 110 78 11 −67 41 111 125 37 −39 −16 109 89 95 −35 −99 −1 89 75 −133 −7

Reversals −18 −67 −89 −109 5 81 −34 −125 −76 48 63 33 17 61 −59 −22 −59 80 50 60 −30 67

High flow −71 −48 −63 −33 −27 86 27 −85 −142 −22 65 −10 −64 −82 16 43 80 −17 −69 −90 88 9

Low flow −61 −88 −37 −114 10 46 9 −114 −85 −14 97 −1 54 24 140 −26 72 −67 −68 6 −3 −30

b) Merced River Upper San Joaquin River

High

pulse

duration

64 −85 27 −9 −94 −22 −32 −123 7 3 −69 85 62 21 −7 71 −19 0 −35 8 90 20

High

pulse

count

3 −23 −43 −103 98 17 −57 −95 −115 207 −24 −56 −51 −40 4 −20 56 −44 −44 −85 −13 −36

Low

pulse

duration

−9 30 −11 24 −39 0 30 152 73 −99 −87 −23 13 −30 8 15 35 −61 −27 32 −72 −15

Low

pulse

count

−23 31 −41 4 67 41 27 −62 −35 131 46 37 −86 −8 −100 −44 −20 83 118 −64 48 20

Rise rate −6 −38 −78 −86 82 78 −83 −152 −130 58 −16 −35 25 −15 5 −11 63 −37 −125 −51 97 −21

Fall rate 16 42 64 98 −60 −8 65 158 146 −49 −2 25 −43 1 43 −11 −65 49 143 57 −79 23

Reversals −59 84 −24 87 29 77 −37 −53 −52 54 −62 53 −8 18 −38 9 −34 92 84 6 −33 78

High flow −17 −30 −83 −59 71 40 −9 −144 −108 94 −5 −3 37 −11 −24 19 51 −9 −88 −38 107 −8

Low flow 10 −70 −51 −169 −62 −18 −136 −137 −172 13 −78 −26 −87 −11 −8 −5 80 −9 −129 −95 89 −86
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Low pulse duration tends to be decreased under climate
change in the unregulated flows, by 29.6% in the Merced
River, while the other basins show increased low pulse
duration (Supplementary Figures S2, bottom). However, low
pulse duration increases in regulated flows, in order, by 31.2,
250.0, 43.4, and 51.7% in the Stanislaus, Tuolumne, Merced, and
Upper San Joaquin Rivers, respectively. Therefore, climate
change might not cause a decrease in low pulse duration in
the natural hydrology for most basins, however, river regulation
will likely cause that even when the natural environment shows
an opposite trend. Supplementary Table S6 reports that the
median flows of low pulse duration are decreased by 2.9, 5.6, 54.3,
and 17.7%, meanwhile median low pulse duration in regulated
flows increases by 15.1, 74.6, 480.4, and 108.4% for the GCMs
compared to historical flows in the Stanislaus, Tuolumne,
Merced, and Upper San Joaquin basins, respectively
(Supplementary Table S5).

Supplementary Figures S3 depicts changes in rise rate and fall
rate for historical and future scenarios. Both show high variability
demonstrating frequent fluctuations between water surplus and
deficit throughout the study period (Langhammer and
Bernsteinová, 2020). Unregulated hydrology exhibits either an
increased or a decreased rise rate among GCMs in terms of its
variability. Among all, the coolest/wettest climate projection
(CNRM-CM5), exhibits a higher rise rate (Supplementary
Figures S3, top). However, the median values of rise rates
presented in Table 3 are always higher than historical rise
rates in all basins, ranging from 21.4 to 79.6 cms/day, on
average. Supplementary Figures S3, top, also shows increased
rise rates in the unregulated hydrology for all basins among all
models. Supplementary Table S6 lists median rise rates increase
by 32.8, 49.4, 39.0, and 69.6% for the Stanislaus, Tuolumne,
Merced, and Upper San Joaquin Rivers, respectively.

Supplementary Figures S3 (bottom) shows decreased or
increased fall rates, specifically in regulated flows in the
Stanislaus and Tuolumne Rivers. Except for projections from
MIROC5 in the Upper San Joaquin River, the Merced and Upper
San Joaquin Rivers exhibit increased fall rates considering the
future hydrology and the current reservoir operations.
Unregulated hydrology experiences an increased fall rate for
all basins with increased variance. However, median flow
values show a higher fall rate in historical regulated flows, as
reported in Supplementary Tables S5, S6, with even higher fall
rates occurring in the historical unregulated flows.

The variability of the magnitude of maximum annual river
flow observed in Supplementary Figures S4 suggests that higher
flows tend to occur in cooler/wetter GCMs either with or without
regulation in all basins, suggesting that the regulation in these
basins might not control higher flows under a greater occurrence
of flood events. Supplementary Tables S5, S6 report increased
medians of maximum flow by 57.2, 72, 65.7, and 81.3% in the
Stanislaus, Tuolumne, Merced, and Upper San Joaquin Rivers.

Future unregulated low flows are always lower than historical
low flows. The future regulated low flows are either increased or
decreased depending on the GCMs (Supplementary Figures
S13), suggesting that regulation might or not avoid this
negative impact of climate change on the natural hydrology.

However, the median values among all 10 GCMs in
Supplementary Tables S5, S6 are lower than historical flows.

As presented in Supplementary Figures S5, decreased
January flow is observed for regulated flows in all future
scenaros in the Merced River, except for CNRM-CM5
(coolest/wettest). In contrast, unregulated flows in January are
always increased in the Stanislaus River. February regulated flows
increase under cooler climate projections in all four basins
(Supplementary Figures S6). Both regulated and unregulated
March flows increase in all GCMs, most notably for the cooler/
wetter projections (Supplementary Figures S7), likely related to
the occurrence of earlier snowmelt. Supplementary Tables S57,
S8 show decreased median values of both regulated and
unregulated summer flows, and different signatures of 1-, 3-,
7-, 30-, and 90-days minimum and maximum flows for
unregulated and regulated hydrology (Supplementary Figures
S8–S11). Median changes in the baseflow index in all basins are
decreased for regulated and unregulated flow (Supplementary
Figures S12, Supplementary Tables S7, S8), indicating the lower
contribution of the baseflow to the total streamflow in the near
future, making rivers more dependent on precipitation.

Under regulation, events of maximum flow are shifted to later
in the year. In contrast, minimum flow events may happen earlier
in the Stanislaus and Merced (Supplementary Tables S5).
Meanwhile, the opposite is observed in the Tuolumne and
Upper San Joaquin. Unlike regulated flows, both extreme
events occur earlier in the unregulated flows (Supplementary
Tables S8). Supplementary Tables S7 lists increased reversals for
regulated flows, except for the Stanislaus River. Among them, the
Upper San Joaquin River has the highest increase in reversals.
Supplementary Tables S8 reports increased reversals in
unregulated hydrology for all basins under future climate
projections. Overall, the results show that the hydrological
alteration caused by regulation is more pronounced than those
of climate change, however their concomitant effect tend to have
varying effects depending on the basin and its degree of
regulation.

Statistical Test on Trends of IHA Metrics
This study investigated the significance of trends in all IHA
parameters except for zero flow days by employing Mann-
Kendall tests (Equations 2–3). Supplementary Table S5 lists
these results, concentrating on the 8 IHA metrics selected for this
study (see Section 3.2). As shown, IHA metrics derived from
historical (un)regulated flows do not exhibit any trends, although
some GCMs show very few trends in future signatures.
Furthermore, trends are not consistent in all four basins and
between regulated and unregulated flows. For instance, regulated
flows show a trend in low pulse count, rise rate, fall rate, and high
flow in the CESM1-BGC scenario for the Stanislaus River and the
rise rate and fall rate in the CanESM2 for the Tuolumne River
(Table 3a). Likewise, unregulated flows exhibit trends in low flow
implied by HadGEM2-CC and HadGEM2-ES in the Merced and
HadGEM2-ES and CESM1-BGC in the Upper San Joaquin River
(Supplementary Tables S6B). Finally, trends in IHA metrics
were more observed under regulated than unregulated flow
regimes.
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The Mann-Kendall test statistics that infer increasing or
decreasing trends of IHA metrics are included in Table 4. The
fall rate and low pulse number exhibit a higher chance of
increasing trends in the regulated flows in the Stanislaus River.
The rise rate has a high chance of decreasing trends overtime
(Table 4a). In the Upper San Joaquin River, wetter climate
projections show a significant decreasing trend in high pulse
duration under regulation and a significantly increasing fall rate
trend with a cooler climate (Supplementary Figures S10A).
There are no basic patterns across the study area and even
among individual indicators. However, the lack of trends is
driven by an increase in variance in most cases, and most
GCMs imply decreasing trends under the regulated flow
regime compared to the unregulated.

Degree of Hydrological Alteration
We finally quantified the DOA on each basin employing Eqs 4, 5,
integrating all 33 IHA metrics. Figure 3 summarizes the overall
DOA for each GCMs in each basin. As seen, the DOA for
regulated flows is more than twice as high as the one of
unregulated flows. Considering future scenarios, some GCMs
show a DOA five times higher in unregulated flows. However,
while the range of DOA for regulated flows across the study area
among all climate scenarios is 9.4–24.5%, the range for
unregulated flows varies only from 1.8–8.6%.

Figure 3 portrays the highest degree of alteration in the
Stanislaus River in regulated flows (24.5%). The Upper San
Joaquin River is the least impacted basin (as low as 9.4%).
Conversely, Merced River’s unregulated flows show greater
alteration, and the Upper San Joaquin is still least impacted.
To summarize, the alterations are in the range of 20–40%,

considered as low alteration in the regulated flows, and
alteration in the unregulated flow driven by climate change
shows slight alteration with a DOA <20%. In conclusion, the
hydrological flow regime may be less altered by climate change
than by reservoir operations.

DISCUSSION

This research investigated the hydrological alteration in the flow
regime of the San Joaquin River basins over the past 3 decades
and the future 3 decades employing ecologically relevant IHA
metrics using modeled historical and projected future hydrologic
data used as inputs to a water allocation simulation model. We
explored the hydrological alteration due to hydropower operation
as well as climate change. Though our study has limitations
regarding the relatively short period of data analyzed, modeling
results, and inconsistent behavior of IHA metrics, some
implications from this study can be drawn.

In brief, the flow regimes downstream of hydropower facilities
are likely more altered by reservoir operations rather than by
climate change. Understanding such changes can help identifying
strategies to conserve and restore ecosystems already stressed by
human intervention under a changing climate, such as focusing
on maintaining stream temperature and creating a favorable
habitat downstream (Null et al., 2013; Rheinheimer and Viers,
2015; Yasarer and Sturm, 2016). We observed more stepped and
wider flow duration curves at each location, what is even more
pronounced under the climate changre scenarios for regulated
flows, when compared to unregulated flows. Stepped flow
duration curves indicate intermittent flow variation due to

FIGURE 3 | Degree of alterations integrating all 33 IHA metrics implied by GCMs, ordered from warmer/drier climate to cooler/wetter climate.
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reservoir operations in particular the maintenance of static
instreamflow requirements that might impact the movement,
establishment and environmental cues for aquatic life.

We investigated the variability of IHA metrics among all ten
GCMs across the study area, concentrating on the outlet of each
basin, downstream of existing powerhouses. Even though the
metrics greatly vary, and specific trends are difficult to discern,
some notable trends are apparent in specific cases. For instance,
the decreased high pulse counts and increased high pulse counts
are observed in regulated and to a greater extent in unregulated
flows. As such, less high pulses under regulation tend to provide
less nutrients and habitat to the aquatic life along the riverbank,
the opposite effect that could be promoted by the greater high
pulse counts found in the unregulated flows (Xue et al., 2017). We
also confirm that a low pulse count tends to increase under a
warmer climate, which might cause the loss of native species, as
observed elsewhere (Gao et al., 2018; Kakouei et al., 2018).
Although most GCMs show decreased high pulse duration
under unregulated flow regime, increased high pulse rate
under the regulated flow regime leads to unstable river flow
due to increased high and low pulse duration (Richter et al.,
1996). There is an increase in the rise rate of unregulated flows,
which are greater under regulation caused by the dam (Magilligan
and Nislow, 2005). These climate change impacts likely caused by
flood control rules lead to tradeoffs between environmental water
users and economics (Rheinheimer and Viers, 2015). The
occurrence of more extremes reservoirs tend to be fuller in the
rainy season and emptier in the dry season when surface water is
most needed for irrigation and hydropower generation, and at the
same time minimum and maximum instreamflow requirements
also need to be maintained in both cases.

We also showed that winter flows tend to increase in cooler/
wetter climate scenarios, although it might not be suitable for
native species (Gibson et al., 2005; Gao et al., 2018). Decreased
summer flow might indicate increased stream temperature and
reduced dissolved oxygen, which is also unsuitable for local
species (Gibson et al., 2005; Yang et al., 2017). Finally, we also
observe that warmer climate projections and river regulation lead
to decrease in the magnitude of high flows, which may not be
favorable conditions for creating new habitats (Poff, 2002).
Further, a decrease in low flows caused by regulation may
detach the flood plain from the river, resulting in loss of off-
channel aquatic life (Gibson et al., 2005). Considering that,
SWRCB’s proposal of setting an effective target as a
percentage of natural flow might not be the best decision to
overcome these challenges, as the natural hydrology tends to be
already affected by climate change in the near future. Therefore,
environmental water management needs to be more carefully
planned as these disturbances are exacerbated under regulation.
A more effective ecological conservation can be achieved through
the implementation of the functional flows framework, as
proposed by (Granhtam et al., 2010; Granhtam et al., 2014),
for the for California’s rivers. The functional flow regime retains key
components of the natural hydrograph that support biophysical
processes across the riverscape (e.g., wet season flood flows and
spring recession flows) that provide cues for fish migration and
reproduction, for example (Yarnell et al., 2020, 2015).

This work utilized a traditional approach to investigating the
effects of climate change on river flow using the Mann-Kendall
test. However, there are no clear trends in most metrics in time
and space, even among GCMs. The lack of trends in flow metrics
is driven by an increase in variance in most cases, and most
GCMs imply decreasing trends under the regulated flow regime
compared to the unregulated. Nevertheless, the flow regime
differs between the regulated and unregulated hydrology under
historical and future climate change scenarios. This study shows
that reservoir operation’s impact on river flow regimes leads to
higher DOA than changes in hydroclimatic conditions in the
main tributaries of the SJR. We found that the DOA for regulated
flows is more than twice as high as the ones caused by climate
change. Arheimer et al. (2017) also observed greater impacts
caused by hydropower installation and associated river regulation
than climate change in snow-fed river basins as the SJR. However,
both the future climate and reservoir operations can influence
ecological processes in aquatic ecosystems and conjunctively
further alter the functioning of ecosystems (Gibson et al.,
2005; Rheinheimer and Viers, 2015).

This study demonstrated the practical application of IHA
metrics to categorize both unregulated and reservoir-induced
regulations to river flows. In addition to studying IHAmetrics, we
also assessed the magnitude of extremes. Such enhancement has
the potential to recommend flow metrics in any river basin
process, such as in-stream flow requirements, drought
assessment, and of course, environmental flow
recommendations that lead to ecological restoration activities
within the river basin (Yarnell et al., 2020, 2015). In addition, this
study is applicable elsewhere to investigate flow alteration
induced by climate change and other human-induced activities
such as urban development, agriculture, and beyond. Finally,
such a holistic approach can be combined with ecological models
to assist water and land managers in prioritizing ecological
protection plans.

LIMITATIONS AND FUTURE WORK

The present study focused on the impact of reservoir operation
and climate change on river flow. Although the four basins also
have agricultural and/or urban water users, this study does not
implicitly address the impacts of demand-driven diversions, as
they generally occur at or right below the rim dams. We also do
not incorporate other ecosystem characteristics, changes in
energy demand, and mechanistic relationships between abiotic
conditions and biotic quality. The combined effect of dam
operation and other anthropogenic activities that impact
downstream water quality also need attention in future work.

This study could be improved by integrating information from
other climate variables, including other river flow conditions such
as water quality and annual water volume that categorize different
water year types in detail. Since there are 33 IHA metrics, most
are redundant (Olden and Poff, 2003). Nevertheless, they are
useful in devising a simpler metric similar to water year types
implemented by DWR. Future work could integrate all metrics
using a robust machine learning classifier, e.g., Random Forest,
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support vector machine. Such may be useful to predict the flow
metrics 1 year ahead by establishing transition probability matrices
among integrated IHA metrics (Puente et al., 2017). Knowledge of
future IHA metrics such as monthly average flow and low flow
could be useful to daily downscale using a deterministic approach,
e.g., Maskey et al. (2019), and opens further advancement with
knowledge of daily instream flow requirements for aquatic life.

CONCLUSION

This study investigated climate change and flow regulation effects
on hydrological alteration in the San Joaquin River basin. We
adopted a systematic research protocol to concisely interpret the
IHA metrics derived below hydropower facilities in the past and
future climate. The result revealed flow alterations that can lead to
ecosystem degradation caused by river regulation and future
climate scenarios implied by ten GCMs. As observed in this
study, hydrological alteration in both cases can affect frequency,
duration, and change rate. In addition, dam construction led to
decreased winter flows, as water is saved to be used later in the
year, causing an increase in summer flows, which exacerbate
ecosystem disturbance. In both cases, the changes in the flow
regime alter the ecological behavior of the river basins. Some
alterations may or may not be beneficial. For instance, a decrease
in low flowmay detach the floodplain from themainstream, while
increased high flow may benefit aquatic life. While hydrological
alteration due to climate changes will be gradual, reservoir
operations abruptly alter the flow regime.

Our results indicate significant deviations in the future
inferred from the trend test and DOA. However, only some
models and specific basins show some trends, therefore, the
interpretation of IHA is more model-specific and site-specific,
and even metric-specific. The higher range of DOA values
suggests more attention should be given to impacts from
reservoir operations compared to climate change. The flow
design suggested by SWRCB can help mitigate the impacts of
regulation, but will not avoid the impacts of climate change that
will likely already be experienced in the coming decades.
Therefore, we suggest the adoption of functional flows as a
better approach.

Hydrological changes driven by agricultural deliveries cannot
be directly estimated as diversions occur at or right below the
reservoirs, impacting water storage but not environmental flows
directly. In addition, the river regulation can help ameliorate
some of the harmful effects of warming, such as increasing toxic
compounds, lowering oxygen content, and reducing desired pH
levels. Nevertheless, such adverse impact can be overcome with a
more detailed scientific study integrating human and climate
change impact on river flow.

We have demonstrated the usage of the IHA framework for
investigating changes in river flow regimes associated with

reservoir operations and climate change. Findings from this
study suggest riverine ecosystem processes are sensitive to
changes in IHA metrics, which augment empirical knowledge
on ecological response, environmental drivers, and so on to
support and establish environmental flow standards.
Therefore, similar studies elsewhere offer suitable management
decisions in maintaining minimum flow requirements needed to
sustain downstream ecosystems below multipurpose reservoirs
under different climate scenarios.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MM: conceptualization, methodology, coding, original drafting.
GFD: review and edits, quality control. AR: review and edits,
quality control, project management. DR: model development,
review, and edits, quality control. JM-A: review. JV:
conceptualization, supervision, review and editing, funding
acquisition.

FUNDING

Partial funding for this research was provided by the
United States Department of Energy (DOE) United States-
China Clean-Energy Research Center - Water Energy
Technologies CERC-WET (Grant No. DE-IA0000018) and by
the California Energy Commission (CEC 300–15-004).

ACKNOWLEDGMENTS

We would like to thank Daniel Nover, Aditya Sood, Jenny Ta
for their early ideas about this study and the UC Merced
Spatial Analysis and Research Center for helpful information
in preparing a map for the study area. We also highly
appreciate reviewer for useful suggestions that improved
our manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fenvs.2022.765426/
full#supplementary-material

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 76542612

Maskey et al. Assessing Hydrological Alteration Using IHA

192

https://www.frontiersin.org/articles/10.3389/fenvs.2022.765426/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenvs.2022.765426/full#supplementary-material
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


REFERENCES

Arheimer, B., Donnelly, C., and Lindström, G. (2017). Regulation of Snow-Fed
Rivers Affects Flow Regimes More Than Climate Change. Nat. Commun. 8,
62–69. doi:10.1038/s41467-017-00092-8

Barbalić, D., and Kuspilić, N. (2014). Trends of Indicators of Hydrological
Alterations. Građevinar 66, 613–624. doi:10.14256/jce.1003.2014

Berkeley, U. C. (2017). Livneh Data Clipped to California-Nevada. Available at:
http://albers.cnr.berkeley.edu/data/noaa/livneh/CA_NV/(accessed February
10, 2021).

Bunn, S. E., and Arthington, A. H. (2002). Basic Principles and Ecological
Consequences of Altered Flow Regimes for Aquatic Biodiversity. Environ.
Manage. 30, 492–507. doi:10.1007/s00267-002-2737-0

Ca, D. W. R. (2015). Perspectives and Guidance for Climate Change Analysis.
Sacramento: California Department of Water Resources.

Clausen, B., and Biggs, B. J. F. (2000). Flow Variables for Ecological Studies in
Temperate Streams: Groupings Based on Covariance. J. Hydrol. 237, 184–197.
doi:10.1016/s0022-1694(00)00306-1

Clausen, B., and Biggs, B. (1997). Relationships between Benthic Biota and
Hydrological Indices in New Zealand Streams. Freshw. Biol. 38, 327–342.
doi:10.1046/j.1365-2427.1997.00230.x

Das, T., Maurer, E. P., Pierce, D. W., Dettinger, M. D., and Cayan, D. R. (2013).
Increases in Flood Magnitudes in California under Warming Climates.
J. Hydrol. 501, 101–110. doi:10.1016/j.jhydrol.2013.07.042

Fong, C. S., Yarnell, S. M., and Viers, J. H. (2016). Pulsed Flow Wave Attenuation
on a Regulated Montane River. River Res. Applic. 32, 1047–1058. doi:10.1002/
rra.2925

Gao, B., Li, J., and Wang, X. (2018). Analyzing Changes in the Flow Regime of the
Yangtze River Using the Eco-Flow Metrics and IHA Metrics. Water 10, 1552.
doi:10.3390/w10111552

Gibson, C. A., Meyer, J. L., Poff, N. L., Hay, L. E., and Georgakakos, A. (2005). Flow
Regime Alterations under Changing Climate in Two River Basins: Implications
for Freshwater Ecosystems. River Res. Applic. 21, 849–864. doi:10.1002/rra.855

Grantham, T. E., Merenlender, A. M., and Resh, V. H. (2010). Climatic Influences
and Anthropogenic Stressors: an Integrated Framework for Streamflow
Management in Mediterranean-Climate California, U.S.A. Freshw. Biol. 55,
188–204. doi:10.1111/j.1365-2427.2009.02379.x

Grantham, T. E., Viers, J. H., and Moyle, P. B. (2014). Systematic Screening of
Dams for Environmental Flow Assessment and Implementation. BioScience 64,
1006–1018. doi:10.1093/biosci/biu159

Grill, G., Lehner, B., Thieme, M., Geenen, B., Tickner, D., Antonelli, F., et al. (2019).
Mapping the World’s Free-Flowing Rivers. Nature 569, 215–221. doi:10.1038/
s41586-019-1111-9

Hayes, D. S., Brändle, J. M., Seliger, C., Zeiringer, B., Ferreira, T., and Schmutz, S.
(2018). Advancing towards Functional Environmental Flows for Temperate
Floodplain Rivers. Sci. Total Environ. 633, 1089–1104. doi:10.1016/j.scitotenv.
2018.03.221

Herman, J., Fefer, M., Dogan, M., Jenkins, M., Medellín-Azuara, J., and Lund, J. R.
(2018). Advancing Hydro-Economic Optimization to Identify Vulnerabilities and
Adaptation Opportunities in California’s Water System: A Report for California’s
Fourth Climate Change Assessment. Sacramento: California Natural Resources
Agency.

Hidalgo, H. G., Das, T., Dettinger, M. D., Cayan, D. R., Pierce, D.W., Barnett, T. P.,
et al. (2009). Detection and Attribution of Streamflow Timing Changes to
Climate Change in the Western United States. J. Clim. 22, 3838–3855. doi:10.
1175/2009jcli2470.1

Huang, F., Li, F., Zhang, N., Chen, Q., Qian, B., Guo, L., et al. (2017). A Histogram
Comparison Approach for Assessing Hydrologic Regime Alteration. River Res.
Applic. 33, 809–822. doi:10.1002/rra.3130

John, A., Nathan, R., Horne, A., Stewardson, M., and Webb, J. A. (2020). How to
Incorporate Climate Change intoModelling EnvironmentalWater Outcomes: a
Review. J. Water Clim. Change 11, 327–340. doi:10.2166/wcc.2020.263

Kakouei, K., Kiesel, J., Domisch, S., Irving, K. S., Jähnig, S. C., and Kail, J. (2018).
Projected Effects of Climate-Change-Induced Flow Alterations on Stream
Macroinvertebrate Abundances. Ecol. Evol. 8, 3393–3409. doi:10.1002/ece3.
3907

Kendall, M. G. (1948). Rank Correlation Methods. London: Griffin.

Knowles, N., Cronkite-Ratcliff, C., Pierce, D. W., and Cayan, D. R. (2018).
Responses of Unimpaired Flows, Storage, and Managed Flows to Scenarios
of Climate Change in the San Francisco Bay-Delta Watershed. Water Resour.
Res. 54, 7631–7650. doi:10.1029/2018wr022852

Kuriqi, A., Pinheiro, A. N., Sordo-Ward, A., and Garrote, L. (2019). Influence of
Hydrologically Based Environmental Flow Methods on Flow Alteration and
Energy Production in a Run-Of-River Hydropower Plant. J. Clean. Prod. 232,
1028–1042. doi:10.1016/j.jclepro.2019.05.358

Langhammer, J., and Bernsteinová, J. (2020). Which Aspects of Hydrological
Regime in Mid-latitude Montane Basins Are Affected by Climate Change?
Water 12, 2279. doi:10.3390/w12082279

Law, J. I. H. A. (2013). This Package Implements the Nature Conservancy’s
Indicators of Hydrologic Alteration Software in R. Available at: https://rdrr.
io/rforge/IHA/.

Liang, X., Lettenmaier, D. P., Wood, E. F., and Burges, S. J. (1994). A Simple
Hydrologically Based Model of Land Surface Water and Energy Fluxes for
General Circulation Models. J. Geophys. Res. 99, 14415–14428. doi:10.1029/
94jd00483

Ligare, S. T., Viers, J. H., Null, S. E., Rheinheimer, D. E., and Mount, J. F. (2012).
Non-uniform Changes to Whitewater Recreation in California’s Sierra Nevada
from Regional Climate Warming. River Res. Applic. 28, 1299–1311. doi:10.
1002/rra.1522

Livneh, B., Bohn, T. J., Pierce, D. W., Munoz-Arriola, F., Nijssen, B., Vose, R., et al.
(2015). A Spatially Comprehensive, Hydrometeorological Data Set for Mexico,
the U.S., and Southern Canada 1950-2013. Sci. Data 2, 150042–150112. doi:10.
1038/sdata.2015.42

Madani, K., and Lund, J. R. (2009). Modeling California’s High-elevation
Hydropower Systems in Energy Units. Water Resour. Res. 45. doi:10.1029/
2008wr007206

Magilligan, F. J., and Nislow, K. H. (2005). Changes in Hydrologic Regime by
Dams. Geomorphology 71, 61–78. doi:10.1016/j.geomorph.2004.08.017

Mann, H. B. (1945). Nonparametric Tests against Trend. Econometrica 13,
245–259. doi:10.2307/1907187

Maskey, M. L. (2021). A Generalized Package for Streamflow Bias Correction.
Merced: VICE/Water Systems Management Lab, University of California.

Maskey, M. L., Puente, C. E., and Sivakumar, B. (2019). Temporal Downscaling
Rainfall and Streamflow Records through a Deterministic Fractal Geometric
Approach. J. hydrologyJ Hydrol 568, 447–461. doi:10.1016/j.jhydrol.2018.09.014

Nathan, R. J., McMahon, T. A., Peel, M. C., and Horne, A. (2019). Assessing the
Degree of Hydrologic Stress Due to Climate Change. Climatic Change 156,
87–104. doi:10.1007/s10584-019-02497-4

Noaa., Home. (2017). NOAA Physical Sciences Laboratory. Available at: https://
psl.noaa.gov/(accessed May 1, 2021).

Null, S. E., Ligare, S. T., and Viers, J. H. (2013). A Method to Consider whether
Dams Mitigate Climate Change Effects on Stream Temperatures. J. Am. Water
Resour. Assoc. 49, 1456–1472. doi:10.1111/jawr.12102

Obegi, D., and Wearn, A. (2016). SAVING THE LOWER SAN JOAQUIN RIVER
AND ITS TRIBUTARIES. New York: Natural Resources Defense Council.

Olden, J. D., and Poff, N. L. (2003). Redundancy and the Choice of Hydrologic
Indices for Characterizing Streamflow Regimes. River Res. Applic. 19, 101–121.
doi:10.1002/rra.700

Pachauri, R. K., and Reisinger, A. (20072007). IPCC Fourth Assessment Report.
Geneva, Switzerland: IPCC Geneva.

Peterman, W. (2002). DEM of California, USA | Data Basin. 90 M DEM Calif USA
Data Basin. Available at: https://databasin.org/datasets/
78ac54fabd594db5a39f6629514752c0/(accessed May 11, 2021).

Pettit, N. E., Froend, R. H., and Davies, P. M. (2001). Identifying the Natural Flow
Regime and the Relationship with Riparian Vegetation for Two Contrasting
Western Australian Rivers. Regul. Rivers: Res. Mgmt. 17, 201–215. doi:10.1002/
rrr.624

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Prestegaard, K. L., Richter, B. D.,
et al. (1997). The Natural Flow Regime. BioScience 47, 769–784. doi:10.2307/
1313099

Poff, N. L. (2002). Ecological Response to and Management of Increased Flooding
Caused by Climate Change. Phil. Trans. R. Soc. Lond. Ser. A: Math. Phys. Eng.
Sci. 360, 1497–1510. doi:10.1098/rsta.2002.1012

Poff, N. L., and Zimmerman, J. K. H. (2010). Ecological Responses to Altered Flow
Regimes: a Literature Review to Inform the Science and Management of

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 76542613

Maskey et al. Assessing Hydrological Alteration Using IHA

193

https://doi.org/10.1038/s41467-017-00092-8
https://doi.org/10.14256/jce.1003.2014
http://albers.cnr.berkeley.edu/data/noaa/livneh/CA_NV/
https://doi.org/10.1007/s00267-002-2737-0
https://doi.org/10.1016/s0022-1694(00)00306-1
https://doi.org/10.1046/j.1365-2427.1997.00230.x
https://doi.org/10.1016/j.jhydrol.2013.07.042
https://doi.org/10.1002/rra.2925
https://doi.org/10.1002/rra.2925
https://doi.org/10.3390/w10111552
https://doi.org/10.1002/rra.855
https://doi.org/10.1111/j.1365-2427.2009.02379.x
https://doi.org/10.1093/biosci/biu159
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1038/s41586-019-1111-9
https://doi.org/10.1016/j.scitotenv.2018.03.221
https://doi.org/10.1016/j.scitotenv.2018.03.221
https://doi.org/10.1175/2009jcli2470.1
https://doi.org/10.1175/2009jcli2470.1
https://doi.org/10.1002/rra.3130
https://doi.org/10.2166/wcc.2020.263
https://doi.org/10.1002/ece3.3907
https://doi.org/10.1002/ece3.3907
https://doi.org/10.1029/2018wr022852
https://doi.org/10.1016/j.jclepro.2019.05.358
https://doi.org/10.3390/w12082279
https://rdrr.io/rforge/IHA/
https://rdrr.io/rforge/IHA/
https://doi.org/10.1029/94jd00483
https://doi.org/10.1029/94jd00483
https://doi.org/10.1002/rra.1522
https://doi.org/10.1002/rra.1522
https://doi.org/10.1038/sdata.2015.42
https://doi.org/10.1038/sdata.2015.42
https://doi.org/10.1029/2008wr007206
https://doi.org/10.1029/2008wr007206
https://doi.org/10.1016/j.geomorph.2004.08.017
https://doi.org/10.2307/1907187
https://doi.org/10.1016/j.jhydrol.2018.09.014
https://doi.org/10.1007/s10584-019-02497-4
https://psl.noaa.gov/
https://psl.noaa.gov/
https://doi.org/10.1111/jawr.12102
https://doi.org/10.1002/rra.700
http://9
http://9
https://doi.org/10.1002/rrr.624
https://doi.org/10.1002/rrr.624
https://doi.org/10.2307/1313099
https://doi.org/10.2307/1313099
https://doi.org/10.1098/rsta.2002.1012
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Environmental Flows. Freshw. Biol. 55, 194–205. doi:10.1111/j.1365-2427.2009.
02272.x

Puente, C. E., Maskey, M. L., and Sivakumar, B. (2017). Combining Fractals and
Multifractals to Model Geoscience Records. Fractals Concepts Appl. Geosci..
Boca Raton: CRC Press, 297–332. doi:10.1201/9781315152264-11

Rheinheimer, D. E., and Viers, J. H. (2015). Combined Effects of Reservoir
Operations and Climate Warming on the Flow Regime of Hydropower
Bypass Reaches of California’s Sierra Nevada. River Res. Applic. 31,
269–279. doi:10.1002/rra.2749

Richter, B. D., Baumgartner, J. V., Braun, D. P., and Powell, J. (1998). A Spatial
Assessment of Hydrologic Alteration within a River Network. Regul. Rivers: Res.
Mgmt. 14, 329–340. doi:10.1002/(sici)1099-1646(199807/08)14:4<329::aid-
rrr505>3.0.co;2-e

Richter, B. D., Baumgartner, J. V., Powell, J., and Braun, D. P. (1996). A Method for
Assessing Hydrologic Alteration within Ecosystems. Conservation Biol. 10,
1163–1174. doi:10.1046/j.1523-1739.1996.10041163.x

Swrcb, S. W. R. C. B. (2018).Water Quality Control Plan for the San Francisco Bay/
Sacramento-San Joaquin Delta Estuary. Sacramento: State Water Resources
Control Board.

Tian, X., Zhao, G., Mu, X., Zhang, P., Tian, P., Gao, P., et al. (2019). Hydrologic
Alteration and Possible Underlying Causes in the Wuding River, China. Sci.
Total Environ. 693, 133556. doi:10.1016/j.scitotenv.2019.07.362

Tomlinson, J. E., Arnott, J. H., and Harou, J. J. (2020). AWater Resource Simulator
in Python. Environ. Model. Softw. 126, 104635. doi:10.1016/j.envsoft.2020.
104635

Vicuña, S., Dracup, J. A., and Dale, L. (2011). Climate Change Impacts on Two
High-Elevation Hydropower Systems in California. Clim. Change 109, 151–169.

Xue, L., Zhang, H., Yang, C., Zhang, L., and Sun, C. (2017). Quantitative Assessment
of Hydrological Alteration Caused by Irrigation Projects in the Tarim River basin,
China. Sci. Rep. 7, 1–13. doi:10.1038/s41598-017-04583-y

Yan, Y., Yang, Z., Liu, Q., and Sun, T. (2010). Assessing Effects of Dam Operation
on Flow Regimes in the Lower Yellow River. Proced. Environ. Sci. 2, 507–516.
doi:10.1016/j.proenv.2010.10.055

Yang, T., Cui, T., Xu, C.-Y., Ciais, P., and Shi, P. (2017). Development of a New
IHAMethod for Impact Assessment of Climate Change on Flow Regime. Glob.
Planet. Change 156, 68–79. doi:10.1016/j.gloplacha.2017.07.006

Yang, Y., Yang, Z., Yin, X.-a., and Liu, Q. (2018). A Framework for Assessing Flow
Regime Alterations Resulting from the Effects of Climate Change and Human
Disturbance. Hydrological Sci. J. 63, 441–456. doi:10.1080/02626667.2018.
1430897

Yarnell, S. M., Petts, G. E., Schmidt, J. C., Whipple, A. A., Beller, E. E., Dahm,
C. N., et al. (2015). Functional Flows in Modified Riverscapes:
Hydrographs, Habitats and Opportunities. BioScience 65, 963–972.
doi:10.1093/biosci/biv102

Yarnell, S. M., Stein, E. D., Webb, J. A., Grantham, T., Lusardi, R. A., Zimmerman,
J., et al. (2020). A Functional Flows Approach to Selecting Ecologically Relevant
Flow Metrics for Environmental Flow Applications. River Res. Applic 36,
318–324. doi:10.1002/rra.3575

Yarnell, S. M., Viers, J. H., andMount, J. F. (2010). Ecology andManagement of the
spring Snowmelt Recession. Bioscience 60, 114–127. doi:10.1525/bio.2010.60.
2.6

Yasarer, L. M.W., and Sturm, B. S. M. (2016). Potential Impacts of Climate Change
on Reservoir Services and Management Approaches. Lake Reservoir Manag. 32,
13–26. doi:10.1080/10402381.2015.1107665

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Maskey, Facincani Dourado, Rallings, Rheinheimer, Medellín-
Azuara and Viers. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 10 | Article 76542614

Maskey et al. Assessing Hydrological Alteration Using IHA

194

https://doi.org/10.1111/j.1365-2427.2009.02272.x
https://doi.org/10.1111/j.1365-2427.2009.02272.x
https://doi.org/10.1201/9781315152264-11
https://doi.org/10.1002/rra.2749
https://doi.org/10.1002/(sici)1099-1646(199807/08)14:4<329::aid-rrr505>3.0.co;2-e
https://doi.org/10.1002/(sici)1099-1646(199807/08)14:4<329::aid-rrr505>3.0.co;2-e
https://doi.org/10.1046/j.1523-1739.1996.10041163.x
https://doi.org/10.1016/j.scitotenv.2019.07.362
https://doi.org/10.1016/j.envsoft.2020.104635
https://doi.org/10.1016/j.envsoft.2020.104635
https://doi.org/10.1038/s41598-017-04583-y
https://doi.org/10.1016/j.proenv.2010.10.055
https://doi.org/10.1016/j.gloplacha.2017.07.006
https://doi.org/10.1080/02626667.2018.1430897
https://doi.org/10.1080/02626667.2018.1430897
https://doi.org/10.1093/biosci/biv102
https://doi.org/10.1002/rra.3575
https://doi.org/10.1525/bio.2010.60.2.6
https://doi.org/10.1525/bio.2010.60.2.6
https://doi.org/10.1080/10402381.2015.1107665
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Modeling Functional Flows in
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Environmental flows are critical to the recovery and conservation of freshwater ecosystems
worldwide. However, estimating the flows needed to sustain ecosystem health across
large, diverse landscapes is challenging. To advance protections of environmental flows for
streams in California, United States, we developed a statewide modeling approach
focused on functional components of the natural flow regime. Functional flow
components in California streams—fall pulse flows, wet season peak flows and base
flows, spring recession flows, and dry season baseflows—support essential physical and
ecological processes in riverine ecosystems. These functional flow components can be
represented by functional flow metrics (FFMs) and quantified by their magnitude, timing,
frequency, duration, and rate-of-change from daily streamflow records. After calculating
FFMs at reference-quality streamflow gages in California, we used machine-learning
methods to estimate their natural range of values for all stream reaches in the state
based on physical watershed characteristics, and climatic factors. We found that the
models performed well in predicting FFMs in streams across a diversity of landscape and
climate contexts, according to a suite of model performance criteria. Using the predicted
FFM values, we established initial estimates of ecological flows that are expected to
support critical ecosystem functions and be broadly protective of ecosystem health.
Modeling functional flows at large regional scales offers a pathway for increasing the pace
and scale of environmental flow protections in California and beyond.

Keywords: environmental flows, flowmetrics, hydrologic modeling, holistic method, California environmental flows
framework, natural flow regime

INTRODUCTION

The protection of environmental flows—water needed to sustain biodiversity and the services that
healthy freshwater ecosystems support—is essential to reversing worldwide trends in freshwater
ecosystem degradation (Reid et al., 2019; Tickner et al., 2020). To address this need, river scientists
have developed a broad suite of environmental flow assessment tools (Horne et al., 2017), and
advanced policy agendas for environmental flows (Arthington et al., 2018). Yet, most environmental
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flow programs are limited in spatial scale (Poff et al., 2010) and
are narrowly focused on species of management concern. For
example, environmental flow protections in the western US have
primarily focused on major rivers supporting Pacific salmon and
trout (Oncorhynchus spp.), and other threatened fish species
listed under the federal Endangered Species Act (Gillilan and
Brown, 1997; Obester et al., 2022). As pressures on water
resources intensify at a global scale (Grill et al., 2019), the vast
majority of rivers and streams still lack environmental flow
protections. New environmental flow approaches are needed
to broaden the pace, scope, and scale of flow protections
across diverse river types and geographies.

