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ABSTRACT

The work submitted in this thesis describes three
investigations‘of the relationship between stimuli, the pike
and the pike's inclination to feed. Consideration is given
to the importance of relating internal and external factors

to the causation of behaviour.

The effects of individual pike and the time lapsed after
feeding on predatory behaviouf are firstly assessed. Use of
multivariate analysis determined key behaviours in the
repertoire of pike that could be successfully employed in

analysing prey-capture sequences.

The modifying influence of hunger, as categorised by stomach
content, on prey capture sequences is presented and
discriminant function analysis is used as a method of
describing differences in predatory behaviour. A simple

treatment of bout criteria is also given.

The interaction of the components of visual stimuli and its
influence on predatory response revealed that particular
movements and shape of a stimulus altered the attack
behaviour of pike. The relative strength of a visual cue,
for example, how "fish-1like"” a stimulus is, has dependence on
how inclined an individual is to feed. A view of how these
factors influence the behaviour of pike in a wider context is

expressed.



DEDICATION

TO ALL THE FAMILY

Hic etiam Latio praenomine, cultor

Stagnorum querulis vis infestissima ramis
Lucius, obscuras ulva caenoque lacunas
Obsidet: hic nullos mensarum lectus ad usus,
Fervet fumosis olido nidore popinis.

Here also,under a name ridiculous in Latium,
an inhabitant of the ponds, a most hostile
power to the croaking frogs, the Pike haunts
the pools dark with weed and mud: this fish,
chosen for no uses of the. table, steams with
a bad smell in the sﬁoking cookshops.
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1 INTRODUCTION

Most studies of foraging behaviour are concerned with the
ways in which animals select and eat their food and the rules
thét may determine this behaviour (Krebs et al 1983).

However it has become increasingly clear that animals show
variation from the predictions of present theory and that
foraging behaviour and the decisions an animal has to make
cannot be considered in terms of function alone. Although
this idea is not new, it is nevertheless a fundamental
assumption in the course of this study. For example,
optimality theory from the predictions of the Marginal Value
Theorem (Charnov 1876) goes some way to demonstrating what
criteria animals should use when foraging, but recently it
has been suggested that the theory should consider the
presence of factors that are immediately causal to the
behaviour observed (McFarland and Houston 1981). Indeed, the
internal state of an animal strongly influences whether it
should feed or not and as a consequence the criteria often
postulated by the ethological observer may be subject to
change. Hunger is one factor of the internal state and may
influence predictions for an animal’'s optimal diet (Richards

1983).

Having said that when an animal forages for food its
behaviour may be influenced by hunger and prey
characteristics or any combination of physiological

fluctuations and environmental variables, this study attempts
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to recognise such influences by evaluating the role of
sensory. cues in the feeding behaviour of the pike, Esox
lucius. In particular oﬁservations were confined to those
aspects of a pike's feeding tendency, where feeding tendency
may be defined as the result of a trade-off between internél
hunger and strength of feeding stimuli (McFarland and Houston

1981).

Esox lucius has a broad geographical distribution and is
resident in Great Britain, Europe, Northern Asia and North
America. It is found typically in lowland rivers and lakes
especially where submerged and marginal vegetation is common.
The pike is a solitary, opportunistic hunter (Nursall 1973)
taking a wide range of food in its diet, predominantly fish,
but ranging from invertebrates when young to many species of
fish, small mammals, waterfowl and other aquatic animals when
mature (Day 1880, Frost 1954, Lagler 1856, Johnson 1969, Mann
1982). As such the pike is a top carnivore in the aquatic

ecosystem food chain.

The feeding ecology of the pike has been well documented by
numerous workers with interest confined mainly to its diet
(Kendal 1917, McNamara 1937, Frost 1954, Copland 13856, Buss
1961, Crossman 1962, Banks 1965, Lawler 1965, Willemsen 1967,
Johnson 1869, Toner 1969, Mann 1973, Bialokoz 1979, Diana
1979) and its preferences or prey selection (Hoogland et ai
1957, Popova 1867, Béyerle 1968, Mauck 1971, Caoble 1973,
Nursall 1973, Reist 1980, Mann 1982). Behavioural studies
have focused principally on the hunting and strike tactics of

the pike (Hoogland et al 1857, Baerends 1957, Ivanova 1969,
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Nursall 1973, Neill 1974, Christiansen 1876, Kashin 1978,
Webb 1880, Hart and Conellan 1984). Little work however has
studied the proximate level of behaviour that influences
prey-capture. Factors important at the proximate level may
be those concerned with prey recognition and the internal

homeostatic requirements of the pike in time (Curio 1976).

Perception of prey is thought to be the basic process
underlying any predatory behaviour (Hinde 1870). A predator
receives stimuli as it encounters prey which may initiate
processes that lead to prey-capture. These stimuli may be a
change in part of the animal’'s environment, for example, a
change in contrast within the visual field, or they may bé
confined to an object that produces an observable response,
perhaps some characteristic of the prey themselves. The
requirement for recognition of prey is that the stimuli a
predator receives must be readily discernable from those that
elicit other types of behaviour (Hinde 1870). For example,
any moving object smaller or equal in size to a predator may
constitute a feeding stimulus, and any larger, a defensive

stimulus (Protasov 1968).

In fish, several external characteristics describe possible
food items. These may be size, shape, colour, brightness,
velocity and type of movement (Protasov 1968). The reaction
to these, however, depends on the animal's motivational
state. Motivation as a term may be considered in the above
context to be a function of all possible internal variables

that lead to an inclination to feed depending on its value.
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The framework for such a consideration of feeding behaviour
has been demonstrated by Colgan (1973) with work on the
pumpkinseed sunfish, Lepomis gibbosus. In an analysis of
possible factors affecting the motivation of the sunfish, it
was found that variables of the fish's homeostatic system
such as food deprivation and satiation, systemic need and
gastric volume, influenced the preference and selectivity of
the fish towards prey items. McFarland and Houston (1981)
describe such combinations of factors in terms of external
and internal states (Figure 1). They envisage a system by
which an animal carries out a particular activity influenced
by complex interactions between its internal state and
stimuli from its environment. At any given time the overall
state of an animal can be plotted on axes that represent
independent physiological variables or independent but
behaviourally relevant aspects of the environment. The
resulting coordinates are part of a motivational space and
their position from an optimum origin determines the
behaviour performed by an animal. For a concise overview of

this theory see Huntingford (1984).

Interpreting the ideas of McFarland and Houston, external
stimuli that act on an animal to produce a state of arousal
is called a cue state. This represents a point in a
multidimensional cue space (coordinates in the motivational
space) derived from axes corresponding to independent
features of the external environment. These features act on
an animal and contribute to an overall causal factor state
which influences subsequent behaviour. Similarly they

propose a command state which is due to physiological change
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FIGURE 1

RELATIONSHIP BETWEEN INTERNAL AND EXTERNAL FACTORS AND THEIR
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from an animal's normal or acclimatized state. A
physiological change produces motivating variables, or
commands, for the mechanisms controlling behaviour. The cue
and command states may combine additively or multiplicatively
to give an overall feeding behaviour. The system may be
considered in mechanical terms as one of input-output with
the internal and external variables producing the energy to
the system in order to do work. The amount of work done
{feeding in this consideration) is the value of the
combination of the internal and external variables. It is
useful therefore to consider pike predatory behaviour in such

a framework.

Factors of the cue state that affect pike predatory behaviour
can be confined to two categories - those that are strictly
environmental conditions and those that are direct features
of the prey themselves. Factors of the command state are
largely physiological variables not being specifically
restricted to hunger (Dill 1983) but can include conditioned
learning effects such as a pike's experience with prey.

(Table 1)

Mauck and Coble (1971) in selective feeding experiments with
pike recognised that prey preference could be affected by
innate inclination (now not generally accepted, see Hinde
1970 for a review), satiation and conditioning, also
apbearance, behaviour, relative abundance, size distribution
and armament of prey. Coble (1973) surmised that prey
perception could include differences in prey behaviour,

manner of movements or physical appearence, for example,
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form, colour and contrast (white against natural colour).

His results indicated that shape and colour did not influence
prey selection, nor did there appear to be any modification
as a result of pike conditioning. It was also concluded that

water turbidity had no effect on prey vulnerability.

The above findings have implications on the possible
mechanisms by which prey are detected by pike. Coble (1973)
asserted that visual stimuli are most important in prey
recognition, as do Solman (1945) and Hoogland et al (1957).
Detection by the lateral line was considered as most
prelevant by Wunder (1927) and Nikolsky (1963) who noted that
blind pike could still successfully capture prey. The third
mechanism, olfaction, has only been regarded as important by
McNamara (1937) who stated that pike homed in on prey by this
sense in still water. Christiansen (1976) concluded that
both perception of prey by vision and the lateral line system
were important and dependent on the physical properties of

the water a pike inhabited.

Accepting the perception mechanisms concluded by
Christiansen, a further observation from Coble's work was
that diseased prey were more vulnerable. A possible
explanation for this occurrence is that such fish are more
easily caught or they move in such a way that pike pursue

these instead of other fish.

The fact that movement may be important in the recognition of
prey has been studied in pike. Meesters (18940) demonstrated

that a moving dead-bait roach, Rutilus rutilus, produced a

{



markedly stronger predatory response in comparison to a
motionless one, though a pike would strike at both baits. He

also established that the orientation of the prey fish was

important. Baerends (1957) stated that prey must be moving,
whereas Nursall (1973), observed that prey could be swimming
or motionless. Christiansen (1976) in the only quantitative

work on this subject, found that rapidly swimming and
abnormally moving fish had a greater probability of
initiating the predatory act than fish that moved slowly and
uniformly, and that stationary prey escaped predation in some

cases.

There is evidently contradiction in the literature as regards
sensory cues that elicit the prey-capture response in pike
and although little is quantitative, it is generally agreed
that moving prey strongly influences the predatory behaviour.
Colour does not seem to be a major visual cue in terms of
increasing pike selectivity or prey vulnerability, but, prey
colour does affect the camouflage of prey and silvery sides
may be difficult to detect as they match the brightness of
the background (Denton 1965) . Protasov (1968) quotes work
of Herter (1959) in that pike appear to be responsive to
shiny and to black and white foil strips. This source can
only be traced to Herter (1929) with work on the eastern
mudminnow, Umbra pygmaea, which is of the family Esocidae,
but not a close relative of the pike, and therefore the

significance of his observations must be in doubt.

Although the possible components of visual stimuli that

elicit the prey-capture response has been demonstrated, none
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has considered the influence of the internal or command
state. The effect of the internal environment is important
in this study as a pike's response (as in many animals) may
rely on response thresholds. These thresholds are altered by
both internal motivational state and by the nature of the
external environment to give an animal flexibility when
foraging (Dill 1983). Flexibility arises from the ability of
fish to modify their behaviour in response to a fluctuating
environment., Dill obéerved that hunger-motivated change

could account for this adaptive flexibility.

Hunger 1is the most pervasive amongst the internal factors in
initiating searching and hunting for prey, and after
successful capture, in determining the amount eaten (Curio
1976). Hunger motivation has two components, that of gastric
or stomach fullness and that of metabolic or systemic need.
The former is commonly measured by the observer (Ware 1972)
as fish can use stretch receptors to monitor gut fullness,
and therefore gastric sensation of hunger may be a reliable

cue to foraging behaviour (Dill 1983).

Though not documented for pike, the effects of hunger on
foraging behaviour in other fish have been studied. Holst
(1949) demonstrated with Pterophyllum eimecki that visual
vigilence leading to prey-capture varied with hunger, and
hunger tended to increase the range of objects recognized or
accepted in the diet. Holst postulated a hunger dependent
"central prey excitation” which is expressed as a short term
rise of a general level of vigilence which must have a

minimum level for capture to occur. This is analagous to the
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concept of response thresholds (Dill 1983). Sticklebacks,
Gasterosteus aculeatus, will fixate and take progressively
less prey-like objects as hunger increases. In general,
feeding behaviour appears to be subservient to nutritional
homeostasis and as hunger decreases, searching, reactive
distances and the transition probabilities for behaviours in

prey-capture sequences decrease (see Dill 1983 for a review).

Hunger is not the single factor ruling predatory behaviour as
there are fluctuations in the readiness to hunt which cannot
be explained in terms of hunger. For example, it 1is well
known that pike eat a broad range of food in their diet and
are reputedly insatiable (Day 1880, Houghton 1890) although
pike are often found with empty stomachs (McNamara 1837,
Allen 13839, Johnson 1869) and not "on the feed”. This
occurrence may be due to a sparsity of prey or to the fact
that pike are efficient converters of food so they need not
be as gluttonous as common belief would have it (Johnson
1966, Buller 1981) or, that it is a result of a pike's
previous experience with prey, for example pike learn to
avoid fish with spines (Hoogland et al 1857). Much remains
to be learned of the relationship between hunger and learning
effects in the deployment of foraging tactics (Ringler 1983).
Previous experience undoubtedly affects a pike's predatory
behaviour and it has been shown to reduce the attractiveness
of artificial lures, even after one capture’'s experience
(Beukema 1969). Pike also avoid unpallatable prey such as
sticklebacks in preference to other prey (Hoogland et al

1957) or morphs with less armament (Reist 1983).
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Although the resultant behaviour of a pike from all possible
factors of causation is likely to be complex this study
investigates aspects of causation in a controlled, simplistic
environment in order to provide a more complete understanding
of a pike's predatory behaviour. This study assumes that the
predatory response relies on some basic stimulus or cue that
can be extracted from the overall background noise or
environment. The work covers preliminary observations on
pike to produce quantifiable measures of pike movements for
assessing motivational states. This is taken further to
evaluate the significance of hunger on subseguent prey
capture and to recognise stimuli that elicit the prey-capture

response anhd their relationship to a pike's internal state.

The pike used in this study were taken from local rivers in
Leicestershire and Nottinghamshire by electric fishing.
Individuals taken from the wild were acclimated to laboratory
conditions for a minimum period of one month before use in

experiments.

The pike were kept in holding tanks in rooms maintained at

15 °¢c and 13 hours daylength. They were fed on live fish
caught by electric fishing from the River Welland,
Leicestershire, or by small fish trap in the Queniborough

Brook, Leicestershire.

The mean size of the pike used in all investigations was

141.2 g, SD + 28.3.



2. EXPERIMENT ONE. A first investigation of the effects of
motivation on the response of pike to a

prey stimulus.

2.1 INTRODUCTION

In the study of relationships between an external stimulus
and response, animals often exhibit varying degrees of
reaction to the same stimulus (Halliday 1983). For example,
animals do not always eat when presented with food, and this
response must be regulated internally. Indeed, when
investigating the foraging behaviour of animals in the field,
the observer has little knowledge of how hungry an animal is
or what previous experience it has gained which moves it to

search for and acquire food.

A prerequisite, therefore, for the estimation.of possible
external factors eliciting the predatory response in pike is
for an understanding of the relationship between behaviour
and internal state. The ideal is for the observer to be able
to look at an individual and by some simple means categorise
the internal state of that animal at any time and explain its
behaviour accordingly. That is, to gauge an animal's
inclination or motivation in order to predict whether it will
feed or not. Unfortunately, motivation cannot be readily
described by a characteristic group of easily recognised

actions (Halliday 1983).
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Hinde (1982) describes three approaches to understanding
motivation. The first is to observe changes in response to a
constant stimulus, the second is to manipulate the internal
state of an animal, and the third is by theoretical
considerations of empirical observations or modelling. Each
approach cannot be regarded as insular and for a complete
understanding of motivation the three methods must be
considered together. In this study and subsequent chapters

emphasis will be mainly confined to the first two approaches.

Within the laboratory, factors influencing the behaviour of
pike can be controlled to some extent by regulating the tank
environment and the degree of hunger of individuals. In this
way, measures of predatory response can be taken as an
indication of the inclination of a pike to feed, influenced
by the variable of hunger {(a label for unknown physiological
processes) and as such may be a deécription of motivation.
This is a step towards evaluating the interaction of externél
and internal stimuli or causal factors (Lorenz 1950,

McFarland and Houston 1981).

A common explanation for a change in response to a given
stimulus is expressed by an animal's state of arousal (Andrew
1974). Arousal is generally thought to be related to the
consciousness of an animal, whether it is sleeping, resting
or alert, and therefore can influence a number of possible
motivational systems. However, this term is biased through
human experience and possibly it is better to express such
changes in response by the term activation. Activation

describes variable effects from different activities, for

13



example, the variation in behaviour that may be caused by

circadian rhythms {(Brady 1979).

The behavioural responses that can be assessed as indicative
of a pike's internal state are those initially evident before
the capture of prey. In pike these are such things as eye
movements and fin movements before the more conventional
pointing, stalking, and axial tracking associated with the
prey-capture sequence (Hoogland et al 1857, Nursall 1973).
This section of the work was designed to relate quantifiable
parameters of initial predatory response to the absence or
presence of external stimuli and to examine the relationship
between motivation and response to prey at a preliminary

level with regard to this study.

2.2 BASIC METHODS

Trials were carried out in 1.0m X 0.32m x 0.38m‘aquarium tank
with the interior divided into two sections by a clear
perspex plate, enabling stimuli to be introduced on one side
with a pike in the other. The tank was illuminated by two
sets of 40w light bulbs that worked independently for each
section. Pike were isolated from external interference by a
screen made of black plastic curtains. This allowed the
observation of the subject fish and the presentation of a
live minnow, Phoxinus phoxinus, without the pike in the tank

seeing the operator. (See figure 2)

1



FIGURE 2 Arrangement of the agquarium for presentation of a

live minnow stimulus.

black curtain

c canopy
1lb 40w light bulb
ps pike section

pd perspex divider

ss stimulus section
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Pike were left to acclimate to the new tank for one week at
the end of which they were fed to apparent satiation.
Apparent satiation was taken when a pike refused food five
minutes after the last take of prey. Live minnows were then
presented to the pike, behind the perspex divider, and the

behaviour of the pike filmed.

A video unit was used to record behavioural sequences and
results were taken from video tapes. An Hitachi CCTV camera
with viewfinder was used, coupled to a FOR-A video timer, all
linked to a Sanyo 1100 video tape recorder using half inch

high density video tape.

Pike were observed both before and during stimulus
presentations and at times of 0.5, 1.0, 2.0, 4.0 and 24.0

hours after feeding.

Behavioural parameters (response variables) measured were
those of eye movements, pectoral, pelvic and dorsal fin
beats. Fin movements for measurement were selected from the
description of fin co-ordination patterns by Hoogland et al
{18957) for standing positions of pike which will be referred

to as "hanging” states in this text.

Figure 3 shows fin positions for pike in a hanging state and
for degrees of motion as observed by Hoogland et al (1957).

The pectoral fins move as in A and B, and measurement of the
beat was taken for the fin to move from A to B and back to A
again. The dorsal fin moves in a sculling fashion producing

the current F. Measurement of a beat was taken for the

16



FIGURE 3 Fin coordination patterns for pike

(after Hoogland et al 1957).

A,B,and C show possible positions for pectoral fins with
currents (arrowed) having the opposite effects on the fish's
movements. D shows the usual bosition for the pelvic fins
but E may also be assumed, producing a downward and forward
current. The dorsal fin undulates regularly to give the
current F. The anal and caudal fin produce currents H and K

respectively but were not included in the observations.

