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Abstract

The science and practice of environmental flows have advanced significantly over

the last several decades. Most environmental flow approaches require quantifying

the relationships between hydrologic change and biologic response, but this can be

challenging to determine and implement due to high data requirements, limited trans-

ferability, and the abundance of hydrologic metrics available for evaluation. We sug-

gest that a functional flows approach, focusing on elements of the natural flow

regime known to sustain important ecosystem processes, offers a pathway for linking

understanding of ecosystem processes with discrete, quantifiable measures of the

flow regime for a broad range of native taxa and assemblages. Functional flow com-

ponents can be identified as distinct aspects of the annual hydrograph that support

key biophysical processes, such as wet season flood flows or spring recession flows,

and then quantified by flow metrics, such as 5% exceedance flow or daily percent

decrease in flow, respectively. By selecting a discrete set of flow metrics that mea-

sure key functional flow components, the spatial and temporal complexity of flow

regimes can be managed in a holistic manner supportive of multiple ecological pro-

cesses and native aquatic species requirements. We provide an overview of the func-

tional flows approach to selecting a defined set of flow metrics and illustrate its

application in two seasonally variable stream systems. We further discuss how a

functional flows approach can be utilized as a conceptual model both within and out-

side of existing environmental flow frameworks to guide consideration of ecological

processes when designing prescribed flow regimes.
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1 | INTRODUCTION

The development and implementation of environmental flows (hereaf-

ter termed e-flows) are widely recognized as critical to the restoration

and conservation of freshwater ecosystems and species globally (Poff,

Tharme, & Arthington, 2017). Scientific advances over the past several

decades reflect this understanding with the development of over

200 e-flow assessment methodologies (Tharme, 2003) and the crea-

tion of large-scale political governance structures to support and

implement water management actions that explicitly account for eco-

system services and sustainability (e.g., European Water Framework

Directive; Murray–Darling Basin Plan, Australia). More recently, e-

flow science is converging around holistic methods that consider the

complexity of flow variation across space and time by evaluating
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broad sets of hydrologic metrics in relation to biological indicators

(e.g., ecological limits of hydrologic alteration [ELOHA; Poff et al.,

2010]; DRIFT [King, Brown, & Sabet, 2003]). Although agreed upon as

conceptually sound, these methods can be challenging to implement

due to the abundance of hydrologic metrics available for evaluation

(Eng, Grantham, Carlisle, & Wolock, 2017; Richter, Baumgartner, Pow-

ell, & Braun, 1996), many of which lack biological relevance (Carlisle,

Grantham, Eng, & Wolock, 2017) or are redundant (Olden & Poff,

2003) and lack consistent relationships between flow and ecologic

response (Webb et al., 2013). For example, ELOHA recommends

selecting flow metrics that reflect empirical ecological-flow relation-

ships developed from coupled eco-hydrologic data across a gradient

of alteration (Poff et al., 2010). However, such data are seldom avail-

able at sufficient density to support the intended analysis, can be

expensive to obtain, and often only represent a snapshot in time and

space. Furthermore, biotic assemblages for which data are available

may not broadly represent the ecology of the entire stream ecosys-

tem, or relationships developed with available data may be inconclu-

sive or have limited transferability (Poff & Zimmerman, 2010). As a

result, scientists and practitioners continue to struggle to find a dis-

crete set of flow metrics that adequately quantify aspects of a flow

regime that must be protected in order to sustain river ecosystem

structure and function.

We propose a functional flows approach to guide the selection of

flow metrics that is grounded in our understanding of riverine ecosys-

tem processes. The approach relies on the identification of functional

flow components, which are discrete aspects of the flow regime that

have documented relationships with ecological, geomorphic, or bio-

geochemical processes in riverine systems (Yarnell et al., 2015). For

example, overbank (flood) flows are a well-recognized functional flow

component that supports a broad suite of physical and ecological pro-

cesses, including the maintenance of habitat heterogeneity in space

and time (Ward, 1998), providing cues for fish migration and repro-

duction (Jeffres, Opperman, & Moyle, 2008) and controlling patterns

of riparian succession (Ward & Stanford, 1995). The functional flows

approach rests on the assumption that managing for these key flow

components will preserve the necessary hydrologic signals upon

which biophysical processes and native biological communities

depend. Once defined, flow components are described by functional

flow characteristics including magnitude, timing, duration, frequency,

or rate of change (Poff et al., 1997), which can then be expressed by

flow metrics (e.g., 5% exceedance flow) that together quantify the

functional components of the flow regime (Figure 1). Collectively, the

discrete set of functional flow metrics provides the means to focus e-

flow assessment and implementation on quantitative attributes of the

flow regime that are most important for the maintenance of river eco-

system structure and function.

