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SUMMARY

The morphology and distribution of cuticular setae on the uropods
and walking legs of the Norway lobster Nephrops norvegicus (L.) has
been studied using both light microscopy and Scanning Electron
Microscopy. Three types of setae are present on the uropods, plumose

setae, simple setae and guard hairs. Hair peg and hair fan organs were

also seen.
The propodus and dactyl of the 2nd and 3rd legs of Nephrops are
similar in both their structure and in the form and distribution of

their cuticular setae. Three main areas of setal distribution are

found: squamous setae are distributed 1) in bunches on the flat
surfaces of the propodus and dactyl and 2) along the lateral edges of
the propodus and dactyl and 3) hedgehog hairs line the inner edges of
the propodus and dactyl.

Most of the setae on the 4th and 5th legs are found around the
propodus-dactyl (P-D) joint. Three rows of simple setae are found on
the dactyl, and both serrate setae with simple scales and squamous
setae are found overlapping the P-D joint. Also found near the joint
are CAP organs and hedgehog hairs.

All of the setae on the uropods show responses to tactile and
vibratory stimulation as do the hedgehog hairs, the serrate setae, the
simple setae and the squamous setae on the legs.

The responses of afferents from the uropods and walking legs and
of the abdominal interneurones have been tested in response to water
borne vibrations of different frequencies produced both as surface
waves and 1in an acoustic tube. The uropod afferents show range
fractionation and have therefore been divided into three nested

categories based on the upper limit of their frequency response. Low
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frequency units respond from 2-20Hz, intermediate units from 2-50Hz
and high frequency units from 2-100Hz. The leg afferents also show
range fractionation and have also been divided 1into three nested
catagories: low frequency units respond from 20-60Hz, 1intermediate
units from 20-200Hz and high frequency units from 20-450Hz.
Preliminary studies have 1indicated that the leg afferents show
directional sensitivity. The abdominal interneurones have been
categorised as either intermediate or high frequency; intermediate
interneurones respond from 2-100Hz and high frequency interneurones
from 2-200Hz. The receptive fields of mechanosensory interneurones
have also been determined.

The postural responses of Nephrops to water borne vibrations have
been studied using video analysis. An abdominal extension response 1s
reliably elicited which varies with the frequency of stimulation 1n a
distinct way. From 20-80Hz the animals respond immediately, and
abdominal extension 1s accompanied by rapid leg movements, swimmeret
beating and very occasionally, tail flipping. From 100-180Hz the
response occurs with a delay, the duration of which seems unrelated
to frequency within this range. No responses were seen above 180Hz.

The nervous control of the abdominal extension response has been
studied by recording from abdominal motor roots (superficial root
three and root two) which supply the two muscles involved (the
superficial flexor and extensor muscles). It has been shown that
abdominal extension is produced by both central and peripheral
inhibition of flexor muscle activity in combination with excitation of
the extensor muscle. The neuronal basis of the delay seen in the

behavioural experiments has been investigated, and a number of
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different patterns of nervous activity have been found which might
produce this delay.

Behavioural studies have been conducted in the field to
investigate the responses of freely moving animals to sound in their
natural environment. Investigations have been conducted of changes 1in
the emergence rhythm and changes in the transient behaviour of the
animals. Tests to investigate changes in the burrow emergence rhythm
with the underwater loudspeakers at 10m from the animal failed to
produce any responses. However small changes occur in the transient
behaviour of Nephrops when they are very close to the loudspeaker
even though the sound pressure levels are similar to those used at
10m. These tests have been repeated in laboratéry tanks where clear
locomotory responses, predominantly backwards walking, are seen in
response to stimuli from 20-80Hz in both blind and sighted animals.

Tests have been conducted in a free acoustic field to determine
the behavioural response threshold of Nephrops to sound using the
postural response as a monitor. The animals showed no responses with
the loudspeaker at 1m but showed clear responses with the speaker at
0.09m even when the sound pressure levels were similar, yeilding a
threshold in terms of particle displacement of the water of 0.87191m
which is independent of frequency. This indicates that the Nephrops is

sensitive to the particle motion component of sound rather than the

pressure component.
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Chapter 1

GENERAL INTRODUCTION



1.GENERAL INTRODUCTION

Sense organs of different modalities form an interface between an
animal and its environment. These organs, through their connections
with the nervous system, respond to some of the different forms of
energy found in the animal’s natural habitat. They thereby allow an
animal to perceive its environment and the objects 1in 1it, as well as
giving it information about its own spatial orientation and position.
This 1i1nformation may then be used by the animal to modify its
behaviour via a change in its motor output. Thus sense organs and
sensory perception are the first steps in a chain of physiological
events which may determine and pattern behaviour.

Forms of energy found in an animal’s natural habitat include
electromagnetic radiation such as light, mechanical energy and
chemical energy, and animals use specially adapted sense organs to
detect these stimuli. Vision, mechanoreception, chemoreception and
other senses are used to recognise and localise predators, prey and
con-specifics (Tautz, 1987). In some environments one or more of these
forms of energy may be absent and consequently the corresponding
receptors may be absent or vestigial 1in animals living there. For

ancastors of
example, [animals such as the mole and the thalassinid shrimp,

may have
Calocaris which |previously lived above ground have adopted the
burrowing habit and now live in complete darkness. Although the eyes
are present 1n these animals, the visual sense is vestigial and the
animals are blind. These animals perceive their environment using
other senses such as chemo- and mechanoreception. In general, however,
animals make use of all their sensory modalities, and indeed loss of

function of one sensory modality may be very detrimental to an

animal’s survival.

