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Quotations

The following lines are affectionately dedicated to all who have
attempted to look into the 'private lives' of fishes, using

telemetric means:

'0 scaly, slippery, wet, swift, staring wights,
What 1s 't ye do? What 1ife lead? Eh, dull goggles?
How do you vary your vile days and nights?
How pass your Sundays?'
James Henry Leigh Hunt

The Fish, the Man and the Spirit.

'No human being, however great, or powerful, was ever so
free as a fish.'
John Ruskin

The Two Paths.
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ABSTRACT
This work was performed as part of a major research project

into the evaluation of the ecology of lake dwelling Brown Trout,

Salmo trutta L. using ultrasonic biotelemetry techniques. The

supplementary research results Jeading up to and after the exe-

cution of a program of experiments involving the telemetry of

feeding and ventilatory rhythms are described:

1. The presence of red (slow) fibres in the adductor mandibulae
muscle of Brown Trout was confirmed to be as previously

described in the Rainbow Trout, Salmo gairdneri Richardson and

other salmonids.

2. By electromyographic (EMG) and pharmacological means, the red
fibres in the a. mandibulae were shown to be active during
ventilation and the mosaic fibres comprising the bulk of the
muscle were recruited during more dynamic events such as

feeding and coughing. Observations were made on the inner-

vation of the red fibres.

3. Comparative investigations made at sea on 1érge deep sea
Squaloid and Galeoid sharks (which have a simple adductor
muscle like the Trout) showed an identical functional

differentiation as obtained in the Trout.

4. The presence of a migratory 'pace setter potential' was

found for the first time in Fish. Its use as an indicator"

of feeding activity by telemetry was rejected on practical .

grounds.
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An ultrasonic transmitter was developed to telemeter an

analogue of the adductor mandibulae EMG from wild Brown Trout,
using a novel electrode design. Four fish were so equipped
and released into Airthrey Loch, University of Stirling and
tracked for up to 24 hours (following a 24 hr allowance for
post-anaesthetic recovery). Feeding and ventilatory
periodicity, linear and angular movement patterns and photo-
period were intercorrelated. Angle of turn and subsequent
step length were positively correlated and feeding activity
was marked by a preference for dextral turning. 'Area
restricted searching' and ‘area avoided searching' were the
probable causes of the movement patterns seen in this and
previous investigations at Airthrey Loch. A depth preference
and orientation of the fish to topography was demonstrated.
Following analysis of the angle of turn and step length data,
1t was concluded that the larger transmitter package and more
severe surgery materially affected the fishes behaviour

relative to data previously obtained at Airthrey Loch using

smaller transmitters.

Due to difficulties experienced in 5 above due to an
unsuspected effect on the a.mandibulae EMG detectable up to

24 hrs post-anaesthesia, a frequency analysis was made of the
a.mandibulae EMG of the Brown Trout and several other species.
This disclosed that the EMG from red fibres has a frequency

spectrum considerably lower than that of 'standard' mammalian

muscle. The progressive failure of the EMG transmitter with

time was due to a combination of the anaesthetic effect and

the frequency spectrum relative to certain design features.
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In the 1ight of these observations, subsequent designs of the

EMG transmitter were able to take this into account.



INTRODUCTION

1. Review of Literature

Studies into the behaviour and phvsiology of fishes are

extremely difficult to achieve in their natural surroundings. Their
ease of mobility in an environment which Timits man's visual range,
can make direct observations of their behaviour in the wild difficult,
if not frequently impossible. SCUBA equipment has not proved
particularly useful for scientific work in this area because of
limitations which are imposed upon the diver by his endurance, visual
range and also by the timidity of many fish species. In shallow
fresh water bodies, the situation is even worse than in the sea
because stirred-up sediments, phytoplankton blooms etc., frequently
impair vision so there have been few scientific studies made on fish

in this habitat. Hasler and Bardach (1949) did, however, make some
useful underwater studies on Perca flavescens and Wankowski (1977)

has studied the feeding behaviour of juvenile Salmo salar in streams

Sl s B el e S -SSR e = - Y

using diving techniques.

The solution adopted by most workers to this problem, has been
to confine the fish in a cage in its natural habitat e.g. Hoar (1942},

Swift (1962), or to use an artificial stream e.g. Jenkins (1969),

Wankowski (1977), or 1n aquaria e.g. Siegemund (1969), Kleerekoper et.al.

#"M

(1973). In general fish adapt well to captivity and many species

commonly used in the laboratory, such as the Rainbow Trout (Saimo

gairdineri Richardson) and the Goldfish (Carassius auratus L.) are

usually artificially bred and have, therefore, been subjected to
captivity and handling during their lives. Abel (1962), however,

describes in captive marine fish a stress-induced condition which he

terms "gefangenschaftsneurose" (Imprisonment neurosis). In such a

case, therefore, the fish's behaviour and physiological status mav not




not be truly representative of its species in the wild.

Wardle and Anthony (1973) believe that fish which have been tank

adapted and also conditioned to a visual stimulus, may be fairly species-

representative. They will tolerate experimental nrocedures better than
non-conditioned individuals but only if thev are replaced in their 'home'
tank to ensure environmental continuity. Wardle (197,) also confirms

that it is better to replace wild fish in their home area to minimise

disturbance factors.

More recently, closed circuit television has been used to study
fish behaviour and physiology e.g. Coates (1973), Wardle (1974). In

some cases fixed underwater equipment has been used in fish studies

e.g. Colin (1972). Needless to say, such systems are limited in the area

they can cover in their tracking ability and they are verv expensive.
Since the late 1950's, with the development of solid state electronic

devices such as the transistor and the integrated circuit, it has been
possible to construct transmitters small enough to be carried by a fish
either attached to its back, or placed inside its stomach or abdominal

cavity. These transmitters allow the movements of a fish, so equipped,

to be traced for extended periods. Because radio-frequency signals are

readily absorbed by freshwater, and even more so by seawater, it has
been generally necessary for such underwater transmitters to radijate

their output sonically, via a suitable transducer. Liquids are superior

conductors of sounds than air and McKay (1970) discusses the basic
principles behind the requirements for and the uses of ultrasonic

transmission in biotelemetric studies from aquatic animals. Transmitters

so employed on fish, generally operate at frequencies well above the

human hearing range (>20kHz) because below operating frequencies of 40kHz,



transducers are too large for most “normal” sizes of fish. Kanwisher

et.al. (1974) did use a 20kHz transmitter with a range in seawater of 8km.,

A L

but this was only suitable for use in large Tuna.

The exact movements of an ultrasonically tagged fish can be plotted
by using either directional triangulation methods as in Young et.al. (1972)
or by using differential propagational delay measurement as in Hawkins
et.al. (1974), or alternatively using a transponding transmitter, by

—— e-eanmutinl. P e

tracking the fish with sector scanning sonar (Mitson and Storeton-West 1971).

