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A Demonstration of the Instream Flow Incremental
Methodology, Shenandoah River, Virginia

Humbert Zappia and Donald C. Hayes

Abstract

Current and projected demands on the water
resources of the Shenandoah River have increased con-
cerns for the potential effect of these demands on the
natural integrity of the Shenandoah River system. The
Instream Flow Incremental Method (IFIM) process
attempts to integrate concepts of water-supply plan-
ning, analytical hydraulic engineering models, and
empirically derived habitat versus flow functionsto
address water-use and instream-flow issues and ques-
tions concerning life-stage specific effects on selected
species and the general well being of aquatic biological
populations.

The demonstration project also sets the stage for
the identification and compilation of the major
instream-flow issues in the Shenandoah River Basin,
development of the required multidisciplinary technical
team to conduct more detailed studies, and devel op-
ment of basin specific habitat and flow requirements
for fish species, species assemblages, and various water
uses in the Shenandoah River Basin. This report pre-
sents the results of an IFIM demonstration project,
conducted on the main stem Shenandoah River in Vir-
ginia, during 1996 and 1997, using the Physical Habitat
Simulation System (PHABSIM) mode.

Output from PHABSIM is used to address the
general flow requirements for water supply and recre-
ation and habitat for selected life stages of severa fish
species. The model output is only asmall part of the
information necessary for effective decision making
and management of river resources. The information
by itself is usually insufficient for formulation of rec-
ommendations regarding instream-flow requirements.
Additional information, for example, can be obtained
by analysis of habitat time-series data, habitat duration
data, and habitat bottlenecks. Alternative-flow analysis
and habitat-duration curves are presented.

INTRODUCTION

Because of current and projected demands on the
water resources of the Shenandoah River, concerns
have increased over the potential effects of these
demands on the natural integrity of the Shenandoah
River system. These concerns have been raised by a
number of local, state, and federal agencies, aswell as
private citizen groups and other water-use organi za-
tionsinterested in preserving the natural integrity of the
Shenandoah River. Because of the concern for the
Shenandoah River system, ademonstration project was
initiated in 1996 by the U.S. Geological Survey
(USGS) in cooperation with the Lord Fairfax Planning
District Commission. The demonstration project was
conducted to show the utility of the Instream Flow
Incremental Method (IFIM), developed by the
U.S. Fish and Wildlife Service (USFWS) in addressing
water-use and instream-flow issues. The demonstration
project also was designed to set the stage for the identi-
fication and compilation of the major instream-flow
issues in the Shenandoah River Basin, to develop the
required multidisciplinary technical team to conduct
more detailed studies, and to develop basin specific
habitat and flow requirements for fish species, species
assemblages, and various water usesin the Shenandoah
River Basin.

Purpose and Scope

This report presents the results of an IFIM dem-
onstration project conducted during 1996 and 1997 on
the main stem Shenandoah River from the confluence
of the North Fork and South Fork Shenandoah Rivers
in Virginiato the confluence with the Potomac River in
West Virginia. This report presents background infor-
mation on the IFIM process, output from hydraulic and
physical habitat simulation models, and additional

Abstract 7



information on analyzing the effect of aternative flows
on habitat availability. The report relates model output
to generalized flow requirements for water supply and
recreation, and habitat for selected life stages of several
fish species. A habitat-duration curve is developed
through analysis of habitat time-series data for
recreation.
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DESCRIPTION OF THE SHENANDOAH
RIVER BASIN

The Shenandoah River Basin lies in northwest
Virginia(fig 1.) The basin is bounded by the Rappahan-
nock River Basin to the east, the James River Basin to
the south, and the Potomac River Basin to the west and
north. The Shenandoah River Basin is drained by the
Shenandoah River and itstwo major tributaries, the
North Fork and South Fork Shenandoah Rivers. These
three rivers flow northeast, parallel to the Blue Ridge
Mountains, through the valleys of the Valley and Ridge
Physiographic Province. The basin extends approxi-
mately 120 mi northeast from the headwatersin
Augusta County, Va., to the Potomac River at Harpers
Ferry, W. Va. The basin width averages 30 mi (Virginia
State Water Control Board, 1988).

The Shenandoah River Basin exists amost
entirely within the Valley and Ridge Physiographic
Province, with the exception of anarrow strip along the
eastern basin that is within the Blue Ridge Physio-
graphic Province. The basin topography is
characterized by rolling hills and valleys with the Blue
Ridge Mountains along the eastern edge and the Mas-
sanutten Mountain Range dividing the North and South
Fork Shenandoah River Basins (Virginia Department
of Conservation and Economic Development, 1968).
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Figure 1. Shenandoah River Basin and physiographic provinces of Virginia.
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The northeast-southwest trending ridges of the Valley
and Ridge Physiographic Province are formed by resis-
tant quartzite, sandstone, and conglomerates; the
valleys are underlain by more readily weathered lime-
stone, shale, and dolomite. The Blue Ridge
Physiographic Province consists mainly of metamor-
phic and igneous rocks, with some sedimentary rock on
the western slope (Hayes, 1991).

