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ABSTRACT 

Despite the wide d i s t r i b u t i o n and abundance of the freshwater c rayf i sh 
Austvopotamobius pallipes in B r i t a i n , l i t t l e is known of i t s 
population biology. The dynamics and growth of a Northumbrian 
population of A. pallipes were studied using an intensive-mark-
recapture programme. 

The seasonal timing of moulting and reproduction was found to be 
predictable and probably related to water temperature. Stomach 
contents showed crayf ish to be omnivorous, with plant material forming 
the bulk of the d i e t . 

Population s ize , survival and recruitment were estimated from mark-
recapture data at frequent in t e rva l s . Two pr incipal types of mor ta l i ty 
were i d e n t i f i e d : moult-associated m o r t a l i t y , which was r e l a t i v e l y 
intense and of short (2-3 weeks) durat ion, and overwinter m o r t a l i t y , 
which operated at a much lower estimated weekly rate over a period of 
some 30 weeks. Mor ta l i ty was shown to be highly variable throughout 
the year. Population size generally showed a midsummer peak as 
recruitment in to the catchable size classes occurred. Thereafter 
numbers declined s l i g h t l y towards the end of the growth season, 
followed by an overwinter decline of some 50% of t o t a l numbers. 
Longevity was estimated to be at least eleven years. 

The re la t ionship between size, age and weight was established and 
males shown to have fas ter growth rates than females a f t e r the size 
of sexual matur i ty . Growth increments and moult frequency were shown 
to d i f f e r between the sexes and according to body size. Reproductive 
females omitted one moult while carrying eggs. Growth rates were 
depressed by the parasite Thelohania contejeani and by the regeneration 
of a major chela. The fecundity of females and the p robab i l i t y of 
being reproductive increased with body size. 

The annual production of the study population was estimated at 
196.49 kg ha"1 in 1977, 116.80 kg ha - 1 i n 1978 and 87.79 kg ha"1 in 
1979. 

Detailed l i f e h is tor ies of many marked individuals were collected 

which support the conclusions drawn at the population l e v e l . 



Chapter One 

GENERAL INTRODUCTION 

Crayfish are widely d i s t r ibu ted throughout temperate fresh waters, 
where they are usually the largest invertebrate present. They are, 
however, absent from equatorial regions. Huxley (1878,1880) 
suggested that t he i r d i s junc t occurrence is a t t r ibu tab le to the i r 
evolution from a widely d i s t r ibu ted marine ancestor which 
subsequently disappeared. Of the present day species, some 250 
are found in North America (Avault 1973), approximately 100 in 
Australasia (Huxley 1880; Frost 1975) and only four are native to 
Europe. A few species are known from South America and the Far 
East. I t i s probable that the large number of North American 
crayf ish is related to the great d ive r s i t y of habi tats : many species 
have adapted to unpredictable or adverse environments by developing 
a p las t ic l i f e h is tory (Bovbjerg 1952; Caldwell & Bovbjerg 1969) or 
by burrowing when the habitat dries out, e.g. Pvooambarus clarkii 
and Orconectes immunis (Fielder 1972; Avault 1973). Hobbs (1975) 
has described several species adapted to cave dwel l ing . A feature 
of the subfamily Cambarinae, which comprises the major i ty of the 
North American species, is t he i r r e l a t i v e l y short l i f e span , e.g. 
2\ years in Ovconeates negleotus ohaenodactylus (Price & Payne 1979) 
and 3 years in O. palmeri palmeri (Price & Payne 1977), while 
Procambarus pictus is believed to be an annual species (Franz 1977). 

The native European species have certain features dis t inguishing 
them from the North American Cambarinae. They are r e l a t i v e l y long-
l i v e d , e.g. at least 11 years in Austvopotamobius pallipes, up to 
13 years in Astaous leptodaotylus eichwaldi (Cherkashina 1975) and 
8 years in Astaous astaous (Cukerzis 1975), and have s imi la r l i f e 
h i s to r i e s , which, together wi th the consistent t iming of the growth 
season and reproductive cycle (Abrahamsson 1971; Kossakowski 1971) 
are features which are typical of members of the subfamily Astacinae 
(as defined by Hobbs 1974). 

There are r e l a t i v e l y few published reports of studies of the 

population biology of freshwater c r ay f i sh . This is somewhat 

surpr i s ing , f o r in several countries they are economically important 
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and natural populations are cropped as a food source. In add i t ion , 
c rayf ish are generally prominent members of t he i r habitats by v i r tue 
of t he i r r e l a t i v e l y large size and t h e i r occurrence in high densi t ies . 
The ex is t ing l i t e r a t u r e i s confined largely to descriptions of t he i r 
l i f e h is tor ies and d i s t r i b u t i o n , e.g. Rhoades (1962); Smart (1962); 
Aiken (1965); Fielder (1972); Payne (1972); Weagle & Ozburn (1972); 
Lake & Newcombe (1975); B e r r i l l (1978); Boyd & Page (1978); Caine 
(1978). Of the studies reporting on the population dynamics of 
c r ay f i sh , those of Abrahamsson (1966); Momot (1967a, 1967b, 1978 ) ; 
Cukerzis (1975); Mason (1975) and Momot & Gowing (1977a, 1977b, 
1977c) are notable. 

Li tera ture concerning the only freshwater c rayf ish native to the 
B r i t i s h I s l e s , Austropotamobius pallipes (Lereboullet 1858) is 
p a r t i c u l a r l y sparse. I t is clear from early references to crayf ish 
as a food item that i t was widespread and well known in B r i t a i n at 
least from medieval times. In an ed i t ion of a work dating from 1577, 
Harrison (1878) referred to ' the l i t t l e crafishes taken p l e n t i f u l l i e 
in our fresh r i v e r s ' , while Ful ler (1702) recorded the stocking of 
the River Yower with 'crevishes ' . The species was reported to be 
found ' i n most chalk streams . . . and in many ponds and other r i v e r s ' 
by Cameron (1917). 

The f i r s t s c i e n t i f i c work on the biology of the species was the 
classic work of Huxley (1880), which r e l i ed heavily on published 
continental sources supplemented by detai led information of 
d i s t r i b u t i o n and l i f e h is tory of the native species obtained from 
local sources. D u f f i e l d (1933, 1936) presented deta i ls of reports 
of local f luc tua t ions in crayf ish numbers in southern England, but 
the general lack of in teres t in c rayf i sh biology is apparent from 
the dearth of published work on the subject u n t i l the l as t decade. 
Davies (1964) reported a density of four adults per square yard in 
the River Stour and mistakenly stated that crayf ish are found only 
in r i ve r s . Thomas & Ingle (1971) gave a short account of the general 
biology and bionomics of the species in B r i t a i n , while Moriarty (1973) 
reported on the timing of events in the l i f e h is tory of an I r i s h 
population of A. pallipes. More recent ly , Holdich, Jay & Goddard 
(1978) have provided a synopsis of the status of A. pallipes i n the 
B r i t i s h I s l e s , while the work of Brown (1979) is the f i r s t to include 
any de ta i l s of the dynamics of a natural population of the species. 
Growth in a population of A. pallipes in southern England has been 
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studied by Pratten (1980), who found evidence of d i f f e r e n t growth 
patterns to those discussed in Chapter 4, almost ce r t a in ly a 
coro l la ry of the warmer temperature regime of th i s more southerly 
population. 

In contrast to the posi t ion in many European countries, p a r t i c u l a r l y 
Scandinavia, and i n North America, where crayf ish have long been of 
commercial importance, there has been l i t t l e in teres t u n t i l 
recently i n the commercial exp lo i t a t ion of crayf ish in B r i t a i n . 
Consumption of A. pallipes is common only l o c a l l y (Holdich, Jay & 
Goddard 1978), catering out lets re ly ing almost exclusively on 
imported c r ay f i sh . The reasons f o r th is are not clear . While 
A. pallipes i s , in general, s l i g h t l y smaller than Astaous astaous , 
the most common European species, i t is comparable i n every respect 
in i t s acceptabi l i ty f o r the table . A lack of knowledge of the 
species may well be an important reason f o r the low level of i t s 
consumption in B r i t a i n . This lack of knowledge is re f lec ted in the 
scarci ty of s c i e n t i f i c studies of Austvopotamobius pallipes. Indeed, 
the species is of ten ignored in freshwater biology t ex t s , e.g. 
Macan (1973); Moss (1980). 

I t is commonly held that c rayf i sh i n B r i t a i n are inhabitants only of 
s w i f t - f l o w i n g chalk streams. Davies (1964) erroneously stated that 
they inhabi t only r i ve r s . They are, however, much more widely 
d i s t r ibu ted than i s generally believed, being found in canals, 
gravel p i t s and reservoirs as well as r ivers and streams (personal 
observations; Holdich, Jay & Goddard 1978; Bowler 1979). Dense 
populations ex is t in Kent and the Home Counties, the West Country 
and south Wales, the Midlands, the Lake D i s t r i c t , Yorkshire, 
Northumbria and Ireland. The absence of A. pallipes from Scotland 
(except where introduced) is believed to be a t t r ibu tab le to the 
greater a c id i t y of the waters of the Central Lowland, which may 
act as a barr ier to more northerly d i s t r i b u t i o n (Jay & Holdich 1977). 

A. pallipes is widespread in western Europe, notably in France, Spain, 

West Germany and Switzerland (Thomas & Ingle 1971; Laurent 1973). 
The most common species native to Europe, however, is Astaous astaous 1.3 

which ranges from I t a l y to Scandinavia and from France to Poland. 
Two fu r the r species, Astaous leptodaotylus Eschscholtz and 
Austvopotamobius tonentium (Schrank) occur in eastern Europe and 

upland areas of central Europe respect ively. The range of each of 
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the native European species has been reduced by the crayf ish plague, 

an i n f ec t i on by the fungus Aphanomyoes astaoi Schikora which is f a t a l 

to European c r ay f i sh . 

The plague was probably f i r s t introduced to Europe in 1860 with 100 
specimens of a resis tant North American c r ay f i sh , Ovooneotes limosus 
Rafinesque (Svardson 1965; Unestam 1972) and has since spread 
rap id ly , devastating stocks of the highly susceptible native 
c ray f i sh . The loss of economically important stocks of Astaous 
astaous has led to t he i r attempted replacement by the in t roduct ion 
of the plague-resistant Orooneotes limosus and (more importantly) 
Paoifastacus leniusoulus Dana, which has been widely transplanted. 
The rapid spread of crayf ish plague throughout mainland Europe and 
the introduct ion of P. leniusoulus to many countries to replace 
native stocks has been well documented (Abrahamsson 1973 ; 
Hastein & Gladhaug 1973, 1975; Her fo r t -Mich ie l i 1973; Kossakowski 
1973; Schweng 1973; Spitzy 1973; Westman 1973; Brinck 1975). 

The resistance of P. leniusoulus to the plague fungus has been 
established by Unestam (1969, 1973). However, although res is tant 
th is species acts as a reservoir of i n f ec t i on f o r the highly 
susceptible Astaous astaous, cont inual ly allowing fresh outbreaks 
of the plague. Contrary to some reports (Anon. 1976; Richards & 
Fuke 1977; Karlsson 1977, 1978), there is no evidence that 
c rayf ish plague has reached B r i t a i n (Behrendt 1979; Bowler 1979; 
Goddard & Holdich 1979). While there i s no doubt ,that local 
ext inct ions of Austropotamobius pallipes have occurred ( D u f f i e l d 
1933, 1936; Ingle & Thomas 1978) and that the species i s less 
widespread than a century ago, as f o r many other species i t is 
probable that th i s has been caused by human modif icat ion or 
po l lu t ion of habitats . 

P. leniusoulus has now been introduced to B r i t a i n (Richards & 
Fuke 1977). The absence of any l eg i s l a t i on r e s t r i c t i n g the import 
of wild-caught c rayf ish leaves the native population of 
Austropotamobius pallipes vulnerable. Even in the absence of 
crayf ish plague the indiscriminate int roduct ion of P. leniusculus 
may have ind i r ec t e f f ec t s on stocks of A. pallipes by competition 
and by the production of s t e r i l e hybrids (Richards & Fuke 1977). 
The introduct ion of exotic c rayf ish species to new areas has 
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already had highly undesirable e f fec t s in some cases, e.g. the 
introduced Proaambarus olavkii is a serious pest of the r ice crop 
in Japan (Unestam 1975). S imi l a r l y , P. olarkii introduced to 
Lake Naivasha, Kenya, has affected the local f i shery by damaging 
net-caught f i s h and the nets themselves (Lowery & Mendes 1977). 
In order that the status of A. pallipes be understood and that the 
possible e f f ec t s of the int roduct ion of exotic c rayf i sh may be 
assessed, i t is necessary to obtain detai led information on the 
biology of the species. The question i s not a t r i v i a l one: while 
A. pallipes in B r i t a i n lacks the economic importance of Astaous 
astaous in mainland Europe, there i s a growing awareness of the 
important role of c rayf i sh i n freshwater ecosystems. Abrahamsson 
(1966) reported the reduction of macrophytes i n a Swedish pond by 
a population of Astaous astaous, the removal of c rayf ish by the 
plague and the subsequent resurgence of the vegetation. Further 
examples of the importance of crayf ish in keeping waterways open 
are given by Dean (1969); Taub (1972); Rickett (1974); Magnuson 
et at. (1975) and Lorman & Magnuson (1978). Moreover, i t is now 
apparent that in many ecosystems crayf i sh make a s i g n i f i c a n t 
contr ibut ion to the recycl ing of nutr ients from de t r i tus and 
macrophytes and t he i r conversion to animal protein (Rundquist, Gall 
& Goldman 1977; Lorman & Magnuson 1978; Momot, Gowing & Jones 1978). 

There are therefore three important reasons why there i s a need f o r 
a comprehensive statement of the biology of Austropotamobius pallipes. 
The species i s B r i t a i n ' s only native c rayf i sh and is poorly 
understood, indeed, of ten ignored by freshwater b io logis t s and laymen 
a l i k e . Despite t h i s , i t is probable that c rayf i sh are important 
components in terms of t he i r biomass and of t h e i r funct ion in large 
water bodies over a wide area. F i n a l l y , the possible int roduct ion 
of c rayf ish plague and exotic crayf ish species to B r i t a i n poses a 
threat to the balance of some freshwater ecosystems which cannot be 
assessed u n t i l the status of A. pallipes has been determined. 
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Chapter Two 

THE STUDY AREA AND THE BIOLOGY OF THE SPECIES 

2.1 INTRODUCTION 

In any study of population biology an adequate description of the 
physical and biological features of the f i e l d s i te i s essential in 
that i t allows work to be placed i n the context of s imi la r studies 
on other populations and on other species. Such comparisons are 
valuable i n that they allow a d i s t i n c t i o n to be made between 
general pr inciples applying to a l l populations of a species and 
those which are peculiar to a f i e l d s i t e , type of environment or 
species. I t w i l l become clear that the t iming of the pr inc ipa l 
events of the l i f e cycle of Austropotamobius pallipes is very 
dependent on water temperature. However, th i s conclusion was 
reached only a f t e r a comparison of data wi th those of workers on 
populations in d i f f e r e n t temperature regimes. 

There are certain features peculiar to the study area. The 
aqueduct is man-made, being l ined wi th sandstone blocks, and the 
water level and flow rate are r e l a t i v e l y constant. However, as 
populations of A. pallipes ex is t na tura l ly in a var ie ty of habi ta ts , 
including s w i f t - f l o w i n g streams, canals, large reservoirs and lakes, 
i t i s un l ike ly that these features have an 'unnatural ' e f f e c t on 
the dynamics of the population. One p a r t i c u l a r l y important feature 
is the f a c i l i t y f o r draining the aqueduct, thereby enabling intensive 
sampling of the population. 

2.2 THE STUDY AREA 

The population of th i s study inhabits a stretch of aqueduct feeding 
Hall ington Reservoir East in Northumbria, part of the North Tyne 
catchment area under the control of the Newcastle and Gateshead 
Water Company. The water f lowing through the aqueduct originates 
from the Catcleugh and Colt Crag reservoirs , from where i t flows 
through pipes and open aqueduct to L i t t l e Swinburn Reservoir. 
From there the water flows by tunnel and open aqueduct to 
Hal l ington, where there are two small reservoirs . The aqueduct is 
used p r i n c i p a l l y to feed Hallington Reservoir East, which was 
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constructed in 1871 and has a capacity of 2.593 x 10 l i t r e s 

(Newcastle & Gateshead Water Company 1969). The west reservoir 
• 

(capacity 2.813 x 10 l i t r e s ) , having no ou t l e t of i t s own, is 
used f o r storage and to replenish the east reservoir , from which 
the water flows to the Whit t le Dene reservoir complex and 
ul t imate ly supplies the Tyneside area. 

Fig. 2.1 shows the re la t ionship of the aqueduct to the two reservoirs 
and the posi t ion of the s luice gates con t ro l l i ng water levels i n 
the aqueduct. Since the west reservoir has no ou t l e t of i t s own, 
the sluice gates are normally positioned to ensure the maximum flow 
through the aqueduct in to the east reservoir . 

2.3 THE AQUEDUCT 

The stretch of aqueduct inhabited by the population of th i s study 
is 746 m long, 2 m wide at water l e v e l , which i s usually at least 
1 m, and 1 m wide at the f l o o r . Upstream of the sluice gates the 
aqueduct is l ined wi th concrete, while below the sluice gates i t 
is brick l ined f o r 153 m. The remaining 593 m are l ined with large 
sandstone blocks (Fig . 2 .1 ) . The outflow to the east reservoir is 
t o r r e n t i a l and the water i n the aqueduct accelerates rapidly towards 
the outf low. While the brick and sandstone sections contain an 
abundance of cracks and crevices suitable f o r c rayf i sh hides, the 
concrete-lined stretch contains none. Repeated trapping in th i s 
area has shown immigration of c rayf i sh from upstream to be neg l ig ib le . 
Since immigration from downstream against the t o r r e n t i a l outflow 
is extremely improbable, the study population is believed to be 
almost completely reproductively i so la ted . 

During sampling of the population (3.2.3) the water level in the 
aqueduct was lowered to less than 10 cm by closing the sluice gate 
at the top of the aqueduct, thereby d iver t ing water in to the west 
reservoir . The lowering of the water level causes large numbers 
of c rayf ish to leave t he i r hides in the aqueduct walls and descend 
to the f l o o r , where they are readi ly collected by hand. 
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2.3.1 Physical features of the aqueduct 

The calcium concentration in water from the aqueduct was determined 
by Brown (1979) as 18.61 ± 1.01 ppm, while the pH of the water was 
7.84 ± 0.21. Nygaard (1955) found that 'Astaous fluviatilis' 

(presumably Austvopotamobius pallipes) was reproducing successfully 
in a calcium concentration of 1.8 mg L~^. 

Water temperature in the aqueduct was measured on each of the sample 
dates throughout the three years of the study. Fig. 2.2 shows that 
the seasonal changes i n water temperature were s imi la r in each of 
the three years. The regu la r i ty of the water temperature regime 
at t h i s s i t e was also reported by Brown (1979), who found cycles 
very s imi la r to those of Fig. 2.2 f o r the years 1974-76. Temperatures 
during the most active period in the c rayf i sh l i f e cycle (from the 
end of May u n t i l October at th i s l a t i t ude ) did not f a l l below 8°C. 
The importance of the water temperature regime in determining the 
timing of the main events of the crayf ish year, a recurring theme 
of th i s study, i s discussed in 2.6. 

At Hallington moulting has stopped almost completely by mid-October, 
by which time water temperature has f a l l e n to 9-10°C (Fig . 2 .2 ) . 
There then fol lows the long overwinter period (some 30 weeks i n 
Northumbria) during which time crayf ish a c t i v i t y is great ly reduced. 
Movement becomes very l i m i t e d : hand f i s h i n g the f u l l length of the 
aqueduct during the winter generally yielded 100-200 crayf ish 
compared to the 1000-2000 collected from approximately one t h i r d 
of the aqueduct's length during the summer months (Table A l ) . As 
w i l l be seen (3 .5 , 3 .6 ) , a s i g n i f i c a n t amount of mor ta l i ty occurs 
overwinter which may be a t t r ibu tab le to a combination of low 
temperature and n u t r i t i o n a l stress. Stomach contents col lected 
from the aqueduct during the winter months generally revealed l i t t l e 
evidence of feeding. 

The to rp id c rayf ish become more active as water temperatures approach 

8°C in la te Apr i l and May and moulting reaches the f i r s t peak of the 

year during late June and July, when water temperatures are 10-13°C. 

A second moulting peak occurs in September when temperatures are 

s t i l l r e l a t i v e l y high. Copulation and egglaying occur in la te 

October and November at temperatures of 9-10°C. 
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2.3.2 Biological features of the aqueduct 

Whilst i t was not the purpose of th i s study to investigate the 
trophic relat ionships of the crayf ish population, many qua l i t a t ive 
observations were made during the course of f i e l d work which w i l l 
indicate more c lea r ly the type of environment inhabited by the 
study population. 

The dominant plant in the aqueduct was the moss Fontinalis 
antipyretiea Hedw., which grew in clumps on the walls and accumulated 
around any stones on the f l o o r of the aqueduct, considerable quant i t ies 
being washed downstream. The generally smooth character of the f l o o r 
and the speed of the current i n the aqueduct prevented the accumulation 
of de t r i tus except where stones were to be found. During the autumn 
months considerable quanti t ies of f a l l e n tree leaves were to be found 
on the aqueduct f l o o r . These included leaves of the oak (Querous 
robur I.) and elm (Ulmus oampestvis L . ) as well as those of conifers 
l i n i n g the side of the aqueduct (Fig. 2 .1 ) . This seasonal input of 
f a l l e n leaves from upstream (oak and elm are not found near the 
aqueduct) and the year-round input of Fontinalis formed the major 
part of the allochthonous material entering the aqueduct. Apart 
from Fontinalis, the only macrophyte found in the aqueduct was the 
goose pondweed Potamogeton obtusifolius , which formed a few isolated 
clumps. 

Vertebrate fauna of the aqueduct included the perch (Perea fluviatilis), 
the stone loach (Nemacheilus barbatulus), the rainbow t rou t 
(Salvelinus s p . ) , the f rog {Rana temporaria) and the water vole 
(Arvioola amphibius). In addi t ion , a single specimen of the eel 
(Anguilla anguilla) was seen and mink [Mustela vison) and o t t e r 
(Lutra lutra) were known to be present i n the area. Grey heron 
(Ardea oinerea) were also seen occasionally. Of these species, 
however, only the water vole and the stone loach were seen on each 
v i s i t to the aqueduct, the remainder being present i n r e l a t i v e l y 
small numbers. The pr inc ipal invertebrates were Gammarus sp. and 
larvae of Ephemeroptera and Chironomidae among the de t r i tus and 
Austvopotamobius pallipes inhabi t ing crevices i n the walls of the 
aqueduct and beneath stones on the f l o o r . Also present were the 
freshwater sponge (Ephydatia) and the gastropod mollusc Potamopyrgus 
jenkinsi. 
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2.3.3 Possible predators of c rayf i sh 

Whilst no detai led study of predation on c rayf i sh was carr ied out , 
i t i s considered that the fo l lowing general statement can be made. 
Of the fauna of the aqueduct and the surrounding area, the mink, 
o t t e r , ee l , perch and t rou t have been reported as important 
predators of crayf ish (Gerell 1967, 1968; Day & Linn 1972; 
Erlinge 1972; Svardson 1972). Mink and o t te r were believed not to 
be s u f f i c i e n t l y numerous l o c a l l y to be important regulators of 
c rayf i sh population size. The only d i rec t evidence of predation 
on the study population, pieces of carapace scattered inf requent ly 
along the banks of the aqueduct, was almost ce r t a in ly the resul t 
of predation by one of these species. Svardson (1972) has 
reported on the great importance of the eel as a c rayf i sh predator, 
but only a single specimen was seen during the three years of the 
study. Watson (unpubl.) reported the occurrence of c rayf i sh i n 
perch stomachs at 38% and in rainbow t rou t stomachs at 20%. 
Despite t h e i r abundance in nearby waters, however, these two species 
occurred only sporadically i n the aqueduct. Predation was therefore 
believed to be unimportant as a regulator of the size of the crayf ish 
population. 

2.3.4 The d ie t of Austropotamobius pallipes 

A. pallipes i s commonly referred to simply as a scavenger, e.g. 
Huxley (1880); Howes (1962); Karlsson (1977); Richards & Fuke (1977); 
Fuke (1978). No detai led study of the d ie t in the f i e l d ex i s t s , 
however. Whilst i t was not a primary aim of th i s study to 
investigate the d ie t of A. pallipes, many observations were made 
which i t is f e l t are of value in view of the lack of object ive work 
on the subject. 

(A) Evidence from stomach contents in the f i e l d 

Stomach contents were obtained from crayf ish in the 
f i e l d by the withdrawal of f l u i d using disposable 
p las t ic pipet tes . Samples were taken throughout the 
year from adult c rayf i sh at several s i tes in 
Northumbria. Stomach contents were examined under a 
binocular microscope. The fragmentation of material 
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(A) Evidence from stomach contents i n the f i e l d (cont . ) 

by the gastr ic m i l l made i d e n t i f i c a t i o n of contents 
very d i f f i c u l t and no attempt was made to i d e n t i f y 
them to species or to quant i fy the various 
consti tuents. 

The overwhelming bulk of the stomach contents at a l l 
times of year was found to consist of plant 
mater ia l . Fontinalis antipyretioa occurred 
f requent ly , together wi th colonial algae, diatoms 
and many higher plant fragments, p r i n c i p a l l y 
allochthonous leaf mater ia l . Arthropod setae, 
probably indica t ing consumption of Gammarus, also 
occurred occasionally. 

(B) Laboratory experiments 

Six macrophytes common in the fresh waters of northern 
England were presented s ingly to adult A. pallipes 
in 1 3 - l i t r e aquaria. A f t e r two days the mechanical 
damage and consumption of the plants were assessed. 
Eitella sp. was attacked most a v i d l y , consumption 
ending only when the plant had been fragmented to such 
an extent that i t was very d i f f i c u l t f o r the crayf ish 
to manipulate. Potamogeton sp. , which occurs i n 
isolated clumps at the f i e l d s i t e , and Rorippa 
nasturtium-aquatioum were consumed less readi ly but 
mechanical damage was marked. Consumption of 
Myricphyllum spicatum and Fontinalis antipyretioa 
was low but mechanical damage was s t i l l appreciable. 
Elodea canadensis was consumed least readi ly of any of 
the s ix species used and mechanical damage was s l i g h t . 

