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Abstract

Some aspects of the biology of Pacifastacus leniusculus and A stacus leptodactylus

have been compared.

The literature survey shows that considerably more studies have been carried out on

P. leniusculus than A. leptodactylus.

Although no major differences have been found in the morphology of appendages and
mouthparts of the species, structural differences have been found in the abundance of
setae on the second maxilliped, in the number of teeth on the mandibles and the crista

dentata, and form of the chelipeds.

Studies on the environmental tolerance of the species show that both species are able
to survive in saline water for long periods of time but they can only increase in
number in low salinities. Both species can survive over a wide range of temperatures,
but they cannot tolerate temperatures of 34 °C after stepwise acclimation. Although
the results do not show a clear difference in the tolerance of P. leniusculus and A.
leptodactylus to low oxygen, there are some indications that 4. leptodactylus is more
tolerant of decreased oxygen tensions than P. Jeniusculus. By using a non-invasive
heart beat monitor on crayfish it has been observed that the frequency of heart beats
is extremely variable and can be affected by many factors, such as temperature and

salinity.



Juveniles of the two species can have a significant impact on plant and
macroinvertebrate communities. The results also show that both species can have a

negative effect on the recruitment of fish populations in freshwaters by eating fish

eggs.

Competition experiments show that both juveniles and adults of P. leniusculus are
significantly more aggressive than those of A. leptodactylus. The results also show that

A. leptodactylus would be eliminated by P. leniusculus if they met in a wild.

Adults of the species prey on their juveniles, except the brooding females with stage
2s. This predation occurs in the presence of adequate nutrition. Non-predatory
behaviour of the brooding females may indicate the presence of pheromones in the

species.

Reproductive efficiency of the populations of the species in Britain is as good as any
studied elsewhere. In comparison to A. leptodactylus, P. leniusculus has more eggs,

but smaller 1n size.

Pleopodal egg development of the species can be reduced from seven months to three
months with temperature acclimation, but photoperiod is not a factor in reducing

pleopodal egg development.

In both species sexual dimorphism was observed between males and females. Males
of both species and females of P. leniusculus exhibit allometric or isometric growth

during their lives but female A. leptodactylus exhibits 1sometric growth throughout.

XI



Comparison of body parameters shows that P. leniusculus can be considered as a
morphologically better species to adapt to environmental conditions than A.

leptodactylus because it has large and heavy chelae, and heavy body weight.

Both species grow fast, but because P. leniusculus hatches earlier it has an advantage

over A. leptodactylus and has bigger juveniles by the end of the first summer.

In both species males produce significantly more claw meat than females. Although
A. leptodactylus produces significantly more tail meat, males of P. leniusculus produce
significantly more claw and total meat. Significant differences occur in the tail meat
yield of female 4. leptodactylus and in the claw meat yield of female P. leniusculus,

but males produce similar amount of meat in winter and summer.
The Swedish trappy is very effective method of catching both species over a certain

size. Day and night catches show that both species are very active during the day and

night.
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Chapter 1

General introduction

1.1 Relationships

Crayfish are members of the largest crustacean Order, the Decapoda, which is mainly
characterised by having five pairs of legs, of which the first pair is usually formed into

a pair of claws (chelipeds), and a carapace covering the head and thorax.

Although Hobbs (1988) states that crayfish are most closely related to the
Nephropoidea (e.g. Nephrops) and places them in the Infraorder Astacidea, Scholtz
and Richter (1995) have erected a new taxon for them, the Astacida, and state that its
sister-group remains obscure. Crayfish differ from other decapod taxa in various
characters including the form of the carapace, the attachment of the fifth pair of legs
and the structure of the gills, and in the fact that they are mainly restricted to
freshwater habitats. A unique characteristic of crayfish is that they do not have larvae,

all embryonic stages occurring within the egg during development.

There are two Superfamilies of crayfish: the Parastacoidea, with a single Family, the
Parastacidae, and the Astacoidea, with two Families, Astacidae and Cambaridae. The

main differences between the Families concern gill and reproductive structures.



1.2 Geographical distribution

There are over 500 species of crayfish, most of which occur in America and Australia.
Europe by contrast has only five native species. Most species occur in temperate
regions. Africa, central Asia, the Indian sub-continent, and some islands have no

native crayfish species (Hobbs, 1988), despite the fact that suitable habits exist.

The Parastacidae are restricted to the Southern Hemisphere, whilst the other two

families occur in the Northern Hemisphere: the Cambaridae in North America and the

Far East, and the Astacidae in North America and Eurasia.

Due to the fact that crayfish are considered a delicacy in many countries (see Section
1.6), some species, which have been found to be fast growing, highly fecund and with
a good meat yield, have been introduced outside their natural range (Holdich, 1988).
This has been particularly the case in Western Europe, where introduced species are
now commoner than the native species in some areas (Lowery & Holdich, 1988). The
main introduced species involved are Orconectes limosus (Rafinesque), Pacifastacus
leniusculus (Dana) and Procambarus clarkii (Girard), all originating from North
America. In addition, A stacus leptodactylus Eschscholtz, from Eastern Europe and

Turkey have been translocated into Western Europe.

1.3  Ecology and behaviour

Crayfish are the largest, mobile invertebrates inhabiting freshwater environments.

Consequently, when they occur they can be a key species (Momot, 1995). They



inhabit a wide variety of freshwater environments from streams and rivers to ponds
and lakes. In some countries they have been found inhabiting saline coastal waters
(Lowery & Holdich, 1988; Koksal, 1988) and in others are semi-terrestrial (Hobbs,

1988).

The absence of larvae in crayfish is thought to be an adaptation to living in flowing

water, where larvae would be carried downstream (Hobbs, 1988).

