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Abstract In order for habitat restoration in regulated

rivers to be effective at large scales, broadly applicable

frameworks are needed that provide measurable objectives

and contexts for management. The Ecological Limits of

Hydrologic Alteration (ELOHA) framework was created as

a template to assess hydrologic alterations, develop rela-

tionships between altered streamflow and ecology, and

establish environmental flow standards. We tested the

utility of ELOHA in informing flow restoration applica-

tions for fish and riparian communities in regulated rivers

in the Upper Tennessee River Basin (UTRB). We followed

the steps of ELOHA to generate univariate relationships

between altered flows and ecology within the UTRB. By

comparison, we constructed multivariate models to deter-

mine improvements in predictive capacity with the addition

of non-flow variables. We then determined whether those

relationships could predict fish and riparian responses to

flow restoration in the Cheoah River, a regulated system

within the UTRB. Although ELOHA provided a robust

template to construct hydrologic information and predict

hydrology for ungaged locations, our results do not suggest

that univariate relationships between flow and ecology

(step 4, ELOHA process) can produce results sufficient to

guide flow restoration in regulated rivers. After construct-

ing multivariate models, we successfully developed pre-

dictive relationships between flow alterations and fish/

riparian responses. In accordance with model predictions,

riparian encroachment displayed consistent decreases with

increases in flow magnitude in the Cheoah River; however,

fish richness did not increase as predicted 4 years after

restoration. Our results suggest that altered temperature and

substrate and the current disturbance regime may have

reduced opportunities for fish species colonization. Our

case study highlights the need for interdisciplinary science

in defining environmental flows for regulated rivers and the

need for adaptive management approaches once flows are

restored.

Keywords Environmental flow � Water policy � Dams �
Habitat restoration � Fish � Riparian

Introduction

The degradation of the world’s freshwater habitats has led

to global restoration efforts (Roni and others 2008). Suc-

cessful restoration depends on developing appropriate

endpoints while considering the context of each manage-

ment situation (Roni and others 2002). Likewise, the

development of appropriate goals depends on creating

measurable and realistic objectives (Tear and others 2005).

Frameworks are needed that provide broadly applicable,
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measurable objectives and contexts for restoration and

management, especially in dam-regulated river systems.

According to Roni and others (2008), reestablishing a

natural flow regime is considered one of the most suc-

cessful process-driven approaches to restoration. However,

the absence of quantitative, transferable relationships

between anthropogenic alterations in flow and ecological

responses (flow–ecology relationships) is a major limita-

tion in developing broadly applicable environmental flow

standards to inform water policy (Poff and others 2010;

Poff and Zimmerman 2010). Predictive flow–ecology

relationships should aid in prescribing the environmental

flow needs of rivers with regulated or substantially altered

flow. Based on the prevailing literature and our opinion, the

Ecological Limits of Hydrologic Alteration (ELOHA)

process is the most holistic regional framework for envi-

ronmental flow management (Poff and others 2010; Richter

and others 2012) (Fig. 1). In addition, it is the product of a

consensus view of 19 international scientists and leaders in

the field of environmental flow science (Poff and others

2010). Furthermore, the ELOHA framework has been

applied in six states and three interstate river basins to

determine environmental flow needs at the regional scale

(Kendy and others 2012).

A common trend in the development of frameworks for

broad-scale management is creating classification systems

(Rosgen 1994; Poff 1996; Brandt 2000; Wehrly and others

2003; Wollock and others 2004; Sowa and others 2007).

Because classification systems consolidate variability, they

provide a template to organize and generalize management

actions at larger scales. The need for standardized flow–

ecology relationships provided the motivation for creating

flow classifications where streams are grouped according to

similar hydrologic properties (e.g., Poff and Ward 1989;

Poff 1996; Kennard and others 2010). Instead of develop-

ing management recommendations for every individual

river, classes of rivers within a given region can be used to

develop standards for managing flow needs (Poff 1996;

Arthington and others 2006). These classes then provide a

stratified approach to assess hydrologic alterations and

flow–ecology relationships (Arthington and others 2006).

The ELOHA framework is a classification-based process

that includes four scientific steps: (1) building a hydrologic

foundation of baseline hydrologic conditions and predicted

natural hydrology, (2) classifying river types based on

natural patterns in hydrology (along with potential geo-

morphic subclassification), (3) assessing flow alterations

within each river class in relation to baseline conditions,

and (4) determining flow–ecology relationships for each

river class (Fig. 1). Flow–ecology relationships, as pre-

sented by Poff and others (2010), represent univariate

relationships between a change in flow (e.g., low-flow

duration) and an ecological response (e.g., fish richness).

Changes in ecology and flow, many times represented as %

changes, are measured from natural or baseline conditions

to the current or altered condition (Poff and others 2010;

Fig. 1 The ELOHA framework (taken directly from Poff and others 2010)
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Poff and Zimmerman 2010). Flow–ecology relationships

are compiled for many individual systems to create robust

univariate relationships for a given region or flow class.

These flow–ecology relationships are then used to inform

social processes, such as defining acceptable ecological

conditions based on changes in flow, i.e., ‘‘ecological

limits,’’ and instituting environmental flow policies (e.g.,

withdrawal thresholds). As flow policies are implemented,

monitoring is used to make adaptive adjustments (Poff and

others 2010). Although the ELOHA framework includes a

potential geomorphic subunit classification (step 2), the

only context for organizing flow–ecology relationships is

hydrologic classes. Poff and others (2010) admit that other

environmental variables (e.g., temperature) may confound

relationships between flow and ecology; yet, the need to

incorporate potentially confounding variables into flow–

ecology relationships (e.g., via model building) is never

explicitly stated.

Because of the use of ELOHA in multiple settings, we

questioned its applicability in informing flow restoration

within regulated river systems. In all areas of the globe,

there has been heightened interest in either new dam con-

struction (in less developed countries) or environmental

flow assessment (in developed countries) (Tharme 2003).

Reductions in flow variability have resulted in a loss of

continentally distinct fluvial habitats across global scales

(Poff and others 2007). With less than 2 % of the US’s

rivers unregulated (Vitousek and others 1997), the oppor-

tunities for flow restoration below dams are quite common.

Globally, there are over 800,000 dams (McCully 1996;

Rosenberg and others 2000), with those numbers expected

to dramatically increase in the coming decades (Richter

2011). In the US alone, there are over 85,000 dams

(USACE 2011), 7,000 of which are [15 m in height. The

US has over 2,600 hydropower dams, 86 % of which are

privately owned (USACE 2011) and potentially subject to

the Federal Energy Regulatory Commission (FERC 2006)

relicensing procedures (reoccur on a 30–50-year rotation).

Thus, frameworks to organize flow restoration applications

below dams will continue to be a need for regulated river

management.

The purpose of this study was to test the utility of the

ELOHA framework in providing generalized flow–ecology

relationships suitable for informing flow restoration appli-

cations in regulated rivers. We organize our study into two

main objectives. First, we followed the ELOHA process to

determine whether predictive univariate flow–ecology

relationships could be developed for fish richness and

riparian encroachment within regulated and unregulated

systems of the Upper Tennessee River Basin (UTRB). We

then determined the extent to which multivariate models

could improve our ability to predict ecological responses to

changes in flow. We focus on the UTRB because of its

global importance as a region of diverse fish fauna (Abell

and others 2008), and it has been an area of intense river

regulation due to flood control, hydropower, and recreation

(Etnier and Starnes 1993). Second, we use a case study to

assess whether the predictive flow–ecology relationships,

developed from the first objective, could be used to predict

fish and riparian responses to flow restoration in the Che-

oah River, a regulated system within the UTRB. We then

discuss potential constraints of flow restoration in regulated

river systems.

Methods

Part 1: The ELOHA Process (Steps 1–4)

Develop Hydrologic Foundation

The first two steps of the ELOHA process require assem-

bling a hydrologic foundation and developing a flow

classification. Flow classifications are advantageous in sit-

uations where pre-disturbance flow records are unavailable

or insufficient to establish baseline conditions. For exam-

ple, unregulated streams within a given flow class can be

used to estimate hydrologic indices at ungaged or disturbed

sites. Relationships between drainage area and flow can

predict magnitude-related indices, whereas the central

tendency or interquartile range (IQR) of values within a

class can provide an estimate for hydrologic indices unre-

lated to drainage area (e.g., high-flow frequency, duration).

McManamay and others (2012b) developed a stream-

flow classification for an eight-state region of Southeastern

US, including the UTRB. A majority of gages within the

UTRB were classified as Stable High Baseflow (SHBF)

streams. We selected 89 gages with C20 years of unregu-

lated or pre-dam regulation flow and the watersheds of

which were predominately located within the Blue Ridge

Physiographic province (Fig. 2) (Online Resource 1). We

used the Hydrologic Index Tool (HIT) to calculate 171

hydrologic indices for each gage record (Henriksen and

others 2006).

Using linear regression, we developed predictive

relationships between 13 magnitude variables (log trans-

formed) and drainage area (log transformed), i.e., flow–

drainage area curves. One hydrologic index, baseflow

index, could be calculated from other predicted hydrologic

variables (=7-Day Low Flow/Mean Daily Flow). Two

other hydrologic indices, constancy and predictability,

were also related to drainage area, but in the non-linear

form. We partitioned the data into three subsets and

developed linear regressions between constancy and pre-

dictability and drainage area for each subset. For the

remaining nine variables unrelated to drainage area, we
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calculated the mean and median values, standard deviation,

and IQR.