The Shenandoah River Basin is subject to greater
extremes in temperature and precipitation than parts of
Virginia east of the Blue Ridge Mountains. The aver-
age annual temperature is 51°F; extremes are well

tive frequency curve that shows the percentage of time
during which specified discharges were equaled or
exceeded for a given period. It also shows the inte-
grated effect of various factors that affect runoff, such
as climate, topography, and geology. If the discharge
on which the flow-duration curve is based represents
the long-term flow conditions of the stream, the curve
may be used to estimate the percentage of time speci-
fied discharges will be equaled or exceeded in the
future (Searcy, 1959). For example, the daily mean
flow of 508 s is equaled or exceeded 95 percent of
the time and 1,630%s is equaled or exceeded 50 per-

below 0°F and above 100°F. Annual precipitation avercent of the time (fig. 2).

ages approximately 39 in., and ranges from 35 in. to
50 in. (Virginia Department of Conservation and Eco-
nomic Development, 1968). The greatest variation of
precipitation within Virginia is in the Shenandoah

Land use in the Shenandoah River Basin creates
the rural character for which the region is known.
Approximately 59 percent of the area is forest and wet-
lands (U.S. Environmental Protection Agency, 1996).

River Basin where annual precipitation averages from Approximately 38 percent of the area is agricultural
36 to 48 in. per year over 50 mi (Hayes, 1991). Annualvith half in row crops and the other half in pasture,

snowfall averages approximately 35 in. in the

mountains and is less in the valleys (Virginia
10,000

Department of Conservation and Economic 9,000
Development, 1968). gggg

The Shenandoah River Basin is subject 6,000
to strong frontal passages during the winter 5,000

and thunderstorms during the summer. Prevail-
ing wind from the southwest brings warm,
moist air from the Gulf of Mexico in addition
to moist air drawn in from the Atlantic Ocean.
Strong cold fronts move across the basin from
the northwest and clash with the warm, moist
air, causing most of the basin’s precipitation.
Precipitation during the summer, generally
caused by thunderstorms, is heavy but sporadi
(Hayes, 1991).

Steep slopes in the mountains are char-
acterized by thin soils, thus reducing the
amount of ground-water storage and causing
rapid runoff of surface water during storms.
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The geology of the western toe of the Blue 300
Ridge is characterized by a thick mantle of 250
residuum, talus, and alluvial deposits that 200

overlay carbonate rocks on the eastern slope of
the Valley and Ridge Physiographic Province.
The residuum may exceed 600 ft in thickness
and maintains base flows (Hayes, 1991; Nelms 100
and others, 1997).

The flow-duration curve for the Shenan-

150
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PERCENT OF TIME INDICATED
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doah River at Millville, W. Va., is shown in Figure 2. Flow-duration curve for the Shenandoah River at Millville,
figure 2. The flow-duration curve is a cumula- West Virginia, 1896-1996.
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hay, or grass. Less than 3 percent of the areais
developed.

Approximately 294,000 people live in the
Shenandoah River Basin; the mgjority (178,000 per-
sons) reside in the South Fork Shenandoah River Basin
(Solley and others, 1998). The populations of the North
Fork Shenandoah River Basin and the main stem
Shenandoah River Basin are approximately 92,000 and
24,000 persons, respectively.

Water useisidentified for each basin by ground-
water and surface-water withdrawal (table 1). Forty
percent of the offstream water use (all water-use cate-
gories except hydroelectric) in the Shenandoah River
Basin is from surface-water sources. Seventy-two per-
cent of the total water use in the main stem Shenandoah
River Basin is withdrawn from surface-water sources.
Thirty-one percent of the total water use in the South
Fork Shenandoah River Basin is from surface-water
sources; 55 percent of the total water use in the North
Fork Shenandoah River Basin is from surface-water
sources (Solley and others, 1998).

Table 1.
[Mgal/d, million gallons per day; ft3/s, cubic foot per second]

INSTREAM FLOW INCREMENTAL
METHODOLOGY (IFIM)

Because of the large-scale development of reser-
voirs and other water-use projects over thelast 70 years
in the western United States and the resulting habitat
loss, guidelines were devel oped by many statesto pro-
tect remaining stream resources. Many assessment
methods that rely on hydrologic and empirical habitat
information have been devel oped. These methods usu-
aly produce singlethresholds for minimum flow below
which water may not be withdrawn for consumptive
use (Stalnaker and others, 1995).

In the last 20 years, attention has shifted from
establishing a threshold for minimum flow to methods
capable of quantifying the effects of incremental
changesin streamflow. Attention has shifted because
single minimum instream flows are commonly inade-
guate to protect the aquatic resource. The IFIM that
was devel oped under the guidance of the USFWSisa
process utilizing various technical methodologies to

Withdrawals for water-use categories for the Shenandoah River Basin, 1995

Main Stem Shenandoah River Basin

North Fork Shenandoah River Basin

South Fork Shenandoah River Basin

Water use Ground water Surface water Ground water Surface water Ground water Surface water
Mgal/d Mgal/d Mgal/d Mgal/d Mgal/d Mgal/d
(ft31s) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft3/s)
Public supply 0.15 292 2.67 7.75 14.9 10.42
(0.23) (4.52) (4.13) (12.0) (23.0) (16.1)
Commercial .20 .07 41 .29 153 .26
(.31) (11) (.63) (.45) (2.37) (.40)
Domestic 1.02 .00 3.80 .00 4.90 .00
(1.58) (.00) (5.88) (.00) (7.58) (.00)
Industrial .03 .04 127 41 16.2 4.44
(.05) (.06) (1.96) (.63) (25.0) (6.87)
Livestock .09 131 74 1.86 31 1.25
(.14) (2.03) (1.149) (2.88) (.48) (1.93)
Irrigation A7 .00 .00 .61 .03 .78
(.26) (.00) (.00) (.94) (.05) (1.21)
Hydroelectric .00 .00 .00 207 .00 796
(.00) (.00) (.00) (321) (.00) (1,230)
Total 1.66 4.34 8.89 217.92 37.87 813.15
(2.57) (6.72) (13.74) (337.90) (58.48) (1,256.51)
10 A Demonstration of the Instream Flow Incremental Methodology, Shenandoah River, Virginia



evaluate changes in the amount of estimated usable
habitat for various species or groups of species as flow
changes.

