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Local and foreign demands for the crayfish Pacifastacus spp. of

Oregon have made it necessary to consider the establishment of crayfish

farms both to produce enough crayfish to meet the demands and to

prevent the wild populations from being depleted. Winter hibernation

and cannibalism are the most important problems concerning cultur-

ing of crayfish. The first problem was found to be easily solved for

the yearling and subyearling groups by increasing the temperature to

18°C from September through the winter along with a normal daylight

photoperiod. These conditions were found to be not sufficient for

subadult and adult crayfish. The individuals molting during this

period, in which no molt occurs in nature, died in different stages of

molting or within a few days to a few weeks after successful molt.
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The above results were also obtained for subadults and adults, when

different photoperiods and temperatures were used, indicating the

complexity of molting among the matured individuals.

A constant temperature of 15°C was found to be the optimum

temperature for the older age groups in which ovarian maturation,

mating, and spawning can take place. It has been postulated that it is

possible to manipulate the reproductive cycle and obtain eggs twice a

year, using a constant temperature of 15°C, but dropping it 2 to 3°C a

few weeks before mating and increasing it again to 15°C a week after

spawning. The egg carrying period, which is 7 to 9 months in nature,

ws successfully reduced to 3 months by placing the egg carrying

females in 15°C almost one month after spawning. This can be even

shortened more if the egg carrying crayfish are placed in 15°C a week

after spawning. Ovarian maturation, which starts in early August in

nature, was started in March, and by the end of the month, most

females had developed small, immature, yellowish colored eggs.

Elevated temperature, photoperiod, and their interactions were the

main factors causing early maturation.

Photoperiods longer than the threshold were found to decrease

molt frequency among subadults and adults. This is possibly due to

the decrease in release of molting hormone by retarding the y-organ,

or by increasing the release of molt inhibiting hormone through the

eyes talks.



Density and shelter were found to be important factors governing

cannibalism. Among the yearlings, a density of 90 to 95 individuals

per m2 was found to be a proper density in which cannibalism was

zero and the growth rates were the best (lowest density in the experi-

ment). A proper density was not found for the subadults and adults

using rubble substrate and individual compartments, since with a few

exceptions, the molted individuals were cannibalized by non-molted

crayfish regardless of the density. This indicated that even the lowest

densities for these age groups were high enough to make culturing

them unfeasible. Besides low densities and using individual cells to

prevent cannibalism in intensive culturing programs, it was also found

that by constantly adding the extract of molted crayfish to the system

it is possible to cause olfactory fatigue in non-molted crayfish and

make it hard or impossible for them to detect the molted crayfish

through olfactory sense given adequate shelter.

Depending on the density of crayfish, rubble substrate was

generally preferred over the group individual compartments by all

ages. From individual compartments, the ones perpendicular to the

current were preferred by all age groups.

A special crayfish pellet of different sizes was made using equal

amounts of animal and plant origin diet and was bound with nutrient

agar. The pellet stayed together in water for 36 hours or more and

was well accepted by crayfish of all age groups.
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CULTURING CONDITIONS AND THEIR EFFECTS ON
SURVIVAL AND GROWTH OF THE CRAYFISH

PACIFASTACUS LENIUSCULUS
TROWBRIDGII (STIMPSON)

INTRODUCTION

Zoogeography and Distribution

Crayfish are members of the phylum Arthropoda and belong to

the class Crustacea, s1aring many similarities with some forms

such as shrimps, crabs, and particularly their first cousin the

lobsters. A rather large superfamily, Nephropsidea, contains all

of the crayfishes and lobsters of the world. Crayfish make up three

out of the four families of this superfamily. They are versatile

crustaceans and are found on all continents except Africa (Avault et al.

(1970). There are about 500 spec es of crayfish ti :ou.ghout the world,

which 250 species and subspecies have been recorded in North

America (Avault 1972).

According to Ortmann (1902), all of the crayfish of the world

originated in eastern Asia and from there established the northern

hemisphere population of crayfish, family Astacidae, and the southern

nemisphere population, family Parastacidae. Huxley (1880) suggested

a different zoogeographical pattern in formation of northern and

southern hemisphere crayfish, in which he believes that at the

cginni there were wo different populations of crayfish from which
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one population occupied the seas of the southern hemisphere and gave

rise to the family Parastacidae, arid the other migrated from the seas

of the northern hemisphere and occupied the inland fresh water giving

rise to the family Astacidae. C rocker arid Barr (1968) have put all of

the crayfishes of the northern hemisphere in family Astacidae and all

of the crayfishes of southern hemisphere in two families, Parastaci-

dae and Austroastacidae.

Climatic zones have a marked effect on distribution arid abun-

dance of crayfish and the separation of populations. Huxley (1880)

and Smith and Weldon (1923) have pointed out that crayfish are largely

0 0absent from the region bounded by 20 N and 20 S latitude.

There are five genera of crayfish in Northern America:

Pacifastacus, Procambarus, Cambarus, Orconectes, and Cambarel-

lus. In western North America, the dominant genera is Pacifastacus

which is very similar to the genus Astacus of Europe and Asia

(LaCaze 1965 unpublished). This genus includes all crayfish

species found from the Pacific Coast landward to the Rocky Mountains

and from Canada to the southern part of California.

The strong similarities between Pacifastacus spp. of western

North America and Astacus of Europe and Asia advocate the idea that

these two separated genera originated somewhere in Europe or Asia

before the ice ages and later migrated to the North America across

the Bering Strait (Avault etal. 1970; LaCaze 1965 unpublished). This
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happened two times when the land was higher and the climate lessfrigid.

The Rocky Mountains prevented eastward distribution of the genera

and restricted them to the western part of North America (LaCaze

1965 unpublished).

Background

Even though crayfish are considered delicacies in some

countries and are the primary source of protein for certain tribes in

New Guinea, overall they are under-utilized by man (Bardach et al.

1972). Despite their almost worldwide distribution they have not

been used in many countries. Recent studies have proved that the

genus Pacifastacus is one of the most resistant crayfish to parasites

and diseases and, therefore, are well suited for culturing purposes,

particularly since both size and taste can satisfy the enthusiastic

consumers, especially the Europeans. Because of the lack of enough

information for their culturing, no attempt has been made to establish

a commercial culturing program for the species of this genus in

western North America.

Generally speaking of the crayfish, Aristotle was the first

scientist who recorded the small Astaci (Astakos is a Greek word

which means crayfish) which lives in rivers, in his book 'The

History of Animals. For non-scientific purposes, the history of

crayfishing goes back to the ancient Roman Empire, when the poor
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classes, as a rule, used to eat raw crayfish without giving them any

preliminary care, while those to be used by rich people and high

classes were first fattened in earthenware pots designed for this

purpose (Schmitt 1865).

Europeans have championed the culturing of crayfish. The first

crayfish culture farm was established in France, where the people are

the most enthusiastic consumers (Bardach et al, 1972). In some

countries like Sweden they are ceremonially eaten and are considered

a great delicacy and command high prices, The wholesale and retail

prices for crayfish in France are $4 and $8 per kg respectively (Marcel

Cabantous, personal communication 19741). According to Spitzy

(1974, personal communication2), these prices are $6 and $12 in

Austria and even higher in Germany. According to both gentlemen,

the Pacifastacus sop. suhs'me the highest price in these countries.

Here, the demand cannot he satisfied without the importation of

crayfish from other countries,

The United States crayfish industry is limited for the most part

to Louisiana and until a few years ago was found almost exclusively

in southern Louisiana (Avaultetal. 1970). Today with the increased

numbers of culturing ponds and toether with improved ways of trans-

ortaton to other markets, crayfish have found their way to more and

more places over a wide portion of the country.

1lechnical Advicr of the Research Center of Les Clouzioux. 18450
Brinon Sur Sauider, Ciier, France,

76i Hinterthal,
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Crayfish among the crustaceans, like carp amongst fishes, lend

themselves readily to pond culture and breeding and their adaptive

ability to new environments and particularly feeding habitats make

them very suitable for culturing purposes.

Even though crayfish culturing in Europe and in Louisiana and

some neighboring states in the southern United States is reasonably

well developed, enough research still has not been done toward solving

the problems concerning culturing of Pacifastacus spp, in western

North America. Several nations have been importing large numbers

of both live and processed Pacifastacus spp. from western United

States to reestablish crayfish in their inland waters and to fulfill their

large consumer demands for this highly desirable food source

(Coykendall 1973).

