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ABSTRACT

DISCLAIMER

mamam
A Power Plant Simulator (PPS) was constructed at the Oak Ridge National

Laboratory to examine the component sources of entrainment mortality. This

experimental apparatus circulates temperature-controlled water through a closed

loop and has as key components, a pump, a condenser bundle, and vertically

adjustable piping. Thus, stresses associated with pump passage, condenser

passage, vacuum conditions, and thermal effects can be examined.

Larval bluegill, channel catfish, carpi largemouth bass, and smallmouth

bass and juvenile bluegill and mosquitofish were exposed to different com-

binations of pump speed and water temperatures in the PPS. Wide differences

among species in their sensitivity to pipe and condenser passage were observed.

For most of the species tested, short-term conditional mortalities resulting

from the physical stresses of pipe and condenser passage increased with AT

and/or pumping rate. Pump passage was not a major source of physical damage,

and no clear relationship was found between pump efficiency and mortality.

Susceptibility to physical stresses associated with entrainment appeared to

be inversely related to the size of the entrained organisms.

Delayed mortality frequently occurred among fishes exposed to stresses in

the PPS. However, delayed mortality estimates in these experimental groups
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were significantly greater (a = 0.05) than corresponding values in handling

control groups in only 15 of 64 comparisons. Like short-term mortalities,

relatively higher delayed mortalities were often observed for the smaller

species tested.
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INTRODUCTION

Aquatic organisms drawn into the cooling water intake of a power

plant and small enough to pass through the meshes of its debris screens

are subjected to a variety of stresses during passage through the

plant. Thermal stresses result from the rapid rise in water temperature

(often over 10°C) across the condenser system, while the addition of

biocides to control fouling organisms can have toxic effects. Physical

stresses to entrained biota arise from a number of sources, including

mechanical abrasion in the pump and piping, abrupt pressure changes, and

shear forces and buffeting induced by fluid turbulence. A comprehensive

review of the biological effects of power plant entrapment is provided

in Schubel and Marcy (1978).

The assessment of entrainment mortality resulting from the sum of

these stresses at particular power plants can be difficult and equivocal.

•Research sponsored by the Electric Power Research Institute under
Interagency Agreement DOE No. RTS 78-95 with the U.S. Department of
Energy under contract W-7405-eng-26 with Union Carbide Corporation.
The Power Plant Simulator was constructed by the Environmental Protection
Agency with pass-through funding to the Department of Energy. Publication
No. 1534, Environmental Sciences Division, ORNL.

§Present address: Ecological Analysts, Inc., 140 East Division Road,
Oak Ridge, Tennessee 37830.
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Differential sampling mortalities at intake and discharge sampling sites will

obscure true estimates of entrapment mortality (O'Connor and Schaffer 1977;

Cada and Hergenrader 1978), and obtaining adequate numbers of a particular

species or size class of entrainable organism to ensure statistically valid

comparisons can be a problem. Further, the post-entrainment mortalities ob-

served at actual power plants result from the sum of thermal, mechanical, and

chemical stresses and their synergisms, and the relative importance of each

source is often impossible to determine.

For these reasons, the development of laboratory devices that simulate

one or more aspects of power plant cooling water systems has received increas-

ing attention. These research tools are designed to allow quantitative exami-

nation of entrainment stresses, either singly or in combination, in a con-

trolled, experimental fashion. .Examples of single-factor studies include

evaluations of the effects of shear forces (Morgan et al. 1976), hydrostatic

pressures (Beck et al. 1975), typical time-excess temperature histories

(Schube! 1974; Schubel et al. 1977), and chlorine doses (Latimer et al. 1975).

Studies of multiple stresses have involved combinations of excess temperatures

and chlorine (Burton et al. 1979), excess temperatures, pressures, and con-

denser tube passage (Coutant and Kedl 1975; Kedl and Coutant 1976), and excess

temperatures, pressures, condenser tube passage, arid chlorine doses (Poje et

al. 1978; Ginn et al. 1978; O'Connor and Poje 1979).