IFIM Process

The IFIM process attempts to integrate concepts
of water-supply planning, analytical hydraulic engi-
neering models, and empirically derived habitat versus
flow functions to address questions concerning life-
stage specific effects on selected species and the gen-
eral well being of aguatic biological populations
(Stalnaker and others, 1995). The IFIM process should
be thought of as a water-management tool rather than
an ecosystem model (Bovee, 1982). A key component
of the IFIM process is the interaction and communica-
tion of all stakeholders or partiesdirectly and indirectly
affected by flow issues. Only through cooperation and
communication can the stakeholders identify the prob-
lems and concerns, determine the effects of various
aternatives through atechnical analysis, and recom-
mend and implement plans and policy to minimize
adverse effects of low-flow periods.

When applying the IFIM process, various techni-
cal methods are available for long-range planning of
instream flows, depending on the intensity and com-
plexity of the issues being addressed (Stalnaker and
others, 1995). The technical methods available for
long-range planning of instream flows are (1) standard-
setting techniques, (2) mid-range techniques, and
(3) incremental techniques (Stalnaker and others,
1995). After application of one or more of these techni-
cal methods, specific recommendations for long-term
planning can be made, and water-use limitations can be
negotiated.

Standard-setting techniques are commonly used
for instream flow issues of low-intensity, where mini-
mal detail and effort are required. Standard-setting
techniques are usually quick, reconnaissance-level,
office type approaches, using existing information.

Mid-range techniques can require substantially
more effort than standard-setting techniques but are
applicable to flow issues of greater complexity. Mid-
range techniques usually require the collection of
hydrologic and biological data from specific study
areas to determine the potentia adverse effects of flow
alteration.

When flow issues require intense negotiations
and are extremely complex, incremental techniques are
needed. Incremental techniques give a more complete

picture of the effects of flow alteration than the best
mid-range techniques. Incremental techniques require
substantially more effort than other techniques, how-
ever, and are distributed over a much longer period of
time (Stalnaker and others, 1995).

Instream Flow Technical Methods

This demonstration project utilized a mid-range
technique on the Shenandoah River. The method
applied required the use of hydraulic and habitat simu-
lation models contained in the Physical Habitat
Simulation System (PHABSIM) on a selected study
reach on the Shenandoah River. The report gives exam-
ples of the types of simulation results obtained through
the PHABSIM model aswell as an example of a habi-
tat-duration curve developed from the model output
and discharge records.

Stream segments are the basic habitat subdivi-
sions of ariver when using the IFIM. The characteristic
feature of a stream segment is uniform flow regime and
geomorphology (slope, sinuosity, channel structure,
geology, and land use). Flow regime normally isthe
primary factor for selecting the segment boundaries.
The steady-state discharge at the upstream or down-
stream boundary should be within 10 percent of the
discharge at any cross section in a segment. Stream
segments may be relatively long parts of the stream
(Bovee, [n.d.]a, Bovee, 1982).

Stream segments can be subdivided by either
mesohabitat types or reaches. Mesohabitat types typi-
cally are the same order of magnitude in length as the
channel width and are defined by the local channel
dope, shape, structure, flow depth, and flow velocity.
Riffles, runs, pools, bars, and divided channels are
some stream features that are commonly classified as
mesohabitat types. Each reach, sometimes called a rep-
resentative reach, generally contains many or all of the
mesohabitat types found in the segment and istypically
one order of magnitude longer than the channel width
for aluvial channels (10-15 stream widthsin length) or
one meander wave length for bedrock-controlled or
colluvia channels. Data sampled at one or more
reaches or at selected mesohabitats represent the
hydraulic, geomorphologic, and habitat conditions
within the stream segment (Bovee, [n.d.]a).

L eopold, and others (1964) noted that riffles
tended to repeat every 7-10 channel widthsin aluvial
channels. Thisinformation was used to develop the
underlying assumption of the representative reach that

Instream Flow Incremental Methodology (IFIM) 11



mesohabitat types are found in a repetitive pattern
(Bovee, [n.d.]a). In arepresentative reach, each major
mesohabitat type should be represented at |east once
and in the same proportion asin the stream segment
(Bovee, [n.d.]a). Any reach selected within a stream
segment, therefore, is theoretically very similar in habi-
tat characteristics to any other reach selected within
that segment. A reach selected at random would, there-
fore, be representative of the segment (Bovee, 1982).
Use of the representative reach for representation of a
stream segment works best in alluvial channels (Bovee,
[n.d]a).

In mesohabitat typing, all mesohabitat typesin a
stream segment are defined and inventoried to deter-
mine the proportion of the stream segment represented
by each mesohabitat type. This approach was devel-
oped for stream segments where mesohabitat types
occurred randomly with an irregular distribution
throughout the stream segment, and use of the repre-
sentative reach was inappropriate (Morhardt and
others, 1983). Data are sampled to represent each

charge for the stream segment is represented by the
relation between habitat and discharge of the synthetic
reach. The synthetic reach may represent the sequence
of mesohabitat types in the segment, but it does not
represent the actual spacing between transects.