Stasko (1971) has reviewed the literature on fish orientation studies
including ultrasonic tracking and Mitson and Young (1975), and Stasko and
Pincock (1977) have reviewed the technical and bhiological considerations

in the design of ultrasonic transmitters for use in small fish.

The chief virtue of telemetric methods lies in the fact that they
do not appear to affect the fishes normal swimming or feeding behaviour,

(Young et.al. 1972, McCleave and Stred 1975). Even fish of less

than 20cm. in length can accommodate some of the smaller transmitters
without detriment (Tytler and Thorpe pers.comm.) Fish are unlikely to

be influenced by the output from such transmitters as Enger and Andersen
(1967) showed that no measurable auditory responses could be obtained
electrophysiologically from Cod (Gadus morrhua) above 1kHz though in the
same species using cardiac conditioning methods, Chanman and Hawkins (1973)
showed that the effective upper 1imit of hearing was less than 0.5 kHz.

In practice, transmitter operating frequencies are much higher than this

and Young et.al. (1972), showed that Brown Trout (Salmo trutta) were

unaffected by pulses of ultrasound in the 250kHz range at a sound




4 -

pressure level some thirty times higher than that from the output of

a standard tracking transmitter.

McKay (1970) has pointed out the fact that although an animal
may not be able to hear directly the fundamental carrier frequency
of a transmitter, due to any non linearity in its auditory system it may
still be able to detect pulse or modulation envelopes superimposed upon
the carrier frequency. So there is some uncertainty possible in fish
with regard to the detection of pulse or modulated ultrasonic transmitter

outputs. Recently, using cardiac conditioning methods, Facey et.al.

(1977) were able to show no such detection of pulsed transmitters by
Atlantic Salmon (Salmo salar) even though in some cases that the output
envelope from a 75kHz transmitter was plainly audible to observers in air.
More detailed work on the perception of modulated acoustic signals by

fish is in progress at present at the Marine Laboratory, Aberdeen.

(A.D. Hawkins pers.comm.).

Since 1969 there has existed at Airthrey Loch, University of Stirling,
a static ultrasonic fish tracking facilityv, based upon directional
triangulation positional fixing of transmitters operating in the
220-280 kHz ranges. The project was initiated by Professor F.G.T. Holliday-
and later directed by Dr. Peter Tytler. The primary objective of the
work was to study the contribution of locomotor activity in the enerqy
expenditure budget of free-swimming, wild Brown Trout (Salmo trutta).
Later, the study was extended to include the analysis of movements within
the home range and the homing behaviour of fish displaced from their
territories. More recently, the work has included the telemetry of

physiological parameters such as cardiac frequency (Priede and Young 1977).



To date, much information on activity levels and movements has been
collected using the Airthrey Loch system and a stochastic model of
Brown Trout movements has been developed for a hvpothetical "Klaxon"

shaped loch (i.e. l1ike Airthrey Loch) using this accumulated data

(Tytler et.al. 1977). An early attempt was made by Young et.al. (1972)

to complement the movement data obtained from positional fixing, by
developing a transmitter capable of telemetering the tail-beat frequency
of a fish. Bainbridge (1958), Hunter and Zweifel (1971) and Hudson
(1973) have all shown a fairly direct Tlinear relationship between tail-
beat frequency and the instantaneous swimming sneed for a given length
of fish. The transmitter employed was frequency modu]éted by the

tail beat mechanically applying a deflection to a piezo-electric

bimorph element. This transmitter design, unfortunately, was

not very successful. Firstly, because of the fragility of

the bimorph element and secondly by the heavy drain imposed upon
the batteries by the continuous F.M. transmission mode. The records

from this transmitter were also difficult to interpret (P. Tytler pers.comm.

and its use was subsequently abandoned.

With the evolution of pulsed tracking transmitters (which only draw
appreciable current during each "on" period) the 1life expectancy of the
standard Stirling tracking transmitter, suitable for employment in trout-

sized fish, has been extended to 21 days. (Young et.al. 1976), The

transmitter technology which has been developed at the University of
Stirling has enabled the routine production of transmitters which are

probably the smallest in use in the world at the present time, (Young

and Wiewiorka 1975).




Much research has been devoted to the study of cyclical activities

in fishes. In marine species in particular, this has often been provoked
by the need to know of a specieé’dai1y activity habits in connection

with commercial fishing operations. Often this has been achieved by
serial trawling operations or by the periodic examination of set gill
nets. In such cases the frequency of encountering a particular species
is taken to be indicative of its locomotor activity pattern. Spoor and

Schloemer (1939) showed in Catostomus and Ambloplites that there was a

regular variation in the numbers of each species caught in set nets
over a twenty-four hour cycle. Carlander and Cleary (1949) examined
similar data for nine species of freshwater Teleosts and found
considerable interspecific differences with regard to the timing of
activity cycles and also with regard to the direction and depth of
lateral migration. Hasler and Bardach (1949), found that shoals of
Perca flavescens would show a regular dailv migration to a specific
site at which nets and later photoelectric detectors were fitted and
that this timing was evidently related to sunset. Regqular daily

lateral migrations have also been described by Hobson (1973) in

tropical Atherinid fishes.

Controlled field and laboratory studies upon fish activity cycles
have been fairlv widespread in both marine and freshwater species. In
earlier days registration of the fishes movements was necessarily crude,
Spencer (1939) used various species attached by threads to a Kymograph
but nevertheless gained some fairly useful results, Hasler and Bérdach
(1949), utilised a crude form of light beam apnaratus which had to be
interpreted manually from a microammeter. More recently mechanical

detectors, akin in principle to 'jiggle' cages and light or infra-red

beams have been used.




With such apparatus, Wikgren (1955) has studied Lota lota,
Kruuk (1963) Solea vulgaris, Swift (1962 & 1964) Salmo trutta,
Davis (1964) Lepomis gibbosus and Micropterus salmoides, Davis and
Bardach (1965) Fundulus sp., Verheijen and de Grobt (1969)
Pleuronectes platessa and Platichthys flesus, Chaston (1968 & 1969)

Salmo trutta, Siegemund (1969) Perca fluviatilis, Tinca tinca,

Scardinius erythropthalmus, Olla et.al. (1972) Paralichthys dentatus,

Gibson (1973) Pleuronectes platessa, Kleerekoper et.al. (1973)

Carassius auratus and Ginglymostoma cirratum, Reynolds (1976) Lepomis

macrocheirus.

The general finding of these investigations follows that of the

early netting operations previously cited. Fish exhibit a cvclical
activity pattern which may be either monophasic or nolyphasic, the
timing of which related to photoperiod being species-dependent. For
example, Siegemund (1969), showed the Perch and the Tench to have
bimodal activity peaks, those of the Tench being essentially nocturnal,
those of the Perch being diurnal. The Rudd on the other hand had a
monophasic pattern with 1ts peak in the middle of the daylight hours.

Marine species may exhibit tidal rhythms though Gibson (1973), using

hatchery reared plaice which had never experienced tides, found that
there was an inherent rhythm which was a bimodal Circadian and

concluded in the wild, that this was cued into the tidal pattern by

an unknown "Zeitgeber”.

