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INTRODUCTION

Pumped storage projects are an economical means of producing large
amounts of electrical power from relatively small water-supplies by re-
cycling the water through the turbines. Pumped storage electrical power
projects in the United States are becoming an important‘part of many
power networks as a means of producing peaking power. Prior to pumped
storage projects, peak power demands were met by run-of-the-river hydro-
electric facilities and older less efficient fossil fueled steamplants
(Hauck and Edson 1973). The concept of producing peak power by pumped
storage facilities originated in the early 20th century in Germany (Estes
1971); however, pumped storage power generation was not considered feasible
in the United States until development of a turbine that could also be
reversed to pump water from the lower to the upper reservoir. Since
then, pumped storage projects have become increasingly common. Currently,
there are 22 pumped storage projects in operation in the United States,
ten more under construction and 21 projects in the planning stages (Hauck
and Edson 1973). More than 1,000 potential pumped storage project sites
have been identified by power companies in the United States.

Three general types of pumped storage projects are recognized
(Reynolds 1966).

1. Pumped storage in combination with conventional hydroelectric

production employing two reservoirs on a large river.

2. Pure pumped storage utilizing two reservoirs with negligible

inflow.

3. Pumped storage with water diversion facilities for irrigation

purposes or low flow augmentation.

5



Recently, a fourth ﬁype of pumped storage project employing a single
dam on a large river has been constructed. 1In this type of project,
the river below the dam serves the same function as the lower reservoir
in a combination pumped storage project.

The operations of all pumped storage projects are similar. Water
stored in the upper reservoir is used for power generation. All turbines
can be used to produce electrical power during peak electrical demand
periods, generally in the morning and evening hours. The water used for
power generation gradually fills the lower reservoir and lowers the water
level of the upper resgrvoir. During low power demand periods, when
excess electrical power is available from base power production facili-
ties the reversible turbines are used to pump water from the lower to
the upper reservoir. Consequently, the upper reservoir is refilled while
the lower reservoir is drawn down. Pumping usually occurs each night
and to a major extent on weekends when overall power consumption is re-
duced. The volume of water pumﬁed to the upper reservoir at night usually
does not equal the amount of water used for power geheration during the
day. As the weekend approaches the lower reservoir gradually fills to
near maximum capacity. Then on the weekend, the water storage in the
upper reservoir is returned to capacity by water pumped from the lower
reservoir. Thus the lower reservoir reaches its lowest water level of
the week late Sunday or early Monday in preparation for the week's power
demands.

The Appalachian Power Company's Smith Mountain pumped storage proj-
ect in southcentral Virginia was the first combined project completed

in the United States. Two main stream reservoirs were impounded; an



upper lake formed by Smith Mountain Dam and immediately downstream,
Leesville Lake formed by Leesville Dam. The Smith Mountain project has
been fully operational since 1965 and has served as a data base for
prediction of physical and chemical parameters for other pumped storage
projects (Reynolds 1966, Chen and Orlob 1972). Detailed descriptions
of the engineering aspects and operations of_the Smith Mountain Project
are given by Reynolds (1966) and Estes (1971).

Normal power production operations at the Smith Mountain Power
Plant result in water 1e§e1 fluctuations of less than 1 m in Smith
Mountain Lake and some minor localized temperature changes near Smith
Mountain Dam (Simmons and Neff 1969). However in Leesville Lake, weekly
water level fluctuations of as much as 4 m often occur during spring and
summer . Maximum fiuctuations coincide with occasional daily fluctuations
to 3.5 ﬁ. The frequency and magnitude of water level fluctuations in
Leesville Lake depend on the degree of peak electrical power demandskand
amount of rainfall within the watershéd.

