


more gradual. This pattern is repeated with increasing recovery interval up to 40
minutes, when the reduction seen between trials in the results scored levels out with
no apparent reduction in the proportion of response and the mean number of tail-
flips performed in the course of a trial. Again this would appear to be consistent
with the findings of Onnen & Zebe (1983), that after 30 minutes the phosphagen
reserves are replenished and ATP reserves are restored within five minutes. This
suggests that a full phosphoarginine store is important for the performance of

consecutive tail-flips.

It is interesting to note that although a levelling out of the graphs of stimuli
number and total number of tail-flips performed in the course of a trial is evident
after recovery intervals of 40 to 60 minutes, there is still a slight decrease in the
response of animals allowed a 90 minute recovery interval between trials. It is
possible that this is due to the effects of lactate accumulation which is reported to
reach a peak 30 minutes into recovery and only returns to resting levels after 10
hours (Onnen & Zebe, 1983). Field (1992) found no correlation between the
recovery of tail-flipping ability and the recovery of resting levels of L-lactate in
Nephrops norvegicus. If, as evidence suggests, lactate levels do not return to normal
for considerable time (10 hours) a link between recovery of lactate resting levels and
recovery of escape behaviour which would rule out tail-flipping for this length of

time would prove critical in terms of survival.
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Another possible explanation for the decrease in response occurring after a 90
minute recovery interval (which is long enough to allow replenishment of energy
reserves) is neuronal habituation. Studies on crayfish (Wine et 2/ 1975) have shown
that the excitability of pathways involved in the tail-flip is reduced by 50% after as
few as 10 tactile stimuli have been applied at five minute intervals. The results from
the experiments reported here provide little information about the possible role of
habituation on the tail-flipping of Crangon crangon. After a switch in the site of
stimulation, some responses to stimuli do occur after extinction of escape behaviour
has been reached, which indicates that some form of habituation has occurred. Also,
the occurrence of some responses applied immediately after extinction (i.e. to head
stimuli after tail stimuli) shows that dishabituation can occur by the activation of
different neuronal pathways, although it is occurring here against a background of
energy depletion. From a simple behavioural experiment it is not possible to
determine what form this habituation takes, but it is known that habituation occurs
in the sensory pathway. Zucker (1972) was able to show that behavioural habituation
observed in crayfish escape swimming is the result of a failure of synaptic
transmission between the tactile afferent and sensory interneurons. Observations by
Krasne & Woodsmall (1969) and Newland (1985) also support the idea of an

afferent site of habituation.

The use of rapid degradation of phosphagen to provide the energy necessary for
an escape response is not confined to Crangon crangon, it is also found in molluscs,

which are specialised in performing work in bursts. Similar mechanisms are also
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found in the mantle muscle of cephalopods and also in the adductor muscle in
Pecten (for review see Gide, 1983), which are involved in escape responses entailing

work in bursts.

Although initial examination of data obtained from these experiments suggests
a trade-off between the occurrence of occasional multiple flips and the total number
of stimuli delivered before the extinction of escape behaviour, no significant
information is found. Clearly, if such a trade-off exists and is frequently involved in
the tail-flip reaction, there is added complexity to the decision to tail-flip. The

elucidation of this particular aspect of tail-flip endurance may merit further study.

The type of "attack" the shrimps were exposed to in the course of these
experiments are probably unrealistic in that shrimps would undergo attacks until
escape behaviour ceased. This resulted in a mean of number of 49.1 stimuli before
extinction occurred. In the course of a normal attack this degree of perseverance on
the part of a predator is unlikely unless prey items are very rare. It must be assumed
that the energetic costs of pursuing one prey item for around 50 attacks would be
far too great for the catch to be worthwhile, the energy costs far outweighing the
energy gains. In terms of recovery, responses were recorded from animals after only
a two minute recovery interval following exhaustive work, which suggest that a
partial recovery may be adequate for subsequent response. Above all, it appears likely
that Crangon crangon has adequate abilities of endurance and recovery to sustain

repeated predatory attacks. This suggests that the success of the initial tail-flips is

107



most important for the survival of shrimps.
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CHAPTER 5 : HISTOCHEMICAL AND BIOCHEMICAL

ANALYSIS
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INTRODUCTION

The swimming performance of Crangon crangon must be determined to a large
degree by the contractile properties of the abdominal muscles. An attempt has been
made to define these properties in C. crangon by using histochemical and
biochemical techniques, which have been used extensively in studies of other
crustacean muscles (Mykles, 1985a, 1985b; Silverman ez 2/, 1987). When used in
combination with physiological and morphological measures, these techniques have
allowed two main types of crustacean muscle fibres, fast and slow, to be identified.
Fast muscle fibres have characteristic short sarcomeres and low ratios of thin to thick
myofilaments. They also show high myofibrillar ATPase activities, which indicate
high contraction rates, and low oxidative capacities, which give an indication of poor
fatigue resistance. In contrast slow fibres have longer sarcomeres, high ratios of thin
to thick myofilaments, low myofibrillar ATPase activities, indicative of low
contraction rates, and high oxidative capacities, which suggest increased fatigue
resistance (Jahromi & Atwood, 1969; Lang ez 4/, 1977; Govind & Atwood, 1982;
Mykles, 1985). There is great variation in the proportion and distribution of each
fibre type in different muscles, with a correspondingly wide diversity of contractile
abilities (Maier et. al., 1984). In the abdominal muscles of macrurous decapods this
extends to a distinct division of labour, with the thin sheets of superficial muscles
containing slow fibres and large blocks of deep muscles containing fast fibres

(Kennedy & Takeda, 1965). These two muscle groups produce different abdominal
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movements: slow postural movements by the superficials and the characteristic rapid

tail flipping by the deep muscles.

The most extensively used histochemical techniques to distinguish between fast
and slow muscle test for oxidative capacity and myofibrillar ATPase activity. These
techniques have been used on transverse sections of whole Crangon crangon
abdomens, in order to determine the distribution of muscle fibre types in the
different muscle bundles of the abdomen. A derivative of the ATPase test, involving
a pre-incubation in an acid or alkali solution, is also used which reliably distinguishes
fibres containing either a labile or stable form of myosin ATPase. This technique,
in combination with the other methods, allows the convenient discrimination of

fibre types.

More detailed information can be gained by separating out myofibrillar
proteins using gel electrophoresis (Mykles, 1985a). This technique has established
that certain proteins, most often regulatory, can be expressed in multiple isoforms
and that the presence of some of these can be used as a reliable indicator of fibre
type. Thus fast fibres can be identified on the basis of the presence of a particular
isoform of paramyosin (P1, Mr = 110000 (Mr= Migration ratio)) and a 75kD
protein. Similarly electrophoresis has revealed that there are two subtypes of slow
fibres. These can be distinguished by reference to the T, isoform of troponin, which

is absent in the S, fibre type, but present in the S, fibre type.
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Information about the proportion and location of these different fibre type
bundles is useful, not only as it relates to the functional morphology of the
abdominal locomotory system of Crangon crangon, but also in the wider context of
the behavioural ecology of the animal. These histochemical and biochemical analyses
have been employed with the aim of providing more information about the
locomotory abilities of C. crangon. Detailed knowledge of the histochemical
properties of the main fast flexor and extensor muscles provides a basis for
interpreting the observed rates of flexion and extension of the C. crangon tail-flip.
These properties will also be reflected in the precise combination of regulatory

proteins which are expressed.
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MATERIALS AND METHODS

Crangon crangon were obtained from Kames Bay, Millport, cither by trawl or
using a push net. They were kept in a large aquarium tank with running seawater

until required.