The results of the ultrasonic tracking programme at Airthrey Loch

and in Loch Leven, Kinross (Young et.al. (1972) and Holliday et.al.

(1973) have shown in Brown Trout that there is a clear bimodal activity




cycle,in this species,with dawn and dusk maxima although subsidiary
peaks may occur at midday. They also noted that individual fish

may show random minor peaks of activity notapparently 1inked to dawn
and dusk. More recently, Kelso (1976) has shown by ultrasonic

tracking in the Walleye, Stizostedion vitreum vitreum that it has daily

activity cycles similar to the Brown Trout.

The major question raised bywthe foregoing is, what 1is the
significance of these locomotor activities in the fisheg 1ife? i.e.
what is their adaptative significance? Holliday et.al. (19/3),
have noted that during the period of the vear when the trout's daily
activity increases (March/April), it coincides with a period of
increased growth and feeding activity and, therefore, there may be a

connection between locomotor and trophic activities.

Hoar (1942) showed in an experiment using caged Salmo salar and
Salvelinus fontinalis parr, that they would normally only accept food
offered to them in two daily peaks, post-sunrise and dusk but that
feeding could occur during darkness. He also found strong light to
depress feeding but he concluded that it was 1light and not the accompanying
rise in temperature which was responsible for this depression becéuse fish
kept shaded would feed at the midday temperatures experienced.

Spencer (1939), found in Carassius auratus that following a reqular
feeding regime, an intense activity period persisted for about three
hours after the introduction of food, despite the fact that they
consumed all the food offered in the first few minutes. Morgan (1974),

in his review, notes that in mammals that such instrumental responses




may persist even though the "final consummatory event" (Sherrington

1906) to which they were directed, has already been achieved.

Siegemund (1969), found that locomotor activity decreased on
days during which Perch were given no food. One might reasonably

expect the reverse to hapnen i.e. searching or appetitive behaviour

to increase in the absence of food. Swift (1962 & 1964), on the
other hand, showed that the presence of food was not the stimulus
to locomotion because fish fed on different feeding schedules had
equivalent activity cycles. Davis and Bardach (1965) concluded

that in Fundulus that locomotor activity prior to being fed at dawn

was an artifact of conditioning the animals to a feed-time which

itself was cued by an exogenous cue ji.e. light.

Rather different results have come from workers using demand-
feeding or operant conditioning techniques. Rozin and Mayer (1961) found
that the Goldfish would feed regularly throughout the day or night,

whereas Landless (1976) working with Salmo gairdineri found that demand-

fed Trout did feed in defined bouts which varied with time seasonally.
Between July and September most of the food was taken between sunrise

and sunset. In February, October and November much overnight feeding
occurred and on occasions up to 40% of the daily total intake was taken

in darkness. He interprets his data and that of Rozin and Mayers work

in terms of positive feedback during feeding.  The Trout, being predatory,
would find an advantage in maximising spatially or temporally aggregated

food sources e.g. Asellus might be only found on a stony bottom or an

emergent Chironomid might only appear at a certain time of day. 0On the
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other hand, positive feedback would be of no advantage to an

omnivorous fish such as the Goldfish or Carp which tend to graze

indiscriminately.

It has uptil now been almost impossible to gather data on
the feeding habits of individual fish in their natural environment.
Although the ultrasonic tracking of fish gives us a measure of
their activity cycles directly, it has been impossible to 1link this
to feeding periodicity except by inference, Thorpe (1974,1977)
has examined by serial netting the chronology of feeding in Brown
Trout and Perch in Loch Leven. He showed that feeding periodicity
varies seasonally which is a reflection of photoperiod and prey
species availability. He notes that for the Brown Trout for example,
in September there may be two clear peaks at midnight and around
1400 hours, whereas in July or August most of the food taken is
immediately post dawn. One interesting noint to emerge from his
work was that feeding activity at night in wild fish may account for
up to 20% of the daily ration in the month of Senptember, for example.
This is not altogether surprising since both Jenking (1969) and

Landless (1976), both concluded that Brown and Rainbow Trout were
capable of feeding at very lTow levels of illumination. Jenkins,
however, found that by using marked prey (ants) that the percentage
taken in the dark was less than in similar trials by daylight.
Elston and Bachen (1976) found, by serially netting the

Mississippi Silverside, Menidia audens, that a post sunrise peak in
feeding activity included prey sizes down to 2mm. in length. They

interpret this as prey being visually identified by the fish. At
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night, prey were still taken but the size ranges caught excluded

the smaller ranges. This implies that they were still taking
their prey by sight but that they needed a larger target in order
to feed. At low levels of illumination their visual acuity would
be lower in scotopic vision and the prey are probhably seen as
silhouettes against the lighter water surface. This was further
borne out by the observation that the amount of feeding decreased
on moonless nights. Jenkins (1969), on the other hand found no

distinction in his fishes ability to feed by starlight or moonlight.

In the trout, night feeding activity is not apparent from the
tracking records of the Airthrey Loch system. Typically, the hours
of darkness are periods of low levels of locomotor activity.
(Holliday et.al. (1973). However, the level of feeding activity
at night is appreciably lower than in daylight (Thorpe (1974)), and

it is also possible that the locomotor patterns nroduced during night

feeding are different from those of the daytime. It is also not

clear whether or not the increases in swimming activity revealed at

dawn and dusk coincide with feeding bouts. It is well known 1in

the feeding strategies of many animals ranging from insects to birds

that successful location of prey by a predator modifies the locomotor
activity pattern, e.g. Dixon (1959), Smith (1975). Typically the

search path taken by the animal becomes convoluted and tortuous and

the effort in searching is increased. Assuming that prey is aggregated,
this would have the adaptative significance of retaining the predator

within the general area of the prey aggregation (Tinbergen et.al. 1967).
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Beukema (1968) and later Thomas (1974) show a parallel situation in
the three-spined Stickleback, Gasterosteus aculeatus. They also
noted that lack of success in food finding caused a direct move away
from the search site and a reduction in the intensity of searching.
Ware (1972) working with small Rainbow Trout, noted that the rate of
predation could be stimulated by increasing the prey density over a
given substrate type. He also noted that similar to the Stickleback,
lack of success in finding food lead to a direct move away from the

search site and also found that if a capture rate of one item per 17s

was not exceeded, search intensity began to decline.

It 1s possible that the activity cycles recorded by the ultra-
sonic tracking represent these direct movements away from
unsuccessful search sites. Normally the tracking schedule calls

for a triangulation rate of one per five minutes and the accuracy

of the fix at extreme range has been calculated by Young et. al.

(1975) as being 2m Because of this low sampling rate and the
resolution of the system, it 1s possible that periods of intensive
searching of successful sites may be recorded as period of low activity.
The experienced operator can, however, tell aurally when the fish is
making small scale movements because when the transmitter transducer is
rotated relative to the receiving hydrophone, a qualitative change in
the sound occurs. This is due to factors such as non-linearity in the
transmitting transducer (Mitson and Young (1975)), Doppler shift and
also due to passive modulation of the signal caused by movements of

the fishes tail and body. (Harden-Jdones 1973; Stasko and Horrall 1976).
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Normally the operator would not have time to record such fine
detail and if the fish were making a series of tight turns during

feeding it might still be classified as not making any movement,

unless it shifted its position by a metre or so.