Water temperatures fluctuate daily in upper Leesville Lake as a
result of the generating and pumping operations of the turbines at Smith
Mountain Dam. Estes and Cumming (1969) indicated water temperatures may
fluctuate as much as 13.9 C, in upper Leesville Lake near Smith Mountain
Dam, when generating operations followed pumping from Leesville to Smith
Mountain Lake. During pumping and generating operations at the Smith
Mountain Power Plant, water exchanges between Leesville and Smith Mountain
Lake also create flow reversals and high water velocities in the upper

portion of Leesville Lake.



Most centrarchid fishes spawn in shallow, relatively stable en-
vironments of lakes and ponds when water temperatures reach favorable
levels. Centrarchid fishes in pumped storage reservoirs, however, are
subjected to water level fluctuations, rapid temperature changes and
flow reversals with concomitant high water velocities during the spawn-‘
ing season. Fluctuating water levels have been shown to adversely affect
the spawning suécess of centrarchid fishes by causing nest abandonment,
resulting in indirect mortality from siltation, hypoxia, and predation
and by exposing nests to desiccation (Anonymous 1975, Kimsey 1957,
Parsons 1957, Patriarche 1952). Decreasing water temperaturés have also:
been shown to reduce spawning success of centrarchid fishes by also |
causing nest abandonment (Emigv1965, Bennett 1965, Neves 1975) or direct
temperature related mortality to eggs and fry (Kelly 1968, Makamura 1971).

Members of the Centrarchidae family are generally associated with
lacustrine syétems, consequently, little data are available regarding
the effects of flow reversals and/or high water velocities on spawning
of centrarchid fishes. Available data suggest that centrarchid fishes
avoid moving waters for spawning. Surber (1943) reported that smallmouth

bass (Micropterus dolomieui) spawning nests in lotic systems were located

in areas of little perceptible current, even though smallmouth bass com-
monly inhabit streams and rivers. Breder (1936) found that sunfish
(Lepomis sp.) nests in some New York streams were confined to areas
sheltered from the current. These studies strongly suggest that the
physical conditions in pumped storage reservoirs of fluctuating water
levels and temperatures énd flow reversals with high water velocities

could significantly affect the spawning success of centrarchid fishes.



The few studies that have examined the spawning of centrarchid
fishes in pumped storage reservoirs indicate that successful spawning
of centrarchids does occur. Baren (1971) in a pond simulétion of the
proposed Yards Creek Pumped Storage Project reported that centrarchid
fishes successfully spawned when exposed to about 1 m water level fluc-
tuations during the spawning season. Fluctuations to about 1.7 m exposed
some nests although production of juvenile centrarchids in ponds subjected
to water level fluctuations was similar to production in a control pond.
ﬁased on the occurrence of year class frequency in rotenone cove samples,
Estes (1971) concluded that spawning of largemouth bass (M. salmoides)
and bluegill (L. macrochirus) had occurred in Leesville Lake since 1965
when full power operations commenced. He concluded that little adverse
effect on spawning of centrarchid fishes in Leesville Lake could be at-
tributed to power production operations from the Smith Mountain Power
Plant. However, Estes suggested that most of the reproduction of cen-
trarchid fishes occurred in the lower warmer section of Leesville Lake.

Due to the paucity of specific data on spawning success of centrar-

chid fishes in pumped storage reservoirs, this study was designed with
the following objectives:

(1) to determine the spawning season for'lafgemouth bass and sun-
fish (Lepomis sp.) in Leesville Lake;

(2) to dctermine water temperature regimes, dissolved oxygen con-
centrations, water level fluctuations and water velocities at
spawning sites during the spawning season for centrarchid fishes
in Leesville Lake;

(3) to document the vertical and horizontal distribution of



(4)

centrarchid spawning nests, and relate the location of spawning
sites with extant physical conditions in Leesville Lake during
the spawning season; and

to quantify spawning success for bluegill and develop a mathe-

matical computer implemented model to predict fhe probability

of spawning success of centrarchid fishes in Leesville Lake.