Develop Ecological Foundation

Developing flow–ecology relationships (step 4 ELOHA)

requires assembling unaltered hydrologic and ecological

conditions from which responses can be measured.

Regarding the fish community, we focus primarily on pre-

dicting fluvial species richness for unaltered sites since the

number of species may increase predictably with drainage

area within a given region. We then use those relationships

to predict fluvial fish richness within regulated rivers.

We assembled fish community data from 34 unregulated

and 27 regulated sampling sites in the UTRB collected by the

Tennessee Valley Authority (TVA) (n = 54), Great Smokey

Mountains National Park (GSMNP) (n = 3), and our own

surveys (n = 4) (Fig. 2). Sites were located on the mainstem

and tributaries of the Little Tennessee, Tuckasegee, Hiwa-

see, Pigeon, and Little River systems. Sites were located on

wadeable streams in valleys with lower gradients rather than

mountainous ridge creeks and streams. The drainage area

ranged from 8.72 to 515 km2 in unregulated streams and

45.5–3,193 km2 in regulated streams. At most sites, the fish

community were sampled within reaches 5–10 times the

bankfull width, depending on the river size. Multiple gear

types, including boat and backpack electroshockers, seines,

and dip nets, were used to insure all habitat types represented

were sampled (riffles, runs, pools, and shorelines). Sampling

occurred during minimal flows to insure unbiased capture

efficiencies. Sampling efforts continued in all habitat types

until three successive runs failed to collect any new species.

Generally, sampling efforts on the shoreline and channels of

deep pools consisted of boatshocking in the downstream

direction for 10-minute sampling efforts. Shallower habitats,

such as riffles and runs, were sampled by holding a seine

perpendicular to the current while one crew member back-

pack electrofished in a downstream direction toward the

seine (one sampling effort). Backpack shocking was also

conducted in an upstream direction along 45 m of shoreline

(one sampling effort). In sluggish backwater and shallow

pool habitats, seine hauls were made. Fish were collected,

identified, and inspected for abnormalities. Juveniles were

identified, but only adults were enumerated. All sites were

sampled at least twice using similar methodology during

2000–2009. One exception was Abrams Creek where

GSMNP employed 3-pass depletion methods on an annual

basis using backpack electrofishing equipment, dip nets, and

block nets. Given the small size of the creek, we presume

little bias in fish species richness estimates for these sites.

We used the latest two sampling occasions for each site

to estimate total richness per site. We used FishTraits

(Frimpong and Angermeier 2009) to determine whether

each species was fluvial depending on whether the species

was endemic to the UTRB and preferred lotic habitats.

Richness–drainage area relationships developed from

smaller unregulated streams may overestimate fish richness

for large regulated river systems. To avoid overestimation,

we constructed lists of extant fish species for hypothetical

sites located at the pour point of each of the major river

basins in our study (Upper and Lower Little Tennessee,

Tuckasegee, Hiwasee, and Pigeon). Species lists were

generated using data from fish surveys, NatureServe

(2010), Etnier and Starnes (1993), and Menhinick (1991).

After compiling lists of fish species, we used FishTraits to

select only fluvial species with a preference for systems

larger than small streams. We then reviewed the lists for

each pour point to insure assessments were as accurate as

possible.

Predicting Fish Richness Using Models We hypothesized

that drainage area, river fragmentation, gradient, and drain-

age basin unit would be important in determining fish

richness. To calculate drainage area, we delineated the

Fig. 2 a Map of USGS streamflow gages (top inset) in the SHBF

class (McManamay and others 2012b) with a majority of their basins

in the Blue Ridge Physiographic Province (shaded region). b Map of

unregulated and regulated fish and riparian sampling sites and sources

of flow record information (USGS gages and dam spillage) in the

UTRB
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watersheds upstream of each site using 30-m digital-eleva-

tion models (DEMs) in ArcGIS version 9.3. River frag-

mentation was measured as the sum of the distance from the

site upstream to the nearest dam (or, in the case of unregu-

lated streams, upstream to the headwaters of the largest

tributary) and downstream to the nearest dam. Gradient was

measured over at least the entire reach distance (5–109

width) with a transit and stadia rod. Fish assemblages in river

systems transitioning from the BRPP into lower elevations

seemed to be influenced by the neighboring Ridge and

Valley Province. Because the precise location of province

transition resembles a gradient rather than discrete location,

we used elevation (DEM-derived) as a surrogate for any

potential drainage unit effects on fluvial fish richness. All

variables were measured similarly at the pour point of each of

the major river basins. We constructed generalized linear

models in the R programming environment to predict fluvial

fish richness as a Poisson distribution. Drainage area was log

transformed to avoid overestimating richness at sites with

smaller basins. We included all combinations of variables to

determine the best model using Akaike’s Information Cri-

terion (AIC), where the lowest AIC scores indicate the most

parsimonious model with the highest explanatory power

(Burnham and Anderson 2004).

Riparian Assessment We did not develop an ecological

baseline for riparian communities in regulated systems due

to a lack of sufficient data and knowledge of the pre-reg-

ulation riparian condition. However, we assessed the

riparian community’s current condition at each fish sam-

pling location by evaluating the coverage of riparian veg-

etation within the bankfull channel. At each fish sampling

location, we established four transects perpendicular to the

current in locations representative of various habitats

within each reach (Bisson and others 2006). Along each

transect, we measured bankfull according to Harrelson and

others (1994). Riparian coverage was measured as the total

width of woody riparian vegetation outcrops within the

bankfull channel. Typically, these areas either extended

from the bankfull margin into the channel or were present

as instream islands. In larger, heavily braided river systems

(such as diversions), field assessments could be difficult;

thus, aerial photographs and on-the-ground photos were

used to supplement riparian coverage estimates. Because

flows were partially restored in the Cheoah River, we used

on-the-ground assessments in combination with aerial

photos to estimate pre-restoration riparian coverage. We

calculated riparian coverage as a percent of bankfull width.

Assemble Overlapping Flow and Ecological Data

Assessing spatial flow–ecology relationships requires iso-

lating biological sampling locations that also include flow

information. However, overlapping hydrologic and eco-

logical information within regions is typically limiting and

may fail to maximize existing data (Knight and others

2008). With regard to available flow information, fish and

riparian sampling locations fell into one of three categories:

(1) Sampling location has a proximate USGS gage or dam

with a 20-year record within the reach of interest (i.e.,

within 10 times the bankfull width and not influenced by

tributary inflow), (2) sampling location has a mainstem

gage or dam with an active 20-year record not located

within the reach, or (3) sampling location does not have

any active flow information on mainstem (11 unregulated

sites).

For Category 2, we assembled data from the last 20

years from the nearest mainstream gage or nearest

upstream dam. Typically, the source of flow record infor-

mation was less than 5 km from the site. Discharge data

from the dams were supplied by TVA, Alcoa Power, and

Progress Energy on request. Based on the difference in

drainage area between the gage and sampling location, we

used flow-drainage area curves (‘‘Develop Hydrologic

Foundation’’ section) and the daily hydrologic record for

the nearest-neighboring unregulated gage to account for

incoming flows and adjust each hydrologic record. We

calculated indices for each modified hydrologic record

using HIT. For Category 3, we used flow-drainage area

curves to predict magnitude-related hydrologic indices

weighted by values from the nearest-neighboring gage. For

non-magnitude indices, we used values from the nearest-

neighboring gage as estimates. Non-flow magnitude indi-

ces, such as high-flow frequency, from gaged sites are

typically used to predict values for ungaged locations (Ries

and Crouse 2002). In addition, non-magnitude indices tend

to be have low dispersal around the central tendency within

the SHBF Class (e.g., mean (SD) high-flow fre-

quency = 14.45 (1.94), n = 89).

Flow–Ecology Assessment

Flow–ecology relationships can be exhibited as % changes

in flow and % ecological responses on x and y axes,

respectively (Poff and others 2010). We predicted unreg-

ulated hydrologic indices using linear regression (magni-

tude-related indices) or using median values from the

SHBF class (non-magnitude indices) (‘‘Develop Hydro-

logic Foundation’’ section) (Online Resource 1). We cal-

culated % hydrologic alteration by comparing actual

hydrologic values to predicted values. We predicted fish

richness at regulated sites using glm models and calculated

% ecological responses. For riparian responses, we used the

% riparian coverage in the channel. We plotted flow–

ecology relationships for all regulated sites according to

different dam operation types. For fish richness, we used %

1214 Environmental Management (2013) 51:1210–1235
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changes in 90-day low flow, 1-day maximum flow, high-

flow frequency, constancy, and the number of reversals

because these variables tend to be heavily influenced by

dam regulation in the region (McManamay and others

2012a). The 90-day low flow and 1-day high flow are the

annual minimum and maximum values of mean discharge

computed over 90 consecutive days and one day, respec-

tively. High-flow frequency is the number of annual

occurrences of flows surpassing the 25th percentile flow

magnitude (mean daily flow exceeded 25 % of the time).

Constancy is a measure of temporal invariance (see Col-

well 1974). Reversals are the annual number of negative

and positive changes in flow from one day to the next. For

riparian coverage, we used 90-day low flow, 1-day maxi-

mum flow, high-flow frequency, and high-flow duration for

the same reasons mentioned above. High-flow duration is

the mean number of days a [25th percentile flow remains

above that threshold. We also calculated a hydrologic

alteration index as the square root of the sum of squares for

% hydrologic alterations for all indices.