The hydraulic part of the PHABSIM model
requires two types of datafor the simulation of flow in
the stream (Boveg, [n.d.]b): (1) channel structure, and
(2) hydraulic variables. Channel-structure datainclude
channel geometry and substrate classification and dis-
tribution, as well as other structures relevant to the
issues being addressed. Hydrologic variables include
water-surface elevation, width, depth, velocity, wetted
perimeter, discharge, and surface area. The hydraulic
model simulates hydraulic variables at unmeasured dis-
charges (Bovee, [n.d.]b). Simulated variables are used
as a substitute for repeated empirical measurements at
numerous flows (Bovee, [n.d.]c). Channel structure and
hydraulic variables then can be used to generate a com-
puterized “map” of a composite stream reach

representing the study stream reach. The composite
stream reach is depicted as a mosaic of stream cells
(fig. 3). At any given discharge, each cell will have a
unique combination of hydraulic and stream channel

mesohabitat type rather than the stream segment. The
stream segment is represented by the data collected in
each mesohabitat type, weighted by the proportion of

the mesohabitat type in the stream segment (Bovee,
[n.d.]a).

Whether the stream segment is represented by
the representative reach or mesohabitat typing, PHAB-
SIM isused to model the hydraulics and habitat
conditions for selected discharges. Data collected by
either method are used to calibrate the model. The cali-
brated model is then used to simulate hydraulic
conditions at selected flows other than those directly
measured. If the representative reach method is used,
the PHABSIM model is used to analyze channel geom-
etry, flow, and habitat through transects and stream
cells established in the reach and to determine the rela-
tion between habitat and discharge for the reach. In the
representative reach method, the sequence and spacing
of mesohabitat types in the reach represent the
sequence and spacing of mesohabitat types in the
segment.

If the mesohabitat typing method is used, the
PHABSIM modéd isused to analyze channel geometry,
flow, and habitat through transects and stream cells
established in the individual mesohabitat types. A syn-
thetic reach is then developed where transects and
stream cells in each mesohabitat type are weighted
according to the proportion of that mesohabitat typein
the segment. The relation between habitat and dis-

characteristics (Bovee, [n.d.]b).

Hydraulic simulation with PHABSIM assumes

that channel geometry does not change with discharge

F\l_\
I

r\'\l

EXPLANATION
‘:I Stream cell
1

: Transect

Figure 3. Schematic diagram of a composite stream
reach depicting transects and stream cells. At any given
flow, each cell will have a unique combination of hydro-
logic and stream-channel characteristics.
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over the range of flows simulated. The results of the based on field data from the study area but have been
hydraulic calculations are water-surface elevations and corrected for environmental bias, such as the greater
velocities. Water depths used in the habitat programs availability of one habitat type than another, and repre-

are calculated from the water-surface el evations simu- sent habitat preferences of the species in question.

lated in the hydraulic programs and the channel Category IV SI's (conditional preference curves)

geometry. The water-surface elevation for a simulated describe habitat requirements as a function of the inter-

discharge at atransect is used for al the cellsin that action among many stream variables (Bovee, 1986;

transect. In contrast, velocities vary from cell to cell in Twomey and others, 1984).

the transect. The hydraulic model assumes water-sur- The relative rankings of the suitability of the

face elevations are independent of the velocity stream cells in a computerized map generated by

distribution in the channel (Bovee, [n.d.]c). PHABSIM can be expressed as weighting factors rang-
Three methods are available in themodel for cal-  ing from 0 to 1. The weighing factors are based on a

culation of water-surface elevations: (1) direct stage- composite suitability index (CSI). A CSI can be mathe-
discharge relation or rating curve, (2) use of Manning'smatically calculated from a combination of several
equation, and (3) the step-backwater method. Any sindifferent habitat variables. Several aggregation tech-
gle method or combination of methods can be used toniques are available to determine a single CSI for a
determine water-surface elevations for simulated dis- stream cell. This study uses a multiplicative aggrega-
charges through the reach. In the direct stage-dischard®n given by:

relation method and the Manning equation method, the

transects are independent of each other. In the step- CSl. = V. xD. xS, 1
backwater method, the transects are not independent of | I | I

each other (Bovee, [n.d.Jc). whereCS; is the composite suitability index for

The PHABSIM model uses an empirically- celli,
derived rating curve to predict water-surface elevations
from the stage-discharge relation. A least-squares
regression is fit to three or more pairs of log-trans-

V, is the suitability index associated
with the velocity in cell,

formed stage-discharge data. In reality, the regression D; is the suitability index associated

is performed on the water-surface elevation minus the with the depth in ceil, and

stage of zero flow (Bovee, [n.d.]b). S is the suitability index associated
The habitat part of the PHABSIM model with the substrate type in cell

requires hydraulic variables simulated in the hydraulic (Bovee, [n.d.]c).

model and habitat suitability curves (SI's) developed o o

by use of direct field observation or by expert opinion. When the weighting factors are multiplied by the
SI's can be used to relate the adequacy of hydraulic sur_face area of the cell for a s_peC|f|ed discharge,
conditions to provide usable habitat for aquatic biota oWveighted usable area (WUA) is the result (Bovee,
support the water use of interest. SI's and water-use [N-d-]0). The WUA for a reach can be determined by
flow requirements are combined with hydraulic condi- SUmming the WUA of the individual cells at the speci-
tions to rank the suitability of each stream cellina  fiéd discharge. A functional relation between discharge
computerized map for the aquatic biota or a water use2nd habitat availability is produced by calculating the
of interest. WUA at multiple discharges (fig. 4). In addition, the
total suitable area can be determined by summing the
area of all the cells in the reach that have a CSlI greater
than zero.

