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PREFACE

This report is a compilation of studies funded by Chelan County Public Utility District
No. 1 over a two-year period from 1986 to 1987. The initial goal of the work was to
determine how strobe lights could be deployed at Rocky Reach Dam to improve fish
guidance efficiency. The approach included model, laboratory, and theoretical studies.
The results were integrated with studies being carried out at Rocky Reach Dam by Chelan
County Public Utility with the assistance of BioSonics Inc. We did not reach our goal and
the use of strobe lights to improve fish guidance efficiency at Rocky Reach Dam has been
abandoned for the immediate future. In retrospect, the success of the study is best
measured through understanding why strobe lights were ineffective at the dam and how
fish avoided guidance by the submersible traveling screen.

In this report, the studies conducted over the two year period are detailed. The direc
tion of the research was in part affected by the results that were obtained in the field stud
ies. To put this interaction between laboratory, model and field studies in context, a nar
rative of the hypotheses formulated during the study is presented in the introduction. This
is followed by a summary of the results. Details of the studies are given in appendices.
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ABSTRACT
Problems contributing to the low fish guidance at Rocky Reach Dam were investigated

through laboratory experiments and a computer model. Particular attention was given to
determining how strobe lights could be used to improve fish guidance efficiency.

In general, juvenile chinook and coho salmon and rainbow trout tended to avoid or
escape strobe light at intensities between 0.1 and 5 ~tE/m2/s. The EG&G strobe lights used
at Rocky Reach Dam produced an intensity of about 1 IIE/m2/s at a distance of 10 ft. Es
cape speed averaged about 7 bus and was dependent on strobe light intensity and the level
of light that fish were adapted to. Escape speed increased with strobe flash rate, with a
flash rate of 200/mm or above being sufficient to induce speed near the maximum ob
served. Strobe intensity above 5 IiE/m2/s and flash rates above about 500/mm tended to
stun fish. Juvenile steelhead were attracted to the low light intensities of the strobe’s
penumbra.

A computer model was developed to describe the trajectories of fish as affected by
water currents and swimming to avoid strobe lights and the trashrack. A model suggested
that trashrack passage was a critical factor in fish guidance efficiency. In laboratory
experiments, strobe light could be used to force rainbow trout through a trashrack-like
barrier. However, at Rocky Reach Dam, strobe lights were ineffective at forcing
subyearling chinook through the trashrack. Thus, a hypothesis was formulated that the
submersible traveling screen behind the trashrack may have generated sound stimuli that
inhibited trashrack passage; moreover, it appeared that strobe lights were ineffective in
counteracting this aversive stimuli.
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INTRODUCTION

This report describes two years of research on the problems contributing to the low fish

guidance efficiency (FGE) of a prototype submersible traveling screen (STS) at Rocky

Reach Dam on the Columbia River. The immediate goal was to conduct studies on the

feasibility of using strobe lights to improve the FGE of the prototype STS. To achieve this

goal laboratory, theoretical and model studies were integrated with the field studies con

ducted at Rocky Reach Dam by Chelan County PUD. Laboratory studies were conducted

at the Fisheries Research Institute (FRI) to determine the response of juvenile sa]monids

(chinook, coho and rainbow) to strobe light intensity and flash rate. In theoretical studies

important behavioral responses observed in the laboratory were described with equations

based on known principles in biology and psychology. A computer model was developed

to describe the trajectories of fish passing through the dam. The results of the laboratory

and field studies were considered in the model. Accordingly, the model was used to help

design the field program at the dam. Over the course of the project three strobe light

configurations were tested and a number of basic behavioral responses of fish to strobe

lights were described and quantified. The sequence of studies and the major results

obtained are illustrated in Table 1. All aspects of the work are summarized in the body of

the report detailed in eight appendices. Appendices 3, 4, and 6 are in press.

Over the two-year period, strobe lights, incandescent lights and a deflector projecting

outwards from the trashrack were deployed at Rocky Reach Dam in an attempt to improve

FGE. In the spring of 1986, two strobe lights facing up into the water column were fixed

on the trashrack (Fig. 1) to determine if the lights would drive fish upwards in the water

column where they would intercept the trashrack above the level of the STS. This scena

rio, based on a fish trajectory model, was in its first stage of development. In the spring of

1986, field tests made at the dam by S. Hays of Chelan County PUD suggested that strobe

lights produced a small improvement in FGE for some species in daylight conditions.

Further model development and analysis in the autumn of 1986 suggested that strobe light

would have a minimum effect on the upward movement of fish if they escaped by moving

horizontally away from the strobe light beam. The field tests and model study suggested

that strobe lights located on the trashrack and facing into the forebay would not signifi

cantly improve FGE.
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Table 1. Major results obtained during the study.

Spring Summer Autumn Winter Spring Summer Autumn
I 1986 I 1987

Laboratory I avoidance strobes speed of escape attraction
Experiment I response drive fish escape behavior to light
Results I increase through increases changes depends on

I with light trashrack by log of over previous
I intensity intensity day adaptation

Theoretical equation equation for equation for
Results for distance escape speed strength of

I of trashrack and avoidance attraction to
I response distance solid light

Model I trashrack reasons for trashrack
Results avoidance strobe light avoidance

I important ineffectiveness may be from
I to low FGE sounds of

STS

Field I strobe strobe strobe light
Results I facing facing facing behind

I into up into trashrack trashrack
I forebay trashrack plus front had no
I improved degraded deflector effect on
I FGE FGE had no FGE
I effect on
I FGE
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Fig. 1. Distribution of strobe light intensity during spring 1986 studies at Rocky Reach
Dam. Strobe light intensities isopleths in p.E/m2Is. Strobe light distribution was
calculated by fish trajectory model and calibrated with field observations.
Horizontal and vertical dimensions are in ft.
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In the summer of 1986, a new strategy was tried in which the trashrack was illuminated

with strobe lights from below (Fig. 2). The idea here was that fish moving down the face

of the trashrack would encounter the strobe lights and, to escape the light, they would pass

through the trashrack and would be intercepted by the STS. Evidence from field tests

indicated that lighting the trashrack did not improve trashrack passage.

In following up the results from the summer, model studies in 1986 indicated that the

major problem appeared to be due to the reluctance of fish to pass through the trashrack

above the level of the STS. Therefore, the focus shifted to find a way to improve fish

passage through the trashrack above the STS. Hanson and Hiram (1983) published a

study showing that salmon are reluctant to pass through a trashrack barrier. To follow up

this observation, we conducted an experiment to determine if barrier passage could be

improved with a strobe light. We determined that a strobe light could in effect force fish

through a barrier if the light was on one side of the fish and the barrier was directly oppo

site the light on the other side of the fish. To follow up this scenario, a configuration was

designed in which strobe lights were placed 10 ft out from the trashrack facing back

towards the trashrack. A bar screen deflector on the front of the trashrack was constructed

just below the level of the STS with strobe lights attached just above the bar screen (Fig.

3). The strategy was to box fish between the light and the deflector so their only route of

escape was through the trashrack and into the STS. Field tests in the spring of 1986

demonstrated that the strategy was ineffective: Fish managed to pass around the front

deflector with or without the strobe light on (S. Hays, Chelan County PUD, personal

communication).

Having exhausted the immediate possibilities of driving fish through the trashrack, we

turned our efforts to investigate ways to attract fish through the barrier. Laboratory studies

were conducted in 1987 to quantify a well-known result that fish are, in some instances,

attracted to solid lights. The study, detailed in Appendix 3, illustrated that the maximum

attraction to light occurred when the light level was equal to the level fish were previously

adapted to. In the summer of 1987, the region behind the trashrack was lit with incandes

cent lights (Fig. 4). The level of light at the trashrack was similar to the level of light fish

experienced at depth during the day. The backlighting had no improvement on FGE (S.

Hays, Chelan County PUD, personal communication).

While the field investigations were proceeding, our laboratory studies were revealing

that strobe light was an aversive stimuli to fish. We measured avoidance strength in several

ways including: the speed of escape, the distance of approach, and the distance at which

fish turned from a light. We determined that the avoidance response increased as flash rate

and strobe intensity increased. At the upper range of intensity and flash rate, avoidance
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Fig. 2. Distribution of strobe light intensity during summer 1986 studies at Rocky Reach
Dam. Same units as in Fig. 6.
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Fig. 3. Configuration in summer of 1987 showing strobe light facing trashrack with front
bar screen deflector extending into forebay.
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Fig. 4. Configuration in summer of 1987. Incandescent lights on STS projected back
towards trashrack. Light isopleths extending from light on 1, 0.1, 0.01 and 0.001
~iE/m2/s.
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behaviors appeared to weaken. With strong intensities, it appeared that a fish’s ability to

escape was impaired by the excessive stimuli of the light. This saturation phenomenon

typically is observed in avoidance behavior studies.

Experiments conducted in a raceway at FRI (Appendix 2) indicated that fish could be

attracted to the penumbra, or dim edge, of a strobe light. From these experiments we

surmise that the response of fish to either strobe or solid lights depends on the intensities of

the light they encounter and the intensities of light they were adapted to.

In the autumn of 1987, the model study was renewed and focused on investigating if

trashrack passage was different with and without a STS behind the trashrack. A surprising

result emerged from the study. We previously had assumed that the reluctance of fish to

pass through the trashrack was due to a stimulus from the trashrack itself. The model

indicated that fish only avoided passing through the trashrack when the STS was present,

suggesting that the stimulus which fish avoided was associated with the STS and not the

trashrack. With this hypothesis a new set of strategies to improve FGE emerged. To

lessen the effect of an STS stimulus at the trashrack, the simplest strategy is to increase the

distance between the trashrack and the STS. This scenario is supported by the observation

that, in general, the dams on the Columbia River with the highest FGE also have the

greatest distance between the STS and the trashrack. This hypothesis was independently

formulated by S. Hays and R. Nason of Chelan County PUD. The trashrack has been

moved about 10 ft out from the STS and the effect on FGE will be evaluated this spring.

2. LABORATORY STUDIES
In this section, laboratory experiments conducted (Table 2) to determine the response of

fish to strobe lights are summarized. The experiments conducted with chinook salmon,

steelhead, and rainbow trout indicated that escape- and avoidance-type behaviors could be

quantitatively related to the intensity and flash rate of a strobe light. In addition, other

factors were found to alter the behaviors, including: enclosure size, ambient light level,

time of day, and the presence of trashrack like vertical bars. All experiments were

preformed in still water conditions. A summary of the major points revealed by the

laboratory experiments follows.

Behavior and Enclosure Size
The behavior of fish to sudden and gradual introduction of a strobe light stimuli

depended on the size of the enclosure (Appendix 1). In enclosures, up to about 1.5 m in

length, individual fish swam against the glass towards the strobe light. In intermediate size

enclosures, up to 3 m in length, fish would either turn away from the light, stop
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Table 2. Summary of experiments conducted.

Stimuli Behavioral Fish Fish Enclosure Water Appendix
variable response species length size tern. number

Flash rate Speed and Rainbow 135mm 8m x 2m 12 2
and intensity distance

11Rainbow 135

Rainbow 100

Chinook 60

Chinook 115

Rainbow 150

Rainbow 150

Rainbow 140
Rainbow 140
Chinook 70

Chinook 100

1

1

1

1

1

1

Turn distance

Flash rate Angle

# turns

Speed

Delay time

Distance

Speed
Distance
Speed

Moving and Speed and
fixed lights angle

Enclosure size Turn distance

Time of day Turn distance

3mxO.3m

lmx lm

3 liter

3mxO.3m

3mxO.3m

3mxO.3m

3mxO.3m
3mxO.3m
3mxO.3m

1.3mx 1.3m

Flash
intensity

11

21

20

20

21
11
11

13

1

1

Rainbow 135 3mxO.3m 11 1

Rainbow 130 3mxO.3m 11 1

Barrier % passage Rainbow 74 & 4.5m x .4m 20
Distance 114 mm
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swimming, or swim toward the light. In a large enclosure, 8 m long, a group of fish

would initially scatter in all directions when the strobe light was turned on. Immediately

after the scatter response they swam away from the light and stopped in the light-dark

boundary, which is known as the penumbra of the light (Appendix 2). In general, the

escape speed increased with enclosure size. The freeze response, observed in individual

fish in intermediate size enclosures, was never observed with schools of fish in large

enclosures. Although the behaviors were dependent on the size of the enclosures the

intensity of the behaviors exhibited similar patterns with respect to strobe intensity and

flash rate. From this we may conclude that the results of the laboratory studies, identifying

the optimum strobe characteristics, can be applied to the field setting.

Response to Flash Rate
The intensity of escape and avoidance behaviors increased with strobe flash rate when

the strobe intensity was held constant at an intermediate level (Appendices 1 and 2). In

general, maximum escape speed and avoidance distance were observed at 780 flashes/mm

and between 60 to 90% of the maximum response was observed at a flash rate of 200/mm.

The experiments included juvenile chinook salmon and rainbow trout (steelhead) ranging

between 5 and 13 cm in length.

The effect of flash rate on angle of escape was investigated with rainbow trout. The

angle at which fish swam to avoid a strobe light was greatest at 488/min. At a flash rate of

600/mm fish did not appear to exhibit a clear preference for turning away from the light

(Appendix 1).

Response to Strobe Light Intensity
The effect of strobe light intensity on the response of fish also was complicated by the

difficulty in determining the actual intensity of light that fish received on their photorecep

tors. Photoreceptor intensity was dependent on: (1) the source strength of the light, (2) the

distance of the fish to the light, (3) the light absorption by the water, and (4) the photo-

adaption state of the fish. To control these variables strobe light intensities were reported at

the location of a fish and in most experiments fish were dark adapted.

All light intensities were recorded with a LiCor light meter. Because of the slow re

sponse time of the instrument the light readings for a fixed light intensity did not reach the

full reading at the lower strobe flash rates. The effective intensity at lower flash rates could

be related to the intensity at higher rates through the equation:

(Intensity at rate x) (Intensity at rate y) * (rate x/rate y).
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In general, when fish were suddenly exposed to a strobe light, escape speed increased

with strobe intensity and maximum escape speeds of between 5 and 10 body lengths per

second (bus) were observed with strobe intensities of 1 to 4 ~tE/m2/s. At strobe intensities

> 5 ~tE/m2Is escape speeds appeared to decrease (Appendix 1). A model was developed

relating the speed of escape to light intensity for intensities below the saturation level where

speed declined (Appendix 2).

Experiments in an 8 m raceway demonstrated that fish exposed to a strobe light would

hover a distance from the light in the region of the penumbra. This distance decreased in a

linear manner with the logarithm of the strobe light intensity (Appendix 2).

Comparison of Light with Other Stimuli
The response induced by a strobe light was compared with the response that can be

induced with other strong aversive stimuli. Escape responses in a 3 m tank were induced

by throwing a lacrosse ball or a cement brick into the tank in front of the fish. The escape

speeds and response times were statistically the same as the responses observed with strobe

lights (Appendix 1). In general, a sudden encounter with a strobe light produced escape

speeds of about 7 bl/s. In comparison maximum burst speeds of 10 to 13 bus can be

produced with an electric shock (Webb and Corolla 1981).

Response to Vertical Bars
Experiments indicated that the passage of fish through vertical bars, simulating a trashrack,

was affected by strobe light (Appendix 1). The experimental procedure was to force fish

through vertical bars with a strobe light. In the base condition, without strobe light, only

28% of rainbow trout tested would pass through the vertical bar barrier. With a strobe light

behind the fish, 75% of the fish would pass through the barrier. In both situations, fish

that did not pass through the barrier swam towards it and turn away at a distance of about

0.2 m.

Diel Variations in Escape Behavior
A 24 hour study was conducted to determine if escape behavior varied over the time of

day (Appendix 1). The escape behavior was quantified by the percent of fish that turned

away from a strobe light. Fish displayed the least avoidance response at 0700 hr and the

most response at 2300 hr.
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3. THEORETICAL STUDIES
In theoretical studies, mathematical equations were developed describing the avoidance

and escape responses of fish to strobe light, the startle response of fish encountering an

approaching object, and the attraction of fish to solid lights. The equations for avoidance,

escape and startle responses were incorporated into the models. The equation for light

attraction was used to determine the level of light for backlighting the trashrack in the

summer 1987 FGE studies.

Avoidance Response to Strobe Light
A mathematical model quantifying avoidance and escape responses of fish encountering

a strobe light was developed (Appendix 2). The model assumed that the speed fish swim

away from a strobe light is related to the difference in the perceived light intensity fish

encounter and a light intensity fish prefer for their surroundings. For escape speed, v, the

end results is:

v=Vlog(I/Ia)

where I is the ambient light intensity, Ta is the preferred light intensity to which fish are

adapted, and V is a velocity coefficient. The avoidance distance, that is the distance at

which fish will hover from a strobe light, was expressed by the equation:

xo = (1/k) log(LjIa)

where T~ is the intensity of light at its source and k is the extinction coefficient of light in

water. The model has been evaluated with experiments on rainbow trout, and coefficients

describing the speed and avoidance distance of fish as a function of light intensity have

been determined.

Startle Response to Objects
The basis of the visual activation of the startle response was modeled to help under

stand the factors that effect the behavior of fish at the trashrack (Appendix 4). The model

was developed to identify factors that might be important in avoidance of a trashrack per

ceived visually. The study indicated that the distance at which a fish initiates an avoidance

response, if induced by the visual siting of the trashrack, may be defined:

D=(kV)1/3
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where D is the avoidance distance, V is the approach speed to the object, and k is a

constant. The model was tested with published results on the startle response of zebra

danio (Brachydanio rerio), a small tropical fish.

Attraction to Solid Light
Experiments were conducted showing that the strength of attraction of fish to a solid,

non-flashing light, was dependent on the intensity of the light and the level of light the fish

were adapted to (Appendix 3). A mathematical expression describing the strength of the

attraction was developed from basic psychological principles. In dark surroundings, the

percentage of fish attracted to a light over a specified time interval was expressed by the

formula:

Percent attraction = A - k Abs(log Is/la)

where A is a constant expressing the percent of fish attracted under the best conditions, k is

a constant, Abs is the absolute value operator, log is the logarithm to the base e, Is is the

intensity of light that fish encounter, and ‘a is the intensity of light that fish were adapted to.

The maximum attraction occurs when I~ =

4. MODEL DESCRIPTIONS
The low fish guidance at Rocky Reach Dam was investigated with a computer model.

The study combined the results of the laboratory experiments and theoretical behavior

models with field investigations of FGE, hydroacoustic distributions of fish and currents.

The computer model evolved over the project in three stages. In all stages the move

ments of fish were described by the summation of finite increment displacements resulting

from water flow and any avoidance behavior to strobe light or a trashrack (Fig. 5).

Stage I Model
Initially a deterministic model was developed in which the movements of fish were

described by an nonrandom flow field and simple nonrandom swimming movements that

characterized the response of fish to a trashrack and strobe light. Flow streamlines were

calibrated with average flow conditions determined by Hays (1986). Fish avoidance to

strobe light and a trashrack were assumed to follow basic startle and avoidance type

responses as described by Eaton and Hackett (1985), Weihs and Webb (1984) and Patrick

et al. (1985). In the model, a fish’s response to strobe light was to swim directly away

from the source of the light. In response to a trashrack, the model assumed fish swam

perpendicular to the face of the trashrack. The maximum escape speed was fixed at 2 ft/s.
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Fig. 5. The net movement of fish over a small increment of time is shown to be the
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An avoidance response was assumed to occur at approximately 1 p.E/m2Is. The distribu

tion of light was calculated using radiative equations described in Preisenndorfer (1976).