In an aquatic environment it is especially important that animals



should be able to utilise several alternative sensory modalities to
vision as water is an optically poor medium. Light levels are often
low, especially in deep water, the transmission of light may be
attenuated by scattering, and vision is often impaired by turbidity.
Many animals possess adaptations which may partially compensate for
the poor optical qualities of the aquatic environment (Shelton, Gaten
and Chapman, 1985, Cronin, 1986) and exploit the fact that water is a

very suitable medium for the propagation of other stimuli such as

sound.

1.1 Mechanoreception

The mechanical sense is used to detect several forms of stimuli
found in the aquatic environment and aquatic organisms reveal a vast
diversity of receptors for this purpose. Organs such as statocysts
detect changes in gravity (Cohen, 1960), the swimbladders of fish
detect changes in hydrostatic pressure (Blaxter, 1981), the lateral
lines of fish (Harris and van Berjick, 1962) and amphibia detect low
frequency water displacements and the ears of mammals and fish detect
sound (Stebbins, 1983). External receptors such as cuticular hairs are
widely used among aquatic invertebrates for the detection of water
currents, turbulence, touch and vibratory stimuli (Wiese, 1987).

The hair receptor is a common component of many of these
mechanoreceptive systems and is found in the form of the hair cell of
the vertebrate acoustico-lateralis system, as well as in the
innervated cuticular hairs of crustaceans and insects. This reflects
the fact that the ultimate stimulus in each case is the same, a
mechanical displacement which causes movement of the hair structure

thereby stimulating the underlying receptor cell. The differences

between the various components of vertebrate acoustico-lateralis

system, or between the various arthropod mechanosensory systems exist



in terms of the accessory structures which transduce or amplify the of
original stimulus so that it can cause the required displacement of

the hair receptors.

1.2 Sound as a biological stimulus

Sound is a very important biological stimulus in both aquatic and
terrestrial environments. On land a distinction is usually made
between sound and vibration in that sound is transmitted through the
air medium whereas vibration is transmitted through solid substrates.
In water there is no clear distinction between sound and water borne
vibration and the terms may be considered synonymous. A distinction
could be drawn between substrate~ and water-borne vibrations, although
that distinction may also be unclear in such media as a mud substrate.

There are many comprehensive reviews on the nature and physics of
sound both in air and in water, (Hawkins and Myrberg, 1983, Rogers and
Cox, 1987), and so 1t 1s appropriate here only to reiterate some
points which demonstrate the importance of sound as a biological
stimulus with special reference to the aquatic environment.

Sound is produced by the movement or vibration of an object 1in a
material medium. It may be considered as a longitudinal mechanical

wave producing an oscillatory rarefaction and compression of the

medium. The speed at which sound travels depends on the density and
elasticity of the medium. In water sound travels at about 1500ms""'1
which 1s about 5 times faster than it travels in air but 1s 150,000

times slower than the speed of light in water. In a free sound field,
ie. in water with no reflecting boundaries, sound may be transmitted
over long distances because of its low attenuation and absorption
which is several orders of magnitude lower than sound in air and many

orders of magnitude lower than the attenuation of light and



electromagnetic radiation 1n water. Other advantages of sound over
light and chemical stimuli are that it can travel through solaid
substances, especially at low frequency, and around corners pervading
many areas that light cannot reach. Unlike vision sound reception 1is
not impailred at night or by water turbidity.

Sound propagation however, may be strongly influenced by
reflecting boundaries such as the sea bed and the sea surface. The
acoustic impedance (pc, the product of the density and sound
propagation velocity of the medium) of water (1.54 x 105 gcm_zs_1) 1S

2s_1) This mismatch 1in the

much higher than that of air (41.5 gcm
acoustic impedance between the two media means that sound does not
propagate from one to the other easily and will be reflected by any
air-water interface. This has important consequences for acoustic
experiments carried out in small tanks surrounded by air (Parvelescu,
1964; Hawkins, 1981). The effect of the air water interface may only
be completely avoided by conducting experiments in a free sound field.

An acoustic field may be defined either in terms of pressure,
which is a scalar variable, or in terms of particle acceleration
velocity or displacement, which are vectors. For any sound source the
acoustic field may be divided into near field and far field (Harris
and van Bergeijk, 1962) depending on the proximity of the detector to
the sound source. In the far field, ie. beyond 0.2 wavelengths from
the sound source, the advancing wavefront of sound is a plane wave.

Under 1deal conditions in the farfield the pressure (p) and particle

velocity(v) are related by the simple plane wave equation ;-

where pc 1s the acoustic impedance.
Within the near field (less than 0.2 wavelengths distance from
the source) the advancing wavefront of sound is spherical and the

relationship between pressure and displacement is described by the



spherical wave equation.

P [ 2
o =7_-r|—/ac_-f | +G-'?F_(‘) ........... (2)

where d = displacement (cm)
P = sound pressure (ubar)
f = frequency (Hz)
pc= acoustic impedance of the medium = 1.54 x 105 gcm"zs_1
A = wavelength=velocity/frequency = 1500x100/frequency (cm)
r = distance from the sound source (cm)

In the far field particle velocity decreases in proportion to the
square of the distance from the sound source but in the near field it
decreases as the cube of the distance from the sound source. It will
be seen from equation 2 that close to the source (ie. in the near
field) very high particle displacements may accompany a given sound
pressure. In the near field therefore, where the displacement/velocity
component of a sound 1s large, some animals or individual sense organs
may be unable to differentiate between displacements produced as a
result of DC hydrodynamic effects such as current and turbulence and
those which are components of a sound stimulus (Hawkins and Myrberg,
1983). It 1is worth pointing out that all experiments conducted in
tanks, unless the tank is very large, will be in the near field.