SI's are classified into four categories on the
basis of their method of development. Category | SI's
are very general and are based on information other )
than field observations from the study area. They are Other aggregation methods may be used to cal-
usually derived from scientific literature and from pro- culate the CSI for each cell. Two additional
fessional experience and judgement. Category | Sl's @ggregation methods that are commonly used are the
should be used in low effort and intensity IFIM studies.980metric mean and the limiting factor methods
Category Il Sl's (utilization curves) are intended to be (Bovee, [n.d.Jc).
realistic and are based on frequency analysis of field In addition to WUA, each cell in the stream
data from the study area. Category lll SI's also are  reach can be classified as being optimal, usable, suit-
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habitat availability. Development of alternative-flow
scenarios should be based on habitat requirements of
multiple species and water uses, and the ability to alter
the flow. Usually, multiple scenarios are developed and
the effects on habitat analyzed to assist in addressing
water-use and instream-flow issues. The alternative
flow is often achieved through reduced water with-
drawals and modified releases from impoundments.

Discharge records are combined with the habitat-
discharge relation determined through PHABSIM to
generate a habitat time series. One tool used to assist in
the alternative-flow analysis is the habitat-duration
curve. Habitat-duration curves are developed to sum-
marize the availability of habitat over time and are
produced in the same manner as the flow-duration
curve except the time series of flow is replaced by the
time series of available habitat.

WEIGHTED USABLE AREA

DISCHARGE APPLICATION OF THE IFIM TO THE

Figure 4. Generalized relation of weighted usable SHENANDOAH RIVER
area to discharge.

The demonstration project on the Shenandoah

able, or unsuitable for the species or water use of River began in 1996 and utilized a mid-range tech-
interest (Bovee, [n.d.]b). The stream cells are classified nique. The technique used a hydraulic model and

in this manner by comparing the habitat variables habitat model contained in the PHABSIM on a study
(depth, velocity, substrate) within the cells at a given reach in the Shenandoah River Basin. This method

discharge to habitat suitability criteria (HSC). A stream  gives an example of the types of results obtained
cell is considered optimal if all of its habitat variables through the IFIM process.
are classified as optimal on the basis of their HSC's. A The main stem Shenandoah River was divided

stream cell is considered usable if one or more of its i three stream segments for application of the
habitat variables are classified as usable, but none arggy: (1) the upper stream segment, from the conflu-
classified less than usable. A stream cell is consideregince of the North Fork and South Fork Shenandoah
suitable if one or more of its habitat variables are clasRjyers to the U.S. Highway 17 bridge; (2) the middle
sified as suitable, but none are classified as unsuitableyream segment, from the U.S. Highway 17 bridge to
A stream cell is considered unsuitable if one or more ofne Virginia-West Virginia State line; and (3) the lower
its habitat variables are classified as unsuitable (Bove&yream segment, from the Virginia-West Virginia State
[n.d.]b). line to the confluence of the Shenandoah and Potomac
HSC's are developed by various methods. One Rivers (fig. 5). The segments are subdivided primarily
method that can be used classifies optimal habitat as on the basis of physical channel structure and flow reg-
the middle 50 percent of values where species were ulation rather than on the basis of discharge. No major
observed or water use is possible and corresponds totaibutaries enter the river between the confluence of the
range of SI's from 0.85 to 1.0. Usable habitat is classi-North and South Forks and the confluence of the
fied as the central 75 percent of the values where Shenandoah River with the Potomac River. During
species were observed or a water use is possible andbase flow, discharge in the Shenandoah River increases
corresponds to Sl's greater than 0.25. Suitable habitatl5-20 percent over its entire length.
is classified as the full range of conditions where a spe-  The ypper stream segment is 18.1 mi in length
cies is observed or a water use is possible. Unsuitableyng consists primarily of runs and pools. Approxi-
habitat is considered everything else (Bovee, [n.d.]b). mately 8.7 mi of the stream are classified as run habitat
Habitat time-series information is used to ana- and 8.4 mi are classified as pool habitat. Riffles, which
lyze the effect of various alternative-flow scenarios on are not numerous, are short and aligned perpendicular

14 A Demonstration of the Instream Flow Incremental Methodology, Shenandoah River, Virginia



78°00°

77°45°

39°15° + +
({PJ‘g \Ck;itr}llc?lister
N2
s
- + {\/ A
3

o

39°00°

.....

feed

......

Uppey Segment

Maryland +

P‘:f\

Olomyg c Rlbl/er

+

Lower Segment

N
~

Town of ~

X
§
\ &
\ 3
N
S
9
Berryville )
°

o

guae

4 |
+ A *
Study Reach /
e ' - o
S Middle Segment
N |
Us s 7/50
7
+
0 2 4 6 8 10 MILES
0 2 4 6 8 10 KILOMETERS

Figure 5. Shenandoah River and stream segments.

to the channel. Approximately 1.0 mi of the streamis
classified asriffle habitat. One island chain, approxi-
mately 1.3 mi in length, isin the segment. The
uppermost pool is created by a power plant dam
located approximately 3.5 mi below the confluence of
the North and South Forks. The dam pools water
upstream to the confluence and likely limits sediment
transport through the segment.

The middle stream segment is 17.7 mi in length
and consists of riffles, runs, and pools. Approximately
14.2 mi of the stream are classified as run habitat, and
1.9 mi are classified as pool habitat. Riffles are more
numerous and longer than those in the upper stream
segment. The riffles are formed either from bedrock
outcrops or alluvium and may be aligned up to
30 degrees from perpendicular to the channel. Approx-
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imately 1.6 mi of the stream is classified asriffle
habitat. Three island chains are in the segment; the
average length is approximately 1.6 mi. No dams are
within the segment, and dams upstream and down-
stream have little influence on flows. The Town of
Berryville, Va., operates awater-supply intake on the
west bank of the Shenandoah River approximately

0.5 mi upstream from the mouth of Craig Run. In addi-
tion, the Town of Berryville, Va., discharges treated
wastewater approximately 1 mi upstream from the Vir-
ginia Highway 7 bridge over the Shenandoah River.