Gammarus sp. and Potamopyrgus jenkinsi, two of the 
most abundant benthic invertebrates of the f i e l d s i t e , 
were readi ly accepted by laboratory-maintained 
c r a y f i s h , as was raw ox l i v e r , which was used as ba i t 
in c rayf i sh traps. Decaying leaves of oak (Querous), 
elm (Ulmus) and sycamore (Acer) were also accepted in 
the laboratory. 
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2.4 CRAYFISH STUDIES IN BRITAIN 

Despite the wide d i s t r i b u t i o n of A. pallipes (Chapter 1 ; 
Bowler 1979) and i t s posi t ion as B r i t a i n ' s only native crayf ish 
species, s c i e n t i f i c studies of the population biology of the species 
are remarkably rare. There is no doubt that th i s is a t t r i bu tab le 
at least in part to the secret ive and largely nocturnal habit of the 
animal and to the d i f f i c u l t i e s involved in quant i fy ing parameters of 
dense populations of large mobile organisms inhabi t ing large bodies 
of water. One e f fec t of th is has been that popular knowledge of the 
species, where i t ex i s t s , i s often anecdotal, verging on f o l k l o r e . 
Davies (1964) mistakenly stated that crayf ish are found only in 
r i v e r s , while many repor ts , e .g. Grove & Newell (1958) suggest that 
they are common only in waters of high calcium content. Some 
freshwater biology texts omit any mention of c ray f i sh , e .g. Macan 
(1973); Willoughby (1976); Moss (1980), while others contain only 
cursory notes, e.g. Maitland (1978). A fu r ther complication is 
that many early s c i e n t i f i c repor ts , p r i nc ipa l l y on the behaviour and 
d i s t r i bu t i on of c ray f i sh , do not specify to which species the work 
re fe rs , e.g. Lereboullet (1850, 1951); Coste (1858); Soubeiran 
(1865); Chantran (1870, 1871, 1872a, 1872b, 1873); Parker (1876); 
Drouin de Bouvi l le (1905), although i t is probable that most re fer 
to Astacus astacus. More recent ly , there have been attempts to 
resolve the confusion as to the nomenclature of the native B r i t i sh 
crayf ish (St i les & Baker 1926; Curra 1967; Thomas & Ingle 1971) and 
the species is now properly designated Austropotamobius pallipes 
(Lereboullet 1858). 

Reports on the biology of A. pallipes have been very l im i ted in 
number. One early exception is that of Couch (1837), who compared 
the process of moulting in A. pallipes with that in prawns and 
lobsters. Huxley (1880) produced a c lassic tex t on the biology of 
the species {Astacus fluviatilis Milne-Edwards, as i t was then 
designated) which is s t i l l of value today. Since that t ime, 
however, there have been only a few reports on some aspects of the 
l i f e s t y l e of Austropotamobius pallipes, e.g. Moriarty (1973); 
Bowler & Brown (1977); Brown & Bowler (1977); Pratten (1980). 
Thomas & Ingle (1971) and Holdich, Jay & Goddard (1978) summarised 
the l i f e cycle of A. pallipes in southern England and in the 
Midlands respect ive ly , while the work of Brown (1979) at the s i te 
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of the present study is the f i r s t to attempt to study the dynamics 
of a natural population of A. palHpes. The growth season was 
reported to extend over th i r teen weeks in Northumbria and population 
size was estimated (Brown 1979). No comprehensive statement of the 
dynamics of A. pallipes e x i s t s , however. 

2.5 CRAYFISH BIOLOGY IN NORTHUMBRIA 

The l i f e h is tory of A. pallipes is dominated by the events of 
reproduction and moult ing, the t iming of which is discussed below. 
I t should be emphasised, however, that these timings apply only to 
A. pallipes in Northumbria and d i f f e r fo r other populations 
according to the temperature regime of the environment. For example, 
Pratten (1980) reported that growth rates and the t iming of the 
events of the l i f e h is tory in a population in southern England d i f f e r 
considerably from those in Northumbria. Further examples of 
d i f f e ren t timings in more southerly populations are given by Thomas & 
Ingle (1971) and Holdich, Jay & Goddard (1978). 

The reproductive cycle of A. pallipes begins wi th mating, which in 
Northumbria occurs in la te October. Fe r t i l i sed females were readi ly 
i den t i f i ed in the f i e l d by the presence of white spermatophores on 
the sternum. Such females were seen in the aqueduct on the fo l lowing 
dates: 22 October and 29 October 1978 and 18 October and 25 October 
1979. Egg laying occurs w i th in two weeks of f e r t i l i s a t i o n , the 
female extruding the eggs vent ra l l y in to g l a i r . The eggs become 
f i rm ly attached to modified pleopod setae ( Ingle & Thomas 1974) in 
which posi t ion the female, now said to be ' i n be r r y 1 , carr ies them 
fo r some nine months.' The fecundity of females in the study 
population is discussed in de ta i l in 5.3. Egg hatching occurs in 
la te July and early August in Northumbria, the hatchlings remaining 
attached to the modified pleopod setae of the mother by means of 
t he i r modified chelae. These possess sharp t ips and are used to 
c l ing to the old egg membranes, which are not shed from the body of 
the mother u n t i l her f i r s t moult (Thomas 1973). Females carrying 
hatched young were seen on 12 August 1977, 10 August 1978 and 
9 August 1979. Hatchlings remain attached to or near t he i r mother 
fo r 2-3 weeks a f te r emerging from the egg, during which time they 
undergo two moults (Thomas 1973). Hatchlings from the aqueduct 
had a carapace length of 5.42 ± 0.35 mm. By the end of the growth 
season in October they had reached a mean carapace length of 
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8.49 mm (4 .3 .1 ) . The number of moults required to reach th is size 
is not known with ce r ta i n t y , but i s estimated to be f i v e . (Moult 
frequency is examined in de ta i l in 4 .3 .5 ) . 

Brown (1979) reported that the growth season in Northumbria 
extended from late June to mid-September. However, f i e l d 
observations during the present study showed that the growth season 
is longer than t h i s . In 1978 the f i r s t moults of the year were 
recorded on 14 June, while twenty-seven marked ind iv iduals were 
recaptured during the course of the study which were known to have 
moulted a f te r 16 September. Indeed, in 1978 three crayf ish are 
known to have moulted a f t e r 22 October. While these numbers appear 
to be low, i t should be borne in mind that the p robab i l i t y of 
recapturing any one ind iv idual both before and a f te r a par t i cu la r 
moult la te in the growth season is very low: these crayf ish may 
therefore represent an appreciable proport ion of late-moult ing 
c ray f ish . Throughout the three years of the study no crayf ish was 
found to have moulted while water temperature was below 9°C 
(Fig. 2 .2) . 

The minimum size for sexual matur i ty in th is population was 22 mm 
carapace length (CL) (Brown 1979), while a l l crayf ish were believed 
to be adult at 27 mm CL. In general, adults moulted twice each 
year,once in la te June-July and once in September. Moult frequency 
was higher in juveni les (4.3.5) and i t s t iming was less s t r i c t l y 
confined to these two major moult periods. Variat ions in moult 
frequency and in size of moult increments are discussed in Chapter 4. 

Females carrying eggs necessari ly show large modif icat ions in the i r 
behaviour and in t he i r moulting patterns. Since eggs are l a i d in 
ear ly November and do not hatch un t i l la te July or ear ly August, 
reproductive females omit to moult during the f i r s t major moult 
per iod, i . e . late June-July. Only a f t e r the eggs have hatched and 
the young have been released can a reproductive female moult 
(during the second major moult period of the year, i . e . September). 
The omission of a moult and the charac te r i s t i ca l l y small post-
reproductive moult increment inev i tab ly leads to breeding females 
f a l l i n g behind the growth rates of nonreproductive females of 
s imi la r size (4 .3 .2 ) . The behavior of egg-bearing females is 
modified in that they become much more secretive than usual. In 
order to avoid any biasing of resul ts because of t he i r changed 
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behaviour, berr ied females were treated as a separate subpopulation 

in the estimation of population parameters (3 .4 , 3 .5) . 

A feature of th is crayf ish population is the presence of the 
microsporidian endoparasite Thelohania contejeani Henneguy. Some 
3% of the to ta l population was found to be infected by Thelohania, 
which progressively invades the muscular t issue of the host cray­
f i s h , f i l l i n g i t wi th spores. The e f f ec t i s to render the host 
increasingly sluggish and to decrease growth rate (6 .3 .2 ) . The 
disease, which is eventually fa ta l (Kudo 1924) is readi ly 
i den t i f i ab le in the f i e l d by the charac ter is t i c opaque white colour 
of the abdominal musculature. Thelohania is known to have been 
present in th is population fo r at least twelve years (Cossins & 
Bowler 1974) and, while the mode of transmission is not ce r t a i n , 
i t is believed to be by cannibalism of infected c ray f ish . The 
occurrence of Thelohania in the study population is discussed in 
de ta i l in Chapter 6. 

The habit of omnivory among crayf ish extends to cannibalism, a 
factor which is of par t i cu la r concern to crayf ish cu l t u r i s t s 
(Richards & Fuke 1977; Behrendt 1979). Following a moult the new 
carapace requires some 3-4 days to acquire a r i g i d i t y approaching 
that of the old (Stevenson 1975). During th is time a newly-moulted 
crayf ish is vulnerable to cannibalism even by indiv iduals smaller 
than i t s e l f . Behaviour during th is vulnerable period is great ly 
changed, being much more secretive than is usual. Many moulting 
crayf ish are believed to r e t i r e to hides fo r several days u n t i l the 
new carapace is s u f f i c i e n t l y r i g i d fo r them to emerge safe ly . The 
general concentration of moulting in adul t crayf ish in to two major 
moult periods each year is undoubtedly adaptive in that i t reduces 
the r i sk of cannibalism. This synchronisation of moulting in 
juveni les is not possible, however, as moulting occurs more than 
twice each year (4 .3 .5 ) . Laboratory and f i e l d observations indicate 
that few crayf ish f a i l to complete a moult successfuly. The strong 
association of the major moult periods with heavy mor ta l i ty in a l l 
subpopulations is therefore believed to be a t t r i bu tab le to 
cannibalism of sof t -she l led c ray f i sh . 
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2.6 DISCUSSION 

The regu la r i t y of the water temperature regime at the f i e l d s i te 
(F ig. 2.2; Brown 1979) accords well with the very l im i ted amount of 
var ia t ion between the t iming of the major features of the l i f e cycle 
from year to year. Comparative data are invar iab ly from more 
southerly populat ions, since Northumbria is at the northern l i m i t 
of the species range in B r i t a i n . Thus Thomas & Ingle (1971) found 
that mating of Austropotamobius palHpes in Kent occurred in the 
las t week of September and that in 1963 egg laying occurred between 
30 October and 6 November. Mating was not recorded before la te 
October in Northumbria, wi th egg laying fo l lowing during the next 
two weeks. Brown (1979) recorded egg hatching at the s i t e of the 
present study as early as 24 July in 1974. I t is in te res t ing to 
note that on 24 July 1978 a l l reproductive females at th i s s i te were 
s t i l l carrying unhatched eggs. In more southerly English populat ions, 
however, egg hatching is much e a r l i e r : Thomas & Ingle (1971) record 
hatching on 10-17 June 1964 in Kent, Holdich, Jay & Goddard (1978) 
give May-June as the hatching time in the Midlands and Pratten (1980) 
found hatching occurred in June in Buckinghamshire. 

The warmer temperature regimes of these populations have more 
profound e f fec ts than simply to bring forward the dates of egg 
hatching and moult ing, however. Pratten (1980) stated that male 
crayf ish in the River Ouse show three periods of moulting a c t i v i t y -
in ear ly June, in la te July and in September. Only two major moult 
periods were recorded in Northumbria (2 .5 ) . Furthermore, the ea r l i e r 
hatching date of the Ouse population means that newly hatched cray­
f i sh have a longer growth season before facing the i r f i r s t winter . 
They are therefore able to undergo seven or eight moults compared 
to the f i ve estimated for hatchlings in Northumbria: overwintering 
hatchlings in the River Ouse have a modal size of 12.7 mm CL compared 
to the 8.49 mm CL of Northumbrian hatchl ings. Holdich, Jay & Goddard 
(1978) reported that A. pallipes in the Midlands moulted s ix or seven 
times in t he i r f i r s t year and may reach sexual maturi ty in t he i r 
t h i r d or four th year. This is not reached un t i l the four th or f i f t h 
year at Hal l ington (4 .3 .8 ) . The f a i l u r e of A. pallipes in 
Northumbria to moult at water temperatures of less than 9°C is also 
reported by Pratten (1980) fo r laboratory-maintained crayf ish at 10°C, 
while Momot & Gowing (1977b) noted that the American crayf ish 
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Oroonectes virilis did not moult below th is temperature. Passano 
(1960a, 1960b) has described the endocrinological basis of the low 
temperature blockage of moulting in the crab Uaa pugnax and other 
crustaceans: a s imi la r mechanism presumably applies in A. pallipes. 

Several workers have suggested that other fac to rs , p a r t i c u l a r l y 
photoperiod, also play a part in regulat ing the reproductive cycles 
of c ray f i sh . Stephens (1952, 1955) demonstrated the e f f ec t of 
photoperiod on the regulat ion of the reproductive and moulting cycles 
of Cambarus . Goldman (1973) considered photoperiod to be important 
in establ ish ing the breeding regime of Paoifastaaus leniusoulus, a 
North American species wi th a s imi la r l i f e h is tory to that of 
Austropotamobius pallipes, while Aiken (1969), although accepting 
the inf luence of photoperiod, considered water temperature to be a 
more important fac tor . (Female Orconeotes virilis subjected to a 
normal winter temperature and l i g h t regime followed by exposure to 
long daylengths but cold water temperatures f a i l ed to produce eggs). 
Armitage, Birkema & Willems (1973) also considered water temperature 
to be the more important f ac to r , while Momot & Gowing (1977a, 1977b, 
1977c) have produced some evidence to show a density-dependent e f fec t 
on reproductive success. The strong regulatory e f f ec t of water 
temperature on many crayf ish populations seems c lear , however. 
Lowery & Mendes (1977) found that Procambarus olarkii removed from 
i t s normal seasonally f l uc tua t ing temperature regime by in t roduct ion 
to the warm waters of Lake Naivasha, Kenya, l os t i t s regular 
reproductive cycle and bred a l l year round. 

The clear l i m i t i n g e f fec t of water temperature on the d i s t r i bu t i on 
of Astaous astacus in Sweden has been reported by Abrahamsson (1973), 
who found that introduced populations of the species could survive 
and grow at la t i tudes up to 68°N, but that reproduction was l im i ted 
to those areas where water temperatures averaged 15°C fo r three 
months or more. I t may well be, however, that water temperature is 
not the sole l i m i t i n g factor on the northern d i s t r i b u t i o n of 
Austropotamobius pallipes in B r i t a i n . Jay & Holdich (1977) have 
a t t r ibu ted the absence of the species from Scotland to the bar r ie r 
formed by the acidic waters of the Central Lowland: condit ions 
fu r ther north may be sui table fo r c ray f i sh , but they are unable to 
colonise the area. Nevertheless, i t is clear that water temperature 
is a highly important fac to r , as the occurrence of the l i f e h is tory 
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events of A. pallipes in Northumbria is invar iab ly la te r than in 
more southerly populations (Thomas & Ingle 1971; Holdich, Jay & 
Goddard 1978; Pratten 1980). 

There was a marked cor re la t ion of the a c t i v i t y levels of A. pallipes 
with water temperature (2 .3 .1 ) , a re la t ionship mirrored almost 
exact ly in a study by F l i n t (1977) on an American species, Paaifastaous 
leniusaulus. P. leniusoulus was found s t i l l to be sluggish in i t s 
movements at temperatures of 8-10°C in la te May, while increasing 
water temperatures in June and July stimulated greater a c t i v i t y in 
a manner very s imi la r to that of A. pallipes ( 2 .3 .1 ) . 

The wide range of items in the d ie t of A. pallipes has led to 
reports that i t is a scavenger, e.g. Huxley (1880); Howes (1962); 
Karlsson (1977); Richards & Fuke (1977); Fuke (1978). The experiments 
described in 2 .3 .4 , however, indicate that i t i s , whenever possible, 
a select ive feeder. Feeding is essent ia l ly oppor tun is t ic : although 
plant material probably forms the bulk of the d ie t in most cases, 
there is a marked preference for animal material whenever i t is 
ava i lab le . This is supported by the high catch rate of traps baited 
wi th raw l i v e r (personal observations). Moriarty (1973) concluded 
that A. pallipes was select ive even for cer ta in types of animal 
mater ia l , as cer ta in baits actual ly repel led c ray f i sh . Cannibalism 
may be regarded as an example of opportunist ic feeding. Fox (1975) 
considered that where i t i s not ascribable to any obvious fac to r , 
cannibalism may be a response pr imar i ly to the presence of vulnerable 
ind iv idua ls , while Brown (1967), commenting on cannibalism in gu l l 
populat ions, considered i t to be an extension of normal hunting 
behaviour. This may well be true of A. pallipes a lso. 

Despite the demonstrable preference of A. pallipes fo r animal 
mater ia l , i t is generally incapable of catching any but the most 
sluggish of benthic invertebrates. Laboratory and f i e l d observations 
show that the major chelae of crayf ish are too cumbersome to be 
useful in catching prey, a fac t recognised by Chidester as long ago 
as 1908. The capture and manipulation of food is carr ied out by the 
minor chelae on the f i r s t two pairs of ambulatory l imbs. This 
general i n a b i l i t y to catch act ive prey is undoubtedly an important 
reason fo r the preponderance of plant material in crayf ish stomachs 
(Chidester 1908; van Deventer 1937; Tack 1941; Dean 1969; Caine 1975; 
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Momot 1978 ). The presence of a cel lu lase in the digest ive systems 
of crayf ish enabling them to u t i l i s e plant material has been reported 
by Yokoe (1960) and Kooiman (1964), who suggested that the wide 
range of carbohydrases present in A. pallipes was related to the 
importance of de t r i tus in the d ie t . 

Evidence of select ive feeding in crayf ish was found by Chidester 
(1908) and Seroll & Coler (1975) and i t is apparent from the feeding 
experiments described in 2.3.4 that A. pallipes prefers cer ta in 
macrophytes to others, showing the strongest a f f i n i t y fo r Nitella 
and the lowest fo r Elodea canadensis. Although the moss Fontinalis 
antipyretica is v i r t u a l l y the only macrophyte present at the 
pr inc ipa l f i e l d s i te ( 2 . 3 .2 ) , i t is not one of the species most 
preferred by A. pallipes. I t may be that th is plant is of low food 
value (Pratten 1980). An important feature of these experiments 
was the destruct ive nature of the feeding of A. pallipes. Besides 
consumption of parts of p lan ts , stems and leaves were frequent ly 
severed and plants damaged mechanically. The e f fec t of a natural 
population of crayf ish is therefore l i k e l y to extend fa r beyond i t s 
powers to consume macrophytes. Thus Abrahamsson (1966) reported 
the control of macrophytes in several lakes by populations of the 
crayf ish Orconectes causeyi. Among the contro l led species was 
Elodea canadensis, the species which proved least a t t r ac t i ve to 
Austropotamobius pallipes (2 .3 .4 ) . 

Whilst a c t i v i t y levels in the study population were strongly 
correlated with water temperature ( 2 . 3 .1 ) , there was no evidence 
that feeding habits changed during the year, although the frequency 
of feeding was apparently much reduced during the winter months. 
These f indings are s imi la r to those of F l i n t (1977), who reported 
that feeding in a population of Pacifastacus leniusculus was 
occasional during the winter and that general a c t i v i t y was much 
reduced. The lower feeding a c t i v i t y in A. pallipes is probably 
related to low water temperatures, as at several s i tes near the 
study area the larger aquatic macrophytes remained in good condit ion 
in to January and February. 

I t has been suggested that f i l t e r feeding is the method used by 
juveni le crayf ish to obtain a large proport ion of t he i r n u t r i t i o n 
(Budd, Lewis & Tracey 1978), while adults re ta in the a b i l i t y to 
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f i l t e r feed (a method which may be pa r t i cu la r l y valuable while the 
carapace hardens during the immediate postmoult cond i t ion) . I t is 
apparent that crayf ish feature in at least three trophic levels in 
most freshwater systems, being act ive consumers of d e t r i t u s , 
macrophytes and animal mater ia l . Their importance as recyclers of 
nutr ients has been suggested by Taub (1972); Lorman & Magnuson 
(1978) and Rundquist, Gall & Goldman (1977). Penn (1950); Franz & 
Cordone (1970); Jacobsen (1977) and Gowing & Momot (1979) 
recognised the value of crayf ish as food for various species of 
f i s h . However, i t i s believed that predation of A. pallipes was not 
important in the regulat ion of population size during t h i s study. 
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Chapter Three 

POPULATION DYNAMICS 

3.1 INTRODUCTION 

There have been very few reports of the biology of Austropotamobius 
pallipes and even fewer have made any attempt to quant i fy population 
parameters. Duf f ie ld (1933, 1936) presented a series of local 
reports suggesting a 13-14-year cycle of abundance and decline in 
crayf ish populations in southern England and speculated that the cause 
'may turn out to be Thelohania contejeani or Bacillus pestis astaci' 
(now designated Aphanomyces astaci, the crayf ish plague fungus). 
There is no evidence that crayf ish plague, which is characterised by 
the rapid and almost to ta l e l iminat ion of crayf ish populat ions, has 
reached B r i t a i n (Behrendt 1979; Bowler 1979), and in the population 
of th is study Thelohania is not believed to be important in the 
regulat ion of population size (6 .4 ) . 

Thomas & Ingle (1971), while providing a valuable account of the 
general biology of the species, gave only b r i e f de ta i l s of the size 
of hatchlings and reproductive females. The work of Holdich, Jay & 
Goddard (1978) includes s imi la r deta i ls fo r crayf ish in the Midlands, 
while that of Pratten (1980) reported in de ta i l on growth rates in a 
population of A. pallipes, without reference to dynamics. Whilst 
Brown (1979) has produced the f i r s t attempt to quant i fy some of the 
parameters of the dynamics of a population of A. pallipes, there 
remains a large body of questions about the biology of the species at 
the population l eve l . Many of these questions can be answered only 
by a detai led long term study of population dynamics. The only previous 
attempt at such a long term study is the work of Momot (1967a, 1967b, 
1978) and Momot & Gowing (1977a, 1977b, 1977c) on populations of the 
American crayf ish Orconectes virilis, in which year class f luc tua t ion 
in the age structure was i den t i f i ed (the species is comparatively 
sho r t - l i ved , wi th a maximum l i fespan of three years) . Population size 
was found to be r e l a t i v e l y stable wi th most of the year-to-year 
di f ferences in biomass being produced by changes in mor ta l i t y rather 
than growth rates. In the absence of a comparable study on 
Austropotamobius pallipes i t has not been possible to assess how far 
these conclusions are applicable to t h i s species. 
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3.2 METHODS 

3.2.1 Marking Techniques 

The marking of crayf ish poses special problems in that a method must 
be found which ensures that a mark is not l os t when the exoskeleton 
is shed during a moult. This precludes the use of many types of 
colour marking used p r inc ipa l l y on insects (see, fo r example, Manly 
& Parr 1968). In addi t ion to the usual requirements fo r a marking 
system, i . e . that the marks must not a f f ec t the growth, survival 
and behaviour of i nd iv idua ls , there were cer ta in extra constraints 
upon the technique to be used fo r th i s study, since one of the 
pr inc ipa l object ives was to fo l low growth in the f i e l d as well as 
to study population dynamics. I t was essential that the chosen 
technique be read i ly applicable under f i e l d conditions and capable 
of dealing wi th large numbers of ind iv idua ls . Most of the established 
marking methods f a i l to f u l f i l at least one of these c r i t e r i a . 

As Southwood (1978) noted, most invertebrate marking methods have 
been developed fo r insects and are intended to give date-speci f ic 
as opposed to ind iv idua l -spec i f i c marks. Simple surface labe l l i ng 
of the crayf ish exoskeleton would be inadequate as marks would be 
los t at the f i r s t moult of the i nd i v i dua l : in adult A. pallipes 
moulting generally occurs twice each year and juveni les moult more 
frequent ly (4 .3 .5 ) . Various types of mut i la t ion have been used to 
mark crustaceans, e.g. by Thomas (1958); Momot (1966); Hopkins 
(1967a); Hepper (1972), and while these punches or c l ippings may 
pers is t fo r several moults (Simpson 1963) they are eventually los t 
by regeneration of the deformed appendage. In add i t ion , i t is 
d i f f i c u l t to adapt such a system to mark many animals wi th 
indiv idual marks. Goellner (1943); Slack (1955) and Penn (1975) 
attempted the use of in jected dyes fo r marking wi th l im i ted success. 
Penn (1976) and Pollock & Roscoe (1977) used tags inserted in the 
carapace of Penaeus latisuloatus and Jasus tristani respect ive ly , 
but Davis (1978), in a f i e l d evaluation of a tag for juveni le spiny 
lobsters (Panulirus argus), found a mean monthly tag loss of 3.8% 
or approximately 10% per moult fo r the f i r s t three moults a f te r 
tagging. 

Bearing in mind the requirements of th i s study and the above 
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observations on a l te rna t ive marking techniques, i t was decided to 
use the method of branding spots on the dorsal carapace. The 
or ig ina l descr ipt ion of th i s method of marking crayf ish was given 
by Abrahamsson (1965), although the number coding system (Fig. 3.2) 
was used in a s l i g h t l y d i f f e ren t form by Richards & Waloff (1954) 
fo r marking grasshoppers. Moriarty (1973) used branding on an I r i s h 
population of A. pallipes and Brown (1979) found that th i s method 
sa t i s f i ed the requirements in the f i e l d fo r his study of the species. 

The marking instrument which was used was a nichrome f i lament heated 
to red heat by a heavy duty bat tery . Appl icat ion of the f i lament to 
the dorsal carapace produced a small but easi ly v i s i b l e mark which 
experience showed persisted through at least two moults as the 
i n i t i a l branding af fects the integumentary layers below the external 
carapace. A l l marks became less d i s t i n c t wi th each moult but could 
be reinforced as necessary upon subsequent recapture. This had the 
great advantage of extending considerably the period over which 
ind iv idual h is tor ies of growth and reproduction could be fol lowed. 

The f i r s t mark given to a captured crayf ish was a date-speci f ic mark 
on the uropods (F ig. 3 .1) . Upon recapture a crayf ish carrying a 
date-speci f ic mark was given an indiv idual 'number' a f t e r the method 
of Abrahamsson (1965) modified by the addit ion of marks on the 
abdominal segments in order to permit the numbering of animals up 
to 25 599 (Fig. 3 .2) . The use of th is combination of date-speci f ic 
uropod marks and i 'nd iv idual -speci f ic numbers meant that many 
indiv iduals carr ied both types of mark. When the number of a cray­
f i sh was in doubt i t was often possible to i den t i f y i t by reference 
to the uropod mark, size or sex, thereby e l iminat ing other p o s s i b i l i t i e s . 
Throughout the study there was no evidence to suggest that the use 
of th is marking system in ter fe red wi th moulting or af fected crayf ish 
survival in any other way. 