1



completion of one scull. The resultant forces of the beats
of the pectoral and dorsal fins maintain the body of the pike
in the horizontal plane. In some instances, the pectoral
fins do not move greatly between A and B, but remain fixed in
relation to the body with only the fin rays moving
rhythmically. When this occurred, complete cycles of fin ray
movement were measured. Beats and fin cycles were taken to
be analogous for the recording of rates of fin movements, as
the form of fin movement in the pectorals for example, was
dependent on other body movements at the time of measurement.
Hoogland et al state that the horizontal plane may also be
maintained by movements of the other fins. Pilot work showed
that with the escalation of "interest"” in the stimulus,
pelvic fins frequently were used in the hang state. These
were therefore incorporated in the observation of the hanging
state response. Measurement of the pelvic fin beats was
similar to that of the pectoral fiﬁs, timing complete
oscillations between E and D. Fine measurement of fin beat
rates was facilitated by video recorder playback at one fifth

normal speed.
Five pike were used with five replicates for each treatment.

Within each replicate, fin beat and eye movement rates were

taken every 30 seconds and the mean taken for analysis.

2.3 RESULTS

The response variables measured in this study are listed in

18



Table 2. Tables 3 and 4 are presented according to the main
effects and interactions found in multivariate analysis of
the response variables (MANOVA routine in the SPSS package,

Hull and Nie 1981).

Table 3 gives values for the F statistic and its
probabilities determined from the Wilks' lambda significance
test. The results show that there are no effects of
individual pike (F = 0.91, p > 0.05) but time since the last
feed has a significant effect on the outcome of all response

variables studied in the trials (F = 10.96, p < 0.001).

Table 4 presents results for the overall effect of time since
the last feed. The results are given for univariate analyses
of variance (ANOVA, Sokal and Rohlf (1881)) for each of the
response variables. Only two of the response variables were
not affected by time since the last feed. These were NPT (F
= 2.16, p > 0.05, df = 5, 120) and NET (F = 2.20, p > 0.05,
df = 5, 120). These results are important as the
determination of a pike's inclination towards a stimulus
relies on the comparison of the frequeﬁcy of movements with a
base line value, derived from pre-stimulus observations, that
does not alter with time. The behavioural parameters of
pectoral fin beats and eye movements only, therefore, satisfy
the above conditions and were accordingly selected for

further investigation.

Tables 5 and 6 demonstrate the effect of post feed times on
pectoral fin beats and eye movements respectively. Results

shown are for the mean and standard deviation for
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TABLE

2

Glossary of response variables

NPT

PT

NPL

PL

ND

NET

RESPONSE VARIABLE

2

Pectoral

stimulus

Pectoral

stimulus

DEFINITION

fin beats before
presentation

fin beats with

Pelvic fin beats before

stimulus

presentation

Pelvic fins with stimulus

Dorsal fin sculls before

stimulus

presentation

Dorsal fin sculls with

stimulus

Eye movements before

stimulus

presentation

Eye movements with stimulus



TABLE 3 Multivariate tests of significance for

effects in the results of Expt 1.

MAIN EFFECTS

Pike

Time

Interaction

(F values and significance

Im

.91

10.96

.56

B

06.609

<0.001

1.000

of F given are from Wilks' test)

TABLE 4 Univariate F-tests for effects of time on

the response variables in Expt 1.

RESPONSE VARIABLE

NPT

PT

NPL

PL

ND

NET

E

2.

41.

19.
2.
T4.
2.

14.

16

21

.12

Lb

48

&7

20

78

>0.

<0.

<0.

<0.

0.

<0.

>0.

<0.

-(F values and significance of F given for 5 &

21

freedom)

05
001
001
001
04
001
05
001

120 degrees of



TABLE 5 The effect of time from last feed on

pectoral fin beats (min;-l-_)_é

JIME (hr) PRE-STIMULUS , STIMULUS

MEAN S0 MEAN SD
0.5 89.1 18.5 95.2 18.0
1.0 97.6 15.2 139.4 30.8
2.0 79.4 11.6 147.4 19.8
4.0 88.6 19.3 186.2 32.0
24 .0 87.8 27.1 179.5 26.3

TABLE & The effect of time from last feed on

eye movements (min:"l_)_A

TIME (hr) PRE-STIMULUS STIMULUS
MEAN  SD MEAN SD

0.5 2.2 3.2 4.2 3.9
1.0 5.0 5.0 13.2 7.7
2.0 3.3 5.1 17.5 9.0
4.0 1.5 3.0 14.4 8.3
24.0 2.4 2.9 17.4 6.5

Pre-stimulus results are measurements before a minnow was
presented. The time in hours donates the period elapsed

since pike were fed to apparent satiation.
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FIGURE 4 Pectoral fin beat rates expressed with time (hr)
from last feed. (4 donates mean response to
stimulus, A = mean without)
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pre-stimulus and stimulus presentations at five times from
the last feeding of the pike. These are displayed as graphs
in figures 4 and 5. Response levels were then seen to rise
to an asymptote between 2 and 4 hours post feed, remaining

unchanged at 24 hours.

Two states of the pike were deduced from the response curves
for pectoral fin beats and eye movements, corresponding to
the "interest” of pike towards the prey stimulus. A level of
pectoral fin beats of greater than 115 min"1 and eve
movements exceeding 10 min-1 were assigned to states termed
“Attentive”. Levels of response less than these were

designated "Inattentive”.

2.4 DISCUSSION

In this investigation the overall response of a pike to the
sight of prey is dependent on the interaction of several
factors, this interaction being part of unobservable internal
mechanisms which may be broadly encompassed in the term
motivation. The time from when a pike last fed, the nature
of the prey stimulus and the response of the individual
desﬁribe the input and output to the system, and may through
inference reveal the motivational state of a pike at a
particular time. For example, it may be inferred that the
escalation of pectoral fin beats with post feed time was a
result of increasing hunger. However, there was no direct

measurement of this possible increase in hunger, though the

L}



results at 30 minutes post feed would suggest that hunger (or
ip this case apparent satiation) has a modulating affect on
the response of a pike towards a prey item. Whether this
explanation describes the motivational state of an individual
pike at that time, or not, is dependent upon the amount of
influence of other possible factors.

In 2.1, activation was suggested as an explanation for a
change in an individual's response to a given stimulus (Brady
1879). Therefore, an increase in pectoral fin beat rate and
the rate of eye movements might be ascribed to a change in
state due to circadian rhythms or the time of day, rather
than a change in hunger to explain motivational state.
However this can be invalidated in this experiment because
base line rates for eye and pectoral fin movements , in the
absence of a stimulus, remained unchanged for observations

taken in a 24 hour period.

The accountability for motivation being described in terms of
hunger or activation does not mean that these factors are
mutually exclusive of each other. It is not assumed that
motivation, as a notion of internal state, has a hierarchy of
influencing factors. Motivation is best considered as an
interaction of factors within a homeostatic system (McFarland

and Houston 1981).

The remaining factor in this investigation that may affect
the response of individual pike 1s the nature of the prey
stimulus given. As a live minnow was presented to pike,

there was no control over the prey fish's behaviour.

20



Increased eye movements and fin beats could be explained if
the minnow shows more activity in some trials than in others.
A greater number of movements made by the prey fish could be
correlated to an increase in the number of eye movements
necessary for a pike to observe its potential prey item.
Again, inference of motivational states in terms of hunger
may be confounded by such an occurrence. However, though no
quantifiable data is provided, as viewing of the stimulus
section of the tank was not possible with this arrangement of
the apparatus, minnows when introduced on their own to the
tank environment tended to remain stationary, résting on the
tank floor. It may be tentatively suggested that the nature
of the stimulus remained constant enough to infer that
increased levels of response were due to the effects of

hunger.

Whatever the explanation for the résponse curves of fin beats
and eye movements for pike responding to the presence of a
prey item, the results provide a useful means of identifying
the "interest” of pike to prey whilst in a hanging state.
The hanging states, attentive and inattentive, as defined by
the value of pectoral fin beats and eye movements, give an
essential addition of two behaviours to the description of
behaviours associated with prey capture detailed by
Christiansen (1976) and Hart et al in prep. The behaviours
provide an important description of the state of pike before
the pursuit of prey commences, discussion of which will be

expanded in subsequent chapters.

The complexity of describing responses of pike to prey in
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terms of motivational states, as revealed in this experiment,
requires a more refined approach to the identification and
understanding of the internal mechanisms that influence
behaviour. So too, for the recognition of the role of
external causal factors that elicit the predatory response in

%
pike.
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3 EXPERIMENT TWO. The influence of hunger on the

predatory behaviour of pike.

3.1 INTRODUCTION

The behaviour of an animal may be described in two ways,

- Firstly, behaviour can be related to its ecological
consequences or function, for example, study of the costs and
benéfits of carrying out a particular activity. Secondly, a
description of behaviour may be given‘by its form, that is,
by the observation of a series or sequence of movements as an
animal performs an activity (see Huntingford 1984 for a
review). In this experiment the form of the predatory act as

pike captured prey and its modification with varying degrees

of hunger was studied.

The nature of the predatory behaviour in pike has been
studied by several workers (Hoogland et al 1957, Nursall
1973, Neill and Cullen 1974, Christiansen 1976, Webb and
.Skadsen 13880, Hart and Connellan 1984). In general, these
studies have described the repertoife of behaviours as pike -
pursue prey, either as a qualitative description or a listing
of possible sequences of behavioural events leading up to
prey capture. Hart and Connellan used the repertoire of
behaviours tg study the form of the predatory act as a pike

pursued prey of different size classes (unpdblished) and to
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describe it functionally in terms of time budgeting and
growth rates resulting from the different feeding regimes
(Hart and Conellan 1984). However, no studies have been
carried out to observe how hunger-motivated predatory
behaviour in pike alters with respect to increasing
satiation. Such investigation may assist in interpreting

observations on food consumption and prey selection.

Traditionally, the hunger of an individual fish is estimated
by the amount of food cqntained in the stomach at any
--particular time (Ware 5972). Stomach qontents in pike have
been estimated using evacuation times or rates of gastric
emptying (Seaburg and Moyle 1964, Diana 1979). However, the
way in which gastric evacuation occurs can be expressed by a
number of different models (see Pitcher and Hart (1982) for a
summary). Estimations of stomach content in this experiment
were determined by the exponential évacuation rate equeztion
as it best describes the evacuation of food from the stomach
of pike (Diana 1979). It has. also been shown to be the most
realistic for passage of stomach contents in a variety of
other fish (Elliott and Perrson 1978, Wirjoatmodjo 1980).
The equation assumes that the rate of evacuation is
proportional to the quantity (mass or volume) of food in the

stomach.

The results of experiment one demonstrated the need for a
more rigorous approach in the way that the interaction
between a pike, its internql state and external stimuli, was
investigated. The work in this section, therefore, was an

extension of the previous one, using the rate of fin beatiné
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as an index of a pike's internal state at the beginning of a
trial and defining the hunger state in a more accurate way.
The objective was to describe the ;orm of the prey capture
sequence and to derive an intermediate state of response for

use in feeding tendency investigations (Experiment three).

3.2 METHODS

Trials were carried out in a large experimental tank of

-dimensions 1.7m x 1.5m X 0.5m3_ The tank had a glass front

marked in a grid system of 10 x 10  cm squares to assist in
determining positions of fish when filming. The tank was
divided into two halves by a net screen which could be rolled
up to expose a school of 10 minnows, Phoxinus phoxinus, to a
pike (Figure 6). The number of minnows for any trial was not
allowed to fall below 5 in order to-ensure adequate schéoling
behaviour. The size of the minnows was restricted to 3.0 -
5.59 weight and 7.0 - 8.0 cm fork length so that meal sizes
cculd be determined easily and the physical appearance of the

prey fish remained as constant as possible.

As in section 2.2 trials were of five minutes duration and

filmed using video. Trials were carried out six times a day

at one and a half hour intervals.
3.2.1 ESTIMATION OF STOMACH CONTENT

Stomach content was estimated by use of the exponential
. \

evacuation rate equation described by Elliott and Persson
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FIGURE 6 Tank arrangement for filming of prev capture

sequences in Experiment 2. -
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(1978). It is assumed that the rate of gastric evacuation
(R) is exponential and the rate of food consumption (F) is
constant. The rate of change in stomach content (S) is given

by -

ds/dt = F - RS 1.

The actual amount of food present in the stomach (St) after

t hours is given by -

St = Spe Rt E (1-e-nt) 2.
R

where So is the initial amount of food in the stomach.

This equation relies on the observer knowing the rate of
feeding over a particular time peribd. However, in this
experiment feeding stops at the end of a trial and starts at

the beginning of the next. In such a case Elliott and Persson

give the following equation for the amount of food in the gut

after t time'uhitﬁ
'St = Sge - » 3.

Equation 3, therefore, was used in determination of stomach
contents.

k2

In order to determine stomach contents at the start of any

¢

trial an est{mate of the value of the exponent (R) was

required. This was taken from the literature as 0.096 ({Diana
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1979).

3.3 ANALYSIS OF TRIALS

From determinations of stomach contents in section 3.2, four
categories of stomach fullness were chosen, These were 0-5g,
6-10g, 11-15g and 18?209 stomach content. It was assumed
that these four groups were indices of four different hunger
levels. Analysis of tfiais’on video tape was carried out
-using a Research Machiﬁés 3802 micro-cqmputer programmed to

function as an event recorder.
3.3.1 ANALYSIS OF PREY CAPTURE SEQUENCES

The repertoire of behaviours used in the capture of prey were
those listed by Hart and Connellan (1984) supplemented with
additions independently observed. (See also Christiansen

1976).

3.3.1.1 Stationary.or hanging " positions

(i) Attentive - Pike stafionary. elevated rate of fin
beats and eye moyements (section 2.3).

(1i) Inattentive - Pike ignores prey, fin beats and evye
at base rate (section 2.3).

(iii) Point - A " hanging " position in proximity of

prey. Body orientated towards prey and

» "

bow shaped.

(iv) Stop - _ Short break in behavioural sequence which
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cannot be readily defined as any of the

above.

3.3.1.2 Movements

(i) Chase - Fast swimming or gliding after prey caused
by caudal propulsion.
(ii) Approach - Overall movement of pike towards prey from

a few caudal beats.

(1ii) Stalk - Movement in close proximity of prey with
—— . body held in either a " bow " shape or
" § " shape, through fine adjustments of

body position by pectoral, pelvic-and
dorsal fins.

(iv) Back - Movement away from prey.

3.3.1.3 Prey capture events

{i) Strike - Lunge at prey.

(ii) Capture - Prey caught by pike.

(iii) Hold - Pike holds prey transversely in mouth.
(iv) Manipulate - Lateral head shakes which orientate the

prey head or tail first down the throat.

- This is followed by swallowing.

3.4 RESULTS

Analysis of behavioural sequences may be performed by a

number of methods, for example, by Markov chains (Ashby
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1963), transition matrices and probabilities (Stokes 1962),
mulivariate analyses (Aspey and Blankenship 1977,1878) and
bout analysis (Slater 1974, Machli; 1977). The choice of
which method to use relies on the form of the data set and
the goals set by the investigator. In this experiment and in
future work the use of mulivariate analysis was extensively

used.
3.4.1 MULTIVARIATE ANALYSIS

~The application of multivariate analysf; has become
increasingly popular in recent years as it works on data
which includes several variables and a number of groups.
Multivariate analysis is useful in that it can reveal
hcmogeneous sub-groups from heterogeneous samples and
identifies relationships among multiple variables when the

underlying source of variation is unknown (Aspey and

Blankenship 1977).

Principal component and discriminant function analysis have
been used to derive reliable functions to separate species
(Josiak and Moore 1982) ‘and environmental preferences of
cyprinid fishes (Felley and Hill 1983). Multivariate
analyses have also been applied to fish behaviour of the
three spined stickleback (Huntingford 1976) and to goldfish

and minnows (Magurran and Pitcher 1983).

In this experiment discrim;nant function analysis (DFA) was
used. DFA was devised by Fisher (13936) as a means of

classifying items or individuals, assuming that the
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individuals to be classified belong to one of a finite number
of groups. In this study pike were assignhed to distinct

categories of stomach content as indices of hunger.

As described in section 3.3.1, there is a repertoire of
distinct behaviours in the predatory response of pike. DFA
is a useful tool to the researcher as it takes the
frequencies of these behaviours (or any parameter the
investigator might choose) and allots weights to the
behaviours according to their contribution to an optimum
differentiation of group means (Hope 1?59). The end result
.0of a stepwise process leaves only those behaviours most
useful in categorising the overall prey capture sequences

displayed by pike at the four indices .of hunger.

Table 7 presents overall effects within the data set from
multivariate analysis on pike respoﬁses to prey at the four
hunger indices. Values given are for the Wilks®' lambda
significance test (MANOVA routine in the SP§S package, Hull
and Nie 1981). The results show that there are significant
effects of hunger and of individual pike with a significant
interaction.

df = 120).

Breakdowns for behaviours (glossary of abbreviations are
given in Table 8) are represented in Table 9 and Table 10 for
the effects of hunger and pike respectively, with corrections
for significant interactione where necessary. It can be seen
that individqel pike affect all behaviours except IN, AP, ST

and B, and that hunger affects all except IN and B.
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TABLE 7 Multivariate tests of significance for

effects in the results of Experiment 2.

MAIN EFFECTS af E b
HUNGER 30 4.06 < 0.001
PIKE 40 2.47 < 0.001
INTERACTION [H X Pl 120 1.28 0.036

Complete details from which these results are derived are

given in tables 89 and 10.

TABLE 8 Glossary of abbreviations for behaviours

in the analysis of Experiment 2.

ABBREVIATION BEHAVIOQUR
AT ATTENTIVE
IN INATTENTIVE
PT POINT

~ sp STOP

AP APPROACH
SK STALK
CH CHASE
ST STRIKE
cp CAPTURE
B BACK

d1



TABLE 9

on behaviours in Experiment 2.

BEHAVIQUR Sums

of Squares

Mean Squares

AT
IN
PT
SP

AP
SK
CH
ST

cp

(

i

97.

1166.
842.
975.

103.

394.

221

34

63

.07

43

56

08

63

16

.36

.75

.43

32.

388.

280.

325.

34.

131

73

11

54

.02

81

85

02

54

.39

.78

.58

.14

12.

18

14,

20.

Univariate F-tests for effects of hunger on

.14

14

15

41

< 0.001

> 0.05

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

> 0.05

¢ indicates behaviours corrected for significant

nteraction)

Results are for univariate F-tests with 3/80 D.F.
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TABLE

10 Univariate F-tests for effects of pike on

behaviours in Experiment 2.

BEHAVIOUR Sums of Sguares Mean Sqguares F B
AT 107.66 26.91 10.68 < 0.001
IN 3.286 0.82 0.39 > 0.05
PT 211.46 52.87 5.28 ¢ 0.001
sP 599.54 149.88 8.88 < 0.001
AP 167.76 41.94 1.27 > 0.05
SK 109.36 27.34 9.76 < 0.001
CH 149.50 37.38 5.33 < 0.001
ST 21.20 5.30 1.02 > 0.05
cp 13.164 3.28 5.71 ¢ 0.001
B 2.50 0.63 1.78 > 0.05

( ¢ indicates

interaction )

behaviours corrected for significant

Results are for univariate F-tests with 4/80 D.F.
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3.4.1.1 Results from discriminant function analysis
Realising the effects of hunger and pike on the behavioural
sequences, stepwise discriminant function analysis was used
to select statistically those behaviours most useful in

describing the overall predatory behaviour.

The mathematical objective of DFA.ié to weight and linearly
combine discriminating variables éo fhat groups'(in'this
cases indices of hunger) are forced to be as statistically
distinct as possible (Hope 19639, Nie et al 1875). The
statistical theory of DFA assumes a multivariate normal
distribution but in practice is robust enough for the
assumption to be violated to some degree. The data in this
experiment shows good homogeneity (tochran's C test showed

non-significance) Jjustifying the use of DFA.