The lower stream segment is 16.8 mi in length
and primarily consists of runs and riffles. Data are lim-
ited concerning pools. Total lengths of run, pool, and
riffle habitat were not determined. From observation,
riffle habitat is more abundant in the lower segment
than in either of the other segments. Theriffles are
formed primarily from bedrock outcrops and are com-
monly aligned up to 45 degrees from perpendicular to
the channel. Oneisland chain, approximately 0.8 mi in
length, isin the segment. A power plant dam is located
5.0 mi above the confluence of the Shenandoah and
Potomac Rivers. The dam likely limits the flow and
sediment transport through the segment.

Three mesohabitat types were identified when
selecting stream segments.  pools, riffles, and runs. For
this study, definitions for each mesohabitat type are
from Meador and others (1993). Pool habitat was
delineated for the upper two segments of the Shenan-
doah by the VDGIF in a separate study to determine
available muskellunge habitat in the Shenandoah
Basin. The VDGIF pool-habitat data were used asa
preliminary delineation of pool habitat for this study.
Black and white aerial photos from the National Aerial
Photography Program (1:40,000 scale) and USGS
topographic maps (1:24,000 scale) were used for pre-
liminary delineation of riffle habitat. Delineated pool
and riffle habitats were transferred from the VDGIF
study and aerial photos to the topographic maps for
field verification.

Much of the river was observed from roads along
either bank for verification of mesohabitat types.
VDGIF pool-habitat delineations were not modified
during thefield verifications. Riffle-habitat delineations
were modified during the field verification, usually by
increasing the areas designated as riffle habitat. Any
areas not delineated as pool or riffle habitat were con-
sidered run habitat. Total length of mesohabitat types
delineated for the upper and middle stream segments of
the Shenandoah River is summarized in table 2. Total

length of mesohabitat types was not delineated for the
lower stream segment because pool-habitat data were
not available.

Table 2. Inventory of mesohabitat types for the upper and
middle stream segments of the Shenandoah River

Mesohabitat Length
type in miles

Percentage of
segment length

Upper stream segment

Riffle 1.0 55
Run 8.7 48.1
Pool 84 46.4
Total 181 100
Middle stream segment
Riffle 1.6 9.0
Run 14.2 80.3
Pool 19 10.7
Total 17.7 100

Selection of Study Reach and
Transect Locations

The middle stream segment was selected for the
study primarily because mesohabitat types tend to
occur in a somewhat repetitive pattern and because of
the limited flow regulation caused by dams. Damsin
the upper and lower stream segments modified the flow
and mesohabitat in their respective segments. Also,
access to the river for data collection is available at
three locations along the middle stream segment.

A representative reach that includes many of the
mesohabitat types found in the stream segment and was
accessible was selected. The 3.2 mi long reach begins
at a discontinued water-supply intake for the Town of
Berryville, Va., approximately 2.5 mi upstream of the
Virginia Highway 7 bridge over the Shenandoah River
(fig. 6) and ends approximately 300 ft upstream of the
existing water-supply intake for the Town of Ber-
ryville, Va. Riffle habitat constitutes approximately
12 percent of the reach length; run habitat constitutes
approximately 73 percent of the reach length. The pool
habitat constitutes approximately 15 percent of the
reach length; however, only one pool isin thereach. On
the basis of an average 400-ft width for the Shenan-
doah River, the desired length for arepresentative reach
is4,000-6,000 ft. The reach selected is considerably

16 A Demonstration of the Instream Flow Incremental Methodology, Shenandoah River, Virginia
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longer because of the inconsistent channel structure,
particularly in the riffle habitat. The only well defined
riffle habitat that extends across the entire channel and
that maintains hydraulic control through a wide range
of baseflowsislocated at the discontinued water intake
for the Town of Berryville, Va. Thefirst available pool
habitat is located 3 mi upstream from this location.

Twenty transects were installed in the represen-
tative reach (fig. 6). Four transects were located in pool
habitat, 10 transects were located in run habitat, and
6 transectswerelocated in riffle habitat. Transectswere
established by use of guidelinesin Bovee ([n.d.]a).
Headpins, made from rebar about 2.0 ft in length, were
installed along the north bank of each transect just
above the bank-full stage elevation. Tailpins, made of
the same type rebar, were installed along the south
bank at similar bank-full stage elevations. Additional

0.25 0.5 0.75
1 1

1.0 Miles
J

oST o

055 05 075 1.0 Kilometers

pins were installed on each side of the islands that
divided the channdl. Lag bolts placed in trees near the
headpins of each transect were used as benchmarks.
The lag bolts provided permanent vertical control for
surveying the transect cross-section profile and water-
surface elevations. Benchmarks also were established
on the south bank where the channel was divided by
islands.

