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ABSTRACT

The predatory behaviour of rainbow trout was studied to
ideﬁfify some of the major factors that influence their
response to prey. Two benthic-living amphipods Crangonyx
sp. and Hyalella sp. were selected as representative prey.

In some experiments, artificial food was utilized,

Rainbow trout adopt a searching position some 10 to 15 cm
from a substrate and locate food visually. As a result, they
can detect only organisms that are exposed. In the presence
of a complex substrate, trout were able to recognizé moving prey
with greater success (74%) than stationary targets (39%) with
the same visual characteristics. The distance from which trout
will react to food was shown to be dependent upon the size,
inherent contrast and activity of the object as well as the
ambient illumination, turbidity of the water and complexity
of the substrate. After 6 to 7 days of experience with a new
but palatable food, trout can increase their reactive distance
through léarning. A general system of eguations was developed
to describe the effect of each of these parameters on reactive
distance.

ﬁn the average, trout successfully capture 82% of the prey
they attack. In the laboratory, the rate of capture reached a
maximum level when the density of prey was increased to 240 animals
per sq. m. Irrespective of the abundance of food, however,
decreasing hunger motivation was found to depress the predator's

rate of capture as was the presence of a substrate in which the-
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prey could conceal themselves.

The effect of water temperature on the vertical and
horizontal movements of (rangonyx and Hyalella was also
examined. The vertical activity of both prey increased
exponentially with a rise in temperature. In contrast, 10°
C. was suggested to be the optimum temperature for the
movement of exposed animals.

A general simulation model was developed to test the
hypothesis that the selective exploitation of 4 major
invertebrate groups in Méridn Lake, by trout, occurs at the
perceptual level. The model considered the predatory behaviour
of the fish as well as the density and physical characteristics
of their prey, and was able to predict with some accuracy the
occurrence of different foods in trout stomachs.

The model was also able to account for the size -
selective exploitation of Crangonyx and Hyalella, the seasonal
changes in the vulnerability of these species, and the fact
that the less numerous Lrangonyx was captured just as frequently
as Hyalella. |

Trout require avthreshold rate of capture (about 2 captures
/ min.) to maintain a specific pattern of search. If they do
not attain this threshold they will switch their attention to
other hunting patterns. As a result, the population should
converge, temporarily, into areas in which food is relatively
more abundant. Since trout can also learn to increase their

responsiveness to prey, both of these characteristics would
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improve their hunting efficiency.

The results of this study indicaete that visual predators
will discover and,subseqguently may exploit,large prey that tend
to be exposed and active, with greater success than smaller,
less active or less conspicuous species. Moreover, if a visual
predator maintains a searching position, it may not detect benthic-
living food organisms less than a critical size. The significance

of these conclusions is discussed.



TABLE OF CONTENTS

ABSTRACT 8 08 o0 .00..0.00.0'.7 ooooooo ® # 0 80 ¢ 00 00 30 0800000008000

Page

i

LIST DF TABLES ....Q...l.'.’.‘."’ll.".".'.. ....... ootooooVii

LIST OF FIGURES 0'..0..0l..'0DO.'..'.I....‘..CI".OOOQQO‘0‘l
ACKNOWLEDGEMENTS CECIE IR R S Y S B I S Y B I Y B R S S I BN B A IR B B A BN B AN A
GENERAL INTRDDUCTIDN -A‘ooooboo-o'oo-o.o.ooooooo'ooouoooo.o
SECTION 1
THE EFFECT OF PREY DENSITY, PREY SIZE AND THE

PRESENCE OF A SUBSTRATE ON THE FEEDING
BEHAVIOUR OF TROUT

INTRUDUCTIUN ® P 6 0 0 0 0 O L B PSP LB G LSS E S S O CE PN PO e ES OSSP OS

METHODS'AND MATERIALS ® # 0 6.5 0.0 9 0 8 80500 B OGS LSS TS e s

RESULTS ® 00 0 0 80 0 0¢84 s 00 s e @ ® 9 * ¢ 6 0 00 0t S 6 0P L s s e e e

GENERAL FEEDING BEHAVIOUR wevvonnn. ettt

The Effect of Hunger and Prey Density on
the Rate Df\ Attack e & 6 & & & 6 6 5 5 O S O ¢ 0 O O & W O S O SOE S e s

The Relationship Between the Rate of Attack
and prey Slze ......Q......‘0.0..0.“..‘. ......

THE EFFECT OF A SUBSTRATE ON THE ATTACK RATE .eeceeve
pREY EApTURE SUCCESS oo.o-o-‘o-..ooo.'..oo0.0‘-‘;--.'...

THE THRESHOLD RATE OF PREY CAPTURE AND THE SEARCHING
pATTERN ® * ® & & & 8 s 0 0 0 ® o & & s o > & o & o ® & & 6 8 ¢ s 0 s * * B & 5 0 s s 0o e

DISCUSSION .0.0..0...‘0..'0.-0l.'...l..‘.l‘..‘..l.'....o....

SUMMARY ‘000»0.00 ooooooooo ® 9 0 8 2 0 0 8 6 P E 8 S SN SO LGP O S S S L s e N

ix

11

12

18
22
30

34
39

44

iv



SECTION II Page

THE EFFECT OF EXPERIENCE ON THE RESPONSE OF TROUT TO
UNFAMILIAR PREY
INTRDDUCTION 9 5 8 2 0 6 2 0 0 5 O 0TS B S LS P S LEE NS LS EE O NS e s e 47
METHUDS AND mATERIALS @ 6 5 6 8 0 & 0 0 06 4 00O PSS S e O e G PG s e e e o 48
RESULTS PR A A I B A S I BT B B IO SN BT B R S A IR I B I I I A S R R I I I I Y I S ) 50

THE CHARACTERISTICS OF THE INITIAL RESPONSE OF TROUT
TD UNFAMILIAR pREY ..D.'O...O.....O.'..OQ......‘.....50

THE EFFECT OF EXPERIENCE ON REACTIVE DISTANCE ...... . 53
THE SPECIFICITY OF THE RESPONSE OF CONDITIONED TROUT. 57
THE EXTINCTION AND RE-DEVELOPMENT OF REACTIVE DISTANCE 63
ATTENTION COMPETITION cevevecasossoeosssocssssnensses 03

DISCUSSIDN ® ® 9 & & 0 s 5 0 o ® & 8 &5 6 06 % & 8 0 S 0 S LS E b OE S e eSeee 66
SECTION III
PREY ACTIVITY AND VULNERABILITY

INTRODUCTION + e e en s eeneneneennesasaseasesasesneenseeenens 73
METHODS AND MATERIALS vevvvevvaneennn Cetetreceneeaesaianess 13
FIELD STUDIES vuvew... e Ceeetereceaeteentaaneneeas 13
LABORATORY STUDIES vvveeeveecvnsensoncononesncensansa 75
RESULTS e veeenenensneesasonenenensnsasnsoseneasassoasneaes 76

THE EFFECT OF WATER TEMPERATURE ON THE VERTICAL
ACTIVITY OF CRANGONYX AND HYALELLA ....... cesecosecns 76

THE EFFECT OF TEMPERATURE ON THE ACTIVITY OF EXPOSED
AmpHIpDDSC....OOOCOCQOC.........0'..00..0..0.......Ol 83



SECTION IV Page

A SIMULATION MODEL OF THE PREDATORY BEHAVIOUR
OF TROUT

INTRDDUCTIDN .'-.0.0.'0.0.n.otl'o.colo.oooo-o.u‘o'oo-'ooo'.87
METHODS AND MATERIALS .0'.0..O.'.0.0.‘....0..0..'.‘.0.';'.. 89

RESULTS CIC RN S B AN S N NN K BN BN I N AN B I B RN BN IR Y I AR R JE R B B Y IR N 2 I B I IR 92

THE CHARACTERISTICS OF THE VISUAL RESPONSE OF TROUT
TD pREY ......'.“I'...D.'.'.Ol.....0'0..‘0'0....'..'!_'92

The Relation Between Prey Size and
CONELTASt TNTESNOL0 evoveverosocecsnsersacocssnnens 32

The Relation Between the Ambient Illumination,
Visual Angle and Lontrast Threshold eeeescecocees 39

The Effect of Prey Movement on Reactive
Distance e @ ¢ & 0 & v s 2 .‘...‘..‘.......'.........'.'.’102

The Relation Between the Background, Reactive
Distance and Target Recognition Success A § 1))

The Effect of Prey Activity and the Searching
Position on the Width of the Path Of 56arChe.....109

THE ATTACK MODEL evveceooeososcesonsaacensonss S § =

APPLICATIONS OF THE MODEL veveevncocnncononee PP i =

The selective Exploitation of Amphipods, Udonates1
Planorbids and £addiS eeecesesocsocosocoscosse e

The Size Selective Exploitation of Amphipods.....l124

Seasonal Changes in the Exploitation of Amphipodsl129

DISCUSSIDN 00l.o.".000000'0000.00.0'...0..'.0.-....00131

SUMMARYO ooooooo ® 8 0 0 ° 04 8 F B 00 TP GG SN A e s e T e 00'0-00141

BIBLIOGRAPHY ®¢® e 000c 009000000 ® 0 0 4 86 00 0 6 600 e e s P s S G e s lad

AppENDIX vtc.'....oo.'.-o'aoo-'.'oo'..ot.ooovtcottootoovtottlsz

I. LIST OF SYMBOLS FOR THE ATTACK MODEL .....l152

1. PHYSICAL CHARACTERISTICS OF MARION LAKE ..l154
ITI. POPULATION CHARACTERISTICS OF CRANGONYX

AND HYALELLA tvevveconsonscacenosnnss . ...156

vi



Table
Table
Table

Table

Table

Table

Table

Table

Table

Table

Table

l.

2.

3.

4.

5.

6.

7'

l.

2,

1.

2.

LIST OF TABLES

SECTION

I

Characteristics of the experimental

substrates seveseccaeas

A representation of the

COﬁdUCted LI I I N S R I I I I Y A I B I Y S A

Page

9 8 68 0@ @2 0 0 8t e s e s

experiments

Average lengths and dry weights of prey

used in the predation experiments

® e 0o s 00 s 0 s 0 g

Regression constants for the rate of attack
at time (t) with respect to the hunger level
of the trout and the density of prey 30

seconds earlier ...ee..

The relafionship between reactive distance and

PTEY S1ZEB eveerovocesos

L AN B O B N B

® s 08 008 0 0

® 6 8 0 08 0 2 % 0 00 0% e s 2 s s e e

A comparison of the effect of the different
substrate treatments on the proportion of

Crangonyx and Hyalella that were exposed and

captured during an experiment

® @6 6 0 00 08 60090000

The proportion of the total number of strikes

which successfully terminated with the capture

OFprey I:0.0‘.......Oll.l.....‘l.....'ll"l...

