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ABSTRACT: Water-resources managers are challenged with maintaining a balance among beneficial uses
throughout river networks and need robust means of assessing potential risks to aquatic life resulting from flow
alterations. This study generated ecological limit functions from species-streamflow relations to quantify poten-
tial fish richness response to flow alteration and compared results to currently accepted streamflow management
guidelines. Modeled responses of absolute richness change were watershed specific and varied among sample
sets derived from hydrologic unit classifications of different sizes (large HUC 6 basins to regional scale HUC 8).
With a 20% flow reduction, 10% of HUC 8 predicted a richness decrease in one or more taxa. While absolute
richness change was consistent across streams within a HUC, percent richness change was stream size depen-
dent. Comparisons with Instream Flow Incremental Methodology habitat models predicted habitat loss greater
than percent richness change; however, predictions for habitat and richness decreased similarly as stream size
decreased. Watershed-specific responses from flow reductions could allow water-resources management decisions
to be made locally based on the predicted richness change for certain sized streams. Quantitative results high-
light the utility of a richness-based framework for generating watershed-specific risk assessments that validate
and inform currently employed water-resources management practices.

(KEYWORDS: richness; ecological limit function (ELF); water-resources management; fish; habitat; withdrawal;
elfgen.)

INTRODUCTION

Water-resources managers are responsible for over-
seeing a wide range of beneficial uses throughout the
river network, with multiple uses for public use,
industry, agriculture, energy, assimilative capacity,
recreation, navigation, and to support aquatic biota.
The flow needs of aquatic biota often play a crucial

role in determining water available for withdrawal;
however, generalized rules for estimating ecological
responses to flow alteration have been difficult to
determine (Poff and Zimmerman 2010). Due to under-
standing gained through years of adaptive manage-
ment, application of the Instream Flow Incremental
Methodology (IFIM), and ecological flow principles,
and the simplicity of implementation, many streams
in Virginia are now managed with an allowable
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“percent-of-daily-flow diversion” schema. These sche-
mas are characterized by daily varying withdrawal
limits and reservoir releases that mimic the natural
hydrograph (Richter et al. 2012), by ensuring that
only a percent-of-daily-flow is diverted, often in the
range 10%–20% of the previous day’s mean flow. Per-
cent-of-daily-flow diversions are widely believed to be
protective by practitioners, particularly when flow
alteration is below 10%. While these management
schemas succeed in mimicking the natural range of
high and low flows, they result in a net reduction in
flows, and cost-effective methods of quantifying the
impacts to fish species richness from these net reduc-
tions of flow were lacking.

IFIM studies have been a preferred method of flow
management, because they provide objective means
of quantifying risk to aquatic species by developing
extensive habitat maps and then modeling the
decrease to habitat that occurs when flows are
reduced. In this way, habitat loss becomes an esti-
mate of ecological risk. However, without direct
experimentation or long-term population monitoring
it can be difficult to directly quantify the species rich-
ness or abundance responses associated with given
amounts of habitat loss. One alternative, the Ecologi-
cal Limits of Hydrologic Alteration (ELOHA) method
(Poff et al. 2010), advocates for constructing daily
timestep hydrologic models with withdrawals, dis-
charges and impoundments to estimate pre- and post-
alteration flow metrics. The “space-for-time” approach
requires paired biological samples with modeled
streamflow. This approach was used to estimate eco-
logical responses to flow alteration in Virginia (Rapp
and Reilly 2017), but representative, suitable paired
biological and hydrological locations were not abun-
dant, and habitat change was not quantified. ELOHA
has the potential to be less expensive and time con-
suming than IFIM models, but suffers from limita-
tions in flow-model accuracy, lack of prealteration
flow data, and low data density. The IFIM and
ELOHA experimentation in Virginia led us to seek
an alternative approach to quantifying the impacts to
fish species richness from flow reductions.

The approach in this study applied the River Con-
tinuum Concept (RCC) hypothesis (Vannote et al.
1980) to instream flow management. The RCC postu-
lates the predictive strength of drainage area (DA),
streamflow, or stream order in determining richness
or density in aquatic communities (Schlosser 1987;
Beecher et al. 1988; Angermeier and Schlosser 1989;
Walters et al. 2003; Filipe et al. 2010; Pracheil et al.
2013; Vander Vorste et al. 2017). Numerous studies
are consistent with the RCC, that streams with
higher streamflow volume have the potential to sup-
port richer fish assemblages, and have found that fish
and benthic macroinvertebrates show negative

responses to flow reductions (Freeman and Marcinek
2006; Dewson et al. 2007; D€oll and Zhang 2010; Poff
and Zimmerman 2010; Armstrong et al. 2011; Rolls
et al. 2012; Gido et al. 2013; McManamay et al. 2013;
Carlisle et al. 2014; Kennen et al. 2014; Knight et al.
2014; Brooks and Haeusler 2016; Rapp and Reilly
2017; Vander Vorste et al. 2017). Instead of examin-
ing the suite of typical ecological flow statistics like
base flow index or seven-day low flow, we sought to
examine potential fish response to a net reduction in
mean annual flow (MAF). Recent studies have also
used mean monthly flow (MMF) alteration by apply-
ing hydrologic models (Eng et al. 2013; Carlisle et al.
2014).

We applied “elfgen” methods developed with Klei-
ner et al. (2020) to generate ecological limit functions
(ELF) that describe relations between flow and spe-
cies richness predicted by the RCC. The RCC ELF
framework, employing Virginia’s extensive fish moni-
toring database, provides an alternative method for
assessing flow depletion impacts without the need for
extensive habitat characterization or in-depth flow
modeling. The automated methods for batch genera-
tion of ELFs (Kleiner et al. 2020) use an approach
that is simple to conceptualize and implement, to
relate the entire Virginia long-term fish dataset
(1970–2012) to nationally available MAF or MMF
streamflow datasets from the medium scale
(1:100,000) National Hydrography Dataset Plus Ver-
sion 2 (NHDPlus V2) Enhanced Runoff Method
(EROM) and catchments (U.S. Geological Survey and
U. S. Environmental Protection Agency 2012). Given
the increased pressure on freshwater resources in the
Mid-Atlantic and the common practice of various per-
cent-of-daily-flow diversions (Richter et al. 2012;
Commonwealth of Virginia 2015; Hain et al. 2018;
John Kauffman, Virginia Department of Game and
Inland Fish, written Commun., October 19, 2004), the
ELFs developed should be timely and useful tools in
quantifying changes in richness from flow reductions
at a range of watershed scales. In this paper, we
examined variation in ELFs developed for Virginia’s
watersheds and explored the extent to which ELF
equations might provide a practical means for predic-
tion and quantification of ecological response to
water-resources management activities, which should
be applicable to other states in the mid-Atlantic. We
characterized regional patterns of ELF slope and
quantified the sensitivity of richness and habitat to
flow reduction to inform water-resources manage-
ment.