Horizontal control for the transects was estab-
lished by use of a Global Positioning System (GPS) to
determine Universal Transverse Mercator (UTM) coor-
dinates for two headpins. The remaining headpins,
tailpins, and benchmarks were surveyed by use of a
theodolite with el ectronic distance measuring equip-
ment. Vertical control was established from a given
elevation of amill tailrace at transect 16. Levels were
run to all benchmarks by use of the theodolite.
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Calibration and Simulation of
Hydraulic Conditions

Data were collected at verticals along transects
to represent hydraulic and geomorphologic conditions
in each cell in areach. Water-surface €l evations, or
stage, were determined at each transect for several
measured discharges (3,010, 1,900, and 907 ft3/s).
Some transects had one additional stage-discharge pair
that was collected when cross-sectional data were col-
lected at the verticalsin the transect. At each vertical in
atransect at asingle discharge, depth, mean velocity,
and substrate type were determined. Cell width was
determined from the spacing of the verticals. Channel
structure and hydraulic variables were collected by use
of standard USGS discharge-measurement procedures
described in Rantz and others (1982), except the data
were collected at about 40 verticals at each transect
rather than the recommended 25-30 verticals to better
define the habitat areas near the bank. Substrate was
classified as either silt or clay, sand, gravel, or bedrock.
When more than one substrate type was observed at the
vertical, such as gravel and bedrock, the coarser mate-
rial was considered dominant. Substrate data were
obtained by visual observation or by prodding the bot-
tom with a measuring rod.

The direct stage-discharge relation method was
used exclusively for calibration of water-surface eleva-
tions and discharges because multiple pairs of data
were measured across arange of observed discharges,
and because amajor storm in September 1996 modified
much of the channel geometry. About one third of the
hydraulic data were collected after the storm, and
adjustments for channel modifications were necessary.
The stage-discharge relation was the best method for

making these adjustments. The Manning’s equation

was not linear, the stage of zero flow was selected that
would give the best fit at the lower discharges.

Velocities were calibrated by use of a single
velocity data set collected at one of the three measured
discharges according to the procedures outlined in
Bovee (ed., [n.d.]b; [n.d.]c). A mean velocity was
determined for each cell vertical in each transect. Man-
ning’s equation was used to calculate a roughness
coefficient for each cell. When another discharge was
simulated, PHABSIM obtains a new water-surface ele-
vation corresponding to the new discharge from the
stage-discharge relation. New depths were determined
for each cell, the roughness coefficient was held con-
stant, and a new mean velocity was computed. An
estimated discharge was then computed by use of the
new widths, depths, and velocities of all cells in the
transect and compared to the simulated discharge. A
velocity adjustment factor (VAF) was computed from
the ratio of the simulated and estimated discharge. Cor-
rected mean velocities were calculated by multiplying
the new mean velocities by the VAF. The VAF is plot-
ted against discharge as an indicator of model
performance and should range between 0.2 and 5.0.
The PHABSIM model is better at predicting velocities
for discharges less than the discharge where the cali-
bration velocities were measured (Bovee, [n.d.]b;
Bovee, [n.d.]c).

A synthetic reach was developed from the avail-
able transects to represent the river segment rather than
a representative reach because of the large spacing
between the transects and the inability to calibrate the
model to data collected at all the transects. The transect
spacing caused cells to extend over large distances such
that the data collected at a vertical did not accurately
represent the habitat of the entire cell. Of the
20 transects located in the reach, 15 were used in the

method was not used because many transects had segynthetic reach. The remaining five transects either had
tion control during the lower flows and channel controlnog depth and velocity data collected because of time
during the higher flows. The stage-discharge relation constraints, or the hydraulic data could not be cali-

method worked better in these flow conditions. The

brated in the model because of flood damage to the

step-backwater method was not used because the dischannel or destruction of the transect location pins and

tance separating the transects was too great for

calibration and all controls in the reach needed to be

defined by a transect. (Bovee, [n.d.]c).

In the direct stage-discharge relation method,

benchmarks.

The synthetic reach was developed by use of four
transects that represented riffle habitat, three transects
that represent pool habitat, and eight transects that rep-

calibration was performed by plotting the least-squaresesent run habitat. The length of the synthetic reach

regression line and paired stage-discharge data to

was 1,000 ft, and cell lengths were defined so that each

check the linearity of the relation. Adjustments were mesohabitat type represented the appropriate percent-
made to the stage of zero flow to reduce the error in thage of that habitat in the segment. Cells from the four
least-squares regression. At transects where the relatidransects representing riffle habitat were 9.0 percent of
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the synthetic reach. Cells from the three transects rep- 0.864 Mgal/d (1.34 ﬁs) and operates from an upper

resenting pool habitat were 10.7 percent of the reach, and lower intake. Although it is doubtful that the lower
and cells from the eight transects representing run hab-  intake would ever be exposed, because it is at or below
itat were 80.3 percent of the reach. the level of the streambed, the upper intake could be
After model calibration, hydraulic conditions above the water surface at some extreme low flow
were simulated for discharges ranging between 60 and (table 3). If the upper intake is no longer submerged,
3,000 t%/s. Depths and mean velocities are computed the efficiency of withdrawal could decrease, and the
for each cell at the simulated discharges. Substratedata  ability to adequately supply water to the town’s citizens
determined in the field remained constant for all simu- could be reduced (Glenn Tillman, Director of Utilities,
lated discharges. The depth, velocity, and substrate oral commun., 1998).

type, as afunction of discharge, are then integrated
with habitat SI's to produce a measure of the relation Table 3. Elevation of intakes and minimum discharge

between habitat and discharge (Bovee, [n.d.]c). necessary for operation of the Town of Berryville, Va.,
- . . withdrawal point
The minimum simulated flow of 60%s is well [<, less than]

below the recommend maximum extrapolation of — ‘ _
40 percent of the minimum measured flow (Bovee, Elevation in Approximate discharge

?f Ext lati to thi tent Intake feet above in cubic feet per second
_[n'd']c) or about 350 fs. Ex rapolation 1o this e)_( en sealevel below which intake is unusable
is necessary for the purpose of the demonstration Upper 378.7 200
project because flows were never much lower than

Lower 375.7 <100

900 ft¥/s during the data-collection period, and the size
of the river is such that habitat is not significantly
reduced until extreme low flows are encountered. Therecreation

minimum flow of 60 ff/s was chosen because that is

the approximate minimum flow for the period of record Recreation activities require a minimum flow

at the USGS discharge-measurement station, Shenanbelow which those activities are not possible. For
doah River at Millville, W. Va. example, canoeing may be impossible at discharges
that produce significant areas in the stream that do not
allow canoe passage or a WUA that equals zero (Nes-

Simulation of Physical Habitat Requirements
tler and others, 1985).