The importation of Pacifastacus spp. followed the mass mor-

tality of the European commercial crayfish which are susceptible to a

highly contagious and wholly fatal epizootic disease caused by the

fungus Aphanomyces astaci (Unestam and Weiss 1970). According to

Kossakowski (1971) and Unestam and Weiss (1970), the crayfish

plague first appeared in Italy in the 1860's and swept through large

portions of Europe in succeeding decades eradicating the population of

Astacus astacus wherever it erupted. This is a very unusual para-

site since the mold kills not only its individual host but in a short time

it spreads through the whole population of crayfish. Several attempts



were made by European countries to reestablish crayfish populations

by introducing species which are possibly resistant to the disease,

The exotic Orconectes proved to be resistant to the mold but the size

and the taste of this crayfish was inferior to that of Astacus astacus

(Unestam and Weiss 1970).

In the 1960's, when the European crayfish were succumbing to

the fungus, some countries, particularly Scandinavians, stimulated

new interests in importing Oregon s native crayfish (Unestem and

Weiss 1970). In 1960, several specimens of Pacifastacus leniusculus

(Stimpson) were introduced to Sweden and proved to be not only resis-

tant to the crayfish plague, but also to the colder climate. They were

highly accepted by the people for their taste (Unestam 1965; Unestam

and Weiss 1970).

Previous Studies Concerning Pacifastacus spp.

The life history of the genus was first studied by Andrews

(1907). The taxonomy and certain biological aspects of crayfish of

Oregon and Washington namely Pacifastacus spp. was studied by

Miller (1960). He found that P. trowbridgii and P. klamathensis are

subspecific variants of P. leniusculus, He generally concluded that

the genus Pacifastacus is composed of three extant species and seven

subspecies. Mason (1963) conducted an extensive study of the life

history and production of the crayfish P. leniusculus trowbridgii
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(Stimpson) in a woodland stream and concluded several important

pieces of information dealing with the life history, growth, produc-

tion, and food habitat of this species. He also studied the copulatory

behavior and egg-laying of the crayfish P. 1. trowbridgii (Stimpson) of

western North America (Mason l970a, b). Recently, Coykendall

(1973) studied some of the biological and environmental requirements

of the P.1. trowbridgii (Stimpson) for the purpose of developing corn-

mercial culture methods. He concluded that these crayfish show great

adaptability to different environmental habitats but their slow growth

and propensity for aggression and cannibalism may decrease the

interest in raising them commercially. He also described in general

a commercial culturing program for this species. Most recently,

Hutton (1973) studied the effects of water velocity, photoperiod, and

gravel substrate on the survival and growth of the subyearling cray-

fish P. 1. trowbridgii (Stimpson). He found a marked effect of water

velocity and photoperiod on the survival and growth of subyearling

crayfish, where the water velocity of 4 to 10 cm per second had a

positive effect on survival and growth. The survival was higher in

light-dark condition while the maximum growth was attained in total

darkness. The optimum density for the subyearling was found to be

50-100 individuals per m2.



Molting arid Growth

Growth patterns of arthropods are quite different from those of

other animals. They must shed their stout exoskeleton periodically

in order to grow. Thus, they grow in a series of abrupt steps rather

than in an uninterrupted progression (Lockwood 1967), In order to

grow, arthropods have to undergo a very important, fascinating, arid

critical period called molting or ecdysis.

The physiology of molting and its control in crayfish has been

mentioned by Passano (1960). The effect of some environmental

factors on molting frequency of crayfish has been studied. The pro-

cess of molting is under the control of some environmental arid bio-

logical conditions. The effect of climatic conditions on molting of

crayfish has been described by Kossakowski (1971). He noticed that

the timing of the first spring molt of male noble crayfish, Astacus

astacus, and swamp crayfish, Astacus leptodactylus, was shifted in

two subsequent years as a consequence of weather conditions. Wor'c-

ing on Pacifastacus spp. , Mason (1963) noticed that the resunption of

molting in the spring follows a winter period in which the growth will

cease and the animals show least annual activity. Molting of the

smaller crayfish begins in March, but most of the adults over 70 mm

of total length do not commence molt until June. He has also

mentioned that the molting frequency and the length of molting season



vary inversely with increase in size of the crayfish. He showed that

the number of molts from hatching to the maximum size for crayfish,

P.1. trowbridgii (Stimpson), was 27 times in 9 years. According to

him, this species of crayfish sheds its exoskeleton 12 times during

the first year of life. This includes molts in the year of hatching and

the number of molts in the following spring. In the second year, the

number of molts decreased to six times and was three and two for the

third and fourth year of life. Then, only one molt per year will

occur in the following years.

Associated with the periodic molting in crayfish, Scudamore

(1948) noticed a delay in the spring molt of egg-carrying females until

after the eggs were hatched and the juvenile crayfish left the female.

Associated with the cycle of sexual functioning, he noticed the change

in secondary characteristics in male crayfish at the time of molt in

which the first pair of abdominal pleopods modified to the gonopods to

enable transfer of spermatozoa to the annulus ventralis of the female

during copulation.

The mechanism and rate of growth among crayfish has been

studied for several species. The growth rate of the crayfish Cam-

barus longulus longulus was studied by Smart (1962). The life

history and growth of Cambarus clarkii Girard, the Louisiana red-

crawfish, was first studied by Penn (1943).
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Growth following each molt shows a wide variation throughout

the size range with the greatest variability among the smaller cray-

fish. Hopkins (1967) noticed a wide variation of growth increment at

molt in crayfish Paranephrops planifrons White. The maximum

percent increase in carapace length was reported to be a mean of

16% for crayfish with 9-18 mm carapace length. The mean increment

was relatively less for the sizes above or below 9-10 mm of carapace

length. Svardson (1949) and Mason (1963) have shown that the female

Astacidae grow at a slower rate than males. This can possibly be

explained by a smaller molt frequency amongst the females (Hopkins

1967).

Coykendall (1973) studied the adaptive ability and growth of

young crayfish with different variables such as temperature, salinity

and food and concluded that subyearling crayfish grow better and molt

more frequently under all experimental conditions than did their

yearling counterparts. He also noticed that molting success was

much greater at Z0°C, which may indicate some physiological reac-

tions allied with molting were favored by higher water temperatures.

The results obtained by Hutton (1973) concerning growth of subyear-

ling P.1. trowbridgii (Stimpson) have been mentioned earlier.

Molting is an important physiological event in the life of cray-

fish and, even though it consists of only a short period during the life

cycle, it is a rather dangerous period often accompanied by high
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mortality. The hazard has mechanical, physiological and biological

sources (Lockwocd 1967).

The molting cycle has been divided into four stages, namely

proecdysis, ecdysis, metecdysis and intermolt (Highnam and Hill

1969). A modification of Darch's (1939) classification of physiological

stages of molt has been given by Passano (1960), in which each stage

of molt has been divided into several subdivisions. The proecdysis

begins with the formation of gastroliths in the side walls of the

cardiac chamber under the chitinous cuticle of the jointed part of the

esophagus and stomach. The formation and role of gas troliths in the

process of molting and their use in providing calcium salt in the new

exoskeleton have been mentioned by Kossakowski (1971).

It is unknown whether or not the metabolism of calcium is

regulated and controlled by the molting hormone. The mechanism of

the metabolism of calcium is that in the latter part of proecdysis the

old exoskeleton looses its calcium gradually and becomes softer.

The removed calcium from the old exoskeleton is then collected in the

hepatopancreas, gastroliths or in the blood in terrestrial and fresh-

water crustaceans (Highnarn and Hill. 1969). The stored calcium is then

deposited in new cuticle, and since the new cuticle is larger and more

massive than the old exoskeleton, some calcium must be obtained

from the environment.
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As mentioned before, molting in crayfish is a part of the

mechanism of growth. Changes in form and increase in size can only

occur when the hard calcareous exoskeleton is shed and before the new

cuticle is hardened, Sometimes prior to ecdysis, and particularly

during the ecdysis, water absorbed by the animal is the most charac-

teristic of molt physiology. This is prior to the initiation of exo-

cuticle mineralization. According to Highnam and Hill 969), increase in

size and weight of the crustacean during ecdysis does not constitute

growth. Growth, as they mention, must be defined as the increase in

dry weight of the body which occurs in the periods between molts when

the absorbed water is gradually replaced by protein.

Molting Mortalities and Cannibalism

The success or failure of molting in crayfish depends on several

factors including biological, mechanical, and environmental factors.

