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Abstract

Effective water management requires the capacity to make trade-offs among diverse
uses of water such as municipal water supply, irrigation, and ecological outcomes.
Environmental flow management seeks to understand the relationships between
river flows and ecosystem processes to evaluate the relative change in ecologi-

cal outcomes associated with different strategies for river management. However,
operationalizing ecological flow thresholds remains technically and administratively
challenging, particularly at large scales. Here, we present a case study identify-

ing environmental flow targets using the functional flows framework in the Oconee
River Basin, Georgia, USA. Quantitative discharge thresholds are developed for five
ecologically relevant flows addressing channel maintenance, floodplain connectiv-
ity, springtime pulses, reproductive season baseflows, and dry season baseflows.
We demonstrate how these targets integrate ecosystem water needs into a broader
state-level water planning process. Four themes emerge from this case study that
are applicable in other geographies and contexts. First, environmental flow targets
cannot be abstracted from their physical, ecological, and political geography, and
context-specificity is critical to developing management-relevant flow targets. Sec-
ond, quantitative environmental flow thresholds help establish ecological outcomes
on equal footing with socio-economic uses of water in planning processes. Third,
environmental flow frameworks should align with the management scope so that
metrics also align with established evaluation criteria. Finally, decision makers should
be provided with information to evaluate and interpret different outcomes for envi-
ronmental flow targets alongside other water management targets. Despite these
complexities, environmental flow analyses remain an essential tool to address the
threats to freshwater ecosystems and biodiversity driven by human alteration, water
use, and global change.
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Introduction

Societies depend on provisioning, regulating, cultural, and supporting services
provided by freshwater ecosystems [1,2]. However, the maintenance of naturally
functioning freshwater ecosystems often is omitted as an objective of water manage-
ment, particularly for rivers [3]. Most riverine ecosystems have undergone significant
changes through damming, water withdrawal, channelization, impacts from develop-
ment, altered flows of water, and inputs of nutrients and sediment [4—7]. In addition,
weather patterns are becoming more variable and extreme under climate change,
leading to greater uncertainty around the quantity and timing of access to water
resources [8]. There has been increased emphasis in the management realm on
recognizing impacts to biodiversity and freshwater ecosystems through development
and implementation of natural infrastructure and river restoration [9], but this neces-
sitates foresight in both planning and management to address specific ecological
outcomes.

A broadly accepted approach to preserving functioning river ecosystems is
to maintain aspects of the natural flow regime through “environmental flows” (or
“e-flows”)—i.e., the quantity, timing, and volume of water needed to produce valued
environmental services and outcomes, which may range from sustaining aquatic
organisms to maintaining natural riverine geomorphic processes [10]. Prioritizing and
implementing e-flow frameworks in practice often requires high-level coordination
through policy or other mechanisms, as in the case of the Building Blocks Method,
which was codified at the national level in South Africa [11]. In the USA, agencies
charged with public water supply or regulating water resources often have a narrow
scope of legal authority, complex institutional connections to other entities, or lack
specific targets for environmental protection [12,13], defaulting to vague objectives
concerning natural system sustainability. There are some regulatory circumstances,
such as when river flow affects an endangered species or during dam relicensing
(a federal process in the USA), in which e-flows may be used to support species-
specific or environmental endpoints [14]. However, in the absence of explicit environ-
mental protections, the language of instream flow laws and institutional biases tend to
favor human uses [14].

The functional flows approach, as described in [15], has similarities to the
Building Blocks Method and was developed for use by state agencies, non-
governmental organizations (NGOs), watershed groups, and others to develop
e-flow relationships and recommendations based on aspects of the flow regime
that support generalized ecological and geomorphic processes of a river sys-
tem [16]. The functional flows approach has the same underpinnings as many
ecological-flow frameworks, namely that river ecosystems reflect adaptations to
a flow regime [17—-19] and humans have severely altered the flow regime through
damming, diversions, alterations to channel structure, and landscape-level
changes to hydrology [20—22]. The functional flows approach was developed
for regulated systems where it is not feasible to emulate or maintain all aspects
of the natural flow regime, and instead focuses on a few aspects of the natural
flow regime that support physical and biological processes in rivers. By design,
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functional flows can be applied within a larger e-flow framework or can be used as a standalone approach and can
include species—specific flow needs in addition to broader ecosystem functions [16].

Ecologists have developed numerous hydrologic indicators (e.g., the Indicators of Hydrologic Alteration [23] and more
complex metrics (e.g., [24—26]) that could be used to assess potential loss of ecological functions because of flow alter-
ation. Environmental flows based on measured hydrologic alteration have been successfully implemented, such as in the
Murray-Darling Basin in Australia [27] and projects in the Klamath River in the USA [28]. However, in rivers that “have a
high proportion of their total annual stream flow diverted and/or managed for social uses” [15], mechanisms sufficient to
enable implementation of a full suite of environmental flows may not be in place [29]. The functional flows framework is
intended to address the need to restore key ecological functions to such regulated rivers.