STUDY AREA

Leesville Lake, a 1376 ha reservoir, located in Campbell, Bedford,
and Pittsylvania counties, Virginia, is approximately 26 km long (Fig.
1). Markers placed along the shoreline for navigational aides were used
as station markers. Water temperature data collected by Estes (1971)
suggested that three discrete reservoir zones existed in Leesville Lake;
a lower zone from the forebay area of Leesville Dam to navigational
Marker 6 (8.8 km), a mid-reservoir mixing zone of about 7.9 km from
Marker 6 to Marker 11, and an upper reservoir zone of 9.2 km from Marker
11 to Smith Mountain Dam (Fig. 1). The lower reservoir zone is the
widest (about 800 m) and deepest (maximum 30 m) portion of Leesville
Lake and has the greatest number of coves. The lake in the mid-reservoir
zone is narrower (about 500 m wide), shallower (22 m deep), and has
several small coves. The upper reservoir zone, about 300 m wide and
18 m deep resembles a large river. Few small coves occur .in the upper
zone and the 1aréest tributary, the Pigg River, enters near Marker 13.

Bottom growths of Potamogeton crispus are localized in the upper reser-

voir zone. Macrophytes were not observed in any other areas of Leesville

Lake.



Fig. 1. Leesville Lake, the lower impoundment of the Smith Mountain
Pumped Storage Project in southcentral Virginia. Numbers indi-

cate navigational markers positioned along the shoreline used
as station markers. - ’
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METHODS

Limnological

Water temperature (C) and dissolved oxygen (mg/l) profiles were
measured using a Precision Scientific Company oxygen analyzer and
thermistor at even numbered markers in the median of the lake. Tempera-
ture and oxygen measurements were taken from surface to bottom at O:g m
depth intervals, generally at semimonthly intervals from May through
August 1972, 1973, and 1974. The oxygen probe was calibrated using the
Azide modification of the Winkler method of the Hach Kit (nearest 0.2
mg/1l) prior to taking dissolved oxygen profiles. Some dissolved oxygen
measurements were taken by the modified Winkler method using a Hach Kit
during 1974.

Ryan thermographs were used to obtain continuous temperature recordj
ings at selected locations along the main Leesville Lake and coves from
May through August 1973 énd 1974. Thermographs were positioned from 1.0
to 1.5 m below minimum pool level (182.9 m). Temperatures were recorded
(C) on continuous recording tapes. Weekly temperature means and ranges
were calculated from mean daily temperatures and are presented graphi-
cally.

Water temperatures at the Smith Mountain Dam tailrace and hourly
water elevations of Leesville Lake were obtained from records maintained
by Appalachian Power Company. Weekly mean temperatures were calculated
from hourly temperature records during periods of power generation from
May through August 1972, 1973, and 1974. Daily ranges of water elevations
were also collected for the same time périod during generating and pumping

operations.

10
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Water transparency measurements (cm) using a secchi disk were made
in the lower, mid, and upper reservoir zones from May through August
1972, 1973, and 1974 (except May 1972). Readings were taken at the same
stations as those used for water temperature and dissolved oxygen analy-
sis. Mean monthly water transparency measurements for each reservoir
zone were calculated from measurements taken at stations within a respec-
tive lake zone.

Surface water velocities during generating and pumping operations
were‘measured about 0.5 and 1 m from the shoreline when Leesville Lake
was near minimum pool level with a Gurley current meter and the float .
method using an orange (Chow 1964). Distances used to time the float
averaged 50 m. The float method was used only when boating activities
were absent and air movement was negligible.