The objectives this study addressed were to: (1)
Examine fish richness patterns discerned from ELFs
developed with “elfgen” automated methods (Kleiner
et al. 2020) at varying spatial scales. (2) Use the ELF
slope to calculate rate of change in richness across
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varying spatial scales and annual or monthly flows.
(3) Compare ELF richness change predictions to IFIM
habitat change predictions. (4) Explore the extent to
which ELFs can be used as an estimate of risk of
richness change to inform water-resources manage-
ment.

Study Area

The ELFs were developed for streams throughout
Virginia and adjacent rivers that flow into Tennessee,
West Virginia, North Carolina, Kentucky, or Mary-
land. The landscape is diverse in topography with
ecoregions ranging from the South Eastern Coastal
Plains with low-gradient, high-base flow blackwater
streams; to Piedmont streams with moderate gradi-
ents, predominantly agricultural land use, and com-
plex hard rock geology; to Blue Ridge, Ridge and
Valley, or Appalachian Plateaus with steep topogra-
phy, shallow soils, and high runoff regimes (Nelms
et al. 1997). The study area, composed of 8 six-digit
hydrologic unit classifications (HUC 6), and 51 eight-
digit HUC 8 watersheds (U.S. Geological Survey 2014),
contains first-order to seventh-order streams (Fig-
ure 1). The average precipitation ranges from 35 to 71
in per year and the majority of streams are perennial.
MAF in rivers calculated from NHDPlus EROM data-
sets range from 0.004 to 15,989 ft3/s (U.S. Geological
Survey and U. S. Environmental Protection Agency
2012). The EROM datasets are calibrated to United
States Geological Survey (USGS) gages and represent
long-term (1971–2010) flow regimes for each stream.

METHODS

Two explore patterns of maximum species richness
across Virginia we constructed RCC ELF models that
utilize the 80th quantile or “upper limit” of species
richness as a function of stream size represented by
MAF or MMF. A few key concepts from Kleiner et al.
(2020) are presented here to explain our use of the
“elfgen” package for the creation of the ELF and facil-
itate interpretation of our results. Fish species rich-
ness (total number of taxa) from sample data in the
Virginia long-term biological dataset (Tetra Tech Inc
2012; Kleiner et al. 2020) was plotted against the
MAF using a combination of quantile regression and
linear regression to examine patterns of species rich-
ness related to the RCC. DA is known to be corre-
lated with MAF in Virginia which ranges from 0.42
to 0.76 ft3/s per square mile depending on the region
of the state (Nelms et al. 1997). The NHDPlus V2

attributes of MAF and DA for biological sample loca-
tions within each HUC 6 were found to be highly cor-
related (0.97–0.99, p < 0.0001, Figure S1). Since the
focus on this work was to develop ELFs that inform
water withdrawal decisions, MAF was used as the
independent variable in these relations, but was
highly correlated with DA within a given watershed.

Quantile regression was used to isolate the maxi-
mum richness values across a MAF gradient. The
piecewise Iterative Method (PWIT) in Kleiner et al.
(2020) implements breakpoints (Lemoine 2012) to
subset the data to include only those samples that
follow the pattern of greater species richness with
larger MAF (i.e., at the inflection point between posi-
tive and negative relations of richness and MAF).
The 80th quantile was used to isolate the upper 20%
of the data (upper subset) and provided enough data
to run a natural log-linear regression through the
upper subset to characterize the mean condition of
samples with the maximum species richness (Fig-
ure 2). The slope of the natural log-linear regression
(Equation 1) represents the rate of change in richness
as a function of changes in flow (Kleiner et al. 2020).

The ELF model is described by the following equa-
tion:

y ¼ m� ln xð Þ þ b; ð1Þ

where m and b are, respectively, the slope and inter-
cept of the ELF of the upper subset, x refers to the
MAF, and y is the maximum richness value for a bio-
logical sample location. Regression statistics derived
from the ELF equation include R2, adjusted-R2, p-
value, and number of data points, n which are pre-
sented at the bottom of each ELF plot (Figure 2).
ELF were developed first for all HUC 6 and then for
all HUC 8 watersheds in the study area.

Practical Implications for Building ELFs at Different
Scales

In practice, to develop ELF to describe the upper
limit of species richness and calculate rate of richness
change, biological samples were extracted from a
dataset to represent a geographic area or local water-
shed conditions. As we worked with various scales
and sizes of watersheds the most consistent results
were constructed with at least 80–100 samples in the
full dataset so that the upper subset contained at
least 16–20 records. HUC 6 watersheds ranged from
66 to 309 samples in the upper subsets, whereas
HUC 8 watersheds ranged from 4 to 122 samples in
the upper subsets and were generally within these
guidelines. The smaller the watershed or geographic
area used to extract data the more longitudinal
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discontinuities in stream conditions (Poole 2002) may
be minimized. Biological samples within streams from
a small, local watershed would be tightly linked to
the local flow regime and similar habitat conditions
and are likely to produce quality ELF models when
adequate data are available.

Exploring Richness Patterns Using Breakpoints

The RCC breakpoint (Figure 2) represents a shift
in the slope of the ELF upper subset of maximum
richness values from increasing to decreasing or to a
flat, zero slope. RCC breakpoints were developed for
all watersheds across the commonwealth of Virginia
to identify the threshold or inflection point beyond
which species richness decreases as MAF increases,
and therefore to indicate the size of rivers for which
the RCC is applicable and valid. Breakpoints were
determined using the PWIT function on biological

sample data extracted from eight HUC 6 watersheds.
HUC 6 breakpoints were then applied to 51 HUC 8
watersheds contained therein to provide insight into
processes driving regional patterns of species richness
and habitat heterogeneity across Virginia.

Spatial Distribution of ELF Slopes

We examined ELF slope and regression model
summary statistic variability across two watershed
unit scales (HUC 6, HUC 8), and level III ecoregions
(U.S. Environmental Protection Agency 2013). The
distribution of slopes and R2 values from each that
were significant and met quality criteria such that
R2 > 0, p ≤ 0.01, and slope (m) > 0 were included.
The interquartile range of R2 and slope values was
compared to assess the effect of watershed unit size
from which the biological data were compiled and
used to construct ELFs.
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Calculating Rate of Change in Richness. The
initial patterns of maximum species richness that were
observed along the MAF gradient in the RCC ELFs
supported our hypothesis that these linear relations
were robust representations of the rate of increase in
richness along the MAF gradient. An assumption
which could then be applied is that richness would
decrease along the MAF gradient following the same
constant rate if water were removed from the system.
This assumption allows the derivation of the rate of
richness change as a function of flow. The natural log-
linear regression model (Equation 1) for the upper sub-
set for each significant HUC 6 or HUC 8 ELF was
solved to characterize absolute richness change for 10
and 20% flow reduction scenarios using Equation (2).