Mortality during different stages of molting is rather high although it

has not been investigated enough to my knowledge. Tack (1941)

reported on the natural mortality of crayfish in the field following

molting. He noticed that the mortality of adult females is highest

during and following their spring moLt. He also mentioned that the

spring mortality is very high among both sexes. Van Deventer (1937)

noticed that most of the adults of crayfish Cambarus propinguus

Girard died following the molt at which they attained maximum size,
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According to Momot (1967), physiological and mechanical

problems associated with molting may be important factors in

mortality. Crayfish will die if they cannot withdraw completely from

their old exoskeleton. The overall physiological conditions at the

time of the molt have been found to be very important in survival.

This can be mainly related to the considerable change in ionic con-

centratiori of the body fluids at molt. Because of the absorption of

water, the body fluids will become diluted and will result in a change

in permeability of the body surface (Lockwood 1967).

Besides mechanical and physiological problems of molting,

cannibalism plays a very important role and the molted helpless

crayfish can be preyed upon by their fellow crayfish before they have

been hardened and become able to defend themselves (Lockwood 1967).

Due to the difficulties in observing crayfish in their natural

habitat and the lack of laboratory studies of crayfish held at different

densities and being closely observed, little is known concerning

cannibalism in crayfish. Pieplow (1938) as quoted in Kossakowski

(1971) analyzed the stomach contents of striped crayfish Cambarus

affinis and found crayfish remains in some individuals. Kossakowski

(1971) noticed the remains of crayfish in stomach contents of noble

crayfish, Astacus astacus, and swamp crayfish, Astacus leptodacty-

lus, and he concluded that in natural conditions, dead crayfish very

seldom become prey of living animals. This condition is different
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when crayfish are held in mass confinement for prolonged periods

and not fed.

Cannibalism has been known in many crustacean groups.

Specimens undergoing the process of molting can easily fall prey to

the other animals under such conditions. Crayfish (Kossakowski

1971) and crabs (Lockwood 1967) attack and eat any individuals which

are newly molted and unable to defend themselves. Damaged indivi-

duals could also be preyed upon by their fellows. Cannibalism is

in its height when food is scarce.

Effect of Environmental Factors on Moltin

In a study of the influence of the environmental factors on the

molting of crayfish Orconectes virrilis, Aiken (1968) indicated that

although exuviation under normal conditions proceeded rapidly, when

the crayfish was exposed to certain abnormal conditions of photo-

period and temperature, ecdysis was usually incomplete and was

terminated in the death of the animal. He has divided, the ecdysis into

four different substages starting from the bulging outward of the

thoraco-abdominal intertergal membrane to the freeing of the animal

from the old exuvium.

In trying to induce molting in crayfish Cambarus by modifica-

tion of the daylight period, Stephens (1955) found no molt occurred in

the test group neld in constant darkness and this group had the least
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mortality. Under normal daylight conditions 40. 6% of the animals

showed some indication of molt (gastrolith formation) and only one

individual out of 32 molted completely. In his third group, the ani-

mals were exposed to 20 hours of light per day and 62. 0% of them

died. Eighteen individuals out of 25 dead ones showed some sign of

gastrolith formation and one of them molted completely but died a

few days after molting.

Aiken (1969) in working on crayfish Orconectes virilis, found

that the spring molt commenced about the first of June and ceased

about the latter part of August. A rapid decrease in temperature was

found to interfere with the molting. Roberts (1957) has also indicated

that low temperature often inhibited molting in crustaceans and noted

that molting does not occur in the crab Pachygrapsus when the

temperature is below 8. ScC.

Molt Control

Crustacean molt and its control mechanism have been exten-

3ively mentioned by Passano (1960). There are two groups of factors

important in molt control, namely external and internal factors.

Light plays a rather important role in initiating the molting processes

ind can influence molt initiation in some crustaceans. Stephens

(1955) found that almost rio molting occurred in Orcoriectes in constant

darkness. According to him, in these crayfish, the normal spring
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molt is due to the effect of light stimuli which they receive by change

of season upon emergence from winter hibernation,

Temperature is also an important factor in the molting process

in crayfish. It not only controls the initiation of molting, but also the

molt control process (Passano 1960). Normally, the metabolic rate

of animals is increased by elevated temperature and metabolic pro-

cesses show positive Q-10 values which results in more molt Ire-

quencies if some other environmental factors such as food and

dissolved oxygen are adequate.

For the internal factors, the presence of sufficient internal

organic reserves (Scudamore 1948) is important in molt initiation.

That is why the intermolt period is rather prolonged in the period of

gonadal maturation (Carlisle 1957). Starvation inhibits molting

whereas feeding promotes it (Costlow and Bookhout 1953).

Loss of numerous appendages promotes molting regardless of

environmental conditions. Bliss (1956) noticed that when six or more

pleopod appendages of the Gecarcinus crab were cut, the limbs

regenerated and the crab molted. This did not happen when the ani-

mal lost one, two, or three limbs.

In the molting cycle of crustaceans, there are two types of

hormones working with opposite reactions. The X-organs, located in

the eyestalks (Lockwood 1967) put out a molt inhibiting hormone

which is then stored in the sinus gland and is released to nullify the
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effect of the molt initiating hormone produced in the Y-organs. The

central nervous system directly controls the molt inhibiting hormone

secretion by the X-organs which is produced by specialized nerve

cells. The molting hormone which is secreted by the Y-organs initi-

ates and integrates the metabolic events which lead to ecdysis (when

it is activated by decrease and fall of molt inhibiting hormone) and

growth of the individuals. The morphology and structure of X-

organs, sinus gland, and Y-organs have been given by Lockwood

(1967), Highnam and Hill (1969), and others.

About 65 years ago, it was discovered that removing the eye-

stalks in decopods during the intermolts results in molting and

growth of individuals (Highnam and Hill 1969). The implantation of

the eye stalks in most cases yields opposite results (Highnam and Hill

1969). These experiments showed that the eyestalks are the source

of the molt inhibiting hormone. Many other experiments have been

done by removing the eye stalks and increasing molt frequencies.

Roberts (1944) found that the eyestalkless crayfish have a higher

requirement for food and oxygen from those of normal animals. He

concluded that the eye stalks either directly or indirectly inhibit the

crayfishTs metabolism.

The interval between molts decreased by number of weeks or

months when eyestalks were removed (Smith 1940). This is primarily

because animals from which eye stalks were removed feed almost



continuously during both day and night and normally there is no

secretion of molt inhibiting hormones, Other factors are also

involved here. For example, ecdysis occurs more quickly and Ire-

quently in eye stalkless individuals when they are kept at higher

temperatures (Passano 1960).

As it was mentioned in regeneration of the lost organs, a

regeneration stimulus may initiate ecdysis. Darby (1938) believed

that in eyestalkless individuals initiation of molting follows the same

patterns, but Scudamore (1942, 1947) and others have shown that the

initiation of molt in the case of eyestalk removal has a specific

hormonal base.

Food

Crayfish are omnivorous. This characteristic gives them the

ability to adapt themselves o different habitats since they can subsist

on almost any type of food. The mouth structure and the mechanism

in which crustaceans obtain, seize and eat their food have been men-

tioned by Marshall and Orr (1960).

Until recently, crayfish were generally thought to be carni-

vores. The only support for this idea was that captured crayfish

were only fed animal diets (Kossakowski 1971). This was a situation

in which crayfish had to consume whatever they were fed and had no

chance to obtain their normal diet. Recent findings have shown that
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crayfish are generally omnivorous animals arid consume both diets of

animal and plant origin. Through analysis of the stomach contents of

different age classes of crayfish, Mason (1963) concluded that 65% of

the diet of juvenile P.1. trowbridgii (Stimpson) had an animal origin,

while in adult crayfish, it was only 10% of their diet. Kossakowski

(1971), in analyzing the stomach contents of the two-month-old noble

crayfish Astacus astacus, found that 63% of their diet was of plant

origin. He has also mentioned an observation of Pie plow (1938) on

several dozen noble crayfish, only two individuals showed food of

animal origin in their stomachs, while in the rest it was almost

entirely of plant origin.

Pieplow (1938) as quoted in Kossakowski (1971) also discovered

that the percent relationship of plant and animal origin in adult cray-

fish Orconectes limosus (Raf. ) varies with the abundance of plant

and/or animal food, which is related to natural seasonal abundance.

During the early spring, because of the abundance of aquatic animals,

they compose most of the crayfish diet, while in June and July, when

the plants are more abundant, they compose the bulk of their diet. tn

August and September, the percent abundance of both animals and

plants is about equal.

Kossakowski (1971) has presumed that on prolonged exclusive

feeding of meat, crayfish would suffer from lack of vegetable matter.

The same may hold true for a reversed situation. He concluded that
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crayfish need varying proportions of animal and plant material in

their diet throughout their life, but how much of each is a subject for

more study.