Fish Collecting and Processing

Fish collections for gonadal development studies were made by
electrofishing from a boat along the shoreline at night. Collections
were méde in each of the three reservoir zones from May through September
1972; and May through August 1974 . Reference collections of fish gonadal
devélopment were made in April 1972 and 1974 in the 1ower'reservoir zone.
The reservoir zone sampled first on a sampiing night was randomly selected,
however, due to the proximity of a launching ramp between mid and upper
reservoir zones, collections in these areas were made in sequence. A
15 min "current on'' fishing effort was generally used in each zone. Oc-
casionally, 20 min sampling efforts were used in all zones when few fish
were collected during the first 15 minutes. All centrarchids captured

were placed in plastic bags and iced for transport.
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At thg laboratory, [ishes were kept iced until dissected (within
12 hours). Total length (mm) and weight (g) were measured, gonads weére
excised, and stage of maturity assessed by a modification of Ricker
(1968): Stage I-Immature; Stage II-Developing; Stage III-Gravid and
Spawning; Stage IV-Spent. Gonads were weighed to the nearest mg and
gonad weights expressed as a percent of body weight for all adult fish.
This value is the gonosomatic index (GSI) of Kaya and Hasler (1972).
GSIs were compared between fish from each reservoir zone. The nonpara-
metric Kruskal-Wallis test was used because of heterogeneous variances
vof GSIs. Median values of GSIs for fish from the three reservoir zones
were compared by multiple comparisons based on Kruskal-Wallis rank sums
when significance was determined (Hollander and Wolfe 1973).

Natural Reproduction

Artificial Spawning Substrates

Artificial spawning substrates were positioned in suspected spawning
areas of each reservoir zone to check on spawning success. Spawning
substrates were placed in a continuous mat from 1 m below maximum to 2
to 3 m below minimum water level elevation. Four rolls of rubberized
hogs hair matting, 15.5 m x 0.6 m x 5.2 cm, were extended along the lake
bottom perpendicular to the shoreline in each zone and anchored with
stones. Five artificial concrete nests with a 26 cm diameter and a 3 cm
depression interconnected by nylon line were positioned at about 3 to 4
m intervals depending on the gradient of the shoreline parallel to the
matting. Three artificial nesﬁs were located above minimum pool level
and two were located below this level. A total of 20 nests were placed,

5 at each of 4 suspected spawning sites, in each reservoir zone. Site
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selection for the positioning of artificial spawning substrates was based
on reduced water velocities, hard bottom substrates, and general inacces-
sibility to the public.

Artificial spawning substrates were checked for signs of spawning
by divers (trained fisheries scientists) at three day intervals early
in the spawning season and at weekly intervals during the remainder of
the spawning season. An underwater light to aid visual inspection of the
spawning substrates was occasionally used when turbidity reduced visi-
bility. Spawning nests and portions of matting above the extant water
level were checked by a trained observer from the shoreline. Presence
of.a centrarchid fish on a cleaned area of the artificial spawning sub-
strate defending a territory with or without eggs was included in calcu-
lating an index of the depth of spawning. Spawning activities Qere re-
corded relative to depth and extant water elevations.

Natural Spawning Areas

Other shoreline areas of the main lake and coves were systematically
checked from the shoreline to about 3 m below minimum pool elevation by
trained divers to document the occurrence of natural spawning. Occasion-
ally shoreline areas were checked for spawning sites from a boat. These
observations were oﬁly made when water elevations were low (182.9 m) and
visibility was good (2 m). Polaroid glasses were used to reduce surface
glare. All spawning nests located were examined. Condition of natural
spawning nests was recorded as inactive (nests silted), active (without
silt), active with eggs and/or fry, and active with dead fry or eggs.
Depth of nest construction was determined.by méasuring the elevation of
spawning nests relative to the extant water level and by comparison with

hourly water elevation records,
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Spawning areas for largemouth bass were determined by locating
spawning nests or collections of broods of bass fingerlings similar to
procedures used by Kramer (1961). Samples of fingerlings were collected
by dip net, preserved in formalin and measured in the laboratory to the
nearest 0.1 m by vernier calipers. Estimates of the spawning dates were
made by comparing size of specimens with size of knbwn age fry.