We contend that functional flows may also advance e-flow implementation in water planning, by providing a practicable
number of metrics (i.e., five or fewer) that broadly represent ecosystem functions while acknowledging that a return to the
natural flow regime may not be feasible given the current state of water allocation. Planners assess water availability to
meet specific municipal and industrial targets; creating analogous targets to meet ecosystem needs is a better fit to the
planning process than asking planners to assess degree of departure from a natural flow regime (e.g., [30]). Limiting the
number of targets to five or fewer aligns with research on the cognitive limits on decision-making [31,32].

We present a case study on the applicability of a functional flow approach to develop ecological metrics for use in
basin-wide water planning. Our work is relevant to the challenge of specifically assessing water availability for ecological
values when environmental protection is vaguely defined in the regulatory and management context and is secondary to
meeting other societal needs. Water planning provides a high-level process to flag concerns about environmental out-
comes in rivers, while the functional flows approach provides a path for specifying a small set of e-flows to support ecolog-
ical functions that are grounded in the natural flow regime. We illustrate how we used available data to develop functional
flow targets for distinct portions of a river basin, with the recognition that these represent a first set of quantitative targets
based on the data currently available and should be updated over the long-term as new information becomes available.
We also show how we integrated ecosystem water needs into the planning process. We then discuss four themes that
emerged from the work that may be broadly useful when addressing e-flows in water planning.

Case study: Developing functional flows for the Oconee River

Georgia’s Comprehensive State Water Plan was adopted in 2008 by the Georgia General Assembly and was guided by
state and federal statutes that protect environmental quality and support public health, and is intended to ensure water
resource availability into the future [33]. The plan established 10 regions, each with its own council that develops a
regional water plan that is updated every five years [34]. These regions are mostly drawn around river basins, though the
boundaries follow county lines, such that each local government only belongs to a single region. The regional water plans
assess surface water availability, ground water availability, and surface water quality (primarily through the lens of assim-
ilative capacity). As of the 2023 planning cycle, the Surface Water Availability Resource Assessment (herein “Resource
Assessment”) conducted by the Georgia Environmental Protection Division uses a hydrologic model that can be applied
to make comparisons of withdrawals, discharges and other water demands at a spatial resolution of the stream reach to
provide quantitative information to guide water management decisions. Water plans summarize the current municipal,
energy, agricultural, and industrial water demands within a region and develop a forecast of future water demand. Based
on the results of the demand forecasts and Resource Assessments, the plans highlight expected challenges in meeting
water needs, along with management practices to address those challenges [33,35]. However, regional water plans do
not typically consider current or future gaps in surface water availability to meet environmental or recreational needs.

The functional flow approach we describe below is not being applied at the state level but was developed for the Upper
Oconee Regional Water Council (one of 10 councils in the state) as an instream flow approach that is compatible with the
state level water planning framework.
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In Georgia, water rights are governed by the riparian doctrine and “reasonable use” as determined by impacts to down-
stream neighbors or other riparian landowners [36]. As authorized by state and federal laws, the Georgia Environmental
Protection Division implements permitting programs for wastewater discharge, drinking water, water withdrawals, storm-
water, and erosion and sedimentation. The typical minimum flow defined in water withdrawal and wastewater discharge
permits is the one-in-ten year, 7-day low-flow (7Q10), a level that was intended for the protection of water quality, not to
maintain aquatic ecosystems [37]. The need for better information about environmental water needs has been expressed
in reports produced for Georgia’s regional water councils (e.g., [38]).

Our study specifically focused on the Oconee River Basin (Fig 1), which is almost entirely within the Upper Oconee
Water Planning Region, located in east-central Georgia. This water planning region spans 13 counties and has a popu-
lation of around 620,000 [35]. The watershed exhibits a suite of water management challenges common to the Piedmont
region, namely a legacy of soil erosion from historic land uses [39] and modern water supply and stormwater issues
associated with urban development [40]. Most urbanization is in the northern part of the region, with the remaining basin
dominated by agriculture, silviculture and low-density residential development. The basin supports municipal, industrial,
energy, and agricultural water uses, with surface water as the main water source for the region [35].

The Oconee River drains 8,578 km? on the Atlantic Slope of Georgia and is a major tributary of the Altamaha River (Fig
1). The Oconee Basin has 34 surface water withdrawal permits (with 17 in the mainstem river and reservoirs), 90 National
Pollution Discharge Elimination System (NPDES) permitted discharges, and three licensed hydropower projects (data
as of 2020, with permit lists available through GAEPD - https://epd.georgia.gov/watershed-protection-branch-lists). One
hydropower project is a small run-of-river dam (Tallassee Dam) on the Middle Oconee River in the Piedmont portion of the
basin. The other two, Wallace and Sinclair dams, are situated near the Fall Line (the physiographic divide between the
Piedmont and Coastal Plain), and impound large reservoirs (Lake Oconee, about 8000 ha and Lake Sinclair, about 6200
ha) that are jointly operated for pumped storage hydropower. Recreation includes motorized boating in the reservoirs and
larger river reaches and non-motorized (e.g., canoeing, kayaking) boating throughout the basin. People also use areas
along the river for hunting, fishing, and outdoor recreation on public and private lands.