The stepwise procedure selected the single best
discriminating variable and then those of decreasing
importance that help to separate (or discriminate) between
indices of hunger. Table 11 lists those behaviours most
useful in describing the prey capture response from DFA
accounting for hunger and individuals (DISCRIMINANT

sub-routine in MANOVA, SPSS, Hull and Nie 1981).

Further to the selection of discriminating behaviours, DFA
produces funqtions which may be used to separate hunger and

pike. Canonical correlation determined that the first three
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TABLE 11 Selected behaviours for discrimination of

prey capture responses at four indices

of hunger.
ORDER OF DISCRIMINATION BEHAQIOUR

71 N POINT
2 CAPTURE
3 BACK
4 APPROACH
5 STOP
6 INATTENTIVE
7 STRIKE

i1



TABLE 12 Canonical discriminant functions assigned to pike

at four cateqories of hunger.

STOMACH CONTENT PIKE ~  FUNC 1 FUNC 2 FUNC 3
0 - 5g 1 3.1224% -1.4770 -0.9187
2 1.7983 -0.6737 -0.9453

3 0.9731 1.5772 ©0.9032

4 1.2627 3.0750 -0.6680

5 1.2314% 0.1205 -0.3418

6 - 109 1 1.5947 -0.7578 1.6408
2 2.1816 -0.8109 -0.4112

3 0.0835 0.1281 -0.4539

4 0.2621 1.3403 -1.0845

5 -0.1968 0.459% -0.3658

11 - 15¢g 1 1.06189 -0.5642 2.0212
2 0.0695 0.5572 0.2906

3 -1.8038 -0.4736 -0.2220

4 -1.7505 -0.4483 -0.2506

5 -1.7505 -0.4483 -0.2506

16 - 20g 1 -0.9714 -0.9164 0.0861
2 -1.643¢4 0.7723 0.4505

3 -1.8038 -0.4736 -0.2220

4 -1.8038 -0.4736 -0.2220

5 -1.9172 -0.0932 0.3628

12



discriminant functions were to be used. (Wilks' lambda =
0.307, p = 0.12, df = 85 after 3rd function). These
functions accounted for 897 of the variance in the data that
could be described by discriminating functions. Table 12
shows the first three canonical discriminant functions
assigned to five pike af each of the four chosen indices of
hunger. These are reproduced as three dimensional plots in
Figures 7, 8, 9, 10. The presentation of results in this
form facilitates the separation of feeding tendencies in
pike, classified into groups of response, the strength of
which depends on the first discgiminant function (FUNC 1).
FUNC 2 and FUNC 3, representing the second and third
discriminant functions, serve to demonstrate variability in
response by positioning individual pike in a three
dimensional space. A response line for dividing non
predatory and attack responses may be surmised corresponding
to the axis of FUNC 2. Those points that lie to the right
hand side of this axis show a strong predatory response

compared to those that are positioned to the left.

" "

Figure 11 is a territorial map for all trials plotted
from coordinates of the first'two discriminant functions
(DISCRIMINANT, Nie et al, 1975). Whereas the three
dimensional representation separates the response of pike by
producing a single point, the mapping plot demonstrates the
amount of overlap that occuré ih fespon;és‘ffom the‘fduf
indices of hunger. The amount of overlap by areas

corresponding to more satiated pike with that of hungry pike

(0 - 5g stomach content), decreases as satiation approaches.
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Figure 11 Area map for responses of pike in Experiment 2

from first two canonical discriminant functions

for all trials.

FUNGTION 1

FUNCTION 2

o—ao  6-10g
a—a  11-15g

= a  16-20g
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3.4.2 BEHAVIOUR AND BOUT ANALYSIS

The analysis of the form of the prey capture sequence was
taken further by incorporating the results of sections 3.4.1
and 3.4.2, studying particular aspects of those behaviours
selected by discriminant function analysis. From Table 10,
Back and Iqattentive were omitted from further analysis as
the frequency of these was not influenced by hunger or

individuals.

Table 13 presents mean frequencies for PT,CP,AP,SP and ST for
each of the chosen indices of hunger. In all cases the
number of behaviours decreased as satiation approached

(Figure 12).

As a pike pursued prey, it was appﬁrent to the observer that
behaviours in the prey capture sequence occurred in bursts of
activity, or bouts. A bout may be defined as a change in
behaviour where a burst of one behaviour finishes and another
one begins, or, where a sequeﬁce of behaviours is ended by a
criterion interval (Xt). All durations or intervals of
behaviour less than or equal to Xt are assigned as within
bout intervals and those greater are between bout intervals.

{See Lehner 1979 for a summary).

In the sequence of behaviours when a pike is in pursuit of
its prey indigenous end of bout markers are present. These
are Inattentive and Capture. Other natural breaks in a burst

of behaviours are those of Point and Attentive. However, to
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TABLE 13 Frequencies of selected behaviours for pike

predating on 3g minnows at four categories

of hunger.

BEHAVIOUR

STOMACH CONTENT (g)

POINT

CAPTURE

APPROACH

STOP

STRIKE

0
6
11

16

11

16

11

16

11

16

11

16

80

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

5

10

15

20

7.04

2.28

0.68

1.60

1.12

0.44

0.08

9.08

6.88

2.52

8.68

7.48

3.00

1.80

3.80

3.12

.20
.97
.53
.82
.00
.93
.91
.28
.03
260
.49
.15
.31
.76
76
.02
.02
.20
.74

.41



FIGURE 12 Frequencies of Point, Approach, Stop, Strike

and Capture at 4 categories of hunger.

(Means and S.D drawn).
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FIGURE 13
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determine whether or not Point and Attentive were part of a
bout, bout criterion intervals had to be calculated. This
was performed by producing log survivorship curves {(Slater
1974, Machlis 1977) with a regression line fitted through the
points (Figures 13 and 14). A log survivorship plot gives
the probability of a behavioural event occurring for the time
elapsed since the last event. The method adopted in this
study was to plot a regression line through the points in
order to standardise a way in which the bout criterion
interval (BCI) could be determined easily. Methods for
producing BCIs involve either estimations by eye or the
fitting of exponential curves from the Poisson distribution
(Machlis 1977). These methods have a degree of misassignment
of interval values (Slater and Lester 1982). BCIs were 7

seconds for Point and 6 seconds for Attentive.

"The objective of bout analysis was fo investigate the
temporal form of the predatory act. Table 14 shows that the
number of bouts decreases with approaching satiation (ANOVA

F = 21.64, p < 0.001, df = 3/225, Sokal and Rohlf 1981).

Table 15 presents bout lengths. Bout duration remains
constant for the first three indices of hunger but
significantly rises for a stomach content of 16-20g (t =

-3.14, p = 0.006, df= 3/ ).

Times to the commencement of the first bout (Table 16)
lncreases with stomach content (ANOVA F = 10.04, p < 0.001,

df = 3/225).
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FIGURE 14 Log Survivorship curve with fitted regression line

for the behaviour Attentive.
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TABLE 14 Mean freguencies of bouts for 4 different

categories of hunger.

STOMACH CONTENT (g) MEAN s.D
0 -5 4.08 1.68
6 - 10 3.24 1.98
11 - 15 1.44 2.31
16 - 20 0.40 0.91

TABLE 15 Mean duration of bouts (s) for &4 different

categories of hunger.

STOMACH CONTENT (g) MEAN S.D
0 -5 - 35.7 25.0 (89)-
6 - 10 £43.1 34.1 (81)
11 - 15 32.2 25.9 (386)

16 - 20 ' 86.5 55.2 (10)

(Values in brackets indicate the total number of bouts in

analysis)
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Handling times remain constant over all indices of hunger
(ANOVA F = 0.12, p > 0.05, df = 3/81). Results are displayed

in Table 17.

The overall trend of these results is that there were more
bursts of activity, occu;ring more quickly, when pike were
hungry and that for the first three hunger categories bout
lengths remained the same. Prey fish, once caught, take the
same time to handle but the pursuit time increases as pike

become more satiated (ANOVA F = 4.65, p < 0.001, df = 3/81).

The frequency and distribution of the durations of Point from
log survivorship data shows that when points occur in the
behavioural sequénce they tend to be of a short length and
are mostly classed as within bout intervals. quever. there
is a skew towards within bout intervals at 0-5g stomach
content which isrre&hced as stomach'ééﬁfent incf;déésv(gigure
15, Figure 16). The frequency distribution for the stomach
content of 16-20g exhibits the least range of point durations
with most confined to within bout interQals. This result
should be considered apart from the rest of the distributibns

as the number of points that occurred at this index of hunger

was considerably smaller than other sample sizes (N=17).

Methods of analysis in this part of the study demonstrated ’
that in nearly all cases a significant change in the
frequency of behaviours occur between 6 - 10g and 11 - 15g
stomach content (t-test on PT, AP and CP; p = < 0.001,

< 0.001 and 0.003 respectively). The change in state as

defined by overt behaviour corresponds to a range of food
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TABLE 16 Mean times (s) to start of the first bout for

4 different categories of hunger.

STOMACH CONTENT {(g) MEAN _§ég
0 - 5 31;2 85;5
6 - 10 ..78'8 A_1f4.0
11 - 15' | VV --256.0' | »J157ib
16 - 20 213.0 134.0

TABLE 17 Mean handling times (s) for 39 prev at 4 different

categories of hunger.

STOMACH CONTENT (g) MEAN S.D
0 -5 1tz 115
6 - 10 | 12.9 6.3
11 - 15 12.7 12.6
16 - 20 11.1 10.3

a



FIGURE 15 Pcrcentade Fr guoncv distriButicns For dura tious
oF Point For oikp with stormnach contents of L 2 5g
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FIGURE 16 Percentage freguencv distributions for durations
0f Point, for pike with stomach contents of

11 d 159 and 16 ~ 20g.
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weight in the stomach equivalent to 6.287 and 9.4271 of pike
body weilght. It was assumed that the intermediate state be
set at the middle of this range (7.857 pike body weight).

This value would then be used in future work.

3.5 DISCUSSION

In Experiment 1 an attempt was made to relate initial
predatory response to the internal state of an individual
pike. This h;d disadvantages in that although hunger
affected an animal’'s readiness to fegd, this response did not
necessarily define the hunger state of an individual. For
example, the responsiveness of an animal may be nil when the
amount of food eaten reaches a certain level or it may reach
a level beyond which no increase in response is seen with
rising hUngeri :Ruitér'(1953.1967)'§uggéstéd; therefore, that
it is advisable to define hunger in terms of the feeding
regime of an animal rather than in terms of overt behaviour.
The results of this investigation achieved this by fir#tly
controlling for the amount of food consumed by a pike and
then relating its behaviour to the amount of food contained

in the stomach at any particular time.

A full consideration of the foraging behaviour of pike was
neither intended nor studied, with interest primarily
confined to the representation of feeding behaviour and a
pike's hunger. A mid point of response éould then be used to
satisfy conditions necessary for evaluating the interaction

between external stimuli and internal state (Experiment 3).
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As Hinde (1970) stated "the skill of the experimenter lies in
selecting animals in an intermediate state in which the
differences in models will be shown up to the best
advantage"”. The intermediate state derived is such that pike
will still respond to brey but not with the probability found
for greater degrees of hunger. The use of discriminant
function analysis is recommended to identify the region where
overall changes in response occur markedly within a range of
hunger motivated behaviours. This can then be followed up by
the use of significance tests on selected behaviours to

identify changes in response more precisely.

The approach in this study, then, is not dissimilar to other
investigations of hunger, in that, the effect of hunger on
feeding behaviour was examined by recording changes 1n
response as pike became more satiated. Dill (1983)

summarised a set of predictions for the foraging behaviour of
fishes as satiation approached. These were that the amount
of searching and the conditional probabilities of consecutive
behaviours, such as strike/capture, would decrease and that

handling times would increase with approaching satiation.

Frequencies of behaviours performed by pike-decreased with
increasing satiation (analogous to consecutive behaviour
probabilities decreasing) and times to the commencement of ~
bouts decreased with which a similar comparison can be made
to observations quoted by Dill (1983) for the discovery of
prey by 3-spined stickleback (Beukema 1968) and approaches
towards prey in sunfish (Chiszar and Windell 1973). Handling

times of pike remained constant -over all categories - -of
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hunger and therefore does not conform to Dill's prediction.
However the reason for this is probably due to the way in
which handling time is defined. Handling time was taken as
the time from Eapture of prey to swallowing whereas Dill's
handling time included'the time taken to capture prey as
well. This difference often causes misunderstanding in
considerations of handling time (Street et al 1984). The
fact that handling time remains constant in pike implies that
the speed with wpich pike handle their prey is probably

i

related to the physical size of prey and the morphology of a

pike's Jjaw.

As in experiment 1, prey capture sequences were not affected
by hunger alone but were also modified‘by the interaction of
the pike, of internal state and the actions of the minnow
school. Individual pike influenced the frequency with which
behaviours 'in the sequences wére exhibited. Influence on the
behaviours was the same as for the effects of hunger, with
the exception of the behaviours approach and strike.

Approach and strike were not influenced by the individual and
it may be suggested that these two behaviours are hunger
motivated and prey spécific. That is, satiation has a
modulating influence on the appearance of these behaviours in
the prey capture sequence and that the reactions and nature
of the_minnow school were likely to determine the approach

and strike of prey. " -~ S

The variation in the behaviour of individual pike was
emphasized in the results for discriminant function analysis.

Seven out of ten original behaviours in analysis were-
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selected, demonstrating the complexity of the attack
sequences. When a stepwise process for the influence of
hunger alone was carried out, only three behaviours were
selected. This confirmed that the interaction between hunger
and individuals could not be treated separately. It must be
clarrified here that individual effects include pike =~ prey
interactions and not the variability in the peformance of
individuals alone. The variablity in response at each of the
hunger categories was further shown in the three dimensional
plots where pike 1t and 2 were still demonstrating strong
feeding responses at a hunger category of 11 - 15g stomach
content. The influence of these pike affect the appearance
of the data at the two more satiated indices of hunger and
may account for the deviations from the mean for behaviours
exhibited. Explanation of such deviation can be attributed
to the individual differences in behaviour or the minnow
school as the size class df'pike'ugéd'ih'thié'ekpéfiMeht'Waé

similar.

Peukema [(1368) recognised that hunger was determined by at
least two components. These were a gastric component
relating to the amount of food present in the gut and a
systemic one relating to metabolic conditions within the
animal. These components of hunger were both dependent upon
the interval of fasting (deprivation time). Although overall
deprivation had no effect on the total amount of food
consumed in a day by 3-spined sticklebacks, the rate of
initial consumption was higher than average in the first hour
of feeding with longer deprivation times. Colgan (1973) also

supports the the influence of deprivation time on subsequent

63



feeding behaviour and for this reason, deprivation time was
controlled in this experiment. The influence of deprivation
time, therefore, may not be attributed to the variation in

predatory behaviour seen.

A greater number of captures occurred at categories of 0 - 5g
and 6 -10g stomach content. Ruiter (1967) plotted a time
course for fish feeding responses with satiation (Figure 17).
The relevance of this time course to this experiment is that
the response line follows, essentially, the course of trials
and the sequence in which trials were filmed in relation to
the hunger of an individual. The feeding pattern of fish 1is
such that after the stomach is empty the rate of feeding is
fast and satiaton is reached quickly (this may correspond to
results from 0 - 5g and 6 - 10g stomch contents). This is
then followed by intermittent feeding (11 -15g and 16 - 20g
stomach content) with individuals not deviating far from the
point of satiation. Wherever a trial occurred in relation to
this feeding line might determine the degree of response at
more satiated categories of hunger. This curve may explain
the frequency of behaviours seen and account foxr the

variability of pike within a chosen hunger category.

The general form of a pike's predatory behaviour was modifed
by increasing satiation with a general reductiom in the
number of behaviours elicited, which in consequence affected
the number of bouts seen. The duration of bouts, when they
occurred at the.first three indices of hunger, wremained
unchanged suggesting that bursts of activity in the pursuit
of prey were stereotyped for pike and the actiomns of the
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FIGURE 17 The time course for overall satiation (S) 2

s e SR oo

A possible explanation for feeding behayiour

exhibited in Experiment 2. (After Ruiter 1967)

TINE
( t = threshold of satiation after which feeding responses
cease; r = the time pattern of’feeding responses )
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minnow school. The frequency of bouts and their duration at
varying degrees of hunger is different to findings of Hart
and Connellan, pers comm, in that the number of bouts was
seen to increase and be of shorter duration as satiation
increased in their experiments. The implication from their
findings is that pike appeared more "indecisive"” whether or
not to pursue prey at more satiated indices of hunger and
that periods of prey assessment interupted the overall
pursuit of prey. The results of this experiment imply that
once a pike is alerted to the presence of prey, pursuit
follows in bouts, the durations of which appear to be fixed
temporally and the frequency with which they occurr being
dependent on the individual and the action of the prey

school.

This experiment shows the effects of hunger and the

-~ individual on the nature of the predatory behaviour of pike.
The ommission from the work sao far is the influence that the
appearance and actions of prey have on subsequent feeding
behaviour. The determination of an intermediate hunger
state, as demonstrated by predatory responses, faciltated the
study of the role of external stimuli and their interaction

with internal state to be carried out in future work.
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4 EXPERIMENT THREE. An investigation of effective stimuli
and their interaction with hunger

states in the attack response of pike.

4.1 INTRODUCTION

In the sequence of events that may make up the predatory
behaviour of an animal, actions such as the capture, killing
and eating of prey may be controlled by the néture ofkthe
stimuli that the animal perceives. In experiments one and
two the influence of internal state and its modifying affect
on pike predatory behaviour was identified. In this
expériment the role and significance of prey characteristics

~was determined.

As an animal receives information from its environment it
selects which part of the environment to respond to and that
which to ignore through a process of stimulus filtering
{Manning 1979). The way in which information is filtered is
of no direct importance to this study but the influence of a
change in part of the environment on £he state of a pike has
important implications on the way in which the effects of
stimuli are studied. A change in the environment can
influence an animal in three ways. Firstly, a change may
alter an animal’'s physiological state, secondly it may change
the outcome of the relationship between a particular

behaviour and its consequences and finally a change in the
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environment may provide stimuli that an animal can evaluate
perceptually (McFarland and Houston 1981). These
considerations of the influence of environmental change 1lead
to the conclusion that stimuli and motivation almost always
interact to determine the nature and strength of an animal’'s
response {(Manning 1979). The objective of this part of the
study, therefore, was to determine the interaction between
stimuli and motivation in bringing about the attack response

of pike.

The study of effective stimuli that may elicit the prey
capture response in pike has not been considered in depth.
Early works such as those of Meestefs (1940) and Hoogland et
al (1957) and more recently that of Christiansen (1976)
demonstrated that the nature of prey objects could influence
the attack response of pike. Most consideration has been
~devoted to the.selection of prey items. by pike (Mauck and
Coble 1971, Coble 1873, Nursall 1973, Hart and Conellan 198¢4)
but none have taken into account the interaction between
stimuli and hunger-motivated processes (see general
introduction for a review). This study therefore attempts to
identify some specific components of prey stimuli and to
demonstrate how the response of pike towards such stimuli is
subject to change with degrees of hunger.