Crayfish are omnivores consuming a wide range of food items, including plant and
animal matter (Goddard, 1988). However, Momot (1995) considers that crayfish obtain
most of their protein from animal sources, only reverting to plant material if animals
are not available. Other workers have, however, shown that the sudden absence of
crayfish can have a marked, positive effect on aquatic vegetation (e.g. Abrahamsson,
1973; Matthews et al., 1993), or alternatively that they can be used to clear nuisance

plants (Blake & Laurent, 1982).

Crayfish seem to be naturally aggressive and this is particularly true of those species
introduced outside their natural range. Males tend to be territorial, particularly in the

breeding season (Hogger, 1988).

14 Life history

Following mating females lay a clutch of eggs which become attached to the pleopods.

As no larvae are involved, crayfish lay far fewer eggs than their marine relatives, i.e.

50-400 depending on species (Lee & Wickens, 1992). As they are being laid they are



fertilised by sperm released from a spermatophore or a special chamber into which the
male deposited his gametes. The fertilised eggs undergo their full development to
hatchling stage on the female. The process sometimes takes over six months, although
in warm water species it can be considerably shorter. Hatchlings gradually become
independent of the mother but, for the first few days at least, they return to her
protection. It is believed that a pheromone is involved in this process (Little, 1975,

1976).

Following dependence juvenile crayfish moult frequently but by the time they become
sexually mature this process may be reduced to twice a year. The time taken to reach
sexual maturity depends on species, but can be from less than a year to more than four

years (Lowery, 1988).

1.5 Diseases and parasites

Crayfish suffer from a number of diseases, the most notable being thelohaniasis
(porcelain disease), caused by the protozoan, Thelohania spp., and crayfish plague
caused by the fungus, Aphanomyces astaci Schikora (Alderman & Polglase, 1988).
Porcelain disease rarely causes large-scale mortalities and infected individuals may live
for a number of years. Crayfish plague is a very virulent disease which is carried by
North American crayfish species. They are relatively immune to the effects of the
fungus, but crayfish from other continents which have been tested have been found

to be very susceptible (Unestam, 1975).



Crayfish plague entered Europe in the middle of last century and has had a devastating
impact on the populations of native crayfish ever since. However, all the native
species still survive and in some countries are abundant, e.g. Ireland and parts of
Germany (Holdich, D.M., pers. comm.). The disease did not reach the British Isles and
Turkey until the 1980s and this was probably related to the introduction of North

American crayfish for aquacultural purposes (Lowery & Holdich, 1988).

1.6 Crayfish as a luxury food for humans

Crayfish are harvested in large quantities from the wild or, alternatively, they are
cultured, either by “ranching” in open systems with little management, or in semi-
intensive systems with management (Holdich & Rogers, 1992; Holdich, 1993). Few
attempts have been made to culture crayfish intensively because of their cannibalistic
tenancies and in most species, their relatively slow growth rate compared with prawns
and shrimps (Lee & Wickens, 1992). In most countries they can be considered a
luxury food which demand a high price (Holdich, 1993). In Western Europe, largely
as a result of crayfish plague, demand outstrips supply, and has to be filled by

imports.

1.7  Reasons for and aims of the study

The American signal crayfish, Pacifastacus leniusculus, and the narrow-clawed
crayfish, A4 stacus leptodactylus, originate from western North America and western
Asia (e.g. Turkey) respectively. Both these species have been introduced into Britain

and, as well as being cultured, are present in large quantities in the wild (Rogers &



Holdich, 1995), where they compete with the native white-clawed crayfish,
A ustropotamobius pallipes (Lereboullet) (Holdich & Domaniewski, 1995). A stacus
leptodactylus is native to Turkish lakes and was the main species imported by North
European countries to try and meet demand until stocks were affected by overfishing
and crayfish plague in the 1980s (Koksal, 1988). There is some evidence that P.
leniusculus has been introduced into Turkey (P. Bagot, pers. comm.). If it has then it
is highly likely that it will escape and compete with the native, 4. leptodactylus, as
well as spreading crayfish plague, in a similar situation to what has happened in

Britain (Holdich & Reeve, 1991).

Despite the fact that both P. leniusculus and A. leptodactylus are now so wide-spread,
relatively little is known of their biology, and few attempts have been made to
compare them. As the author comes from Turkey it seemed that it would be of benefit
to undertake a comparative study of various aspects of the biology of the two species,
the results of which might be of value to both the British and Turkish crayfish

situation. In addition, it was hoped that many of the results would be useful for those

culturing crayfish.

Consequently, the following aspects were studied over a three year period, the aim
being to produce a comprehensive comparison of those aspects of the biology of both
species about which little is known. All the work, other than collecting crayfish for
experimental purposes, was carried out in the laboratory and in indoor and outdoor

aquaria.



The following aspects were studied in order to assess similarities and differences

between the two species:

. A review of the literature pertaining to both species.

. A comparison of the morphology of mouthparts and appendages.

. Their survival under certain environmental conditions, e.g. increased levels of
salt.

. The sublethal effects of low oxygen levels, increased temperature and salt

levels as measured by the heart beat rate.

. Their environmental impact in mesocosms.

. Inter- and intra-specific competition.

. The impact of adults on the survival of juvenile crayfish.

. Fecundity and the relationship between female size and egg size.

. Influence of hight on egg development and reducing hatching time.
. Length-weight relationships.

. Growth of juveniles under different temperature and densities.

. Meat yield of wild populations.

. An evaluation of the Swedish "Trappy".

The literature review was deemed necessary as this had not been undertaken before.
As the two crayfish studied are popular experimental animals such a review should
prove useful to other workers. Both species under consideration can live in identical
habitats. It is not known, however, if they feed on the same or different food in the
wild state. If there are differences then this might be reflected in differences in the

mouthparts and legs. Consequently, these were examined in detail by means of



scanning electron microscopy.