Recently, river scientists have argued that a functional flows
approach offers a promising framework for establishing holistic
environmental flow protections at regional scales (Grantham
et al., 2020; Yarnell et al., 2020). Functional flows are
components of the natural flow regime that sustain the
biological, chemical, and physical processes upon which native
freshwater species depend (Escobar-Arias and Pasternack, 2010;
Yarnell et al., 2015). The functional flows concept is founded on
the principles of the natural flow regime paradigm (Poff et al.,
1997), but recognizes specific dimensions of flow variability, and
their interactions with the landscape, as being particularly
important for supporting ecosystem processes. For
mediterranean-montane rivers, functional flow components
include fall pulse flows, wet season peak flows, wet season
baseflows, spring recession flows, and dry season baseflows
(Yarnell et al., 2020). By focusing environmental water
allocations on these functional flow components, the
maintenance of their associated physical and biological
processes is expected to be broadly protective of ecosystem
needs. Furthermore, there is evidence that functional flows can
be managed to accommodate human water demands and deliver
benefits to both people and nature (Grantham et al., 2020).

The California Environmental Flows Framework (CEFF) is a
technical approach for developing environmental flow
recommendations in California, United States, and relies on
the functional flows concept (Stein et al., 2021). The purpose
of CEFF is to provide a consistent, scientifically-defensible, and
holistic approach for assessing environmental flow needs
statewide. To support this goal, models are used to predict the
natural range of functional flows in all rivers and streams in the
state at the resolution of individual stream segments. If there are
no physical modifications, water quality impairments, or invasive
species present in focal streams, the habitat needs of native
aquatic species are assumed to be supported by the natural
range of functional flows (Stein et al., 2021). Therefore, under
CEFF, predicted natural values of functional flows are considered
an initial estimate of ecological flow needs and can be used to
develop environmental flow recommendations without the need
of further resource-intensive studies. CEFF allows for more
detailed evaluation of ecological flow needs in contexts where
there are physical habitat modifications or other local
environmental factors that could limit the effectiveness of
natural functional flows in supporting ecosystem functions
and the habitat requirements of native species. Once ecological
flow needs are defined as quantitative targets, CEFF also includes

a series of steps to evaluate tradeoffs between ecological and other
water management objectives, and to develop environmental flow
recommendations that balance human and ecosystem needs
(Stein et al., 2021).

Here, we present a data-driven modeling approach to predict
functional flows in California rivers, a 424,000-km2 region that
encompasses a diversity of river types, human pressures, and
water management objectives. We describe data requirements
and model training procedures and assess the influence of model
predictor variables on distinct functional flow metrics. We also
evaluate the predictive performance of the models by metric and
stream type, using a suite of model performance criteria. Finally,
we use the models to predict the natural range of functional
metrics at all stream reaches (over 140,000) in the state, serving as
a foundation for CEFF and other environmental flow
management efforts. By estimating functional flows statewide,
this modeling approach can support development of holistic
environmental flow programs at large spatial scales and across
diverse geographies, jurisdictions, and management contexts.

METHODS

Modeling Approach Overview
We calculated observed annual values of 24 functional flow
metrics (FFMs) describing 5 functional flow components (fall
pulse flows, wet season baseflows, wet season peak flows, spring
recession flows, and dry season baseflows) from reference gage
records in California (Figure 1). We then characterized the
watershed above each reference gage using a suite of physical
and climatic variables from publicly available data sources. Next,
we used a machine learning approach to relate the watershed
variables to functional flow metrics, developing a total of 24
models (one for each functional flow metric). The predictive
performance of each model was then evaluated by comparing
predictions of functional flow metrics with observations at gages
excluded from model training. Finally, we used the models to
predict the natural range of values of each FFM at all stream
reaches in California’s stream network, using the same set of
predictor variables calculated for the catchment of each stream
reach. The details of each step are provided below.

Streamflow Data and Functional Flow
Metric Calculations
All gages operated by the U.S. Geological Survey (USGS) in
California were screened to identify those considered to be
reference-quality, following methods described by Zimmerman
et al. (2018). Briefly, the watershed above each gage was evaluated
using GIS-based methods and visual inspection of aerial imagery
to exclude sites with evidence of significant human activities,
including water diversions and storage reservoirs, intensive
agriculture and forestry practices, dense road networks, and
extensive impervious surfaces. We also reviewed USGS
published annual data reports for each gage that note the
influence of significant anthropogenic activities on observed
flow records (Falcone et al., 2010). Through a subsequent
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manual screening process, several gages were removed from the
analysis that exhibited irregular, impaired, and or aseasonal flow
patterns. In total, we identified 216 reference gages in California,
which included both active stations located on relatively pristine
streams and gages with historical observations that pre-dated
significant anthropogenic disturbances (e.g., prior to dam
construction). We included an additional 3 gages located
below dams for which reconstructed unimpaired flow data
were available in order to increase the physiographic range
represented in the dataset (California Department of Water
Resources [DWR], 2007), bringing the total number of
reference gages to 219 (Figure 1; Supplementary Table S1).

The resulting reference gage set includes periods of record as
early as 1950 and as recent as 2015, with an average period of
record of 33 years and ranging from 6 to 65 years
(Supplementary Table S1). These gages are well distributed
across the diversity of river types in California, including
snowmelt (n = 25), rain (n = 125), and mixed snow-and-rain
(n = 69) hydrologic regimes, following a simplified version of a
stream classification scheme developed by Lane et al. (2017). The
gages are located on streams with drainage areas ranging from 5
to 9,340 square kilometers and are distributed throughout
California, with the exception of the arid southeastern corner
of the state (Figure 1), where most streams are ephemeral and no
reference gages are present. We confirmed that reference gages

located in close proximity were separated by intervening
tributaries or had distinct periods of record.

Complete years of daily flow data for all reference gages were
downloaded from the USGS National Water Information System
(USGS, 2017). Annual FFMs were then calculated from daily flow
records using signal processing algorithms designed to
characterize seasonal flow features of the annual hydrograph.
The approach to calculate annual timing metrics detailed by
Patterson et al. (2020) is as follows: A high standard deviation
Gaussian filter was applied to daily streamflow time series to
detect dominant peaks and valleys from the annual hydrograph.
Localized search windows were set around hydrologic features of
interest (e.g., annual peak flow). A low standard deviation
Gaussian filter was then applied to the observed daily flow in
the search window to identify seasonal shifts in the hydrograph,
based on slope breaks in the derivative of a fitted spline curve.
Break points were used to quantify the timing metrics for the wet
season, dry season, and spring recession periods, from which
seasonal magnitude, duration, frequency, and rate of change
metrics could then be calculated. The spring recession rate was
calculated as themedian daily rate of change in flow from the start
date of the spring recession until the start of the dry season,
considering only days with negative change to omit storm events
during the recession period. Peak flow magnitudes were
calculated as the long-term annual flood exceedance flow

FIGURE 1 | (A) Reference quality gages in California (n = 219) used for developing functional flow metric models, including 3 gages on large rivers with naturalized
flow records (Supplementary Table S1). Gages and the stream network are shaded according to their hydrologic classification type (snowmelt-dominated, mixed
snow-and-rain, and rainfall-dominated flow regimes), modified from Lane et al. (2017) and Patterson et al. (2020). (B) A representative hydrograph from a reference gage,
highlighting five functional flow components for California streams, from Yarnell et al. (2020). Blue line represents median (50th percentile) daily discharge. Gray
shading represents 90–10th percentiles of daily discharge over the period of record.
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associated with the 2-, 5-, and 10-years recurrence intervals. We
also calculated peak flow duration (cumulative number of days in
which this peak flow magnitude is exceeded) and frequency
(number of times the flow magnitude is exceeded), in each of
the years in which a flood of a given recurrence interval occurred.
Following these methods, we calculated the values of 24 FFMs,
describing 5 functional flow components, at each reference gage
(Table 1; Figure 1).

Next, we used a GIS-based approach to calculate over 150
variables related to physical attributes of the watershed above
each reference gage using publicly available geospatial datasets
(Supplementary Table S1). These included variables related to
topography (e.g., elevation, slope, and aspect, etc.), dominant
geology and soil types (e.g., granitic, volcanic, or sedimentary,
and mean content of clay, sand, and silt, etc.), and watershed
hydraulic properties (e.g., topographic wetness index, baseflow
index, mean depth to water table, etc.). We also included time-
varying climatic variables including mean monthly
temperature and precipitation from the 800-m PRISM
dataset from Daly et al. (2008), as well as expected monthly
runoff from McCabe and Wolock (2011). These climate
variables were expressed as monthly, seasonal, and annual
values for each year of FFM observations at a reference site, as
well as for years preceding the FFM observations
(Supplementary Table S2).

Functional Flow Metric Modeling
Random forest (RF) models (Cutler et al., 2012) were developed
for each FFM. For most FFMs, observed values were calculated
for each year of the reference period of each gage. For peak flow
magnitude FFMs, single values for the 2-, 5-, and 10-years
recurrence interval flood were estimated at each gage. Each RF
model specified a FFM as the response variable and a total of 182
watershed and climate variables as predictor variables
(Supplementary Table S2; Carlisle, 2022). All models were
run using 2000 trees and default parameters with the
randomForest function in the randomForest package, version
4.6 (Liaw and Wiener, 2018) in R (R Core Team, 2020).

Random forest models include a resampling routine that
provides estimates of model performance comparable to what
is obtained from independent validation data. However, because
our dataset included repeated observations of FFM values from
each of the 219 reference sites, the replicate datasets generated
from RF’s internal sampling could produce overly optimistic
estimates of model performance. We therefore used a leave-
one-out cross-validation approach to estimate model
performance, in which each reference site (including
observations for all years of record) was excluded in turn from
a calibration dataset, following methods by Eng et al. (2017);
Zimmerman et al. (2018). The trained model was subsequently
used to predict FFM values at the excluded reference site. We

TABLE 1 | Functional flow metrics for which machine learning models were developed and their corresponding functional flow components and characteristics. There are a
total of 24 metrics that represent five functional flow components. Note that there are 2 metrics describing the magnitudes of wet season baseflow and dry season
baseflow and 3 metrics describing each of the peak flow characteristics (2-, 5-, and 10-years recurrence interval floods) in the wet season.

Functional flow
component

Flow
characteristic

Functional flow metric

Fall pulse flow Magnitude (cms) Peak magnitude of fall season pulse event (maximum daily peak flow) in years when it occurs

Timing (date) Start date of fall pulse event

Duration (days) Duration of fall pulse event (# of days start to end)

Wet season baseflow Magnitude (cms) Magnitude of wet season baseflow and wet season median flow (10th and 50th percentile of daily flows, respectively,
during the wet season)

Timing (date) Start date of wet season

Duration (days) Wet season baseflow duration (# of days from start of wet season to start of spring season)

Wet season peak flows Magnitude (cms) Peak flow magnitude (annual peak flows for 2-, 5-, and 10-years recurrence intervals)
Duration (days) Duration of peak flows over wet season (number of days in which a given peak flow recurrence interval is exceeded, in

years when it occurs)

Frequency Frequency of peak flow events over wet season (number of times in which a given peak flow recurrence interval flow is
exceeded, in years when occurs)

Spring recession flow Magnitude (cms) Spring peak magnitude (daily flow on start date of spring recession-flow period)

Timing (date) Start date of spring recession

Duration (days) Spring recession flow duration (# of days from start of spring to start of summer base flow period)

Rate of change (%) Spring recession flow rate (percent decrease per day over spring recession period)

Dry season baseflow Magnitude (cms) Dry season baseflow and high baseflow magnitude (metrics for the 50th and 90th percentile of daily flow,
respectively, during the dry season)

Timing (date) Start date of dry season

Duration (days) Dry season baseflow duration (# of days from start of dry season to start of wet season)
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retained the 10th, 25th, 50th, 75th, and 90th percentiles of the
predictions generated by the 2000 trees for each excluded
reference site. For each model iteration, we also identified the
most influential predictor variables, based on their Gini index
(Cutler et al., 2007), which measures the loss of model predictive
accuracy when that variable is excluded. Higher values indicate
greater importance in contributing to the accuracy of the models.

To assess model performance, we compared predicted FFM
values with observations at sites excluded from model training.
We restricted the assessment to sites with 20 or more
observations (i.e., 20 years of record) and calculated several
model performance criteria to limit the risk of flawed
interpretation resulting from the use of a single performance
metric (Clark et al., 2021). We calculated performance criteria
that provided measures of both the dispersion and central
tendency of model predictions in comparison to observed
values. First, we compared the distribution of observed to
predicted values of FFMs by calculating the percent of annual
observed values at a site that fell within the predicted interquartile
range (IQR, range between the 25th to 75th percentile values) and
the inter-80th percentile range (I80R, range between the 10th to
90th percentile values) for that site. The mean of these percentage
values across all sites was used to assess the overall degree to
which the distribution of observations aligned with the predicted
range of each metric. Models with perfect performance would
have percentage values of 50% for the IQR criterion and 80% for
the I80R criterion, indicating that, on average, 50% and 80% of
the observed values fall within the predicted IQR and I80R,
respectively. Models that under-estimate the natural range of
variation in FFMs would have values below 50% and 80%,
respectively, and models that over-estimate the range of
variation would exceed these values.

To evaluate accuracy for the central tendency of model
predictions, we also compared the median value of
observations to the median value of predictions at each site.
The paired values were used to calculate several “goodness-of-fit”
criteria commonly used in hydrologic model performance
assessment (Moriasi et al., 2007; Eng et al., 2017): the
observed-to-expected ratio (O/E), the coefficient of
determination (r2), percent bias, and Nash-Sutcliffe Efficiency
(NSE). We then calculated the mean value of each performance
criterion across all sites. For the peak flow magnitude metrics, we
only calculated the performance measures of central tendency
because only single values were available for each site (i.e., 2-, 5-,
and 10-years recurrence interval peak flows). Due to the skewed
distribution of peak flow frequency and duration metrics to low
values, measures of central tendency were unreliable. For those
metrics, we excluded observations with zero values and
considered only the distribution of observations relative to the
predicted range of values, by calculating the percentage of
observations falling within the predicted IQR and I80R, as
described above.

To evaluate model performance across all criteria, we
standardized the values of all calculated criteria between 0
(poor performance) and 1 (perfect performance). To scale O/E
values, we retained values less than 1 and calculated the inverse of
those greater than 1. To scale percent bias, we subtracted values

from 100 and then divided by 100. NSE values less than 0 were set
to 0 and no changes were made to the r2 values. To scale the IQR
criterion, the absolute value of difference between the calculated
value and 50 was divided by 50 and subtracted from 1. Similarly
for I80R, the absolute value of difference between the calculated
value and 80 was divided by 80 and subtracted from 1. We then
developed a composite performance index by averaging the
values of all six criteria. We assigned a qualitative performance
rating to the composite performance index values excellent
(>0.9), very good (0.81–0.9), good (0.65–0.8), satisfactory
(0.5–0.64), and poor (<0.5) model performance, following
guidelines similar to Moriasi et al. (2007).

Finally, we evaluated spatial bias in model performance by
separating reference gages into stream classes (Lane et al.,
2017). We grouped gages into one of three classes based on
their dominant hydrologic characteristics: snowmelt, rain, and
mixed snow-and-rain. We then compared model predictions
and observed data from reference gages occurring within each
stream class, using the same set of performance criteria, and
again calculated the composite performance index for each
metric.

Predicting Functional Flows Across the
Stream Network
After the model performance evaluation, we used the RF
models to predict the natural range of functional flows for
all stream reaches in California. We trained final models (n =
2000 trees) with the full set of reference gages to include the
maximum amount of information possible. We then
calculated the same set of watershed and climate variables
used in model training, obtained fromWieczorek et al. (2018),
for 142,509 natural stream reaches (mean length = 2.1 km; sd
length = 2.0 km) represented by the National Hydrography
Dataset for California (NHDPlus, Version2) (Horizon
Systems Corporation, 2012). These data were used to
predict FFM values from 1950 to 2015 at each stream reach
from the trained RF models. The 10th, 50th, and 90th
percentiles of model predictions for each FFM were
calculated for each stream reach. Predicted ranges were
compiled for all years (1950–2015) and for all dry,
moderate, and wet water years and made available on a
public website (California Environmental Flows Working
Group [CWFWG], 2021). Reported values represent the
expected natural range of FFMs at each stream, also
accounting for model prediction uncertainty.

RESULTS

Variable Influences on Functional Flow
Metrics
Climate variables were generally the most influential predictors in
the FFM models, although physical catchment variables were
important for some metrics (Table 2; Supplementary Table S3).
For the fall pulse metrics, climate variables including
precipitation, temperature, and runoff for fall season months
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(e.g., Oct, Nov) were consistently among the most influential
variables. The rainfall-runoff erosivity index, which reflects the
estimated amount and rate of runoff produced by a storm
(Renard et al., 1997), was also influential in predicting fall
pulse flow duration. Wet season baseflow metrics were
strongly influenced by monthly climate variables
corresponding to winter months (e.g., December runoff) and
multi-annual antecedent precipitation, runoff, and temperature
variables were generally the most important variables in the
models. Precipitation and runoff had a stronger influence on
wet season baseflow magnitudes and duration, whereas
temperature had a stronger influence on wet season baseflow
timing.

Peak flow magnitudes, including 2-, 5-, and 10-years
recurrence interval peak flow metrics, were most influenced by
the catchment’s long-term mean annual runoff (Gebert et al.,
1987) as well as mean maximum and mean annual precipitation
(Table 2; Supplementary Table S3). Peak flow duration–the
number of days in a year in which flows exceeded a peak flow

threshold–was most influenced by monthly precipitation
variables in the winter months and the previous water year,
catchment mean elevation, and the hydrologic landscape
region in which the catchment predominately occurs (Wolock,
2003a). Peak flow frequency—the number of peak flow events in a
year of a given recurrence interval—was also most influenced by
precipitation in winter months and antecedent year, as well as the
catchment’s rainfall-runoff erosivity index and groundwater
recharge index (Wolock, 2003b).

Annual precipitation and runoff had the greatest influence on
spring recession magnitude, whereas mean temperatures in the
spring months and spring season had the greatest influence on
spring recession timing (Table 2; Supplementary Table S3). The
duration of the spring recession flow period was most influenced
by catchment elevation, the clay content of catchment soils,
winter precipitation, and monthly runoff in December and
June, near the start, and end of the wet season, respectively
and the rate-of-change by mean runoff observed over the most
recent four-year period. Spring rate-of-change was most

TABLE 2 |Most influential variables for each functional flowmetric model, as determined by the Gini index. Only the most influential variable is reported, unless the next most
influential variable was within the 10% of its Gini index value. See Supplementary Table S2 for predictor variable descriptions and Supplementary Table S3 for the
Gini index values for all variables in each model.

Functional flow
component

Flow metric Most influential Variable(s)
in model

Fall pulse flow Fall pulse magnitude October precipitation
Fall pulse timing October precipitation
Fall pulse duration Rainfall-runoff erosivity index (R factor)a; October runoff; November precipitation

Wet season baseflow Wet season baseflow magnitude Four-year mean annual precipitation; Three-year mean annual precipitation
Wet season median baseflow
magnitude

Three-year mean annual runoffb

Wet season timing Three-year mean annual temperature
Wet season duration December runoffb

Wet season peak flows 2-years flood magnitude Long-term mean annual runoffb

2-years flood durationc Mean catchment elevation
2-years flood frequencyc Rainfall-runoff erosivity index (R factor)a

5-years flood magnitude Long-term mean annual runoffb

5-years flood durationc Proportion of catchment with in HLR 18c; July precipitation in previous water year; winter
precipitation

5-years flood frequencyc Rainfall-runoff erosivity index (R factor)a

10-years flood magnitude Long-term mean annual runoffb

10-years flood durationc July precipitation in previous water year
10-years flood frequencyc January and December precipitation

Spring recession flow Spring recession magnitude Total annual precipitation
Spring recession timing Mean spring temperature
Spring recession duration Mean catchment elevation
Spring recession rate of change Four-year mean annual runoffb

Dry season baseflow Dry season baseflow Summer runoffb; September runoffb

Dry season high baseflow Natural groundwater recharge indexe

Dry season timing Maximum catchment elevation
Dry season duration Difference between maximum and minimum catchment elevation

aFrom the Universal Soil Loss Equation, calculated mean value for each watershed (Falcone et al., 2010).
bMonthly, seasonal, and annual catchment runoff estimated from water-balance models, developed by McCabe and Wolock (2011). Long-term annual runoff values (1951–1980) are
derived from rainfall-runoff models, developed by Gebert et al. (1987).
cFlood duration is the total number of days a flood of a given recurrence value is exceeded in a year, when it occurs, and frequency is the number of discrete events within a season when a
flood occurs.
dHydrologic Landscape Regions delineate watersheds in the United States with similar land-surface form, geological texture, and climate characteristics. HLR 18 includes watersheds in
semiarid mountains with permeable soils and impermeable bedrock (Wolock, 2003a).
eMean annual natural groundwater recharge (1951–1980) for catchments in the conterminous United States (Wolock, 2003b).
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influenced by runoff variables, including annual runoff for the
water year and multi-annual antecedent periods.

Runoff variables were also influential in predicting dry season
baseflow characteristics. Runoff in the summer months and
seasonally-averaged runoff were both important in predicting
dry season baseflow magnitudes. The catchment groundwater
recharge index was also influential for the dry season high
baseflow metric. Catchment variables were most important in
predicting the timing of the dry season. Influential variables
included the mean and max catchment elevation, the baseflow
index, and soil properties (Supplementary Table S3). Similar to
the fall and spring duration metrics, duration of the dry season
was most influenced by catchment properties, including
elevation, spring precipitation, and the catchment erodibility
index (K-factor).

Model Performance
Overall, the FFMmodels had high predictive accuracy, with all 24
metrics exhibiting excellent (composite performance index [CPI]
> 0.9 for 7 metrics), very good (0.8 < CPI ≤0.9 for 12 metrics) or
good (0.65 < CPI ≤0.8 for 5 metrics) performance (Figure 2;
Supplementary Table S4). The models performed well in
predicting fall pulse flows, including the magnitude (CPI =
0.85), timing (CPI = 0.80), and duration (CPI = 0.70). The
slightly lower CPI for fall pulse duration was driven by low
NSE and r2 performance criteria values (<0.25). This was the
result of the limited range of whole number values in the
observation record (median fall pulse duration of 2–7 days
among all sites), such that slight deviation of predictions
(i.e., 1 or 2 days) caused NSE and r2 values to substantially
decrease.

The models for wet season baseflow accurately predicted all
metrics, especially the wet season low magnitude metric (CPI =
0.91), and exhibited excellent performance (CPI >0.9) in
predicting peak flow magnitudes for 2-, 5-, and 10-years flood
recurrence intervals. Model performance for within-year flood

frequency and duration were also considered good, very good, or
excellent. The model for the 10-years flood frequency tended to
overestimate the observed range of variation (i.e., a higher
proportion of observed values fell within the predicted
interquartile range than expected; Supplementary Table S4),
although overall model performance was still good. Model
performance was very good (CPI >0.8) for spring recession
flow magnitude, timing, duration, and rate-of-change. The
models were very good or excellent in predicting all dry
season baseflow metrics, including the median (CPI = 0.92)
and high baseflow magnitudes (CPI = 0.92), dry season timing
(CPI = 0.90), and dry season duration (CPI = 0.83).

When model performance was assessed by stream class, the
CPI deviated from those obtained when all streams were
evaluated together (Figure 2). For snowmelt-dominated
streams, the models performed less well in predicting
timing and duration metrics, including for the fall pulse,
wet season, spring recession, and dry season. However, only
the fall pulse timing model was considered “poor” performing
for the snowmelt stream class. Model performance declined for
some metrics in the mixed snow-and-rain and rainfall-
dominated classes, but all models were considered at least
satisfactory and most were very good or excellent (Figure 2).
Stream gage records were insufficient to evaluate the
performance of the 10-years flood duration and frequency
metrics by stream class.

Model Predictions
Based on the overall satisfactory performance of the FFMmodels,
predictions of expected, natural FFM values were generated for all
stream reaches in California using models calibrated with the full
set of reference gages. Model predictions were compiled in a
geospatial database and made available through an online
mapping tool to allow users to visualize and download
estimates of natural FFM values for any stream reach in the
state CEFWG, 2021 (Figure 3).

FIGURE 2 |Model performance summary for functional flow components and metrics for all streams and for streams stratified by stream type (mixed snow-and-
rain, rainfall-dominant, and snowmelt-dominant). The composite performance index values shown are calculated as the mean of multiple, standardized performance
criteria values (Supplementary Tables S4, S5).
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DISCUSSION

Here we applied a machine learning modeling approach to
estimate functional flows for over 140,000 stream reaches
exceeding 250,000 km in total length in California,
United States. Our evaluation of model performance indicated
that natural hydrologic signatures describing the magnitude,
timing, duration, frequency, and rate-of-change of functional
components of the flow regime could be accurately predicted
across a large region with high geographic variability. For every
stream reach in the state, we generated predictions for the
expected natural range of five functional flow components,
including fall pulse flows, wet season baseflows, peak flows,
spring recession flows, and dry season baseflows. By predicting
the range of flows that are expected to support essential ecosystem
functions under natural landscape conditions, these estimates can
serve as a foundation for assessing ecological flow needs,
quantifying flow alteration, and guiding development of
environmental flow recommendations in the state, through the
California Environmental Flows Framework (Stein et al., 2021) or
other environmental flow assessment approaches.

The models relied on a network of reference-quality gages and
a broad suite of watershed variables to predict functional flow

metrics. For most metrics, these variables appeared to capture the
effects of dominant physical processes that control seasonal flow
dynamics. In particular, the models were highly accurate in
predicting the magnitudes of fall pulse and wet season peak
flows, as well as wet and dry season baseflows. In contrast, the
models did not perform as well in predicting the timing and
duration of flow components. This likely relates to the monthly
scale of the climate predictor variables, which fail to represent
physical processes that control the timing and duration of
functional flow components at shorter timescales. These
deficiencies were more pronounced when evaluating model
performance by stream class. For example, model performance
was substantially lower for timing and duration metrics in the
snow-dominated stream class, which might relate to the inability
of the model to capture snow accumulation and snowmelt runoff
dynamics. Nevertheless, model performance remained
satisfactory or better for all but one metric: fall pulse timing in
the snow class.

The modeling approach used in this study differs from
physically-based hydrologic models (i.e., rainfall-runoff
models) that are commonly used in environmental flow
applications. First, rainfall-runoff models are generally trained
and calibrated using a small sample of streamflow gaging records

FIGURE 3 | Screenshot of online mapping tool developed to explore, visualize, and download modeled natural functional flow metrics for streams in California,
displaying dry season baseflow metrics at a gaged stream reach of the Napa River. Available at: https://rivers.codefornature.org.
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to estimate streamflow throughout individual watersheds based
on intensive field data collection and parameterization. In
contrast, the modeling approach used here relies on a large
network of gages and can be applied to generate predictions
across a broad geographic region. Model calibration procedures
also differ. Rainfall-runoff models are often run on daily or sub-
daily timescales and are calibrated to generate the best fit with
observed streamflow data. This means that model parameters are
generally tuned to minimize deviation in all elements of the flow
regime and, as a result, there may be tradeoffs associated with
improving predictive accuracy in some flow components (e.g.,
peak flows) at the expense of others (e.g., low flows). In contrast,
the modeling approach described here calibrates to specific
aspects of the flow regime, avoiding such tradeoffs, and likely
increasing model predictive accuracy of functional flow metrics.

Hydrologic models are typically evaluated using a limited set
of “goodness of fit” (GOF) criteria, such as r-squared and NSE, to
compare predictions with paired observations (Clark et al., 2021).
The performance assessment approach used in this study used a
broader suite of criteria, including both GOF and measures that
evaluate the degree to which the distributions of predictions align
with observations. We found there was notable variation in the
performance criteria values for several metrics (Supplementary
Tables S4, S5). This indicates that interpretation of model
accuracy can be highly influenced by the selection of
performance criteria and suggests that multiple criteria should
be used to assess hydrologic model performance where possible.

One of the shortcomings of statistical models is that they do not
explicitly represent the mechanisms that control streamflow
generation and variability. Although the variable importance
rankings can provide some insight into the physical controls on
specific flow components, factors contributing to model accuracy
can be difficult to ascertain. For example, the relationship between
seasonal precipitation (and runoff) volumes and the magnitudes of
functional flow components was evident in the variable important
plots of the RF models. In the dry season, the importance of the
groundwater recharge index (Wolock, 2003b) suggested that this
variable was, at least in part, effective in representing groundwater-
surface interactions that influence baseflow. The strong influence of
spring temperature on the timing of the spring flow recession was
also consistent with understanding of the physical controls on spring
snowmelt dynamics (Yarnell et al., 2010). However, the influences of
other variables on functional flow metrics were more difficult to
interpret. For example, catchment elevation was important in
predicting the duration of the 2-years flood, spring recession
duration, and dry season duration, but the physical basis for
these relationships is less clear. Additional studies that offer
robust comparisons between statistical and physically-based
models, such as performed by Hodgkins et al. (2020), would be
helpful for evaluating the benefits and limitations of different
hydrologic modeling approaches in predicting functional flows
and supporting environmental flow applications.

One important limitation in our modeling approach is the
network of available reference gages. The USGS stream gaging
network is biased towards larger, perennial streams of
management interest (Kiang et al., 2013), and these biases are
also evident in our study area. In particular, there is poor

representation of intermittent and ephemeral streams among
reference gages (Hammond et al., 2021), especially in the arid
southeastern region of California. Similarly, spring-fed streams
and those highly dependent on groundwater interactions are
poorly represented in the reference gage network. In addition,
most large streams and rivers in the state have been altered by
dams, diversions, and land use change, among other human
activities (Zimmerman et al., 2018), so there are few locations that
are considered reference-quality in these larger rivers. We
addressed this limitation, in part, by including reconstructed
natural flow records from a few major rivers below dams
(DWR, 2007). However, we recognize that predictions of
FFMs are likely less reliable in these and other poorly gaged
systems compared to better-gaged portions of the stream
network. Unfortunately, the degree to which model
performance is affected by gage network gaps is difficult to
quantify because the absence of gages for model training also
means there are no gages for model validation. Strategically
installing new gages in reference-quality streams that represent
these unique hydrologic contexts would help improve the
accuracy, aid quantification of uncertainty, and enhance the
utility of the models in environmental flow management
applications across a broader range of stream types. Limiting
human catchment disturbance would also help ensure streams
remain as reference-quality in the future.

In addition to obtaining data from a wider representation of
reference-quality streams, the performance of functional flow
models could be improved with new geospatial data that describe
hydrologically relevant watershed characteristics. In particular,
improved characterization of watershed lithology, which has a
strong effect on subsurface flow dynamics, is likely to be helpful
in predicting flow recession patterns and baseflow conditions (Lovill
et al., 2018). Advancements in satellite sensing products for assessing
vegetation dynamics, surface water, and groundwater levels (Tang
et al., 2009) also hold enormous potential for improving the
characterization of watersheds and enhancing model
performance. We acknowledge that more work is needed to
understand how changing climatic conditions will influence flow
regimes and supported functions (Grantham et al., 2018). The
current modeling approach estimates the range of variation in
functional flow metrics based on historical (1950–2015) climate,
watershed conditions, and flow responses. As California and the
world experience novel climate conditions, retraining models with
contemporary data will be necessary to generate new predictions for
the flow regime and to evaluate whether critical ecosystem functions
will continue to be supported as flow components shift in response
to climate change.

CONCLUSION

The modeling approach presented here can be used to develop an
initial estimate of flows required to sustain essential ecological
functions and establish a foundation upon which subsequent
analyses can be performed. These modeled natural functional
flow predictions provide a reference condition against which to
evaluate potential alterations to critical ecosystem functions due
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to human management activities or climate changes. For systems
with specific management objectives or where ecosystems have
been highly altered, more intensive studies will likely be needed to
determine if the functional flows estimated by the models are
appropriate for quantifying ecological flow needs (e.g.,Taniguchi-
Quan et al., 2022). In addition, support and guidance for
adaptively managing environmental flows to maximize their
effectiveness will help sustain ecosystem functions and health,
particularly in a changing climate (John et al., 2020). Efforts to
integrate the functional flows modeling approach in an
environmental flow program in California are promising
(Stein et al., 2021). As a relatively simple and cost-effective
means for supporting regional environmental flow programs,
there is also potential to adapt the approach for use in other
geographic contexts, including data-poor regions of the world.
Together with other advances in environmental flow science,
functional flows models could play an important role in
accelerating much-needed protections of environmental flows
at a global scale.
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Conventional flood control has emphasized structural measures such as levees, reservoirs,
and engineered channels—measures that typically simplify river channels and cut them off
from their floodplain, both with adverse environmental consequences. Structural measures
tend to be rigid and not easily adapted to increased flooding regimes resulting from
environmental change. Such actions also limit the natural hydrologic benefits of floodplains
such as storing floodwaters, improving water quality, providing habitat for invertebrates and
fish during periods of inundation, and supporting a multitude of cultural services. As these
benefits are more widely recognized, policies are being adopted to encourage projects that
reduce flood risks and restore floodplain ecosystems, while acknowledging the social-
ecological context. The number of such projects, however, remains small. We assessed
four multi-benefit floodplain projects (two in California, United States, and two in Germany) and
characterized their drivers, history, and measures implemented. In both United States cases,
the dominant driver behind the project was flood risk reduction, and ecosystem restoration
followed, in one case inadvertently, in the other as a requirement to receive a subsidy for a flood
risk reduction project. One German case was motivated by ecosystem restoration, but it was
more widely accepted because it also offered flood management benefits. The fourth case
was conceived in terms of balanced goals of flood risk reduction, ecosystem restoration, and
recreation. We conclude that projects that both reduce flood risk and restore ecosystems are
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clearly possible and often cost-effective, and that they could bemorewidely implemented. The
principal barriers are often institutional and regulatory, rather than technical.

Keywords: floodplain management, flood risk management, California Central Valley, United States, Germany,
multi-benefit, river restoration, nature-based solutions

1 INTRODUCTION

Conventional flood risk management leans heavily on structural
measures to decrease flood hazard, rather than integrative
approaches such as giving more room to rivers and preventing
development on flood-prone lands (Galloway and Lewis, 2012).
In fact, structural measures such as levees (dikes), dams, and
engineered channels tend to encourage urban and agricultural
development on the floodplain because the public perceives that
flood risk is eliminated (Auerswald et al., 2019). The result is
more development on the floodplain, where houses are at risk
from floods that exceed the capacity of the structural measures to
control flooding, a coupled human-natural interaction termed the
“levee effect” (White et al., 2001). As a result of the structural
approaches, floodplains have been extensively altered by urban
and agricultural development (Auerswald et al., 2019). Moreover,
by preventing floodwaters from spreading out over floodplains,
levees can concentrate flow and result in higher peak floods
downstream (Lulloff, 2013) and upstream (Heine and Pinter,
2012), exacerbating flooding problems. Likewise, by cutting
floodplains off from their river channels, levees and
engineered channels can render environmental flows largely
irrelevant, because these flows cannot reach and interact with
floodplains, to the detriment of both aquatic and riparian
ecosystems (Thoms, 2003).

As the importance of the hydrologic and ecological functions
of floodplains becomes better understood, there are increasing
calls to restore connectivity of floodplains, so that they actively
flood. This not only supports native riparian and aquatic species,
but it also accomodates floodwaters, thereby reducing flood peaks
downstream (Anderson et al., 1996; Tockner and Stanford, 2002;
Opperman et al., 2009; van Rees et al., 2021). In addition,
increasing recreational use of floodplains is contributing to
greater awareness of the values and services these ecosystems
support (Geist, 2011). New policies are also being adopted that
recognize the ecological benefits of floodplain inundation and
prioritize projects that achieve both flood risk reduction and
ecological restoration (USEOP (United States, Executive Office of
the President), 1977; EC (European Commission), 2000; USEOP
(United States, Executive Office of the President and Barbour),
2015; DWR (California Department of Water Resources), 2017;
CRS (Congressional Research Service), 2020; FEMA (Federal
Emergency Management Agency), 2021). Despite the rapidly
increasing number of ecosystem restoration projects
worldwide, few are planned in a way to provide multiple
benefits, such as combining flood risk reduction, ecosystem
restoration, and adaptability to climate change. Learning from
successful examples can thus greatly improve future approaches
of floodplain management. Consequently, this paper addresses
the issue of how to restore floodplains as multi-benefit, coupled

Social-Ecological Systems. We propose a framework to better
understand the role of multi-benefit projects for flood risk
reduction in the context of social-ecological systems (Section
2); examine the guiding policies that have encouraged, enabled,
and sometimes inhibited such projects (Section 3); analyze four
well documented cases, two in California and two in Germany,
two regions that have been at the forefront of multi-benefit
floodplain management (Section 4); and identify enablers and
barriers for these particular projects (Section 5). These case
studies have been selected because they are well documented
sites that provide flood risk reduction while preserving or
restoring ecosystem functions. For each case study, we trace
the original motivation for the project, the implementing
agency, methods used, funding sources, and limitations. Each
case study has unique elements, but collectively they highlight the
challenges and opportunities to reduce flood risks and restore
ecosystems through multi-benefit floodplain projects.

2 THE ROLE OF MULTI-BENEFIT
PROJECTS IN SOCIAL-ECOLOGICAL
SYSTEMS
2.1 Defining Floodplains
The term “floodplain” has different connotations to different
disciplines, and to the public in different places. Not surprisingly
given the diversity of meanings ascribed to the term “floodplain”,
there are often misunderstandings in communication among
different experts and with the public. Hydrologists may refer
to different “floodplains” defined by the return period of their
inundation (e.g., 100 years, 200 years, 500 years).
Geomorphologists often identify floodplains based on presence
of alluvium (sediment deposited by fluvial transport) and
frequent inundation, while ecologists may identify floodplains
based on ecological processes and presence of indicator species.
Some countries use different terms to distinguish the “natural”
floodplain from the “administrative” boundaries of the regulatory
flood prone area (Figure 1). For example, the regulatory flood
prone area is referred to as “flood zone” (zona inundable/zone
inondable) in Spain and Quebec (Canada), as “reference flood”
(crue de reference) in France, or as “flood hazard areas”
(Hochwassergefahrenflächen) in Germany. In contrast, in the
United States the word floodplain is widely used to refer to the
regulatory flood hazard area, which corresponds to jurisdictional
boundaries related to flood insurance and land use. As defined by
the Federal Emergency Management Agency (FEMA), this
corresponds to the area inundated by the flood with a return
period of 100 years, i.e., the “100-year floodplain” (Klein 2019) or
the “FEMA floodplain”. Properties that lie outside these
designated flood hazard areas are often said to be “out of the
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floodplain,” even though they may be at considerable risk of
flooding. Using the word “floodplain” in this context—even in
academia-has created misunderstandings of flood risk and what a
floodplain actually is.

Opperman et al. (2010) defined floodplains as “a landscape
feature that is periodically inundated by water from an adjacent
river,” and further emphasized floodplains as “geomorphic
features—formed and influenced by river flows and
sediment—upon which ecosystems develop and operate.”
Thus, floodplain environments can be defined by their
dynamic conditions, where the hydrodynamics of floodwaters
moving across a complex floodplain landscape create shifting
inundation, scour, and deposition patterns as flows rise and fall in
the river. As a result, naturally functioning floodplains are
productive habitats that support some of the highest
biodiversity in freshwater systems (Ward et al., 1999) and
provide abundant food resources to invertebrates, fish, riparian
birds, and other animals that utilize the habitat (Sommer et al.,
2001; Grosholz and Gallo, 2006; Jeffres et al., 2008; Limm and
Marchetti, 2009). For example, the experimental reconnection of
the unregulated Cosumnes River with its floodplain (California)
demonstrates how riparian and aquatic ecosystems can respond
to increased floodplain connectivity. Following the partial
removal and setback of levees that disconnected the Cosumnes
River from its historical floodplain, renewed flooding enhanced
flow diversity across the floodplain, increasing geomorphic
response and evolution (Florsheim and Mount, 2002; Nichols
and Viers, 2017) (i.e., diversity of flow depths and velocities),
which in turn promoted riparian vegetation establishment
(Trowbridge, 2007). Collectively, these dynamic physical
processes supported positive responses from the native fish
and aquatic ecosystem (Moyle et al., 2003; Opperman et al.,
2010). In particular, the floodplain supported increased growth
rates of juvenile fish relative to the main river channel (Jeffres

et al., 2008) and increased primary productivity (i.e., food for fish)
as a function of flood frequency and period of inundation
(Ahearn et al., 2006; Grosholz and Gallo, 2006).