SECTION

Il

The relationship between the initial and

conditioned reactive distance

S % o s 00 s 00000 00

The effect of hunger on the reactive distance

of 3 trout conditioned to white prey

SECTION

111

The vertical dispersal activity of Crangonyx
Lake, with respect to

and Hyalella, in Marion

several environmental conditions

A. The relationship between the ambient water
temperature and the instantaneous proportion

of Crangonyx and Hyalella exposed at or above

the mud-water interface

® 2 5 00 06 0 s 8 4 2 08 680 000

B. The relationship between the ambient water

temperature and the proportion of time exposed

amphipods spend moving

® 6 0 6 0600 0 0800 0

® ¢ 80 0 08 v o0

9

21

28

56

78

86

86

vii



Table

Table

Table

Table

Table
Table

Table

Table

Table

Table

4.,

5.
6.

8.

LIST OF TABLES
SECTION IV Page

The relationship between prey size and the
average reactive distance eeeeeeeeeesecenoesas 30

A comparison of several documented values of
the minimum detectable contrast and the
minimum visual angle 6f different animals ...100

The effect of background diversity on prey
recognition SUCCESS eececesceresrocasnsnceasedl?

The effect of background diversity on reactive
distance ...QO'...Ql"ll.l.......l'...'.’l.l.'lUB

Values for the parameters of the attack model.ld

The population characteristics of the
odonates, caddis, and planorbids for several
selected months during an 'average' year .....20

A. A comparison between the expected and
observed percentage occurence of different
prey groups in trout stomachs R

B. A comparison between the observed and
predicted percentage occurence of different
prey groups in trout stomachs ..eeeeeceseoesssd?23

A comparison of the fit between the expected,

predicted and actwal size composition of
Crangonyx found in trout stomachs in the month
OF November ...........C.......l‘.'.‘00000000.128

Sensitivity of the attack model to selected
parameters ...l".'........'....l..l.......l.i33

APPENDIX

Temporal changes in the size structure of
amphipods in Marion Lake ee.eecensecescscsesswtDB

viii



Figure

Figure

Fiqure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.

2.

3.

4,

8.

i
LIST OF FIGURES X

SECTION I Page

The progressive decline in the rate of

attaCk L R Y S A N B A Y B A B R B AR IR LR T N S Y B I IR I A I

16

The searching velocity of Rainbow trout

in several control experiments s.veeeccrcevones 20
The average time required for 4 experimental
populations of Crangonyx to reach an _
equUilibrium 1evel OF EXPOSUTE severereacacesaes 20
The relationship between the number of
Crangonyx captured in different habitats after
50 minutes exposure to trout predation and
their initial denSity seeeeeeeceeeeecooacasenss 20
The rélationship between the number of Hyalella
captured in different habitats after 50 minutes
exposure to trout and their initial density ... 27

The relationship between the density of exposed
prey and the attack rate ceeveeeeesessencesenss 93

A schematic representation of the pattern of
benthic searching behaviour by trout during an
EXPELIMEBNAE vetereeeeeoeeosnansocnsssanssseasss IO

The relationship between the threshold rate of
prey capture and the predator's state of

hUﬂgBr ® & 5 2 0 0 0 6 2 0 0 6 T B S BN O SO PO L LB C S e s

37

The relationship between the experimental
substrate and the rate of extinction of the
benthic searching pattern after the initial

phase of complete attention s.eeeeeececencacsss o8

SECTION II

The effect of experience on the feeding time
and reactive distance of 2 groups of trout .... 52

The effect of experience on the reactive
distance of 6 trouUt euieeeeeesesssessscsasnsssss 0D

The effect of switching trout, conditioned to
white prey, to prey with different levels of
CDntraSt I(.’.‘...Q‘...I"..........‘....l‘..'.'. 62

The re-development of the reactive distance of

4trDUt LI A A I I R B A A B R A A B D O B I O L B I L B O B 4



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.

3.

4.,

LIST OF FIGURES
SECTION III Page

The effect of water temperature on the
proportion of Crangonyx that are exposed at
or above the mud-water iNterface eeeeeeeeeessess /9

The effect of water temperature on the
proportion of Hyalella that are exposed at or
above the mud-water interface ..eeeeeeeeeesees.. 80

The relationship between the actual density of
amphipods and their vulnerable density ......... 082

The relationship between the water temperature
and the average amount of time exposed Crangonyx
and Hyalella spend MOVING ceseesscnsovssnsansses B9

SECTION IV

A diagramatic representation of the relationship
between the contrast threshocld and the visual
angle e 8 6 & 85 0 0 & 6 T o S B O P S T S S S BB O S SRS S P e S 97

A comparison between the observed reactive
distance of 4 trout, exposed to different sizes
of prey, and the calculated reactive distance .. 1083

The effect of target movement on reactive
distance ....Q..‘..'....'.."...'..l'.....l‘.."lDA

The geometric relationship between the radius of

the reactive field, the trout's searching

position and the width of their searching path

2l0ng the sediment veeeeeeeoeceeeeeccsesseonsass 111

A schematic flow diagram of the parameters and
computational steps in the attack model ........ 113

A comparison of the observed, expected and the
predicted distribution of different size

classes of Hyalella found in trout stomachs at

two different Sampling PETiOdS eeeeeeceoesceness 127

A comparison of the simulated and observed
trend in the exploitation of Lrangonyx and
Hyalella, by trout in Marion Llake ....cceenee.n



X1

APPENDIX Page

Figure 1. The average seasonal trend in water temperature
jn marion'( Lake ..‘..0‘.0.0.'0..0.!.0.0.'."'.'0155

Figure 2. The relative density of Hyalella and Crangonyx
in Marion Lake scsvececerceoncerncnanes 157

¢ o e 2 0 0 0 00



xii

ACKNOWLEDGEMENTS

I am especially grateful teo Dr. lan E. Efford, my
supervisor, for his interest amd encouragement during
the course of this study. I would also like to thank
Drs. P. Larkin, €., Holling, R. Liley, T. Northcote and
Mr. N. Gilbert for offering valuable criticism of the
manuscript. Many people have aided me throughout this
study, I would particularly like to acknowledge the help
of Mr. P, Pearlstone and Mr. B. Delury.

Financial support came fram the Canadian International
Biological Program, the National Research Council of (Canada
and the University of British Columbia, Department of

Zoology.



GENERAL INTRODUCTION

Many laboratory studies have been conducted to describe
the feeding behaviour of animals (De Ruiter, 1966); very few
of these,however, have attempted to predict how natural populations
of predators will  exploit different species of prey.

Until very recently, the method of how to systematically
relate laboratory studies to the field was rather elusive. In
1966 however, Holling described what he called the "experimental
components analysis'. Thié approach is based upon the premise
that a biological process, such as predation, can be broken down
into fragments. These components can then be studied under
controlled conditions to elucidate their importanmce and relationship
with other parts of the process. The structure of the resulting
system is not assumed to be a complete explanation or descriptiaon
but rather is designed to be continually modified in the face
of nmew observations and experimental results. In essence then,
the system becomes a working hypothesis that can be tested either
in the laboratory or on natural populations.

In this study I have attempted, through laboratory experiments,
to analyse the feeding behaviour of rainbow trout. The first
section of the study is devoted to a general description of their
behaviour and some of the major components which affect it. This
analysis is continued in the second section and takes the form
of a single questicnt can trout learn to alter their response
to prey? In the third section, I will describe the effect of
water temperature on the activity patterns of two species of

amphipods (Crangonyx richmondensis and Hyalella azteca) that are




natural prey of rainbow trout, and develop a vulnerability
submodel.

The final section will examine the relationship between the
visual characteristics of prey in general and the process of prey
detection. Various aspects from the manuscript will then be
coupled into a simulation modél to attempt to account for the
selective exploitation of several major invertebrates, but

especially the amphipods, by the trout population in Marion Lake.



SECTION I

THE EFFECT OF PREY DENSITY, PREY SIZE AND THE PRESENCE OF
A SUBSTRATE ON THE FEEDING BEHAVIOUR OF TROUT

INTRODUCTION

In most aquatic systems it appears as a generalization that
fish tend to exploit exposed prey to a greater extent than less
conspicuous species (Grimas, 1963; Allen, 1941). There are
other factors, however, besides the degree of exposure which
will determine the rate predators explqit prey. These factors
can be divided into 3 specific categories:
1) the characteristics of the prey {ie. size, density
and behaviour),

2) the feeding behaviour of the predator (ie. searching
behaviour, and the mechanisms it utilizes to locate
and capture food),

3) the characteristics of the environment (ie. the

ambient illumination, temperature and physical
structure).

Allen (1941) stressed the importance of the characteristics
of prey. He suggested that since different speciss have different
dispersal and behavioural patterns,-are different sizes and exist
at different densities, they are not likely to have the same
probability of being detected and captured by predators.

The tactics that predators employ to locate and handle food
also contribute to determining predation rates (Ivlev, 1961;
Holling, 1966). These tactics, however, may be modified through
hunger motivation and in some cases through learning (Holling,

1965; Holling, 1966; Beukema, 1968).



There is also considerable evidence to indicate that
predation is affected by énvironmental factors such as the
ambient illumination (Ali, 1959; Hunter, 1968; Blaxter, 1968a)
and the physical complexity of the environment (Ivlev, 1961;
Macan, 1966; Johannes and Larkin, 1961).

The purpose of this study was to examine the effect of 4
factors: 1) prey density, 2) prey size, 3) hunger motivation
and 4) the presence of a substrate on the feeding behaviour

of rainbow trout (Salmo qairdneri). Feeding experiments were

replicated with 2 different species of amphipods as prey

(Crangonyx richmondensis and Hyalella azteca).

The study was divided into 4 parts to systematically
construct a descriptive equation of the effect of each of
these components on the behaviour of trout. The first 3
sections will consider the influence of the aspects mentioned
above on the rate of prey capture, while the final section will
examine the relationship between the trout's rate of capture

and searching behaviour.



METHODS AND MATERIALS

Four rainbow trout, obtained from Marion Lake, British
Columbia, were used in this study. They ranged in length from
13.4 to 17.0 cm. Each fish was held in isolation between
experiments in a 227 litre (50 gallon) glass aquarium. Two
other identical tanks were utilized for predation experiments.

In both the holding and experimental tanks, the water
temperature was maintained at 10 C (: 2 C). Although the
background illumination was natural, it was 'controlled' by
avoiding direct light and conducting experiments at the same
time of day (1200 to 1400 hrs P.S5.T.).

Four different substrates were employed to test the effect
of physical complexity on predation. The characteristics of
gach of these treatments are described in Table 1. The control
substrate was simply a bare, grey colored surface. The litter
I and II treatments, on the other hand, were composed of large
pieces of stick litter and covered, respectively, 6% and 15%
of the tank bottom. The fine litter treatment was the most
complex utilized as it covered the entire floor of the tank.
This material was obtained by screening sediment from Marion
Lake to remove both the very fine and the very coarse particulate
matter. This was necessary to facilitate the recovery of prey
and to insure that the substrate would settle rapidly if it was
disturbed by the feeding activity of the predator.

The behaviour of trout was examined at a minimum of 3



different densities of prey in each of the 4 substrate treatments.
Predation experiments were replicated independently for both
species of amphipods (Table 2). The response of trout to

juvenile Crangonyx was also investigated but only in the litter

Il treatment. As a result,‘the effect of prey size on predation
could be assessed by comparing the results of these experiments
with those obtained when adult Crangonyx were in the same
situation.