After the hydraulic model has been calibrated .
There are flows that are greater than the mini-

and flow conditions simulated, the stage, velocity, | hich th > ible. b
depth, and substrate relations can then be used to det3™ flow, at which the recreation is possible, but

mine the effect of different flows on various water usesSUPstantially degraded. Examples of degraded condi-
and habitat availability. Flow requirements for water ~10nS for canoeing may include stream segments where
use and aquatic biota are typically developed for spe- depths across the stream are so shallow as to require
cific stream systems and study areas. For the purpose &gnificant amounts of portage or where velocities are
the demonstration project, generalized information SO reduced as to require constant paddling.

concerning selected water use and physical habitat flow
requirements have been used in this report. This infor- .
mation has been drawn from a humber of sources and™ € presented in figure 7. The curves represent general-

is not known to be applicable to the Shenandoah Rive#‘.zeoI d(_apth, ve!outy, and subst_rate requwemen.ts for
The information presented for this demonstration canoeing. Optimal, usable, suitable, and unsuitable val-

should not be used to determine the actual relation  Ues for depth, velocity, and substrate habitat variables

between discharge, water use, and habitat availability fOr canoe operations are listed in table 4.
in the Shenandoah River Basin.

Generalized habitat Sl's for canoeing in a river

Optimal depths are water depths greater than or
equal to 1.8 ft. Optimal velocities range from approxi-
Water Supply mately 0.5 to 2.6 ft/s. All substrates types are assumed

The Town of Berryville, Va., withdraws water  suitable for canoeing. Discharges producing sub-opti-
from the Shenandoah River upstream of Craig Run mal habitat characteristics may prevent or substantially
(fig. 6). The water-withdrawal system has a capacity ofdegrade the recreation activity.
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Table 4. Depth, velocity, and substrate requirements for
canoeing in a river!

[ft, feet; ft/s, feet per second; cm, centimeters: 2, greater than or equal to;

<, lessthan; >, greater than]

Habitat Optimal Usable  Suitable Unsuitable
variable ranges ranges ranges ranges
Denth (ft) >1.8 >0.8 >0.5 <05
Velocity (ft/s) 0.5-26 0.3-3.0 0.350 <0.3and
>5.0
Substrate All All All All
(diameter assumed assumed assumed assumed
in cm) suitable suitable suitable  suitable

1 Habitat suitability information presented for demonstra-
tion only and are not known to be applicable to the Shenan-
doah River Basin. Values extrapolated from Milhouse, 1990

Aquatic Biota

Aquatic biota, such as selected fish species, have
specific habitat requirementsfor various life stages and
activities. These requirements commonly are combina-
tions of velocity, depth, and substrate, as well as other
factors. When discharges are substantially altered, the
appropriate combination of habitat characteristics nec-
essary for success of these species may be absent or
reduced to levels that limit the population.

It isalso important to realize that adverse effects
to organisms other than the species of interest, caused
by flow alterations, can reduce the success of the spe-
ciesor population of interest. These adverse effects can
occur because of the complex interactions between
species and groups of species. These interactions can
include predator-prey relations, life stage-host specific
interactions, and habitat use and food source
competition.

To demonstrate the potentia effects of flow on
fish species, information on habitat requirementsfor a
minnow species (blacknose dace), a bottom dwelling
species (white sucker), and a top predator (muskel-
lunge) are presented.
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Figure 7. Generalized habitat suitability curves for
canoeing on a river. [Habitat suitability curves presented for
demonstration only and are not known to be applicable to
the Shenandoah River Basin. Curves were taken from Mil-
house, 1990.]
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Figure 8. Generalized habitat suitability curves for juvenile
and adult blacknose dace (Rhinichthys atratulus). [Habitat
suitability curves presented for demonstration only and are
not known to be applicable to the Shenandoah River Basin.
Curves were taken from Sheppard, D., and Johnson, J.,
1984. Unpublished (J.W. Terrell, U.S. Fish and Wildlife Ser-
vice, written commun., 1997).]

Blacknose dace

Blacknose dace (Rhinichthys atratulus) are dis-
tributed from Manitobato Nebraska, east to the
Maritime Provinces and south along both sides of the
Appalachian Mountains to Georgia and Alabama (Lee
and others, 1980). Blacknose dace are mature at 2 years
of age, are short lived, and are primarily insectivores.

On the basis of the literature, adult blacknose
dace are found in pools but may be found in other habi-
tats (J.W. Terrell, U.S. Fish and Wildlife Service,
written commun., 1997). Adult dace aretypical in
rocky and gravelly streams; the highest densities are
found over gravel-cobble substrates.

Habitat SlI's for blacknose dace (fig. 8) represent
generalized depth, velocity, and substrate requirements
for juvenile and adult blacknose dace. Optimal, usable,
suitable, and unsuitable values for depth, velocity, and
substrate habitat variables for juvenile and adult blac-
knose dace are listed in table 5.

Optimal depths for blacknose dace range from
about 1.4 to 2.4 ft. Optimal velocities range