Based on site visitation, internet searches, and data from

National Inventory of Dams (USACE 2011), we catego-

rized sites into dam operation types according to the

operations of the nearest upstream dam. Run-of-river and

storage dams typically have little impact on hydrology

since they harness hydroelectric energy based solely on

incoming flows. Peaking dams have greater hydrologic

impacts since they store and release water in pulses to

maximize energy. Sites influenced by diversion projects

were located within river reaches the flows of which were

diverted downstream for power production.

Univariate flow–ecology relationships may be mislead-

ing since they do not account for other potentially con-

founding variables (Poff and others 2010). In contrast,

model building can estimate the effect of hydrologic

indices on ecological responses in relation to non-flow

variables. Using data from all sites, we constructed gen-

eralized linear mixed models (GLMM) in the R program-

ming environment to predict fluvial fish richness and %

riparian coverage as Poisson and binomial distributions,

respectively. Due to the availability of flow information,

only 55 of the 61 sites sampled were included. Models

were constructed using the glmm function in the repeated

package (Lindsey 2012), which calculates a random

intercept using a normal mixing distribution calculated by

the Gauss-Hermite quadrature (Lindsey 2012). Like glm,

glmm not only uses maximum likelihood to estimate

parameters but also includes identifying a nesting variable

as the random effect (random intercept). Although located

on separate reaches, multiple sampling locations on the

same river system constitute repeated sampling. We used

8-digit HUCs as a random effect to account for any

evolutionarily derived effects on fish richness or any

unobvious basin-specific effects on riparian coverage.

Using the same hydrologic indices above, we constructed

models to predict fluvial fish richness and riparian cover-

age. We included dam operation type, gradient, and ele-

vation as fixed effects for predicting fish and riparian

responses. Fragmentation was used as a predictor in fish

richness models. Preliminary inspection of the data sug-

gested that the volume of water carried by regulated sys-

tems had higher explanatory power than basin size; thus,

drainage area was excluded from fish richness models. In

riparian coverage models, we excluded fragmentation, but

included drainage area. Larger systems in the UTRB have

more naturally braided channels; thus, drainage area may

have residual effects on riparian conditions in regulated

systems. We used AIC values to determine the best models

and to examine the relative importance of flow variables in

relation to other variables. We also compared the coeffi-

cients of hydrologic indices and other factors across

models to determine relative effect sizes and determine any

generalized trends.

Part 2: Case Study

In the previous section, we followed the ELOHA frame-

work to produce generalized flow–ecology relationships to

inform environmental flow management in regulated

streams in the UTRB. Extensive flow restoration efforts

and ecological monitoring in the Cheoah River provided an

opportunity to examine whether flow–ecology trends, if

produced, could be used to predict ecological responses to

restoration. Based on flow–ecology relationships from Part

1, we hypothesized how flow restoration influenced ecol-

ogy in the Cheoah River separately and in combination

with uncontrolled events (e.g., floods). We used a series of

quantitative and qualitative assessments of pre-post com-

parisons in hydrology, fish ecology, and riparian ecology to

identify predicted or unpredicted responses to flow resto-

ration. In addition, pre-post comparisons of temperature

and substrate were used to provide evidence of indirect

influences of flow restoration on ecology.

Study Site Description and Background

The Cheoah River is located in western North Carolina

within the Appalachian Mountains of the Southeastern

U.S.A (Fig. 3). The river drains a 550 km2 predominately

forested watershed located within the Nantahala National

Forest. The area generally receives 150–230 cm of pre-

cipitation annually. High mountain ridges and steep terrain

(30 % relief) can cause relatively high rates of erosion,

which contributes to thin soil cover and limits crop agri-

culture in some areas. The river falls from 533 m right

below the dam to less than 335 m over its length (slope

Environmental Management (2013) 51:1210–1235 1215
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*1.3 %). In general, the river channel is constrained by its

valley, underlying bedrock, and high embankment from the

road, which lead to very little lateral migration. The upper

3.2 km has a relatively low gradient (0.3–0.6 %), whereas

the lower 11.6 km has a steeper gradient (1–2 %).

The Cheoah River is impounded by Santeetlah Lake, a

456-km2 reservoir, and flows into Calderwood Reservoir

on the Little Tennessee River System. Following the con-

struction of the Santeetlah Dam in 1927, over 95 % of

incoming flow was diverted to Cheoah Powerhouse,

bypassing 14.8 km of the Cheoah River. Flows were lim-

ited to leakage from the dam (\0.002 m3 s-1), inputs from

tributaries, and occasional large pulses ([24 m3 s-1) from

the reservoir (Fig. 4). Because of surface release opera-

tions, sediment supply was cut off from entering the Che-

oah River with the exception of tributary inputs. Although

gravel and cobble substrates tend to increase with distance

from the dam, the streambed throughout the Cheoah River

is very coarse and sediment starved (McManamay and

others 2010). Riparian vegetation encroachment and high

gradient intensified sediment-starved conditions (Norman-

deau and others 2002a). Altered hydrology and sediment

supply led to degraded habitat for many aquatic biota,

including the federally protected plant, Virginia spiraea

(Spiraea virginiana), and the federally endangered Appa-

lachian elktoe (Alasmidonta raveneliana) (USFWS 1994).

The Cheoah River may have had over 40 fish species prior

to impoundment (D. A. Etnier, University of Tennessee,

personal communication). Currently, the Cheoah River has

only 19 species of fish.

Starting in 1999, FERC initiated the relicensing process,

which resulted in a collaborative research effort among

multiple agencies to assess existing habitat conditions and

make recommendations for environmental flows and sub-

strate augmentation (Normandeau and others 2002a; R2

2003; Dilts and others 2003). Indicators of Hydrologic

Alteration (IHA) (Richter and others 1996) as well as In-

stream Flow Incremental Methodologies (IFIM) were used

to identify ecological flow needs. Based on scientific

findings and a round table discussion, FERC issued the new

40-year license in effect from March 1, 2005, requiring

Alcoa Power to establish seasonally variable base flows

between 1.13 and 2.83 m3 s-1 and periodic high-flow

events (28.32 m3 s-1) (FERC 2005) (Fig. 4). In addition,

Conservation Fisheries Inc. propagated and reintroduced

wounded darters (Etheostoma vulneratum) and spotfin

chub (Cyprinella monacha) into the Cheoah River and

monitored their status (Rakes and others 1999; Petty and

others 2011).

Hydrology

Our first objective was to determine whether flow resto-

ration in the Cheoah River produced hydrology similar to

baseline conditions, i.e., that of the SHBF Class. We

assembled dam spill data and USGS daily flow records for

the lower Cheoah River (USGS 0351706800) from 1999 to

the present. We constructed hydrologic records for the four

reaches of the Cheoah River (Fig. 3) by accounting for

tributary inflow, discharge at the USGS gage, and dam

Fig. 3 Map of the Cheoah

River, a regulated tributary of

the Little Tennessee River

system in Graham County,

North Carolina. Inset major

stream reaches are stratified by

segments. Points represent

locations of stream channel

photographs and pebble counts
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spillage. We divided each hydrologic record into two

datasets: pre-flow restoration (1999–2005) and post-flow

restoration (2005–2010). Pre- and post-restoration data

were imported into HIT and 171 indices were calculated.

Magnitude variables in our dataset were standardized by

drainage area. We used a permutational multivariate anal-

ysis of variance (PMANOVA) in the adonis function in R

(vegan package) (Stevens and Okasanen 2012) to test for

significance of all hydrologic indices simultaneously

among pre-restoration, post-restoration, and the SHBF

class datasets. PMANOVA is a non-parametric version of

MANOVA except that it uses metric distance matrices to

partition sums-of-squares and large permutations to

develop pseudo-F statistics and determine significance

(Anderson 2001; Stevens and Okasanen 2012). We used

Euclidean distances and 100 permutations to develop F

ratios. For each individual hydrologic index, we conducted

Kruskal–Wallis ranked sum tests followed by multiple

comparison tests (kruskalmc function, pgirmess package)

in R (Giraudox 2012).

Fish Ecology

We predicted that increases in seasonal base flows and

small flood frequencies would increase fish species rich-

ness. We determined fish assemblage responses to flow

restoration by (1) assessing changes in fluvial fish species

richness and 2) evaluating trends in occupancy for domi-

nant fluvial fish species. Fish assemblage monitoring was

conducted sporadically in the Cheoah River from 1993 to

2003 and then on an annual basis from 2004 to 2009.

Sampling methods ranged from 3-pass depletion electro-

fishing (1993–2003), Index of Biotic Integrity (IBI) elec-

trofishing (Karr 1981; Karr and others 1986) (2004–2005),

snorkeling (2006), and a combination of snorkeling and IBI

approaches (2008–2009). We examined all potential

recolonists as fluvial species not currently residing in the

river, but could colonize from tributaries, downstream

(Calderwood Reservoir), or introduction from Santeetlah

Reservoir. Potential recolonists were defined as species

(1) not captured for more than one year within the mainstem

and/or (2) represented by only one individual if captured.

We sampled tributaries directly feeding the mainstem

Cheoah River and above Santeetlah Dam using IBI elec-

trofishing methods. Calderwood Reservoir was sampled

using boat electrofishing IBI methods (Normandeau and

others 2002b). We assembled latitude and longitude coor-

dinates of fish presence/absence information (1993–2009)

from agency personnel and our field surveys. Mesohabitats,

or areas of similar geomorphology, were delineated for the

entire Cheoah River using aerial imagery and sub-foot

resolution Light Detection and Ranging (LIDAR). Because

mesohabitats represent areas of similar morphology and

habitat, they provided a framework to calculate patch

occupancy (the proportion of sites occupied by a species).