Sound 1s generally measured in terms of sound pressure using
calibrated hydrophones, the sound pressure level (SPL) being expressed
in decibels (db), which are logarithmic units, according to the
following equation;

SPL = 2010310 P/Pl'ef ........ (3)

when the reference pressure (Pref) is 1 pbar then the SPL is expressed



as db re 1Abar.

NB. SPL 1s now expressed in db re 1 A,Pascal(Pa)

eg. 0 db/1mbar = 1 abar = -20 db/UhPa

1.3 Vertebrate and Invertebrate hearing mechanisms

Sound can pervade all environments and all vertebrate animals and
many invertebrates have mechanisms for the detection of sound. The
receptors involved range widely from the vertebrate ear to the hair
sensillae of insects. These structures provide animals with the sense
of hearing. Hearing is defined as a behavioural response to sound
(Stebbins, 1983), and it is a sense which 1s active at all times and
allows animals to be constantly vigilant. Hearing mechanisms can
provide an early warning system, helping animals to detect prey and
to locate mates. Animal sound production systems have evolved closely
with the sense of hearing and allow animals to communicate with and
recognise each other over long distances even when they are out of
sight of each other. As hearing 1s a behavioural response the
characteristics of this response in individual animals are most
reliably determined using behavioural tests but measurements of nerve
activity in response to sound may provide much useful information
about the coding and processing of sound stimuli within the nervous
system. Hearing systems can detect only those sounds which are above
the auditory threshold, the measurement of which determines the

sensitivity and frequency range of the hearing mechanism.

Both terrestrial and aquatic mammals have a centralised hearing
organ, the ear, which in addition to sound detection has a vestibular
role. The outer and middle ear amplify and transmit sounds via a bone
chain to the inner ear where hair cells in the cochlear duct are moved
by the mechanical sound stimulus. Two types of hair cell are present

in the cochlea, one of which is more sensitive and plays a role 1in



detecting acoustic stimuli near the auditory threshold and another
which plays a key role in frequency analysis and coding. (for a review
of vertebrate hearing mechanisms see Ades, Keidel and Neff (1974)).
The frequency range and sensitivity of mammalian ears varies greatly
between species. The human ear can detect sounds up to 20kHz.

Bony fish possess two types of hearing mechanism, the ear and the
lateral line system (for reviews of fish hearing see Hawkins and
Myrberg, 1983 and Hawkins, 1981). The lateral line system responds to
local water movement and may also respond to near field low frequency
sound (50-100Hz) (Sand, 1981). In most fish the lateral line consists
of hair cells contained within canals which are open to the water. The
hair cells are directionally sensitive to the rate of water movement
along the canal (Flock and Russel, 1973).

The ear of fish has no cochlea and sound detection 1s performed
by the otolithic components of the labyrinth. The otolith or ear stone
1s situated above and attached to the tectorial membrane which in turn
contacts the underlying hairs cells. When stimulated by sound the
sensory cells and the otolith are set in motion but the movement of
the otolith lags behind that of the hair cell stereocilia, the
bending of which excites the sensory cells. This alone does not
provide a very sensitive hearing mechanism because of the weight of
the otolith. The gas filled swimbladder situated close to the ear, and
which 1n some fish is anatomically connected to it, helps to enhance
the fishes hearing ability by converting the sound pressure wave to
displacement, which 1is then transmitted to the sacculus (Blaxter,
1981). It is interesting to note that the swimbladder 1s also often
used by fish in sound production.

Auditory thresholds and frequency ranges have been determined for

many fish using classical conditioning methods (Hawkins, 1981). There



1s a great deal of variation both between species and between
individuals of the same species. Some fish like the plaice are
sensitive to particle motion (Chapman and Sand, 1974) whereas others
like the cod are pressure sensitive (Chapman and Hawkins, 1973). The
audiogram of the cod is well established, showing a cut off at
frequencies above 250Hz. Species such as the catfish are sensitive
over a wider range of frequencies up to as much as 2KHz, with
sensitivity thresholds as low as -40db re 1/kkbar which are much lower
than those of the cod (Poggendorf, 1952). Fish possess the ability to
discriminate between sound from different directions (Schuijf et al.,
1972) and the cod can discriminate sounds in the median, lateral and
horizontal planes (Hawkins and Sand, 1977).

The word "hearing" is not generally used with reference to
Invertebrate acoustic systems. However, most invertebrates do have an
acoustic sense which can detect some form of vibration or displacement
of the surrounding medium. For example, a vast diversity of acoustic
receptors 1s found among the insects, ranging in sophistication from
the simple hair sensillae found on the anal cerci of the cockroach
(Camhi, 1988) to the tympanal organs of the locust. The cockroach uses
its anal cerci to detect both air currents and low frequency sound
(below 1000Hz). Directional sensitivity 1s achieved through the
Structure and positioning of the hair and the directional
responsiveness of the underlying receptor cell (Camhi, 1988). More
sophisticated external cuticular structures such as Johnstone’s organ
function as acoustic receptors in the mosquito and respond to
frequencies of between 200-400Hz, which is the wing beat frequency of
the female mosquito. The acoustic sense in these animals is primarily
used in mate location.