3.2.2 Recording of f i e l d data 

The confinement of the crayf ish population in a narrow aqueduct 
and the ease with which i t could be sampled when the water had been 
drained a f te r closure of the s lu ice gate (2.3) meant that i t was the 
number of animals which could be 'processed' in the f i e l d rather 
than the number which could be caught which was the l i m i t i n g fac to r , 
at least in midsummer, when water temperatures were at t he i r highest. 
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F i g . 3.1 The coding system of the f i f t e e n d a t e - s p e c i f i c uropod marks 
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F T P 3 . 2 The system used to number i n d i v i d u a l c r a y f i s h ( a f t e i 

Abrahamsson 1965) 
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Accordingly, the deta i ls l i s t e d below were recorded only fo r 
i nd iv idua l l y numbered c ray f i sh . Previously unmarked animals were 
given a date-speci f ic uropod mark, sexed and c lass i f i ed as adul t 
or j uven i l e . For crayf ish bearing a number or a uropod mark, the 
fo l lowing deta i ls were recorded: 

i ) The number and uropod mark or 'daymark' (where present) . 

i i ) Carapace length, defined as the distance from the ros t ra l 
apex to the poster ior median edge of the cephalothorax. 
This distance is almost exact ly ha l f of the to ta l body 
length and was preferred as the index of size because of 
the f l e x i b i l i t y of the abdomen. During the f i r s t part 
of the study the width of the carapace was also 
recorded, but th is was l a te r dispensed wi th as the 
measurement of carapace length proved to be s u f f i c i e n t l y 
accurate. 

i i i ) The sex of small juveni les can, wi th p rac t ice , be determined 
readi ly in the f i e l d because of the presence of two pairs of 
modified pleopods in the male. Thomas (1977) reported that 
juven i le A. pallipes can be sexed at a carapace length of 
8 mm. Since the smallest animals caught in th is study had 
carapace lengths of some 13 mm, sexing was readi ly done in 
the f i e l d . 

i v ) Reproductive females were eas i ly i d e n t i f i e d by the presence 
of a large 'berry ' of eggs attached to the pleopods. For a 
period of some two weeks a f te r hatching the young remain 
c l ing ing to these pleopods before becoming free l i v i n g . In 
add i t i on , fo r a short period fo l lowing mating in la te 
October and early November f e r t i l i s e d females can be 
recognised by the presence of white spermatophores on the 
ventral surface. 

v) The loss or damage of the major chelae is a common feature 
in c ray f ish . Records were made of indiv iduals wi th l o s t , 
damaged or regenerating chelae and of the size of regenerating 
chelae (measured from the t i p of the propodus to the carpal 
j o i n t ) . 

v i ) The pro ject ing nature of the rostrum of A. pallipes renders 
i t vulnerable to damage. However, i t s character is t ic shape 
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v i ) (Gordon 1963; Thomas 1974; G l e d h i l l , S u t c l i f f e & Williams 
1976) makes damage readi ly i d e n t i f i a b l e . 

v i i ) A feature of th is population is the presence of the 
microsporidian endoparasite Thelohania oontejean-i Henneguy 
(Microsporidia: Nosematidae). During the period of the 
study some 3% of the population was found to be infected 
by the paras i te , these crayf ish being i den t i f i ed by the 
opaque white colour of the abdominal musculature (6 .1 ) . 

The above deta i ls of numbered crayf ish were recorded in f i e l d 
notebooks. Because of the large numbers which were sampled a 
coding system was developed to enable th is information to be stored 
in a f i l e on an IBM 370 computer. This f i l e was enlarged and updated 
at each successive sample and proved to be very e f f i c i e n t and 
f l e x i b l e in the s t a t i s t i c a l manipulations which were required. The 
pr inc ipal programmes used to analyse the data were the SPSS package 
of Nie et at. (1975) and a purpose-written FORTRAN programme by 
Davies (1971) to produce estimates of population s ize , survival and 
recruitment. 

3.2.3 Sampling methods 

For the purposes of sampling, the aqueduct was divided in to 120 
6-metre sections a f te r the method of Brown (1979), the area of 
rapid f low adjacent to the ou t le t being excluded from sampling. 
On each sampling occasion t h i r t y to f o r t y sections chosen at random 
were f ished by hand a f te r the s lu ice gates had been posit ioned to 
drain water from the aqueduct (2 .3 ) . The catch from each section 
was held separately during the recording of data and returned to a 
section which was chosen randomly from those which had been f ished 
that day. This procedure was adopted to ensure the thorough random 
mixing of marked crayf ish with the rest of the population as 
required by the population model of Jo l l y (1965), which was the 
pr inc ipa l method used to produce estimates of population parameters. 
Such a s t r a t i f i e d random method of sampling the population is 
considered by Southwood (1966) to be preferable fo r most ecological 
work. 

The importance of a knowledge of the l i f e h is tory of the subject 
species of a population study has been stressed by Malley & Reynolds 
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(1979). Throughout th is study the t iming of sampling was adjusted 
so as to span the periods of moulting and reproductive a c t i v i t i e s . 

Of the 27 569 crayf ish which were given a date-speci f ic mark during 
the three years of the study, 4332 were recaptured once (NB: crayf ish 
were given an indiv idual number at f i r s t recapture). A fu r ther 1256 
were recaptured twice, 456 three t imes, 172 four t imes, 63 f i ve t imes, 
27 six t imes, 8 seven t imes, 4 eight times and 1 nine t imes. 

3.3 REQUIREMENTS OF THE MARK-RECAPTURE STUDY 

The pract ica l d i f f i c u l t i e s facing workers on growth in crustaceans 
are discussed in de ta i l in 4 . 1 . The pr inc ipa l d i f f i c u l t i e s apply also 
to studies of population dynamics. In pa r t i cu l a r , the problems of 
obtaining s u f f i c i e n t l y large representative samples from large 
populations have hindered workers on th is group as on many others. 
Indeed, Rose & Armentrout (1974) concluded that the estimation of 
population size of urodeles is often 'a d i f f i c u l t and meaningless 
task ' . Roff (1973b) l i s t s some reasons fo r the appearance of bias 
in some mark-recapture s tudies, among which are d i f f e r e n t i a l 
behaviour, temporary emigrat ion, d i f f e r e n t i a l surv ival of age groups, 
i n s u f f i c i e n t mixing of marked animals, homing, a population composed 
of mobile and s t a t i c components and tagging mor ta l i t y . 

As discussed ea r l i e r ( 2 . 3 ) , the aqueduct inhabited by the crayf ish 
population of th is study has cer ta in features which allowed the 
catching of large samples. In add i t ion , the method of hand f i sh ing 
which was used ensured that the ent i re population of a size larger 
than 13 mm carapace length was almost completely f ished out of a 
representative sample of the aqueduct ( 3 . 2 .3 ) , thereby ensuring 
that an unbiased sample was obtained. 

Any e f fec t of the d i f f e r e n t i a l behaviour of reproductive females 
(2.5) was dealt with by t rea t ing th is subpopulation separately in 
the estimation of population parameters (3 .4 , 3 .5) . S im i la r l y , 
adult males, adult nonreproductive females and juveni les were treated 
separately. The importance of the use of b io log ica l ins ight to 
produce homogeneous groups fo r the estimation of population 
parameters is stressed by Bishop & Sheppard (1973). 
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The thorough mixing of marked animals wi th the rest of the 
population was assisted by the method of returning the catch from 
a f ished section of the aqueduct to a section chosen randomly from 
those which had been f ished that day (3 .2 .3 ) . Studies by Camougis 
& Hichar (1959); Black (1963); Mobberly & Pfrimmer (1967) and 
Merkle (1969) indicate that there are no t e r r i t o r i a l tendencies in 
c ray f i sh , although ind iv iduals may occupy one par t i cu la r hide for 
several days at a t ime. The generally random nature of movements 
and hide select ion fur ther assist the mixing of marked c ray f i sh . 
Furthermore, Brown (1979) found that the movements of adult cray­
f i sh in th is aqueduct in summer were extensive, f requent ly exceeding 
100 m between trapping dates. While the lowering of the water level 
during hand f i sh ing (2.3) undoubtedly disturbed the populat ion, i t 
is believed that th is served to aid fu r ther the random mixing of 
marked animals. The system of marking which was used (3.2.1) 
sa t i s f i ed the requirements common to the most widely used mark-
recapture methods (Southwood 1966; Seber 1973). In pa r t i cu la r , the 
date of las t capture of marked indiv iduals was known from records of 
the uropod marks or the indiv idual numbers. There was no evidence 
to suggest that marking modified behaviour or af fected the chances 
of su rv i va l . Samples could also be regarded as ' instantaneous 1 , 
i . e . sampling time was negl ig ib le wi th respect to the length of the 
study. 

The most widely used mark-recapture models are a l l der ivat ives of 
the Lincoln Index (Lincoln 1930). The re la t i ve merits and 
disadvantages of these have been reported by many workers, e.g. 
Southwood (1966); Manly (1970); Bishop & Sheppard (1973); Roff (1973a); 
Rose & Armentrout (1974), and i t is not proposed to discuss these in 
d e t a i l . Manly (1970), in a simulation study of several models, 
concluded that the method of Fisher and Ford (1947) is as accurate 
as that of Jo l l y (1965) when i t s assumptions are v a l i d , but that i t 
can produce strongly biased estimates i f mor ta l i t y rates are age-
dependent. (An important l im i t a t i on of the Fisher-Ford model is i t s 
assumption of a single constant survival r a t e ) . The method of Bailey 
(1951, 1952) is considered by Southwood (1966) to u t i l i s e an 
i n e f f i c i e n t grouping of data. J o l l y ' s method was recommended for 
use by Manly (1970) where samples are moderately large and where 
mor ta l i ty rates are not strongly af fected by age. The method of 
Manly & Parr (1968), l i ke that of J o l l y , calculates a separate 
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survival rate fo r each intersample per iod, but (unl ike J o l l y ' s 
method) does not assume that mor ta l i t y i s independent of age. In 
th is study, however, intersample periods were r e l a t i v e l y short and 
because of the separate treatment of several subpopulations i t 
could be assumed that mor ta l i ty was independent of age during 
these short periods. In such a case the method of Jo l l y is 
superior (Manly & Parr 1968). 

Southwood (1966) stated that ' J o l l y ' s method would appear to be 
the most appropriate method for use in studies including three or 
more successive samples where both d i l u t i o n and loss is occurr ing, 
that is in most studies of invertebrate populat ions ' . I t was 
decided that the method of Jo l l y (1965) is the most appropriate 
model fo r th is study and that the assumptions i m p l i c i t in i t s use 
(see above) are sa t i s f i ed for th is populat ion. This method was 
used ea r l i e r by Brown (1979), who sampled almost exclusively adult 
crayf ish in a study at th i s f i e l d s i t e . 

3.4 THE CALCULATION OF POPULATION ESTIMATES 

Estimates of population parameters were made a f t e r the method of 
Jo l l y (1965). Davies (1971) produced a FORTRAN programme which 
calculates estimates according to J o l l y ' s equations when data are 
entered as a t r e l l i s of l as t recapture date frequencies together 
wi th sample sizes. This programme was compiled and run on an 
IBM 370 computer to produce estimates fo r each subpopulation 
studied. Estimates of survival and recruitment were produced fo r 
each intersample per iod. Since the periods between samples var ied, 
these estimates were converted to weekly rates in order that d i rec t 
comparisons could be made. For the estimates of recrui tment, th is 
conversion was achieved by a simple r a t i o method varying according 
to the length of the intersample per iod. Estimates of survival (S) 
were converted to weekly mor ta l i t y rates (M) by the equation 

M = (1 - e r * $ ) x 1 0 0 

* time ' 

The general u t i l i t y of J o l l y ' s model for use in studies involv ing 
long series of mark-recapture samples is widely recognised 
(Southwood 1966; Manly & Parr 1968). There was, however, a l i m i t i n g 
factor on the length of the recapture series used to produce 
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population estimates in th is study. This was the progressive loss 
of marks with each successive moult. Experience showed that the 
marks persisted through at least two moults (3 .2 .1 ) . The 
computation of estimates of population parameters was therefore 
l im i ted to recapture series extending over no more than two major 
moult periods. Since any one sample could be included in two or 
more such ser ies , i t was often possible to produce two or more 
p a r t i a l l y independent estimates of each parameter f o r any one sample 
date. In such cases each estimate is given in Appendix Tables A1-A8. 
On no occasion do any two such estimates d i f f e r s i g n i f i c a n t l y : 
indeed, a feature of the data is the very close agreement between 
them. Sections 3.5-3.6 discuss in de ta i l the seasonal changes in 
the estimated parameters of the subpopulations which are presented 
in Figs 3.3-3.6. Population size (N) is represented as 1 og-jQ in 
these f igures as th is transformation is more descr ipt ive of re la t i ve 
changes in numbers (Williamson 1972). 

The large numbers of marked crayf ish in the population and the 
increased sampling i n t e n s i t y , pa r t i cu la r l y of juven i le c ray f i sh , 
a f t e r May 1978 allowed the subdivision of the juveni le subpopulation 
in to the year classes 2+ and 3+ on the basis of carapace length. 
Section 4.3.8 describes the detai led analysis of the re la t ionship 
between carapace length (CL) and age and places the sizes of these 
two year classes at 13.00-18.25 mm CL and 18.25-24.74 mm CL (males) 
and 18.25-26.32 mm CL (females) respect ively. In the absence of 
th i s data at the beginning of the study a somewhat subject ive 
estimate of these sizes was made and crayf ish in the range 13-18 mm 
CL were c lass i f i ed as year 2+ while crayf ish of 18-25 mm CL were 
c lass i f i ed as year 3+. The method of hand f i sh ing which was used 
to sample the population excluded almost en t i r e l y animals of year 
1+ (8.49-13.00 mm CL). 

The subdivision of the juveni le subpopulation in th i s way reduced 
the numbers of recaptures in the ce l ls of the t r e l l i s required by 
the model of Jo l l y (1965) as the basis fo r estimating population 
parameters. Thus the standard errors of the estimates for the 
juven i le year classes are generally proport ionately larger than 
those of the three pr inc ipa l subpopulations studied (Tables A1-A8), 
and although less r e l i a b i l i t y may be placed on the i r accuracy i t 
is nevertheless possible to d is t ingu ish cer ta in s i m i l a r i t i e s to the 
estimates for other subpopulations. 
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3.5 RESULTS 

The detai led estimates of population s i ze , mor ta l i t y and recruitment 
are given in Tables A1-A8 and are summarised in Figs 3.3-3.6. Only 
the sa l ien t points w i l l be treated here. 

Estimates of to ta l population size were generally stable during the 
f i r s t ha l f of 1977 (Table A l ) . There followed a large midsummer 
peak in numbers which is a t t r i bu tab le to the increase in size of 
the juveni le subpopulation. Thus the largest estimate of to ta l 
population size in 1977 was 21 821 (95% confidence l i m i t s = 16 066 -
27 576) on 12 August. Thereafter the estimates indicate a s l i g h t 
f a l l in numbers towards the end of the year. The apparent large 
increase in numbers during the winter of 1977-78 (when no moulting 
and therefore no recruitment occurred) is believed to be an ar te fac t 
caused by the increased in tens i t y wi th which the population was 
sampled from 1978 onwards. Similar ' increases' are to be seen in 
the adult male and adul t female subpopulations. 

While t o ta l population size remained r e l a t i v e l y stable during the 
f i r s t hal f of 1978 (F ig . 3 .3 ) , there was no midsummer peak in 
numbers comparable to that of 1977. Indeed, there is clear evidence 
of a substant ial f a l l in numbers during August and September and 
a fur ther f a l l overwinter: both estimates of 29 October 1978 are 
s i g n i f i c a n t l y greater (P<0.05) than the estimate of 4128 
(95% CL = 3336-4920) on 24 Apr i l 1979. Simi lar large overwinter 
declines of up to 50% of o r ig ina l numbers occurred in the adul t 
male and juven i le subpopulations, although the trend is less clear 
in the adult female subpopulation (Figs 3 .4-3 .6) . The largest 
estimate of to ta l population size in 1979 is 14 612 
(95% CL = 11 882-17 342) on 18 July. This was followed by a 
decl ine: estimated numbers on 2 October were s i g n i f i c a n t l y lower 
(P<0.05) than numbers on 18 July and on 9 August (Table A l ) . The 
f i na l estimate of 4871 (95% CL = 3366-6376) indicates that the 
population had f a i l e d to recover to the level p r io r to the decline 
of late 1978. 

The avai lable estimates of survival rates in the to ta l population 
(Table A l , F ig. 3.3) show that mor ta l i t y was generally highest 
during the major moult periods (2.5) and during May and early June. 
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F i g . 3.3 Popu la t ion est imates f o r the t o t a l p o p u l a t i o n . Error 

bars are 95% conf idence l i m i t s . OW = Overwin ter . 
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F i g . 3.4 Popu la t ion est imates f o r the a d u l t male subpopu la t ion . 
Er ror bars are 95% conf idence l i m i t s . OW - Overwinter . 
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F i g . 3.5 Popula t ion est imates f o r the a d u l t female sub-

p o p u l a t i o n . Er ror bars are 95% conf idence l i m i t s . 

OW = Overwin ter . 
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F i g . 3.6 Popu la t ion est imates f o r the j u v e n i l e subpopu la t ion . 

Er ror bars are 95% conf idence l i m i t s . OW = Overwinter . 
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The apparent mor ta l i ty during the l a t t e r period is believed to be 
spurious and to be a t t r i bu tab le to biased sampling of the population 
while water temperatures were too low to allow f u l l a c t i v i t y of 
crayf ish (2 .5 , 3 .6) . Trends are clearer in the mor ta l i t y rates 
estimated fo r the separate subpopulations. There is a tendency 
in the adult subpopulations fo r the periods of highest mor ta l i ty to 
coincide wi th the major moult periods (Tables A2-A3, Figs 3 .4-3 .5) . 
Rates at these times are commonly 8-12% week" \ while in the mid­
summer period between the major moult periods there is generally an 
appreciable f a l l in the mor ta l i t y ra te . This trend is not 
apparent in estimates fo r the juveni le subpopulation, however, in 
which mor ta l i ty tended to be high throughout the summer per iod, in 
several cases approaching 15% week"^ (Table A4, Fig. 3 .6 ) . Over­
winter mor ta l i ty rates (calculated on the basis of a constant 
weekly rate) were very s im i la r (1-2% week ^) in each subpopulation. 

Estimates of weekly recruitment to the to ta l population in 1977 
show two large peaks covering the periods June to August and the 
second hal f of September when recruitment was estimated to exceed 
1500 crayf ish week"^ (Table A l , F ig. 3 .3) . Between these two 
periods, i . e . in August and early September, a low negative 
estimate was obtained. Posit ive estimates of recruitment fo r the 
winter of 1977-78 and contradictory estimates of recruitment in 
the subpopulations during May-June in each year are believed to be 
e f fec ts of the increased sampling e f f o r t from 1978 onwards and of 
the low water temperatures at th is time of year (2 .5 , 3 .6) . 
Relat ively high recruitment to the to ta l populat ion, as in 1977, 
occurred during the period June-August in 1978, followed by a 
second peak in September. A s imi lar trend is evident in the 
estimates for 1979. 

The in tens i t y of sampling of the juveni le subpopulation was 
r e l a t i ve l y low because of i t s comparatively large s ize . 
Consequently the standard errors attached to the estimates fo r th is 
subpopulation are generally larger than those for other subpopulation 
I t was nevertheless possible to recognise cer ta in features of the 
juveni le subpopulation. Chief among these is the appearance of 
pos i t ive recruitment rates during June, August and September 
(Table A4,Fig. 3 .6) . As in other subpopulations, mor ta l i t y rates 
were pa r t i cu la r l y high in midsummer, although high rates were also 
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recorded in May 1978 and May 1979. The sole estimate of mor ta l i t y 
avai lable for the winter of 1978-79 is a rate of 1.92% week ^ fo r 
year 3+ females (Table A6), a rate s t r i k i n g l y s imi lar to those of 
the two adult subpopulations. 

3.6 DISCUSSION 

In view of the need for a rigorous in te rpre ta t ion of the dynamics 
of the populat ion, i t is necessary to place in a s t a t i s t i c a l context 
the accuracy of the estimates of the population parameters. Roff 
(1973a) used the ra t i o SE/N as a measure of the accuracy of 
estimates of population size and proposed that such estimates be 
considered acceptable only i f t h i s r a t i o is below 0.05. However, 
he also noted that i t is questionable whether the sampling 
in tens i t i es required to achieve th is can be achieved in prac t ice . 
As Table 3.1 shows, th is r a t i o declined throughout the period of 
the study to levels approaching Rof f 's s t r ingent l i m i t , something 
rare ly achieved in studies of open populations. I t was possible in 
th is study because the sampling in tens i t y (estimated as m^/M- : 
Roff 1973b) was 30-50% fo r each subpopulation. 

Some estimates of survival rate (Tables A1-A8) are greater than one, 
although not s i g n i f i c a n t l y so. Such f igures occur occasionally in 
series of Jo l l y estimates: Parr (1965) includes several examples. 
Bishop & Sheppard (1973) noted the tendency for J o l l y ' s model to 
overestimate survival ra tes. Such values were assumed to be equal 
to one. Of the estimates of survival rate which were less than one, 
most are not s i gn i f i can t l y d i f f e ren t from th i s f igure (s igni f icance 
levels are indicated in Tables A1-A8). I t was nevertheless possible 
to calculate weekly mor ta l i ty rates from such estimates. In view 
of the absence of any s ign i f i can t deviat ion from one of the or ig ina l 
survival estimates, no great degree of rel iance can be placed on 
such mor ta l i t y rates. S im i la r l y , the standard errors attached to 
the estimates of recruitment rates are generally rather large: few 
estimates d i f f e r s i gn i f i can t l y from zero (s igni f icance levels are 
given in Tables A1-A8). I f , then, these estimates are regarded as 
indicators of general trends rather than accurate estimates a 
de f i n i t e seasonal pattern can be dist inguished. 

There is evidence that mor ta l i t y occurs in the population throughout 

32 



Table 3.1 

The ra t i o SE/N fo r the to ta l population on some 

sample dates during the study 

Date SE/ft (%) 

May 1977 20.4 

June 15.8 

August 13.5 

October 12.5 

May 1978 8.3 

June 6.6 

July 10.3 

August 8.5 

September 7.3 

Apr i l 1979 9.8 

June 10.3 

July 8.8 

August 9.3 



the year, but that the nature and in tens i ty of th is mor ta l i t y varies 
in d i f f e ren t subpopulations and according to the time of year. One 
important period of mor ta l i t y is the long overwinter period of some 30 
weeks during which crayf ish become to rp id . Estimates for each sub-
population and for the population as a whole consistent ly place the 
overwinter mor ta l i t y rate at 1-2% week"^. This low weekly rate has the 
e f fec t of reducing population size by some 40-60% because of the long 
period over which i t is e f fec t i ve (Tables A1-A8, Figs. 3 .3-3 .6) . The 
proportion of th i s reduction which is a t t r i bu tab le to emigration or 
cannibalism is believed to be very low because of the great ly reduced 
a c t i v i t y levels of crayf ish at winter temperatures (2 .5 ) . In the 
absence of any d i rec t evidence as to the nature of overwinter mor ta l i t y 
the most l i k e l y cause appears to be low temperature and/or nu t r i t i ona l 
s t ress. Some circumstant ial evidence to support such a density-
independent source of mor ta l i t y is the consistency of the overwinter 
mor ta l i t y rate in adul t and juven i le subpopulations. 

Two fur ther important periods of mor ta l i ty e x i s t , coinciding with the 
two major moult periods which have been i den t i f i ed (2 .5 ) . Unlike over­
winter mor ta l i t y , rates during these periods are t y p i c a l l y 8-12% week -^ 
in the adult subpopulations and are e f fec t i ve fo r periods of 2-3 weeks. 
In the juveni le subpopulation the rates are generally higher at 15% 
week ^ or more and tend to remain in e f fec t fo r longer periods. There 
is good reason to believe that th is type of mo r ta l i t y , operating at 
appreciably higher rates and over well defined shorter periods than 
overwinter mor ta l i t y , is a t t r i bu tab le to cannibalism of recently 
moulted c ray f i sh . Cannibal is t ic tendencies in crayf ish are well 
documented (Huxley 1880; Cossins & Bowler 1974; Behrendt 1979; Cuellar 
& Coll 1979) and f i e l d observations indicate that they are marked in 
Austvopotamobius pallipes (2 .5 ) . The confinement of these high 
mor ta l i t y rates to the major moulting periods is strong circumstant ial 
evidence of cannibalism. (Laboratory and f i e l d observations indicate 
that few ind iv iduals f a i l to complete a moult successfu l ly ) . The more 
frequent moulting of juveni les (4.3.5) and the consequent lack of 
synchrony wi th the major moult periods of adults accounts fo r the 
higher mor ta l i t y rates operating over longer periods in th is sub-
populat ion. The presence of a strong tendency for moulting in adults 
to be synchronous (2.5) can therefore be regarded as an adaptation to 
reduce the r isk of cannibalism. Mor ta l i ty rates between major moult 
periods f e l l markedly to levels approaching the overwinter r a te , 
which may thus be regarded as being a 'background' mor ta l i t y ra te . 
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Also strongly related to the moult periods is the level of 
recruitment. C lear ly , c rayf ish may enter the catchable size range 
(>13 mm CL) only by moult ing. Thus the marked overwinter decline 
in numbers is followed by an increase during the growth season and 
resul ts in a midsummer peak in population s ize. Thereafter numbers 
remain r e l a t i ve l y s tab le , with recruitment apparently being 
balanced by mor ta l i t y , u n t i l the overwinter decline begins once 
more. 

There is one point upon which the estimates of the population 
parameters consistent ly contradict th is pat tern. This is the 
apparent presence of very high mor ta l i ty ra tes, causing a marked 
decline in population s ize , during the month of May (before any 
moulting was recorded in any year ) . Whilst some mor ta l i t y would be 
expected at t h i s time as part of the overwinter losses (water 
temperature is t y p i c a l l y 8-9°C in May, too low fo r f u l l a c t i v i t y of 
crayf ish - 2 .5 ) , the losses estimated far exceeded th is level fo r 
three of the four subpopulations in 1977 and 1978. The exceptions 
are the juveni le subpopulation, fo r which a large recruitment was 
estimated in May 1977 (Table A4), and the adult male subpopulation, 
f o r which a s imi la r large increase was estimated in May 1978 
(Table A2). Samples taken la te r in these years produced estimates 
conforming to the pattern expected from a knowledge of the biology 
of the species. In an attempt to elucidate the reasons fo r these 
unexpected resul ts a sample was taken ea r l i e r in 1979 (on 24 A p r i l ) . 
Estimates for the period between th is date and 3 May 1979 indicate 
that recruitment occurred in each subpopulation, although only the 
estimate for the to ta l population is s i gn i f i can t . While the reasons 
fo r these inconsistent resu l t s , which appeared during the same period 
in each year of the study, are unknown, they may reasonably be 
considered to be related to the low water temperatures (e .g . 6°C on 
24 Apr i l 1979). Crayfish a c t i v i t y does not reach i t s 'normal' 
summer level u n t i l water temperatures reach approximately 10°C, and 
hand f i sh ing at lower temperatures invar iab ly y ie lds smaller samples. 
Thus the samples taken during Apr i l and May were consistent ly the 
smallest samples of the ent i re three-year period (Table A l ) . 
Furthermore, there is the p o s s i b i l i t y that because of the reduced 
a c t i v i t y of crayf ish at lower temperatures, marked crayf ish returned 
to the aqueduct in Apr i l and May did not mix randomly wi th the rest 
of the populat ion, thereby v io la t i ng an important assumption of the 

34 



capture-recapture model. In th is respect i t is important to note 
that the inter-sample periods did not exceed f i f t e e n days in Apr i l 
and May in any year of the study: at the reduced a c t i v i t y levels 
then prevai l ing th is may have been i n s u f f i c i e n t time to allow 
thorough mixing of the marked animals with the rest of the populat ion. 

