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ABSTRACT

LOAR, J. M. (ed.). 1984. Application of habitat evaluation
models in southern Appalachian trout streams.
ORNL/TM-9323. 0ak Ridge National Laboratory, 0ak Ridge,
Tennessee. 326 pp.

Habitat evaluation models, such as the U.S. Fish and Wildlife
Service's Instream Flow Incremental Methodology (IFIM), are being
widely used to identify instream flow requirements for aquatic biota at
hydroelectric projects and other water resource developments. As part
of the U.S. Department of Energy's effort to provide guidance to
hydropower developers and regulators, a study was conducted to evaluate
the validity of physical habiltat indices (e.g., weighted usable area)
for predicting the response of trout populations to changes in
stream-flow. Because the use of habitat indices is based on the
assumption that fish abundance or biomass s positively correlated with
the value of the habitat index, the study focused on an analysis of
fish-to-habitat relationships.

Eight study sites on cold water streams with naturally reproducing
populations of brown and rainbow trout were selected. The streams were
situated in the southern Appalachian Mountains of eastern Tennessee and
western North Carolina. Fish biomass, abundance, and production were
estimated, using electrofishing and Petersen mark-recapture technigues.
Physical habitat was quantified, using the IFIM's Physical Habitat
Simulation (PHABSIM) system at each site. Although previously published
habitat suitability criteria were used to calculate weighted usable
area (WUA), independent habitat utilization studies were also conducted

for Age 0 and Age 1+ rainbow and brown trout. Water quality, water
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temperature, macroinvertebrate food resources, and average monthly flow
regimes were also measured at each site.

Both trout populations and physical habitat conditions varied
significantly between the study sites. #Mean abundance of rainbow trout
(a1l ages combined) ranged from 66 fish/km of stream (3.1 kg/km) to
2700 fish/km (44.1 kg/km) at the eight sites. Wild brown trout
populations occurred at four of the sites, with mean abundance ranging
from %94 fish/km (5.1 kg/km) to 480 fish/km (28.3 kg/km). Rainbow trout
abundance and blomass were significantly lower (a = 0.05) at sites
with coexisting brown trout populations compared to sites with no brown
trout. Annual trout production ranged from 0.13 to 6.9 gwmmzayear"l
Brown trout abundance and biomass were more strongly correlated with the
WUA habitat indices than were rainbow trout abundance and biomass.
Significant correlations did exist between the abundance and biomass of
brown trout and habitat values based on mean monthly flows over an
annual cycle. Rainbow trout abundance and biomass were significantiy
correlated with minimum incubation habitat based on mean monthly flows,
but only at sites without brown trout. Differences were observed
between the habitat utilization patterns of allopatric vs sympatric
rainbow trout, suggesting that interspecific interactions could be an
important factor in the population dynamics of rainbow trout in streams
with coexisting brown trout populations. Although the fish data set was
somewhat limited because no cohort (year class) was followed over a
complete 1ife cycle, some evidence existed of an association between
year-class strength and habitat stress, bassd on estimates of WUA from

annual hydrographs for the period 1980-1983.
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Based on our results, the validity of the assumption that fish
abundance or biomass varies in direct proportion to physical habitat
indices could not be rejected. Although physical habitat indices
explained a significant proportion of the variability in brown trout
populations between sites, habitat condition alone was not sufficient
to explain differences in rainbow trout abundance. To predict the
response of trout populations to flow alteration, it is recommended
that (1) habitat variables be carefully chosen with respect to critical
11fe stages and periods of the year, (2) site-specific interactions
hetween target species be considered, and (3) management objectives be
clearly defined. The most appropriate habitat indices are those based
on minimum values calculated over the entire period that a given life
stage s present. When used properly, habitat variables can be useful
in assessing changes in fishery resources resulting from flow

alterations.
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1. INTRODUCTION

The growing recognition nationwide of the importance of protecting
instream uses of water (e.g., maintenance of fish and wildlife habitats)
has coincided with the recent emphasis on small hvdropower development.
As a result, conflicts have arisen over the use of water for
hydroelectric generation and other instream uses. For example, water
released below a dam to satisfy the instream flow needs of aquatic
bieta usually reduces reservoir storage that could otherwise be used
for power production. Accurate assessment of these instream flow
requirements 1s essential, especially in those regions of the country
where water supplies are Timited and where greater demands are being
placed on offstream water uses {(e.g., irrigation, domestic water
supply). The purpose of the present study was to evaluate existing
assessment methods and to provide guidance on their applicability at

small hydropower sites.