To observe the feeding behaviour of trout, in different
states of hunger motivation, and yet insure that they would not
capture enough prey to reach satiation, different densities of
Crangonyx and Hyalella were utilized. Preliminary results
indicated that the trout would become satiated after consuming
about 90 standard sized adult Crangonyx (Table 3). To reach
the same state, they would have to capture over 200 smaller,
Hyalella. Therefore, the density of each prey was regulated
so the number captured during an experiment did not exceed
these respective limits. The range in density of juvenile
Lrangonyx was identical to that choosen for Hyalella, as they
are both of similar size and to some extent weight (Table 3).

The hunger level of the trout was standardized by depriving
them of food for 48 hours before an experiment (in a few instances
this period lasted as long as 96 hours). Some preliminary results
indicated that the fish required 50 to 60 hours at 10 C. to
completely digest a satiation ration. Since the amount of food
they were able to ingest in virtually every experiment was well

below their satiation level, 48 hours of deprivation should have



been adequate to clear the digestive tract of all food material
between succesive feedings.

The experimental procedure consisted of gathering the
required number of prey from Marion Lake and holding them,
without food, in plastic containers for up to 24 hours. The
feeding tank was prepared by adding a standafd sample of
substrate material and spreading it uniformly over the bottom.
The prey were then introduced and allowed 60 minutes to disperse
before a predator was released. Specific aspects of the trout's
feeding behaviour were recorded chronologically on a Rustrack,

4 channel recorder (Model 921).

The experiments were terminated after 50 minutes at which
time any prey remaining in fhe tank were recovered and counted.
This residual density was subtracted from the initial density
to determine the number of amphipods captured. The recovery
technique was tested and was found to be 97% to 100% efficient
in recovering prey, therefore, no correction was made for any

loss of animals during this operation.



TABLE 1. Characteristics of the experimental substrates
Treatment No. objects Average Surface - Area of tank
or depth * object area (cm®) bottom covered
size (cmz)
Control 0 0 4180 0
Litter I 34 (6x1x1) cm. 4700 253
Litter II 47 (9x2x1) cm. 5487 640
Fine Litter 4mm. (0.4-0.7) mm. 4180+ 4180

*gsee text



TABLE 2. A representation of the experiments conducted to determine the effect
of a substrate and prey density on the feeding behaviour of trout. The column

figures indicate the number of replicate experiments conducted with different fish.

Prey Density

Adult Crangonyx Adult Hxalellé Juvenile Crangonyx
Substrate 20 40 70 100 200 20 40 70 100 200 40 100 200
Control - 2 2 - - 2 2 1 2 2 - - -
Litter I 1 2 2: 1 - - 2 - 2 2 - - -
Litter I1 - 2 2 2 - - 2 - 2 2 2 2 2
Fine Litter - 2 - 2 2 - 2 - 2 2 - - -

No. exp. 22 27 6
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TABLE 3. Average lengths and dry weights of individual prey

used in the predation experiments.

Prey X Length (mm) * | X Dry weight (mg)
Adult Crangonyx 8.1 + 1 2.6
Juvenile Crangonyx 4.6 + 1 0.5

Adult Hyalella 5.7 + 1 1.0

* the range in length is indicated
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RESULTS

GENERAL FEEDING BEHAVIOUR

Rainbow trout appear to locate food visually. This was
verified by observing the behaviour'of both wild and experimental
fish, In either case, their attack response comprised three
distinct steps; orientationm, visual fixation, and a rapid,
direct attack. This is a common pattern and has been observed
for other visual pfédators (Messenger, 1968; Holling, 1966).

When trout hunt for benthic prey, either in the laboratory
or in the field, they search Fraﬁ é ;05;£i05 ;bme 10 té 15 cm
above the substrate but orient downward to face it. This
. characteristic incline (about 10 to 20 degrees) might be to
Qiréct.theirivisual axis onto the sediment, since it is slightly
oblique‘to the longitudinal body axis (Polyak, 1957).

A fish will search from this characteristic position with
monocular vision. - As a result, it will detect most targetsat
an angle (lateral) to its péth of search. OUOnce a target has
been detected the trout will orient to face the object and then
pause momentarily to fixate it with binocular vision before
attacking. When the attack occurs, it is rapid and is followed
immediately by a strike and engulfment of the prey. The»predator
will then return to its searching position before it resumes
hunting. A complete attack sequence may require only 2 seconds.

Rainbow trout are not always successful in discriminating
between prey and 'similar' objects, they will strike at pieces

of stick litter. When they react to an inanimate object they

will strike at and reject it several times before their attack
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response is terminated. This indicates that trout probably
rely upon either tactile or chemical discrimipation to
distinguish between food and inedible objects.

Even this very cursory description of their feeding
behaviour implies that as long as trout hunt from a position
some distance from the sediment and rely upon vision to locate
food they will detect only exposed animals. This supposition

will be examined in more detail below.

The Effect of Hunger and Prey Density on the Rate of Attack
(Control Experiments)

It is well documented that the feeding motivation of
many animals is affected by food deprivation. Ishiwata (1968b)
found that the amount of food rainbow trout would consume,
feeding ad libitum after various periods of food deprivation,
was inversely reléted to the amount which remained in the
stomach from the previous meal. If hunger is defined as an

animal's motivation to feed, it may be expressed as:

(1) H, = 1= (vt /v _)
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where (Ht) is thelevel of hunger at time (ﬁ), (Vmax) is the
stomach eapacity and (Vt) is the amount of food in the
stomach at time (t). ‘Hunger will, therefore, be greatest
(numerically, 1) when the stomach is empty, and minimal

(numerically, 0) when it is full.

This expression of hunger is convenient in that it
allows one to quantify an animals feeding motivation at any
time if the amount of food in its gut &s known. It is also,
however, extremely simplistic with respect to the complex
mechanisms which are knounto affect feeding motivation (Ruch
and Patten, 1965). For example, it does not account for
time lags in physiological feedbacks such as blood sugar
levels but implicitly éssumes that the state of hunger will
change immediately after any food is ingested or alternately,
cleared from the stomach, With these restrictions in mind,
equation (1) can be used to investigate the relationship

between hunger and the feeding behaviour of rainbow trout.

The satiation ration, or the maximum stomach capacity of
the fish was determined by holding them in isolation until all
the food consumed during their previous meal had been passed
from the digestive tract. They were then allowed to feed
ad libitum until‘fhey reached satiation (stopped attacking

prey). Since the number of amphipods captured during this period
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and the average weight of a single animal were known, the amount
of food each fish consumed could be estimated. The results of
these experiments indicated that the trout became satiated

after consuming 230 mg. dry weight, ( 1 S.E. + 12 mg. ),

regardless of whether they were fed adult Lrangonyx or

Hyalella.

In the predation experiments, captured prey were not
replaced. Therefore, both the density of prey as well as
the predator's level of hunger declined as the experiment
progressed. Either of these aspects could affect the rate
at which trout attack, therefore, the control experiments
were pooled according to the type of prey and were analysed
by multiple linear regression. Ffor this analysis, an experiment
was divided into 30 second intervals so the density of prey and the
state of hunger of the trout at one interval (t) could be
correlated with the rate of attack in the succeeding interval
(t +1). The level of hunger at the beginning of each time
period could be estimated (equation 1) as both the number of
nrey that had been captured up to that point and the average

weight of each of the test prey were knouwn (Table 3).
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A regression analysis indicated that prey density and hunger
were positively correlated with the attack rate (Table 4). In
other words, as the density of prey decreased the rate of attack
diminished but at a rate that was dependent upon the trout's
level of hunger. An example of the proqressive decline in the
attack rate from one series of experiments is illustrated in
Figure 1.

Observation suggested that the negative feedback between
hunger and the rate of attack might have been due to an increase
in the amount of time trout use to handle food as their hunger
diminishes. Hunger has a similar effect on handling time in
mantids (Holling, 1966).

On the basis of the control experiments, the relationship
between prey density (PD), hunger (Ht) and the rate of attack
(RA) was found to be adequately described by the regressioh
equation:

(PD) + b (H + K

1 2 t)
The effects of prey density and hunger are indicated, respectively,

(2) RA = b

by the constants (bl) and (bz) ; (K) is the Y-intercept of the
regression,

In the control experiments the value of (bl) was significantly
larger when Crangonyx were prey (Table 4). This means that when
bath species were at comparable densities, trout attacked
Crangonyx more rapidly than Hyalella. 0One possible explanation

for this result is explored below.



Figure 1. The progressive decline in the rate of attack
(30 second intervals). The results presented are from
2 control experiments in which the initial density of
prey was 200 Hyalella. The closed circles indicate
the rate of attack of one fish; the open circles, the

attack rate of another fish.,.
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TABLE 4. Regression constants for the rate of attack at
time (t) with respect to the hunger level of the trout and
the density of prey 30 seconds earlier. The constant (bl)
indicates the effect of prey density on the rate of attack;
(bZ) the effect of hunger and (K) the y-intercept. The
standard deviation of each of the constanmts and the partial
correlation coefficients (r) are indicated. RZ is the total
amount of variability accounted for by each regression. (n)
indicates the number of time intervals obtained by pooling

all the experiments (Exp.) from each treatment.
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0.65

0.46

Prey Exp n Density (bl) Hunger (b K R
Caontrol
Hyalella 9 93 0.0024 + 0.0002 0.474 + 0.064 -0.207 0.66
r 0.71 | 0.62
Crangonyx 4 50 0.0045 + 0.0005 0.360 + 0.044 -0.13 0.83
r 0.78 0.77
Litter I
-Hyalella 6 78 0.0023 + 0.0003 0.345 + 0.072 -0.178 0.57
r 0.62 0.49
Crangonyx 6 52 0.0075 + 0.0005 0.145 + 0.035 -0.05 0.88
r 0.89 0.51
Litter I1
Hyalella 6 65 0.0028 + 0.0002 0.241 + 0.067 -0.19 0.62
r D.Bl’ 0.42
Juv. Crangonyx 6 66 0.0026 + 0.0003 0.326 + 0.162 -0.13 0.50
r 0.68 0.65
Crangonyx 6 51 0.0053 + 0.0009 0.223 + 0.061 -0.13 0.62

L1
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The Relationship Between the Rate of Attack and Pfey Size -

The rate a predator will encounter food is determined
largely by: 1) the distance from which it will react, 2) the
density of prey, and 3) the relative velocity between the predator
and prey (Holling, 1966). The fact that Crangonyx was attacked
at a faster rate than Hyalella, could be accounted for if either
the searching velocity of the fish, or the distance from which
they attacked was dependent upon the type of prey to which they
were exposed.

Both species of amphipods move relatively slowly with
respect to trout; therefore, in this case, the velocity of the
predator will:.contribute most to determining the rate of
encounter. The range in velocity at which trout searched for
Crangonyx, was determined in each of the control experiments
(Fig. 2). This component was expressed simply as the amount of
time the predator took to cover a known distance when it was
in its characteristic searching position. Although the average
velocity at which the fish searched for Hyalella was not measured,
there was no apparent indication that it changed.