In addition to the ecological benefits of reconnecting a river
with its floodplain (Pander et al., 2018), there can be
hydrological benefits beyond flood storage and conveyance.
Where infiltration of surface water is possible over large areas,
such as where deposits of sand and gravel occur at the surface,
extended river flows and floodplain inundation provide
increased recharge to the underlying aquifer (Maples et al.,
2019). Active and connected floodplains also promote carbon
storage in the soil, as heterogeneous fluvial deposition over
previous floodplain deposits traps and stabilizes organic
carbon (D’Elia et al., 2017; Steger et al., 2019), and restore
soil microbial metabolic pathways, such as denitrification
(Hoagland et al., 2019). Restoring the hydrologic
connectivity and function is a prerequisite to restoring
ecological functions, but not sufficient alone. The
heterogeneity of the floodplain surface is likewise important
(Scown et al., 2015; Pander et al., 2018), and biotic interactions
such as proximity to sources of colonizing organisms exert a
strong control on the potential for recovery of floodplain
ecosystems (Lake et al., 2007). When floodplains are fully
functional, they provide multiple benefits (termed ¨co-
benefits¨ following the terminology of the European
Commission), which refer to 1) benefits to ecosystems, and
2) a diversity of ecosystem services that benefit society
(Figure 2). The latter can include flood risk reduction, but
also other social benefits such as improved water and air
quality, recreation, aesthetics, or economic opportunities
(e.g., agriculture) (Scholz et al., 2012a; Auerswald et al.,
2019; Pugliese et al., 2020; Perosa et al., 2021).

With so many floodplains cut off from their river channels,
restoration of floodplain connectivity is an increasingly

FIGURE 1 | Regulatory “floodplain” (flood hazard area) as distinct from the geomorphological (natural) floodplain. (A) Extent of dynamic channel movement over
time (geomorphological floodplain) vs. (B) extent of area inundated by the 100-year flood as defined with hydrologic and hydraulic models (modified from Serra-Llobet
et al., 2022).

Frontiers in Environmental Science | www.frontiersin.org March 2022 | Volume 9 | Article 7785683

Serra-Llobet et al. Multi-Benefit Floodplain Management California Germany

208

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


important river restoration objective to enhance the functionality
of environmental flows (Yarnell et al., 2015). In addition to the
hydrologic connection effected by overbank flows, allowing
channel margins to erode, fresh gravel and sand bars to
deposit, and flood flows to rework floodplain surfaces can
yield rapid ecological benefits (Thoms et al., 2017). These
measures increase the width of the active river corridor,
increasing the “process space” available to the river (Ciotti
et al., 2021), and support dynamic river-wetland corridors that
contribute to the functionality, biodiversity, and resilience of river
systems broadly (Wohl et al., 2021). Thus, approaches to land use
design and conservation planning are essential for the
effectiveness of multi-benefit projects (Erős and Bányai 2020).
These ideas can be conceptualized as shown in Figure 2.

2.2 Multi-Benefit Projects in
Social-Ecological Systems
Figure 2 illustrates the characteristics of multi-benefit floodplain
projects in the context of social-ecological systems. It conveys the
idea that the human intervention—the multi-benefit
project—restores riverine processes, making the ecosystem
“healthier” by protecting or restoring natural functions that
are critical to the well-functioning of the ecosystem. Such
measures are for example: increasing infiltration of flood
waters, which raise the water table, improving riparian forest
health; creating riparian habitat for wildlife, including birds, and
inundated habitat for invertebrates and fish; improving spatial
(lateral, longitudinal and vertical) and temporal connectivity to
improve abiotic and biotic functioning (e.g., improving
groundwater recharge or creating biodiversity corridors);
improving climate regulation functions (e.g., carbon

sequestration); and providing biogeochemical functions
associated with floodplains (e.g., water purification, nutrient
cycling). The project thus seeks to make ecosystems healthier,
and the ecosystems then provide the benefits to society. These
social benefits can be related to: safety (e.g., increasing the area of
flow conveyance to reduce peak flows); health (improvement of
water and air quality contributing to better physical and mental
health); social ties (providing aesthetics, recreational, cultural and
educational opportunities); economy (creating opportunities for
agriculture, tourism, groundwater recharge); or equity
(promoting sustainability and intergenerational equity).

Multi-benefit projects build on actions implemented for one
purpose to create other benefits. For example, a levee setback by
itself is not a multi-benefit project but it creates an ideal
situation for a river restoration project. Setting the levee back
restores periodic inundation of the floodplain surface, which
when coupled with dynamic flows and riparian restoration will
produce inundated floodplain habitat. Even flooded farmland
can be managed to yield high quality habitat for migratory birds
and fish. Thus, the increased lateral connectivity brings multiple
benefits: to the ecosystems (by preserving or restoring
ecosystem functions) and to society from the restored
ecosystem (e.g., flood risk reduction and other social benefits
mentioned before). A levee setback without restoring or
preserving ecosystem function can increase the area of
conveyance reducing flood risk and provide a benefit to
society, but it may not create the additional ecological
benefits available from a “healthy” ecosystem—although
some ecological benefits may be inadvertently created by
flooding farmland. Projects thus can seek to provide multiple
benefits for both the social and ecological systems with some
foresight and planning.

FIGURE 2 |Conceptual diagram of the role of multi-benefit projects in the context of social-ecological systems (Source: modified from EEA (European Environment
Agency), 2010).
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3 POLICIES ENCOURAGING, ENABLING,
OR INHIBITING MULTI-BENEFIT
PROJECTS
While maintaining—or restoring—hydrologically connected
floodplains may yield diverse social-ecological benefits, public
policies are not always supportive of floodplain reconnection.
Table 1 summarizes some key policies in Europe (Germany) and
the United States (California), that shape floodplain management
and river restoration.

European environment policy and law were developed in the
1970s (EP (European Parliament), 2021). However, the turning
point in the policy framework for managing floodplains came
with three directives directly related to freshwater ecosystems in
the European Union, which are legally binding for EU member
states. The Birds and Habitats Directives (EEC (European Economic
Community), 1992) aim to protect Europe’s most valuable habitats
and species through protecting areas and implementing restoration
measures. The EU Water Framework Directive, or WFD (EC
(European Commission), 2000) builds the EU-wide basis for
integrated water resources management. It aims to achieve a
“good ecological status” for all natural water bodies based on
biological and chemical quality elements, following extensive
monitoring and assessment programs. The main aim of the
Floods Directive (EC (European Commission), 2007) is to reduce
the negative consequences of flooding on human health, economic
activities, the environment and cultural heritage, and measures
undertaken under this directive must be consistent with the
objectives of the WFD (e.g., Evers and Nyberg 2013, EEA
(European Environment Agency), 2016. The current Bathing
Water Directive (Council Directive 76/160/EEC, 1975), revised
2006 (EC (European Commission), 2006) requires standardized
monitoring and management of bathing waters. It requires that

the public be informed regarding bathing water quality, potential
health risks, and public health recommendations, mostly aligning
with the WFD as the overall framework for water management.

The European Commission has now presented its 2030
Biodiversity Strategy, a component of the European Green
Deal. These policy initiatives aim to make Europe climate
neutral by 2050, transitioning to a clean, circular economy,
while simultaneously restoring biodiversity and cutting
pollution. Targets include expansion of protected areas to at
least 30% of European land and seas, and restoring at least
25,000 km of rivers. Conflicts and trade-offs persist between
biodiversity protection and policies supporting economic
growth and food security (Rouillard et al., 2018; van Rees
et al., 2021).

In contrast, the United States lacks such comprehensive and
integrative legislation for rivers and floodplains. Rather, the
US policy framework for floodplains can best be viewed as a
“patchwork”, consisting principally of the Clean Water Act
(1972) and its protections for wetlands; Endangered Species
Act (1973) protections for listed riverine and floodplain-
dependent species; the National Flood Insurance Act (1968)
and subsequent Federal Emergency Management Agency
(FEMA) programs, which influence floodplain land use; and
various Executive Orders (e.g., USEOP (United States,
Executive Office of the President), 1977 and USEOP
(United States, Executive Office of the President and
Barbour), 2015) that discourage development on
floodplains. One fundamental challenge is that policy at the
national level to prevent building and rebuilding in floodplains
is easily usurped at the local level, where land use decisions are
actually made, usually to allow additional building, even in
flood prone lands (Pinter, 2005; Kondolf and Lopez-Llompart,
2018).

TABLE 1 | Main policies and legislation affecting the different case studies. Policies at a state and local level affecting the case studies are discussed in Section 4.

United States Germany

Yolo Bypass Levee Setback + River Restoration
Project

Levee Setback + River Restoration
Project

Urban River Restoration
Project

Sacramento River Bear River Middle Elbe River Isar River
California,
United States

California, United States Brandenburg, Germany Bavaria, Germany

International level • Ramsar Convention (or Convention on Wetlands) (1971)
• Convention on Biological Diversity (or Biodiversity Convention) (CBD) (1992)

Supranational
level (EU)

• The Birds and Habitats Directives (1992)
• EU Water Framework Directive (WFD) (2000)
• Floods Directive (2007)
• European Bathing Water Directive (2006)
• 2020 EU Biodiversity Strategy
• 2030 Biodiversity Strategy (2050 European Green Deal)

Federal level • Clean Water Act (1972) • Federal Water Act (Wasserhaushaltsgesetz) (1957/2021)
• Endangered Species Act (1973) • Federal Nature Conservation Act (Bundesnaturschutzgesetz) (1976/

2021)
• The National Flood Insurance Act (1968)
• Executive Orders (e.g., USEOP, 1977 and USEOP 2015)
• Wild and Scenic River Act (1968)

State level • Costa-Machado Act (2000) • Nature conservation laws of the federal states
• Central Valley Flood Protection Act (2007–2008) • Water Acts of federal states
• California’s Wild and Scenic Rivers Act (1972) • Article 141 Bavarian Constitution (1946)

Local level • Municipal Ordinance “Nature in the City” (1984)
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4 MULTI-BENEFIT PROJECTS IN
CALIFORNIA AND GERMANY

Behind every river restoration project there is a story, an
alignment of events—political momentum, innovative

thinking, and a cultural change—that made it happen. These
are the stories of four multi-benefit projects that incorporate river
restoration (benefits to ecosystems) into their flood risk reduction
strategy (benefits to society), and in some cases provided
additional social benefits such as recreation and agriculture.

FIGURE 3 | Yolo Bypass Project, California. (A) Location Map (B) Regional Map (C) Yolo Bypass.
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4.1 Yolo Bypass, California, United States
4.1.1 Flood Bypasses in the Sacramento River System
Once vast and productive, floodplains of the Central Valley in
California have been largely disconnected from riverine floods by
construction of levees and flow regulation by dams, such that they
no longer provide essential ecological functions (Garone, 2011;
Whipple et al., 2012). It is estimated that only 5% of historical
riparian habitat remains in the Central Valley (Vaghti and Greco,
2007), largely contained within narrow corridors along the river
inside extensive levee systems. Most wetland and floodplain
habitat was drained and replaced with farms and cities in the
mid-1800s. The habitat losses and associated floodplain
disconnectivity have had dramatic impacts to migratory bird
and native fish populations, which have lost access to the shallow,
productive slow-moving floodplain habitats that provide ideal
conditions for foraging, rest, spawning, and rearing (Moyle, 2002;
Moyle et al., 2007; Garone, 2011).

In response to repeated devastating floods in the 19th and
early 20th century, a system of “flood bypasses” were designed to
convey floodwaters around cities in the Sacramento Valley. In the
lower Sacramento River, two wide sections of managed floodplain
(bounded by levees) were set aside as flood bypasses (the Sutter
and Yolo bypasses) to convey the majority of flow during large
floods downstream to the Sacramento-San Joaquin Delta and
then out through the San Francisco-Bay estuary to the Pacific
Ocean (Kelley, 1998) (Figure 3). Designed to flood only in large
floods and graded to quickly drain water from the system, the
bypass floodplains are inundated less frequently and for shorter
durations than the original floodplains were historically.

The 20th century also brought an extensive network of levees
along major rivers, coupled with the construction of large, multi-
purpose reservoirs on virtually all rivers draining to the Central
Valley (Mayer et al., 2018). However, the bypass projects remain
an essential feature of the region’s flood risk management
program. Over time, the bypasses have also offered a variety
of additional ecosystem and economic benefits beyond flood risk
reduction. For example, during the dry-season, the bypass
floodplains are intensively farmed, while managed winter and
spring flooding provides foraging habitat for waterbirds (Strum
et al., 2013), rearing habitat for native fish (Katz et al., 2017), and
groundwater recharge as flood waters remain on fields or move
slowly downstream (Maples et al., 2019).

4.1.2 Yolo Bypass: Flood Risk Management and
Nature Conservation Components
The largest of the Central Valley bypasses, Yolo Bypass is a 66 km
long, 4.8 km wide area of floodplain now bounded by levees,
which receives water on its upstream (north) end from the
Sacramento River and the Sutter Bypass, and discharges into
the Sacramento-San Joaquin Delta (Figure 3).

Flow into the upstream end of the bypass is controlled by the
Fremont Weir, a fixed concrete sill. In addition, water is diverted
into the bypass from the Sacramento River to the east via the
Sacramento Weir, which is equipped with 48 manually-operated
gates (Figure 3C). Yolo Bypass is an example of a “floodplain
bypass,” a type of flood diversion with typically high land
coverage requirements, long residence times, and high

potential for ecological benefits. Other examples of such
bypasses, their benefits, and issues surrounding their operation
are described by Serra-Llobet et al. (2021). Yolo Bypass protects
the City of Sacramento from floods by accommodating up to
14,000 m3/s of the Sacramento River flow, four times the capacity
of the mainstem river channel as it passes Sacramento (Sommer
et al., 2001). The Bypass typically floods in two years out of three
(Delta Stewardship Council, 2021). Most of the 240 km2 of land in
the Yolo Bypass is privately owned farmland, which grows a
variety of crops during the dry season when the floodplain is
largely dewatered, except for perennial ponds and a single tidal
channel (Figure 4). Rice farming is particularly well suited to the
clayey soils and wet conditions. The remaining 65 km2 of the
bypass land is in the Yolo Bypass Wildlife Area, which provides
inundated habitat for birds and native fish (Sommer et al., 2001;
Sommer, 2002; Harrell and Sommer, 2003).

The Yolo Bypass has been studied extensively in relation to
its functional ecosystem connection to the Delta. When the
floodplain bypass is inundated, adult salmon use it to migrate
upstream to spawning grounds, and young salmon successfully
use the floodplain bypass for rearing during downstream
migration to the Delta and Pacific Ocean (Sommer et al.,
2001; Sommer et al., 2005). However, managed inundation of
portions of the bypass during drier years without large floods
has been shown to provide similar rearing habitat conditions
and corresponding similar growth rates to those measured
under natural flood conditions (Katz et al., 2017). When
these highly productive floodwaters saturated with
phytoplankton and zooplankton are then pumped from the
managed floodplains to the river, juvenile fish rearing in the
river channel show increased growth rates as well (Jeffres et al.,
2020). Thus, despite limited direct connectivity between the
Yolo bypass and the adjacent Sacramento River channel, the
bypass provides multiple benefits for native species and
downstream ecosystems, as well as flood risk reduction.
Furthermore, the Yolo Bypass Wildlife Area also provides
recreational (bird watching and hunting) and educational
(school visits) opportunities.

4.1.3 Drivers and Wider Applicability
Although recognized today for the multiple benefits it provides,
the Yolo Bypass was constructed in the 1930s with a single
purpose: flood risk reduction. The US Congress authorized the
US Army Corps of Engineers to acquire private land and flowage
easements needed to build and operate the Bypass to manage
floodwaters of the Sacramento River. Nature conservation was
not a factor in its implementation, and of course the term
ecosystem restoration had not entered public consciousness at
that point. The habitat values of the Bypass were recognized by
scientists in the late 20th century, and today the management
goals of the Bypass have expanded to include habitat
management and restoration in addition to its primary
purpose of flood management (DWR (California Department
of Water Resources), 2017). This current, multipurpose, version
of the Yolo Bypass is considered a model of a well-managed
social-ecological system: It is characterized by public-private
partnership, and it allows wildlife, flood risk reduction, and
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agriculture to co-exist adjacent to a major urban region. Its
potential to provide greater inundated floodplain habitat with
more natural patterns of inundation has been recognized in
planning documents, and studies are underway to further
these concepts, including testing new ways of adapting rice
cultivation in the bypass to be more compatible with fish
habitat (Sudduth and Lund, 2016), lowering the Fremont Weir
so that the bypass is inundated more frequently and for longer
periods, and improving a fish ladder to allow upstream migrating
adults to pass Fremont Weir as flows decrease. Documentation of
the remarkable ecological value of the inundated bypass has
helped to shepherd a new emphasis on floodplain restoration
throughout the Sacramento-San Joaquin Valley (Johnson, 2017)
and stimulated efforts to understand how to manage flooded
fields on the “dry side” of the levee to better support fish and
aquatic food webs when flood waters are subsequently pumped
into the adjacent river channel (Jeffres et al., 2020). All such flood
bypasses are subject to challenges, such as deposition of sediment
within the bypass itself, or in the mainstem downstream of the
diversion point, or both, and thus require maintenance and
adaptive management. While the Yolo Bypass can be
considered a clear ‘win-win’ for both ecosystem and flood risk
management, replication may face challenges such as intensified
agriculture and extensive urban development of floodplain areas
with the result that locating and securing a sufficiently large
footprint for a flood bypass at this scale may be judged
economically infeasible in many areas. However, utilizing the
principles of Yolo Bypass in some riverine and deltaic systems to
create smaller bypasses may be feasible, and in many cases, these
may offer ecological benefits (Serra-Llobet et al., 2021).

4.2 Bear River Levee Setback and
Floodplain Restoration Project, California,
United States
4.2.1 Levee Setbacks (Dike Relocation)
Levees built close to river channels prevent floodwaters from
spreading out across the floodplain, thus greatly reducing the
cross-sectional area available to convey flood waters and
deepening flow in between levees. This exposes the “wet” side
of the levee to higher stages and higher velocity flows, increasing
the risk of levee erosion and overtopping. In much of the
United States, budgets have not been sufficient to maintain
levees, and the backlog of maintenance and repairs has
resulted in the country’s levee system receiving a grade of
“D”—meaning poor, at risk—from the American Society of
Civil Engineers in their 2021 Report Card for America’s
Infrastructure (ASCE (American Society of Civil Engineers),
2021). Moreover, by reducing the area of floodplain that is
hydrologically connected to the river, levees set close to the
channel starve floodplain ecosystems of the water, sediment,
and fluvial energy they require to flourish.

Levees can be repositioned further away from the channel
(i.e., “setback levees”) to reduce risks of erosion and flooding, to
restore floodplain ecosystems, or both (Zhu and Lund, 2009). At
The Nature Conservancy’s Cosumnes River Preserve in
California’s Central Valley, levees were intentionally breached
to promote restoration of floodplain forests, and a low setback
levee was built to separate adjacent rice fields from the expanded
active floodplain. Subsequent research has shown that, in
addition to rapid growth of willows and cottonwoods, the
reconnected areas provide otherwise rare shallow, flooded

FIGURE 4 | Yolo Bypass floodplain and view of downtown Sacramento, 2007 (courtesy of California Department of Water Resources).
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areas that are used by native fish during the spring (Jeffres et al.,
2008; Opperman et al., 2017).

Other levee setback projects have been driven primarily by
flood-risk reduction objectives, with floodplain restoration as a
co-benefit. Here we present the example of the Bear River Levee
Setback Project on the Feather and Bear Rivers in California.

4.2.2 Drivers and Wider Applicability
Native Americans had numerous settlements along the
riverbanks of the Feather and the Bear Rivers when the Gold
Rush started in California (Jones and Stokes, 2005). These river
channels were flanked by natural levees (berms of sandy sediment
deposits from floodwaters), on which Native American

FIGURE 5 | Bear River Levee Setback Project, Yuba and Sutter Counties, California. (A) Location Map, (B) Regional Map, and (C) Bear River Levee Setback and
Floodplain Restoration Project.
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settlements were located. During the mid-19th-century Gold
Rush, hydraulic mining produced massive quantities of debris
that were transported downstream through the river systems,
filling the channels with sediment and causing rivers to overflow
and deposit sediment across the river bottomlands. European
settlers built artificial levees on top of the natural levees, both to
reduce the frequency of flooding low-lying lands behind the levee,
and to constrict the river channel, deepening the flow and thereby
flushing the sediment from hydraulic mining. However, the levees
were overtopped and breached multiple times, flooding the
expanding cities of Maryville and Yuba City. As noted by
Mayer et al. (2018), in response to numerous levee failures
along the Feather River from 1920 to 1934, the levees were set
back and enlarged to accommodate greater flows. Devastating
floods in 1955, which killed 38 people in Yuba City, led to creation
of the Yuba County Water Agency and construction of New
Bullard’s Bar Dam (1970). In addition, as part of the California
StateWater Project, Oroville Damwas completed in 1968. A third
dam (Marysville Dam) was planned to provide additional flood
storage, such that all three dams could work together as a system
to reduce the peak flows in the Feather and Yuba Rivers (Willis
et al., 2011); however, this third dam was never built, in part
because of environmental concerns.

In floods of 1986 and 1997, levees broke along the Yuba,
Feather, and Bear Rivers, causing flooding in Linda and
Olivehurst, south of Marysville and east of the Feather River
(Hutton et al., 2019) (Figure 5). After the 1997 flood, the Yuba
County Water Agency launched a feasibility study for 500-year
flood protection for the area, funded in part by the California
Department of Water Resources (DWR) under the Costa-
Machado Water Act of 2000 (Reinhardt, 2005). Completed in
2003, the study identified several potential levee set back projects,
mostly along the Feather River, as well as some other projects.
The main driver for these projects was to lower flood stage in
urban and urbanizing areas. The confluence of the Bear and
Feather Rivers was identified as a bottleneck, so setting the levees
back would allow water to spread and thereby lower the stage.
Developers were already building in the Plumas Lake area, south
of Olivehurst. The new urban area was protected by a deficient
levee system. The developers sought to improve the levees, so the
communities could join the National Flood Insurance Program
(NFIP) and be eligible for subsidized flood insurance and post-
disaster aid.

In 2004, Yuba County and Reclamation District 784 formed a
joint powers authority (the Three Rivers Levee Improvement
Authority, TRLIA), responsible for constructing and financing
levees in the Reclamation District 784 service area that would
provide 200-year protection. The “Three Rivers Project” had four
phases (Figure 5B). Phase 1 (2004) and 2 (2005–2006) were levee
improvements, while phase 3 and 4 also included levee setbacks.
Phase 3 was the Bear River Levee Setback Project (2005–2006)
and Phase 4 the Feather River Levee Setback (2007–2010). The
Bear River Levee Setback Project was initially referred to as the
Feather-Bear Rivers Levee Setback Project. Alternatives were
evaluated that relocated different lengths of the Feather River
levee along with 3 km of the Bear River levee. The less costly
alternative, with less impact on the Feather River levee, was

selected and renamed as the current “Bear River” Levee
Setback Project, although it still affected part of the Feather
River levee (Figure 5B). The local share of the project funding
was supplied by a group of local developers in advance of building
in the protected area. The Costa-Machado Act of 2000 promoted
multi-purpose projects that involved an ecological component.
To comply with this requirement, the Bear River Levee Setback
Project included components to restore fish, wildlife, and riparian
habitat.

The Hurricane Katrina disaster in 2005 focused the nation’s
attention on other major urban areas that are highly vulnerable to
flooding. In particular, the flooding of New Orleans brought
national attention to Sacramento, which was seen as one of the
most vulnerable United States cities because of its high residual
risk (from levee beach or overtopping). The public awareness
created a momentum that resulted in approval of bonds to
improve the levee systems in California and for the legislature
to enact a set of reforms in 2007 that included an enhanced flood
protection standard for urban areas of the Central Valley, maps
showing 100- and 200-year flood hazard areas, and programs to
set back some levees and strengthen others (Mayer et al., 2018).
The new legislation, the Central Valley Flood Protection Act
(2007–2008), also reinforced the idea of a multi-benefit project as
a condition to receive state funding.

Three big flood bonds were linked to the Central Valley Flood
Protection Act (2007–2008), which promoted incorporation of
ecosystem benefits into the flood risk reduction projects.
California Proposition 1E—Flood Control (2006) required
projects to incorporate multiple beneficial uses into flood
projects. The Water Quality, Supply, and Infrastructure
Improvement Act of 2014 (Proposition 1) authorized $7.545
billion to fund ecosystem and watershed protection and
restoration, water supply infrastructure projects, including
surface and groundwater storage, and drinking water
protection. Finally, California Proposition 68—Natural
Resources Bond (2018) also promoted incorporating ecosystem
elements through programs that included drought preparedness,
water quality, and habitat enhancement and climate resiliency.
Social equity, recreation, and cultural legacy issues were also
addressed (CNRA (California Natural Resource Agency), 2015).

DWR was charged with awarding these funds, and the agency
prioritized multi-benefit projects for funding. As per the Central
Valley Flood Protection Act, DWR developed the California
Central Valley Flood Protection Plan, which is periodically
updated (2008, 2017, 2022). The plan calls for integration of
ecosystem functions into flood risk reduction projects. The plan
only affects projects from the State Plan of Flood Control,
managed by DWR, which include the Feather and Bear River
levees.

To qualify for this bond funding for a flood risk reduction
project, local agencies were required to show ecological benefits.
TRLIA hired River Partners, a NGO with a strong track record in
river restoration projects, to develop the ecological component of
the levee setback area. The Bear River Levee Setback Project is
considered the first of its kind in California to incorporate
ecosystem restoration with flood risk reduction (Figure 5C).
The project had certain environmental impacts to wetlands
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and to habitat for the Valley Elderberry Longhorn Beetle
(Desmocerus californicus dimorphus). Consequently, certain
areas of the floodplain were designated to mitigate those
impacts by creating seasonal wetlands and planting elderberry
shrubs. Swainson’s hawk (Buteo swainsoni) foraging habitat was
also integrated into the grasslands area to satisfy mitigation under
the California Endangered Species Act (CESA).

4.2.3 Bear River Levee Setback Project: The Flood
Risk Management and Restoration Components
The levee setback project on the Bear River at its confluence with
the Feather River was selected by engineers as the most effective
option for reducing flood risk that was being caused by a
“bottleneck” at the confluence, as high flows on the Feather
River would cause floodwaters on the Bear River to back up
between the narrow levees and cause flooding upstream. The
project included setting back nearly 3 km of levee along the Bear
River and removing a levee along the Feather River at the
confluence to reconnect 240 ha of floodplain habitat. This
design increased conveyance and is modeled to lower flood
stages by 1 m during major floods, reducing flood risk along
the lower Bear River (Williams et al., 2009). While the project
now allows flooding of 240 ha that were previously laterally
disconnected from the channel, it is not clear if this entire
area can be considered restored “process space” (Ciotti et al.,
2021), because relatively high flows are needed to activate the
surface, meaning that it would be rarely subject to geomorphically
competent flows, and because the vegetation maintenance (e.g.,
frequent mowing) required in the grassy areas diverge from
natural processes.

Two features of the Bear River setback project illustrate the
opportunities and constraints of integrating floodplain
restoration into a flood-management project. First, the
vegetation restoration plan was designed to be consistent with

the primary purpose of the project—reducing flood risk by
increasing conveyance. Although most of the project area was
allowed to grow into forest, to ensure that the target conveyance is
maintained through the overall project, a portion of the setback
area is maintained as a grassland with low hydraulic roughness
(and also providing distinct habitat features). Second, hydraulic
modeling indicates that most of the reconnected floodplain would
be inundated only during a 2-year flood, and thus it would not
provide the frequent, long duration inundated habitat that has
been shown to be important for native fish (Williams et al., 2009).
Further, when the project area was inundated, a corner of it could
become a stranding hazard for fish. To address the stranding
hazard, and to increase the extent of frequently flooded habitat, a
low wetland feature (the “floodplain swale”) (Figure 6) was added
to ensure that portions of the reconnected floodplain experienced
longer duration flooding and to drain the potentially problematic
area (Williams et al., 2009).

The goals of floodplain restoration and flood-risk reduction
can equally drive a levee setback project, and a project intended to
achieve multiple benefits can diversify the funding sources
available to support it.

4.3 Elbe River Levee Setback and Floodplain
Restoration Project, Germany
4.3.1 Elbe River Levee Setback and Floodplain
Restoration Project: Drivers
The Elbe river is the second largest lowland river in Germany.
Having no dams downstream from the Czech Republic until the
sluice of Geesthacht seperating the tidal Elbe section. It has a
largely unmodified flooding regime and a relatively natural
floodplain landscape (Scholten et al., 2005). It has some of the
largest floodplain habitat complexes in Germany and has great
importance for resident and migratory birds. During the Cold

FIGURE 6 | Floodplain Swale in the restoration area of the Bear River Levee Setback project, 2016 (Courtesy of River Partners).
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War, this reach of the Elbe River was the border zone between
East and West Germany. This prevented most development and
thereby protected important natural features of this wetland
landscape, part of the “European Green Belt” extending along
the former iron curtain from Finland to Bulgaria. However,
intensifying agriculture has resulted in the loss of forest in this
naturally wooded landscape. Thus, a levee setback project

restoring natural flooding conditions to an area of the
floodplain offered opportunities to re-establish hard- and
softwood floodplain forest, considered the most endangered
habitat types in Europe.

With about 80% of the Elbe’s formerly active floodplain area
lost to diking since the 19th century (BfN & BMU (Federal
Agency for Nature Conservation & Federal Ministry for the

FIGURE 7 | Elbe River Levee Setback Project, Germany. (A) Location Map, (B) Regional Map, and (C) Elbe River Levee Setback Restoration Project.
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Environment, Nature Conservation and Nuclear Safety), 2021),
floodplain functions, such as flood attenuation, water quality
improvement, and floodplain biodiversity, have been lost. Loss of
floodplain storage has increased flood risk, and large floods
occurring within the last 2 decades have increased awareness
of the need to enlarge river and floodplain conveyance capacity.

Over the past three centuries, the Elbe floodplain in the project
area (north-central Germany, half-way between Hamburg and
Berlin) (Figures 7A,B) has been transformed from a naturally
wooded landscape into one dominated by large-scale agriculture.
Although floodplain forests are protected by the EU Habitat

Directive (EEC (European Economic Community), 1992) and
are the most species-rich forest type in central Europe, they have
become increasingly endangered and considerably reduced in area.

Many ecological and biological processes in floodplains
depend on flooding dynamics. In response to loss of
floodplain forest because of lateral disconnection by levees,
there is increasing interest in relocating levees to reinstate a
natural flooding regime as an effective way to re-establish
floodplain forests, now an important conservation priority.

More than ten levee relocation projects have been realized
along the Middle Elbe (BfN & BMU (Federal Agency for

FIGURE 8 | Aerial view of the Middle Elbe River Levee Setback and River Restoration Project in the Lenzen Area (Germany) (courtesy of Katharina Nabel).
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Nature Conservation & Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety), 2021). The levee
setback near Lenzen (among the larger projects) originated just
after the fall of the iron curtain through a local initiative of the
administration of the UNESCO-Biosphere Reserve
“Flusslandschaft Elbe-Brandenburg,” a section of the 400 km2

biosphere reserve covering five German states along the Elbe
River. Its aim was to improve the ecological state of a lowland
floodplain, and restoring floodplain forest. A European Union-
funded LIFE-project first purchased the floodplain area, and then
the federal conservation program “chance.natur” implemented the
relocation of 7.4 km of levee to reconnect 420 ha of former
floodplain in 2008 (Damm, 2016) (Figure 8).

Despite some early opposition against the project, which had
its origins in the difficulties of the German reunification process
in this former border region, the local agro-holding company
supported the project from the beginning and was essential in
gaining increased public acceptance (Warner and Damm, 2019).
Moreover, the anticipated benefits from flood risk reduction
proved to be a convincing argument regionally, more so than
conservation and other environmental benefits.

4.3.2 Elbe River Levee Setback Project: The Flood Risk
Management and Restoration Components
The project originated primarily with a conservation focus in the
Biosphere Reserve. A 2002 catastrophic flood on the Elbe drew
attention to the area and added flood protection to the public
agenda. During subsequent large floods, the Federal Waterways
Engineering and Research Institute (BAW) conducted field
measurements showing the beneficial effects of levee setback
on flood peak reduction and thus flood risk (Alexy and
Faulhaber, 2011; Faulhaber, 2013). These benefits were
subsequently confirmed by other independent investigations
by the Federal Institute of Hydrology (BfG) (Promny et al.,
2014). These scientific validations of nearly 50 cm local
decrease of flood peak level and its effect on a city 25 km
upstream at a 4,000 m3/s discharge helped promote levee
setbacks on a national scale.

Furthermore, the project has established about 80 ha of
floodplain forest, adding to the area reforested by the preceding
LIFE-project. In addition, 45 ha of shallow waterbodies were
excavated to restore aquatic and semiaquatic habitat as well as
to supply levee construction material (Figure 6C). Investigations
evaluating the project’s success have documented the return of
many waterfowl species and other birds, as well as a diversity of
habitat types. As one of the first large levee setbacks in Germany,
the project is still cited as a successful example of synergistic
implementation of conservation and flood risk reduction
objectives (Scholz et al., 2012b; Thieken et al., 2016; Veidemane,
2019; Pieck, 2020; Schindler et al., 2021).

4.4 Isar River Restoration Project in Munich,
Germany
4.4.1 Isar River Restoration Project in Munich: Drivers
The Isar is an alpine river that descends from the Austrian Alps,
through multiple glacial moraines, onto the gravel plain of

Munich. Because of its steep drop, the Isar was heavily
exploited for hydroelectric power production, with 37
hydropower plants built by the mid-20th century. On the
upper and middle Isar, power plants are built on side canals
diverting most of the Isar water. For example, in Munich, the
Großhesselohe weir (a few km upstream of Munich) had
essentially unrestricted rights to divert water into a side canal
to supply the hydroelectric power plant Isarwerk 1, and as a
result, after 1907, the Isar river channel in Munich was dry during
base-flow months, except for sewage and “urban slobber,” and
during major floods when water spilled from upstream dams
(Döring and Binder, 2010). Shortly after the second world war,
the Bavarian Parliament added Article 141 to the Bavarian
Constitution outlining the state’s obligation to protect the
social functions of rivers and lakes for recreational use. In
response, the Sylvenstein Reservoir (1954–1959)
(Figures 9A,B) was constructed to provide a minimum flow
in the upper Isar for recreational uses and to support fish habitats.
Later the dam was refitted to generate power and to reduce risk of
floods. However, the minimum flows released by the dam were
not sufficient to dilute the pollution from urban areas such as Bad
Tölz, especially during the dry season (Döring and Binder, 2010).

As the environmental movement gathered steam throughout
western democracies in the 1960s–1970s, the Bavarian State
Ministry for the Environment and the Environmental Protection
Department of Munich came into being. Growing public pressure
on local and regional water agencies to achieve good water quality
for recreational uses was backed up by the European BathingWater
Directive (1975, revised 2006), requiring improved water quality. In
1984, the Parliament extended Article 141 of the constitution to
secure not only social functions but also nature conservation, and
Munich adopted amunicipal ordinance “Nature in the city” (“Natur
in der Stadt”) supporting the restoration of the Isar River (Rossano,
2016). In 1987, the Bavarian Water Act required minimum water
flows for ecosystems functions, which led to negotiations among the
agencies, energy providers, and NGOs. An interdisciplinary effort
involving experts from forestry, hydraulics, biology, ecology, river
morphology, and landscape architecture developed a plan to restore
the Isar, the “Isarplan,” reinforced by the 1992 European Fauna and
Flora Directive and the 2000 EU Water Framework Directive
(Zingraff-Hamed et al., 2019).

A parallel objective was flood risk management. The 100-year
flood was estimated to be 1,150 m3/s, but the existing channel and
floodplain capacity (prior to flooding urban areas) was only
800 m3/s. As hard engineering measures, such as flood walls
close to the channel and upstream dam construction, had
negative effects on the riverscape and its biodiversity, there
was strong pressure from the civil society on the Water
Agency (responsible for flood control) to find new kinds of
solutions to manage flood risk (Zingraff-Hamed et al., 2019).
In response, the Bavarian State government urged the water
agency to find a solution that would satisfy multiple objectives.
The water agency and city of Munich began intensive
consultation with NGOs and civil society, a level of public
involvement that was later identified as a key factor for the
success of the project (Schaufuß, 2016), even though it
required a long planning process.
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4.4.2 Isar River Restoration Project in Munich: Flood
Risk Management and Restoration Components
The Isarplan is an 8-km-long river restoration in an urban
context (i.e., within the city of Munich), starting from the
southern city border to the inner city (Figure 9C). It started
80 years after the channelization of the Isar River for hydro-
electrical production and flood protection. The project illustrates
that river and floodplain restoration is possible even in densely
populated areas (Kondolf, 2012). Initiated as a collaboration
between the city of Munich and the state of Bavaria, the
Isarplan had three main objectives: 1) improvement of flood

risk reduction, 2) restoration of aquatic habitats, and 3)
enhancement of recreational access and quality.

Flood risk was primarily reduced by giving more space to the
river and thus increasing its conveyance capacity through the city.
Overall, the width of the river was increased from about 50 to
90 m, and in reaches with low floodplain such as Flaucher, the
width over which active river processes can occur was increased
further. Levees were set back from the active channel and raised in
height. The project was thus also seen as a form of adaptation to
climatic change and the increased precipitation predicted for the
catchment.

FIGURE 9 | Isar River Restoration Project in Munich, Germany. (A) Location Map, (B) Regional Map, and (C) Isar Restoration Project.
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Ecologically oriented habitat improvements were primarily
achieved by re-establishing longitudinal and lateral connectivity
and by re-activating morphological processes that provide direct
benefits for gravel-dependent species such as the Danube salmon
(Hucho hucho), which was found to spawn on gravel beds of the
restored river. Rock walls and concrete embankments stabilizing
the banks were removed and the gravel banks allowed to erode,
softening and making irregular the bank edges and contributing
gravel to the river’s sediment load. Straight concrete weirs
extending across the channel posed barriers to fish migration
and recreational rafting. These were removed and replaced with
multiple, irregular rock steps that accommodated the same
elevation drop but over a longer channel length, and which
provided pathways for fish migration. Because Sylvenstein
Reservoir traps all of the river’s natural sand and gravel load,
the Isar was sediment starved flowing into Munich, so a gravel
mixture was added to the river to augment its sediment load.
Gravel bars built up in response both to the wider river corridor
(and thus greater depositional opportunities across the channel),
and to the increased gravel supply. The result is large gravel bars
(befitting the alpine sources of the river) that serve wildlife and
human recreation (Figure 10).

A key restoration component was treatment of sewage
effluent from upstream towns, notably Bad Tölz, where a
tertiary sewage treatment plant with UV disinfection was
installed in 2000, providing tertiary-treated clean water in
place of the contaminated effluent formerly released. The
improved water quality better supported ecosystem recovery,
and also permitted human contact with the water, thereby
enhancing the desirability of recreation along the river
margins and in the river itself.

Recreational benefits were created by making the river more
accessible to the urban population and by allowing recreational

use of the wider gravel banks, e.g., for sunbathing and barbecues
(Figure 10) (Zingraff-Hamed et al., 2018). It also included
establishing public spaces and river access features that did
not contribute to either restoration or flood risk management,
but which increased the acceptance of the restorationmeasures by
the local population. Elements of the landscape design
contributing to public use could not jeopardize flood
protection or nature conservation, and vice-versa. For
example, picnic areas with toilets could not be built anywhere
that would impact flood conveyance, no vegetation could be
removed from the levees, and restored habitats were expected to
be resilient to flooding.

The project was realized over a construction period of 11 years
from 2000–2011 with a budget of around 35 million EUR,
transforming the canalized river bed into a wider and more
dynamic, naturally looking system with a greater structural
richness.

Today, to visit the Isar on a summer weekend is to witness
thousands of local residents enjoying the sun on gravel bars in
mid-channel as well as along channel margins, against backdrops
that range from natural riparian forest to imposing urban
buildings. With the improved water quality, residents of all
ages can interact with the water, from swimming and wading,
to enjoying barbeques on the gravel bars and river banks. The
Isarplan received the first German award for river development
(“Gewässerentwicklungspreis”) in 2007.

5 DISCUSSION

To date, projects that address both flood risk management and
ecosystem restoration in California and Germany have had
encouraging success overall, but each situation is unique, not

FIGURE 10 | Gravel added to the river is transported downstream and redeposited in large gravel bars that provide habitat for fish and wildlife, as well as
recreational opportunities for the urban population, July 2012 (Photograph by Kondolf).
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only in physical and ecological setting, but equally important, in
terms of political and institutional context. In this discussion, we
first draw some salient points from comparison of the four case
studies, then we review the enablers and barriers for multi-benefit
projects and how these are illustrated by the four case study
projects.