Spawning Success

Field Samples

Estimates of spawning success of bluegill were made by sampling

natural bluegill nests containing eggs or recently hatched non-motile

fry, and by laboratory incubation tests under controlled constant tempera-
ture conditions. Bluegill larvae from natural nests were siphoned using
a glass tube 1.25 cm inner diameter. This method of collection is similar
to methods used to collect bass fry from natural nests by Kramer (1961)
and Surber (1943). Fry captured were placed in a 3 1 capacity jar con-
taining 5 percent formalin. The nesting substrate was then stirred with
the end of the glass tubce to maximize collection efficiency. After
several siphon samples were consecutively unsuccessful in collecting

more fry, the nesting substrate was scooped into the sample jar ﬁith fhe
fry. Spawning nest samples were processed in the laboratory by screening
samples with a number 30 sieve of 600 mu. All material passing through
‘the sicve was examined microscopically for the presence of eggs or fry.
Small amounts of material retained in the sieve were distributed on a
white pan sectioned with dark lines. The bottom of the pan was covered
with about 3 mm of water and examined for fry and eggs under an illumi-

nated magnifying glass. Bluegill fry, and dead eggs (determined by their
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opaque appearance and were usually covered by fungus) were counted in all
sections of the pan. Spawning success estimates were determined from the
ratio of the numbers of viable fry and eggs to the total number of fry
and eggs.

Ages of sunfish fry from natural nest samples were determined by
comparing their lengths with lengths of known age specimens from tempera-
turc controlled laboratory hatching tests. Total lengths of random
samples of fry were measured by an ocular micrometer to the nearest
0.01 mm,

Controlled Temperature Tests

A second method of estimating spawning success was made in the
laboratory by hatching bluegill eggs over a range of constant water
temperatures. Gravid bluegills were collected from two local farm ponds
and from Smith Mountain and Leesville Lakes by seining and trapping.

The fish were transported to the laboratory and artificially spawned in
a stainless steel pan following methods .-employed by Banner and Van Arman
(1973). Eggs and milt were carefﬁlly stirred together using a feather.
The fertilized eggs were allowed to water harden for about 2 hr. Test
lots of one hundred eggs were then placed into glass hatching jars con-
taining dechlorinated water at room temperature (24 c).

Naturally spawned and fertilized eggs were also used for hatching
success estimates. Eggs from bluegill or largemouth bass nests were
removed with the spawning substrate and placed in 1 1 jars with lake
water. Most naturally spawned and fertilized eggs were collected at
Smith Mountain and Leesville Lakes. Jars with eggs were immediately

placed into a cooler. Water temperatures were slowly decreased with
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ice to about 18 C to retard egg development, and transported to the
laboratory. Viable eggs were counted while attached to the spawning
substrate and placed in glass hatching contéiners. Seven replicate lots
of about 100 eggs each were used from each nest. In order to minimize
handling, substrates containing a few more or a few less than 100 eggs
were occasionally used. The average test lot size was 105 eggs.

A total of 13 hatching success tests using artificially and natural-
ly spawned and fertilized bluegill eggs were conducted at each of the
test temperatures of 16, 18, 20, 22, 24, 26, and 28 C. Two hatching
success tests were run at each test temperature of 16, 20, 24, and 26 C
usiﬁg naturally spawned largemouth bass eggs. Hatching jars were placed’
into constant temperature water baths with air stones to prevent hypoxia.
Temperature variation in water baths was generally less than 0.5 C. Checks
on the rate of hatching and water temperatures were made three times
daily. 1Initial attempts to remove single dead eggs were abandoned to
reduce handling, consequently, only groups of dead eggs were recmoved.
Once hatching was completed, the percentage hatching success was deter-
mined by counting individual larvae removed with an eye dropper. Esti-
mates of hatching success were made from the ratio of fry to the total
number of eggs in each container and expressed as a percentage relati?e
to the maximum percentage success of hatching for a single tesf lot of
eggs following Banner and Van Arman (1973).