HISTOCHEMISTRY

Whole abdomens were frozen in liquid nitrogen and then mounted on a cork
disc in OCT mounting medium (Miles Scientific, Naperville, Illinois, USA). The
preparation was then allowed to equilibrate to -20°C., the block trimmed and
sections cut at 20pm on a cryostat (Bright Starlet, 2210). The sections were then
lifted onto coverslips and air-dried at room temperature. They were then stained for

one of the following:

SUCCINIC DEHYDROGENASE

An incubation medium of 1M sodium succinate (at pH 7.5), 0.1M sodium
phosphate and 1mg/ml Nitro blue tetrazolium (Sigma NG876) was used to stain for
succinic dehydrogenase activity. This gives a measure of the oxidative capacity of
muscle fibres which is in turn indicative of fatigue resistance. The cryosections were

placed in a petri dish on moist filter paper with a drop of incubation medium
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applied to each coverslip and allowed to incubate at room temperature for two
hours. The sections were then dehydrated in an alcohol series, cleared in Histoclear

(National Diagnostics, New Jersey, USA) and mounted in Histomount.

MYOFIBRILLAR ATPASE ACTIVITY

A reaction medium was prepared by mixing stock solutions of 0.05M N-
glycylglycine (amino acid Sigma G1002), 1M calcium chloride, 0.1M magnesium
chloride and 0.1M ATP (disodium salt) and adjusting the pH to 8.0. The sections
were then immersed in the reaction medium at 4°C for 30 minutes, washed,
immersed in 1% calcium chloride for three minutes, washed, immersed in 2% cobalt
chloride for three minutes, washed and immersed in 1% (NH4),S for one minute.
The sections were then dehydrated in an alcohol series, cleared in Histoclcar and

mounted in Histomount.

PH LABILITY OF MYOSIN ATPASE ACTIVITY

The lability of myosin ATPase activity at low and high pH values was
determined using a technique modified by Fowler (1990) from Maier et al. (1984).
Two pre-incubation media, one alkali, one acid were prepared. The acid pre-
incubation medium contained 50mM sodium acetate and 50mM KCI and was

adjusted for pH to 4.6 using 100% acetic acid. The alkali pre-incubation medium
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consisted of 100mM glycine, 100mM NaCl and 50mM CaCl2 which was adjusted
to a pH of 10.2 with NaOH. The sections were pre-incubated for 20 minutes,
washed and incubated in a reaction medium of 0.05M glycine, 0.05M NaCl, 0.03M
CaCl2 and 0.0018g/ml of ATP for 30 minutes. The sections were then washed and

processed as described in the test for myofibrillar ATPase activity.

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Samples of muscle tissue were separated out from the deep muscles of the
abdomen of Crangon crangon and transferred to 100pl of SDS sample buffer
(625mM Tris-HCl (pH 6.8), 12.5% glycerol, 1.25% SDS, 1.25% B-
mercaptoethanol). These samples were immediately boiled for three minutes and

then stored at -20°C until required.

Discontinuous SDS-PAGE was carried out using the technique described by
Laemmli (1970). A 12.5% acrylamide stacking gel and a 10% separating gel were
prepared from a 30% (w/v) acrylamide and a 0.8% (w/v) N,N’-methylene
bisacrylamide stock solution. Standards of known molecular weights (Sigma Dalton
Mark VII-L) and the samples of muscle tissue were then applied to the wells in the
stacking gel. The gels were mounted in a chamber containing a reservoir buffer of
0.2M glycine, 22mM Tris-HCl and 3.5mM SDS, and run with applied currents of

around 40mA across the gels.

115



The gels were fixed in 10% (w/v) trichloroacetic acid and stained in 0.2%
(w/v) Coomassie blue in 45% (v/v) methanol and 10% (v/v) acetic acid for up to

eight hours. The gels were then destained in a methanol/acetic acid mixture.
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RESULTS

HISTOCHEMISTRY

In section, the main abdominal muscles of Crangon crangon can be identified.
The superficial flexor muscles form a thin sheet of fibres along the medial ventral
surface of the abdomen with the superficial extensor muscles laid out more laterally
at the dorsal surface. The superficial extensor muscle appears to be made up of three
blocks with subtle differences in properties. The largest proportion of the abdomen
is taken up by the deep extensor and flexor muscles. These lie adjacent to their
corresponding superficial muscles. Additionally the swimmeret muscles, which power

the movement of the pleopods, are found at either side of the abdomen (see Figures

5.1 -5.3).

MYOFIBRILLAR ATPASE ACTIVITY.

The superficial extensors and superficial flexors show a low intensity of stain
in comparison to the dark staining of the deep extensors and deep flexors. This
indicates lower levels of total myofibrillar ATPase activity in the superficial muscles
(see Fig. 5.1). The deep flexor muscles appear slightly darker than the deep
extensors, suggesting a higher level of myofibrillar AT Pase activity in the deep flexors
(see Fig. 5.1). The swimmerets have two areas of different staining: one dark and

one pale. This indicates the presence of two types of muscle fibre, one with a high
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level of myofibrillar ATPase activity, the other low (see Fig. 5.1). The section used

for this particular staining technique also shows remnants of the cuticle (see Fig.

5.1).

PH LABILITY OF MYOSIN ATPASE ACTIVITY

Both the superficial extensor muscles and the superficial flexor muscles show
dark staining, indicating a stable isoform of myosin ATPase. In addition, both the
superficial extensor muscles and the superficial flexor muscles also have areas where
no staining has occurred, indicating the presence of the labile isoform of myosin
ATPase (see Fig. 5.2). In the case of the superficial extensors, the stable isoform of
myosin is manifested in only one of the three muscle blocks (see Fig. 5.2). The large
deep muscles are uniformly colourless, indicating the labile form of myosin ATPase
(see Fig. 5.2). The swimmeret muscles display areas of dark staining as well as a
colourless area (see Fig. 5.2), indicating the presence of the labile and the stable

forms of myosin ATPase in different fibres.

SUCCINIC DEHYDROGENASE.

The superficial flexor muscles and the superficial extensor muscles show
concentrations of dark blue staining (black in prints), mostly around the edges of the

muscle blocks (see Fig. 5.3). Staining is absent in one of the three blocks of the
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superficial extensors. The blue stain indicates areas of high succinic dehydrogenase
activity. The deep flexor muscles and the deep extensor muscles are stained with only
occasional dark grains or lines, indicating that these muscles have less succinic
dehydrogenase activity (see Fig. 5.3). Lastly the swimmeret muscle shows areas of
intense dark stain and two unstained areas which appear to correspond with the areas

which showed the stable form myosin ATPase (see Fig. 5.3 and 5.2).

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

SDS-PAGE shows the deep fast muscles of Crangon crangon to comprise of
myosin heavy chain (Mr = 200,000); two isoforms of paramyosin (P,, Mr = 110,000
and P,, Mr = 105,000); three isoforms of troponin H (previously called the 75kD
protein, Mr ~ 84,000, 74,000 and 70,000); actin (Mr = 45,000); tropomyosin (Mr
= 36,000) and an isoform of myosin beta light chain (Mr ~ 18,500). Both troponin-

C and troponin-I were poorly resolved by Coomassie blue.