Accurate field measurements of strobe light had not been made when the stage I model was

developed, so the strobe light intensity was fixed to provide an initial avoidance response

20 ft from a light source. The distance for trashrack avoidance was fixed at 6 ft.

The model predicted that fish avoiding the trashrack would be pulled down the face of

the lrashrack by the flow and would eventually be pulled through the trashrack when the

water flow exceeded the swimming speed of the fish. A model sensitivity analysis indi

cated that the FGE was highly sensitive to the trashrack avoidance distance. In the model,

the FGE also was highly dependent on the strobe position. In general, the stage I model

indicated that FGE was very sensitive to the avoidance responses of fish to a trashrack and

strobe lights. With the limited information available at the time it appeared that an optimum

strobe light location was below the level of the STS facing into the forebay at an angle of

20 degrees off horizontal (Fig. 1). This configuration was tested in the spring of 1986.

Stage II Model
In stage II of the model a number of alterations were made to improve its realism

(Appendix 5). The description of the flow field was improved by including a random

component to the direction of the flow. Avoidance behaviors to a trashrack and strobe light

were also changed. The model distribution of strobe light was calibrated in situ with a

strobe light used in the field tests at Rocky Reach Dam. Swimming speed during strobe

light avoidance was described in terms of the light intensity equation developed in the

laboratory and theoretical studies described in Appendices 1 and 2. Strobe light avoidance

was characterized by the level of light fish were adapted to and a base escape velocity. The

response to a strobe light was expressed in three dimensions. Thus, fish would initiate an

escape response that moved them up, down, or to the side according to their location rela

tive to the strobe light. Variability in the response to a trashrack was expressed in terms of

an escape swimming speed that randomly deviated from a mean value according to a nor

mal distribution. Trashrack avoidance was thus characterized by three components: the

avoidance distance at which an escape response was initiated, the mean swimming speed of

an escape, and the standard deviation of the speed. The model estimated FGE and catch by

fyke nets in the turbine entrance.

Model parameters, describing trashrack avoidance, were adjusted so that model FGE

and fyke net distributions were in approximate agreement with the distributions observed in

the field test. Coefficients for the strobe light response were estimated from the results of

the laboratory experiments discussed in Appendices 1 and 2. An analysis of the model
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response characteristics indicated that the vertical movement of fish in response to strobe

light would be reduced by avoidance movements in the lateral direction. This suggested

that, with only a few strobe lights on a trashrack, the effect on the fish distribution would

be minimal. The analysis also suggested that FGE was strongly dependent on trashrack

avoidance distance and fish swimming speed. A change in avoidance distance of 2 feet

resulted in an absolute change in FGE of 50%. Differences in FGE between species and

conditions were analyzed in terms of changes in avoidance distance and swimming speed.

The model provided a plausible explanation for the observed variability in FGE and

fyke net distributions, but there were problems in identifying a behavioral mechanism

responsible for the responses. The avoidance distance was a critical parameter that could

vary between about 1 and 5 ft. It was not clear what stimulus could produce an avoidance

response in fish 5 ft from a trashrack. Also, the laboratory experiments suggested

avoidance responses may occur at much closer distances.

Stage III Model
In the third stage of the model development the effects of light were disregarded and the

work focused on the trashrack avoidance with and without an STS behind the trashrack

(Appendix 6). More detail was given to accurately describing water flow. Both the angle

and speed of flow were described in terms of average and random components. The

current components were calibrated for conditions with and without an STS using current

meter data given by Hays (1986). Because evidence supporting the avoidance distance

hypothesis was lacking a different approach was developed. In the new approach, trash-

rack passage was described in a probabilistic manner, taking into account fish swimming

ability and variations in current flow at the trashrack. The approach allowed the trashrack

behavior to be expressed by a single variable: the probability of trashrack passage. By

comparison, in the stage II model three parameters were required to describe trashrack

passage. The stage Ill model also included upward swimming behind the trashrack and the

depth distributions of fish in the forebay were identified by species and day-night period.

The model parameters were determined on a species specific basis for day and night

conditions and for configurations with and without a STS. Model parameters were ob

tamed by minimizing a chi-square statistic between predicted and observed FGE and fyke

net distributions. The analysis suggested that trashrack passage probability was 100% in

the absence of the STS. That is, fish passed directly through the trashrack in their initial

encounter with the structure. With an STS behind the trashrack passage probability

dropped to zero above the depth of the STS and was 30% below the STS. In this case fish

only passed through the trashrack above the depth of the STS when the current speed
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momentarily exceeded their maximum swimming speed. Below the STS fish passed

through the trashrack in about 1 out of 3 encounters.

These results suggested that some factor associated with the STS actively produced

avoidance at the trashrack. The avoidance occurred during the night and day which sug

gested that the stimulus inducing avoidance was not visual. A brief review of the behav

ioral literature suggested that low frequency sound was a likely candidate for the postulated

aversive stimulus. It is possible that a STS behind a trashrack could generate sufficient

sounds to inhibit fish passage. The trashrack itself might have served as a reference marker

that fish used to direct their escape. A second possibility is that fish were responding to

rheotactic stimuli produced by turbulence caused by the STS. Turbulence and sound can

be generated by the same dynamical processes but are measured with different instruments.

In either case the model studies suggested that the STS might have produced aversive

stimuli that contributed to the low FGE at Rocky Reach Dam.

5. CONCLUSIONS
Depending on the conditions in our experiments, we concluded that salmonids exhibit

four basic responses to strobe light: (1) escape, (2) attack, (3) stun or (4) attraction.

Escape responses were observed when the stimulus was of intermediate strength and the

fish perceived an escape route. If escape was not possible, they often seemed to attack the

light. The occurrence of these two behaviors could be controlled by altering the size of the

test chamber. In small chambers, they swam towards the light and appeared to attack the

strobe, while in larger chambers they swam to the opposite end of the chamber. Stun

behaviors or reduced escape performance were observed if the strobe intensity was above 5

j.tE/m2/s and the flash rate was above 500/m. At low light intensities, such as a strobe light

appears at a distance, fish were attracted and would hover at the penumbra of the light. In

general, avoidance and escape responses were observed with strobe light intensities of 0.1

to 5 ~tE/m2/s. The EG&G strobe lights used at Rocky Reach Dam produced a local inten

sity of about 1 ~iE/m2/s at a distance of 10 ft.

A simple equation was used to quantify escape speed (typically 7 bus) in terms of light

intensity. Evidence suggested that the escape speed was probably dependent on the level of

light that fish were adapted to. When adapted to higher light levels, fish exhibited weaker

responses to light than when they were adapted to lower light ievels. The experiments also

demonstrated that number of fish exhibiting an avoidance response changed with the time

of day. Fish were least active at 7:00 and most active at 23:00.
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From the laboratory experiments conducted in the spring and summer of 1986, we

surmised that fish consistently respond and, for the most part, tend to move away from

strobe light. Concurrent hydroacoustic measurements at Rocky Reach Dam provided

evidence that strobe lights altered the vertical distribution of fish in front of the ;dam, but

dip net and fyke net studies indicated that the effect on FGE was minimal. The model and

laboratory, studies provided a reasonable explanation for these observations: Inhibition of

passage through a trashrack appeared to make FGE insensitive to the vertical distribution of

fish in front of the trashrack.

The trashrack passage appeared to be a critical factor in determining FGE, and further

studies suggested that fish were reluctant to pass through barriers. In the laboratory, with

daylight condition, strobe light could be used to force rainbow trout through a trashrack

like barrier. But at Rocky Reach Dam, strobe light were ineffective at forcing subyearling

chinook through the trashrack when the STS was directly behind it. This limited analysis

suggests that strobe light stimulus could not counteract the aversive stimulus inhibiting

trashrack passage at Rocky Reach Dam in 1986 and 1987.

How then can the trashrack passage, and consequently FGE, be improved? From our

studies, we formulated the hypothesis that the STS may have generated sound stimuli that

inhibited trashrack passage. This spring, the trashrack at Rocky Reach Dam will be moved

about 10 feet away from the STS to decrease the level of STS-generated sound at the

trashrack, which in turn should increase trashrack passage and improve FGE. The results

of this study will provide an indirect test of the aversive sound stimulus hypothesis. A

more direct evaluation will be conducted this year by studying the distribution of low

frequency sound at the Bonneville Dam Second Powerhouse. If the results of both studies

support the above hypothesis, the problem of improving FGE might be formulated as a

problem in noise control. If the trashrack modifications at Rocky Reach Dam do not

significantly improve FGE and the study of low frequency sound at Bonneville Dam is

inconclusive, then we will be forced to reassess this line of fish passage research. In any

case, it is our opinion that to obtain cost efficient improvements of FGE we must consider

the behavior of fish toward the stimuli they encounter during passage. We also conclude

that the trashrack is the region of prime importance, so studies should identify stimuli in the

trashrack vicinity and the response of fish to the stimuli.
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General Studies on Responses to Strobe Light
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SUMMARY

1. Laboratory experiments characterized the response of juvenile salmonids to strobe light and
to a trashrack-like structure. In general, fish strongly attempt to avoid both stimuli.

2. Strobe avoidance was a function of flash frequency. Regardless of experimental procedure
or the parameter measured, 70-80% of maximum avoidance is obtained at 200 flashes per
minute. This result, obtained in the laboratory, is in close agreement with the experiments in
the 8-rn-long raceway.

3. Avoidance was strongest at intermediate strobe intensities. At twilight back~round light in
tensities, the strongest avoidance response occurred between 1 and 4 uE/mZ/s. Under darker
background conditions, lower strobe light intensities produced the strongest response. Very
bright strobe intensities (4 j.IE/m2/s) tended to ‘stun’ dark adapted salmonids in small tanks.

4. Some behaviors apparently related to strobe light were actually the result of confmement. We
call this the ‘box effect’. The most noteworthy behavior associated with enclosure size was
inhibition of escape swimming.

5. Nontheless, data collected in relatively small troughs (at least 3 m long x 0.3 m wide)
appeared to be a reliable index of the behavior of salmonids in very large troughs (i.e., space
unrestricted). Thus, while absolute parameter values obtained in a small tank were arbitrary,
any changes in response were the same as those identified under unrestricted space condi
tions. This means that studies incorporating flowing water and, of necessity, performed in
small tanks, should yield reliable data when interpreted properly.

6. Time of day affected strobe avoidance. Avoidance was strongest around 11 PM and weakest
at 7 AM.

7. Young salmon avoided strobe lights as strongly as they avoided disturbances produced by
dropping large, heavy objects in front of them.

8. In still water, vertical bars acted as a partial barrier. Vertical bars could either reinforce or
inhibit the escape response from strobe light. The effect depended upon fish size, and the
relative positions of the strobe, fish, and vertical bars.

9. Fish that suddenly encountered a strobe light would turn toward or away from the light. The
probability of turning away from the light increased with flash rate of the light up to an inter
mediate level of 488/mm. At 600/mm, the probability of turning away from the light
decreased.

10. Fish held in a pen in the forebay of Rocky Reach Dam that were inactive in the dark exhibited
momentary activity when subjected to a strong strobe light. No general behavior toward or
away from the light was evident.
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1.0 DEFINITION OF TERMS AND ABBREVIATIONS

Terms and abbreviations used in Appendix 1 are defmed below.

approach speed refers to the swimming speed of a fish as it approaches the area where the
strobe light is turned on

BI background light intensity

bus body lengths per second

box effect behaviors resulting from enclosure size

delay time time elapsed from first flash of strobe to first movement across a specified line.

naive not previously exposed to strobe light

SI strobe light intensity, as measured by a light meter in 1.LE/m2Is

SI setting an arbitrary scale of strobe light intensity

VBs vertical bars forming a trashrack-like barrier

x.x meter mar/c the distance from the strobe light designated as the starting point for an escape
response. This distance (usually 0.3-0.4 m) depended upon enclosure size and
was used because behavior very near the strobe was often difficult to quantify.

zero fish those fish that failed to cross the 0.3 m (or as stated) mark within a specified
time limit, usually 1 minute from strobe onset

2.0 GENERAL METHODS

In this appendix, a number of experiments designed to quantify the response of fish to strobe

light characteristics are described. Special experiments are discussed in Appendices 2, 3 and 4.

The basic experimental design was to place individual fish in a trough and manipulate their

behavior so that they remained in the desired area or performed the desired task. The strobe light

was then turned on and escape velocity and general behavior were noted.

The experimental trough was approximately 3 m long and 0.3 m wide. Water depth was about

5 cm and water temperatures varied between 11 and 22°C. Lake Washington water was pumped

into one end of the trough and exited the other end, producing a small current. The bottom of the

trough was marked off at 30 cm intervals for recording swim distances. The entire trough area

was shielded with black plastic and all fish viewing was done through a video camera mounted

above the trough. The trough was illuminated from above by a 25-W red incandescent bulb and

provided a background light intensity of 0.002 ~.iE/m2/s (-0.1 lux), as measured with a Biospheri
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cal Instruments Model# QSL- 100 light meter. By comparison, full sunlight is approximately

2,000 p.E/m2/s.

A Diversitronics Luma Power Strobe Light Model 50 was placed directly above the upstream

end of the trough. Both strobe light intensity and flash rate could be varied. The strobe light face

plate was sometimes covered with neutral density filters to reduce light levels further. Approxi

mate strobe light intensity was measured as quantum flux with a Lambda LiCor Model LI-185 light

meter attached to an underwater quantum sensor (LI-1925) strobe light.

Juvenile chinook salmon (Oncorhynchus tshawytscha) and rainbow trout (Salmo gairdneri)

were obtained from the University of Washington Hatchery and were held in flow-through tanks

fed by Lake Washington water for several months prior to the experiments. Many had been

exposed to strobe light before. All fish appeared healthy and were dark adapted for at least one

hour before testing, unless otherwise stated.

Tests were recorded on a Panasonic AG-6200 VCR with a low light Dage-MTI Model 60 video

camera. The camera was capable of resolving faceplate illuminations to 2 x 10-6 J.iE/m2/s. Time to

0.01 s was recorded onto the video tape with a Panasonic Time Date Generator Model WJ-8l0.

The video tapes were analyzed to obtain escape speed, time of first reaction to the light, percentage

of fish moving away from the light, total distance traveled away from the light, and other variables.

At least seven replicates were run for each condition, unless stated otherwise. Two basic

experimental procedures (Cruise and Blast) were used and each is discussed below.

Cruise Procedure. Fish over 100 mm long tend to “cruise” from one end of the tank to the

other. This natural swimming behavior was utilized to gain insight into the effect of strobe lights

on moving fish.

Fish were allowed to cruise for a few minutes before exposure to the light. As the fish swam

toward the strobe light end of the tank, the light was turned on when they passed a mark 1.2 m in

front of the strobe. This design allowed the fish to respond to the light before reaching the highest

intensity zone. Also, the design caused fish to swim into the lighted region for some distance

before turning away. Approach speed (swimming speed prior to light exposure), initial response,

percentage of fish traveling less than 1.2 m into the light before turning away from the light,

average turn position, and escape speed were noted.

Blast Procedure. Here, the fish were manipulated (using light, visual references, or overhead

refuge) to remain in a specified area directly beneath the strobe. All fish faced the light and were

either stationary, or swam in a small current, when the strobe light was turned on; thus they

suddenly were ‘blasted’ by light and could either move directly away from the light or remain in

the bright region. Measurements included delay time, total distance traveled away from the light,

escape speed, and response type.
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3.0 EXPERIMENTAL REVIEWS

3.1 The Response of Salmonids to Vertical Bars
We investigated the response of rainbow trout to a trashrack-like barrier (henceforth called

vertical bars (VBs)). Individual fish were placed at the end of a trough near the strobe light. The

strobe light was turned on forcing the fish to swim through the VBs to escape from the flashing

light. We observed their behavior as they attempted to deal simultaneously with both of these

aversive stimuli.

Methods
The experimental trough was approximately 4.5 m long and 0.4 m wide. Water depth was 0.1

m and water temperatures ranged between 19 and 20°C. The bottom of the tank was marked off in

0.4 m increments for recording fish position. The trough was shielded with black plastic. All

work was done at ambient light levels and the fish were all light adapted.

The VBs were made of one by three wooden slats held 0.15 m apart by a horizontal cross

board. Two wooden slats, 0.025 m wide and 0.08 m deep, were placed 0.15 m from one another

and 0.13 m from the tank walls. Five different VBs positions were investigated: 0.8, 1.2, 1.6,

2.1, and 2.5 m from the strobe light. Control tests were also conducted with no VBs. Several

replicates were made for each position.

The strobe was placed inside an aquarium submerged in the trough. In the experiments, the

strobe light was turned on and intensity was continuously and evenly increased until the fish

swam 0.4 m from the strobe light, or until one minute elapsed. The strobe light flash rate was 600

per minute.

Experiments were conducted with two different trout size groups (large = (x + SE mm) 113 ±

1.2, small = 74± 1). Fish were allowed to acclimate for 3 minutes after being placed into the

trough directly beneath the strobe and before being exposed to light. We recorded the percentage

of fish that swam through the VBs at least once during the acclimation time. The strobe light was

turned on when a fish was underneath and facing into the light.

The following data were collected by direct observation and video:

Strobe Off

percentage of fish retained by the VBs

Strobe On

percentage of fish passing the 0.4 m line
delay time
percentage of fish retained by the VBs
number of times a fish turned back toward the light
position of turn back toward light with respect to VBs
total distance traveled away from the light
escape speed
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Only fish that moved past the 0.4-rn mark were included in the presentation of the last six

parameters above.

Results
Strobe Off. Thirty-eight per cent of the small fish and 30% of the large fish did not swim to

the opposite end of the trough (4 m) within the first three minutes. At VB positions of 0.8 m, 1.2

rn and 1.6 rn, 48%, 55%, and 65% of the small fish, and 80%, 60%, and 82% of the large fish,

respectively, were retained on the strobe light side of the VBs (Fig. 1). These data suggest that the

presence of VBs inhibit fish motion.

Strobe On. Some fish did not move away from the strobe light; they either appeared stunned

or they swam frantically from wall to wall beneath the light. Fish that failed to move away from

the light and never passed the 0.4 m mark were designated ‘zero fish’. Ten per cent of the large

fish and 28 per cent of the small fish fell into this category in the absence of any VBs. The VBs

had no clear effect on this parameter.

Of the fish that swam past the 0.4 m mark, some number did not pass the VBs:

% Retained by VBs

VB DIST from
Strobe (m) 0.8 1.2 1.6 2.0 2.5 none

Large trout 10 10 25 0 0 0
Small trout 25 20 29 25 0 0

In the absence of VBs, all (non-zero) fish swam to the end of the tank. Thus, the VBs acted as a

complete barrier to 10-30% of the fish if the bars were less than 2 rn from the strobe.