The ORNL Power Plant Simulator (PPS) was designed to reproduce the

internal hydraulics of an open cyele-condenser cooling system (Suffern 1977).

In addition to imposing thermal, vacuum, and fluid-induced shear stresses

upon entrained organisms, the PPS is unique in that it permits an evaluation
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of stresses associated with pump passage (cavitation, turbulence, contact with

impeller blades). Coutant and Kedl (1975) and Marcy et al. (1978) hypothe-

sized that pumps are the most likely source of physical damage to entrained

organisms, and they suggested that future studies pay special attention to

pump-induced mortality.

This paper presents results from the 1978 and 1979 experimental programs,

which examined the direct mortality (initial and delayed) of freshwater fish

larvae and juveniles passed through the PPS under a variety of pumping rates

and excess temperatures.

DESCRIPTION OF THE POWER PLANT SIMULATOR

A schematic drawing of the PPS is shown in Fig. 1. This experimental

apparatus circulates water through a closed loop and has as key components an

11.3-m reservoir, a pump, a condenser bundle, vertically-adjustable piping,

and a collection net. Thus, stresses associated with pump passage (cavitation,

turbulence, contact with the impeller blades), vacuum conditions, thermal

effects, and condenser passage can be examined. Experimental organisms can

be introduced either ahead of or behind the pump, allowing evaluation of

mortality associated with entrainment through the piping and condenser system

alone or in combination with pump passage.

The cylindrical reservoir, which contains the collection net as well as the

bulk of the water in the PPS, has a diameter of 2.4 m and a height of 2.6 m. It

is constructed of stainless steel and is surrounded by thermal control jackets

through which either steam or mixtures of hot and cold water can be passed in

order to achieve desired experimental temperatures in the circulating water.

Thus, the heat load is applied to the PPS reservoir (not the condensers) and
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Figure 1. Schematic diagram of the ORNL Power Plant Simulator.
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water temperatures are the same throughout the closed loop.

The pump is an Ingersoll-Rand Model 10 BPM that was selected for its

similarity to circulating water pumps used at actual power plants (Suffern

1977; Suffern et al. 1979). It has a design-flow capacity of 7.6 m3/min.

Further, it is equipped with a Reeves Vari-Drive, which permits the use of

lower pumping rates (lower efficiencies) and the examination of pump-passage

stresses associated with the concomitant increases, in turbulence. A detailed

comparison of important hydraulic parameters of a typical power-plant circu-

lating water pump and the PPS pump is provided in Suffern (1977).

Aquatic organisms can be introduced into the PPS through addition stations

on either side of the pump (Fig. 1). These consist of transparent glass

chambers that are connected to the PPS by 6.4-cm diameter valved pipes.

Organisms in the pre-pump additions-station are introduced into the circulating

water flow by simply opening the valves to the chamber and allowing the flow

of water from the reservoir to the pump to draw them out of the chamber.

These organisms then pass through the pump, condenser system, and eventually

into the tiollection net. Aquatic organisms in the post-pump addition chamber,

on the otfier hand, must be injected into the PPS by means of pressure from an

external water line. The temperature of the water in this chamber is set at

the same temperature as the water in the PPS, and, by opening appropriate

valves, organisms are flushed out of the chamber into the circulating water

flow. /
i

T[/ie condenser bundle is 9.8 m long and has a diameter of 0.4 m. I t con-

tains/seventy-three 3.2-cm 0D stainless steel tubes with water boxes at each
/ 3

end.7 At design flow rates of 7.6 m /min, estimated water veloci t ies within
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the condenser tubes average about 2.4 m/s, a value typical of power plant

cooling systems (Schubel 1975; Kedl and Coutant 1976).

After passing through /the condenser tubes, the circulating flow carries

experimental organisms upward and along the top horizontal run of pipe (Fig. 1).