The headwaters of the Oconee basin are in the Piedmont physiographic province where larger streams have rocky
shoal habitats that support distinct aquatic communities, along with deeper-water pools and runs. Bottomland hardwood
is the most common floodplain system in the Piedmont [41]. As the river transitions into the Coastal Plain, river and
floodplain habitats include oxbow lakes, sand and gravel bars, deeper pools, snags (i.e., accumulations of large wood),
and seasonally inundated floodplains. Floodplain communities are dominated by hickory-gum bottomland hardwood and
cypress-tupelo swamp forests [41,42]. The river basin is home to at least 60 native species of fishes, 16 native mussel
species, and 11 native crayfish species [43].

Developing metrics for water planning

The functional flows approach explicitly accounted for the geomorphic and ecological processes supported by a river’s
flow regime [15]. Rivers in the Piedmont and Coastal Plain physiographic provinces of the southeastern US were clas-
sified as perennial runoff systems [44], in contrast with the snowmelt dominated systems for which the functional flows
approach was initially developed. We modified the functional flows framework to reflect the seasonally higher flows in
the winter and spring and lower flows in the summer and fall, and to accommodate the differences between the geologic
context of the Piedmont and Coastal Plain. We developed five categories of functional flows (or functional flow compo-
nents; [45]) for Georgia rivers (Table 1) to encompass a range of fundamental ecological processes driven by seasonal
flow variation.

Our objective was to develop hydrologic environmental flow thresholds and metrics for the Upper Oconee Water Plan-
ning Region that could be evaluated with the Resource Assessment and could be used similarly to the metrics applied
by planners to identify shortfalls in water availability for municipal supply and wastewater treatment. There was a range
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Fig 1. The Oconee River Basin is outlined in blue, and the Upper Oconee Regional Water Planning Region is in yellow and drawn based on
county lines. The Fall Line denotes the transition between the Piedmont physiographic province (north) and the Coastal Plain physiographic province
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(south). The two largest hydropower dams are situated near the Fall Line. United State Geological Survey (USGS) gages are denoted with red points.
Basemap is Esri World Ocean Base, available at https://services.arcgisonline.com/ArcGIS/rest/services/Ocean/World_Ocean_Base/MapServer.

https://doi.org/10.1371/journal.pwat.0000445.9001

Table 1. Five functional flow components developed for application in regional water planning.

Functional Flow Description

1. Channel maintenance flows Maintain the dynamic erosional and depositional forces that shape channel form
and aquatic habitats

2. Floodplain connectivity flows Inundate, connect and cue movements to diverse floodplain habitats, support
riparian and wetland flora and fauna, and support sediment and nutrient exchange
between river and floodplain

3. Springtime pulse flows Provide spawning cues for fishes or other organisms and flushing flows during the
spawning season

4. Reproductive season baseflows Provide adequate water for successful reproduction (e.g., spawning behaviors,
egg-laying, and larval rearing) including availability of and connectivity among
diverse habitats

5. Dry season baseflows Maintain habitat connectivity and conditions for the survival of aquatic organisms
during seasonal low-flows

https://doi.org/10.1371/journal.pwat.0000445.t001

of approaches that could be used to develop environmental flow relationships or metrics for implementation, including
desktop analysis, functional analysis, hydraulic habitat analysis and modeling, or some combination [46], and these varied
in data requirements and statistical complexity, see [45,47,48]. Given our need to integrate directly into the existing water
planning process and ground information locally, we used data and models from local studies to develop threshold flow
levels (river discharges) that supported an ecological or geomorphic process, or below which an ecological function was
expected to decline. The intent was that managers and stakeholders could evaluate location-specific hydrographs to esti-
mate how long or how often (or both) flows would be above or below a threshold given future water demand.

Each of our thresholds was based on a specific research study and linked with the nearest USGS gage (with at least
a 20-year record) to the study location (Table 2). These thresholds provided a starting point for management and were
intended to be updated as new information became available. To provide context for the thresholds in the Oconee River
Basin, we used historical gage data to calculate the flow percentile for each threshold based on the month or months that
were specified in the metric for each functional flow component (Table 2). For example, the flow percentile for the floodplain
connectivity component was the percentage of all daily flow values from November to March for the period of record that
were less than the floodplain connectivity threshold. Because Piedmont and Coastal Plain regions experience very different
physical, ecological, and social drivers, we developed separate flow recommendations for each region, described below.