2. Review of Technology, and objectives of this Investigation

In the present study, it was decided that research should be directed
towards the development of a transmitter small enough to be carried

by a 30cm. length Brown Trout which would permit simultaneous

tracking and monitoring of the fishes position and also the number

of individual feeding acts performed.

In1tially, consideration was given to using some sort of

transducer which would suitably detect movements of the fishes jaws

during the feeding act. Capra (1976) used a niezo-electric strain
gauge to monitor respiratory movements in the free-swimming Port
Jackson Shark, Heterodontus portjacksoni. Anemometry of buccal
water flow using minute heated bead thermistors (e.g. the STC P23
bead) was another possible technique. Uglow (1973) used a form of
impedance pneumography to monitor the activity of the scaphognathite
in Carcinus and it was thought possible that the large changes in
impedance across the opercular cavity during repiration might be
monitored using a similar method. Rommel (1973) shogegthat simplyv
by placing electrodes in a tank, the artifact created by opercular
movements could be monitored and this might be of initial use in the

laboratory. Another possibility was to use a transducer to record
pressure changes or movements in the stomach or oesophaqus. It is
well known that both the mammalian (Code and Carlson 1968) and trout

(Burnstock 1958) stomach exhibit regular contractions which are
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subsequently modified by feeding and this might be used to determine
the fishes feeding status.

Nearly all these methods had to be rejected because they require
an energised bridge circuit to power the transducer and this imposes
a heavy drain upon the transmitter's power supply. The disadvantages
of bridge circuitry in ultrasonic transmitters are discussed 1n

Stasko and Pinock (1977). Kanwisher et,al. (1974), did use a depth

sensing transmitter with a bridge input circuit but this was only

feasible because of the large batteries emploved and the transmitter

1s too large to be used on the size of fish contemplated in this present

study.,

It was, therefore, decided to direct investigations into using
the fish itself as a transducer i.e. use amplified biopotentials for
the input signal. It is considerably easier toconstruct low current
drain amplifiers than to use energised bridge circuity with 1ts
high current drain. The electrocardiogram (ECG) of the fish was
considered as a prime candidate for investigation because it is easy
to record, is relatively large in amplitude and, therefore, the signal
to noise ratio would be high. Cardioinhibitory reflexes, in response
to external stimuli, have long been known in fish. Lyon (1926) noted
that in Carcharjas taurus, an atropine-antagonised cardioinhibitory
reflex could be elicited from virtually any part of the animal, except
its liver, by a range of mechanical, thermal, electrical and chemical

stimuli. Lutz (1929) observed similar reflexes in the Carp and

Dogfish as did Kisch (1950) in Acipenser sturio and Anguilla bosteniensis.
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Hughes and Umezawa (1968) observed that passive opening and closure

of the jaw of anaesthetized Callionymus lyra to evoke a

cardioinhibjtory reflex. Indeed, there have been several investigations,
e.g, Shelton and Randall (1962), Satchell (1960), Weintraub and

McKay (1975), which suggest that under certain conditions there may be

an element of synchrony between resniratory and cardiac rhythms

in fishes, This implies a possible reflex connection between the

moving head parts and the heart. Priede (1973) noted in a free
swimming trout that cardiac inhibition did occur at the seizure
of a food pellet but noted that this was a non--specific occurrence

which could be elicited by many different stimuli. He subsequently
showed (Priedeand Young 1977) that the ECG did not provide unequivocal

evidence of a feeding event.

Owing to the fact that Priede was about to commence his study
of trout heart rate in Ajrthrey Loch with an as yet undeveloped

ultrasonic heart-rate transmitter, the use of the ECG to signal

feeding events was set aside in preference to more direct methods.

Extracellular electromyography (EMG) was discovered as long ago

as the 18th Century by Galvani, though it did not develop as a
science in jtself until about fifty vears ago. Since then it has
become a clinical diagnostic tool and has also been extensively used

in the unravelling of the complex interactions of muscular functions

in both vertebrate and invertebrate animals. The basic principles of

the clinical uses are reviewed admirably in Lenman and Ritchie (1970)
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and the Kinesiological approaches in Basmajian (1974).

Hughes and Ballintijn (1965 a, b), Ballintijn (1969), Hughes
and Ballintijn (1968) and Hughes (1975) have used EMG's in several
species of teleosts and elasmobranchs in order to evaluate the
muscular basis of the ventilatory mechanism. These studies were all
performed upon lightly anaesthetized animals although Bone (1966),
Rayner and Keenan (1967), Roberts (1969), Hudson (1973) and

Kaseda and Nomura (1973) have recorded EMG's from unrestrained

or decerebrate fish, chiefly from the lateral swimming muscles.

Three outstanding studies have been performed upon fish cranial

muscle function during feeding. Osse (1969) in Perca fluviatilis,

m_

Ballintijn et.al. (1972) in Cyprinus carpio and Elshoud-0Oldenhave and

Osse (1976) in Gymnocephalus cernua have made, using elegant techniques,

direct multichannel recordings which were correlated with synchronized

cine film recordings. Both studies showed that certain muscles

may be differentially active during feeding and that peak EMG voltages
produced thus may be four to ten times those of normal ventilation.

Monitoring a suitable cranial muscle EMG seemed to be a fairly obvious
way of telemetering the feeding act, and it was resolved that this

was to be the main line of the research project. Kotchabhakdi (1973)

had already telemetered EMG's from the cranial muscles of Mustelis canis

and Kanwisher et.,al. (1974) had telemetered EMG's from fish lateral

muscles. Radijo-telemetry has also been used to telemeter EMG's from

the jaw muscles of cows i1n order to determine chewing rates (Devices Ltd.,

¥
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SNR102F literature, 1973). It also seemed feasible that the
nrototype ECG transmitter being developed by the N.E.R.C. Fish-
Tracking Unit at the University of Stirling might be readily

modified to accept EMG's as an input signal.

Because of the phenomenon of reciprocal antagonism
(Basmajian 1974 q.v.,) the EMG from fish head muscles occurs 1in

discrete rhythmic bursts separated by periods of electrical silence.

Alterations to the normal pumping rhythm would conceivably signal

feeding events and also secondarily give a measure of the daily
variations in ventilation frequency in a wild free swimming fish.
Semi-quantitative analysis of the EMG by electronic integration
(Bigland and Lippold, 1954: Bergstrom, 1959: MjIner-Browne and
Stein, 1975) might enable the semi-automated recognition of the
feeding acts. Hughes and Ballintijn (1968), used such methods to
quantify the relationship between environmental p02 and pCN2 with

the pumping effort, in the Dragonet, Callionvmus lyra.