The distance from which a predator will react to prey will
also determine the rate of attack. Brawn (1969) found that cod
can detect large prey from a considerably greater distance than
smaller prey. An independent set of experiments was conducted
to investigate the possibility that the reactive disfance of
trout was related to prey size. 1In order to measure this distance,

I introduced a single prey of known size into one of the experimental
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tanks before releasing a fish., The reactive distance was
defined as the distance between the predator and prey when the
trout initiated an attack. The results of these experiments
(Table 5) clearly indicate that the distance of reaction is
dependent upon prey size. This relationship might be
sufficient to explain why adult Crangonyx, the larger of the
two species, was attacked at almost twice the rate as Hyalella.
In all other respects, except their size and activity, these
animals are very similar,

In the control experiments every amphipod was exposed and
captured before an experiment was terminated. Under these
conditions, the density of prey, their size, as well as the
state of hunger of the trout affected the rate of attack. In
the presence of a litter substrate, however, the feeding
behaviour of the predator, the dispersal behaviour of the prey,
or both might be somewhat altered. These possibilities are

considered in the next section.



Figure 2. The searching velocity of rainbow trout in
several control experiments. See text for further

explanation.
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TABLE 5. The relationship between reactive distance and
prey size. The prey were live Crangonyx. (n) indicates
the number of observations obtained from 2 fish. The
average reactive distance is expressed to the nearest
significant figure. The 95% confidence intervals are

presented.

Prey Length n Mean reactive
(mm) distance (cm)

4 9 18 + 3

5 17 22 + 2

6 9 28 + 5

7 21 28 + 3
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THE EFFECT OF A SUBSTRATE ON THE ATTACK RATE
(LITTER EXPERIMENTS)

Before a fish was released the prey were introduced into
the experimental tank and were allowed one hour in which to
disperse. When litter was present some amphipods would conceal
tﬁemselves immediately by moving under any object they encountered.
Other animals would move about for some time before they took
cover or else failed to move under cover at all. The result of
this behaviour is that at any instant in time the number of prey
that were exposed was determined by the rate at which animals
were both leaving and entering boncealment.

An experiment was conducted with adult Crangohzx to determine
if they would establish an equilibrium level of exposure, and if
s0, how long it would take. Four populations of amphipods were
introduced into separate containers of water (25 cm in diameter).
Each vessel had 18% of the bottom area covered with stick litter
identical to that composing the litter I and Il substrates. The
populations'were then observed for over an hour. Without exception,
the proportion of animals that were exposed declined rapidly in
the first 45 minutes afﬁer they were introduced until an apparent
equilibrium was reached (fig. 3). Although the length of time
concealed animals remained under cover proved to be relatively
long, some did re-expose themselves. The same animals were not
continually exposed or conceéled. On the basis of these observations,
it was concluded that the hour in which the prey were allowed to
disperse before an experiment was likely sufficient for the test

population to reach an equilibrium level of exposure before the



Figure 3. The average time required for four experimental
populations of Crangonyx to reach an 'equilibrium' level
of exposure. The data points are means of 4 replicates.

‘The curve was fitted by inspection.
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predator was introduced.

The feeding behaviour of trout was essentially the same
when a substrate was present as it was in the control situation.
In both cases, the fish maintained a searching position and
responded visuvally to prey. During the 50 minute duration of
the litter experiments the trout did not disturb the sediment
or move pieées of litter to find food, they only captured
animals that were exposed. Figures 4 and S illustrate the
relationshiplbetween the number of prey that were captured and
the type of substrate. It is evident that at each of the
experimental densities a greater number of Crangonyx and Hyalella
were concealed and therefore were invulnerable to predation when
more cover area was available.

These results (figs. 4 and 5) were fitted by linear regression
and without exception, were described adequately by a straight
line which passed through the origin (Table 6A). This indicates
that the proportion of animals that were exposed in each treatment
(PE), which is given by the slope of the linme, was constant over
the range of densities used. In the litter II series the number
of adult and juvenile Lrangonyx that were captured when both
populations were of comparable size was not different so these
two sets of data were pooled.

The length of time an amphipod requires to locate cover
should be directly proportional to the amount of stick litter.

If the amount of cover area is increased but the average length
of time an animal remains concealed or exposed does not change,

then the proportion of prey in the population that are exposed
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should diminish accordingly. This might explain the inverse
relationship between the amount of cover area and the proportion
of prey that were captured when a substrate was present.

This may not be a complete explanation,however, as there
was a substrate-epecies interaction (Table 6 B). Fewer Crangonyx
were captured in fhe litter Il treatment, while Hyalella was
less vulnerable in the fine litter experiments. Nevertheless,
the number of prey that were vulnerabble to attack and therefore
the attack rate were 'related to the type of substrate.

If the rate of attack during the litter experiments is
analysed in the same fashion as the control results, only in
this': case, the population density is expressed in terms of the
density of vulnerable prey at time (t), it is possible to
determine if the presence of a substrate directly affected the
feeding behaviour of the fish other than indirectly through
prey density. If it did not, then the vaiues of bl’ b2, and K
that are obtained by a multiple regression analysis of the litter
experiments should be similar to the values obtained in the
control situation. The fine litter treatment was not analysed
because it was difficult to accurately discriminate between
attacks trout directed at prey and other 'similar' objects.

The results of the litter experiments are summarized in
Table 4. In both cases, the regression constants are not
significantly different to those obtained in the control, with
the exception of the litter I treatment with adQlt Crangonyx.

Other than this, there is no indication that a litter substrate



Figure 4. The relationship between the number of Crangonyx
captured in different habitats, after 50 minutes exposure
to trout predation, and their initial density per 0.42 m2.
(A) closed circles represent the control situation, and
the open circles litter I. (B) the litter Il treatment,
the closed circles indicate experiments conducted with

adult Crangonyx (8.1 mm in length) and the open circles,

juvenile Crangonyx (4.6 mm). (C) the fine litter series.
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Figure 5. The relationship between the number of Hyalella
captured in different habitats after 50 minutes exposure

to trout, and their initial density per 0.42 M2, (A)

" the control (B) the litter I treatment (C) the litter

11 treatment and (D) the fine litter treatment.
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TABLE 6. A comparison of the effect of the different

substrate treatments on the proportion of Crangonyx and

Hyalella that were exposed and subsequently captured
during an experiment. (n) indicates the number of
experiments; (r) the correlation coefficient; (PE) is
the slope, or proportion of prey that were captured.
part A, treatment slopes that are not bracketed by the

same vertical line are significantly different at the

0.05 level or less. (Ub) is the variance of the slope.

In part B, (t) is student's t.

28

A. Vulnerability within species

Hyalella
Substrate n T Vb
Treatment
Control 9 0.99 L0010
Litter I 6 0.99 .0003
Litter I1I 6 0.98 .0050
Fine litter 6 0.90 0014
Crangonyx
Lontrol 4 1.00 .0000
Litter 1 6 0.97 0133
Litter 11 12 0.91 .0040
Fine Litter 6 0.97 .0016

PE

0.98
0.79
0.66
0.16

1.00
0.90
0.43
0.31

|

]

B. Vulnerability between species

n t
Caoantrol : 13 - a
Litter 1 12 1.069a
Litter 11 18 24,3500
Fine litter 12 2.710b

a Not significant
b Significant at or less than 0.05 level
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altered the behaviour of the trout. The concealment behaviour
of the prey was the primary factor that determined the number
of animals that were captured. Therefore, the relationship
between the substrate, the vulnerable density of amphipods and
the rate of attack can be described by modifying equation (2)
as follows:

(3) RA = b (PD) (PE) + b (Ht) '+ K

2

where (PE) is the proportion of the population exposed (Table 6A).

The effect QF prey size on the attack rate was also evident
in the litter experiments. Regardless of the type of substrate,
adult Crangonyx were attacked considerably,faster than either
juvenile Crangonyx or Hyalella. 11 mentioned earlier that the
explanation for this abservation could be due to the relationship
between prey size and reactive distance. The additional piece
of 'information that is consistent with this supposition is that

Hyabella and juvenile Crangonyx are both about the same size

and were attacked at identical rates (Table 4).
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PREY CAPTURE SUCCESS

The success predators have in capturing food depends upon
three basic components, namely, their ability to recognize,
approach and strike at prey (Holling, 1966). Trout are not
completely successful in discriminating between prey and other
'similar' targets; they will attack inanimate objects. This
not only indicates that visual cues other than movement will
induce trout to attack but also suggests that they could 'waste'
a substantial amount of searching time if they attacked many
inanimate objects. In the litter I and Il experiments, the fish
attacked relatively few pieces of litter. This was not the case,
however, in the fine litter treatment as only about 27% of their
attacks were directed toward prey; the rest were directed at
pieces of litter about the same size and color as amphipods.
Although this demonstrates that the diversity of a substrate can
influence the capture success of trout, by imparing their ability
to successfully discriminate food, this aspect is far beyond
the scope of this paper and will be treated in more detail in
another section (IV).

Once trout recognize a prey (orient toward it) they are
always completely successful in approaching to within striking
distance. Every strike they attempt, however, is not perfectly
executed as some fail to capture prey. Table 7 indicates the
strike efficiency of trout in the experiments in which this
could be determined. The results of an additional set of control

experiments, in which the prey were 11 mm adult Crangonyx, are
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also presented.

These data (Table 7) show that regardless of the type of
substrate trout were exfremely successful in capturing amphipods.
Since strike success (CS) was the major factor that determined
if a prey would be captured, the rate of capture (RC) in the
different treatments can be described simply by treating this
component as a constant and adding it to equation (3) as follows:

() RC = [b, (PD) (PE) + b, (W) + K]Cs

At this point, the effects of prey size, prey density,
substrate complexity and capture success have besn incorporated
into a single regression equation which describes the rate at
which trout, in different states of hunger, can capture. food.
This description however, is restricted by the assumption of
linearity, which implies that there is no limit to the rate of
capture. This assumption, of course, is not true and 1s refuted
by the data presented in Fiqure 6. In this example, the rate of
capture in the first 30 seconds of the control, litter I and
litter'II experiments is plotted as a function of the density
of exposed prey. There is little question that the capture rate
approached a maximum value (average = 0.67) as the density of
prey approached about 240/ sq. m. (100 amphipods in the tank).
Therefore, the implicit restriction of equation (4) is that the
rate of capture cannot surpass this limit regardless of the

density of prey, their size, or the predator's state of hunger.
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TABLE 7. The proportion of the total number of strikes which
successfully terminated with the capture of prey. (N) indicates

the number of experiments.