Although both species live primarily in freshwater there are records of them inhabiting
saline conditions in other countries. As both species live in tidal rivers in Britain they
may enter the estuarine environment. Experiments were therefore carried out to test
their ability to survive saline conditions at different stages of the life cycle. The
sublethal and lethal effects of certain other environmental conditions which are likely
to be experienced by the crayfish such as low oxygen levels and higher than normal
temperatures were tested, along with salinity, using the non-invasive CAPMON
technique for measuring heart beat. This is the first time it has been used for such a

purpose in crayfish.

One worry with introduced species is that they will have more impact on their new
environment than the native species. In order to see which might have the greater,
impact experiments involving the two crayfish species in question were set up using

known amounts of algae, macrophytes and invertebrates as a food source.

Both species have been introduced into Britain where they have escaped into the wild
and have built up large populations in a number of localities (Holdich & Reeve, 1991)
but, as yet no mixed populations have been reported, although this is considered to be
just a matter of time (Holdich, D.M,, pers. comm.). To observe what would happen
if P. leniusculus and A. leptodactylus were to meet, competition experiments were set
up with adults and juveniles of the two species. In aquaculture it is important to get
the maximum yield for the minimum effort. Monospecific experiments were set up to

see what survival would be like for the two species under semi-intensive conditions,



i.e. is the yield better for P. leniusculus or for A. leptodactylus? In addition, parallel
experiments were carried out to examine the predatory activities of adults on stage 2

juveniles.

Recruitement to an expanding population is very important in determining its success.
This depends on the fecundity of females and survival of the resultant juveniles. Egg
size 1s one of the main factors on fecundity. Apparently, big egg size brings about less
fecundity. In order to compare the fecundity and egg size of P. leniusculus and A.

leptodactylus egg counts were made on females from different sites.

Temperate crayfish are thought to need a cold period during winter followed by a
spring rise in temperature to stimulate development and hatching. Under natural
conditions the juveniles of P. leniusculus hatch and are released from their mother at
least four weeks earlier than those of A. leptodactylus. From the point of view of
culturing crayfish it is important to get juveniles started as early as possible each year.
To show whether this temperature sequence is necessary for egg development in P.
leniusculus and A. leptodactylus and whether it is possible to induce early hatching
of juveniles under artificial conditions, experiments were carried out with berried
females at 5, 13, 17 and 21 °C. In addition, the effect of the light and darkness on egg

development was also observed.

In addition to having juveniles as early as possible in the year, the growth rate of
juveniles is also an important factor in the management of crayfish. It is known that
growth rate is dependent on temperature. A comparison was made on the growth rate

of P. leniusculus and A. leptodactylus by keeping juveniles at diferent temperatures



and densities.

To stock (or restock) freshwaters with crayfish, in addition to adults, crayfish juveniles
are also used. Apparently, using relatively large juveniles for stocking increases their
chances of survival. As temperature is known to affect growth rate, juvenile crayfish
were subjected to increased temperatures to see if their growth rates could be

increased so as to produce large juveniles early in the year for restocking.

In addition to the importance of sexual dimorphism in the biology of species, it is also
important for aquacultural purposes such as in the determination of a proper cropping
strategy. Sexual dimorphism has been studied in a number of crustaceans including
crayfish. These studies have been mainly focused on the differences between males
and females, and/or within the same sex in terms of length-length or length-weight
relations. No studies have been made on the sexual dimorphism of P. leniusculus and
A. leptodactylus. To compare the differences in the length or length-weight between
males and females within and between the two species a number of measurements

were taken from the samples of the two species.

When considering crayfish for introduction, the meat yield is as important as their
ecological adaptability. Although P. leniusculus has been cultured in Europe for many
years, there is only an estimated value for its meat yield and little reliable data is
available for 4. leptodactylus. To compare the meat yield content of P. leniusculus
and A. leptodactylus, samples of males and females of the two species from different

populations were analysed and the yield related to body size.

10



In many European countries including Britain, the Swedish "Trappy" (referred to
subsequently as the trappy) is used to catch crayfish. No study has been carried out
on the effectiveness of this trap in catching crayfish. In adition, no comparison has
been made on the ability of this trap to catch P. leniusculus and A. leptodactylus. A
study was carried out to evaluate the effectiveness of this type of trap for catching the

species under study.

There are many aspects of the biology of the two species which could have been
studied, e.g. food preferences and behaviour, but time did not permit such studies to

be undertaken.

The crayfish used in this study were mainly obtained from colonies kept in outdoor
tanks at the University of Nottingham. When needed fresh supplies were mostly
obtained from Boxmoor Fishery (Hemel Hempstead north of London) for Pacifastacus
leniusculus, and from the Serpentine Lake (Hyde Park, London) or Tykes Water (north

of London) for A stacus leptodactylus.

11



Chapter 2
Introduction to Pacifastacus leniusculus (Dana)

and Astacus leptodactylus Eschscholtz

2.1 Comparison of Pucifastacus leniusculus and Astacus leptodactylus

According to Hobbs (1988) both Pacifastacus leniusculus and A stacus leptodactylus
belong to the crayfish family Astacidae which contains only three genera: A stacus,
Austropotamobius and Pacifastacus. Consequently P. leniusculus and A. leptodactylus
are similar in their morphology. The genus A stacus contains three species. astacus,
leptodactylus and pachypus, Austropotamobius contains two species: pallipes and
torrentium; and Pacifastacus contains five species: connectens, fortis, gambeli,
leniusculus and nigrescens (Holdich and Lowery, 1988). Only A. astacus, A.
leptodactylus, A. pallipes and P. leniusculus occur in Britain, but only A. pallipes is
native, the rest having been introduced for aquacultural and culinary purposes and

which have subsequently escaped into the wild (Holdich ez al., 1995b).

A stacus leptodactylus is easily identified by its long claws and is commonly named
the narrow-clawed or Turkish crayfish. P. leniusculus is easily identified by its red
colour, and large and robust claws. In addition, a white to turquoise patch on the claw
gives the signal crayfish its common name. Table 2.1 lists the main features separating

the two species. Figures 2.1-8 illustrates these differences.