A Friedman's test, the nonparametric analog of the two-way analysis
of variance, was used to determine treatment effects of hatching tempera-
tures, Multiple comparisons based on the rank sums for each treatment

were used to isolate temperature effects on egg success.
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Exposure to Air Tests

Since some nests are occasionally exposed to air during periodic
water cycling operations, tests to determine tolerance of bluegill and
largemouth bass eggs to exposure to air were conducted using two methods;
laboratory controlled exposure to air during night and daytime hours,
and observing hatching eggs naturally exposed by drawdown in Leesville
Lake. Naturally spawned and fertilized eggs for laboratory exposure
tests were collected and transported in a manner similar to the eggs used
for temperature tests as described above. In the laboratory, about 100
eggs attached to spawning substrates were counted and placed in concrete
nests. Natural nest materials such as wet leaves were used as a test
substrate for unattached eggs. A slight amount of water was sprayed on
each nest depression and eggs to simulate natural drawdowns in Lgesville.
Concrete nests were placed in sun or shade for time periods of 30 min ﬁo
10 hr. Two initial air exposure tests using largemouth bass eggs were
also conducted in dark indoor chambers at 22 C for 2 and 4 hr exposures.
Following thesg controlled exposure times, spéwning substrates with at-
tached eggs were transferred from the concrete nests to 3.8 1 capacity
hatching jars. Tests at each exposure time were replicated. Jars were
placed in temperature controlled water baths at about 26 C for bluegill
(Banner and Van Arman 1973), and 20 C for bass eggs (Badenhuizen 1969),
the reported optimum incubation temperatures.

Tests to evaluate tolerance of naturally spawned bluegill eggs to
air exposure were conducted at Leesville Lake during June 1975. Bluegill
eggs were taken from nests at measured elevations on Monday morning as

Leesville began filling above the level of nest construction and placed
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in 1 1 jars with lake water. Eggs from each of two nests were collected
at elevations of 183.0, 183.2, 183.5, and 183.8 m (600.5, 601, 602, 603
ft, respectively). Jars were placed in coolers to maintain constant lake

temperatures and transported to the 1éboratory. Approximately 100 eggs
adhering to spawning substrates were counted, placed into hatching jars
and hatched at about 26 C. Replicate teéts were conducted per nest when
numbers of eggs permitted.

Length of exposure of naturally spawned eggs at Leesville was deter-
mined from water elevation records maintained by the Appalachian Po&er
Company. The relationship between the length of exposure to air and
hafching success of bluegill eggs was evaluated using regression proce-
dures.

Fry Development

Embryo development studies were conducted to determine length of
time that bluegill and largemouth bass fry are in the nest at various
temperature conditions. Ten to 15 recently hatched fry were released
into 3.8 1 capacity jars. These jars were placed in constant temperature
‘water baths at 16; 18, 20, 22, 24, 26, and 28 C.

Observations on the ability of the fry to swim freely in the water
colum were made three times daily. Development to the free swimming
or fingerling stage was considered complete when fish were able to leave
the bottom, swim freely, and maintain their position in the water columm
as defined'by Kramer (1961) and Toetz (1966). Three tests were conducted
at 22, 26, and 28 C and five each at 16, 18, 20, and 24 C. Total length
of time-in the nest was the sum of the length of the hatching period ob-

tained from laboratory hatching tests and from the literature, plus the
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mean length of the pre-fingerling period. Estimates of the total length
of time that bluegill and bass fry would be confined to the nest was
used in a model as an estimate of the minimum time period that nests
would have to be covered by water to prevent drying.

Predictive Model of Centrarchid Fish Spawning Success

Mathematical Model

A mathematical computer implemented model, SUCCESS, was developed
to predict the probability of spawning success of centrarchid fishes in

Leesville Lake. The following model was evaluated by SUCCESS:

TIW - DW_ . TW_ . (P . P -P]
[IQ I 5 Py F N

where: PS = Predicted probability of net spawning suécess.
K = Number of depths available for spawning from maximum pool
level to,the lowest elevation of spawning nest construction.
H = Estimated number of hours in the spawning period.