No detailed studies have been done to develop a suitable artifi-

cial diet for crayfish based on their natural needs. This might be

related to the fact that in most pond cultures no food is used in

raising crayfish. Coykendall (1973) tested several commercially

available livestock arid poultry diets and found rabbit pellets to be the

best commercially available diet to fulfill crayfish needs. But this

diet also could not be used in an intensive culturing program since it

would not hold together and dissolved in less than two minutes. Oat-

meal, potatoes, carrots and some other vegetables have been used

by other investigators in laboratory experiments.

The crayfish's natural food includes insect larvae, worms,

smaller crustaceans, snails, small fishes, tadpoles, plant stems,

leaves and roots. In addition to common nutrients, crayfish required

sufficient amounts of calcium and silica to form the chitinous exoskele

ton. It was estimated by LaCaze (1965 unpublished) that about 15% of the

necessary calcium is lost during each molt, and so this loss and an

extra amount of calcium has to be obtained from the media to provide

the extra amount of calcium and silica needed for the larger new exo-

skeleton.
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Feeding Behavior

Crayfish appear to be as nearly omnivorous as any animal can

be. Although they are thought to be mainly scavengers, most of them

eat living or recently killed animals and fresh vegetation in preference

to decaying materials (Crocker and Barr 1968), Bell (1906) noticed

that crayfish are sensitive to the odor of food when they first come

into contact with it. Chidester (1912) noted that when comparing

fresh meat to meat partially dried by exposure to the air, the cray-

fish would go toward the fresh meat and seize it. He concluded that

the diffusion of meat juices was readily detected.

Objectives of the Study

The first objective of these studies into the culturing of crayfish

was to determine the effects of substrate type and crayfish density on

survival and growth of yearling, subadult, and adult crayfish in fresh

and brackish water at a constant temperature of 20°C.

The second objective was to determine if the cessation of growth

normally found in wild stocks of crayfish during the fall and winter

can be influenced by the control of temperature, light, and food

availability. The effect of removing eye stalks on molting and growth

conditions was also included as part of this objective.

The third objective was to determine whether intraspecific
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aggression and cannibalism in different age groups of crayfish could

be controlled by selected environmental conditions.
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METHODS AND MATERIALS

Facilities

The experiments were conducted in Artificial Stream Labora-

tory Number One at the Oak Creek Fisheries Laboratory, Depart-

ment of Fisheries and Wildlife, Oregon State University, Corvallis,

Oreg on.

Water Supply

Fresh water for the experiments was supplied from the stream

water system of the Oak Creek Laboratory. Even though the stream

water was partially treated to remove settleable materials, some

silt did settle out into the artificial streams whenever it was raining

and had to be siphoned out during daily cleariiug.

Fresh ocean water was supplied weekly. It was diluted to a

salinity of 8%oby adding stream water. Water for all brackish water

experiments was recycled.

Filtration Systems

Both biological and chemical filtration were used in treating

water whenever water was recycled through a system.
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Biological Filtration

The upflow filter consisted of 60 cm of gravel with 10 cm of

crushed oyster shell on the top (Fig. 1). The oyster shell provided

more surface area for the nitrifying bacteria to grow. The filters

were put into operation a month before starting the experiments in

order to give enough time for the bacteria to become established.

Care was taken in adjusting the bacteria to the brackish water by

increasing the salinity slowly. Every two or three weeks the filters

were cleaned by a combination of water and air backflushing. Care

was taken to prvent loosing the bacteria on the top layer of filter by

cleaning it as gently as possible.

Chemical Filtration

Activated charcoa (high graded granular) was used to remove

the dissolved organic substances from the culture water. The used

charcoal was replaced with new charcoal every 15 to 20 days.

Water Heating System

Water was heated by using a 2, 000 watt heating coil in one head

tank and one or two 1, 000 watt immersing heaters in the other head

tank, Each heater was thermostatically controlled. Temperatures

were measured twice a day and a mean temperature was obtained for

each day.
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Figure 1. Schematic drawing of the biological and chemical filtration systems used for treating
recycled water.



26
Stream Designs and Water
Circulation Systems

Each stream was partially divided in two parts longitudinally

with an opening at each end to allow for water circulation. Each

stream with the above structure will be callecLa tank from now on.

Six tanks were used in the first experiment. Three tanks were

used for brackish and the other three tanks were used for freshwater

studies. Each side of a tank was divided in three equal sections and

proper sizes of rubble or individual compartments were placed in the

tank. Figure 2 shows the diagram of an experimental tank arrange-

ment and Figure 3 shows longitudinal sections through the tanks with

rubble substrate, individual compartments and individual cells.

Both recycle and flow through systems were used during the

experimentations. All experiments run at ambient water tempera-

tures were flow throLigh systems. All heated water experiments

were partly closed systems with recycling the same water after

filtration.

The outlet of each tank was connected to the bottom of the

biological filter in which the water flowed upward through the filter

bed and was pumped from there through chemical filters into the head

tank, Water was distributed from the head tank to the different

experimental tarks (Fig. 2), No additional aeration was necessary

since enough oxygen could be supplied through water circulation and

pumps within the systems,
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Figure 2. Diagram showing filters, head tanks, paddle wheels, water flow and tank designs used in the various experiments.



k(ubble substrate Fa1e
bottom

Parallel Perpendicular Half cylinder
Compartments

r--i---t---t---i--i--- 1-- -#----4- -----J --A-

Large Intermediate Small
Individual cells

Figure 3. Longitudinal sections of tanks showing rubble substrate, compartments,
and individual cells.
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Water was constantly added to each system to compensate for

evaporation and possible leaking, Some water was lost through daily

siphoning off of the wastes, This loss was also compensated for by

adding fresh water to the system. Each tank held 240 liters of water.

The flow rate in each stream was 3. 5 liters per minute.

Water Velocity

A Nypric micro-current meter was used to measure the water

velocity whenever paddle wheels were used. In the experiments in

which no paddle wheels were used velocity was measured by using

the following formula:

V
A

where:

V = velocity in cm/hr

Q quantity of water in cm3/hr

A = cross sectional area of the stream in cm2

Paddle Wheels

Paddle wheels were used in the first experiment in order to

provide additional current in the streams, The motor arrangement

for the paddle wheels was described by Hutton (1973). For the follow-

ing reasons it was decided to stop using paddle wheels in later
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experiments: (1) some mechanical problems developed with the

paddle wheels; (2) left-over food and feces were dissolved in water

and could not be siphoned out; and (3) because it was noticed that cray-

fish did not prefer the additional current. The open space in the tank

divider at the inlet end of the tank was closed in order to provide a

proper water circulation in the absence of paddle wheels.

Habitats

Group Sections. Three kinds of habitats were used in the

sections where group experiments were conducted:

1. Rubble substrate: Rubble with sizes varying between 5 to 15 cm

was collected and sorted into small, medium, and large sizes

in order to provide substrate for yearling, subadult, and adult

caryfish respectively. A false bottom with a depth of 5 cm was

constructed of vexar screen to keep the rubble off the bottom in

order to provide better circulation and aeration and prevent

anaerobic conditions (Fig. 3).

2. Individual compartment: The individual compartment units

were made of 3. 125, 5. 0, and 6. 25 cm diameter PVC irrigation

pipe sections with a length of 7. 5, 10. 0, and 12. 5 cm respec-

tively. Different sizes of compartments were used for yearling,

subadult, and adult crayfish. One end of the compartments

was covered with PVC window screen. Several compartments
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were cemented together in one or two rows depending on the

experiment. The compartments were placed in the tanks with

their axis parallel or perpendicular to the water flow (Fig. 3).

Half cylinder compartments were made by cutting sections

of PVC pipe longitudinally and laying them dish-like across the

section bottom. Even though PVC window screen was used to

cover each end of the half cylinder, the crayfish were able to

crawl from one compartment to the others.

3. Smooth substrate: The bare bottom of the tank was used without

any rubble or individual compartments as smooth substrate.

Individual Cells. The objective of making individual cells was

to separate the crayfish from each other in order to prevent canni-

balism in long term experiments (Fig. 3). Cell dimensions of

10 x 10, 10 x 15, and 10 x 25 cm were used for yearling, subadult,

and adult crayfish respectively. Cells were constructed of plexiglas

and PVC window screening. Each tank was covered with wooden

frame covered with PVC window screening to prevent crayfish crawl-

ing out of the tank, or into other parts or cells.