Locusts and other related insects have the most highly developed

of the insect acoustic receptors, the tympanal organ. These are paired



organs which outwardly consist of a cuticular membrane located in the
thorax or thoracic appendages. Chordotonal organs are attached to the
inside of this membrane which generally covers a trachea or air space.
Movement of the tympanum by sound stimuli stimulates the chordotonal
organs directly. Thus the excitation of sensory cells is accomplished
directly without the energy transformation steps found 1in the
vertebrate ear and this is true for all invertebrate acoustic
receptors. This may render the acoustic receptors of insects and other
invertebrates less sensitive than those of vertebrates but detection
of the stimulus is more rapid and the system is more compact which 1s
particularly important in insects whose size is limited. Tympanal
organs can detect sounds over a wide frequency range and are
directionally sensitive (Schildberger, 1988). There is some evidence
that the locust can discriminate between different frequencies of
sound using the physical properties of the tympanum or Mliller’s organ

(Michelsen, 1973) and this information 1is preserved 1in the nervous

system.

Crustaceans have not been shown to possess a centralised acoustic
receptor to date, although there has been some speculation about the
possible role of the statocyst in acoustic detection (Horridge, 1971).
The statocyst has a well documented and undisputed role in gravity
detection (Cohen, 1960, Takahata and Hisada, 1979) and in addition has
been shown to respond to substrate borne vibrations (Cohen, 1955).
However, no conclusive information has been produced on the responses
of these structures to water borne vibrations. Although their
structure has many features in common with the otolith organs of fish,
it seems unlikely that they perform the same function (Hawkins and
Myrberg, 1983).

The Crustacea use some of the vast diversity of cuticular hairs

10



located all over their body surface to detect water borne vibrations.
The morphology and diversity of some of these receptors has been
studied in several decapod species eg. Homarus (Derby, 1982), Nephrops
(Farmer, 1974) and Austropotamobius (Thomas, 1970) and their sensory
responsiveness has been studied in detail (Taylor, 1975; Tazaki and
Ohnishi, 1974; Tautz and Sandeman,1980; Wiese, 1976; Vedel and Clarac,
1976; Ebina and Wiese, 1984). There is a considerable body of data to
suggest that these receptors are directionally sensitive and that they
are sensitive to water borne vibrations of a particular frequency and
amplitude (Wiese, 1976; Tautz and Sandeman, 1984). The responses of
vibration sensitive interneurones of the Crustacea, 1in particular
those of the crayfish, have also been the subject of much study (Wiese
et al. 1976: Wiese and Wollnick, 1983; Tautz, 1987; Reichert et al.
1982). It seems that, at least in crayfish, the directional and
frequency sensitivity of the afferent nerves is preserved 1in the

central nervous system.

In contrast with the vast literature on the sensory responses of
the Crustacea to water borne vibrations, there is a paucity of data on
their behavioural responses. No studies exist of the motor control of
a behavioural response to water borne vibrations. Behavioural
responses have been studied in crayfish (Tautz, 1987) and the shraimp,
Crangon (Heinisch and Wiese, 1988). However, both of these studies
have been conducted in the laboratory where neither conditions for the
animal nor the stimulus were optimal. Huber (1988) has stressed the
need to study the behaviour of an animal in its natural environment 1if
the results are to be meaningful. Removal of an animal from 1its
natural environment may alter the response. Also, the acoustic
conditions are very poor in experimental tanks due to the proximity of
the air-water interface which acts as a very efficient reflector for

the stimulus (Parvelescu, 1964). Under these conditions, unlike those

11



in the field, the sound pressure may be very small but the
corresponding particle displacements very large.

Whether the receptors of crustaceans can be called true acoustic
receptors 1s a matter of some doubt (Hawkins and Myrberg, 1983),
because their responses have only been tested in the anomalous
acoustic conditions of laboratory aquaria. In addition, their
sensitivity appears to be much lower than that of vertebrate auditory
systems. The sensory receptors of Procambarus clarkii have a sensory
threshold of 0.1 Atm at 100Hz measured as displacement of the hair
base, and 1t 1s likely that the behavioural thresholds of the response
are even higher. In contrast the conditioned response of Gadus has a
displacement threshold of 0.5 x 10_4/um at 75Hz measured as
displacement of the water particles(Chapman and Hawkins, 1973).

Hawkins and Myrberg (1983) conclude that this relative insensitivity

of crayfish would prevent them from detecting far field sounds since
particle displacement is very low for a given sound pressure 1in the
far field. However, the evidence presented above suggests that the
sensory setae of the Crustacea may be very efficient at detecting low

frequency near field sound and indeed this may be their primary

function.

1.4 Alms

This study attempts to determine the response of a decapod
crustacean specles, the Norway lobster, Nephrops norvegicus (L.). to
water borne vibrational stimuli. To date there is no information
available on the response of Nephrops to water borne vibrations at
either the sensory, motor or behavioural levels. As well as being of
general biological interest this information is relevant to fisheries

technologists, since Nephrops has been shown to respond to trawl gear

12



(Newland and Chapman, 1985). The process of trawling generates high
sound levels 1in the water and information on the responsiveness of
Nephrops to vibrational stimuli may help to improve gear design and
fishing technique.

The nervous system of Nephrops, like that of other decapod
crustaceans, consists of a chain of ganglia joined by paired
connectives. Crustaceans have been used as model systems 1n
neurobiology for some time because of the relative lack of complexity
of their nervous systems compared with those of vertebrate and
especially mammalian systems. Neurobiological research on the
Crustacea has therefore advanced to a much more detailed level than
similar research on vertebrates allowing for example individual nerve
cells to be identified and their roles in neural circuitry to be
characterised.