L = Number of temperature regimes in the Lake.

TIWQ = Time weighting factor for changes in modes of spawning
activity.
DWI = Depth weighting factor based on the elevation of nest

construction.

TW

Il

I Temperature weighting of the area of the reservoir en-

compassed by the respective water temperature.

ae)
]

Probability of an egg surviving exposure and hatching.

s
]

F Probability of successful fry development to the free-

swimming stage with respect to water level fluctuations.
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PN = Probability of successful hatching at a given water temper-
ature. |
The model to predict spawning success in Leesville Lake was evaluated
using data from laboratory and field tests for bluegill. Prediction of
spawning success of other centrarchid fishes can also be made if appro-
priate data are supplied.

Model Input - Calculations - OQutput

Hourly water elevations, water temperature regimes for respective
areas of the lake, and the frequency distribution of the elevation of
spawning nest construction are used as input data for SUCCESS (Fig. 2).
Calculations of the time weighting factor, hatching and developmental
times, hatching success following exposure, hatching success as a function
of water temperature, and the probability of nest construction at various
elevations are performed in subprograms. These subprograms are called
at appropriate time by the main program and the probability of egg and
fry survival are calculated for a given time, elevation of spawning, and
‘water temperature. These probabilities of egg and fry survival are cal-
culated for each temperature and the range of elevations of spawning nest
construction. -

Output from SUCCESS includes the probability of spawning at a
specific elevation based on the frequency distribution of spawning nest
construction; predicted probabilities of spawning success at each water
temperature regime and each elevation are printed out in matrix form with
the appropriate weighting factors for depths and water temperatures.
Predicted net survival of eggs and fry are printed by temperature and

depth and a predicted net estimate of spawning success.
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Fig. 2. Flowchart of SUCCESS, a computer program to predict spawning
success of centrarchid fishes in pumped storage reservoirs.
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SUCCESS was developed and evaluated on an IBM/370 computer. The
computer program is written in Fortran IV and can be run on a WATFIV
compiler. Execution times vary with the number of water temperature
regimes and number of days of hourly water elevations. Approximately
116 min execution time is ﬁecessary for running seven temperatures and
92 days of hourly water elevations. Storage requirements are about 150
K bytes.

Main and Subprograms

SUCCESS was written with eight subprograms to maximize the general-
ity of the program and increase its predictive utility for other fishes
and pumped storage systems. A printout of the main program and subpro-
grams are shown in Appendix Table I.

Functions of Subprograms

The following are the functions of the eight subprograms employed

in SUCCESS:

Fuﬁction DEPTH is used in SUCCESS to convert the days of hourly water
elevations into a continuous variable from the first to last hour.
This variable is then returned to the main program.

Function D provides the main program with a hypothetical elevation of
spawning activity from maximum pool elevation to the lowest elevation
where natural spawning océurred.

Function HATCH evaluates the length of the hatching period of eggs spawned
ét various water temperatures. Hatch returns a single value of the
hatching period to the main program when called.

Function DVELOP calculates and returns to the main program the estimated

length of the fry developmental period based on the input temperatures.
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Function SUCCES evaluates the mean probability of hatching success for
a respective wate? temperature. This value is Py in the model.

Function EXPOSE is called by the main pfogram to calculate the mean
probability of survival of an egg exposed to air as a functién of
the hours of exposure.

Function TIMWAT provides flexibility in the program and perhits uneven
weighting of the time of spawning. Two peaks in the bluegill spawn-
ing period were included in SUCCESS. These peaks were found to
occur in Leesville Lake dutiﬁg mid-June and mid-July. Similar daﬁa
has been reported by Bennett (1962) for other impoundments.

Subroutine SPDPTH reads in the elevation and respective numbers of spawn-
ing nests and calculates the probabilities of nest construction at
each elevation. SPDPTH probabilities are used as depth weighting
factors in the main program.