The. investigation of response specificity to certain stimuli
has been extensively carried out on other animals. The
classic work of Tinbergen (1951) showed that male
three-spined sticklebacks produced a greater number of

attacks on crude red-bellied models than on accurate fish
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representations that lacked the red colouration. Baerends
and Kruijt (1973) demonstrated similar selective responses in
the retrieval of eggs by herring gulls with the birds
responding to size, shape and colouration of eggs. Stimuli
evoking these responses have been called “sign stimuli’.
However, different aspects of the same object may elicit
different responses depending on the motivation or activity
being carried out by an animal at that time. Fdr example,
gulls showed different responses to a range of egg shape and
colouration depending on whether they were feeding or
incubating (Baerends and Kruijt 1973). In a similar manner
it may be hypothesized that the response of pike to prey
items may alter with degrees of satiation. Although this
investigation was designed to extract effective s£imuli from
a complexity of possible prey characteristics, no inference
will be made to “sign stimuli’' as degrees of response to prey
- made - by an animal when feeding is probably due.to the - :

heterogeneous summation of diverse stimuli (Manning 1979).

Fish can recognise prey by one or more of three sensory
modalities, vision, olfaction and the use of the lateral
line. In this study emphasis was confined to the visual
sense in pike for two reasons. Firstly, the visual sense in
pike is deemed most prevelant (Solman 1945, Hoogland et al
1957, Coble 1973, Christiansen 1976) and secondly for
logistic reasons in that manipulation of prey characteristics

could be more easily carried out.

Studies of the visual sense in fish have been numerous,

ranging from investigations of the discriminative
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capabilities of fish towards colour, form, shape and size of
objects, to the histological and electrophysiological
examinations of the structure of the visual organs (Hester
1969). From such studies it is possible to summarise the
nature of vision in fish, with attention to pike in
particular, as a neccessary background for formulating a

method for determining effective stimuli.

. . . . _ -6
Fish perceive light in the 400 750 x 19 m wavelength

range and can detect objects at light intensities of 10%

5 -5 .. -7 ' :
10 down to 10 - 10 luxes. Most fish have well developed

colour vision which may vary between species (pike can
perceive the whole range) and all fish can perceive motion.
The reader is referred to texts such as Protasov (1968) and
Hoar and Randall (1971) for detailed accounts. The
perception of motion is characterized by the capacity of a
fish to distinguish objects moving successively through the
visual field in n seconds. This ability varies with daylight
and temperature. Perception of movement is expressed in
optical moments (1/n). Pike have a highly developed capacity

to detect motion with optical moments of 0.04 s !

compared to
slower moments for non-predatory herbivore feeders. These
factors must be taken into account when evaluating the

significance of visual stimuli.
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4.2 METHODS
4.2.1 BACKGROUND

The work carried out in this investigation can be divided
into two parts, namely the nature of the stimulus (shape and
movement) and the affects of hunger on the responsiveness of

a pike to stimuli.

The apparatus used in this series of investigations was
adapted from work by Gandolfi et al (1968) and Fehring
(1974), the requirement being that components of stimuli be
easily altered, for example, the shape and nature of
movements, and each presentation of a stimulus be a true
replicate of the one before. The need, therefore, was an
~apparatus that could be both adaptable and also consistent. in .

its presentation of stimuli.

Gandolfi et al (1968) used models of fish which could be
stationary, moving rectilinearly or wriggling. The models
were presented to fish from behind a screen and were moved by
mechanical means. Fehring (1974) took Gandolfi's system and
adapted it for the production of shadows which represented
different feeding stimuli to largemouth black bass, |
Micropterus salmoides. He produced shadows of different
natured stimuli by means of rear projection onto opaque
albanene paper and movement was created mechanically by a
system of booms, cams and pivots. This type of apparatus was

adapted for this study but the descriptions and dimensions of
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Fehring's apparatus were not sufficiently detailed to allow

his equipment to be reconstructed.

The end result was an adaptation of the two systems. The
apparatus built could present both shadows and
three-dimensional models and was designed so that
presentations took place outside the tanks that the pike were

in.

The adoption of shadow casting as a means of showing feeding
stimuli to pike was justified by the fact that nearly all

fish respond to a moving shadow (Protasov 1868) and that such
a technigue offered the possibility of creating a wide range

of stimuli in a convenient way.

4.2.2 CONSIDERATIONS FOR THE METHOD

The rationale behind this investigation was that pike were
presented with stimulus situations differing in known
physical characters, and any difference in response to these
would suggest that these characters were significant for the

feeding response in question (Hinde 1970).

In an investigation of the effectiveness of a stimulus, the
first stage of the method is to compare naturally occurring
situations which do and do not affect the response in
question (attack response) and to form an hypothesis about
the nature of the effective stimulus. A background to this
was gained from the performance of prey fish in experiment

two.
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The characters of a complete stimulus elicting a particular
response can be found by systematically varying the situation
and assessing the response. A comparison between response
strengths to differing stimuli indicates whether or not the

difference is significant to the response in question.

The results from experiment one provided observable
parameters for assessing response strengths and those of
experiment two enabled pike of an intermediate state of
hunger motivation to be used for initial stimulus
presentation; a requirement in determining effective stimuli
(Hinde 1970). Pike were selected from the criteria of
section 3.4.2 at a hunger state’where an individual would
still capture prey but not with the probability of a starved

pike.

An artefact of stimulus work is that, in general, high
intensity stimuli are more likely to be responded to than
those of lower intensities (Hinde 18970). Therefore, in this
experiment, physical properties such as the size of the
stimuli was kept constant, the maximum length of any
silhouette or model being less than one third the body length
of an individual pike in compliance with the observations of
Hoogland et al (1957) and Nursall (1973) on the optimal prey
size for pike. Also, properties of the colour of the
stimulus and the background were also controlled and will be

detailed later.
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4.2.3 BASIC METHODS

The experimental method adopted here is similar to other
stimulus investigations in that models or silhouettes were
presented successively to individual pike and those that
produced the strongest response were determined'statistically

from the number of behaviours recorded on video tape.

4.2.3.1 APPARATUS FOR PRESENTING STIMULI

The apparatus consisted of an aluminium boom held in a block
that facilitated vertical movements. This block was attached
to a rotating drum shaft of a kymograph so that the boom.
revolved over a plate which could be ridged in order to
produce irregular vertical movements. Silhouettes were
suspended on thin electrical wire and shadows cast by a 60w
gun lamp. (For further arrangement and dimensions see Figure

18 and 19).

Pike were kept in aquarium tanks of dimensions 32 x 38 x 100
cm with an 'ozatex' paper screen at one end for shadow
casting and screens of MSC _safety film for three-dimensional
presentations. The safety.Film‘acted as a one way mirror
system so that a pike could see a prey fish without the prey
fish altering its behaviour due to recognising the presence

of a predator.
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FIGURE 18 Diagram of the apparatus that produced moving

stimuli in experiment 3.

(see overlea+)

KEY
Diagram A. Top view of the boom mounting
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FIGURE 18 Diagrams of the converted kymograph that produced

different movements in the stimuli presented to

pike in experiment 3.
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FIGURE 19 Tank arrangements for the presentation of moving

stimuli, viewed from the side and above.
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Three-dimensional presentations were by means of a
presentation box acting as a false end to the tanks. Models
were suspended from a metal rod by transparent nylon thread
and movement could be induced by pulling on the thread that
ran through a clear perspex sheet. Shadows could be cast by

illumination from the rear of the box (Figure 20).

Shadows of live fish swimming were created by using the false
end system with a glass tank (dimensions 32 x 38 x 7 cm)
filled with water. Illumination from the rear again produced
a shadow as the fish swam in the tank. The dimensions of the
tank were such that the prey fish had suf%icient room to turn
around but were restrictive enough for clear shadows to be

cast onto the ozatex paper screen.

Silhouettes were mounted on the end- of the boom and.could be
made to move by having the boom rotate about the central
shaft. The speed of horizontal movement was 0.16 ms—1'
Inevitably this method lead to intermittent appearance of the
shadow. A rod, mounted on a wheel, supported the horizontal
boom. The wheel could travel over a smooth or ridged surface
causing thergilhogette tb move up and down or remain static.
Vertical movements on the screen were approximately 1 cm in
amplitude. Sinusoidal movements of the shadows were brought
about by a multi-vibrator communicating with an |
electro-magnet box. The electro-magnet box was fixed to the
end of the boom and as the multi-vibrator produced pulses of

current silhouettes were caused to twist at a rate of 1 s_1_

(Figure 21)
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FIGURE 20 Stimulus box used for presentation of a three

dimensional stimulus and fish shaped shadows wi.th

sinusoidal-like movement s.
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FIGURE 21 Design of the electro-maanet Dbox which created
sinusoidal-like movement in stimuli that moved

horizontally.
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The fick speed was a pre-set oscillation in the machinery of
the equipment and not determined by any calculation for an

average caudal fin movement in a prey species. The movement
created was that of caudal movements of a fish and not that

of cetacean swimming.

Direct light to the screen and illumination inside the tank
were kept as constant as possible. Light readings measured
on a Gossen luna-pro light meter were taken when lights were

being set up in the trials.
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4.2.3.2 STIMULI PRESENTED

Silhouettes and models used-had the same surface area of 9.5
cm2

and were of length 7.0 cm and height 1.5 cm. These
dimensions were chosen from the size of fish selected for
model production. The three-dimensional models were made
from latex, cast in Plaster of Paris moulds. Silhouettes
were cut from card and painted black. The size and shape of
the live fish used in shadow presentations was kept to the

dimensions of the model fish as far as was possible, in order

to keep the intensity of the stimulus constant.

Two shapes were used for stimulus presentations; a fish shape
and a bar shape. These shapes were presented in shadow and .
three-dimensional forms within a range of six possible

movements. The treatments were as follows -

(1) Shadow (or model) held stationary on the screen.

(2) Intermittent shadow moving horizontally across the
screen.

(3) Intermittent shadow moving horizontally with irregular
vertical components.

(4) Shadow moving sinusoidally about a fixed point with
respect to the x axis.

(5) Intermittent shadow moving horizontally with sinusoidal
components.

(6) Shadow of a live fish swimming.
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FIGURE 22 Representations of how the stimuli appeared oja the
screens of tanks 1n experiment 3. ( For full

details of treatments refer to 4.2,3.2)
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Representations of how these stimuli appeared on the
presentation screen are given in figure 22. In the following
text movements will be referred to by the numbers listed
above and treatments of shape (form), movement and hunger are

detailed in Table 18 in 4.2.3.5.

Light intensity and contrast measurements for the silhouettes
and models were recorded using a Soligor Spot Sensor 11.
This enabled fine measurements of light intensity to be taken

. ; o]
for silhouettes and the background in a 1 angle of

incidence. Results of these readings were used for the
interpretation of responses of pike to the different stimuli.
An exposure value conversion table is given in the appendix

plus the method for working out contrast.

£.2.3.3 METHOD 1

Five pike were used initially. ~ Four tanks were occlUpied for
observation at any one time thereby allowing one pike to be
in a "time-out” state at some time during the course of
stimulus presentations. .Time—out was a period designed to

allow fish to forget so that the conditioning and habituation

‘

effects incurred from trials would be lost. Trials consisted
2f:
(1) SET UP TIME : The clock, camera and trial card were set

up . The clock was started and the pike allowed to settle

iown.
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(2) PRE-STIMULUS OBSERVATION : After 15 minutes from the
start of the clock, pike in a resting state were filmed for
two minutes.
(3) STIMULUS OBSERVATION : The kymograph was switched on
and the stimulus presented twenty times at a frequency of &
min~1 . . . .

for moving presentations. After 5 minutes a trial end
and filming stopped. In the case of stationary

presentations, the stimulus remained on the screen for the

duration of a trial.

The responses of individual pike to the stimuli presented
were recorded by the video unit using a wide angle lens on

the camera to encompass the whole of the aquarium tank.

£.2.3.4 _ANALYSIS OF BEHAVIOURAL.SEQUENCES .

In principle this was the same as described in experiment two
with a few alterations for the new experimental system. Again

trials were recorded by video-tape machine and event

recorder. As no prey could be caught in this set up, the
behaviours ‘capture’, ‘hold’ and 'manipulate’ were removed
from the analysis, as were 'stop’', ‘chase’ and °‘stalk’. The

rest of the behavioural repertoire remained as defined in

section 2 but with three new additions.
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The new additions to the behavioural repertoire were,

(i) Orientate - The turning of a pike towards the
stimulus.
(ii) Snap - Rapid jaw movement opening and closing

whilst pike is still in “point'.
(iii) Snake - Sinusoidal movements of tail region whilst
in point.
Analysis of trials and behavioural sequences was as outlined
in experiment two.
At the end of the series of trials described in method 1, a
control for the effects of habituation to stimuli was carried
out. Nine pike were used, all were at an intermediate hunger
motivated state. All pike were subjected to a live fish
stimulus at day O. On day 3, pike A, B and C were given the
stimulus again. On day 10 and day 14, individuals D, E and F
and G, H and 1 were exposed to the stimulus respectively.
It may alsa be mentioned. here.that no sexing of the fish was:
carried out and although size differences are present in the
adult which can influence feeding, the pike in this
experiment were considered immature enough to negate sex

influence.

4.2.3.5 METHOD 2

This was the same as section 4.2.3.3 but allowances were made

for the effects of negative reinforcement incurred in

stimulus presentations. Five new pike were added to the
system bringing the number to ten. First time presentations
were now only taken for analysis. As far as possible the
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TABLE 18 Possible combinations of stimulus treatments in

Experiment 3. (* indicates trials performed)

The form of stimuli presented were of three types:

F1 = Bar shadow, F2

Fish shadow, F3 = 3-D fish model.

Movements were of six types numbered 1 to 6 and are described

in 4.2.3.2 and Figure 22.

There were two categories of hunger used:

H1

stomach content of 7.857 body weight of pike,

H2 = empty stomach

MOVEMENT
1 2 J 4 i] b

7R ‘ =




léasf effective stimuli (those combinations of form and
movement which were less like real prey) were presented first
in a sequenée of presentations. Table 18 presents the
treatments of stimuli given to the pike. Stimuli were
prgsented to pike firstly at a hunger state corresponding to
a stomach content of 7.352 pike body weight and then when
pike were hungry after one week's deprivation of food to

ensure gastric evacuation.

In the event of a pike striking at stimuli, that individual
was removed from the experimental system for a minimum of 14
days to allow conditioning effects to be lost. Such a
regime appreciably reduced the number of trials that could be
performed, hence some of the matrix of possible stimulus
combinations was not completed. This fact was coupled with
complications in the later trials whereby deconditioning of
individuals could not be guaranteed: . To reduce- this-effect.
as much as possible the order of trials was such that
presentations to hungry pike followed the series of
presentations of stimuli to pike at an intermediate hunger

state.

4.3 RESULTS

4.3.1 The effects of replication on the attack response of

pike to four shadow treatments.

Table 19 presents the results obtained from method 1

(4.2.3.3) for the response of pike to four fish shadow



TABLE 19 Mean number of behaviours exhibited in each of five
trials for the response of five pike to four

different fish shadow treatments.

SHADOW 1 . SHADOW 2 =~ SHADOW 3 SHADOW 4

TRIAL MEAN S.D MEAN S.D MEAN S.D MEAN S.D
1 4.0 6.0 10.6 19.2 14.6 17.2 72.8 20.8
2 9.2 7.6 1.0 0.0 3.6 5.2 29.8 10.4
3 ¢ 3.4 3.0 4.2 4.1 3.8 5.6 18.0 7.8
4 6.8 3.4 6.0 3.6 1.0 0.0 21.0 8.1
5 9.2 8.9 3.8 3.8 3.2 3.1 16.0 5.8

(Shadow 1 = stationary fish shape, Shadow 2 = horizontally
moving fishshape, Shadow 3 = fish shape moving horizontally

with irregular vertical components, Shadow &4 = swimming fish)

TABLE 20 The effect of replication on the responses of pike
to four different shadow treatments. Regression
coefficients are given for the log number of

behaviours exhibited in each trial.

SHADOW R B
1 0.186 0.863
2 ‘ -0.13 0.88
3 -0.41 0.04
4 -0.70 <0.001

(Shadows as numbered in table 19)
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sfimﬁli. ‘The influence of replication was derived from plots
of the total number of behaviours performed in a trial
against triél number for'each of the shadow presentations.
Regression analysis was then used to describe the trend in
behavioﬂrs performed in successive trials (SPSS PLOT
procedure, Hull and Nie_1981).* Table 20 displays regression

coefficients for each of the four stimuli presented.

The stimulus of a fish shadow held stationary on the screen
produced a regression of slight positive slope but with no
effect of replication (Anova, Sokal and Rohlf 1981, F = 0.63,
p > 0.05). The response of pike to the horizontally moving
fish shadow was also unaffected by replication (Anova, F =
0.02, p > 0.05). The total number of behaviours shown in
trials for fish shadow stimuli that were moving horizontally
with irregular vertical components, decreased with successive
trials (Anova, F = 4,70, p = 0.04), so too for the response.
to a shadow of a live, swimming fish (Anova, F = 22.50,

p < 0.001).

The trend in number of behaviours seen for the last two of
the shadow presentations and the decrease in response in
trials thereafter may be attributed to habituation effects
from negative reinforcement when pike struck at the more
effective shadows. Figure 23 shows a regression plot for

pike responding to a live fish shadow stimulus.

In the following sections the effects of movement and hunger
and then the effects of form and movement at two hunger

states will be analysed.
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FIGURE 23 Regression plot demonstrating the reduced response

f pike towards stimuli presented in successive

trials. (Values plotted for responses to a live

fish stimulus) ;

LOG TOTAL NUMBER of BEHAVIOURS
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4.3.2 The effects of movement and hunger on the attack

response of pike towards different prey stimuli.

The form of the data obtained from method 2 (4.2.3.5)
consisted of a large number of response variables (behaviours
in the attack sequence) and sets of prey stimuli and the two
hunger-motivated states of pike under. consideration. This
arrangement of data warranted the implementation of
multivariate statistical analysis to locate relationships
within the inter-related groupings of behaviours and
dependent variables. However, tests for homogeneity in the
data (Cochran's C test, SPSS MANOVA routine, Hull and Nie
1981) revealed that the data were not normally distributed,
even when the data had been transformed to log, square root
or arcsin (Sokal and Rohlf 1881). This meant that the

assumptions for multivariate analysis could not be satisfied..

Statistical analysis was therefore confined to the use of
non-parametric methods. However the use of discriminant
function analysis (DFA) was still used to classify the
overall attack responses to different stimuli. DFA is
suffi;iently robust enough to successfully sort the response
variables in question, even though homogeneity does not exist
(Freeman pers comm). However classification statistics
involving levels of significance cannot be quoted from DFA as

they assume normality in the data.

A list of the variables for the classification of groups of

response are given in table 21. These were obtained from
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TABLE: 21 Selected behaviours from stebwise discriminant
function analysis for classifying the attack

responses of pike to different stimuli.

ORDER OF DISCRIMINATION BEHAVIOUR
1 _ POINT
2 ATTENTIVE
3 ORIENTATE
4 ‘ APPROACH
5 SNAP
6 BACK -
7 INATTENTIVE
8 STRIKE

9



sfep;wise'DFA (SPSS, DISCRIMINANT routine, Nie et al 1975) on
frequencies of behaviours performed in trials for all
treatments éf stimuli. As such a large number of behaviours
weré selected (eight out of nine behaviours in‘thq
repertoire) statistical analysis was inherently complex
involving multiple usage of-KruskaL_wailis oneway anovas
(Sokal and Rohlf 1981) allowing for the effects of movement,
form and hunger. The output from DFA will be described in a

later section.

The eight behaviours selected by DFA were studied for
patterns in frequency and in the time periods for selected
responses such as the time spent looking at the stimElus and
giving up times in trials of five minutes duration, in

relation to each of the stimuli presented.
4.3.2.1 Bar shadow stimuli.