The VBs inhibited the small fish from moving away from the strobe light and the closer the

bars to the light, the longer the delay (Fig. 2). VB positions of 1.2 and 1.8 m from the light

caused the greatest delay among the larger fish.

Delay time was related to the average strobe intensity setting at which the fish moved past the

0.4 m mark. A higher light intensity was needed to move the fish down the trough when the VBs

were closer to the strobe (Fig. 3). The aberrant point (circled in Figs. 2 & 3) was consistently

found with all parameters, and suggests that a size dependent critical distance between the strobe

light and the VBs, caused a qualitative shift in the escape response.

As the fish approached the VBs they often turned back toward the light and circled in front of

the VBs before actually passing. The number of times the fish turned back toward the light is

presented below.
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VB to strobe distance (m)

Fig. 1. Percentage of rainbow trout retained by vertical bars (VBs) with the strobe light off. Data
are shown separately for two different trout size groups: • (x 113 mm) and o (x =74
mm).

Delay time, T (s)
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VB to strobe distance (m)

Fig. 2. Avoidance response delay time as a function of VB distance from the the strobe light. The
circled datum does not fall along the otherwise decreasing function between delay time and
VB position.
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Strobe setting, S
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0 i

0 3

VB to strobe distance (m)

Fig. 3. Arbitrary strobe light intensity setting at which trout first swim away from the light as a
function of VB position. The circled datum does not fall along the otherwise decreasing
function between SI setting and VB position.
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Number of Times Trout Turn Back Toward Light

VB DIST from
Strobe(m) 0.8 1.2 1.6 2.0 2.5 noVBs

Large: mean 0.6 1.3 1.3 0.1 0
SD 1.1 1.3 1.4 0.3 0

Small: mean 2.3 0.9 1.0 1.7 1.2
SD 1.5 1.4 1.8 2.6 1.3

The position at which a fish turned back toward the strobe light was highly dependent upon VB

position (Fig. 4).

Fish speed in front of the VBs seemed to be independent of VB position, except when the VBs

were close to the light. In that case, the small trout swam slower and the large trout swam faster

than at other VB positions.

Speed in Front of the VB
(Body Lengths/s)

VB DIST from
Strobe (m) 0.8 1.2 1.6 2.0 2.5 noVBs

Large: mean 7.8 5.6 5.7 6.6 5.7
SD 4.4 5.0 3.6 2.3 1.9

Small: mean 0.7 6.3 3.8 6.2 4.5
SD 0.5 4.4 3.0 0.9 1.7

Total escape speed showed similar patterns for both large and small fish (Fig. 5). Total escape

speed was higher with VBs than without VBs, and highest when the VBs were close to the fish.

Total distance travelled away from the light appeared to be independent of VB position with all

trout moving about 2.5 m away from the light.

Summary
In still water, the presence of VBs inhibited the natural movement of rainbow trout. In the

absence of VBs, 30% of the large fish and 25-38% of the small fish remained within 0.8 m of the

strobe. In contrast, on average, 72% of the large fish, and 58% of the small fish were contained in

the area to the strobe side of the VBs.

When trout were forced to choose between swimming away from the strobe light and toward

the VBs they reacted as if to balance two opposing forces. About 25% of the small fish and 10-

25% of the large fish swam away from the light only to turn back toward it upon reaching the VBs.

These fish continued to circle in front of the VBs, apparently alternately reducing the stimulus from

each source.
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0

VB to strobe distance (m)

Fig. 4. Average position at which trout turn back toward the strobe light as a function of ‘VB
position. If trout were turning at the VB, data would fall on the line; the displacement
below the lines shows that trout consistently turn back toward the light about 0.2 m in
front of the VB.

Escape speed, V(bl/s)

Distance to turn, X (m)
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0

0 3
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VB to strobe distance (m)

Fig. 5. Trout avoidance speed as a function of VB distance from the strobe light.
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Trout were driven through the VBs with a strobe light. When the VBs were near the strobe,

the large trout swam away from the light faster, with less delay, and at a lower illumination than

when no VBs were present. Small trout responded in the opposite fashion:

Response Ratio (VB/no VB) for Various Parameters

SPEED DELAY TM THRESHOLD SI

Large trout 1.4 0.5 0.8
Small trout 0.2 7.6 3.1

These parameters were not independent and the values were also highly variable. Nontheless, this

difference in initial response seems noteworthy, particularly since large trout showed the same

response direction as small trout when the VBs were further from the strobe. These results

suggest that the response to the VBs depended upon fish size and the relative positions of the

strobe, fish, and VBs. If the VBs were closer to the strobe than a critical distance, then the VBs

acted to reinforce the strobe avoidance response. Once the VBs were beyond the critical distance,

they inhibited avoidance of the strobe. Furthermore, strobe avoidance inhibition decreased as a

function of distance between the two stimuli (Fig. 6).

3.2 Effect of Flash Rate
Experiments designed to investigate the influence of flash rate on fish response to strobe light

are summarized in the following table and discussed below in reverse chronological order.

Summary of Flash Rate Experiments

EXP# SPECIES LTH T FLASH RATES EXPERIMENTAL PROCEDURE
(mm~ °C (1/mm)

1 chinook 60 11 78, 200, 720 Fish in bowl, hi light,turns counted

2 chinook 115 21 78, 180, 240 Blast Procedure
300, 420, 600
780

3 rainbow 150 20 79, 99, 128, Blast Procedure
173, 269

4 rainbow 135 11 78, 110, 140 Cruise Procedure
180. 780
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Delay time, T (see)

60 I
J0

T

0

0

0 H
0 10 28

D/L

Fig. 6. Trout delay time is plotted vs the ratio of the distance (D) between the VBs and the strobe
light to trout length (L). It is suggested that a size-dependent critical distance defines
whether the VBs act to reinforce or inhibit avoidance of the strobe light. Dotted line
indicates threshold region. o = small trout; o = large trout.
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Experiment 4:

Methods
Rainbow trout were tested for response to various strobe flash rates in a 3 m long trough. The

strobe light was turned on as the trout swimming toward the strobe passed a mark 1.2 m in front of

the strobe.

Results
The average distance traveled toward the light before turning varied as a function of strobe

flash rate (Fig. 7). The greatest difference occurred between 78 and 180 flashes per minute. Each

of these flash rates was associated with a different overall light intensity even though the intensity

setting remained the same.

The major response change occured between 0.12 and 0.22 ~iE/m2/s (very small light intensity

range), suggesting that it was associated with rate, not intensity (Fig. 8).

Experiment 3:

Methods
Rainbow trout were encouraged to swim directly in front of the strobe light and were then

suddenly blasted with light at flash rates ranging from 79 to 269 per minute.

Results
Regardless of flash rate, about 50% of the fish moved 0.9 m away from the strobe within 5

seconds of the first flash. Other data are reported below.

Experiment 3 Data Table

Flash Rate (1/mm) 79 99 128 173 269

Delay mean 1.3 1.4 2.4 1.6 0.4
Time SD 3.6 1.7 5.3 2.7 0.8
(s) N 13 8 13 11 9

Distance (m) mean 0.9 0.9 1.0 1.1 1.1
moved in SD 0.4 0.4 0.4 0.2 0.2
Ssec N 13 9 13 11 9

Speed mean 2.4 2.3 2.0 1.7 1.8
(BL/s) SD 16.2 11.4 8.3 6.7 9.5

N 13 9 12 11 9

All of these fish moved away from the light (i.e., no zero fish).



Appendix 1 34

Distance to turn, X (m)
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000

0
o 800

Flash Rate (1/mm)

Fig. 7. Average distance that rainbow trout swam toward the light before turning, as a function of
flash rate. Low values on the ordinate represent the strongest avoidance response.

Distance to turn (X)
1,

- 0

X(m) 0

0 I I I I I I

0 800

Strobe intensity (uE/mA2/s)

Fig. 8. Average distance rainbow trout swam toward the light before turning vs measured strobe
intensity (increasing due to flash rate). Seventy percent of the response change occurs
over an intensity range of 0.1 p.E/m2/s, suggesting that the response change is due to flash
rate.
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Experiment 2:

Methods
Young chinook swam directly in front of the strobe in a 3 m long trough and were then blasted

with light at rates ranging from 78 to 780 flashes per minute.

Results
These salmon showed a consistent difference in their response to all flash rates. Only 30% of

the fish moved beyond the 0.3 m line at 78 flashes/mm (Fig. 9); most fish circled about and

appeared to be ‘stunned.’ The chinook exposed to 78 flashes per minute endured high strobe light

intensity, delayed their response (Fig. 10), and didn’t move very far.

Experiment 1:

Methods
Small chinook were placed into a 3 liter cylindrical tank and subjected to very high strobe in

tensities. The number of turns counted per unit time provided an index of the need to escape.

Results
This group of 60 mm chinook showed a sharp increase in response between 78 and 200

flashes/mm (Fig. 11).

3.3 Effect of Strobe Intensity
Experiments were conducted to investigate the affect of strobe intensity on the avoidance

response of juvenile salmonids. These will be described in reverse chronological order and a

summary table is provided below.

Summary of Strobe Intensity Experiments

EXP# SPECIES LTH T FLASH INTENSITIES TESTED PROCEDURE
(mm) °C RATE (jiE/m2/s)

1 chinook 70 11 780 0.23, 1.23, 3.7, 4.0, 7.9 Cruise

2 rainbow 140 21 180 0.03, 0.06, 0.07, 0.13, Cruise
0.88, 9

3 rainbow 135 11 180 <<0.02, 0.02, 0.2, 1.2 Blast
3.3
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Fig. 9. Percentage of chinook crossing the 0.3 m mark after onset of the strobe light. A number
of fish did not swim away from the light at the lowest flash rates.

Delay time, T(s)
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T 0
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0 ~ 0 0

0 I I I I I
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Flash Rate (1/mm)

Fig. 10. Chinook avoidance response delay time vs flash rate.
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Frequency of Motion (1/mm)
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Fig. 11. Mean frequency of ‘avoidance motions’ of chinook as a function of flash rate.
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Experiment 3:

Methods
Rainbow trout were placed into a 3 m long trough and allowed to ‘cruise’ from one end of the

tank to the other end. As the trout swam past a mark 1.2 m in front of the strobe, they were

suddenly subjected to flashing light, which varied in intensity from less than 0.02 p.B/m2/s to 3.3

j.iE/m2/s.

Results
The number of startle responses differed dramatically as a function of strobe intensity. For

example, over 70% of the fish startled as the light was turned on at 0.02 I.LE/m2/s and over 40% of

the fish startled at 0.2 ~.tE/m2/s. No startles occurred at any other intensities.

Regardless of intensity, 10 to 60 per cent of the trout stopped swimming once the light was

turned on. Approximately one-half of the fish swam forward less than 1/2 m before turning away

from the strobe light, except at very low light levels. The highest light intensity seemed to inhibit

the escape response.

The average approach speed of the trout was 2.2 bus. The average speed in the 2-second

interval after the light was turned on was slower than the approach speed if the fish were traveling

toward the light in the escape, and faster than the approach speed if the fish were traveling away

from the light in the escape (Fig. 12).

Avoidance Speed
(bl/s)

SI (p.E/tn2/s) 0 <0.02 0.02 0.2 1.2 3.3

Toward mean 2.1 1.7 2.3 1.5 1.8 2.7
SD 1.1 0.6 0.8 1.2 0.5 2.5
N 7 5 5 4 3 4

Away mean 1.7 2.7 1.9 3.0 2.9
SD 0.8 0.6 0.8 1.1 1.5
N 2 2 3 4 3

Experiment 2:

Methods
Rainbow trout were placed in a 3 m long trough. When they were directly in front of the

strobe, they were “blasted” with light.
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Fig. 12. The ratio of speed before turning on strobe light to speed after turning on strobe light for
trout. The graph demonstrates that if the fish turned away from the light, they traveled
faster with the light on; if the fish continued toward the light, their speed was slower
with the light on.
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Results
An analysis of variance showed that the total distance traveled away from the strobe light, and

the speed over the total distance traveled, were both related to strobe light. Trout swam further

away from the light at the lower intensities. More “zero fish” occurred at the high light intensities

than at the low intensities. These data are presented below along with speed measurements.

Intensity Experiment 2 Results

Distance mean 0.9 1.2 1.0 0.6 0.7 0.8
(m) SD 0.4 0 0.3 0.4 0.4 0.4

N 8 7 10 11 9 9

Speed mean 1.5 3.0 2.3 1.6 2.5 1.6
(BL/s) SD 10 8.9 13.0 15.7 12.8 8.1

N 8 7 10 10 7 8

Experiment 1:

Methods
Juvenile chinook swam in a small current directly in front of the strobe light and were “blasted”

at strobe intensities ranging from 0.23 j.tEIm2/s to 7.9 ~iEIm2Is.

Results
In approximately one half of all the experiments, the fish swam toward the strobe light within

the first ten seconds of exposure. Chinook appeared to be either stunned or in a state of panic.

Swimming directly away from the strobe light did not often occur, but was most likely under

higher light levels in the background.

The average escape speed (5~ ± 1SE, n = 66) was 0.92 ± 0.10 ft/s (28 cm/s or about 4 body

lengths/s). Mean escape velocities were a function of strobe intensity (Fig. 13). Fish responded

most strongly between strobe intensities of 1 and 3.9 ~.iE/m2/s.

Summary
The following table summarizes the results of the three experiments designed to investigate the

effects of strobe intensity on the response of salmonids to flashing light.

SI (uE/mZ/s)

% zero fish

0.03

0

0.08

0

0.07

0

0.13

11

0.88

22

9.1

11
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Results of Strobe Intensity Experiments

Showing light levels that induced maximum values of parameters

EXP# PARAMETER MAR* PARAMETER MAR PARAMETER MAR

1 speed 1.23-3.7

2 speed 0.06-0.9 distance 0.03-0.07 %zero fish 0.03-0.7

3 speed 1.2,3.1 turn dist 0.02-1.2 %tuming 0.02-3.3

*Range of light (jiEIm2Is) for maximum response.

3.4 “Box” Effect
An experiment was conducted to determine whether the salmonid response to strobe light was

altered by the walls of the experimental trough.

Methods
Rainbow trout (135 mm) were placed into several different sized enclosures, produced by

placing a clear plexiglass plate (strobe facing end) and a metal grate (back end) between the walls

of the trough. The distance between the front end of a box and the strobe light was also varied.

The “cruise procedure” was followed and box lengths were: 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, and

2.4 m.

Results
Nearly all fish swam actively against the clear plate facing the strobe light for box lengths

ranging from 0.6 to 1.8 m. Many fish swam away from the light once the box was expanded to

2.1 m (Fig. 14). The distance of the plexiglass box front to the strobe did not cause any response

differences.

A second experiment, using methods outlined in the vertical bars section, revealed that the size

of the holding tank altered the response of the fish. Fifty per cent of the rainbow (N = 6) held in a

0.7 m long trough and then placed into the 4 m long experimental trough never moved away from

the strobe light. In contrast, all fish (N =7) held in a 4 m long trough and then transferred to the

experimental trough moved away from the light.

In an experiment at Rocky Reach Dam, 100 mm chinook held in a 1.3 m by 1.3 m net pen did

not consistently swim away from the strobe light (see Section 3.9). Fifty percent of the chinook,

rainbow and steelhead trout tested in a 3 m long trough consistently swam away from strobe light.

In contrast, all rainbow trout tested in an 8 m long raceway consistently swam away from strobe

light (see Appendix 2).
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Escape speed, V (bl/s)
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Fig. 13. Chinook avoidance speed as a function of strobe light intensity.
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Those fish which avoided strobe light in the 3 m long trough showed the same response curve

as fish tested in the 8 m long raceway. For example, 70-80% of the maximum avoidance response

was obtained at a flash rate of 200/mm in both the 8 m long raceway and the 3 m long trough.

Thus, fish which avoid strobe light in a relatively small trough provide a reliable index of behavior

in a large raceway.

These results indicate that enclosure size affects the avoidance behavior of salmonids to strobe

lights. Furthermore, it appears that in circumstances when the use of large troughs is impractical

or impossible, the effect of enclosure size can be accounted for.

3.5 The Effect of Time of Day
An experiment was conducted demonstrating that the response to strobe light may change

depending upon time of day.

Methods
Rainbow trout were placed into a 3 m long trough and tested for movement away from strobe

light using the cruise procedure. The experiment was repeated at eight different times during one

24 hour period. Seven naive fish were tested at each time (i.e., N 56).

Results
The most striking result was a complete inhibition of the avoidance response at 7:00 AM (Fig.

15). Steelhead tested at 7:00 A.M. (in a similar experiment) also showed 0% turning within 1/2 m.

3.6 Effect of Experience
An experiment was conducted to test the affect of previous exposure to strobe light on the

avoidance response. The general behavior of 7 naive rainbow trout was compared to the behavior

of 7 previously exposed rainbow trout.

Methods
Fish were placed individually into a 3 m long trough and allowed to cruise past the 1.2 m mark

before exposure to strobe light. The strobe intensity setting and flash rate were set at 5 and 180,

respectively.

Results
Prior exposure to strobe light did not alter the escape response as measured by the percentage

of fish turning away from the light before traveling 1/2 m toward the light, or the average distance

traveled before turning away from the light.
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Fig. 14. Percentage of rainbow trout turning away from the strobe before traveling 1/2 m toward
the light as a function of enclosure length. Seven replicates were run for each condition
(N=63). Equal box lengths indicated on the abscissa were experiments run with the
front box edge at different distances from the strobe light. The 2.4 m box length was
used in many experiments presented in this report.
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Fig. 15. Percentage of rainbow trout turning away from the strobe light as a function of time of
day. N=7 for each time period. No fish turn away from the light quickly at 7:00 AM.
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Naive Non-naive

% turning within 1/2 m 57 71

turn distance mean 0.5 0.5
(m’) SD 0.3 0,3

3.7 Reference Experiments
Experiments were performed to identify how the response to strobe lights compared with other

stimuli.

Methods
Rainbow trout and steelhead, about 135 mm long, were tested in a 3 m long trough using the

cruise procedure. As a fish crossed the 1.2 m mark, it was subjected to strobe light, a lacrosse

ball dropped from a height of 1.5 m, or a falling seven pound brick. The average turn position and

the percentage of fish turning before traveling 1/2 m toward the light were recorded for each

stimulus.

Results
No difference was apparent between the groups. This suggests that failure to swim away

from strobe light was likely associated with enclosure size and did not mean that strobe light was a

weak stimulus. Nearly as many trout failed to swim away from a falling ball or brick as from

strobe light.

RAINBOW TROUT
STRO1W BALI

0.5
0.5
7

STEELHEAD
BALL BRICK

0.5 0.6
0.6 0.3
7 7

3.8 Effect of Flash Rate on Direction of Escape

Introduction
Laboratory experiments were conducted to deteniilne if the direction of escape from strobe light

was dependent on the flash rate. The experimental facility was designed to force fish down an

approach alley into a test chamber containing a strobe light. Fish could see the reflection of the

Turn mean 0.5
position SD 0.5
(m) N 7

% Turning in 57 29 57 33
1/2m
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strobe light in the approach alley, but they did not directly encounter the light until they entered the

test chamber. This arrangement was used to partially mimic the experience of fish being drawn

toward a trashrack and strobe lights.