5.1 Lessons From Case Studies
5.1.1 Yolo Bypass
The largest floodplain area of our case studies (240 km2), Yolo
Byapss was established over 8 decades ago for flood risk reduction
only and initially managed with only this in mind. As the
ecological value of the bypass became widely recognized,
management evolved to enhance the ecological benefits of the
Bypass. When inundated, the Bypass functions as a natural
floodplain in accommodating floodwaters and providing
habitat for migratory birds and fish. Rather than “restoration,”
the Yolo Bypass can be viewed as preserving a functioning area of
floodplain, even though its course is separated from the main
channel of the Sacramento River. The agriculture practiced on
most of the Bypass, rice cultivation, is already adapted to frequent
inundation, and modifications to make agriculture still more
compatible with juvenile fish use of inundated areas are being
tested in an adaptive management framework (Jeffres et al.,
2020).

5.1.2 Bear River Levee Setback
The Bear River levee setback differs from the Yolo Bypass in that
it restored flood inundation to an area that had been cut off from
flooding by levees and used primarily for farming. At 240 ha, its
area was only one percent of the area of the Yolo Bypass, but the
cost of floodplain land in the 21st century was much greater than
in the 1930s when the Yolo Bypass was created. The motivation
for the Bear River levee setback was to allow more development
on the floodplains of the Yuba, Bear, and Feather rivers, by
providing protection against the 200-year flood. However, to
qualify for funding required substantive ecological restoration.
The joint powers authority hired qualified consultants who
designed a successful restoration component to the levee
setback. These restoration measures are now recognized as a
model for restoration in the context of a levee setback. However,
ironically, there are more houses now exposed to the residual risk
of floods greater than the 200-year design standard, or to flooding
from levee breach (as occurred in 1986).

5.1.3 Middle Elbe River Levee Setback
The Middle Elbe River Levee Setback originated with nature
conservation goals. The 420-ha area of floodplain reconnected via
the levee setback had been acquired as part of a UNESCO
Biosphere Reserve to restore floodplain forest, but at the time
levees prevented the floodplain inundation needed to support a
healthy riparian forest. However, by increasing the conveyance
capacity of this river reach, modeling showed that the levee
setback reduced flood levels in urban areas upstream by
50 cm, which generated more broad-based support for the
project than would have been the case with the ecological
objectives alone. Thus, the Bear and Elbe River projects can be

seen as inverse of one another in terms of original motivations,
although each ended up as projects benefiting both flood risk
reduction and ecological restoration.

5.1.4 Isar River Restoration in Munich
The Isar is unique among the four case studies in that it did not
restore extensive areas of floodplain but was focused more on the
river channel and adjacent floodplain areas within a large city,
with a footprint of under 100 ha over its 8 km length. However, it
illustrates the multi-benefit approach and a highly collaborative
planning process that occurred over more than a decade. The
project was motivated by long-time public dissatisfaction with
highly degraded river conditions through Munich in the 20th
century, caused in large measure by hydroelectric plants diverting
the entire flow of the Isar upstream of Munich, such that residual
flows through the city were composed mostly of municipal
effluent and other contaminated urban sources. With
expiration of water use for hydroelectric production, and with
revisions to the Bavarian Water Law calling for restoration of the
Isar, the city and state launched a collaborative planning process
involving scientists from many disciplines, NGOs, industry, and
civil society, resulting in the Isarplan to increase flood conveyance
capacity, restore ecosystem functions, and improve open-space
access to the river.

5.2 Enablers and Barriers for Multi-Benefit
Projects
Our four case studies illustrate enablers and barriers to multi-
benefit projects as complex social-ecological systems. Although
there could be many ways to categorize these enabling factors and
barriers, we present one way to “slice the apple” in Figure 11.
Physical setting is key as it determines whether the topography is
suitable and whether there is sufficient land available (i.e., not
already built out). Perceptions of floods refers to the fact that floods
are still widely viewed as a threat only, without appreciation for
their important role in river ecology. Scientific knowledge is
growing about the benefits of inundated floodplains, but it
needs to be better integrated in flood risk management and
planning, and better communicated to the public and to
decision makers. Education is needed so that the public and
decision makers can better understand the nature of flood risks
and also appreciate the beneficial role of floods in rivers. The policy
framework determines many of the incentives and largely defines
the realm of the possible in river and floodplain management.
Many policies set in the 19th and early 20th centuries were
designed to encourage economic growth above all else and
would effectively preclude many restoration measures if not
revised. Funding opportunities often track the policy framework,
as some funding programs are available to support multi-benefit
projects (as illustrated by the Bear and Elbe River examples).
Leadership and collaboration is a factor that emerged from our
review of the four case studies. While these projects now seem very
practical solutions to both flood risk management and ecological
restoration challenges, they resulted from an alignment of multiple
enabling factors and all required dedicated perseverance to be
ultimately achieved. We expand on these factors below.
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5.2.1 Physical Setting
Both Yolo Bypass and Middle Elbe Levee Setbacks were possible
because of land available. In the case of Yolo, the land was set
aside in the 1930s for flood conveyance. In the case of Elbe, land
availability was increased by the former socialist system’s large-
scale agriculture and property structure and a window of
opportunity opening due to the severe economic changes of
the post-cold-war period. To purchase developed land to
devote to flood conveyance on this scale would in many cases
be cost prohibitive, even assuming landowners were willing to sell
(in many cases they might not) (Seher and Löschner, 2017). Thus,
it is important to take socioeconomic and ecological trade-offs
into account in floodplain management (Auerswald et al., 2019):
in densely populated areas it is often impossible to provide the
space needed to give more room to the rivers and their
floodplains. This makes a spatially prioritized approach
necessary (Geist, 2015).

5.2.2 Perceptions of Floods, Scientific Knowledge,
Education
All four case studies illustrate the evolution of perception of
floods from viewing floods purely as hazards to recognizing their
beneficial aspects for ecosystems. While the perception of floods
as a resource was not current when the Yolo Bypass was created in
the 1930s, management of the Bypass has evolved to optimize its
value to fish and wildlife, while still supporting agriculture over
most of its area. On the Isar, the poor condition of the river (from
contamination and lack of frequent floods to rejuvenate the bed
and build natural gravel bars typical of an alpine river) in the 20th
century led to widespread discontent and created public support
for a comprehensive program to restore dynamic river processes.

The engagement of a multi-disciplinary scientific team ensured
that current understanding of river behavior was considered in
the design of the project. Perhaps the most effective framework by
which to integrate scientific knowledge into multi-benefit projects
is through an adaptive management process, in which uncertainty
is explicitly acknowledged and accounted for (Holling, 1978). A
key feature of the approach is that restoration actions need not
wait until “perfect” knowledge of the system is achieved, as this is
unlikely in any case, and because many human-natural process
are non-stationary. Instead, adaptive management rather allows
for “learning by doing” through pilot projects (Healey, 1998). As
“a systemic approach for linking learning with implementation to
facilitate ongoing improvement in natural resources
management” (Roux et al., 2022), adaptive management allows
for restoration to be undertaken in a manner that maximizes
learning potential, e.g., pilot projects to test the system response
to specific types of interventions, which then provide objective
feedback to decision makers as they move forward with a
restoration program. This approach is illustrated on the Yolo
Bypass, where modifications to internal levees in agricultural
lands have been made to test potential improvements to water
circulation to benefit juvenile fish (Katz et al., 2017; Jeffres et al.,
2020).

As adaptive management has evolved, the concept of
strategic adaptive management has emerged, which
recognizes that stakeholders commonly hold different views
of floods and the social-ecological system of the river and
floodplain, and calls for an initial step of “co-creating” a
vision and objectives for the project (Geist 2015; Roux et al.,
2022). This highlights the need to expand the perception of
floods from hazard only to also a resource for riverine ecology.

FIGURE 11 | Enablers and barriers for the realization of multi-benefit projects as learned from the four case studies.
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With anticipated changes in hydrology anticipated from climate
change, it becomes increasingly important to better value the
socioeconomic functions and services of floodplains, and to
integrate these aspects into conservation and restoration
planning, as exemplified in the Isar River restoration. We
also need better metrics to capture ecosystem values for
evaluating benefits and tradeoffs (Geist, 2011; Geist and
Hawkins, 2016). To fill this gap, new tools are now being
developed and tested, such as the River Ecosystem Services
index (RESI) (Hornung et al., 2019).

Education is needed not only in the public realm but also for
managers to better understand the range of options available,
rather than always defaulting to structural solutions. As
succinctly summarized by the renown American geographer
Gilbert F. White: “Floodplain managers at all levels of
government have an uneven degree of knowledge about the
diverse strategies and measures (both structural and non-
structural) that constitute floodplain management. Effective
management must draw upon a variety of disciplines, but in
the United States there is no well-established program to train
floodplain managers from multiple disciplinary perspectives.
Commonly, lack of familiarity with the full range of
approaches biases the selection of solutions for specific flood
problems towards structural solutions. This hinders the
development of comprehensive floodplain management, and
impedes balancing of the dual objectives of flood vulnerability
reduction and natural values protection” (White et al., 1992).
These challenges (or barriers to achieve multi-benefit projects)
articulated 3 decades ago resonate with debates that
transpire today.

5.2.3 Policy Framework and Funding Opportunities
As described above, the EU has policies in place that require a
strategic approach to flood risk management and coordination
with ecological protection and restoration. The United States
lacks such an overarching framework for managing flood risk and
the ecological status of rivers. Actual management reflects siloed
authorities and mandates. There are limitations inherent in the
institutional structures, legal regulations and different views of
floods (as a resource or as a hazard) in both the United States and
Germany. In the United States, funding seems to come primarily
from flood risk management and ecological benefits are either
inadvertent (Yolo Bypass) or because a levee setback was found to
be the most efficient way to achieve flood risk reduction goals and
satisfy ecological restoration requirements (Bear River).
Moreover, the Government of California is advanced in terms
of environmental protection, whereas many other parts of the
country are hostile to any controls on building houses on
floodplains, such as the state of Missouri, which in 2004
adopted legislation prohibiting local governments from
imposing any requirements stricter than the minimum
national standards, thereby contributing to extensive
floodplain development near St Louis (Pinter, 2005). In
Germany, European and national legislation increasingly
require integrated planning e.g., requesting compliance of EU
Water Framework Directive, Habitat-Fauna-Flora Directive,
Floods Directive and national Water and Conservation Law.

The balance between flood risk management and ecosystem
restoration objectives varies widely among the case studies. The
Yolo Bypass was built over 80 years ago with the sole objective of
managing floods, but today inadvertently yields spectacular
ecological benefits. Today, integration of the Central Valley
Conservation Strategy with the Central Valley Flood
Protection Plan has allowed for the identification of new large-
scale projects that will alter the existing levee systems of the
Central Valley (i.e., Yolo Bypass expansion) to provide both flood
risk reduction and ecosystem restoration (DWR (California
Department of Water Resources), 2017), with the former
generally driving the latter, as illustrated by the Bear River
levee setback. By contrast, the Middle Elbe River levee setback
idea originated as an ecological restoration, but by documenting
the flood risk management benefits, the project gained broader
support. Like all projects discussed, the Middle Elbe River project
exemplifies that creating “win-win” situations greatly increase
project acceptance on all levels, thus making a project more likely
to be realized (Schindler et al., 2014). The Isar restoration in
Munich wasmotivated by both public pressure for environmental
improvement of the river and better public access, and the need to
increase the river’s flood conveyance capacity within the city of
Munich. Nearly a decade of negotiations led to a balance among
these goals that increased public acceptance of the project. It bears
noting that despite the success of the Isarplan, such restoration
cannot make biological community structures return to “natural
states” especially in a restricted urban setting (Geist and Hawkins,
2016). Given the partly artificial structure of most floodplains and
given the many dams that are in place, this commonly requires a
flow management strategy to optimize functionality and benefits
for target species in these reconciled ecosystems (e.g., Opperman
et al., 2017; Pander et al., 2019).

It is notable that none of the case studies resulted from
implementation of a top-down comprehensive basin-wide plan
of the sort that might result from the kind of strategic adaptive
management described by Roux et al. (2022). Rather, each
resulted from a unique alignment of factors that made the
specific project possible, but whose replicability elsewhere
would depend upon physical settings, institutional and policy
frameworks, funding opportunities, etc. (Figure 11).

5.2.4 Leadership and Collaboration
All successful projects evinced strong leadership and
collaboration among stakeholders. Strong leadership is
essential during all steps of floodplain restoration from the
initiation and planning through the steps of adaptive
management decision making and communication of the
project outcomes. After an initial idea for a floodplain
restoration project, deciding on the specific objectives,
planning and evaluation of alternatives, as well as acquiring
funding, all require integrating and balancing different
stakeholder views and decision-making on multiple levels. In
contrast to past disciplinary approaches, a social-ecological
system approach with a broader stakeholder group requires
even greater integrative leadership capabilities to successfully
nurture a collaborative approach. For the Isarplan,
collaborative planning was led by the local government. The
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successful collaboration relied on the long-term trust built up
among stakeholders, nurtured by forward-looking authorities
that allowed the project to be realized over a long period of
time (Zingraff-Hamed et al., 2019). On the other hand, initiation
of projects involving development of leadership can gain
momentum directly after major floods, as illustrated on the
Elbe River. Successful leadership is not limited only to the first
steps of floodplain restoration projects, but is needed in
communicating the outcomes. This is particularly important
for disseminating knowledge to other potential projects. In the
Bear River Levee setback, the collaborative approach between
TRLIA, GEI Consultants (engineers), and River Partners
(ecologists) was key to integrate hydraulic goals with habitat
restoration. Finally, the Yolo Bypass Wildlife Area Restoration
project received national attention as a model for collaborative
restoration as an example of public-private collaboration of the
Yolo Basin Foundation and California Department of Fish and
Game, engaging federal, state, and local government officials with
management responsibilities in the Bypass, and landowners to
assess and ultimately achieve restoration (Salcido, 2012.)

6 CONCLUSION

Flood policy—at least on the aspirational level—is shifting from
flood “control” to a new view that integrates ecosystem
components and functionality as part of social-ecological
systems. While there are still conflicting policies that make the
implementation of this new, more integrative type of project
challenging, the experience in California and Germany
demonstrates the potential for such multi-benefit projects to
offer new synergies (EEA (European Environment Agency),
2016; CRS (Congressional Research Service), 2020).

Projects that combine both flood risk reduction and
preservation or restoration of ecosystem functions are still
relatively uncommon. Our analysis of four well-documented
but very different cases, two in California and two in
Germany, show how multi-benefit projects in different
contexts can find their window of opportunity. Such multi-
benefit floodplain projects may become more frequent with
the concept of Nature-based Solutions (NbS) now being
adopted in many countries to promote more sustainable
approaches to managing nature. The International Union for
Conservation of Nature (IUCN) defines NbS as “actions to
protect, sustainably manage, and restore natural or modified
ecosystems, that address societal challenges effectively and
adaptively, simultaneously providing human wellbeing and
biodiversity benefits” (IUCN (International Union for
Conservation of Nature), 2021). The multi-benefit projects
documented here would all arguably qualify as “nature-based
solutions” in that they preserve or restore natural riverine
processes and simultaneously provide societal benefits (flood
risk reduction).

The urgent need for climate change adaption was evidenced by
the severe flooding in north-western Germany in July 2021 (184
causalities and 30 billion Euro in damages), which was estimated

to have been intensified by a factor of 1.2–9 due to climate change
(Kreienkamp et al., 2021). The increasing number of such
extreme events argues for a shift in our management
approaches, which now rely on statistical values such as 100-
year flooding frequencies drawn from historical flood records,
which may no longer hold true. Conventional management
approaches typically place levees as close to the river as possible
while still meeting the 100-year flood minimum flow capacity,
leaving no room for error, nor accommodation for climate change
induced increases in floods. Moreover, the conventional view of
floods strictly as a risk does not account for the beneficial aspects of
floods for ecology, water quality, and water supply (Galloway,
2005). Floodplain restoration will be more and more accepted by
planners and the general public if its wider functions and benefits
to human societies and economies are better stressed. For instance,
including increased flood resilience, temperature buffering effects,
and recreational benefits into planning and communication will
likely motivate potential funders to engage in such action.
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Environmental Flows to Estuaries and
Coastal Lagoons Shape the Salinity
Gradient and Generate Suitable Fish
Habitat: Predictions From the
Coorong, Australia
Justin D. Brookes1*, Peisheng Huang2, Sherry Y. Zhai2, Matthew S. Gibbs3, Qifeng Ye4,
Kane T. Aldridge1,5, Brendan Busch2 and Matthew R. Hipsey2
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Freshwater flows to estuaries shape habitat, transport nutrients to drive productivity, and
generate a salinity gradient that impactswater quality and provides spawning cues for fish. The
aim of this study was to quantify how environmental flows improved outcomes for a coastal
lagoon system (the Coorong, South Australia), considering the export, and prevention of
ingress, of salt from the system, and the increased available habitat for key fish biota. A
hydrodynamic model was used to simulate salinity and water temperature, and to determine
the salt exchange between the Coorong and ocean for the observed conditions with
environmental water release included. Scenario simulations showed that maintaining river
flow is shown to arrest salt intrusion from the ocean into the Coorong. Without environmental
water, the net import of salt into the Coorong would have been considerably greater, ranging
between 1.86million tonnes in 2018–19 to approximately 2.33million tonnes in 2019–20. The
fresher conditions created by environmental water provision supported a considerable
expansion of suitable fish habitat area, derived from a simple habitat index based on
salinity and water temperature. Without environmental water the habitat suitable for
mulloway would have contracted by 38% over the 3 year investigation period. A similar
trend is evident for black bream, Tamar goby, greenback flounder, yelloweye mullet, congolli
and smallmouth hardyhead. The results highlighted the importance of cumulative benefits from
delivering environmental water over multiple years, with different results obtained if the
environmental water provided regularly or just focused over a single year. The approach
used in this work to relate hydrological changes from water management to indicators of
habitat suitability through changes to physical attributes provides information to inform the
evaluation of environmental watering, as well as a tool to support future decision making to
maximise the benefits from this precious resource.

Keywords: environmental flows, salinity, mulloway (Argyrosomus japonicus), bream, estuary, freshwater flow
requirements, salt export
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INTRODUCTION

Estuaries are some of the most productive ecosystems in the
world yet they are under threat from reduced freshwater flows,
excessive nutrient loads, rising sea levels, modified salinity
regimes and changing geomorphology. Consequently estuaries
are considered some of the most degraded ecosystems on earth
(Vermeiren and Sheaves, 2014).

Freshwater flows to estuaries shape habitat (Loneragan and
Bunn, 1999), transport nutrients to drive productivity (Mallin
et al., 1993; Mallin and Paerl, 1994), generate a zone over
which salinity grades from fresh to marine and provide
spawning cues for fish (Reinfelds et al., 2013). Further,
more freshwater flows scour sand to maintain an open river
mouth, potentially controlling connectivity between marine
and riverine ecosystems and facilitating fish movement
(Milner et al., 2012).

Over-extraction and a drying climate has led to
significantly reduced flows to many estuaries globally with
potential consequences for estuarine biota (Gillanders et al.,
2011). Notable examples of significantly reduced flows to
estuaries include the Nile (Sarif El Din, 1977), Colorado
(Rowell et al., 2005), Yellow (Liu and Zhang, 2002), Ebro
(Ibáñez et al., 2020), Peel-Harvey (Huang et al., 2020) and
Indus (Salik et al., 2016). Rivers of the Murray Darling Basin
(MDB), Australia, are exposed to a multitude of stressors
including high rates of water extraction for irrigated
agriculture and decreasing precipitation (Leblanc et al.,
2012). Flows in the Murray Darling Basin are highly
variable but the changing climate is evident with low
rainfall in recent decades and flow to South Australia
exceeding the median flow in only three of the 20 years to
2020. A reduction in Autumn rainfall leading to low soil
moisture and increase in evapotranspiration have been
implicated in the low flows observed since 1997 in the
Murrumbidgee River, a major tributary of the River
Murray (Speer et al., 2021). Low flows in the last
2 decades has meant that there has been reduced
connectivity between the main river channel and the
adjacent floodplain, and abnormally low flows reaching
the terminus of the system: the River Murray estuary and
the Coorong (Brookes et al., 2021).

Agreements that take environmental water requirements
into consideration in the allocation and management of river
systems are being created globally, with notable examples of
the Colorado River Minute 323 (IBWC, 2017) and Murray-
Darling Basin Plan (Water Act 2007 (Commonwealth)
(Australia)). The Water Act and Basin Plan established of
the Commonwealth Environmental Water Holder who holds
water entitlements to be delivered for environmental benefits,
with the water purchased water from willing sellers or
recovered through water efficiency or other projects.
Evaluating the environmental response to these flows, and
other environmental water held in the system, is necessary to
determine how well the managed environmental flow is
meeting the ecological objectives, and to inform future
decision making on environmental flow releases.

Although it is widely recognised that estuaries rely on
freshwater flows to maintain critical processes, the science to
determine freshwater environmental flows for estuaries lags
behind that of rivers and floodplains (Chilton et al., 2022).
Characterising benefits of flow and setting environmental
flow targets is difficult, however, it is critical for properly
informed flow allocation and delivery in order to support
multiple environmental objectives. These outcomes may
include maintenance of habitat complexity which supports
biodiversity, lateral and longitudinal connectivity to connect
a river with the floodplain and aid dispersal of propagules,
and flows to stimulate spawning and facilitate recruitment
(Bunn and Arthington, 2002). In order to set an
environmental flow target it is necessary to understand life
history responses to altered flow regimes (Bunn and
Arthington, 2002), set an ecological objective, and then
determine the flow timing and duration to achieve the
desired ecological outcome across a range of scales and
ecological functions (Stein et al., 2021). For estuaries this
includes the relationship between freshwater inflow, coastal
dynamics and geomorphological processes (Adams and Van
Niekerk, 2020). There remain challenges, however, in
quantifying the links between flow and estuarine response
in a way that can support decision-making. New tools are
needed to help compare environmental outcomes that could
be achieved from alternate scenarios of water delivery.

At the terminus of the Murray River lies the Coorong. The
name Coorong is derived from the word kurangk which is the
name given by the Ngarrindjeri, the traditional people of the
region, meaning narrow neck (Bourman et al., 2019). The
Coorong is an estuarine lagoonal system with a natural
salinity gradient ranging from freshwater to hyper-saline at
the extremity. Freshwater flows to the Murray Mouth and
Coorong help maintain an open Murray Mouth, prevent
ingress of seawater, maintain connectivity for diadromous
fish and modify water level and salinity in the Coorong, which
shapes the habitat for biota (Webster, 2010). Freshwater flows
through the barrages (that control water flow from the river)
are important to prevent extreme hyper-salinity while
maintaining estuarine habitat and ecosystem health
(Brookes et al., 2009). Whilst acknowledging that many
factors shape the fish community, salinity has been
identified as the primary driver of fish distribution and
assemblage structure by influencing the extent of estuarine
fish habitat in the Coorong (Ye et al., 2011; McNeil et al., 2013;
Bice et al., 2018; Brookes et al., 2021). Early summer flows are
likely to be particularly beneficial as they provide low salinity
inflow to offset evaporation, where without these flows water
level in the South Lagoon drop through evaporation, and the
resulting evapo-concentration and extreme salinities degrade
habitat conditions for key fish species.

The aim of this study was to determine how effective
environmental flows are at exporting salt from the Murray
Darling Basin, what impact they have on arresting seawater
ingress which shapes the salinity gradient, and ultimately the
availability of habitat for key fish biota in the Coorong, an
estuarine lagoonal system at the terminus of the Murray River.
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This is undertaken using a finite volume hydrodynamic model
for assessing the contribution of environmental water to the
spatio-temporal distribution of lagoon salinity, and a habitat
model based on laboratory experiment-derived salinity
thresholds for fish mortality. Ultimately the aim is to assess
and quantify the benefits of environmental flows for the
improvement of estuarine fish habitat for several key
species with different levels of salinity tolerance.

METHODS

Site Description
The Lower Lakes and Coorong are the terminal waterbodies of
the Murray-Darling River system (Figure 1). Typically, there is a
regular seasonality to the flow pattern, with higher flows
occurring over winter and spring. The highest flows generally
occur in September to November and the lowest in February to
April, but higher-flow events can occur at almost any time of year
due to the catchment spanning from sub-tropical to
Mediterranean climates Gibbs et al., 2019). The site represents
a diverse collection of aquatic environments created where sharp
hydrologic gradients intersect with a complex coastal
geomorphology. The region is a place of natural beauty, high
ecological value and is the spiritual home of the local indigenous
people, the Ngarrindjeri.

Lake Alexandrina and Lake Albert are joined by a narrow
waterway and have a combined area of 800 km2 (Bourman and
Barnett, 1995). The River Murray enters Lake Alexandrina, which
is separated from the Coorong and sea by five barrages that were
constructed between 1935 and 1940, although less permanent
sandbag and wooden barrages were constructed as early as 1914
(Fluin et al., 2007). Lake Alexandrina was estuarine prior to
construction of the barrages, although paleolimnological
evidence suggests the main body of the lake was
predominantly fresh (Fluin et al., 2007), consistent with the
higher flows leaving the Murray-Darling system prior to
extensive river regulation.

The Coorong is a large coastal lagoon that is separated from
the ocean by a Holocene dune system, the Younghusband
Peninsula. The North Lagoon (area 95 km2) is historically
estuarine and connected to the Southern Ocean by the Murray
Mouth. The South Lagoon is typically hyper-saline under post-
European conditions, has a similar, but slightly larger, area to the
North Lagoon (Geddes and Butler, 1984) and is connected to the
North Lagoon by a narrow channel near Parnka Point. The
Coorong is shallow, with an average water depth of 1 m
(Geddes and Butler, 1984), and consists of seven basins with
maximum depths of 3–4 m when water levels peak in winter
(Noye, 1974). The area north of Pelican Point is tidally influenced
and mudflats are inundated and exposed daily depending on tide
and wind.

Hydrodynamic Modelling
The interaction between freshwater flow over the barrages
and from the Salt Creek, and seawater ingress through the
Murray Mouth and transport of salt into the Coorong
determine the salinity gradient within the Coorong. The
salinity gradient plays a fundamental role in determining
the available habitat for key biota in the Coorong. A
hydrodynamic model has been used to represent the
spatio-temporal variation in salinity, and the extent and
persistence of hyper-salinity is essential for using the
model to assess environmental flows.

The model platform used to assess the effects of
environmental water delivery on the salt balance was the
finite volume hydrodynamic model TUFLOW-FV,
developed by BMT Global Pty Ltd. (BMTWBM, 2019).
TUFLOW-FV is a flexible-mesh hydrodynamic model that
accounts for variations in water level, salinity, temperature,
and density in response to tides, inflows and surface
thermodynamics. The TUFLOW-FV has been used
extensively in the region for hydrological assessments (Ye
et al., 2016; Ye et al., 2020). In this study, the model
domain was configured to cover the Coorong lagoon and
the mesh consists of triangular and quadrilateral elements
of different size that are suited to simulating areas of
complex estuarine morphometry (Figure 2). The model
mesh contains 26,250 cells in total and the mean cell size is
10,338 m2. The model dynamically adjusts the time step to
maintain a Courant–Friedrichs–Lewy value below 0.9 based on
the current speeds and cell lengths, with a minimum time step
of 0.1 s and a maximum of 15 s.

FIGURE 1 | The Lower Lakes and Coorong. The freshwater in the lakes
is isolated from the marine water by five barrages. Exchange with the ocean
occurs through the Murray Mouth, which is located near Goolwa. The
Coorong is comprised of the North and South lagoons.
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Themodel was configured as a 2Dmodel as the shallow nature
of the systemmeans the water column is typically well mixed. The
finite volume numerical scheme solves the conservative integral
form of the nonlinear shallow water equations, as well as the
advection and transport of scalar constituents such as salinity and
temperature. Outside the Murray Mouth an open water level
boundary was specified based on Barker Knoll tidal data, which
were available at 10 min resolution (Figure 2). Inflow to the
South Lagoon from the local catchment via Salt Creek was set
based on available flow data from water. data.sa.gov.au (both
curated by the South Australian Department of Environment and
Water). Meteorological conditions were based on data from
Narrung weather station nearby to the Coorong (Figure 2).
Further details on model configuration are provided in
Supplementary Material S1A. The performance of the
hydrodynamic model in reproducing the estuary states had
been assessed with a total of five monitoring sites spatially
distributed from north to south of the lagoon (Figure 2 and
Table 2).

Flow Scenarios
Modelling simulations were run from 1 July 2017 to 30 June 2020,
i.e., a period of 3 years; this window was chosen as it began after
the high flow event in 2016 which “reset” salinity levels in the

Coorong (Figure 3). Because of the importance of salinity
movement in this system, a detailed salt flux analysis was
undertaken to understand the rate of salt accumulation in
both the North and South of the Coorong. The salt load
exported from the barrages and Salt Creek (imported into the
Coorong) is a function of the flow volume and the salt
concentrations in these inflows. Salinity in the Coorong is
more complicated and needs to consider salt transportation
(fluxes) in Coorong which varies with distance from the
Murray Mouth, and subtle changes in water level gradients
due to the interaction of the wind and tide. Additionally salt
input to the Coorong includes input of water from the ocean
which varies with the fluctuation in sea-level, and the seasonal
change in the volume of water exiting the Murray Mouth, which
acts to prevent seawater ingress.

The contribution of environmental water to the transport of
salt and habitat maintenance was assessed for three different flow
scenarios:

1. Base-case scenario: a scenario with all environmental water
(i.e. the observed flow);

2. Scenario 1: a scenario without any environmental water for the
study period from 01/07/2017 to 30/06/2020 (i.e. counter-
factual simulations assessing what would have happened if

FIGURE 2 | Overview of model domain applied in the Coorong using TUFLOW-FV. Coloured grids in maps on the left-hand side represent depths, i.e. increasing
depth from deep (blue) to shallow (red). The map on the top-right corner shows the locations of five barrages: Goowa, Mundoo, Boundary Ck, Ewe, and Tauwitchere.
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flows were not augmented with environmental water for
3 years) to study the cumulative effect of environmental
water on the Coorong system; and

3. Scenario 2: a hybrid scenario with observed flow from 01/07/
2017 to 30/06/2019, then no environmental water from 01/07/
2019 to 30/06/2020 to provide insights into the specific benefit
of the 2019–2020 water year provision, and the cumulative
benefits of multi-year environmental watering.

The Criteria for Suitable Habitat
Salinity, water temperature and water levels from scenarios with
and without environmental water were used to estimate habitat
extent of fish. The fish model calculates spatio-temporal
probabilities of habitat suitability for juveniles of seven key
species, mulloway (Argyrosomus japonicus), black bream
(Acanthopagrus butcheri), greenback flounder (Rhombosolea
tapirina), yelloweye mullet (Aldrichetta forsteri), congolli
(Pseudaphritis urvillii), Tamar goby (Afurcagobius tamarensis)
and smallmouth hardyhead (Atherinosoma microstoma), based
on laboratory experiment-derived lethal concentration salinity
thresholds. The experiment provided salinity thresholds under
two temperature settings, 23 and 14°C, representing the average
summer and winter condition in the lagoon, which indicated
most fish species had higher salinity tolerance in cooler months
(McNeil et al., 2013). The model adopts a seasonal effect by
account for temperature sensitivity to the salinity thresholds
(higher salinity tolerance at lower temperatures) to calculate
the habitat suitability index, HSI, according to:

HSI �
⎧⎪⎨⎪⎩ Sc50 − S

Sc50 − Sc10

1, 0≤ S< Sc10
, Sc10 ≤ S< Sc50
0, S≥ Sc50

(1)

where the salinity is temperature dependent based on:

Sc10 �
⎧⎪⎨⎪⎩(LC23

10 − LC14
10

23 − 14
)(T − 14) + LC14

10

LC14
10, 0≤T< 14
, 14≤T< 23
LC23

10, T≥ 23
(2a)

Sc50 �
⎧⎪⎨⎪⎩(LC23

50 − LC14
50

23 − 14
)(T − 14) + LC14

50

LC14
50, 0≤T< 14
, 14≤T< 23
LC23

50, T≥ 23
(2b)

where:
S : salinity.
Sc50: LC50 (concentration of salinity that kills 50% of the test

animals).
Sc10: LC10 (concentration of salinity that kills 10% of the test

animals).
LC23

50 or LC
14
50: concentration of salinity that kills 50% of the test

animals at 23°C or 14°C LC23
10 or LC

14
10: concentration of salinity

that kills 10% of the test animals at 23°C or 14°C.

FIGURE 3 |Overview of the flow rates through all barrages into the Coorong from three water sources assessed by the model simulations. The area plots show the
proportion of flow that was considered non-allocated (“no eWater” scenario), the proportion of Commonwealth environmental water (CEWO) and the proportion of non-
CEW environmental water (eWater). The cumulative of all these flows represents the “all water” (Base-case) scenario.

TABLE 1 | Summary of lethal concentration for 50% of the population, LC50 , and
10% of the population, LC10, estimates of salinity (expressed as PSU) for
seven species at 14°C (LC14 ) and 23°C (LC23 ) temperatures used to inform the
habitat suitability.

Common name LC14
50 LC23

50 LC14
10 LC23

10

Mulloway 64 59 60 51
Tamar goby 73 71 68 66
Black bream 85 88 79 82
Greenback flounder 88 79 81 73
Yelloweye mullet 91 82.4* 84 68
Congolli 100 94 90 87
Smallmouth hardyhead 108 100 97

*possibly affected by another unknown water quality factor.
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T : water temperature (monthly average to represent seasonal
conditions).

The parameters for the focus species of interest are described
Table 1. Figure 4 shows an example plot of the HSI functions for
mulloway. In addition, habitat is deemed unsuitable if water is
less than 0.1 m deep. The computed HSI ranges between 0 and 1,
where 0 represents least suitable and one represents most suitable.

RESULTS

Spatio-Temporal Salinity Distribution and
Model Performance
Overall, the model was able to accurately reproduce salinity in the
lagoon at the five assessment sites (Figure 5), and captured well
the variations in time and space. The goodness of the fit statistics
for the model performance in salinity (from the base case scenario
with the actual environmental flow) against the observation
showed generally high regression coefficient (R ≥ 0.5535) and
low mean absolute errors and root-mean square errors
(MAE≤11.89 PSU, RMS≤16.54 PSU, comparing to the
observed salinity range of 0.14–122.13 PSU) (Table 2). The
assessment results suggest that in its present form, the model
is suitable for assessing management scenarios associated with
different flow conditions.

A clear salinity gradient from the ocean mouth (Murray
Mouth) to the southern lagoon is observed from both the field
observations and model results, with the salinity varied from
seawater level (~36 PSU) to up to 122 PSU in the southern lagoon
(Figure 6). The salinity change also presents a clear seasonal
signal, with higher salinity in summer and lower salinity in winter
(Figure 6) due to the seasonal patterns in precipitation and

evaporation. At the site close to the Murray Mouth (site
A4261134, Figure 5A), strong fluctuations in the salinity in
daily to weekly scales can be observed, indicating the
interactions between the barrage flows and the ocean intrusion
in this region. The daily to weekly fluctuation signals became
weaker with sites further from the Murray Mouth, whilst the
seasonal signal became stronger (site A4261209, Figure 5D and
site A4261165, Figure 5E).

Salt Flux Analysis
The environmental water is shown to significantly reduce the
salinity levels. The impact was mostly obvious in the northern
lagoon around the barrage inputs (0–40 km from the Murray
mouth), but can be also observed along the Coorong to the
southern lagoon. The effect of the environmental water in
reducing the salt level is more significant in summer time
(Figure 6B) where a difference of up to 30 PSU can be
observed between the “base case” scenario and “no
eWater” scenario around the barrage input region of north
lagoon.

The comparison of scenario 1 (3-years no-eWater simulation)
and scenario 2 (no eWater just in the last year) provides insights
into the multi-year cumulative effects of salt transport in the
lagoon. For example, in the time of November 2019, the median
salinity at the north lagoon from scenario two is basically the
same to scenario 1, however, in the south lagoon the salinity
difference is still up to ~20 PSU higher, indicating reduced
salinity transport within the lagoon between north and south.

In 2018–19 and 2019–20 water years the only water that exited
the barrages was Commonwealth environmental water and so all
salt export over the barrages is attributable entirely to this
(Table 3). Salt export from the Murray Darling Basin to the
Coorong through the barrages was 496,936 tonnes in 2017–18,
532,333 tonnes 2018–19 and 623,999 tonnes in 2019–20. If there
had not been environmental water in 2018–19 and 2019–20 then
no salt would have been exported from the basin.

Additionally, the salt concentration in the barrage flows is
below the seawater concentration, so the flows from the barrages
also serve to reduce salt ingress from seawater into the Murray
Mouth and Coorong. In all 3 years, 2017–18 to 2019–20, there
was a net import of salt into the Coorong (through the Murray
Mouth), which is expected for years with low flow over the
barrages that is not sufficient to replace the evaporation
volume from the Coorong lagoon. Without environmental
water, the net import of salt into the Coorong would have
been considerably greater, ranging between 1.86 million tonnes
in 2018–19 to approximately 2.33 million tonnes in 2019–20.
Environmental water decreased salt import by approximately two
million tonnes (Table 3), all of which is attributable to water held
and delivered by the Commonwealth Environmental Water
Holder. For the “hybrid” scenario (Scenario 2), the salt import
from ocean into the Coorong was small in the first 2 years with
the environmental water, then increased to 3.26 million tonnes in
the last year without the environmental flow (Table 3), due to the
environmental flow in the first 2 years creating a fresher
environment inside the lagoon that enhanced the salt
exchange in the last year.

FIGURE 4 | Habitat Suitability Index (HSI) as a function of salinity
tolerance for mulloway, where a HSI value of one represents the most suitable
conditions and 0 the least suitable. The salinity thresholds are a function of
water temperature where fish is able to tolerate higher salinities at lower
temperatures.
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Freshwater flowing from the barrages limits salt influx from
the ocean andmaintains lower salinity conditions in the Coorong.
Salt from the Murray Mouth can travel southward as ocean water
replenishes water that is evaporating in the Coorong. The
dominant direction of salt flux is southward although it can
move northward (negative flux in Supplementary Figure SB1,

Supplementary B) when river flows over the barrages cease, the
head of water decreased and the net flow of water is northwards.
Further to the South at Parnka Point there are much higher flux
rates as the salt concentrations are higher and so the rate of salt
movement is higher (Supplementary Figure SB1, Supplementary
B). This is evident in the cumulative flux of salt at Parnka Point

FIGURE 5 | Comparison of measured and simulated salinity at key monitoring points within the Coorong lagoon, moving from the Murray Mouth into the South
Lagoon. Model simulations for the Base-case (observed conditions), and Scenario 1 (no eWater) and Scenario 2 (mixed) are shown. A4261134 = Pelican Point (A),
A4261135 = Long Point (B), A2460633 = Parnka Point (C). A4261209 = Woods Well, A4261165 = Snipe Island.

TABLE 2 | Summary of model performance statistics in salinity.

Validation site R (regression coefficient) MAE (mean absolute error) RMS (root-mean square error)

Pelican Point (A4261134) 0.5535 7.35 9.09
Long Point (A4261135) 0.6420 7.86 9.78
Parnka Point (A4260633) 0.6449 11.89 16.54
Woods Well (A4261209) 0.9299 7.41 9.64
Snipe Island (A4261165) 0.8354 7.73 9.86
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which is considerably higher in both the northward and southward
vectors (Figure 7) than salt flux at Long Point.

Due to the low flow over the barrages in 2017–18 for the no
eWater scenario, and no flow in subsequent years, there was
considerably more salt imported from the ocean into the Murray
Mouth region, resulting in greater southward salt flux
(Supplementary Figure SB2, Supplementary B). Without
environmental water the cumulative southward salt flux in
2019–20 would be three times greater than with environmental
water (Figure 7). Environmental water reduced the salt load to
the South Lagoon, measured as salt flux southward at Parnka Point,
by over 3.244million tonnes over the 3-year period between July 2017
and July 2020. If there was a year without environmental water there

would be excess salt accumulation in the Coorong. For the “hybrid”
scenario when assuming environmental water was delivered in the
first 2 years (2017–18 and 2018–19) but not in 2019–20, salt seems to
have accumulated at a slower rate but at the end of the simulation
period, the net accumulated flux is still more than twice what would
have occurred had environmental flows been delivered in 2019–20
(Figure 7).

Monthly salt exports with and without environmental water
delivery for July 2017–July 2020 show how seasonally dynamic
salt export was in the Coorong (Supplementary Figure SB).
Environmental water delivery maintained this flux to be close to
zero over the period of interest.