Change in Species Richness ¼ Dy

¼ m� ln
1

1� z

� �� �
;

ð2Þ
where Δy is the change in richness (number of taxa
or species), m is the slope of the ELF, and z is the

percent reduction in flow (as a decimal). Richness
change as a constant number resulted in one numeric
rate for any size stream within a given ELF, but
these numbers varied across HUCs.

The ELF models also were used to calculate the
percent change in species richness for a range of
MAF represented by increments of 0.1 ft3/s from 0.1
to 500 ft3/s using Equation (3).

Percent Change in Species Richness ¼ Dy
y1

¼ m� ln 1
1�z

� �� 	
m� ln x1ð Þ þ b

� 100;

ð3Þ

where Δy is the change in richness, y1 is the initial
richness value, m is the slope of the ELF, z is the
percent reduction in flow (as a decimal), and x is the
initial flow value. The percent change in species rich-
ness developed using Equation (3) was incremental
along the MAF gradient depending upon the total
richness present in the stream of interest prior to
flow reductions.

0

20

40

0.001 0.01 0.1 1.0 10 100 1,000 10,000

Mean Annual Flow (

m: 2.728    b: 12.774    r^2: 0.643     p: 0

    Upper 20% n: 249    Data Subset n: 1252    Full Dataset n: 1361

F
is

h
 S

p
ec

ie
s 

R
ic

h
n
es

s

A. Watershed: 020700, Potomac

0

20

40

0.001 0.01 0.1 1.0 10 100 1,000 10,000

Mean Annual Flow (

m: 5.293    b: 3.171    r^2: 0.772   p: 0

    Upper 20% n: 205    Data Subset n: 1032    Full Dataset n: 1219

F
is

h
 S

p
ec

ie
s 

R
ic

h
n
es

s
Explanation

Full Dataset

Data Subset (Upper 20%)

Data Subset (Lower 80%)

ELF Regression (Upper 20%)

0.8 Quantile (Data Subset)

B. Watershed: 060102, Upper Tennessee

RCC Breakpoint RCC Breakpoint
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Percent Change in Habitat, a Case Study of IFIM
Data

We compiled and processed habitat information
for 24 IFIM sites throughout Virginia to assess
habitat change associated with monthly flow reduc-
tions. At IFIM sites (Figure 1; Table S1) analyses
were conducted to validate the ELF approach with
previously published habitat models that report
habitat area for a given streamflow (Maryland
Department of Natural Resources 1981; Leonard
et al. 1986; Averett et al. 2004; Krstolic et al. 2006;
Gore 2006; Thomas R. Payne and Associates 2008;
EA Engineering, Science, and Technology Inc 2009,
2012; Krstolic and Ramey 2012). Percent change in
habitat was calculated using MAF, MMF, and 10th

percentile flows for 24 IFIM sites ranging from 192
to 5,000 mi2 encompassing streams within the
range represented by the RCC ELFs and larger.
The published IFIM tables of Weighted Usable Area
(WUA for a specified streamflow were applied to
the historic daily flow record and used to calculate
percent change in habitat for each month and each
fish species using Equation (4).

Percent change in habitat

¼
X

month
Daily WUA historic�Daily WUA 10% reduction

Daily WUA historic
� 100

� �
;

ð4Þ

where Daily WUA historic is the daily WUA habi-
tat value for a given species based on the historic
flow record, Daily WUA 10% reduction is the daily
WUA habitat value for a given species based on a
10% flow reduction applied to each day of the his-
toric record. The percent change in habitat daily
values were summarized for annual and monthly
time periods for each individual species or the
community median response to flow reductions fol-
lowing similar techniques demonstrated in Hoff-
man (2015).

Where valid ELF and IFIM sites coincided percent
change in habitat predictions were compared with
the corresponding ELF percent change in species
richness values. Percent change in species richness
from ELFs and median percent change in habitat
from WUA predictions were developed for August
monthly flow reductions for the HUC 8 that con-
tained the IFIM habitat site to represent seasonal
conditions when habitat degradation is usually great-
est (Averett et al. 2004; Krstolic et al. 2006). We
developed ratios of percent change in species richness:
percent change in habitat to examine whether the
habitat and species richness increased or decreased
at the same or a constant predictable rate for various
flow reduction scenarios.

RESULTS AND DISCUSSION

RCC Breakpoints Indicate Richness Thresholds

Use of the PWIT (Kleiner et al. 2020) resulted in
identification of RCC breakpoints for all eight HUC 6
analyzed (Table 1). The HUC 6 within the Atlantic
and Ohio River drainages had RCC breakpoints rep-
resenting stream sizes with MAF ranging from 307 to
408 ft3/s (8.7–11.6 m3/s). HUC 6 in the Tennessee
River drainage had the highest breakpoints, repre-
senting streams with MAF ranging from 1,122 to
1,126 ft3/s (31.8–31.9 m3/s) (Table 1; Figure S2).
Across the study area, 93.5% of streams had MAF
less than their RCC breakpoint and represent
124,575 river miles for which these ELFs can be used
to examine effects of flow reductions on fish species
richness.

The RCC breakpoints identified a maximum rich-
ness threshold that coincided with mid-order (fifth or
sixth order) streams. In streams with MAF higher
than the RCC breakpoint relative richness was less
than in streams with MAF lower than the RCC
breakpoint. This RCC breakpoint threshold may indi-
cate the point at which local habitat complexity and
heterogeneity begin to decrease. For example, the
smallest streams in the Potomac River watershed
had five to eight taxa, increasing up to 32 taxa at the
RCC breakpoint of 307 ft3/s (Figure 2). When MAF
exceeded the RCC breakpoint richness was typically
<20 taxa, and richness incrementally decreased as
MAF increased up to 5,000 ft3/s (Figure 2). These
patterns of incrementally decreasing richness as
streamflow increased for samples larger than the
RCC breakpoint were typical for most of the Atlantic
and Ohio River drainages, but were less prominent in
the Albemarle-Chowan (030102) HUC 6 in far eastern
Virginia and North Carolina (Figure 1) and the upper
Tennessee HUC 6 (Figures 1 and 2; Figure S2).