Materials and Methods
Yearling steelhead trout (Salmo gairdneri) raised at the University of Washington’s School of

Fisheries hatchery were used in the experiments (Nov. 28-30, 1986). The average fish length was

118 mm. Fish were tested in a facility consisting of a tank divided into a holding chamber, an

approach alley 1-rn long, and square test chamber 1 m x 1 m x 0.2 m (Fig. 16). A constant flow
of 11°C water from Lake Washington flowed through the system entering through the holding

facility and exiting through the far end of the test chamber.

Fish were fed and held in the holding chamber overnight before the experiments. Individual

fish entered the approach alley through a trap door in the alley wall. Fish were forced down the

approach alley with a screen. Entering the test chamber, they encountered the strobe light.

Light intensity (~tEIm2Is) measured from the strobe (cm) for test chamber and alley
for five different flash rates.

cm~ 0 144~~ 288 488 600

Test chamber

0 0.05 8.40 13.50 21.60 27.60
10 —* 1.50 2.50 3.60 4.50
20 — 0.60 1.00 1.50 1.80
30 — 0.30 0.51 0.72 0.93
40 — 0.24 0.39 0.54 0.69
50 — 0.18 0.30 0.42 0.51
60 — 0.15 0.24 0.30 0.39
70 — 0.12 0.18 0.26 0.33
80 0.05 0.09 0.15 0.20 0.24

Alley
0 0.05 0.12 0.18 0.26 0.33

10 — 0.05 0.05 0.08 0.08
20 — — — 0.06 0.08
30 — — — 0.06 0.06
40 — — — 0.05 0.06
50 — — — 0.05 0.05

100 0.05 0.05 0.05 0.05 0.05

+Djsmnce measured from strobe tube.
++flash rates are 1/mm.

*Values equal to ambient light levels (0.05 j.IE/m2Is).
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A xenon strobe light with variable flash rate (Tandy Company) was housed in a glass tube in

one corner of the test chamber. A second inoperative tube was placed in the opposite corner to

provide symmetry in the chamber. The strobe was switched between both tubes to test for

behavioral preference for one side of the chamber or the other. No preference was observed.

An ambient light level of 0.05 ~J.E/m2Is was produced by two 25W red incandescent bulbs.

Strobe intensity was measured with a Li-cor model LI-l85 photometer. The light intensity de

creased in a radial fashion with distance from the strobe tube. The approach alley light intensities

were one to two orders of magnitude lower than in the test chamber (Fig. 17). Because of the

response lag of the light meter, strobe intensity decreased with flash rate.

The tests were conducted in the day with fish adapted to the red background lights. At the

beginning of a test, a fish was allowed to voluntarily enter the alley. The video recorder and strobe

light were turned on and two guiding screens of perforated plexiglass were used to maneuver the

fish along the alley. The test was completed when the fish had come in contact with a wall in the

test chamber or had stopped moving. Individual fish paths were traced onto acetate sheets from the

video monitor.

The experimental design was as follows. Four fish in succession were tested at each of four

flash rates: 140, 288, 488 and 600/mm. Between changes in flash rate, one fish was tested under

control conditions (no light). This balanced design reduced variability from uncontrolled factors

such as time of day or the hunger state of the fish.

A continuity-corrected chi-square analysis (.05 level of significance) was perfom~ed as a

comparison between the control (no light) group and each flash rate group to determine if there was

a relationship between response and flash rate. To categorize responses for the analysis, the test

chamber was divided into two zones, A and B, in which zone A contained the flashing strobe. The

junction of these zones corresponded to the midline of the test chamber (Figure 16). Responses

were categorized as positive if fish stayed or moved into zone B within one second of entering the

test chamber and negative if, after one second, fish were in zone A.

A one-way ANOVA (.05 significance level) was performed to detect differences between mean

speeds of the responses to different flash rates.

Results
Fish tested under control (no light) conditions showed no preference for either side of the test

chamber. Most fish exposed to the strobe light (flash rates of 140,288, 488 and 600) showed a

preference for zone B, although only the 488/mm group resulted in a significant difference
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(Figure 18). At a .05 level of significance, the null hypothesis stating independence between fish

direction and flash rate was rejected for 488 flashes/mm but was not rejected for 140, 288, and 600

flashes/mm. The continuity correction used in this chi-square analysis makes the significant result
highly dependable.

Analysis summary showing the number of fish that moved toward or away from the
strobe within one second during control (strobe off), 140,288, 488 and 600/rn flash
rate tests. CM-square critical value was 3.841 (df = 1, cc = .05) and p-value is shown
only for significant comparisons.

Strobe
flash No of fish
rate Away Toward Chi-sQuare Conclusion

0 (=control) 23 19 0.048 ns
140 11 8 0.002 ns
288 35 18 0.824 ns
488 14 2 4.052 .025 <p <.05
600 10 6 0.055 ns

Mean fish speeds at flash rates of 0, 140, 288, 488 and 600/mm were 7.62, 7.42, 6.88, 8.04,

and 6.69 bl/s, respectively. The computed ANOVA (.05 significance level) showed the

differences between the mean fish velocities to be non-significant.

Mean velocity (bUs) measurements and one-way ANOVA calculations (cc = 0.05).

Strobe
flash Source of
rate Mean (Std. dev.) n variation df SS MS F

0 7.62 (2.374) 42 BETWEEN
144 7.42 (1.672) 19 GROUPS 4 28.44 7.11 1.49
288 6.88 (2.260) 53
488 8.04 (2.225) 16 WITHIN
600 6.69 (1.818) 16 GROUPS 141 671.02 4.76

TOTAL 145 699.46
(.10 <i, <.25)

Discussion
These data suggest that avoidance direction was affected by flash rate while the speed was not.

The ANOVA performed on the mean fish speeds clearly showed no significant differences between

control and flash rate groups.
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Figure 18. Percent of steelhead in regions A (near light) and B (away from light) after 1 s.
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The chi-square analysis for the comparison between direction of movement and flash rate

showed a significant difference in the 488/mm flash rate. A graphical examination of the results

(Fig. 18) tends to suggest that greater avoidance was achieved with an increase in flash rate. The

percentage of fish in zone B exposed to the 600/mm flash rate was lower than expected. The high

frequency flash rate may have stunned the fish, thus reducing their avoidance response.

3.9 Reaction of Juvenile Chinook Salmon in a Net Pen to Strobe Light

Introduction
To supplement our studies of the reaction of salmon to strobe light experiments were conducted

at Rocky Reach Dam. The purpose of the experiments was to bridge the gap between our studies

of fish behavior to strobe light in laboratory experiments and fish behavior to strobe lights 80 ft

down a lrashrack at the dam. The experiments were conducted in the surface waters of the forebay

of the dam river using the strobe light that was also used on the trashrack.

Methods
On October 3 1986 experiments were conducted at night in the forebay of Rocky Reach Dam in

a pen 4.2- x 4.2-ft wide and 1-ft deep held just below the surface. The bottom of the pen was

covered with white plastic, which made the fish visible. The sides of pen were made of black

plastic webbing that was essentially invisible in water. The pen was located next to a concrete wall

on the east end of the dam. A strobe light (EG&G Fish Avoidance Xenon System, Model number

FA- 125) as positioned 10.4 ft away and produced a light intensity in the pen between 0.25 to 0.7

jiE/m2/s. The flash rate was 300/mm. Fish movements were recorded from 8 ft over head by a

Dage-MTI Intensified Silicon Diode low light camera, MX 11 Series camera. A red 25W back

ground light was used to illuminated the area. With the background light fish in the pen were just

distinguishable from the viewing platform 8 ft above the water surface.

Three groups of 8 fish subyearling chinook salmon (Oncorhynchus tshawytscha), approximate

length 100 mm, were placed in the pen and subjected to a number of trial exposures to the strobe

and an incandescent 40w light 6 ft directly above the pen.

Fish were transferred fromthe hatchery and the experimental area in a 5-gallon bucket. They

were poured into the pen from a height of 6 ft and allowed to acclimatize to the pen for 20 mm

before beginning the experiments.

The fish in each group were subjected to four light conditions: swing, blast, solid and blast-

solid. The conditions were tested in sequence with a 5-mi nperiod between each trial.
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Description of the four light conditions fish

(1) “Swing”: The strobe light was turned on facing 90 degrees to the pen and was rotated towards
the pen over a 6s interval. This procedure was designed to mimic the pattern of light fish
were expected to encounter when they were pulled into the trashrack by a turbine entrance
flow.

(2) “Blast”: The strobe light was aimed directly at the pen and turned on.

(3) “Solid”: The overhead incandescent 40 w bulb over was turned on.

(4~ “Solid-Blast”: The incandescent light and strobe light facing the pen were turned on together.

The fish position and movement were determined by plotting the video images on an acetate

sheet over the video screen. The headings of fish relative to the strobe light and their movements

were recorded for about 4 s after the light stimuli were activated. Time with a resolution of 0.01 s

was superimposed on each video frame with a Panasonic time-date generator.

Results
Fish were inactive in dark. When the strobe was turned on they exhibited a variety of desul

tory movements including: darting behavior, freeze behavior, and slow swimming. A common

pattern was for the fish to initially move when the light was first turned on and then after a few

seconds they slowed or became still. In general, no behavioral pattern dominated in any group or

with any set of light conditions.

For all trials the average velocity over the first 4s interval was 2.4 bus. The average speeds

varied between light conditions (Fig. 19), but there was no significant difference in speed at the

0.05 probability level. In several fish, the initial speed was large, reaching 15 bus within the first

0.06 s.

Mean velocity (bus) and ANOVA (alpha 0.05)

Light conditions Mean (std. dev.’ n variation df SS MS F

“Swing” 2.3 (1.3) 14 Between
“Blast” 1.6 (0.9) 22 Groups 3 36.7 12.23 6.36
“Swing” 3.6 (2.0) 14 Within
“Blast & solid” 3.2 (1.2) 4 Groups 50 96.15 1.92

TOTAL 53 132.85
P .001

The light stimulus often caused fish to move for the first second or two and then to freeze. To

determine if the light stimuli altered their orientation in a consistent manner the initial heading when
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the stimulus was activated was plotted against the fish heading when activity decreased (Fig. 20).

In general, no consistent pattern emerged. Of the 33 fish facing the strobe when it was turned on

51% turned away from the light (quadrant A, in Fig. 20) and 49% remained facing the light (quad

rant C, Fig. 20). Of the 16 fish facing away from the light when the stimulus was activated 56%

remained facing away from the light quadrant B) while 43% turned towards the light (quadrant D).

More fish started the experiments facing the direction of the strobe light. This was a result of fish

tending to face towards the strobe light after their first exposure to light.

Velocity Comparison Between Groups

Swing Blast Soljd Blast— olid
Condition Condition Condition Condition

Velocity (bl/s)
4.5

4

3.5

3

2.5

2

1 .5

.5

0
Group 2

Groups

Fig. 19. Speed of groups of juvenile chinook salmon exposed to light.



Appendix 1 55

l8Op 0 0
0 00

0 000
0

0 0
0

0 0
0

A B

90 0
0 C D

0

~0 0 0

~b 0 0

-~ 0 0

) I m

A
n

g
1
e

E
n
d

0
0 90 180

Angle Start

Fig. 20. Direction of fish before and after exposure to strobe light.



APPENDIX 2:

Response of Rainbow Trout in a Raceway
to Strobe Light



Appendix 2 57

INTRODUCTION
Experiments were conducted to determine the response of rainbow trout in a large raceway to

strobe lights at night. The experiments were used to develop a quantitative model for the response

of fish to strobe light.

METHODS
Experiments were conducted at the University of Washington Hatchery in an outdoor raceway

8.3 m (27 ft) in length, 1.6 m (5.25 ft) wide, and 1.07 m (3.5 ft) deep. The water depth was 0.6

m (2 ft). The raceway was painted a dark green. During the experiments all flow through the

raceway was shut off.

A Diversitronics Luma Power Strobe Light Model 50 was placed at the downstream end of the

raceway and was pointing down into the water from a height of 4 feet from the bottom of the

raceway (Fig. 1). The flash rate was adjustable between 78 and 780/mm and strobe intensity in the

water was adjustable between 0.05 to 5.3 ~tE/m2/s.

Strobe intensity was determined with a Lambda LiCor Underwater Quantum Sensor Model LI-

185 with an Underwater Quantum Sensor Model LI-192S. The distribution of light intensity was

measured at the bottom down the axis of the raceway. The sensor was aimed at the strobe to

obtain the maximum reading at each location. The zero distance position was directly under the

strobe with the sensor directed up at the strobe. Strobe intensity at the zero position position was

designated Jo. At a distance of 1 m and beyond the intensity decreased in an exponential like

manner down the raceway axis (Fig. 2) and could be described by the equation:

I=J0exp(-kx) (1)

where I~ is the intensity at x 0 and k is the light extinction coefficient in the raceway. A

regression based on eq(1) gave Jo = 0.9 (~iEIm2/s) and k = 1.2 (1/m). The difference between the

measured L3 and L~ obtained from a regression results from the fact that close to the light the

distribution does not follow the exponential equation.

Experiments were conducted during the nights of Nov. 24 and Dec. 1, 1986. In each

experiment, fifty 135 mm yearling rainbow trout (Salmo gairdneri) raised at the University of

Washington Hatchery were placed in the raceway and dark adapted for 1 hour at an ambient light

level of about 0.05 p.E/m2/s. At this light level the location of the fish could not be detected unless

the strobe light was operating.
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Fig. 1. Location of strobe light and meter marks in raceway. Position of fish illustrated at 4-rn
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Fig. 2. Strobe intensity, I (~.tE/m2/s) down the axis of the raceway, X (m).
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Before each trial fish were herded to the strobe end of the raceway with a flashlight. The fish

were light aversive and moved readily to the desired end of the raceway. Turning off the flashlight

they would slowly move back towards the center of the raceway at a speed of about 0.1 m/s (0.7

bl/s).

The average position of fish in the raceway was determined by visual observation of the center

of mass of the school by a person looking over the edge of the raceway. Fish behavior did not

appear to be affected by the presence of the observer. The times at which the school crossed meter

marks on the side of the raceway were recorded. Zero time was designated as the moment the

strobe light was turned on.

Escape speed was calculated from the time-distance information collected by visual

observation. Time-distance data were fit with an exponential regresssion of the form:

x a exp(bt) + c (2)

where a, b and c are coefficients obtained from regression, t is time and x is the position of the

school in the raceway at time t. A typical example of the exponential regression of distance to time

for a single trial is illustrated in Fig. 3. The equation gave good fits in virtually all trials.

Differentiating x with respect to t the speed is predicted by the equation:

v = vo exp(b t), (3)

where vo is the initial escape speed, defined with the coefficients as vo = ab, and b is a velocity

deceleration coefficient.

EXPERIMENTS
Two experimental protocals were used: (1) Escape behavior was observed after herding fish

under the strobe and turning the light on. The time to reach distance marks provided information

with which to compute speed, and (2) avoidance behavior was determined as the stable position of

the school with the strobe light on. In both protocals behavior was determined as a function of

strobe intensity and flash rate. In each experiment replicate trials were conducted on the groups of

fish so changes in behavior were the result of effects of controlled changes in the light and learning

or habituation by the fish.

In all experiments the fish formed loose schools when undisturbed. They were light aversive

to both the strobe and the flashlight used to herd them. When the strobe light was turned on the

fish elicited a classic startle response and moved randomly in the first second. They quickly

oriented themselves and swam towards the dark end of the raceway. At some distance, which was

always greater than 3 meters from the dark end of the raceway, they would stop and reform into a

loose school.



Appendix 2 60

5

x

0

0 Time 30

Fig. 3. Distance of an escaping school of trout, X (m) vs. time (s) since the strobe was turned
on.

Speed vs Flash Rate
On Nov. 24, a total of 33 trials were conducted on a group of 50 fish to determine the affect of

flash rate on escape speed. The strobe intensity was fixed at maximum (equivalent to I~ = 5.3

p.E/m2Is @ flash rate 780/mm). Fish escape speeds were observed in 11 trials at 3 flash rates.

The sequence of flash rates was randomized as follows: acbabcbacabcbacacbcabcabcabcabacb,

where a = 780/mm, b = 180/mm and c = 78/mm. On Dec. 1 the experiment was repeated using a

second group of fish and a flash rate of 290/mm.

The escape speed decreased with experience. This resulted in a drastic change in time to reach

distance markes between early and late trails (Fig. 4). Comparing the first trial at each flash rate

with a latter trial when the fish were experienced it is evident that the initial escape speed increased

significantly with experience (Table 1).

Table 1. Initial escape speeds of naive (N) and experienced (E) fish with strobe intensity on full.
(*) designates trials conducted Dec. 1. All others trials were conducted Nov. 24.

Initial speed
Flash rate vo (bus)
(1/mm) B E

78 1.0 3.7
180 2.9 4.5

*290 1.6 3.6
780 5.0 7.6
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Fz780/min

Fig. 4. Time to distance marks (1 to 5 m) vs. trial numbers for three flash rates (F). The flash
rates were mixed and a total of 11 trials were conducted at each flash rate.

The data show that, for experienced fish, the initial escape speed increased with flash rate (Table

2). The data from the Dec. 1 experiment used a different group of fish and did not fit the pattern.

This illustrates that differences in individual fish or differences from day to day can have a signi

ficant effect on the behavior. The escape speed increased in an approximate logrithmic fashion

with flash rate as is illustrated by the linear regression of vo to the log of flash rate using the data

from Nov. 24 given in Table 2 (Fig. 5).

Table 2. Escape response regression coefficients for different strobe flash rates. Strobe intensity
fixed at 5.3 pE/m2/s @ 780/mm. (*) designates trials conducted Dec 1; other data
collected Nov. 24. For each regression n = 45.

Strobe Initial speed Eq. 2 Coefficients
flash rate vo Speed Distance
(1/mm) (m/s) (bus) b (us) c (m)

78 0.52 3.7 -0.073 6.6
180 0.63 4.5 -0.085 7.0

*290 0.50 3.6 -0.085 6.4
780 1.05 7.6 -0.176 5.5

F78/min F= 180/mm

30

S

0

3

2
1

1 33 1 33 1

Trial No.

33
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Fig. 5. Initial escape speed vo (bus) vs. the logarithm of flash rate F (1/mm) for data collected
Nov. 24.

Speed vs Strobe Intensity
Experiments to determine the effect of strobe intensity and experience on escape response were

run Dec. 1. A group of 50 fish was used in a sequence of 32 trials. The flash rate was 290/mm.

Strobe intensity was fixed in groups of 7 sequential trials. The strobe intensities in order of

presentation were 2, 0.05, 0.5 and 0.03 JJ.E/m2/s. The time to reach the meter distance marks as a

function of trial number is shown for the three strobe intensites in Fig. 6.

The effect of strobe intensity on escape speed was also determined with a fixed flash rate of

780/mm. The fish were experienced during these trials and escape speed increased as a function of

strobe intensity (Table 3; Fig. 7).

Table 3. Escape speed coefficients for different strobe intensities. Flash rate fixed at 780/mm.