There remains one fu r ther possible reason fo r these anomalies. The 
method of sampling used depends on the disturbance of crayf ish from 
the i r hides in the walls of the aqueduct and t he i r consequent 
a v a i l a b i l i t y to capture on the f l oo r of the aqueduct. Many of these 
hides extend to a considerable distance in to the aqueduct wa l l s , 
however, and i t may be that sampling at the low water temperatures 
of Apr i l and May f a i l e d to f lush out semi-torpid crayf ish in such 
deep hides. Only the more accessible crayf ish would then have been 
avai lable to capture. The same conditions may well have prevailed 
at the next sample some f i f t e e n days l a t e r , wheji once more the same 
subset of the population would have been avai lable to capture, so 
producing highly biased estimates of population parameters. 

In an ea r l i e r study at th is s i t e , Brown & Brewis (1979) compared 
trapping and hand f i sh ing as sampling methods. They concluded that 
trap-caught samples were strongly biased towards large males, many 
of which became 'trap-happy' on repeated sampling. This bias 
resulted in an approximate three- fo ld underestimation of population 
s ize , while estimates derived from the recapture of hand f ished 
samples in traps did not d i f f e r s i g n i f i c a n t l y from those derived 
from samples which were hand f ished at both mark and recapture 
(Brown & Brewis 1979). In consequence, trapping was not used as a 
method of estimating population size in the present study, the 
'passive' method of hand f i sh ing being strongly preferred in view 
of i t s more representative sampling of the ent i re populat ion. 

The cause of the marked decline in numbers (from some 15 000 to 
6-8000) which occurred in la te 1978 i s unknown. While the winter 
of 1978-79 was pa r t i cu la r l y severe, the decline occurred well 
before water temperatures approached the typ ica l winter temperatures 
of 2-4°C (2.5°C on 8 March 1979). Furthermore, the overwinter 
mor ta l i t y rates were estimated to be at normal levels fo r each 
subpopulation (Figs. 3 .3-3.6) . Duf f ie ld (1933, 1936) col lated a 
series of local reports suggesting that crayf ish populations in 
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southern England undergo approximately th i r teen-year cycles of 
abundance and decl ine. There was no apparent change in the 
environmental parameters of the aqueduct which may have caused such 
a decl ine, and there was l i t t l e evidence of a resurgence in numbers 
in 1979 (Fig. 3.3, Table A l ) . A l l other f luc tuat ions in to ta l 
population size are consistent with the seasonal pattern described 
above. 

Reproductive females in Northumbria carry eggs between November and 
early August (2 .5 ) . Estimates of the i r numbers are therefore 
avai lable from samples taken during th is per iod. These are 
presented in Table 3.2. I t can be seen that the estimates of 
numbers in 1979 are generally smaller than those in e i ther of the 
two preceding years. The estimate of 600 (95% CL = 304-896) on 
31 May 1979 is s i g n i f i c a n t l y less (P<0.05) than that on 23 May 1978: 
1889 (95% CL = 1042-2736). The lower numbers in 1979 r e f l e c t the 
smaller to ta l population size in that year. Estimates of the 
numbers of reproductive females remained f a i r l y constant w i th in each 
year, as would be expected in a subpopulation to which no recruitment 
was possible. None of the estimated survival rates are s i gn i f i can t l y 
d i f f e ren t from one and the weekly mor ta l i t y rates derived from these 
are generally below 10% week" \ showing none of the periodic peaks 
and declines of the other subpopulations (Table 3.2, Figs. 3 .3-3 .6) . 
Some 45% of a l l adult females were reproductive in any one year 
(5 .2 ) . The re la t ionship between s ize , fecundity and frequency of 
reproduction is discussed in Chapter 5. 

Brown (1979), in a previous study of t h i s populat ion, was able to 
i den t i f y cer ta in of the features of the annual population cycle 
described above, but did not achieve s u f f i c i e n t l y high sampling 
in tens i t i es to demonstrate year-round mor ta l i t y . He estimated 
population size to have been in the region of 20 000 indiv iduals 
during the summer of 1974, 1975 and 1976. The decline of la te 1978 
therefore occurred a f te r a r e l a t i ve l y stable period of at least 
four years. 

The consistent t iming of the moulting and reproductive cycles from 
year to year observed in th is population of A. palliyes is typ ica l 
of members of the subfamily Astacinae (as defined by Hobbs 1974). 
Similar l i f e h is to r ies have been described for Astaous astacus 
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(Abrahamsson 1971; Kossakowski 1971), Astaous leptodaotylus 
(Kossakowski 1971) and Pacifastacus leniusculus (Abrahamsson 1971; 
Mason 1975). These consistent patterns are probably re lated to 
the more predictable var iat ions in water level and temperature 
compared to the more p las t i c l i f e h is to r ies of some members of the 
Cambarinae, which generally inhabi t less predictable environments 
(Bovbjerg 1952; Caldwell & Bovbjerg 1969). In the terms of Pianka 
(1978) Austvopotamobius pallipes appears to be a K-strategist in 
th is population in that population size is r e l a t i ve l y constant over 
a long per iod, that mor ta l i t y is strongly 'd i rec ted ' rather than 
'catast rophic ' and that no recolonisat ion is necessary. Of the 
factors l i m i t i n g the size of th is populat ion, cannibalism (which is 
probably density-dependent) and the a v a i l a b i l i t y of su i table hides 
would appear to be the most important, although the a v a i l a b i l i t y 
of food must also be considered. Within the aqueduct the moss 
Fontinalis antipyvetica is v i r t u a l l y the only macrophyte present 
and i t has been found in the stomachs of a l l crayf ish which have 
been examined (2 .3 .4 ) . Other material present included arthropod 
fragments (probably Gammarus s p . ) , colonial algae, diatoms and 
higher plant fragments from leaves washed in to the aqueduct. While 
there is no evidence that the population is food- l im i ted , th is may 
be an important factor in overwinter mor ta l i t y as the Fontinalis 
dies back and l i t t l e allochthonous material enters the aqueduct. 
In general, however, workers have concentrated on estimating the 
size and production of crayf ish populations and understanding of 
the mechanisms regulat ing these factors is very l im i t ed . 

The estimates of annual production of the population (Table 4.14) 
correspond to 196.49 kg h a - 1 in 1977, 116.80 kg ha" 1 in 1978 and 
87.79 kg ha" 1 in 1979. Brown (1979) estimated annual production 
at th is s i t e to be 170.5 kg h a " 1 . The annual production of a 
natural Russian population of Europe's most heavily commercially 
exploi ted c ray f i sh , Astaous astaous, was estimated by Cukerzis 
(1975) to be 42 kg h a " 1 . Mason (1975) estimated 133 kg ha" 1 fo r a 
stream population of Pacifastacus leniusculus tvowbvidgii, while 
Momot & Gowing (1977b) give values of 60.2-133.4 kg ha" 1 fo r natural 
populations of Oroonectes virilis from biomasses smaller than those 
of Austvopotamobius pallipes in the present study. Morrissy (1980) 
estimated the annual production of marron (Cherax tenuimanus), a 
large Austral ian c ray f i sh , at 384-1033 kg h a - 1 in farm dams, where 
the biomass often far exceeded the levels found in the study 
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population of A. pallipes. The same author gives f i ve examples 
of cultured marron populations exceeding 2000 kg ha~^ annual 
product ion, while Avault (1973) gives the annual production of pond-
farmed Procambarus clavkii in Louisiana as 224-898 kg ha ^. 

In a comparison of the production/biomass (P/B) ra t ios of several 
crayf ish populat ions, Momot (1978) found that values ranged from 
0.5 to 2.0 and were t y p i c a l l y 0. 7-1.5. A value of 0.7 was obtained 
by Cukerzis (1975) fo r a population of Astaaus astacus, the species 
most s imi la r to Austvopotamobius pallipes in i t s l i f e h is tory and 
longevi ty . The P/B ra t ios calculated for A. pallipes during the 
three years of the present study (0.40, 0.27, and 0.27) are 
considerably lower. An important fac tor in th is is undoubtedly the 
short growing season in Northumbria (2 .5 ) . Momot, Gowing & Jones 
(1978), in a review of the ro le of crayf ish in freshwater ecosystems, 
found that P/B ra t ios in four species of crayf ish were s imi la r and 
speculated that the production of crayf ish populations can be 
approximated from a knowledge of t he i r standing crops. While th i s 
may, in general, be t rue , i t appears that fo r the population of th is 
study, on which the l i m i t i n g e f f ec t of the environment is pronounced, 
the re la t ionship does not hold. The e f fec t of temperature on P/B 
ra t ios was stressed by Waters (1977), who noted that the ra t i o is 
lower fo r zooplankton in cold habitats than for the same species 
elsewhere. I t is probable that the comparatively low values 
obtained for the P/B ra t i o in the present study are at least 
p a r t i a l l y a t t r i bu tab le to the cold water temperature regime at the 
northern l i m i t of the range of A. pallipes. 

The work of Momot (1967a, 1967b, 1978) and Momot & Gowing (1977a, 
1977b, 1977c) on Orooneotes vivilis comprises the most c losely 
comparable study of crayf ish population bio logy, although th is work 
concentrates pr imar i l y on changes from year to year rather than 
seasonal changes. The l i fespan of 0. vivilis is t y p i c a l l y 3-4 years 
compared to eleven or more in A. pallipes ( 4 .3 .8 ) . In common with 
A. pallipes, however, the growth rates of males are fas ter than 
those of females (4.3.7) and predation was not considered to be 
important as a population control mechanism (2 .5 , Momot 1967b). 
Whilst d i rec t evidence of the role of cannibalism is d i f f i c u l t to 
obta in , the conclusions of Momot (1967b) agree wi th those of the 
present study, i . e . that population size is probably regulated 
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pr inc ipa l l y by cannibalism at moult ing. Fluctuations in mor ta l i t y 
were reported to be the most important factor producing year-to-year 
dif ferences in populations of 0. vivilis (Momot & Gowing 1977b), and 
mor ta l i ty has been shown to have considerable seasonal var ia t ion in 
the study population of A. pallipes (Figs. 3 .3-3 .6) . 

The importance of the ro le in freshwater ecosystems of crayf ish has 
been suggested by Momot, Gowing & Jones (1978). The precise funct ion 
of crayf ish is d i f f i c u l t to define since they operate at three 
trophic levels - those of d e t r i t i v o r e , primary consumer and secondary 
consumer. I t has been suggested (Momot, Gowing & Jones 1978) that 
crayf ish may be most important in waters of low phytoplankton 
production, where they are important agents of energy f low. I t is 
c lear , however, that crayf ish are s ign i f i can t at the ecosystem level 
both in terms of t he i r biomass and of t he i r func t ion . 
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Chapter Four 

GROWTH 

4.1 INTRODUCTION 

The nature of the incremental growth charac ter is t i c of the Crustacea 
presents problems to workers on growth studies. The two factors of 
paramount importance are moult frequency and the size of the moult 
increment. The study of growth in decapod crustaceans is complicated 
by the v a r i a b i l i t y of both. These two factors may vary both between 
indiv iduals and w i th in the same indiv idual from time to t ime. Many 
workers have used ind i rec t methods to estimate moult frequencies and 
the size of moult increments. This has been necessary because the 
problems associated with the study of a large population of mobile 
animals make the recapture rates necessary to use d i rec t methods 
d i f f i c u l t to a t t a i n . In add i t i on , i t is often necessary to t rea t 
cer ta in parts of the population separately because of fundamental 
di f ferences in t he i r growth patterns. D i f f e ren t i a l growth rates 
between the sexes have been reported in the shrimp Caridina nilotioa 
(Hart 1980), in the lobster Homarus vulgaris (Thomas 1958; Hepper 
1972) and in the crawfish Jasus tristani (Pollock & Roscoe 1977) 
as well as the crab Paohygrapsus cvassipes (H ia t t 1948). Further­
more, de f i n i t e species dif ferences ex is t in the re la t ionship 
between size (age) and growth. This has two facets . F i r s t , the 
size of the increment at successive moults may f a l l , as has been 
reported for the crayf ish Paranephrops planifrons larger than 20 mm 
carapace length (Hopkins 1967b) and for Jasus tristani (Pollock & 
Roscoe 1977), whereas in Homavus vulgaris Hewett (1974) reported 
that the growth increment increased wi th age. In general, however, 
when decapod growth is expressed re la t i ve to body size the growth 
increment f a l l s wi th age. Second, moult frequency may decline with 
age (Hopkins 1967b; Farmer 1973; Hewett 1974). 

The determination of age is in i t s e l f a major problem, as the 
moulting of the complete carapace prevents the use of techniques 
such as the aging of f i sh by the number of r ings in the o t o l i t h . 
Farmer (1973) attempted a method of ins tar determination in 
Nephrops norvegious using the numbers of aesthatasc-bearing segments 
of the antennule and the numbers of lamellae in the endocuticle but 
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found these to be unrel iable indicators of age. Consequently, 
many studies of decapod growth use size-frequency plots to 
estimate modal sizes of year classes and from these to estimate 
the size of the moult increment, e .g. Hopkins (1966, 1967b); 
Pratten (1980). I t is often possible to d is t ingu ish only the 
f i r s t two or three year classes using th is method, however, as 
var iat ions in moult frequency and moult increment obscure the 
modal progression of year classes. 

The regeneration of damaged or los t limbs may also obscure 
underlying growth pat terns, e.g. i t has been shown that limb 
regeneration in Austropotamobius pallipes i s l inked to a smaller 
moult increment (Bowler & Brown 1977). Bennett (1973) demonstrated 
that the marginal reduction of body growth by less severe limb loss 
in the crab Cancer pagurus is accentuated in the case of severe limb 
loss to a reduction of up to 25%, although th i s is counteracted to 
some extent by more frequent moult ing. A fu r ther complicating 
factor may be the d e b i l i t a t i n g e f fec t of parasites on some members 
of the populat ion, e .g. Bowler & Brown (1977) reported that 
indiv iduals of A. pallipes infected by the parasite Thelohania 
contejeani had smaller moult increments than normal animals. F i na l l y , 
the omission of one or more moults by reproductive females and t he i r 
small post-reproductive moult increments as in Paranephrops planifrons 
(Hopkins 1967a) and in A. pallipes (4.3.2) inev i tab ly leads to t he i r 
f a l l i n g behind the growth rates of nonreproductive females of s imi la r 
s ize. There i s , then, no re l iab le method of determining whether 
animals of the same size are the same age, fo r they may have 
experienced a d i f f e ren t number of moults of d i f f e r e n t moult 
increments. 

The problems posed by many of these factors are often insuperable fo r 
par t i cu la r populations and f i e l d s i tes and i t i s common for reports 
to present growth s t a t i s t i c s as a mean value for the ent i re 
population or fo r males and females separately. As w i l l be shown, 
th is pract ice may be a gross overs impl i f i ca t ion and i t has the 
fur ther disadvantage of submerging indiv idual va r ia t ions , preventing 
the i d e n t i f i c a t i o n of cha rac te r i s t i ca l l y f as t - or slow-growing 
indiv iduals where they ex i s t . One method commonly used to overcome 
these problems is to study the growth of captive animals in order to 
estimate moult increments. This prac t ice , however, has been shown 

41 



to be unrel iable as several authors have reported that growth in 
the laboratory is less than that in the f i e l d (H ia t t 1948; Brown 
1979; Bowler pers. comm.). 

4.2 METHODS 

The system of marking used in th is study (3.2.1) enabled the 
consistent i d e n t i f i c a t i o n of ind iv idual c ray f i sh . Since a l l 
numbered crayf ish were measured on each occasion of capture, 
increments of growth were frequently recorded in those indiv iduals 
which were recaptured on more than one occasion. These increments 
of growth were measured as increases in carapace length (3.2.2) 
and w i l l be referred to as moult increments (Mis). Since carapace 
length was measured from the t i p of the rostrum a l l crayf ish wi th 
damaged rostra were omitted from the analysis of growth s t a t i s t i c s . 
From a knowledge of the size of the typ ica l moult increment i t was 
possible to determine wi th a high degree of cer ta in ty which crayf ish 
had moulted more than once since the date of l as t capture and to 
exclude mul t ip le moult increments from the analysis. 

Mul t ip le recaptures of ind iv iduals in a single intermoult period 
provided a check on the accuracy of the measurement of carapace 
length, which was taken with Vernier cal ipers to the nearest 0.1 mm. 
While a measuring error of 0.1-0.2 mm was common, an error as large 
as 0.5 mm was very rare and was in any case i ns i gn i f i can t in 
assessing moult frequency as moult increments almost invar iab ly 
exceeded 2 mm. Many crayf ish were recaptured s u f f i c i e n t l y often to 
ascertain the number of moults undergone during a complete year. 
From these indiv iduals a detai led analysis of moult frequency was 
derived (4 .3 .5 ) . 

The instantaneous growth rates (g) of size classes of crayf ish are 
presented in 4.3.7. These rates were calculated as fo l lows: 

1og e (W t /W Q ) , 
weight a f te r one year 
weight at beginning of year 

The modal sizes of the overwintering year classes 1+ and 2+ were 
estimated from a size-frequency diagram a f te r the method of Cassie 
(1954). 
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From the regressions calculated for the re la t ionship between 
postmoult carapace length and premoult carapace length fo r the 
size classes of Figs. 4 .4 -4 .11 , the mean moult increment fo r a 
crayf ish of any given size and sex could be predicted. With the 
addi t ion of the known modal sizes for the overwintering year classes 
0+ and 1+ and a knowledge of moult frequency thereaf ter (Table 4.5) 
the re la t ionship between size and age fo r each sex throughout the 
l i f e cycle was estimated (F ig . 4 .22) . 

4.3 RESULTS 

4.3.1 Year classes 

The year class 0+ was not sampled at the Hal l ington aqueduct, but 
data from other s i tes in Northumbria indicate that the mean over­
winter ing size of th is year class was 8.49 ± 0.09 mm CL (n = 181). 
This compares with a size of 5.42 ± 0.08 mm CL (n = 20) in newly 
hatched crayf ish (hatching occurs in ear ly August in Northumbria). 

Presentation of data as a size-frequency p lo t revealed two 
in f lex ion points marking the presence of year classes (Cassie 1954). 
For males these in f l ex ion points occurred at 13.00 ± 0.34 mm CL and 
18.25 ± 1.35 mm CL (mean ± SE), and represent the year classes 1+ 
and 2+. For females these two year classes occurred at 11.1 ± 1.70 
mm CL and 18.75 ± 0.08 mm CL. I t was not possible to i den t i f y year 
classes beyond 2+ fo r e i ther sex using th i s method. From a 
knowledge of the size of moult increments ( 4 . 3 .2 ) , the number of 
moults completed in the f i r s t growth season was estimated at f i v e , 
in the second growth season at four and in the t h i r d and four th at 
three (F ig. 4.22). 

4.3.2 Moult increments 

Bearing in mind the marked dif ferences between the sexes and the 
decline in the size of the moult increment wi th age which have been 
reported in other Crustacea (4 .1 ) , i t was considered advisable to 
begin the analysis of growth in A. pallipes wi th a p lo t of the 
moult increment as a funct ion of the carapace length p r io r to the 
moult fo r each sex. The pr inc ipa l feature of th i s p lo t (F ig . 4.1) 
is the larger moult increment of male c ray f i sh , the mean of 
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2.69 ± 0.04 mm (n = 368) being s i g n i f i c a n t l y larger (P<0.01) than 
the mean nonreproductive female increment of 2.45 ± 0.05 mm (n = 257). 
Both of these f igures are s i g n i f i c a n t l y larger (P<0.001) than the 
mean increment of reproductive females (1.90 ± 0.04 mm, n = 171). 

A second method of expressing increments of growth is to present the 
moult increment as a percentage of premoult carapace length (the 
percentage moult increment, PCMI). F ig. 4.2 indicates that there is 
no s ign i f i can t d i f ference between the PCMIs of males (mean = 
9.9 ± 0.17, n = 368) and nonreproductive females (9.8 ± 0.22, n = 257). 
Both of these f i gu res , however, are s i g n i f i c a n t l y larger (P<0.001) 
than the mean PCMI of 5.7 ± 0.14 (n = 171) of reproductive females. 

H ia t t (1948) introduced the use of postmoult carapace length as a 
funct ion of premoult carapace length and the method has since become 
widely adopted in studies of the growth of crustaceans. F ig. 4.3 
presents such a H ia t t p lo t fo r the f u l l size range of males and 
nonreproductive females known to have moulted once only since the 
date of l as t capture. I t can be seen that the slope of the male 
regression is greater than that of the females. 

Appendix Figs. Al and A2 present the frequency histograms of the 
368 male and 257 nonreproductive female single moult increments which 
were used for the deta i led analysis of growth expressed as the 
absolute moult increment (F ig. A l ) and as the percentage moult 
increment (F ig. A2). The d is t r ibu t ions of both f igures are c lear ly 
normal (Gaussian) d i s t r i bu t ions and the use of the t - t e s t to 
d i f f e ren t i a t e between the means of subpopulations and size classes 
is j u s t i f i e d . 

4.3.3 Var iat ion in growth w i th in and between subpopulations 

As noted e a r l i e r ( 4 . 1 ) , the pract ice of presenting growth s t a t i s t i c s 
as mean values fo r en t i re populations obscures the p o s s i b i l i t y that 
dif ferences in growth may occur between d i f f e ren t size classes and 
between the sexes. There is the fur ther p o s s i b i l i t y that growth 
may vary from year to year. The in tens i t y of the mark-recapture 
programme of th is study meant that i t was often possible to i den t i f y 
the growth increment of an indiv idual as having occurred during a 
par t i cu la r major moult period (2 .5 ) . Table 4.1 presents the moult 
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increments in absolute terms (Mis) and as percentage moult increments 
(PCMIs) fo r the adult male, adult nonreproductive female, reproductive 
female and juveni le subpopulations in each major moult period during 
the three years of the study. The subpopulation of reproductive 
females comprised those females known to have been berr ied during 
the f i r s t moult period of a par t i cu la r year and which were recaptured 
a f te r t he i r f i r s t postreproductive moult (which occurred during the 
second major moult period of the same year ) . Table 4.1 indicates 
that there is a tendency for the Mis of adult males to be larger 
than the corresponding values fo r nonreproductive females. The Mis 
of juveni les tend to be smaller than those of the adul t male and 
nonreproductive female subpopulations. 

The overal l trend in the size of moult increments is adul t males > non-
reproductive females > juveni les > reproductive females (Table 4 .1 ) . 
When increments in growth are expressed as a percentage of premoult 
carapace length ( i . e . as percentage moult increment, PCMI) - a more 
rigorous treatment of the data - a d i f f e ren t pattern emerges. The 
trend then becomes juveni les > adult males > nonreproductive females > 
reproductive females. Thus the PCMIs of juveni les during the second 
major moult period of 1978 and the f i r s t moult period of 1979 were 
s i g n i f i c a n t l y larger (P<0.05, P<0.01) than those of adul t males and 
those of nonreproductive females (P<0.002, P<0.002). Reproductive 
females had s i g n i f i c a n t l y smaller PCMIs than nonreproductive females 
during the second moult periods of 1977 and 1978 (P<0.002, P<0.001). 

A fu r ther point to ar ise from Table 4.1 is the tendency for the 
growth increment (expressed as both MI and as PCMI) during the 
f i r s t moult period of a year to be larger than that during the 
second. S ign i f i cant di f ferences between increments in d i f f e ren t 
years are also in evidence, e.g. the adult male MI and PCMI during 
the second moult, period of 1978 were larger (P<0.02 in both cases) 
than those during the corresponding period of 1977. The MI and PCMI 
of adult males in the f i r s t moult period of 1978 were also s i gn i f i can t l y 
larger than those in the f i r s t moult period of 1979 (P<0.05 in both 
cases). Examples of th is type are also to be seen in the reproductive 
female subpopulation, in which the MI and PCMI in 1979 were 
s i gn i f i can t l y larger than those in 1977 and 1978 (P<0.05 in a l l cases). 

Whether or not these dif ferences in growth increments w i th in and 
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between subpopulations have a b io log ica l s igni f icance is not clear 
as these data were col lected from a wide size range wi th in each 
subpopulation. I t is possible, therefore, that the dif ferences 
were produced by size composition e f fec ts w i th in and between the 
subpopulations. In order to examine th i s p o s s i b i l i t y Table 4.2 
presents data which have been derived from those of Table 4.1 by 
matching to w i th in ± 0.5 mm carapace length as many indiv iduals as 
possible from each moult period with crayf ish from every other 
moult period w i th in a par t i cu la r subpopulation. Although the 
tendency fo r the increment during the f i r s t moult period of a year 
to be larger than that during the second is s t i l l evident in the 
adult male subpopulation, none of the di f ferences are s ign i f i can t 
and th is tendency is in fac t reversed in the nonreproductive female 
subpopulation. There are no s i gn i f i can t di f ferences between 
increments during corresponding moult periods of d i f f e ren t years in 
any subpopulation (Table 4 .2 ) . From the l im i ted data avai lable on 
the juven i le subpopulation, there are no s ign i f i can t di f ferences in 
increments e i ther w i th in or between years. 

Accepting the evidence of th is analys is , i . e . that there are no 
s i gn i f i can t di f ferences between increments in corresponding moult 
periods of d i f f e r e n t years, then i t i s permissible to pool these 
data. Table 4.3 presents these pooled data and again reveals the 
tendency in the adult male subpopulation fo r the increment during 
the f i r s t moult period of a year to be larger than that during the 
second. No such tendency is present in any other subpopulation. 
The dif ferences between growth increments of the subpopulations 
are in agreement wi th those previously described. Thus the MI and 
PCMI of reproductive females are s i g n i f i c a n t l y smaller than those 
of every other subpopulation during the pooled second moult periods. 
In order to remove completely the p o s s i b i l i t y that the dif ferences 
between the growth of reproductive and nonreproductive females are 
due to size composition e f f e c t s , the two subpopulations were 
matched fo r carapace length. From Table 4 .3 , the increments of 
nonreproductive females are s i g n i f i c a n t l y larger (P<0.02 fo r MI, 
P<0.05 fo r PCMI). The largest PCMIs are once more to be seen in 
the juven i le subpopulation, these being s i gn i f i can t l y larger 
(P<0.05) than those of nonreproductive females during the f i r s t 
moult periods. The largest Mis occur in the adult male subpopulation, 
these being s i g n i f i c a n t l y larger than those of juveni les in both 
moult periods (P<0.01, P<0.02 respec t ive ly ) . 
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4.3.4 The re la t io i ish ip between si ze arid growth iincrements 

The preceding analyses have examined var ia t ion in growth increments 
w i th in and between years and subpopulations. However, in order to 
study the re la t ionship between body size and growth increment i t is 
necessary to define size classes much more c lose ly . Table 4.4 
presents the data from Fig. 4.3 fo r 5 mm CL size classes of each 
subpopulation during the years 1977-79. In the male subpopulation 
the 27-32 mm CL size class had the largest mean MI during the f i r s t 
moult periods, i t being s i g n i f i c a n t l y larger than those of the male 
size classes of <22 mm CL and 37-42 mm CL (P<0.001, P<0.02 
respect ive ly ) . The class of juveni le males (<22 mm CL) had, in 
f a c t , a s i g n i f i c a n t l y smaller MI than that of any other male size 
class during the f i r s t moult periods. During the second moult periods 
the male size class of 32-37 mm CL had the largest mean MI , i t being 
s i g n i f i c a n t l y larger than those of the male size classes of<22 mm CL 
and 22-27 mm CL (P<0.01, P<0.05 respect ive ly ) . 