12



2.2 Biology of Pacifastacus leniusculus

Pacifastacus leniusculus inhabits lakes, streams and rivers (Lowery and Holdich,
1988). It also occupies saline waters (Kerley and Prichard, 1967; Prichard and Kerley,
1970; Henry and Wheatly, 1988). It is tolerant to environmental extremes such as
temperature and various pollutants (Firkins, 1993; Firkins and Holdich, 1993). Because
it is able to adapt to a wide range of habitats and conditions, it has been introduced

to many waterbodies in Europe (Lowery and Holdich, 1988).

The average egg number of female P. leniusculus is higher than that of the other
astacids (Lowery, 1988). Because of its high fecundity, it may become more abundant
and, because the individuals of P. leniusculus are usually bigger in size than the other
astacids, it may have more impact on freshwater environments. Compared with many
other members of the Astacidae, P. leniusculus has a fast growth rate. It is also a

vagrant, aggressive species, which escapes easily from captivity.

With respect to the time of breeding, P. leniusculus starts to mate from late September
onwards in southern and central England. The early breeding of P. leniusculus brings
about an earlier hatching and release of juveniles (April to May). This gives P.
leniusculus a clear advantage over other species as it has more time to moult and grow
up. As compared with P. leniusculus, the eggs of A. astacus, A. pallipes and A.
leptodactylus hatch out in late May to June (this might even be July for A. astacus)
(Cukerzis, 1988; Lowery, 1988 and Koksal, 1988). Thus the juveniles of P. leniusculus
are significantly larger when other astacid juveniles are released. In addition, it is

possible to produce juvenile P. leniusculus in December by maintaining berried

13



females indoors at 16 (= 1 °C) in the early winter months (Chapter 9.1).

Another main aspect of the biology of P. leniusculus which 1s of interest concerns its
burrowing ability (Guan, 1994). It is able to survive for 2-3 weeks in burrows when
the water level is lowered. It is also reported that P. leniusculus can survive for long
periods in dried up rivers if there is some moisture under rocks (Holdich er al,

1995b).

23 Biology of Astacus leptodactylus

A stacus leptodactylus occupies a very similar niche to that of P. leniusculus. However,
in addition to streams, rivers, lakes and ponds, 4. leptodactylus also inhabits swamps.
Thus, it is sometimes called the swamp crayfish (Kossakowski, 1971; Cherkashina,

1975; Koksal, 1988).

Although it has a wide distribution and is of economic importance the biology of 4.
leptodactylus has been researched very little. Some aspects of its biology have been
reviewed by Kossakowski (1971), Cherkashina (1975), Papadopol (1975), Koksal

(1988), Firkins and Holdich (1993) and more recently Holdich er al. (1995a)

Like P. leniusculus, it is also fast-growing and highly fecund (Lowery, 1988; Koksal,

1988). But it 1s not as canmbalistic as P. lemiusculus and in mixed cultures is

outcompeted by P. leniusculus (Chapter 6).

14



Although the time and length of the reproductive cycle depends on the climatic
factors, in its native habitat the first signs of breeding activity (e.g. glair production)
appears with the decline in water temperature (7-12 °C) in the autumn and they mate
during October and November (Koksal, 1988). Then, the females lay their eggs four
to six weeks later (when the water temperature is 6-11°C). The eggs hatch out from

late May to the end of June.

The breeding season of A. leptodactylus in England is different from that in Turkey.
During the 1994 and 1995 breeding seasons it was observed that the first signs of
breeding activity (e.g. glair production) did not start before November and that they
started to mate in the first week of December. The eggs hatched out from late April
to the middle of May even when they were kept in the same conditions as P.

leniusculus (see Chapter 9.1).

Like P. leniusculus eggs, the hatching time of 4. leptodactylus eggs can be reduced
by maintaining berried females indoors at 16 (+ 1 °C) in the winter months (Chapter
9.1). But the time of hatching with increased temperature it is not as early as that of

P. leniusculus eggs.

24 Bibliographies on crayfish biology

The most extensive bibliography of freshwater crayfish was produced by Hart and
Clark (1987), which covered all references from the time of Aristotle (384 B.C.)
through 1985. Holdich (1991a) listed all those papers in the volumes resulting from

the International Association of Astacology Symposia (Volumes I-VII), 1971-1988,

15



and Holdich and Pearce-Higgins (1995) listed all papers for Volume I - X, and

included an index.

A selected bibliography of the red swamp crayfish, Procambarus clarkii (Girard) and
the white river crayfish, Procambarus acutus acutus (Girard) has been produced by
Spohrer et al. (1975). The bibliography consists of general biology, taxonomy,
geographical distribution, physiology, toxicology, parasitology and pathology, culture
techniques, processing and marketing. Arringon (1979) produced a selected
bibliography of the white footed crayfish 4 ustropotamobius pallipes and the red footed
crayfish A stacus astacus. Most of the papers relate to their taxonomy and distribution.
The literature published in Finland or by Finnish authors on A. astacus and P.
leniusculus have been recorded by Westman (1979). The record consists of 66
references which are mainly in Finnish. Cukerzis (1983) has reviewed the selected
literature on the native and introduced crayfish in Lithuania. Sixty-two percent of the
reference are in Russian, 4.6% and 20% are in English or in Russian with English
summary respectively. More recently a bibliography of the Australian redclaw
crayfish, Cherax quadricarinatus has been published by Medley er al. (1995). The
bibliography contains many papers on the early development and cultivation of this

species.