The proposed functional flows approach complements holistic e-

flow assessment methods, such as ELOHA or DRIFT, 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 e-flow recommendations.

The approach can also be applied independently of existing e-flow

frameworks and may be particularly well-suited to data-poor regions,

where there are insufficient data to develop empirical ecological-flow

relationships to set e-flow targets. In such contexts, generally recog-

nized or hypothesized relationships between functional flow compo-

nents and ecosystem health can be used to guide the selection of

metrics to incorporate into e-flow programs.

Here, we provide an overview of the functional flows approach

to select a set of flow metrics that quantify key ecological compo-

nents of the flow regime, and we illustrate its application in two sea-

sonally variable climate regions. We then discuss how a functional

flows approach can be utilized as a conceptual model both within and

outside of existing e-flow frameworks to promote deeper consider-

ation of ecological processes when assessing and prescribing e-flows.

2 | QUANTIFYING FUNCTIONAL FLOW
COMPONENTS

Initial identification of the functional flow components needed to sup-

port an aquatic community begins with a literature review of docu-

mented flow-ecology relationships, coupled with local knowledge and

expertise on regional flow patterns and biota. For example, Yarnell

et al. (2015) reviewed the scientific literature and identified four key

functional flow components required to support a variety of ecologi-

cal, geomorphic, and biogeochemical processes for Mediterranean-

montane streams. These included peak magnitude flows, spring

recession flows, dry season low flows, and wet season initiation flows.

Similar flow components have been identified in other seasonal river

systems, such as the Waterton River in Canada (Foster, Mahoney, &

Rood, 2018), the Spol River in Switzerland (Robinson, Siebers, &

Ortlepp, 2018), and both inland and coastal rivers in Australia (Koster,

F IGURE 1 Conceptual model for a functional flows approach to

selecting flow metrics. Functional flow components are portions of
the natural flow regime related to ecological, geomorphic, or
biogeochemical processes that are quantified by flow characteristics,
which in turn are measured by discrete numeric flow metrics
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Dawson, O'Mahony, Moloney, & Crook, 2014; Webb, Koster, Stuart,

Reich, & Stewardson, 2018). These functional flow components are

likely relevant for other seasonal climates and can provide a starting

point for assessment in locations with limited data availability.

Each functional flow component can be described by a suite of

flow characteristics, such as magnitude, timing, duration, frequency,

and rate of change. For example, the spring recession flow can be

defined by characteristics including magnitude, timing, duration, and

rate of change of streamflow, whereas peak magnitude flows can be

represented by magnitude, timing, frequency, and duration character-

istics (Figure 2). These flow characteristics, in turn, can be quantified

by flow metrics (Figure 1). The selection of specific flow metrics that

best represent each flow characteristic can be informed by their

established ecological relevance (e.g., relationship to life history needs

of species and/or empirical relationship between a metric and an indi-

cator of ecological impairment), predictability in numeric modelling

(Eng et al., 2017), sensitivity to flow alteration, and/or feasibility of

implementation in management operations. In this manner, the selec-

tion of flow metrics is flexible but guided by understanding of how

stream ecosystem processes are dependent on specific components

of the flow regime.

Use of conceptual models linking functional flow components

with desired ecological outcomes also allows for the development and

testing of hypotheses regarding flow-ecology relationships, including

assessments of efficacy (Davies et al., 2014). Exploring the empirical

relationships between a functional flow metric and a biotic response

generate evidence for inclusion and/or refinement of the associated

flow component in conceptual models. For example, studies have

shown dry season low flows with minimal daily stage fluctuations (low

rate of change) support more diverse benthic macroinvertebrate com-

munities; Steel, Peek, Lusardi, and Yarnell (2017) quantified the rate

of change in baseflow with the coefficient of variation of daily flow,

whereas Mazor et al. (2018) quantified the rate of change in baseflow

with the Richards–Baker flashiness index. Despite different flow met-

rics, both studies found positive relationships with low flow stability

and benthic community diversity suggesting a key flow-ecology rela-

tionship to be retained within conceptual models for these systems.

3 | FUNCTIONAL FLOW METRICS FOR
SEASONAL FLOW REGIMES

The selection of flow metrics corresponding to the flow characteris-

tics of functional flow components should be informed by the follow-

ing criteria (modified after Poff et al., 2010):

• Easily quantified and directly describes a flow characteristic of a

functional flow component (i.e., magnitude, duration, frequency,

timing, and rate of change).

• Relates responses in aquatic community to hydrology.

• Relates to key life history needs of native aquatic species or

communities.

• Can be used to establish thresholds useful for management

purposes.