It was also thought desirable to have incorporated some measure
of the depth at which the fish were feeding or even their attitude
in the water, However, no small depth sensing transmitter has
appeared yet and although an attitude sensing transmitter is easily

made, (McPartland et.al. 1976) the constraints imposed by bridge

circuity and/or F.M. transmission mentioned earlier, tend to rule
these out, Unfortunately, Airthrey Loch is generally too shallow
(<4m) to allow indirect measurement by depth sensing hydrophone

arrays such as used by Gardella and Stasko (1974). As an alternative
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to physical measurement of depth altitude it was possible that there
might be repertoires of feeding movements which might be classified
in the laboratory e.g. EMG patterns from bottom feeding versus those

from midwater or surface feeding. It might, therefore, be possible

1n the field to deduce where the fish was taking i1ts prey from.

Yet another approach was to examine the activity of the
oesophagus or stomach during or after feeding. Riley and Cook

(1973), Lonsdale et.,al. (1966) have devised transducers to monitor

stomach pressures or movements though they require continuous F.M.
transmission with its attendant high current drain. The smooth
muscles of the stomach produce a characteristic electrical rhythm
known as the "pacesetter potential” upon which faster-spiking EMgs
concomitant with active contractions are superimposed. There is a
vast amount of information on this subject in mammals and man,
particularly with respect to clinical aspects of derangements.

Bulbring (1962) and Prosser (1974 a, b) have reviewed the basic

concepts in vertebrates., Knowledge of this in fish is almost non-

LS

existent. Ito and Kuriyama (1971) have examined the pharmacology

of the stomach in Carassiws auratus, including electrical events.
They, however, worked in vitro using isolated segments of the
alimentary canal and recorded electrical activity by the double
sucrose gap method, which detects compound responses from large

populations of cells (Wallis et.al, 1975). This method does not

record faithfully migrating waves such as the pacesetter potential

and is not representative of in vivo activity as the tissues are

freed of extrinsic innervation,
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It was felt that the recording of such activity and 1ts

modification by stomach filling might be a worthwhile secondary
route to explore. Although the implantation of electrodes

into the alimentary canal would require major surgery (laparotomy),
there jis much evidence in the literature (see Stasko and Pincock 1977
for review) to suggest that fish returned to the wild will tolerate
such insult though Hart and Summerfelt (1975) took prophylactic
measures by treating their fish with Oxvtetracycline before release.
The oesophagus contains a variable mixture of smooth and striated
muscles and implantation of electrodes there could also signal the
act of feeding although it would not provide a continuous signal
which would enable the fish to be tracked though this might be
overcome with a secondary tracking transmitter, operating on a

different frequency. Doty and Bosma (1956) and Hellemans et.al,

(1968) have reviewed the basic concepts of the oesophageal EMG

during deglutition.
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Section I : Anatomy and Histology
INTRODUCTION

It has Tong been known that at least two kinds of macroscopically
distinct muscle are present in the lateral swimming musculature of

Agnatha, Teleosts and Elasmobranchs. Lorenzini (in Bone 1966) first

observed such a different in 1678 in the Electric Ray, Torpedo.

The two most obvious differences between the muscle types, when

sufficiently aggregated, is that one type is pale and the other red

in colour. This corresponds to twitch (fast or phasic) and tonic
(slow) in physiological response and terminoiogy, respectively.

Since Lorenzini's day, there have been a large number of investigations
into both the histological and physiological differences between. the

two muscle types in vertebrates. From these, it can be seen that

there is fair agreement between the vertebrate groups, with respect

to histological appearance.

General Histology

a) Fibre diameter

With the exceptions of mammals and man it can generally be said
that white and red muscles can be segregated on the basis of their fibre
diameter sizes. There is usually an overlap in the size ranges but

simple statistical analysis will generally separate them clearly.

In the Amphibia, red fibres have been shown to occupy size ranges
between 10-110 pum in diameter whereas the white fibres range between
60-150 um. (Gray 1958, Lannergren and Smith 1966). In Elasmobranchs,
(Bone 1966, Roberts 1969) red fibres have been shown to be in the

range of 18 to 75 um in diameter and white fibres in the /76 to
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230um in diameter ranges. There is much more information
available on Teleost fishes, values for red fibres ranging from 10um

up to 50um and White fibres from 30-160um.  (Boddeke et.al. 1959,

Barets 1961, George 1962, Nishiharra 1967, Greer-Walker 1970 and 1971,

Johnston et.al, 1975, Patterson et.al, 1975), Unfortunately, amongst

certain Teleost groups, there are complications, especially in the

Salmonidae and Cyprinidae. In these, the white fibres have small

diameter fibres jntercalated amongst the larger diameter ones

giving a pattern which has become known as mosaic (Boddeke et.al, 1959),

Greene(1913) gives the size range for Oncorhyncus tschawytscha mosaic

muscle as being from 25-250um, whereas Johnston et.al. (1975)

and Cust (1975) gave size ranges for Salmogairdneri as 15-95um and

27-121um respectively, There is no data apparently available for

Salmo trutta.

Many workers such as Barets (1961), Bone (1966), Patterson et.al,

(1975) and Kryvi and Totland (1977) have described aberrant or

intermediate fibre types such as large and small "pink", in both
Elasmobranchs and Teleosts,  Such fibres, however, occupy only

a small percentage when compared to fibres predominantly 'white!

or predominantly 'red’.

In man and other mammals, most muscles are mosajcsof white

and red fibres called types I and II respectively. There is, however,
in this case, no apparent size difference between type I and II fibres,
In man, for this reason, all exsanguinated muscles are red in

appearance. (Dale Smith and Giovacchini 1965). The soleus, however,

is somewhat darker in appearance than its companion gastrocnemius.
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Clearly in the case of mammals, the muscle systems are more complex
than those of the fish in which functionally and anatomically separated
fibre sizes occur, although in Salmonids and some Cyprinids there may
be a wide variation of fibre size within the mosaic 'twitch' muscle,

The functional significance of this, if any, is obscure at the present

time,

b)  Myofibrillar array

Again, there is concordance throughout most of the vertebrate groups
between fibre size/type and the myofibrillar array present. Kruger
and Gunther (1955) described from a range of mammals and Man, two kinds
of myofibrillar array present in muscle fibres. In one kind, the
fibrils are cylindrical, even sized and are packed together in large
numbers into a regular pattern which has become known in the literature
as 'Fibrillenstruktur' (fibrillar pattern), The other type has
polygonal myofibrils but they are much fewer in number than in the
former type. This is known as 'Felderstruktur' (field pattern) and
takes its name from the irregular groupings into which the fibrils are
arranged. As mentioned previously, most mammalian muscles are a
mosaic of I + 11 fibres and this is borne out by the myofibrillar patterns
also. In the extraocular muscles of mammals, however, it is known that
separate bundles of muscle fibres of two different sizes occur. Hess and

Pilar (1963) have shown that small diameter fibres with Felderstruktur

are 'slow', whereas the larger diameter ones with Fibrillenstruktur

are 'fast' in the physiological response.