In the nonreproductive female subpopulation the smallest size class 
(<22 mm CL) had the smallest MI during the f i r s t moult periods. The 
32-37 mm CL class had the largest MI, although the dif ferences are 
not s i gn i f i can t . During the second moult periods the 22-27 mm CL 
size class had the largest MI (Table 4 . 4 ) , i t being s i g n i f i c a n t l y 
larger than those of the <22 mm CL size class (P<0.001), the 
27-32 mm CL size class (P<0.02) and the 32-37 mm CL size class 
(P<0.001). 

There is a clear inverse cor re la t ion between PCMI and carapace 
length in both sexes. From Table 4 .4 , the PCMIs of the male size 
classes of <22 mm CL, 22-27 mm CL and 27-32 mm CL are s i gn i f i can t l y 
larger than those of the 32-37 mm CL and 37-42 mm CL size classes 
during the f i r s t moult periods (P<0.01 in each case). S im i la r l y , 
the nonreproductive female size class of <22 mm CL had a mean 
PCMI during the f i r s t moult periods which is s i g n i f i c a n t l y larger 
than those of the 27-32 mm CL and 32-37 mm CL size classes (P<0.001, 
P<0.02 respect ive ly ) . The PCMI of the female 22-27 mm CL size 
class is also s i g n i f i c a n t l y larger (P<0.001) than that of the 
27-32 mm CL class. Simi lar trends are present in the PCMIs of both 
sexes during the second moult periods. 
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There are no s ign i f i can t di f ferences between the increments of 
juveni le males and juveni le females, i . e . those crayf ish of 
<22mm CL. Some dif ferences between the sexes are apparent, 
however. Both the MI and PCMI of the male 27-32 mm CL size class 
are s i g n i f i c a n t l y larger than those of the corresponding non-
reproductive females size class in the f i r s t moult periods (P<0.001 
in both cases), while the same is t rue of the male size class of 
32-37 mm CL during the second moult periods (P<0.001 in both cases). 

The character is t ic small increments of females at the f i r s t post-
reproductive moult have been noted e a r l i e r . From Table 4 .4 , the 
increments of the size classes of reproductive females are smaller 
in every instance than those of the corresponding nonreproductive 
female size c lass. Thus the MI and PCMI of the 27-32 mm CL size 
class of nonreproductive females are s i gn i f i can t l y larger than those 
of reproductive females of the same size range (P<0.001 in both 
cases). Also, the Mis and PCMIs of nonreproductive females in the 
22-27 mm CL and 27-32 mm CL classes during the second moult periods 
are s i g n i f i c a n t l y larger than those of reproductive females in the 
>37 mm CL size class. 

Evidence of a larger increment during the f i r s t moult periods 
compared to the second comes from the male size classes of 22-27 mm 
CL and 27-32 mm CL (Table 4 . 4 ) , w i th in which the di f ferences are 
s ign i f i can t (P<0.01 fo r Mis and PCMIs). A s ign i f i can t d i f ference 
of th is type is also present in the nonreproductive female size 
class of 32-37 mm CL. I t appears that t h i s , however, may be caused 
by the large mean MI obtained for the f i r s t moult periods from a 
sample of only s i x . 

Figs. 4.4-4.11 present the regressions of postmoult carapace length 
on premoult carapace length fo r the 5 mm CL size classes of each 
subpopulation. There is a tendency fo r the slope of the male 
regression to be greater than that of the corresponding female 
regression. The exceptions are the juveni le size class of <22 mm CL, 
in which the greater female slope i s not s i gn i f i can t l y d i f f e ren t 
from that of the males, and the size class of >37 mm CL, in which 
the female sample of f i ve is inadequate for re l i ab le s t a t i s t i c a l 
t es t i ng . In the size class of 32-37 mm CL the male slope is 
s i g n i f i c a n t l y greater (P<0.02). In the reproductive female 
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subpopulation there are no s i g n i f i c a n t di f ferences between the slopes 

of the three s i ze c lasses studied (F igs . 4 . 9 -4 .11 ) , but the trend 

i s for the slope to increase to the 32-37 mm CL s i ze c la s s and to 

f a l l thereaf ter . 

The plots of percentage moult increment against premoult carapace 

length ( F i g s . 4.12-4.19) indicate that the corre la t ion of the two 

within any one s ize c la s s i s low, generally of the order 0 .2 -0 .3 . 

While the slopes of the male regressions are generally greater than 

those of the female regress ions , th i s i s compensated for by the 

larger intercepts of the female p lo ts . A comparison of F i g s . 4.17-

4.19 with F i g s . 4.14-4.16 indicates that the rate of decl ine of 

percentage moult increment with increasing s ize i s more rapid in 

nonreproductive females than in reproductive females, except for 

the largest s i ze c lass (>37 mm C L ) , in which the rates are very 

s i m i l a r . As has already been seen, however, the percentage moult 

increments of reproductive females are s i g n i f i c a n t l y smaller than 

those of comparable nonreproductive females. 

4 .3 .5 Moult frequency and timing of moulting 

Table 4.5 comprises data from c r a y f i s h which were ind iv idua l ly 

marked and recaptured s u f f i c i e n t l y often to allow unequivocal 

determination of moult frequency during one complete growth season. 

The data include two examples of juveni l e s which moulted three times 

in one year . Most adults moulted twice annually up to the 26-28 mm 

CL s i ze c l a s s . In th i s population the minimum s ize at sexual 

maturity i s 22 mm CL (Brown 1979), whi l s t a l l c r a y f i s h are believed 

to be mature at 27 mm CL. From th i s s ize onwards there was an 

increasing tendency among females to moult once only in each growth 

season, whi l s t th i s tendency was not apparent in males unt i l 

32 mm CL (Table 4 . 5 ) . Beyond th i s s ize some individuals of both 

sexes did not moult at a l l during some years . 

This decline of moult frequency with increasing s i ze i s a lso seen 

in F i g . 4.20, which shows the percentage of c r a y f i s h in each 2-mm CL 

s ize c lass which moulted during the f i r s t and second major moult 

periods during the study. (The two major moult periods of the y e a r , 

during which moulting i s most concentrated, f a l l in late June-July 

and in September in Northumbria). The high proportions of the s i ze 
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classes of both sexes of less than 28 mm CL which moulted in both 

moult periods i s further evidence of the strong tendency for these 

indiv iduals to moult at l eas t twice each year (Table 4 . 5 ) . There 

i s no apparent s i g n i f i c a n t di f ference between the proportions of 

c r a y f i s h of the two sexes which moulted during the two major moult 

periods. 

Tables 4.6 and 4.7 present summaries of the growth of ind iv idua l ly 

numbered male and female c r a y f i s h respect ive ly over periods of 

some eighteen months or more. As in a l l decapods, growth in 

Austvopotamobius pallipes i s a function of moult increment and 

moult frequency. The tables include the number of moults completed 

by each c r a y f i s h together with the maximum number of moults which 

i t was possible to have completed during the period for which growth 

was followed. The l a t t e r f igure was ca lculated by assuming that 

each c r a y f i s h completed two moults in each growth season except for 

reproductive females, which omitted the f i r s t moult of the y e a r , 

animals of a carapace length less than 25 mm, for which i t was 

estimated that three moults were poss ib le , and animals larger than 

35 mm C L , for which i t was estimated that one moult only was 

completed in each growth season. Evidence to support the choice 

of these moult frequencies i s provided by the data given in Table 

4 .5 . In many cases the growth of an individual was followed over 

one complete growth season and part of the preceding or following 

season. Since F i g . 4.20 indicates no d i f f e r e n t i a l moulting by 

e i ther sex in favour of one or the other of the major moult periods, 

in the ca lcu la t ion of the maximum possible number of moults i t was 

assumed that one moult was possible in such a period regardless 

of whether i t was the beginning or end of the growth season. 

The growth increment of each individual as measured in the f i e l d 

and the predicted increment calculated from the regression of 

postmoult carapace length on premoult carapace length for the 

5-mm CL s ize c la s s appropriate to each ind iv idua l ' s p a r t i c u l a r s i z e , 

sex, reproductive condition and number of moults are also included 

in Tables 4.6 and 4.7. The ra t io of the actual increment to the 

calculated increment i s then a measure of the s ize of the 

ind iv idua l ' s growth increment in re la t ion to the average predicted 

increment for an animal of that p a r t i c u l a r s i ze and sex. I t can 

be seen that twenty-two of the for ty - four males in Table 4.6 and 
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'ivafclK 4.6 Growth of irriividual rale crayfish 1977 - 1879 

NUMBER 
CARAPACE 
LENGTH (rrcn) 

NUMBER OF 
Mamas 

NUMBER 
OF MOULTS 
POSSIBLE 

ACTUAL 
GROWTH 
INCREMH;r 
(irrn) 

CALCULATED 
GROWTH 
INCREMENT 
(nm) 

ESTIMATED 
tVXDW 
INCREMENT 
(urn) 

ACTUAL/ 
CALCULATED 
INCREMENT 
(%) 

ACTUAL/ 
ESTIMATED 
MAXIMUM 
INCRlMEtrT 

775 23.0 5 6 13.1 13.91 16.90 94.18 77.51 

1342 25.5 4 5 11 .5 11.26 14.25 102.13 80.70 

2059 26.7 2 5 5.3 5.59 14.18 94.81 37.38 

272 27 .0 3 6 10.0 8.61 16.52 116.14 60.53 

182 28.0 3 6 7 .5 8.56 16.16 87.62 46.41 

2631 28.3 3 3 8.9 8.55 8.55 104.09 104.09 

4293 28.6 2 5 5.8 5.64 13.98 102.84 41.49 

2824 28.9 3 5 7.1 8.52 13.87 83.33 51.19 

621 29 .0 3 6 8.4 8.51 15.76 98.71 53.30 

4332 29.6 3 5 10.1 8.61 13.69 117.31 73.78 

2821 29.9 3 4 8.1 8.62 11.37 93.97 71.24 

2906 30.7 2 3 6 .5 5.66 8.63 114.84 75.32 

4643 31.2 2 4 7 .2 5.66 11.15 127.21 64.57 

2420 32.3 3 4 9 .2 8.59 10.89 107.10 84.48 

2476 32.8 3 5 8 .5 8.53 12.55 99.65 67.73 

3352 33 .0 2 4 5 .5 5.82 10.69 94.50 51.45 

2657 33.1 3 4 8.5 8.49 10.66 100.12 79.74 

4120 33 .1 1 4 3.4 2.86 10.66 118.88 31.89 

2934 33.1 2 3 5.6 5.82 8.49 99.12 65.96 

3095 33.7 2 3 6.3 5.86 8.41 107.51 74.91 

4126 33.9 1 3 2 .2 2.89 8.39 76.12 26.22 

10 34.0 3 7 8 .5 8.37 14.44 101.55 59.00 

454 34 .0 2 4 5.5 5.88 10.39 93.54 52.94 

3763 34.4 2 4 4 .2 5.88 10.25 71.42 40.98 

138 35.0 2 2 4 .7 5.79 5.79 81.17 81.17 

381 35 .0 2 2 5.3 5.79 5.79 91.54 91.54 

3335 35.1 2 2 5.4 5.77 5.77 93.59 93.59 

1746 35.8 2 2 4 .8 5.65 5.65 84.96 84.96 

1474 35.9 2 2 7.3 5.64 5.64 129.43 129.43 

2453 36 .0 3 4 1D.5 7.78 9.54 134.96 110.06 

3368 36 .0 3 3 9.6 7.78 7.78 123.39 123.39 

2373 36.2 2 2 6.1 5.59 5.59 109.12 109.12 

1374 36.4 2 2 5 .3 5.56 5.56 95.32 95.32 

3623 36.8 1 3 3 .0 2.99 7.53 100.33 39.84 

3410 36.9 2 3 5.1 5.48 7.50 93.07 68.00 

36 37 .0 2 2 5.8 5.49 5.49 105.65 105.65 

985 37 .0 1 2 3 .2 2.89 5.49 110.73 58.29 

1052 37.0 2 3 4.9 5.49 7.49 89.25 65.42 

4852 37.9 1 3 4.1 2.86 7.07 143.36 57.99 

2902 38.2 3 3 10.6 6.94 6.94 152.74 152.74 

3503 38.6 2 3 3 .8 4.95 6.75 76.77 56.30 

3945 38.8 2 2 4.2 4.88 6.66 86.07 73.27 

2896 39.9 2 3 5.1 4.51 6.15 113.08 82.93 

3510 40.7 2 2 6.7 4.24 4.24 158.02 158.02 



Table ».7 Growth of individual female crayfish 1977 - 1979 
N - normal moult increment B - postreproductive moult increment 

NUMBER CARAPACE 
LENGTH (mm) 

NUMBER 
AND TYPE 
OF MOULTS 

NUMBER 
OF MOULTS 
POSSIBLE 

ACTUAL 
GROWTH 
INCREMENT 
<m) 

CALCULATED 
GROWTH 
INCREMENT 
(mm) 

ESTIMATED 
MAXIMUM 
INCREMENT 
(mm) 

ACTUAL/ 
CALCULATED 
INCREMENT 
(%) 

ACTUAL/ 
ESTIMATED 
MAXIMUM 
INCREMENT 

3438 23.5 N-N-N 5 7.3 7.86 12.05 92.88 60.58 
4872 24.8 N-N-B 4 7.8 7.33 8.89 106.41 87.74 
1332 25.5 N-N-N-N 5 9.8 9.60 11.47 102.08 85.44 
4837 27.5 N-N 5 3.6 4.82 9.67 74.69 37.23 
4563 27.8 B-N-N 5 5.8 6.60 10.39 87.88 55.82 
2343 28.3 N-N 3 6.4 4.55 6.84 140.66 93.57 
616 29.0 B-N 3 3.6 4.00 5.65 90.00 63.72 
1637 29.1 N-N-N-B 7 9.0 8.44 15.54 106.64 57.92 
2026 29.3 N-B 3 4.3 4.23 5.94 101.65 72.39 
4447 29.4 N—B 3 4.7 4.21 5.93 111.64 79.26 
3085 29.8 N-B 3 4.3 4.02 5.76 106.97 74.65 
3792 29.8 N-N 3 4.1 4.60 6.73 89.13 60.92 
197 30.0 N-N 4 4.2 4.55 8.57 92.31 49.01 
3588 30.0 B-B 2 3.4 3.86 3.86 88.08 88.08 
4710 31.0 B-B 3 3.7 3.76 5.60 98.40 66.07 
4323 31.2 B-N-N 5 6.9 6.21 10.67 111.11 64.67 
1945 32.0 B-B 2 5.0 3.65 3.65 136.99 136.99 
4366 32.0 B-B-B 3 10.3 5.57 5.57 184.92 184.92 
3392 32.1 N-B-tJ 5 5.8 6.18 10.84 93.85 53.51 
4269 32.9 B-B 2 3.8 3.71 3.71 102.43 102.43 
4415 32.9 B-N 3 3.1 3.92 5.98 79.08 51.84 
4363 34.1 B-N-N 5 8.7 6.02 11.09 144.52 78.45 
4066 34.4 N-B-B 5 5.4 6.05 10.39 89.26 51.97 
65 35.0 N 2 3.2 2.07 4.15 154.59 77.11 

3582 35.7 B-N 2 3.9 4.07 4.07 95.82 95.82 
4355 35.7 B-B 2 2.1 3.89 3.89 53.98 53.98 
5021 38.2 B-N 2 4.3 4.37 4.37 98.40 98.40 

(%) 



thirteen of the twenty-seven females in Table 4.7 f a l l within ± 10% 

of the 100% level for th i s r a t i o . The estimated maximum growth 

increment of an individual (see Tables 4.6 and 4.7) was calculated 

in a manner s i m i l a r to that for the average predicted increment 

(see above) and by assuming that i t moulted on every occasion 

poss ib le , i . e . by an extrapolation from the f i e l d data. The ra t io 

of the actual growth increment to the estimated maximum growth 

increment i s then a measure of the ind iv idua l ' s growth performance 

r e l a t i v e to i t s potential growth. By presenting the data in th i s 

manner i t i s possible to ident i fy c r a y f i s h with higher or lower 

growth rates than the average for the population. From Table 4 .6 , 

number 272, a male of 27.0 mm CL, had moult increments larger than 

predicted (ac tua l / ca lcu la ted increment ra t io = 116%) but moulted 

on only three occasions out of a possible s i x and therefore had a 

poor overal l growth performance (actual/est imated maximum increment 

r a t i o = 60%). S i m i l a r l y , number 4643 (31.2 mm CL) had a much 

larger increment than predicted for the two moults which i t 

completed and f a i l e d to f u l f i l more than 65% of i t s potential 

growth because of the omission of two further possible moults. 

Number 4852 (37.9 mm C L ) , despite having a very large increment at 

a s ingle moult, had an actual /est imated maximum increment ra t io of 

less than 60% since i t did not moult on two further occasions. 

Numbers 1474 (35.9 mm C L ) , 3368 (36.0 mm CL) and 2902 (38.2 mm CL) 

produced much better growth performances than expected because of 

the i r large growth increments and because each moulted on every 

occasion poss ible . In the cases of numbers 2824 (28.9 mm CL) and 

4126 (33.9 mm C L ) , a smaller growth increment than predicted 

combined with a r e l a t i v e l y low moult frequency produced very low 

actual/est imated maximum increment r a t i o s . A further type of 

growth pattern i s displayed by numbers 3335 (35.1 mm CL) and 1746 

(35.8 mm C L ) , which moulted on every occasion possible but because 

of the i r small moult increments f e l l somewhat below t h e i r maximum 

potential growth (Table 4 . 6 ) . 

Examples of some of these types of growth patterns are also to be 

seen among the females presented in Table 4 .7 . Thus numbers 4837 

(27.5 mm CL) and 197 (30.0 mm CL) each f u l f i l l e d less than ha l f of 

the i r potential growth over the period for which they were studied 

because of a combination of low moult increments and a low moult 

frequency. Number 1332 (25.5 mm CL) had moult increments s l i g h t l y 
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larger than the norm but f e l l well below i t s potential growth 

increment because of the omission of a moult, while number 2343 

(28.3 mm CL) came close to i t s estimated maximum increment despite 

the omission of a moult because of i t s very large increment over 

the two moults which i t did compete. Most other cases in th i s 

table involve at l e a s t one post-reproductive moult. In such cases 

the ca lcu la t ion of the estimated maximum growth increment takes 

into account the f a c t that reproductive females moult once only each 

year and that at the f i r s t post-reproductive moult (B) the increment 

tends to be smaller than that at a normal moult (N), p a r t i c u l a r l y in 

the smaller reproductive females. There i s some evidence to suggest 

that the e f f e c t of reproduction on the growth of indiv iduals may 

vary great ly , e .g. numbers 1945 and 4366, both females of 32.0 mm C L , 

were able to exceed considerably the i r estimated maximum growth 

increment despite having produced eggs in successive y e a r s , while 

numbers 4710 (31.0 mm CL) and 4355 (35.7 mm C L ) , which also 

reproduced in successive years , f e l l well below th i s f i gure . 

4 .3.6 The e f f e c t of chela regeneration on growth 

The growth of c r a y f i s h regenerating a major chela i s much reduced 

(Table 4 . 8 ) . Moult increments are generally smaller than predicted 

for such i n d i v i d u a l s , whi l s t moult frequency i s apparently not 

affected to the same extent. In common with c r a y f i s h infected by 

Thelohania ( 6 . 3 . 2 ) , there i s much var ia t ion between indiv iduals 

regenerating a major chela in the degree to which growth i s a f fec ted . 

The two indiv iduals suf fer ing from additional d i s a b i l i t i e s (number 

4471, a male of 22.6 mm CL regenerating both major chelae, and 

number 5789, a female of 29.2 mm CL regenerating both major chelae 

and infected by Thelohania) both showed very low growth rates 

(Table 4 . 8 ) . 

4 .3.7 Instantaneous growth rates 

The decline in instantaneous growth rate throughout the l i f e of each 

subpopulation i s shown in Table 4 .9 . The decline i s p a r t i c u l a r l y 

rapid in the larges t (oldest) s i ze c lasses of nonreproductive 

females. The growth rates of males and females can be seen to be 

very s imi lar unt i l the s i ze of 27 mm CL i s reached. At th i s s i ze 

i t i s estimated that a l l c r a y f i s h in th i s population are sexually 
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mature, and i t i s notable that a f t e r th i s s i ze has been attained 

males maintain cons is tent ly higher growth rates than females, the 

rates of males being s i g n i f i c a n t l y f a s t e r in the 27-32 mm CL s ize 

c la s s (P<0.01), the 32-37 mm CL s ize c la s s (P<0.05) and the 

37-45 mm CL c lass (P<0.001). 

The instantaneous growth rate of the smallest reproductive females 

in th i s population, i . e . the 27-32 mm CL s ize c l a s s , i s s i g n i f i c a n t l y 

slower than that of nonreproductive females of the same s i ze range. 

In the next s i ze c l a s s , however, the di f ference i s l ess marked and 

i s not s t a t i s t i c a l l y s i g n i f i c a n t , while in the largest s i ze c lass of 

a l l the growth rates of reproductive and nonreproductive females 

are very s i m i l a r (Table 4 . 9 ) . 

F i g . 4.21 presents the re la t ionship between instantaneous growth 

rate and carapce length for ind iv idua l ly marked male and female 

c r a y f i s h during one complete year . The marked inverse corre la t ion 

between carapace length and instantaneous growth rate i s c l e a r l y 

shown in th i s f igure and in Table 4 .9 . The rate of decl ine of 

instantaneous growth rate i s more rapid in females than in males. 

Also indicated on F i g . 4.21 are the instantaneous growth rates of 

indiv iduals infected by Thelohania oontejeani or regenerating a 

major che la . The general reduction in growth rate caused by these 

conditions can be c l e a r l y seen, the majority of such c r a y f i s h having 

growth rates below the mean for the population as a whole. 

4 .3 .8 The re lat ionship between s ize and age 

Data on the modal s i zes of overwintering year c lasses ( 4 . 3 . 1 ) , on 

moult frequency (4 .3 .5 ) and on the s i ze of moult increments (4 .3 .2 -

4 .3 .4 ) were u t i l i s e d in the construction of F i g . 4 .22, which presents 

the estimated re la t ionship between s i ze and age for the c r a y f i s h 

of the study population. The f igure indicates that males f i r s t 

become larger than females of the same age at approximately 32 mm CL, 

a f a c t which i s supported by the tendency for males to maintain 

higher moult frequencies than females above s izes of 26-28 mm CL 

(Table 4 . 5 ) . The f igure represents the most l i k e l y of the many 

d i f f e r e n t possible patterns of growth which an individual may 

follow because of the var iat ions in moult frequency indicated in 
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Table 4.5. Since the largest crayf ish which were caught during the 
study had carapace lengths of 49.6 mm (male) and 46.1 mm (female), 
i t was estimated that the oldest animals in the population were at 
least eleven years old (of. Brown & Bowler 1979). 

4.3.9 The re la t ionship between size and weight 

Live wet weights of crayf ish col lected throughout the year from 
several s i tes in Northumbria were used to establ ish the re la t ionsh ip 
between size (measured as carapace length) and weight. From samples 
of 200 of each sex the fo l lowing relat ionships between weight (y) 
and carapace length (x) were derived: 

juveni les log Q y = 2.791 log x - 7.444 
males (>25 mm CL) log e y = 3.330 log e x - 9.110 

females (>25 mm CL) log v = 3.078 log x - 8.249 

These relat ionships were used to estimate the wet weights of crayf ish 
at sizes corresponding to a pa r t i cu la r year class (from Fig . 4.22). 
These weights are shown in re la t ion to estimated age in F ig. 4.23. 
In the construction of th is f igure i t was assumed that for males 
one moult took place in year 5+ and one per year thereaf te r . For 
females, one moult was assumed in year 4+ and one per year thereaf ter 
(see Table 4 .5 ) . I t can be seen that the oldest ind iv iduals in the 
population had weights of some 40g (males, at a carapace length of 
some 47 mm) and 26g (females, at a carapace length of some 42 mm). 
There was a clear f a l l in growth rate in both sexes during the 
four th and f i f t h years of l i f e (F ig . 4.23) . 

4.3.10 The estimation of annual production 

From the detai led estimates of population size (3.5) and a knowledge 
of the re la t ionship between size and weight (4.3.9) estimates of 
the annual production of the study population were made. The mean 
carapace length of crayf ish in each of the three subpopulations 
(adult male, adult female and juven i le ) at the s ta r t of each growth 
season was known and the length at the end of the growth season was 
estimated from the re lat ionships between postmoult carapace length 
and premoult carapace length given in Figs. 4.4-4.8. I t was assumed 
that adults completed one moult and juveni les three during the f u l l 
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Fig. 4.23 The re la t ionship between age and wet weight 
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growth season (see Table 4.5 fo r the re la t ionship between size and 
moult frequency). The carapace lengths were converted to wet weights 
using the equations given in 4 .3 .9 . The estimated numbers in each 
subpopulation at the beginning (N-j) and end (N^) of each growth 
season were known (Tables A1-A4), together wi th t he i r survival rates 
during the growth season. The mean subpopulation size (excluding 
rec ru i t s ) during the growth season was estimated as (H^+H^)/^. The 
biomass at the beginning of the growth season and production by the 
survivors of the i n i t i a l population was then calculated (Table 4.10) . 

The cont r ibut ion to production by recru i ts to each subpopulation 
during the growth season is estimated in Table 4 .11 . Calculations 
are as fo r the estimation of production in Table 4.10 wi th the 
addi t ional assumption that a l l recruitment occurred midway through 
the growth season and therefore one moult was completed by the adult 
subpopulations and two by juven i les . 

The estimates of to ta l production are presented in Table 4.12, which 
sums the contr ibut ions made by growth (Table 4 .10) , recruitment 
(Table 4.11) and egg production, the l a t t e r being calculated from 
the number of eggs produced in each year (5.4) and the weight of 
each egg (13.11 mg). 