Piedmont Region. The primary water use in the Piedmont portion of the study basin, which subsequently had the
greatest effects on daily river discharge, was withdrawals for municipal or industrial use. The Piedmont region had one
run-of-river dam in the mainstem Middle Oconee River with minimal upstream water storage. Power generation at this
dam could alter sub-daily flows when the river was relatively low (i.e., <23 m3s™") but otherwise did not modify hydrologic
patterns for an extended distance downstream.

We identified eight local studies that reported information useful for identifying river discharges that supported
four of the five functional flow components at sites in the Piedmont portion of the Oconee River basin. We did
not find a study with sufficient information for a threshold for channel maintenance flow (functional flow category
1), so we could not evaluate this function at any Piedmont site. We estimated a floodplain connectivity threshold
(functional flow category 2) for a site on the North Oconee River from observations of active dispersal by mayfly
nymphs (Leptophlebia sp.) between the river channel and floodplain [49], as a starting point for a site-specific

PLOS Water | https://doi.org/10.1371/journal.pwat.0000445 February 9, 2026 6/18



https://doi.org/10.1371/journal.pwat.0000445.t001
https://services.arcgisonline.com/ArcGIS/rest/services/Ocean/World_Ocean_Base/MapServer
https://doi.org/10.1371/journal.pwat.0000445.g001

PLO&&. Water

Table 2. Functions associated with each functional flow component and a metric that could be evaluated with location-specific thresholds for
the Piedmont and Coastal Plain portions of the Oconee River Basin, Georgia, USA. We reported thresholds for each physiographic province
when data were available. We linked each threshold with a nearby USGS gage number with at least a 20-year flow record. We reported the
discharge values and flow percentiles over the period of record, for the calendar months associated with the metric.

Function(s)

Metric

Location-specific thresholds

Channel Sediment transport and # years>channel Piedmont: No data available for channel maintenance flow levels or frequencies
maintenance channel dynamics that threshold level Coastal Plain: flow levels that maintain channel migration and bank erosion
maintain and create diver- processes.
sity of in-channel habitats USGS gage: 02223000
340 m3s™; 97%
Floodplain Inundate and connect # days during Piedmont: flows that connect the river and floodplain, which supports connectivity
connectivity habitat for wetland depen- | November-March and movement by organisms

dent species (amphibians,
aquatic insects, fishes,
birds)

Support seed dispersal
and seasonal inundation
for floodplain tree species,
e.g., bald cypress and
water tupelo

Nutrient exchange
between channel and
floodplain

with flows > floodplain
threshold level

USGS gage: 02217770
30 m3s; 88%

Coastal Plain: inundation of floodplain habitat and oxbow lakes; ranges from low

elevation habitat inundation to full inundation of floodplain habitat
USGS gage: 02223000

283 m®"; 93%

USGS gage: 02223056

142 m3s™; 80%

USGS gage: 02223500

425 m3s™; 93%

Springtime pulse
flows

Flush fine sediment from
fish spawning substrates
(e.g., gravel, crevices,
cavities)

# years with the maxi-
mum 10-day high flow
in March-May > spring
pulse flow

Piedmont: flushing flows maximize reproduction output for gravel-spawning fishes
USGS gage: 02217500

34 m’s’; 91%

Coastal Plain: No data available for spring pulse flows

Reproductive
season base-
flows (spring and

Create and maintain con-
ditions needed for animals
to successfully reproduce,

# days during March-
May with flow < repro-
ductive season

Piedmont: decline in availability of swift water habitats
USGS gage: 02217500
14 m3s'; 49%

early summer) including threshold Coastal Plain: maintain spawning and rearing habitat for fishes
habitat availability, USGS gage: 02223056
preventing settling Oxbow habitat
(broadcast- spawned) 85 m®; 62%
and siltation (gravel- and Robust redhorse
crevice-spawned) of eggs Consecutive days between
and larvae, 28 - 57 m3s™; 14% - 41%
providing oxygen to
deposited eggs and
larvae
Dry season Support growth and sur- | # days during Piedmont: severe reduction in deep swift water habitat; loss of aquatic organisms
baseflows (sum- | vival of aquatic organisms | June-October with at severe low flows
mer and fall) Sustain higher velocity flow<dry season USGS gage: 02217500
habitats threshold 7.5 m3s"; 62%

Maintain habitat
connectivity

2.8 m3s™; 15%

Coastal Plain: loss of connectivity between channel and oxbow and decline in
area of submerged woody debris