For comparison, fibres from the deep abdominal flexor muscle and medial
bundle of the superficial flexor muscle, of Nephrops norvegicus were also
electrophoresed. Clear differences between the fast muscles exist in the amount of

the P, isoform of paramyosin, and in the isoform of Troponin H expressed.
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The slow (S,) phenotype of Nephrops norvegicus lacks the P, isoform, and
expresses the T, variant of Troponin T. No slow fibres of Crangon crangon were

analysed in this study.
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Fig. 5.1.

Section of Crangon crangon abdomen showing muscle blocks stained for
myofibrillar ATPase activity. 1. Deep fast extensor muscles; 2. Deep fast
flexor muscles; 3. Superficial extensor muscles; 4. Superficial flexor muscles;
5. Swimmeret muscles. a) Darker staining of deep fast flexor compared to
deep fast extensor. b) Superficial extensor muscles, arrow shows pale
staining of one of the superficial extensors. (Fig. 5.3. shows all three
superficial extensors). c) Superficial flexor muscle next to deep flexor, arrow
shows pale staining of superficial flexor. d) Swimmeret muscles showing
areas of pale and dark staining.
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Fig. 5.2.

Section of Crangon crangon abdomen showing muscle blocks stained for
pH lability of myosin ATPase activity. a) Superficial extensors with arrow
showing staining for stable myosin ATPase on one extensor. b) Swimmeret
muscles showing areas of pale and dark staining. Arrows show two muscles
staining for stable myosin ATPase. ¢) Superficial flexor muscle with both
stable and labile myosin ATPase. d) Other superficial flexor.
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Fig. 5.3. Section of Crangon crangon abdomen showing muscle blocks stained for
succinic dehydrogenase. a) Superficial flexor muscles with arrows showing
all three muscles. Staining for succininc dehydrogenase occurs in only two.
b) Swimmeret muscle showing large area of staining for succinic
dehydrogenase. Arrows show two areas without staining. ¢) Superficial
flexor muscle with arrow showing line of intense staining for succinic
dehydrogenase. Grains of dark staining can also be seen in the deep flexor
muscle.
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Fig. 5.4.

Regulatory proteins from shrimp abdominal flexor muscles, electrophoresed
on 10% SDS-polyacrylamide gels, and stained with Coomassie blue. Upper
gel: 1 = high molecular weight markers; 2 & 3 = C. crangon fast muscle;
4 = N. norvegicus fast muscle; 5 - 8 = C. crangon fast muscle; 9 = N.
norvegicus slow muscle (S, phenotype). Lower gel: 1 = low molecular
weight markers; 2 = blank lane; 3 = C. crangon fast muscle; 4 = N.
norvegicus slow muscle (S, phenotype); 5 - 8 = C. crangon fast muscle; 9
= N. norvegicus fast muscle. Numbers on left of gels represent Migration
ratios.

M-hc -Myosin heavy chain
P -Paramyosin

T, -Troponin T,

Ty -Troponin H

A -Actin

Tm -Tropomyosin

Tc -Troponin C

T} -Troponin I

M-lc- -Myosin light chain
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DISCUSSION

The layout of muscle in the abdomen of Crangon crangon conforms to the
basic body-plan of the macrurous decapods, having superficial muscles at the dorsal
and ventral surfaces of the abdomen and large blocks of deep muscles taking up the
remainder of the abdomen. These different muscle blocks have different
characteristics which make them specialised for their particular function. This
specialisation in C. crangon takes a similar form to that described in other decapod
crustaceans (eg. crayfish, Procambarus clarkii Kennedy & Takeda, 1965; Wine &
Krasne, 1982: and the Norway lobster, Nephrops norvegicus, Neil & Fowler, 1990;

Fowler & Neil, 1992).

Both the superficial flexor muscles and superficial extensor muscles have low
levels of myofibrillar ATPase and a high oxidative capacity, which indicate muscle
fibres with low contraction rates and high resistance to fatigue. Both of these
characteristics are typical of slow muscle, adapted to produce slow postural
movements. The superficial muscles also contain the stable form of myosin ATPase,
which has been used as a label for slow muscle fibres (Silverman & Charlton, 1980).
Interestingly, both the superficial extensor and supetficial flexor muscles in Crangon
crangon also contain the labile form of myosin ATPase, which suggests a second type
of slow fibre present in the superficial extensor. The existence of two types of slow
muscle fibre has been demonstrated in the superficial flexor and extensor muscles of

Nephrops norvegicus (Neil & Fowler, 1990; Fowler & Neil, 1992). In N. norvegicus,
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the superficial flexor slow muscle and one of the superficial extensor muscles are
composed of S; and S, fibres which have labile and stable forms of myosin
respectively. The S, fibres are known as slow twich fibres, responsible for slow
movements and the S, or tonic fibres sustain tension for long periods of time
without tiring and are used for postural, anti-gravity motion. The results of this
study suggest that the superficial abdominal muscles of C. crangon are similar in this
respect, with a similar pattern being found. This finding challenges the previously
held view (Kennedy & Takeda, 1965) that these blocks represent homogeneous
muscles, adapted to do one specific task. It is more likely that the heterogeneous
muscle block has a broader function, especially if these two fibre types prove to have
different contractile properties. Further extensive SDS-PAGE would be necessary to
confirm the possibility that the superficial muscles of C. crangon are also

heterogeneous muscles.

The swimmeret muscles also show similarities with those of Nephrops
norvegicus. There are clearly two types of muscle fibre present in the swimmeret
muscles of Crangon crangon, one with high levels of myofibrillar ATPase and one
with low levels. Similarly, one has the stable form of myosin ATPase and the other
has the labile form (these sections represent reversed images and illustrate nicely the
inverse relationship between contraction rate and fatigue resistance). The swimmeret
muscles also appear to be highly oxidative and thus resistant to fatigue. These results
follow the same pattern as N. norvegicus (\W. Fowler, pers comm) and suggests that

the swimmeret muscles of C. crangon, like those of N. norvegicus, are composed of
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fast muscle fibres and a variant of normal fast fibres which are highly oxidative. It
is interesting to note that the areas of dark staining which denote highly oxidative
tissue, correspond to the distribution of mitochondria, which are concentrated just

under the sarcolemma.

The deep extensor and deep flexor muscles exhibit the typical histochemistry
of fast muscle fibres. They have high levels of myofibrillar ATPase, indicating high
contraction rates, and a low oxidative capacity which reflects low resistance to
fatigue. The muscle masses uniformly comprise the labile form of myosin ATPase,
and show all the characteristics of muscle fibres adapted to produce the rapid
movements of the tail-flip. There is an indication in histochemistry results of the
deep fast muscles that there is greater intensity of staining for myofibrillar ATPase
in the deep flexor muscle, compared with that of the deep extensor muscle (Fig.
5.1). This would appear to suggest faster contraction rates in the flexor muscle. This
would be consistent with the kinematic findings of Chapter 2, which show that the
flexion part of the tail-flip is consistently faster than the extension, and that the rate
of angular change of the abdomen during flexion is higher than that of the
extension. This is not particularly surprising, as the rapid flexion of the abdomen
quite obviously provides the power for the backwards thrust of the animal during the
tail-flip. If the extension of the abdomen was carried out as rapidly as the flexion it
would tend to slow the backwards movement of the shrimp considerably. Previous
studies of macrurous decapod abdominal musculature have not found this

histochemical difference between the deep fast muscles, although the same
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considerations must also apply. Further experimentation on this particular aspect of
the muscle histochemistry of Crangon crangon is obviously necessary both to clarify

and to examine the ramifications of this finding.