The piping in this segment of the PPS is composed of polyvinyl chloride (PVC)

and has an outside diameter of 27.4 cm. The height of the horizontal run can

be varied to create different pressure conditions by adding spool pieces on the

vertical runs. Horizontal-run heights of from 0.0 to 11.3 m above the water

level of the reservoir can be achieved, with increments as small as 0.9 m. A

configuration in which the centerline of the top horizontal run was 5.8 m above

the water level of the reservoir was used for all experiments reported here.

Circulating water, after completing its run through the loop, is filtered

through a 2.0-m diameter, 1.0-m lorigT conical plankton net composed of 0.5-mm

mesh Nitex. The collection net was suspended in the reservoir during opera-

tion (Fig. 1), and experimental organisms were retrieved by raising the net out

of the water and washing them into a screened collection bucket at the cod end.

The PVC collection bucket is 0.31 m long and 0.15 m in diameter.

Water temperatures and pressures at various points in the PPS were moni-

tored during the experiments by means of remote sensors wired to a control

panel. Water temperature readings varied less than 0.2°C between the three

sensors which were located in the top horizontal run, the descending vertical

run, and within the reservoir. Theoretical pressure values calculated at

various points in the PPS ranged from a low of 56 kPa (0.56 atm) in the top

horizontal run of piping to a high of 146 kPa (1.44 atm) upstream of the

condenser bundle.
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MATERIALS AND METHODS

Experiments in 1978 utilized two species of juvenile fishes, bluegill

sunfish (Lepomis macrochirus) and mosquit.ofish (Gambusia affinis). Total

lengths of the bluegill and mosquitofish ranged from 27 to 35 mm and 30 to

35 mm, respectively. Larval fishes examined during 1979 (and their approxi-

mate mean total length at the time of testing) were carp, Cyprinus carpio

(7 mm), largemouth bass, Micropterus salmoides {12 mm), smallmouth bass,

Micropterus dolomieui (14 mm), bluegill sunfish, Lepomis macrochirus (18 mm),

and channel catfish, Ictaiurus punctatus (16 to 26 mm).

Experimental Procedures

All larvae were held in 525-1iter rectangular fiberglass stock tanks prior

to testing. The stock tanks were maintained at computer-controlled, constant

temperatures by the addition of filtered well water at a rate of 4-5 liters/min.

Holding temperatures varied among species, ranging from 20-22°C for largemouth

and smallmouth bass to 24°C for carp, bluegill, and catfish. Illumination was

provided by cool white fluorescent lights controlled by an outside photoswitch

to reproduce the seasonal photoperiod. Both pre- and post-test fishes were

fed twice a day. Small larvae were fed natural zooplankton collected from an

oxidation pond, while larger larvae were fed a mixture of zooplankton and

ground trout chow.

Post-test holding facilities consisted of 7-1iter transparent plastic

rectangular aquaria fitted onto temperature-controlled water suppjy manifolds

(Suffern et al. 1979). Each aquarium had an independently controlled flow-

through rate and all were connected to a common drain system. Water was

maintained in these holding aquaria at the same constant temperatures as
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the stock tanks. Initially, each group of test fish was placed directly into

an individual aquarium. It was found that subsequent post-test observation

and enumeration of the unrestricted larvae was difficult and time-consuming.

In later tests, larval fishes were confined in l-l,iter cylindrical, brown

plastic bottles within the holding aquaria. Large screen panelss composed of

0.5-mm-mesh Nitex, allowed water to flow through the bottles. This modifica-

tion facilitated post-test observations and minimized the handling time

required for the removal of dead fish.

Studies in 1978 were aimed at (1) defining a minimum level of direct

mortality to be expected from passage through the PPS, and (2) developing

the experimental and statistical protocols needed to assess the relative

importance of the various sources of entrainment stress to mortality. All

test fishes were exposed to mechanical stresses in the PPS at ambient water

temperatures and pumping rates of 91% maximum.