23.

Kruger and Gunther (1958) have also demonstrated in the Avian that
in red muscles, such as the gastrocnemius externus,the muscle fibres
primarily show Felderstruktur , whereas in a white muscle e.g. pectoralis

major the fibres are primarily with Fibrillenstruktur.

In the Frog, Gray (1958) showed that 20% or less of the population of
3 mixed muscle (extensor longus digitorum) was composed of "areal”
( = Felderstruktur) patterned fibres. Furthermore, he showed that in

the sartorius, a muscle known physiologically to be devoid of slow
fibres, that the muscle is solely composed of fibrillar-patterned

fibres,

In fishes, Kruger (1950) noted that in the pelagic shark Lamna nasus
that red fibres had Felderstruktur and white fibres, Fibrillenstruktur.
Barets (1961) showed in Ameiurus that red fibres had, typically,
Felderstruktur which he termed 'en ruban' (ribbon-like) and that the
white fibres had not only Fibrillenstruktur but also a peripheral belt
of radially arranged myofibrils which is somewhat different from the

mammalian examples described by Kruger and Gunther (1955). Barets

also described some fibres which he considered to be intermediate

in fibrillar pattem i.e. tending to have attributes of both red and
white fibres. Nishihara (1967) and Nakajima (1969), however, have
noted that both red and white fibres in fish have ribbon-1ike

peripheral myofibrils but that those of the white fibres are more

pronounced.

c) Fibre  shape

Greene (1914) stated that in the King Salmon, the small djameter

red fibres apneared rounded in outline, whereas those of the mosaic

muscle appeared angular. This criterion has been given little attention
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by other workers although examination of Johnston et.al. (1975)

and Boddeke et.al. (1961)'s text-figures does not suggest that this

might be so, for Salmonids at least, Baret's (1961) and Nishihara's
(1967) work in other species also suggests this though in other
examples white fibres may appear rounded or even a mixture of hoth
rounded and angular fibre-types. Undoubtedly, fixation methods have
a great deal to do with this, especially as Watzka (1939) states that

white muscle (avian and mammalian)} shrinks at a differentially greater

rate than red muscle after fixation.

d) Nuclear Pattqzﬁ

Bone (1966) and Roberts (1969) have both observed that in
elasmobranchs in particular, the nucleii of the muscle fibres are
peripheral in red fibres but may be distributed in white fibres.
Nishihara (1967) says that in the red fibres of the Goldfish the '

nucleii are peripheral but says nothing about the location of the

nucleii in the corresponding white fibres.

Interestingly, in humans, the appearance of internal nucleii at a
frequency greater than 3% is considered pathological and is indicative

of myopathies such as dystrophia myotonica, (Bethlem 1970).

e) Vascularisation

e L L o

There 1s absolute agreement upon this aspect throughout the
vertebrates, Dale Smith and Giovacchini (1956) have examined and

reviewed the vascularity of mammalian and human muscles. Red fibres are

always better supplied with capillaries than white fibres.
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George and Naik (1957 and 1968) showed in the Pigeon that this was
also the case in Avians. In Elasmobranchs Bone (1966) and Roberts
(1969) have both confirmed a similar difference in vascularity between
red and white muscle fibres. This has also been seen in Teleosts by
Boddeke et,al. (1959), Barets (1961) and Nishihara (1967). Cameron
and Cech (1970) have quantified the vascular differences between red

and white muscles in the Striped Mullet, Mugil cephalus and showed

that red muscles have approximately 2.25 times the number of capillaries
/mm2 compared to white muscles. More recently, Cameron (1975) has

attempted to refine this further, using the radio-labelled microsphere

method. In the unanaesthetized, normoxic Arctic Grayling (Thymallus

arcticus) he showed that the blood flow in red muscle is ten times

e ey

that of white muscle.

Innervation

a) Endplate type
In most of the vertebrates, nerve fibres supplying motor innervation

to fast and slow muscles, have been shown to be related in diameter

to the type of muscle they are innervating. ‘ Particularly from studies
on the extraocular muscles of mammals and the locomotor muscles of
Amphibia, in which slow and phasic fibres are pnhysically separated,

there is a generally accepted dichotomy of endplate type, according

to the physiological type of muscle, In the mammalian extraocular
muscles, Hess and Pilar 1963, Bach-y-~Rita and Ito 1966, Harker 1972

and Browne 1976 have shown that the slow fibres typically receive a

diffuse polyneural/multiterminal innervation terminating in an

endplate known as '"grape" or "en grappe". The phasic fibres, on the

other hand, have a different ending usually described as "plate" or

"en platte", The pattern in Amphibjan muscle is likewise very clear,
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following the above pattern (Gray 1957). Similar pattern are also

described from Avians (Kruger and Gunther 1958) and Agnatha (Bone
1963 and 1964). In Elasmobrancis the pattern persists though the
monofocal, myoseptal innervation of phasic fibres (Bone 1964, 1966
and Roberts 1969c) is slightly different, being basket like and
giving rise to the term "en panier", In the Elasmobranchs, the slow
fibres receive a distributed innervation of grape-type endplates
though the actual location of these latter terminations depends on
the species. Bone (1964), however, asserts that in elasmobranch
slow fibres, the endings never occur in the myoseptal region.

There are, described by Couteaux (1950), intermediate types of end-
plate type, just as there have been intermediate muscle fibre tvnes
described, based upon histology, histochemistry and development

studies.  However, both these "aberrant" fibre and endnlate types
are in the minority. In the case of the former, their functional

significance has recently been questioned (Mosse and Hudson 1977),

1f so, then the significance of the latter might be small.

The endplate pattern in the Teleasts, is different and less coherent
than those of the other vertebrate groups above, In all but a few
Teleost species (Barets 1961) the phasic fibres are innvervated by
axons giving a distributed innervation with annular terminal regions
on which each axon terminates. Therefore, each phasic fibre has a
distributed pattern, shown by Hudson (1969) to be polyneural, in
contrast to the monofocal pattern seen in the elasmobranchs and

Agnatha. Certain Teleosts e.g. Ameiurus, may have a different

pattern similar to that of the Elasmobranchs. In fact, the endplate

pattern in both phasic and slow fibres may be outwardly similar i.e.
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of a grape type (Nakajima 1969) but vary somewhat in the distribution
of terminations along the length of the fibre. The endplate pattern

of the slow fibres, however, is fairly uniform throughout the Teleosts.