The scientific literature on flow metrics and quantification of flow

regimes is broad, and a majority of approaches seek to link hydrology

to ecology by determining which metrics have a statistically significant

relationship to ecological endpoints (e.g., Olden & Poff, 2003). For

example, studies have tested which metrics are the best predictors of

altered flows (e.g., Kennard et al., 2010) or most associated with

impaired biology (e.g., Poff & Zimmerman, 2010) and which flow met-

rics best describe the life history needs of a particular species

(e.g., Miller et al., 2018) or biotic community (e.g., McMullen & Lytle,

2012). Although some have suggested the domain of potential flow

metrics can be reduced based on their redundancy (Olden & Poff,

2003), others have cautioned against rejecting metrics prior to evalu-

ating their relationships to ecological endpoints to avoid overlooking

potentially important hydro-ecological associations (Monk, Wood,

Hannah, & Wilson, 2007). Rather than using statistical methods to ini-

tially select flow metrics, a functional flows approach can guide the

selection of metrics based on their representation of ecosystem pro-

cesses and general importance to aquatic and riparian communities.

To illustrate this approach, we identified flow metrics that quantify

flow characteristics of key functional flow components for California's

F IGURE 2 Functional flow components (boxes) for a mixed rain-
snowmelt runoff system (hydrograph) typical to rivers in California,
with key flow characteristics for each flow component (table). Other
seasonal river systems, such as those in Australia, have similar
functional flow components defined by intra-annual high and low
flows
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Mediterranean streams (Yarnell et al., 2015) and for the Goulburn

River in Australia's Murray–Darling Basin (Vietz, Lintern, Webb, &

Straccione, 2018; Webb et al., 2019).

Based on the body of literature for Mediterranean-climate rivers,

we identified a series of flow metrics that correspond to functional

flow components and are important for particular aquatic and riparian

communities of interest for California (Table 1; Appendix A). For

example, riparian plants rely on the frequency of wet season peak

flows and a predictable spring recession with low rates of change,

whereas native fish are responsive to the flow magnitude of each

functional flow component (Appendix A). Because wet season base-

flows were also found to be important for stream network connectiv-

ity and fish passage in northern California streams (Grantham, 2013),

an additional functional flow component was added to the original

conceptual model (Table 1). Where data gaps exist (e.g., response of

riparian plants to dry season baseflow), the conceptual model can be

used to develop hypotheses regarding flow-ecology relationships that

can be tested in future studies.

For the Goulburn River in Australia, similar functional flow com-

ponents have been shown to support ecological processes and species

of interest through research and monitoring of environmental flows

delivered under the Australian Government's Murray–Darling Basin

Plan, specifically through the long-term intervention monitoring pro-

ject (Gawne et al., 2019; Table 2). High flow pulses in fall and spring

have proved important for native fish breeding and migration

responses and the condition of riparian vegetation. Wet season peak

flows that inundate the floodplain have been shown to be important

for secondary production of macroinvertebrates in the river channel.

The duration of wet season peak flows, and the corresponding inun-

dation of river banks, is strongly correlated with erosion and deposi-

tion processes with differing effects depending on the timing of the

individual flood event (Vietz et al., 2018; Webb et al., 2019). The

broad applicability of these and other functional flow components is

being tested across other rivers of the Murray–Darling Basin that are

part of the long-term intervention monitoring project.

In areas where general knowledge of the natural flow regime is

available but detailed data on species-flow linkages are missing or

incomplete, functional flow metrics quantifying the natural ranges of

flow characteristics for each functional flow component can serve as

the basis for developing interim flow requirements until site-specific

data are available.

4 | INCORPORATING FUNCTIONAL
FLOWS IN ENVIRONMENTAL FLOW
FRAMEWORKS

The proposed approach for selecting functional flow metrics can be

incorporated in a variety of e-flow frameworks. At a broad regional

scale, the suite of functional flow metrics quantifying key flow charac-

teristics of functional flow components can provide initial flow targets

hypothesized to be broadly protective of aquatic species and

TABLE 1 Summary of functional flow metrics that have been shown in the literature to link to aquatic species or communities of interest
applicable to California organized by functional flow component and associated flow characteristics

Flow component Flow characteristic Flow metric BMI Fish Riparian

Fall pulse flow Magnitude Peak of flushing flow X

Timing Start date X X

Duration # days (start–end)

Wet season baseflow Magnitude 10th, 90th percentile of daily flow within wet season X

Timing Start date

Duration # days (start–end)