The 1979 experimental program consisted of examining the effects of two

variables, water temperature and pumping rate, on the post-test survival of

each of the five larval fish species. Water temperatures ranging from ambient

holding temperatures to 15°C above ambient were used to assess the relative

effects of thermal stresses on entrained organisms. The relationship of

pumping efficiency to entrainment mortality, tin the other hand, was examined

by varying the pumping rate. The pump used in the PPS operates most effi-

ciently at a rate of 7.58 m /min, or 91% of maximum. Lower pumping rates,

which result in inefficient pump operation and increased turbulence, were

expected to cause greater mortalities among pump-passed larvae due to

increased physical stresses. Accordingly, the effects of pumping rates
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ranging from 4.16 m /min (50% of maximum) to 7.58 m /min (91% of maximum)

were studied during 1979.

In order to separate the effects of condenser tube and pump passage in

the PPS from those of handling and natural mortality, three control groups

and two treatment groups were examined for each of the combinations of water

temperature and pumping rate (Figure 2). These five experimental groups, in

order of increasing stress, were:

(1) Handling Control (Experiment Type 1): Fish were dipnetted out of the

stock tank into a transfer aquarium. The contents of the transfer

aquarium were then poured into the appropriate post-test holding aquarium.

This control group was used to determine the mortality due to handling

effects and natural causes.

(2) Thermal Control (Experiment Type 2): Fish were dipnetted out of the

stock tank into a transfer aquarium. Larvae in the transfer aquarium

were poured into a screened bottle and exposed to the water in the PPS

reservoir for a period of time equivalent to the time necessary to pass

an organism through the PPS and retrieve it from the collection net

(350-400 seconds). The test fish were then placed in a post-test

holding aquarium. This control group was used to assess additional

mortality due to thermal shock (if any) and exposure to the water cir-

culating within the closed system of the PPS. Because thermal effects

were not studied in 1978, this control group was used only in the 1979

experiments.

(3) Collection Control (Experiment Type 3): Fish .'ere dipnetted out of the

stock tank into a transfer aquarium. The PPS pump was shut off, and
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fish were poured into the collection net directly in front of the diffuser.

After 15 seconds, the pump was turned on for 60 seconds. After the pump

was turned off again, the net was slowly raised out of the water and the

contents were washed off the sides by means of a gentle spray of PPS

water applied to the outside of the net with a submersible pump and hose.

Fish were retrieved from the collection bucket at the bottom of the net

and transferred to a holding aquarium. This control group was used to

estimate mortality due to the collection process.

(4) Condenser Passage (Experiment Type 4): Fish were dipnetted out of the

stock tank into a transfer aquarium. Depending on their size, fish were

either poured directly or transferred by means of a large, glass "poultry

bDster" into the post-pump addition station. The fish were then injected

into the circulating water ffow downstream of the pump, such that they

passed through the condenser bundles and elevated return piping, but not

the pump. After 90 seconds, the pump was shut off and fish were recovered

in the same manner as collection controls. This treatment group, when

corrected for control mortalities, was designed to estimate mortality

due to passage through the PPS piping and condenser tube system.

(5) Pump Passage (Experiment Type 5): In this test group, fish were treated

in the same manner as the condenser passage group, with the exception

that they were introduced into the circulating water flow through an

addition station located upstream of the pump. This treatment group,

when corrected for control mortalities, permits estimates of mortality

due to passage through the entire PPS, as well as evaluation of the ef-

fects of pump passage alone when corrected for condenser passage mortality.
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Approximately 50 fish larvae were utilized per replicate of each experi-

mental type. An entire series of tests, i.e., three control groups and two

treatment groups, could be completed in one hour, and in the majority of cases

experimental combinations of temperature and pump speed were replicated at

least once. Both the sequence of tests within a given series and the post-

test holding aquaria were randomly assigned. Based on an analysis of variance,

differences in mortality among test fishes attributable to the effects of

different holding aquaria were not significant (a = 0.05 level).

All fish were examined at intervals of 1, 24, 48, and 72 hoyrs after

testing. At each observation period, fish were classified as either alive

(swimming normally), stunned (abnormal behavior, swimming erratically), or

dead (no response to probing).