Until recently little was known about the neurobiology of
Nephrops. Recent major neurobiological studies have focussed on the
influence of sensory inputs on motor output systems (Priest, 1983,
Neil and Miyan, 1986, Newland and Neil, 1987, Knox and Neil, 1987).
The work of Miyan and Neil (1986) has emphasised the similarity
between this species and the lobster, Homarus, whereas the work of
Newland and Neil, (1987) has pointed out important differences between
Nephrops and the crayfish. All of these studies have stressed the
importance of the study of behaviour and the use of intact animals to
the understanding of neurobiological mechanisms and this 1s also true
of the present study.

This study has attempted to paint a more complete picture of the
response of Nephrops to water borne vibrations by studying the
response at sensory, interneurone and motor levels and by combining
these neurophysiological studies with behavioural studies. A survey of

the cuticular setae has been undertaken using the scanning electron
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microscope and has allowed comparisons to be made between the
receptors of Nephrops and those of other species (Chapter 2). The
study of the sensory responses of the afferent nerves and
interneurones under controlled acoustic conditions has allowed a
determination of the frequency responsiveness and directionality of
the system (Chapter 3). The study of morphology and sensory responses
focussed on the walking legs and uropods but it should be borne 1in
mind that other parts of the animal are also covered with sensory
hairs and these may be involved in the responses reported here.
Behavioural responses to water borne vibrations have been identified
iln two motor systems, those for locomotion and abdominal posture, and
these have been studied both in the laboratory and the field (Chapters
4 and 5). The nervous control of the postural response was also
studied. Behavioural studies are particularly relevant since hearing

1s a behavioural response. The behavioral studies were designed to

allow direct comparisons between the animal’s responses in the field
and i1n the laboratory, and allowed the thresholds of the response to

be determined in a free sound field.

1.5. Nephrops norvegicus (L.)

The Norway lobster, Nephrops norvegicus (L.), so called because
of 1ts kidney shaped eye, is a decapod crustacean belonging to the
nephropid family of lobsters (Howard, 1982). The thorax bears one pair

of large claws and four pairs of pereiopods or walking legs. The
abdomen is divided into 6 segments, four of which bear a pair of
pleopods or swimmerets which are used for assisting locomotion, for
carrying the eggs in the female and for generating a current of water
through the burrow. The tailfan is formed from the paired uropods and

telson and is used during righting reactions and, together with the
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powerful abdominal musculature, during escape swimming.

Nephrops norvegicus has a wide geographical distribution in the
N.E. Atlantic, with populations being found from Iceland to Morocco 1in
the Mediterranean and as far east as Egypt (Howard, 1982). The animals
are found at depths of between 5-800m (Holt, pers.comm.; Howard, 1982)
on sediments of fine cohesive mud in which they construct burrows. The
burrows are generally 20-30cm in length, may have one or several
entrances, and often include smaller adjoining burrows in which the
juvenile animals live (Rice and Chapman, 1971). The primary function
of the burrowing habit in Nephrops 1is to provide protection from
predation as the natural habitat does not offer any other form of
cover. This 1is especially true during and after moulting when the
cuticle is soft and the animals are particularly vulnerable. The main
predators around the coast of Scotland are fish such as cod, rays,
dogfish and angler fish (Howard, 1982).

The animals spend the majority of their lives in the burrow,
emerging for a short time in a 24 hour period to forage for {food.
Emergence occurs at an optimum light intensity which varies with
depth, season and tidal state (Chapman and Howard, 1979). The time
spent outside the burrow is thought to increase as the animal becomes

larger, probably reflecting their increased ability to defend
themselves against predation and their need for an increased food
supply.

Mating occurs just after the female has moulted in the spring and
she then carries the spermatophore until the eggs are laid on her
pleopods in the autumn. The eggs are carried for around nine months
until fully developed. During this time the female rarely emerges from
the safety of the burrow. There are three free swimming planktonic
larval stages in Nephrops (Santucci, 1926; Smith, 1987). Two

subsequent metamorphic moults transform the larva into the juvenile
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form which is bottom dwelling. The juvenile undergoes no further
metamorphoses but progresses directly into the fully adult form
through a series of moults. The larvae of Nephrops are carnivorous
feeding on other larvae in the plankton as well as each other. The
adults are omnivorous carnivores and forage actively for their food.
Nephrops is one of the most important shellfish resources in
Scotland and landings i1n 1987 were valued at £32.6 million (Chapman,
pers. comm.). Perhaps because of this much of the scientific research
on this species has concentrated on its ecology and distribution
around the coast of Scotland. Work on the behaviour of Nephrops
includes studies of their emergence rhythm (Atkinson and Naylor, 1976;
Chapman and Howard, 1979) and the modulating role of light. Not
surprisingly therefore, considerable attention has recently been given
to the structure and functioning of the Nephrops eye (Shelton, Gaten
and Chapman, 1985; Gaten, 1988). These animals often live in low light
conditions and they have a reflecting superposition eye which has
increased light gathering ability. Recent research has shown that the
retinal pigment in the Nephrops eye may be irreversibly bleached by
exposure to surface daylight or artificial 1light. This could have
important consequences for the fishery. The main method of fishing for
Nephrops in Scotland is trawling and animals caught both by this
method and by creeling must be of a minimum size before they can be
landed. Smaller animals are therefore sorted from the catch and
discarded. These animals are often exposed to light at capture and
this may render them blind. Because of this, discarded animals may
face an increased risk of predation which may reduce yields in the

fishing industry. The laboratory studies reported here, unless stated

otherwise, have been carried out on animals which have been blinded by

continuous exposure to light, some experiments were also conducted

16




with visually intact animals. In some of the behavioural experiments

the use of blind animals obviously removed any interactions with the

visual system.
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Chapter 2

THE MORPHOLOGY AND DISTRIBUTION OF CUTICULAR SETAE ON THE UROPODS AND

WALKING LEGS OF ADULT AND LARVAL Nephrops
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2.1 INTRODUCTION