It seems reasonable to assume that the relative size of each of the abdominal
muscles found in Crangon crangon, may give an indication of the relative importance
of that muscle to the behavioural ecology of the animal. The superficial extensor
muscles of C. crangon are of similar relative size to those of Nephrops norvegicus (Neil
& Fowler, 1990). Both animals must use their superficial extensors in postural
adjustments and for stability when walking, but it is likely that in C. crangon the
superficial extensors are also used frequently in the process of burying in the
substratum. As has already been described by Lloyd & Yonge (1947) and Pinn &
Ansell (1992), C. crangon makes a hollow in the sand which it then sinks into. By
forcing water through its gills it ejects more sand from the hollow, allowing the
shrimp to sink further into the sand. In sinking and shuffling into the hollow it has
made, C. crangon appears to use small flexions and extensions of its abdomen which
act to flick or shovel sand over its back where it is then smoothed into place by the
antennae (personal observations). N. norvegicus, on the other hand, flexes its
abdomen more frequently in burrowing. There is some evidence to suggest that the
abdomen is flexed and the tail-fan used as a scoop in moving substrate from the
burrow (Rice & Chapman, 1971). N. norvegicus has also been seen to flex its
abdomen and tuck the tail-fan underneath its body to ease turning around. C.

crangon would appear to use the superficial flexors less for postural adjustments
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because a high proportion of its time is spent either buried in the sand or lying flat
against the surface of the sand where it is best camouflaged. These differences in
behavioural ecology do not appear to affect muscle morphology, however. Clearly,
more detailed study into this aspect of the functional morphology of muscle tissues
would be necessary to obtain a true picture of the relative importance of these

muscles to each species.

The swimmeret muscles of Crangon crangon are also relatively large, which
reflects the fact that C. crangon uses its pleopods for normal swimming when
feeding, both in the water column and along the bottom, as well as in the process
of burying. The superficial extensor muscles may also be used in pleopod swimming,

to keep the abdomen fully extended (especially when swimming vertically).

The size of the deep fast muscles of Crangon crangon, which take up almost
the entire abdominal region, is perhaps more a reflection of the power they must
produce rather than of their ecological importance. However it is interesting to
postulate whether the malacostracan tail evolved because of the tail-flip or whether
tail-flip became the best solution to the problem of escape behaviour with a long tail.
Hessler (1983) suggests that the escape reaction was probably not the sole reason for
the emergence of the abdomen and that it was the tail-fan which emerged first in
the ancestral malacostracan, in order to stabilise the body during forward walking
over the ocean floor. This tail would become an impediment during retreat from

predators or competitors and was probably flexed to keep it out of the way. It
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subsequently added power to the escape jump and the abdomen filled out to
accommodate the large fast muscles (Paul, 1990). The tail-flip appears to have been

successful in subserving the escape, as it is now widespread.

It is evident that the deep fast abdominal muscles must be large in order to
power the very rapid tail-flip which can propel the shrimp, from a complete
standstill, to velocities of more than 1 ms™, in a few milliseconds at accelerations of
48 ms. As has already been noted, in flexion the tail-fan is opened to force water
between the fan and the head, while in extension it is closed up, to reduce drag
during the extension of the abdomen. Thus the extensor muscles do not need to
provide the large amount of power that the deep flexor muscles produce and are

therefore smaller.

The deep fast abdominal muscles are examined more closely in the
biochemical analysis of the myofibrillar proteins of the muscle tissue. Once again
there are strong similarities between the muscle of Crangon crangon and that of
Nephrops norvegicus, both animals sharing the same myosin heavy chain, actin and
tropomyosin. Previous studies have found these proteins to be common to many
muscles and species (Mykles, 1985a,1985b). Like N. norvegicus, the deep abdominal
muscle of C. crangon has two types of paramyosin: P, which is only found in fast
muscle, and P,, which is found in both fast and slow fibre types, though usually in
smaller amounts in fast muscle. In the case of C. crangon it appears that P, and P,

are present in equal amounts in the fast muscle. In fact the staining for paramyosin
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is very weak, which suggests that paramyosin occurs in lower amounts in C. crangon
than it does in N. norvegicus. Mykles (1985) suggests that these two paramyosin
variants may reflect structural, rather than contractile differences, which may be
expressed in the dimensions of the thick filament. This possibility could be

investigated ultrastructurally.

Another myofibrillar protein which can be used as a label for fast fibres is
troponin H, previously referred to as the 75kD protein. Crangon crangon has 3
different isoforms of troponin H, none of which correspond to those found in
Nephrops norvegicus. Although interesting, this is not a particularly unexpected result,
since isoforms of troponin H vary even between the different fast muscles of lobster,
such as those of the claw and the abdomen (Neil & Tobasnick, unpublished data).
Crayfish have yet another variant of Troponin H. It is interesting to speculate how
the differences between these isoforms are manifested in the performance of the
muscle, but it is reasonable to conjecture that differences in troponin H may relate
to the speed of contraction in these different muscles. Relevant findings in this
context are those of Bullard er 2/ (1992) who have established the presence of a 75-
80 kD protein to be associated with the stretch activity properties of insect muscles.
It will be necessary to apply techniques such as immunoblotting to determine

whether the crustacean and insect proteins are in fact the same.

Electrophoresis bands of both troponin I and C were poorly resolved, as were

the bands of the myosin alpha light chains. This is probably due to a low intensity
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of staining with Coomassie blue (Mykles, 1985), so that at low protein loadings
these proteins were hardly visible, in the case of troponin C, or not visible at all, as
is the case of troponin I and the alpha light chains. The experimental gels also failed
to produce a band of troponin T. There have been 3 variants of this protein found
in the lobster muscles, one of which is used as a label for slow fibres and as such
would not be expected in Crangon crangon fast muscle, however Mykles (1985)
found that the three isoforms of troponin T were poorly resolved on 10% gels which
would explain their absence from these gels. On the whole the physiological
significance of these variations in the myosin light chains and the troponin subunits
remains unclear but it is possible that the troponin subunits anyway affect the

binding of calcium to the binding sites and thus contraction rates.
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CHAPTER 6 : PREDATOR-PREY INTERACTIONS

137



INTRODUCTION

Having studied the til-flip of Crangon crangon in detail in terms of its
physical parameters, its endurance and the functional morphology of the muscle
tissues which produce the movements involved, it is appropriate to examine the
escape response in terms of predator-prey interactions. Although several studies have
examined the tail-flip response, which is so characteristic of macrurous decapods
(Wine & Krasne, 1972; Newland et 2/ 1988; Daniel & Meyhofer, 1989; Newland
& Neil, 1990 I & II), few have considered the tail-flip in the context of predator-
prey interactions and analyzed the success of the strategy employed in the execution

of the escape response.