Data Analysis -**-•

Mortality was partitioned into several components (four in 1978, five in

1979), corresponding to the different types of experiments (labeled Experiment

Types 1 through 5) performed in the 1978 and 1979 experimental program. The

effects of each of these sources of mortality (i.e., handling and natural

causes, thermal stresses, collection, condenser passage, and pump passage)

was further partitioned into short-term and delayed mortality. Mortality

observed during the first hour after exposure [i.e., during time interval

CO, 1 h)] was termed short-term mortality, while mortality observed during

the time interval (1, 72 h) was termed delayed mortality.

Conditional mortality rates were estimated from the short-term mortality

observations. Conditional mortality (m) due to a given source of stress is

defined as the fraction of fish dying due to that source of stress in the
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absence of any other sources of stress. It is equal to 1.0 minus the probabil-

ity of surviving (S) that source of mortality (Ricker, 1975), i.e., m = 1 - S.

The estimate of conditional mortality due to natural causes and handling

stresses (m^) is given by

(1)

where n- = number of fish in Experiment Type 1 dead at 1 hour.

N, = total number of fish in Experiment Type 1.

P., = proportion of fish that died due to natural causes and handling.

Subsequent short-term conditional mortality estimates, i.e., due to

thermal stress (m2)» collection stress (mo), pipe and condenser passage (m.),

and pump passage (%), were obtained by the following general formula:

where m.. = conditional mortality estimate due to stress i.

P. = proportion o1 fish that died in Experiment Type i.

As stated before, delayed mortality was defined as the mortality that

occurred during the time interval {1,72 h). If d. is the delayed mortality

for Experiment Type i, then the estimate of d. is given by

-; _ number of fish that died in Experiment Type i in the interval (1,72)
i = number of fish alive after 1 hour in Experiment Type i
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Greater details on the techniques used to derive estimates of short-term

and delayed mortalities and their respective variances are provided in Suffern

et al. (1979) and Cada et al. (In Preparation).

RESULTS

Short-Term Mortality

Short-term conditional mortality estimates due to thermal stresses (nip)

for those species exposed to elevated temperatures in the PPS are provided

in Table 1. At AT's of 4 and 10°C, estimates of ITU were significantly greater

than zero (a = 0.05) in only one instance. However, at a AT of 15°C (exposure

temperature of 39°C) both species tested (bluegill sunfish and channel catfish)

experienced complete mortality. The calculated E, values for smallmouth bass

larvae at a AT of 4°C were found to be negative because the observed short-

term mortality for fish in the thermal control group (Pg) was lower than the

respective value for fish in the handling control group (P-j). Whenever the

background mortality (P.) is greater than the combined mortality due to back-

ground and the stress under consideration (P̂ +-|)» the estimated conditional

mortality will be negative (see equation 2), i.e., we cannot obtain a

feasible conditional mortality estimate.

A wide range among species in sensitivity to collection stresses was

evident from the m, values (Table 2). The smallest larvae (carp and large-

mouth bass) exhibited short-term collection mortalities ranging from 0.12 to

0.73. On the other hand, larger fishes, i.e., smallmouth bass and channel cat-

fish larvae as well as bluegill sunfish and mosquitofish juveniles, had rela-

tively low collection mortalities (Table 2). Values of nig among these species

were 0.05 or less and were frequently not significantly greater than zero
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Table 1. Short-term Conditional Mortality due to Thermal Stresses (m*2)
for Larval Fishes Exposed to Elevated Temperatures in
the Power Plant Simulator

AT

4

10

15

Species

Largemouth Bass
Smallmouth Bass

Largemouth Bass
Smallmouth Bass

Bluegill Sunfish
Channel Catfish

Bluegill Sunfish
Channel Catfish

Number
of Fish

42
50

26
47
43
150
400

50

*" 50

Conditional
Mortality

(m2)

0.00

*b

0.04

0.00
0.02
0.03
0.00

1.00
1.00

Critical .
Probability8

0.50
*

0.15
0.50

< 0.01
0.01
0.50

< 0.01
< 0.01

The probability of observing the given value of nu or greater if, in fact,
the true m« is equal to zero.