Estimates of biomass at the beginning of the growth season for the 
study population of crayf ish range from 122.93 kg (495.29 kg ha" 1 ) 
in 1977 to 79.26 kg (319.34 kg ha" 1 ) in 1979 (Table 4.12) . The 
much lower value for 1979 is a re f l ec t i on of the smaller population 
during that year (3 .5 ) . The proport ion of to ta l production 
a t t r i bu tab le to recruitment was much smaller in 1978 and 1979 than 
in 1977. This is an index of the general f a i l u r e of recruitment in 
1978, the consequent f a l l in population size and the f a i l u r e to 
regain former numbers in 1979 (3 .5 ) . Annual production was 
estimated at 48.77 kg (196.49 kg ha" 1 ) in 1977, 28.99 kg 
(116.80 kg h a - 1 ) in 1978 and 21.79 kg (87.79 kg ha" 1 ) in 1979. The 
ra t i o of annual production to the i n i t i a l biomass (P/B ra t i o ) was 
0.40 in 1977, 0.27 in 1978 and 0.27 in 1979. 
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Table 4.10 

The estimation of annual production from growth of the standing 
crop at the beginning of the growth season 

ADULT 
MALES 

ADULT 
FEMALES 

JUVENILES TOTALS 

1977 
Mean indiv idual weight (g) 14.19 10.80 3.02 
N-j (at beginning of year) 4178 3600 8200 

I n i t i a l biomass (kg) 59.29 38.88 24.76 122. 93 

Survival to end of year 0.379 0.486 0.134 
(at end of year) 1583 1750 1099 

( ^ + N 2 ) /2 2881 2675 4650 

Mean indiv idual weight (g) 18.60 13.97 4.52 
Production (kg) 12.71 8.48 6.98 28. 17 

1978 
Mean indiv idual weight (g) 12.85 10.91 2.57 

N-j (at beginning of year) 3906 3379 7401 

I n i t i a l biomass (kg) 50.19 36.86 19.02 106. 07 
Survival to end of year 0.237 0.254 0.036 
N 2 (at end of year) 926 858 266 

(N 1 + N 2 ) /2 2416 2119 3834 
Mean indiv idual weight (g) 16.92 14.09 3.78 
Production (kg) 9.83 6.74 4.64 21. 21 

1979 
Mean indiv idual weight (g) 12.22 10.91 3.14 
N-| (at beginning of year) 2687 2928 4610 

I n i t i a l biomass (kg) 32.84 31.94 14.48 79. 26 
Survival to end of year 0.233 0.214 0.450 

(at end of year) 626 627 2075 

(N 1 + N 2 ) /2 1657 1778 3343 

Mean indiv idual weight (g) 16.12 14.09 4.72 
Production (kg) 6.46 5.65 5.28 17 39 



Table 4.11 

The estimation of production from recruitment to the population 

ADULT 
MALES 

ADULT 
FEMALES 

JUVENILES TOTALS 

1977 
Recruitment (N-j) 2772 3333 13 705 
Mean indiv idual weight (g) 5.00 5.25 0.75 
Survival to end of year 0.721 0.709 0.455 
N 2 (at end of year) 1999 2363 11 046 

(N, + N 2 ) /2 2386 2848 12 378 
Mean ind iv idual weight (g) 7.03 7.23 1.46 
Production (kg) 4.84 5.64 8.79 19. 27 

1978 
Recruitment (N-|) 2108 1920 4625 
Mean indivudual weight (g) 5.00 5.25 0.75 
Survival to end of year 0.520 0.394 0.146 

(at end of year) 1096 756 675 

(N 1 + N 2 ) /2 1602 1338 2650 
Mean indivudual weight (g) 7.03 7.23 1.46 
Production (kg) 3.25 2.65 1.88 7 78 

1979 
Recruitment (N-j) 581 1082 3038 
Mean ind iv idual weight (g) 5.00 5.25 0.75 
Survival to end of year 0.289 0.455 0.146 
N 2 (at end of year) 168 492 444 
(N 1 + N 2 ) /2 375 787 1741 
Mean indiv idual weight (g) 7.03 7.23 1.46 
Production (kg) 0.76 1.56 1.24 3 56 
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4.4 DISCUSSION 

The problem of i den t i f y ing year classes in populations of decapod 
Crustacea is widely reported. The most usual method of attempting 
to determine modal sizes of year classes is the size-frequency p lo t . 
Several workers on species of freshwater crayf ish have found that 
wh i l s t i t i s easy to pick out the f i r s t two or three year modes 
with th is method, subsequent modes are obscured by the overlapping 
in size between year classes (Hopkins 1966; Momot 1967b; Mason 1975; 
Brown & Bowler 1977). This is a serious l i m i t a t i o n in a study of 
growth in a long- l ived species such as Austropotamobius pallipes. 
The treatment of size-frequency data a f t e r the method of Cassie 
(1954) provides a less subjective method of est imating modal s izes. 
Brown (1979), using th is method on data fo r A. pallipes, i den t i f i ed 
for each sex three clear modes and three fu r ther tenta t ive ones 
representing year classes from the same f i e l d s i t e as used in the 
present study. The modal sizes of the f i r s t two of these year 
classes correspond closely wi th those derived from a size-frequency 
p lo t of overwintering crayf ish in the present study (4 .3 .1 ) , wi th 
the exception of that of the female year class 1+. Brown (1979) 
found th is to be 12.6 mm CL, whereas in the present study i t was 
determined at 11.1 ± 1.7 mm CL. There is reason to believe that 
the l a t t e r mean is too low, fo r data obtained from juveni le females 
from nearby s i tes suggest a mode of 13.0 mm CL. An in teres t ing 
geographical comparison is afforded by the work of Pratten (1980), 
who reported that A. pallipes in the River Ouse reaches 12.7 mm CL 
at the end of the f i r s t year of l i f e (of. 8.49 mm CL in Northumbria) 
and 20.0 mm CL at the end of the second. The di f ference between 
th is population and that in Northumbria is a t t r i bu tab le to the 
higher temperatures and the ea r l i e r hatching date in the more 
southerly populat ion. Reservations must be made on the accuracy 
of some published data as i t is not made clear that the measurements 
used to establ ish size-frequency re lat ionships were col lected when 
the crayf ish were in the overwinter condit ion and therefore a l l in 
the same intermoult phase. 

The decline of percentage moult increment (y) wi th carapace length 
(x) in A. pallipes was reported by Bowler & Brown (1977), who f i t t e d 
the equations y = -0.316x + 17.89 (n = 61) fo r females and 
y = -0.296x + 19.08 (n = 207) fo r males. These equations agree well 
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with those obtained in the present study for larger samples, i . e . 
y = -0.505x + 23.376 (n = 194) fo r adul t females and 
y = -0.284x + 18.041 (n = 308) fo r adul t males. Mason (1975) 
tabulates values for Paoifastaous leniusoulus tvowbridgii from 
which the s imi lar re la t ionship y = -0.431x + 26.28 can be derived. 

Such treatment of growth data assumes that the incremental growth 
in crayf ish of a spec i f ic size and sex is independent of the time 
of moulting w i th in the growth season or of the growth season i t s e l f . 
This study indicates t ha t , at least fo r some male size classes of 
A. pallipes, th is may not be t r ue , while Momot & Gowing (1977b) 
have shown that considerable annual var iat ions in the production of 
populations of the crayf ish Orconectes virilis may occur. 

In view of the inverse re la t ionship between percentage moult 
increment and body size revealed in th i s study and the var ia t ion of 
the absolute moult increment wi th s i ze , i t i s important to explore 
the p o s s i b i l i t y that a d i f f e ren t size composition of the same 
subpopulation at d i f f e ren t sampling times may e i ther obscure or 
produce d i f ferences. In th is respect the matching of ind iv iduals 
fo r size is of par t i cu la r importance and is a technique which has 
been l i t t l e used by other workers. The tendency apparent from the 
unmatched data of Table 4.1 for increments to be larger during the 
f i r s t moult period than during the second is revealed by fu r ther 
analysis of ind iv iduals matched for carapace length to be spurious, 
wi th the possible exception of the adul t male subpopulation. The 
smaller increments of females at the f i r s t post-reproductive moult 
compared to those of nonreproductive females are also revealed in 
subpopulations matched for carapace length (see Table 4 .3 ) . Hopkins 
(1967a) reported a s imi lar phenomenon in a population of the 
New Zealand crayf ish Pavanephrops planifvons . The analysis of 
growth in juveni les is more complex than in adult populations s ince, 
as stressed ea r l i e r (2 .5 , Table 4.5) juveni les undergo more than 
two moults in a year. 

The d iv i s ion of the subpopulations of A. pallipes in to 5-mm CL size 
classes (Table 4.4) shows that the re la t ionship between growth 
increment and body size is more complex than is evident from the 
preceding tables. Whilst the decline of percentage moult increment 
with size is well marked in both sexes, including reproductive 
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females, the absolute moult increment at f i r s t increases wi th size 
before decl in ing in the larger size classes (Table 4 .4 ) . Mason 
(1975) reported the same trend in Pacifastacus leniusoulus 
trowbvidgii. In males i t can be seen that only in the 22-32 mm CL 
size range is there a s ign i f i can t d i f ference between the size of 
the increments in the f i r s t and second moult periods (Table 4 .4 ) . 
I t may be pert inent that in th is population i t is only th is size 
range of males which regular ly moult twice each year, moult 
frequency tending to decline thereaf ter (Table 4 .5 ) . This may 
also explain why the pooled data of Table 4 .3 , which are derived 
p r i nc ipa l l y from animals of th is size range, displays th is 
di f ference between the f i r s t and second moult periods only in the 
adult male subpopulation. 

An important point to emerge from a comparison of growth increments 
in reproductive and nonreproductive females is that only in the 
smallest size class (27-32 mm CL) is the size of the increment in 
the former subpopulation s i gn i f i can t l y smaller. This is also true 
of the instantaneous growth rates presented in Table 4.9. In the 
largest size class the instantaneous growth rates of reproductive 
and nonreproductive females are very s im i la r . The inference is that 
reproduction has a severe e f f ec t on growth only in the youngest 
breeding females. Whilst Table 4.9 reveals a marked decline in 
growth rates throughout the l i fespan for both sexes, i t also reveals 
important di f ferences between the two. Growth rates are very 
s imi lar u n t i l the 27 mm CL size i s reached. At t h i s point i t is 
believed that a l l crayf ish in th is population are sexually mature. 
At a l l sizes larger than th is the growth rates of males are 
s i g n i f i c a n t l y faster than those of females, the di f ference being 
pa r t i cu la r l y marked in the largest size class. The f a l l from the 
rapid growth rates of juveni le l i f e occurs during the four th and 
f i f t h years of l i f e , i . e . at about the time of sexual matur i ty . 
Thereafter males maintain consistent ly fas ter growth rates than 
females. This observation is compatible wi th those of Table 4.5 
and Fig. 4.23. Since there are many possible var iat ions in moult 
frequency, however (Table 4 . 5 ) , there w i l l be many gradations between 
the curves given in Fig. 4.23 as being typ ica l of each sex. In 
add i t ion , var iat ions caused by dif ferences in moult increments, 
parasit ism by Thelohania, regeneration of chelae and small post-
reproductive moults e x i s t , so that the true picture is undoubtedly 
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better represented as a band of growth curves about the two l ines 

of Fig. 4.23. 

The a b i l i t y to determine annual moult frequencies of ind iv iduals 
(Table 4.5) is invaluable in that i t enables conclusions to be 
drawn about moult frequencies in a population where the modal 
progression of a size-frequency p lo t has disappeared. Hopkins 
(1967a) used th is technique in a study of Paranephrops planifvons. 
Most workers, however, are unable to a t ta in the necessary recapture 
rate in order to be able to determine ind iv idual moult frequencies 
d i r e c t l y in the f i e l d . F ig. 4.22, constructed wi th regard to the 
moult frequencies given in Table 4 .5 , i l l u s t r a t e s the manner in 
which ind iv iduals of the same age may come to d i f f e r widely in 
size because of t he i r d i f f e ren t moult frequencies. Conversely, 
a given size class of ind iv iduals may d i f f e r widely in t he i r ages, 
pa r t i cu la r l y at the larger end of the size range. Even the 
var ia t ion depicted in th i s f igure must be regarded as being 
s imp l i f i ed , as the e f fec ts of Thelohania, the regeneration of l imbs, 
cha rac te r i s t i ca l l y large or small moult increments in ind iv iduals 
and ( in females) reproduction on growth rates have not been allowed 
fo r . S im i la r l y , the size-age relat ionships given by Mason (1975) 
fo r Paoifastaous leniusaulus trowbridgii and Price & Payne (1979) 
fo r Ovoonectes neglectus chaenodactylus assume a r i g i d moult 
frequency and uniform moult increments, a fac t recognised by Mason 
(1975), who speculated that his postulated year classes V I -V I I I 
may be sp i l lovers from preceding age classes which maintained high 
indiv idual growth rates. The close agreement between the data in 
Fig. 4.22 and those given independently by Brown & Bowler (1979) 
fo r the minimum l i f e span of A. pallipes suggests that th is is an 
accurate representation of the size-age re la t ionship in th is 
populat ion. 

A s t r i k i ng feature of the data presented in Tables 4.6 and 4.7 and 
Fig. 4.22 is the large var ia t ion in growth between ind iv iduals of 
comparable size and sex. The two s t a t i s t i c s which account fo r 
th is var ia t ion are moult frequency and the actual /calculated 
increment r a t i o . Where th is ra t i o is low i t i den t i f i e s an 
indiv idual of cha rac te r i s t i ca l l y small moult increments and where 
i t is high i t i den t i f i es an indiv idual of cha rac te r i s t i ca l l y large 
moult increments. Both of these character is t ics may be combined 
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with e i ther a high or a low moult frequency to produce the 
var iat ions in growth pattern which have been examined e a r l i e r . 
As can be seen from Tables 4.6 and 4 .7 , many gradations between 
these extremes e x i s t , wi th the major i ty of the ind iv iduals studied 
tending to c luster around the mean. However, few crayf ish of 
e i ther sex approached f u l f i lmen t of t he i r estimated maximum growth. 
Of the very few which exceeded th is f i g u r e , most were large 
ind iv idua ls . 

In the ca lcu la t ion of the estimated maximum increment fo r female 
c ray f i sh , allowance was made for the smaller moult increment and 
lower moult frequency associated wi th reproduction (4 .3 .2 ) . I t 
could be argued, however, that no such allowance should be made 
and that the estimated maximum increments of reproductive females 
are larger than the f igures given in Table 4.7. This would have 
the e f fec t of reducing the ra t i o of the actual increment to the 
estimated maximum increment. Clear ly , there is a complex co l lec t ion 
of select ive pressures bearing on such females. Reproduction is 
ef fected at the expense of a lower growth rate and, because of the 
strong cor re la t ion between body size and number of eggs produced 
(5 .3 ; Brown & Bowler 1977), resul ts in a lower potent ia l production 
of eggs in future years. However, Table 4.9 indicates that in large 
females there is no di f ference between the growth rates of 
reproductive and nonreproductive ind iv idua ls . Reproduction may also 
confer an advantage on the smaller females in that i t reduces the 
r i sk of moult-associated mor ta l i t y ( ch ie f l y cannibalism) by reducing 
moult frequency. In larger females moult frequency is unaffected 
by reproduction (Table 4 .5 ) . 

The select ive pressures upon males are no less complex. In order 
to be able to copulate wi th a female a male must be able to overturn 
her with his chelae inter locked in hers ( Ingle & Thomas 1974). 
Furthermore, large body size probably enables a male to copulate 
wi th larger females, thereby taking advantage of the pos i t ive 
cor re la t ion which exists between female body size and number of eggs 
produced (5.3: Brown & Bowler 1977). Greenspan (1980) has described 
such a re la t ionsh ip in the f i dd le r crab Uaa rapax. I t appears, 
therefore, that large body size is an advantage to a male and that 
select ion has been directed towards i t s attainment by the maintenance 
of a faster growth rate than found in females in adult l i f e 
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(Table 4 .5 , Figs. 4.22-4.23). The important funct ion of the major 
chelae of both sexes during copulation ( Ingle & Thomas 1974; 
Stein 1976) may also account fo r the regeneration of l os t or 
damaged chelae at the expense of body growth in general (Table 4 .8 , 
F ig. 4.21) . The var ia t ion in the e f f ec t of regenerating a major 
chela upon the growth of ind iv iduals can be explained by taking 
in to account the degree to which regeneration was completed during 
the study. Examination of ind iv idual cases showed that in general 
those indiv iduals showing l i t t l e f a l l in growth rate were those in 
which regeneration was almost complete. 

The reasons for the var ia t ion in the e f f e c t of the parasite 
Thelohania contejeani upon ind iv idual growth rates are less obvious. 
However, from the time when in fec t ion can f i r s t be i den t i f i ed in 
the f i e l d to the death of the host crayf ish is between one and two 
years (6.4) and the var ia t ion in the e f f e c t of the parasite on 
growth rates can be a t t r ibu ted to di f ferences in the extent to which 
the in fec t ion had developed. 

The size classes fo r which instantaneous growth rates are presented 
in Table 4.9 correspond to the year classes 2+ and above ( 4 . 3 . 1 , 
F ig. 4 .22) . The instantaneous growth rates for the year classes 
0+ and 1+ were estimated to be 0.62 and 1.30 respect ively fo r males 
and 0.71 and 1.44 respect ively fo r females. These compare with 
rates of 3.03 (0+) and 1.71 (1+) fo r both sexes recalculated from 
Pratten (1980), the higher rates of the l a t t e r re f l ec t i ng the longer 
growth season afforded by the generally higher water temperatures 
of th is populat ion. The d ispar i t y between the growth rates of 
these two English populations of Austropotamobius pallipes indicates 
the importance of water temperature: i t i s pert inent that the 
Northumbrian population is at the northern l i m i t of the species 
range. 

The estimated P/B ra t ios (0.40, 0.27, 0.27) of the study population 
of A. pallipes (4.3.10) are considerably lower than those estimated 
fo r other crayf ish species, which vary from 0.5 to 2.0 but are 
t y p i c a l l y 0.7-1.5 (Cukerzis 1975; Momot 1978). Waters (1977) has 
stressed the e f fec ts of vo l t in ism and water temperature (among 
other fac tors) on aquatic secondary production and gave examples of 
the var ia t ion with environment of P/B ra t ios of species of f i s h . 
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Heal & MacLean (1975) also emphasised the e f f ec t of temperature 
on the P/B r a t i o and noted that th i s f igure tends to decline as 
longevity increases: A, palHpes is much longer- l ived than the 
North American c ray f i sh . Volt inism in the crayf ish species for 
which P/B ra t ios have been estimated is one: i t i s probable that 
the longevity of A. pall-ipes and the cold water temperature regime 
in Northumbria are the pr inc ipal reasons for the comparatively low 
P/B ra t i o of the study populat ion. 

Direct comparison of many of the data which have been presented 
here is not possible as few s imi la r data on the growth of other 
crustaceans, pa r t i cu l a r l y freshwater c ray f i sh , have been published. 
I t is apparent that few indiv iduals in th i s population of A. palHpes 
f u l f i l t he i r potent ia l growth over any appreciable per iod. As 
discussed e a r l i e r , the reasons fo r th is may include disease, a 
small post-reproductive moult increment in the case of females and 
the regeneration of missing l imbs. Other ind iv iduals charac ter is t i ca l 
show high or low moult frequencies and large or small moult increments 
Whether the f a i l u r e to f u l f i l growth potent ia l i s genet ica l l y , 
environmentally or soc ia l l y determined, i t is apparent that fu r ther 
detai led studies on the growth of marked indiv iduals can help reveal 
more of the pr inc ip les governing growth in crustaceans. 
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Chapter f i ve 

REPRODUCTIVE FEMALES 

5.1 INTRODUCTION 

An assessment of the number of breeding females is c lear ly a very 
important factor in any population study. However, the d i f f i c u l t i e s 
of adequately sampling crayf ish populations have prevented workers 
from report ing any but the most b r i e f de ta i l s . 

I t has been a feature of several reports that adult female crayf ish 
do not always carry eggs each year. Steffenberg (1872), as quoted 
by Thomas & Ingle (1971), reported that females of Astacus fluviatilis 
did not breed each year. Thomas & Ingle (1971) themselves found 
that 96% of females exceeding 27 mm carapace length bore eggs in a 
population of Austropotamobius pallipes in Kent. The size composition 
of th i s sample is not given, however. Brown (1979) estimated the 
proportion of adult females ( i . e . those larger than 25 mm carapace 
length) which was berr ied at 31.57% in 1974-75, 47.21% in 1975-76 
and 48.35% in 1976-77 at the Hal l ington s i te in Northumbria and 
also reported that a greater proport ion of the larger size classes ' 
bore eggs. The purpose of th is study was to estimate numbers of 
breeding females, the i r fecundity and the potent ia l recruitment 
in to the study population each year. 

5.2 NUMBERS OF REPRODUCTIVE FEMALES 

Table 5.1 presents the numbers of reproductive females which were 
col lected in the hand f ished samples taken during the periods when 
eggs were being carr ied from 1977-79. The mean proportion of 
berr ied females for the three-year period was 40.65%. However, 
in each year a sudden f a l l in the proportion of reproductive 
females occurred in samples taken during early August (Table 5 .1) . 
This is the time of egg hatching and release of young (2.5) and i t 
is probable that th is f a l l is a t t r i bu tab le to the ea r l i e r hatching 
and release of some broods. I f these samples are omitted from the 
analysis the mean proportions of reproductive females are 47.21% 
in 1977, 44.73% in 1978 and 42.45% in 1979, wi th an overal l mean 
of 44.80%. 
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TABLE 5.1 

Numbers of reproductive females in hand f ished samples 1977-79 

° DATE REPRODUCTIVE NONREPRODUCTIVE % REPRODUCTIVE 

12 May 1977 154 162 48.73 
27 May 1977 124 135 47.88 
17 June 1977 137 167 45.07 
9 August 1977 51 219 18.89 

12 August 1977 130 372 25.90 

17 May 1978 205 213 49.04 
23 May 1978 221 275 44.56 
15 June 1978 280 219 56.11 
27 June 1978 177 264 40.14 
24 July 1978 132 283 31.81 
10 August 1978 107 162 39.78 

24 Apr i l 1979 94 93 50.27 
3 May 1979 69 43 61.61 

31 May 1979 102 114 47.22 
7 June 1979 88 106 45.36 
3 July 1979 75 96 43.86 

18 July 1979 50 196 20.33 
9 August 1979 72 192 27.27 



Estimates of the size of the adult female subpopulation during 
the period when eggs were being ca r r ied , i . e . November - August, 
are avai lable from Table A3. The mean of a l l the avai lable 
estimates was taken as being the most accurate estimate of 
subpopulation s ize. This f igure was chosen in preference to the 
Jo l l y estimates of numbers of reproductive females (Table 3.2) 
because of the suspected bias in these estimates resu l t ing from 
the modif icat ion of behaviour of berr ied females (2.5) and because 
of the accuracy with which the proportion of reproductive females 
was determined from large samples (Table 5 .1) . Estimates of the 
numbers of reproductive females in each year of the study are then 
given by: 

1976- 77 47.21°/ x 3276 = 1547 reproductive females 
1977- 78 44.73% x 4265 = 1908 reproductive females 
1978- 79 42.45% x 2329 = 989 reproductive females 

The proportion of reproductive females in each 1-mm carapace length 
size class during the three years of the study is given in Fig. 5 . 1 . 
These data indicate that the proport ion of reproductive females 
reaches a plateau at approximately 33 mm carapace length and 
thereaf ter remains at 80-90%. The smallest breeding female had a 
carapace length of 25 mm. 

5.3 FECUNDITY 

No berr ied females were taken from the f i e l d s i t e in order not to 
disturb the dynamics of the study populat ion. Consequently, few 
such females were avai lable to determine the re la t ionship between 
body size and number of pleopod eggs (few berr ied females were 
caught by trapping at other s i tes because of t he i r trap-shyness). 
However, the equation y = 4.235x - 75.125 (n=21) was obtained, 
where y = number of eggs and x = carapace length. The largest 
number of eggs counted was 113 on a female of 37.0 mm carapace 
length, and larger ind iv iduals in the study population almost 
cer ta in ly bore more: Thomas & Ingle (1971) recorded 130 eggs on a 
female of 42 mm carapace length. The number of eggs t yp i ca l l y 
varied from 40-80 in Northumbria. Throughout the study females 
were occasionally found with fa r fewer eggs than would be expected 
for the i r size (e .g. 7 .2 .9) . In some cases indiv idual eggs were 
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seen to be l i gh te r in colour than normal, probably because of 
fungal in fec t ion or s t e r i l i t y , and i t is believed that such eggs 
are eventual ly l o s t . Other females were found carrying a small 
number of apparently healthy eggs. One such indiv idual recaptured 
on 24 Apr i l 1979 was carrying ten eggs, while the number had f a l l en 
to s ix on 3 May 1979. The reason for the loss of such apparently 
healthy eggs is uncerta in, long experience in the f i e l d having shown 
that losses because of handling are neg l ig ib le . 

5.4 POTENTIAL RECRUITMENT 

The mean carapace length of reproductive females col lected in the 
sampling programme was 33.4 ± 0.19 mm in 1977 (n=205), 32.9 ± 0.12 mm 
in 1978 (n=605) and 33.0 ± 0.14 mm in 1979 (n=457). From the 
equation given in 5.3 and the estimated numbers of reproductive 
females in each year (5.2) the potent ia l recruitment to the population 
was estimated as fo l lows: 

Number of eggs produced in 1976-77 1547 x 66 = 102 102 
" " " " 1977-78 1908 x 64 = 122 112 

" " " " 1978-79 989 x 65 = 64 285 

The much lower f igure for 1978-79 is a re f lec t ion of the smaller 
estimated population size in 1978 (3 .5 ) . 

5.5 REPRODUCTIVE HISTORIES 

The strong re lat ionship between body size and the p robab i l i t y of 
being reproductive is described in 5.2 and Fig. 5 . 1 . However, i t 
is possible that other fac to rs , such as previous reproductive h i s to ry , 
are also important in determining reproductive status. The v a l i d i t y 
of th i s view can be tested only by fo l lowing the reproductive 
h is tor ies of i nd iv idua l l y marked females over periods of at least 
two years. The high recapture rates achieved during th is study made 
i t possible to ascertain the reproductive status of 178 females in 
two or three successive years. These data are presented in F ig. 5.2. 
I t can be seen that in each case a very high proportion of 
reproductive females was reproductive again the fo l lowing year 
(e.g. 51 out of 57 in 1979). A somewhat smaller proport ion of those 
females which did not breed in any one year did so in the next 
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F i g . 5.2 Reproductive h i s t o r i e s of individual female c r a y f i s h . 
K - reproductive. N - nonreproductive. 
a - <32mm CL b - 32-37mm CL c - >37mm CL 
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(e .g . 29 out of 44 in 1977-78 and 34 out of 43 in 1978-79). The 
data indicate that i t i s rare fo r a female of reproductive size to 
go through more than two years without breeding: of the eleven 
females recaptured in three successive years, only one did not breed 
at a l l during that t ime. The re lat ionship between size and 
propensity to breed indicated in F ig. 5.1 is supported by the data 
of Fig. 5.2, in which there is a tendency fo r the smallest size 
class to have a lower proport ion of reproductive females in any 
given year. 