Although occupancy provides an approach to utilize the

presence/absence data, elucidating patterns in species

occupancy requires accounting for detection probability (p),

i.e., the probability of detecting a species, given its presence

(MacKenzie and others 2006). In order to account for var-

iation in occupancy due to sampling methods, we used

multiple sampling occasions in 2009 as well as the literature

to estimate method-specific P for each of the 11 fish species.

In 2009, we snorkeled in 41 sites three times followed by an

IBI electrofishing approach in a subset of sites. The length

of reach sampled for each site ranged from 15–105 m and

was proportional to mesohabitat size. Snorkeling was

Fig. 4 a Mean monthly dam spillage and discharge at the USGS gage

in the lower Cheoah River. Differences in magnitudes reflect tributary

inflow. b Average daily flow for a typical year before (2002) and after

(2007) the initiation of the new flow regime. c Peak flow discharges

from 1999 to 2010 at the USGS gage on the Cheoah River. Arrows
indicate the initiation of the new FERC-mandated flow regime in

graphs A and C
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conducted at each site by splitting the entire wetted margin

into three lanes and assigning one diver to each lane.

Searching pace was altered depending on depth, water

clarity, and habitat complexity. Divers would call species,

abundances, and approximate sizes to a recorder on the

stream bank. IBI electrofishing was conducted in shallower

depths (mean, 1 m) with backpack units and seines and

similar methods to that described for TVA sampling.

Detection histories for fish species were used in PRESENCE

(USGS 2012) to estimate P for snorkeling and IBI methods

separately and together, thereby providing P estimates for

2004–2009. Peoples and Frimpong (2009) reported average

P values for fish species collected via 3-pass depletion at 316

fish sampling sites across the US. Thus, we were able to

estimate P for species collected during 1993–2003. For each

species and each sampling year, we simulated 10 adjusted

occupancy estimates in GENPRES (USGS 2012) based on

the number of sites sampled, proportion of sites occupied,

and estimated p. Using simulated values, we conducted a

two-way PMANOVA to test for changes in occupancy due to

flow restoration and flooding for all species simultaneously.

We tested for pre- and post-changes for each individual

species using two-way permutational analysis of variance

(PANOVA). Coefficients from the model were used as

indicators of increases or decreases in occupancy for each

species.

Riparian Ecology

Theoretically, the restoration of flood magnitudes and base

flows should reestablish active channel maintenance, such

as habitat formation and removing encroaching vegetation

(Barinaga 1996; Poff and others 1997; Trush and others

2000). We used a series of pre-post photographs taken in

July 2001 and July 2008 at established benchmarks to

monitor changes in riparian coverage due to flow restora-

tion and flooding. In 2001, photographs of the river channel

were taken from benchmarks established during IFIM

studies (Normandeau and others 2002a). Each benchmark

was marked with a latitude/longitude coordinate and a

metal post. We returned to a subset of benchmarks that

could be accurately identified and photographed the river

channel (Fig. 3).

As a follow-up approach, we surveyed the entire river

course seasonally from January 2008 to July 2009 for signs

of overturned islands of alder vegetation within the wetted

channel. The majority of the river was accessible and

visible from the road; however, in areas of poor visibility,

we waded through the channel or walked the bank. We

documented any overturned island with a latitude/longitude

coordinate and a photograph. Vegetated island overturn

between 2008 and 2009 was visually inspected in relation

to flooding magnitudes.

Temperature and Substrate

Changes in a river’s flow regime influence the thermal

buffering capacity of the channel, which translates into

altered stream temperatures (Caissie 2006). We provide

pre- and post-flow restoration comparisons of water tem-

peratures to determine potential effects of additional flow

volume and surface release operations on the thermal

regime in the Cheoah River. Prior to the reregulation of

flows in 2001, 19 temperature loggers were placed

throughout the Cheoah River basin to determine the effect

of surface release operations on temperatures in the lower

river (Normandeau and others 2001). Fifteen temperature

loggers were placed in tributaries above Santeetlah Res-

ervoir and four were placed in the Cheoah River below the

dam. We assessed the preexisting temperature regime by

comparing average daily water temperatures to elevation

and Julian day of year. Using data from the Cheoah River

USGS gage (0351706800), we compared the average

monthly temperatures (for all year) and the average sum-

mer temperatures (June–September) for the pre-relicensing

agreement (1999–2005) and post-relicensing agreement

(2006–2010) using a Kruskal–Wallis ranked sum test.

We investigated whether the changes in flow induced

changes in the size distribution of stream bed sediments. We

predicted that textural fining could occur by two mecha-

nisms: (1) The removal of vegetation outcrops could mobi-

lize sediments and (2) the inundation of new stream margins

could increase sediments via erosive processes. One hundred

pebble counts were conducted along IFIM transects (Fig. 3)

in 2002 during bedload transport field studies according to

the Wolman (1954) method (R2 2003). In 2008, we returned

to the benchmarks and repeated the pebble counts using the

same methods. We compared the median particle size (D50)

and size distribution of particles along each transect for the

pre- and post-flow restoration periods using a Kruskal–

Wallis test.

Results

Part 1: ELOHA Process

Hydrologic Foundation

The variance explained by predictive linear regressions for

the 13 magnitude variables ranged from 89.4 to 92.6 %, all

of which were highly significant (P \ 0.0001) (Online

Material 1). The variance explained by our non-linear

models for constancy and predictability was 70.1 and

64.8 %, respectively. The IQR and standard deviations for

the remaining nine non-magnitude variables were low and

indicative of small variation (Online Material 1).
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Ecological Foundation

Fish assemblage sampling from the latest two sampling

occasions at 61 sites in the UTRB resulted in 109 fish

species, 84 of which were fluvial fishes. A total of 143

extant fish species, 110 of which were fluvial fishes, were

estimated to potentially occur within all of the major river

basins in our study. The number of fluvial fishes within

each basin ranged from 35 to 77, whereas the actual

number of species we estimated that might actually exist at

the pour point of each basin ranged from 34 to 75 species.

The best glm model (lowest AIC score) for predicted flu-

vial fish richness included drainage area (log transformed),

gradient, and elevation and explained 94.0 % of the vari-

ance (Table 1; Fig. 5a). Most regulated sites had lower fish

richness values than predicted (Fig. 5b). All coefficients in

the best model were significant (Table 1). Drainage area

had positive effects on richness values, whereas gradient

and elevation had negative effects. Riparian coverage for

unregulated sites averaged 2.95 % and ranged from 0 to

15.3 %. Riparian coverage for regulated sites averaged

21.9 % and ranged from 0 to 79.6 %, with the highest

values found at sites impacted by diversion dams.

Assemble Overlapping Flow and Ecological Data

Out of 61 total sampling sites in the UTRB, 55 sites had

sufficient flow data as proximate USGS gages, dam spill-

age, or from estimation using predictive hydrologic foun-

dation information. Twenty-three of the 55 sites had a

proximate USGS gage or dam with spillage information on

the mainstem reach of interest (Fig. 2). Twenty of the 55

sites had USGS gage or dam spillage information on the

mainstem not proximately located, the values of which

were adjusted to accommodate differences in incoming

flow. The remaining ungaged locations (n = 11) were all

unregulated sites with nearby unregulated USGS locations,

the hydrologic index values of which were predicted as

described in the ‘‘Methods’’ section.

Flow–Ecology Assessment

Some relationships emerged when visualizing x–y plots of %

hydrologic change versus % ecological response. However,

much of the variation in ecological patterns was due to dam

operation types (Fig. 6, Online Material 2). Fish richness

responses were predominately negative for all diversions and

a majority of peaking dams; however, changes in fish rich-

ness were positive or near zero for run-of-river and storage

dams (Fig. 6, Online Material 2). Diversion dams tended to

have substantial decreases in 90-day low flow and 1-day

maximum flow, but had little effect on the number of

reversals. Peaking dams tended to increase the 90-day low

flow and the number of reversals. All dams, except run-of-

river and storage dams, tended to decrease the 1-day maxi-

mum flow and constancy. Percent changes in fish richness

displayed stronger positive correlations with 1-day high

flows and constancy and a negative correlation with the

hydrologic alteration index (Fig. 6, Online Material 2).

Fig. 5 a Fish richness values from actual sampling at unregulated

sites, estimated values from 8-digit Hydrologic Unit Code pour

points, and predicted values using a generalized linear model

(Table 1). b Fish richness values from actual sampling at regulated

sites and predicted values using generalized linear model

Table 1 Results of the best generalized linear model predicting flu-

vial fish richness at 38 unregulated sites in the UTRB

Variable Estimate SE Z value P

Intercept 2.906 0.305 9.539 \0.0001

log(drainage area) 0.158 0.040 3.978 0.0001

Gradient -0.261 0.092 -2.850 0.0044

Elevation -0.001 0.000 -4.710 \0.0001

Null deviance 298.4 DF 38

Residual deviance 25.47 DF 34

The best model was selected as having the lowest AIC value

(Burnham and Anderson 2004). Coefficient estimates, standard error

(SE), and Ward’s Z values are provided for each variable
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Similar to fish richness responses, most variation in %

riparian coverage was attributed to dam operation types,

with diversion dams having the highest values. Riparian

coverage displayed a negative and positive correlation with

90-day low flow and the HA index, respectively (Fig. 6).

No patterns were observed for riparian response to 1-day

maximum flow, flood frequency, or the duration of high-

flow events.