Fish Habitat
In general, the environmental flows led to fresher conditions in the
Coorong and a consistent expansion of suitable fish habitat area; an
example of the new habitat area created by environmental water is
shown as a map for mulloway habitat suitability (Figure 8).
Distribution maps for other species have different ranges but
similar overall patterns (Supplementary Figure SC). Note that
this analysis shows the ΔHSI, that is the change between scenarios;
in this case a value of one represents an area that was unsuitable
under the “No eWater 3 years” scenario (Scenario 1) becoming
fully suitable under the relevant scenario (Base case scenario).

To summarise the suitable habitat area for each species, the sumof
HSI-weighted area (i.e. HSI×area) in each grid cell for each scenario
was computed. Figure 9A shows the suitable fish habitat averaged

FIGURE 6 | Comparison of measured and simulated salinity along the length of the Coorong lagoon (box-whisker), moving from the Murray Mouth into the South
Lagoon. Model simulations for the “All water” (base-case observed conditions), and the no environmental water scenarios (“no eWater” and “hybrid”) are shown for July
(A), March 2020 (C) and June 2020 (D). November 2019 (B). The shaded areas represent the 5 - 95% confidence interval.

TABLE 3 | Three year record of modelled salt export (tonnes) over the barrages to
the Coorong estuary and through the Murray Mouth into the Southern Ocean.

Scenario 2017–18 2018–19 2019–20

Barrages — — —

Base case (all water) 496,936 532,333 623,999
Scenario 1 (no eWater) 60,088 0 0
Scenario 2 (hybrid) 496,936 532,333 0

Murray Mouth — — —

Base case (all water) -497,342 -16,807 -335,926
Scenario 1 (no eWater) -2,168,279 -1,864,080 -2,332,963
Scenario 2 (hybrid) -497,342 -16,807 -3,259,969
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over all months in each year. Without environmental water (No
eWater 3 years) the habitat suitable for mulloway would have
contracted by 16% in 2017–18, 33% by 2018–19 and 38% in
2019–20 (Figure 9B).

A similar trend is evident for black bream, Tamar goby,
greenback flounder, yelloweye mullet, congolli and smallmouth
hardyhead (Supplementary Figure SC). Three years without
environmental water reduced suitable goby habitat by 39%
(Figure 9B). This scenario commenced after high flow in
2016–17. If the starting conditions were more saline then we
could expect a more rapid contraction in suitable habitat if no
environmental water was available.

If we consider just 1 year (2019–20) of without environmental
water (“No eWater”), the suitable habitat area contracted by
between 2 and 17% for the seven fish species within that period.
Mulloway habitat was the most sensitive to a single 1-year
reduction in environmental water. Smallmouth hardyhead can
tolerate very saline conditions and their habitat was least affected
by the 1-year reduction in environmental water.

DISCUSSION

Environmental water dilutes salt in Lake Alexandrina, theMurray
Mouth estuary and along the length of the Coorong. Without
environmental water delivered for the period in question, river
flow over the barrages would only have occurred in 2017–18, and

not in 2018–19 or 2019–20. Without environmental water from
2017–20, the river flow would have only transported ~40% of salt
from the river catchment that was exported when additional
environmental water was included. This reduction in salt export
from the river system implies that without the environmental
water the salt would be accumulating upstream in wetlands and
floodplains.

The median salinity in the MurrayMouth in 2019–20 was 21.3
PSU which was lower than 2018–19 (median salinity 30.9 PSU),
similar to 2017–18 (26.2 PSU) but higher than in 2016–17 (11.3
PSU). The 2016–17 fresher conditions reflected generally high
river flows throughout the basin, and flow into South Australia
peaked at 94,600 ML/d. The period following this natural flow
pulse notably benefited from the Commonwealth environmental
water, which created fresher conditions at the Murray Mouth in
2019–20 compared to the without environmental water scenario.

Further away from the Murray Mouth, salinity throughout the
Coorong is not only a function of riverine inflows, but also the
nature of tidal exchange. When barrage flows are low, seawater
enters into the Murray Mouth and more salt is then transported
down the Coorong where it is subject to evapo-concentration.
Dedicated environmental water made up 100% of flow over the
barrages, thus preventing some salt load reaching the South
Lagoon; this is measured as salt flux southward at Parnka
point, which was estimated have been over 3.2 million tonnes
from July 2017 to June 2020. It is also evident that environmental
water flowing over the barrages is required in every year to reduce
excessive salt accumulation within the Coorong. If environmental
water had not been delivered in the last of the 3 year action period
(2019–20) an additional 1.7 million tonnes of salt would have
accumulated in the South Lagoon. This highlights the importance
of continued delivery in periods of low flow, as the benefits
amplified by the final year.

Prior to our study period during the Millennium Drought,
from 2007–08 to 2009–10, flow over the barrages ceased and the
import of salt into the Coorong resulted in salinity in the South
Lagoon that was five times seawater salinity, and led to the demise
of much of the aquatic life (Brookes et al., 2009). Environmental
water provides freshening flows but also acts to inhibit seawater
intrusion, thereby maintaining more appropriate salinity
conditions, particularly in the South Lagoon. Given that
barrage releases now almost entirely (up to 100%) depend on
Commonwealth environmental water provision in dry years, it is
a critical allocation for limiting salt flux into the South Lagoon
and the subsequent cycle of salinity build up due to evapo-
concentration. Even 1 year without barrage flow can result in a
large flux of salt moving southwards (~1.7 million tonnes net
southwards flux).

MDBA (2021) report salt export over the barrages as 510,000,
360,000 and 430,000 tonnes/year in 2017/18, 2018/19 and 2019/
20, respectively. The approach used in MDBA (2021) is slightly
different to that used here, where a hydrological model is used (as
opposed to hydrodynamic model used here) to undertake a
similar water balance, based on river (Lock 1) inflows,
diversions and losses to estimate flow over the barrages, with
the salinity of that flow assumed to be the average salinity of
Lake Alexandrina derived for multiple observation stations

FIGURE 7 | Cumulative net southward amount of salt mass into the
North Lagoon (through Long Point) and South Lagoon (through Parnka Point)
in the Coorong from July 2017–June 2020. Scenarios include with “All water”,
without environmental water (“no eWater 3 years”) and without any
environmental water in 2019–20 (“no eWater”). eWater delivery maintained
this flux to be close to zero over the period of interest; even 1 year of no
environmental water over the barrages contributes to salt accumulation in the
North and South Lagoon. Note that only CEWwater contributed to the eWater
entering the Coorong (see Supplementary A for barrage flow amounts).
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within the lake (MDBA, 2013). Given the differences in
approaches the exact salt loads are different between that
reported here and MDBA (2021), however the magnitudes
are similar. As noted in MDBA (2013) the approach taken
here (2D hydrodynamic model) is the only method capable of
estimating salt export to the Southern Ocean from the River
Murray System and Coorong. This work has challenged the
assumption that salt export over the barrages is a necessary and
appropriate surrogate for salt export to the Southern Ocean
(MDBA, 2013), where it is export to the ocean that is required to
be reported on by the Basin Plan.

The fish habitat suitability model presented here is
intentionally simplified, noting that salinity is the primary
driver for habitat condition in this system, and considering
our goal was an indicator that could interface with the
modelling scenario outputs and readily inform management
decisions. The estuarine fish species that inhabit the Coorong
vary slightly in their tolerance to salinity with yellow-eye mullet,
congolli and smallmouth hardyhead able to tolerate more saline
conditions. Without environmental water, fish habitat contracts
quickly and significantly. Even after the high flow year in

2016–17, if there was no environmental water in 2017–18,
significant habitat contraction would have occurred. As
mulloway and Tamar goby have the smallest area of suitable
habitat, this contraction would have the most profound impact
on these species, followed by black bream, greenback flounder
and yellow-eye mullet. Habitat for the more salinity tolerant
congolli and smallmouth hardyhead would not have changed as
significantly in 2017–18 as for the other species. Nonetheless,
consecutive years of no environmental water is likely to reduce
suitable habitat by up to 39% within 3 years and even the highly
salt-tolerant smallmouth hardyhead experienced a 20%
contraction of suitable habitat. This result highlights the
importance of using multiple years of flow when undertaking
habitat assessment, as systems with a large retention time have a
“memory” and salinity is a function of antecedent conditions as
well as annual inputs and outputs.

Fish can move in response to changing salinity and habitat
suitability, however it is generally considered advantageous to
have a greater area of habitat with suitable water quality (e.g.,
salinity) and abundant food resources to support the long-term
maintenance of fish populations. Habitat assessment should also

FIGURE 8 |Monthly habitat area “gained” for mulloway due to environmental water delivery (calculated as the difference between habitat suitability index (HSI) in the
“All water” (base-case) and “no eWater 3years” scenario. Large areas of the middle lagoon have an increase in habitat quality of 1, highlighting areas that would not be
viable without environmental water, but became suitable due to the ongoing water delivery since 2017–18. The improvement in habitat score means salinity and
temperature conditions are suitable for Mulloway. Other features of the environment such as food resources and appropriate sediment will also determine whether
mulloway expand into a habitat. It may take some time for ecosystem restoration to reach a point where fish populations are supported in the expanded habitat.
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consider that different conditions may be needed at different life
stages, considering that feeding, spawning, nursery and refuge
grounds are different for many estuarine dependent fish species
(Bice et al., 2018). For example, Barletta et al. (2005) observed that
when estuarine salinity rose in the dry season the fish moved
upstream for spawning and shelter for young-of-year juveniles.
As rainy season flows increased they observed a decrease in
salinity and movement of fish downstream to inshore areas. We
acknowledge that there are alsomore complex drivers of habitat, and
besides salinity, the distribution and abundance of estuarine fish is
affected by water velocities, prey abundance (Bottom and Jones,
1990) and seagrass extent (Griffiths, 2001). Elevated flow can flush
juveniles from the estuary to off-shore where they experience less
productive and hospitable conditions. Low flow can lead to the
formation of sandbars at the estuary mouth, which coupled with an
increase in stratification, can lead to low oxygen and conditions
unsuitable for some species (Gale et al., 2006; Cottingham et al.,
2014, 2018). Excessive nutrient loading, turbidity and poor sediment
quality can also degrade habitat and reduce abundance (Hallett et al.,
2016; Valesini et al., 2017).

The predictions of habitat in these simulations can be
considered as the potential (or “realisable”) niche for the fish

communities since these results are based on fish tolerance to
salinity. As a tool for planning environmental flow delivery this
provides a relative assessment of total available habitat if we also
consider that many other drivers of habitat mentioned above
similarly correlate with salinity, making salinity a good primary
indicator. Nonetheless, care should be taken in interpreting and
communicating these reported habitat areas, bearing in mind
other ecological constraints on population recovery are not
captured in the index formulation. Others have attempted to
build more complex empirical relationships between multiple
drivers and presence/abundance (e.g., Zucchetta et al., 2010),
though lack of regular monitoring data and difficulty interfacing
with scenarios from these dynamic models remain challenging.
Furthermore, for fisheries management the flow releases would
also need to consider the flow necessary to induce spawning in the
flow cued spawning species (e.g., Bream), the salinity tolerance of
prey and a sustainable level of commercial fishing. More
traditional food-web and population models could be used for
this purpose rather than the habitat modelling presented here.

Environmental water planning in Australia currently considers
both flow variability in rivers and water regimes in wetlands. Water
regimes describe the extent, duration and depth of inundation and

FIGURE 9 |Habitat area (HSI-weighted) of juvenile stages of key fish species for the three scenarios (top). Change in area (%) that would have been in the case of no
environmental water is shown in the bottom panel. Environmental water gives a large habitat expansion for all species and this increases year on year. The environmental
water modifies the salinity conditions to be expanding the habitat that the fish can exploit. Other features such as food resources and appropriate sediment will also
influence whether fish are able to exploit the available habitat.
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longer-term planning considers the frequency of years that
environmental flows or inundation need to occur to achieve the
desired environmental outcome. It is generally accepted that
increasing the number of years that environmental water is
available builds ecosystem resilience as there is a cumulative effect
from e-water delivery. Ecosystem resilience strengthens the capacity
to cope with drought or dry periods when they arise. In the case of the
Coorong the environmental water from the River Murray freshens
the lagoons and expands the area with suitable habitat to support fish
communities. Just 1 year without environmental water would result
in a contraction of suitable habitat and continued contraction if flow
is not maintained. While Coorong salinity is an easily measured
parameter to assess the benefits from cumulative years of
environmental water delivery, there is evidence that other features
of rivers show a cumulative response to e-watering. For example,
Catelotti et al. (2015) determined that measuring inundation
frequencies over a period of five to 10 years provided the best
timeframe to explain observed variation in river red gum health.
Given the evidence that multiple consecutive years with
environmental water can build resilience in ecosystem habitat and
populations this may prove to be an important objective in future
planning for environmental flow.

In the case of the Coorong, a site of international significance,
it has become evident that prolonged periods of low flow have not
only led to increases in salinity that impact on fish communities,
but the extreme salinities have also contributed to the loss of the
seagrass Ruppia tuberosa (Kim et al., 2015; Brookes et al., 2009)
and benthic macroinvertebrates (Dittmann et al., 2015). The
continued commitment to deliver environmental water over
periods of prolonged drought is needed to allow the long-term
re-establishment of benthic communities in the Coorong in order
to support fish populations over the long-term. To this end, we
therefore further recommend extension of the habitat modelling
approach to allow for prediction of Ruppia spp and benthic
macroinvertebrate suitability, allowing a wider view of the
benefits of e-water on the lagoon system. Whilst managing
excessively high salinity in the South Lagoon through
environmental water provision has been the focus here, we
also highlight the need for consideration of other
complementary actions that can be used to restore and re-
establish high-quality habitat.
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Not Just Another AssessmentMethod:
Reimagining Environmental Flows
Assessments in the Face of
Uncertainty
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The numerous environmental flows assessment methods that exist typically assume a
stationary climate. Adaptive management is commonly put forward as the preferred
approach for managing uncertainty and change in environmental flows. However, we
contend that a simple adaptive management loop falls short of meeting the challenges
posed by climate change. Rather, a fundamental rethink is required to ensure both the
structure of environmental flows assessments, along with each individual technical
element, actively acknowledges the multiple dimensions of change, variability and
complexity in socio-ecological systems. This paper outlines how environmental flow
assessments can explicitly address 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, uncertainty, adaptive management, non-stationarity, eflows

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 A. et al., 2017; 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
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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., 2007;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., 2011; 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 also include the (very real and)
present threats to environmental outcomes associated with
climate change. 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, which in combination, all point the
way to an uncertain future. This adds another layer to the current
state of incomplete knowledge, or uncertainty, where structural or
process uncertainty not only includes lack of observational data
and environmental variability (Williams, 2011), but high
uncertainty about what the future holds. 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., 2022). 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 (Pahl-Wostl et al., 2013; Anderson et al., 2019).
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 are recent publications that explore
how technical aspects of environmental flows and ecological
modelling can adjust to better represent climate change
impacts (Horne et al., 2019; Tonkin et al., 2019). However,
there has been no detailed analysis of what is needed from an
environmental flows assessment as a whole, 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 TO ENABLE ADAPTIVE
MANAGEMENT IN ENVIRONMENTAL
FLOW ASSESSMENTS
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., 2022).
Here we outline a number of important elements for
consideration in the structure of an environmental flows
assessment, drawing on the adaptive management literature. A
core theme is the need to inform trade-offs and directly consider
uncertainty, two concepts that are poorly dealt with in current
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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. Five central concepts are details below.

2.1 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
M. C. et al., 2014), 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 (Williams and Brown, 2014; Allen
and Garmestani, 2015). 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.

2.2 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 M. et al., 2014). It is well recognised that
ecological objective setting involves a societal choice and a range
of relevant perspectives (Pahl-Wostl et al., 2007). Including a clear
and structured process to establish objectives as part of an
environmental flows assessment is important in resolving
conflicting objectives for a river system, and identifying
fundamental objectives (those that are inherently important)
and means objectives (those things important to achieve
fundamental objectives) (Mussehl et al., 2022). 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., 2022).
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., 2022). This approach allows the integration of participatory
and technical approaches to addressing non-stationarity (Bellard
et al., 2012; Horne et al., 2019; Poff, 2018; Tonkin et al., 2019),
improving decision making and resilience building (Boltz et al.,
2019; Brown, 2012). This also connects to the literature around
legitimacy and the importance of process for gaining stakeholder
acceptance where views diverge (O’Donnell et al., 2019).

2.3 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.,
2018; 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., 2021b).
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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).

2.4 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
(Stewardson and Rutherfurd, 2008; Kingsford et al., 2011). The
first is an explicitly defined conceptual (or mental)model of how
the ecological objectives link to anthropogenic processes and
relevant flowmanagement decisions (Kingsford et al., 2011). 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. These models allow for management
outside of the conditions (magnitudes, frequencies and timing)
that have been experienced historically. They also support a
necessary shift beyond the natural flow paradigm to
environmental flows management that adopts a designer flow
approach (Acreman et al., 2014a; Poff, 2017).

2.5 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 (see Beven, 2016 for a discussion of types of
uncertainty). Outcome-focusedmonitoringmay 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 AN ADAPTIVE ENVIRONMENTAL FLOW
ASSESSMENT APPROACH

Environmental flows assessment are a key aspect of
environmental flow management more broadly (Horne A.
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et al., 2017). 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 five
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., 2022). 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.

1) 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.

2) 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.

3) Ecological modelling 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.

4) Quantifying model, 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

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., 2022). 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. They are designed to support trade-off decisions.
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research and data become available. The modelling approach
used should be able to perform under non-stationarity.

5) Applying modelling 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.

6) Monitoring and evaluation–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.

7) Implementing broader communication and
transparency–a communication strategy designed to share
information about the environmental flows program beyond
those stakeholders immediately involved. Note this is in
addition to the participatory approach to the overall
environmental flow assessment, where clearer
documentation of conceptual models, data and
uncertainties, should in itself improve transparency. The
approach to environmental flow linking participatory
processes with the bio-physical sciences will improve
communication and transparency with involved
stakeholders in an ongoing way throughout the
environmental flows assessment.

We present the environmental flows approach here as a
complete method to support adaptive management, however
these concepts can readily be incorporated into existing
environmental flows methods. As an example, ELOHA is a
well known environmental flows assessment method (Poff
et al., 2010). A key difference to our proposed approach is
that ELOHA separates out the biophysical and social aspects
of the assessment. In contrast, we make the case that integrating
these elements is more likely to lead to legitimacy and flexibility of
adaptive responses. While methods such as ELOHA include an
outer-adaptive management loop, they stay silent on how
individual components should be undertaken to account for
non-stationarity and to facilitate adaptive approaches (Poff
et al., 2010; Stein et al., 2021). Each of the key elements in
ELOHA (such and the hydrological foundation and the flow-
ecology modelling) could adopt the concepts outlined in this
paper to better support adaptive management.

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 theMurray River (Figure 2). The Kaiela
(meaning “father water”) forms part of the 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).

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 phanel 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 Nation representative was
part of the advisory group for the project. There were between 20
and 35 people at each workshop. 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 were identified
through the workshop process:

1) Maximise native floral biodiversity
2) Maximise native faunal biodiversity
3) Maximise self-sustaining populations of icon faunal species
4) 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:
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1) Maximise self-sustaining populations of opportunistic fish
2) Maximise self-sustaining populations of periodic fish
3) Maximise self-sustaining populations of equilibrium fish
4) Maximise self-sustaining populations of turtles
5) Maximise self-sustaining population of platypus
6) Maximise structural complexity and diversity of floodplain

vegetation, including wetlands
7) Maximise structural complexity and diversity of bank

vegetation
8) 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). The legislation for
the region makes it clear that Environmental Water must
support environmental objectives. However, the method
accommodates this by allowing the stakeholders, in their
diversity, rather than ecologists to set the objectives. There is
one fundamental objective that is specifically about social
outcomes. This can be modelled and assessed in the same way

as the ecological outcomes (noting that many of the ecological
objectives support the social outcome in which stakeholders are
interested).

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. These included the desire for community
ownership, transparency and knowledge exchange (refer to

FIGURE 2 | Map of the Kaiela (Goulburn River), victoria, Australia.
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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 conceptualmodels 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), where a performance measure was
chosen to represent each objective. Models were also required for
a number of elements that while not fundamental objectives, are
essential drivers of change for the fundamental objectives:

1) Macroinvertebrate biomass and diversity
2) Bank stability
3) Instream habitat complexity
4) 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 models are mechanistic to support
management under climate change (Tonkin et al., 2019) and
incorporate aspects of reoccurrence of events through the
antecedent condition node (Horne et al., 2017c). The
conceptual model for periodic fish is shown as an example in
Figure 3.

Future flows scenarios were based on stochastic data
(Fowler et al., 2022), 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 20-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., 2021a).

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.

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)
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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. (2018). 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 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. This is a very distinct approach to those
environmental flows methods that might classify flow
recommendations based on dry to wet years, which can be
challenging for managers without knowing how the year will
indeed unfold. Similarly, to allow for and indeed encourage
intra annual 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:

1) Preferred flows are between 500–1000 ML/d (or natural)
during summer and autumn

2) During summer and autumn, ensure variability in flow regime
(CV > 0.2) (e.g., mean of 750 and standard deviation of
150 ML/d)

3) 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
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that achieves the full flow recommendations was developed and
run through the flow tool for validation purposes (Figure 4). 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. There is a clear difference between this figure for
validation purposes (where each flow component is provided
every year) and the reality of how an environmental water
manager would use water. In reality, the flow
recommendations would not be perfectly achieved or the
same hydrograph repeated year in year out. Rather, an
environmental flow manger would only provide a subset of
the flow components in years where adequate flows are not
available, and the condition of different objectives would vary
through time.

The output for all models in their overall condition is shown
in Figure 5. Some models respond more quickly than others,
but the typical range for achieving equilibrium condition is
between two and 5 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.

1) The results in Figure 5 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.

2) 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.

3) 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.

The flow tool also allowed assessment of future climate
scenarios to be considered, something that is not possible with
existing environmental flow assessment approaches. This type of
assessment moves away from the interannual and incremental
adaptive management, to also allow longer term larger adaptive
cycles to address the challenge of non-stationarity. 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 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 6. 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

FIGURE 4 | Example annual timeseries achieving the flow recommendations and average current flow (as impacted by regulation) in the Kaiela for two time periods.
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range of hydrologic conditions. The stress scores for each
ecological end point are shown in Table 2.

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 3). 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 7 shows the implications of not
providing these large flow events (this figure can be compared

with Figure 5). This initial assessment shows some major
challenges for managing environmental flows under climate
change based on the current policy settings and environmental
flow objectives. This triggers the need for more detailed
assessment of options to meet environmental flow objectives
(for example, as undertaken in John et al., 2021a).

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 (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

FIGURE 5 | Model responses to achieving a repeating series of the flow recommendations (derived for model validation based on providing the full flow
recommendations year in year out. In practice performance would vary year to year as different flow regimes were provided, acknowledging that the complete suite of
flow components cannot be delivered every year).
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generated. Hence, advances in understanding are likely to
be small.

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 and individual
watering events. 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

The challenges posed by non-stationarity require us to re-
examine environmental flow assessments (Poff, 2018). In this
paper, we have demonstrated how to explicitly consider adaptive
management under an uncertain future in an environmental
flows assessment approach. While many of the elements we
propose including are common to existing methods, we
advocate a significant shift in the mode of implementation and
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 link to decision making
and ideally 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.

The Kaiela case study was used to demonstrate a framework
for environmental flow assessments that addresses the needs of
managing under uncertainty and change. There are a number of
key reflections from this case study.

1) Resourcing often dictates environmental flow assessment
methods. 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.

FIGURE 6 | Future scenarios showing hydrologic outputs from three
climate scenarios. These exceedance curves show the proportion of time (x
axis) that a given flow (y axis) will be exceeded.
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Where project funding and timeline are constrained, the
proposed approach will not be possible.

2) Participatory approaches take time and flexibility and
funders and stakeholders need to be on board.
Environmental flow assessments often have clearly
articulated legislative requirements (Acreman et al., 2017),
and funders are more comfortable with a linear project

management approach. The success of the Kaiela 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,

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

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)

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, stress index
range from −1 to 1 where a score of 0 indicates no change in distribution of outcomes between current and climate scenario, -1 indicates a worse outcome completely
outside current conditions, and 1 indicates a better outcome).

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
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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.

3) Allowing adequate time to discuss objectives for the river
can improve the overall project outcomes and legitimacy
(Mussehl et al., 2022). 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 (Acreman et al., 2017;
Conallin et al., 2017).

4) Mechanistic models aimed at decision making provided
multiple benefits to the project. The information produced
in the environmental flows assessment, including the
ecological models, were aimed at supporting decision
making on an ongoing basis and the short-term adaptive
management of environmental water (Horne et al., 2018).
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. It also provided a learning experience through
the participatory approach, allowing stakeholders to engage
in the science and inform the process with other sources of
knowledge (Mussehl et al., 2022).

5) There remains a disconnect between environmental flows
assessments, the models used to inform these assessments
and the design of monitoring programs (Horne et al.,
2017d). 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 (Holling, 1978). 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 (Horne et al., 2018).
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. A key challenge for
environmental flow programs going forward is how to explicitly
link the models and tools used in the environmental flow
assessment to the design and implementation of monitoring
programs. 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.

6) Defining project boundaries in large river basins in
challenging and has implications for decision making in
environmental flows assessments. As is often the case, the
environmental flows assessment was undertaken for a single
river catchment. 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. 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. This would also change the make-
up of stakeholders involved in the process. Perhaps the key is
the extent to which including consideration of the
downstream systems has implications for decision making
in the river catchment being examined.

7) Implementing a communication strategy is an
essential—but often neglected or disconnected—step for
environmental flow management. The use of a participatory
approach builds engagement, transparency and knowledge
exchange for those stakeholders involved in the process.
However a structured and considered approach to broader
community engagement and communication is required to
ensure that there is wider support and legitimacy for
environmental flows programs. There is a significant
challenge within this process around communication of
uncertainty and climate change risk.

This paper has presented an environmental flow assessment
approach to meet the needs to managing environmental water
under climate change and uncertainty. The approach is centred
on adaptive management—a concept often discussed in the
context of environmental flows, but rarely implemented and with
little guidance for doing so (Webb et al., 2017). We raise five key
considerations for environmental flow assessments under change and
uncertainty 1) acknowledgement of uncertainties 2) Stakeholder
engagement 3) Multiple sources of knowledge 4) Modelling that
supports trade offs and change and 5) links to monitoring. While we
have presented a proposed environmental flow assessment approach
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that addresses these five key considerations, we are aware there is a
plethora of existing environmental flows methods. While many of
these previousmethods include the concept of adaptivemanagement,
there is little or no existing discussion of what is required to facilitate
this adaptive management loop working in a non-stationary
environment. The challenge of addressing non-stationarity in this
context is common across NRM (Mussehl et al., 2022). Where
existing methods are well embedded in practice, we suggest
considering implementation of these methods in the context of
the five key considerations for management under change and
uncertainty.

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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Shifting Trade-offs: Finding the
Sustainable Nexus of Hydropower and
Environmental Flows in the San
Joaquin River Watershed, California
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Anna M. Rallings3 and Joshua H. Viers3
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Environmental flow management in watersheds with multi-objective reservoirs is often
presented as an additional constraint to an already strained and over-allocated stream
system. Nevertheless, environmental flow legislation and regulatory policies are
increasingly being developed and implemented globally. In California, USA, recent
legislative and regulatory policies place environmental flows at the forefront of the
state’s water management objectives; however, the increased reliance on hydropower
to support climate change mitigation goals may complicate efforts on both issues. This
study modelled alternative environmental flow strategies in the major tributaries to the San
Joaquin River in California. Strategies included detailed water management rules for
hydropower production, flood control, and water deliveries, and three methodological
approaches to environmental flow releases: minimum instream flows (“baseline”) year-
round, 40% of full natural flow (FNF) during the spring runoff season and minimum releases
the remainder of the year, and functional flows year-round. Results show that
environmental flow strategies affect downstream flow releases in each of the San
Joaquin’s four sub-basins differently depending on infrastructure capacity, water
management objectives, and hydrologic year types. While hydropower production was
comparable or declined in the Stanislaus, Tuolumne, and Merced basins, functional flow
and 40% FNF strategies increased hydropower production in the Upper San Joaquin
basin by 11%. Uncontrolled spill of high flow events decreased when high flow releases
were based on hydrologic cues rather than exclusively on flood storage capacity. Water
deliveries were reduced in all years regardless of environmental flow strategy. The 40%
FNF and functional flow strategies both increased water released to the river relative to
baseline, but in different ways. The functional flow strategy allocated water in a holistic
approach that enhanced ecological functions in all years, but particularly in moderate and
wet years. In contrast, the 40% FNF strategy provided increased flows relative to baseline
and some ecological benefit in dry years, but less ecological benefit in other years. This
study shows that alternative environmental flow strategies will have different and important
trade-offs for integrated water management, and may mutually benefit seemingly
conflicting objectives.
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1 INTRODUCTION

As climate change mitigation is increasingly prioritized in nations
around the globe, hydropower occupies a paradoxical space
where it is touted as a renewable energy resource (Hamududu
and Killingtveit, 2017) while simultaneously being responsible for
extreme degradation of river environments (Frey and Linke,
2002; Richter and Thomas, 2007). Globally, hydropower
provides ~17% of the world’s energy demands (IHA, 2020),
with the majority produced by regulation-based facilities
(Deyou et al., 2019). Planned hydropower projects are
projected to reduce Earth’s free-flowing rivers by 21%, with
the greatest development in Southeast Asia, South America,
Africa, and the Balkans, Anatolia, and Caucasus regions (Zarfl
et al., 2015; Couto and Olden, 2018). These projects will further
exacerbate humans’ replumbing of the Earth’s hydrologic cycle.
While semi-arid and arid regions show the greatest influence of
human water management on the hydrologic cycle, hydroelectric
reservoir operations strongly influence surface water
hydrology—even in areas where natural water bodies are
abundant and water scarcity is rare (Cooley et al., 2021).

At the same time that hydropower development has boomed,
environmental flow research steadily investigated the relationship
between stream flow, ecology, and water management (Tharme,
2003; Palmer et al., 2008; Horne et al., 2017). The negative
impacts of stored and diverted water on ecosystems are well
understood (Poff and Zimmerman, 2010); but understanding the
aspects of flow quantity, quality, place, and timing that are needed
to restore and sustain native aquatic ecosystems has been a key
focus of research studies for decades (Poff et al., 1997; Arthington,
2012; Poff, 2018). The natural flow regime (Poff et al., 1997)
characterizes the dynamic and nuanced characteristics of stream
flow that integrate to sustain ecosystems, acknowledgement of
which has led to the development of environmental flow
approaches that recognize the importance of natural flow
variability and related ecological responses (Poff et al., 2010;
Richter et al., 2012). More recent research has increasingly
recognized the role of physical and biogeochemical factors in
mediating the relationship between flow and ecology (Beechie
et al., 2010; Wohl et al., 2015; Yarnell et al., 2015), and resource
managers have advocated for holistic environmental flow
assessment methods designed to support the physical, chemical,
and biological functions of streams that sustain ecosystem health
(Poff and Matthews, 2013; Palmer and Ruhi, 2019; Tickner et al.,
2020). Yet, how to translate these holistic methods into an
environmental flow strategy that includes water extraction for
human uses via dam regulation remains elusive. Indeed, while
hydrologically based environmental flow approaches are common
in water management analyses given their relative simplicity, some
have been criticized for insufficiently connecting flow patterns with
broader ecological functions (Tharme, 2003).

In the western United States, and California in particular,
adapting water management to climate change and

environmental flow requirements challenges the stability of
hydropower production on multiple fronts (Tarroja et al.,
2016; Voisin et al., 2016; Voisin et al., 2018). Because
hydropower operations are set through a long-term and
poorly adapted licensing process through the Federal Energy
Regulatory Commission (FERC; see Table 1 for a list of
acronyms), they are vulnerable to climate change (Viers and
Nover, 2018). Climate change has already altered hydrologic
patterns, shifting snow to rain and thus the timing and
variability of runoff (Hidalgo et al., 2009); these changes will
increasingly strain hydropower operations that are designed for a
stationary hydrology (Viers, 2011) and are a major part of
California’s climate change mitigation strategy (Ziaja, 2019).
Further, recent shifts towards the prioritization of
environmental flows present a similar and more immediate
challenge to hydropower operations, as environmental flow
strategies may alter patterns of flow releases from those
typically associated with storage-prioritized water
management, potentially disrupting the timing and quantity of
water available for hydropower production.

Previous studies have explored environmental flows and
hydropower primarily through optimization frameworks
(Rheinheimer et al., 2013; Porse et al., 2015; Adams et al.,
2017; Zamani Sabzi et al., 2019). These studies were designed
under the assumption that the ultimate objective is to maximize
value across all water uses. In other words, human water uses may
be equal to, or prioritized above, environmental uses. This
framing perpetuates the false dichotomy of human
communities vs. ecological function (Corral-Verdugo et al.,
2008). Few studies frame ecological function as integral to
human sustainability, despite recent calls to do so (Reid et al.,
2019; Tickner et al., 2020). However, quantifying the ecological
benefits of alternative environmental flow strategies and their
effects on hydropower production has been challenging (Widén
et al., 2022). Other studies have explored the nexus of water
management, hydropower production, and ecosystem function,
but mainly focused on small hydropower plants (e.g., run-of-the-
river facilities) rather than larger, multi-objective reservoirs
(Kuriqi et al., 2020, 2021). Thus, understanding the effects of
prioritizing environmental flows above remaining uses that may
conflict, such as hydropower or water deliveries, is often
unknown.

TABLE 1 | A list of acronyms and their definitions.

FNF Full natural flow
FERC Federal Energy Regulatory Commission
SWRCB California State Water Resources Control Board
MW Megawatts
mcm Million cubic meters
VIC Variable Infiltration Capacity
HiGRID Holistic Grid Resources Integration and Deployment
WEAP Water Evaluation and Planning System
SJVI San Joaquin Valley Index
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Here, we explored alternative environmental flow strategies to
quantify the effects of prioritized ecological flows on hydropower,
water supply, and flood control at four multi-objective
reservoirs—each of which is considered paramount to the
stability of a multi-basin region and influence the amount of
stored water available for non-dispatchable hydropower
production. The objectives of this study are 1) identify
differences between environmental flow alternatives, including
how those differences may affect ecological outcomes; 2) quantify
the hydropower production, water supply delivery, or flood
control trade-offs in the context of those alternatives, and 3)
discuss the implications for environmental flow policy and
management in the context of a multi-basin, multi-objective
setting. We use the multi-basin San Joaquin watershed as a
case study as it is considered a promising region in California
for integrated water management actions (Georgakakos et al.,
2018), as well as the focus of recent environmental flow policies
(SWRCB, 2018; CEFWG, 2020).

Water allocations in the San Joaquin basin are directly
influenced by how each user manages shared infrastructure.
Historical water management activities have had an adverse
impact on river ecosystems, leaving native fish populations
(most notably anadromous salmon Oncorhynchus spp.) in a
precarious state (Moyle et al., 2017). The continuous decline
of salmon populations over the past several decades demonstrate
that the existing minimum flows do not achieve their goal of
maintaining the health and integrity of ecosystems (Katz et al.,
2013). The 2006 San Joaquin River Restoration Settlement and
the subsequent San Joaquin River Restoration Settlement Act of
2009 required an improved understanding of the linkages
between instream flows, fish population requirements, and
competing water demands by people. Subsequently, there has
been renewed interest in improving environmental flows, and a
recent State Water Resources Control Board’s (“State Board”)
plan aims to maintain 30–50% of the unimpaired flows in the San
Joaquin River and its tributaries for ecological purposes (SWRCB
2018; CEFWG 2020). At the same time, the State Board and other
resource agencies have supported the development of the
California Environmental Flows Framework that provides
guidance to resource managers on how to determine
environmental flows using a “functional flows” approach
(Stein et al., 2022), where functional flows are those distinct
aspects of a natural flow regime that sustain ecological,
geomorphic, or biogeochemical functions (Yarnell et al., 2015).
The water-energy-environmental policy nexus of this multi-basin
watershed, and the proposed environmental flow policies, makes
the San Joaquin an ideal candidate with which to explore
alternative flow strategies and their effects on a wide range of
objectives.

The novelty of the modeling approach lies in the development
of reservoir operations to support ecosystem function based on
observed hydrological conditions while simultaneously
generating hydropower in the context of multi-objective
operations. The results of this study help identify the
vulnerabilities and opportunities of hydropower in California’s
climate and energy portfolio, particularly in relation to the need
to support sustainable river ecosystems, and can be applied to any

region where multiple, independently managed basins support a
common freshwater ecosystem.

2 METHODS

2.1 Study Area
This study includes the four major basins in the Central Sierra
Nevada, California, that contribute the bulk of the flow to the San
Joaquin River, one of two major rivers that flow through the
Central Valley into the Sacramento-San Joaquin River Delta.
From north to south, these basins include the Stanislaus,
Tuolumne, Merced, and Upper San Joaquin (Figure 1). Water
infrastructure includes highly regulated networks of high-altitude
reservoirs and hydropower facilities and low-altitude, multi-
purpose “rim” reservoirs, whose dams regulate the flow
entering California’s Central Valley. Along with flood control,
the rim reservoirs store water for recreation, urban, and
agricultural demands from downstream communities,
environmental quality, and hydropower production. This
infrastructure is operated by several utility companies.

The San Joaquin River system supports one of the most
agriculturally productive regions in the country, provides
water to more than 4.5 million people, and has a capacity to
generate 3,000 megawatts (MW) of hydropower. The region
represents highly diversified reservoir and hydropower facility
operations. Reservoir capacities range from less than 123 million
cubic meters (mcm) to 3,083 mcm. Hydropower plants range in
capacity from less than 5 MW to over 500 MW, and produce
roughly 25% of California’s hydropower. There are more than 11
utilities and energy organizations that manage the hydropower
facilities in the region. The four rim dams, whose operations are

FIGURE 1 | Map of the study area including the four river basins:
Stanislaus, Tuolumne, Merced, and Upper San Joaquin rivers. Grey areas
show the watershed upstream of each rim dam.
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modelled in this study, are New Melones (reservoir capacity =
3,083 mcm) in the Stanislaus, Don Pedro (2,503 mcm) in the
Tuolumne, New Exchequer (1,295 mcm) in the Merced, and
Friant (642 mcm) in the Upper San Joaquin.

2.2 CenSierraPywr Model
Water management operations were simulated in the four study
basins using CenSierraPywr, a daily water allocation model
combined with a monthly planning model with limited
hydrologic foresight (Rheinheimer et al., 2021). In general,
CenSierraPywr allocates water within the system each day,
with water allocations determined by a simulation-style linear
programming algorithm developed with Pywr (Tomlinson et al.,
2020). Water allocations are driven by a combination of
constraints on operations and water costs, with a goal of
minimizing costs each time step. All operations are defined via
either rules (e.g., flood control operations) or numerical input
(e.g., canal capacity), with discretionary hydropower releases
informed by the monthly planning model. The strength of this
framework lies in the flexibility and extensibility of Pywr.
CenSierraPywr incorporates inflows from a Variable
Infiltration Capacity (VIC) hydrologic model, wholesale energy
prices from an energy model (Holistic Grid Resources Integration
and Deployment or HiGRID; Eichman et al., 2013), and instream
flow requirements from FERC licenses and other regulatory
agreements as “realistic constraints” (Ziaja, 2019).

The CenSierraPywr modeling framework was developed
independently for each of the four basins and run for the
historical period 1950 to 2013. The water system schematics
were initially derived from the suite of WEAP models developed
in previous efforts (Rheinheimer et al., 2014). The original
schematic was updated, corrected, and extended to include
rim reservoirs and downstream dependent agricultural water
users (irrigation districts and the Central Valley Project), as
well as downstream hydropower and instream flow
requirements. Of the four basins, two include optimization as
part of their hydropower production: the Stanislaus and Upper
San Joaquin optimize hydropower as part of monthly planning
forecasts and daily production. Hydropower optimization occurs
after environmental flow releases have been satisfied.

For hydrology inputs, the model requires unimpaired runoff at
the sub-basin level. For this study, we used the VIC daily gridded
(1/16°) runoff data developed by Livneh et al. (2015) [hereafter
referred to as Full Natural Flow (FNF)], who used the VIC
hydrologic model (Liang et al., 1994), forced with observed
meteorological data from NOAA/OAR/ESRL PSD, Boulder,
Colorado, United States. A version of the FNF dataset clipped
to California and Nevada, as developed for the project to model
managed flow for Sacramento/San Joaquin basins (Knowles and
Cronkite-Ratcliff, 2018) and hosted by a UC Berkeley server, was
used in this study. Full natural flow was bias-corrected for this
study at a sub-basin level using historical stream gauge data.