Light C onditions and Photoperiod

During the first experiment, which was carried out from June

15 to August 1 5, artificial illumination from 8 a. m. to 5:30-6:00 p.m.

was the only source of light. All the windows were covered with black
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polyethylene. From August 15 through January the black polyethylene

was removed from most windows arid a normal day length photoperiod

illuminated the laboratory during this experiment. Automatic clocks

provided photoperiods of 16 hours light 8 hours dark, and 12 hours

light 12 hours dark for the experiment which was carried out from

January 25 through March,

Experimental Animals and Conditions

Collection Sites

All crayfish for the experiments were collected from the follow-

ing streams:

1. Rock Creek, 5 miles west of Philomath, in the area which is

the property of Corvallis Watershed. Most of the crayfish

during experiments were obtained from this area.

2. Luckiamute River, in an area located 6 miles west of Oregon

Highway 223 junction with Hoskins Road.

3. Marys River, 1/4 mile west of Philomath.

Collecting Methods

Three basic methods were used in collecting crayfish of differ-

ent age groups, Some adult crayfish were picked from the stream

bottom by hand during June through August. A small 10 x 4 foot seine
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was used mainly for collecting yearlings and subadults. Some adults

were also captured by this method. Most of the adults were captured

by using baited crayfish ring traps. Each of the three size groups

were placed in a separate plastic bucket and were transported to the

laboratory. No water was added to the buckets.

Dens itv Selections ror Group Sections

Effects of density on survival and growth of different age groups

were studied both in fresh and brackish water but only tn rubble

substrate. Each tank was divided in six equal parts (three parts in

each side) and three parts of each tank were allocated to one age

group. An arithmetic progression of densities of 15, 30 and 45 for

the yearlings; 10, 20 and 30 for the subadults; and 8, 16 and 24 for

the adults were placed into each separate section. In the case of

individual compartments, one crayfish was used for every compart-

ment in a section,

Molt Counts

Daily molt counts were taken only from the individual cells. It

was not possible to take molt counts from rubble substrate and to some

extent from individual compartments. The cast -off exoskeleton was

left to be eaten by the molted crayfish, since it is a source of calcium

to be used in hardening the new exoskeleton.
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Preparation and Use of
Crayfish Extract

One large crayfish was homogenized every day using a high

speed blender, About 500 ml of water was added during homogenizing.

The solution was then diluted to 5 liters and was filtered twice through

a very fine net, Twenty drops of the solution were added every

minute to the tank, using a Marriott Bottle technique. The extract

was kept cool to prevent spoilage by putting ice around the bottle

within a styrofoam ice box, The solution was enough to last for 25

hours and was changed every day at 2:00 p. m. Only one stream was

used for this experiment.

In order to use crayfish extract in running water for the above

purpose a large Plexiglas box (main box) was connected with a ladder

type channel to an elevated smaller box (head box). Water flowed from

the head box into the main box and was drained from there with a flow

rate of one liter per minute (Fig. 4). This apparatus was also used

for some behavioral studies.

Eyestalk Removal

All three age groups were used for eyestalk studies with the

most emphasis on the subadult group. The eyestalks were removed

using a pair of sharp pointed forceps. An excess of individuals in

each group was used since some mortalities occurred after eyestalk
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Figure 4. Longitudinal section of the apparatus used in studying the effect of crayfish extract in
prevention of cannibalism in running water.
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removal. The eyestalkless crayfish were placed in solutions of

1: 15, 000 malachite green for 20 seconds in the second and fourth days

after eyestalk removal to prevent fungus infections, Individual cells

and smooth substrate were used for eyestalk removal experiments.

Mortality Counts

The dead crayfish from individual cells, individual compart-

ments and those from rubble substrate that could be seen were picked

up daily and the carapace length and weight of each individual were

measured. The apparent cause of death was also recorded, A few

individuals were lost by crawling out of the tanks even though all the

tanks were covered by a PVC window screened frame. Several

occasions in individual cells crayfish crawled into the neighboring

cells and on one occasion, one was eaten by the other,

Food Preraration and Feed in

The prepared crayfish pellet was a mixture of 50% Oregon

Moist Pellet (OMP) and 50% alfalfa rabbit pellet (RP) on a dry weight

basis, bound with nutrient agar (Table 1). The following proce-

dures were used in preparation of the diet.

Well-ground RP was thoroughly mixed with defrosted OMP and

then the diet was mixed well with dissolved nutrient agar. The

dough-like material was then quickly passed through a meat grinder in
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Table 1. Different components of crayfish pellet.
Weight

C omponerit
(g)

Rabbit Pellet 500
Oregon Moist Pellet 660
Nutrient agar 8

Water 470

Total 1, 638

order to obtain a spaghetti-shaped feed, Different diameters could be

obtained by using different sizes of grinder plates. Since the moisture

content was rather low, the worm-like extrusions did not stick

together and by tossing them around in a tray, they were pelletized

to different lengths depending on the degree of tossing.

The pellets were placed in a 500°F preheated oven for a period

of 3-4 minutes. Care was taken to put only one layer of pellets in the

oven at a time. The diet was then placed in the freezer and proper

sizes were fed to different sizes of crayfish every day after cleaning

and removing the leftovers.

Daily Food Ration

At the beginning of the experiment it was decided to feed each

group 4% of their body weight per day and then adjust the ration by

observing the amount of food each group consumed, It was found that

not all groups consumed all the food they were given. They were fed

the same ration for 10 days to see if acclimation to their new habitat



and diet would effect the daily ration. No increase in food consump-

tion was observed and it was decided that the amount of food consumed

was the maximum that each group could take, The ration was then

adjusted to 4% for the yearlings, 3% for the subadults, and 2% for the

adults. Only a very small amount of food was left over by each group

after using the new amount of ration. No attempt was made to

decrease the ration further as there was concern for food possibly

becoming a limiting factor in survival and growth of the test groups.

The ration was adjusted in the experimental test groups for mortali-

ties.

Growth Measurements

Growth rates of different experimental groups were obtained by

measuring carapace length and wet weight every 15 or 20 days depend-

ing on the experiment. Length measurements were made with a

vernier caliper to the nearest 0. 05 mm. The length of carapace was

measured from the back of eye socket to the mid-dorsal posterior

border of the carapace.

A standard drying system was used during the experiments for

measuring the weights in order to decrease measuring errors. The

wet weight was measured with a Mettler electronic balance to the

nearest 0. 01 gram. In all wet weight measurements crayfish were

not fed for 24 hours before measurement.
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Daily average relative growth rates in test groups in individual

cells were measured by using Warrents (1971) formula:

2Daily average relative growth rate = x 100
0. 5(X1+X2)(T2-Ti)

where

X1 = initial measurement (length or weight)

= final measurement (length or weight)

T1 = initial measuring time (day)

T2 = final measuring time (day)

Daily average relative growth rates in test groups in rubble

substrate and individual compartment units were measured by modi-

fying the above formula to:

xz - xi

Mean daily average growth rate = x 100
0. 5(Xi+Xz)(Tz_Ti)

where

X1 = mean initial measurement of weight or length

X2 = mean final measurement of weight or length

In the experiments using rubble substrate and individual corn-

partrnents, growth rates were measured every 15 days and the daily

average relative growth rates were calculated for each measuring

period. In the case of individual cells, growth in length and weight of

each individual were measured every 20 days and the daily average

growth rate was calculated for each individual for each measurement.
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An average daily relative growth rate for each age group was then

calculated by summing the daily relative growth rate of molted

individuals and dividing by the number of survivors of each group for

each period.

ge Determination of the Test Gro

Length-frequency was used in choosing the three age groups to

be used for the experiments. These were called, yearling, subadult,

and adult groups. Fig. 5 shows the length frequency of the three age

groups used in the first experiment. The yearlings had a carapace

length ranging from 10 to 17 mm. The two-year-old crayfish were

sorted as subadult with a carapace length ranging from 18 to 26 mm.

The adults had a carapace length varying between 27 to 38 mm (with

exception of a few which were about 1 mm larger or smaller).

At the beginning of the experiment it was decided to call the

three experimental test groups yearling, intermediate and adult. But,

since a few females with a carapace length ranging between 23 to 25

mm showed egg development, it was decided to call the second group

subadults.
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Figure 5. Length frequency of yearling, subadult, and adult crayfish, RI, trowbridgii (Stimpson)
used in the first experiment.
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RESULTS AND INTERPRETATIONS

Diet and Field Observations

The diet contained a moisture of 35% and the pellets would stay

together in water for 36 hours or more before breaking apart.