Multivariate models explained substantially more var-

iation than univariate (flow only) models. For example,

fish richness and riparian coverage did not display a

consistent pattern relative to the 90-day low flow; how-

ever, data predicted from the best models trended well

with observed data (fish richness: R2 = 0.77; riparian

coverage: R2 = 0.93; Fig. 7a, b, respectively). Deviation

and AIC values in all models decreased with the inclusion

Fig. 6 Relationships between altered hydrology and ecological

responses for regulated sampling sites only. Percent changes were

calculated as existing conditions from the predicted baseline.

Spearman’s rho and significance for rank correlations are provided.

(See ‘‘Methods’’ section for predicting baseline hydrology and

ecology)
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of non-flow variables. For fish richness, dam operation

types, gradient, and elevation explained the majority of

variation in most models (Table 2), whereas hydrologic

variables tended to explain less variation. An exception

was 1-day high flow, which had the highest explanatory

power in its respective model. Diversion and peaking

dams typically had negative effects on fluvial fish richness

and coefficient estimates were significant in a majority of

models (Online Material 3). Run-of-river and storage

projects had positive effects on fish richness, but were

significant in three of the models. Gradient and elevation

had consistent and significant negative effects on fish

richness (Online Material 3). Although fragmentation

(fragment length) explained relatively low amounts of

variation in fish richness, coefficients were typically

positive and significant in three models. Random effects

were present in three of the five fish richness models,

suggesting some variation attributed to basins (Table 2).

All hydrologic indices were present in the best models

and all indices had significant coefficients with the

exception of high-flow frequency (Table 3). The 90-day

low flow, 1-day maximum flow, and constancy had

positive effects on fish richness, whereas the number of

reversals and high-flow frequency had negative effects.

For riparian coverage models, dam operation types,

gradient, and elevation typically explained the majority of

variation (Table 4). Riparian coverage was poorly related

to Diversion, and run-of-river/storage dams displayed sig-

nificant positive effects, elevation displayed significant

negative effects, and gradient displayed positive effects on

riparian coverage (Online Material 3). Drainage area was

present in three of the four best models predicting riparian

coverage (Table 4). All hydrologic indices were present in

the best models (Table 4) and all indices had significant

coefficients with the exception of high-flow frequency

(Table 3). The 90-day low flow and high-flow duration had

negative effects, whereas 1-day high flow and high-flow

frequency had positive effects.

Fig. 7 Relationships between 90-day low flow and a actual values

for fish richness, b actual values for % riparian cover, c simulated

values for fish richness, and d simulated values for % riparian cover

according to different dam operation types. Simulations were

developed using the best models developed for fish richness and %

riparian cover in relation to 90-day low flows (Tables 2, 4). Data were

simulated by varying the 90-day low flow and dam operation types

while keeping all other variables constant; thus, simulations are not

shown for predictive accuracy, but as an example of the utility in

hypotheses generation from model construction
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Part 2: Case Study

Hydrology

Hydrologic variables were significantly different among

pre- and post-restoration periods and the SHBF class

(Permutational MANOVA, F = 8.68, P = 0.005). Twenty

one of the 26 hydrologic indices were significantly differ-

ent among pre- and post-flow restoration periods and the

SHBF class (Kruskal–Wallis, Fig. 8). Typically, post-flow

restoration values were more similar to the SHBF class

than pre-flow restoration values. Post-flow restoration

values for mean daily flow, daily variation (CV), baseflow

index, high-flow frequency 1, low-flow duration indices,

constancy, and rise/fall rates had values similar to the

SHBF class compared to pre-restoration values. However,

post-restoration values for low-flow frequency, high-flow

frequencies 1 and 2, and high-flow duration were less

similar than pre-restoration values.

Fish Ecology

Over a 17-year period, 11–18 fish species were found at

any given time within eight yearly sampling occasions

(July–August) (Appendix Table 7). The number of

mesohabitats sampled per year increased over time with the

highest amounts occurring from 2006 to 2009. The number

of fluvial fish species collected per year ranged from 9 to

13, with the highest values in 2008 and 2009 (Appendix

Table 7), which coincided with higher sampling effort and

dual methodologies. Despite increases in search efforts, all

species found during the post-flow restoration period had

been found in the Cheoah River at least once prior to 2006.

Of the eight potential fluvial recolonists, only black red-

horse established permanent residency in the river. The

black redhorse species was found once in 1993 and not

again until 2006, following the flow restoration. We could

not conclude that longnose dace established permanent

residency since only one individual was captured during

sampling events in 2005, 2008, and 2009 in the same

location adjacent to the mouth of a tributary. Blacknose

dace, mottled sculpin, creek chub, and white sucker had the

potential to colonize directly from either tributaries feeding

the mainstem Cheoah River or Calderwood Reservoir.

Redbreast sunfish and Tennessee shiner are currently found

in tributaries above Santeetlah Dam.

Nine species showed declines in occupancy following

the 2003 flood event (Table 5), six of which were signifi-

cant. One species, central stoneroller, was not found in the

river until 2003, after which it displayed significant

Table 2 Generalized linear mixed models predicting fluvial fish richness using different hydrologic indices and non-flow variables

Model N. par Deviance LogLike AIC

90-day low flow

Dam-Op-Type ? elevation ? gradient ? log(90-day low flow) ? random

effect[basin] ? fragmentation

9 50.07 -155.0 328.0

Dam-Op-Type ? 90-day low flow 5 92.85 -176.4 362.8

Log(90-day low flow) 2 122.1 -191.0 386.1

1-day high flow

Log(1-day high flow) ? Dam-Op-Type ? gradient ? elevation ? random effect[basin] 8 43.02 -151.5 319.0

Log(1-day high flow) ? Dam-Op-Type 5 79.64 -169.8 349.6

Log(1-day high flow) 2 124.0 -192.0 388.0

High-flow frequency 1

Gradient ? Dam-Op-Type ? elevation ? fragmentation ? high-flow frequency 1 8 58.29 -159.1 334.2

Gradient ? high-flow frequency 1 3 101.8 -180.8 367.7

High-flow frequency 1 2 182.5 -221.2 446.4

Constancy

Dam-Op-Type ? elevation ? gradient ? fragmentation ? constancy ? random effect[basin] 9 50.22 -155.1 328.2

Dam-Op-Type ? constancy 5 141.0 -200.5 411.0

Constancy 2 144.1 -202.0 408.1

Reversals

Dam-Op-Type ? gradient ? elevation ? fragmentation ? reversals 8 53.06 -156.5 329.0

Dam-Op-Type ? reversals 5 171.4 -215.7 441.4

Reversals 2 200.0 -229.9 463.9

For each hydrologic index, models are presented in order of hydrologic index only (bottom), hydrologic index and strongest predictor variable

(middle), and the best model (top). For each model, variables are presented in order of explanatory power from left to right. Deviance represents

the residual variation. The best models were selected as having the lowest AIC value (Burnham and Anderson 2004)
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increases. Flow restoration had negative effects on seven

species, five of which were significant (Table 5). Three

species (whitetail shiner, smallmouth bass, and central

stoneroller) showed significant increases following flow

restoration. Black redhorse occupancy increased following

flow restoration; however, changes were not significant.

Riparian Ecology

Comparisons of ground photographs in 2001 and 2008

suggested that large decreases in riparian vegetation, pri-

marily alder (Alnus glutinosa), occurred within the channel

following flooding and flow restoration (Fig. 9). Following

our survey of the entire river course, we observed a

majority of overturned islands of alder vegetation during

January 2009 following a 232-m3 s-1 flood (Fig. 10). Prior

to this time, we had observed very little breakup of

encroached riparian vegetation despite some floods

exceeding 170 m3 s-1. A majority of overturned islands

were observed in the upper 2 km of the river near San-

teetlah Dam.

Temperature and Substrate

Based on pre-flow restoration data, temperature increased

linearly with decreases in elevation within the Cheoah

River basin above Santeetlah Dam. Directly below San-

teetlah Dam, temperature displayed a non-linear increase,

especially evident in summer (Fig. 11). Comparisons of

average monthly temperatures were not significantly dif-

ferent between pre- and post-flow restoration periods when

considering all months (X2=1.3125, P = 0.2519); however,

average summer monthly temperatures were significantly

higher following the flow restoration (X2 = 7.8766,

P = 0.0050). Only four of the eight transects showed sig-

nificant changes in particle size distributions (Table 6).

Within the first 9.5 km from the dam downstream, D50

displayed decreases following flow restoration; however,

increases in D50 were observed after 11 km from the dam.

Discussion

We followed the first four steps of the ELOHA process to

generate flow–ecology relationships and inform environ-

mental flow management in regulated rivers. Our results do

not support the assertion that univariate relationships

between flow and ecology can produce results sufficient to

guide management in regulated rivers. However, after

constructing multivariate models, we were able to suc-

cessfully develop predictive relationships between flow and

ecology. These relationships can inform management by

providing standards to guide flow restoration and predict

ecological responses to restoration. For example, multi-

variate models can provide tools to simulate ecological

responses to changes in flow by controlling for multiple

confounding variables (e.g., Fig. 7c, d).