The sandy and sparsely-vegetated substrates inhabited by Crangon crangon
provide very little protection in the form of shelter for the shrimp and as such
should increase the risk of predation. It is also apparent from a previous experiment
(Chapter 4), that the tail-flip is costly in terms of energy and cannot be sustained
over long distances. However C. crangon is a common species in sparsely vegetated
environments and appears to be successful. One must therefore also assume that an
escape strategy which is employed by such a widespread organism must be optimal
in terms of survival. The way in which the tail-flip is employed is therefore of great

interest.

138



An experimental series was designed to examine the strategy used by Crangon
crangon in an escape reaction and to assess its success with reference to well
documented behavioural strategies. Probably the simplest way to examine the
behaviour is to use an artificial predator as has been used in many behavioural
experiments. This allows the observation of escape behaviour without the loss of
significant numbers of experimental animals and also allows some control over the
movements of the predator. The experiments aim to describe the strategy used by
C. crangon, and to identify some of the cues which trigger the escape reaction that
follows. Of particular interest in identifying an escape strategy is the timing of an
escape response in terms of the approach of the predator. Measuring the distance
travelled in the course of the tail-flip is also important not only as part of the escape
strategy, but also to compare with the values recorded in Chapters 2 & 3, under
somewhat more artificial conditions. As many studies have reported the use of burial
in the substratum as an important line of defence (Fuss & Ogren, 1966; Stein &
Magnuson, 1976) the importance of burial in the escape strategy has been
investigated as has the effect on the strategy of different degrees of burial. The events

which follow the tail-flip have also been examined.
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MATERIALS AND METHODS

Crangon crangon were obtained from Kames Bay, Millport, either using a
push net or by trawling. In an attempt to discourage cannibalism, which becomes
more prevalent at increased animal density, the shrimps were kept in an aquarium
with a layer of sand on the bottom. This allowed the shrimps to bury, increased the
carrying capacity of the aquarium and served to reduce stress. The shrimps were fed
on Mytilus edulis every two days. The animals were maintained in running, aerated
seawater at temperatures of between 9° and 11°C. Both male and female C. crangon,
ranging in size from 33 to 60 mm (from rostrum to telson), were used in the

experiments.

The escape responses of Crangon crangon were observed in a glass aquarium
tank, with a layer of sand, 3 to 4 cm deep. The experiments were carried out in
acrated seawater at a temperature of between 9° and 11°C. Escape responses were
elicited using a plaster-of-paris model fish (25cm) which was attached to, and moved
by, a length of fishing line. Rulers along the front and the sides of the tank allowed
the position of both the shrimp and the fish to be noted throughout the experiment
(see Figure 6.1). Shrimps were placed individually in the tank and allowed 20 to 30
minutes ‘settling time’ before the ‘fish’ was introduced. The initial position of the
shrimp in the tank was noted. It was also given a burial score on an arbitrary scale
of 1-3 (1: the shrimp had made no attempt to bury itself and remained on the

surface of the substratum, 2: the shrimp was partially buried, and 3: the shrimp was
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fully buried, almost completely concealed but for its eyes and antennae). In the
course of each experiment the model fish was moved towards the shrimp across the
bottom of the tank with its vertical position kept uniform, at a height above the
sand so that the model fish was just able to pass across its surface without disturbing
the substratum. The approach of the model fish was continued until an escape
response was triggered and, if the shrimp had not responded with an escape response
prior to its arrival, the model fish was used to produce a tactile stimulus at the end
of the approach. When an escape response was elicited, a number of things were
noted; the distance berween the shrimp and the model fish when the shrimp
responded (reaction distance); the horizontal distance travelled by the shrimp in its
escape; the time taken for the shrimp to re-bury itself in the sand, and the degree
to which it re-buried itself. Distances measured from the markers were only accurate

to + 0.5 cm. Two or 3 repeat experiments were performed on each shrimp.

In order to examine the cues received by the shrimp which trigger the
decision to tail-flip, the experiments were repeated with another set of animals, using
a glass bottle of a similar size and shape to the model fish as the predator. This ‘glass
fish> was employed in an attempt to minimize visual stimulus, either from the shape
and markings or from the shadow cast by the fish. It was assumed, therefore, that
the only significant stimulus the shrimp was able to detect from the glass fish was
the change in near field water displacement occurring when it was moved in towards
the shrimp. The glass fish was manoeuvred in the same way as the model fish and

the same measures were noted in the course of the experiment. By comparing the
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results of the two experiments the possible involvement of visual cues in escape

behaviour could be identified.

As some differences were observed in the measures of escape behaviour
between animals at different initial burial depths, all measures of response were

considered separately in the three burial categories: surface; partially buried; and fully

buried.
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Fig. 6.1. Diagram showing experimental aquarium.
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RESULTS

OBSERVATIONS WITH MODEL FISH

Crangon crangon which were placed in the observation tank, in most cases,
immediately buried in the sand and often did not move from this initial position
over the course of the settling time. Some shrimps were seen to bury deeper after the

introduction of the model fish.

REACTION DISTANCE

It was assumed that if horizontal reaction distance was not important in terms
of escape strategy, the frequency distribution of the reaction distances recorded from
experimental animals would be spread uniformly across the range of distances
recorded. Therefore the frequency distributions recorded were tested against a
uniform distribution using a Kolmogorov-Smirnov one sample test of goodness of
fit. Shrimps responding to the model fish did so over a range of reaction distances

from 0 to 12 cm.

Animals responding from a position on the surface of the sand showed the
highest frequency of response when the fish was 1 - 2 cm away from the shrimp (see
Figure 6.2) and this distribution was found to differ significantly from a uniform

distribution (p < 0.0009). Shrimps which were partially buried or fully buried,
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responded most frequently at a horizontal reaction distance of 0 cm (i.e. when the
fish was directly above the shrimp). The frequency distributions in each case were
also found to differ significantly from a uniform distribution (p < 0.0009). Using a
Kruskal-Wallis one-way analysis of variance, a highly significant difference was found
to exist between animals buried to these three degrees of burial, in the reaction

distances of their response (p < 0.0002).

Of the model fish predator ‘attacks,” some resulted in a tail-flip only after a
tactile stimulus had been applied. A tactile stimulus accounted for 16% of the tail-
flips elicited from animals on the surface of the substratum, 54% of tail-flips
performed by partially buried animals, and 62% of tail-flips performed by fully
buried animals. These results suggest that an increasing proportion of animals
respond only to a tactile stimulus as the degree of burial increases. Approaches by
the model fish which elicited no response (even after tactile contact) represented 5%
of cases for animals on the surface, 14% for animals which were partially buried, and

5% for fully buried animals.

The number of tail-flip responses elicited by tactile stimuli and the number
of negative responses recorded in each of the three burial groups were also compared
using a Kruskal-Wallis one-way analysis of variance. In both cases significant
differences were found between burial categories (p < 0.00009 and p < 0.005,

respectively).
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These results clearly show that at an increased level of burial a higher
proportion of responses are elicited at a reaction distance of 0 cm, more responses
are as a result of a tactile stimuli and shrimps are less likely to respond with a tail-
flip. Because the reaction distance proved to be significantly different at different
levels of burial, the other response measures were also considered in relation to burial

level.

DISTANCE TRAVELLED.