Strobe Initial speed Eq. 2 coefficients Number
intensity vo Speed Distance of
(pE/m2/s) (mis) (bl/s) b (us) c (m) trials

0.1 0.77 5.7 -0.186 4.62 2
0.5 0.94 6.9 -0.191 5.21 2
1.3 1.28 9.4 -0.268 5.27 5
3.5 1.56 11.5 -0.323 5.11 2
5.3 1.60 11.8 -0.347 5.06 4

+

4
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1 8 15
Trial No.

Log(Io)

Fig. 7. Initial escape speed, vo (bus) as a function of the logarithm of the strobe intensity, L3
(jiE/m2/s).

Io=2 Jo = 0.05 Jo =0.530

S

0

Fig. 6. Time (s) to reach distance marks (1 to 5 m) as a function of trial number for three strobe
intensities, jo (jiE/m2/s).
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Distance vs Intensity and Flash Rate
Experiments were conducted Dec. 1 to study the avoidance behavior of experienced fish. The

response of avoidance distance to strobe intensity was measured at 5 flash rates. In each sequence,

flash rate was fixed and the initial strobe intensity was set to the minumum value. The position of

the fish was noted and the intensity increased one setting. A total of 10 strobe intensities were

used. At each setting the fish moved and stabilized at a new position within about 10 s. At all

flash rates the fish distance to the strobe light increased in a linear manner with the logarithm of the

light intensity (Fig. 8). A similar result was obtained when strobe intensity was held constant and

flash rate was increased in increments (Fig. 9).

Evidence for Attraction to Strobe
The avoidance experiments described above illustrated that fish moved away from the light as

the strobe intensity or flash rate was increased. To determine if fish would move towards the light

if the intensity or flash rate was deceased the strobe settings were decreased after the maximum

settings were reached in a number of experiments. In each case, if the flash rate or strobe intensity

was dropped from the maximum to minimum setting the fish moved from their maximum distance

to a new position with 10% of the minimum distance observed at the beginning of the sequence.

The sequence numbers, distance and strobe settings for 4 sequences are given in Table 4.

Table 4. Avoidance distance as a function of flash rate and intensity in four sequences.

Sequence Flash rate Intensity Distance
number (1/mm) (~iE/m2s) (m)

1 78 0.01 2.5
11 78 0.35 4.2
12 78 0.01 2.5
15 78 0.35 4.2

1 290 0.05 2.5
11 290 1.9 4.5
12 290 0.05 2.5
16 290 1.9 4.5

1 780 0.05 2.7
11 780 5.0 5.0
12 780 0.05 3.0
15 780 5.0 5.0

1 78 0.29 3.0
10 780 1.3 4.0
11 78 0.29 3.0
13 780 1.3 4.0
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Fig. 8. Fish avoidance distance xo (m) from strobe as a function of the logarithm of strobe
intensity, jo (j.iE/m2/s).
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Fig. 9. Fish avoidance distance xo (m) from strobe as a function of the logarithm of strobe flash
rate, F (1/mm).
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DISCUSSION

Effect of Learning on Escape Behavior
Plots of time-to-distance isopleths vs trial number (Fig. 4) demonstrated that speed of escape

increased with experience. The increase reached an asymptote after about 15 trials. A comparison

of initial escape speed in naive and experienced fish (Table 1) suggests that the initial escape speed

might increase on the order of 60% with experience. This is a commonly observed phenomonon

in psychological studies where the speed with which an animal carries out a task increases with

practice.

Effect Due to Individual Difference
The escape responses exhibited differences which can not be attributed to experimental

conditions or the effects of learning. To illustrate this difference, compare tests under the same

conditions with different groups of experienced fish, On Nov. 24, the initial escape speed of 7.6

bus was obtained from a regression of 9 trials with a flash rate 780/mm and an intensity of 5.3

IiE/m2/s. On Dec. 1, under the same conditions, a regression of 4 trials gave an initial escape
speed of 11.8 bl/s. The difference in speeds is about 50%. This variation is on the same order as

was observed with the effect of experience.

Escape Speed
In all trials, speed during an escape response decreased exponentially with time according to

eq(l). A plausible explanation for this response can be formulated in terms of a fish’s preception

of light intensity. We begin with Fechner’s Law (1860), which state that the perceived intensity of

a stimulus, P, is proportional to the logarithm of the physical intensity of the stimulus, I, so:

P-’log(I).

Assuming that the motivation to escape is proportional to the difference between the perceived light

intensity and a perceived light intensity to which fish were adapted, Pa, then speed can be

expressed:

v P - Pa.

Including Fechner’s Law, the escape speed in terms of the physical intensity of the light is:

v = V log (I/Ia), (4)

where V is a physiologically based coefficient that factors into the equation the fish’s swimming

ability during an escape response, and Ia is the light level to which the fish is adapted at the time of

the response.
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The hypothesis formulated by eq(4) is that fish will seek a light level to which they were

previously adapted. Ti they encounter a light brighter than the adaptation level, they move away

from the light. Ti they encounter a light level that is darker than the adaptation level, they move

towards the light. The motivation to move vanishes when the ambient light level and the adaptation

light level are equal. Evidence collaborating this hypothesis waS obtained from an experiment

where the number of fish attracted to a circle of light followed the same logarithm law (Appendix

3). Equation (4) predicts that strobe light at low intensities could attract fish. This prediciton is

supported by the avoidance experiments presented in Table 4.

To express the speed equation in terms of distance and eventually time note that the distribution

of light down the axis of the raceway can be approximated by the exponential distribution

according to eq(l). Combining eq(l) and eq(4) and recalling that speed is the derivative of

distance with time gives:

dxldt = V log (Jolla) - V k x. (5)

Solving eq(5) for x, the distance of escape as a function of time is:

x = -(xo - xs) exp(-Vkt) + xo (6)

where xs is the initial position of the school and xo is the final position. By definition xo is the

avoidance distance and is defmed:

xo = (1/k) log(Io) - (llk)log(Ia). (7)

Assuming that the initial position is xs =0 and noting that eq(6) is equivalent to eq(2), then the

initial escape speed can be expressed:

vo = V log (Jo) - V log (Ia). (8)

Equation (8) suggests that the initial escape speed should have a linear relationship with the log of

stimulus intensity if all other factors are constant. The regression of log(Io) against vo (Fig. 7)

supports this hypothesis. The slope and intercept of the linear regression in Fig. 7 are 1.66 and 9,

respectively. The parameter values in eq(8) are accordingly V = 1.66 and Ta = 0.004 pE/m2/s.

From the model, the escape speed can be approximated with four coefficients as:

v = V log(Iolla) exp(-kVt), (9)

where V is a coefficient determined by the fish’s physiology, k is the light extinction coefficient in

the water, Jo is the strobe light intensity, and Ta is the light level to which fish are adapted.

Avoidance Distance
Figure 8 illustrates that avoidance distance increased in a linear manner with the logarithm of

strobe intensity. Equation (7) predicts the same linear relationship under certain conditions. The
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regression coefficients for Fig. 8 are 1/k = 0.445 and (1/k) log(Ia) = -3.93. According to eq(7) the

model parameters are k = 2.45 (1/rn) and Ta = 0.00015 jiE/m2/s. In comparison, the regression of

light with distance from eq(l) gave k = 1.97 and the regression of distance with time from eq(8)

gave Ta = 0.004.

SUMMARY
In this study a hypothesis for the response of rainbow trout to strobe lights was developed and

evaluated with experiments. We concluded that, in principle, escape behavior characteristics can

determined by strobe light intensity and flash rate. Other factors enter into the prediction that, as

yet, have not been evaluated (see eq.(9)). Clearly the propagation of light through water is an

important factor. The model also suggests that the level of light that fish were previously adapted

to also affects their response. Finally the escape response should involve a physiological factor

related to a fish’s swimming ability. The study indicated that strobe light is an aversive stimulus

under most conditions and the avoidance distance may range between about 3 to 9 meters

depending on strobe intensity and the above mentioned factors. The theory and experimental

evidence also suggested that strobe light may attract fish under certain circumstances.
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ABSTRACT
When juvenile salmon encounter a sudden decrease in ambient light intensity, they may exhibit

attraction to light. This response was investigated by adapting age 0 chinook salmon

(Oncorhynchus tshawytscha) to a constant ambient light intensity (‘a), followed by simultaneously

reducing ambient light and producing a small spot of light (intensity i~) at the center of the test

tank. Maximum attraction to the light, evidenced by the number of fish above the light spot, was

observed when Is = ‘a• When I~ was 100 times ‘a~ chinook actively avoided the light spot. The

study indicates that ambient light levels must be considered when attempting to guide fish with

lights.

INTRODUCTION

It has long been recognized that light might be used to guide fish away from hazards at

hydroelectric facilities. Recent studies have demonstrated that mercury light attracts fish both in

experimental field and laboratory settings (ii). Light can attract (2) or repel (3.) salmonids, but

guidance effectiveness under operational field conditions has been variable (4,1). This variability

is partially attributable to an insufficient understanding of the behavioral response of salmon to

light.

Many studies have investigated the effects of light intensity on the behavior of juvenile salmon

(.~, ~, 2,..S., ~, j.Q, U) and other fish (fl, j3.). Fields Q.4) concluded that juvenile salmon swam
away from, or toward, a light stimulus to maintain that light level to which they were adapted.

This hypothesis suggests that salmon evaluate the difference between adaptation light intensity and

stimulus light intensity. In this context, “adaptation light intensity” refers to the intensity to which

the salmon’s eyes were physiologically adjusted (j~). If Fields’ hypothesis were correct and could

be quantified, then our ability to anticipate the response of salmon to light would be enhanced.

Although the response of fish to light is complex, evidence suggests that some aspects of the

stimulus-response relationships can be quantified. Fechner (j~), discussed by Rapoport (12)’
demonstrated that the perception of a stimulus is proportional to the log of the physical intensity of

the stimulus:

P=(k)logl (1)

where P is perceived intensity, I is physical intensity, and k is a constant. It is likely that response

to light is dependent upon an organism’s perception of that light. Studies on the perception of light

by fish have demonstrated that the retinomotor responses of rods and cones in the fish eye

approximately follow the Fechner law Q.S). In addition, some salmonid behaviors, such as

feeding rate, obey the Fechner law, at least within certain light intensity ranges (12). This evidence
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suggests that behavioral response may be proportional to perceived stimulus intensity. To

formulate Fields’ hypothesis mathematically, we assume that the attraction of fish to light (R) is

proportional to the difference between the perceived intensity of the stimulus light and the

perceived intensity of the adaptation light:

R=Rm-k(Ps-Pa) whenls>Ia

and

R=Rm+k(Ps-Pa) whenls<Ia (3)

where Rm is maximum attraction, k is a constant, P~ is the perceived intensity of the stimulus, ~a is

the perceived intensity of the adaptation light, Is is the physical intensity of the stimulus light, and

‘a is the physical intensity of the adaptation light. Our mathematical formulation of Fields’
hypothesis (Fig. 1) implies that maximum attraction will occur when the perceived intensity of the

stimulus light is equal to the perceived intensity of the adaptation light. Furthermore, attraction

decreases linearly when Ps and ~a are different.

To test Fields’ hypothesis, we measured physical stimulus intensity rather than perceived

stimulus intensity. Therefore, we rearranged the above equations by applying Fechner’s law to get

the expression:

R = Rm - k log (Is/la), when [s > ‘a (4)

and

R=Rm+klog(15/Ia), whenls<Ia (5)

On the basis of this formulation, we designed our experiments to test the response of fish to

different ratios of I~ to 1a~ Juvenile chinook salmon (Oncorhynchus tshawytscha) were adapted to

specified light levels (‘a). Simultaneously, the ambient light level was reduced, and the fish were

exposed to the stimulus light (Is). We counted the number of fish attracted to the light at several

different ratios of I~ to ‘a~ Throughout this paper, we refer to the ratio ‘s/Ia as “contrast.”

METHOD S
Experiments were conducted with 2-month-old juvenile chinook (average length =53 mm) that

were raised at the University of Washington hatchery under artificial and natural light. For each

test, a new group was randomly selected from several hundred thousand well-fed fish being held

in an outdoor raceway.
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Figure 1. Mathematical formulation of Fields’ hypothesis.

The experimental tank, 2.4-rn long by 0.9-rn wide, was enclosed by black plastic to reduced

outside interference and was filled to a depth of 0.2 m with flowing water from Lake Washington
(10°C). All lights, other than the stimulus or adaptation lights, were off during tests. Adaptation

lighting over the test tank was provided by two 100-W incandescent bulbs controlled by a rheostat;

intensities could be varied between 0.1 and 1 p~E rn-2 s~. The stimulus light consisted of a 200-,

40- or l5-W bulb located inside, and at the top of, a 0.6-rn long by 0.18-rn diameter black stove

pipe. The pipe was sealed at the top and hung down to within 0.18 m of the water surface. This

projected a well-defined cylinder of light through the water, creating a 0.27-rn diameter spot of

light on the bottom of the tank. This spot of light was bounded by another dim light zone. Light

intensity measurements were taken with a LiCor Model LI-192S underwater quantum sensor

connected to an LI-185 light meter. Measurements were taken 5 cm from the bottom of the tank,

underwater, and with the sensor facing straight up. All light measurements reported throughout

this paper are in units of ~tE m2 s~. The sensor was not sensitive enough to obtain readings at the

two lowest stimulus intensities; consequently, they were determined by regressing measured light

intensity on rheostat position and extrapolating. Tests were recorded on a Panasonic AG-6200

VCR with a low-light Dage-MTI Model 60 video camera. Time to 0.01 s was recorded on the

video tape with a Panasonic Time Date Generator Model WJ-8l0.

I I

0 +
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At the beginning of a test, 15 salmon were placed in the experimental tank for 20 mm of

acclimation under a specified adaptation light intensity. The adaptation lights were then turned off~,

the stimulus light was turned on at a predetermined intensity, and fish behavior was video-taped

for 2 mm. Video tapes were later reviewed in slow- and stop-motion, and the number of fish

above the light slope 10 s after the first entry of a fish into that area was counted. Six replicates

were completed for each combination of I~ and ‘a tested. Tests were conducted in March 1987

between the hours of 9 AM and 5 PM.

RESULTS
During acclimation, the chinook usually formed a school and swam throughout the tank.

Sometimes, especially at the lowest adaptation light levels, the fish remained in a motionless group

in part of the tank. In either case, the fish rarely spent time, except in passing, in the area under the

stimulus light, if uniformly distributed, 3% of the fish would inhabit the area under the stimulus

light.

Response Depends on
Two groups of data were used to verify that fish respond to the ratio ‘s/’a~ rather than I~ or ‘a•

Attraction was determined for a range of light intensities, but with ‘s’Ta constant and equal to one

(Table 1). If response was dependent on either Is or ‘a’ and not their ratio, then the standard

deviations and means of the groups should be different. However, no significant differences were

found between the means (t-test: t = 0.4, P = 0.7) or variance.

Response Form as a Function of ‘s’1a

The experiments show that attraction was strongest at ‘s/Ia = 1 and decreased when Ts’Ta was

greater or less than 1 (Table 2). At Is/Ia = 100, no chinook were attracted to the light spot. The

number of fish attracted to the light varied linearly with the log of physical stimulus contrast (Fig.

2). The slope (k) was slightly steeper when 1s/1a was greater than 1, and much of the variability in

number of fish attracted to the light spot can be explained by contrast (Table 3). The regression

coefficients, k and Rm, are as defined in Eqs. 4 and 5. Rm is close to the maximum number of

fish (15) that could be attracted to the light in these experiments.

DISCUSSION
This study demonstrated that juvenile chinook salmon were attracted to light, and that the

strength of attraction was proportional to the logarithm of the contrast between stimulus light

intensity and adaptation light intensity. This concept of contrast is similar to that discussed by

Finger and Fields (~,Q) and partially tested by Ali (2.1).
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Table 1

Data to test for importance of ‘a or Is

Group 1 Group 2
No. fish No. fish

above above
Rep# ‘s ‘a light spot ‘s ‘a light spot

1 0.5 0.5 13 0.1 0.1 11
2 0.5 0.5 8 0.3 0.3 10
3 0.5 0.5 12 0.5 0.5 12
4 0.5 0.5 11 0.6 0.6 9
5 0.5 0.5 9 0.8 0.8 9
6 0.5 0.5 8 1.0 1.0 10
MEAN 10.7 10.3
SD 1.86 1.21

Table 2

Light attraction as affected by Ja/’s

‘s ‘a No. fish above light spot
p.E rn’ S2 ‘s/’a (mean) (SD)

10 0.1 100 0.0 0.00
5 0.1 50 1.7 2.42
1 0.1 10 5.3 4.96
0.5 0.5 1 12.7 1.21
0.05 0.5 0.1 8.3 1.86
0.02* 1 0.02 5.5 2.07
0.005* 1 0.005 0.5 0.70

We noted that when the stimulus light was brighter than the adaptation light, the chinook were

attracted to the dim zone that bounded the light spot above which fish were counted. Thus,

behavior seemed to be consistent with Fieldst hypothesis. In theory, as the contrast between

stimulus and adaptation increases, the chinook must swim farther from the light spot to maintain

their adaptation level. In fact, during experiments at ‘s/’a = 100, chinook were observed to swim

to corners farthest from the light and appeared to actively avoid the light. The chinook exhibited

weak attraction when ‘sf’a was less than 1. This response may have resulted from their inability to

detect a dim stimulus light after exposure to relatively bright light.

In their natural stream or ocean habitat, salmonids use light to gain information about the

environment. They are visual predators and thus depend upon light to obtain energy for growth

and reproduction. Light intensity, and diel and seasonal light cycles, influence the development,
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Figure 2. R represents the average number (±1 SE) of chinook salmon attracted to the light spot.
Lines fitted by least squares regression.

Table 3

Regression coefficients

Contrast k Rm r P

Is/Ia> 1 6.3 12.3 -0.88 <0.01
[s/1a<1 5.1 13.1 0.93 <0.01

physiology, and ecology of salmon ~ j~). It is no wonder that researchers have had difficulty

describing and quantifying the response of fish to light. This difficulty increases when adaptation

is not accounted for, or when results are reported as response averaged across time. Very often

this is the time during which adaptation occurs.

May studies have attempted to identify life stage and species specific phototaxis (e.g., ~, 2, ~).

We suggest that most fish are not strictly photopositive or photonegative, even within a species or

life stage, and that phototaxis depends upon, among other factors, immediate past exposure to

0

light.
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DOWNSTREAM MIGRANT GUIDANCE APPLICATIONS
Both the results and the experimental design of this study are directly applicable to diversion

problems for downstream migrants at hydroelectric facilities. If these results can be repeated,

especially with other species and life stages, then the use of light to attract fish away from

hazardous areas shows great potential.

Our study suggests that bypass efficiency will improve when the response of fish to light and

other relevant stimuli is better understood. We suggest that the long-term goal of fish guidance

work should be to achieve an adequate level of understanding. Optimum fish bypass efficiency

can then be facilitated by the application of fish behavior principles in an engineering context.
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ABSTRACT
The startle response of a fish to an attacking predator is modeled with a Mauthner cell spike

initiated by inputs from ganglion cells that sense the expansion of the predator’s image on the

fish’s retina.The image expansion rate is dependent on the predator’s distance (D), speed (V) and

silhouette area (A). The Mauthner cell fires when the expansion rate reaches a threshold value.