Spatial Distribution of ELF Slopes

ELFs slopes varied depending upon whether sam-
ple sets were derived from HUC 6 large major river
basins or smaller HUC 8 regional scale watersheds
and based on ecoregion. Sufficient fish sample size
(more than 100 in the full dataset) was available for
the development of statistically significant ELFs for
fish species richness for all eight HUC 6 watersheds,
33 of 51 HUC 8 watersheds, and seven ecoregions.
ELFs with a wide range of slopes in HUC 8 water-
sheds are dispersed throughout different major
basins (Figure 3a). HUC 6 slopes ranged from 1.6 to
5.4 (Table S2). The HUC 8 slopes generally followed
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ecoregion boundaries with higher ELF slopes in areas
that coincide with the Blue Ridge or Ridge and Valley
ecoregions. The lowest ELF slopes occurred in the
Southeastern Plains and Middle Atlantic Coastal
ecoregions which have the lowest physical stream
gradients of any region within the study area. When
ELFs were developed for ecoregions, an east to west
pattern of low to high slopes was observed
(range = 0.0–3.5, Figure 3b), but the range of slopes
for HUC 8 was much higher (range = 1.2–6.5 Fig-
ure 3a). There appears to an Ecoregion signature
affecting these patterns, but the higher slopes in the
HUC 8 were related to the maximum richness in
each major drainage basin, also noted as an impor-
tant variable by Angermeier and Winston (1999) and
Hain et al. (2018). Quartile R2 values were slightly
lower for ecoregions than HUC 6 or HUC 8
(Table S2). Slopes for smaller watersheds had a
somewhat greater diversity of rates of change than
ecoregions (Table S2).

Average Richness Change. Richness change
rates were constant across all size streams for a given
ELF, and directly related to ELF slopes (Equation 2),
so larger slopes resulted in greater potential richness
change. With a 10% flow reduction, 90% of HUC 8
ELFs had richness change predictions of �0.5 taxa or
less (Table 2), and none had richness change predic-
tions as high as �1.0 taxa (Figure 4; Table 2). With a
20% flow reduction, 50% of HUC 8 ELFs had richness
change predictions of �0.5 taxa or less. Ten percent
of HUC 8 ELFs had richness change predictions as
high as �1.0 taxa (Figure 4; Table 2). ELFs created
for HUCs in the Upper Tennessee (060101, 060102)
and Potomac River watershed (020700) had the

highest slopes and the highest richness change pre-
dictions of all HUC 8 watersheds. For all HUC 6 and
HUC 8 watersheds, the 10% flow-reduction scenarios
had richness change predictions less than �1.0 taxa
(Figure 4).

Richness Change as a Percent (%). While abso-
lute richness change is a constant across all size
streams for a given ELF, the percent change in spe-
cies richness varies with flow volume (MAF) (Fig-
ure 5b). This is because small streams typically have
lower richness and thus greater proportional changes
in richness compared to larger streams within the
same HUC 8. For example, when Equation (3) was
solved for streams in the Middle-Potomac-Catoctin
ELF (Figure 5) a 20% flow reduction resulted in
�6.5% change in species richness for streams with
MAF equal to 1 ft3/s, but only �3.0% change for
streams with MAF equal to 100 ft3/s (Figure 5b).
These richness change predictions are some of the
highest across the study area because the slope of 3.8
is in the 75th percentile of slopes (Table 2). Across all
HUC 8s in the study area, 20% flow reductions for
streams equal to 10, 100, or 500 ft3/s had median per-
cent change in species richness values of �3.0%,
�2.3%, and �1.9%, respectively (Figure S3).

Percent Habitat Change from IFIM Sites

A typical IFIM site (Laurel Hill, DA = 508 mi2,
MAF = 592 ft3/s, Figure 1; Table 3) with a modeled
10% flow reduction resulted in seasonal increases in
habitat during Spring and Winter months and
decreases in habitat during Fall and Summer months
(Figure S4). Percent habitat change for all species
studied was negative (indicating habitat loss) in
August, September, and October (Figure S4). Across
all IFIM sites, August and September flows had the
greatest rates of habitat loss with flow reduction, fur-
ther supporting the use of August flows as an indica-
tor of risk of habitat loss or richness change (Krstolic
et al. 2006; Armstrong et al. 2011; Kennen et al.
2012; Krstolic and Ramey 2012; Knight et al. 2014;
Commonwealth of Virginia 2015; McManamay and
Frimpong 2015; Rapp and Reilly 2017). With a 20%
flow reduction, most of the IFIM sites with MAF
<900 ft3/s had a median habitat-loss condition in
August, and the majority of IFIM sites with MAF
>900 ft3/s had a median habitat-gain (Figure 6).
Regardless of stream size, outliers at the bottom of
each box indicated that habitat for some species
always decreased with flow reduction (Figure 6).

With August MMF conditions, IFIM sites larger
than the RCC breakpoint had stable or increasing

TABLE 1. RCC breakpoints for fish datasets derived from piece-
wise iterative method for ELF generation.

HUC or
region
name HUC6

N sam-
ples

RCC breakpoint
MAF, in ft3/s Drainage

Potomac 020700 1,363 307 Atlantic
Lower
Chesapeake

020801 1,628 348

James 020802 1,894 389
Roanoke 030101 1,244 385
Albemarle-
Chowan

030102 712 408

Kanawha
(New)

050500 410 348 Ohio

French
Broad-
Holston

060101 1,317 1,122 Tennessee

Upper
Tennessee

060102 1,222 1,126
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median percent change in habitat with 20% flow
reductions (Figure 6a); however, all 24 IFIM sites
had habitat loss when flows were below the 10th per-
centile flow in summer months (Figure 6b). It follows
that during extreme low flow as habitat is reduced
species richness may also be reduced, corroborating
the findings of Rapp and Reilly (2017) that many spe-
cies responses were highly correlated with alterations
of summer-month low-flow statistics.

Percent Change in Habitat and Richness at
IFIM Sites. IFIM-based habitat change modeling
has been widely used as a surrogate for aquatic
organism response for the past 60 years; however,
the use of the ELF predictions for richness change at
the same locations with IFIM habitat models is a

FIGURE 3. ELF slopes across (a) HUC 8 and (b) Level III Ecoregions (slope values in b represent the exact values for each ecoregion).

TABLE 2. Cumulative frequency distribution quantiles of HUC 8
slope and richness change predictions for 10% and 20% flow reduc-
tions. [Percent exceedance quantiles relate the number of ELFs

that are equal to or below the category.]