5.6 DISCUSSION 

An increase in the proport ion of reproductive females with size 
s imi la r to that reported here has been described fo r Pacifastaaus 
leniusoulus (Abrahamsson & Goldman 1970), f o r Astacus astacus 
(Abrahamsson 1972) and for Austropotamobius palKpes (Brown 1979). 
I t therefore appears to be a feature common to crayf ish wi th l i f e 
h is tor ies s imi la r to that of A. pallipes. 

The size of the smallest reproductive female of th is study population 
(25 mm carapace length) compares with a f igure of 27 mm fo r A. pallipes 
in a Kent population (Thomas & Ingle 1971) and 28.3 mm in Ireland 
(Moriarty 1973), although both of these populations were sampled 
much less in tens ive ly and the l a t t e r by trapping only. The much 
higher proport ion (96%) of females larger than 27 mm carapace length 
which was reproductive in the population studied by Thomas & Ingle 
(1971) contrasts markedly with the present study in which 44.80% of 
females larger than 25.0 mm carapace length were reproductive (5.2) 
and with the f igure of 38.61% given by Brown (1979). While the 
causes of these dif ferences are unknown they may re f l e c t d i f f e r e n t i a l 
sampling of the population as well as a temperature e f fec t (see below). 

Clear ly , i t is important to have precise information not only on the 
re la t ionship between size and reproductive frequency but also on that 
between size and number of eggs produced i f accurate estimations of 
potent ia l recruitment are to be made. Brown (1979) gave the 
re lat ionship between number of eggs produced (y) and carapace 
length (x) as y = 7.87x - 207.17 for A. pallipes in Northumbria in 
1974-76. This contrasts with the re la t ionship presented ea r l i e r 
(5 .3 ) . In pa r t i cu la r , i t underestimates the contr ibut ion to 
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potent ia l recruitment made by the smaller reproductive females. For 
a female of 33.0 mm carapace length (the mean size of a l l reproductive 
females recaptured during the present study) the re la t ionship given 
in 5.3 estimates that 65 eggs are produced. The equation given by 
Brown (1979) estimates only 53 eggs. This may p a r t i a l l y explain why 
his maximum estimate of potent ia l recruitment was some 47 000, less 
than ha l f of that estimated in th is study for the years 1977 and 
1978 (5 .4 ) . 

The loss of eggs a f te r the i n i t i a l attachment to the abdomen has been 
reported by Brown (1979) fo r A. pallipes in Northumbria: 4% of females 
known to have been berr ied were recaptured before the time of egg 
hatching having los t a l l t he i r eggs. Par t ia l or to ta l loss of the 
egg complement was known or suspected to have happened in cer ta in 
marked females during the present study (e.g. 5.3, 6 .2 .8 ) . 

Kossakowski (1975) found that some 33% of female Ovooneotes limosus 
in Poland did not reproduce in a given year and ea r l i e r (1971) 
suggested that females may reproduce only in a l ternate years. 
S im i la r l y , Abrahamsson (1973) reported that Astaous astaaus females 
breed each year in cer ta in waters of northern Germany but only every 
second year in waters wi th lower food a v a i l a b i l i t y . The data of 
Figs. 5.1-5.2 do not exclude the p o s s i b i l i t y that breeding in 
a l ternate years may be a character is t ic of a small proport ion of 
mature females in the study population of Austvopotamobius pallipes. 
Others, however, display a d i s t i n c t tendency to reproduce in each 
year, while comparatively few f a i l to breed in successive years. 

The factors con t ro l l i ng the frequency of reproduction by females have 
not been pos i t i ve ly i d e n t i f i e d , but may be surmised. I f , as seems 
probable, water temperatures are important (a lbe i t i n d i r e c t l y ) , then 
the general tendency fo r a greater proportion of larger females to 
be reproductively act ive (Figs. 5.1-5.2) may be explained by the i r 
r e l a t i ve l y higher a b i l i t y to withstand lower temperatures and the 
associated stresses, which may be nu t r i t i ona l and phys io log ica l . 
Abrahamsson (1972) recognised the importance of water temperatures 
in Swedish populations of Astacus astaous: reproduction was found 
to be confined to those waters where temperatures averaged 15°C or 
more for at least three months, although survival and growth were 
possible fn colder waters. The same worker also found that the 
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proportions of reproductive females of Astaaus astacus were greater 
in populations inhabi t ing warmer waters. Furthermore, the frequency 
of reproduction of females of more than 100 mm in length ( i . e . about 
50 mm carapace length) was l i t t l e influenced by water temperatures. 
I t would appear, therefore, that the l i m i t i n g e f f ec t of water 
temperature is exerted on the smaller females: from Fig. 5.2, the 
nonreproductive females tend to be of the smaller size classes. 
Where th is l i m i t i n g e f fec t is removed the reproductive cycle may 
lose i t s r egu la r i t y , e.g. Lowery & Mendes (1977) found that the 
normally seasonally breeding Procambarus olarkii reproduced a l l year 
round when introduced to the warm waters of Lake Naivasha, Kenya. 

Another reason for the larger proport ion of reproductively act ive 
females in the larger size classes is the progressively diminishing 
cost to the indiv idual of reproduction wi th age: Table 4.9 indicates 
that the growth rates of large reproductive and nonreproductive 
females are very s im i l a r , whereas in smaller size classes reproductive 
indiv iduals have s i gn i f i can t l y slower growth rates. Thus, in the 
terms of Gadgil & Bossert (1970), i t becomes more advantageous (or 
less disadvantageous) to breed with increasing age. 

As a consequence of the complexity of the relat ionships between 
female s ize , fecundity and p robab i l i t y of reproduction, i t is 
essential to have a detai led knowledge of each in order to make an 
accurate assessment of potent ia l recruitment. As can be seen from 
the above discussion, however, the pract ica l d i f f i c u l t i e s of 
obtaining adequate data on each have l im i ted most workers to a 
treatment of separate aspects of the problem. 
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Chapter Six 

THE INCIDENCE OF THELOHANIA CONTEJEANI AND ITS EFFECT ON THE 
GROWTH OF AUSTROPOTAMOBIUS PALLIPES 

6.1 INTRODUCTION 

The microsporidian endoparasite Thelohania oontejeani Henneguy 
(Microsporidia: Nosematidae) has been present in the study population 
of A. ipalliTpes fo r at least twelve years (Cossins & Bowler 1974). 
The f u l l time course of the in fec t ion is unknown as i d e n t i f i c a t i o n 
of Thelohania in the f i e l d is not possible u n t i l in fec t ion is at an 
advanced stage, when the spores of the parasite cause the ent i re 
abdominal musculature of the host to become an opaque whi te. Infected 
crayf ish are commonly more sluggish than normal because of the 
progressive invasion of muscle f ib res by the parasi te. The f u l l l i f e 
cycle of Thelohania i s also unknown, but is generally summarised in 
the manner of Johnson (1977), i . e . schizogony and sporulat ion in the 
host followed by the release of spores and in fec t ion of other 
indiv iduals by an unknown route. This route is widely believed to 
be that of cannibalism (Cossins & Bowler 1974; Qui l ter 1976; 
Mazy!is 1979). 

6.2 METHODS 

The low incidence of the parasite (see below) prevented the 
accurate estimation of the size of the infected subpopulation of 
crayf ish by J o l l y ' s method as recapture rates were too low. The 
incidence of the parasite was therefore estimated from sample 
compositions. 

The recording of growth data in the f i e l d and the calcu lat ion of 
growth rates of crayf ish infected by Thelohania were carr ied out 
according to the methods given in 3.2 and 4.2. 

6.3 RESULTS 

6.3.1 Incidence of Thelohania contejeani 

Table 6.1 presents the incidence of crayf ish wi th v i s i b l e infect ions 
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of the parasite at three times of year: p r i o r to the growth season 
(before 17 June), during the growth season (18 June - 30 September) 
and a f te r the growth season (a f te r 30 September). The overal l 
incidence in the adult subpopulation was 4.48% (n=15 816) and 1.31% 
(n=12 797) in the juveni le subpopulation, g iv ing a f igure for the 
ent i re population of 3.21%. The incidence of Thelohania among adult 
females (some 5%) was s l i g h t l y greater than among adult males (4%). 
There is no clear trend in the incidence of in fec t ion of e i ther sex 
throughout the year (Table 6 .1) . 

6.3.2 The e f fec t of Thelohania on the growth of A. pallipes 

The e f fec t of in fec t ion by Thelohania on the growth of A. pallipes 
is presented in Table 6.2, which compares the growth of the adult 
male, nonreproductive female and reproductive female subpopulations 
affected by Thelohania with those of healthy crayf ish matched to 
w i th in ± 0.5 mm carapace length. As the number of infected crayf ish 
for which growth data were obtained was r e l a t i v e l y small and as the 
e f f ec t of pa i r ing infected crayf ish wi th healthy crayf ish fo r 
carapace length was to exclude some data, no d i s t i nc t i on is made 
between moult periods in Table 6.2 in order to produce reasonably 
large subgroups for s t a t i s t i c a l t es t i ng . The sole s ign i f i can t 
di f ference to emerge from th is analysis is between the moult 
increments of diseased and healthy nonreproductive females, the l a t t e r 
being s i g n i f i c a n t l y larger (P<0.05). Although no other s i gn i f i can t 
di f ferences are in evidence there is a clear tendency among 
nonreproductive females and adult males for both the absolute moult 
increment and the percentage moult increment to be larger in healthy 
c ray f ish . In the case of reproductive females the growth s t a t i s t i c s 
of healthy and infected crayf ish are very s im i la r . The depression 
of crayf ish growth rates by Thelohania can also be seen in Fig. 4 . 2 1 , 
in which the instantaneous growth rates of infected indiv iduals are 
generally below the mean for the population as a whole. 

Table 6.3 contains deta i ls of the growth of i nd iv idua l l y marked 
crayf ish infected by Thelohania oontegeani. From the ra t ios of the 
actual /est imated maximum increments (4.3.5) i t can be seen that 
the e f f ec t of the parasite on crayf ish may vary great ly . In general, 
however, Thelohania causes a marked depression of growth s imi la r to 
that of crayf ish regenerating a major chela (Table 4 .8 , F ig. 4.21) . 
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6.4 DISCUSSION 

The presence of Thelohania contejeani in crayf ish populations has 
been reported by several workers. Kudo (1924) and Schaperclaus 
(1954) referred to economically important outbreaks of the in fec t ion 
in Europe. Vey & Vago (1973) and Cossins (1974) reported incidences 
of some 10% in populations of Austvopotamobius pallipes in France 
and England respect ive ly , while Qui l ter (1976) reported s imi la r 
levels in a New Zealand population of Paranephrops zealandious. 
Mazylis (1979) recorded levels of 0.7-3.7% in Lithuanian populations 
of Astaaus astaous, levels very s imi la r to those of the present study 
(6 .3 .2 ) . Brown (1979) consistent ly estimated the incidence of 
Thelohania at the s i t e of th is study during 1974-76 at 6-8%. This 
higher f igure is probably the resu l t of samples consist ing almost 
en t i r e l y of adult crayf ish and may also have been caused by a lower 
sampling i n t e n s i t y , at which slow-moving parasi t ised crayf ish were 
over-represented in samples. The thorough sampling of a l l sub-
populations during the present study ensured that th is did not occur. 

Fluctuations in the incidence of Thelohania throughout the year 
(Table 6.1) were not s u f f i c i e n t l y large to suggest that there was 
any s ign i f i can t change. However, on the basis of data obtained 
from numerous recaptures of diseased crayf ish the fo l lowing series 
of events may be proposed as being typ ica l of the time course of the 
i n fec t i on . I t is known that the disease can not be i den t i f i ed in 
the f i e l d un t i l i t is at an advanced stage (6 .1 ) . I t therefore seems 
reasonable to assume that the parasite requires one f u l l growth 
season to reach that stage, sporulat ion occurring rapid ly in the 
warm summer water temperatures. Many marked ind iv iduals are known 
to have survived for more than a year a f te r the i d e n t i f i c a t i o n of 
the disease in the f i e l d . I t therefore seems probable that the time 
course of the in fec t ion is at least two years and i t may be that 
most crayf ish mor ta l i t y caused by Thelohania occurs in the winter 
fo l lowing the second f u l l growth season of the parasite in the host. 

Bowler & Brown (1977) described the reduction of growth increments 
in adult male A. pallipes infected by Thelohania. Table 6.2 c lear ly 
displays the same t rend, although only in the case of nonreproductive 
females is the di f ference between healthy and infected crayf ish 
s i gn i f i can t . I t is of in te res t that the small increment at the f i r s t 
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post-reproductive moult of females is not fur ther reduced by the 
ef fects of Thelohania. This fac t suggests that the cost of 
reproduction alone to the indiv idual female is so high as to depress 
growth to such a level that i t can be l i t t l e affected fu r ther by the 
ef fects of the parasi te. Mazy!is (1979) reported that female 
Astaous astaous infected by Thelohania did not lay eggs when 
f e r t i l i s e d by healthy males, whereas f i f t e e n Austvopotamobius 
pallipes females infected by Thelohania and carrying eggs were 
captured during the course of th is study. 

Although eventually fa ta l (Kudo 1924), the disease is not considered 
to be a major cause of mor ta l i t y in the study population of A. pallipes 
because of i t s low incidence and the fac t that marked infected 
indiv iduals are known to have survived for more than a year. I f , 
as is widely bel ieved, cannibalism is the main pathway of i n f e c t i o n , 
then the greater proportion of infected adults compared to juveni les 
(6.3.1) may simply r e f l e c t the larger number of cann iba l is t i c 
opportuni t ies experienced by older animals. The presence of the 
parasite at comparable levels for at least twelve years (Cossins & 
Bowler 1974) suggests that Thelohania is a parasite well adapted 
to i t s crayf ish host and that an equi l ibr ium exists between the two. 
I t appears un l ike ly that Thelohania is responsible fo r large 
f luc tuat ions in the size of populations of Austvopotarnobius pallipes 
as suggested by Duf f ie ld (1933) and Pixel!-Goodrich (1956). 
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Chapter Seven 

INDIVIDUAL HISTORIES 

7.1 INTRODUCTION 

The biology of Austropotamobius pallipes has been discussed in 
de ta i l in Chapter 2, followed by the resul ts of an invest igat ion 
of the dynamics, growth and reproduction of the study population 
(Chapters 3 ,4 ,5 ) . Many of the data presented on each aspect of 
the population biology are mean values for par t i cu la r subpopulations 
or size classes. In pa r t i cu la r , the deta i led analysis of growth data 
was done in th i s way. I t is clear from these analyses that there are 
marked dif ferences in the regu la r i t y and frequency of moulting and 
reproduction and in the size of the growth increment between 
d i f f e ren t subpopulations. Such analyses provide invaluable 
information on l i f e h is tory patterns and the extent of the var ia t ion 
in each factor in the population of th is study, as well as permit t ing 
comparisons wi th data from other populations. The data which were 
co l lec ted , however, were a series of observations and measurements 
on ind iv idual c ray f i sh . Much var ia t ion in the factors mentioned 
above was, by d e f i n i t i o n , detectable only over a long per iod. The 
marking system used (3.2.1) enabled the i d e n t i f i c a t i o n of ind iv iduals 
through at least two moults. Many crayf ish which were recaptured 
before the o r ig ina l mark had been los t were remarked, thereby 
extending great ly the period over which they could be i d e n t i f i e d . 
Mul t ip le recaptures of such ind iv iduals enabled the i r l i f e h is to r ies 
to be followed in d e t a i l . The ten h is to r ies set out below were 
obtained from such mul t ip le recaptures and give a valuable ins ight 
in to the var ie ty of patterns displayed by ind iv iduals in the study 
populat ion. 

7.2 INDIVIDUAL HISTORIES 

7.2.1 Number 10 

This male crayf ish was one of the f i r s t marked by Brown (1979) in 

a previous population study at th is s i t e . On 8 October 1973 i t 

had a carapace length (CL) of 34.0 mm. I t was not recaptured u n t i l 

28 June 1975, having moulted once in 1974 and attained a CL of 

36.9 mm, a percentage moult increment (PCMI) of 8.53%. I t was 
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caught again on 15 August 1975, having moulted once to a size of 
39.8 mm CL (PCMI = 7.86%). Further recaptures on 18 August and 
28 October 1975 and on 27 June 1976 showed that no fu r ther moulting 
had occurred in 1975. By 15 October 1976 one more moult had taken 
place. At the f i n a l recapture date (27 May 1977) th is male measured 
42.5 mm CL, a PCMI of 6.78%. I t had therefore moulted once in each 
of three growth seasons in accordance with the low moult frequency 
of large indiv iduals indicated in Table 4.5. 

7.2.2 Number 3622 

Number 3622, a female, was f i r s t captured on 30 May 1976 when i t 
was carrying eggs at a carapace length of 35.2 mm. On 12 August 1977 
i t was carrying hatched young, having attained a size of 36.6 mm CL. 
This increment, a PCMI of only 3.98%, was therefore the resu l t of 
a single post-reproductive moult a f t e r the hatching of eggs in 1976. 
The increment at the f i r s t post-reproductive moult is charac te r i s t i ca l l y 
small (4 .3 .2 , 4 .3 .3 ) . This female was las t recaptured on 23 May 1978 
at a size of 38.8 mm CL. This increment was again the resu l t of a 
single post-reproductive moult a f te r the release of hatchlings in 
1977. The PCMI was again low (6.01%). The white colour of the 
abdominal musculature at th is l as t recapture revealed the presence 
of the parasite Thelohania eontejeani (Chapter 6) and is a good 
example of the progressive nature of the in fec t ion as i t had not 
been v i s i b le on previous recapture dates. 

7.2.3 Number 3623 

This male was f i r s t recorded at a size of 36.8 mm CL on 30 May 1976. 
The same measurement was recorded at recapture on 13 June 1976. 
By 17 June 1977 i t s size had increased to 39.7 mm CL (PCMI = 7.88%). 
Since no moulting was known to occur before 14 June in any year 
( 2 .5 ) , th is increment was cer ta in ly the resu l t of a single moult in 
1976. Further recaptures were made on 3 July and 18 July 1979, 
when no fur ther growth had occurred. This large male had therefore 
moulted only once in three complete growth seasons. 
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7.2.4 Number 3692 

This i nd i v i dua l , a male of 38.9 mm CL, was f i r s t captured on 
11 June 1976. More than three years l a t e r , on 9 August 1979, 
posi t ive i d e n t i f i c a t i o n was s t i l l possible as only one moult had 
occurred during the intervening per iod, increasing the size to 
41.1 mm CL (PCMI = 5.66%). Table 4.5 includes deta i ls of other 
large crayf ish which were known not to have moulted in a par t i cu la r 
year. 

7.2.5 Number 3837 

At f i r s t capture on 13 June 1976 th is female was berr ied and had a 
carapace length of 35.6 mm. The next recapture occurred on 
12 August 1977, when i t was carrying hatched young and measured 
37.4 mm CL. This increment, a PCMI of only 5.06%, was the resu l t 
of a small post-reproductive moult in 1976. The las t recapture of 
th is female occurred on 15 June 1978, when i t was recorded as 
carrying eggs for the t h i r d year in succession (see 5.5 and Fig. 5.2 
fo r typ ica l reproductive h is tor ies of females). I t s carapace length 
on th is occasion had increased to 39.4 mm (PCMI = 5.35%), the resu l t 
of a post-reproductive moult in 1977. 

7.2.6 Number 4066 

Number 4066, a female, was f i r s t recorded at 34.4 mm CL on 31 August 
1976. Since i t s size was unchanged on 26 October 1976, th is crayf ish 
had omitted to moult during the second major moult period of that 
year. On 17 May 1978 i t was berr ied and i t s size had increased to 
36.0 mm CL. The small size of th is increment (PCMI = 4.35%) is 
character is t ic of a post-reproductive moult and suggests that th is 
female was berr ied in 1976-77. I t s size had increased to 37.7 mm CL 
on 20 September 1978, the resu l t of a single post-reproductive moult 
(PCMI = 2.72%). At subsequent recaptures on 24 Apr i l and 18 July 
1979 the size was unchanged, but th is female was carrying eggs on 
these occasions. I f , as seems probable, th is female was berr ied in 
1976-77, then th i s indiv idual too reproduced in three successive 
years. 
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7.2.7 Number 5447 

This male increased in size from 32.7 mm CL on 17 May 1978 to 
35.3 mm CL on 3 July 1979, a PCMI of 7.95%. Since there is l i t t l e 
chance that th is male had moulted before 3 July in 1979 (see 2.5 
fo r a discussion of moult per iods) , the increase was almost cer ta in ly 
the resu l t of a single moult in 1978. On 30 August 1979 i t s size 
had grown to 38.2 mm CL, one more moult having occurred in the 
f i r s t major moult period of the year. From a knowledge of the moult 
frequencies of males in th is size class i t could be predicted that 
no fur ther moult would occur in 1979 (4 .3 .5 ) . Furthermore, th is 
male was then at a size where i t would become increasingly l i k e l y 
that no moult would occur in some complete growth seasons. 

7.2.8 Number 5502 

On 23 May 1978 th is male crayf ish had a carapace length of 23.0 mm. 
This increased to 26.0 mm by 24 July 1978 and to 28.7 mm by 
20 September 1978. No fur ther moult had occurred by the date of i t s 
las t recapture, 17 Apr i l 1979. This male therefore completed two 
moults in 1978, one in each of the two major moult periods (2 .5 ) . 
The PCMIs of 13.04% and 10.38% are larger than those of the males 
discussed above, a l l of which were larger in size (see 4.3.4 and 
Fig. 4.2 for the inverse cor re la t ion between body size and PCMI). 

7.2.9 Number 6170 

This female (36.3 mm CL) was recorded as bearing eggs on 15 June 
1978. Upon recapture on 3 July 1979 i t was again found to be 
carrying eggs and i t s size had increased to 37.2 mm CL. In add i t ion , 
in fec t ion by Thelohania was then v i s i b l e in the abdominal musculature 
and th is may have played a part in reducing the PCMI of th is single 
post-reproductive moult to 2.48% (6 .3 .2 ) . The number of eggs carr ied 
on th is las t occasion was only f i v e . Since the expected number of 
eggs for a female of th is size is 82 (see 5.3 fo r the re lat ionship 
between body size and fecundity) i t is clear that most had been los t 
overwinter. Whether the in fec t ion by Thelohania played any part in 
th is i t is not possible to determine. This female was one of f i f t e e n 
indiv iduals which were known to have been berr ied while being 
infected by Thelohania, a condit ion which Mazylis (1979) states does 
not occur in Astacus astacus. 
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7.2.10 Number 6642 

This male crayf ish was f i r s t marked as a juven i le of 18.4 mm CL on 
27 June 1978. By 24 July 1978 a single moult had increased th is to 
20.2 mm CL (PCMI = 9.78%). A fur ther moult occurred between th is 
date and 20 September 1978, when the size was recorded as 22.4 mm CL 
(PCMI = 10.89%). The next recapture occurred on 22 October 1978, 
by which time the size had reached 24.5 mm CL (PCMI = 9.38%). This 
increase was therefore the resu l t of a moult which occurred a f te r 
20 September, which is beyond the end of the growth season as 
determined by Brown (1979). In f a c t , twenty-seven ind iv iduals are 
known to have moulted a f te r 16 September during the three-year study 
and i t is therefore clear that crayf ish may moult at t h i s la t i tude 
much la te r than previously believed (2 .5 ) . No change in the size 
of th is male had occurred on i t s seventh capture on 7 June 1979, but 
a single moult increased i t s size to 27.7 mm CL (PCMI = 13.06%) by 
18 July 1979. A fu r ther moult, taking the size to 30.0 mm CL 
(PCMI = 8.30%) had occurred by 2 October 1979. This very fas t -
growing indiv idual had therefore moulted three times in 1978 and 
twice in 1979 (once in each major moult period) and had increased 
in size from 18.4 mm CL to 30.0 mm CL in two growth seasons. 

7.3 DISCUSSION 

The indiv iduals of which deta i ls are presented above were selected 
as examples of the various types of l i f e h is tor ies which have been 
i den t i f i ed in previous chapters. Since the p robab i l i t y of 
recapturing any one crayf ish was low, few indiv iduals were caught 
as often as those l i s t ed above. Many more, however, were caught on 
two or three occasions (3 .2 .3 ) , s u f f i c i e n t l y often to enable records 
of moult increments and t imings, reproduction and parasit ism to be 
made. Few workers have been able to achieve a s u f f i c i e n t l y high 
recapture rate to fo l low the h is to r ies of par t i cu la r ind iv iduals in 
th is manner. Hopkins (1967$ was able to determine moult t iming and 
frequency of th i r ty-seven Paranephrops planifrons only by removing 
selected marked indiv iduals to a small side stream. Other workers, 
e.g. Hopkins (1966); Momot (1967b), Mason (1975); Pratten (1980), 
have re l ied on size-frequency plots or the growth of captive 
animals. Both methods have t he i r l im i ta t ions (4 .1 ) . Mean values 
for moult increments and moult frequencies as well as the t iming 
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of l i f e h is tory events may readi ly be derived from data from 
populations containing ind iv iduals widely disparate in these fac to rs . 
The value of detai led h is to r ies of ind iv iduals l i es in the evidence 
which they provide that the values derived from such data are 
representative of most members of the populat ion. 
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Chapter Eight 

GENERAL DISCUSSION 

Austropotamobius pallipes has a special status as B r i t a i n ' s only 
native freshwater c ray f i sh . I t is widespread and loca l l y common 
throughout England, Wales and Ireland but is reported to be absent 
from Scotland (Jay & Holdich 1977). Although A. pallipes is also 
found in western Europe, the most important and widespread continental 
crayf ish is Astaous astacus. While A. astaous has long been in great 
demand as a food i tem, Austropotamobius pallipes has not received 
the same at tent ion in B r i t a i n . However, there is evidence to show 
that the species has been well known as a food item in B r i t a in at 
least fo r several centuries (Ful ler 1702; Harrison 1878; Cameron 
1917; Thomas & Ingle 1971) and i t is s t i l l consumed in some areas 
(Holdich, Jay & Goddard 1978). The species has never had the 
economic importance which Astacus astaous has in mainland Europe, 
however, and s c i e n t i f i c reports of i t s biology have been few un t i l 
recent in te res t in the commercial exp lo i ta t ion of crayf ish in 
B r i ta in (Richards & Fuke 1977; Fuke 1978). 