The model defines a startle response reaction distance as D = (k A V)1/3, where k depends on the

eye morphology and Mauthner cell electrical properties. The equation is fit to published data on the

reaction distance of zebra danio (Branchydanio rerio).

INTRODUCTION
Fish typically exhibit a variety of escape maneuvers in response to predators. The quickest

escape behavior is the startle response in which a fish performs a fixed action pattern to a sudden

stimulus. The behavior has been described as a fixed action pattern in three stages (Eaton &

Hackett, 1984). Stage 1 is highly stereotypic. Over a 30 msec time increment, the fish initiates a

tail flip in which, depending on the species, the body either forms the shape of a C or S with its

head directed away from the aversive stimulus. In stage 2 the bend in the fish proceeds down the

body adjusting the escape trajectory and the fish moves either forward or to the side over about a

100 msec interval. Stage 3 varies from unpowered glides to periodic lateral movements of the

body and tail, which are usually associated with steady swimming.

The evolutionary significance of a startle response is through its survival value. Even a small

movement of a fish may be enough to allow it to escape an attacking predator. A fast reflexive

response, although simple, may provide the time necessary for a fish to evaluate the situation and

follow up the startle response with an appropriate defensive behavior. An attacking predator may

approach from any angle and so it is critical that a fish can reliably assess an attack from any angle.

The binocular vision of a fish covers only a small portion of its total field of vision so an effective

startle response must be activated with a fish’s monocular vision. A variety of senses may be

activated by an predator’s attack including the lateral line (Blaxter, Gray & Denton, 1981) and

vision (Dill, 1974). In this model we consider the activation of the startle response by vision. The

visual input of an attack is a change in the size and position of the image of the predator on the

retina of the fish. Through this input a fish must be able to distinguish the predator’s distance,

speed and direction. Evidence suggests fish have these abilities. Objects moving away from a fish

will not generally elicit a startle response, while objects moving towards a fish will. This response

can be easily observed with fish in a tank by moving your hand quickly toward or away from the

tank. Dill (1974) showed that fish make an assessment of a predator’s size and attack velocity by

demonstrating that the distance at which a fish elicits a startle-type escape response is related to the
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apparent size and velocity of an attacking predator. Webb (1981) found that this response varies

with fish length.

The startle response is predominantly initiated by a pair of prominent neurons called Mauthner

cells that descend into the spinal cord where excitatory connections are made with motoneurons

innervating the trunk musculature (Kimmel & Eaton, 1976). Startle responses can be initiated by

other neuronal pathways but they appear to be of secondary importance. Mauthner cells have

conspicuously large soma that, in some fish species, have a diameter of 0.1 mm and may have

approximately 200,000 synaptic terminals from a variety of sensory inputs including sound,

gravity, angular acceleration, vibration, water flow, electric fields and vision (Cochran, Hackett, &

Brown, 1980). Recent work with goldfish has shown that the optic nerve has inputs to the

Mauthner cell via projections from the tectum (Zottoli, Hordes & Faber, 1987). A startle response

is activated when the membrane potential of a Mauthner cell is driven to its threshold by the

summed activity of synaptic terminals on the cell from the afferent nerve pathways. When the

potential reaches its threshold level, the cell fires through a membrane depolarization, which in turn

fires motoneurons of the muscular system. Startle response latencies of between 5 to 40 msec after

the introduction of vibration and electric shock stimuli have been observed in a number of fish

species (Eaton & Hackett, 1984). The latency to visual stimuli has not been carefully studied, but

evidence suggests the speed of the visual response is on the same order. A filmed sequence of a

cyprinid escaping a predatory snake suggests the startle response latency was within 40 msec of

the snake attack (Eaton & Hackett, 1984). This action must be carried out with a minimum of

neural processing because the response times of individual neurons typically required a few msec

(Kandel, 1981). Stimulating the optic nerve evokes a postsynaptic potential in the Mauthner cell

with a latency of about 1 msec (Zottoli, Hordes & Faber, 1987). Thus, a visually induced startle

response neural pathway should involve the firing of a small number of neurons in series. To

develop a startle response model we disregard the details of the process between the retina and the

Mauthner cell and focus only on the inputs and outputs of the system. We consider concepts

developed in the study of amphibian behavior and neurobiology.

Studies of the visual prey-predator discrimination in frogs provide a good basis for a model of

the startle response visual activation in fish. The neural pathway of visual discrimination behavior

in frogs has been traced from the retina to the optic tectum (Ewert, 1976; Ingle, 1981). How the

animals discriminate prey from predators has been the topic of a series of models involving the

interactions of the retina, optic tectum and pretectum (Cervantes-Perez, Lara & Arbib, 1985). We

shall consider a similar model based on the interaction of the retina and spinal cord neurons

involved with the startle response. To simplify, the model shall focus on the Mauthner cell as a

major motoneuron activator of the startle response and will not consider alternative pathways by

which retinal signals reach the motoneurons.
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MODEL DEVELOPMENT
The model includes basic structural and neural characteristics of a fish eye. In vertebrate eyes,

visual images are focused through the lens onto the retina, which is composed of three tiers of

cells- rod and cone photoreceptors, bipolar cells, and ganglion cells- which are laterally connected

by horizontal cells and amacrine cells (Polyak, 1955; Protasov, 1968; Au, 1975). Ganglion cells

connect through the optic nerve tract to the optic tectum of the midbrain. The densities of photo

receptor and ganglion cells are not uniform over the retina and the highest densities are found in the

area corresponding to the major binocular fixation point on the retina. There are about four to five

times as many cones and ganglion cells per unit area in the upper temporal part of the retina as in

the anterior regions (Guthrie, 1986). Over the monocular visual field, variations in the densities

of rods, and presumably ganglion cells, are less and are generally within a factor of two (Ahibert,

1970). Signals from groups of photoreceptors are processed through the system of bipolar,

amacrine, and horizontal cells to activate specific types of ganglion cells. In effect each ganglion

cell is sensitive to a region of photoreceptor cells and is activated when a specific pattern of light

falls on the field. Several general types of ganglion cells are found in mammals: X type ganglion

cells respond to a pattern of a dark center surrounded by a light field; Y type cells respond to a light

center surrounded by a dark field; and W type of ganglion cells seem to detect motion across their

receptor fields. About 40% of the retinal ganglion cells are W type although within this category

differences exist in the type of motion that can be detected (Kandel, 1981). Generalizing from

mammals we assume these motion-sensing cells may provide a simple mechanism to initiate the

startle response in fish. To this end, the startle response model assumes that the firing of a

Mauthner cell is determined by the rate of firing of W type ganglion cells which, in turn, are

determined by the rate of expansion of a predator’s image on the retina (Fig. 1).

Mauthner Cell Dynamics
A Mauthner cell action potential is produced when the cell membrane potential, u, reaches the

threshold value U. The dynamics of the potential will be modeled in the style of the “classical

neurodynamics” model (Hopfield, 1982; Hopfield & Tank, 1986). The membrane current will be

described by the equation;

(1)

This equation expresses the net input of current charging the input capacitance, C, of a neuron to

potential u as the sum of three sources: (1) a phasic synaptic current from the ganglion cells, P;

(2) leakage current due to the Mauthner cell membrane resistance R; and (3) a tonic current from

other neurons external to the circuit, I.
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Fig. 1. Model for visual activation of startle response involving fish eye and Mauthner neuron.
Reaction distance, D, at which startle response is initiated is proportional to the 1/3 power
of the predator’s area, A, times velocity, V (upper righthand curve). Parameter, k,
depends on motion-sensing ganglion cell density, g, eye focal length, h, and critical
ganglion firing rate, c, which is controlled by the expansion rate of the retinal image area,
a. Mauthner cell spike is generated when cell membrane potential, u, reaches threshold Au
(lower righthand curve). Threshold ganglion firing rate, c, depends on, Au, Mauthner cell
resistance, R, and ganglion-Mauthner cell synaptic strength, T.

1/3
D=(kVA)
k=2gh2/c
c =t~u/RT

g D

R

msec
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This model assume that the phasic current to the Mauthner cell is produced by the firing of

motion-sensing ganglion cells. If these cells only fire with image motion across their receptive

fields, then the phasic current changes as the number of motion-sensing ganglion cells which are

firing changes. This relationship can be expressed as

P =T~ (2)

where w is the number of ganglion cells firing and T is the average synaptic strength, which

expresses the electric charge that a Mauthner cell receives when a ganglion cell detects retinal image

motion.

The equilibrium membrane potential, where du/dt =0, can be expressed as

u(oo)=R(T~+I) (3)

The minimum possible firing rate that can induce a Mauthner cell action potential can be determined

by setting u(oo) = U in eqn(3) and solving for dw/dt giving

c=4~(~-I). (4)

where dw/dt = c is the summed rate produced by the combined firing of ganglion cells.

The rate of firing of motion-sensing ganglion cells, dw/dt, is determined by the size and

movement of a predator’s image across the receptive fields of the ganglion cells. When the

summed firing rate exceeds the critical rate, c, the charge input to the Mauthner cell exceeds the

leakage rate and the Mauthner cell potential rises and eventually reaches the threshold level U and

the cell fires, inducing a signal to the motoneurons responsible for activating the startle response.

Thus, in the model, a startle response is dependent on the rate of expansion of a predator’s image

on the fish’s retina.

To formulate the summed firing rate of ganglion cells, defme the number of ganglion cells with

receptive fields covered by the retinal image of a predator as

a
w = Ig (a’) da’ (5)

0

where a is the area of the predator’s image on the retina and g(a) is the areal density of ganglion cell

connections to the Mauthner cell. Ganglion cell density varies over the retina (Guthrie, 1986) but

the effect may be relatively minor due to the small changes in cell density across the actual area

covered by a retinal image.

The rate of summed firing of ganglion cells corresponds to the rate at which the area of the

predator image expands over the retina. This rate can be expressed by differentiating eqn(5) over

time and using Leibnitz’s rule to obtain
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a
dw da Cdg(a)
-~-=g(a)~~-+ J dt da (6)

0

where the rate of firing of ganglion cells equals the contribution to the rate from the expansion of

the predator’s image on the retina plus a contribution by the change in the density of ganglion cells.

The Retinal Image
The rate of expansion of the image of the predator on the retina of the fish can be developed in

terms of the size, speed and distance of the predator. Assume that all information sufficient to

determine a predator’s attack is contained in the movement of the predator’s silhouette image on the

retina. The actual silhouette of the predator can be defined by a polar coordinate equation, R(O),

describing the distance of the silhouette’s edge from its center of mass as a function of the rotation

angle, 0. The projection of the predator’s silhouette on the retina is inverted and reduced and can

be sufficiently defined by the polar equation;

r(O)/h = R(-O)/D (7)

where D is the distance from the fish to the predator and h is the focal distance of the fish eye

(Fig. 1).

The area of the silhouette can be expressed as

2

A=~SR2(O)dO. (8)

and using eqn(7) the area of the retinal image can be expressed

a = (hID)2 A. (9)

The rate of change of the image area on the retina is obtained by differentiating eqn(9) with

respect to time and noting that h and A are constant

da AVh2
(10)

where V -dD/dt is the velocity of the predator moving toward the fish and is assumed constant in

the model.

The summed rate of ganglia firing depends on g(a), which expresses the density of ganglion

cell connections to the Mauthner cell as a function of retinal area. Evidence (Ahlbert, 1970;

Guthrie, 1986) suggests that the density of photoreceptors and ganglion cells is relatively constant

over the majority of the retina and only increases in the periphery corresponding to the binocular

field. Predators attack from all angles and their retinal images usually cover a small portion of the
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retinal field. Thus, the essential dynamics of the ganglion firing rate can be modeled assuming a

constant ganglion density

g(a)=g. (11)

Using eqn(1O) and (11) in (6) gives

~_2gAVh2 12
dt D3 ~

Incoiporating the minimum threshold firing rate, dw/dt = c, the reaction distance for the startle

response escape is defined from eqn(12) as

D=(kA V)’!3 (13)

where k is a time constant defined as

k=2gh2/c (14)

and the critical ganglion summed firing rate c is defmed as

c=Au/RT (15)

where Au = U - JR is the Mauthner cell spike generation threshold potential relative to the resting

potential JR.

Equations (13), (14), and (15) together comprise the model of the visual activation of the startle

response in terms of behavioral, morphological, and neurobiological factors. Equation (13)

describes the behavioral interaction between predator and prey with one free parameter, the startle

response time factor k. This factor defmes the image expansion rate needed to induce a startle

response in terms of the time in which the image would expand into a unit area equal to twice the

square of the focal length. The response time factor, defined by eqn(l4), contains retinal

morphological properties g and h and the summed firing rate c. Both g and h are dependent on fish

length and species. The dynamic factor c is dependent on the Mauthner cell electrical properties

according to eqn(15). The membrane resistance, R, is most likely a fixed property of the Mauthner

cell. The relative critical threshold, Au, is influenced by the input of other neurons to the Mauthner

cell and, as such, this property may change according to the inhibition or excitory inputs from

other systems which may be altered by the mental or physiological state of the fish. The synaptic

strength, T, describes the number of coulombs of electric charge that the Mauthner cell receives

when a ganglion cell fires. Mauthner cells will show a form of habituation with repeated responses

(Eaton & Hackett, 1984) and, in terms of the model, the habituation could be expressed as a

temporary decrease in T.
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MODEL EVALUATION
Several factors of the model can be evaluated using experimental data from the literature. The

behavioral prediction of eqn(13) can be evaluated using data published by Dill (1974) on the escape

response of zebra danio (Branchydanio rerio). Dill found that the reaction distance at which fish

attempted to escape the direct attack of a model predator was a function of both predator size and

velocity. His data (Dill, 1974; Table 1) is reproduced in Table 1 with model size expressed as

frontal area. The best fit of eqn(13) to the data is through the linear form

X=aO+alY (16)

Table 1. Mean escape reaction distance D (cm) of naive zebra danios to model predators of
different sizes and velocities (From Dill, 1974).

Predator velocity Predator silhouette area, A (cm2)
U(cm/s) 5.0 11.3 20.3

11.6 11.5 18.2 9.9
43.6 13.8 22.4 24.8
62.8 20.4 25.0 26.5

108.5 25.2 33.0 31.3

where X = D, Y = (A V)1/3, the slope is al = k1/3, and aO is a free parameter which should equal

zero (Fig. 2). Dill’s control experiment, the test apparatus without a model predator attached,

produced no fright response. This observation was included in the regression as a point at the

origin, by specifying that D =0 when A = 0. This quantifies the obvious, but important,

observation that fish do not startle when the predator is invisible. The regression coefficients and

90% confidence interval limits are given in Table 2. The R-squared of the regression with 13

points is 0.88.

An approximate estimate of the threshold ganglia summed firing rate, c, that initiates the model

escape response can be obtained from eqn(14) with the estimate of k and literature estimates of the

g and h. The zebra danio used in Dill’s experiments were 20 mm in length. Since g and h are
dependent on fish length and no estimates are available for the danio, representative estimates must

be obtained from fish of similar size but of different species. In 40 mm goldfish, a typical

ganglion cell density is 6000 cells/mm (Johns & Easter, 1975). Assuming that 40% of these

ganglion detect motion, an estimate of the effective cell density is g = 2400 cells/mm. Assuming

that the distance from the center of the lens to the retina is a measure of focal length, then a

representative estimate is h = 0.9mm, which is the distance from the center of the lens to the retina

in a 22 mm guppy (Protasov, 1968). From eqn(14) the summed firing rate needed to produce a

startle response is about 200 cells/s (Table 2).
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35

D

0

Fig. 2. Regression of Dill’s (1974) data of reaction distance of zebra danio vs. the 1/3 power of
predator’s area, A, times velocity, V. Dashed lines depict 90% confidence interval of
regression.

Table 2. Regression coefficients, 90% confidence interval limits, T-values, and regression R
squared for regression of eqn(16) to Table 1 data. Model parameters c , T and k
calculated from eqns(14), (15), and (16).

aO al k (sec~ c (cells/s) T (coulombs)

Coefficient 1.07 2.56 16.8 231 0.6x 10-12
Lower limit -3.15 2.04 8.5 457 0.3 x 10-12
Upper limit 5.29 3.08 29.2 133 0.9 x 10-12
T-value 0.45 8.86 R-squared = 0.88

A very rough value for the synaptic strength, T, can be estimated from Mauthner cell electrical

properties using eqn(15). Assuming the cell resistance is 108 ohms and the relative potential to fire

a cell is 15 mV (Kandel, 1981), a first order estimate of the synaptic strength is T = 1042

coulombs/ganglion. To put this value into perspective, a postsynaptic potential introducing 10-11

amps into a cell over a period of about 1 ms requires a charge input of about 10-14 coulombs at the

synapse. Thus, the average synaptic strength, T, associated with a ganglion cell firing should be

about 100 times the strength of a single synapsis. Assuming that the retina has on the order of

10,000 motion sensing ganglion cells and each one affects an individual synapse on the Mauthner

cell then 5% of the Mauthner cells synapses are associated with the vision system. Because T is

+

lAy)1”3 15
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estimated to be 100 times the strength of a single synapse each connection should fire a number of

times for each ganglion cell activation. The Mauthner cell receives a variety of afferent inputs

indicating the fish’s sense of sound, acceleration, touch, and vision so the surmise that each sense

might account for 5 or 10% of a cell’s synapses does not seem unreasonable.

DISCUSSION
The model describes the activation of the startle response through the interactions of the retina

and Mauthner cell using neurodynamics developed by Hopfield (1982) and Cervantes-Perez et

aL(1985) and others. When the expansion rate of an attacking predator’s image on the fish’s retina

reaches a threshold level the Mauthner cell fires producing a startle response. The model is an

extension of Dill’s (1974) model in which reaction distance of the escape response is expressed in

tenns of the predator’s speed and size. The model provides a good fit to Dill’s (1974) data on the

reaction distance response by zebra danio. More importantly, the model provides further testable

hypotheses on how the startle response may be related to: (1) fish size, through the eye focal

length and ganglion density; (2) to habituation, through the Mauthner cell afferent synapse

strengths; and (3) to learning, through the Mauthner cell tonic potential.

The possibility of developing a basic equation to describe the startle response distance to visual

objects has great value. Webb (1981) demonstrated that the reaction distance is an important factor

in determining the success of northern anchovy larvae escaping from predators. Of larvae

responding to an attack by a clown fish, 26% attempted to escape too late and were caught. In

ecological theories the reaction distance in predator-prey encounters is a fundamental factor which

determines the outcome of encounters. A simple equation describing the reaction distance can be

of great use in understanding and modeling ecosystems. The startle response of fish also has a

significant role in how fish behave in fish diversion structures. At the present time, little is known

about how fish respond to screens and lights used to divert fish from power plant water intakes.

The proposed model may provide part of the fundamental understanding that is needed to design

efficient fish diversion structures.

This work was supported under a contract from Chelan County Public Utility District No.1.,

Wenatchee, Washington.
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MODEL DESCRIPTION

In the second stage of development, the model describes fish paths from movements produced

by water flow and swimming behavior in response to stimuli from strobe lights and a trashrack.