Species Average Length N Mean strike =~ 95% confidence
%mm) success interval of mean
Control
Hyalella 5.7 7 0.907 0.812 - 1.000
Crangonyx 8.1 5 0.909 0.778 - 1.000
Crangonyx 10.8 9 0.902 0.837 - 0.967
Litter I
Hyalella 5.7 6 0.882 0.753 - 1.000
Crangonyx 8.1 6 0.886 0.716 - 1.000
Litter 11
Hyalella 5.7 6 0.820 0.656 - 0.984
Crangonyx 4.6 6 0.833 0.669 - 0.997

Crangonyx 8.1 6 0.864 0.716 - 1.000




Figure 6. The relationship between the density of exposed
~prey and the attack rate. The rate of attack was
determined over a 30 second time period. In each case,
the predator's level of hunger was maximal with respect
to equation (1). The data points were obtained from

the control, litter I and litter 2 experiments with

both Crangonyx and Hyalella.
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THE THRESHOLD RATE OF PREY CAPTURE AND THE SEARCHING
PATTERN

Searching behaviour will decrease rapidly once an animal's
hunger motivation is satiated (Beukema, 1968; Holling, 1966).
Other factors however, might alter both the duration and nature
of searching before this occurs.

When a trout was released at the start of a feeding experiment
it would immediately move to the bottom, adopt its characteristic
searching position, and begin hunting for amphipods. Figure 7
diagramatically illustrates the pattern of benthic searching
behaviour during a typical experiment. As indicated, irrespective
of the density of exposed prey the predator would devote all of
its attention for some time to hunting for amphipods. Eventually
however, this attention was disrupted and began to wane. During
this phase of the experiment the fish would shift its searching
position and move higher up into the water column to hunt for
food, or else hold a stationary position for a few minutes. In
gither case it devoted less time to hunting the substrate for
prey. Although in every situation the initial searching pattern
was disrupted before the experiment was terminated, the duration
of this phase was related to the number of vulnerable prey. The
trout shifted their attention sooner when the density of prey
was low. This poses the question then as to the mechanism which
might be responsible for causing a predator to disrupt one
searching pattern and switch its attention to another pattern

(i.e. hunting for prey in the water column) or behaviour.
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It seems tenable that an animal would search as long as
this behaviour was reinforced but that it would shift its
attention to other forms of hunting or behaviours if the rate
of food intake fell toward zero. Perhaps there is a threshold
rate of capture that trout must exceed if they are to continue
hunting for benthic prey. If they cannot attain this threshold
then they will alter their behaviour.

This hypothesis ean be tested by determining if the rate
of capture, when the trout first disrupted their search for
amphipods, was relatively constant (threshold) irreépective of
the predator's state of hunger or the type of prey it was feeding
on. These data from the experiments with adult Crangonyx and
Hyalella, are presented in Figure 8,

When Hyalella were prey, the capture threshold was reasonably
constant (mean = 0.058 + 1 S.t. .008) irrespective of the trout's
degree of hunger. This was not true however, when the fish were
exposed to adult (rangonyx; in this case, there was a significant
positive relationship ( P = 0.04 ) between the threshold and
hunger. Nevertheless, in either instance once the rate of food
intake fell below an average of 0.051 captures per second the
trout moved away from the bottom of the tank. This indicates that
there is a critical rate of capture alﬁhough the tbreshold may be
modified by hunger.

Once the initial searching pattern was disrupted, the fish
continually changed their vertical position. They would move

up into the water column for some time and then revert back to



Figure 7. A schematic representation of the pattern
of benthic searching behaviour by trout during an
experiment. (CSP) indicates the phase in which the
fish were completely attentive to hunting for
amphipods, (ISP) represents the phase in which the
benthic searching pattern waned, (PD) illustrates
the progressive decline in the density of exposed
prey, and (TRC) is the density of prey which

produces the threshold rate of capture.
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Figure 8. The relationship between the threshold rate
of prey capture and the predator's state of hunger.
The regression line indicated in the experiments with

adult Crangonyx is significant at the 0.04 level.

See text for further explanation.
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Figure 9. The relationship between the experimental
subsfrate’and the rate of extinction of the benthic
searching pattern after the initial phase of complete
attention. Only the results obtained with Hyalella
are presented. The vertical bars indicate the 95%
confidence intervals of each of the means. (A)
control experiments, (B) Litter I experiments,

(C) Litter Il experiments.
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hunting over the substrate. Since they were no longer being
reinforced for searching for amphipods, the amount of time
they devoted to this behaviour waned throughout the remainder

of the experiment (fig. 7).

The presence of a litter substrate did influence the
feeding behaviour of the trout in one sense,‘however, because the
rate of extinction of the benthic searching pattern was related
to the complexity of the substrate (Fig. 9). The trout would
return to the bottom to search for food more freguently when

the substrate was diversified.

DISCUSSION

Two fundamental processes, prey detection and capture will
determine the food organisms which comprise an animals' food
supply. The tactics a predator will utilize to locate

prey will restrict not only the types of animals it can
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attack but also will determine where and when it can search
effectively., If it can use more than ene type of sensory
receptor to locate food it may be somewhat less restricted in
its feeding activity than predators which rely predominantly
upon vision. Ali (1959) demonstrated that salmonids, which
feed visually, could not capture prey until the ambient
illumination exceeded the rod threshold. Therefore, this
characteristic of the environment will &mpose restrictions
both in space and time on the feeding activity of visual
predators.

Despite this apparent drawback, thére are definite advantages
to using vision to locate food. for example, it is a long
range and precise mechanism that can accurately fix the position
of a target. This is true even for fairly unsophisticated
visual systems such as those possessed by mantids and dragonfly
larvae. Although these animals can effectively detect only
moving targets (Pritchard, 1965; Rilling et al, 1959), this
is not true for predators with more developed visual receptors.
flost vertebrates can discriminate 4 Wwisual properties of an
objecty size, form, contrast, and motion (Horridge, 1968;
Prazorkova, 1969). This implies that they should be able to

detect a broader spectrum of food organisms simply because they
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could effect a decision to attack an the basis of some other
quality than prey movement.

Many theorists have assumed that predators will encounter
food in direct proportion to the abundance of each prey organism.
If this is true, then the predator must react from a fixed
distaﬁce. One of the basic characteristics of any visual
system is that the distance required to discriminate an object
is almost proportional to the size of the target. Therefcre,
visual predators such as rainbow trout have the opportunity to
react to large prey from a greater distance than smaller prey.
It was demonstrated that the distance of reaction of trout is
dependent upon prey size and that this could explain why they
attacked adult Crangonyx faster than either Hyalella or juvenile
Lrangonyx.

The searching position that rainbow trout adopt when they
hunt for benthic prey was only considered superficially in this
study. This behaviour, however, has an interesting implication,
A predator can only detect a prey if the height of its searching
position is less than the distance it requires to release an
attack., If this condition is not met . then some small size
classes of prey may be invulnerable to detection and subsequently,
capture. There is some evidence that this inference may apply
to rainbow trout (section IV).

Both of these characteristics, a reactive distance that is
dependent upon prey size and a specific searching position, are
basic components of the feeding behaviour of trout. These same

characteristics are sufficient to explain the well documented
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field observation that many species of fish disproportionately
exploit large prey and frequently fail to consume others below
a threshold size (Ivlev, 1961; Brooks, 1968). Ivlev (1961)
also pointed out that very effective bottom feeding fish do not
rely primarily upon vision to detect food and do not appear to
adopt pronounced searching positions. Since other species of
salmonids appear to behave similarly to rainbow‘trout (Schutz,
1969; Sheperd, 1970) this may explain why they tend to be
relatively ineffective predators of many inconspicuous benthic-
living organisms (Smith:, 1961).

Capture success also affects the types of prey a predator
can exploit, In the present study, there was no indication
that the size of the prey considered significantly impared the
capture success aof trout. In theory, however, thefe must éxist
both an upper and lower limit to the size of organism that can
be successfully manipulated by predators which swallow their
food. Within this range, there is likely to be.an optimum
sized prey that can be captured most successfully. Both Holling
(1964) and Dixon (1959) have demonstrated that capture success
tends to diminish if the prey is either larger or small than
the optimum size. Q

The praocess of predation is not only dependent upon the
components of prey detection and capture success, but also the
density of prey, the predator's hunger motivation and the degree
to which learning can alter the behaviour of either the predator
or prey. Holling (1966) has discussed the influence of prey

density and hunger motivation on the functional response of



43

predators. The action of these components proved to be
identical for trout, therefore, their significance will not

be reiterated here beyond stressing that increasing prey density
stimulates the attack rate while diminishing hunger motivation
antaaonizes this effect. The possibility that the behaviour

of trout could be altered by learning will be treated later
(Section II). 1In any case, all of these characteristics will
operate to determine the rate of capture, which in turn could
influence the searching pattern a predator adopts.

Although the cessation of hunger will naturally terminaﬁe
searching, this behaviour is undoubtly sensitive to other signals
as well. Most responses will wane if they are not reinforced
intermittently; this is evident, for example, in the attack
response of mantids. If they are not rewarded for striking at
a 'dummy' target they will simply stop responding {Rilling et
al, 1959; Holling, 1966). The searching behaviour of trout is
completely analagous because if they are not sufficiently
reinforced (threshold rate of capture) they will shift their
pattern of search. This feedback has been suggested to be
responsible for the changes in the feeding position of trout
in mountain streams (Jenkins, 1969).

This same feedback also suggests .that trout could
temporarily converge into areas in which prey are relatively
more vulnerable to attack. By simply randomly shifting their
position, some individuals. will locate areas of prey abundance.

If the dénsity of prey is high enough to surpass the threshold
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rate of capture, then the predator may remain feeding in the
area., Given enough time, most of the population could converge
into a specific region or at least adopt the same relative
searching pattern,such as feeding in the water column or over

a substrate.

The phenomenon of convergence has been reported for other
animals (Neish, 1970; Tinbergen, 1960) as well as . fish (Allen,
1941). Holling(1959a) pointed out that predators that can invoke
an immediate numerical response, such as converging, will
function as a stabilizing combonent‘ of the community because
they will tend to counteract any serious imbalance in prey
abundance.

In conclusion, the observation that trout will shift their
pattern of search if they are ndt being sufficiently reinforcéd
implies that the population will disperse through the water
column and will tend to converge temporarily into areas in
which prey are relatively more vulnerable to attack. In addition,
since trout were found to react to only exposed prey and displayed
an attack response that was dependent upon prey size, this .
suggests that they should be effective predators of large,
exposed animals but would be relatively ineffective in capturing

smaller or more cryptic species.

SUMMARY

1) In experiments without a litter substrate, it was shown

that both prey density and the hunger motivation of trout affect

their rate of attack. These two components are antagonistic
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since the former increases the attack rate while the latter

depresses it.

2) The reactive distance of rainbow trout is dependent upon
prey size. This could explain why they attacked adult Lrangonyx,

the largest prey, faster than either Hyalella or juvenile

LCrangonyx.

3) When a substrate was present, both species of prey
concealed themselves. The proportion that were exposed was
inversely related to the amount of cover area. Since trout
will detéct only exposed prey, their attack. rate was inversely

related to the diversity of the substrate.

4) There was no consistent indication that the presence of
a substrate directly altered the feeding behaviour of trout.
The concealment behaviour of the prey was the primary factor

that determined the ocoutcome of the litter experiments.

5) The ability of rainbow trout to capture prey was shown
to be independent of both the size of the test prey and the
diversity of the substrate. The latter however, did impare

their success in discriminating amphipods.