Slope Quantiles

10% Flow
reduction
richness

change (num-
ber of taxa)

20% Flow
reduction
richness

change (num-
ber of taxa)

6.5 100% Maximum �0.7 �1.4
4.9 90% �0.5 �1.0
3.7 75% Quartile �0.4 �0.8
2.3 50% Median �0.2 �0.5
2.0 25% Quartile �0.2 �0.4
1.3 10% �0.1 �0.3
1.2 0% Minimum �0.1 �0.3

Virginia

Ohio

West Virginia

Kentucky

Maryland

North Carolina

Pennsylvania

Tennessee

Explanation

Richness Change

(number of taxa)

1.00 - 2.00

0.51 - 0.99

0.26 - 0.50

0.03 - 0.25

A - Richness Change with a 10% Flow Reduction

0 50 100 Miles

0 50 100 Kilometers Virginia

Ohio

West Virginia

Kentucky

Maryland

North Carolina

Pennsylvania

Tennessee

Explanation

Richness Change

(number of taxa)

1.00 - 2.00

0.51 - 0.99

0.26 - 0.50

0.03 - 0.25

B - Richness Change with a 20% Flow Reduction

0 50 100 Miles

0 50 100 Kilometers

FIGURE 4. Distribution of richness change values for each HUC 8 for two flow-reduction scenarios: 10% flow reduction (a); 20% flow
reduction (b).
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new effort toward quantitative assessment that has
not been done before. For the HUC 8 watersheds that
contain the IFIM sites ELF predictions of August per-
cent change in species richness ranged from �0.6% to
�1.3% and �1.2% to �2.7% for 10% and 20% flow
reductions, respectively (Table 3; Figure S5). Predic-
tions of median August percent change in habitat
ranged from �0.9% to �6.2% and �1.8% to �12.2%
for 10% and 20% flow reductions, respectively
(Table 3). August percent change in species richness
was less than the percent change in habitat for the
IFIM sites (Figure 7). The five smallest IFIM sites
(MAF range from 193 to 410 ft3/s) were relatively
close in area to their respective HUC 6 RCC break-
points, so the flow reductions produced relatively low
percent change in species richness.

Correlations between Percent Change in
Richness and Percent Change in Habi-
tat. Across IFIM sites, ratios of percent change in
species richness: percent change in habitat for
August ranged from 0.1 to 0.6 with a median of 0.2
for HUC 8 ELFs (Table 3) indicating that percent
change in habitat was two times greater than per-
cent change in species richness. Regardless of 10%
or 20% flow reductions, the summer-month ratios
were fairly stable because percent change in habitat

and species richness increased in magnitude at con-
stant rates with greater flow reductions. Like other
habitat studies (Krstolic et al. 2006; Krstolic and
Ramey 2012), we found that smaller streams had
greater sensitivity to flow alteration resulting in
percent change in habitat or richness. The August
percent change in species richness: percent change
in habitat models had a positive correlation, but
were not statistically significant (corr = 0.3327,
p = 0.5194; Table 3). This weak correlation is not
unexpected given the small number of paired sites,
and the fact that IFIM habitat relations are site-
specific, representing 100s to 1,000s of feet of stream
reach, whereas ELF relations cover the entire con-
tributing area of a HUC. Nonetheless, ELF models
though developed separately from the IFIM habitat
studies, provided an initial quantification of richness
change for each flow reduction scenario. The five
IFIM site (Figure 7) sizes were within 10% of the
RCC breakpoint for each containing HUC 8 and rep-
resent moderate size streams (order 4–5). IFIM mod-
els representing smaller sites (1–300 ft3/s) would
better approximate the risk within the range of
stream sizes represented by the ELFs. In order to
flesh out a more comprehensive and quantitative
understanding of percent change in species richness:
percent change in habitat ratios, long-term studies of
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both could be conducted at the same locations along
a stream size gradient.

Limitations of Habitat and ELF Models

Seasonal patterns of percent change in habitat
were opposite from percent change in species richness
during high-flow months, but both decreased during
low-flow months (July through October). Differences
in model predictions resulted from differing model
forms and fisheries datasets. Both models represent
flow using a log-scale, but IFIM WUA curves relate
available habitat area for each species to daily
streamflow that were summarized to monthly median
habitat change for multiple species, whereas ELFs
relate total species richness to MAF or monthly flows.
The link between the ELF and IFIM results depends
on the species sampled at the IFIM site being repre-
sentative of those sampled in streams throughout the
HUC 8. The natural log-linear ELF is a representa-
tion of relative change based on one rate (slope) for
the entire HUC calculated from long-term mean
flows, whereas the WUA curves represented habitat
available at time-varying flow value, that may pre-
sent a limiting condition under extreme or short-term
time scales that differ from the median values calcu-
lated in this study. More sophisticated hydrologic

models with higher spatial and temporal resolution
could potentially produce ELFs based on flow metrics
that are comparable to WUA, but the linear ELF sim-
ple model is easily interpretable, has high explana-
tory power, and applicability anywhere there are
NHDPlus river reaches.

CONCLUSIONS

In examining fish richness patterns depicted by 33
significant ELFs for HUC 8 watersheds we found the
upper subset of species richness data corroborated
the RCC as species richness was positively correlated
with MAF up to a threshold or breakpoint beyond
which the species richness decreased as MAF contin-
ued to increase. The ELF slope was a key variable
that indicated the magnitude of rate-of-change in
richness expected for a watershed. Slopes tended to
be higher when the ELF represented a more diverse
assemblage which is important to note since it sug-
gests that not all watersheds will respond to flow
reductions the same way. In watersheds with very
diverse assemblages smaller streams have the capac-
ity to support higher richness, but with higher ELF
slopes, the projected rate of change is also high, so

TABLE 3. Ratios of percent change in species richness and percent change in habitat for IFIM sites and 10% and 20% August flow reduction
scenarios.

IFIM site
name

Monthly
flow (ft3/s)

Flow reduction
scenario (%)

Habitat
Richness

Median percent
change in
habitat (%)

Percent change in
species richness
from HUC8 ELF

HUC8 ratio %change in
species richness: %
change in habitat HUC8

Craig 410.8 10 �0.95 �0.6 0.6 2080201
Dunlap 193.3 10 �5.23 �0.6 0.1 2080201
North Anna
Coastal Plain

392.3 10 �6.21 �0.8 0.1 2080106

North Anna
Fall Zone

400.8 10 �5.23 �0.8 0.2 2080106

North Anna
Piedmont

375.0 10 �1.56 �0.8 0.5 2080106

Plains Mill 315.0 10 �4.96 �1.3 0.3 2070006
Craig 410.8 20 �1.84 �1.2 0.6 2080201

Dunlap 193.3 20 �11.08 �1.2 0.1 2080201
North Anna
Coastal Plain

392.3 20 �12.68 �1.7 0.1 2080106

North Anna
Fall Zone

400.8 20 �12.21 �1.7 0.1 2080106

North Anna
Piedmont

375.0 20 �3.26 �1.7 0.5 2080106

Plains Mill 315.0 20 �10.41 �2.7 0.3 2070006
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the risk to richness loss is greater than it would be in
watersheds that have lower species richness.