For strobe light avoidance, swimming speed is defined in terms of light intensity and the direction

is directly away from the light. For trashrack avoidance, the swimming speed is assumed to vary

with a normal distribution and the direction is taken to be perpendicular to the trashrack. Trashrack

avoidance is initiated when the fish comes within a critical distance of the trashrack. The

component of fish movement from water flow is defmed in terms of an empirical equation

describing the streamlines of the water flow. Over small increments of time, components of

displacement from water flow, strobe light avoidance, and trashrack avoidance are summed

vectorially. With a fixed flow and strobe light configuration, fish trajectories are dependent on five

parameters: V and ‘a describe the strobe light avoidance response according to eq. (4) (Appendix

2), D is the critical distance from the trashrack at which avoidance occurs, V1 is the mean speed of

the trashrack avoidance and ~ is the standard deviation of the speed.

FISH TRAJECTORIES
Figure 1 illustrates the general types of paths generated by the model. Path A shows the effect

of trashrack avoidance. Fish follow the water path to the critical distance where they swim away

from the trashrack. This avoidance behavior counteracts the horizontal component of the flow, but

not the vertical component, so fish move down the trashrack at a velocity equal of the vertical

component of the flow. Variations in the trashrack avoidance speed causes some fish to pass

through the trashrack above the depth of the submersible traveling screen (STS). Below the STS

the horizontal component of the flow exceeds the maximum avoidance speed and fish are pulled

through the trashrack. Path B illustrates the behavior of fish in the strobe light. When encounter

ing the light, fish swim directly away from the source. For the configuration in Fig. 1, this coun

teracts the vertical component of the water flow and fish generally move horizontally to the side of

the light beam and towards the trashrack. Path C illustrates the behavior of fish in a high flow

region deeper in the water column. They move with the flow and pass directly through the

trashrack.

SENSITIVITY ANALYSIS
A model sensitivity analysis indicated that trashrack avoidance behavior was the most important

factor controlling the level of FGE. The FGE increased with a decrease in the critical distance, D,

and the trashrack avoidance speed, V1 (Fig. 2). The variability factor, S1, had a secondary effect

On FGE. The light avoidance parameters, V and ‘a~ and the depth distribution of fish in the



Appendix 5

0

so

120
—60 60

Fig. 1. Examples of fish trajectories, A, B, and C, at Rocky Reach Dam calcualted with computer
model. Includes hydroacoustic beam within 5 ft of trashrack a 0.1 JiEIm2/s strobe light
intensity isopleth, and the submersible traveling screen (STS).

forebay also had a small effect on FGE. A change in the average depth of fish in the forebay of 10

ft caused only about a 5% decrease in FGE. A 50% variation in V or a three order of magnitude

changed in ‘a~ only change the FGE by a few percent.

RESULTS

An analysis of the field results from the spring and summer of 1986 and laboratory experi

ments with the computer model present a consistent set of hypothesis on the behavior of fish in

front of the dam. To develop this synthesis major field and laboratory observations are first

92

0

outlined and then interpreted in terms of the model.
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Fig. 2. Fish guidance efficiency isopleths (10% intervals) as a function of trashrack critical

avoidance distance, D, in ft and escape velocity V1, in ft/s.

Field Observations
Fyke net catches behind the trashrack and hydroacoustic studies of fish distributions in front of

the trashrack, with and without strobe lights, indicated several basic features of the fish trajectories:

(1) In the hydroacoustic beams, which were as close as 5 ft to the trashrack, fish generally

followed the water flow (Steig, Condiotty, and Raemhild 1986).

(2) The median fish depth was always above the depth of the STS. Six ft from the trashrack the

average median fish depth was 8 ft above the STS in the spring test and 14 ft above the STS

in the summer test.

(3) Fyke net catches behind the trashrack indicated the majority of fish passed below the STS in

both the spring and summer tests (Hays and Truscott 1986).

(4) In the spring period, the median fish depth generally was deeper closer to the trashrack

(Tables 1 and 2).

1 2 3 4
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Table 1. Median depth of fish distribution at 6 and 12 ft from trashrack. Data from hydroacoustic
studies (Steig, Condiotty and Raemhild 1986), F= front deflector, R = rear deflector on
irashrack. Spring study includes groups 1-12, summer study groups 13-20.

Group Median Depth Depth
number Deflectors Time Strobe 6ft l2ft change

Spring
1 R Day no 73 69 4
2 R Day no 68 69 1
3 R Night no 71 68 3
4 R Night no 69 65 4
5 F&R Day no 74 70 4
6 F&R Night no 79 73 6
7 F&R Day no 71 66 5
8 F&R Night no 68 64 4
9 F&R Day no 75 67 7

10 F&R Night no 70 66 4
11 F&R Day yes 70 66 4
12 F&R Night yes 74 74 0

Summer
13 F&R Day no 72 71 1
14 F&R Night no 67 69 -2
15 F&R Day yes 66 66 0
16 F&R Day no 70 65 5
17 F&R Day yes 62 69 -7
18 F&R Night no 62 65 -3
19 F&R Day yes 65 70 -5
20 F & R Day no 62 69 -4

Table 2. Summary of FGE and median fish depth with and without strobe light. Chl for yearling
chinook, ChO for subyearling chinook, Z6 and Z12 are the median depths of the fish
distribution at a distance of 6 and 12 ft in front of the trashrack. Yearling chinook,
sockeye, steelhead, and coho data are from the spring study. Daylight results for
subyearling chinooks are from summer. FGE data from Hays and Truscott (1986),
depth data from hydroacoustic studies of Steig, Condiotty and Raemhild (1986).

Spring period Summer period
FGE Depths FGE Depths

Conditions Ch 1 Sock Steel Coho Z6 Z12 Ch 0 Z6 Z12

Day 6.6 7.5 39.7 25.4 71 66 1.5 62 69

No Strobe

Night 12.4 3.7 8.9 35.8 68 64 - - -

Day 28.0 17.0 27.6 60.9 70 66 3.0 65 70

Strobe

Night 5.3 4.9 15.9 7.1 74 74 - - -
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(5) During the night time strobe test in the spring the median fish depth did not decrease towards

the trashrack (Tables 1 and 2).

(6) At night in the spring, the fish were deeper in the water column with strobe lights than

without lights.

(7) In the summer, test the median fish depth was generally more shallow closer to the trashrack

(Tables 1 and 2).

(8) The fyke net studies indicated that the effect of strobe lights on FGE was different from

species to species (Table 3).

(9) The majority of fish were caught in fyke net rows 3 and 4 (Table 4).

Model-field Comparisons
To reconcile the nine observations listed above with the model and laboratory studies, model

parameters were first estimated. The laboratory experiments indicated that rainbow trout and

chinook salmon exhibited escape speeds between 6 and 8 bus. Using representative fish length for

the species in the spring and summer runs, a range of trashrack escape speeds were estimated

(Table 4). Light avoidance parameters, obtained from experiments with rainbow trout, gave V 1

ft/s and ‘a = 0.001 to 0.1 ~iE/m2/s. Model trajectories representing spring coho, sockeye and

yearling chinook trajectories (Fig. 3) and summer subyearling chinooks (Fig. 4) are generated with

the model parameters given in Table 4.

To interpret observations (1), (2), and (3) above, note that in Figure 1 model trajectories A and

B follow the flow within the region of the hydroacoustic beam and only drop rapidly in the region

between the beam and the trashrack. The drop in median depth between (observations (4) and (5)

listed above) are reproduced in the trajectories for the spring run (Fig. 3). Model fyke net distri

butions in Figure 3 are similar to the observed catches in the spring period with the majority of

catch in row 3 (Table 3). Model trajectories for summer subyearling chinook (Fig. 4) suggest that

a rise in the fish distributions as they approach the trashrack was due to a trashrack avoidance at a

distance of about 5 ft. This feature is consistent with observation (7). The resulting fyke net

catches were deeper than in the spring period with the majority of the catch in row 4. This feature

is also evident in the observed catch (Table 3).

The model studies indicated that D and V1 were the major factors affecting FGE and that slight

changes in the parameters should have major effects on FOE (Fig. 2). The species-to-species

differences with and without strobe lights in day and night conditions (Table 2) can be interpreted

in terms of variations in D and V1. The species specific responses are uniquely defined in terms of

FOE and V1 (Table 2) and for each species, the parameters define distinct regions in a D vs. V1

diagram. Conditions without strobe light parameter boundaries are set by the day and night
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Table 3. Fyke net distribution from selected FGE tests. Percentage of catch for nets 1 through 7.
From Hays and Truscott (1986).

Fyke net Coho Sockeye Steelhead Chinook 1 Chinook 0 Average
Number D N D N D N D N D N D N

1 48 60 0 1 0 1 08 2 9
2 4 16 10 3 14 7 7 13 13 16 10 11
3 53 23 18 13 56 27 34 38 28 23 38 25
4 29 22 29 32 19 28 33 25 44 22 31 26
5 7 16 19 32 5 21 10 13 10 16 10 20
6 3 13 14 16 5 14 8 8 4 13 7 13
7 0 1 3 4 00 2 0 1 1 1 1

Table 4. Model parameters for selected standard model runs giving resulting FGE and fyke net
percentage distributions. Fish length in inches, escape speed, V1, and standard
deviation,S ~, in ft/s are calculated assuming escape speed of 7 body lengths/s and S1 =

O.4*Vi. Critical trashrack avoidance distance, D, in ft.

Model Parameters Fyke net row percentages
Species Length D V1 S1 FGE 1 2 3 4 5 6 7

Coho 4.6 1.8 2.6 1 25 0 0 83 11 2 0 0
Sockeye 4.0 3.8 2.4 1 17 0 8 19 62 7 1 0
Steelhead 7.0 1.4 3.7 1.5 16 0 2 38 51 4 1 0
Chinook 1 5.0 2.4 2.9 1.2 7 0 0 69 24 3 1 0
Chinook 0 4.0 4.0 2.5 1 4 0 0 41 53 2 0 1

levels of FGE and the escape speed, which was assumed to have a mean value between 6 and 8

bl/s (Fig. 5). Observed variations in FGE, between day and night, can be explained by a variation
in avoidance distance, D, of less than 1 ft. or by a variation in escape speed, V1, of less than 1 ft/s.

The analysis suggests that steelhead, which were the fastest swimmers, had the smallest critical

distance, that is they stayed closer to the trashrack. Subyearling chinook and sockeye were at the

other extreme, with slower escape speeds they kept a greater distance from the trashrack.

With strobe light, the FGE exhibited greater differences between day and night conditions

(Table 2). In the spring period possible causes for the increase in the day time FGE can be

explained by a decrease in either D or V1. The decrease in FGE at night could result from an in

crease in either D or V1. The magnitude of the possible change, if one parameter changed while

the other remained unchanged, is illustrated in Figure 6. The base conditions were taken as

average D and V1 values representing non-strobe light conditions (Table 4). Figure 6 suggests that

the parameters for steelhead were least affected by strobe light and the parameters for coho were

the most affected. For coho, either D changed by up to 2.5 ft or Vi changed by up to 3 ft/s.
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Fig. 3. Fish trajectories with vertical distributions of fish in forebay and at trashrack, and
distribution of catch in fyke nets is expressed as percentages of the total fyke net catch.
Model parameters represent spring run conditions.

The spring study results suggest that strobe light in the day either decreased the critical distance

or the escape speed while at night strobe light appeared to have the reverse effect. Behavioral

mechanisms to explain this hypothesis have not been identified at this time. The difference

between day and night response may, in part, relate to the light level that fish are adapted to. The

median depth data (Table 2) provides secondary evidence that fish response to the strobe light is

dependent on the adaptation light level. For example, in the day strobe light apparently did not

affect the depth distribution, since during the day the median depth was essentially the same with

and without strobe light. At night the distribution with strobe light was 10 ft deeper than the

distribution without strobe light (Table 2).

The summer studies on subyearling chinook presented a different picture. The subyearling

chinook were smaller and had less swimming ability to escape the trashrack. The parameter

diagram (Fig. 6) suggests that the low daytime FGE could have been the result of fish maintaining

a greater critical distance from the trashrack. This could have been a result of the greater water

0
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Fig. 4. Fish trajectories with vertical distributions of fish in forebay and at trashrack, and
distribution of catch in fyke nets is expressed as percentages of the total fyke net catch.
Model parameters represent summer run conditions.

transparency typically found in the summer, which would have made the trashrack more visible in

the day. This mechanism could not affect the night FGE but unfortunately FGE studies were not

conducted at night in the summer period. The summer period median depth distribution (Table 2)

was also different than the spring distribution. In the summer period, the median depth was

shallower closer to the trashrack, while in the spring period, the opposite condition existed and the

median depth was deeper closer to the irashrack. The shallow median depth of the summer distri

bution could have been the result of fish swimming upwards to avoid the trashrack.

0
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BOZ

vi
Fig. 5. Groupings of fish parameter sets showing differences in FGE as a function of escape

speed, V1, and critical avoidance distance, D. Regions determined by FGE for configu
rations without strobe lights and V1, estimated from fish length and escape speeds from 6
to 8 bl/s.
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LJ2

vi
Fig. 6. Possible change in D and Vi associated with day and night FGE under strobe light

conditions. D, Vi parameter locations for coho, sockeye, yearling chinook salmon, and
steelhead trout designated Co, So, Ch, and Sh, respectively. d and n designated
parameter positions for FGE observed in day and night.
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ABSTRACT

Factors that affect fish guidance efficiency at Rocky Reach Dam were investigated using a

computer model to describe the trajectories of fish in terms of movements by water flow and

swimming in response to stimuli. Flow parameters were estimated from least-squares regressions

on flow observations. Behavioral parameters were estimated by fitting the model to observed fish

guidance efficiency and fyke net distributions using a chi-square minimization. The model analysis

suggested that without a submersible traveling screen (STS) behind the trashrack, fish readily

passed through the trashrack. When a STS was present, fish actively avoided the trashrack in

front of the STS. The avoidance response caused fish to move down the face of the trashrack.

Below the STS, avoidance decreased and fish passage through the irasbrack increased. The low

fish guidance efficiency obtained with the STS at Rocky Reach could be accounted for by random

flow fluctuations exceeding the fish’s escape velocities. The analysis suggested that the STS

produced an aversive stimulus that caused active avoidance in the vicinity of the STS. A

hypothesis is proposed that the STS generates low frequency sounds that fish avoid.

PREFACE

To develop a bypass facility to divert downstream migrating juvenile salmon from the turbine

entrances at Rocky Reach Dam on the Columbia River, a prototype submersible traveling screen

(STS) was installed immediately behind the trashrack in unit 1. Baseline studies of fish distribu

tions in the forebay and the turbine entrance suggested that the potential fish guidance efficiency

(FGE) approached 70%. When the STS was installed, the actual FGE was 10% or less.

Hydroacoustic and fyke net studies indicated that fish essentially followed the flow lines to within

5 ft of the trashrack but then moved down, passing through the face of the trashrack below the

level of the STS.

Although it was apparent that fish exhibited an avoidance response, it was not clear what produced

the avoidance or what could be done to counteract it. Several competing explanations were con

sidered, which attributed the avoidance to: the trashrack, a change in the flow due to the STS, or

the STS itself. Fish sometimes avoid passing through trashrack-like barriers (1). and this principle

is in fact the basis for hanging chain barriers. If trashrack avoidance were important, then in a

flow reduced by a STS, fish avoidance responses might effectively exclude fish long enough for

them to drop below the STS. In this case, the FGE might be controlled in a critical balance of flow

and a trashrack avoidance response by the fish. An alternative scenario might attribute the low

FGE to the STS itself, with fish response to the trashrack and flow being insignificant. A third
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hypothesis suggested that large vorticies in front of the dam might pull the fish deeper into the

water column before they reached the trashrack.

Because the evaluation of each hypothesis would involve expensive and time-consuming field

studies, a computer model was developed to evaluate possible causes of low FGE. The model,

which is outlined in the following sections, combines information on flow with the behavior and

ability of fish to avoid aversive stimuli. With the model, it was possible to gain both an intuitive

and quantitative understanding of how different factors interact to control FGE.

The model related FGE and fyke net distributions to the flow conditions and behavior of fish in

front of and behind the trashrack. Flow parameters were determined from observations using

least-squares regressions. The behavioral parameters were then varied until the predicted and

observed FGE and fyke net distributions had a minimum chi-square difference. This procedure,

applied to the data with and without a STS, revealed that significant avoidance only occurred when

the STS was present. This suggests that the STS generated a stimulus that fish strongly avoided.

The ethological literature provides evidence that the stimuli could be low frequency noise generated

by the STS.

THE MODEL

The trajectories of fish from the forebay through the trashrack and into the STS and turbine intake

of unit 1 at Rocky Reach Dam (Fig. 1) were modeled with finite increment equations in which the

movement of fish is expressed in terms of the water flow and the swimming movement of the fish

in response to stimuli. The fmite increment equations are written as follows:

Xj+1 =xj+ (uf+ub)dt

(1)

Zj~~ = Z1 + (vf + Vb) dt

where dt is the time increment, x~ and Zj are the horizontal and vertical coordinate positions of the

fish at time i~dt, Uf and v~ are the vertical and horizontal velocities due to the flow and Ub and v~ are

swimming velocities. All velocities can change from one time increment to the next according to

the flow regime and the stimuli encountered.
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Figure 1. Cross-section of Rocky Reach Dam
showing a fish trajectory from the
forebay through the irashrack and into a
fyke net.

Flow Contribution

Slope. The slope, or gradient of the water flow is described in terms of mean and fluctuating parts

as follows:

dz/dx = dz/dx + dz/dx’ (2)

The mean part is described by stream functions, which represent the mean flow path at any level.

The stream functions to a first order are determined by the boundaries of the ceiling and floor of the

turbine intake tunnel using equations of the form:

z=Zt+c(x~Xt)a (3)

where z = 0 is the water surface in the forebay and x =0 is the horizontal coordinate referenced to

the trashrack, and Z~ and X~ are turbine reference points. The vertical coordinate is positive

downwards and the horizontal coordinate is positive toward the turbine. Two stream-line regimes

0



Appendix 6 105

are defined relative to the midpoint depth of the turbine, Z~. For z < Zt, the exponent, a, is a

positive constant and for z ≥ Z~, the exponent is a =0. The constant in Eq. 3 depends on the

specific streamline. The exponent can be determined from 3 points on a streamline with the

expression:

(zi - z2)(x3 - x2)
a=ln (4)

(z3 - Z2)(X1 - x2)

The mean gradient of a streamline at any point is:

___ z-zt

dz/dx=a (5)
x - Xt

The fluctuations in the slope of the streamlines are estimated from observations of the range of the

current speed fluctuations in front of the trashrack. Assuming that fluctuations exhibit a sinusoidal

pattern with a random period, I can approximate the standard deviation of the fluctuations with the

root mean square of their range in the vertical component, AS~, divided by the mean speed of the

current, S, so that:

STD(dz/dx) = (AS~/2S)’/2 (6)

The fluctuating slope is then expressed:

dz/dx’ = STD(dz/dx) X(t) (7)

where X(t) is a Brownian motion stochastic process in which every increment, X(t+dt) - X(dt), is

nonnally distributed with mean 0 and a variance dt.