Frequencies of behaviours in the attack response to bar
shadow stimuli are given in table 22 for the two
hunger-motivated states of pike. (For a description of

treatments refer to table 18).

Figure 24 displays frequency histograms for bar shadow data.
Significance'tables for overall and between variable effects
are given in the appendix. The tables are for Kruskal Wallis
one way anovas (SPSS, NPAR TESTS, Hull and Nie 1981). This
test works on ordinal numbers ranking the data and assesses
differences between ranks for two or more groups (Sokal and

Rohlf 1981). For between variable effects Mann Whitney ‘U’
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TABLE 22 Response Variab;es in the attack seguence of pike
towards a bar shadow stimulus. Median values for
the number of behaviours with ranges are given for
two hunger states and three movements.

MOVEMENT 1 MOVEMENT 3 MOVEMENT 4
VARIABLE H1  H2 H1  H2 H1  H2
ATTENTIVE 0.1 0.0 0.3 0.3 1.2 1.8
(1.0)(0.0) (1.0)(2.0) {2.0)(3.0)
INATTENTIVE 1.1 i.D 1.2 0.9 1.2 b.?
(1.0)(0.0) (1.0)(1.0) (2.0)(2.0)
ORIENTATE 0.1 6.0 0.1 0.1 0.8 0.5 -
{(1.0)(0.0) (1.0)(1.0) (1.0)(2.0)
SNAP 0.0 0.0 0.0 0.0 6.0 0.0
(0.0)(0.0) ‘(0.0)(0.0) (0.0)(0.0)
 APPROACH 0.0 0.0 0.1 0.1 0.7 1.0
(0.0)(0.0) (1.0)(2.0) {1.0)(3.0) h
POINT 0.0 0.0 0.1 0.1 1.5 0.5
(0.0)(0.0) (1.0)(3.0) (3.0)(4.0)
STRIKE 0.0 0.0 0.0 0.0 0.1 0.0
(0.0)(0.0) (0.0)(0.0) (1.0)(0.0)
BACK 0.0 0.0 0.2 0.0 1.0 0.3

(0.0)(0.0) (1.0)(0.0) (3.0)(2.0)

TOTAL 1.2 1.0 1.3 1.5 6.5 5.0
(3.0)(0.0) (6.0)(10.0) (10.0)(14.0)
{H1 = intermediate hunger state; H2 = hunger state after pike

had been deprived of food for one week)
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FIGURES 24 to 36

The following figures describing the results of sections
£.3.2 and 4.3.3 all have the format as given below where the
numbers'of dots and triangles describe degrees of

significance between results.
1. Between movement effects.
® < 0.05
.e@ < 0.01
e9e< 0.001
2. Between hunger effects.
¥ < 0.05

qw< 0.01"

YY¥< 0.001

All significance values are from Kruskal Wallis or Mann

Whitney tests and the median numbers of behaviours are drawn.
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FIGURE 24 Frequency histograms for behaviours in
responses of pike to bar shadow stimuli

hunger states and three movement s.
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test; were often used as this test specifically works on one
dependent variable and two groups. The outcome of this test
was equivalént in all cases to a Kruskal Wallis. The Kruskal
Wallis- test was used when there were more than two groups to
be_compared as a matter of convenience.

To make the following text more readable the intermediate
hunger state and the most hungry state of pike will be

referred to as H1 and H2 respectively.

Overall effects of movement on the median frequency of
behaviours were found for attentive, orientate, approach and
point for both hunger states of pike. In all cases there was
a significant increase in response to a sinusoidal-like

movement.

AA.change.in.hunger-mbtivated,statefaidlnot influence. the .
frequency with which behaviours occurred for each of the

three types of bar shadow movements presented.

In the majority of cases, there were significant differences
in the number of behaviours found between the intermittent,
horizontally moving stiﬁulus éﬁa fﬁég of the sinusoidally
moving bar shadow that remained on the screen throughout.
For ease of analysis the stimuli that appear intermittently
{movements 2,.3 and 5) will be treated as a prey
characteristic and not as noise in the system. However, to
make comparisons between those stimuli that are intermittent
and those that are not in a valid way, a different set of

criteria was employed. Parameters were used to indicate the
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degree of interest and speed of reaction towards a stimulus
as a measure of response and are not specifically related to
the frequency of appearance of a stimulus on the presentation

sSCreen.

Table 23 presents the temporal-parameters investigated and

these are drawn as histograms in figures 25 and 26.

Analysis of the effects of movemeﬁt demonstrated a decrease
in the time that pike were disinterested in stimuli when they
were more hungry. Accompanying increased interest were
corresponding increases in times spent looking at the screen
and in giving up times, particularly for the bar shadow with

the sinusoidal-like movement.

There were movement effects for the time taken for pike to
point at the stimulus and its duration . at the intermediate
state of hunger and, as above, was due to the shadow with a

sinusoidal-like component to its movement.

A change in hunger state affected the response of pike to the
shadows with movement 3 for TPT and movement 4 for TIN, TSC

and TFIN.

The results suggest that a bar shadow with the
sinusoidal-like component in. its movement elicits a greater
degree of interest by pike and that the response can be

amplified when pike are more hungry.
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TABLE 23 Timed parameters for the responses of pike to

bar shadow stimuli. Median values and ranges

are given for two hunger states of pike.

MOVEMENT 1 MOVEMENT 3 MOVEMENT &

YARIABLE H1 H2 H1 H2 H1 He
TIN 293.0 300.0 298.4 262.5 241.2 17.3

(125.1) (57.2) (128.0)(300.0) (300.0)(300.0)

TPT 0.0 0.0 0.8 5.1 23.1 0.5

(0.0) (0.0) (21.0) (84.2) (183.9)(120.3)

TOPT 301.0 301.0 300.8 298.8 11.4 115.1

(0.0) (0.0) (295.5)(292.1) (295.9)(295.5)

TSC 0.9 0.0 1.6 37.5 58.8 268.2

(125.1) (0.0) (128.0)(300.0) (300.0)(300.0)

TFIN 8.0 0.0 2.6 37.6 62.6 294.0

TIN

spend

point

(125.1) (0.0) (128.0)(301.0) (301.0)(301.0)
time spent inattentive of stimulus; TPT = time pike
in point; TOPT = time taken for pike to make the first

at stimuli; TSC = total time spent looking at the

presentation screen; TFIN = time to pike become finally

disinterested in stimuli. (All times are given in seconds).

H1 and H2 are as described for table 23.
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FIGURE 25 Time s for descriptive wvariables (TIN. TPT and

TOPT) for the responses of pike at two levels of

hunger towards bar shadow stimuli with three

mov ernents .
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FIGURE 26 Time s for descriptive wvariables (TSC and TFIN)
for the responses of pike at two levels of hunger

towards bar shadow stimuli with three movernents.
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4.3.2.2 Fish shadow stimuli.

The results provided in table 2% ére for frequencies of
behaviours performed in the attack sequences to a fish shadow
with a range of six movements. There were overall movement
effects at both hunger-motivated states except for
“"inattentive” at H2 (refer to appendix for significance
tables). Frequency histograms aré again provided in figures

27, 28 and 29.

Once more between movement effects were found for like
presentations of stimuli, that is, those that appeared
intermittently and those that remained on the screen for the
duration of a trial. Effects for the behaviours AT, AP and
PT were located between movements 1 and 4 and for 3 and §5,
when pike were at H1. These effects,described,increases_in,
the frequency of behaviours related to increased responses to
stimuli with movements that more closely resembled a living
fish. There were no corresponding effects when pike were

more hungry.

Between movement effects for stimuli with movements 4 and 6
showed that the frequency of IN and PT increased
significantly at H1. When pike were more hungry the
frequency of AP and PT increased. It is noted here that the
number of strikes increased at H1 but decreased for H2, this

fact will be discussed later.

Looking at movements specifically, a change in hunger state
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TABLE 24 Frequencies of behaviours performed by pike in response to fish shadow stimuli.

and ranges given for the two hungsr states h* pike.

MOVEMENT 1 MOVEMENT 2

YARJABLE . H1  H2  H1 K2

ATTENTIVE 0.1 1.1 0.5
INATTENTIVE 0.9 0.5 0.9
ORIENTATE 0.1 0.7 0.2
SNAP 0.0 0.3 0.0
APPROACH °~ 0.3 1.5 0.1
_POINT .w..n.a 2.5 0.4
STRIKE

BACK

01.0) (3.0) (12.0)

TOTAL © "2 1.6 9.5 1.3

- (15.0)(22.0) (48.0)

MOVEMENT 3 MOVEMENT &  MOVEMENT §  MOVEMENT 6
0.8 2.2 1.7 1.5 5.5 1.8 0.8 3.0
{3.0) (6.0) (4.0) (4.0) (5.0) (2.0) (2.0) (5.0)
0.8 1.0 - 1.1 1.1 0.8 1.7 . 2.0 0.8
(1.0) (3.0) (2.0) (3.0) (3.0) (1.0) . (4.0) (5.0)
0.5 1.2 . 1.8 -0.8 1.5 2.2 5.0 5.5
(4.0) (4.0) (3.0) (3.0) (6.0) (2.0) (10.0) (7.0)
0.1 0.3 0.2 0.0 0.0 0.1 3.8 1.5
(13.0) (4.01 - (5.0) (0.0) . (0.0) £1.0) (6.0) (5.0)
0.2 1.5 4.5 2.2 5.5 3.5 3.5 9.8
(7.0)(12.0) (11.0) (8.0) (9.0) (6.0) (12.0)(11.0)
0.2 4.0 6.5 4.8 6.0 4.8 17.5 16.0
(9.0)(21.0) (25.0)(13.0) (11.0) (5.0) (25.0)(20.0)
0.5 0.5 - 0.2 0.5 0.0 1.0 5.0 2.2
(9.0). (6.0} (12.0) (2.0) (0.0) (4.0) (18.0) (7.0}
0.5 1.5 . 2.0 2.0 2.0 2.3 9.0 5.5
(6.0) (6.0) {11.0) (6.0) (3.6) (3.0) (11.0) (8.0)
3.0 15.0 . 20.0 16.5 23.5 16.5 57.5 41.5

(41.0)(58.0) (71.0)(41.0) (25.0)(12.0) (89.0)(52.0)

* = trials not carried out due to conditioning of pike. .

Medians
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FIGURE 27
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FIGURE 28 Frequency histogr ams for the behayiour.s AP and PT
in the responses of pike at two levels of hunger

towards fish shadows with six types of moyement.
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FIGURE 29 Frequency histograms for the hehayiour Strike and

the total number of behayiours in the responses of

pike at two leyels of hunger to fish shadow

stimuli with six types of moyement.
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a?feéted the frequency with which certain behaviours
occurred. For the stationary fish shadow and for the live
swimming fiéh shadow there was an increase in the frequency
of AT but a decrease for responses to a fish shadow moving
horizontally with sinusoidal-like components. IN increased
in frequency with increased-hunger for movement 6. The
behaviours AP and PT increased in number for movement 1 and
the frequency of PT increased for movement 3 when pike were

more hungry.

The total number of behaviours that were performed in the
responses of pike to the various stimuli embody the treﬁds
already described above. As stimuli are presented with
greater degrees of moving components there are increases in
the numbers of behaviours exhibited. Hunger increased the
total number of behaviours made in response to the stationary
stimulus and one that moved horizontally with irregular

vertical components.

Timed variables of the attack sequences to fish shadow
stimuli are given in table 25 and in histogram form in

figures 30 and 31.

Overall effects of movement were only located for pike at an
intermediate state of hunger. There were decreases in the
time that pike were inattentive and the speed with which pike
reacted to a stimulus as the characteristics became more like
those of a living fish. Accompanying this trend, therefore,
were associated increases in the time that pike spent

pointing and looking at the presentation screen.
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TABLE 25 Timed variables for pike responding to fish shadow stimuli.

in seconds.

MOVEMENT 1 MOVEMENT 2 MOVEMENT 3 MOVEMENT 4

YARIABLE H ne Hl Hz H1 He . H1 H2
TIN 294.7 7.7 _qw.ﬂ * 2111 23,1 17.0 23.4
1296.5)(300.0) (300.0) . ANq_.m-.uca.ow (300.0)(300.0)

TPT 2.6 56.5 3.6 * 3.7 67.3° 81.5 95.5

(105.8)(169.0) (134.3) ﬁ.dﬂ.magmac.dy”.N_a.av-mm.wv
TOPT 284.7 105.4  300.5 * 98.6 18.5 . 26.2 6.2
(293.7)(295.8) (297.6) (295.7)(291.7).(292.1)({298.4)

TscC 7.3 282.5 1.6 * 63.6 218.3 ” 282.6 222.5
(296.5)(300.0) (300.0) (271.5)(300.0) (300.0)(300.0)

TFIN 0.3 297.8 5.8 * 868.2 284.3 300.7 225.2
(300.0)(301.0) (301.0) (301.0)(301.0Y.(301.0)(301.0)

* =z Trials not carried out due to conditioning of pike.

Medians and ranges given are

MOVEMENT 5 MOVEMENT 6
Hi He H1 H2
1.7 21.2 26.4 2.9

(23.9)(113.1) (225.2)(168.5)
70.8 111.9  141.3 119.0
(166.6)(100.6) (266.6)(170.6)

7.1 5.2 8.8 18.4
(298.3) (30.7) (43.6) (30.4)
299.4 272.8 256.5 294.7

(6.8)(113.1) (225.2)(168.5)
3Jo1.0 301.0 300.4 294.6

(0.0) (0.0) (46.0)(169.5)
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FIGURE 30

200

100

300
200

100

300
2001
100

HUNGER

MOVEMENT

Time s for the descriptive wvariables (TIN. TPI and

TORT) for pike at two levels of hunger responding
to fish shadow stimuli with six types of movement.
VT
~r
1 v '
g L r i1
2 1 12 12 12 1 2

1 2 3 4 5 6

113



There were no similar trends when pike were more hungry, that
is to say that there were no significant differences between

timed variables for each of the movements apart from the time
to become disinterested in the stimulus (TFIN) which differed

between movements 3 and 4, so too for movements &4 and 5.

In general, a change in hunger state (pike becoﬁe more
hungry) affe;ted the response to the least effective stimuli
as determined from the responses of pike when at H1; There
was a decrease in the time that pike were inattentive of
movements 1 and 3. Movement 5 1is anomélous in the results in
that a significant increase was found. The time in Which
pike spent pointing at the stimuli increased when they were

more hungry for movements 1 and 2.

$.3.2.3 Three dimensional stimuli.

Table 26 shows the frequencies of behaviours for pike
respbnding to a three dimensional fish model and a natural
fish stimulus. Histograms are provided in figures 32, 33 and
34, The possible combinations of movements and hunger are

incomplete due to the pike becoming habituated.

Effects of movement could only be determined for H1.
Significant effects were located for O, AP, PT and ST. The
effects found for 0, AP and PT were attributable to the

difference in the characteristics of movements 1 and 4
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TABLE 26 Frequencies of behaviours displayed by pike in
response to three-dimensional stimuli at two

hunger-motivated states. (Median and ranges

given).

MOVEMENT 1 MOVEMEN% 4 MOVEMENT 6
VARTIABLE ° H1  H2 H1  H2 H1  H2
ATTENTIVE 2.0 * 2.2 «x 2.0 2.2
(6.0) (3.0) (L.b)(S.O)
INATTENTIVE 0.9 % 0.4  * 0.3 0.5
(2.0) (2.0) (4.0)(2.0)

ORIENTATE 0.4 * 2.7 * 2.5 4.2 -

(1.0) (4.0) | (4.0)(8.0)
SNAP 0.0 * 0.1 * 0.1 1.5
(0.0) (2.0) (3.0)(8.0)

" APPROACH 0.8 * 4.0 *x 8.2 1o0.5

(6.0) (9.0) ~ (10.0)(15.0)

POINT 0.4 * 4.0 * 9.3 17.0

(5.0) (4.0) (18.0)(21.0)

STRIKE 0.0 * 0.2 * 0.5 2.5

(0.0) (2.0) (12.0)(16.0)

BACK 1.0 * 2.0 * 3.2 7.5

(5.0) (5.0) (10.0)(11.0)

TOTAL 5.0 * 14.0 x 28.5 57.0

(22.0) (32.0) (65.0)(88.0)

(H1 and H2 are as described in table 23. * indicates where

trials were not carried out due to conditioning effects)
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FIGURE 32 Frequency his togr ams for the Dbehaviours (AT. IN .
and SN) in the responses of pike at two levels of
hunger to three-dimensional fish stimuli with

three types of movement.
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FIGURE 33 Freauencv histograms
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FIGURE 34

Frequency histograms for the behayiour Strike and
the total number of behaviours exhibited by pike
in response to three- dimensional fish stimuli

with three types of movement.
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whereas for ST the difference was located between movements 4

and 6.

The frequency with which strikes occurred was greatest for
the live fish stimulus. Similar effects were found in the

total number of behaviours produced- in the attack responses.

The investigation of hunger effects could only be carried out
on the live fish trials. Significant increases were found
for the behaviours "orientate”, "snap"”", "back"” and in the

total numbers of behaviours exhibited.

Results for timed variables are given in table 27. Figures 35

and 36 present histograms for these results.

Hunger did not influence the time for the various variables
associated-with the live fish stimulus.. There were however .
increases in the amount of time pike spenf pointing at more
moving stimuli and decreases in reaction time to stimuli that
moved, with accompanying increases in the times to final

disinterest in stimuli. All these trends are described for

pike at an intermediate state of hunger.

4.3.3 The effects of form and hunger on the attack responses

of pike towards prey stimuli.

The effects of form, namely the influence of a bar shadow, a
fish shadow and a three-dimensional fish on the results, were

considered for the two hunger-motivated states of pike
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TABLE 27 Timed parameters of attack sequences for pike
reacting to three-dimensional stimuli. (Medians

and ranges given for times in seconds).

MOVEMENT 1 ‘MOVEMENT & MOVEMENT 6

VARIABLE H1 H2 ‘ ;177 Tﬂg- ) H1 H2
TIN 31.8 * 0.2 x 0.6 0.1
(300.0) (227.0) (57.1) (70.5)

TPT 36.9 x 104.3 * 144.9 167.9
(301.0) (207.7) | (208.0)(134.2)

-TOPT 288.5 * 11;3 '* 5.6 4.6
(292.7) (64.1) (31.2) (16.1)

TSC 268.2 x 299.9 * 281.6 289.6
(300.1) (227.0) (147.9) (70.5)

TFIN 289.9 * 286.9 * 301.0 300.8

- [N

(301.0) (225.2) (0.0) (71.5)
(Variable list is given in table 24; H1 and H2 are the same
as in table 23; * indicates where trials were not carried

out due to conditioning effects)
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FIGURE 35 Time s for descriptive variables (TIN. TPT and
TOPT) for pike at two levels of hunger 1in response
to three-dimensional stimuli with three types of

movement.
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FIGURE 36 Times for descriptive variables TSC and TFIN for
pike at two levels of hunger in response to

three-dimensional with three tvpes of movement.
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employed in this study. The form of statistical approach was
necessitated by not being able to employ standard

multivariate analysis on the data.

4.3.3.1° The effect of form on the attack response of pike at

an intermediate hunger-motivated. state.

Table 28 provides frequency data for the eight variables
examined in earlier sections and are represented in figures
37, 38, and 39 for a comparison of the effects of form.

Significance levels are given in the appendix.

There was no universal trend in the effects of form across
all the behaviours selected for analysis. Where there were
significant effects this finding was attributable to
increases in the frequencies of behaviours resulting from the
responses of pike in presentations where stimuli that more

closely resembled a live fish were given.