USGS gage: 02223056

21 m’s"; 7%

14 m3s'; 2.5%

https://doi.org/10.1371/journal.pwat.0000445.t002

flow that facilitates floodplain habitat connectivity for small organisms (Table 2). For spring pulse flows (functional
flow category 3), which depended on rainfall rather than water releases in the Piedmont, we used a model of fish
recruitment in relation to the springtime flow regime for a Middle Oconee River site [50]. This model combined
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the probability distribution for 10-d maximum flows during species-specific spawning seasons for five genera of
Oconee River fishes (Cyprinella, Notropis, Lepomis, Micropterus, Etheostoma) with a generalized, trait-based
model of flow effects on juvenile fish recruitment [51] to estimate “effective discharges” [52] for juvenile recruit-
ment by each of the five fish genera. We selected a 10-d maximum springtime flow threshold that theoretically
provided for recruitment by all five fish taxa. To estimate a threshold for reproductive season baseflow (functional
flow category 4), we used a hydraulic model for the same Middle Oconee River shoal site as in the fish recruitment
model [53] to estimate availability of relatively deep (>35cm) and swift (>55 cm/s) shoal habitat used for spawning
by fishes that deposit eggs in silt-free gravel and crevices (e.g., Cyprinella spp., Percina spp., Etheostoma spp.).
The hydraulic model showed a sharp decline in availability of this spawning habitat at about 14.2 m3s-!, which we
selected as a threshold for reproductive season baseflow (Table 2), noting that habitat for fishes that spawn in
slower velocities would be available (e.g., along channel margins) at this threshold and higher discharges. Finally,
we identified two thresholds for dry season baseflows (functional flow category 5). The first threshold was based
on maintaining at least some relatively deep (2 35cm) and swift velocity (>55 cm/s) habitat in Middle Oconee
River shoals, as estimated by hydraulic modelling [53], as a low-flow refuge for a submerged aquatic macrophyte
(Podostemum ceratophyllum) [53,54]. The second dry season threshold represented an extreme low flow associ-
ated with measured decline in Podostemum biomass and filter-feeding caddisfly (Hydropsychidae) abundance in
Middle Oconee River shoals during drought conditions [55,56].

Coastal Plain Region. River discharges in the Coastal Plain portion of the basin were affected by water storage
behind the two large, mainstem hydropower dams at the upstream boundary of the Coastal Plain. To estimate functional
flow thresholds in this flow-regulated portion of the study basin, we relied on habitat simulation models constructed
as part of the 1996 Federal Energy Regulatory Commission (FERC) relicensing process for the downstream-most
Oconee River dam (Sinclair Dam, FERC relicensing project 1951; [57]). In addition to water withdrawals for municipal,
agricultural, and industrial uses, operations at the hydropower dams potentially had large effects on seasonal water
availability downstream.

We estimated high flows needed for channel maintenance (functional flow category 1; Table 2) from a study of the
effects of Sinclair Dam on downstream channel planform [58] and the analysis in support of FERC relicensing [57], which
estimated similar discharges for maintaining bank erosion and channel migration. We extracted thresholds for three other
functional flows from physical habitat simulation models developed to support FERC relicensing [57] by identifying flows
below which functionally-defined habitats were projected to decrease substantially in one or more modelled Coastal Plain
reaches (Table 2). Specifically, we identified two thresholds for floodplain habitat connectivity (functional flow category
2), one in which low-lying floodplain and oxbow lakes were inundated and a higher flow level that inundated a substantial
portion of the floodplain (Table 2). Inundated floodplain forests and oxbow lakes have been found to support reproduction
by a diversity of Coastal Plain fishes in the southeastern US [59-61]. We did not have information available to develop a
spring flow pulse (functional flow category 3) in the Coastal Plain. Reproductive season baseflow (functional flow cate-
gory 4) thresholds were based on 1) flows that provided a variety of habitat conditions in channel-connected oxbow lakes
to support fish spawning and rearing, and 2) a specific flow range that maintained spawning habitat (moderate to swift
velocities over gravel shoals) availability for a state-protected fish species (Robust Redhorse, Moxostoma robustum; Table
2). Finally, for functional flow category 5, we identified summer and fall baseflows to support fish passage for small-bodied
fishes between the river channel and oxbow lakes and a second, lower flow threshold estimated to inundate at least a
third of in-channel woody debris, known to support insect production and to provide refugia for aquatic organisms during
low-flows [62]. For more detailed information on the foundation for functional flows and the rationale for functional flow
components for the Oconee Basin, see the project report “A review of flow related benefits and uses of the Oconee Basin”
(https://h2opolicycenter.org/wp-content/uploads/2022/09/A-Review-of-Flow-Related-Benefits-and-Uses-of-the-Oconee-Ba-

sin_final.pdf).
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Communication and contextualization of environmental flow thresholds

The information we developed on functional flows was included on a webpage, “Waters of the Oconee River Basin: Uses,
Benefits, and Flow-Related Metrics for Water Planning” (https://h2opolicycenter.org/projects/waters-of-the-oconee-river-
basin/) intended for use by regional planners, state water regulators, and other partners. Prior to webpage release, the
material was revised based on review comments from members of the Upper Oconee Water Council.