Despite extensive flow restoration efforts, we observed

minimal responses from the fish community in the Cheoah

River four years post-restoration. Patterns in the fish

occupancy suggested that a majority of species were

recovering from a peak flood event, which may have

masked any changes due to flow restoration. Degraded

habitats (e.g., temperature, sediment) and extensive basin

fragmentation, in conjunction with peak flooding, may

have reduced opportunities for new species colonization. In

contrast to fish, the riparian community showed consistent

responses to changes in the flow regime as predicted. Given

the temporal resolution of our riparian data, we were

unable to distinguish between any flood or flow restoration

effects. Nonetheless, major reductions in riparian vegeta-

tion suggested that increased flow magnitudes had rees-

tablished active channel maintenance.

Part 1: ELOHA Process

Hydrologic Foundation

Strengths of the ELOHA process include providing a

template to organize hydrologic information, predicting

hydrology and stratifying flow–ecology relationships.

Since the response of rivers to a disturbance may be

dependent upon their preexisting natural flow regime

(McManamay and others 2012a), flow classes provide a

Table 3 Coefficient estimates, SE, and Ward’s Z value for hydro-

logic variables taken from the best models predicting fluvial fish

richness and % riparian cover

Response Variables Estimate SE Z value P

Fish

richness

Log(90-day low

flow)

0.201 0.065 3.102 0.0019

Log(1-day high

flow)

0.334 0.063 5.294 \0.0001

High-flow

frequency 1

-0.017 0.009 -1.818 0.0691

Constancy 2.006 0.653 3.073 0.0021

Reversals -0.013 0.004 -2.873 0.0041

Riparian

cover

Log(90-day low

flow)

-0.355 0.087 -4.064 \0.0001

Log(1-day high

flow)

0.418 0.129 3.241 0.0012

High-flow

frequency 1

0.035 0.020 1.711 0.0870

High-flow

duration

-0.099 0.050 -1.983 0.0474

The best models were selected as having lowest AIC value (Burnham

and Anderson 2004)
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stratified approach to assess hydrologic alterations

(Arthington and others 2006; Poff and others 2010). In

addition, environmental flow standards and policies for

regions can be based upon class membership rather than

defining baselines for each individual river. Flow-drainage

area curves and IQRs for the SHBF class proved useful in

constructing hydrologic information for sampling sites

lacking adequate flow information. Only 42 % fish sam-

pling sites within our study had flow record information

within the reach of interest, which is fairly high compared

to other studies (e.g., 11 % in Knight and others 2008). We

were able to strengthen our analysis (i.e., sample size) by

adjusting hydrologic records or predicting hydrologic

indices for the remaining sampling locations using the

hydrologic foundation.

Ecological Baseline and Flow–Ecology Assessment

A critical step in the ELOHA framework is developing

flow–ecology relationships, which form the basis for water

policy management. Poff and others (2010) indicate that

these relationships can vary according to ecological

responses, specific hydrologic indices, particular flow

classes, and the degree of hydrologic alteration. Although

the authors suggest that the shape (e.g., linear versus

non-linear) of ecological response curves could vary,

flow–ecology relationships are univariate comparisons

between changes in flow and changes in ecology from

baseline conditions. There are two critical issues that arise

from these methods that we argue may not lead to mean-

ingful relationships. First, Poff and others (2010) suggest

that scientific uncertainty exists in the form of confounding

factors, such as temperature and geomorphology, and may

play a role in defining flow–ecology relationships. The

authors go on to suggest that this scientific uncertainty

should be incorporated as an element of risk in stakeholder

discussions and consensus decision making regarding flow

needs. We argue that scientific uncertainty should be

incorporated into models that explicitly test and control for

confounding variables. In addition, results of multivariate

models are intuitive, create new hypotheses, generate

simulated responses (e.g., Fig. 7c, d), and can be used to

inform stakeholder involvement.

The second critical issue is that of developing baseline

ecological conditions. In order to estimate baseline fish

richness for regulated sites, we constructed linear models

based on data from unregulated streams. One major limi-

tation in this approach was determining fish richness for

very large river systems, in which baseline information is

rare. Species–area relationships are complicated by gran-

ularity (spatial resolution) (Palmer and White 1994) and

habitat complexity (Angermeier and Schlosser 1989).

Table 4 Generalized linear mixed models predicting % riparian cover using different hydrologic indices and non-flow variables

Model N.

par

Deviance logLike AIC

90-day low flow

Dam-Op-Type ? elevation ? gradient ? log(90-day low flow) ? log(drainage area) ? random

effect[basin]

9 364.3 -239.1 496.3

Dam-Op-Type ? 90-day low flow 5 471.5 -292.7 595.5

Log(90-day low flow) 2 1,709 -911.5 1,827

1-day high flow

Dam-Op-Type ? gradient ? elevation ? log(1-day high flow) ? random effect[basin] 8 376.2 -245.1 506.2

Dam-Op-Type ? 1-day high flow 5 423.0 -268.5 546.9

Log(1-Day High Flow) 2 1,595 -854.7 1,713

High-flow frequency 1

Dam-Op-Type ? gradient ? elevation ? log(drainage area) ? random effect[basin] ? high-flow

frequency 1

9 378.3 -246.1 510.2

Dam-op-type ? high-flow frequency 1 5 454.8 -284.4 578.8

High-flow frequency 1 2 1,857 -985.3 1,975

High-flow duration

Dam-Op-Type ? gradient ? elevation ? log(drainage area) ? high-flow duration ? random

effect[basin]

9 377.2 -245.6 509.1

Dam-Op-Type ? high-flow duration 5 464.7 -289.3 588.6

High-flow duration 2 1,809 -961.3 1,927

For each hydrologic index, models are presented in order of hydrologic index only (bottom), hydrologic index and strongest predictor variable

(middle), and the best model (top). For each model, variables are presented in order of explanatory power from left to right. Deviance represents

the residual variation. The best models were selected as having the lowest AIC value (Burnham and Anderson 2004)
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We suspect that these issues are intensified in situations

where species richness values must be estimated to gen-

erate species–area curves, as in the case of our analysis.

Reconstructing baseline ecological conditions may be

extremely difficult for systems that are rarely, if ever,

sampled and have been regulated for many decades.

However, the most robust inferences in management can be

produced from pre-post analyses or comparisons of altered/

unaltered conditions (Stewart-Oaten and others 1986;

Underwood 1994). Thus, developing hydrologic and eco-

logical baseline conditions for regulated systems should be

an active area of future research.

Our development of GLMM models, as well as simple

x–y plots, revealed the importance of other factors besides

flow in determining ecological responses. One limitation is

that we did not include interactions among variables.

Because small sample sizes may preclude the inclusion of

high numbers of parameters, an alternative approach is

hierarchical linear modeling, which has shown success in

providing structure to flow–ecology relationships (McC-

argo and Peterson 2010). We suspect that temperature

would have played a role in predicting fish richness had it

been included in our models; however, the availability of

temperature data was limiting. We attempted to control for

unsampled predictors by organizing sites into various dam

operation categories, which may have consistent simulta-

neous effects on multiple variables. Fish richness was

considerably lower in diversion and peaking dams than

Fig. 8 Mean values of 26 hydrologic variables calculated for the pre-

(1999–2005) and post-flow restoration (2005–2010) periods in the

Cheoah River and for 86 streams in the SHBF class (McManamay and

others 2012b). Error bars represent 1 standard deviation. Different

letters represent statistical significance between groups at the

P = 0.05 level (Kruskal–Wallis post-hoc comparisons).

*,**,***,**** represent statistical significance at the P = 0.05,

0.01, 0.001, and 0.0001 levels, respectively
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unregulated systems of similar flow magnitude. Surpris-

ingly, run-of-river and storage dams had higher fluvial fish

species than unregulated systems; however, we suspect this

is an artifact of sites within our dataset and not general

conditions in the UTRB. Sites downstream of storage dams

included locations along the Pigeon River, which seemed

unaffected by Lake Logan, a small headwater impoundment.

Sites on the Little Tennessee River (n = 2) below Emory

Dam, a run-of-river hydroelectric facility, were minimally

affected by subdaily flow fluctuations and had multiple

migratory species, such as redhorse, and a high diversity of

benthic fishes. Gradient and elevation had the most consis-

tent and largest effects on patterns in fish richness than other

variables. Gradient controls the relationship between with

flow and habitat formation (Gordon and others 2004) and

may limit the migratory potential of many stream fishes. In

the UTRB, temperature, conductivity, and stream produc-

tivity all decrease with elevation, potentially explaining the

relationship with fish richness. Lastly, habitat connectivity

and its relation to reach-scale processes may ultimately

determine the ability of many species to persist (Fausch and

others 2002; Dieterman and Galat 2004; Reid and others

2008). We predicted basin fragmentation would be among

the strongest predictors of fluvial species richness in the

UTRB; however, the effects were only significant in three of

the five fish richness models.

Similar to fish richness, riparian coverage models were

influenced largely by dam operation, all of which exhibited

positive effects. The highest values for riparian coverage

were below diversion projects in relation to massive losses

in water volume. Intuitively, we expected riparian coverage

would be more extensive in lower-gradient systems; how-

ever, our models suggested the opposite. One explanation

is that riparian coverage may be more prone to expansion

in higher-gradient systems following hydrologic changes

since floodplains are more confined.

Part 2: Case Study

Hydrology

Following flow restoration, hydrologic conditions within

the Cheoah River were more similar to that of unregulated

streams in the SHBF class and were assumed to be more

suitable to fish recolonization and riparian removal.

However, determining whether conditions were favorable

to ecological restoration is somewhat uncertain. For

example, due to scheduled rafting events, the frequency

of smaller-magnitude floods increased; however, the

magnitude of peak flooding decreased. It is important to

note that flood frequencies are calculated with respect to

median flow conditions (e.g., frequency of flows 39

median flow); thus, if median flows and flooding fre-

quencies change simultaneously, interpreting hydrologic

variables can be difficult.