Knowledge of the biology of Austropotamobius pallipes has, despite 
the ear ly contr ibut ion of Huxley (1880), remained largely anecdotal, 
so much so that unsubstantiated and incorrect statements about l i f e 
s ty le and d i s t r i bu t i on are a feature of the current state of under­
standing. The works of Thomas & Ingle (1971) and Brown (1979) have 
been the most important reports on the subject to date, the l a t t e r 
including some deta i ls of population dynamics. Holdich, Jay & Goddard 
(1978) have summarised the status of the species in the B r i t i sh I s l es , 
while Pratten (1980) studied growth in a population of A. pallipes 
in southern England. There remained a need, however, fo r a compre­
hensive study of the biology of a natural population of the species 
which i t i s hoped w i l l be sa t i s f i ed by th is work. 

The problems of studying the biology of a natural population of 
decapod Crustacea are discussed in de ta i l in 4.1 wi th par t i cu la r 
reference to the study of growth.. The in tens i ty of sampling, the 
density of the study population and the a b i l i t y to drain the 
aqueduct during sampling were important advantages in overcoming 
these d i f f i c u l t i e s and in ensuring a high recapture ra te . 
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A detai led account of the t iming of the events in the l i f e cycle 
of the Northumbrian crayf ish population which was studied is given 
in 2.5. The pr inc ipal events are mating and egg lay ing , which 
occur in la te October and November. Eggs are carr ied by 
reproductive females overwinter, during which period the ent i re 
population becomes generally inac t i ve . Egg hatching occurs in la te 
July and ear ly August, followed by the release of the hatchlings 
from the parent some two weeks l a t e r . Moulting in adult crayf ish 
is generally f a i r l y regular: most adults moult twice annual ly, once 
in la te June-July and once in September. Juveni les, however, moult 
more frequent ly and reproductive females omit the f i r s t moult of 
the year while carrying eggs. The t iming of these events was found 
to be very predictable from year to year during the course of th i s 
study and the previous work of Brown (1979) at th is s i t e and is 
probably regulated by water temperature. Crayfish a c t i v i t y was 
strongly related to temperature, being greatest during the summer 
months and much reduced in winter . No moulting took place when 
water temperature was below 9°C. 

One aspect of the biology of A. pallipes which has been pa r t i cu la r l y 
neglected is that of i t s d i e t . References to the species simply as 
a scavenger, e.g. Huxley (1880); Howes (1962), Maitland (1978), are 
probably overs impl i f ied. Whilst laboratory feeding experiments show 
a clear preference for animal material ( 2 .3 .4 ) , examination of 
stomach contents from the f i e l d reveals that the bulk of the d ie t i s 
plant mater ia l , almost cer ta in ly because of the general i n a b i l i t y of 
A. pallipes to catch any but the most sluggish of benthic 
invertebrates. Evidence of s e l e c t i v i t y of feeding on cer ta in 
aquatic macrophytes was also found. In add i t ion , A. pallipes i s 
highly cann iba l is t i c and i t is clear that much work remains to be 
done to establ ish the trophic status of the species (Reynolds 1979). 

The pract ica l problems associated wi th a study of the dynamics of a 
large dense population of mobile animals ( 3 . 1 , 3.2, 3.3, 4.1) are 
great , and no comprehensive study of the dynamics of a natural 
population of A. pallipes ex is ts . The size of the population of 
the present study was estimated to be some 15 000 (3.5) during 1977 
and most of 1978, a size comparable to that estimated by Brown 
(1979) during ea r l i e r work at the same s i t e . There was a marked 
f a l l in numbers in la te 1978 which was caused by a pa r t i a l f a i l u r e 
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of recruitment (5 .4 ) . There was l i t t l e evidence of recovery of 

former numbers in 1979. 

This study is the f i r s t to show the regular occurrence of moult-
associated mor ta l i t y in A. pallipes ( 3 .5 ) . I t is probable that 
th is phenomenon is common in many crayf ish species but has been 
l i t t l e reported as most population studies have concentrated on 
year-to-year rather than seasonal changes in dynamics. In th is 
respect the present study is pa r t i cu l a r l y important, as the three 
pr inc ipa l periods of mor ta l i t y in each year have been c lear ly 
i den t i f i ed (see below). The more frequent moulting of juveni les 
(4.3.5) resul ts in mor ta l i t y in th is subpopulation being less 
concentrated in the two major moult periods of adults and 
extending over a greater part of the growth season. This lack of 
synchrony between the moulting cycles of adults and juveni les causes 
dif ferences in the patterns of recruitment to the two subpopulations 
Recruitment to the adult subpopulation is l im i ted to the two major 
moult periods, whereas recruitment in to the catchable size classes 
of juveni les ( i . e . >13 mm CL) occurred throughout the growth season 
(3 .5 ) . 

The pr inc ipa l mechanisms regulat ing population size appear to be 
moult-associated mor ta l i t y , most probably act ing through cannibalism 
and overwinter mor ta l i t y , most probably caused by low temperature 
and/or nu t r i t i ona l s t ress. The former is intense, of r e l a t i ve l y 
short duration and is detectable during the major moult periods, 
while the l a t t e r presumably operates at a much lower weekly rate 
over a much longer period (some t h i r t y weeks in Northumbria). 
Juvenile mor ta l i t y during the growth season, i . e . moult-associated 
mor ta l i t y , is generally much greater than that of adul ts . I t may 
well be that the lack of synchrony of juven i le moulting wi th the 
adult cycle is an important reason for t h i s , as recently moulted 
juveni les w i l l more often be exposed to cann iba l is t i c adul ts . In 
th i s respect the synchrony of moulting in mature crayf ish may be 
regarded as an adaptation to reduce the r i sk of being cannibal ised. 

The problems of studying growth in a large natural population are 
s imi lar to those of studying dynamics (3 .1 -3 .3 ) . Differences in 
moult frequency and size of moult increments between and wi th in the 
sexes compounded by the ef fects of regenerating l imbs, parasites 
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and the omission of moults by reproductive females cause the modes 
of size-frequency plots (each mode representing a year class) to 
become obscured rap id ly . This is a serious l i m i t a t i o n in the study 
of growth in a long- l ived species such as A. pallipes. The system 
of indiv idual marking (3.2.1) and the intensive mark-recapture 
programme used to overcome the problems of studying dynamics also 
sa t i s f i ed the requirements of a study of growth, and a large number 
of data on growth were col lected as a resu l t of the mul t ip le 
recapture of marked ind iv iduals over long periods. 

Males were shown to have faster growth rates than females a f t e r the 
size of sexual matur i ty (4 .3 .7 ) . The more frequent moulting of 
juveni les is re f lec ted in the i r higher instantaneous growth rates. 
Instantaneous growth rates decline markedly wi th increasing body 
size in both sexes (4 .3 .7 ) . A detai led analysis of the var iat ions 
in the size of growth increments is presented in 4 .3 .2-4 .3 .4 . A 
notable feature is the s i g n i f i c a n t l y smaller increment of females 
at the f i r s t post-reproductive moult (4 .3 .2 , F ig . 4 . 2 ) , which may 
be interpreted as the energetic cost of reproduction. A s imi la r 
reduction in growth increment is caused by the parasite Thelohania 
contejeani (6.3.2) and by the regeneration of a major chela (4 .3 .6 ) . 
From a detai led knowledge of moult frequencies and the size of 
moult increments throughout the l i fespan the re la t ionsh ip between 
size and age was calculated (F ig. 4.22) and the longevity of 
A. pallipes estimated to be at least eleven years (4 .3 .8 ) . 

From the growth data which were col lected during the course of th is 
study (Chapter 4 ) , i t is evident that a large number of d i f f e ren t 
patterns of growth occur in the f i e l d , e.g. F ig . 4.22. However, 
few crayf ish approached fu l f i lmen t of t he i r potent ia l growth (4.3.5) 
and there is evidence to show that the population contains ' f a s t ' 
and 'slow' growers. 

Of par t i cu la r importance to any population study is an estimate of 
the number of breeding females. The system of ind iv idua l l y marking 
crayf ish (3.2.1) was invaluable in th i s respect in that i t allowed 
an assessment of reproductive frequency in marked females to be 
made (Fig. 5 .2) . The factors a f fec t ing the frequency of 
reproduction are not c lear ly understood, but i t is evident that i t 
is related to s ize , a l be i t probably i n d i r e c t l y (5 .2 , 5 .6 ) . Greater 
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proportions of large females were reproductive in any one year and 
large females also showed a d i s t i n c t l y stronger tendency to 
reproduce in successive years (5 .2 , 5.5, Figs. 5 .1 -5 .2 ) , and there 
was a pos i t ive cor re la t ion between body size and number of eggs 
produced (5 .3 ) . 

An in te res t ing feature of the study population is the presence of 
the microsporidian endoparasite Thelohania oontejeani , which is 
known to have been present fo r at least twelve years (Cossins & 
Bowler 1974). The overal l incidence of Thelohania was 3.21%. 
Whilst the f u l l l i f e cycle and mode of transmission of the 
parasite remain unknown, the higher incidence among adults (6.3.1) 
supports the view that transmission is by cannibalism of infected 
crayf ish (adults w i l l have experienced a larger number of 
cann iba l is t i c encounters than j uven i l es ) . Thelohania was also 
shown to cause a decline in growth rates of infected crayf ish by 
reducing the size of the moult increment (6 .3 .2 ) . Despite the 
reports of Kudo (1924) and Schaperclaus (1954) of economically 
important outbreaks of the parasite in crayf ish populations, there 
is no evidence that Thelohania in England is anything other than a 
parasite well adapted to i t s host ex is t ing at a low and stable 
l eve l . The ea r l i e r higher estimates of the incidence of Thelohania 
by Brown (1979) at the s i te of th i s study may be explained by a 
less thorough sampling technique. There is no evidence to support 
the suggestion of Duf f ie ld (1933) and Pixel l-Goodrich (1956) that 
Thelohania is responsible fo r large f luc tuat ions in numbers of 
A. pallipes. 

The basis of th i s study was the mul t ip le recapture of marked 
ind iv idua ls . While Chapters 2 and 4 note the var iat ions in the 
t iming of events of the l i f e h is tory and in ind iv idual growth 
pat terns, i t is evident from the col lected data that most 
ind iv iduals display a strong tendency to conform to the population 
mean in both respects (7 .2 .1-7 .2 .10) : there was no evidence of 
d i f f e r e n t i a l t iming of events or of polymodality in the size of 
growth increments wi th in subpopulations. 

The termination of th is study at the end of the 1979 growth season 
is pa r t i cu l a r l y regret table in that fu r ther work offered the 
opportunity to study several in teres t ing aspects of the dynamics of 
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the population in the l i g h t of the f a l l in numbers in la te 1978. 
Several qua l i t a t i ve predict ions could have been tested by 
invest igat ion in the f i e l d . Among these were that reproductive 
success, growth rates and juveni le survival would increase in a 
density-dependent manner. Momot & Gowing (1977b) reported larger 
numbers of attached eggs per breeding female in populations of the 
North American crayf ish Ovoonectes virilis when density was low 
and also (1977a) i den t i f i ed increased survival and egg production 
as the major response of a population of 0. virilis to exp lo i t a t i on . 
I f , as seems probable, the transmission of the parasite Thelohania 
contejeani in the study population is by cannibalism, then the 
incidence of in fec t ion might be expected to decline in the smaller 
crayf ish population as the number of po ten t ia l l y cann iba l is t i c 
encounters would f a l l . These factors are almost cer ta in ly density-
dependent. Overwinter mo r ta l i t y , however, i s l i k e l y to be density-
independent because of the probable nature of i t s act ion (3.6) and 
as such would be expected to be unaffected in i t s magnitude by a 
smaller population s ize. The lower numbers in the population would 
have presented a pa r t i cu la r l y valuable opportunity to resolve these 
questions as a much greater sampling in tens i t y would have been 
possible in a continuation of the study. 

I t is clear that water temperature is a very important fac tor 
a f fec t ing the t iming of the major events in the l i f e cycle of 
A. pallipes, i . e . the stages of moulting and reproduction (2 .5 , 
2 .6 ) , and plays a large part in determining growth rates (4 .4 ) . 
In every case where comparative data are avai lable the t iming of 
events in the l i f e cycle is l a te r and growth rates are slower in 
the Northumbrian population of th is study than those of populations 
of A. pallipes inhabi t ing warmer waters. Thus the population in 
southern England studied by Pratten (1980) had generally faster 
growth rates than the population of the present study, which is 
close to the northern l i m i t of the species range in B r i t a i n . I t 
appears that th is di f ference is a t t r i bu tab le to a shortening of the 
intermoult period to as l i t t l e as f i f t y days, compared to some 
ninety days in Northumbria (2 .5 , 4 .3 .5 ) . The dates given by 
Thomas & Ingle (1971) and Holdich, Jay & Goddard (1978) fo r 
reproduction and moulting in more southerly populations of 
A. pallipes are also ea r l i e r than those in Northumbria. 
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I t is known from the present study (2.2.1) and from e a r l i e r work 
at the same s i t e (Brown 1979) that the water temperature regime 
is very predictable from year to year, and th is is probably the 
pr inc ipa l reason for the consistent t iming of the reproductive 
and moulting cycles of th is population of A. pallipes. Although 
there is some evidence that photoperiod can influence the moulting 
and reproductive cycles of crayf ish (Stephens 1952, 1955; Aiken 
1969), i t is not believed to be important in th is respect in the 
population of th is study, upon which the l i m i t i n g e f fec t of the 
temperature regime is so pronounced. Furthermore, laboratory-
maintained A. pallipes at 15°C moult regular ly approximately every 
ninety days in a var ie ty of l i g h t : dark regimes (Bowler, pers. 
comm.). Ninety days is also the approximate intermoult period in 
the f i e l d ( 2 .5 ) , where summer water temperatures are near 15°C fo r 
some weeks. 

As well as the cycles of moulting and reproduct ion, an annual 
cycle of population size can be discerned. There is a midsummer 
peak in numbers (3.5) as recruitment occurs during the growth 
season. Thereafter numbers remain r e l a t i v e l y stable u n t i l the end 
of the growth season, probably because recruitment is e f f ec t i ve l y 
balanced by moult-associated mor ta l i t y . Up to 50% of the population 
is l os t overwinter ( 3 .5 ) , possibly because of the stresses associated 
wi th low temperatures. The population becomes more act ive as water 
temperatures r ise in Apr i l and May and numbers remain r e l a t i ve l y 
constant u n t i l the beginning of the growth season in June, followed 
once more by the character is t ic midsummer peak in numbers. Cooper 
(1965), describing the annual population cycle of the freshwater 
amphipod Hyalella azteaa, the deta i ls of which are in many respects 
analogous to that of A. pallipes, stated ' the numerical maxima in 

the summer and the numerical minima in the winter is f e l t to 
be the most charac ter is t i c pattern fo r natural invertebrate 
populat ions ' . 

In populations of the crayf ish Oreonectes vivilis Momot & Gowing 
(1977b) considered that most of the year-to-year di f ferences in 
biomass were produced by changes in mor ta l i t y rather than in growth 
rates. Figs. 3.3-3.6 indicate the highly var iable nature of 
mor ta l i t y rates throughout the year in the study population of 
A. pallipes and i t has been shown (3 .5 , 3.6) that these seasonal 
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changes are re f lec ted in changes of the to ta l population s ize. The 
f a l l in numbers in la te 1978 was caused by a general f a i l u r e of 
recruitment: the reason fo r th is is unknown. In common wi th the 
present study, Momot & Gowing (1977a, 1977b, 1977c) considered 
predation to be unimportant as a population control mechanism in 
populations of Ovooneotes virilis . Although several potent ia l 
predators of A. pallipes were present in the study area (2 .3 .3 ) , 
there was no evidence of any s ign i f i can t predation on crayf ish in 
the aqueduct. 

In a species such as A. pallipes, where most mor ta l i t y f a l l s on 
juveni les (3 .5 , Table A4), select ion would be expected to favour 
rapid growth through th i s stage at the expense of ear ly maturi ty 
(Wilbur, Tinkle & Col l ins 1974). Such rapid growth among juveni les 
re la t i ve to adults has been demonstrated (4.3.7) and maturi ty is 
delayed u n t i l the four th or f i f t h year of l i f e . 

In common with many other decapods, crayf ish show a marked decline 
of moult frequency wi th age (4 .3 .5 , F ig. 4 .22) . Juveniles have at 
least three moults annually, while larger adults commonly moult 
once each year and some large indiv iduals do not moult at a l l in 
some growth seasons (4 .3 .5 , 7 .2 .3) . I t is l i k e l y that th is 
progressive decline in moult frequency is adaptive in that i t 
balances the advantages of a t ta in ing the adult size as quickly as 
possible against the r isks of moult-associated mor ta l i t y . Since 
chela size is strongly related to body size (Bowler & Brown 1977) 
and the chelae play an important ro le in mating ( Ingle & Thomas 
1974), i t may well be that the reason for the continuing decline 
of moult frequency among the larger size classes of A. pallipes is 
the progressively diminishing re tu rn , in terms of increased 
reproductive success, which accrues fo r fu r ther increases in body 
s ize. The greater proportions of reproductive females in the 
larger size classes of the population (5.2) and also reported by 
Abrahamsson (1972), Abrahamsson & Goldman (1970) and Brown (1979) 
are predicted from the theory of Gadgil & Bossert (1970), which 
states that reproductive e f f o r t should increase with age in an 
iteroparous species since the cost i s a continuously decreasing 
funct ion of age. 
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The sexual dimorphism which is a feature of many d i f f e ren t crayf ish 
species does not become apparent in A. pallipes un t i l a f te r the time 
of sexual matur i ty , i . e . the fourth or f i f t h year of l i f e . Apart 
from the primary sexual dif ferences (Thomas 1977) there is conspicuous 
dimorphism in secondary sexual characters, p r i nc ipa l l y in the larger 
major chelae of the male and the broader abdomen of the female. 
The l a t t e r may be presumed to be related to the shel ter of eggs and 
young (Ste in , Murphy & Magnuson 1977), but the funct ion of large 
chelae in the male is not c lear ly understood. Ingle & Thomas (1974) 
have described the role of the male's chelae in copulat ion. The 
male overturns the female and holds her in pos i t ion by in ter lock ing 
the chelae in order to achieve insemination. The importance of the 
chelae is emphasised by the fac t that chela regeneration is rapid 
and is made at the expense of body growth in general (4 .3 .6 , 
Fig. 4.21). Further to t h i s , Stein (1976) has shown in the American 
species Ovconectes propinquus that between males of comparable size 
a male wi th large chelae is more l i k e l y to mate wi th a female than 
a male with small chelae. In consequence, a large body size (and 
therefore large chela size) is probably an advantage to males in 
that they are more l i k e l y to mate successful ly. I t may also confer 
the advantage of being able to mate wi th larger females, thereby 
benef i t ing from the pos i t ive cor re la t ion between female body size 
and fecundity (5 .3 ) . 

From the growth data which were col lected in th i s study i t is clear 
that a wide range of patterns of growth ( i . e . var iat ions in moult 
frequency and size of moult increment) ex i s t in the populat ion, e.g. 
Fig. 4.22. I t would seem a rewarding l ine of research to attempt 
to evaluate these growth strategies fo r each sex in terms of egg 
po ten t ia l . This could be done by a laboratory invest igat ion in to 
the e f f ec t of body size on the select ion of mating partners (see 
above) and by a detai led f i e l d study of the r isks of moult-
associated mor ta l i t y . From a knowledge of moult frequency and the 
size of moult increments (Chapter 4) an assessment could be made 
of the p robab i l i t y of survival of an ind iv idual fo l lowing a 
par t i cu la r growth pattern and an estimate of i t s reproductive 
success could be obtained from the laboratory experiments. Such 
an approach has been discussed by Calow (1978), who emphasised 
the complexity of the re la t ionship between current reproductive 
e f f o r t and residual reproductive value of the i nd i v i dua l . Where 
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residual reproductive value is r e l a t i ve l y insens i t ive to current 
reproductive e f f o r t , i t e r o p a r i t y becomes more feasib le as a l i f e 
h is tory strategy. Although A. pallipes is iteroparous i t is clear 
that the e f fec t of current reproductive e f f o r t on residual 
reproductive value is appreciable: the small size of the post-
reproductive moult increment of females and the omission of a 
moult while carrying eggs has a d i rec t e f fec t on future fecundity 
because of the re la t ionsh ip between body size and egg production 
(5 .3 ) . Furthermore, few small crayf ish tend to be berr ied in 
successive years (5 .5 , F ig. 5 .2) . 

Comparable l i t e r a t u r e on crayf ish l i f e styles is devoted largely 
to North American cambarinid species, which d i f f e r from A. pallipes 

in several important respects. Most s i g n i f i c a n t l y , t he i r longevity 
is much less (often only 2-3 years) and because they tend to 
inhabi t less predictable environments they generally exh ib i t greater 
p l a s t i c i t y in t he i r responses to environmental changes, e .g . 
Orconectes immunis and Procambarus clarkii burrow in response to 
drying of t he i r habi tat (Fielder 1972; Avault 1973), while Lowery 
& Mendes (1977) found that P. clarkii bred throughout the year when 
introduced to the constantly warm waters of Lake Naivasha, Kenya. 
A character is t ic of the cambarinids is the summer moulting of males 
to a breeding form (the ' f i r s t form') and t he i r return at the next 
moult to the 'second fo rm 1 . No such special ised moult occurs in 
the native European c ray f i sh . In add i t ion , the greater longevity 
of the European species means that they have much more complex 
population s t ruc tures, e.g. Cukerzis (1975) recognised eight year 
classes in a population of Astacus astaaus. In the population of 
th is study the estimated l i fespan of Austropotamobius pallipes was 
at least eleven years (4 .3 .8 ) . In th is population at l eas t , 
A. pallipes can be said to exh ib i t many of the character is t ics of 
a so-cal led K-selected species in that i t has a long generation 
t ime, a large s ize , a low level of d ispersa l , i t e r o p a r i t y , 
(presumably) a high level of i n t raspec i f i c competition and a 
r e l a t i ve l y constant population size (Southwood 1977; Stearns 1977). 
Murphy (1968) has stated that 'evolut ionary pressure for long l i f e , 
l a te r matur i ty and many reproductions may be generated e i ther by an 
environment in which density-independent factors cause wide 
var ia t ion in the survival of pre-reproductives or by an 
environment that is b io log i ca l l y inhospitable to pre-reproductives 
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because of intense competition with the reproduct ives ' . The 
environment of A. pallipes in Northumbria may be deemed as being 
of the second type: heavy mor ta l i t y of juveni les during the growth 
season has been demonstrated (3 .5 , 3 .6) . Their greater moult 
frequency and lack of synchronisation of moulting with adults is 
probably an important factor in t h i s . 

The estimates of annual production obtained in th i s study may have 
important impl icat ions fo r prospective crayf ish c u l t u r i s t s , of whom 
there is an increasing number in B r i t a i n . While the faster growth 
rate and greater reproductive potent ia l of Paoifastaous leniusaulus, 
the species most widely favoured for in t roduct ion and cu l tu re , i s 
well documented, e.g. Abrahamsson & Goldman (1970), th is may not be 
so important in natural or semi-natural stocks consist ing of f u l l y 
structured populations which are cropped annually and allowed to 
replace the sho r t f a l l by natural recruitment or in populations 
cultured at high dens i t ies , cont inual ly cropped and a r t i f i c i a l l y 
stocked with juven i les . I t i s s i gn i f i can t that the economically 
important crayf isher ies of Europe have long been based on the 
contro l led exp lo i ta t ion of natural stocks rather than cultured 
populations. Although there has as yet been l i t t l e in te res t in 
exp lo i t ing A. pallipes in B r i t a i n , natural stocks may well be 
capable of sa t i s fy ing much of the demand fo r crayf ish (Goddard & 
Holdich 1979). 

The need for a comprehensive study of the biology of a natural 
population of A. pallipes has become more pressing in view of the 
increasing awareness of the important ro le of crayf ish in freshwater 
systems. Their very large biomass and the complexity of the i r 
t rophic re la t ionsh ips , pa r t i cu la r l y as feeders on de t r i tus and 
macrophytes, enables them to make s ign i f i can t contr ibut ions to 
keeping waterways open (Abrahamsson 1966; Dean 1969; Taub 1972; 
Rickett 1974; Magnuson et al. 1975) and in recycl ing nutr ients from 
det r i tus (Lorman & Magnuson 1978; Momot, Gowing & Jones 1978). The 
importance of de t r i t i vo res in aquatic production is now recognised, 
e.g. Minshall (1967); Kaushik & Hynes (1971); Jonasson (1975); Cummin 
& Klug (1979). Indeed, Rundquist, Gall & Goldman (1977) have 
described an experimental system using crayf ish as e f f i c i e n t 
converters of nutr ients from enriched waters to animal p ro te in . The 
continuing spread of the crayf ish plague, a fungal disease fa ta l to 
c ray f i sh , in mainland Europe and the increasing in te res t in 
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importing exot ic crayf ish in to B r i ta in fo r commercial purposes 
makes a study of the native species even more per t inent . There i s 
no evidence that the plague fungus has reached Br i ta in (Behrendt 
1979; Bowler 1979), but the unrestr ic ted importing of plague-
res is tant but po ten t ia l l y plague-carrying species leaves the highly 
susceptible native species vulnerable. The catastrophic e f fec ts of 
the plague fungus on economically important stocks of Astaaus 
astaous in Europe and the attempts to replace them by introducing 
the plague-resistant American species Pacifastaous leniusoulus have 
been well documented (Abrahamsson 1973; Hastein & Gladhaug 1973, 
1975; Her for t -Mich ie l i 1973; Kossakowski 1973; Schweng 1973; Spitzy 
1973; Westman 1973; Brinck 1975; Geelen 1975). Some examples of 
the harmful e f fec ts of i l l -cons idered introduct ions of animals to 
new environments are given by Paine & Zaret (1975). More 
p a r t i c u l a r l y , Dean (1969); Abrahamsson & Goldman (1970); 
Abrahamsson (1973 ) ; Magnuson et al. (1975); Unestam (1975); 
Lowery & Mendes (1977) and Unestam et al . (1977) have warned of the 
dangers of the indiscr iminate int roduct ion of new crayf ish species. 

This study provides the most detai led account avai lable of the 
population biology of B r i t a i n ' s only native freshwater c ray f i sh . 
I t is evident that some of the features described, pa r t i cu la r l y the 
t iming and frequency of moulting and reproduct ion, may be uniquely 
related to the f i e l d s i t e . However, these features provide a basis 
fo r comparison wi th other populations of Austropotamobius pallipes 
and with other crayf ish species. I t i s therefore desirable that 
s imi lar studies on other populations be carr ied out , fo r only in 
th is way can the factors regulat ing crayf ish population biology be 
established with ce r ta in ty . How fa r the pr inc ip les underlying the 
patterns of growth and population dynamics of A. pallipes can be 
extended to other populations and species of crayf ish is not known. 
However, i t is l i k e l y that these patterns w i l l prove to be generally 
applicable to the univol t ine astacine c ray f i sh . Many of the 
avai lable comparative data, however, are based on studies of the 
Cambarinae, which d i f f e r in some important respects (see above). 
The increasingly apparent funct ional importance of crayf ish in 
aquatic systems makes such studies even more appropriate. 
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