No bibliographies have dealt specifically with A. leprodactylus or P. leniusculus which
is surprising considering their commercial importance and the environmental impact
they have when moved outside their natural ranges (Holdich, 1988). As part of the
comparative study on P. leniusculus and A. leptodactylus a literature review has been

carried out using BIDS (Bath Information and Data Services) and manual library searches.
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References on Pacifastacus leniusculus and Astacus leptodactylus

The majonty of the papers relating to A. leptodactylus concern their physiology and
biochemistry (Table 2.1). In comparison to A. leptodactylus, more papers have been
published on P. leniusculus, especially concerning its physiology, farming-culture,
immunology, translocation and distribution (Table 2.1). The main reason for this is due
to the fact that this species has been introduced into most European countries for
aquacultural and wild-stocking purposes (Lowery and Holdich, 1988). In addition,
because it is easy to culture and maintain, it has become a popular experimental
animal. The majority of the papers relate to its physiology, although there is an
increasing number concerning aquaculture and immunology (Table 2.1). Because P.
leniusculus carries crayfish plague, many investigators have concentrated on its
immune system (e.g. Persson e al., 1987; Duvic and Soéderhdll 1990; Aspan and
Séderhill 1991; Kopacek er al., 1993) and the implications for susceptible crayfish

when this species has been translocated (e.g. Holdich and Reeve, 1991).
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Figure 2. Aspects of the comparative morphology of P. lemiusculus and A.

leptodactylus (modified from NRA, 1994).

Fig. 2.1 Dorsal view of male P. leniusculus

Fig. 2.2 Dorsal view of male A. leptodactylus

Fig. 2.3 Ventral view of the dactylus and propodus of the cheliped of male P.

leniusculus

Fig. 2.4 Ventral view of the dactylus and propodus of the cheliped of male 4.
leptodactylus

Fig. 2.5 Two post orbital spines on the rostrum in P. leniusculus

Fig. 2.6 Two post orbital spines on the rostrum in A. leptodactylus

Fig. 2.7 Absence of large spines on the side of the carapace in P. leniusculus

Fig. 2.8 Presence of large spines on the side of the carapace in A.

leptodactylus



Fig. 2.1 Fig. 2.2

Fig. 2.6

Fig. 2.7 Fig. 2.8

Note: Figures were taken from NRA- A gui : :
g - uide t i .
Britain and Ireland (1994). guide to identifying freshwater crayfish in
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Table 2.1. Features separating P. leniusculus and A. leptodactylus

Body

P. leniusculus Figure 2.1 shows the dorsal view of male P. leniusculus.
Body smooth, generally bluish-brown to reddish-brown, may
be almost black in colour in some habitats. Chelae large and
very robust, dorsally smooth. The arrow shows the
prominent white to turquoise patch (gives the signal crayfish
its common name) on upperside of the claw at the finger
joint.

A. leptodactylus Figure 2.2 shows the dorsal view of male A. leptodactylus.
Usually a uniform light yellow to green. Sides of carapace
rough. Long and slender chelae.

Claws

P. leniusculus Figure 2.3 shows the large, robust and smooth chelae of P.
leniusculus (ventral).

A. leptodactylus Figure 2.4 shows the long and narrow chelae of 4.
leptodactylus (ventral).

Rostrum

P. leniusculus Figure 2.5 shows the dorsal view of rostrum. Sides of
rostrum smooth and more or less parallel. Median ridge
smooth. Apex very pointed and prominent, sides sloping
down to prominent shoulders (arrow 1) some way from tip,
and the presence of two pairs of post-orbital spines (arrow
2).

A. leptodactylus Figure 2.6 shows the dorsal view of rostrum. The presence
of toothed margins on basal part with distinct pointed apex
(arrow 1), and the presence of two pairs of post-orbital
spines (arrow 2).

Carapace

P. leniusculus Figure 2.7 shows no spines behind the cervical groove in P.
leniusculus.

A. leptodactylus Figure 2.8 shows the presence of prominent spines behind
the cervical groove in A. leptodactylus (arrow 3).

Note: Figures were taken from NRA- A guide to identifying freshwater crayfish in
Britain and Ireland (1994).
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Table 2.2. Number of papers on the biology of A. leptodactylus and P. leniusculus.

Number of papers Number of papers
on A. leptodactylus on P. leniusculus

Astaciculture 7 17
Behaviour 3 20
Bibliographies 5 5
Biochemistry 60 19
Biology 9 5
Conservation 3 3
Disease 22 27
Ecology, Distribution and Population 24 37
h Biology (including trapping)
" Farming and Wild Harvest 4 16
" Fine Structure 5 0
" Food, Diet and Digestion 3 7
I Genetics 2 2
II Histology 0 3
" Immunology 1 19
Introduction of crayfish 10 25
Life Histories, Growth, Development and 20 36
Reproduction
Management 4 5
Physiology 43 60
Taxonomy 12 13
Toxicology 0 2

A subject grouping literature survey on 4. leptodactylus and P. leniusculus mentioned
in Table 2.2 is given in the Appendix.
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Chapter 3

Morphology of appendages and mouthparts using scanning electron microscopy

3.1 Introduction

As pointed out in Chapter 2 Pacifastacus leniusculus and A stacus leptodactylus both
belong to the family, Astacidae and consequently they share many common features
(Hobbs, 1988). Although descriptions of the two species are given in many keys
(Curra, 1967; Pennack, 1978; Laurent and Forest, 1979; Brodski, 1983; Gledhill et al.,
1993; Vigneux et al, 1993), few studies have highlighted their morphological

differences in any detail, e.g. arrangement and variety of setae.

Differences in the morphology and structure of mouthparts and pereopods of crayfish
are useful in classifying them for systematic purposes. For example, variations in the
rostra, chelae, mandibles and third maxillipeds were used by Hobbs (1987) to classify
species of the genus Astacoides. Variations in chelae were also considered to
determine taxonomic differences between Orconectes propinquus and Orconectes
obscurus by Tiemey (1982). Morphological differences of the western North American
crayfish species of the genus Pacifastacus have been classified into the subgenera

Pacifastacus and Hobbsastacus (Bouchard, 1977).