The results do illustrate however that~there was a reduced
response towards an actual fish stimulus than that of its
shadow counterpart. Reasons for this may be due to the fact
that a fish shadow constitutes a supernormal stimulus or that
pike had become habituated in the trials when real fish were

presented.

The distribution for the total number of behaviours performed
in the attack sequences reflected the general trend in

behaviours.
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FIGURES 37 TO 46

The following diagrams show effects of form on the results in
experiment 3 and all have the format given below where the
numbers of dots and triangles donate degrees of significance

between results.

1. Overall effects of form.
® <0.05
ee <0.01

®® e <0.001

2. Between form effects.
¥ <K0.05
v <001

. Y99 ¢0.001

Median values are once more drawn and significance values

quoted are from Kruskal Wallis and Mann Whitney tests.
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TABLE 28 Behaviours exhibited by pike at the hunger state H1 in response to different forms and

movements of stimuli. Medians and range given.

MOVEMENT 1 MOVEMENT 2 MOVEMENT 3 ” MOVEMENT 4 MOVEMENT 5 MOVEMENT 6
VARIABLE EF1 E2 E3 L E2 El E2 - E1 F2 E3 E2 E2 E3
ATTENTIVE .1 .1 2.0 .5 0.3 0.8 1.2 1.7 2.2 5.5 0.8 2.0
() (2)  (s) (5) (1) (30 (2) (&) (3) (s) (2) (4)
INATTENTIVE 1.1 .9 0.9 0.9 1.2 0.9 1.2 1.1 0.4 c.m. 2.0 0.3
1y (1 {2y (3) (1) (21 (2) (2] (3) (%) (4)
ORIENTATE 1 .1 0.4 Q.N 0.1 0.5 .0.8 1.8 2.7 1.5 5.0 2.5
! (1) (2) (1) (4) (1) (4) ) (3) (&) (6) (10) ..av
| SNAP 0 0 0 0 1] 0.1 -0 0.2 0.1 0 3.8 0.1
_ (0) (o) (0} (o) (o) (13) (o) (5) (2) (0) (6) (3)
' APPROACH 0 0.3 c.m 0.1 0.1 0.2 d.ﬁ 6.5 4.0 5.5 9.5 6.2
(0) (6) (6) (8) {1) (7) (1) (11) (9) (9) (12) (10)
.vOH24 0 0.1 0.4 0.4 0.1 0.2 1.5 6.5 4.0 6.0 17.5 - 9.3
(0) (51  (5) (14) (1) (9) (1) (25) (12) (11 (25)  (18)
STRIKE 0O 0 g 4] 0 0.5 0.1 0.2 0.2 0 5.0 0.5
(0) (o) (0} (o) (0) (9) (1 tiz) q2) (0} (181 (12)
BACK O 0.1 1.0 0.1 0.2 0.5 1.0 " 2.0 ~Mo 2.0 S.0 3.2
(o) (1) (5) (12) (1) (6) 13) (11) (5) (3) (1) (10)
TOTAL 1.2 1.6 5.0 1.3 1.3 3.0 w.w 20.0 14.0 23.5 57.5 28.5
(3)  (15)  (22) (48) (6) (61)  €10) (T1) (32) (25) (89)  (65)

F1 = BAR SHADOW; F2 = FISH SHADOW; F3 = 3D MODELS
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FIGURE 37 Frequency histoqrams>for~the behaviours AT, IN, O

and SN in the response of pike at an intermediate

hunger to stimuli with differing form and

movement .
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FIGURE 38

Frequencv'histoqrams'for the behaviours AP and PT

for the response of pike at an intermediate hunger

level to stimuli with differing form and movement.
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FIGURE 39 Fregdency‘histograms'for.the behaviour Strike and

— e s S——m S

level of hunger in response to stimuli with

differing form and movement.
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Tﬁe aistribution for the total number of behaviours performed
in the attack sequences reflected the above patterns. The
response to.a natural fish stimulus was reduced, there was an
increase in total between the bar shadow and a fish shadow
fo? movement 4 and an overal} effect of form was demonstrated

in the response to a stationary stimulus.

The timed variables éssociated with responses to form are
given in table 29 and histograms in figures 40 and 41. Major
effects were confined to the stationary stimulus and thaf
with movement 4. For the stationary stimulus there was a
large difference in response variables between a fish shadow
and the three-dimensional presentations, for the timg spent
inattentive and for the overall time spent looking at the
presentation screen, so too for the time to when pike became
disinterested in the prey stimuli. For stimuli with movement
3 tﬁé}e were changes in response between bar and fish shadow
forms, for times spent inattentive, for the time spent in
point, for total interest in the stimulus and for times to

final disinterest.

4.3.3.2 The effect of form on the attack réspohse of ﬁiké

with increased hunger-motivation.

Most comparisons of form at this hunger-motivated state were
between the bar shaddw and fish shaped shadows. The results

are presented in table 30.

Unfortunately the comparisons of shape are not the same for
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Timed variables for form and movement in the attack sequences of pike at the

TABLE 29
hunger state H1t.
MOVEMENT 1

VARTIABLE |, F1 F2 E3

TIN 293. 294. 31,

th2s)(296) (300}

TPT | 0. 2. 36.

'to1t105)(300)

TOPT - 301. 28%4. 288,

(0)(293)(292)"

Tsc .9 7. 268.

{(125)(296)(300)

TFIN 8. .3 289,

(125)(300)(300)

Medians and range are in seconds.

MOVEMENT 2

MOVEMENT 3

MOVEMENT 4

B+ E2 E3 FE1 F2 E3 E1  E2 E3

174,

(300)

(300)

F1 = Bar shadow; F2 = fish shadow; F3

(21)0111)
300. 98,
(295} (295)

1. 63,
{1281(271)

2. 88.
(128)(300)

= 3D models,.

269, 17, .2
(300)(300)(227)
23. 91. 104,
(184)(214)(207)
11, 26. 11,
(285)(292) (64)
58. 282. 299.
(300)(300)(227)
62. 300. 286.

(>00)(300)(225)

MOVEMENT 5
L ¥4
1.

(23)

70.

MOVEMENT 6

E3 E£1 E2 E3

26. .6
(225) (57)
181, 1hé,

(268)(208)

a. 5.
(43) (31)
256. 281.

(225)(147)
300. 300.

(460 (0)

130



FIGURE 40 JTimes for the déscriptive'variablgi (TIN, TPT and

TOPT) in the response of pike at an intermediate

level of hunger towards stimuli with differing

form and movement.
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FIGURE 41 Times for the descriptive variables IIN and IFIN

in the response of pike at an intermediate hunger

level to stimuli with differing form and movement.

300
2001
100

186

3001

200
1004

MEDIAN TIME (s)

o0
® f \
. TFIN
® —
I v ! v,
| en——— — — —

FORN
NOVEMENT

131



TABLE 30 Behaviours performed by pike for different forms and movement of stimuli at the hunger

state H2. Medians and range given.

MOVEMENT 1 MOVEMENT 3 MOVEMENT 4 MOVEMENT 5 MOVEMENT 6
VARTABLE 1 E2 E1 E2 £ E2 E2 E2 E3
ATTENTIVE 0.0 1.1 0.3 2.2 1.8 1.5 1.6 . 3.0 2.2
(0) (3.0) (2.0) (6.0) (3.0) (4.0) (2.0) (5.0) (5.0)
INATTENTIVE 1.0 0.5 0.9 1.0 0.7 1.1 1.7 0.8 0.5
_ (0) (2.0) a_.w. (3.0} {2.0) (3.0} (2.0) (5.0) (2.0) ‘
ORIENTATE 0.0 0.1 0.1 1.2 0.5 0.8 2.2 5.5 4.2
! (o) (2.0} (1.0) (4.0 (2.6) (3.0} (2.0} (7.0) (8.0)
I snap 0.0 0.3 0.0 0.3 0.0 0.0 0.1 1.5 1.5
! (o) (6.0} (o) (4.0) (o) (o) (1.0) (5.0) (8.0)
" APPROACH 0.0 1.5 0.1 1.5 1.0 2.2 3.5 3.8 10.5 :
(o) (1.0) {2.0) (12.0) (3.0) (8.0) (6.0) (11.0) (15.0) mm
POINT 0.0 2.5 0.1 4.0 0.5 4.8~ 4.8 16.0 17.0
(0) (10.0) (3.0) (21.0) (4.0) (13.0) (5.0) (20.0) (21.0)
STRIKE 0.0 0.1 0.0 0.5 0.0 0.5 1.0 . 2.2 2.5 ,
(o) (2.0} to) (6.0) (o) {2.0) (4.0) (7.0) (16.0)
BACK 0.9 1.0 0.0 1.5 0.3 2.0 2.3 5.5 7.5
(o) (3.0} to) (6.0) {2.0) (6.0) (3.0) (8.0) (11.0)
TOTAL 1.0 8.5 1.5  15.0 5.0 16.5 16.5 41.5 57.0
(o) {22.0) (10.0} (58.0) (14.0) (41.0) (12.0) (52.0) (88.0)

QF1 = BAR SHADOW; F2 = FISH SHADOW; F3 = 3D MODELS. .




eéch.treafment and hence it makes inter-movement comparison
virtual;y impossib;e. In the majority of cases, significant
changes in fesponse to form were revealed in most behaviours
in the attack sequences to stimuli with movements 1, 3 and 4.
Signifitance values for stimuli with movements 1, 3 and 4 are
given in table 31. Frequency histograms are drawn in figures

42, 43 and 44.

Timed variables for comparison of form are given in table 32
and represented in figures 45 and 46. Generally, the more
effective stimuli (those considered to have some degree of
sinusoidal-like moving components that approximate fish
movement) elicited similar degrees of response regardless of
whether or not the stimulus form was that of a bar or fish.
Differences were still produced from stimuli that moved
horizontally with irregular vertical components in all timed
parameters (p > 0.05, see appendix). So too for the reaction
of pike to stationary stimuli. No significance yalues are
quoted as bar shadow results produced constant values for all
parameters investigated which creates problems in ordering
ranks in the non-parametric statistical tests (SPSS, NPAR

TESTS, Hull and Nie 1981).

4.3.4 Representation of attack responses by use of

discriminant function analysis.

In 4.3.2 it was stated that the use of discriminant function
analysis (DFA) could still be justified for the

classification of responses, so long as parametric
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TABLE 31 Significance table for changes in the frequency of
behaviours due to the effectﬁ of stimulus form.
Values of H and probability (p) are given from

Kruskal Wallis one-way anovas.

MOVEMENT 1 MOVEMENT 3 MOVEMENT 4
BEHAVIOUR H b H o] H 2
ATTENTIVE 11.89 0.001 8.78 0.003 0.13 >0.05
INATTENTIVE 1.81 >0.05 0.16 >0.05 1.72 >0.05
ORIENTATE 8.00 0.005 11.80 0.001 0.59 >0.05
SNAP 1.00 >0.05 4.68 0.03
APPROACH 9.66 0.002 5.59 0.02 2.39 >0.05
POINT 9.64 0.002 10.09 0.001 5.42 0.02
STRIKE 2.11 >0.05 6.18 0.01 6.25 0.01
BACK 7.86 0.005 7.83 0.005 3.66 >0.05
TOTAL 9.65 0.002 10.07 0.002 3.97 0.05
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FIGURE 42

Frequency histograms for the behaviours AT, IN, O

and SN in the responses of hungry pike to stimuli

with differing form and movement.
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FIGURE 43 Freguency histograms for the behaviours AP and PT

in the response of hungry pike to stimuli with

differing form and movement.
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FIGURE 44 Frequency histograms for the total number of

MEDIAN NUMBER of BEHAVIOURS

behaviours in the responses of pike to stimuli

with differing form and movement.
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TABLE 32 Timed variables for form and movement in the attack sequences of pike towards stimuli

at the hunger state H2. Medians and ranges are in seconds.

MOVEMENT 1 MOVEMENT 3 MOVEMENT & MOVEMENT S MOVEMENT 6

VARIABLE E1 E2 E1 E2 E1 £2 F2 E2 E3
TIN 300.0 1.7 262.5 23.1 17.3 23.4 27.2 2.9 g.1

'

(o) (300.0) (300.0)(300.0) (300.0)(300.0) (113.1) . (168.5) (70.5)

TPT I 0.0 56.5 5.1 67.3 o.w 95.5 111.9 119.0 167.9
| (o) (169.0) (84.2)(240.1) (120.3)(258.9) (100.6) (170.6)(134.2)

TOPT | 300.0 105.4 298.8 18.5 115.1 6.2 5.2 18.4 4.6
. . (o) (295.8) (292.1)(291.7) (295.5)(298.4) (30.7) (30.4) (16.1)
TsC 0.0 282.5 37.5 218.3 268.2 222.5 2712.8 294.7 299.6
(0) (300.0) (300.0)(300.0) (300.0)(300.0) (113.1) (168.5) (70.5)

TFIN 0.0 297.8 37.6 284.3 294.0 225.2 301.0 294.6 300.8
(0) (301.0) (301.0)(301.0} (301.0){301.0)> o) (169.5) (71.5)

TIN, TPT, TOPT, TSC and TFIN are as described in table 24.

138



fIGURE 45 JTimes for descriptive variables (TIN, TPT and

TOPT) for the responses of hungry pike to stimuli

with differing form and movement.
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fIGURE 46 Times for the descriptive variables ISC and IFIN

for the responses of hungry pike to stimuli with

differing form and movement.
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significance tests were ignored.

Figures 47..48 and 49 provide three-dimensional plots of the
responses to bar shadow, fish shadow and 3-D models
re§pectively. Table 33 gives the three canonical
discriminant functions qsed_as_coondinates for the mapping of
positions representing attack sequences for each treatment of

stimulus and hunger.

Response strengths may be derived from the extent to which
the points plotted in the three-dimensional space lie either
side of the axis of Func 2. Those points that have high
positive and negative values of Func 1 demonstrate stronger
and weaker attack responses respectively (refer to section
3.4.1.1). In this way, DFA offers a convenient method for
assessing visually which combinations of form and movement
were the most effective stimuli. DFA readliy separates the
responses of pike without involving the complex breakdown of
muliple effects already described in the last sections. The_
three- dimensional plot may be used as a summary of the
overall trends decribed in 4.3.2 but obviously for statements
as to which stimuli are statistically diffe¥ent one needs the

multiple use of KW and MW tests.

Figure 47 depicts the response strengths of pike towards the
bar shadow stimuli. All points have a negative value of
Func 1 with little separation of responses to a stationary
shadow and one that moved horizontally with irregular
vertical components. Points representing the reaction of

pike to the bar shadow with a degree of sinusoidal-like
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EIGURE 47 Three'dimensionél plot for discriminant functions

separating the responses of pike to bar shadow

stimuli. (Numbers on dots donate form, movement

and hunger as in table 33)

FUNCG 3
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FIGURE 48 Three dimensional plot for-discriminant functions

separating the responses of pike to fish shadow

stimuli. (Numbers on dots donate form, movement

and hunger as in table 33)°

FUNG 3
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FIGURE 49 Three dimensional plot for discriminant functions
separating the responses of pike to

three-dimensional stimuli. (Numbers on dots

donate form, movement and hunger as in table 33)

FUNC 3
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TABLE 33 Canonical discriminant functions assigned to the

responses of pike to different stimulus treatments.

FORM MOVEMENT HUNGER - FUNC 1 FUNC 2 FUNC 3

1 1 1 -1.3222 -0.8085 0.0321

1 1 2 -1.3424 -0.8973  0.0732
1 3 1 -1.2618 -0.6127 -0.0129
1 3 2 -1.2489 -0.5241 -0.0082
1 4 1 -0.9127 -0.1274 -0.1347
1 4 2 -0.8673 0.6926 0.0963
2 1 1 -1.0859 -0.7003 0.2999
2 1 2 -0.4500 -0.1508 0.3449
2 2 1 -0.8387 -0.1572 -0.1555
2 3 ' 1 -0.7228 -0.2936 0.6221
2 3 2 -0.0630 0.6338 -0.7234
2 4 1 0.5928 -0.3310 -1.2689
2 4 2 -0.1765 0.1794 -0.5196 -
2 5 1 0.4902 3.8192 0.3887
2 5 2 0.1799  0.2459 -0.1380
2 6 1 3.0280 -2.2051 0.0958
2 6 2 2.9222 0.6521 -0.7583
3 1 1 -0.8437 0.7933 0.2175
3 4 1 0.5499  0.8991 0.4660
3 6 1 1.1959  0.2228  0.1261
3 6 2 2.8522 -0.4350 1.3442

{Numeration of form, movement and hunger is given

in table 18)
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movement lie closer to the postulated response axis Func 2.
The values of Func 1 are still negative, indicating
relatively weak response strengths compared to those for fish

shadow and 3-D stimuli.

Figure 48 shows the response strengths for fish shadow
stimuli. Those stimuli involving stationary or horizontally
moving stimuli without sinusoidal components are located
furthest to the left of the Func 2 axis. The influence of
hunger moved these points closer to the Func 2 axis,
describing an increased reaction to stimuli when pike were
more hungry (see points corresponding to movements 1 and 3).
Points associated with movements &4, 5 and 6 indicate
stronger responses, values of Func 1 are more positive. The
greatest reaction was to the live fish stimulus and this is

separated markedly from the coordinates of other stimuli.

The responses for the three-dimensional stimuli are plotted
in figure 49. As the stimulus become successively more
“real” in appearance, points tend to the right hand side of

the response axis Func 2.

£4.3.5 Contrast measurements for stimuli presented.

The contrast for stimuli presented are given in table 34.
Contrast is determined as the ratio of the background
luminance (BL) minus the stimulus luminance (SL) to the

background luminance (Hester 1969).
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TABLE 34 Mean contrast values for stimuli expressed in

luminance (cd m'z)

STIMULUS MEAN CONTRAST s.D
STATIONARY BS, FS 044 0.21
HORIZONTAL BS, FS 0.49 0.13
SINUSOIDAL BS, FS 0.52 0.10
HORIZ + SINUSOID FS 0.53 0.14
LIVE Fs 0.42 0.13
STATIONARY 3DF 0.46 0.16
SINUSOIDAL 3DF 0.51 0.14
LIVE 3DF 0.44 0.13

( BS = bar shadow; FS = fish shadow; 3DF = three-dimensional

models )
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BL = BL - SL

BL

Details of the measurement of contrast is given in section
4.2.3.2: There were no significant differences in contrast
values for all the stimuli presented to pike (analysis was by

t-tests, Sokal and Rohlf 1981).

4.4 DISCUSSION

The interaction between prey stimuli and individual pike was
dependent on the various characteristics of form and movement
of the stimuli and on the hunger-motivated states of the
subject pike. The relationship between these factors could
be further influenced by the physical properties of the
stimuli presented, such as light intensities and contrast, so
too by the individual pike used. The responses to stimuli
may be strongly affected by the latter fact, in that those
fish that respond strongly in one trial may not repeat the
same performance in subsequent presentations of stimuli.
Indeed, pike have been shown to learn very quickly (Beukema

1970, Christiansen 1976).

It is suggested, on the basis of results in 4.3.1, that pike
are subject to negative reinforcement as they hit the
aquarium panels when striking at the more effective stimuli.
As a consequence, individuals could soon become habituated to

the introduction of stimuli in any trial. The success of
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this part of the study, therefore, relied on the selection of
individuals that were likely to be responsive to the stimulus
given. This selection was dependent on the amount of time
that pike had spent in the experimental system and by the
nature of the stimuli that individuals had experienced

before.