The coupling of ELF richness-change predictions
with IFIM habitat-change predictions represent a
first attempt to link and quantify habitat and rich-
ness change in Virginia. The general patterns of
change during low-flow months were similar, but pre-
dictions of percent habitat change were typically two
times greater than predictions of richness change.
ELF simulations of flow reductions in large streams
(MAF = 193–410 ft3/s) produced relatively low per-
cent change in species richness. Smaller streams had
greater sensitivity to percent change in habitat or
richness with flow alteration. Additional habitat and
ELF evaluations of small streams would help to flesh
out the relations in future analyses. Our examination
of habitat response to depletion of 10th percentile
flows also suggests that MAF-based ELF studies
might not adequately represent crucial effects of
water reductions during low flows. Future studies

using ELFs based on drought flow metrics should be
explored, and streams that are larger than the RCC
breakpoint examined to further evaluate the utility of
the ELF framework. While we do not suggest that
ELF analyses can replace IFIM habitat studies
entirely, ELFs can be used to predict the risk of spe-
cies richness loss with flow reductions for each size
stream within a watershed. They could be used to
identify areas requiring additional aquatic commu-
nity sampling, widespread streamflow monitoring, or
more detailed analysis of watersheds predicted to
have high percent change in species richness), at a
fraction of the cost of an IFIM study.

The predictions of richness change derived from
ELFs can be used to assess the potential harm or
risk to aquatic communities from flow reductions.
The findings from the predicted richness change
evaluations from 10% and 20% flow reductions were
consistent with percent-of-daily-flow best practices
recommended by agency biologists in use today
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(Richter et al. 2012; Rosenfeld 2017; Hain et al.
2018). As an initial tool to prioritize water with-
drawal permits at regional scales, ELF richness
change predictions and existing percent allocation
information could be used to determine withdrawal
amounts which could be potentially protective of spe-
cies richness.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Five supplemental figures illustrating the rela-
tion between mean annual flow across HUC 6, ELFs for
fish species richness in HUC 6 watersheds throughout
the Commonwealth of Virginia, percent richness change
results for a range of stream sizes, IFIMmonthly percent
habitat change predictions for one typical site, and select
ELFs representing August flow in HUC 8 watersheds
that contain IFIM sites. Two supplemental tables
describing the IFIM published model site locations refer-
enced in this study, and the distributions of R2 and
slopes of ELFs are presented as Supporting Information.

ACKNOWLEDGMENTS

This study benefited from the development of a comprehensive
database, Ecological Data Application System (EDAS) compiled by

Tetra Tech Inc (2012), who checked locations, removed duplicate
records, and compiled multiple-source data in EDAS. The authors
are grateful for access to eight sources for ecological data from:
DEQ Probabilistic Monitoring (ProbMon) database; Virginia
Department of Game and Inland Fisheries Virginia Fish and Wild-
life Information Service (VaFWIS) database (provided through
cooperative agreement with VDGIF); two United States (U.S.)
Environmental Protection Agency sources: Medical Advocates for
Healthy Air (MAHA) and Mid Atlantic Integrated Assessment
(MAIA) databases; USGS National Water Quality Assessment
(NAWQA) data sourced from the BioData Retrieval system data-
base (BioData); Virginia Commonwealth University INteractive
STream Assessment Resource (INSTAR) database; and Multistate
Aquatic Resources Information System (MARIS) including Ten-
nessee, and Virginia Department of Conservation and Recreation
Natural Heritage database. Each of these data providers shared
information with DEQ and Tetra Tech in 2010 for the historic per-
iod of record. The authors appreciate the insight and direction pro-
vided by Douglas Moyer (USGS) throughout the study development
and writing process. The authors acknowledge the various review-
ers at The Virginia Department of Environmental Quality, USGS,
and Virginia Tech who provided critical input to this manuscript.
Any use of trade, firm, or product names is for descriptive purposes
only, and does not imply endorsement by the U.S. Government.

AUTHORS’ CONTRIBUTIONS

Jennifer L. Rapp: Conceptualization; formal
analysis; investigation; methodology; project adminis-
tration; writing-review & editing. Robert Burghol-
zer: Conceptualization; data curation; formal
analysis; investigation; methodology; project adminis-
tration; validation; writing-review & editing. Joseph

2
0
0

3
0
0

4
0
0

5
0
0

−40

−20

0

20

40

P
er

ce
n
t 

C
h
an

g
e 

in
 H

ab
it

at
 o

r 
R

ic
h
n
es

s 
(%

)

Mean Annual Flow (ft3/s)

Habitat Equation:
y = 7.68 ln(x) −52.45

Richness Equation (HUC 8):
y = −0.27 ln(x) −0.15

D
u
n
la

p

C
ra

ig

N
. A

n
n
a 

P
ie

d
m

o
n
t

N
. A

n
n
a 

F
al

l
N

. A
n

n
a 

C
o

as
t

P
la

in
s 

M
il

l 

Median % Change in Habitat

% Change in Habitat boxplots

Median % Change in Habitat Regression−

Explanation 

Median % Change in Species Richness
Median % Change in Species Richness Regression

FIGURE 7. August predictions for percent change in habitat and percent change in species richness with a 20% flow reduction at IFIM sites
with MAF <530 ft3/s [Dunlap and Craig Creeks are in the Upper James River watershed (02080201), Plains Mill is in the North Fork

Shenandoah River watershed (02070006), and the North Anna sites are in the Pamunkey River watershed (02080106)].

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION12

RAPP, BURGHOLZER, KLEINER, SCOTT, AND PASSERO



Kleiner: Conceptualization; data curation; formal
analysis; investigation; methodology; software; valida-
tion; visualization; writing-review & editing. Durelle
Scott: Conceptualization; investigation; methodology;
validation; writing-review & editing. Elaina Pas-
sero: Conceptualization; data curation; software;
visualization.

LITERATURE CITED

U.S. Environmental Protection Agency. 2013. “Level III Ecoregions
of the Conterminous United States.” Digital Data Set, U.S. EPA
Office of Research and Development (ORD) — National Health
and Environmental Effects Research Laboratory (NHEERL).
ftp://ftp.epa.gov/wed/ecoregions/us/us_eco_l3.zip.

Angermeier, P.L., and I.J. Schlosser. 1989. “Species-Area Relation-
ship for Stream Fishes.” Ecology 70: 1450–62. https://doi.org/10.
2307/1938204.

Angermeier, P.L., and M.R. Winston. 1999. “Characterizing Fish
Community Diversity across Virginia Landscapes: Prerequisite
for Conservation.” Ecological Applications 9 (1): 335–49.
https://doi.org/10.1890/1051-0761%281999%29009%5B0335%
3ACFCDAV%5D2.0.CO%3B2.

Armstrong, D.S., T.A. Richards, and S.L. Levin.2011. “Factors
Influencing Riverine Fish Assemblages in Massachusetts.” U.S.
Geological Survey Scientific Investigations Report 2001–5193.
http://pubs.usgs.gov/sir/2011/5193/.