Table 5 Trends in occupancy estimates of 11 species collected from 1993 to 2009 within the Cheoah River

Occupancy estimates  were adjusted for differences in detection probability using the program GENPRES. Values on right represent coefficients 

from Permutational Multivariate Analysis of Variance (PMANOVA) indicating responses to flooding or flow restoration. 

 Numbers in bold represent significant effects of each treatment for individual species from PANOVA 
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Fish Ecology

According to our species richness-drainage area model

(Table 1; Fig. 5) the Cheoah River should have 8–14 more

species than it does currently, depending on the reach. Fol-

lowing flow restoration, the 90-day low flow increased from

0.05 to 1.54 m3 s-1 in the upper reach below the dam and

from 1.54 to 2.59 m3 s-1 in the lower most reach. Based on

our multivariate model (Table 2; Fig. 7c), fluvial fish rich-

ness was predicted to increase by 1–7 fluvial species,

depending on the reach. The largest increases were expected

in the upper river reaches and more moderate increases

expected in the lower river reaches. Estimates of fish species

richness for the species richness-drainage area model were

29 higher than the estimates from our multivariate models.

Thus, using only baseline conditions to inform management

may not provide accurate predictions and realistic objectives

for restoration in regulated rivers.

The fish assemblage in the Cheoah River did not

respond as predicted given the relationships developed

from the ELOHA framework. We attribute this to several

factors that may have limited responses from the fish

communities (later in the ‘‘Complications of Flow Resto-

ration’’ section). Only one of the eight potential fluvial

colonist species responded to the flow restoration. Black

redhorse were found at multiple sites in the Cheoah River

in 1993 and not again until 2006. Schools of black redhorse

were observed during 2001 in Calderwood Reservoir near

the mouth of the Cheoah River (Normandeau and oth-

ers 2002b). We speculate that redhorse may have been

Fig. 9 Serial photographs of

riparian vegetation in the

Cheoah River channel taken

pre-(2001) and post-(2009)

changes in the flow regime.

Changes in flow include the

occurrence of a major flood in

2003 and flow restoration in

2005. 2001 photographs taken

from Normandeau and others

(2002a)
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temporarily using the Cheoah as spawning grounds during

conditions of elevated flow and following the increased

minimum flow, they established permanent residency.

Elevated water depths in pools may have provided ade-

quate refuge and feeding habitat since all specimens have

been observed in deeper pool habitats since 2006.

Trends in occupancy suggested that the effects of the

flow restoration were masked by a 425-m3 s-1 flood event

occurring on May 6, 2003. Calculations of flood-recurrence

intervals from Santeetlah Dam spill records (1927 to cur-

rent) suggest that a flood of similar magnitude was a C30-

year event. Five species showed declines following 2003.

During 3-pass depletion efforts in 1993 and 1999, crews

collected over 100 greenfin darters each year. However,

immediately after the flood event in August 2003, similar

sampling methodology yielded only 23 greenfin darters at

the same sites ([77 % decline). Despite substantial

increases in effort, Tuckasegee darters, a species endemic

to the Little Tennessee basin, have displayed dramatic

decreases in occupancy from pre-flood conditions (from

[0.60 to 0.05). Unfortunately, our results also suggest that

the flow restoration precipitated additional declines in

Tuckasegee darter occupancy. Besides recolonization by

black redhorse, occupancy for three species (whitetail

shiner, smallmouth bass, and central stoneroller) increased

following flow restoration, suggesting improved habitat

conditions for these species.

Two limitations of our data were that fish sampling did

not occur consistently with the same sites each year and

there was unstandardized sampling among years. We

insured that all sites and reaches were surveyed multiple

times pre- and post-flow restoration. We also attempted to

Fig. 10 Point locations and two

examples (photographs) of

overturned instream vegetated

islands of alder (A. glutinosa)

resulting from a 226-m3 s-1

flow event in the Cheoah River

Fig. 11 Three-dimensional plot of the relationship between temper-

ature, elevation, and Julian day of year in the Cheoah River and

temperature effects caused by Santeetlah Dam
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address potential uncertainties in occupancy estimates by

accounting for detection probabilities (P) values. Multiple

surveys should be conducted each year to accurately

account for variation in P (MacKenzie and others 2006);

however, methods are needed that can accommodate

historical data lacking multiple surveys per year. Sam-

pling effort was increased in 2004 by sampling at more

sites and increased again in 2008–2009 by increasing the

number of sites, using multiple methodologies, and sur-

veying multiple times. Given increases in effort, declines

in fish occupancy are presumed to be related to actual

demographics and not an artifact of sampling design or

effort.

Riparian Ecology

In comparison to the fish community, in-channel riparian

coverage predictably decreased with increased flow mag-

nitude and flooding. According to multivariate models,

riparian coverage was predicted to decrease from 39–64 to

24–47 %, depending on reach. In regulated systems,

diminished flow magnitudes and reduced peak floods

substantially alter riparian communities (Auble and others

1994; Toner and Keddy 1997) by creating habitats less

suitable to native riparian species that depend on hydro-

logic disturbances (Scott and others 1996, 1997). Docu-

mented overturned islands of alder vegetation and clear

channels provide direct evidence that peak flows have

removed vegetation and have inhibited reestablishment

since 2005. Although several floods occurred in the Cheoah

River in excess of 170 m3 s-1 during our study, we only

observed overturned islands following a 232-m3 s-1 flood

event, which suggests that discharges of this magnitude

may surpass critical shear thresholds needed for riparian

removal.

Complications of Flow Restoration in Dam-Regulated

Systems

Much of the existing relationship between flow and

ecology is indirect (Poff and others 2010) and may

involve multiple pathways including feedback loops

(Anderson and others 2006). Unfortunately, dams tend to

affect multiple factors simultaneously rather than indi-

vidually. Thus, riverine communities may not respond

predictably to flow restoration given the complexity of

many confounding and interacting factors (e.g., temper-

ature, sediment). We explore several factors that may

have confounded the beneficial effects of flow restoration

in the Cheoah River and provide additional insights into

potential limitations of future applications in highly

modified systems.

Temperature

Although the relationship between flow and temperature

can be modeled accurately (Krause and others 2005),

Olden and Naiman (2010) indicate that temperature is ‘‘a

key, yet poorly acknowledged component of environmental

flows.’’ Temperatures below dams may impose such strong

constraints on fish assemblages that flow restoration has

little beneficial effects. For example, Krause and others

(2005) found that stream temperatures remained well

below suitable growth thresholds for brown trout, despite

attempting a suite of alternative flow scenarios below a

hypolimnetic-release hydropower dam.

Modeling temperature in conjunction with discharge

variability is considered standard protocol for IFIM meth-

ods (Bovee and others 1998); however, temperature mod-

eling was not considered during IFIM procedures in the

Cheoah River (Normandeau and others 2002a). We

observed a significant increase in average summer monthly

temperatures following the flow restoration in 2005. Prior

to flow restoration, elevated temperatures below Santeetlah

Dam were likely the result of increased exposure to solar

radiation due to shallow water depths, stagnant seepage,

and increased residence time (Caissie 2006). Despite

unnaturally high temperatures, cooler tributary inflow

made up a larger proportion of flow in the Cheoah River

prior to restoration. Releases of water from the surface of

Santeetlah Reservoir increased thermal capacities, thereby

diluting the effects of tributary inflow. In essence, the flow

restoration amplified warm temperature conditions in the

Cheoah River.

Evaluations of species distributions within the Cheoah

River drainage provide additional evidence of a temperature

problem. For example, the mottled sculpin is found in trib-

utaries above and below Santeetlah Dam and in Calderwood

Table 6 Percent changes in the median particle size (D50) of pebble

counts conducted at eight sites during 2002 and 2008 along the length

of the Cheoah River

Transect Distance

from Dam

(km)

D50

(mm)

D50

(mm)

%

change

P value

2002 2008

DC3 0.6 762 160 -79 \0.001

DC7 2.3 1676.4 1000 -40.35 0.991

CY3 5.5 457.2 270 -40.94 0.004

CY8 6.7 304.8 160 -47.51 0.064

YD2 8.5 279.4 195 -30.21 0.186

YD7 9.5 914.4 350 -61.72 0.005

DM2 11 228.6 250 9.36 0.852

DM5 12.5 203.2 257.5 26.72 0.028

P values represent results from Kruskal–Wallis tests
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Reservoir (B16 �C), but is absent from the Cheoah River.

Similarly, only one individual longnose dace was found

directly below the entrance of Yellow Creek in the Cheoah

River, but populations are found in all sampled tributaries

above and below Santeetlah Dam. White sucker is the

dominant fish in Calderwood Reservoir (Normandeau and

others 2002b); however, it has never been observed in the

Cheoah River. Maximum temperature tolerance for mottled

sculpin is 30.9 �C (Kowalski and others 1978), whereas

weekly average temperature thresholds reported for mottled

sculpin, longnose dace, and white sucker are 24.3, 26.5, and

27.4 �C, respectively (Eaton and Scheller 1996; Werlhy and

others 2003). Summer temperatures in the Cheoah River

reach in excess of 31 �C. Although speculative, we suggest

that some species may not inhabit the Cheoah River due to a

temperature barrier. The absence of mottled sculpin may

have implications that extend beyond the fish assemblage

composition. The most suitable fish host for the federally

endangered Appalachian elktoe is the Cottus species (scul-

pin) (Gordon and Moorman 2001; Keller and Augspurger

2005). Our results suggest that the temperature regime under

current dam operations may indirectly limit the relict pop-

ulation of Appalachian elktoe in the Cheoah River.