Choosing suitable individuals in laboratory expériments is
not a unique problem. Fuchs (1967) and Barmack (19705-“#h h
realised that it was often difficult to extract optimum
performance from individuals in a controlled laboratory
situation. However, relaxing the conditions to give a more
naturalistic setting in order to avoid complications such as
ﬁhose of negative reinforcement and individuals becoming

"system tired” would have made the observation of response

strengths considerably more difficult.

The solution to the problem encountered in section 4. was
to use the ten pike and subject them once only to each
stimulus treatment. This was accompanied by a progression
from weaker stimuli to stronger stimuli to negate as far as
possible the effects of negative reinforcement. It was
anticipated that the use of first trial data might avoid some
of the problems encountered in the first investigations. In
addition it was hoped that deleterious affects would be
reduced by the fact that responses were measured
behaviourally and not at a more confined level such as a
physiological investigation of retinal receptivity (Tamura

1957).
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As later results suggested, the unconditioned state of pike
could not be maintained indefinitely. Moving shadow stimuli
evoked similar responses to three-dimensional presentations
in later trials and a live fish shadow stimulus was better in
terms of the number of behaviours seen, compared to its real
counterpart in eliciting the attack behaviour of pike. The
interpretation of this result was that either a fish shadow
was indeed a more effective stimulus, or, that by the time a
pike encountered real prey stimuli in the sequence of
stimulus presentations, individuals were demonstrating
degrees of negative conditioning. A performance check at
this stage on the responses of pike towards a fish shadow
stimulus revealed that there was a significant reduction in
response which warranted the cessation of Furtﬁer stimulus

presentations (see section 4.2.3.4).

A determination of which characteristics of prey stimuli were
the most effective in eliciting attack responses necessitates
the sorting of interactive factors. Having checked for
conditioning effects and controlling the hunger-motivated
states of individuals, it may be assumed that the responses
elicited were attributable to the nature of the stimuli
presented. However, even with as controlled an environment
as possible, individual variation showed through in the
results. Thi§ was reflected in the ranges for some
behaviours in 4.3.2 and 4.3.3. A greater sample size would
have been needed to reduce the effects of individual
variation but was not possible due to limitations in tank
space and time constraints at this stage of the study. The

use of non-parametric statistics provided the most suitable
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method for determining trends within a data set displaying

heterogeneity.

Within the range of six possible prey movements and three
Fo?ms of stimuli, there are qifferences in the stimulus
presentations that must be taken into account. Firstly, the
nature of stimuli that appear intermittently and those
remaining on the screen for five minutes must be evaluated.
As indicated in 4.3.2 intermitting stimuli can be treated as
a stimulus characteristic in its own right but the use of a
different timed variable facilitated a meaningful treatment
comparison. Secondly, differences in physical properties of
the stimuli that may have affected perception of stimuli must

be assessed.

The contrast of an object is important when considering why
certain stimuli elicit the responses they do. For example,
objects in motion tend to be more conspicuous to an animal
than when they are stationary. This is caused by the edges
of an object being emphasized through an increase in contrast
between stimulus and background (Hinde 1970, Treisman 198.).
The intensity of a stimulus is therefore effectively changed
and as in any sensory modality, stimuli of a higher intensity
are more readily reacted to due to a greater amount of
sensory nerve fibre excitation (Hinde 1970, Manning 1979).
Light intensity is also important in an animal's ability to
discriminate objects'as it can alter the contrast of an
object. This is particularly true for the natural water
environment (Dabrowski 1982, 1984). If a fish responds

greatly to differences in contrast this may imply choice by
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perception rather than a choice of form or movement.

In. this invéstigation, contrast measurements showed that
there were no changes in contrast for all stimulus
trgatmeﬁts. All changes in ;esponse may therefore be
attributed to pfey characteristics and hunger-motivated

effects.

The general trend that emerged was that stimuli containing

' degrees of sinusoidal-like movement elicited stronger
responses. This was demonstrated with the bar shadow
movements in 4.3.2.1. The bar with sinusoidal movement was
more quickly reacted to than one that moved across the screen
in a horizontal fashion and pike remained interested for
longer periods of time. The fact that a bar shadow moving
sinusoidally arouses "interest” in pike demonstrates that
movement can strongly influence responses to less prey-like
objects. This has been shown also in work on the prey
catching activity of salamanders (Roth 1978) and in toads
(Borchers et al 1978). The significance of a certain type of
movement was further emphasized in the results with fish
shadow stimuli. A fish shadow moving horizontally with a
sinusoidal-like "flicker" evoked a greater response from pike

than one that was moving horizontally without it.

Irregularity of movement has been postulated by previous
workers on pike predation as being a key factor in the
elicitation of attack responses and the selection of prey
items (Beyerle and Williams 1968, Christiansen 1976). In

this study the fish shadow that moved horizontally with
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ifreéular'vertical components only produced a very weak
response relative to those responses to stimuli with
sinusoidal—iike movements. It would appear from these
results that a sinusoidal movement contributes more
auphentically to the illusiqn of a moving fish prey. The
fact that a live fish shadow was most responded to may give
some credance to the irregularity of movement postulation as
live fish were unrestricted in their trajectory of movement.
In other words, the pike has evolved in a way that enables it
to pick out from the range of possible movement, those which

are uniquely shown by swimming fish.

Christiansen (1976), in the only previous quantitatiye work
on the.nature of effective stimuli in the predatory behaviour
of pike, stated that the type of movement was important in
eliciting attack responses. In his work he presented a fish

model to pike. The model was pulled through the water with

1 -1 -1

three speeds, 0.05 ms * 4 o ¢ and 0.5ms’ . At the slowest

speed all pike showed a weak interest in the model presented
(this may be analogous to the weak response of pike to a
stationary stimulus at H1 as shown in section 4.3.2.2). In
Christiansen’'s experiment there was again little reaction to

the second speed of model presentation but at the speed of

1

0.5 ms 807 of his subject pike attacked. Christiansen

proposed that the increase in response was due to an increase
in the frequency with which irregular movements of the model
occurred. On the baéis of this finding he negates any model
deficiency that may have caused the weak responses at slow

swimming speeds.
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Moving stimuli presented in this investigation had a set

speed . -1 ..
P of 0.18 ms T This was sufficient to produce an attack

respgnse pafticularly when a sinusoidal-like movement was
present. It would suggest therefore that Christiansen’s
mo@el lacked an appropriate visual cue at slower speeds

and that the pike in his experiment-were responding more to
the speed of movement than a specific character associated
with his model’'s movement. Perhaps these models became less
stable as they were towed faster developing a side to side
wag at the highest speed. Pike are known to be well adapted
to perceive movement and are capable of registering 25
stimulations on the retina in one second (Protasov 1968).
This facility enables them to respond to fast moving objects
and linked with the fact that objects moving faster increase
the intensity of a stimulus it seems feasible that
Christiansen’'s pike were responding to speed of movement. It
is also worth commenting that Christiansen made no allowance
for the possible modification of attack behaviour caused by

the hunger-motivated state of individuals.

The acceptability of prey stimuli was influenced by hunger.
Less prey-like stimuli, as described in terms of movement,
were responded to differently with a change in
hunger-motivated state. For very hungry pike a fish shadow
stimulus, such as those which were either stationary or
moving horizontally without sinusoidal-like components
elicited similar responses to those with sinusoidal
components. There was a general increase in the amount of
time that pike were "interested” in the weaker stimuli and

their speed of reaction was quickened when they were more
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hﬁngfy. This conforms to previous works on the influence of
hunger on the fixation and acceptance of less prey-like
objects (seé Curio 1976 for a detailed account). The
increased acceptance of less prey-like stimuli as defined by
thg various movements, was npt true for the form of stimulus
when pike were hungry. ‘Pike still showed increased responses
to a fish shadow stimulus compared to a bar shadow at the

most hunger-motivated state.

It is generally accepted that as predators approach
satiation, they become more selective acting as if prey were
more abundant (Schoener 1971, Pulliam 1974, Charnov 1876) and
that hungry predators accept a wider variety of prey items
(Schoener 1971). A good example of this in fish is that of
the feeding of stickleback {(Beukema 1958) where the fish snap
up small inedible objects resembling prey as hunger
increases. The results for the most satiated pike indicated
that they were less ready to display "interest” in stimuli
lacking sinusoidal-like movements, supporting the fact that
satiation increases selectivity. The change in selectivity
with hunger, as illustrated earlier, may explain why pike
reputedly accept almost anything in their diet. When hungry,
a sinusoidal movement of any object, such as a leg of a
waterfowl when swimming, may be enough to elicit a strike
from pike. (A consideration of cue strengths and hunger will

be accounted for in the general discussion).

Although it is true to say that movement strongly influences
the attack responses made by pike on specific stimuli, the

summation of possible factors influencing the reaction of
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pike-towafds prey can be made up by differing proportional
effects, For example, the response of pike (at an
intermediaté hunger-motivated state) to a stationary stimulus
without any movement was enhanced by a three-dimensional
st?mulus. Pike were seen to.spend less time inattentive,
remaining interested for longer periods of time. When the
same stimuli moved sinusoidally there was no increase in
response towards a three-dimensional form. Therefore, under
different conditions, characters of stimuli summate

heterogeneously.

As found in other animals, the reaction of pike to stimuli
follow some general principles. These are that the response
may change when stimuli are presented on different occasions,
at different times pike show changing selective responses and
that the strength of a stimulus required to produce a
standard response is dependent on the internal state of the

individual.
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S GENERAL DISCUSSION

The study of the influence of stimuli on the behaviour of
an;mals‘has mostly been confined to the receptor level at
which stimuli are first received (see Curio 1976 for a
review). Recently there has been an awareness for relating
sensory capabilities of animals to the way in which they
carry out a particular activity, and, that there are
important interactions between stimuli and the state of an

animal which modify an individual's behaviour.

Stimuli from prey objects strongly influence the
acceptability or palatability of food in the feeding response
of animals. Predatory animals can distinguish the form of
possible prey objects but rarely does this stimulus elicit
the predatory response alone. Often other cues such as
movement and patterning are needed in association with form
for a predator to initiate an attack on prey (Curio 1976) and
this leads to the description of eliciting stimuli in the
context of the heterogeneous summation required to evoke

particular responses as an animal carried out an activity.

In this discussion about pike, relating the interaction of
cues and internal state to the more general field of food
selection and prey preferences which have been well
documented by ecologists. may be informative. Mann (1982),
in a recent account of the prey preferences of pike, found
that pike-prey relationships were complex in their nature.

As suggested in other works (Ricker 1952, Frost 1954, Lawler
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néssi factors such as food availability, vulnerability of
prey species and the selective feeding of pike could all
influence tﬁe diet of pike. In the light of such evidence,
pike, although euryphagous, can be influenced in their
prgdatofy behaviour by the apundance of certain prey species
in that such prey items may -be-predated on more. Mann's data
show also that different prey species may be selected at
various times of the year and that selection was linked to

changes in the populations of prey species.

Mauck and Coble (1971) demonstrated that prey preference
could be changed by the relative availability of prey items.
Pike predating in closed ponds apparently took in their diet
the last of one fish species before switching to eating fish
of another species. Such a statement implies that although
the relative abundance of prey is important in determining
the diet of pike, pike nevertheless still are able to
actively select their prey. The question therefore arises as
to which mechanisms bring about such behaviour. It is hoped
that this study may help in suggesting ways in which prey

choice and diet may be further understood.

This study has been specifically concerned with the
investigation of pike feeding, in that the goal, or purpose,
of feeding is to maintain a state of nutritional balance and
the behaviour that an animal carries out to achieve this
balance is influenced by a homeostatic system. A deficit in
the gut, for example, may determine the way in which feeding
behaviour is directed and the intensity with which the

activity is pursued.
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In experiment 2 it was seen that as satiation approached,
pike.were léss likely to pursue and capture prey. Satiation,
as indexed by stomach content in 3.1, can be thought of as
thg inhibitor of feeding. Ln experiment 3 an investigation
of the effects of prey stimuli-whether it be at the lower end
of an hypothesized satiation scale or not, revealed that the
same stimulus could elicit different strengths of response
which were dependent on the degree of inhibition to the
feeding tendency of pike. It was also shown that the same
form of stimulus with various moving components could elicit
different attack responses for a given stomach content value.
In this scheme, therefore, stimuli can be considered as an
excitation to the homeostatic system, the influence of which

will depend on the values of other variables in the system.

The way in which motivation and reéponse can be illustrated
is often, due to the complex way in which factors interact,
difficult to choose. An understanding of motivation is
helped by looking at a model which describes the system being
investigated. There are several ways in which this can be
achieved (see Huntingford 1984). The system of feeding in
pike in this study, as outlined in the previous paragraph, is
essentially that of a sﬁheme described by Wirtshafter and
Davis (1977) and Bolles (1980) in their feeding models for
rats and flies respectively. The models that they used are
simple representations of a complex system. The model of
Wirtshafter and Davis (1877) is given in Figure 50 with a
pike's feeding system as determined by the experiments in

this study, presented in figures 51 and 52.

109



Figure 50 The model of Wirtshafter and Davis (1977) that

—— ——R T, e A 2 D R S

shows the influences on response to a feeding

stimulus.

S = strength of feeding signal, E = difference between
excitation and inhibition, G = set of internal factors,
W = energy store and H = inhibitory influence
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Figure 51 A model to show how a pike's response to a

feeding stimulus may be modified,

FEEDING  TENDENCY DEPRIVATION TIME
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Figure 52 Model proposed by McFarland and Sibly (1975)

to predict motivational tendencies.

incentive.
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Each point on the curve has an equal strength of motivational

tendency.

Another curve would be needed to represent a

combination having a higher motivational tendency.
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The models assume that the amount of feeding carried out by
an animal is dependent on the difference between excitation
and inhibition. In simple terms, this is a trade-off between
the strength of food cues and hunger, the vélue of which
constitutes an animal's feeding tendency (McFarland and
Houston 1981). However, as recognised from figure 51,
factors such as deprivation time and previous experience can
also influence the outcome. Such influences were encompassed
in the terminology of a causal factor state by McFarland and
Houston (1981) which was introduced Figure 1 of the general
introduction. As has been continually emphasized throughout
earlier chapters, it is the interaction of these internal or
causal factors that evoke the concept of motivation to

describe them.

McFarland and Sibly (1975) proposed a model that predicted
motivational tendencies (Figure 52). The curve of McFarland
and Sibly represents a relationship between an incentive to
feed (food quality) and the hours from when an animal last
fed (deprivation time) where they postulated that an animal
would always perform ah action for which the tendency was the

greatest.

Baerends (1970) produced a model for the motivational system
controlling egg incubation in gulls, with a hierarchy of
response behaviours resulting from the influence of various
internal states and external stimuli. To produce a simple
model for the attack behaviour of pike to various treatments

of stimuli is not easy. The elucidation of a hierarchy of
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stimuli and their interactions with one motivational state
(hunger) necessitates a calculation of how different
characteristics of stimuli summate to elicit a given

response.

Taking the results of 4.3 it is possible to adapt the curve
to consider the relationship between cue strength (an
increase in cue strength represents the progression from a
stationary bar shadow stimulus to a swimming live fish shadow
stimulus) and hunger {(postulated from stomach content
values). The scale for the cue strength axis may be
determined from the temporal parameters of behaviours in 4.3
for the responses of pike to each stimulus at an intermediate
level of hunger, on the assumption that the effectiveness of
stimuli relative to each other are best determined at that
state (Hinde 1970). These results are used to overcome the
problems of stimulus presentation and the duration of which
they were present in a pike's field of vision. The axis of
deprivation time may be substituted by stomach content to
represent hunger (see section 3.4.2 for a justificétion of
this). Hunger may be presumed to affect the probability of
eating an item; as hunger increases the probability of eating
rises, approaching unity (Colgan 1973). Hunger is taken to
be zero when the stomach is full and ﬁore than zero when the

stomach 1is less than full.

The axis of hunger (stomach content) is represented as
percentage body weight of pike (experiment 2) and it is
possible to relate the two hunger-motivated states used in

experiment 3 to those stimuli presented in order to form the
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Guide to figures 53 to 56

The following graphs are hypothetical representations for the
degree of effect of different stimuli on a pike's feeding

behaviour.

The combination of form and movement (cue strength) are given

letters.

A Fish shadow moving horizontally with irregular vertical

components

B Bar shadow moving sinusoidally about a fixed point

c Fish shadow moving horizontally with a sinusoidal flicker
D Fish shadow moving sinusoldally about a fixed point

E Shadow of a fish swimming

F Real fish swimming



Figure 53 Hypothetical isocline of cue strength and hunger

and its effect on the amount of time a pike spends

pointing at a stimulus (TPT).
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Figure 54 Hypothetical isocline of cue strength and hunger

and its'effect on the time when a pike finally

becomcs disinterested in a stimulus.
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Figure 55 -

CUE STRENGTH

Hypothetical isocline of gue strength and hunger

and its effect on the time a pike spends looking

at the presentation screen.
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isocline 6f motivational tendency postulated by McFarland and
Sibly (1875). The evaluation of the cue strength axis was
made by finding combinations of form and movement that
produéed equivalent responses in time, for example, the
duratioﬁ of interest in stimuli for predetermined time

intervals.

It is assumed in this discussion that the probability of pike
capturing prey in any encounter (or more strictly, the degree
of response to stimuli) approximates linearly as hunger
increases. This assumption is taken from work on blue-gill
sunfish (Colgan 1973). It is now possible to construct
hypothetical isoclines in order to predict what may happen if
the responses of pike to different stimuli had been
investigated at hunger states closer to satiation. Figures
53, 54 and 55 present possible plots for TPT, TFIN and TSC.
It can be seen that for a pike to pdint at a stimulus for 20
s when its stomach is full, would require stimuli more
effective than the live, swimming fish stimulus. Similarly,
this would be the case for a pike to remain interested in a
stimulus for the duration of a trial. For a pike at
satiation to be interested in a feeding stimulus for 20 s the
presentation of a stimulus with a sinusoidal movement
component is required.

Such reasoning may represent the weak feeding responses of
pike to a shoal of minnows at the most satiated hunger state

in experiment 2.

The legitimacy of these plots in terms of there only being

two points of stomach content with which to draw the
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isoclines is obviously quesfionable. Further work is
necessary to define the shape of the complete isocline.
However, the gener#l deduction that more than effective
stimﬁli (super-normal stimuli) are required to elicit
equivalent responses at satiation would not be contradicted
if.the form of the isocline_&ag,chapgedvdue to further
investigation. The reagon for this is that there are only
two forms of isocline possible due to the relationship
between feeding response and hunger. The one form of
isocline i; linear as expounded above, the other is a curve.
If the results plotted were part of a curve, then more
effective stimuli would be required than already suggested
for a linear relationship. It is possible that an isocline
for the relationship between cue strength and hunger may
indeed be a curve if the probability of feeding followed the
exponential curve of gastric evacuation determined by Diana
(19j9). However, a much more définedrset of stomach conpen;
values and response would be required to prove this and at
this point no further inference can be made save only that
the appearance of the isocline provides a basis for possible

future investigation.

Returning to the simple model of hunger postulated earlier
(figure 51), it may be realised that different levels or
values of factors within the causal state may change the
positiqn of the isoclings de;cribing feeqing‘tendency. The
isocline may be changed by systemic need, temperature, |
deprivation times, digestive rates and encounter rates with
prey. The approach conjectured in this discussion may have

relevance in understanding the real "willingness” of pike to
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feed. It is worth noting that an interpretation of
behavioural tendency in terms of motivational isoclines has
been successfully related to the data of Baerends et‘al
({1955), for the courtship display of male guppies, by
McFarland and Houston (1981). It is envisaged that the
selection of prey as regards to form, shape and movement can

be represented in a similar way.