6) In the laboratory, trout must be reinforced at a rate

that exceeds 0.051 captures per second if they are toc maintain
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a specific searching pattern. If they do not attain this
threshold they will switch their attention to other hunting

patterns or behbaviours. Once this occurs, the original pattern

will wane at a rate that is inversely dependent upon the diversity

of the substrate,

7) Due to 4 major characteristics of their feeding behaviour:

i) the dependence of the reactive distance on
prey size,

ii) the searching position,

iii) the fact that they will attack only exposed prey,
and

iv) the threshold rate of capture
rainbow trout are likely to converge into areas in which prey
are relatively abundant, should be effective predators of large,
exposed prey; butshould be considerably less effective in

exploiting smaller or less conspicuous species.

[ -
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SECTION II

THE EFFECT OF EXPERIENCE ON THE RESPONSE
OF TROUT TO UNFAMILIAR PREY

INTRODUCTION

The concept of the "searching image" has attracted
considerable attention in the fields of animal behaviour and
ecology since it was first proposed by Tinbergen (1960). He
and others since then, have suggested that many animals can
learn to increase their responsiveness to prey, but that, if
they are not continually reinforced they will shift their
attention to other objects. Both of these features would be
adaptive since they would enable predators to hunt with "maximum
efficiency" (Croze, 1970). The existence of this behaviour
has been demonstrated by experimental studies on various
vertebrates (Beukema, 1968; De Ruiter, 1952; Holling, 1959a;
Croze, 1970).

To date, the aim of most of this work has been to reveal
the components of feeding behaviour that appear to be affected
by learning and to examine the resulting ecological implications.
With these considerations in mind, Holling (1965) developed a
general model to account for the learning process. He suggested
that experience operated through a system of feedbacks between
the palatability of prey and the predator's state of hunger to
affect the distance of its reaction to prey. Simulation studies

demonstrated that the model was sufficient to account for the

phenomenon of the searching image and had important implications
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with respect to the selective advantages of mimicy between
palatable and less palatable prey.

The experiments described in this section were designed to
examine some of the factors which might influence the response
of rainbow trout to artificial, but palatable prey, and to
determine if associative léarning could be an important companent
of their behaviour. The results were then interpreted in terms
of Holling's model fo test if it was sufficiently general to
account for the effect of learning on the feeding behaviour

of trout.

METHODS AND MATERIALS

The rainbow trout selected for this study ranged in length
from 11 to 14 em (1 to 2 years old) and were obtained from |
Marion Lake, British Columbia. To insure that the fish were
completely naive, the experimental prey were formed from
commercial chicken liver. The shape and size of the prey weré
standardized by cutting cylindrical pieces of liver 3 mm by 5>
mm in length.

Conditioning experiments were conducted in two entirely
different situations. InAthe first set of experiments (A),
individual naive fish were placed into a small holding chamber
(30 x 12 x 20 cm) that was suspended in a 50 gallon (227 liter)
glass aquarium. Six standard prey were then scattered at random

through the tank. After the food had been introduced the trout
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was released from the holding area. An experiment lasted for

20 minutes and was considered to represent one 'day of experience
regardless of whether the animal' fed . or not. Experiments

were conducted every 48 hours until the amount of time the fish
required to locate and capture all 6 prey stabilized. Between
successive experiments the predators were held in isolation and
without food.

All other experiments (B) were conducted in a large rectangulaf
tank (180 x 16 x 30 cm) which had a small holding area at one
end. This chamber was separated from the remainder of the tank
by an opaque, sliding partition. One side of the tank was
marked off in 1 cm intervals so that the distance from which
trout would react to prey could be estimated.

For each feeding experiempe a fish was transferred to
the holding chamber in the experimental tank. Before the
predator was relsased a single prey was placed near the opposite
end of the tank. The reactive distance was defined as the
distance between the predator and prey when the fish attacked.
After a prey had been captured, the trout was returned to the
holding chamber while another piece of food was introduced. A
single day of experignce consisted of six successive captures.
Once these were complete, the predator was returned to its
holding tank and deprived of food until the next test period
48 hours later.

In some (B) experiments the trout were exposed to prey

that contrasted differently with the background. The level of
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target contrast was changed by staining the standard white prey
in a saturated solution of Sudan Black B. Several different
degrees of contrast (light grey to black) could be reproduced
by varying the length of the staining time. Although the term,
contrast, is commonly defined as the difference in the amount
of light reflected by a target with respect to the backround
(le Grand, 1967), it is used in a relative sense throughout
this paper. In other words, in both sets of experiments, the
standard white prey had a high contrast relative to either
the dark grey or black prey because the background (tank bottom)
was black.

In both sets.of experiments, the water temperature (10 *
2 C.) the background (tank bottom ) illumination (0.3, ft-candles)
and the turbidity of the water (attenuation coeFFicieht, 0.50)
were carefully controlled to insure that the visual acuity of

the fish was not affected by changes in any of these conditions.

RESULTS
EXPERIMENT A

THE CHARACTERISTICS OF THE INITIAL RESPONSE
OF TROUT TO UNFAMILIAR PREY
When trout are exposed to unFa&iliar prey several aspects
of their feeding behaviour change with experience. Although
some fish will investigate an unfamiliar stimulus the first time
they experience it, others require repeated exposure before they
will react. The number of successive exposuresan individual

required before it would attack was defined as the latent phase.

The average duration of this phase for a group of 9 test fish
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was 4 days and ranged from 1 to as high as 11.

Once the latent period was terminated, the behaviour of
the fish continued to change as they acquired further experience.
Four separate steps preceed their capture of prey: 1)
orientation, 2) fixation, 3) attack, and 4) strike. Once the
fish began to react to the test prey many individuals would
fail to complete an attack sequence. 5Some animals would visually
fixate prey and then fail to follow through with an attack, or
attack, but fail to capture prey. The duration of this phase
was found to average two further days of experience after the
termination of the latent period. Although trout will apparently
develop a complete attack sequence rapidly if a prey is palatable
this may not be true if it is relatively unpalatable (Sheperd,
1970).

After the trout established a complete attack pattern,
the amount of time they took to capture all 6 prey diminished
as they became more familiar with them (fig. 1). Evidently,
some other component of their behaviour was still changing
after 6 days of exposure. Holling (1966) demonstrated that
the attack rate is determined primarily by three factors:
1) the density of prey, 2) the relative velocity between the
predator and prey, and 3) the predator's distance of reaction.
In the presént experiments experience could have affected either
the velocity of the fish or their reactive distance. 0On the

basis of observation, it did not appear as if their velocity

changed considerably from one experiment to the next. Therefore,



Figure, 1. The effect of experience on the feeding time

and reactive distance of 2 groups of trout. The open

circles indicate the average amount of time it took 9

fish to capture 6 standard (white) test
range is presented. The closed circles
average change in the reactive distance

trout. Further explanation is given in

prey; the
show the
of 6 different

the text.
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the effect of experience on their reactive distance was examined.

EXPERIMENT B
THE EFFECT OF EXPERIENCE ON REACTIVE DISTANCE

In these experiments 6 naive trout were exposed to standard
prey in the rectangular tank. After this group passed through
the latent phase, their reactive distance was recorded for up
to 16 consecutive days of experience. The results indicated
that the intitial reactive distance of every indiQidual increased
with further experience before it finally stabilized at a
considerably higher level (fig. 2). In most cases the trout
required 6 to 7 days of experience (about 40 exposuresto prey)
to develop a maximum reactive distance. One animal (4) however,
required somewhat more time. Both of these aspects, the initial
attack distance and the time required to develep a response,
indicate that the process of learning can vary considerably
between individuals.

Nevertheless, if these data are pooled and averaged, it
is apparent that the change in reactive distance of the second
group of fish is inversely correlated with the duration of the
feeding period that was required by the first group (fig. 1).
This suggests that as the fish acquired experience, an increase
in their distance of reaction could have been the causal
factor behind the increase in their rate of attack (decrease

in feeding time).
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In the process of learning the first few experiences trout
have with new prey are likely to have the greatest effect on

their response. This hypothesis can be expressed as:

d RD = a (RDmax - RD)

where (RD) is the distance of reaction for a given level of
experience (E), (a) is a rate constant and (RDmax) is the
maximum distance from which a conditioned animal will attack.
This expression integrates to,

- a (£)
)

(1) RD = RD___ (1 - e

The average value of (RDm x) was calculated by pooling all the

a
data in Figure 2 for the last day of experience (Table 1). Once
this parameter is known, the value of (a) can be estimated by
standard reqression techniques if (1) is first linearized by a
logarithmic transformation. A regression analysis was conducted
by grouping all the data in Figure 2. The results showed that

if these data were transformed they could be described adequately
by a straight line ( r = 0.90 ) but that the line did not pass
through the origin. Therefore equation (1) was modified to
include an intercept (b). The value of (a) and (b) are presented
in Table 1. |

In most cases, the trout were able to double their initial



Figure 2. The effect of experience on the reactive distance
of 6 trout. The test prey were 'white' (5 mm in length).
Each data point represents a mean of 6 replicate observations,

the range is indicated for several days of experience.



55

100 -
1 86 8 | 9
- — ®
' I.. IOQ
604 QOI... * =1 ° 1
® j_ I T ®
40""'1' OI. "'I
20 * | ~
T TITTTTTITTITIr] TITT T I ITTITT]
=100 | ' -
o 3 4
2 80— I -
Cﬁ ® o
2 60— I‘ ’1'*1 —~ o1 .}
T o L . T te,
(1)40-—-]' ) - T o ®
= : T I_.’o.l.
*620-'1 -2,
S 7 ™
* TTTITT T TITTITTIT] TTTTTTTITITTITTT
100 | -
: . 1
80— — ! j
60 :{ e®3°° 1 ‘;.’-"1.0
® ® ° L - e ©®
ot s 1t !
EnEanannnnenan e SRR RRRERABRERE
2 4 6 8 10 12 14 2 4 6 8 1012 1416

Days of experience




56

TABLE 1. The relationship between the initial (RDT) and
conditioned reactive distance (RDmax). The simulated
prey were 'white' (high contrast) and 5 mm in length.
The average values of (K), (a) and (b) were obtained

by pooling all the data. Further explanation is given

in the text.

Fish RDT RO, .. | K
(cm) (cm)
1 20 56 2.8
3 26 64 2.5
4 24 56 2.3
7 36 58 1.6
8 32 56 1.8
9 40 74 1.8

Average Parameter Values

RDT = 29

RD 3} = 61
max

K = 2.0

a = 0.466

b = -00038
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naive reactive distance after 6 days of experience. If the

maximum distance from which a conditioned animal .. will react

is assumed to be a constant function (K) of its initial
response (RDT) (Table 1) then the relationship between these

two parameters is simply:

(2) RD .., = K (ROT)
By substituting equation (2) into (1), the effect of experience
can be expressed in terms of an animal's naive response rather
than its maximum reactive distance. The result is,

(3) RD = Kk (ROT) (1 - & -2(E) + by

THE SPECIFICITY OF THE ATTACK RESPONSE OF
CONDITIONED TROUT

Since trout can increase their reactive distance through
learning, the question which arises is just how specific is
their response to a prey? Most vertebrate and some invertebrate
visual systems receive at least 4 distinct pieces of information
about any object: 1) size, 2) form, 3) contrast and 4) velocity.
Therefore a target is not just one stimulus but rather is a
composite set of at least these 4 visual properties. Undoubtly,
an animal could use several if not all of these cues to form a

learned association. Some cues however, might be more important

than others.
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To answer this question, I decided to condition trout to
standard white prey and then switch them.to another object with
identical physical properties except for contrast. 1If the
response of a conditioned animal is not specific then its
reaction to a 'new' object should not change with experience.