Assumptions of SUCCESS

Several assumptions had to be made in the development of SUCCESS
due to the paucity of data in certain areas. These assumptions were as
follows:

1. Hatching rates in exposed nests are similar to the rates of
hatching at the various temperatures of water that was inundat-
ing the nests. Interactions of the effects of elevated tempera-
tures and hypoxia average so that the rates of egg development
in exposed and inundated nests are similar.

2. Natural mortality exclusive of direct exposure related mortality

is not increased.
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Hatching succeés‘of eggs exposed to air at various stages of
development would be similar.

Impact of multiple exposures on exposed eggs would be the
producF of the impacts at various water temperature regimes.
The frequency of spawning at night and.during the day was the
same.

Spawning at a particular water elevation would commence when

nests were inundated by at least 30 cm of water.



RESULTS

Water Temperature Regimes

Project operations at Smith Mountain‘Dam affect the distribution
of water temperatures throughout Leesville Lake although the greatest
effects of project operations occur from station 8 upstream to Smith
Mountain Dam. Lake waters from Leesville Dam to station 8 were thermally
stratified from mid-May until October when fall mixing occurred (Fig. 3).
During pumping operations, Leesville Lake from station 8 to station 16
was occasionélly stratified (Figs. 3, 4, 5, and 6), but stratification
tended to break down during the generating cycle. Waters with the highest
surface temperatures were found from Leesville Dam to station 6, while
lowest surface water temperatures generally occurred from station 12 to
Smith Mountain Dam. Water temperatures in the deeper strata of lower
Leesville Lake were similar to surface water temperatures in the upper
reservoir zone. Water temperature regimes from station 16 to Smith Moun-
tain Dam were similar at all depths. Water temperature patterns in the
spring and summer of 1972, 1973, and 1974 were generally similar except
that water temperatures were slightly warmer during May 1973 and 1974
than May 1972 (Figs. 3, 4, and 5).

Pumping operations at Smith Mountain Dam tend to draw warmer surface
waters from the lower reservoir zone into the mid and upper reservoir
zones although the depth of the warmer strata generally decreased upstream
to Smith Mountain Dam (Fié. 6). Extended periods of pumping which com-
monly occur on the weekends also draw water from the cooler strata from
mid Leesville Lake that mixes with warmer surface waters at station 16.
The lake from station 16 to Smith Mountain Dam was generally homothermous

after extended periods of pumping.

26
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Fig. 3. Monthly water temperature isopleths from May through October
1972 plotted against extant water elevations from Leesville
Dam to navigational marker 16 in Leesville Lake, Virginia.
Date of sampling and extant phase and duration of operations
are also presented.
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Fig. 4. Monthly water temperature isotherms from May through August

1973 plotted against extant water elevations with the duration

~and phase of operation also indicated at the time of sampling
from Leesville Lake, Virginia.
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Fig. 5. Monthly water temperature isotherms for May, July, and August
1974 plotted against extant water levels with the duration
and phase of operation also indicated at the time of sampling
for Leesville Lake, Virginia.
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Fig. 6. Effects of pumping and generating at the Smith Mountain Dam
power plant on water temperature distribution in Leesville
Lake, Virginia.
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Generating operations at Smith Mountain Dam caused a rapid decrease
in water temperatures throughout the water column from Smith Mountain
Dam to station 10 (Figs. 3, 5, and 6). Surface water temperatures often
dropped 10 C from the time pumping operations ceased to a short time
after generating operations commenced. Water entering upper Lecsville
from Smith Mountain Lake during generating averaged less than 18 C from
May through August 1972, 1973, and 1974 (Fig. 7). Temperature of water
entering Leesville during generation gradually increased from early May
until mid-July after which further warming of waters was slight. Tempera-
tures of entering water were found to vary about 3 C per day. Generating
operations at Smith Mountain Dam tends to push the warmer surface waters
of lower Leesville Lake in the direction of Leesville Dam whereas the
upper reservoir from station 10 to station 16 becomes nearly hom<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>