1.1 HYDROPOWER DEVELOPMENT AND REGULATED FLOWS

The effects of hydroelectric operations on hydrologic patterns
are generally well understood. Alterations in flow regimes below
hydroelectric dams can include both spatial and temporal changes in the
amount of water moving through a natural stream channel. The degree to
which spatial and temporal flow patterns are altered is directiy related
to the design and operation of the facility. Localized spatial changes
in streamflow are characteristic of many small-scale hydropower
projects where water 1s diverted through a canal or penstock to a

powerhouse at a lower elevation. The purpose of such diversions
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s to increase the hydrostatic head on the gemerator, but the result
often involves the dewatering of a significant length of the original
stream channel. Temporal changes in streamflow are generally short
term at small hydropower sites; that is, they occur over a span of
several minutes or hours. Such charges are characteristic of small
hydroelectric projects that are operated in a peaking mode. Because
the demand for eleciricity varies over a 24-h period, water is stored
during of f-peak hours (usually at night) for generation during the
peried of greatest demand. Peaking operations often result in a
dramatic increase in the frequency and rate of change of major water
level fluctuations and a reduction in the duration of a given water
level (stage height) in the downstream channel. Long-term changes in
streamflow 1nvolve the use of large reservoir storage volumes to shift
peaks in the annual hydrograph to low-flow months.

Information regarding the effects on aquatic biota of such
alterations in hydrologic patterns s generally descriptive in nature
(e.g9., Cushman 1584). 1In most cases, this information 1s inadequate
for the purpose of quantifying the magnitude of binlogical impacts. To
provide some measure of protection to downstiream aguatic resources, the
adverse impacts of flow regulation are mitigated by the establishment of
minimum discharges at the dam. Because the water released to satisfy
various instream flow needs (e.g., protection of aguatic habitats,
recreation, aesthetics) often means the Toss of some hydroelectric
generation, iInstream Tiow needs are often perceived as being in direct
conflict with the economic feasibility of small hydropower projects

(IEC 1987; USDOE 1981).
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1.2 STATUS OF INSTREAM FLOW ASSESSMENTS

The resolution of conflicts between hydroelectric generation and
other instream uses of water (e.g., fish and wildlife habitat)
requires information on the flow regimes needed to protect these uses.
Assessment of the instream flow needs of aguatic biota, particularly
fishes, has proven to be the most difficult and controversial aspect of
the instream flow issue {Loar and Sale 1981). Over the past two
decades, numerous methods have been developed to assess the effects of
fiow regulation on fishery resources and to provide a basis for the
determination of suitable instream flow regimes that w111 protect these
resources (see reviews by Stalnaker and Arnette 1976; Wesche and
Rechard 1980; Loar and Sale 1981). These methods differ in thelr uyse
of existing hydrologic records, hydraulic simulation techniques, and
fish habitat preferences, and in their capability of providing seasonal
and/or species-specific flow recommendations.

Many of the existing methods for assessing instream flow needs
rely on historical flow records and do not consider the specific
reguirements of aquatic biota. Such methods are inflexible, difficult
to defend in terms of aquatic ecology, and offer no opportunity for the
type of trade-off analysis that 1s necessary in water resource
development today. Even state-of-the-art methods that can guantify
changes in habitat as a function of streamflow mav be inadequate
because they do not consider other (biological) variables that may be