Arthropods use mechanical senses for many different purposes, and
mechanoreceptors are correspondingly numerous and diverse amongst this
phylum. McIver (1975) stated that mechanical stimuli 1induce more
behavioural activities than any other stimulus. Insects use
mechanosensory setae to detect air currents both on the ground (Camhi
1985, 1988) and in flight (Guthrie, 1966) and as gravity, position and
touch receptors (Martin and Lindhauer, 1966). Touch receptors are
found on the proboscis of hematophageous insects which they use to
determine when to feed (Rice et al., 1973). Many insects can also
detect sound (Rheinlaender and Romer, 1986; Wolf, 1986; Boyan and
Fullard, 1986).

The Crustacea possess a vast array of cuticular structures, many
of which have been shown to have sensory functions covering a range of
modalities (for review see Bush and Laverack, 1982; Debaisieux,1949).
Crustaceans also make extensive use of mechanoreception to detect the
presence of predators, prey, and con-specifics (Tautz, 1987), but
their requirements differ slightly from those of terrestrial insects
because of their generally aquatic lifestyles. Many of these
cuticular structures in the Crustacea are bimodal and possess nerve
endings which respond to both chemical and mechanical stimuli (Derby,
1982; Hatt, 1986). They have been shown to function as gravity
receptors 1n the statocyst (Cohen, 1960), force receptors (Libersat et
al. 1987), tactile receptors (Norris and Hartman, 1985), and pressure
receptors (Laverack and Barrientos, 1985). Many aquatic crustaceans
have receptors, comparable to the air current detectors of 1insects,
which detect hydrodynamic stimuli (Wiese, 1976; Tautz and Sandeman,
1980; Ebina and Wiese,1984; Heinisch and Wiese, 1987; Vedel and

Clarac, 1976).
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Hydrodynamic stimuli include water currents, turbulence, sound
and water borne vibrations the last two of which are the subject of
this study. Hairs sensitive to vibrational stimuli may be responding
to one of several components of the stimulus such as pressure,
particle velocity, acceleration or displacement. Mammals, amphibians,
fish and several invertebrate groups such as spiders and 1insects
possess a hearing organ which is specialised to receive vibrational
stimuli (Chapter 1.3). Fish also have lateral line organs (Harris and
van Bergeijk, 1962) which respond to low frequency water movement. To
date no conclusive evidence has been presented for the existence of
such an organ in crustaceans, but these animals do use some of the
large diversity of cuticular receptors distributed over the surface of
the body, claws and walking legs to receive vibrational stimuli. If

this is also true for Nephrops these animals may also use these

receptors to detect not only natural stimuli but also man-made stimuli
such as the water flow or sounds produced by trawl gear.

The entire body surface of Nephrops 1is covered 1in cuticular
structures but those on the uropods and walking legs were chosen for
study for several reasons. First, the uropods and legs are parts of
the animal which are exposed to the environment, and are therefore
likely to play a major part 1in the reception of external stimuli.
Secondly, there is a dense concentration of setae on these areas of
the body and a huge diversity of structures, especially on the tips of
the walking legs. The fact that the uropods and walking legs are
extremities means that electrophysiological recordings can be made
without the need for complicated dissection, and recordings can be
made from intact preparations as well as isolated ones. The large

number of sense organs in these areas facilitates the isolation of
sensory from motor activity in the recordings and ablations can be

carried out with relative ease. The setae on the uropods and walking
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legs can be relatively easily identified using the light microscope,
which allows the responses of different individual setal types to the
same stimulus to be determined. The uropods and walking legs have been
studied in other species (Wiese, 1976; Derby, 1982) which allows
important comparisons to be made between these species and Nephrops.

Hair types have already been classified by Factor (1978). A
similar system of classification was used by Farmer (1974) to
describe the setae from mouthparts and pereiopods of Nephrops. In the
majority of cases the same system has been adopted here, but where the
classifications of Factor and Farmer seemed inadequate some of the
setae described here have been named after those described by Derby
(1982). A note has been included in the text to indicate the origins
of the classifications used.

The aims of this study were therefore: 1) to identify and
describe some of the cuticular structures found on the uropods and
walking legs of adult and larval Nephrops, to supplement previous work
on this species (Farmer, 1974) and other decapod crustaceans (Derby,
1982; Thomas 1970, 1973) and 2) to allow the mechanical sensitivity
and possible functions of the receptors to be tested physiologically
as a prelude to studies of the mechano-sensory systems and motor

behaviour of Nephrops in relation to vibrational stimuli (Chapters 3-

6).
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2.2 MATERIALS AND METHODS

2.2.1 Supply and Maintenance of animals

All experiments were carried out on adult male specimens of

Nephrops norvegicus L. unless otherwise stated. These were obtained
from the Universities Marine Biological Station at Millport, Isle of
Cumbrae and maintained in a circulating seawater aquarium prior to

use.

2.2.2 Methylene blue staining

The leg tips and uropods were removed from the animals and washed
in filtered seawater before being stained in a 0.5% solution of
methylene blue and filtered seawater for about 2 minutes. The
methylene blue was then rinsed off leaving the cuticular setae stained
blue. The setae were viewed using a Wild Type 126 269 microscope and

photographed using the Wild NPS 51 camera attachment.