Asterisk indicates that the estimated conditional mortality is negative due
to high background mortality and therefore a feasible estimate is not
obtainable.
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Table 2. Short-term Conditional Mortalities due to Collection Stresses
(in-) for Larval and Juvenile Fishes Exposed to Different Cora-
binations of AT and Pumping Rate in the Power Plant Simulator

AT

0

0

10

10

Pumping Rate
{% of Maximum)

50

91

50

91

Species

Bluegill Larvae

Channel Catfish

Carp

Bluegill Juveniles

Channel Catfish

Mosquitofish

Largemouth Bass

Carp

Bluegill Larvae

Channel Catfish

Largemouth Bass

Smallmouth Bass

Channel Catfish

Largemouth Bass

Smallmouth Bass

Number
of Fish

101
301

85

348

99

690

94

48

149
295

24

49

98

33

93

Conditional
Mortality

(m3)

. < 0.01

< 0.01

0.12

0.05

0.00

0.01

0.20

0.73

0.10

0.00

0.31

0.00

0.00

0.24

*

Critical ,
Probability8

0.29

0.04

< 0.01

< 0.01

0.50

< 0.01

< 0.01

< 0.01

< 0.01

0.50

< 0.01

0.50

0.50

< 0.01
*

aThe probability of observing the given value of jn3 or greater if, in fact,
the true m3 is equal to zero.

Asterisk indicates that the estimated conditional mortality is negative due
to high background mortality and therefore a feasible estimate is not
obtainable.
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(a = 0.05). These data showed no indication of a consistent relationship

between pumping rate and conditional mortalities due to collection stresses at

a given temperature.

As with collection stresses, conditional mortalities due to the stresses

of pipe and condenser passage (in-) tended to be high for carp and largemouth

bass larvae and uniformly low among smallmouth bass, channel catfish, nws-

quitofish, and bluegill sunfish juveniles (Table 3). At a given temperature,

the magnitude of m. was directly related to the pumping rate for carp and

largemouth bass larvae but not for channel catfish. Estimated conditional

mortalities due to pipe and condenser passage were directly related to AT

at a given pumping rate for bluegill, channel catfish, and largemouth bass

(Table 3).

Table 4 contains estimates of sfrdrt-term conditional mortalities due to

pump passage (nig). The mortalities resulting from this source of entrainment

stress were found to be relatively low in most cases, and among smallsnouth

bass larvae no significant additional mortality due to pump passage was

detected. Estimated conditional mortalities due to pump passage were directly

related to pumping rate for channel catfish larvae.

The relative effects on mortality of the various entrainment stresses

simulated in the PPS can be assessed by comparing the conditional mortality

rates due to these stresses. Tor example, the short-term mortality response

to an excess temperature shock of 10°C is estimated by m^, calculated from

data for larvae exposed to water in the PPS reservoir set at a AT of 10°C.

The physical effects of pipe and condenser passage, on the other hand, can be

estimated by m^ calculated from data for larvae passed through the PPS at
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Table 3. Short-term Conditional Mortalities due to Pipe and Condenser
Passage (in*) for Larval and Juvenile Fishes Exposed to
Different Combinations of AT and Pumping Rate in the Power
Plant Simulator

AT

0

0

10

10

Pumping Rate
{% of Maximum)

50

91

50

91

Species

Bluegill Larvae

Channel Catfish

Carp

Bluegill Juveniles

Channel Catfish

Mosquitofish

Largemouth Bass

Carp -^

Bluegill Larvae

Channel Catfish

Largemouth Bass

Small mouth Bass

Channel Catfish

Largemouth Bass

Smallmouth Bass

Number
of Fish

95

245

51

345

100

728

85

46

151

305

30

49

99

38

96

Conditional
Mortality

0.02

< 0.01

0.16

< 0.01

0.00

0.02

0.01

0.84

0.08

0.02

0.65

0.00

0.02

1.00

*

Critical _
Probability8

0.18

0.40

0.02

0.49

0.50

< 0.01

0.43

< 0.01

0.04

< 0.01

< 0.01

0.5Q

0.08

< 0.01
*

aThe probability of observing the given value of m^ or greater if, in fact,
the true m, is equal to zero.