Most observation on Teleost muscles have concentrated on either

myotomal or fin muscles (probably because of practical problems

associated with obtaining a discrete sample of one type of musc1é) No

observations appear to have been made on endplate types in Teleost
cranial muscles save for Kordylewski (1973) who has shown that the
extraocular muscles of the Gudgeon (Gobio gobio) are similar to those

of the mammal. There are clearly separated bundles of small diameter

fibres with grape endings and a larger mass of larger fibres with plate

type axonal endings.

b) Fibre Size

It has long been known (Sherrington 106 ) that efferent nerves
to mammalian striated muscles may have segregated size classes of nerve
fibres in their populations. Tasaki and Mizutani (1943) and Tasaki
and Tsukagoshi (1943), showed in the Toad and Cat, that slow muscles
were innervated by small diameter nerve fibres peaking at around 5um
in diameter. Fibresmotor to phasic muscles were grouped around 11um
in diameter. In the Rabbit (Fernand and Young 1951) many of the 1limb
muscles have bimodal size classes in their motor nerves, some of which

are presumed to be afferent, others efferent belonging to the fusimotor

system, Some muscles, particularly those of the head and neck e.qg.
Sternothyroid, thyrohyoid, recurrent laryngeal etc., have narrow

unimodal distributions in the complement of their motor nerves,
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Donaldson (1960) showed in the goat extraocular muscles, in which the

sensory nerves are physically segregated from the motor nerves, that
such nerves have a characteristically unimodal pattern. The
extraocular nerves of the Rabbit and the Goat are both bimodal with
peaks at 3 - 7um and 12 - 16um but where the former is devoid of muscle

spindles (Browne 1976), the latter is rich in them (Donaldson 1960).

Therefore, the small diameter fibres in the rabbit extraocular nerves

cannot be Y efferents and must be either sensory or else motor to

slow fibres.

The soleus, crureus, semitendinosus and quadratus femoris muscles

of the rabbit are almost wholly slow muscles and although they may

have bimodal motor nerve fibre distributions, the upper size ranges

may be attentuated,

In the Amphibia, Kuffler, Laporte and Ransmejer (1947) and Kuffler
and Vaughan Williams (1953 a + b) have shown that small diameter
fibres can be stimulated independently of larger diameter fibres 1in
the same nerve by a differential blocking stimulation method generally

referred to as "anodal block" and which has now become quite sonhisticated

e.g. Accornero et.al. (1977), They demonstrated that small nerve

stimulation activated slow fibres only, which was shown in the earlier
work by Tasaki and his collaborators by the cruder, but exnedient,

method of teasing the nerve fibre to a muscle and selecting nerve

fibre sizes for differential stimulation usingvisual discrimination.

In Elasmobranchs, Roberts (1969c) has shown by anodal block methods
that the phasic fibres of the Dogfish (Scyliorhinus canicula) are
activated by axons with a conduction velocity of such that it would infer

axonal diameters of 10-14um. Conversely he was able to show by reflex
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activation of the red fibres, that their discharge was solely by groups

of small diameter axons.

Hudson (1969) found that the axons innervating the nhasic muscles

of the Teleost Cottus scorpius have fast conduction velocities and

are in the 10-14um range which fits in with that of the amphibian fast
motor axon, at the same temperature, Barets (1961) also examined
spinal nerves to myotomal muscles of various teleosts such as the

Tench and Catfish (Ameiurus sp.), which have superficial lateral

slow muscles, in contrast to those of the sea scorpion which has a

very limited amount of red muscle, showed that the ventral roots

have bimodal axonal size distributions, corresponding to the sizes
known for fast and slow motor axons i.,e. 8-14um and 4-6um respectively.

Roberts (1969c¢c), however, did not find a bimodal distribution in the

dogfish motor nerve but considered that duality of the motor system

in terms of axonal diameter might be obliterated by overlapping size

ranges.

Histochemical differences

W

Much work has centred on histochemical differences between red and

white muscles in fishes.

A brief synopsis of some of the major differences is
tabulated below, based upon work by Bethlem 1970; Cust 1975; )

Patterson et. al. 1975; Johnston et. al. 1975; Kryvi and
Totland 1977.
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G 1ycogen Lipid Lipase Motochondria

R +H++ +4++++ +4++++ ++++

W + + + +
Myglobin ng+ - SDH LDH

R ++++ ++++ +++++ ++++

W + ++ 0 | +
Phosophorylase NADH * Myofibrillar ATP-ase

R + +4+++ +

W +++++ 0 ++++4

Key: relative abundance +(trace) to +++++(much)

0 = absent

The above is drawn from a variety of human, mammalian, avian,
amphibian, selachian and teleost studies, It illustrates the basic
biochemical differences which are generally held to mean that the red
muscles of fish respire aerobically using fatty acids as a substrate
and that white muscle respires anaerobically utilizing glycogen.,
However Bilinksi (1974) in his review noints out that "although
pronounced quantitative differences in enzyme activities exist in
fish between the red and white skeletal muscle, there is no evidence
for a strict compartmentation between the two tvpes with re gpect to
the aerobic and anaerobic pathways or with respect to the utilization

of fatty acids and carbohydrates”.

Upon the foregoing hinges the Braekkan-Wittenberger school of thought in
which the red muscle is seen in a supportive metabolic role to the

white muscle (Braekkan 1956, Wittenberger 1967, Wittenberger et.al. 1969,
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Wittenberger and Coprean 1977). To date, this aspect is still not

proven either way.

Muscle differentiation in the cranial muscles of fish
As mentioned earlier, much of the research upon red and white muscles
in fish has been carried out on the mytomal muscles because a) they
are large and well differentiated, b) it is relatively easy to make
fish do something i.e. swim, with them in an experimental situation.

The other main lines of research have centred on the muscles of the

fin ray mechanijsms.

Only Hughes and Ballintijn (1965), Cameron and Cech (1970) and
Kordylewski (1973) have paid any attentijon to the existence of
separate red and white fibre tracts in the cranial muscles of teleosts.
Cust (1975) investigated the histologv and histochemistry of the
adductor mandibulae muscle of Rainbow Trout, She demonstrated that
the profound portion of the muscle is composed of small diameter
fibres with the histological characteristics of red muscle whilst the
remaining 80%+ of the muscle consists of typical salmonid mosaic.
Ross and Tytler (pers.comm.) have also shown by Polyacrylamide gel

electrophoresis, thdt the macroscopically distinguishable 'red’

fibres of this muscle contain much myoglobin, which the mosaic nortion
does not significantly possess. As a necessary prerequisite to the
EMG studies in Section II, a limited amount of histological

investigation was undertaken in order to confirm that the structure

of the Brown Trout adductor mandibulae was similar to that known to

exist in that of the Rainbow Trout.
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Section I : Anatomy and Histology

MATERIALS AND METHQDS
1.1 Fixation

In most cases, sampies of nerves and muscles were taken from fish
which were fixed by a whole body perfusion method similar to that of
Hinton (1975). The pericardium of the fish was opened under
anaesthesia and a ligature passed around the bulbus arteriosus. The
bulbus was severed from the ventricle and cannulated, the ligature being
used to secure it in place. The cannula was immobilised with a suture
and the fish exsanquinated by flushing out with 0,8% Sodium Chloride
solution containing Heparin Calcium (Sigma) 10i.u./ml. delivered
from a glass syringe, This was followed by saline containing 3%
Procaine Hydrochloride (B,D.H.,) which prevents arteriolar spasm
when the fixative 1s added, The fixative employed was Sgrensens
Phosphate Buffered Formalin 10%. A1l solutions were cooled before

use and after allowing time for fixation, the muscles and nerves were

removed by dissection and stored in buffered formalin.