As part of the project summary, we included hydrographs to provide planners and other partners visual represen-
tations of how the functional flows to support aquatic habitats and species related to long-term averages and other
water uses at a select location. Hydrographs plotted the long-term daily median flow (50" percentile daily flow) in the
Middle Oconee River, near Athens, GA (Fig 2, USGS gage 02217500; [63]) along with daily flows for a select year
(e.g., 2020, a relatively wet year), simply to illustrate the flow variability within a year, not to identify it as a reference
condition (Fig 2). Using this hydrologic context as the backdrop, we illustrated the relationship between functional
flow thresholds and other socio-economic values in a reach of the Middle Oconee River with a municipal water sup-
ply withdrawal and a run-of-river dam upstream, but which otherwise was free-flowing. The purple dashed line (Fig
2) represented the minimum permitted withdrawal level; below that flow level the utility was not allowed to withdraw
water from the river. Partner input [64—66] conveyed that this reach of the Oconee was also popular for canoeing and
kayaking, and so we illustrated the range of flow conditions that supported relaxed paddling (orange box, Fig 2). We
defined relaxed paddling as the flow range that was safe and navigable for a novice paddler. Above this level, higher
river flows could be unsafe and below this level paddlers would have to drag their boat to pass through the shoals and
shallow sections of the river. Thresholds for functional flow categories 4 and 5 (reproductive season baseflows and
dry season baseflows) are shown in blue on Fig 2. The higher dry season baseflow (from June to October) was the
point at which deep and swift water habitats were lost, and the lower threshold was the point at which drying in shoals
occurred, leading to loss of aquatic plants and associated invertebrates. Visualizing the thresholds for multiple uses
in the river helped to illustrate how river uses and functions overlap. We chose to display two of the three functional
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Fig 2. Multiple uses supported by the Middle Oconee River ecosystem in the Middle Oconee River, near Athens, GA (USGS gage 02217500;
[63]). At this location, there is a run-of-river dam upstream and a water withdrawal point, but the river is not otherwise regulated. We display the two
functional flows that have the greatest potential for management action at this reach alongside other uses, including water supply and flows that support
paddling recreation. Visualizing thresholds for multiple uses demonstrates how meeting a flow need can support multiple uses. The daily flow hydro-
graph is for 2020.

https://doi.org/10.1371/journal.pwat.0000445.9002

PLOS Water | https://doi.org/10.137 1/journal.pwat.0000445 February 9, 2026 9/18



https://h2opolicycenter.org/projects/waters-of-the-oconee-river-basin/
https://h2opolicycenter.org/projects/waters-of-the-oconee-river-basin/
https://doi.org/10.1371/journal.pwat.0000445.g002

PLO?%. Water

flows developed for this site to show a straightforward graphic relating different water needs and uses and the func-
tional flows that can be addressed through management action. While we use a specific location in the Middle Oconee
River to illustrate this relationship, the concept holds across locations.

The Upper Oconee Regional Water Planning Council included the functional flow metrics (and also recreational boating
flows) in an appendix to their 2023 regional water plan, recognizing that these metrics could be evaluated in future plan-
ning cycles [35]. While we plan to bring these conversations into the next planning cycle, our content and products repre-
sented an early step in formalizing conversations that consider ecological outcomes and recreation in the water planning
process in Georgia.

Evaluating metrics for water planning

The next update of the Upper Oconee Regional Water Plan is scheduled to begin in 2026 for a Plan revision in
2028. Incorporating functional flows to represent environmental water needs in this and future updates will require
a shift in how council members evaluate water availability. The water planning process currently involves mem-
bers of a regional water planning council evaluating metrics for water supply, wastewater assimilation, etc. under
current and future conditions to assess potential challenges in meeting future water needs. The results reported
for each metric (e.g., water supply, wastewater assimilation, etc.) are the proportion of time that flows are below a
threshold (e.g., a minimum level for a water withdrawal) over an 80-year planning scenario. To apply the functional
flows approach in water planning and meaningfully evaluate an ecological outcome, council members will need a
more ecologically-relevant comparison of current and future water demands. One such comparison would evalu-
ate changes in the annual duration or the total number of years that functional flow thresholds are not met. This
approach would flag locations where the aquatic ecosystem is projected to experience more frequent periods of
inadequate water availability.

To illustrate how planners could evaluate functional flow metrics using annual frequencies and durations of functional
flows, we use the historical time series from the Middle Oconee River (USGS gage 02217500; [63]). We split the 86-year
period of record into three sequential periods and evaluate temporal shifts in attainment of the two dry-season (summer
and fall) baseflow thresholds (Fig 3). We recognize that human water demand and development on the landscape have
increased over this time period; this example illustrates the types of patterns or trends that could trigger concerns during
the planning process. We find an increase in frequency and duration of flows below the summer and fall baseflow thresh-
olds in the most recent period, 1998-2023 (Fig 3). During those years, there are a similar number of low-rainfall years as
in the previous 30-year period, but substantially higher failure to meet the summer and fall functional flows compared with
both prior periods (Fig 3). The most recent period also corresponds with three multi-year droughts and increased water
demand, including the 2002 completion of an off-channel, pump-storage reservoir that provides water to multiple coun-
ties upstream of the study site. Increases in the frequency and duration below the dry season baseflow (functional flow
category 5) could trigger a planning need, which planners could address by developing management practices to reverse
or offset the shift.