Averett, A.W., J. Persinger, M.D. Chan, J.L. Lozinski, and D.J.
Orth.2004. “Stream Habitat Modeling to Support Water Man-
agement Decisions for the North Fork Shenandoah River, Vir-
ginia.” Virginia Tech Department of Fisheries & Wildlife
Sciences Report. https://www.fishwild.vt.edu/North_Fork_Shena
ndoah/final_report/final_report.htm.

Beecher, H.A., E.R. Dott, and R.F. Fernau. 1988. “Fish Species
Richness and Stream Order in Washington State Streams.”
Environmental Biology of Fishes 22 (3): 193–209. https://doi.org/
10.1007/BF00005381.

Brooks, A.J., and T. Haeusler. 2016. “Invertebrate Responses to
Flow — Trait-Velocity Relationships during Low and Moderate
Flows.” Hydrobiologia 773 (1): 23–34. https://doi.org/10.1007/
s10750-016-2676-z.

Carlisle, D.M., S.M. Nelson, and K. Eng. 2014. “Macroinvertebrate
Community Condition Associated with the Severity of Stream-
flow Alteration.” River Research Applications 30: 29–39.
https://doi.org/10.1002/rra.2626.

Commonwealth of Virginia. 2015. “State Water Resources Plan.”
http://www.deq.virginia.gov/Programs/Water/WaterSupplyWate
rQuantity/WaterSupplyPlanning/StateWaterResourcesPlan.a
spx.

Dewson, Z.S., A.B.W. James, and R.G. Death. 2007. “Stream
Ecosystem Functioning Under Reduced Flow Conditions.” Eco-
logical Applications 17 (6): 1797–808. https://doi.org/10.1890/06-
1901.1.

D€oll, P., and J. Zhang. 2010. “Impact of Climate Change on Fresh-
water Ecosystems: A Global-Scale Analysis of Ecologically Rele-
vant River Flow Alterations.” Hydrology and Earth System
Sciences 14: 783–99. https://doi.org/10.5194/hess-14-783-2010.

EA Engineering, Science, and Technology Inc. 2009. Instream Flow
Incremental Methodology (IFIM) Studies on the North Anna and
Pamunkey Rivers, Virginia. Sparks, MD: EA Engineering,
Science, and Technology.

EA Engineering, Science, and Technology Inc. 2012. Appomattox
River Instream Flow (IFIM) Study: George R. Brasfield Dam to

Harvell Dam. Hunt Valley, MD: EA Engineering, Science, and
Technology.

Eng, K., D.M. Carlisle, D.M. Wolock, and J.A. Falcone. 2013. “Pre-
dicting the Likelihood of Altered Streamflows at Ungaged Rivers
across the Conterminous United States.” River Research and
Applications 29 (6): 781–91. https://doi.org/10.1002/rra.2565.

Filipe, A.F., M. Filomena Magalh~aes, and M.J. Collares-Pereira.
2010. “Native and Introduced Fish Species Richness in Mediter-
ranean Streams: The Role of Multiple Landscape Influences.”
Diversity and Distributions 16 (5): 773–85. https://doi.org/10.
1111/j.1472-4642.2010.00678.x.

Freeman, M.C., and P.A. Marcinek. 2006. “Fish Assemblage
Responses to Water Withdrawals and Water Supply Reservoirs
in Piedmont Streams.” Environmental Management. 38 (3): 435–
50. https://doi.org/10.1007/s00267-005-0169-3.

Gido, K.B., D.L. Propst, J.D. Olden, and K.R. Bestgen. 2013. “Mul-
tidecadal Responses of Native and Introduced Fishes to Natural
and Altered Flow Regimes in the American Southwest.” Cana-
dian Journal of Aquatic Science 70 (4): 554–64. https://doi.org/
10.1139/cjfas-2012-0441.

Gore, J.A. 2006. Roanoke River Instream Flow Study Clover Power
Station Final Report. St. Petersburg, FL: University of South
Florida.

Hain, E.F., J.G. Kennen, P.V. Caldwell, S.A.C. Nelson, and S.G.
McNulty. 2018. “Using Regional Scale Flow–Ecology Modeling
to Identify Catchments Where Fish Assemblages are Most Vul-
nerable to Changes in Water Availability.” Freshwater Biology
63 (8): 928–45. https://doi.org/10.1111/fwb.13048.

Hoffman, K.H.2015. “Ecohydrologic Indicators of Low-Flow Habitat
Availability in Eleven Virginia Rivers.” Masters thesis, Virginia
Tech, Blacksburg, VA.https://vtechworks.lib.vt.edu/handle/
10919/56978.

Kennen, J.G., M.L. Riskin, and E.G. Charles. 2014. “Effects of
Streamflow Reductions on Aquatic Macroinvertebrates — Link-
ing Groundwater Withdrawals and Assemblage Response in
Southern New Jersey Streams, USA.” Hydrological Sciences
Journal 59 (3–4): 545–61. https://doi.org/10.1080/02626667.2013.
877139.

Kennen, J.G., D.J. Sullivan, J.T. May, A.H. Bell, K.M. Beaulieu,
and D.E. Rice. 2012. “Temporal Changes in Aquatic-Inverte-
brate and Fish Assemblages in Streams of the North-Central
and Northeastern US.” Ecological Indicators 18: 312–29.
https://doi.org/10.1016/j.ecolind.2011.11.022.

Kleiner, J.D., E. Passero, R.W. Burgholzer, J.L. Rapp, and D.R.
Scott. 2020. “elfgen: A New Instream Flow Framework for Rapid
Generation and Optimization of Flow-Ecology Relations.” Jour-
nal of the American Water Resources Association (in press).
https://doi.org/10.1111/1752-1688.12876

Knight, R.R., J.C. Murphy, W.J. Wolfe, C.F. Saylor, and A.K.
Wales. 2014. “Ecological Limit Function Relating Fish Commu-
nity Response to Hydrologic Departures of the Ecological Flow
Regime in the Tennessee River Basin, United States.” Ecohy-
drology 7 (5): 1262–80. https://doi.org/10.1002/eco.1460.

Krstolic, J.L., D.C. Hayes, and P.M. Ruhl.2006. “Physical Habitat
Classification and Instream Flow Modeling to Determine Habitat
Availability during Low-Flow Periods, North Fork Shenandoah
River, Virginia.” U.S. Geological Survey Scientific Investigations
Report 2006–5025. https://pubs.usgs.gov/sir/2006/5025/.

Krstolic, J.L., and R.C. Ramey.2012. “South Fork Shenandoah
River Habitat-Flow Modeling to Determine Ecological and
Recreational Characteristics during Low-Flow Periods.” U.S.
Geological Survey Scientific Investigations Report 2012–5081.
https://pubs.usgs.gov/sir/2012/5081/.