Peak flow Magnitude 2-, 5-, and 10-year recurrence interval peak flow X X X

Duration Cumulative # of days 2-, 5-, and 10-year peak flows are

exceeded in a year

X X

Frequency # of times 2-, 5-, and 10-year peak flows are exceeded in a

year

X X X

Spring recession flow Magnitude Flow at start of spring recession X X X

Timing Start date X X X

Duration # days (start–end) X X X

Rate of change Percent decrease in flow per day over spring duration X X X

Dry season baseflow Magnitude 50th, 90th percentile of daily flow within dry season X X

Timing Start date X

Duration # days (start–end) X X

Rate of change cv. of daily flow, flashiness index X

Note: “X” indicates one or more studies linking the aquatic community (benthic macroinvertebrates [BMI], fish, or riparian) with the flow metric. Citations

are provided in Appendix A.
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communities. For example, in California, the California Environmental

Flows Framework (ceff.ucdavis.edu) is a hydrologically based method

founded on the functional flows approach that provides reference-

based ecological-flow criteria for all streams in the state of California.

The framework uses reference hydrologic expectations to predict a

set of functional flow metrics (Table 1) that fully quantify functional

flow components for each stream in the state. This method provides a

consistent, ecologically relevant and spatially explicit foundation for

subsequent e-flow analysis. Recently, stakeholders in the Goulburn

River watershed in Australia have committed to a new e-flows assess-

ment study that will specifically include functional flows in network-

based conditional probability models (Horne et al., 2018) that explic-

itly link multiple flow components to ecological response through

direct and indirect relationships.

The functional flows approach outlined here complements exis-

ting holistic frameworks such as ELOHA (Poff et al., 2010), which typi-

cally require either single species or community-based flow-ecology

relationships to establish environmental flow targets. Application of

the ELOHA framework requires that these relationships be quantified

for different species to represent combined flow needs across the

flow regime. In addition, relationships need to be defined for different

stream types, making application across regions cumbersome, particu-

larly where data are limited. A functional flows approach effectively

provides a foundation for establishing flow-ecology hypotheses and

determining flow-ecology relationships (Step 4 of ELOHA) through

development of a conceptual model of flow components broadly sup-

portive of native aquatic communities and subsequent selection of

flow metrics that represent those relationships.

5 | SUMMARY

Here, we offer an approach to address the persistent challenge of

selecting ecologically relevant flow metrics when developing environ-

mental flow recommendations. We suggest that identifying and quan-

tifying functional flow components provide a way to link ecological

understanding of stream processes with discrete quantifiable mea-

sures of flow. From an ecological perspective, we ask what flow com-

ponents (aspects of the annual hydrograph) are most important to

sustain ecological processes and functions in a stream system and

then seek to quantify those components with ecologically relevant

flow metrics. In this manner, we seek to emphasize ecology when

quantifying environmental flow regimes by developing a priori

hypotheses of functional flow components and flow characteristics

that are expected to broadly support river-dependent species and

communities (Shenton, Bond, Yen, & Mac Nally, 2012). This results in

TABLE 2 Summary of functional flow components and characteristics that have been found through research and monitoring to link to
aquatic species of management in the Goulburn River, Australia (Vietz et al., 2018; Webb et al., 2019)

Flow component

Flow

characteristic Flow metric Relation to ecological response

Fall pulse flow Magnitude Peak relative to channel capacity Sufficient volume to support riparian

vegetation recovery after summer

Duration 1–2 weeks Sufficient, but not excessive, inundation of

riparian vegetation

Timing Early autumn Before weather cools off in order to allow a

vegetative growth response

Winter–spring peak magnitude

(overbank) flows

Magnitude Peak greater than channel

capacity

Sufficient volume to inundate the floodplain

and transport allochthonous carbon into the

river channel

Timing Winter to late spring When water temperature is low enough to

limit excessive bacterial respiration

Duration Less than 1 week Inundation of river bank features short

enough to limit bank erosion

Frequency 1 in 3 years, or 3–4 times over

10 years

To support riparian and wetland habitat

persistence and channel secondary

production over time

Spring pulse flow Magnitude Peak relative to channel capacity Sufficient to cue native fish migration and

spawning

Timing Late spring When water temperature is over threshold for

fish spawning

Duration 1–3 days Sufficient to cue fish migration

Summer baseflow Magnitude Volume relative to channel

capacity

Sufficient to support in channel habitat and

connectivity for large-bodied native fish

Note: Flow metrics corresponding to each flow characteristic are specific to each river reach and determined based on reach-scale studies for

environmental flow management.
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a holistic, multidimensional approach for developing ecologically rele-

vant flow regimes that accounts for flow complexity in space and time

through identification of a finite set of representative flow metrics.

Furthermore, organization of flow metrics by functional flow compo-

nent allows us to explore how specific quantifiable metrics perform in

describing ecologic response to flows without losing sight of the

broader context in which flow regimes sustain stream ecosystems.
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