Applying a similar analysis for the Coastal Plain, we observe fewer annual days in the most recent period, 1998-2023,
with river connectivity to the floodplain (USGS gage near Dublin GA 02223500; [63]). We also observe a decline through
the three time periods in the 80" percentile number of days with flows that connect the river and floodplain (Fig 4). It is
unclear the extent to which these shifts are driven by climate versus increased human water use.

An important next step for water planning will entail agreeing to and establishing an ecological reference period to avoid
a moving “goal post” for evaluating ecological outcomes. Although our examples (Figs 3, 4) implicitly use the earliest time
period as a “reference”, we believe that it is important to engage with planners directly to establish a reference period in
the context of a specific planning process. While ecologists can provide guidance for reference development, success will
depend on group consensus.
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Fig 3. Comparison of failure to meet dry-season functional flow thresholds during three time periods in the Middle Oconee River, Georgia,
spanning 1938 to 2023. At this location, there is a run-of-river dam upstream (constructed in 1902) and a newer water withdrawal (implemented in
2002) just upstream of this study area. The impact of these operations tends to be greater during low flow periods in the summer. The most recent inter-
val (1998 - 2023) has more years of June to October flows with longer durations under the thresholds for maintaining swift-water habitat (7.5 m3s, left)
and for drought survival (2.8 m3s™, right). The majority of years during the two earlier periods (1938-1967, 1968-1997) do not experience June to October
flows below the drought survival threshold, in contrast to an annual June to October median of 18.5 days below this threshold in the recent period, with
durations extending three or more months in some years.

https://doi.org/10.1371/journal.pwat.0000445.9003
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respectively, and is near a surface water intake (in place since the 1970s). The most recent interval (1998 - 2023) has fewer days above the threshold for
connecting the river to the floodplain. We also observe a decline in the 80" percentile number of days connecting the river and floodplain (> 425 m3s™")
over the three time-intervals, meaning that over time events connecting the river and floodplain become shorter.

https://doi.org/10.137 1/journal.pwat.0000445.9004

Discussion

Decisions around water are socially complex due to multiple uses and varying values of stakeholders that rely on water.
Despite this complexity, there is a pressing need to address the threats to freshwater ecosystems and biodiversity driven
by human alteration, water use, and changing weather patterns [67]. We highlight four themes that we found important to
integrating ecological outcomes into a water planning framework: 1) Identifying and understanding the context for water
resource decision-making; 2) Developing quantitative ecological metrics and thresholds at the level of complexity that is
relevant and relatable to decision makers; 3) Adapting and translating e-flow frameworks to function within existing man-
agement or planning structures, including established evaluation criteria; and 4) Providing the necessary information for
decision-makers to evaluate and interpret ecological metrics alongside other water uses.

Vaguely defined laws and goals for environmental protection, and fragmentation of environmental responsibility among
and within local, state, and national governments, make it challenging to manage directly for environmental outcomes
[14,68]. Regulatory agencies responsible for biological or environmental protections often do not have direct authority to
allocate instream flows for aquatic species and habitats [14,69]. Water utilities, or other entities responsible for munici-
pal, industrial, or agricultural water supply, must prioritize meeting the needs of water users and complying with statutes
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for surface or groundwater management. However, we believe that the existing water planning framework in Georgia
provides sufficient structure to allow incorporation of a functional flows approach to achieve ecological outcomes. The
water planning process in the state of Georgia is well established, has relatively high spatial resolution information on the
water resources for the state, and offers a formalized setting to discuss water resources across sectors. Working within
the water planning space allows for discussion of opportunities to meet ecological objectives across sectors rather than
asserting pressure on any one entity. Our pilot project has attempted to meet water planners at their level of interaction
with the river, which is generally from the human use perspective. The next step is to engage with council members
directly on evaluating functional flows during the water plan update, which occurs every 5-years and is scheduled for
2028. Though it takes time to build trust and shared definitions among participants, partnerships and collaborations are
key to building a solid foundation and a shared vision for management that can be responsive to changes in research or
policy [70-74].