2.3 Environmental Flow Strategies
Three environmental flow strategies—the baseline instream flow
strategy and two alternative strategies—were implemented to
quantify their effects on hydropower, flood control, and water

deliveries. The baseline minimum instream flow strategy
(“baseline”) was defined for each sub-basin based on existing
policies and specified releases for minimum and maximum
instream flows, ramping rates, flushing flows, and other
supplemental flows (Supplementary Table S1). Specific flows
depended on a variety of factors, including timing, hydrologic
conditions (water year type and/or short-term hydrologic
conditions), and storage conditions.

The first alternative environmental flow strategy was a fixed
percentage of full natural flow (FNF), based on recent policy
prescriptions for the Stanislaus, Tuolumne, and Merced basins
developed by the State Board, who recommended that 30–50% of
FNF be released from February through June to support fish
populations in the mainstem of the San Joaquin River (CAEPA,
2018). In this study, the State Board policy (“40% FNF”) was
simulated as a requirement to release a 7-day average of 40% of
FNF from February through June. From July through January,
baseline environmental flow requirements were applied.

The second alternative environmental flow strategy was based
on functional flows for California (Yarnell et al., 2015; Yarnell
et al., 2020; Stein et al., 2022). The functional flows approach
characterizes key flow components, via a suite of flow metrics,
which are ecologically protective across rivers and species
(Figure 2, Yarnell et al., 2020). The suite of 24 flow metrics
describes the magnitude, timing, duration, frequency, and/or
rate-of-change of each functional flow component, and can be
implemented as environmental flow standards in a variety of
ways. For each basin in this study, the natural range of functional
flow metrics was calculated from the FNF dataset using signal
processing algorithms that characterize seasonal flow features of
the annual hydrograph (Patterson et al., 2020). Annual functional
flow metrics for each basin were calculated using the Functional
Flows Calculator (FFC) API client package in R (version 0.9.7.2,
https://github.com/ceff-tech/ffc_api_client), which incorporates
the hydrologic feature detection algorithms developed by
Patterson et al. (2020) and the Python functional flows
calculator (https://github.com/NoellePatterson/ffc-readme).

FIGURE 2 | Functional flow components for California depicted on a
representative hydrograph. Blue line represents median (50th percentile) daily
discharge. Gray shading represents 90th–10th percentiles of daily discharge
over the period of record. Adapted with permission from Yarnell et al.
(2020).
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Annual metrics for each basin were sorted using a tercile analysis
of total annual flow into three water year types—dry, moderate,
and wet. Within the subset of annual metric values for each water
year type, the median value of each metric was calculated; these
median metrics were then used to guide operation rules in the
CenSierraPywr modeling framework for environmental flow
releases. The median values of functional flow metrics for each
water year type in each basin are provided in Table S2.

The functional flow releases below each rim reservoir were
further refined to incorporate cues from daily hydrologic
conditions as releases shifted from one metric to another
(Table 2). At the onset of each water year (October 1), the
model used a look-up table to determine the appropriate water
year type for that year. Except for the first year of the analysis,
the dry season baseflow remained the same as in the previous
water year. The fall pulse event was released once the daily FNF
(inflow into the reservoir) met or exceeded the flow required
for the fall pulse event for the given year type, after which
baseflows resumed. Flow releases were then governed by that
water year type’s metrics and returned to either the dry season
baseflow or FNF, whichever was less, until the wet
season began.

The wet season baseflow was initially defined as the 10th
percentile wet season flow, and was initiated either by the date of
the wet season timing metric or the occurrence of a flow event
greater than the 2-year peak magnitude and less than the 10-year
peak magnitude. Wet season baseflow was increased to wet
season median flow following any 2-year or greater peak flow
event that occurred after February 1. All peak events between the
2-year and 10-year peak magnitude were released during the wet
season; the flow releases during the wet season were thus triggered
by incoming flow events, while small floods between the baseflow
(or median flow if applicable) and the 2-year peak flow were
retained for storage. Peak flow events greater than the 10-year
peak magnitude were also retained for storage if space was
available in the reservoir.

Wet season flow transitioned to the spring runoff at a date
back-calculated from the spring recession start timing and
magnitude. At this time, flow ramped up from the wet season
baseflow (or median flow if applicable) to the spring magnitude at
13% per day. From this spring magnitude, flow then ramped
down at the spring recession rate of change (7%). Further, any
peak flow events occurring after April 1 were ramped down at the
spring recession rate to limit abrupt changes in flow releases
during the spring season. The dry season began when spring
recession flow returned to the dry season baseflow; the dry season
baseflow or FNF, whichever was less, was then released until the
end of the water year (September 30). Ultimately, this
ruleset allowed for daily flow prescriptions for each basin for
each water year type that were triggered by incoming flows and
supported ecologically beneficial functional flows.

Once the daily environmental flow prescriptions were
developed, the final step was to integrate the flow prescription
into rim dam operations that accounted for other operational
goals within each system, including flood control release rules and
water storage for hydropower and supply. Rather than optimizing
releases across all operational goals, the modeling framework
prioritized environmental flows over other demands, such as
hydropower or water storage. However, environmental flows
were independent from flood control releases, such that the
latter could result in releases in excess of the former.

2.4 Analyses
Trade-offs between environmental flows, hydropower, water
deliveries, and flood control were quantified by comparing
cumulative and seasonal outcomes for each scenario based on
daily results. Outflows from the baseline and environmental flow
strategies were summarized by using the daily modeled output to
calculate the mean total annual volume of environmental flow,
annual hydropower production, annual water deliveries, and
number of uncontrolled spill days, where uncontrolled spill
reflected water flowing over dam spillways under full reservoir

TABLE 2 | Minimum releases, ramping rates, released events, and sub-season change cues to implement functional flows for different seasons and sub-seasons.

Flow component Flow
condition

Trigger to start
flow component

Primary
minimum
release

Secondary
minimum release

Released
eventsa

Ramp up
rate

Ramp
down
rateb

Dry Season (DS)
(summer)

- flow = DS baseflow DS baseflow
magnitude

FNF - - -

Fall pulse - DS timing (October 1) DS baseflow
magnitude

FNF fall pulse - -

Wet Season (WS)
(winter)

Baseflow WS timing or FNF ≥ 2-year event WS baseflow
magnitude

FNF peak event - 7%

Median flow FNF ≥ 2-year event WS median flow
magnitude

max(FNF, WS
baseflow)

peak event - 7%

Spring snowmelt
pulse and recession

Ramp Up f(WS primary min release, spring recession
timing) or FNF ≥ spring recession
magnitude (Apr. 1 or later)

f(ramp up rate) - - 13% 7%

Ramp Down
(recession)

flow = spr. mag. f(ramp down
rate)

- - - 7%

aThe fall pulse is triggered by FNF ≥ fall pulsemagnitude and releasedwithmagnitude of min (fall magnitude, FNF) for duration of event. A peak event is triggered by FNF ≥ 2-years event and
released with magnitude of min(FNF, 10-years event) for duration of event.
bRamp down rates are daily rates and only applied April 1 through the end of the water year (September 30).
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conditions. Environmental flow volumes were compared to FNF
for each water year type, and daily flow releases were visually
assessed in hydrograph form for representative wet, moderate,
and dry years. In addition to the mean total annual flow volume,
the monthly range of environmental releases were also explored
to illustrate differences in seasonal trends for each strategy. Mean
annual hydropower energy production, number of uncontrolled
spill days, and total water deliveries were calculated over all water
year types.

2.5 Limitations
While the study design was developed as an initial framework for
actionable reservoir operations, there were some limitations to this
method. First, the existing operational logic for the functional flow
scenario presumed prior knowledge of the coming water year type.
Second, the functional flow schedule was developed based on a
statistical analysis of the historical flow patterns, rather than a suite
of projected climate change hydrology. Finally, this method was

developed for a study area where monitored, real-time inflows and
modelled unimpaired stream flows at each of the four rim reservoirs
were publicly available. For systems that lack this level of monitoring
andmodelling, application of this methodology would be challenging.

3 RESULTS

Environmental flow strategies varied by water year type and
basin. In general, functional flow releases successfully
replicated ecologically important flow components across all
year types. Fall pulse flows and snowmelt recession flows
occurred across all year types, and peak flows were typically
released in wet and some moderate years. In contrast, the 40%
FNF strategy provided higher, more variable flows than the
baseline strategy during the spring season, but did not provide
as many peak flows during the wet season. Figure 3 shows an
example of flow releases for each of the three flow strategies as

FIGURE 3 | Full natural flows are compared to the baseflow, 40% FNF, and functional flow strategies for example (A) wet, (B)moderate, and (C) dry water years.
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compared to FNF in the Merced River during representative
water year types. In the functional flows strategy, peak flows
were released during the wet year (Figure 3A); in the moderate
and dry years (Figures 3B,C), water was captured throughout
the wet season as peak flows did not meet the 2- to 10-year
return frequency that would trigger their release. In the 40%
FNF strategy, the snowmelt recession was abruptly cut off in
the wet year when it extended beyond June, the period when
the policy would no longer apply (Figure 3A). Wet season
peak flows were not released in any year in the 40% FNF
strategy.

The alternative environmental flow strategies provided similar
or increased mean total annual environmental flow volume as
compared to the baseline strategy, but this varied by water year
type. Total annual flow volumes averaged across all water year
types were 1–22% higher with the functional flows strategy than
the 40% FNF strategy, which in turn was 1–17% higher than the
baseline strategy (Table 3). The Stanislaus and Upper San
Joaquin basins showed similar annual volumes for each
alternative environmental flow strategy (1–2% differences)
when averaged across water years, while the Tuolumne and
Merced basins showed greater differences between the two
strategies (11–22%). However, annual flow volumes varied
widely between the three strategies depending on water year
type. As a percent of mean total annual flow, the functional flows
strategy tended to release higher flow volumes during moderate
and wet years compared to the 40% FNF strategy, but lower flow
volumes during dry years, with the exception of the Tuolumne
basin. For example, on the Stanislaus River, each of the three
strategies released similar proportions of the annual FNF volume
averaged over all water year types; however, in dry years, the
functional flows strategy released 53% of annual FNF volume
compared to 66% for the 40% FNF strategy. During wet years, the
functional flows strategy released 55% of annual FNF volume
compared to 45% for the 40% FNF strategy.

Differences between the environmental flow strategies in
terms of monthly and seasonal flow variability is illustrated by
looking at the range of monthly outflows (i.e., the spread of flow
for each month) across all water years (Figure 4). During dry

season months (July-October), the functional flows strategy
resulted in greater flow variability and less outflow than the
40% FNF and baseline strategies (which are the same during
this timeframe). The Stanislaus and Merced rivers illustrate this
difference, where the baseline and 40% FNF strategies showed
almost constant flow from July through December, with a slightly
wider range of flows for the baseline strategy in January due to
uncontrolled spill. In contrast, the functional flows strategy
showed more variable outflows, both within months and
across the dry season, and less total outflow than either of the
other strategies. During the wet season when peak flow events are
more frequent, such as in February, the functional flow strategy
typically showed higher average outflows than the baseline or
40% FNF strategies.

The Tuolumne and San Joaquin River results illustrate the
greatest differences in monthly patterns between the baseline
and alternative environmental flow strategies. Under baseline
operations, outflows from the Tuolumne River are relatively
steady from September through December, before increasing to
their annual peak in April and then steadily decreasing through
August (Figure 4). The greatest variability occurs in February and
March. Under both environmental flow strategies, peak stream
flows occurred 1–2 months later: functional flows showed peak
annual flows in May; 40% FNF showed peak annual flows
occurring in June. Functional flows showed the greatest
variability in January, when peak flow events typically occurred.
Extreme high flow events tended to occur as outliers in a 40% full
natural flow strategy. The Upper San Joaquin illustrated similar
differences: under baseline operations, outflows remained stable
from July through February before increasing to their peak in April
and then decreasing. Under both environmental flow strategies,
stable baseflows occurred from July through December before
increasing to their peak in June, 2 months later than the peak
timing of baseline operations. Functional flows showed greater
variability and generally lower baseflows than 40% FNF.

Both alternative environmental flow strategies differed from the
baseline strategy with regard to hydropower, flood control, and
water delivery outcomes.When stream flow releases were prioritized
for ecological objectives, mean annual hydropower production

TABLE 3 | The mean total annual flow volume released for the baseflow, 40% FNF, and functional flow strategies. Outflows include flood releases. Flow volumes are
categorized by basin, strategy, and water year type (WYT).

Mean total annual outflow (mcm), (Percent of full natural flow)

Basin Strategy Dry Moderate Wet All WYT

Stanislaus River Baseline 421 (68%) 698 (48%) 1,307 (46%) 813 (50%)
Functional Flows 328 (53%) 640 (46%) 1,562 (55%) 848 (53%)
40% FNF 407 (66%) 773 (55%) 1,266 (45%) 821 (51%)

Tuolumne River Baseline 303 (34%) 598 (28%) 1,956 (40%) 947 (35%)
Functional Flows 671 (75%) 1,351 (63%) 3,032 (62%) 1,679 (64%)
40% FNF 497 (55%) 921 (43%) 1,935 (40%) 1,115 (42%)

Merced River Baseline 232 (44%) 415 (36%) 1,191 (50%) 622 (46%)
Functional Flows 242 (46%) 683 (59%) 1,460 (61%) 806 (59%)
40% FNF 282 (53%) 547 (48%) 1,130 (47%) 661 (48%)

Upper San Joaquin River Baseline 361 (42%) 480 (25%) 909 (19%) 585 (23%)
Functional Flows 463 (54%) 759 (40%) 1,863 (40%) 1,033 (41%)
40% FNF 554 (64%) 859 (45%) 1,261 (27%) 896 (40%)
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decreased negligibly (2–7%) in the Stanislaus and Tuolumne, but
increased by 11% in theUpper San Joaquin (Table 4). One exception
was in theMerced basin, where the functional flows strategy resulted
in 22% less mean annual hydropower.

When analyzing hydropower generated per month, each basin
exhibited consistent seasonal patterns of hydropower production
across all strategies. The Stanislaus, Tuolumne, and Merced basins
reached their median generation peaks in May; the Upper San
Joaquin produced the most hydropower in July (Figure 5). The
Merced basin showed themost notable differences: medianmonthly
generation decreased by 54–95% from July through September in
the functional flow strategy. The difference in median monthly
production was less pronounced in the 40% FNF strategy when

compared to the baseline strategy, with the exception of notably
higher hydropower production in May and June.

Differences in flood control operations were similar to trends
observed in hydropower production: negligible differences were
noted between the three strategies in most basins, with greater
changes observed in the Upper San Joaquin (Table 4). Both
alternative environmental flow strategies resulted in a similar
number of uncontrolled spill days across all basins. The Upper
San Joaquin basin showed the largest difference, with 197 spill days
observed in the baseline strategy and 25 and 26 spill days in the
functional flows and 40% FNF strategies, respectively (Table 4).

Of the three non-environmental flow uses, water deliveries
were most affected by the alternative environmental flow

FIGURE 4 | Total outflow from each of the four basins for three strategies: baseline, 40% FNF, and functional flows. Note log scale y-axis.
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strategies. All basins showed reduced deliveries as compared to
baseline strategy, though the extent varied by strategy and
geography. The Stanislaus showed the least change, with
deliveries reduced by less than 4% in either alternative
environmental flow strategy (Table 4). The functional flows
strategy showed more than 20% reduction in water deliveries
in the Merced and Upper San Joaquin basins and a 52% reduction
in water deliveries in the Tuolumne basin. In contrast, the 40%
FNF strategy showed a reduction of 20% in water deliveries in the
Upper San Joaquin a 12% reduction of water deliveries in the
Tuolumne, and a similar volume of deliveries in the Merced.

4 DISCUSSION

4.1 Hydropower and Environmental Flows
California’s Sierra Nevada has steadily transitioned from a diverse
and variable freshwater environment to one that is disconnected,
homogenized, and, as a result, degraded (Viers and Rheinheimer,
2011). Most endemic species have declined, some to the point of
extirpation and many listed for protection under state and/or federal
Endangered Species Acts (Moyle et al., 2017). Maintaining the
freshwater flow regime is paramount to addressing environmental
objectives yet directly affected by hydropower operations. Our study
showed that environmental flow regimes supportive of ecosystems
can be released while still maintaining most of the potential
production of facilities in the San Joaquin watershed.

Negligible to moderate declines in hydropower production
occurred where available water was optimized for hydropower
production after environmental flow releases were prioritized. In
the Upper San Joaquin basin, shifting releases to more
ecologically desirable patterns had the serendipitous advantage
of increasing hydropower production. In basins where available
water was not optimized, production declines were larger. The
Merced basin illustrated the least resilience (Boltz et al., 2019) to
reconciling environmental flows with hydropower production.
This may be due to the lower level of regulation throughout the
upper watershed (i.e., no high-altitude reservoirs or
powerhouses) and lack of optimization planning for

hydropower production. Indeed, the considerable decline in
hydropower production during the final months of the dry
season reflect the likelihood that any carryover storage is
eliminated by existing demands once ecosystem function is
taken into account. These results suggest that, in the short-
term, hydropower resilience could be improved while
simultaneously providing sustainable ecological function by
incorporating optimization analyses. Such operational changes
may require adjusting existing FERC licenses. While FERC
licenses are rarely adjusted outside of the standard 30-year
relicensing schedule, reopening existing licensing provides an
opportunity to address a near-term challenge to production
capacity while meeting licensing requirements for freshwater
ecosystem needs (Viers and Nover, 2018).

Understanding the best environmental flow strategy may
reduce the frequency of interim licensing adjustments and
provide more stability to operation planning. While the 40%
FNF strategy generally resulted in greater hydropower
production than functional flows, it did not provide the same
ecological benefits (e.g., wet season peak flows, larger spring
recession flows) as the functional flows strategy, and it often
required greater annual outflow in dry years. Current licensing
and regulatory shortfalls (e.g., NEPA) would be remedied by
including overall ecosystem function outcomes of various
environmental flow strategies rather than using single-factor
analyses to determine the “impact” of proposed projects (Viers
and Nover, 2018). Furthermore, integrating environmental flow
planning with climate change projections would provide clarity to
both short and long-term planning horizons (Viers and Nover,
2018). Such an approach may make FERC relicensing, which
focuses on operations over decades, more aligned with policies to
restore and sustain native ecosystems (Bestgen et al., 2020).

4.2 Sustainable Ecosystems and Regulated
Flow
4.2.1 Operations
Integrating flood control and water delivery operations into an
analysis of hydropower resilience is critical to accurately assess

TABLE 4 | Mean annual hydropower production, number of uncontrolled spill days, and total water deliveries for each basin given alternative environmental flow
requirements.

Basin Strategy Mean
annual production (MWh)

Uncontrolled spill days Water deliveries (mcm)

Stanislaus River Baseline 1,834,519 0 38,591
Functional Flows 1,713,280 0 37,145
40% FNF 1,803,129 0 37,794

Tuolumne River Baseline 2,276,059 18 87,609
Functional Flows 2,161,096 0 42,475
40% FNF 2,211,174 0 77,241

Merced River Baseline 382,940 3 33,039
Functional Flows 300,470 0 25,811
40% FNF 372,144 0 32,939

Upper San Joaquin River Baseline 4,609,231 197 94,655
Functional Flows 4,609,384 25 67,994
40% FNF 4,615,732 26 75,994
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the constraints and opportunities in a water management system
(Khan et al., 2017). The complexities of water management that
co-exist with hydropower operations are not generally included
into energy research or planning, and conversely, energy
objectives are often not well-represented in water research and
planning (Karambelkar, 2017; Ziaja, 2019). By including water
delivery and flood control operations, our study not only provides
a more holistic view of hydropower production, but also

illustrates areas where reservoir operations can be adjusted to
better align with environmental needs.

Flood control operations illustrated the greatest potential to
both support and constrain the implementation of environmental
flow policies. Flood control and hydropower operations for
reservoirs with large storage capacities tend to eliminate all
but the most extreme floods and artificially prolong higher
flows following these floods (Richter and Thomas, 2007;

FIGURE 5 | Total monthly hydropower production for each of the four basins for three strategies: baseline, 40% FNF, and functional flows. Note the different scales.
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Yarnell et al., 2010). Strategies that target higher baseflow and
higher peak flows have resulted in large benefits for ecological
processes, even when those strategies simply shift releases without
increasing the overall volume of water released for environmental
objectives (Bestgen et al., 2020). In this study, focusing on
opportunities to increase peak flow release magnitudes and
frequency by following natural hydrological cues both
improved ecologically beneficial flows and reduced reservoir
spill events. Our functional flows logic was designed to
reintroduce ecologically valuable floods (e.g., 2- to 10-year
recurrence), while storing water from small wet season floods
(less than 2-year recurrence) as well as extreme peak events
(greater than 10-year recurrence). The results suggest that
restoring moderate and wet hydrologic function may be more
critical to sustaining California’s stream ecosystems than
providing enhanced flows during dry years: functional flow
water allocations during the wet season and moderate and wet
years showed the greatest difference from baseline operations.
While releasing additional water for ecosystems often triggers
conflict from completing users, releasing higher flows during wet
and moderate years may be more acceptable if relatively reduced
(but still functional) environmental flows are expected during dry
years. In contrast, the 40% FNF strategy provided a range of
moderate baseflows during the spring, but releases never
exceeded the 2-year return interval, which is necessary for wet
season and flood-related functionality.

Similar to other studies, the results highlighted how current
flood control design is the greatest constraint to restoring effective
environmental flow strategies (Bednarek and Hart, 2005; Krause
et al., 2005; McManamay et al., 2013). This study explored
environmental flow releases that ignored existing downstream
infrastructure constraints, such as downstream channel capacity
and potential damages to existing agricultural and municipal
development. Currently, none of the basins are designed to
support prescribed peak flow releases from either alternative
environmental flow strategy, regardless of the willingness of
stakeholders to provide them. Even passing lower peak flows
(i.e., 2-year events) would exceed the design flood or downstream
channel capacity in each basin, illustrating the starkmisalignment
between restoring functional hydrology and existing water
management constraints. Infrastructure and policy
modifications will likely be necessary to implement an effective
environmental flow regime. Ameliorating this challenge may
seem less daunting once the ecological (and human) benefits
of prioritized environmental flows are accounted for (Richter and
Thomas 2007). Although such changes might incur short-term
one-time costs to implement (e.g., relocating communities built
in floodplains to allow for improved floodplain services), the
long-term benefit to ecological and human communities may
make such efforts worthwhile (Tickner et al., 2020; Serra-Llobet
et al., 2022).

The modeling results pertaining to water deliveries also
illustrated the physical limits of each basin’s underlying
hydrology to satisfy all objectives. The differences in
environmental flow strategies for storing surface water
highlighted the overall capacity of these watersheds to meet
additional water demand. The capture of small wet season

floods and extreme peak events in the functional flow strategy
allowed for ecologically important winter baseflow and peak flow
releases without relying on opportunistic capture of peak flows
alone, yet provided less annual water delivery on average. The
40% FNF strategy provided more reliable opportunities for
storage by allowing reservoirs to capture a percentage of all
flows, but then failed to provide ecological functionality during
the wet season and provided limited functionality during spring
and fall. These results suggest that delivery reductions may be
necessary in some instances to achieve successful environmental
flow management. The study results also showed that, even when
operational refinements such as variable water year type
prescriptions, daily time steps, and optimization were
included, water deliveries were reduced in many instances
while maintaining ecosystem functionality and flood control.
The Stanislaus basin was the most resilient to shifting
environmental flow policies in that the total amount of water
released for the environment, hydropower production,
uncontrolled spill, and deliveries remained comparable to
baseline; the Tuolumne and Merced basins were the least
resilient when additional factors like water deliveries were
considered. With climate change altering hydrologic
pathways that reduce runoff through increased
evapotranspiration, sublimation, and infiltration (Hamlet
et al., 2007), runoff-dependent water supplies will become
more limited (Nover et al., 2019). However, it is possible that
modest reductions in water deliveries could have large benefits
for ecosystem function if flows are strategically reallocated by
timing and location (Zamani Sabzi et al., 2019). Although
optimal water allocation strategies were not considered in
this study, results suggest that an overall reduction in water
deliveries may be necessary to support sustainable freshwater
ecosystems. This may be challenging given consistent
projections that future water demands will grow, though
these projections tend to overestimate the demand that is
ultimately observed (Gleick and Cooley, 2021).

4.2.2 Environmental Flow Policy
As well as highlighting opportunities to improve operational
constraints, our study illustrates where California may need to
realign its water management policy to better integrate with
stream ecosystems. Our study explored the trade-offs that
would occur if alternative environmental flow strategies were
implemented as prioritized objectives rather than subsequent
outcomes. Recent policy changes from California’s State Water
Resources Control Board suggest that environmental flow
prioritization, rather than optimization of multi-objectives, is a
likely pathway for regulation. Modifying flow regimes to
prioritize environmental objectives is commonly viewed as
unfeasible because of the cost to other objectives (Richter,
2010; Lessard et al., 2013). However, when environmental
flows are designed to achieve specific ecological goals and
potentially managed in conjunction with other policy
objectives, new opportunities arise (Richter, 2010).

As suggested by Acreman et al. (2014), most environmental flow
methods are based upon one of two general concepts: 1) limiting flow
regime alterations from a natural condition to conserve biodiversity
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(e.g., the “acceptable” percent deviation, policy-driven 40% FNF
strategy) and 2) a management-based approach in which
environmental flows aim for specific outcomes (e.g., the data-
driven, process-based functional flow strategy). When compared to
exceedance flow strategies, percent-of-flow regimes have been shown
to provide the highest energy production (Kuriqi et al., 2017), but they
had yet to be compared to a functional flows strategy prior to this
study. Generally, a hydrologic alteration of <20% of unimpaired flow
is the standard to maintain ecosystem function (Richter et al., 2012),
though allocations of 40–60% of unimpaired flows for the
environment have been explored for their ability to support
hydropower and other societal objectives (McManamay et al.,
2016; Zamani Sabzi et al., 2019). While the 40% FNF strategy in
this study more closely aligned with the baseline strategy flow releases
and hydropower production, it failed to address the need for wet
season peak flows and curtailed critical snowmelt recession function
during wet years. The curtailed snowmelt recession function may be
addressed by revising the period duringwhich the 40%FNF strategy is
required; however, addressing the lack of wet season peak flowswould
require larger releases beyond the magnitudes that would be
accommodated by a proposed percent-of-flow strategy. As such, it
seems unlikely to achieve the environmental objectives it is designed to
address.

While the functional flows strategy was designed to mimic
specific ecological functions of the unimpaired hydrograph, it also
faces considerable implementation challenges. While our logic
ruleset in the modelling framework addressed operational
challenges, the magnitudes of required functional flows
highlighted the infrastructure constraints on ecosystem
function. The objective of a functional flows-based strategy is
not simply releasing environmental flows; it is releasing water
that interacts with the surrounding landscape (e.g., floodplains)
to achieve comprehensive ecological function (Yarnell et al., 2015;
Whipple and Viers, 2019). Thus, environmental flow policies
should align with other policy objectives, such as the recent
Sustainable Groundwater Management Act (AB 1739, SB
1168, and SB 1319), to ensure the full range of ecosystem
functions are achieved (Yarnell et al., 2022). Pairing winter
peak flow releases with groundwater recharge and reconnected
floodplains, either through multi-objective land use strategies
(e.g., the Yolo Bypass, an important floodwater-groundwater
interchange north of the study region) or managed retreat of
developed riparian lands (Dybala et al., 2019) could be a strategy
to achieve synergistic conservation goals (Serra-Llobet et al.,
2022). Enhanced environmental flows for groundwater
dependent ecosystems is one benefit of agricultural managed
aquifer recharge (ag-MAR; Damigos et al., 2017; Levintal et al.,
2022), including the San Joaquin watershed (Kourakos et al.,
2019; Alam et al., 2020; Levintal et al., 2022). Ag-MAR may be a
scalable strategy in a highly agricultural region like the San
Joaquin watershed, where high magnitude flows that balance
environmental flow function and managed aquifer recharge are
available 4.7 out of 10 years (Kocis and Dahlke, 2017; Levintal
et al., 2022).Water management that is guided by policy synergies
and multiple benefits, rather than evaluations of human vs.
environmental trade-offs, is the most likely path to
sustainability and climate resilience.

4.3 Portfolio Management and Trade-Offs
Analyzing alternative environmental flow strategies in multiple
basins showed nuanced but important differences in trade-offs
with respect to managing hydrologic variability.
Diversity—defined broadly with respect to habitat complexity
and hydrological dynamism—is a key concept underlying
successful ecosystem function (Bestgen et al., 2020), and
ecosystems—defined broadly to include species assemblages
and supporting biogeochemical fluxes—are rarely endemic to
single catchments. Indeed, when focusing on recovery efforts for
anadromous fish, which is often the objective for environmental
flows below California’s Central Valley rim dams, the integrated
diversity of mainstem and tributary streams is the underlying
foundation for ecological function (Phillis et al., 2018). Our study
results show that managing for annual flow variability across basins
could improve both ecological conditions and water supply for non-
environmental uses. The functional flow strategy results support
using a regional portfolio framework that leverages the diversity of
hydrologic conditions and services provided by each watershed.
Such regional coordination would impose coherent management
for conservation and optimize energy production for the power grid.

In addition, managing for diverse hydrologic conditions tied
to full natural inflows in each basin, rather than storage (e.g., Yin
et al., 2011) or a homogenized, regional hydrologic index, could
also have important implications for the overall resilience for each
basin. While general results may not seem uniformly favorable
(or disadvantageous) for hydropower, water supply, and flood
control, it is important to consider each basin in coordination
with the others. For example, the functional flows strategy partly
benefitted the Upper San Joaquin via enhanced hydropower
production, though was less impactful in the Stanislaus with
regard to non-environmental objectives. The tradeoff between
environmental flows and other objectives may be worthwhile if
benefits in the San Joaquin result in lower regulatory burdens in
the other watersheds, even if fewer direct benefits occur in those
watersheds. Managing each watershed based on its specific
hydrologic condition, rather than a common, regional index, is
key. Currently, the four basins in the San Joaquin are mostly
managed using a single-metric index, the San Joaquin Valley
Index (SJVI) (see Null and Viers (2013) for expanded discussion).
The tercile approach used in the functional flows strategy showed
that in 21% of all years, hydrologic year types differed across the
four basins (Supplementary Table S3). Under the existing policy
for management based on the SJVI, basins that are drier (see
Table 2) may be required to release more water than the
unimpaired runoff could support. Defining the hydrologic
condition for each basin independently, as in the functional
flows strategy in this study, provides a more realistic
accounting of water available for non-environmental uses and
preserves the hydrologic variability that sustains ecosystems.

5 FUTURE WORK

Our study focused on hydropower production given alternative
environmental flow strategies below rim dams in the San Joaquin
watershed. However, there are other aspects of flow management
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that are important to consider in future studies that build on this
work. The operational logic guiding functional flow releases could
be further developed to define water year types given on-going
observations of each basin’s hydrological condition, which would
represent a more realistic adaptive management strategy than the
current, a priori method. More broadly, managing flow
independent of other stream ecosystem elements like
geomorphology or riparian and floodplain habitat may
improve instream hydrologic conditions, but have little
influence over other critical components like stream
temperature or biodiversity (Krause et al., 2005). Also, the
focus on rim dams in this study overlooks the potentially
cascading effects of implementing a functional flows strategy
in high elevation reaches, which would more directly overlap with
hydropower facilities that are often positioned in series. Climate
change-induced hydrological alteration poses a similar risk to
both hydropower and environmental flows; future work should
explore whether shifts in stream flow fundamentally alter the
ecological functions supported by climate changed hydrology.
Finally, while studies have shown that it is possible to balance
existing human demands while achieving key ecosystem targets
under a functional flows approach (Kiernan et al., 2012; Chen and
Olden, 2017; Sabo et al., 2017), human demands are unlikely to
remain stationary. In addition to getting better ecological value
from environmental flow management (Viers, 2017),
understanding shifts in both hydrologic and non-
environmental demands will be critical to identify the total
capacity of water systems to support extractive water use.
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Using State-and-Transition Simulation
Models (STSMs) to Explore Dynamic
Population Responses to Drought
Cycles in Freshwater Ecosystems
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Climate variability and change pose significant threats to aquatic biodiversity, particularly in
areas with low and variable streamflow. Quantifying the magnitude of risk from these
threats is made more difficult by the variable responses of individual species to hydrologic
stress. Patterns of population decline and recovery in response to drought cycles will
depend on both the resistance traits (e.g., tolerance to harsh environmental conditions)
and resilience traits (e.g., fecundity, age at maturity), both of which vary considerably
among species. Collectively these traits can give rise to varied, and lagged patterns of
decline and recovery in response to hydrologic variability, which ultimately can affect
population viability in drought prone environments and in response to a changing climate.
Such population cycles are typically modelled based on demographic rates (mortality and
recruitment) under different climate conditions. However, such models are relatively data
intensive, limiting their widespread development. A less precise but more tractable
approach is to adopt state-and-transition approaches based on semi-quantitative
population states (or population size estimates), and modelled transitions between
states under different hydrologic conditions. Here we demonstrate the application of
such models to a suite of diverse taxa, based on an expert elicitation of expected state-
changes across those different taxa under a range of different flow conditions. The model
results broadly conform with population changes observed in response to a major drought
in the case-study system, mimicking the observed lags in recovery of species with different
life-histories. Stochastic simulations of population cycles under scenarios of more
protracted drought provide a semi-quantitative measure of the potential risk to different
species under each scenario, as well as highlighting the large uncertainties that can arise
when taking into account stochastic (rather than deterministic) state-transitions.
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1 INTRODUCTION

“From the fact that all past futures have resembled past
pasts it does not follow that all future futures will
resemble future pasts”. Karl Popper.

Flow variability is a major driver of population and
community dynamics in river-floodplain ecosystems, and
predicting those dynamics is an important goal for researchers
and river managers alike. In recent years there has been a strong
push for the development and adoption of modelling approaches
to assist with environmental flows planning that are better able to
replicate the response of ecosystems to specific flow sequences
(e.g., Shenton et al., 2012; Horne et al., 2019; Tonkin et al., 2019).
This requires models of ecosystem condition that are dynamic
through time. In a recent review of flow-ecology response models,
Wheeler et al. (2017) distinguished between pure “state” based
approaches, which quantify absolute values of particular variables
(e.g., population size, presence/absence) and “rate” based
approaches, which quantify relative changes in those variables
over time (e.g., population growth, colonization/extinction).
Wheeler et al. found purely “rate” based approaches relatively
uncommon in the literature (~12% of studies), despite the
perceived advantages of such models in forecasting ecological
dynamics and generating temporally-explicit predictions.

These sorts of dynamics are readily captured in population
demographic models that include vital rates (births, deaths,
migration), and such models can be extended to consider
multi-species ensembles (e.g., Lytle et al., 2017). However,
traditional demographic models require information on life-
history and vital rates that is not available for most species,
and this presents a barrier to their utility and uptake (Beissinger
and Westphal, 1998). However, in their review of flow-ecology
models, Wheeler et al. (2017) also noted that most of the flow-
ecology studies they examined (53%) involved repeat
measurements of state-variables at one or more sites over
time, and thus were conducive to adopting a “rate” based
approach, simply by adjusting the response variable to
consider temporal change. Because such models do not
explicitly model underlying processes, they cannot reveal the
underlying mechanism producing the change (e.g., changes due
to mortality vs. emigration), but they can still produce temporally
specific predictions of biotic responses to specific flow sequences
that are both useful and testable.

One widely used conceptualization of this repeated-state to rate
based translation, which has been widely used in vegetation science, is
the state-and-transition model, in which changes between defined
states (e.g., in terms of vegetation condition or species composition)
occur probabilistically at each time step (Plant and Vayssières, 2000;
McIntyre and Lavorel, 2007; Daniel et al., 2016). The most basic
formulation of state-and-transitionmodels (STMs) assumes transition
probabilities adhere to a constant first-order Markov process, but this
assumption can easily be relaxed to consider higher-order lag effects or
the influence of exogenous variables such as disturbances that alter
transition probabilities over time (Baker, 1989; Daniel et al., 2016).
Daniel et al. (2016) emphasize the use of multiple transition pathways
within a state and transition simulation model (STSM) framework to

explore the effects of disturbances such as wildfire, land management
and land-use change on vegetation trajectories.

While common in terrestrial management, examples of repeated-
state “rate” based approaches such as STMs and STSMs are rare in
the flow-ecology literature (Wheeler et al., 2017). However, so long
as representative states can be adequately defined, the framework is
equally applicable to riverine contexts. Examples of plausible states
could include relative abundance of single species or the composition
of a community, both of which can be measured repeatedly over
time and classified into discrete states. Where states are ordered
ordinal (e.g., metrics describing abundance), transitions between
classes in opposing directions encompass resistance and resilience
traits in the face of disturbance, and hence trajectories of decline and
recovery among different species following disturbances can be
readily simulated (Bond et al., 2018).

Here we combined a simple STSM framework with an expert
elicitation process to develop models that allowed us to explore the
dynamics, and emergent risks to freshwater fauna assemblages in
response to climate induced drought cycles. We focus on a multi-
species assemblage that includes platypus, fish, and benthic
invertebrates, all of which are impacted to varying degrees by
drought disturbances (Rose et al., 2008; Crook et al., 2010; Bino
et al., 2021). Our aim is to develop models that replicate the
resistance and resilience patterns of different species and
assemblages to droughts that differ in duration and frequency, in
order to provide managers with insights into what outcomes might
be expected under more severe drought cycles associated with
climate-change. In doing so we also present a simple analysis of
historical drought cycles that allowed us to very easily simulate wet/
dry sequences (for a range of plausible changes in drought
persistence) with similar overall statistical properties, but with
distinct sequencing of individual wet-dry years, something often
missing frommodels of flow-ecology relationships (Yen et al., 2013;
Horne et al., 2019). The approach is applied to a case study of the
Werribee River, Victoria, Australia, and demonstrates the suitability
of STSM frameworks to support environmental flowsmore broadly.

2 MATERIALS AND METHODS

2.1 Study System
The Werribee River (known as the Wirribi-yaluk by the
Wadawurrung people) is a relatively short (~100 km) coastal
river in Victoria, Southeastern Australia. It flows through the
lands of the Wurundjeri Woi-wurrung, Wadawurrung and
Bunurong people. It drains a catchment area of approximately
1978 km2 with mean annual rainfall ranging from~1000 mm/
year in the headwaters to ~450 mm/year in the lower reaches, and
has a mean annual discharge of ~52,814 Ml/year. Rainfall and
runoff are winter/spring dominated, but also highly variable
between years, giving rise to distinct drought cycles. Despite
perennial flows, drought exerts a strong influence on runoff in
the catchment. There is also significant water use for urban water
supply and irrigation within the catchment. During low flow
periods water can be released from Melton Reservoir (as well as
several smaller storages, such as Merriumu and Pykes Creek
Reservoirs), as an environmental flow to help protect downstream
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FIGURE 1 | Diagram showing the Inputs and sequence of steps involving in generating the population projections using the STSM approach.
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values, however during prolonged drought there can be
insufficient water to maintain flow releases, which can lead to
very low flows downstream, and consequent declines in water
quality, particularly high salinity in the estuary, high water
temperatures, and the loss of riffle habitats in reaches above
the estuary (Lloyd et al., 2008; Sharpe, 2014).

We modelled the effects of these drought cycles using a state-
and-transition modelling framework that considers the joint
effects of 1) antecedent ecological condition, and 2) hydrologic
conditions at each time-step. We largely followed the
methodology of Bond et al. (2018), with the additional
consideration of non-deterministic transitions between states,
and a consideration of a broader range of ecological
endpoints. The model is composed of two main components:
the hydrologic inputs, and a set of state-transition matrices which
are used to project state changes at each time-step given different
combinations of antecedent hydrological and ecological states

(Figure 1). Each of the main components is described in more
detail below.

2.2 Hydrologic Analyses and Scenarios
Conceptually, ecological responses to flow are expected to differ
markedly in response to antecedent hydrologic conditions. For
example, periods of below average flows can see declines in the
health of populations and communities due to the associated
physical-chemical stresses that organisms experience (Lake, 2006;
Bond et al., 2008). The strength of these declines may be related to
the relative degree of hydrologic stress. Conversely, periods of above
average flows are associated with patterns of improving ecological
health, particularly verywet periods, whichmay produce flood cycles
that trigger high levels of productivity and population growth
(Serena and Grant, 2017), noting floods can also be disturbances.
Between the extremes of floods and droughts, many populations can
be relatively stable, although this can vary among taxonomic groups.