Lemoine, N.2012. “R for Ecologists: Putting Together a Piecewise
Regression.” R-Bloggers. https://www.r-bloggers.com/r-for-ecolo
gists-putting-together-a-piecewise-regression/.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWR13

APPLICATION OF A NEW SPECIES-RICHNESS BASED FLOW ECOLOGY FRAMEWORK FOR ASSESSING FLOW REDUCTION EFFECTS ON AQUATIC COMMUNITIES



Leonard, P.M., D.J. Orth, and C.J. Goudreau.1986. “Development
of a Method for Recommending Instream Flows for Fishes in
the Upper James River, Virginia.” Virginia Water Resources
Research Center Bulletin 152.

Maryland Department of Natural Resources. 1981. Potomac River
Environmental Flow-by Study. Annapolis, MD: Maryland
Department of Natural Resources.

McManamay, R.A., and E.A. Frimpong 2015. “Hydrologic Filtering
of Fish Life History Strategies across the United States: Impli-
cations for Stream Flow Alteration.” Ecological Applications 25
(1): 243–63. https://doi.org/10.1890/14-0247.1.sm.

McManamay, R., D.J. Orth, M.M. Davis, and J. Kauffman. 2013.
“A Database and Meta-Analysis of Ecological Responses to
Stream Flow in the South Atlantic Region.” Southeastern Natu-
ralist 12 (5): 1–36. https://doi.org/10.1656/058.012.m501.

Nelms, D.L., G.E. Harlow, and D.C. Hayes. 1997. “Base-Flow Charac-
teristics of Streams in the Valley and Ridge, Blue Ridge, and Pied-
mont physiographic Provinces of Virginia.” U.S. Geological Survey
Water-Supply Paper 2457. https://pubs.usgs.gov/wsp/wsp_2457/.

Poff, N.L., B.D. Richter, A.H. Arthington, S.E. Bunn, R.J. Naiman,
E. Kendy, C. Apse, B.P. Bledsoe, M.C. Freeman, and A. Warner.
2010. “The Ecological Limits of Hydrologic Alteration (ELOHA):
A New Framework for Developing Regional Environmental Flow
Standards.” Freshwater Biology 55: 147–70. https://doi.org/10.
1111/j.1365-2427.2009.02204.x.

Poff, N.L., and J.K.H. Zimmerman. 2010. “Ecological Responses to
Altered Flow Regimes: A Literature Review to Inform the Science
and Management of Environmental Flows.” Freshwater Biology
55: 194–205. https://doi.org/10.1111/j.1365-2427.2009.02272.x.

Poole, G.C. 2002. “Fluvial Landscape Ecology: Addressing Unique-
ness within the River Discontinuum.” Freshwater Biology 47:
641–60. https://doi.org/10.1046/j.1365-2427.2002.00922.x.

Pracheil, B.M., P.B. McIntyre, and J.D. Lyons. 2013. “Enhancing
Conservation of Large-River Biodiversity by Accounting for
Tributaries.” Frontiers in Ecology and the Environment 11: 124–
28. https://doi.org/10.1890/120179.

Rapp, J.L., and P.A. Reilly. 2017. “Virginia Flow-Ecology Modeling
Results: An Initial Assessment of Flow Reduction Effects on
Aquatic Biota.” U.S. Geological Survey Open-File Report 2017-
1088. https://pubs.usgs.gov/of/2017/1088/ofr20171088.pdf.

Richter, B.D., M.M. Davis, C. Apse, and C. Konrad. 2012. “A Pre-
sumptive Standard for Environmental Flow Protection.” River
Research and Applications 28 (8): 1312–21. https://doi.org/10.
1002/rra.1511.

Rolls, R.J., C. Leigh, and F. Sheldon. 2012. “Mechanistic Effects of
Low-Flow Hydrology on Riverine Ecosystems — Ecological Prin-
ciples and Consequences of Alteration.” Freshwater Science 31
(4): 1163–86. https://doi.org/10.1899/12-002.1.

Rosenfeld, J.S. 2017. “Developing Flow — Ecology Relationships:
Implications of Nonlinear Biological Responses for Water Man-
agement.” Freshwater Biology 62: 1305–24. https://doi.org/10.
1111/fwb.12948.

Schlosser, I.J. 1987. “A Conceptual Framework for Fish Communi-
ties in Small Warmwater Streams.” In Community and Evolu-
tionary Ecology of North American Stream Fishes, edited by
W.J. Matthews and D.C. Heins, 17–24. Norman, OK: University
of Oklahoma Press.

Tetra Tech Inc.2012. “Virginia Ecological Limits of Hydrologic
Alteration (ELOHA) — Development of Metrics of Hydrologic
Alteration.” Draft Report Prepared for the U.S. Environmental
Protection Agency and Virginia Department of Environmental
Quality, 155 pp. http://deq1.bse.vt.edu/sifnwiki/images/5/5d/Ta
sks_3-4_draft_femodels20120109.pdf.

Thomas R. Payne and Associates. 2008. “Appalachian Power
Company Claytor Hydroelectric Project No. 793-018.”
Instream Flow Needs Study Final Report, Arcata, CA, and
Needham, MA.

U.S. Geological Survey and U. S. Environmental Protection
Agency. 2012. “National Hydrography Dataset Plus — NHDPlus
Version 2.” Vector Digital Data Set. https://www.epa.gov/wate
rdata/nhdplus-national-hydrography-dataset-plus.

U.S. Geological Survey, National Geospatial Technical Operations
Center.2014. “USGS National Watershed Boundary Dataset
(WBD) 20140924 National File-GDB 10.1.” Vector Digital Data
Set. ftp://rockyftp.cr.usgs.gov/vdelivery/Datasets/Staged/WBD/
FileGDB101/WBD_National.zip.

Vander Vorste, R., P. McElmurray, S. Bell, K.M. Eliason, and B.L.
Brown. 2017. “Does Stream Size Really Explain Biodiversity
Patterns in Lotic Systems? A Call for Mechanistic Explana-
tions.” Diversity 9 (3): 1–21.

Vannote, R.L., G.W. Minshall, K.W. Cummins, J.R. Sedell, and
C.E. Cushing. 1980. “The River Continuum Concept.” Canadian
Journal of Fisheries and Aquatic Sciences 37 (1): 130–37.
https://doi.org/10.1139/f80-017.

Walters, D.M., D.S. Leigh, M.C. Freeman, B.J. Freeman, and C.M.
Pringle. 2003. “Geomorphology and Fish Assemblages in a Pied-
mont River Basin, USA.” Freshwater Biology 48: 1950–70.
https://doi.org/10.1046/j.1365-2427.2003.01137.x.

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION14

RAPP, BURGHOLZER, KLEINER, SCOTT, AND PASSERO