The vertical distribution of STD(dzjdx) is estimated from the data on the vertical and horizontal

fluctuation ranges at 5-ft depth increments. The ranges for each depth interval are put in Eq. (6),

and the depth distribution of the result is determined by a least-square regression of the polynomial:

STD(dzjdx) = b0 + b1 z + b2 z2 (8)

The mean slope of the flow trajectories described with Eq. 2 generally decreases with depth while

the variations in the slope of the flow trajectories increase with depth (Fig. 2).
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Speed. The current speed along a streamline is empirically described in terms of mean and

fluctuating components as:

S=~+S’ (9)

The mean current vertical profile is estimated from a least-squares regression of speed data using

the polynomial (Fig. 3):

S=ao+alz+a2z2+a3z3 (10)

The vertical distribution of the amplitude in the fluctuating component of the current speed is

estimated in terms of the amplitude in the current fluctuation AS. The vertical distribution of AS is

determined in an analogous manner to dz/dx’ using Eqs.(6), (7) and (8), where AS~ is replaced

with the range in the speed variation, which is defined as AS = (ASx2 + AS~2)°~5, where AS~ is the

range of the horizontal component of the flow variation.

Behavior Contribution

The response to the trashrack is expressed in terms of the probability of eliciting an escape

response directly away from the trashrack. To successfully avoid the trashrack, a fish first must be

able to swim against the current and, second, must desire to do so. These two factors are

expressed with a simple algorithm that is applied when the fish encounters the trashrack. If the

current velocity, horizontal to the trashrack, S~, is faster than the maximum escape speed, U, then

the fish passes through the trashrack. If the escape speed is greater than the current horizontal

velocity, then fish can avoid the trashrack; thus, the probability of the fish passing through the

trashrack is set at P, where the escape speed is variable. Mathematically, this algorithm is

expressed as follows:

IF S~ > U or RND < P THEN

Uf+UbSx U

Vf - v}~ = Sz

ELSE (11)

uf+ub=(-S~+U)RND

vf-vb=S~

where RND is a rectangular probability function of the type generated by a computer random

number generator. Two trashrack passage probabilities are formulated: P0 expresses the
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Figure 2. Model streamlines through trashrack.
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Figure 3. Vertical profile of current speed 12 ft in
front of unit 1 with 100 MW load. Line
represents regression of data using
polynomial equation.
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probability of avoiding passage through the trashrack when above the STS, and P1 expresses the

probability of avoiding passage when below the STS. With this algorithm, fish may contact the

trashrack several times before they pass through it. With each avoidance behavior, fish are pulled

deeper into the water column by the vertical component of the flow (Fig. 4).

After passing through the trashrack, the velocity components are expressed as follows:

uf + Ub S~
(12)

Vf+VbSzV.

where V is a vertical swimming velocity that is included to model possible upward movements that

are thought to occur in some instances (M. Bell, personal communication).

Fish Distribution in Forebay

The vertical distribution of fish in the forebay observed hydroacoustically (~; 3.) can be described

with a gamma density function (Fig. 5):

(z/m)~1 e(~Im)
p(z)= (13)

m (n)

where is the gamma function and the constants m and n are determined from the mean depth,

~and the mode depth, Zm~je, of the vertical distribution of fish in the forebay by the

equations:

m ~ - Zmcyje
(14)

fl Zm~jiJ(Z~~ - Zmode)
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Figure 4. Model trajectory of fish at trashrack
showing avoidance and eventual
passage through the trashrack.

FGE Calculation

To calculate FGE and the distributions of fish in fyke nets, the water column is divided into N

depth increments and trajectories are calculated from starting at depths z0(n), where n 1, 2,..,

N, at a distance x0 from the trashrack. The endpoint depths of the trajectories are designated ze(n).

Trajectories that pass through the trashrack above the depth of the STS are taken to be guided and

contribute to the FGE according to the formula:

M N
FGE = ~ p(z~(i)) / ~ p(zo(n)) (15)

i n

where i = 1, 2,. ., M is the set of guided trajectories.
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Figure 5. Vertical profile of fish in forebay deter
mined with hydroacoustics. Line
represents gamma function model of
profile.

Fyke Nets

Trajectories that pass through the trashrack below the STS are unguided and contribute to the fyke

net catches. The distribution of fish in fyke nets is expressed by the following equation as

percentages of the total number not guided:

L(j) N
FYKE(j) = 100 IE p(z0(k(j))) I E p(z0(n))(1-FGE)} (16)

k(j) n
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where k(j) = 1,2, . ., L(j) is the set of trajectories terminating in fyke netj wherej = 1, 2,.. ., 7.
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MODEL RESPONSE

Model Fit

The model output includes the FGE and FYKE, which is the normalized distribution of fish in fyke

nets 1 to 7. These measures are controlled by a number of flow and behavioral model parameters.

The flow parameters were determined from statistical regressions of the polynomial equations on

the mean and ranges of the vertical and horizontal components of flow made 12 ft in front of unit 1

with a 100 MW turbine load for conditions with and without a STS (i). The behavioral parameters

were determined by adjusting their values to obtain a minimum chi-square of the difference

between the observed and predicted levels of FGE and FYKE. The behavioral parameters were

confined within limits. Probabilities were confmed within the range 0 to 1, the maximum escape

velocity was set at 12 body lengths per second (bus), and the forebay depth distribution modes

were confined within ±7 ft of the mode observed hydroacoustically. The hydroacoustically

determined mode (Fig. 5) was not used as a fixed parameter because it represents a mixture of fish

species, while the distributions in the model are species-specific. The time increment, dt, was set

at 1 s, this being a time interval over which the change of flow and swimming speeds was expected

to be minimal.

Conditions without STS

For the conditions without a STS, the best fit to the fyke net distributions was obtained when the

probability of trashrack avoidance was zero and the fish exhibited upward swimming behind the

trashrack (Table 1). The distributions were fine-tuned for each species and for day and night

conditions (Table 2 and 3) by adjusting the parameters for forebay depth distribution. Yearling and

subyearling chinook, coho and steelhead were caught in the upper three fyke nets in both day and

night periods. The model depths in the forebay required to fit the fyke net distributions were

within 7 ft of the mode, which was determined acoustically to be 35 ft. The pattern for sockeye

was aberrant. During the day, the required forebay distribution mode was at the surface, while at

night the mode was at the bottom (Fig. 6). In general, the picture presented with these parameters

is of fish following the flow through the trashrack and moving upwards at a normal cruising speed

of 3 to 4 bus on the back side of the trashrack (Fig. 7). There appeared to be little, if any,

tendency for the fish to avoid the trashrack with the STS absent.

Conditions with STS

To model the conditions with a STS the depth distributions, determined from fitting the model to

the fyke net distributions without a STS, and the flow parameters for the STS condition were used.
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The behavioral parameters were adjusted to minimize the chi-square fit to the FYKE and FGE

observations (Table 4). In general, the chi-square values obtained for the STS condition were one

order of magnitude larger than were obtained for the condition without the STS (Table 5 and 6). In

all cases, model fits required P0=0, indicating that all fish actively avoided passing through the

trashrack above the depth of the STS. Below the level of the STS, model fits to the data required

that P1 be between 0.3 and 0.5. Fish trajectories for these conditions followed the flow to the

trashrack and then moved down the face of the trashrack. At the level of the STS, few fish passed

through the trashrack; however, below the STS, fish passed through after about 3 encounters

(Fig. 8).

With P1 =0 above the STS, fish were only guided when the random fluctuations in the current

exceeded the burst speed of the fish. Assuming burst speeds of 12 bus, the maximum escape

speeds would range between 4 and 5 ft/s for chinook, sockeye, and coho, and up to 7 ft/s for

stee]head. In these ranges, the modeled FGE is critically dependent on the escape speed (Fig. 9),

so essentially all guidance of subyearling chinook, sockeye, and coho could be the result of

random current fluctuations puffing the fish through the trashrack. Yearling chinook and steelhead

could, theoretically, swim against the flow. In any case, the estimated probability of trashrack

passage above the STS was near zero for all species.

DISCUSSION
The model analysis suggests that fish actively avoided passing through the trashrack when the STS

was directly behind the trashrack. Below the level of the STS, trashrack passage increased, and

when the STS was absent the fish apparently exhibited little trashrack avoidance. These results

strongly suggest it is the STS itself that was generating the avoidance. This conclusion is

supported by recent studies conducted at Bonneville Dam Second Powerhouse, where the

trashrack was removed and fish still avoided the STS and the bypass slot (3. Williams, personal

communication). At both of these dams, the STS was close to the trashrack and FGE was low. At

other projects with higher FGE, the STS location was further behind the trashrack. Together,

these findings suggest that the STS, when located close to the trashrack, may generate stimuli that

cause avoidance responses in downstream migrants. The role of the trashrack is unclear: It might

play a secondary role such as providing a reference for the direction and timing of the avoidance

responses, or perhaps it could have some importance in how a STS generates aversive stimuli.

Speculating on the nature of the stimuli generated by a STS, I can immediately eliminate several

possibilities. The stimulus was probably not visual because the STS was deep in the water column

and low FGEs also occurred at night. Physical contact with the STS was probably not an
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Table 1

PARAMETERS FOR MODEL FIT
(without STS)

Chinook 1 Chinook 0 Sockeye Coho Steelhead
(D) (N) (D) (N) (D) (N) (D) (N) (D) (N)

ZMcyJe 29 30 32 42 1 200 31 28 27 39
ZM~ 35 38 53 70 25 3000 35 69 50 81

U 4 4 4 4 4 4 4 4 4 4
V 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
P0 1 1 1 1 1 1 1 1 1 1
P1 1 1 1 1 1 1 1 1 1 1

Source: (4).

Note: (D) designated day conditions and (N) night conditions.

Table 2

SUMMARY OF FYKE NET DISTRIBUTIONS
(Day conditions without STS)

Chinook 1 Chinook 0 Sockeye Co ho Steelhead
(0) (P) (0) (P) (0) (P) (0) (P) (0) (P)

Neti 41 41 22 24 36 37 41 42 26 27
Net2 33 34 27 24 21 21 38 38 26 24
Net3 15 19 23 25 16 19 13 17 21 24
Net4 6 4 14 14 11 11 5 2 13 13
NetS 3 1 8 9 9 8 1 0 7 8
Net6 2 0 3 2 5 2 0 0 5 2
Net7 0 0 0 0 0 0 0 0 0 0
Chi-square 6 5 5 5 6

Source: (4).

Note: Results are from 1986 studies at Rocky Reach Dam. (0) observed values; (P) predicted
values according to Eq. (16). Distributions are reported as percentages.
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Table 3

SUMMARY OF FYKE NET DISTRIBUTIONS
(Night conditions without STS)

114

Net 1
Net 2
Net 3
Net 4
Net 5
Net 6
Net 7
Chi-square

Chinook 1 Chinook 0 Sockeye Co ho Steelhead
(0) (P) (0) (P) (0) (P) (0) (P) (0) (P)

32 36 15 17 11 9 23 23 17 18
33 32 27 21 14 13 21 21 22 20
17 22 24 27 18 23 24 24 23 26
9 7 18 17. 21 21 17 15 19 17
5 3 11 12 20 21 10 11 11 13
3 1 5 4 13 8 4 3 7 4
0 0 0 0 0 0 0 0 0 0

14 13 14 7

vertical fish distribut~cns

2

Source: (4).

Note: Results are from 1986 studies at Rocky Reach Dam. (0) observed values; (P) predicted
values.

0

+~

-c
0~
a,

-o

120

chinook I chinook ~ sockey. cte.Ih.~d coho

Figure 6. Model profiles of vertical distributions of fish in
forebay by species. Solid lines for day profiles,
dashed lines for night profiles.
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Source: (41.

4~)

0

20

40

60

80

100

120
—60

distance crcm trashrack (ft)

Figure 7. Trajectories of fish for conditions
without a STS showing passage of fish
through the trashrack and upward
movement behind the irashrack.

Table 4

PARAMETERS FOR MODEL FiT
(with STS)

0 60

Chinook 1 Chinook 0 Sockeye Coho Steelhead
(D) (P) (D) (P) (D) (P) (D) (P) (D) (P)

ZMcyJe 29 30 32 70 1 200 31 28 27 39
ZMe~ 35 38 53 42 25 3000 35 69 50 81

U 4.2 4.2 4.15 4.15 4 4 4 4 4.1 4.1
V 0 0 0 0 0 0 1 1 0 0
P0 0 0 0 0 0 0 0 0 0 0
P1 0.3 0.3 0.5 0.5 0.5 0.5 0.3 0.3 0.4 0.4

Note: (D) designated day conditions and (N) night conditions.
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Table 5

SUMMARY OF FGE AND FYKE NET DISTRIBUTIONS
(Day conditions with STS)

Chinook 1 Chinook 0 Sockeye C oh o Steelhead
(0) (P) (0) (P) (0) (P) (0) (P) (0) (P)

FGE 3 1 3 5 9 5 18 25 13 5
Neti 1 0 0 0 6 0 13 3 4 0
Net2 7 6 14 9 10 8 13 22 10 8
Net3 36 40 28 21 18 26 44 40 31 21
Net4 34 27 44 37 29 34 18 19 25 35
NetS 11 15 10 21 19 22 7 12 16 20
Net6 9 9 7 7 14 5 4 3 12 9
Net7 2 1 0 5 4 4 1 0 2 6
Chi-square 21 72 58 71 81

Source: (4).

Note: Results are from 1986 studies at Rocky Reach Dam. (0) observed values; (P) predicted
values.

Table 6

SUMMARY OF FGE AND FYKE NET DISTRIBUTIONS
(Night conditions with STS)

Chinook 1 Chinook 0 Sockeye C oh o Steelhead
(0) (P) (0) (P) (0) (P) (0) (P) (0) (P)

FGE 9 1 0 4 4 3 30 15 6 4
Neti 1 0 0 0 0 0 7 1 0 0
Net2 13 6 8 8 3 6 16 15 2 6
Net3 38 38 28 18 13 14 24 33 21 20
Net4 26 28 43 36 32 30 22 21 22 31
NetS 13 15 13 22 32 23 16 17 25 22
Net6 8 9 7 8 16 12 14 9 26 12
Net7 1 1 1 7 4 16 1 5 3 9
Chi-square 30 72 62 92 85

Source: (4).

Note: Results are from 1986 studies at Rocky Reach Dam. (0) observed values; (P) predicted
values.



Appendix 6 117

40

(4~

jso

~ 80

100

120
-60

distance from trashrack (ft)

Figure 8. Trajectories of fish with a STS showing
movement down the face of the trashrack
and passage through the trashrack below
the STS.

important source of aversive stimuli because the frequency of descaling was not significantly

increased with the STS. The most interesting possibility is that sound was the aversive stimulus.

In general, the lateral line sensory system in salmon is sensitive to sound frequencies up to about

1,000 Hz, with a peak sensitivity at about 160 Hz (5., ~). Over this range of frequencies, fish

exhibit a variety of responses, including startle, avoidance and attraction. Startle responses, in

which the fish turn away from a stimuli within a 10-30 ms period, can be evoked readily by sound

stimuli (2, .S). Herring startle to sound frequencies between 20 and 200 Hz (2) and are most

sensitive at about 160 Hz (s). Following a startle, fish swim away from the stimuli and may reach

burst speed for a few hundred ms. This response is often followed by a glide or steady swimming

away from the stimulus (2). Avoidance responses, which are slower, might be initiated in the 60-

400 ms interval. Both startle and avoidance responses would suffice to move fish away from a

trashrack in flows of a few ft/s. Avoidance responses can be evoked in herring by continuous low

frequency noise between 5-15 Hz, with threshold sound pressures between 3 and 55 Pa (j~).

Carp showed rapid movements in response to sounds between 6 and 12 Hz. These low frequency

noises are generated when fish swim, and since fish apparently do not habituate to them, it is likely

20

0 60
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Figure 9. Model-derived relationship between FGE
and fish escape speed for the conditions
with a STS at Rocky Reach Dam.

that they use these frequencies for communication in synchronized swimming (II). Fish can

habituate to sounds around 150 Hz (i), but when the intensity of the source rapidly increases,

avoidance and startle responses can be induced (j~). Studies on steelhead downstream migrants

demonstrated avoidance at sound frequencies up to 80 Hz. The response occurred only in the

near-field, and the greatest distance that fish moved from the source was 2 ft (i).

A detailed study of the hearing capabilities of Atlantic salmon (~) determined that the threshold of

discrimination of Atlantic salmon has a maximum sensitivity at about -5 to 10 dB/ubar for

frequencies between 20-100 Hz. In comparison, footsteps along the bank of a river reached up to

45 dB/ubar. At close distances, Atlantic salmon detect the particle displacement of sound more

readily than the pressure wave. This was demonstrated in an experiment in which the threshold

produced by a speaker was found to be 30 dB/ubar lower if the speaker was immersed in the water

than if it was in the air. The masking of a signal by ambient noise raises the threshold of detection.

To a first order, masking will occur if the ambient level is within 24 dB of the threshold. Thus,

hearing impairment is expected in fast-flowing water. In general, the effect of ambient noise raises

the threshold level in a linear manner; therefore a 10 dB shift in the ambient noise increases the

FGE vs. escape speed

n

‘S

w
L.L.

80

60

40

20

0
0 1 2 3 4 5

U (ft/s)
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threshold by 10 dB, and the effect of the masking decreases as the frequency between the signal

and the ambient noise increases.

The sound spectrum at a hydroelectric powerplant is unknown. In the absence of observations, we

must estimate the possible range of frequencies of the ambient sound and the sound produced by a

STS. To a first order, we expect the ambient noise is produced by the rotation of the turbines.

Since the rotation speed is about 200 rpm (j~), we expect the fundamental frequency of the

ambient noise is about 10 Hz. To estimate the possible frequencies generated directly by a STS, I

assume it is a rectangular membrane; consequently, the fundamental frequency of vibration is given

by the equation:

f~~J(1/l~)2 + (1/l~)2 (17)

where c is the speed of sound through freshwater (4813 ft/s, 1480 m/s), and l~ and l~ are the

dimensions of the membrane (14). The STS at Rocky Reach Dam has two sections, each with

dimensions of about 10 x 13 ft. so by using Eq. 17,1 determined that the fundamental resonating

frequency of the STS is about 600 Hz. Lower frequencies could also be generated by the currents

pulsating through and around the structure. In its location behind the trashrack, the STS frames a

triangular shaped cavity with dimensions of several tens of ft. It might be possible that flow

through this cavity produces a low frequency noise. In any case, current measurements indicate

that the flow below the STS was considerably more variable when the STS was present (2).

A STS might generate low frequency sounds by one of several mechanisms. Although the ambient

turbine noise might be in the range of frequencies generated by a STS, the turbine is about 70 ft

from the trashrack; the intensity of the sounds might be diminished at the trashrack and the major

source of low frequency sound might be from the STS. Although this hypothesis is only

supported by circumstantial evidence, it warrants further consideration. If the low FGE is due to

fish avoidance of low frequency sound, then the route to improving FGE could be through the

abatement of this sound.
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