In addition to understanding the context around water resource decisions, ecologists face the challenge of the typical
sparsity of place-specific data to support environmental flow thresholds. Quantitative flow-ecology relationships are diffi-
cult to develop [75], and even when there is a signal of flow effects on aquatic communities, high variance [76] or context
dependency [77] may complicate the identification of flow thresholds for community change. Nevertheless, defining a
quantitative threshold, even if it is provisional, provides a tangible ecological outcome to discuss and compare along-
side other water uses. It may not be feasible to develop flow-ecology relationships for all organisms of interest or make
decisions about which organisms to manage for in highly biodiverse systems. Alternatively, leveraging locally available
data to support hypothesized thresholds around broader ecological outcomes and river processes (e.g., Will fish be able
to spawn? Will plants and animals survive the summer?) may be more meaningful for water resource partners. While
there are many methods and modeling approaches to develop e-flows, we have found that describing river dynamics
and grounding understanding in local knowledge is relevant for planners and other partners. There is uncertainty around
the functional flow thresholds and magnitude of ecological response, and the field of ecology has grappled with methods
to quantify or reduce uncertainty [78,79]. Uncertainty also looms large for applied sciences and policy [80], but we have
observed that it is not often discussed directly in the planning space. It is important to communicate early with part-
ners that these relationships should be revised as new data become available, ideally through strategic monitoring and
model-updating [81,82].

Building on the ecological flow thresholds, it is important to identify and modify an e-flow framework or approach
that is appropriate in scale and scope for the application. Strengths of the functional flows approach for water
planning lie in the flexibility of application and in that it is developed in part for systems where water is already
allocated for human uses [15]. The approach emphasizes a few high-level aspects of the natural flow regime, or
functional flow components via [45], that support biological and geomorphic processes in river systems. Presenting
the functional flows as thresholds to evaluate can open conversation for what actions, both short- and long-term,
would be needed to move towards meeting an instream flow. Most e-flow frameworks build on the assumption that
there is interest or engagement from some entity to manage for ecosystem outcomes, but that is not necessarily the
case for water planning focused on municipal, agricultural and industrial uses. In our case, we have had to figure
out how we could adapt functional flows to fit the current evaluation structure used for water planning, i.e., a hydro-
logic model that was developed around the permitted water withdrawals, discharges, and dam operation where
relevant. The planning level is meant to be the high-level pass that can identify areas of concern in meeting surface
water needs. Ecologically, the planning process is a first pass at flagging the types of events, conditions, or poten-
tial development that could impair ecosystem functions. The follow-up to identifying concerning shortfalls in water
to support functional flows could be to engage in higher-resolution studies of management actions and ecological
outcomes, both of which are time- and resource-intensive activities but may be justified if they are identified ahead
of time in the planning phase.
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Ecological metrics for water availability need to be comparable to the metrics for other water needs, such as water
supply, wastewater discharge, hydropower, etc. [83,84], but also require guidance for interpretation because ecologi-
cal outcomes can depend on the magnitude, duration, and frequency of flow events. Planners in Georgia assess water
availability for municipal withdrawal as the proportion of all days under a future scenario when streamflow is projected to
be insufficient to support permitted withdrawal rates [35]. Using the same approach for ecological metrics is less informa-
tive, however. For example, the final period (1998—-2023) of our evaluation of temporal change in dry-season flows at the
Middle Oconee River site could be interpreted as having 9% more days per year with flows less than 7.5m3s™' compared
with first period (i.e., 47% compared with 38%; Fig 3 table). This could be the result of 33 more days each year below the
7.5 m3s™" threshold, or conversely, it could be 10.5 months longer below 7.5 m3s™ every 10 years, with different ecolog-
ical consequences depending on the ecosystem’s resistance and resilience to prolonged drying. Instead, specifically
comparing shifts in the annual frequency and duration of low-flow events (as in Fig 3) could better reveal ecologically
meaningful changes to flow conditions. Guidance from scientists for how to evaluate and interpret ecological metrics
can support dialogue between planners, utilities, scientists and other interested parties [83]. Whether a given shift in an
ecological flow metric (e.g., from <50% to >70% of years with extreme low-flow durations) is too much depends on social
tolerance for risk, ecological understanding of aquatic community resilience to drying, and regulatory guidance (if avail-
able) for a given situation.

Conclusions

Integrating ecological information into water planning represents a first step in assessing ecological outcomes, however
moving from information to action also requires prioritizing environmental outcomes alongside other uses. Often environ-
mental flows are given the lowest priority when water becomes scarce and are viewed only as protecting non-human ben-
efits, rather than supporting river ecosystems that provide valuable services [68]. In addition, private water interests are
often over-emphasized by traditional optimization methods or decision support tools used in the water planning process
[85,86], making it difficult to represent public interest. Increasing representation in the water planning space for cultural
uses, recreation, and ecological outcomes involves changes to the structure of decision making around water. Evaluating
ecological conditions in water planning can start a dialogue about managing for environmental outcomes. Often decisions
to address environmental impacts are made reactively; however, developing, evaluating, and interpreting e-flow metrics
that fit the management context highlight risks to traditionally under-valued resources, and encourage exploration of
management approaches to minimize those losses. This may help shift away from the idea of water for either humans

or nature and towards a system that values ecosystem services of natural river ecosystems alongside other social and
economic water use.
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