Large, medium, and small pellets were prepared for different age

groups. It was well accepted by all age groups; however, leftovers

did occur which would be consumed by newly introduced individuals

indicating the food was still acceptable. Rapid development of fungus

on leftover pellets, particularly in heated water, was observed

especially when food was not siphoned out during daily cleaning.

Yearlings were the hardest age group to collect from streams

during June and July, while the adults were the easiest. No yearlings

and only few subadults were caught using common crayfish traps and

ring traps. A fw molted crayfish of different age groups were caught

in almost every seining during June to mid-September, with yearlings

being the most frequent. No malted crayfish was caught in

several seinings after mid-September.

Yearlings were the most abundant age group among the crayfish

seined from mid-September to late October, while adults were the

least abundant age group during this period. With the exception of

one female which had no eggs, no female crayfish was caught using
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crayfish ring traps. Very few egg carrying crayfish were caught by

seining during this period, but some were observed and were picked

up by hand. No crayfish were caught in ring traps in several

attempts after mid-November. Seining was impossible at this time

because of the high water.

All the females collected from October 8 on had extruded eggs.

Only one large female showed no egg development, The temperature

was 13 and 12°C on October 8 and October 18 respectively in all

collecting sites.

Of 240 adult crayfish which were caught on April 8 using cray-

fish traps, only three individuals were females of which two had only

a few eggs.

ffects of Substrate Typand Density on Survival and
Growth of Yearling, Subadult, and Adult Crayfish

in Fresh and Brackish Water at 20°C

Specimens for this experiment were collected from June 8

through June 12. The average temperature was 20. 1 and 20. 12°C

for fresh and brackish water respectively with standard deviations

of 0. 50 for each system. Samples for all chemical analysis were

taken close to the outlets. Brackish water pH ranged from 6, 8 to

8. 0 with an average of 7. 2 and for fresh water ranged from 6. 6 to 7. 6

with an average of 6. 87. The average oxygen concentration was

7. 5 mg/I in freshwater and 7. 12 mg/I in brackish water. The total
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concentration of ammonia (NH3 and NH) is shown in Table 2. The

highest total ammonia concentration was 0, 6 mg/i in the outlet of a

tank with brackish water, This concentration decreased to 0. 34 mg/I

after passing through filtering systems (Table 2). Since the concen-

tration of total ammonia, given the temperature arid pH, was much

lower than the allowable concentration of total arr rronia (Spotte 1970;

WQCEFF 1970) no ammonia measurement was taken for the other

experiments and only pH values were used for this purpose.

Densities of different test groups of the three age classes in

rubble substrate and the number of individuals of different test groups

for individual compartments are shown in Table 3. The results

obtained for each age group will be given separately.

Care was taken to choose individuals with relatively similar

carapace length and body weight for each age group, but it was almost

impossible to collect individuals with exactly these characteristics,

since crayfish with the same carapace length showed remarkable

differences in body weight and vice versa, In the case of adults it

was much harder to find individuals with the same carapace length

and body weight. Individuals of the same age group were placed in a

plastic bucket arid the needed number for each test group was picked

up randomly.

This experiment was started on June 15 and was terminated on

August 15. Length and weight measurements were taken biweekly.



45

Table 2. Total concentration of ammonia (NI-I3 and N}1) and pH in streams, and from the biological
and chemical filters, in fresh and brackish water.

Freshwater Brackish water
Date Biological Chemical Biological Chemical

pH Stream pH Stream
falter filter filter falter

June 20 6.7 0.51 0.44 0.31 6.4 0.60 0.44 0.33
25 6.9 0.50 0.46 0.31 6.7 0.60 0.48 0.34
30 7.0 0.52 0.50 0. 33 6. 7 0.58 0. 47 0. 33

July 7 6.8 0.48 0.41 0.30 6.6 0.55 0.46 0.34
12 7.8 0.50 0.46 0.34 7.4 0.58 0.50 0.42
20 7.0 0,55 0.50 0.30 6.7 0.58 0, 48 0.37
25 7.0 0.56 0.50 0.41 6.7 0.57 0.51 0.42
30 7.0 0.51 0.44 0.32 6.8 0.59 0.46 0.41

Aug. 5 7.0 0.48 0.43 0.30 6.7 0.56 0.50 0.43

Table 3. Initial density of different age groups in the rubble substrate and the number of individuals
in individual compartments in fresh and brackish water.

Age Rubble substrate Individual compartments
group D1 D2 D3 Parallel Perpendicular Half cylinder

Yearling 15 30 45 24 14 24
(94) (187) (281) (150) (120) (150)

Subadult 10 20 30 18 15 15

(62) (125) (187) (112)
(

94) (
94)

Adult 8 16 24 18 15 15

(50) (100) (150) (112) (
94)

(
94)

D = density
2

Numbers in parentheses indicate number of individuals/m
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Water velocity in each tank was set for 8 cm/sec by adjusting the

paddle wheels. The velocity varied between 6-7 cm/sec in different

parts of the tanks. Care was taken to clean the section dividers to

prevent changes in velocity. The cumulative mortality for all test

groups from June 15 to August 15 are shown in Table 4. They will be

discussed separately for each group for different measuring periods.

Table 4. Cumulative percent mortality among different age groups
in relation to their habitat and water system.

Rubble Substrate Individual Compartment
Age Water

Group Type D1 D2 D3 Parallel Perpen- Half
dicular cylinder

Year- FW 6, 6 23. 3 35. 5 41. 6 10. 5 16. 6
ling

BW 80. 0 83. 3 84. 4 79. 1 76. 8 91. 6

Sub- FW 20, 0 30. 0 23. 3 22. 2 8. 2 33, 3adult
BW 60. 0 70. 0 60. 0 66. 7 73. 3 86, 6

Adult FW 25. 0 68. 7 41. 6 44. 4 33. 3 13, 3
BW 62. 5 62. 5 83. 3 88. 1 73, 3 73, 3

D = Density, FW = fresh water, BW = brackish water

Analysis of variance tests were run for the effect of age group,

water type, and different kinds of substrate on survival of different

age groups. In all test groups, with no exception, the high computed

F values indicated very high significance levels of the effect of each

variable and their two or three way interactions on mortality of all

different age groups. This is only the mortality related to molting,
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which happened through unsuccessful molting and/or cannibalism and

does not include mortalities related to infection which was observed

in the brackish water system.

Yearlings

Average weight, total biomass of survivors and the number of

survivors of different densities in rubble substrate for this age group

are shown in Figure 6. Figure 7 shows these same values for the

groups in individual compartments. All values are given for both

fresh and brackish water. The average carapace length for survivors

of all test groups in both water systems is shown in Figure 8. Num-

hers in parentheses in these figures indicate the number of survivors

up to that period.

Substrate Preferences. Rubble substrate was markedly pre-

ferred to individual compartments. Regardless of the density, all

individuals were hidden among rubble and could not be seen unless the

rubble was removed, No response could be observed for a change of

1-2 cm/sec of water velocity in rubble substrate and they were ran-

domly distributed throughout the sections.

Of the three types of individual compartments, the perpendicu-

lar was always preferred and almost each compartment was occupied

by a single individual, In the beginning, on several occasions, cray-

fish moved the compartments a few centimeters away from the tank's
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wall, and one or more individuals were found hiding in the space

between the compartments and the tank's wall, These individuals

were removed and the compartments were placed back in their initial

position in such case. Later on the crayfish got used to the compart-

ments and stayed in them almost all the time. Compartments

parallel to the current were less preferred by yearlings and fewer

individuals could be found staying in them, Most individuals were

hiding in the spaces between two rows of compartments, particularly

in the outflow part of the sections (Fig. 3), or in the vertical corners

of the sections. In the case of half cylinder compartments, some

individuals could be seen hiding behind the dividing screens but

mostly they were gathered in the corners, both in upstream and down-

stream ends. The food was placed in the half cylinders and they did

leave their hiding places and went for the food after being fed,

Feeding. Daily feeding started with the groups in the upstream

section of the tank and proceeded to the downstream section, Up-

stream movements were observed in all test groups when the groups

in the front section had been fed, and the smell was carried by the

current. Aggressive behavior was observed less often among this

age group toward food odors and during actual feeding. When the food

was placed in front of the parallel or perpendicular compartments, the

food was located with the antennae and then picked up with the claws,

while in most cases the second half of the body was still in the
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compartment. They went back to their compartments right after

picking up the food (mostly two or three pieces of food). In all cases

with two rows of compartments those in the top row did not go back to

their own compartments after picking up the food but tried to enter

already occupied compartments on the first row but were chased out.