Scanning electron microscopy has been used to study the external morphology of
mouthparts, pereopods and pleopods in a variety of decapod crustaceans. Particularly
the fine structure of setae (Thomas, 1971; Farmer, 1974, Budd er al., 1978; Factor,

1978 and 1989; Hindley and Alexander, 1978; Alexander ef al. 1980; Solon and Cobb,
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1980; Tautz and Sandeman, 1980; Tyson and Sullivan 1981; Derby, 1982; Felgenhauer
and Abele, 1983; Mittenthal and Trevarrow, 1983; Bauer, 1989; Mura and Caldo,

1993; Loya-Javellana, 1995).

The functional morphology of the mouthparts and pereopods has been observed in the
Norway lobster Nephrops norvegicus by Farmer (1974) and the shrimp A4 tya innocous
by Felgenhauer and Abele (1983); in the prawn Penaeus merguiensis by Hindley and
Alexander (1978) and Alexander e al. (1980); and in the crabs Pagurus longicarpus
and Pagurus pollicaris by Roberts (1968). In addition to these, Mura and Caldo (1993)
have studied the structure of the molar surface of the mandibles in the shrimp
Branchinella spinosa. A similar study has been carried out on brine shrimp by Tyson

and Sullivan (1981).

Observations on the morphology and structure of feeding apparatus and distribution
of setae in lobsters have been mainly reported for Homarus americanus and Homarus
gammarus. The morphology of the mouthparts and type and distribution of setae in
larvae of H. americanus have been illustrated by Factor (1978) and Hinton and Corey
(1979). Derby (1982) has described the type of setae on the antennules, antennae,
mouthparts and pereopods of H. americanus. Similarly, Solon and Cobb (1980) have

investigated the type of setae on the chelae of H. americanus.

The number and structure of the chordotonal organs on the coxopodite and
dactylopodite of pereopods and third maxillipeds of H. gammarus have been examined
by Wales ef al. (1970). A study has been carried out on the feeding mechanism,

structure of the gut, and digestive physiology of H. gammarus by Barker and Gibson
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(1977). Wales e al. (1976) have also explained the mandibular movements and their

control in H. gammarus.

As compared with prawns, shrimps, crabs and lobsters, more studies have been carried
out on the morphology of crayfish bodyparts. The morphology of A stacus fluviatilis
was detailed by Huxley (1973). Huxley also briefly described the setae of A. fluviatilis
in his study. The structure of some appendages and mouthparts of the stage one, two
and three juveniles of Pacifastacus leniusculus and Orconectes limosus was drawn by
Andrews (1907). Whitehouse and Grove (1947) published the external features of
Astacus sp. Recently, P. leniusculus was chosen as a model in the description of
functional morphology of crayfish by Holdich and Reeve (1988). Holdich (1992) also
reviewed the early post-embryonic development of astacid, cambarid and parastacid

crayfish.

A number of studies have been carried out on the morphology and setae of
Austropotamobius pallipes. The variety and distribution of setae in adult and juvenile
of A. pallipes have been documented by Thomas (1970, 1971, 1973, 1978, 1983 and
1986, Thomas and Ingle, 1987). The comparative morphology of the mouthparts and
setal variations in different stages of free-living juveniles and adult Cherax
quadricarinatus have been described by Loya-Javellana (1995). Similarly, setae types
on different parts of the body were also observed in Procambarus clarkii by Aoki
(1965) and Ameyaw-Akumfi (1977); Orconectes immunis by Budd et al. (1978); and
Cherax destructor by Tautz and Sandeman (1980). In addition, setal development in
the uropod and telson was also investigated in juvenile and adult A. leptodactylus by

van Herp and Bellon-Humbert (1978). Similarly, Mills and Lake (1975) observed the
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setal development in the uropods and telson of Parastacoides tasmanicus.
Malaczynska-Suchcitz (1956) briefly described the telson, second and third walking

legs of stage one juvenile Potamobius (A stacus) leptodactylus.

In the present study, the structural differences between the juveniles of P. leniusculus
and A. leptodactylus are compared under the scanning electron microscope. In
addition, the development of mouthparts in stage 1, 2 and 3 juveniles of the two
species is also evaluated. The aim of this part of the study was to try and detect
differences which may indicate the ability to feed on different food items, both

between the juveniles of the two species and within the different stages of the same

species.

3.2 Materials and methods

Juveniles of different stages (first, second and third stages and juveniles 12 mm in
carapace length) were used. The samples were reared under artificial conditions in
clean containers instead of keeping them in concrete tanks which have a muddy floor
and would therefore make them dirty and unsuitable for photography. After individuals
had moulted, they were killed when their body became hard enough to dissect and
before they lost any appendages. To kill the samples, they were placed in a freezer for

ten minutes. Then they were preserved in 70 percent alcohol.

Mouthparts and appendages were removed under a light microscope. After dissection,
the selected bodyparts of 12 mm length (carapace) juveniles were air dried for

approximately 12 hours at room temperature (18 +1 °C). Because the stage 1, 2 and
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3 juveniles were too delicate to apply air drying technique, the crtical-point drying

technique was applied for them.

Then, the selected body parts were attached to aluminium stubs with silver colloidal
paint and coated with gold using a Polaron Sputter Coating Unit E5100. Finally, to
view the bodyparts the stubs were set up in a JSM-840 scanning electron microscope

operated at either 10, 15 or 25 KV.

The terminology used is taken from Holdich and Reeve (1988). The segments of the
appendages are named from attachment point as: coxopodite (coxa), basipodite (basis),
ischiopodite (ischium), meropodite (merus), caropodite (carpus), propodite (propodus),

dactylopodite (dactylus) with a terminal unguis.