Shrimps responding to the model fish predator tail-flipped over horizontal
distances ranging from 0 to 60 cm, with mean values of 9.12 (+ SD = 7.24) for
those on the surface, 10.95 (+ SD = 14.66) for those partially buried and 17.21 (¢

SD = 19.33) for completely buried animals (Fig. 6.3).

The effect of burial depth on the rtail-flip distance was considered, by
comparing the distances travelled by animals in the different burial categories using
the Kruskal-Wallis one way analysis of variance. The distance travelled in the course
of a tail-flip was found to be unaffected by the initial burial depth, there being no
significant difference between the distances recorded in the three burial categories (p

> 0.35).
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TIME TO REBURY.

The time taken between the completion of the tail-flip and the onset of re-
burying in the substratum was also measured for the three burial categories (Fig.
6.4). Mean values of 33.05 s (+ SD = 51.11), 31.82 s (+ SD = 39.19) and 32.62 s
(¢ SD = 40.55) were obtained for animals on the surface, partially buried and

completely buried, respectively.

Using a Kruskal-Wallis one-way analysis of variance no significant difference
was found between the three groups of burial in respect of the time taken to re-bury

after completion of a tail-flip escape response (p > 0.6).

OBSERVATIONS WITH GLASS FISH

REACTION DISTANCE

Shrimps responding to the glass predator from a position on the surface of
the substratum, were most frequently found not to respond until a reaction distance
of 0 cm. The frequency distribution of the reaction distances recorded was found to
differ significantly from a uniform distribution (p < 0.0009) (using a Kolmogorov-
Smirnov test of goodness of fit). Animals which were partially buried and those
which were fully buried in the substratum were all found to respond to the glass fish

at a reaction distance of 0 cm. In both cases, the frequency distribution of the
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reaction distances recorded was therefore assumed to be significantly different from
a uniform distribution. Figure 6.5 summarises these results. The reaction distance
results from interaction with the glass fish were then compared with those recorded
in response to the model fish, using a Kruskal-Wallis one-way analysis of variance.
The pattém of frequency distributions of reaction distances recorded in response to
the model fish were found to differ significantly from those recorded in response to
the glass fish at all three burial categories (p < 0.05, for til-flips performed by
shrimps on the surface; p < 0.005, for both partially buried and fully buried
shrimps). Tail-flips performed by shrimps in response to the glass fish almost always
occurred at a reaction distance of 0 cm, whereas those elicited by the model fish,
although most frequently occurring in the last few centimetres of the approach of
the predator, were seen to be elicited during the approach from a distance of 12 cm.
These results suggest, firstly that the til-flip is performed at the last moment in
terms of predator approach, presumably as this is the optimal time to employ it in
order to evade capture, and secondly that there is an important visual component

in the decision to tail-flip.

As was the case in response to the model fish, a proportion of the tail-flips
elicited by the glass fish, resulted from a tactile stimulus delivered at the end of the
approach of the fish. A tactile stimulus accounted for 58% of the flips performed by
animals remaining unburied on the surface of the sand, 97% by partially buried
animals, and 98% by fully buried shrimps. In all three burial categories a significant

difference was found to exist between the proportion of tail-flips which resulted from
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a tactile stimulus in the different experimental groups (Kruskal-Wallis, one-way
analysis of variance, p < 0.0001). Animals failed to respond to the stimulus in 8%,
15% and 48% of cases of animals on the surface, partially buried and fully buried

respectively.

A comparison of the proportion of approaches by the model and glass fishes
that failed to elicit a response found no significant difference for shrimps on the
surface of the substratum (Fisher’s one-tailed exact test, p > 0.5), or for partially
buried shrimps (Fisher’s one-tailed exact test, p > 0.4). However for shrimps that
were fully buried, a highly significant difference was found between the responses to
glass and model fish (X corrected for continuity, p < 0.0006, at 1 degree of
freedom). It seems that the absence of a visual stimulus has a greater effect on the
responsiveness of shrimps when the animal is fully buried in the sand than when

partially or not buried.

DISTANCE TRAVELLED

The effect of varying the stimulus received by the shrimp, on the distance
travelled in the course of the tail-flip was examined by comparing the results
obtained from the model fish and glass fish, using a Kruskal-Wallis one-way analysis
of variance (Fig. 6.6 shows the distances travelled during tail-flips elicited by the
glass fish). No significant differences were found between the distances travelled by

shrimps on the surface or partially buried at the onset of the response (p > 0.5 and
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0.9, respectively). However in the group of animals which were fully buried highly
significant differences were found between the escape distances recorded by shrimps

in response to the model and glass fish (p < 0.0001).

REBURIAL

To determine if differences exist between the time taken to rebury after tail-
flips elicited by the model and glass fish, results were compared using a Kruskal-
Wallis one-way analysis of variance (Fig. 6.7 shows the reburial times achieved after
tail-flips elicited by the glass predator). No significant differences were found in any

of the three burial groups between the two stimulus types (p > 0.5, in all cases).
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Fig. 6.2. Frequency histogram showing the proportion of tail-flips elicited at each
reaction distance in the range of 0 - 12 cm, by a model fish.

Fig. 6.3. Frequency histogram showing the proportion of tail-flips travelling over
each distance (from 0 - 60 c¢m) in response to a model fish.
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Fig. 6.4. Frequency histogram showing the proportion of escape responses elicited
by a model fish, resulting in re-burial within each time band (from 0 - 160
sec).
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Fig. 6.5. Frequency histogram showing the proportion of tail-flips elicited at each
reaction distance in the range of 0 - 12 cm, by a ‘glass’ fish.

Fig. 6.6. Frequency histogram showing the proportion of tail-flips travelling over
each distance (from 0 - GO cm) in response to a ‘glass’ fish.
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Fig. 6.7. Frequency histogram showing the proportion of escape responses elicited
by a ‘glass’ fish, resulting in re-burial within each time band (from 0 - 160
sec).
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DISCUSSION

In terms of an escape strategy, the results of the experiment clearly indicate
that tail-flips are elicited at very short reaction distances, with shrimps remaining
motionless for a long time when approached by a predator, and responding with a
tail-flip only in the last few seconds of the predator’s approach. There are a number

of factors which make this functionally appropriate.

Firstly, Crangon crangon is extremely well camouflaged on or in sand and this
is obviously very important for the survival of the shrimp, if only because camouflage
provides the only concealment available on the sparsely vegetated bare sand that C.
crangon inhabits. Green (1961) reports that C. crangon shrimps have very elaborate
chromatophores formed from several cells and having numerous branches. C.crangon
has chromatophores with four different pigment branches; red, black, white and
yellow. This enables the shrimp to change its colour to mimic its surroundings
relatively rapidly, and, as many of the important predators of C. crangon are visual
predators, is crucial in explaining why C. crangon leaves the safety of the substratum

only at the last moment, as was established in this study.