Food was always placed in the upstream part of each section to com-

pensate for water velocity. Groups with higher dens ities received

more food and care was taken to prevent food from becoming a limit-

ing factor.

Molt Counts. It was not possible to keep record of the daily

molting of the groups in the rubble substrate. Daily removal of the

rubble for this purpose was both time consuming and dangerous for

the molted individuals. No attempts were made to keep track of the

molts in individual compartments.

Mortalities. The cumulative percent mortality for different

test groups of this age group are shown in Figures 9 and 10. In

freshwater and rubble substrate, mortality was directly related to the

density of the test groups with 0, 23, 3, and 35. 5 percent mortalities

for the densities of 15, 30, and 45 individuals respectively. The

area for each test group was 0. 16 m2. Among the groups in indivi-

dual compartments in freshwater, parallel compartments had the

highest percent mortality while it was about the same in half cylinder

and perpendicular compartments. Almost all of the mortalities
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were directly related to molting and one pair of gastroliths could be

found for each missing individual,

Among the test groups in brackish water, the mortality

followed almost the same pattern as the freshwater groups up to

July 15. A rather high mortality started among all the test groups

in brackish water (regardless of age) from mid July. In some cases

over 80% of the test groups died before the experiment was terminated,

Even though the mortality was high, the surviving individuals did not

show any external symptoms of parasites or diseases. They were

active and had a good appetite and molting and cannibalism upon the

molted individuals was normal. Several freshly dead individuals of

different age groups were taken to Dr. John Fryer of the Department

of Microbiology, Oregon State University, where cultures of external

and internal organs were obtained. At the beginning no positive

answer was obtained concerning any infectious agent, but in other

attempts Dr. Fryer was able to find an unidentified j Vibrio spp.

which he postulated to be the cause of mortalities. By this time the

experiment was terminated and no brackish water was used in later

experiments.

The mortality caused by this unknown Vibrio was quite different

from the mortalities related to molting. No gastrolith formation

could be seen in most of the dead individuals or the gastroliths were

too small, This infectious factor did not af:ect the test groups in
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freshwater even though no attempts were made to separate or disin-

fect the cleaning tools because at the beginning it was thought that the

mortalities were related to the osmoregulation.

Growth. The daily average relative growth rate for the cara-

pace length and the wet body weight were measured for each group

every 15 days. Figures 11 and 12 show the relative growth rate of

the body weight and carapace length for different test groups of year-

lings in fresh and brackish water with rubble substrate. Figures 13

and 14 show the above values for groups in individual compartments.

The effect of density on the growth of yearling crayfish in rub-

ble substrate is markedly noticeable. As was mentioned before,

denser groups received higher daily rations to prevent food from

becoming a limiting factor. Because of the incidence of high mor-

talities in the groups in brackish water, it was then decided to omit

the last measurement and only compute the relative growth rate from

June 14 to July 29.

Because there was a high mortality among test groups in brackish

water following the measuring period of June 30-July 14, to obtain

good results through the analysis of variance, it was necessary to

omit the latter part of the experiment and run the analysis of variance

only up to July 14. The results obtained for the effect of water type

and substrate on growth and mortality of yearlings through the analysis

of variance are shown in Table 5.
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Table 5, Calculated F values for the effect of water type arid different
substrates on growth and mortality of yearling crayfish,
P. L owbrid ii (Stimpsori), Degrees of freedom is shown
in parentheses and is the same for other rows in each
column,

Measurement Variables' June 14-June 30 June 30-July 14

Average length

Average weight

Mortality

1

2

1 xZ

1

2

1 x2

1

2

1x2

79 (1, 185)***

13. 2 (3, 185)**

6. 82 (3, 185)***

13. 2**'

2. 6**

1. 0

66. 6***

66. 6***

66. 6***

'1 = Water type, 2 = Substrate type
* * 95 percent level of confidence

* * * 99 percent level of confidence

84 (1, 165)***

17. 9 (1, 165)***

5. 9 (1, 165)***

13. 3***

3. 6**

0. 43

0. 34

5 93***

848 * *
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The analysis of variance for the effect of density and water type

on survival and growth of the yearlings revealed that both crayfish

density and water type and their interaction were highly significant.

There was only one exception in which interaction between two

variables had no significant effect on relative length. Table 6 shows

the calculated F values,

Sub adults

Average weight, total biomass of survivors and their numbers

are shown in Figure 15 for the test groups in rubble substrate in

both fresh and brackish water. The above values for the groups in

individual compartments are shown in Figure 16. The average

carapace length for the survivors of all test groups in both water

systems is shown in Figure 17.

Substrate Preferences. Rubble substrate was preferred to the

other substrate types by individuals of this age group. The difference

between the yearlings and the subadults was that the subadults were

much more active in trying to escape from the tanks and could be

observed moving above the rubble or hanging on the covering screen,

trying to leave the tanks. In the case of individual compartments

their behavior was similar to that of the yearlings except that they

were more aggressive toward each other.
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Table 6. Calculated F values for the effect of water type and density
on growth and survival of yearling crayfish, P.1. trowbridgii

(Stimpson). Degrees of freedom is shown in parentheses in
the first part of each column and is the same for other rows
of each column.

Measurement Variable' June 14-June 30 June 30-July 14

Relative length 1

2

1 x2

78. 4 (1, 1 7 1)

36. 8 (2, 171)**

0. 8 (2, 171)

0. 7 (1, 154)

1.4 (2, 154)

2. 1 (2, 154)

Relative weight 1 122*** 1. 06

2 146*** 0. 52

1 x 2 15. 93*** 6. 46***

Cumulative 1 66. 6** 6666***
percent

2 18. 6*** 17333***
mortality

1 x 2 18. 6*** 16666***

= Water type, 2 = Density.

99% level of confidence
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Feeding. Subadults were more greedy for the food than year-

lings. A rather specific display could be observed among the down-

stream groups before being fed, when they smelled the food that was

placed in the upstream sections. Each individual was moving upstream

while trying to prevent the others from going in the same direction.

In most cases this resulted in a group fight which was often continued

even after they had been fed.

Mortalities. In all cases in brackish water the average mor-

tality ranked the lowest among the subadults. In freshwater, with the

exception of half cylinder compartments, the mortality was lowest

among this age group when they are compared with other age groups

(Table 4). Cumulative percent mortality for different test groups of

this age class are given in Figures 18 and 19.

Growth. Although molting was normal and increase in the

average carapace length and body weight was observed among this

age group, because of the high incidence of cannibalism and high

mortality, particularly in the brackish water, the growth rates for

this age group could not be computed without mistakes. It was then

decided to give the growth rate only for the yearlings.

Adults

Average weight, total biomass of survivors and their numbers

are shown in Figure 20 for the rubble substrate and in Figure 21 for
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different kinds of individual compartments both in fresh and brackish

water. The average carapace length for the survivors of all test

groups in both water systems is shown in Figure 22.

Substrate Preference. Even though rather large rubble was

selected to grant their needs for a proper substrate and the rubble

was placed in the tanks in a way that would give enough space for

them to hide, some individuals were found moving or staying above

the rubble. The adults were more sluggish than the other two age

groups but many individuals were found trying to escape from the

tanks.

Individual compartments, particularly the perpendicular ones,

were readily accepted by this age group and almost each individual

occupied one compartment. Half cylinder compartments were used

by adults more than other age groups.

Feeding Behaviors. Feeding behavior was almost the same

as for the subadults but the adults were less greedy for food. More

response was observed by this age group when a piece of fresh fish

flesh was placed upstream in the tank. Cannibalism upon the molted

individuals was 100%, mainly because the molted individuals could

not hide as well as the other smaller size age groups could do.

Mortalities. The cumulative percent mortality for this age

group is shown in Figures 23 and 24 for all different test groups

during the experiment. They showed higher percent mortality when
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compared with other age groups. The high mortality rate was mainly

related to the molting, since either molting did not commence success-

fully or the molted individuals were cannibalized

Growth. Because of the high incidence of mortality related to

molting or because of infection (in brackish water groups), computa-

tion of growth for this age group was not possible.

Effects of Temperature and Daylight Photoperiod
on Survival and Growth of Different Age

Groups during Winter Hibernation

This experiment was started on August 15 and was terminated

January 22 after a period of 160 days. A temperature of 20°C versus

the ambient was chosen at the beginning of the experiment but it was

dropped down to 18°C in mid November. Figure 25 shows the

temperature profile for the ambient water temperature during the

experiment.

All experimental animals were kept in individual cells in order

to prevent cannibalism for a long term experiment. Eighteen adults,

20 subadults, and 20 yearlings were chosen randomly for each

temperature from the new stocks which were collected a few days

before starting the experiment.