33 Observations

To show differences between P. leniusculus and A. leptodactylus, stage 3 and 12 mm
(carapace length) juveniles of the two species were compared. To show differences in
the rostrum, carapace, second pereopod, fourth pereopod, third maxilliped, second
maxilliped, first maxilliped and mandible between P. leniusculus and A. leptodactylus,
12 mm (carapace length) juveniles were used. Third stage juveniles were also used to

show differences in the first pereopod (cheliped).

The development of stage 1, 2, 3 and 12 mm (CL) juveniles was also evaluated within
and between the two species (except the maxilla of stage 1 juveniles). In addition,

setae types were also compared for the two species.
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Due to the delicate nature of the mouthparts and appendages of juveniles it proved
very difficult to prepare them for scanning electron microscopy. Consequently, some
of the photographs exhibit charging (brightness). In the description below only the

differences which were apparent between the two species are described.

3.3.1 Differences in the morphology of appendages and mouthparts

Rostrum and carapace

In general shape the rostra of the two species are very similar. They taper to a point
but near the apex a sharp spine occurs on either side (c.f. Figure 3.3 for P. leniusculus

and Figure 3.4 for A. leptodactylus).

Although both species have two post orbital spines on each side of the rostrum, 4.
leptodactylus also has a large spine on each side of the carapace; this is absent in P.
leniusculus. (c.f. Figure 3.1 for P. leniusculus and Figure 3.2 for A. leptodactylus). In
the juvenile competition experiments (see Chapter 6), this spine (next to the cervical
groove) is the best character by which to distinguish stage 2 juveniles of the two
species under the light microscope. This spine is also present in A ustropotamobius

pallipes (but not in stage 2 of 4. pallipes) (NRA, 1994).
The sides of the rostrum of 4. leptodactylus are bordered by a regular row of setae.

This row of setae on the rostrum of P. leniusculus is not as regular as that of 4.

leptodactylus. (c.f. Figure 3.3 for P. leniusculus and Figure 3.4 for A. leptodactylus).
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Cheliped (first pereopod)

The gap between the dactylus and propodus of the cheliped is wide in 4. leptodacty lus
and the margins are serrated. The gap is narrower in P. leniusculus and the inner edges

of the dactylus and propodus are not so serrated. (c.f. Figure 3.5 for P. leniusculus and

Figure 3.6 for A. leptodactylus).

There is a row of setae on the propodus of the cheliped in A. leptodactylus (c.f. Figure

3.8), but there 1s no a row of setae on the cheliped in P. leniusculus (Figure 3.7).

The carpus of P. leniusculus has setae, but that of A. leptodactylus has not. Also, the
shape of the spine on the edge of the carpus is different in the two species, that of 4.

leptodactylus being much larger. (c.f. Figure 3.7 for P. leniusculus and Figure 3.8 for

A. leptodactylus).
Second pereopod
A difference was found regarding the propodus and dactylus between the species.
Although A. leptodactylus has an unguis at the tip of propodus and dactylus, this

unguis does not appear in P. leniusculus. (c.f. Figure 3.9 for P. leniusculus and Figures

3.10 and 3.11 for A. leptodactylus).
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Fourth pereopod

More abundant setae are present on the ventral side of the propodus of A.

leptodactylus than for P. leniusculus (c.f. Figure 3.12 for P. leniusculus and Figure

3.13 for A. leptodactylus).

Third maxilliped

A spine is present on the second and third segments of the third maxilliped in 4.

leptodactylus (Figure 3.15). These spines are not seen in P. leniusculus (Figure 3.14).

The number and distribution of teeth are also different on the crista dentata (first
segment) of the two species. There are more teeth on the crista dentata of P.

leniusculus. (c.f. Figure 3.16 for P. leniusculus and Figure 3.17 for A. leptodactylus).

Second maxilliped

Compared to 4. leptodactylus, more abundant and very close setae are present on the

endopod of P. leniusculus. (c.f. Figure 3.24 for P. leniusculus and Figure 3.25 for A.

leptodactylus).

First maxilliped

A difference occurs in the length of setae on the exopod. Bigger setae are present on

the exopod of P. leniusculus. (c.f. Figure 3.32 for P. leniusculus and Figure 3.33 for
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A. leptodactylus).

Mandible

There are more teeth on the incisor lobe of the mandible of P. leniusculus. (c.f. Figure

3.40 for P. leniusculus and Figure 3.41 for A. leptodactylus).

Maxillule

The length of setae on the protopod of P. leniusculus is greater than that of A.
leptodactylus. In addition, unlike P. leniusculus, in A. leptodactylus the tip of the
protopod of the maxillule has long setae. (c.f Figure 3.48 for P. leniusculus and

Figure 3.49 for A. leptodactylus)

Maxilla

Setae on the edge of the protopod lobes are present in A. leptodactylus. These setae
are not present on the protopod lobes of P. leniusculus. (c.f Figure 3.56 for P.

leniusculus and Figure 3.57 for A. leptodactylus). Figure 3.66 also shows these setae

in A. leptodactylus at high magnification.

3.3.2 Juvenile development of Pacifastacus leniusculus and Astacus leptodactylus

In addition to an increase in size, changes in morphology in the feeding apparatus of

P. leniusculus and A. leptodactylus are known to occur between the developmental
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stages (stage 1, stage 2, stage 3 and 12 mm (CL) juveniles). Differences between the
development stages in the first, second and third maxilliped, mandible, maxillule and

maxilla of the two species are shown in Figures 3.16 - 3.61.

Differences mainly occur in the length and abundance of setae on the feeding
appendages, and in the number and dimension of teeth on the mandibles and the crista

dentata of the third maxillipeds.

The increase in the number and dimension of teeth on the mandible of P. leniusculus
as the crayfish moults are shown in Figures 3.46, 3.44, 3.42; 3.40, and those of 4.
leptodactylus are given in Figure 3.47, 3.45, 3.43; 3.41. Similarly, the increase in the
number and dimension of teeth on the crista dentata of P. leniusculus as the crayfish
moults are shown in Figures 3.22, 3.20, 3.18; 3.16, and those of A. leptodactylus in

Figures 3.23, 3.21, 3.19; 3.17.