1.2 Processing

Teleost muscle is difficult to section and attempts to use a
-standard 24 hour tissue processing schedule on a 'Tissuemat' were
unsatisfactory. Upon the advice of Mr I.H, Macrae, Unit of

Aquatic Pathobiology, all muscle tissue was processed by a modified

Peterfi's double embedding (Celloidin/Wax) which requires five days

processing (and is, therefore, liable to cause a large deg;ee of

shrinkage of the tissue).
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Nerves were processed on a normal 24 hour schedule and embedded 1n
paraffin, T.S. of muscles were cut at 10um and nerve at 8mm. L.S.

of muscles were cut at 20-25um.

1.3 Staining Methods
Transverse muscle sections were stained with Haemotoxylin and Eosin,

Toluidine Blue, Luxol Fast Blue/Cresyl Violet, Myelin sheaths were

demonstrated with Luxol Fast Blue/Cresyl Violet.

Attempts were made to demonstrate the innvervation of the muscles

with the silver impregnation methods of Holmes (1947), Page (1971),

Bone (1972) and Winkelman and Schmit (1957), but were generally

unsuccessful (see Section.1.17)o

Photomicrographs were taken using a Zeiss camera/microscope system.
Fibre diameters were measured from enlargements with reference to a

calibration slide.

1.4 Vascularisation of the muscle

This was visualized in the adductor mandibulae by exsanguinating a
fish as described above, The head was severed and the dorsal
aorta cannulated. Pigment containing a small addition of latex
(Griffin George Ltd) was perfused (cephalad) using a glass syringe.

The adductor mandibulae muscles were carefully dissected and fixed in

cold formalin., Later it was dehydrated, cleared in Xylene and

photographed using a Zeiss Tessovar system.
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Section I : Anatomy and Hﬁstology
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RESULTS

1.5 Gross Anatomy

The m.adductor mandibulae of the Brown Trout is, as might be
expected from related species,'very similar to that of the Rainbow
Trout. It consists of two simple parts; a large cephalic portion,
and a very much smaller mandibular portion which acts at right
angles (with the mandible adducted) to the former. The fibres of
the cephalic portion converge in a dorso-ventral direction into
their insertion on the coronoid process of the mandible, via a
broad, flat tendon. The fibres also converge in the lateral plane,
giving an oval outline to the muscle., The thin mandibular portion
inserts along the inner medial surface of the mandible, its fibres
running in an antero-postero direction and terminating at the
coronoid process. It is difficult to decide if they should be
regarded as one digastric or two separate muscles.

Upon dissection, the cephalic portion is seen to have an obvious
thin tract of red fibres on its inner medial surface, in contrast to

the pale appearance of the muscle. The tendon is clearly visible

at its lower extremity and originates about half-way along the
length of the muscle, as it does in the Rainbow Trout.

[t is difficult to distinguish much detail in the mandibular
portion of the muscle as it is very thin, except that the fibres
curve laterally outwards to meet their insertion onto the‘inngr
lateral aspect of the mandibular bone.

The muscles of the two species are, as previously stated, quite
similar, i.e. there i1s no subdivision of the main cephalic portion
into superficial and profound muscles as in the Cypfinidaé, for

example. The allometry is, however, different; the muscle of the




Fig. 1.1

Tracings made from T.S. of Brown Trout a. mandibulae muscle
fibres at adjacent depths. Numbers indicate the depth of
the tracing in mm. from the surface of the muscle.

There 1s a tendency for the numbers of large diameter fibres
to decrease with depth until at 9 mm, the muscle solely

consists of small diameter fibres. Scale bar = 100 um

Fig. 1.2
Frequency distribution histograms for muscle fibres,
corresponding to the depths shown in Fig. 1.1. There is a

clear difference between the mean fibre diameter at 9 mm depth

and the remainder of the muscle.
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Brown is more elongated, broader and thinner than that of a Rainbow

Trout of similar length.

1.6 Fibre sizes

The appearances of thin sections, through the Brown Trout

m. adductor mandibulae 1s closely similar to that described in the

Rainbow Trout by Cust (1975). The inner median portion, seen in
transverse section, consists of small diameter fibres which differ
markedly from the remainder of the muscle which is composed of
typical salmonid 'mosaic’ muscle fibres. In these there is a wide
range of fibre sizes from small fibres up to quite large ones. The
small fibre tract is arranged in flattened, narrow, fasciculi which
are separated by vascular channels, giving this area a distinctive

reticulate appearance. Plates (I.1 - .4.). This is in contrast to

the mosaic fibre area in which no obvious small-scale fasciculj

are present

In order to correlate with the e1ec£r0physiologica1 work 1in

Section II, a series of adjoining photo-micrographs (Fig. 1.1),--

each covering a rectangle of the muscle 1mm. wide, was examined
in order‘to plot a transect line perpendicular to the midpoint of
transverse sections of Brown Trout adductor mandibulae muscle.
The'leve1 of section chosen was that Jjust dorsal to the origin of the
tendon in the muscle. This coincides with the favoured site for
electrode implantation in both the laboratory and field studies in
Sections II and III.

Fig. 1.2 shows the fibre diameters measured at each depth in two
selected adductor mandibulae muscles from Brown Trout. Twenty fibres
were measured at each depth, per muscle. ' |

Table 1.1 shows the resultant summary cf descriptive statistics.



Table 1,1 Mean Values, Range, Standard Deviation and Skewness

for all the muscle fibres measured, at each depth.

Omm. Bmm. /mm. 6mm. Smm. 4mm. 3mm. 2mm. 1mm.
mean(x) 20.02 42.03 47.35 52.93 48.48 52.60 50.35 51.70 53.52
min 11.00 15.00 21.00 20.00 15.00 18.00 16.00 10.00 15.00
max 28.00 72.00 100.00 102.00 81.00 112.00 90.00 112.00 91.00

S.D. 4.59 13.25 18.61 19.58 16.43 26.14 24.21 23.91 19.99
Skewness-0.31 0.38 0.64 0.20 0.01 0.76 0.01 0.47 0.2

Table 1,z T-test values for comparisons between the 9mm. depth

and the remainder of the muscle.

8mm. 7mm. omm. Smm. dmm. 3mm. 2mm. 1mm.

10.01 9.08 10.53 11.25 8.06 7.70 8.67 10.7

% kk *k%k * k% k%% % %k %k %%k * k% kXK

significance *** p > 0.001, **p>0.06 *p > 0.l

Table 1. 3 T-test values between adjacent depth in the muscle

9/8mm., 8/7mm. 7/6mm. 6/5mm. 5/4mm.. 4/3mm. 3/2mm. 2/Tmm.
10.01 1.4] 1.31 1.15 0.90 0.45 0.24 0.41

% %%

significance *** p > 0.00 **np>0.05 *p>0.1
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