significant determinants of population abundance (Patten et al. 1979).
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Assessment of Ynstream flow needs reguires the svaluation of an
impact chain beglinning with streamflow regulation and ending with scme
biological response (Fig. 1-1). Habitat alteration s an intermediate
step in this impact chain and 1s the focus of most of the assessment
metheds that curvently exist. The linkage between habitat changes and
biclagical response 1s one of the most important assumptions in
instream flow assessment. Although sophisticated models such as
U.S. Fish and Wild11fe Service (USFHS) PHABSIH (Physical Habitat
Simulation) allow guastitative analysis of the =ffects of flow
regulation on physical habitat, these methods do not directly address
other important secondary 1inks between habitat changes and biologica’
response. Recent guidance by the USFHWS Instream Flow Group (Milhous et
al. 1981; Bovee 1982) repeatediy emphasizes the influences of factors
other than physical habitat on fish populations. Nevertheless, the
most common appiications of these methods assume a proportional
relationship between habitat condition (however measured) and
biological resources (e.g., fish). Therefore, it is the manner in
which the methods are applied more than the metheds themselves that

must be more carefully evaluated.

1.3 STUDY DESIGH

The major objective of this study was to evaluate the predictive
capabilities of habitat evaluation methods for assessing the instream
flow needs of aquatic biota. The research focused on the following

questions:
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1. Are the biological assumptlons of these methods valid?
a. Is theire a velationship betwzen habitat availability
{as estimated by each methed) and habitat utilization
(25 determinad from fish population sampiing)?

p. Can habitat avallabiiity be used to reliably predict
fish population abundance?

2. Should existing methods be modified to 1nciuvde additional
biclogical variahles?

The methods mest freguently used to assess instream fliow needs for
fishery resources evaluate the relationship betwesn streamflow and
avallable nhabitat and are based on the assumption that habitat
avallab11ity 1s the factor 1imiting population size. These methods
were developed In the HWest to assess the instream flow reguirements of
salmonid species. Accovrding to Patten et al. (1979}, fish production
in eastern streams s often 1imited by food resources; physical factors
are less 1ikely to be Timiting wnder natural conditions. Thus, the
assumption that fish populations are habitat-Timited %s critical.

This report examines the assumptions assoclated with the most
commonly usad method for assessing instream filow needs--the Instream
Flow Incremental Methodology (Bovee 1982). Other aspecis of instveam
flow assessment were addressed in this study bit were reported
separately. For example, an assumption associated with several
hydraulic-rating metheds (Loar and Sale 1981) 1s that wetted perimeter,
a major flow-dependent variabie used to represent habitat condition, is
proportional to food production (1.e., benthic invertebrate production).
In other words, benthic production is directly related o the bottom

suyrface area. This method has been evaluatad by Cada et al. (1984).
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Most applications of PHABSIM, a widely used habitat modeling
approach assocliated with the USFWS Instream Flow Incremental
Methodology (IFIN), assume the existence of a direct relationship
between welghted usable area (WUA) (a computed measure of habitat
guality and availability) and fish abundance (Bovee 1982; Orth and
Maughan 1982). That 15, altering the amount of flow in the stream
channel changes the amount or quality of the habitat (as measured by
WUAY, which, In turn, affects the siyze of the fish population. Resylts
of the application of this methodology on several southern Appalachian
trout streams is the subject of this report. Two null hypotheses were
specifically tested in this study: (1) WUA is not correlated with
trout abundance or biomass across study sites; and (2) WUA cannot be
used to assess the relative effects of different flow regimes on trout
populations at Individual sites.

Eight study sites in four river basins in western North Carolina
and eastern Tennessee were selected after an evaluation of hydrology,
stream channel characteristics, accessibility, existence of previous
studies, and absence of complicating factors such as high fishing

pressure, stocking, or poliution., Rainbow trout (Salmo gairdner!) and

brown trout (S. trutta) were selected as the target species because of
the extensive data avaiiable on their habitat requirements. Wild
populations of rainbow trout exist 1n all the streams, and wild brown
trout occur In three of the four river basins. At each site, hydraulic
simulation models were applied to evaluate instream habitat and to

guantify the relatlonship between physical parameters of the stream
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environment (1.e., distribution of depth, velocity, bottom substrate,
and cover), streamfliow, and trout abundance. Concurrent investigations
of the macrobenthic food resources available to trout were also

conducted.
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2. DESCRIPTION OF STUDY SITES

A1l elight study sites 1ie in the higher, densely forested mountains
of the Blue Ridge province (Appalachian Highlands; Thornburg 1965) in
eastern Tennessee and western North Carolina (Fig. 2-1). With the
exception of Lost Cove Creek, all of the study streams 1ie in the
Tennessee River drainage. Lost Cove Creek 1ies in the Catawba River
basin, part of the Atlantic drainage. The climate is humid-temperate,
but precipitation and temperature vary widely, depending on elevation
and local physiographic features. Mean annual precipitation in the
region ranges from <100 cm to >230 cm (Goodge 1983). July 15 the
wettest month, and October or November are the driest (NCC 1973a,b).
Annuyal temperatures for the region average between 12 and 14°C.