It is well known that stage 1 juveniles are not active feeder (Thomas, 1970). Although
stage 1 juveniles feed on the yolk the presence of setae were found in the maxillipeds
(first, second and third), mandible, maxillule, and maxilla of the two species (Figures
3.38, 3.30, 3.22, 3.46; 3.54 for P. leniusculus, and Figures 3.39, 3.31, 3.23, 3.47; 3.55
for A. leptodactylus respectively. Although setae were found in the maxilla of stage

1 P. leniusculus and A. leptodactylus, because of too much charging, they are not

shown).

According to Thomas (1970) only hamate (on the epipodites), pappose (on the

carapace and on the scaphognathite margins), pappose and plumodenticulate (on the
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epipoditic flange) setae occur in the stage 1 juveniles of A. pallipes, but in the present
study, micro-conate setae were also found in the stage 1 juveniles of P. leniusculus

and A. leptodactylus. This is only shown for P. leniusculus in Figures 3.67 and 3.78.

3.3.3 Setae types

Setae have a great importance in the feeding process of crayfish, as they do in all free
living Crustacea (Thomas, 1970; Farmer, 1974; Factor, 1978; Holdich and Reeve,

1988).

An increase was observed in the length and variety of setae with the development of
juveniles. After the first moult of juveniles a sudden and massive appearance of setae

occurs.
Although varieties of setae have been recognized in both the species, the same basic
setal types are found in the same location of different individuals. These setae are:
tooth, rod, serrate, multiserrate, plumose, acuminate, conate and cuspidate setae.
Figures 3.62 - 3.83 show the basic setal types present in the two species.

Description and location of the setae

In order to describe the groups of setae and their location Thomas's (1970)

terminology were used in the present study.
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Tooth setae

These are sturdy setae, relatively short (average 0.4 mm in lenght). They are
conspicuously oval in cross-section and are situated in well-developed sockets (Figures

3.68 and 3.75). They rapidly increase in number as crayfish grow.

Tooth setae occur on the ventral margins of the dactylopodites of the four pairs of
walking legs and on the dorsal margins of the propodite projection of the first two
pairs of walking legs. They also occur at the biting edges of the chelae in juveniles

(Thomas, 1970).

Rod setae

These are relatively long setae, varying in length from 0.4 to 1 mm. Rod setae become

gradually thinner from the socket to the tip (Figures 3.75 and 3.79).

They occur on the dactylopodite of the first and fourth walking legs and on the
propodites of the first two walking legs, on the basipodite of the first maxilliped and

on the dactylopodite of the second maxilliped (Thomas, 1970).

Semate setae

Serrate setae have a row of serrations along each side of the shaft or along only one
side of the shaft. The size and shape of the serrations are very variable. The best

developed serrations are found half way along the postannular portion of the shaft.
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These serrations become gradually thinner towards the tip and are within

approximately 45° of each other (Figures 3.70; 3.72; 3.74; 3.76).

They are most abundant on the second and third maxillipeds, and on the propodite of
the third and fourth walking legs. The largest serrate setae are always found on the

outer edge of the dactylopodite of the third maxillipeds (Thomas, 1970).

Multisemrate setae

Multiserrate setae are long and very similar to serrate setae. The difference is that

multiserrate setae have a multiplicity of rows of denticulations on the shaft (Figure

3.73).

Multiserrate setae occur on the scaphognathite of the maxilla, on the coxopodites of

the maxillules, and on the inner surface of the branchiostegite (Thomas, 1970).
Plumose setae

In general, except on the setobranchs (gills), plumose setae are longer than all other
setal types. Almost all of the shaft have setules and the shaft has a smoothly pointed

tip (Figure 3.71; 3.77,; 3.81; 3.82; 3.84).

They are present on the exopodite edges of the antennules and maxillipeds, on the

pleopods, uropods and telson (Thomas, 1970).
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Acuminate setae

These setae are smooth, very variable in length and thickness. The tip is smoothly
pointed. The preannular part of the shaft looks like a pillar, but the shaft starts to taper

at the annulation (3.62; 3.65; 3.72; 3.77).

Acuminate setae are commonly distributed over the flat outer surfaces of the
appendages. A much slimmer type of the accumunate seta occurs on the margins of
the uropods and telson, and on the exopodite and endopodite of the pleopods (Thomas,

1970).

Conate setae

Conate setae are relatively short and are very variable in size. They are sharply conical
in shape and the tip is pointed. Conate setae are not flexible and are attached to the

socket very rigidly (Figures 3.63; 3.64; 3.65; 3.66; 3.67; 3.78; 3.80).

Conate setae occur on all appendages except on the antennae, pleopods, uropods and

telson (Thomas, 1970).

Cuspidate setae

Cuspidate setae are heavily cuticularized. They are robust and relatively long (0.5-1
mm). They have a smooth surface and the tip is rounded. Like conate setae, they are

attached to the socket very rigidly (Figures 3.63 and 3.69).
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Cuspidate setae are found on the dactylopodites of the second maxillipeds, propodites
of the third and fourth walking legs and on the distal basipodite edge of the maxillules

(Thomas, 1970).

34 Discussion

From the observations described above it is clear that the increase in the number and
dimension of teeth on the mandible and crista dentata, and the increase in the length
and variety of setae on the mouthpart of juveniles may enable them to cope with

different types of food as they get older.

The small differences in the setal armature of mouthparts might lead to differences in
the feeding behaviour between P. leniusculus and A. leptodactylus. It seems that when
the same food is provided for the same stage of the species, P. leniusculus might have
an advantage over A. leptodactylus because of its long and abundant setae on the
second maxilliped, more teeth on the mand