However, since I choose to alter the level of prey contrast
to test for the specificity of the attack response, another
variable must be taken into consideration.

Hester (1968) as well as others have documented that a
visual animal must detect a threshold level of contrast before
it can discriminate an object from the background. Underwater,
the contrast of a target will appear to attenuate as.one moves
further away from it. As a result, if an object has a high
level of contrast it can be detected from a greater disfance
than one with less contrast. Consequently, if trout are
conditioned to a white target and then switched to one with
lower contrast (i.e. black prey) their maximum distance of
reaction should be different. The white prey should be attacked
from a greater distance. This does not indicate response
specificity but is predictable on the basis of visual mechanics.
The question is, however, will the reaction of trout, conditioned
to one target (i.e. white), change as they acguire experience
with a 'new' prey. 1If their response is not specific then they
should react to the 'new' object from a "maximum distance" on
the first day; if their response is specific, then their distance

of reaction should improve with experience. In either case, if
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the contrast 6f the 'new' prey is lower than the original then
the maximum reactive distance should be less.

Nine trout were conditioned to standard white prey until
their reactive distance stabilized for 4 successive days of
experience. They were then assigned, at random, to be switched
to either a light grey, dark grey, or black prey. Two fish
were assigned to each type of prey, with the exception that 4
fish were transferred to black prey. The remaining animal
served as a control (white).

On the first day of exposure the fish transferred to the
light and dark grey prey reacted immediately. Their response
did not change as they acquired additional experience, they
attacked without hesitation and from a maximum distance (Figs.
3B, 3C). For the trout exposed to dark grey prey, however,
the effect of target contrast was apparent because their
average distance of reaction was considerably less than the
control (fig. 3A).

There was a noticeable change in the behaviour of the
trout exposed to black prey. O0On the first day every individual
had to be released from the holding area an average of 20 times
before it would react. This lag interval corresponds to the
original latent period, although in this case, it was not as
pronounced. Part of the explanation may be due to the fact
that the experimental environment was extremely simple and that
the 'new' prey retained many of the physical characteristics
of the original object. The second and by far the most

pronounced change in behaviour was in the reactive distance
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component. These data are shown in Figure 3D and clearly indicate
that the attack distance increased significantly as the fish
acquired more experience.

The behaviour of the fish tramsferred to black prey can
be summarized by saying that they initially appear to be
'searching for something else'. Once they began to respond to
the new prey, however, they were able to increase their distance
of reaction which demonstrates that they were not treating
every object in the tank identically. Their gonditioned response,
therefore, was somewhat specific.

The hypothesis that both the rate of learning (a) and the
level of the conditioned response (K) are independent of contrast
can be tested with the data presented in figure 3D. Using the
estimates of (K), (a) and (b) from previous experiments (Table
1), and the initial distance from which trout attacked black
prey (RDT) as a starting point, the change in their response was
predicted from equation (3). Since there is a reasonably close
fit between the observed and predicted trend (curve, fige. 5D),
this demonstrates that the rate of learning was not affected by
prey contrast.

To summarize, these experiments demonstrate three points:

1) the response of conditioned trout is somewhat specific, 2)
the maximum distance trout will react to prey is dependent upon
target contrast, and 3) prey contrast does not affect the rate

of learning.,



Figure 3. The effect of switching trout, conditioned to
white prey, to prey with different levels of contrast.
The data points indicate the mean reactive distance of
each group. The 95% confidence limits of each mean on
the first and last day of experience are shouwn.
(A) white prey (control), (B) light grey prey, (C) dark
grey prey, (D) black prey.
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THE EXTINCTION AND RE-DEVELOPMENT OF REACTIVE
DISTANCE

To examine the effect of long-term deprivation of
reinforcement on reactive distance, the 4 fish previously
conditioned to black preyh(Fig. 3D) were deprived of further
experience for 90 days. During this period they were fed
standard white prey. Upon re-exposure to black prey their
reactive distance was recorded for several successive days.
Figure 4 shows that the grqup's initial response after re-
exposure (18 cm) was not significantly different from their
resbonse when they were naive (20 cm). In addition, they
required 4 to 5 days of experience to re-develop & conditioned
response which is similar to the 5 to 6 days they originally
took (fig. 3D).

Although the effect of short-term deprivation of reinforcement
on reactive distance was not examined in detail, one set of
"experiments indicated trout can maintain a maximum response
for up to 14 days without reinforcement. Therefore, some
period of deprivation between 14 and 90 days is sufficient to
reduce the reactive distance back to the original level (RDT)

when the animal was naive.

ATTENTION COMPETITION

The experiments described thus far have been concerned
with the effect of experience on the distance of reaction when

a predator was exposed to one type of prey. If it were faced



Figure 4. The re-development of the reactive distance
of 4 trout. The prey were 'black' (5 mm in length).
The data points represent the average distance of
reaction. The 95% confidence limits of the means

are shown. The curve was fitted by eye.
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with a situation in which it could encounter other familiar
objects then some form of attention .competition, or interference
might occur. For example, the distance trout will react to

one prey might be somewhat diminished if they attempted to

become generally responsive to alternate forms.

To examine this possibility, 4 trout were conditioned to
low contrast (black) prey until their reactive distance
stabilized. They @ere then switched to a situation in which
each time they were released they could encounter either a black,
white or dark grey prey, with equal probability. These targets
were identical except for their contrast. Although their most
recent experience had been confined to black objects the fish
had been previously exposed to the alternate types and were

therefore somewhat familiar with them.

Before they were switched, the trout attacked black
prey from an average distance of 32 cm ( n - 15; 1 S.E. #+
1.0 ); when alternates were present, they reacted from a distance
of 37 cm ( n = 1653 1 S.E. + 2.7 ). This difference is not
statistically significant, therefore, it must be concluded
that the presence of alternate food did not affect the distance

of reaction,
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DISCUSSION

Experience with an unfamiliar prey will alter several
components of the feeding behaviour of rainbow trout: 1)
the latency of their response, 2) the development of a
complete attack sequence, and 3) the reactive distance. All
of these aspects have some theoretical importance, the latter
observation however, is by far the most significant. Beukema
(1968) demonstrated that these behavioural alterations also
occured when sticklebacks were exposed to a novel food and
led him to infer that such changes, especially in the distance
of reaction, were necessary if a predator was to develop. a
searching image.

The present study demonstrates that each time a predator,
which is capable of learning, attacks a palatable prey it will
increase its reactivé distance for that object. One critical
condition must be met, however, before the attack response
can develop any further. That is, another prey must be
encountered before the new attack distance diminishes back to
the original level. If the rate of learning is faster than
the rate of response extinction then even a few contacts.with
a relatively rare prey could be sufficient to prombte the
development of a searching image. The difference between these
two antagonistic rates will determine the density of prey that
is required before a predator can form a searching image
(maximum reactive distance).

Many prey populations tend to be polymorphic with respect
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to color, form, or some other visual quality. Croze (1970)
showed that if predators discriminate between morphs then a
polymorphic population will be less vulnerable to attack than
a monomorphic population of the same density. This conclusion
however, may not be applicable when prey are extremely abundant
(Holling, 1965). In any case, over a wide range of densities
the extent to which polymorphism will decrease the risk of a
prey is affected by, among other things, the specificity of the
searching image. The risk from predation will be greatest
when the morphs are Ssimilar' enough to be treated identically by a
predator. On the other hand, predation will be minimized when
the predator will react to only one form. Although this will
result in maximum protection for the population, predation will
also be low if the predator does not react to each morph from
a maximum distance. In the present study, the response of
conditioned trout was shown to be somewhat specific but that
they were able to hprease their responsiveness to 'new' prey
at a low level of reinforcement (6 encounters every 48 hours).
These characteristics imply that they have the potential to
learn to discover polymorphic prey that are relatively scarce.
Holling (1965) as mentioned earlier, developed a general
‘model of the learning process. One of the assumptions of the
model is that pathways of associative learning do not interact
but are formed independently of existing paths. The alternative
to this is the concept of interference, in which the presence
of alternate stimuli could affect either the rate of development

of new pathways of learning or the performance of already

existing ones. Interference is supported by some data for
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humérws.. Shiffrin (1970) reported that the probability
that an individual would recall a particular item was inversely
related to the number of elements associated with the task.
Attention competition, which is but one possible form of
interference, could not be demonstrated for trout nor for
sticklebacks (Beukema, 1968).. Under the experimental conditions,
however, both animals had to recognize only 2 or 3 types of
prey; under more natural conditions predators will detect
both a wider variety of prey as well as conflicting stimuli
from the environment. Thus the possibility of interference
is increased.

The learning model proposed by Holling also assumed that
the hunger level of a predator determined whether it would attack
or ignore any prey it encountered. Ffor an attack to occur, the
predator must be hungrier thanm the attack threshold it has set
for that prey. Learning operates by raising or lowering the
attack threshold from some initial general level. If the prey
is palatable, then the attack threshold is lowered with each
successive encounter; if it is unpalatable, then the threshold
is raised. Since the reactive distance is postulated to be
functionally dependent upon the predator's state of hunger
the shift in this threshold is overtly expressed by a change
in reactive distance.

The relationship between the palatability of prey and the
attack threshold of trout was not examined. However, there is
considerable evidence to indicate that the amount of food many

fish will ingest is dependent upon its palatability. Both
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Sheperd (1970) and Ishiwata (1968e) have shown that fish
consume considerably less unpalatable food before they voluntarily
cease feeding. Hence, there is little doubt that the attack
threshold of many animals is related palatability. On the
other hand, the relationship between hunger and reactive
distance has not been adequately documented for many predatory
species.

Even though Holling's model will pfedictAthat the distance
. of reaction should increase as trout acquire more experience
with palatable prey there is some guestion as to the genekélity
of tHe mechanism through which learning is proposed to operate.
Beukema (1968) presented some evidence which implied that the
reactive distance of conditioned sticklebacks was stable over
a wide range of hunger levels. I also have some preliminary
data which suggests that short term changes in the amount of
food trout have ingested does not change their responsivemess
(Table 2). Although neither of these studies are sufficiently
detailed to allow rejection of the hypothesis that hunger
affects the distance from which all predators will react, the
data do lead one to suggest that the effect of hunger on reactive
distance should be carefully examined. iF the proposed relationship
cannot be demonstrated then the learning model must be modified
to incorporate an alternate pathway in which experience directly
affects a predator's responsiveness, rather than indirectly
through its hunger motivation.