2.2.3 Scanning Electron Microscopy

The leg tips and uropods of adult and larval Nephrops were
studied using scanning electron microscopy. Stage 1-3 larvae (L1-L3)
were obtained from the Clyde Estuary at Millport using fine and medium
mesh plankton nets and stage 1 post larvae (PL1) which had been fixed
in formal saline were kindly donated by Dr R.J.A. Atkinson and Dr.R.
Smith (U.M.B.S., Millport). The uropods and legs were removed from the
adult Nephrops and washed in several changes of filtered seawater in
an ultrasonic shaker (Polaron) to remove any debris. The leg tips were
then separated from the rest of the body at the merus-carpus (M-C)
joint. The larvae were washed by agitating them in filtered seawater
as they were too fragile to be washed in the shaker. The specimens

were then fixed as follows.
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1.Fixation

Sodium cacodylate/sea water fixataive

12 Glutaraldehyde for 1 hour at 4 °c

2.Buffer Rinse
0.1M Sodium cacodylate/sea water buffer
2-3 changes at 10 minutes each
3.Post fixation
2% osmium in sea water buffer
1 hour at 20 © ¢
4. Buffer Rinse
as 2.
5.Dehydration
Ethanol series
30%,50%2,70%2,90%,100%,100%
10 minutes in each
6.Critical point drying
1 hour 15 minutes
Flushing out every 15 minutes

7 .Mounting and Gold coating

The specimens were taken from the critical point dryer and
mounted on aluminium stubs using double sided tape. Quick drying

silver paint was used to mount smaller specimens and was painted
around the edges of all the stubs to help prevent charging while in
the microscope. The mounted specimens were then coated with gold in a
Polaron SEM coating unit (E5000) for 6 minutes. The specimens were
viewed on a Phillips 500 SEM and photographed with the camera

attachment using Ilford FP4 125 ASA film.
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2.2.4. Sensory Recordings

En passent recordings were made from Root 2 and Root 3 which
supply the uropod exopod and endopod respectively and the nerves
supplying the walking legs. The preparations (described more fully 1in
sections 3.2.2.a and b) were pinned out in a dish of saline.

Recordings were made using a suction electrode made from Portex
tubing, the electrode was mounted on a Narashige micromanipulator. The
signal was preamplified using an Isleworth A101 preamplifier and
filtered by a Neurolog NL125 Filter before being viewed on a Tektronix
5115 Storage Oscilloscope and recorded on a Racal Store 4 tape
recorder.

The preparations were stimulated with either tactile,
hydrodynamic or vibrating water stimuli. Tactile stimuli were
generated using either a fine paintbrush or a fine mounted insect pain
which was bent at the end. Hydrodynamic stimuli were generated by
water jets from a Pasteur pipette. Vibrating water stimuli were
generated by a plastic ball attached by a metal rod to a Derritron

vibrator. The ball was placed in the bath of saline close to but not

touching the preparation.
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2.3 RESULTS

2.3.1 Morphology of the uropods of Nephrops and distribution of

cuticular setae on their surface

The uropods of Nephrops are biramous appendages comprising an
endopod and an exopod which are similar in general outline. Together
with the post-segmental telson these appendages form the tailfan.

The exopod (Fig. 2.1.A) is divided into two sections by an
articulation which runs transversely across the blade, separating 1it
into a large proximal portion and a smaller distal portion. The
proximal portion bears internally two areas of muscle attachment,
which have few setae. Three clearly defined fields of cuticular setae
surround the muscle insertions. Along the outer edge of the proximal
part of the uropod are several short cuticular spines which overlap
the distal portion. Between these spines are bunches of setae. The
dorsal surface of the distal uropod bears few setae which radiate out
from the area of muscle attachment at i1ts midline. The medial edge of
the proximal portion and the entire edge of the distal portion have a
dense fringe of several hair types, the largest of which has thick
spines and side branches. Other setae are situated between these large
setae, increasing the density of the fringe.

There are fewer setae on the ventral side of the exopod (Fig
2.1.B). Along the lateral edge of the proximal section is a fringe of
setae which seems to be a medially pointing continuation of the
laterally pointing fringe around the rest of the uropod. There are two
sparse fields of setae on the ventral surface, one at the lateral edge
and one in the midline, situated around the edge of the muscle
articulation.

The endopod is undivided (Fig. 2.1.C), and has only one area of

muscle attachment running vertically down its midline. This area bears
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few setae but surrounding it are two fields of setae, a large lateral
field and a smaller medial one. 5-6 very long setae project from the
proximal lateral border of the endopod. There is a distal fringe of
setae similar to that seen on the exopod. The ventral surface of the

endopod is devoid of setae and bears only some small pore-like

Structures.

2.3.1.a Scanning Electron Microscope studies of the uropods.

The fields of setae which cover much of the dorsal surface of the
exopod and endopod consist of many small plumose setae (Fig 2.2.A).
Each seta arises from a base in a slight depression in the cuticle,
the shaft tapers towards the tip and thin side branches project
starting about 1/5 of the way up the shaft to the tip. Within each
field all are generally orientated in terms of a line drawn from base
to tip in a similar direction.

Hair fan organs are found in relatively large depressions 1in the
cuticle on the lateral edge of the dorsal surface of the exopod and
the ventral sides of both the exopod and the endopod. They have a
thick shaft with many long projections originating from 1t <close to
the base which form a thick bunch of hairs.