Both overland runoff (rare) and base fiow in the region tend
to be soft, acidic waters of very Tow specific conductivity. The water
qguality reflects the geology of the region, which is dominated by
bedrock composed primarily of granites, gneisses, mica schists, and
slates and low 1n solubility {(USGS 1982). Most of the soils were
formed through weathering of these rocks and decomposition of
forest Titter.

The following subsections describe in more detail the physical
characteristics of the eight study sites and their watersheds. A
summary of the general hydrologic properties and monthly flow regimes
for each of the study sites 1s presented in Tables 2-1 and 2-2,

respectively.
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Table 2-1. Estimated gross hydrologic properties of the eight study sites.
Unregulated Min/max Estimated Estimated Max imum Hinimum Estimated mean
Study watershed area elevation gradientd Stream Proportional mean flow flow® f1ow® precipitationf
sited {km?) {m) {m/km) order OrderC (m3/5) (m3/s) (m3/s) {cm/year)
AC 48.9 522/1545 1.2 4 . 3% 1.42 87 0.078 140-17G
BC1, BC2 3 701/1550 17 4 .99 0.99 81 0.10 140-170
Lce 11.2 597/1310 22 3 .50 0.37 110 0.009 110-130
MC 41.8 523/1508 8.1 4 .99 1.22 74 0.067 146-170
NR1 49.8 706/1550 30 4(5)9 .07(5.01)8 2.0 >8oh 0.30 150-170
NR2 14.2 808/1341 8.4 3(4)9 .33(4.98)9 8.57 >8oh 0.085 150-170
NR3 35.8 1042/1554 7.3 4 .11 1.58 47 0.25 190- 240

3AC = Abrams Creek, MC = Mi11 Creek, BC = Bradley Creek, LCC =

Lost Cove Creek, NR = Nantahala River.

bMean gradient estimated by the distance between contour Iines on U.S. Geological Survey (USGS) 7.5-min quadrangles (gradients of

representative reaches may differ; see Table 4-5).

“as calculated by the method of Stall and Fok (1958).

dgased on application of yleld factors (m3oS'1-km'2) calculated from data for gaged streams in the vicinity of the study sites

(Wiser 1981, USGS 1981a,b).

®Based on application of yield factors catculated from data in USGES (1981a,b).

f

Y4istarical stream order prior to construction of Nantahala dam system.

h

Spillway releases from dams.

From map of precipitation isohyets developed by Goodge (1983).

LL

ECEH-WL/TNYO
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Table 2-2. Estimated mean monthly flows? (m3/s) at the eight
study sites.

Estimated mean monthly ficw (wd/s)

Month AC BC LeC MC NRib o ngab NR3
January 1.8 1.1 0.3¢9 1.6 2.1 0.77 2.0
February 2.1 1.3 0.53 1.8 3.1 0.87 2.3
March 2.2 1.5 0.62 1.9 3.2 0.20 2.4
Aprid 2.0 1.3 0.56 1.7 2.1 6.71 2.1
May 1.6 1.1 0.38 1.4 2.1 0.60 1.6
June 1.3 0.90 0.30 1.1 1.8 0.50 1.4
July 1.0 0.62 0.24 0.88 1.4 0.4 1.1
August 0.92 0.70 0.26 0.79 1.3 0.36 1.0
September 0.7% 0.52 0.22 0.68 1.1 0.30 0.93
October 0.92 0.84 a.25 0.7% 1.2 0.34 1.2
November 0.97 0.8 0.29 0.84 1.4 0.38 1.2
December 1.5 1.1 0.39 1.3 2.2 0.62 1.7
Annual mean 1.4 1.0 0.37 1.2 2.0 0.517 1.6

aBased on application of yield factors calculated from data for gaged
streams in the vicinity of the study sites (Wiser 1987; USES 19817a.h).
Monthly flows at sites AC and MC are based on application of monthly
distribution of flows for certain western Morth Carolina streams to
annual ylelds per square kilemeter for east Tennesses streams.