Asterisk indicates that the estimated conditional mortality is negative due
to high background mortality and therefore a feasible estimate is not
obtainable.
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Table 4. Short-term Conditional Mortalities due to Pump Passage (fiL)
for Larval and Juvenile Fishes Exposed to Different Com-
binations of AT and Pumping Rate in the Power Plant Simulator

AT

0

0

10

10

Pumping Rate
{% of Maximum)

50

91

50

91

Species

Bluegill Larvae

Channel Catfish

Carp

Bluegill Juveniles

Channel Catfish

Mosquitofish

Largemouth Bass

Carp

Bluegill Larvae

Channel Catfish

Largemouth Bass

Smallmouth Bass

Channel Catfish

Largemouth Bass

Smallmouth Bass

Number
of Fish

101

291

85

349

99

729

94

48

152

292

33

48

101

35

48

Conditional
Mortality

(Ss>

0.03

0.03
*b

0.06.

0.05

0.09

0.04
*

0.22

0.01
*

0.00

0.09
*

0.01

Critical
Probability

0.20

0.03

< 0.01

0.01

< 0.01

0.31

*

< 0.01

0.20
*

0.50

< 0.01
*

0.33

aThe probability of observing the given value of m5 or greater if, in fact,
the true nig is equal to zero.

Asterisk indicates that the estimated conditional mortality is negative due
to high background mortality and therefore a feasible estimate is not
obtainable.
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ambient water temperatures. The data given in Table 5 show that, among those

species for which these comparisons can be made, the short-term mortalities

due to thermal stress (nig at a AT of 10°C) and physical stress (m* and m5 at

a AT of 0°C), acting separately, were relatively low and roughly equivalent.

Carp larvae (Table 4) were the only test organisms which exhibited relatively

high short-term mortalities due to physical stresses at ambient temperatures.

The sensitivity of carp to thermal stresses was not examined in this study.

Smallmouth bass larvae were not tested at ambient water temperatures, but

values of m. and ing, like fL. were low for this species even at elevated water

temperatures.

It is of interest, then, to examine the short-term mortality responses

of fishes exposed to thermal and physical stresses acting in concert, i.e.,

m^ and m"5 at a AT of 10°C, and to cOfifpare these results to those obtained from

studies of the separate stresses. Largemouth bass, bluegill sunfish, and

channel catfish were tested under conditions which allow such comparisons

(Tables 3 and 4). Channel catfish displayed low short-term conditional

mortalities due to the physical stresses of pump, pipe, and condenser passage,

even when given a simultaneous excess temperature shock of 10°C. Largemouth

bass and bluegill sunfish larvae, on the other hand, showed elevated values

of m. (Table 3) and m5 (Table 4) following exposure to thermal and physical

stresses combined. These conditional mortalities appear to be greater than

would be expected based on combining the effects of separate stresses, and we

interpret them as indicative of synergistic effects between elevated

temperatures and physical stresses.
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Table 5. Comparison of Short-term Conditional Mortality Estimates
Resulting from Different Sources of Stress

Species

Largemouth Bass

Thermal Stress

Thermal Control
m2 at AT = 10°C

0.04

0.00

Physical

Condenser ,
Passage

m4 at AT = 0°C

< 0.01

0.01

Stress

Pump Passage
m5 at ,AT = 0°C

0.10a

0.04

Bluegill Suntish Larvae 0.03c 0.02 0.03

Channel Catfish 0.00

0.00

< 0.01

0.00

0.03°

0.05a

am. values are significantly greater than zero at the a = 0.05 level.
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Delayed Mortality

The delayed mortalities of test fish were recorded at 24-h intervals

throughout the 72-h post-test holding period (e.g., Figure 3). iMortality

among larval fish exposed to stresses in the PPS (Experiment Types 2 through 5}

generally continued after the 1-h observation period, and, at 72-hours was

significantly greater than zero (a = 0.05) in 39 of 64 possible comparisons.