Along the lateral border of the dorsal surface of the endopod are
5-6 long simple setae (Fig. 2.2.B) each of which 1s flanked by two
smaller guard hairs of similar simple form (Fig. 2.2.C). The base ot
the seta has a hinge-like structure and its shaft bears no secondary
structures or projections.

The distal fringes around the exopod and endopod, which are
identical on both rami, comprise several setal types, but there are
slight differences between the dorsal and ventral sides. On both sides

the most predominant setae are long plumose setae which have thick
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shafts with closely spaced side projections of a ribbon-like form
along their length (Fig. 2.3.A). The setal shaft is smooth near the
base but distally it becomes ribbed. Between these setae on the dorsal
side are thin plumose setae (Fig 2.3.B). Both of the latter plumose
types have sleeve-like structures around their bases. On the ventral

side between each of the large plumose setae is a small bunch of 3-4

smaller plumose setae (Fig. 2.3.C).

2.3.2 The Morphology of the tips of the walking legs of Nephrops and

distribution of cuticular structures on their surface

The 2nd and 3rd legs are similar in structure, but differ from
the 4th and S5th legs. The former (Fig. 2.4.a) are sub-chelate, the
propodus and dactyl forming a small claw or chela.

Cuticular setae were present on the 2nd and 3rd legs 1in three
main areas (Fig 2.4.A). The setae along the lateral edges of the
propodus and dactyl form a border which projects outwards from the leg
and consists of one or two rows of simple setae. The setae are longer
at the proximal end of the leg, tapering towards its tip. Small,
tooth-1ike projections line the inner edges of the propodus and
dactyl, a single row of which forms a continuous border extending as
far as the distal tip of each segment. Hairs on the flat surfaces of
the propodus and dactyl are located in discrete bunches or tufts at
intervals along the two segments. Each bunch, consisting of about 20
setae, is contained within a slight depression in the cuticle. There
are several (8-12) bunches of setae on the propodus and a similar
number on the dactyl. Most of the bunches are located on the claw part
of the propodus, but a few are also found more proximally.

The 4th and 5th legs are similar in structure but are not
chelate. The dactly is long, and tetrahedral in shape (Fig. 2.4.B) and

the propodus bears most of the cuticular setae of this leg on 1ts
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distal portion. Both the 4th and 5th legs bear the majority of
cuticular setae on their posterior face. The pattern of setal
distribution on these legs varies between the propodus and the dactyl.
Consequently these two segments will be dealt with separately

The setae on the dactyl are arranged in three bands, 2-3 setae
wide, which extend to the distal tip on each side of the dactyl. A
small ridge of cuticle 1i1s present at the inner proximal end of the
segment close to the propodus-dactyl articulation. On top of this
ridge is a dense band of setae and below 1t a small field of setae.

Most of the setae on the propodus overlap the P-D joint. Bunches
of setae are distributed further up the leg, mostly on the posterior
side, but these do not generally extend into the proximal half of the
segment. A dense bunch of serrate setae overlaps the P-D joint lying
over the ridge of setae on the dactyl. Bunches of setae are also seen

around the rest of the distal end of this segment.

2.3.2.a Scanning electron microscope studies of the setae on the

2nd and 3rd legs

The structure of the three previously described groups of setae
was examined using the scanning electron microscope. Figure 2.5.A
shows a low magnification view of the tip of the 2nd leg.

The setae on the flat surfaces of the propodus and dactyl are

squamous setae (Fig. 2.5.B). The setal base is found within a
depression in the cuticle and the seta 1s smooth from the base to
about half way up the shaft, at which point there is an annulus. Above
this annulus the hair shaft bears scales on one side which extend to
the tip. (Fig. 2.6.B). These setae have a longitudinal ridge on the
opposite side of the shaft which is otherwise smooth. A few setae

located on the lateral edges of the bunches are orientated the other
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way round.

The setae around the lateral border of the propodus and dactyl
are also squamous setae (Fig. 2.5.A) like those on the flat surface of
the propodus and dactyl.

The structures which line the medial edges of the propodus and
dactyl appear under low power to be solid conical pegs (Fig. 2.5.B)
However, under higher magnification it becomes evident that they have
short blunt spines or filaments extending from one side (Fig. 2.6.A)
These spines point towards the distal tip of the peg and lie
flattened against its side. This type of hair is called a hedgehog

hair (Derby, 1982).

2.3.2.b Scanning electron microscope studies of the 4th and 5th

legs

Under the SEM a large variety of cuticular organs was visible on
the 5th leg. Figure 2.7.A shows a low magnification view of the tip of
the leg. The long setae on the dactyl were often broken and worn. They
were present in three bands, although the bands were not always
continuous. These were simple setae. The rest of this article was
devoid of setae except for the ridge close to the P-D joint where a
variety of small projections was found (Fig. 2.7.B) Lying to one side
of the ridge was a row of blunt-ending peg-like structures. Below
these on the slope of the ridge were a number of pointed projections
which rested within small depressions in the cuticle in groups of 1-3
setae. These organs extended proximally under the overlapping setae
projecting downwards from the propodus.

The largest bunch of setae projecting from the propodus and
overlying the cuticular ridge of the dactyl were serrate setae with
simple scales. The serrations were very large and generally projected

iIn two rows from the medial side of the setae, that is, the side

29



facing the cuticle. The other side of the seta had triangular scales
projecting from it (Fig. 2.7.C). The smaller setal bunches around the
distal edge of the propodus and those found further up the propodus
were squamous setae <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>