5510w regime due to unragulated portion of watershed. Spillway
releases occasionally add substantially to the listed flows in winter
and fali.
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2.1 ABRAMS CREEK AND MILL CREEK

These two streams originate high on the northwest slopes of Great
Smoky Mountains National Park in Tennessee (Fig. 2-1). The actual study
sites 11e in Cades Cove, an Ordovician limestone window of remarkabiy
Tow relief considering the surrounding mountains. They differ from the
other study streams in that the underlying rock formations and the
resulting solls of their watersheds differ substantially from the
formations and soi1ls common to the other six watersheds. The upper
watersheds of Abrams Creek and Mil11 Creek overlie bedrock composed
principally of slate, shale, sandstone, and siltstone (DeBuchananne and
Richardson 1956; Elder et al. 1959); the three North Carolina streams
mainly overlie granite, gneiss, or schist, or combinations of these
three rock types (Goldston et al. 1955; Goldston and Gettys 1956;
King et al. 1974; King 1980).

The Abrams Creek study site (AC) 3s a fourth-order stream draining
a watershed of 48.9 km2 (Fig. 2-2). Elevation ranges from about 520 m
in Cades Cove to 1545 m on the crest of the Great Smoky Mountains.
Annual precipitation averages between 140 and 170 cwm/year, depending on
elevation (Goodge 1983). The estimated mean flow is 1.4 m3/s, ranging
from an average monthly low flow of about 0.8 m3/s in September {o a
menthly high of about 2.2 m3/s in March. The stream gradient in the
vicinity of AC 1s only 1.2 m/km, far lower than the gradients of the
other streams in this study (Table 2-1). The study site 1tself consists
of fairly deep pools and short riffles; exposed tree roots, logs, and
brush piles provide cover (Fig. 2-3). The substrate is principally

s11t and mud, with some gravel, sand, and small cobble in the middle of
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Fig. 2-3. Abrams Creek study site, May 7, 1982. Flow was 0.62 m3/s
(44% of mean annual flow) and mean width was 7.6 m on
May 6, 1982.
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the channel. Riparian vegetation consists primarily of hardwoods and
soma shrubs (Table 2-3).

Except for the dam-regulated lower Nantahala River, Abrams Cresek
is the most disturbed stream system in this study. After emerging from
the densely forested slopes of the &Great Smoky HMountains, it meanders
westward approximately 10 km across the broad, flat valley of Cades
Cove. Early settlers cleared much of the Cove for pasture and crops
{Bathews 1978), and the preservation of our pioneer herltage 1s the
moiivation for currently maintaining the Cove in pasture and hay crops.
In the past, grazing of up to 1200-1300 head of cattie had contributed
significantly to erosion of stream banks and beds, and to nutrient
input, which resuylted in the eutrophication and increased turbidity of
the stream. More recently, fencing along the stream and reduction of
the cattle herd to 500 head appear to have mitigated these adverse
effects to some extent (Mathews 1978). Some reaches have been
straightened and cleared of trees and brush. Other disturbances to the
stream or 1ts watershed include large numbers of people visiting the
Cove by autemobile, a large camping area, and possible seepage from a
sewage treatment lagoon.

Natural influences on water quality include the bedrock and soils
over and through which water moves. Soils of the mountainous part of
the Abrams Creek watershed consist primarily of Ramsey slaty silt lecam,
2 medium acid soil of moderate fertiiity derived from slate, sandstone,
and guartzite bedrock (Elder et a3l. 1959). The droad limestone floor
of the Cove 1tself is covered by >1.5 m of soil dominated by

Sequatchie s11t loam and Hayter silt loam. The former s a fertile,
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Table 2-3. Checklist of riparian taxa observed at each