Substrate

In rivers regulated by dams, reduced sediment supply results

in a coarsening of the stream bed surface particles (Gordon

and others 2004). Furthermore, riparian encroachment may

intensify substrate conditions by locking up potentially

mobile particles. We predicted that increased flows would

increase the amount of finer substrates in the Cheoah river

channel by the removal of encroached riparian vegetation

and the inundation of new stream margins via erosive pro-

cesses. Our data suggest that following flooding and flow

restoration, textural fining occurred in the upstream reaches,

whereas textural coarsening occurred in the downstream

reaches. In the downstream reaches, increased flow magni-

tudes in association with high gradients increased shear

stress on the stream bed, which may have offset any new

deposits of material. If sediment supply remains constant,

areas of active transport (erosion) may balance areas of

deposition keeping total sediment transport constant within a

river system (Gordon and others 2004).

Because of [80 years of being dewatered and regu-

lated, substrate conditions in the Cheoah River are far

coarser than that of surrounding river systems. In the

Cheoah River, gravel particles (8–64 mm) and sand, as a

percentage of streambed substrates, average less than half

of that found in neighboring unregulated systems of a

similar gradient and morphology (McManamay and oth-

ers 2010). Tuckasegee darters are the only species in the

Cheoah River which spawn on open sand, open fine

gravel, or aquatic vegetation (Etnier and Starnes 1993).

The remaining species spawn either by constructing nests

in backwater habitats with fine sediment deposits or uti-

lizing larger gravel and cobble in areas of moving current.

Increasing flow magnitudes increases shear stress and

transport capacities; thus, limited amounts of smaller-

sized substrates in the Cheoah River could be eliminated

with increases in flow. Jackson and Pringle (2010) argue

that reducing flow magnitudes may be a better manage-

ment action to prevent sediment starvation in streams.

Because increased sediment supply does not accompany

restored flow magnitudes, gravel additions may be

required to offset increases in transport capacities fol-

lowing flow restoration (e.g., Kondolf and others 1996;

Merz and Setka 2004). Gravel additions have shown

success at enhancing spawning habitat for at least one

gravel-spawning species in the Cheoah River (McMana-

may and others 2010), which provides additional evidence

that regulated river restoration must be multi-faceted.

Disturbance Regime

In systems characterized by extreme physical disturbances,

recolonization potential, reproductive success, and the

ability to find habitat refugia will become more important

in structuring fish communities than minor environmental

fluctuations, such as changes in smaller-magnitude flows

(Jackson and others 2001). Flood disturbances are gener-

ally considered beneficial to river systems by creating

environments unfavorable to habitat generalists (Poff and

others 1997; Bunn and Arthington 2002) and moderating

diversity (Wootton and others 1996; Cardinale and others

2005). However, in highly fragmented systems, there may

be negative consequences to reestablishing peak floods in

degraded environments, especially if flows compromise

existing habitats or provide pathways for non-native spe-

cies invasions (Jackson and Pringle 2010). Trends in

occupancy suggested that four fluvial fish species showed

declines following the peak flood in 2003. Isolated popu-

lations of endemic species often times persist only on the

basis of small patches of suitable habitat. Since large flood

events have the potential to form habitats (Trush and others

2000), they also have the potential to destroy habitats

necessary for population persistence.

Habitat connectivity and fragmentation determine fish

recolonization potential (Jackson and others 2001) and fish

population sustenance (Cooke and others 2005; Haponski

and others 2007; Reid and others 2008; Kashiwagi and

Miranda 2009). Large disturbances may push populations

beyond recovery if there are no source populations to

support recolonization. For example, Tuckasegee darters

are not found in any tributaries that flow directly into the

Cheoah River. In addition, only six species had direct
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access to potentially recolonize following flow restoration.

The Cheoah River is among the most fragmented basins in

the region, having only 14.8 km of continuous mainstem

river habitats with few major tributaries. Other streams in

the UTRB average 40 km of mainstem river habitat (range

6.3–102 km). In addition, the lower reach of the river has

sustained high gradients and multiple cascades that drop in

excess of 3 m. Thus, the future persistence or non-persis-

tence of some species in the Cheoah River may depend on

species reintroduction and restoring other factors besides

flow.

Application of the ELOHA Process to Regulated Rivers

Applying the ELOHA framework to restoration applica-

tions and individual case studies does not come without

limitations. The main precepts of the ELOHA framework

require compiling spatial, and to a lesser extent temporal,

information on flow and ecology to develop and test

hypotheses for a given region (Poff and others 2010).

Environmental flow standards are then generalized from a

body of information across multiple sites or multiple

studies (e.g., Poff and Zimmerman 2010). Thus, the pro-

cess of using ELOHA to inform management on a case-by-

case basis may be limited given the scope and context of

each river system. Regardless of the limitations, US dam

facilities are typically managed on a site-by-site basis

within the context of the following: dam operations, nearby

dams, ecological and socio-economic needs, and physio-

chemical considerations (McCartney 2009). Given man-

agement complexity and stakeholder involvement, we do

not envision that a framework will remove the need for

individual case-by-case attention. In contrast, we envision

that a framework(s) can be used to inform the relicensing

process and individual case studies.

Another potential limitation of applying the ELOHA

framework to restoration applications is that the temporal

resolution of most case studies does not coincide with the

temporal period of data underlying ELOHA relationships.

For example, we evaluated ecological responses to resto-

ration in the Cheoah River over a period of four years.

However, the current ecological condition of the Cheoah

River is an artifact of 80 years of flow diversion and river

regulation. Most dams in the UTRB were constructed in the

1940s; hence, the majority of information supporting the

ELOHA framework is from decades of river regulation.

Thus, responses to restoration may not follow predictable

patterns established by ELOHA.

The ELOHA framework uses baseline conditions to

formulate univariate relationships between altered flow and

ecology, which then inform the process of developing

environmental flow standards (Fig. 1). Some aspects of

riverine ecosystems, such as riparian ecology, may be

adequately quantified by simple univariate relationships;

thus, ELOHA may prove useful depending on the hydro-

logic context and taxa. However, we urge caution in using

only patterns in hydrology to develop relationships

between flow and ecology. In order to provide realistic

expectations and guidelines for flow restoration in regu-

lated systems, model building that incorporates flow and

additional confounding variables, such as gradient and

temperature, may be required. Within our analysis, multi-

variate models provided quantitative, predictive relation-

ships and suggested that the exclusion of other variables

would have dramatically decreased predictive capacity. We

also urge caution in using only baseline conditions to

develop flow–ecology relationships. Many times, baseline

data are only available for smaller-sized streams repre-

senting a small range of the variability found in regulated

systems. Using small sample sizes unrepresentative of the

entire population of streams may lead to spurious conclu-

sions. For example, if we had used only the available

baseline data, our models would have dramatically over-

estimated fish richness values in regulated systems. Base-

line data for large river systems may need to be accurately

reconstructed. Again, model building may help to avoid

these pitfalls.

Overall, the ELOHA process provided a robust frame-

work to build and organize hydrologic information,

develop hydrologic foundations, and place flow–ecology

relationships into appropriate contexts. Although the

riparian community responded to flow restoration as pre-

dicted, the fish community showed little response, quite

possibly due to a multitude of interacting factors. It is

unlikely that all interactions among flow, temperature,

morphology, and preexisting disturbance regimes can be

addressed, much less modeled, without uncertainty prior to

implementing environmental flow standards. Although we

do not expect that all observations in the Cheoah River are

broadly applicable, our case study highlights the impor-

tance of adaptive management (AM), which is conceptu-

alized as feedback loops between monitoring and

implementing environmental flow standards within the

ELOHA framework (Fig. 1). We believe this is one of the

most important aspects of environmental flow management

and the ELOHA framework. AM is a cycle of hypothesis

development, management implementation, documented

learning, and hypotheses regeneration (Holling 1978;

Walters 1986). Thus, environmental flow restoration

should be implemented as ecosystem-scale experiments to

advance the understanding of river function and then

adapted based on findings (Poff and others 2003). The

Australians have been successful at using AM frameworks

in developing and refining environmental flow standards

for some time (Maier and others 2001; King and others

2010; Watts and others 2010) with other countries close
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behind (Arthington and others 2003). Within the US,

obstacles to AM approaches in relation to environmental

flows include socio-political controversy over economic

trade-offs, unwillingness of stakeholders to embrace risk,

policy standards by regulatory agencies, and financial

expense (Richter and others 2006); however, AM approa-

ches within high-profile situations are being used within

the US (CGCMR and others 1999; Richter and others 2006;

Konrad and others 2012). Nonetheless, AM will continue

to be a major pathway of successfully reinstituting envi-

ronmental flows in regulated rivers, thereby increasing the

value of information learned from case studies.
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Appendix

See Table 7.

Table 7 List of fish species as residents, occasional, potential colonists, and reintroduced in the Cheoah River from 1993 to 2009 and in

tributaries below Santeetlah Dam, Calderwood Reservoir (mouth of Cheoah), and tributaries above Santeetlah Dam

Dark circles represent presence whereas open circles represent absence. Half circles represent unknown status. Shaded cells represent occasions 

 in which only one representative individual was found 

P, F, and FR represent pre-flood, post-flood, and restoration post-flood 

* Fluvial species
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