Irrespective of the mechanism of learning, it was shouwn

that trout can double their attack distance if they acqguire
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sufficient experience. Therefore, if certain conditions prevail
they have the potential to selectively.exploit prey. This
inference is supported by several field studies (Allen, 1941;
Hamilton, unpublished data; Bryan, personal communication)
which found that individual salmonids oftem contain just 2 or

3 main food organisms in their gut in conjunction with a number
of alternate prey. This phenomenon could be explained to some
degree if predators restricted their hunting activities to
specific sectors .of the environment. However, this does not
appear to be a complete explanation since animals in the same
relative area will often feed on different organisms. This

is not suprising; because variations in the experiences and
motivational levels of individual predators can be expected to
affect the rate they encounter different prey as well as the
conditions necessary to promote learning.

In conclusion, the changes in the feeding behaviour of
trout, as they acquire experiencesreflect  many of the characteristic
of the searching image reported by Croze (1970). He showed
that before crows shift their attention there is a lag phase
in which they will not react to an unfamiliar object. This
corresponds to the latent phase for trout. However, once they
discover new prey both animals display a capacity to learn quickly.
Although trout appear to require somewhat more time to become
completely responsive this is difficult to determine because
they were exposed to a different schedule of reinforcement.

Another characteristic of the searching image is that it
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TABLE 2. The effect of hhnger on the reactive distance of 3 trout,
conditisned to 'white' prey (5 mm). The hunger index describes
the proportion of the stomach that is empty. An index of 1.0
indicates that there was no food in the gut. An index of 0.5
indicates that the gqut was half full. The fish were fed one hour

before an experiment. (n) indicates the number of experiments

Fish Hunger n Mean reactive distance + 1 S.E.
index (cm)
3 1.0 12 84 + 3.3
3 0.5 6 94 + 1.5
5 1.0 12 79 :+ 3.6
5 0.5 6 73+ 4.8
9 1.0 12 83 + 3.2
9 0.5 6 90 + 1.8
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is relatively specific. This is true to some extent for trout
as well, since the group conditioned to white-prey did not
react immediately when they were switched to black prey. In
this case, the latent period was not very pronounced, possibly

'new' object retained many of the characteristics

because the
of the original prey. Nevertheless these experiments indicate,
as Croze pointed out, that the searching image is specific but

can be transferred if the original image is no longer reinforced.
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SECTION III
PREY ACTIVITY AND VULNERABILITY

INTRODUCTION

The experiments described in Section I showed that trout
only attack exposed prey. Therefore, it is essential to
distinguish between the actual density of a prey population
and the vulnerable density.

Crangonyx richmondensis and Hyalella azteca are important

prey of the trout pohulation in Marion Lake; both species are
burrowing amphipods and. tend to spend much of the time actually
.concealed within the sediment. In-general, the activity of
these animals appears to be confined to the short intervals

in which they are exposed at the mud-water interface.

In this section, I will examine the effect of water temperature
on the proportion of amphipods that are exposed (vertical activity)
as well as the average amount of time exposed individuals spend
actively moving over the sediment (horizontal activity). The
results of these experiments will form the basis of a prey
vulnerability submodel that will be integrated with the main

attack model in Section IV.

METHODS AND MATERIALS

Field Studies

The vertical activity of Crangonyx and Hyalella was observed

in both the laboratory and the field. In the field studies,
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cores of sediment were removed from Marion Lake with.a

sampler, described by Hargrave (1970), and were transferred
with as little disturbance as possible into glass stacking

dishes (20 cm diameter). The natural complement of bottom

fauna was not altered with the exception that in some dishes,

the number of Lrangonyx was increased 2 to 5 times above the
natural density. The dishes were then placed back into the

lake to maintain them under ambient temperature and illumination.

After being transferred, the animals were allowed 24 hours
to acclimate before observations were initiated. Each
experimental series consisted of 4 replicate cores of sediment.
During the study period both the incident radiation (Belfort,
recording pyroheliograph) and the water temperature were
monitored.

The vertical activity of Crangonyx and Hyalella was
examined with respect to the average proportion of each
population that was exposed above the mud-water interface
during 15 consecutive, 10 second observation periods.
Observations were conducted several times throughout the day
(0800 to 1700 hrs.PyS.T.) and were repeated for for up to 4
consecutive days.

Eleven completely independent sets of experiments were
conducted during the months of May, June and July. After the
termination of each of these series the number of amphipods
in each core was dete;mined by sorting through the sediment.
Preliminary trials indicated that this method would produce

complete recovery.



75

Laboratory Studies

In the laboratory, the vertical as well as the activity
of exposed amphipods was observed at 4 different temperatures
that ranged from 5 to 20 €. For each experiment, amphipods
were removed from Marion Lake, sorted, and then isolated by
species into separate containers of sediment. In this case
the sediment had been screened to remove all other macroinver-
tebrates.

Three replicate populations of each species were observed
at each experimental temperature. Before observations were
conducted, the animals were allowed 24 hours to acclimate to
the experimental conditions. The number of animals in each
container was carefully controlled (equivalent to 100 to 300
Crangonyx, or 200 to 800 Hyalella per. sg. m.) to insure that
it fell within the natural range in density of each species
(Appendix ITI).

Throughout the experiments, the background illumination
was maintained at about 10 ft-candlesiLand the length of day
standardized at 10 hours (0900 to 1800 hrs P.5.T7.). The water
temperature was controlled to within 1 C. of the desired test
temperature. In order to avoid the possibility oF‘oxygen
depletion or stratification the water in each container was
slowly circulated. |

Hyalella is a deposit feeding species (Hargrave , 1970)
and was not fed (artificially); Crangonyx, however, is carnivorous

and was fed dead brine shrimp. In this case, the amount of food
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provided was always in excess of what the populations would
consume between successive feedings. The mortality of both
species during the experiments was less than 5%.

Observations on the vertical activity of Crangonyx and
Hyalella were conducted before Lrangonyx was fed and were
repeated every 5 minutes for up to one hour. Their horizontal
activity was expressed in terms of the average proportion of
time exposed individuals spent moving over the sediment. In
this case, observations were conducted at irreqular intervals
throughout the day.

RESULTS

THE EFFECT OF WATER TEMPERATURE ON THE VERTICAL ACTIVITY
OF CRANGONYX AND HYALELLA

Under both natural and laboratory conditions, Crangonyx
and Hyalella spend much of the day buried below the mud-water
interface. When individuals are concealed in this fashion
they tend to remain inactive for some time before they re-expose
themselves; this characteristic behaviour was pointed out
earlier (Section I). Intensive observations indicated that
the instantaneous proportion of animals that was exposed was
fairly constant over a short period of time but changed
appreciably with the ambient environmental conditions.

A multiple regression analysis of the field studies showed
that the vertical activity of amphipods was significantly
correlated with several environmental parameters (Table 1).

One of the most significant factors was water temperature.

Although there is a strong correlation between the level of
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incident radiation and the time of day observations were
conducted, the ambient water temperature was not significantly
affected by diel changes in the level of illumination,

Since the temperature of Marion Lake changes considerably
throughout the year this characteristic of the environment could
induce seasdnal changes in the activity patterns of the amphipods.
Therefore, the apparent relationship between water temperature
and the degree of exposure of both populations was tested under
controlled conditions.

Laboratory studies verified the field observation that the
instantaneous proportion of animals that was exposed was temperature
dependent. If the field data isgrouped according to the temperature
when observations were conducted both the laboratory and field
results turn out to be very similar (figs. 1 and 2). This is
interesting as the laboratory studies were extremely artificial
compared to the field experiments.

It was found that the observed relationship between temperature
and the proportion of amphipods at the mud-water interface could
be described by the exponential equation:

(1) ve, ] emzi (T) - ma;

where (Vpi) is the proportion of species (i) exposed at any
instant in time, (MBi) and(mai) are constants and (T) is the
temperature in C. (fig. 1 and 2; Table 2A).

Although there was some indication that the illumination

and time of day might have influenced the 'vertical movements
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TABLE 1. The vertical dispersal activity of Crangonyx and
Hyalella, in Marion Lake, with respect to several environmental
conditions. (n) indicates the number of days in which observations

were conducted.

Variable Correlation Coefficient t
Crangonyx
Illumination 0.229 1.56
Temperature 0.511 5.10 *
Time of day - 0.102 0.70
( n = 46 )
Hyalella
Illumination 0.576 4.65 *
Temperature o 0.372 3.09*
Time of day - 0.384 3.09 *
(n.—._43)

* gignificant at or less than 0.01 level



Figure 1. The effect of water temperature on the
proportion of LCrangonyx that are exposed at or
above the mud-water interface. The solid circles
indicate the results obtained from laboratory
experiments; the open triangles, field expériments.
The 95% confidence intervals of each of the means

are indicated. (See Table 2A)
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Figure 2. The effect of water temperature on the
| proportion of Hyalella that are exposed at or
above the mud-water interface. The solid circles
indicate the results obtained in the laboratory
experiments; the open triangles, field experiments.
The 95% confidence intervals of each of the means

"are indicated. (See Table 2A)
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of Crangonyx and especially Hyalella (Table 1), none of these
possibilities were followed up.

An expression of the density of amphipods, by size, per
sg. m. that are potentially vulnerable to trout predation in
Marion Lake at different times of the year can be derived by
coupling equation (1) with the actual density of prey (Di’ Appendix
II1), the size composition of each population (pij) and the
seasonal temperature pattern (Appendix II). The result is
equation (2) which can be designated as a prey vulnerability

submodel.

where (VNij) is the number of amphipods of species (i),
of size (j) that are exposed. The seasonal range in the size
structure of Czangonyx and Hyalella is summarized in Appendix
I1T.

The profound effect that water temperature has on the
vertical activity of the amphipods in Marion Lake is illustrated
in Figure 3. As indicated, there is very little relationship
between the actual density of either species and the number of
animals that are exposed and vulnerable to attack from trout
throughout the year. The vulnerable segment of each population

was estimated from equation (2).



Figure 3. The relationship between the actual density of
amphipods (white histograms) and their vulnerable density
(black histograms). The vulnerable segment of each
population corresponds tao t%e number of animals that are

exposed on the sediment as a result of the ambient water

temperature (Appendix II) (A) Hyalella (B) Crangonyx
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THE EFFECT OF TEMPERATURE ON THE ACTIVITY OF
EXPOSED AMPHIPODS

.Crangonxx, tend to move almost continuously when exposed.
They do stop periodically, however, to feed or to grasp at
pieces of litter. In contrast, Hyalella tend to be relatively
inactive at all times. Hargrave (1970) demonstrated that
Hyalella is a deposit feeding species and must ingest large
guantities of sediment to meet its energetic requirements.
Thus, when this species is exposed it appears to spend most
of its time either feeding or involved in other activities
which seem to require little movement.

In the laboratory, the activity of exposed individuals
was also affected by temperature. The results (fig. 4) suggest
that 10°C. is“the optimum for Crangonyx, above or below this,
their activity declined somewhat. Unfortunately, observations
on Hyalella were confined to temperatures above 10 C. At
temperatures higher than this, their activity also declined
which suggests that they may have an optimum temperature
which is: similar to Crangonyx. Although the water temperatufe
will alter the movement of both species, Lrangonyx was always
more active than Hyalella.

Assuming that 