Many predators rely on prey movement in order to detect prey (Brawn, 1969;
Ware, 1973; Tallmark & Evans, 1986), and therefore the shrimp may rely on the
ability to conceal itself as the first line of defence. Once buried in the substratum the

shrimp is concealed sufficiently well that it may be passed over completely by a

160



predator when completely motionless. It has been suggested that cod, an important
predator of crangonid species in the Clyde (D. Henning, pers. comm.), are unable
to detect and retrieve food covered by sand (Brawn, 1969). If this is the case, and
predators are likely to fail to detect the shrimp when it is buried in the sand, an
early tail-flip escape response would be a dangerous survival strategy to adopt. This
would suggest that buried animals are safest if they remain buried in the substratum
and it is perhaps for this reason that buried Crangon crangon are most frequently
found to wait until the predator is directly above them before tail-flipping. Animals
which are fully buried in the sand are more likely to respond at a shorter reaction
distance than animals which fail to bury, or are only partially buried, as the deeper
the shrimp is buried the better it is protected. This would also explain why such a
high proportion of shrimps will only produce an escape tail-flip in response to a

tactile stimuli, the proportion rising in animals which are buried to a greater degree.

Furthermore, although the tail-flip escape response can be executed at very
high speed, Crangon crangon is unlikely to twil-flip over sufficient distance to
outswim a predator. Results from previous experiments (Chapter 4) suggest that C.
crangon produces one tail-flip in response to a stimulus. It seems therefore that C.
crangon does not produce bouts of tail-flip swimming in the way reported for
lobsters such as Nephrops norvegicus (Newland et al, 1988). The cuttlefish is a
predator which relies heavily on its visual acuity and on the accuracy and rapidity
of its attack, and is known to prey on shrimps and prawns. Having caught sight of

the potential prey item the cuttlefish attacks extremely rapidly, ejecting its tentacles
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and seizing its prey within 30 ms. However if the shrimp tail-flips away from the
substratum after the attack of the cuttlefish is underway, the cuttlefish is unable to
change from its original course of attack and as a result fails to capture the prey
(Messenger, 1968). The greatest asset then of the tail-flip is probably the very rapid
acceleration it produces, and it is this which provides the best means of escape from
predators. These constraints favour the strategy of lying still in the sand until the
very last moment and then executing a rapid tail-flip, by which time the predator

is committed by its momentum to its initial target area.

It appears that the timing of the tail-flip is all important to the success of the
escape response and therefore the mechanism by which the correct timing of a
response is accomplished is of importance. It is likely that the shrimp uses external

cues to make the correct decision.

Comparison of responses elicited by the glass and model fish suggest that a
scale of cues is important in the decision to tail-flip. It is apparent that shrimps are
exhibiting escape responses to different stimuli and different levels of stimuli. For
example, some tail-flips are produced in response to water movement and vibrational
changes only (e.g. in response to the approach of the glass predator within 4 c¢m).
Others are clearly visual responses (e.g. to the model fish at distances greater than
4 cm), while many are only elicited by tactile stimuli, either alone or in conjunction
with the other modalities. Why do some tail-flips result from low level cues and in

other cases an animal will have to experience a range of cues before a response is
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elicited? Also, as the escape response is so rapid, how are these complex cues

assimilated and processed fast enough for the response to be viable?

It may be the case that Crangon crangon relies on a series of cues of increasing
intensity to trigger an escape response and that different animals are differentially
responsive (or are in different motivational states). For example a rapidly
approaching visual stimulus may itself be sufficient for a few animals to respond and
a visual stimulus followed by changes in near field water movement at the approach
of a predator, may produce a response in a few more animals. A tactile stimulus
coming after the previous two cues is likely to produce a response in almost all
shrimps. This sort of motivational staircase is found in the reproductive behaviour
of the three-spined stickleback, where mating behaviour in the female is initiated by
cues from the male, for example a red belly and zig-zag swimming behaviour.
Depending on the motivational state of the female, mating behaviour will be elicited
in the female by one or both of these cues (Tinbergen, 1951). In the situation of C.
crangon, this sort of releaser mechanism, working at increasing threshold levels
depending on the motivational state of the shrimp, may allow complex survival
decisions to be made at a reaction speed similar to that of a reflex. Each stimulus
received produces a certain level of arousal which must cross a threshold to produce
a response. The motivational state of the shrimp, affected by many different factors,
alters the position of this threshold and therefore the critical level of stimuli
necessary to produce a response. As has already been noted, the degree to which an

animal is buried affects the timing of the tail-flips in respect of reaction distance, and
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at a high degree of burial the shrimp is more likely to respond only to tactile stimuli
or to fail to respond at all. This is the sort of factor which would affect the
motivational state of the potential prey shrimp. Other possible factors which may
affect the motivational state of the animal, and therefore the decision making
process, are the size and state of moult of the shrimp. For example, Stein &
Magnuson (1976) found that smaller, more vulnerable crayfish (Orconectes
propinquus) responded more quickly than larger animals to predators, and Cromarty
et al, (1991) found differences in escape reactions between lobsters (Homarus

americanus) at different stages of the moult cycle.

This chapter has considered only the most basic of cues received from the
predator and has indicated that visual cues are very important. However chemical
cues may also play an important part in triggering an escape response and may form
part of a very much more complex set of so called releaser cues. Specific visual cues
may be involved which give the shrimp more detailed information about the
predator, but it appears likely that whatever form these cues take they will act in this
releaser fashion which trigger reflex reactions necessary to produce the rapid tail-flip
at the appropriate time. More detailed research into this aspect of the escape
response of Crangon crangon is obviously necessary to determine whether this is in
fact the sort of process used by the shrimp in the decision to tail-flips and to what

level of detail visual and other cues are perceived.
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The horizontal distances travelled in the course of a tail-flip, were found to
be similar to the displacements recorded in Chapter One, at between 0 and 10 cm.
A visual cue appeared to have no effect on the distances travelled during tail-flip
unless shrimps were fully buried, although no difference was established previously
between the distances travelled by animals in different burial categories in response
to either predators. In fully buried animals a visual stimulus not only alters the
timing of the escape response, but also increases the distance of escape. Why a visual

stimulus should affect the escape distance only in fully buried animals is unclear.

After an escape response which carries the shrimp out of the substratum and
into the water column, most shrimps rebury in the substratum, and as the
experiment shows, shrimps tend to rebury within a relatively short period of time
after a tail-flip escape response. This reflects the fact that the animal is less vulnerable
when buried in the sand and the need to evade capture by the predator encourages
the shrimp to bury again as soon as possible. It is likely that reburial also presents
a dilemma for the shrimp in that although the sooner it reburies in the substratum,
the sooner it is safely concealed, the movement generated in order to rebury may
draw the attention of the predator. Quite how the shrimp resolves this problem is
unclear but it may be that other factors of the tail-flip escape response mask the

reburial of the shrimp and therefore aid its escape.

Certain features of the tail-flip probably aid the shrimp in eluding a predator

by producing confusion. Because the tail-flip is so rapid and involves a faitly violent
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motion, it may well act to surprise the predator and momentarily disorient it, thus
reducing the effectiveness of any subsequent attack. In the course of the tail-flip the
shrimp may also produce a flurry of fine sediment as it takes off which again adds
to the confusion of the potential predator and allows the shrimp to resettle without
the predator being able to follow its escape path. This would lead us to expect that,
if the shrimp was going to rebury itself, it would do so very quickly to exploit any
momentary distraction of the predator. With re-burial occurring between 0 and 30
seconds, this would appear to be the case. However whether slow re-burial
jeopardises the escape is not known. It is an established fact that a dash and
subsequent cessation of motion is an effective escape strategy against predation
among fish (MPhail, 1969) and it may be that Crangon crangon can wait motionless

until a predator has ceased to show interest in it before re-burying.