FIGURE 2 | (A) daily runoff time series (Megalitres), (B) annual runoff estimates (Gigalitres), and (C) annual flow class sequence (Drought, Dry, Wet and Very Wet),
with classes derived from quartiles of annual runoff ordered from driest to wettest.
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To characterize interannual variability in hydrology for the
Werribee River we used daily flow data from the gauge
immediately downstream of Melton Weir (Gauge No 231205;
Figure 2A). We classified each year of flow data (from the period
1960–2014) as falling into one of four hydrologic
“states”—described as drought, dry, wet, and very wet—by
distributing annual runoff totals into four equal quartiles
(Figure 2B). After assigning each year to its respective
hydrologic state (Figure 2C), a probability matrix was
constructed describing the empirical probabilities of
transitioning among different states at each time-step
(Table 1). It is also worth noting that our hydrologic states do
not align with the formal definition of drought conditions, for
example as used by the Bureau of Meteorology. However, the
adoption of the different water-availability/runoff classes is more
closely aligned to the way in which years are classified from an
environmental water planning perspective in the study region.

The empirical state-transition probabilities derived from the
historical sequence were then used to derive replicate stochastic
flow sequences (n = 100) for each of three distinct climate
scenarios: historic, drought_10, and drought_20. The latter two
scenarios involved increasing the likelihood (by 10 and 20%
respectively), that a drought year would be followed by
another drought year, with a corresponding decrease in the
likelihood of wet conditions persisting (Table 2). These
replicate flow series (see Figure 3 for representative sequences
from each scenario) were then combined with population/
community state-transitions (Sections 2.3, 2.4) to
stochastically project ecological conditions associated with
each flow series. These replicate projected ecological time-
series were then examined to compare the ecological outcomes
under each of the three climate scenarios.

The model was also applied to the recent historical sequence to
provide a visual indication of the trajectories of each population/
community in response to the drought conditions that occurred
in southeastern Australia from 1998 to 2009 [the so-called
millennium drought (Bond et al., 2008)]. While not a formal
validation of the model predictions, these outputs were presented
to the scientists involved in the development of the state-
transition probabilities, to see whether the system behaviour,
in terms of the patterns of change in population/community
health matched their expectations.

2.3 Ecological State Transitions
The conditional changes in ecological state were determined with
input from a group of technical experts. The team initially

assembled data on the life-history traits and tolerances of the
target biota such as longevity, dispersal ability, fecundity, and
sensitivity to adverse water quality and habitat availability
(Table 3). The experts then used the assembled information to
derive transition matrices describing anticipated state-changes
under different combinations of antecedent conditions [including
both antecedent population health and antecedent hydrology
(Table 4)]. Information was derived from published reports
(Koehn and O’Connor, 1990; McGuckin, 2006; Lloyd et al.,
2008; McGuckin, 2012; Sharpe, 2014) and first-hand
observations.

Implicit in the expected transitions is a consideration of factors
such as species-specific tolerances to harsh environmental
conditions or habitat loss, and species life-history traits. These
together give rise to differential degrees of resistance and
resilience to drought conditions (e.g., Crook et al., 2010), and
hence population state, and dynamics over time. The transition
matrices used in the current study were considered to be
particular to the conditions that arise in the Werribee River
during drought cycles, where the differences in flow-regime
across drought to very wet years affect environmental
conditions experienced by the biota based on local physical
habitat conditions. While these flow-environment relationships
are not unique to the Werribee River, it cannot be assumed that
similar degrees of physical stress will arise equally across all river
systems, and hence it is the methods, rather than the results that
should be treated as generalizable to other river systems. During
the elicitation process to construct the transition matrices, the
group of experts were asked a series of questions regarding the
likely response to different hydrological conditions given a
particular antecedent ecological state. Lower levels of certainty
regarding the response and/or less predictable responses were
reflected in state-transition probabilities being more evenly
spread across multiple transition pathways. Having conducted
an initial round of matrix construction, a series of scenarios were
run and presented to the experts, and where modelled outcomes
differedmarkedly from expectations, transition probabilities were
revised to the point where they better reflected expected trends
(especially in response to protracted drought and or recovery
cycles). As an informal elicitation process, the team of experts
worked together rather than independently to arrive at a
consensus set of matrices for each taxa. This step could also

TABLE 1 | Estimated annual transition probabilities between years with different
runoff volumes. Years associated with Drought, Dry, Wet, and Very Wet
classes span the lowest to highest runoff quartiles.

Observed/Historical data Drought Dry Wet Very wet

Drought 0.67 0.25 0 0.08
Dry 0.23 0.23 0.23 0.31
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38

TABLE 2 |Modified annual transition probabilities between years associated with
two scenarios of more persistent droughts. Years associated with Drought,
Dry, Wet and Very Wet classes span the lowest to highest runoff quartiles.

Scenarios Drought Dry Wet Very wet

+10% drought frequency Drought 0.77 0.2 0 0.03
Dry 0.33 0.18 0.23 0.26
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38

Drought Dry Very wet Wet

+20% drought frequency Drought 0.87 0.13 0 0
Dry 0.43 0.16 0.16 0.24
Wet 0.15 0.23 0.38 0.23
Very wet 0 0.31 0.31 0.38
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be undertaken using independent matrix construction and the
inclusion of uncertainties in matrix values, and furthermore the
elicitation approach could be substituted with outputs from
empirical surveys if sufficient data is available. We also
emphasise that in setting the probabilities for both
hydrological and ecological state-transitions, consideration
must be given to the unique local attributes of both the
hydrology and ecology of the study system and its biota, and
hence while the overall STSM approach is highly transferable, the
transition probabilities themselves are not automatically
applicable to other systems.

2.4 State Projections
Changes in state expected at each time step were embodied in a
series of transition-tables or matrices that were used to “project”
population condition over time as a First-order Markov process.
By selecting different matrices at each time step (e.g., based on wet
year vs. dry year, or time since the last wet year), it was possible to
express the effects of a range of drivers affecting population
resistance and resilience to disturbance. This approach has
elsewhere been described as a matrix-selection method
(Burgman et al., 1993) or “environmental state method”
(Beissinger, 1995) to matrix projection, because it directly
relates the definition of matrices to the cyclical environmental
conditions the model is intended to focus on (e.g., in this case
relative drought severity).

The ecological state projections were completed using
matrix multiplication. The current ecological state
(t0_eco_state) was converted to a vector value of all possible
states which was multiplied by a “projection-matrix” for the
current hydrological state (MatrixHydro_state) in that year. This
would provide a new vector (t1_eco_state) which described the
change in ecological state based on the hydrological conditions

of the current year. This would then be iterated across the time
series to generate a time series of ecological states, which was
replicated with stochastic sequences of hydrologic states for
each for each of the three-climate scenarios. A burn in period
of 10 years was used to decrease the influence of the initial
ecological state on the resultant time-series of ecological
condition.

3 RESULTS

3.1 Ecological Outcomes Over Historical
Flow Sequence
The modelled sequences reflected the observed declines in
condition for a number of species/communities toward the
end of the millennium drought, and a rapid recovery once the
drought broke. These included two fish, galaxiids and tupong,
and lotic macroinvertebrates (Figure 4). While there are
insufficient data to conduct a more thorough validation,
galaxiids and tupong were recorded in similar numbers in
2006 and 2012 (McGuckin, 2006; McGuckin, 2012), consistent
with predictions, although there is no data to indicate the state of
the population prior to the drought and at its peak in 2009. There
are also no published time-series data for macroinvertebrates.
The models also predicted the contrasting response of black
bream in the estuary, a species that was expected to show little
response to the drought conditions due to its ability to tolerate a
wide range of salinity levels and to breed and recruit under a wide
range of hydrologic conditions (Williams et al., 2012). While
there are no time-series data available for bream, surveys in 2012
found the population to be in good health, with higher catch per
unit effort (CPUE) in the Werribee than in any other Victorian
estuary (Warry et al., 2013).

TABLE 3 | Life-history traits of priority environmental values in the Werribee River.

Life-cycle
trait

Platypus Galaxiids Bream Pygmy
perch

Blackfish Tupong Still
water
insects

Non-insects
Macroinvertebrates

Flowing
water
insects

Longevity high
(10–15 years)

low
3–4 years

high 30 +
years

low
(3–4 years)

medium
(5–8 years)

Medium
(5–8 years)

low low low

Resistance of adults to
poor enviro conditions

Mediuma high high high Mediume high Highg Highg Mediumh

Fecundity low high high medium low medium? high high high
Ability to breed in a
wide range of
conditions

medium low medium-
high

mediumd mediumf low high high ?

Recruitment success low-medium mediumc medium-
high

medium medium medium 3 high high high

Dispersal ability low-mediumb mediumc high low medium medium 3 high low high
Time to maturity 2–3 years 1 year 2–3 years 1 year 2–3 years ? less than

1 year
less than 1 year less than

1 year

aLimited by amount of habitat. Resistant to poor water quality. Exposed to predation at extended low flow. Sensitive to fragmentation of population.
bGood dispersal ability but predation issues in lower catchment.
cRecruitment success impacted by passage barriers.
dRequires suitable vegetated still water habitat.
eSusceptible to poor water quality and high temperatures.
fDependent on structural features, require freshes to stimulate breeding.
gRefers to larvae in this instance.
hVulnerable to siltation and poor water quality.
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In

TABLE 4 | State-transition matrices for eight priority ecological values (populations/communities) in the Werribee River. Numbers in each table represent the probability that the population will transition from the current state
(left hand column) to the future state (top row) in a given time-step conditional on the hydrologic state (left-hand column).

Tupong Current
state

Future state Blackfish Future state P.
Perch

Future state Lentic
Inverts

Future state

Drought poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 1 average 0.25 0.75 average 0.1 0.9 average 0.5 0.5
good 1 good 0.25 0.75 good 0.1 0.9 good 0.5 0.5
very good 1 very good 0.25 0.75 very

good
0.1 0.9 very good 0.5 0.5

Dry poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 0.75 0.25
average 0.25 0.5 0.25 average 1 average 0.1 0.9 average 0.2 0.6 0.2
good 0.5 0.5 good 1 good 0.1 0.9 good 0.2 0.6 0.2
very good 0.25 0.75 very good 1 very

good
0.1 0.9 very good 0.2 0.8

Wet poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 0.25 0.5 0.25 poor 0.5 0.5 poor 0.1 0.8 0.1 poor 0.75 0.25
average 0.25 0.5 0.25 average 0.5 0.5 average 0.1 0.8 0.1 average 0.2 0.6 0.2
good 0.5 0.5 good 0.5 0.5 good 0.2 0.8 good 0.2 0.6 0.2
very good 1 very good 1 very

good
1 very good 0.2 0.8

Very wet poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 0.1 0.4 0.3 0.2 poor 0.75 0.25 poor 0.1 0.8 0.1 poor 0.25 0.75
average 0.2 0.4 0.4 average 0.75 0.25 average 0.1 0.8 0.1 average 0.25 0.75
good 0.4 0.6 good 0.5 0.5 good 0.2 0.8 good 0.25 0.75
very good 1 very good 1 very

good
1 very good 1

Tupong Current
state

Future state Blackfish Future state P. Perch Future state Lentic
Inverts

Future state

Drought poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 1 average 0.2 0.8 average 0.1 0.9 average 1
good 1 good 0.2 0.8 good 0.1 0.9 good 0.1 0.9
very good 1 very good 0.2 0.8 very

good
0.1 0.9 very good 0.25 0.75

Dry poor average good very
good

poor average good very
good

poor average good very
good

poor average good very
good

poor 1 poor 1 poor 1 poor 1
average 0.25 0.5 0.25 average 1 average 1 average 1
good 0.5 0.5 good 1 good 1 good 1
very good 0.25 0.75 very good 1 very

good
1 very good 1
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contrast to those species that showed a quick recovery or limited
change, a number of other taxa were predicted to show much
slower recovery. For example, platypus populations were
predicted to still be in relatively poor condition several years
after the drought due to their lower reproductive capacity,
although some recovery was still forecast. This prediction of a
small but lagged recovery contrasts, however, with recent surveys
which suggest populations have not recovered (Josh Griffiths,
unpublished data). It is also the case that the model predictions
were “optimistic” regarding the initial health of platypus
populations (Figure 4), which in reality, were already in poor
condition prior to the drought (Griffiths et al., 2021). Predictions
for several other species, such as those for river blackfish and for
southern pygmy perch are untested.

3.2 Ecological Outcomes Under Climate
Change Scenarios
Stochastic projections of population condition were created for each
of the three climate scenarios. Individual model runs highlight the
dynamic nature of population cycles of some species, relative the
greater overall stability of others. Additionally, there was a trend
toward an increased risk of some species populations’ being in poor
condition for much of the time under scenarios of more persistent
droughts (Figures 5, 6). These risks were especially high for platypus
and for migratory fish, which experts predicted would suffer from
the loss of longitudinal connectivity, and hence breeding
opportunities, in drought years. Several other species, such as
black bream and southern pygmy perch were largely resistant to
increased drought persistence, although pygmy perch are known to
be affected by other local stressors not reflected in these scenarios
such as predation by introduced species. Several taxa, including
galaxiids and lotic invertebrates showed dynamic responses under all
three scenarios, and even with more persistent droughts, only brief
periods of favourable conditions are predicted to allow population
condition to recover quickly (Figure 5).

Averaging across multiple simulations under each climate
scenario there is a clear gradient of responses to increased
drought persistence (Figure 6 top panel), with species such as
bream, southern pygmy perch and communities of lentic
invertebrates relatively unaffected. By contrast, river blackfish,
galaxiids and lotic invertebrates showed large declines in
condition, even under a 10% increase in drought persistence,
and with only minor declines in condition if drought persistence
was to increase by 20% (Figure 6, middle panel). Finally, two taxa,
tupong and platypus showed declines in condition under the two
drought scenarios relative to the historic climate, but these
declines were against a backdrop of relatively few years in
which populations were predicted to be in good condition
even under the historic baseline (Figure 6, bottom panel).

4 DISCUSSION

Within the flow-ecology research discipline there is an emerging
focus on the development of models that can make temporally
specific predictions under future flow scenarios (Lytle et al., 2017;T
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Wheeler et al., 2017; Tonkin et al., 2019). However, currently
there are few examples in which such models have been
developed and applied in the flow-ecology literature, and
many such formulations, such as mechanistic demographic
models, require detailed information on vital rates (fecundity,
survival, dispersal) that is unavailable for most species and/or
locations (Urban et al., 2016).

An alternative formulation that provides limited insight into
underlying mechanisms, but which is more readily formulated
from simple time-series data or from expert opinion is a simple
sequential-state rate-based modelling approach, which seeks to
model changes in state from one time-step to another based on
some combination of antecedent conditions. Such approaches
have been widely used in vegetation science, but are relatively
underutilized in flow ecology research (Freeman et al., 2012; Bond
et al., 2018). Here we showed that such models can be relatively
easily developed and applied to explore expected population and
community dynamics in response to stochastically generated
future flow sequences. Furthermore, the models for exploring
the hydrological and ecological dynamics (and associated
uncertainties) are of a similar level of complexity, thereby
maximizing the efficiency of model development across those
two domains. It is worth noting that while we used simple annual

flow classes to define hydrologic “states”, an easy extension is to
use a Hidden Markov Model (HMM) to generate a sequence of
observed “events” (such as a the occurrence of a particular flow
pulse of specific magnitude and duration), the probability of
which is a product of both the probability of transitioning
between different hydrologic states and the probability of each
states “emission” of that event (e.g., Yen et al., 2013).

We modelled a suite of single species (fish, platypus) and
community (invertebrate) responses using an ordered ordinal
scale to describe population and community status (from poor to
good). Our approach considered the effects of antecedent flow
conditions at an annual time-step (i.e., wet years vs. dry years),
but with the response to these antecedent conditions also
conditional upon population health in the prior year.

Our modelled trajectories mirrored expectations and observed
trends in the condition of most populations in the Werribee
River, including the protracted, and in some cases slow and
relatively minor declines (e.g., bream) during the millennium
drought (1997–2009) and rapid responses to short-term
improvements in hydrologic conditions, such as the response
of galaxiid populations in response to flow pulses in 2006/7, 2010/
11. It is also notable that some populations (e.g., platypus and
tupong) show no substantial recovery after the millennium

FIGURE 3 |Hypothetical future flow sequences generated using the state and transition tables for the historical sequence (A), 10% increase in drought persistence
(B) and 20% increase in drought persistence (C). Tables 1, 2 for annual transition probabilities under each scenario.
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drought, which reflects the fact that hydrologic conditions have
been less severe, but still sufficiently dry to limit population
recovery. While we do not have local data to validate these
predictions, they are consistent with observations more
broadly for one of these two species, platypus, which have
undergone relatively widespread declines in abundance across
their broader geographic range due to drought (Serena and
Williams, 2010; Bino et al., 2021). Long-term monitoring of
population dynamics would greatly improve our ability to
more confidently paramaterise and validate models such as
these in the future.

The impacts of the millennium drought were amplified in the
two scenarios of more protracted drought, which again aligns
with expectations that many populations will contract and go
locally extinct across parts of their range because of climate
change (Bond et al., 2011; Bino et al., 2019). One limitation of
our models is that they do not include extinction as an irreversible
endpoint, although the inclusion of such absorbing states in the
Markov chain is straightforward if the conditions leading to local
extinction and no-recovery can be characterized. For some
species, such as those requiring a specific breeding trigger at
sub-generational time-scales, this may be relatively

FIGURE 4 | Predicted condition states for each population/community for the observed flow sequence from 1990 to 2010. The black line shows the runoff class in
each year; 0.25 = “Drought”, 0.5 = “Dry”, 0.75 = Wet, and 1 = “Very wet”.

FIGURE 5 | Projected trends in condition of each population/community under a single hypothetical hydrologic sequence produced under each climate scenario:
historical sequence (top), 10% increase in drought persistence (middle) and 20% increase in drought persistence (bottom). The black line shows the runoff class in each
year; 0.25 = “Drought”, 0.5 = “Dry”, 0.75 = Wet, and 1 = “Very wet”.
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straightforward using simple models such as those described here,
while in other cases such circumstances may be harder to predict.
Indeed, a broader limitation is the fact that absorbing states such
as extinction must be “hard-wired” into the models we developed
(either from empirical observations of past such events or from
expert input around situations where such an outcome would be
expected). This is different from more mechanistic models, in
which such outcomes may arise from specific combinations of
underlying rate processes (e.g., in terms of recruitment and
mortality) that have not been previously observed.

While there are a number of limitations to the non-
mechanistic STSMs we have developed, they offer several
advantages over traditional purely “state” based modelling
approaches, namely;

1) They provide a simple framework for examining temporal
flow-ecology dynamics.

2) The formulation can provide a steppingstone away from
purely “state” based thinking toward a “rates” approach.

3) Transition matrices can be derived from time-series data or
from expert elicitation, and outputs from both approaches can
be validated using new data.

4) The models are amenable to being run with input from
hydrological models of comparable complexity, including
extension to consider HMMs and more complex
hydrologic scenarios.

5) The models can be run stochastically and represent either
deterministic or probabilistic state-changes at each time-

step as befits the situation and available input/
calibration data.

6) The models are much less data intensive than comparable
mechanistic “rate” based approaches, while remaining
testable.

We hope this case-study demonstration will encourage
broader efforts to develop similar tools and approaches for
modelling flow-ecology relationships. We believe STSMs will
hold particular value in those situations where detailed
mechanistic models are not tractable, and yet greater
ecological realism is required for communicating
and evaluating ecosystem dynamics under alternative flow
scenarios.
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Enhancing the functionality of
environmental flows through an
understanding of biophysical
processes in the riverine
landscape

Sarah M. Yarnell1* and Martin Thoms2

1Center for Watershed Sciences, University of California, Davis, Davis, CA, United States, 2Department
of Geography, University of New England, Armidale, NSW, Australia

While water resource managers and river scientists recognize the inherent

interconnections among hydrology, river structure, biophysical processes and

ecological patterns, management of environmental flows still pays insufficient

attention to the ecological and geomorphological functionality of particular aspects

of theflowregime. Implementationofmorenaturalflowregimeshas improvedhabitat

conditions for native species in many moderately impaired rivers but mimicking a

naturalflowregime in heavilymodified riverine landscapes cannot beexpected to yield

successful ecological outcomes unless such flows trigger functional processes. For

example, the restorationof peakflowsmaynot regeneratehabitats if the river is starved

of sediment or if the river channel is highly confined. High biodiversity is supported

when variable flow regimes interact with spatially variable (heterogeneous) river

channel and floodplain forms. In contrast, as rivers become homogeneous,

biodiversity decreases when these dynamic spatiotemporal interactions are limited

by flow alterations, blocked by channel levees, or perturbed by sediment deficit or

surplus. Thus, the design of a more natural environmental flow regime without

consideration of the implications for sediment transport and implicit recognition of

channel–floodplain geomorphology is likely to have limited success in river

management and restoration. To enhance the functionality of environmental flows,

considerations of physical, biogeochemical, and ecological processes and the inherent

heterogeneityof the riverine landscapemust be included. AFunctional Flowsapproach

enhances the benefits from limited environmental flow allocations by focusing on the

ecological andgeomorphological functionality of particular aspectsof theflowregime,

considering geomorphic context, and emphasizing spatiotemporal diversity at key

locations in the riverscape, such as adjacent floodplains or tributary junctions. In this

paper, we outline and illustrate the concept of Functional Flows using a flow-chain

model and provide two case study examples from Australia and the United States,

where improvements in channel habitat and reconnection with the floodplain help to

achieve the desired functionality of environmental flows.

KEYWORDS

functional flows, floodplain function, sediment augmentation, channel restoration,
climate resilience
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1 Introduction

Alteration, impairment, and development of river systems

for human use is ubiquitous (Lehner et al., 2011; Grill et al.,

2019). The increased ability to harness river flows for agriculture,

hydropower, industry, and domestic water supply has led to

economic growth and prosperity. However, the impacts from the

development of freshwater ecosystems have resulted in drastic

reductions in freshwater biodiversity and ecosystem services

(Vorosmarty et al., 2010; Reid et al., 2019). Recent global

biodiversity initiatives explicitly recognize freshwater

ecosystems as vital to human sustainability but also highly

vulnerable. Thus, activities that target freshwater ecosystem

processes, improve water quality, accelerate environmental

flow implementation, and protect and restore critical habitats

have increased exponentially over the last several decades

(Tickner et al., 2020; van Rees et al., 2021). In many locations,

actions to improve water quality for human consumption have

been successful (e.g., Keiser and Shapiro, 2019), but actions

aimed at improving freshwater biodiversity have been limited

(Reid et al., 2019).

Environmental flows—the practice of allocating water in

river systems for ecological purposes—is a strategy for

supporting freshwater dependent ecosystems and improving

river health (Horne et al., 2017). The philosophy and practice

of what constitutes an environmental flow regime has

advanced from prescriptions of static minimum instream

flows to protect selected life history stages of aquatic species

(e.g., Bovee, 1982) to environmental flow determinations that

consider the natural variability of streamflow to which native

species have evolved (e.g., Poff et al., 2010; Hall et al., 2011).

Associated stream habitat restoration efforts have also changed

from construction of an idealized ‘natural channel design’ (e.g.,

Rosgen, 1996) to emplacement of wood or engineered

structures within the stream channel to promote local scour

and deposition of sediment to create habitat diversity (e.g.,

Abbe et al., 2003). However, considerations of flow regimes

alone have not always been effective in restoring stream health

or increasing biodiversity (Grams et al., 2007). Similarly,

considerations of just channel form or physical habitat

structure have not always resulted in expected

improvements to aquatic species diversity (Simon et al.,

2007; Palmer et al., 2010). As a result, resource managers

and river scientists have moved towards holistic

environmental flow approaches that embrace the

importance of physical and ecological processes in

supporting riverine habitat and freshwater dependent

ecosystems (cf. Beechie et al., 2010; Wohl et al., 2015;

Yarnell et al., 2015).

Implementation of holistic environmental flow methods

remains complex, especially in highly modified rivers of the

Anthropocene (Poff and Matthews, 2013; Tickner et al.,

2020). How do we effectively balance water provisions for

ecosystem services with water extractions for human uses?

The answer is often difficult and elusive to determine,

resulting in most environmental flow approaches

remaining focused on changes to the flow regime or

improvements to physical habitat, rather than integrating

these different fields of study. However, holistic approaches

that focus on the functionality of flow, where water is

prescribed in concert with physical conditions specifically

to support discrete geomorphic and ecological processes

within the riverscape that are known to support desired

ecosystem services (Meitzen et al., 2013; Yarnell et al.,

2015; Palmer and Ruhi, 2019), provide a path forward for

maximizing benefits from water allocated to the

environment.

Here, we provide a conceptual overview of flow functionality

in riverine systems illustrated by a flow-chain model and

demonstrate how the interactions of flow, sediment, and

biophysical processes can be incorporated into environmental

flow determinations and river restoration actions with two

example case studies. When successful, holistic environmental

flow programs can promote river resilience in the face of climate

change, thus continuing to provide ecosystem services for

societies into the future.

2 The functionality of flow in the
riverine landscape

Rivers are diverse landscapes sustained by the interplay of

biological, chemical, and physical processes that support high

biodiversity and provide multiple ecosystem services for society

(Fremier and Strickler, 2010; Gilvear et al., 2016). Identifying and

understanding the various biophysical and social drivers,

components, processes, and interrelated states of river systems

is challenging; however, conceptual frameworks and models can

aid in understanding these complex environments (Delong and

Thoms, 2016). Flow chain models—a type of conceptual

framework—demonstrate interactions between various

components at multiple scales within complex adaptive

systems (refer to Table 1 for a list of concepts and terms used

here to describe Functional Flows in riverine landscapes).

Riverine landscapes are complex adaptive systems by virtue of

their hierarchical organization and ability to adjust multiple

biophysical forms to an array of processes. Flow-chain models

have been used to demonstrate the effect of change in physical

heterogeneity on food webs in river ecosystems (Thoms et al.,

2017) and the ecological concept of disturbance in urban river

systems (Grimm et al., 2017). The flow chain of Dollar et al.

(2007) is adapted here to provide a conceptual framework for

Functional Flows in riverine landscapes.

Flow-chain models have several basic components

representing the dynamic interplay of abiotic and biotic

characteristics in riverine landscapes (Figure 1). Drivers are
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TABLE 1 Terminology for the fluvial environment, flow concepts, and system concepts.

Term Definition

The fluvial environment

Floodscape The aquatic and terrestrial components of the riverine landscape that are connected to the riverscape only when the river stage
exceeds bankfull discharge. This includes the terrestrial floodplain (including components of the riparian zone not in the
riverscape) and floodplain water bodies, such as floodplain lakes, wetlands, and isolated channels such as oxbows and anabranches

Habitat The traditional view of a habitat is a given type of environment characterized by general physical features (e.g., type of vegetation,
water, or soil structures) that is utilised by flora and fauna. Habitats have four basic functions of feeding, breeding, connectivity or
passage, and refugia. Habitats result from interactions between a template (see below) and a physical, biological, or chemical
process. Given that the template, processes, and their interactions change in time and space, habitats are best represented as a
dynamic habitat mosaic

Riverine Landscape The continually or periodically wetted components of a river system. River systems are comprised of two components: the
riverscape and the floodscape (Thorp et al., 2006)

Riverscape The aquatic and ephemeral terrestrial elements of a river system located between the most widely separated banks (i.e., the
bankfull channel or active channel) that enclose water below flood stage, commonly the annual flood discharge. These include the
main channel, various smaller channels, slack waters, bars, and ephemeral islands

Flow Concepts

Attributes of River Flow Hydrological processes vary on time scales of hours, days, seasons, years and longer. We can resolve this variation into three time
scales of hydrological character: flow regime, flow history and flood pulse. Flow regime represents the long-term statistical
generalization of flow behavior and incorporates macro-scale influences that occur over hundreds of years. Flow history
represents the sequence of floods or droughts and incorporates meso-scale influences between 1 and 100 years. Flood pulse
represents a flood event and incorporates micro-scale influences that generally extend less than 1 year

Environmental Flows Environmental flows mean different things to different disciplines. A common scientific definition is “the quantity and timing of
water flows required to maintain the components, functions, processes, and resilience of aquatic ecosystems and the goods and
services they provide to people” (TNC, 2018). Similarly, the definition within the renewed Brisbane Declaration (Arthington et al.,
2018) extends to inclusion of societal benefits from environmental flows and healthy rivers. A water resources view is “the water
regime provided within a river, wetland, or coastal zone to maintain ecosystems and their benefits where there are competing
water uses and where flows are regulated” (Dyson et al., 2003)

Functional Flows Functional Flows are distinct aspects of a natural flow regime that sustain ecological, geomorphic, or biogeochemical functions
and that support the specific life history and habitat needs of native aquatic species (Yarnell et al., 2015)

Natural Flow Paradigm The natural flow paradigm (Poff et al., 1997) has been widely accepted as an underlying framework for the determination of
environmental water allocations. The natural flow paradigm asserts that a managed flow regime, which mimics the natural flow
regime, will provide the variability necessary to maintain the structure and function of aquatic ecosystems

System Concepts

Complexity Complexity is an emergent property of riverine landscapes that captures the interplay of structures, functions, and feedbacks at
multiple scales. Complexity is a product of processes and structures that change over time (variability) and space (heterogeneity)

Diversity-Abundance-Richness-
Evenness

Diversity is a traditional measure linked to biological variability—it’s a measure of variation at the genetic, species, and ecosystem
level. It is also defined as the variety of different habitats, communities, and ecological processes. Diversity can be decomposed into
three components: abundance—the total number of components in a system or space; richness—the number of different
components in a system or space; and, evenness—the distribution of different components in a system or space

Flow chain model A conceptual framework providing representations of the interactions between components of a system, at multiple scales. Flow-
chain models have several basic components; the drivers; the templates upon which the drivers act; and, finally the responders.
Responders in this context are sets of organisms or parts of the biophysical environment present across the riverine landscape

Heterogeneity Changes in the structure, functions, and interactions over space across the riverine landscape

Resilience Resilience thinking advocates an approach in which ecosystems, economies, and societies are managed as linked social-ecological
systems. The traditional view of resilience is the ability of a system to absorb or adapt to disturbances and retain the same structure,
function, and set of interactions. In a broader context, it can be viewed as a key property of coupled human and natural systems for
maintaining desired states or regimes and long-term sustainability. The capacity of a system to absorb disturbance can be assessed
at a range of biophysical, social, and economic levels, and Parsons et al. (2016) identifies fourteen attributes of resilience associated
with river ecosystems, including ecological variability, ecosystem services, social capital, governance, feedbacks, and thresholds

Variability Changes in the structures, functions, and interactions over time within the riverine landscape
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the main agents of change governing functions or a series of

processes; templates are those states or forms upon which

functions act; and, finally there are series of responders.

Responders can be sets of organisms or parts of the

biophysical environment present across the riverine landscape.

The character (spatial heterogeneity) and dynamics

(variability over time) of riverine landscapes are not only

interrelated but also dependent upon variables operating at

multiple scales creating a riverine landscape hierarchy (Frissell

et al., 1986; Naiman et al., 2008). In the flow-chain model, first

order independent variables such as climate, geology, soils, and

vegetation of a watershed determine second order independent

river variables such as the flow, sediment, and biogeochemical

regimes (Figure 1). These independent and multi-scale variables

interact through a series of feedback mechanisms that

determine primary dependent river functions. In riverine

landscapes, flow, sediment, and biogeochemical regimes are

the main independent river drivers, or the primary agents of

change, that act upon the dependent river functions, which in

turn shape the templates of the riverine landscape—represented

by the abiotic, biotic, and biogeochemical forms or states of the

riverine landscape. The product of this interaction between the

dependent river functions and the river templates is represented

by the presence/absence and diversity of aquatic habitats

distributed across the riverine landscape in time and space.

The life history traits and diversity of plants and animals are

responders to this dynamic product and ultimately dependent

on watershed-scale and river-scale drivers.

River functions interact with the abiotic and biotic river

templates over time and space creating a series of feedbacks

within the river templates that modify ecosystem responses

across the aquatic habitat mosaic of riverine landscapes. For

example, erosion and deposition processes reshape the

floodscape allowing for riparian succession processes to create

a diverse dynamic vegetation community structure that riparian

species respond to. Similarly, predation and competition are two

key functions influencing life history traits of aquatic species in

the riverscape such that diverse aquatic habitats and adaptation

to specialized niches may confer protection from predators or

opportunities for competitive advantage (Thoms et al., 2018).

Without an understanding of the interplay between riverine

functions, templates, and ecological responses, potential

impacts of alterations to independent river drivers, like

environmental flows, on ecological responses are likely to be

uncertain or unexpected.

Holistic approaches to environmental flow management that

consider and incorporate geomorphic and biogeochemical

processes, as well as spatial and temporal dynamism, will

potentially meet with greater success in increasing biodiversity

and ecosystem services. In many cases, environmental flow

programs fail to achieve expected results due to a singular

focus on flow volumes or quantities, or conversely, a singular

FIGURE 1
A conceptual flow-chain model for Functional Flows in riverine landscapes. The shape of each element reflects the nature of the element (e.g.,
Driver, Function, or Template), and the arrows indicate interactions between the elements.

Frontiers in Environmental Science frontiersin.org04

Yarnell and Thoms 10.3389/fenvs.2022.787216

292

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.787216


focus on habitat restoration under a ‘build it and they will come’

perspective (Horne et al., 2017). Lack of consideration of

interactions between river drivers, such as the flow and

sediment regimes, and functions, like erosion and deposition

or lateral connectivity, can only yield limited results. The two case

studies discussed here demonstrate the importance of

incorporating a biophysical process understanding in

developing environmental flows for riverine landscapes. They

highlight in particular how an increased geomorphological

understanding, as illustrated in our conceptual framework,

improves the functionality of managed flow regimes within

river landscapes.

3 Case study 1: Restoring geomorphic
functionality in floodplains—The
Murrumbidgee River and Yanga
Floodplain, Australia

Floodplains are heterogeneous landscapes shaped by

functions and processes operating at multiple scales.

Heterogeneity is defined as spatial variation in the

environment or landscape (Thoms et al., 2018). For

floodplains, this is represented as the presence and

arrangement of different geomorphological features across the

abiotic template and associated ecosystem responses. Inundation

and the subsequent wetting and drying of different floodplain

geomorphological features is an important driver of floodplain

ecosystems and the general biodiversity of these landscapes

(Thoms, 2003). Hydrological connectivity, established during

overbank flow, facilitates exchange of sediments, nutrients,

carbon, and organisms between the river channel and adjacent

floodplain surfaces (Thoms, 2003; Collins et al., 2005). Wetting

also stimulates a multitude of ecosystem functions, like

vegetation growth, primary production, and nutrient release,

within the various floodplain geomorphological features.

Variations in the pattern of inundation, as a result of

floodplain topographic heterogeneity during overbank events,

creates a dynamic floodplain habitat mosaic that further

promotes an elevated floodplain biodiversity compared to the

surrounding terrestrial landscape (Ward and Stanford, 1995;

Ward et al., 1999; Amoros and Bornette, 2002; Thoms et al.,

2006).

Promoting and sustaining landscape biodiversity is an

emerging strategy for managing the novel and hybrid

landscapes of the Anthropocene (Hobbs et al., 2014). This can

be approached structurally by creating an array of physical

habitat features across a landscape, and/or functionally via

recognizing the interplay between structure, function, and

complex feedbacks, as depicted in Figure 1. Functional

diversity focuses on managing for process diversity in

landscapes and ecosystems. This includes promoting diversity

in the response of a landscape or within an ecosystem to

management actions (Hulvey et al., 2013), such as the

provision of water for floodplains. The idea of ‘Functional

Flows’ represents an important long-term strategy for

floodplains in the Anthropocene, and one that is cognizant of

interactions between floodplain structure and function as well as

the interplay between physical and ecological processes.

Heterogeneity is a feature of floodplain surfaces that

influences diverse functional responses to flooding (Scown

et al., 2016b). For example, floodplain inundation was shown

by Thapa et al. (2016; 2020) to drive vegetation productivity

responses through an adaptive cycle of wetting (r), wet (K),

drying (Ω), and dry (α) phases. Adaptive cycles characterize a

diversity of responses as a cycle comprised of four phases:

exploitation (r), conservation (K), release (Ω), and renewal (α)
(cf. Holling and Gunderson, 2002). The magnitude and duration

of vegetation productivity responses depends not only on the

duration of each phase of the adaptive cycle but also on the

heterogeneity of the floodplain surface—i.e., the more

heterogeneous the floodplain surface, the greater the response

diversity of different vegetation communities (Thapa et al., 2016;

Thapa et al., 2020). Currently, environmental flow allocations to

floodplains largely ignore the importance of floodplain

heterogeneity and its influence on the diversity of functional

responses (Thoms et al., 2020). In this case study, we analyze data

previously collected in the Lower Murrumbidgee River

floodplain, Australia by Shilpakar (2013) and Scown et al.

(2016a, 2016b) to illustrate the importance of floodplain

heterogeneity in influencing the diversity of functional

floodplain responses to hydrological connections (Figure 1)

and highlight the need for understanding the interplay

between physical drivers (e.g., flow regime), abiotic processes

(e.g., erosion, lateral connectivity), abiotic templates (e.g.,

floodplain form), and the diversity of ecosystem responses.

3.1 The lower Murrumbidgee Floodplain

Many Australian river systems are set in unconstrained

valleys with low gradients, and as such are dominated by

extensive floodplains with surface areas up to >10,000 km2

(Thoms and Parsons, 2016). These floodplains are

geomorphologically diverse, containing a suite of physical

features, including billabongs (bodies of standing water on

the floodplain), levees, scrolls, swales, distributary and

anabranch channels, benches, palaeo-channels, cutoffs, and

flat floodplain surfaces. This geomorphological diversity

provides a physical template for a wide variety of animals

and plants that underpin the basis of floodplains as “ecosystem

control points” (cf. Bernhardt et al., 2017). Monetary values

assigned to floodplain ecosystem services—those benefits that

people obtain from intact ecosystems—illustrate their

importance to society. In Australia, the floodplain

landscapes of the Murray-Darling Basin provide an
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estimated $1.87 billion per annum for their various ecosystem

services (Thoms, 2006).

The Yanga National Floodplain Park covers approximately

750 km2 of the lower Murrumbidgee River, SE Australia

(Figure 2). The riverine landscape of the region is

characteristic of the lowland river systems within the

Murray-Darling Basin (Thoms and Sheldon, 2000).

Dominated by a large unconfined floodplain (widths up to

40 km), Yanga National Floodplain Park has sedimentary

and geomorphological features characteristic of C2 type

floodplains (Nanson and Croke, 1992). The lateral instability

of the main channel of the Murrumbidgee River has produced a

mosaic of geomorphic features and a relatively complex

floodplain surface topography. Index of Floodplain Surface

Complexity (FSC) values (Scown et al., 2016a), calculated at

a resolution of 100 m, range from 0.29 to 0.76 (FSC values range

from 0 to 1) for different areas of the Yanga floodplain. FSC is a

function of floodplain topographic (surface height and

curvature) variance and its spatial organization across the

floodplain surface (Scown et al., 2016a).

Inundation of the Yanga floodplain is determined by flows in

the Murrumbidgee River. The flow regime in the Murrumbidgee

River at Maude gauging station just upstream of the Yanga

floodplain is highly variable and unpredictable despite being

controlled by several large headwater dams and low-level weirs

constructed over 60 years ago for water supply. The long-term

(1937–2005) median annual discharge is 16,806 m3 s−1, and

annual discharges range from 1,767 to 75,598 m3 s−1 (NSW

Office of Water, 2009). Water resource development has

reduced the magnitude and frequency of those flood events

with average return interval of up to 1 in 5 years by

30 percent (Wen et al., 2009). Inundation of the Yanga

floodplain occurs when discharges exceed 232 m3 s−1 at the

Maude gauging station (Wen et al., 2009), although

management of water levels in the Redbank Weir pool just

downstream of Yanga can induce inundations at lower

discharges. Gated regulators on some anabranch channels can

also control hydrological connections between the river channel

and floodplain. Overall, the high variability and unpredictability

in river flows in the Murrumbidgee River is inferred to result in a

highly dynamic wetting and drying regime of the adjacent

floodplain.

The Yanga floodplain landscape supports a complex

mosaic of floodplain vegetation communities, which occur

in discrete areas of the floodplain (Shilpakar et al., 2021).