If it can be accepted that motivational isoclines may go some
way to representing the feeding behaviour of pike then the
question of how pike may choose food in the wild may also be
considered in a similar way. If a food source diminishes
then it can reasonably be assumed that a pike may be deprived
of food as the encounter rate with prey items decreases.

This alters the threshold of response to specific prey as
hunger increases. This was demonstrated by the increased
response of pike towards less fish-like stimuli in experiment
3.

When pike were feeding on dace in the River Frome, Dorset
(Mann 1982) it may be suggested that because dace were
abundant they constituted a strong feeding stimulus to pike
as the frequency with which they were encountered was high.
In other words, the development of a search image makes a
species more stimulating. It may also be inferred that a
pike's state of hunger_would be one of satiation, or close to
it. With such an interaction of factors, the_combination of
cue strength and hunger would mean that pike would always
feed on dace if they always performed an action for. which_;he

tendency was the greatest, which would meén that dace are
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taken at low levels of hunger as they constitute the most
attractive feeding stimulus. A pike's motivational. tendency,
therefore, would lie in the region of the curve corresponding
to large cue strengths and little hunger (refer to figure
52). With the seasonal variation in prey populations,
deprivation of food would cause a positiaon shift on the
motivational isocline so that stimuli offered by other prey
fish (relative cue strength is less as they had been
encountered less) would cause pike to predate on them. This
is analogous to the change in response of pike towards less
prey-like stimuli at more hunger-motivated states in
experiment 3. The shift from dace to other prey species may
be dependent on cues such as form, colour and movement,
though such information cannot be dedﬁced from pure

ecological surveys.

The suggestion is then, in this system, that the nature of a
prey stimulus determines the feeding response when related to
pike hunger. This interpretation has to be reconciled with
the proposition that feeding behaviour maximises net energy
gain. In termsrof motivational isoclines once more, if the
situation arises that hunger increases prey offering less
attractive stimuli will be taken thereby reducing hunger.
This is acceptable if one assumes that the objective of
feeding is to obtain a predefined quota of food in a day
(overall energy gain) and that the way in which tﬁis is
achieved is not reliant on net energy gains at any moment in
time but is dependant on where a pike's Feeding_tendency is

aligned on the motivational isocline.
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The description of a possible way in which pike change their
choice of prey as exampled here is not as simple .as outlined.
Mann did not suggest otherwise, and as do other workers it is
generally accepted that pike are opportunistic predators
feeding on a wide range of prey items. There must also be no
confusion between what constitutés_a long term response and
those which are short term. For a pike to be truly
opportunistic its predatory behaviour must be readily
adaptable to changes in its environment. It may be
postulated that a change in hunger coupled with a pike's
increased response to objects with a sinusoidal component in
its movement (experiment 3) is sufficient in motivational
terms to initiate predation on a wide range of prey species.
The extent that a simple sinusoidal-like cue, when pike are
hungry, can evoke predatory attacks may suggest a feasible
explanation for predation on swimming waterfowl and mammals

due to similar movements made by their limbs.

It is not claimed that the results of this study explain
exactly what may happen as a pike predates in the wild. In
the laboratoryrgituation many factors of the environment
which would influence the behaviour of pike was kept
constant. The simplicity of approach facilitated a
progression of ideas in order to describe the predatory
behaviour of pike and to overcome motivational problems.that
become inherently more. complex as conditions become less
restricted. Analysis of the immediate causes of behaviour
was kept at the behavioural level, measuring tﬂe input and
output from stimulus modification, though there are those who

would argué that behaviour can only be understood by

1



determining what occurs at the neurophysiological level
{Wilson 1975). A simple black box approach allowed aspects
of feeding stimuli and possible motivatiﬁnal variables to be
selected and their overall contribution to the intensity of
pike predatory behaviour evaluated, the consequence being
that as a motivational factor such as hunger increased,
stimuli sharing fewer characters of the natural, and
presumably optimal stimulus, were adequate in eliciting a

given response.

Although the approach employed in this study was structured
to maintain observations on interacting factors at a level
that was as simple as possible, there is the desire to

attempt to put some order into the results obtained.

A problem encountered in this study was that not all the
information required for this approach was achieved. The
main source of this problem that determined how much of the
Tresults could be relied on as useful information, was the
fact that obtaining the details associated with effective
stimuli were influenced by the experiences of thé~individual
pike under investigation. As Ewert and Keul (1978)
demonstrated, in the prey-catching behaviour of toads,
replication of stimulus presentations led to the habituation
of the predatory response. This was supported by the
observations in 4.3.1. |
In this study an alternative means of describing behaviour
was used that did not require complex modelling. The

objective was to overcome the problem of fepresenting data

m



that described the various effects of stimuli and internal
state on the frequency of ten behaviours in a pike's - ..
predatory repertoire. The use of discriminant function
analysis facilitated the representation of behavioural
sequences as values of the interaction of state and stimuli,
which could be easily .plotted in.a three dimensional space.
Sequences of these ten behaviours exhibited by pike in
response to different stimuli presentations were separated
and the ethological observer can readily look for trends or
dissimilarities in the plots of the first three canonical

discriminant finctions (see 4.3.4).

The fact that discriminant function analysis selected most of
the ten possible behaviours in the predatory sequence of pike
responding to the various stimulus treatments, demonstrates
that when motivational studies ihclude more variables
interpretation becomes more complex. This may be compared
with the results from discriminant function analysis on
behavioural sequences for pike predating on minnow shoals
where the only variable being included in analysis was hunger

(3.4.1).

Although three discriminant functions are required for the
complete representation of predatory sequences, it 1is
possible to construct a simple hierarchy of stimulus
treatments from the values of the first discriminant function
assigned to each treatment (refer to figures 47 - 48). The
first discriminant function describes the majo; separating
factor in determining between seguences of ﬁehaviours. As

discussed in sections 3.4.1.1 and 4.3.4 the Func 1 axis may

17



be thought of as a scale for the response strength as a pike
reacts to different stimuli. From the spatial separation of
the first discriminant functions the hierarchial order of

stimuli for pike at an intermediate state of hunger is:-

WEAK RESPONSE - 1. BS (1,3); FS (1) S o -
2. BS (4); FS (2,3); 3D (1)
3. FS (4,5); 3D (4)
4. 3D (6)

STRONG RESPONSE 6. FS (8)

where BS= bar shadow, FS= fish shadow and 3D0= fish model;
numbers in brackets donate types of movement (see 4.2.3.1 for

details).

The hierarchy makes it easier to-understand the interaction
of stimulus form and movement. The outcome is similar to the
scale devised for the isocline treatment of cue strength and
state. It must be remembered that the above list is one
devised purely from spatial separation of first discriminant
functions and that significant differences in response can
only be assessed by reference to specific behaviours in the

predatory sequence, as discussed earlier.

From the appreciation of interacting factors it is now
possible to summarise the_ nature of stimuli preseﬁted in this
study. Various aspects of the natural stimulgs may influence
the predatory behaviour of pike. Some of these
characteristics are of greater.importance than others, for

example, fish shape and the presence of a'sinusoidal-likd

s



component of movement, and in general'these are parameters
which are most like the features of the natural stimulus.

The selective response to these characters and their relative
contribution to a given response may be altered by the state

of pike at any given time.
The pike, from the results of this study, appears to be well

adapted to the selection of particular visual cues which may

be modified by how hungry the animal is.
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APPENDIX

The tables given in this appendix extend those results

presented in section 4.3. The following abbreviations are

assigned -

F Form of stimulus
M Movement

H Hunger state

Numbers relating to the differences in form, movement and

hunger are the same as in section 4.3.



1.1 EFFECTS OF MOVEMENT ' . ﬁ ST . -

Jable 1 E1, H=1, and H=2, Hi H2 Jable § F3, H=1 . '
E. H2 : .. YARIABLE H R H i) VYARIABLE H 2
.. YARIABLE H o H = ATTENTIVE 27.87 0.000 8.71 0.046 ATTENTIVE 0.34 0.842
e ATTENTIVE 8.95 0.01 17.52 <.001 w. INATTENTIVE 14.51 0.013 6.77 0.148 INATTENTIVE 1.05 0.582
INATTENTIVE 0.40 0.82 2.88.0.24 ° .  ORIENTATE 30.72 0.000 22.43 0.000 ORIENTATE 11.83 0.003
ORIENTATE 8.99 0.01 8.69 0.01 : SNAP 36.01 0.000 12.36 0.015 SNAP  1.97 0.373
" APPROACH 11.17 0.004 9.50 o.wpw APPROACH 32.38 0.000 17.83 0.001 APPROACH 10.82 0.004
POINT 13.14 0.001 6.92 0.03 W S POINT 31.90 0.000 19.94 0.001 POINT 13.32 0.001
STRIKE 2.00 0.37 . . STRIKE 40.44 0.000 12,95 0.012 STRIKE 6.63 0.036
BACK 14.02 0.001 8.88 0.01 © BACK 30.37 0.000 18.73 0.001 BACK .3.42 0.181
 TOTAL 12.64 0.002 9.35 0.008 TOTAL 33.28 0.000 20.82 0.000 TOTAL 10.60 '0.005
T e g o TTTIEETEECY . »
Iable 2 E1, M=1. and H=2, T ilable & E2. M=1. and H=2 ‘Iable § E3. H=1
1t - H2 | e H1 H2 %0 yARIABLE M @
(YARIABLE 4. = 4 = YARIABLE H = H = ,. TIN 3.87 0.149
TiN 2.44 0.118 5.82 0.016) TIN 25.54 0.000 1.65 0.798 TPT  8.26 0.016
TPT 7.01 0.008 1.54 0.214 | / TPT 24.20 0.000 8.11 0.088 TOPT  14.31 0.001.
~ TOPT 3.62 0.057 2.01 0.156 ToPT 17.99 0.003 8.34 0.08 B TsC 3.79  0.151
Tsc 2.44 0.118 6.33 0.012 Tsc 26.95 0.000 1.82 0.768 TFIN 8.86 0.012
TFIN 2.09 0.101 7.59 0.006 . 0.00 10.33 0.035

27.03



Jable I E1. M=3
YARIABLE
ATTENTIVE

INATTENTIVE
ORIENTATE
APPROACH

- POINT
BACK

TOTAL _

- Jable § E1. M=3
YARIABLE
TIN

TPT

;- . . - ]
[

o -, I TOPT

TSC .

TFIN

N Ve

- '
s 1

.|
0.317
2.904
0.373
0.448
0.012
3.53

0.556

.|
0.313
0.047
0.047
0.313

0.313

2. <l
OwUQa
0.088
0.542
0.503
0.914
0.067

0.456 !

0.576
0.829
0.829
0.576

0.576

ATTENTIVE

INATTENTIVE
ORIENTATE

APPROACH

POINT

STRIKE

BACK

TOTAL

.thhh 10 FE1. M=%
YARIABLE
TIN
TPT
qouqu
Tsc

TFIN

0.135

0.102

0.801

0.331

0.553

0.317

0.145

0.673

0.009

0.725

0.257

0.005



D PR . - e s

Iable 11 F2. M=1 - Iable 13 E2. M=3 Iable 13 F2. M=¢ | Iable 17 E2. M=s -
VARIABLE H = YARIABLE H o . VARIABLE 4 VARIABLE 4 o
ATTENTIVE 7.62 0.006 . ATTENTIVE 3.05 0.081 ATTENTIVE 0.01 0.937 ATTENTIVE 10.76  0.001

INATTENTIVE 0.91 0.340 ‘ INATTENTIVE 0.56 ) 0.453 INATTENTIVE 0.06 0.807 INATTENTIVE 2.43 0.118
ORIENTATE 2.44 D0.118 ORIENTATE 1.98 0.159 , ORIENTATE 0.81 0.367 ORIENTATE 0.11 0.745
SNAP 1.00 0.317 SNAP 0.78 . 0.3715 SNAP 3.37 0.068 : ' SNAP 1,00 0.317
APPROACH 4.30 0.038 APPROACH N.on. Aa.‘cm APPROACH 0.8% 0.339 APPROACH 3.44 0.064%
POINT 5.38 0.02 POINT 5.52 ) 0.019 POINT 1.06 0,304 POINT 0.14 0.709
STRIKE 2.11 ©0.147 STRIKE' 2.66 0.103 STRIKE 0.23 0.636 STRIKE 6.55 0.01
'BACK 5.78 0.016 . . BACK 0.63 Vo..uu BACK 0.02 0.877 . BACK 0.50 0.477

TOTAL 5.76 0.016 . TOTAL u.mm.zo.ou TOTAL 0.90 0.342 TOTAL 1.61 0.205

— - —— Yy ,.

lable 12 E2. M=1 . " ‘Iable 1s F2. M=2 lable 16 E2. M=4 Iable 18 F2. M=g

YARIABLE  H 2 | MARIABLE  H 2 . MARIABLE 4 VARIABLE H o
TIN 6.74 0.009 ’ : TIN . ..uu..o.oun . CTIN 0.12 0.732 TIN 7.50 0.006
TPT 4.99 0.025 «...“‘.., TPT u.ﬂu.wa.o.ﬂ . , TPT 0.00 0.970 " TPT 0.71 0.400

ToPTY 4.28 0.039 o TOPT | 2.47 0.116 o TOPT  3.75 0.053 TOPT 0.90 0.344
TSC .6.74 0.009 - Cvse . 4.23 0.040. } Tsc 0.12 0.732 TSc 9.41 0.002

TFIN - 6.80 0.009 o TFIN /. 6.03 G0.014 " TFIN 1.16 0.281



YARIABLE H
ATTENTIVE 10.08
INATTENTIVE 5.32
, ORIENTATE 0.05
© SNAP 5.48
APPROACH ©0.18
POINT 0.63
STRIKE 4.39
BACK 2.67
TOTAL 1.20

Jable 20 F2., M=6
YARIABLE H
TIN 2.30
TPT 0.14
TOPT 1.12
.. TS¢C 2.30
TFIN - 0.48

0.002
0.021
o.udm
0.019
0.676
0.427
0.036
0.102

0.272
3

0.129
0.705
0.290
0.129

0.487

Iable 21 FE3. M=6
= YARIABLE
! >44mtqu<m
INATTENTIVE

i . ORIENTATE
SNAP

APPROACH

, . POINT
STRIKE

BACK

' TOTAL
Iable 22 F3. m=§
YARIABLE

TIN
TPT
TOPT
TsC

TFIN

0.6486

0.882

0.055

0.049

0.107

0.073

0.188

0.040

0.050

0.722

0.534%

0.314

0.104



ATTENTIVE
INATTENTIVE
ORIENTATE
APPROACH
POINT
STRIKE
BACK

TOTAL

YARIABLE
TIN

TPT
TOPT
TsC -

TFIN

H=1
H -]
13.76 0.001
1.1 0.568
2.78 0.249
7.8 0.028
5.62 0.060
10.23 0.0086
8.45 0.015

H=1
H 2
§.70 0.017
N.om, 0.09
c.uo, 0.322
5.71 0.017
qur 0.017

H=2

H R ! ‘
.11.88 0.001 ATTENTIVE
1.81 0.179 INATTENTIVE
8.00 0.005 ORIENTATE
9.65 0.002 ) SNAP
9,63 0.002 APPROACH
2.11 0.147 POINT
7.68 0.005 STRIKE
$.65 0.002 BACK
TOTAL

,_ ‘
H=2 d | Jable 26 M=3. H=1
I
4 "a { i

. YARIABLE

\. TIN

TPT

TOPT

_ TScC

TFIN -

H o
1.75 0.185 8.78 0.003
3.80 0.051 0.16 0.69¢
2.32 ©0.128 11,80 0.001
2.15 0.147 4.68 0.030
1.42 0.234 5.59 0.018
0.49 0.486 10.09 0.001
1.00 0.317 6.18 0.013
1.27 0.259 7.83:0.005
1.57 0.210 10407 0.002
I
and H=2 :
H=1 H=2
H 2 H J ]
2.6 0.106 4.97 0.026
1.47 0.226 98.07 0.003
1.13 0.287 6.43 0.011
2.35 0.125 4.96 0.026
2.62 0.106 9.40 0.002



ATTENTIVE

INATTENTIVE

ORIENTATE

SNAP

APPROACH

POINT

STRIKE

TOTAL

© §.73
4.26
6.70
" 4.04
10.93
10.23
1.51

7.90

0.035

0.119

0.035

0.133

0.004

0.006

0.550

0.019

Jable 28 M=4, H=1 and H=2

TIN

TPT

TOPT

TSC

TFIN

0.003

0.026

0.059

6.003

0.003

0.723
0.189

0.444

0.122
0.020
0.012

0.046

0.338
0.053
0.053
0.231

0.172

ATTENTIVE
INATTENTIVE
ORIENTATE
SNAP
APPROACH
POINT
STRIKE

BACK

TOTAL

Jable 30 M=6, H=1

and H=2
H=1
H o
4.80 0.028
6.80 0.009
8.06 0.005
12.16 0.000
1.49 0.222
6.28 0.0t12
5.42 0.020
6.28 0.012
6.22 0.013
and H=2
H=1
H R
6.78 0.009
0.46 0.496
1.7 0.186
1.85 0.173
2.11 0.147

H=2
H 'R
1.01 0,314
0.28 0.597
0.34 0.561
0.41 0.52
0.39 0.531
0.01 0.929
0.25 0.621
1.25 0.26%
0.39 0.534

H=2
H 2
0.70 0.403
3.25 0.076
7.57 0.006
0.70

0.403

0.653



Exposure Value Conversion Table

Nits (nt) Stilb (Sb) Radlux (rlx) Lamberts (L) Foot lamberts

RSAIOO CdifT]: cd/em’ lin/m" lin/m* (tt-L) cd/tt’

EV: 1 0.27986 0.000027986 0.87922 0.000087922 0.08168 0.026
2 0.55973 0.000055973 1.7584 0.00017584 0.16336 0.052
3 1.1195 0.0001 1195 3.5169 0.00035169 0.32672 0.104
4 2.2389 0.00022389 7.0338 0.00070338 0.65345 0.208
5 4.4978 0.00044978 14.068 0.0014068 1.3069 0.416
6 8.9557 0.00089557 28.135 0.0028135 2.6138 * 0.832
7 17.91 1 0.001791 1 56.27 0.005627 5.2276 ! 1.664
8 35.823 0.0035823 112.54 ' 0.01 1254 10.455 3.328
9 71.645 0.0071645 225.08 0.022508 20.91 6.656
10 _ 143.29 0.014329 450.16 A 0.045016 41.821 13.312
11 286.58 0.028658 900.32 0 0900.32 83.642 26.624
12 573.16 0.057316 ~1,800.64 0.180064 ~1 67.28 53.248
13 1,146.3 0.1 1463 3,601.3 " 0J6013 334.57 106.5
14 2,292.6 0.22926 7.,202.6 0.72026 669.13 212.99
15 4,585.3 0.45853 14,405 0.4405 1,338.3 425.98 ~
16 ~,170.6 0.91706 28,810 ~2.88T '1676.5 A 851.97
17 18,341 1.8341 57,620 5.762 5,353.1 1,703.9

' 18 36,683 3.6682 115,241 11.5241 10,706 3,407.9

19 73.365 7.3365 2307482 23.0482 21,412 6,815.7
20 146,730 14.673 460,964 46.0964 42,825 13,631

This exposure value conversion table enables luminance

readings to be determined from light readings taken on a
spot sensor.

The Soligor spot sensor measures an extremely narrow angle

of incidence which allows accurate recording of 1light emitted

from objects on a background.
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