The other benefit gained from this particular escape response is due to the
erratic nature of the tail-flip which makes it difficult for a predator to follow a prey
animal by producing a corresponding path of pursuit and this therefore makes a
second attack unlikely. This type of protean escape display has been shown to reduce

the success of a predator (Humphries 8 Driver, 1967,1970).

The effectiveness of the tail-flip in allowing the shrimp to evade capture by
a predator can only be established by more direct measures in the field and a more
detailed knowledge of the prey-capture behaviour of the predator itself. The

behaviour of a predator in interactions with its prey will be governed by factors such
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as optimal foraging strategies, the effects of prey density, capture success, handling

time and the value of the prey item in terms of nutrients.

In conclusion, these experiment indicates that the escape response of Crangon
crangon is employed in a specific strategy of escape which makes optimum use of the
different parameters of the tail-flip which have been investigated in part in previous
chapters. It seems likely that the escape response is governed by a complex series of
cues, the mechanism of which is unknown. Clearly in order to gain a more detailed
picture of the complex series of events which lead up to a predator induced escape

tail-flip, a more detailed study must be carried out.
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CHAPTER 7 : CONCLUSIONS AND GENERAL DISCUSSION
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CONCLUSIONS AND GENERAL DISCUSSION

The aim of the present study was to provide information on the escape
behaviour of the brown shrimp, Crangon crangon and to examine the role of this
behaviour within the behavioural ecology of the animals. The results of the study
provide a positive insight into the role of the tail-flip escape response in the

behavioural ecology of C. crangon.

The use of high speed video analysis in conjunction with the "Movias"
software package, proved to be an important tool, not only in clarifying the detail
of the rapid escape response of the shrimp and in examining the kinematics of the
propulsion, but also in calculating measures of performance such as velocity. The
measures of performance of the tail-flip of Crangon crangon were found to fall within
the range of other rtail-flipping crustaceans. However, high speed video analysis
allowed the determination of a difference in the style of the tail-flip of C. crangon
in comparison with other documented tail-flips. Species such as Nephrops norvegicus,
and krill (Euphasia superba) which perform multiple flips in swimming bouts, appear
to move only the tail in the course of the flexion of the abdomen, (Newland et 4/
1988, Newland & Neil, 1990 I and Kils, 1982) whereas C. crangon uses more of a
"jack-knife" movement with both the abdomen and the cephalothorax moving
during flexion, in a similar technique to the mysid, Praunus flexuosus (Ansell & Neil,
1991). Whether this difference in tail-flip style is due to morphological differences

between species or to the circumstances of escape episodes is not known, but it is
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postulated that in the sparsely-vegetated, soft bottomed habitat of C. crangon, an
escape response based on swimming speed may have to cover some considerable
distance and it is unlikely that the shrimp would be able to outswim its larger
predators in these circumstances. For example, among the gadoids, common
predators of C. crangon, Blaxter & Dickson (1958) report swimming speeds of
between 75-210cm.s for cod (Gadus morbua), 75-160cm.s' for whiting (Gadus
merlangus) and 6-129cm.s™ for plaice (Pleuronectes platessa). Although the shrimp
may not outswim a predator, it may be able to out-manoeuvre it, and it is probable
that the shrimp exploits the rapid acceleration of a "jack-knife" tail-flip to reduce the

likelihood of predator pursuit.

The power of the tail-flip of Crangon crangon is provided by contraction of
the fast abdominal flexor muscles which propels the animal backwards through the
water at high speed. These fast flexor muscles were found to resemble closely those
of Nephrops norvegicus (Neil 8 Fowler, 1990; Fowler & Neil, 1992) in that they
showed high levels of myofibrillar ATPase activity, indicative of fast contraction
rates, and a low oxidative capacity, suggesting low fatigue resistance. At the
molecular level some slight differences between C. crangon and N. norvegicus are
evident in the muscle myofibrillar proteins, such as the appearance of different
troponin H bands. It is postulated that these differences may be linked with
differences in contraction rates in muscles, though more detailed study is necessary

to provide more conclusive information.
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Despite the evidence of low oxidative capacity in the deep fast muscles, which
is indicative of low fatigue resistance, experiments examining the endurance of
Crangon crangon in sustaining tail-flip responses found that the shrimp is remarkably
robust in the face of repeated stimuli and response. The timing of behavioural events
associated with the extinction and recovery of tail-flip behaviour were found to be
similar to the figures recorded by researchers working on the biochemical events of
the extinction and recovery of escape tail-flipping (Onnen & Zebe, 1983; Kamp &
Juretschke, 1987), recovery of full tail-flip potential appearing to start after some 60
minutes. With shrimps responding to stimulus after a recovery interval of only 2
minutes after apparently exhaustive work, it is possible that the animal rarely
encounters the situation of being unable to respond due to fatigue, partial recovery

being sufficient to power subsequent flips.

In the experiments presented here which involved repeated mechanical
stimulus immediately after a response, and in the experiments in other studies
examining the biochemistry of extinction and recovery of behaviour, which used an
electrical impulse as a stimulus (Onnen & Zebe, 1983; Kamp & Juretschke, 1987;
Kamp, 1989; Gruschczyk & Kamp, 1990), it is probable that the regime of stimulus
was far more rigorous than that encountered in the field during natural predator
interactions. In the present study animals were found to respond to almost 50
stimuli before the extinction of escape behaviour. Optimal foraging theory states that
the overall profitability of a prey item is a function of its nutritional and energy

value, and the costs of prey capture and its consumption. In a natural predator-prey
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interaction it is unlikely that a predator will make 50 repeated attacks on a single
shrimp as the costs of catching the shrimp will become greater than the energy
benefits of the food. This suggests that the shrimps’ endurance and ability to recover
will allow them to sustain stimulation both by trawl gear and in the face of most
predator-prey interactions. Probably more important to the survival of Crangon

crangon is the success of the tail-flip in evading a predator in initial attacks.

In the course of all of the experiments carried out in the present study, the
majority of stimuli resulted in a single tail-flip. This is consistent with the hypothesis
presented earlier, that the tail-flip of Crangon crangon is adapted for speed of
acceleration rather than efficiency in terms of multiple flips. Experiments throughout
the study also found that shrimps were not propelled great distances in the course
of the tail-flip, moving distances of between 0-10cm. Again this suggests that the
escape response is not an attempt to outswim a predator but more an attempt to

elude the pursuit of the predator with a sudden, rapid and erratic movement.

If the shrimp is relying on a single tail-flip to remove it from a potential
predator it is probable that the timing of that tail-flip is extremely important. This
proves to be the case, as the final set of experiments show. The strategy of escape of
Crangon crangon is to execute a tail-flip in the final stages of the approach of the
predator, often after the predator has begun to strike. It is suggested that the
decision to tail-flip is triggered by a series of cues of increasing intensity, which will

cause the execution of a tail-flip, depending on factors which affect the motivational

172



state of the shrimp such as burial depth. Some other factors which it is suggested

may affect the motivational state of an animal are state of moult or body size.

In conclusion, the mechanism of the wil-flip of Crangon crangon the strategy
employed in its execution, appear to be finely tuned to meet the demands of the
animal and its surrounding habitat so that it is best able to evade capture by its

predators.
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