However, in only 15 of the 64 comparisons were the delayed mortalities in these

experiment types significantly greater than the corresponding values in

Experiment Type 1 (handling and natural mortality).

Delayed mortalities among fishes in the condenser-passage and pump-

passage experimental groups followed the same pattern, i.e., relatively higher

delayed mortalities were often observed for the smaller species tested.

Delayed mortalities of channel catfish larvae, mosquitofish, and juvenile

bluegill sunfish rarely exceeded 0.10.

DISCUSSION

The results of these studies demonstrated wide differences among entrain-

able fishes in their sensitivity to stresses of condenser and pump passage.

Small, fragile fish, such as carp and largemouth bass larvae, suffered high

short-term mortalities as a result of the stresses of passage through the

pipes and condenser tubes. Other species (smallmouth bass and channel catfish

larvae, juvenile bluegill and mosquitofish) exhibited relatively low mortal-

ities following condenser passage in the PPS, even when accompanied by thermal

shocks of 10°C above ambient. For most of the species tested, short-term

conditional mortalities resulting from the physical stresses of pipe and

condenser'passage increased with increasing AT and/or pumping rate.
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Figure 3.. Observed cumulative mortalities of bluegill sunfish larvae at various times
after exposure to a AT of 10°C and a pumping rate of 50% of maximum.
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Various investigators (Coutant and Kedl 1975; Marcy et al. 1978; O'Connor

and Poje 1979) have speculated that circulating water pumps are major sources

of physical damage to organisms entrained at steam electric power plants.

These hypotheses have not been borne out, thus far, by the results of the PPS

experiments. Short-term conditional mortalities due to pump passage (Table 4)

were generally relatively low and in many cases not significantly greater

than zero at the ex = 0.05 level. Although obvious physical damage (decapi-

tation, mutilation) was occasionally noted, in most cases the conditional

mortalities due to pump passage were even less than would be predicted (Ebey

and Beauchamp 1977; Suffern 1977) based on probability of contact with the

pump impeller blade.

The results of tests designed to ascertain the effects of different pump-

ing efficiencies on the survival of--pump-passed larvae were contrary to expec-

tations. It was hypothesized that the lowest pump-induced mortalities would

occur at the highest pump efficiency (pumping rate of 91$ of maximum), and

that effects of increased turbulence resulting from lower pump efficiencies

(= lower pumping rate) would be manifested as increased m5's. In fact, no

clear relationship between pumping rates and short-term conditional mortal-

ities due to the stresses of pump passage was apparent from the data. Future

studies are planned to further examine the role of pump passage in entrain-

ment mortality.

In summary, examination of the conditional mortalities of fishes

resulting from the various thermal and physical stresses of power plant entrain-

ment showed a wide range of tolerance among different species. In addition,

susceptibility to these stresses appeared to be inversely related to size,
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although the analysis of size-mortality relationships in these tests is com-

plicated by species-specific differences in sensitivity to entrainment. Unlike

the domination of physical components of entrainment stress suggested by field

studies (Beck et al. 1978), short-term conditional mortalities calculated from

PPS data indicated that, within the range of conditions tested, the relative

effects of individual sources of stress (thermal stress, physical stress from

pump, pipe, and condenser passage, and collection techniques) were roughly

equivalent for some of the species tested. In addition, the results of the

1979 experimental program suggest that although a single factor, such as

thermal shock or shear forces accompanying condenser tube passage, may not

have a major effect on entrained fishes, its influence may still be exerted

through interaction with other stress factors that are a part of the entrain-

ment experience. ""*"
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