Dominant floodplain vegetation communities include river

red gum (Eucalyptus camaldulensis) forest and woodlands,

black box (Eucalyptus largiflorens) woodlands, lignum

(Muelenbeckia florulenta) dominated shrubland, spikerush

dominated sedgeland, sand hills with sparse vegetation, and

FIGURE 2
The Murrumbidgee River system and Yanga floodplain landscape within the Murray Darling Basin in southeast Australia. Main tributaries and
anabranch channels shown in light blue. Significant water resource infrastructure and the Yanga floodplain (Lat: 34.6172°S; Long: 143.6392°E) are also
shown.
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dillon bush or salt bush shrubland. River red gum

communities cover more than 200 km2 of the Yanga

floodplain landscape. In addition, numerous swamps and

open water lakes provide important habitat for a number of

threatened species of water birds, such as the Australasian

bittern (Botaurus poiciloptilus), black-tailed godwit (Limosa),

blue-billed duck (Oxyura australis), and freckled duck

(Stictonetta naevosa) (Hardwick and Maquire, 2012). This

floodplain also supports internationally important

migratory bird species including the Caspian tern (Sterna

caspia), Latham’s snipe (Gallinago hardwickii), cattle egret

(Ardea ibis), curlew sandpiper (Calidris ferruginea), red-

necked stint (Calidris ruficollis), and the black-tailed godwit

(Limosa) (Maher, 1990; Kingsford and Thomas, 2001;

Hardwick and Maquire, 2012). The Yanga floodplain area

also hosts the state’s largest known population of the highly

endangered southern bell frog (Litoria raniformis) (Wassens

et al., 2008).

3.2 Floodplain environmental flows

The Murray-Darling Basin Plan (2012; Australian

Commonwealth) provides a coordinated approach to water

use across the Murray Darling Basin that balances

environmental, social, and economic considerations by setting

water use to an environmentally sustainable level. Environmental

water is that river water specifically set aside to restore, maintain,

and improve the ecological health of rivers, floodplains, and

wetlands. Australia’s Commonwealth Environmental Water

Holder (CEWH) manages Commonwealth environmental

water, which is one of the strategies by which the Australian

Government seeks to achieve the Plan’s environmental

objectives, of which, floodplain inundation and lateral

connectivity are key outcomes.

Environmental water is managed along the lower

Murrumbidgee floodplain via releases from headwater dams,

water level management through a series of low-level weirs, and

the control of regulators in anabranch channels. Headwater dams

were originally designed for flood control, while low weirs were

constructed as part of water security in drought periods, and in

many places were built to serve irrigation districts (Figure 2).

Both are now an integral part of downstream water resource

management. Water level management at particular discharges

in conjunction with the operation of a number of low-level weirs

enables flows to be directed onto the floodplain. Controlled

diversion flows onto the floodplain can occur at discharges

less than bankfull channel capacity, i.e., less than 232 m3 s−1 at

Maude Weir and 128–232 m3 s−1 at Redbank Weir (Figure 2).

The sole focus of floodplain water management in the study area

is to simply get water onto the floodplain rather than

understanding the diversity of responses that may occur

within the floodplain ecosystem.

3.3 Floodplain inundation

Inundation patterns across the Yanga floodplain have been

studied by Shilpakar (2013) using a series of 34 cloud free satellite

images to track the expansion and contraction of floodwaters.

During three flood events that occurred in 1990, 1991, and 2005,

the total inundated floodplain area and the number of distinct

wet patches were determined for each remotely sensed image.

This enabled the relationship between total wet area and number

of wet patches for each flood event to be examined at two scales:

the entire floodplain and for eight specific sub-areas of the

floodplain with different FSC values. These eight floodplain

areas correspond with distinct vegetation communities or

vegetation patch types (Shilpakar et al., 2021). This allowed

for not only the spatial character of floodplain inundation to

be examined during individual flood events but also the

association of this spatial character to the complexity of the

floodplain surface.

Relationships between floodplain inundated area and the

number of wet patches exhibited anticlockwise hysteresis for

each flood event in Yanga National Floodplain Park

(Shilpakar, 2013; Figure 3A). Thus, the number of wet

patches for the same inundated area during the contraction

of floodwaters or drying phase of each flood was greater than

the expansion of floodwaters or wetting phase. For example, an

inundated area of 10,000 ha associated with flood one was

associated with >400 wet patches during the contraction or

drying phase compared to <100 wet patches during the wetting
or expansion phase (Figure 3A). This anticlockwise hysteresis

relationship indicates fragmentation of the inundated

floodplain during the contraction of floodwaters or drying

of the floodplain landscape. Fragmentation of the inundated

floodplain landscape promotes an enhanced heterogeneity of

surface water resources with wet patches differing in size,

shape, and duration of persistence (Shilpakar et al.,

Forthcoming 2022).

Similar inundation patterns were recorded among the

different floodplain vegetation communities. At this smaller

scale, three different relationships were observed between total

inundated area and number of wet patches (Table 2). These were

a simple linear relationship (L) between inundated area and the

number of wet patches, an anti-clockwise (AC) hysteresis

relationship, and a complex (Cx) relationship where there was

an initial clockwise hysteresis followed by an anticlockwise

hysteresis relationship. For the Cx relationship, wet patches

were more abundant during the contraction of floodwaters

from the floodplain. Overall, anti-clockwise hysteresis patterns

were the dominant inundation pattern (n = 15 of the

22 vegetation community landscape inundation sequences),

followed by complex patterns (n = 5), and then simple linear

relationships (n = 2) (Table 2).

A strong positive linear relationship between degree of

hysteresis and floodplain surface complexity—FSC—is evident
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for the Yanga floodplain (Figure 3B). The degree of hysteresis

is a relative measure of fragmentation of floodplain inundation

and is determined via normalizing the axes of the total

floodplain inundated area to number of wet patches

relationship, thus values range from 0 (no fragmentation)

to 1 (maximum fragmentation of floodwaters). The positive

linear relationship found for the Yanga floodplain suggests

those surfaces with a greater inundation heterogeneity

experience an enhanced diversity of wet patches or

available surface water resources. Given the flow regime is a

driver of floodplain process, a diversity of ecosystem responses

would be expected. Moreover, enhancing the response to

floodplain inundation (i.e., increasing the diversity of wet

patches) can be achieved by directing environmental flows

to those areas of the floodplain that have a more complex

topography.

3.4 Ecosystem response to floodplain
inundation

Patterns of vegetation productivity in response to inundation

were examined for Yanga Floodplain using the same remotely

sensing data used to determine inundation patterns (Shilpakar,

2013). For each remotely sensed image, the Normalized

Difference Vegetation Index (NDVI) was calculated. NDVI

measures vegetation greenness, which is related to the ability

of vegetation to absorb photosynthetically active radiation and is

a surrogate for vegetation vigour (Turner et al., 2003). For the

Yanga Floodplain study, NDVI was used to examine patterns of

vegetation productivity at the same two scales as patterns of

inundation were investigated.

Significant differences in the NDVI response were recorded

between the inundated and non-inundated sections of the Yanga

FIGURE 3
Inundation patterns for the Yanga Floodplain. (A) Relationship between total inundated floodplain area (hectares) and number of wet patches
for the three flood events. Arrows indicate the consecutive images by image captured date (modified from Shilpakar, 2013). (B) Fragmentation of the
inundated floodplain and floodplain surface complexity for the Yanga floodplain.

TABLE 2 Inundation patterns observed within vegetation community landscapes.

Vegetation community Flood one Flood two Flood three

Spikerush dominated sedgeland AC Cx AC

River red gum with spikerush AC AC AC

River red gum tall gallery forest AC Cx Cx

River red gum with lignum AC AC AC

River red gum with grass AC Cx Cx

Lignum dominated shrubland AC AC n/a

Black box with lignum AC L L

Black box grass AC Cx n/a

Key: L: linear, AC: Anti-clockwise, Cx: Complex, n/a: not applicable–not inundated.
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floodplain. Overall, the inundated floodplain had higher NDVI

values compared to the non-inundated floodplain. The mean

NDVI value of the inundated floodplain was 0.54 (range:

0.40–0.72) compared to a mean of 0.31 (range: 0.22–0.60) for

the non-inundated floodplain (Figure 4). Differences in NDVI

were also recorded between flood events for the inundated

FIGURE 4
Floodplain vegetation (NDVI) response to surface water inundation during three flood events in the (A) inundated floodplain, and (B) non-
inundated floodplain. The boxwhisker diagrams provide the inter-quartile range, mean andmedian values as well as the 2.5 and 97.5 percentiles. The
first image of each sequence is the pre-flood condition, and the arrows indicate the commencement of floodplain inundation (modified from
Shilpakar, 2013).
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section of floodplain. Mean NDVI for the inundated floodplain

of flood three was 0.60 (range: 0.46–0.72), which was slightly

higher than the mean of 0.51 recorded for both flood one (range:

0.40–0.58) and flood two (range: 0.45–0.55) (Figure 4). Thus,

inundation enhances the vigour of floodplain vegetation

productivity, and the response to inundation does vary

between floods.

Distinct temporal response patterns in NDVI were recorded

for the inundated floodplain (Figure 4A). During flood one, the

inundated floodplain had an average NDVI of 0.48 before

inundation (April 1990 image). NDVI subsequently

decreased to 0.40 immediately after inundation (September

1990) and then peaked at a mean of 0.58 the following

month (October 1990). Following the peak, NDVI values

gradually declined to a minimum of 0.50 by February 1991.

A similar NDVI pattern occurred during flood two (Figure 4A).

Prior to floodplain inundation (May 1991), a mean NDVI of

0.53 was recorded, which reduced to 0.45 immediately

following inundation (October 1991) and then increased to

0.51 by January 1992 where it remained at this level until April

1992 (Figure 4A). During flood three, the mean NDVI increased

from 0.49 before inundation (April 2005) to 0.53 immediately

after inundation (October 2005). NDVI then gradually

increased to a peak NDVI of 0.72 by February 2006,

4 months after initial inundation (Figure 4A). Following this

peak, mean NDVI gradually declined to 0.46 by October 2006.

The total increase in mean NDVI following inundation was

greater for flood three than floods one and two, but the inter-

quartile range indicates there was less variation in NDVI across

the inundated floodplain for flood three than for flood one and

flood two. By comparison NDVI values for the non-inundated

floodplain for the same flood events were not only markedly

lower, but also there was no notable NDVI temporal response

pattern (Figure 4B). On average, mean NDVI values were

0.25 lower for flood one, 0.33 for flood two, and 0.31 for

flood three across the non-inundated floodplain compared to

the inundated floodplain.

Differences in the NDVI responses of the eight vegetation

communities also occurred, and these variations were related to

the topographic complexity (i.e., FSC values) associated with

each vegetation community (Table 3). The river red gum gallery

forest (FSC = 0.79) had a higher NDVI response (mean = 0.61;

range: 0.51–0.72 for the three floods) than all other floodplain

vegetation communities. In contrast, lignum dominated

shrubland (FSC = 0.29) exhibited the lowest NDVI response

among the eight vegetation communities (mean = 0.32; range:

0.28–0.60). Most of the floodplain vegetation communities

recorded a relatively higher NDVI response during flood three.

3.5 Functional flows in the floodplain

The science of environmental water management has

increased exponentially over the last several decades.

However, this knowledge is skewed towards research on

environmental flows within river channel environments or the

riverscape (Horne et al., 2017). Floodplains are a significant

feature of riverine landscapes; current estimates suggest

floodplains occupy >3.14 × 106 km2 of the global land surface

(Tockner and Stanford, 2002; Thoms and Parsons, 2016), yet

TABLE 3 Floodplain vegetation response to inundation. The mean and range of NDVI values (ranges are in italics) for each vegetation community
during the three flood events are provided.

Vegetation community FSC Flood one Flood two Flood three

Spikerush dominated sedgeland 0.52 0.61 0.55 0.68

0.51–0.79 0.51–0.72 0.66–0.84

River red gum with spikerush 0.62 0.58 0.54 0.66

0.44–0.60 0.50–0.55 0.61–0.69

River red gum tall gallery forest 0.79 0.57 0.55 0.60

0.49–0.59 0.50–0.61 0.48–0.66

River red gum with lignum 0.72 0.57 0.53 0.59

0.51–0.61 0.50–0.63 0.52–0.68

River red gum with grass 0.58 0.54 0.51 0.58

0.51–0.58 0.47–0.61 0.48–0.70

Lignum dominated shrubland 0.29 0.42 0.45 0.52

0.25–0.58 0.39–0.48 0.49–0.58

Black box with lignum 0.39 0.34 0.34 0.39

0.18–0.43 0.22–0.48 0.23–0.51

Black box grass 0.46 0.22 0.31 0.42

0.05–0.31 0.08–0.34 0.18–0.41

Key: FSC, Floodplain surface complexity.
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efforts to understand floodplain environmental flows and their

functional responses to environmental watering is limited.

Environmental flows are increasingly being used to restore

degraded floodplain vegetation; however, the type of flow

regime required for recovery to healthy conditions has varied

because of limited knowledge of the interactions between flow,

floodplain topography, the state of vegetation, and vegetation

responses to flow variability (Campbell et al., 2021). This case

study of the Yanga Floodplain, Australia, highlights the

importance of floodplain geomorphology, and specifically, the

importance of the complexity of the floodplain surface in

providing the template upon which the diversity of ecosystem

responses is set. Sustainable floodplain management focused on

functional responses and promoting diversity of functional

responses is an alternative to current environmental flow

management of floodplains. This case study also emphasizes

the importance of understanding the interplay and influence of

geomorphology on floodplain ecosystem responses (Figure 1).

Unpacking these relationships will improve upon the current

focus of simply getting water onto floodplains. For the Yanga

Floodplain, coordinating in-channel water levels with strategic

management of the gated regulators can direct flows to those

floodplain areas with a greater surface complexity thus enhancing

ecosystem response.

4 Case study 2: Restoring
geomorphic functionality in River
channels—The Trinity River,
United States

Hydrogeomorphic and ecological processes in the

riverine landscape are not only influenced by active

floodplains but also by the balance between the sediment

supplied from the watershed and the ability of the river to

move the sediment (Lane, 1955). In semi-confined and

confined river systems, flow and sediment regimes are

tightly coupled creating a variety of channel patterns and

forms driven primarily by abiotic processes dictated by the

geology and climate of the watershed (Figure 1). As sediment

supplies flux with varying flow regimes over time and space,

erosion and deposition processes create a diversity of channel

habitats that support diverse aquatic communities (Yarnell

et al., 2015). In particular, the relationship between sediment

supply and flow transport capacity has been shown to be a

key factor in determining channel patterns (Wohl et al.,

2015), with low supply:capacity ratios creating incised

straight channels and high supply:capacity ratios creating

braided channels (Montgomery and Buffington, 1997;

Kondolf et al., 2002). Although the full range of channel

patterns from straight to meandering to braided can be found

throughout natural river systems (Schumm, 1985),

infrastructure and development, particularly dams, can

drastically alter the relationship between sediment supply

and flow transport capacity, in turn altering the river

template and channel form.

Among other impacts such as altered flow regimes, dams

retain coarse sediment, altering the sediment regime and

associated supply:capacity ratio downstream (Church, 1995;

Kondolf, 1997; Petts and Gurnell, 2013). Elimination of bed

material inputs downstream from dams has been shown to

lead to channel incision, coarsening of the streambed,

decreased bed mobility, and a loss of topographic and

habitat diversity (Lisle et al., 1993; Grams et al., 2007).

Efforts to improve stream habitat conditions downstream

of dams have traditionally focused on setting flow volumes

via environmental flows or channel habitat restoration actions

such as channel bar creation (Horne et al., 2017); however,

consideration of the interactions between flow and sediment

regimes and the resulting river functions and processes is

needed to effectively manage and improve river ecosystems

below dams. In this case study, we summarize and discuss

studies completed over the past several decades on the Trinity

River in California, United States to illustrate the importance

of river drivers, specifically the interactions between flow and

sediment, in influencing the diversity of functional responses

to abiotic processes (Figure 1) and highlight the need for

understanding the interplay between physical drivers, abiotic

processes, channel form and aquatic habitat, and species

responses.

4.1 The Trinity River

Like many dammed rivers, the Trinity River has

experienced long-term channel degradation, loss of habitat

heterogeneity, and associated declines in native fish

populations downstream of the Lewiston Dam and

reservoir. The Trinity River (drainage area of 7,679 km2)

is representative of many Mediterranean-montane

watersheds with an average annual precipitation of

900–1,900 mm and a highly seasonal mixed rain-snowmelt

flow regime (Buffington et al., 2014) (Figure 5). Large winter

storms provide high streamflow from October to March, and

snowmelt from higher elevations creates a spring snowmelt

recession between April and June. Baseflow is sustained

through the dry summer months of July-September by

receding snowmelt and shallow subsurface flow

contributions until precipitation returns the following

autumn providing increased streamflow. Much of the

gravel-bedded river is partially confined, exhibiting a

mixture of alluvial and bedrock-controlled channel

morphologies with alluvial forms increasing in the

downstream direction (Buffington et al., 2014).

Built in 1962, Lewiston Dam and Trinity Dam (located

13 km upstream) currently divert up to 50% of total inflow for
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agriculture and community water supply uses (decreased from

diversions of up to 90% during the first decade following

construction) and block virtually 100% of the natural

sediment supply to downstream reaches (Kondolf and

Minear, 2004). Monthly mean flows prior to the dams were

typically 4–115 m3 s−1, with annual peak flows of

140–1,100 m3 s−1 and as high as 2,100 m3 s−1; however,

following installation of the dams, monthly mean flows

ranged from 4 to 15 m3 s−1 and annual peak flows were

reduced to less than 100 m3 s−1, with a high flow event of

~354 m3 s−1 in 1963 and a high flow event of 408 m3 s−1 in

1974 (Nelson et al., 1987; Kondolf and Minear, 2004).

Elimination of the bed material inputs downstream from the

dams resulted in channel armor, incision, and riparian

encroachment, and drastically changed the riverine habitat

with subsequent effects on native fish populations, including

several runs of salmon (chinook salmon (Oncorhynchus

tshawytscha), coho salmon (Oncorhynchus kisutch), and

steelhead trout (Oncorhynchus mykiss)) that no longer can

access stream habitat upstream of the dams. By 1980, 80%–

90% of salmonid spawning and rearing habitat in the

downstream reaches was lost, and salmon returns had

decreased by 85% (Nelson et al., 1987; USFWS and HVT

(U.S. Fish and Wildlife Service and Hoopa Valley Tribes),

1999).

4.2 Channel restoration activities

A project report by Kondolf and Minear (2004) provides a

detailed history of restoration activities in late 20th century.

Beginning in the mid-1970s, the loss of gravel and coarse

sediment suitable for salmonid spawning was noted as a key

factor in reduced salmonid populations, and efforts were made to

improve spawning habitat in the stream reach immediately below

Lewiston dam. Given the confined nature of the channel and the

presence of the Lewiston fish hatchery in the adjacent channel

floodplain, gravel augmentation in the form of artificial riffles

was utilized to improve spawning habitat. The artificial riffles

were comprised of suitably sized spawning gravel fixed into

place with lines of boulders or “weirs” lateral to the channel to

prevent erosion of the riffle gravel. A series of seven riffles was

constructed immediately below the dam in 1976, and another

eight riffles were added in 1977 in the next reach downstream,

for a total of about 16,820 m3 of gravel augmentation within

the river. Following high flow events of approximately

241 m3 s−1 in 1983 and 176 m3 s−1 in 1984, the riffles were

visibly degraded through loss of gravel and damage to the

boulder weirs. The riffles were ‘ripped’ or scarified and

replenished with approximately 1,530 m3 of new gravel

following each event. Additional high flow events in

1995–1998 (170–198 m3 s−1) spurred further repair and

FIGURE 5
Geography and hydrology of the Trinity River. (A) Watershed location in California, United States (Lat: 40.7249°N; Long: 122.7961°W). (B)
Unimpaired hydrograph upstream of Lewiston and Trinity Dams. Map fromUSGS; flow data fromUSGS gage 11523200 (https://nwis.waterdata.usgs.
gov/ca/nwis/); “Median daily statistic” is the average daily flow over the period of record (1953–2021).
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gravel augmentation to the riffles in 1999–2001. The majority

of these gravel augmentation efforts were poorly documented

with no monitoring or evaluation of effectiveness, particularly

in regard to salmonid use. Rather, riffle repair and gravel

additions occurred ad hoc after high flow events had visibly

washed a significant portion of gravel downstream. Field

surveys in 2004 showed many of the riffle structures were

intact, but some had degraded or shifted, and the large boulder

weirs intended to stabilize the riffles had shifted or were

missing in several locations. When compared with other

spawning riffle construction projects in the upper

Sacramento, Merced, Tuolumne, and Stanislaus Rivers in

northern California completed during the same era,

Kondolf and Minear (2004) found that the Trinity River

artificial riffle gravels were similarly washed through the

downstream river reaches in 1–4 years following high flow

events, indicating a pattern of long-term sediment deficit and

channel degradation. Although well-intended, these early

gravel augmentation efforts were largely unsuccessful in

improving fish habitat conditions and fish populations

remained in peril.

In 2000, efforts to improve fisheries habitat and riverine

conditions in the Trinity River were organized into the Trinity

River Restoration Program (TRRP) under a “Record of

Decision” by the US Department of the Interior (https://

www.trrp.net/program-structure/background/rod/). Despite

FIGURE 6
(A)Map of the Trinity River between Lewiston Dam and the North Fork Trinity River where restoration activities have been focused since 2004.
Gravel augmentation efforts have been focused in the boxed portion of the river, which is shown in greater detail in Figure 5. Reproduced from
(Gaeuman, 2020). (B) Example of environmental flow regime and flow-related objectives proposed for “wet”water year types under the Trinity River
Restoration Program. Reproduced from (TRRP, 2009).

Frontiers in Environmental Science frontiersin.org13

Yarnell and Thoms 10.3389/fenvs.2022.787216

301

https://www.trrp.net/program-structure/background/rod/
https://www.trrp.net/program-structure/background/rod/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.787216


some early legal challenges, the TRRP was approved and

underway by 2004 with a defined restoration strategy that

included a variable environmental flow regime designed to

mimic more natural flows in spring, treatment of the stream

channel with mechanical channel rehabilitation to reshape the

channel form to “establish physical processes that will create

and maintain fish habitat”, gravel augmentation to increase

the supply of spawning gravels below Lewiston Dam,

watershed restoration actions to reduce fine sediment

inputs to the river, modifications of structures in the

FIGURE 7
(A)Map of the Trinity River between Lewiston Dam and the Trinity River stream gage at Douglas City. Red triangles point to gravel augmentation
locations; red stars labelled TRAL, TRGVC, TRLG, and TRDC indicate sediment monitoring locations. Reproduced from (Gaeuman, 2020). (B)
Cumulative changes in gravel storage by sediment budget cells located between sediment monitoring locations (TRAL, TRGVC, TRLC, TRDC) for
Water Years 2004–2015 with zero budget balance assigned to Water Year 2003. Reproduced from (Gaeuman and Stewart, 2017).
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floodplain to allow high peak flow events, and an adaptive

assessment and monitoring program with environmental

compliance and mitigation (www.trrp.net/program-

structure/backgroun/rod/). Over the next 10 years, an

extensive series of studies, analysis, and discussions were

completed to develop conceptual models for the ecology of

the Trinity River, determine flow, sediment, and channel

morphology needs to improve instream habitat, conduct

restoration actions, and evaluate initial results.

Efforts have been focused in the “restoration reach” from

the Lewiston Dam to the confluence of the North Fork Trinity

River 40 miles (64.4 km) downstream, at which point flow

and sediment inputs from tributaries substantially improve

river habitat conditions (Buffington et al., 2014) (Figure 6A).

Beginning in 2005, a new environmental flow regime was

initiated that focused on increased flow variability during

spring to provide several different ecological and geomorphic

functions specific to salmon life history requirements

(Figure 6B). The environmental flow regime was paired

with channel rehabilitation actions that included targeted

side channel habitat expansion and gravel augmentation via

high-flow injection, where gravel is added to the river during

high-flow events that are capable of transporting and

redistributing the sediment. Collectively, these efforts were

intended to not just create fish habitat and channel forms, but

to achieve the program goals of supporting geomorphic

processes that create a diversity of habitats that exhibit

spatial and temporal variability in suitability for various

fish life stages (Buffington et al., 2014).

4.3 Channel sediment augmentation
activities

The sediment management program (a sub-group of the

TRRP) in particular focused on short- and long-term gravel

augmentations to restore and maintain substrate mobility

and aquatic habitat quality downstream of Lewiston Dam

(Buffington et al., 2014; Gaeuman, 2014). Gravel supplies

were augmented in the upper portion of the restoration reach

extending from Lewiston Dam to Indian Creek, located

16.4 river miles (26.4 km) downstream (Figure 7A)

primarily using high-flow injection methods. During

planned high flow releases, gravels of suitable spawning

size were dumped into high velocity zones such as the

outside of river bends or channel constrictions (for

additional details on the augmentation methods, see

Gaeuman, 2014). Similar to water year type variations in

the annual flow release hydrographs, prescriptions for gravel

augmentation varied by water year type, with little or no

gravel additions in drier years and large or extremely large

augmentation quantities in wetter years (Gaeuman, 2014).

Augmentations were conducted almost annually from

2004–2015 with volumes ranging from 1,055 to 9,490 m3,

with the largest injections occurring during wet years from

2008 to 2011 (Gaeuman and Stewart, 2017). This monitoring

of coarse sediment transport indicated bedload actively

moved through the reach during each high flow event,

with higher magnitude flows typically exhibiting higher

transport rates. Moderate flows largely increased local

gravel storage and dynamically built bedforms and bars

near injection sites, while higher flows mobilized and

transported coarse material further downstream

(Buffington et al., 2014). For example, following the

340 m3 s−1 high flow event in 2011, monitoring during and

after the event showed a net transport out of the study

reach and reach-scale erosion in the downstream reaches

indicating gravel loads about 4.5 times larger than the

quantity of gravel injected upstream (Gaeuman, 2014).

Gravel budget calculations from 2003 to 2015 showed that

gravel storage continued to increase over time in all but the

most downstream monitoring reach (Figure 7B); however,

year to year variability in gravel transport relative to high

flow magnitudes illustrate the vulnerability of features

created by deposition of gravel injected during moderate

flow events to erosion by larger flow events (Gaeuman and

Stewart 2017).

Monitoring results from continued gravel augmentations

in 2016–2019 supported previous findings that moderate flow

events (e.g., 269 m3 s−1 in 2016, 255 m3 s−1 in 2019) deposited

injected gravel in dynamically formed channel features close to

injection sites, while higher flow events (e.g., 340 m3 s−1 in

2017; 309 m3 s−1 in 2019) eroded these features and

transported sediment further downstream (Gaeuman, 2020).

As a result, restoration goals of supporting dynamic

geomorphic processes that create diverse habitats

throughout the study reach have only been partially met.

Specifically, geomorphic responses have been limited in

some areas, such as immediately below the dam, due to the

presence of confined banks and bedrock boundaries that

make the river less alluvial and responsive than originally

hypothesized (Buffington et al., 2014). The straight confined

nature of the channel and lack of velocity reversals or

fluctuations in channel width results in high shear stresses

at moderate and high flows that limit self-sustaining features

(Brown and Pasternack, 2008). Thus, recommendations

within the adaptive management framework of the

TRRP include implementing and testing dynamic

rehabilitation designs (such as gravel augmentation and

lateral widening) in predominantly alluvial reaches, but

employing static designs in constrained and semi-alluvial

reaches where habitat enhancement is desired but cannot be

achieved due to a lack of dynamic condition (Buffington et al.,

2014).
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4.4 Ecosystem response to channel
restoration

The success of the sediment management programwithin the

TRRP with respect to improving fish rearing and spawning

habitat and associated fish response has been mixed according

to several recent follow-up studies. The channel rehabilitation

and gravel augmentation projects generally increased juvenile

rearing habitat availability at baseflow (summer = 12.7 m3 s−1;

winter = 8.5 m3 s−1) over time for coho (Oncorhynchus kisutch)

and Chinook salmon (O. tshawytscha) (Buffington et al., 2014;

Boyce et al., 2020). However, returns (escapement) of Chinook

salmon from 2002 to 2017 did not meet restoration program

goals, and there was not a significant change in the abundance of

Chinook salmon redds over the same period (Gough et al., 2019;

Boyce et al., 2020). Given the number of confounding factors and

stresses that adult salmon face during their life cycle, data has

been insufficient thus far to determine if juvenile rearing habitat

is the key limiting factor for adult survival and associated

population size in the Trinity River.

Despite a lack of relationship between channel habitat

improvements and fish population size, the creation and

maintenance of in-channel habitat features such as gravel bars

from the environmental flow regime, gravel augmentation, and

channel rehabilitation efforts has had notable effects on the

aquatic habitat in the Trinity River in general. Ock et al.

(2015) found that gravel bars resulting from the gravel

augmentations increased channel complexity, promoted

hyporheic flows, and increased suspended particulate organic

matter retention, ultimately resulting in thermal heterogeneity

and food availability along the gravel bar and channel. These

conditions can lead to rapid colonization of macroinvertebrate

species which benefit other aquatic species in addition to fish

(Merz and Ochikubo Chan, 2005). While these ecological

benefits can be transitory if the gravel bars and in-channel

structures are washed away in subsequent high flow years

without ongoing gravel replenishment, a diversity of design

approaches to maintaining habitats will promote species

resilience to changing environmental conditions (Buffington

et al., 2014). For example, varying the locations of gravel

augmentations from year to year would promote local

geomorphic change and increase gravel dispersion, increasing

habitat benefits over longer stretches of the river and reducing the

risk of local habitat simplification associated with the oversupply

of gravel to a small area (Gaeuman, 2020). Similarly, focusing

dynamic restoration efforts in alluvial reaches that respond

quickly to changes in flow and sediment regimes could better

support the ecological and geomorphic functions that promote

diverse habitat conditions over time.

4.5 Functional flows in the Trinity River

The Trinity River case study highlights the importance of

understanding not only interactions between the flow and

sediment regimes, but also the various river dependent

functions that create the abiotic channel forms and biotic

community structure (Figure 1). In confined or incised

reaches where erosion and deposition processes are limited

due to a lack of sediment supply from upstream and lack of

access to the floodplain as a local sediment source, the channel

form becomes static, homogeneous, and lacking in spatial

heterogeneity. The lack of abiotic functionality results in an

inability for the channel form and community structure to

flux over time or space, decreasing complexity in the river

templates, and limiting diverse ecosystem responses

(Figure 1). When sediment supplies were augmented in the

confined reaches of the Trinity River allowing for erosion and

re-deposition of sediment into gravel bars, instream channel

heterogeneity increased and aquatic communities responded

(Ock et al., 2015). However, without on-going sediment

augmentation supporting the sediment regime, which requires

continued funding and available gravel, this abiotic functionality

will decrease over time and space.

In the semi-confined reaches of the Trinity River where

access to side-channels and available floodplain is possible,

local sediment sources become available for mobilization and

redistribution by varying flows, resulting in increased

geomorphic heterogeneity. As discussed in the Yanga

Floodplain case study, but on a smaller scale, increased

geomorphic heterogeneity within the channel and adjacent

overbank areas allows for increased complexity in ecosystem

responses when flows can access such areas. Activities such as

channel reconfiguration or targeted floodplain restoration that

promote self-sustaining abiotic processes in these less

confined reaches will increase the overall functionality and

resilience within the river system. However, if the

environmental flow regime remains focused on the spring

flow component (Figure 6) without consideration of larger

winter flood flows that access the available floodplain, promote

deep scour, and generate riparian succession, greater

functionality within the river system will be limited. Within

the TRRP, expanding the defined measures of success beyond

fish population size to include geomorphic heterogeneity,

diversity in community structure and water quality

conditions, and the degree to which these templates flux

over time and space, will allow for a more comprehensive

understanding of whether management actions taken to

promote river functionality have increased ecosystem

responses and associated species diversity.
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5 The importance of biophysical
process understanding in the
application of functional flows for
enhancing resilience in
Anthropocene Rivers

The concept of resilience and its application to the

management of riverine landscapes been developing over

the last decade (Thoms et al., 2018; Pingram et al., 2019).

Resilience relates to the ability to persist in the face of gradual

and abrupt change and the ability to transform or adapt along

new development pathways (Parsons and Thoms, 2018). The

classic definition of Holling (1978) defines resilience as the

amount of change a system can undergo (its capacity to

absorb disturbance) and remain within the same

regime—essentially retaining the same function, structure,

and feedbacks. The concept of resilience also comprises other

components that describe the dynamics of riverine

landscapes and their associated ecosystems: multiple

“basins of attractions” or system states, regime shifts,

thresholds and tipping points, fast and slow variables, and

adaptive cycles (Thoms et al., 2018). Much of the empirical

basis of resilience is generated from studies of these

components.

In dynamic systems, changes in a driver variable (cf. Figure 1)

can lead to changes that create feedbacks to the original variable

(Scheffer, 2009). Feedbacks can amplify (positive feedbacks) or

dampen (negative feedbacks). Slow variables, such as changes

initiated by changes in climate, land use, or flow and sediment

regimes, influence river system dynamics over decades. Fast

variables respond quickly at daily, seasonal, or annual time

scales. For example, in the case of the Trinity River,

installation of the dams blocked sediment supply to

downstream reaches, fundamentally changing the sediment

regime over the course of decades and resulting in channel

incision and armored substrate to which native fish responded

negatively over time. Controlling variables set bounds on the

possible configurations of a river system, such that resilient

systems are able to absorb disturbances and maintain

structure, function, and feedbacks, and therefore are able to

remain in the same state (Biggs et al., 2015). As shown in the

Yanga Floodplain, surface topography is a controlling variable of

floodplain heterogeneity. It influences not only the distribution of

inundated floodwaters, and ultimately the diversity of soil

moisture conditions across the floodplain, but also vegetation

growth and rigor (Thapa et al., 2016). Changes in surface

topography have occurred across the Yanga Floodplain

through land clearance (Scown et al., 2016b). This change in

floodplain heterogeneity may represent a trigger to a different

state or basin of attraction that influences the longer-term

stability of floodplain ecosystems (Thoms and Parsons, 2016).

If a river system becomes unable to absorb or adapt to

disturbances, a threshold (or tipping point) may be reached

and crossed. When systems are close to a tipping point,

disturbances that a river ecosystem was once able to absorb

may now push it over a tipping point to an alternative state, with

a different structure, function, and feedbacks (Scheffer, 2009).

This flip into a new “basin of attraction” or system state is

irreversible and associated with a decrease in system productivity.

Moreover, it has been hypothesized that once a system flips into a

new state or basin of attraction, the potential for further flips

increases (Scheffer, 2009). Recent research along the Illinois

River (IL, United States) showed that once degraded by

pollution from the Chicago metropolis, the river did not

recover to its Pre-Settlement state following major watershed

wide restoration efforts (DeBoer et al., 2019; DeBoer et al., 2020).

Rather, the Illinois River showed “novel” unexpected responses,

some of which suggest a reduction in its capacity to absorb future

disturbances.

Many argue riverine landscapes have flipped into a new

system state during the Anthropocene (e.g., Kelly et al., 2018).

Less than 37% of rivers longer than 1,000 km remain free flowing,

and only 23 percent flow uninterrupted to oceans because of

dams and reservoirs (Grill et al., 2019). Humans have also

extensively modified riverine landscapes through land uses

and other activities (Vitousek et al., 1997). These pronounced

and persistent modifications have resulted in human induced

regime shifts. Thus, establishing different strategies for the

restoration and management of Anthropocene riverine

landscapes needs to occur because those based on our

understanding of pristine systems are often not applicable.

Understanding the response of Anthropocene riverine

landscapes to both future “natural” disturbances and human

management actions is challenging, in part because research has

been limited to date; however, The application of a functional

flows approach provides an excellent example for managing

regulated rivers in the Anthropocene.

The integration of a Functional Flows approach and

resilience thinking provides a pathway forward for managing

regulated rivers in the Anthropocene. First, the conceptual

framework for Functional Flows outlined in Figure 1

highlights an interdisciplinary approach that recognizes the

structure, function, and interactions in and between the

physical, chemical, and biological domains of riverine

landscapes in both time and space. Reinstating the

functionality of flows over time, i.e., flow variability (Poff

et al., 1997; Naiman et al., 2008), is a central tenet and focus

of most environmental flow programs. While beneficial, a focus

on flow variability alone ignores the spatial component of flow

regime changes, their interacting processes, and their ecosystem

responses. A Functional Flows approach explicitly incorporates

a spatial component, i.e., the flows needed to support
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functionality in space and the heterogeneity of functions.

Combining temporal variability and spatial heterogeneity in

the management of riverine landscapes creates a dynamic

habitat mosaic across both the riverscape and floodscape

(Yarnell et al., 2015). A dynamic habitat mosaic is the

product of flow interacting with multiple biophysical

templates (Figure 1). The substantial changes in the mosaic

of floodplain wet patches occurring over time in the Yanga

floodplain (Section 3 above) was the product of flow changes

interacting with the heterogeneity of the floodplain surface

topography. Further, a Functional Flows approach, like other

holistic environmental flow frameworks (e.g., Poff et al., 2010),

explicitly incorporates the importance of hydrological,

geomorphological, and ecological processes and their

interactions. While acknowledging flow as an important

driver of river ecosystems and management strategy in

regulated rivers, it is not the only driver that influences

ecosystem functionality across riverine landscapes (Figure 1). The

interplay between flow and sediment regimes are particularly

important in confined and semi-confined river systems, such as

the Trinity River, where alterations to the relationship between

sediment supply and flow transport capacity from dams or other

infrastructure development can drastically alter channel conditions

beyond what is required by native aquatic species (Section 4 above).

Understanding the interrelated functional processes that create a

dynamic habitatmosaic in floodplains and support diverse habitat in

channels can lead tomore efficient flowmanagement with improved

ecosystem outcomes, thereby moving beyond just attempting to

reinstate a more natural flow regime.

Second, the future resilience of riverine landscapes means

maintaining capacity to absorb and adapt to drivers of change or

disturbances, while remaining in essentially the same regime that

retains the same function, structure, and feedbacks. The focus of

flow management in the Anthropocene would be to prevent

further flips into other less productive states, regimes, or

basins of attractions. Theoretically, such focus would aim to

increase diversity and redundancy in the structure, function,

and interactions occurring within the riverine landscape, thus

enhancing the system’s adaptive capacity or ability to absorb

disturbances and retain the same structure, function, and set of

interactions. The aim of a Functional Flows approach is to

promote dynamic riverine landscapes over space and time,

thus enhancing high biodiversity and the processes for self-

rehabilitation. Resilience in the face of future disturbances such as

climate change can only be achieved when rivers are dynamic,

variable, and have the ability to naturally adjust. Maximizing

functionality enhances the adaptive capacity of riverine

landscapes, thereby promoting resilience, according to our

understanding of river processes (cf. Figure 1). Dynamic

interactions are linked across flow, sediment, and

biogeochemical regimes. If these linkages are supported and

maintained, the system has the ability to respond to changing

conditions. Our current state of knowledge suggests this can be

achieved by looking at river processes and functions holistically,

and working to restore the functionality of flow regimes.

6 Conclusion

In highly modified riverine landscapes—Anthropocene

systems—environmental flows should consider physical and

ecological processes (the basis for functioning river systems)

and embrace channel dynamism to better support riverine health

and biodiversity. Although other factors such as water quality

and non-native species interactions may also limit ecosystem

functioning, dynamic flow and sediment interactions are the core

physical processes central to the interconnected river web, as

demonstrated here in the Yanga floodplain and Trinity River case

studies. Environmental flow efforts that do not include

consideration of geomorphic processes may be effective, but

not achieve the full functionality that riverine landscapes and

their associated ecosystems require.

A Functional Flows approach to managing rivers in the

Anthropocene challenges current environmental flow

paradigms. The approach emphasizes the need to understand

how flows and other biophysical processes function over time

and space within riverine landscapes. Knowledge of these

complex interactions is critical in order to maintain future

adaptive capacity, which is a key part of resilience. Adaptive

capacity is promoted by inherent redundancies within complex

systems; redundancies that are essential for the biodiversity of

riverine landscapes and their ability to absorb future

disturbances. Identifying and promoting redundancies in river

functions, templates, and species responders are key objectives to

increasing resilience under a Functional Flows approach

(Figure 1), all of which requires a biophysical process

understanding of riverine landscapes.

An important goal for water managers and environmental

flow programs is to ensure Anthropocene rivers remain resilient

and limit transitions to new unintended, less productive, future

states. Focusing on the full functionality of flows within riverine

landscapes can achieve this. Environmental flow science has

largely been the domain of freshwater ecologists who have in

the past emphasized the importance of mimicking the natural

flow regime (e.g., Poff et al., 1997; Palmer and Ruhi, 2019). This

singular focus, while important, is limited and limiting. An

understanding of fluvial geomorphology allows for greater

emphasis on abiotic processes and sediment dynamics over

space and time that directly relate to ecosystem responses.

Similarly, incorporating an understanding of biogeochemical

processes is important in Anthropocene rivers with degraded

water quality. A Functional Flows approach to environmental

flow management takes a holistic perspective towards restoring

processes and functions that confer heterogeneity and diversity

within river systems. Dynamic riverine landscapes promote

complexity, and thus resilience, helping to buffer against
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changing climate conditions and additional anthropogenic

perturbations thereby promoting long term sustainable

ecosystem services that are valued by society.
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