A velocity of 560 cm/hr was provided by a flow of 3. 5 1/mm

in each tank. The average dissolved oxygen concentration was

8. 4 mg/i for the heated water and 10. 27 mg/I for the ambient water.



17

16

15

14

13

12

11

10

9

16

15
0

14
C)

j 13

C)

0) 10H

9

10

9

8

7

6

5

4

3

2 December

10 20 30

12

11

10

9

8

7

6

5

10

9

8

7

6

5

4

3

2

77

September

.Da y s

10 20 30

Figure 25, Temperature profii for the ambient water from August 15
to January 25,



No ammonia measurements were taken during this experiment

because: (1) the measurements during the previous experiment

showed that the total ammonia concentration was too low to be harm-

ful for crayfish; (2) the ambient water was a single pass system and

freshwater was added to the heated water constantly to compare with

the previous experiment.

Mating

Identified males and females in both temperatures were placed

in individual cells starting on September 20 to see if they were ready

to mate. No mating occurred prior to September 29. On this day two

females from the ambient temperature were found to be mated and

were carrying sperm sacs. All females in this temperature mated

by October 3. Females at 20°C did not show any response toward

mating. The males were more responsive. Males from ambient

water were more eager to mate with females from heated water than

males from the heated water. On October 12, one female was found

carrying only three sperm sacs. Most of the appendages of this

female were eaten by the male when it was left to see if more sperm

sacs would be transferred through a second mating. A second mating

had been already observed between a male and a female of the ambi-

ent temperature in less than one hour. The rest of the females were

placed with males in individual cells several hours each day. On
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October 22 a second female was mated and had more sperm sacs

than the first one. No more mating was done after this period.

Spawning. Spawning started on October 5 in the ambient water

and by October 9 all females had extruded their eggs. A big mass of

gelatine covered the eggs for 2-3 days and was dissolved Later. Very

little movement was observed among egg bearing females and not too

much response was shown by them even when they were disturbed.

Only one subadult among the ambient water test group spawned without

being mated. No female in 2000 water spawned. The female which

was mated on October 22 died on October 27. An autopsy showed a

mass of internal degenerated eggs. All the egg bearing females lost

all or most of their eggs and only one female carried about 20 eggs

up to termination of the experiment. This individual died on October

7 while still having some of the eggs left. The pleopods containing

eggs were cut and the eggs were placed in water at 15°C. Most of the

eggs hatched by March 20.

Molting

Molt counts were taken daily and results were recorded for each

individual. Figures 26 and 27 show the molting frequency of different

age groups in the heated and ambient water respectively. Molting

frequency was higher in the elevated temperature and among different

age groups. The yearling molted more frequently.
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In the ambient water molting ceased in late September in adults

and subadults with only one subadult which molted on October 11.

Only 9 adults and 12 subadults molted once each during the experiment.

Among the yearlings in the ambient water 18 individuals molted from

August 29 to September 18 in which all died 2-15 days after molting.

Two individuals died without molting but they both showed large gastro-

liths which indicated mortality was related to molting in both indivi-

duals. All yearlings were dead by September 27. On this day another

group of 20 yearlings was placed in the ambient water. Twelve mdi-

viduals molted in which the last molt commenced on November 8.

Seven individuals showed gastrolith formation of medium to large

sizes and only one individual did not show any gas troliths. All were

dead by December 24.

In the heated water 11 adults molted from August 19 to

September 8, one molted on October 9, one on December 3 and seven

from January 1 to January 18. From these, eight individuals molted

twice during the experiment and five individuals did not molt at all.

Among subadults no molt occurred from October 15 to the end

of November. Thirty-four molts occurred during the experiment in

which one crayfish molted three times, 12 molted twice and seven

molted only once. All individuals molted at least once during the

experiment.



Yearling molts were less in the last two weeks of October and

first two weeks of November. Fifty-five molts occurred during the

experiment in which five crayfish molted four times each, seven

molted three times each, six molted twice and two individuals molted

only once.

Mortalities

Only two cases of cannibalism occurred during the experiment.

In one case a crayfish made a hole in the PVC screen and got into the

neighboring cell and ate the appendages of the other crayfish which

resulted in its death. In another case the male crayfish ate the

appendages of a female after mating. This also resulted in the death

of the female. Few deaths occurred ainong 'different test groups

from unknown causes which were not related to molting. This was

proved only by lack of any degree of gastrolith formation in the dead

individuals. No external or internal symptoms to indicate presence

of any parasites or diseases could be seen,but almost in all cases

the dead individuals had empty stomachs. No attempts were made to

identify the cause of mortality through culturing or other methods,

since the mortality of this nature was very low,

For one case in the heated water and two cases in the ambient

water mortality was directly related to the sex product of the females.

In the case of heated water the autopsy of the dead crayfish revealed



degenerated eggs. This crayfish had not been mated. In one female

in the ambient water the eggs turned red and it died a few days later.

One female died a few days after spawning.

Most of the mortality among all of the experimental groups

were directly or indirectly related to molting. In direct cases the

molting was not successful and the molting crayfish could not get out

of its exoskeleton completely. Mortality was 100% in such cases.

With two exceptions, no direct mortality occurred amongst yearlings

in the ambient temperature. Some adults and subadults could not

bring out either both or one of their claws from the old exoskeleton

during molting. As it was mentioned before this ended with the death

of individuals. In some others they lost one or both claws while

struggling to bring them out of the old exoskeleton. This was not

noticed in yearlings. Mortalities indirectly related to molting

occurred both during proecdysis and. postecdysis. Some dead indivi-

duals did not show any external sign of molting but had well developed

gastroliths. Fewer individuals showed mortality of this nature. In

many cases, regardless of the temperature, some individuals died

one day to a few weeks after molting. In most of these cases, the

dead individuals had rather hardened exoskeletons. Some individuals

lost one or both claws a few days to nearly two weeks after molting.

In such cases this resulted in death of these crayfish. The cumulative



daily mortality of different age groups in heated and ambient

temperature are shown in Figures 28 and 29 respectively.

Growth

Relative growh rate or percent increase in carapace length and

body weight were measured for each individual for intervals of 20

days. Increase in carapace length for individuals of all experimental

groups is shown in Figure 30. This is the total increase in carapace

length in millimeters after each molt. Figure 31 shows the body

weight in grams after each molt for each individual of all experi-

mental groups in both temperatures. Individual growth history and

the stepwise increase in body weight and carapace length are shown

in Figures 32, 33 and 34 for some of the yearlings, subadults, and

adults which survived through the experiment in heated water. In

most cases in which growth measurements were taken a day or two

after molting it was noticed that these crayfish absorbed all the water

they could during this period. Later on, in replacing the absorbed

water with protein which in reality is the real phase of growth, their

weight did not change, or if it did, it was a very small change which

could easily be ignored. Since growth measurements were taken every

20 days, but not after molting of individuals, and molt could occur

any time between two measurements, in order to show the real shape

of the stepwise growth curve, it was necessary to adjust the curve for
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those individuals who molted any time after one measurement up to

2-3 days before the next measurement. Having the above observa-

tions for the crayfish which molted one or two days before measure-

ments it seemed logical to adjust the curves and show the highest

increase in carapace length and body weight on or a day after molting.

The unadjusted growth curve for increase in body weight is shown in

a dotted line for yearling crayfish number 10 in Figure 32.

The percent increase in body weight and carapace length after

molting is related to the size of individuals. Smaller crayfish have

higher percent increase in body weight and length than the larger

ones. Table 7 shows the average percent increase in carapace

length and body weight of the first molt of molted individuals in

this experiment.

Since the crayfish for this experiment were kept in individual

cells it was easy to study each individual's growth history for the

length of the experiment. The relative growth rates for each period

between two measurements were computed as an average for each

experimental group. The sex products of the females which showed

egg development and spawned their eggs have been considered as

growth.

The relative growth rates of the body weight and carapace length

for the yearlings in heated and ambient water are shown in Figure 35.

As it has been mentioned before, all of the yearlings in the ambient



Table 7. Average percent increase in carapace length and body weight
for the first molt of all molted individuals of three different
age groups in the ambient and 18-20°C water.

Percent increase in Percent increase in
carapace length body weight (wet)Temperature

yearling subadult adult yearling subadult adult

18-20°C 13. 92 10. 33 7. 50 33. 46 31. 66 24.08

Ambient 11.01 9.84 9,77 23.10 44.35 35.79
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water died after molting and it was decided to use another group of

20 yearlings to see if the same thing would happen to them. The

relative growth rates for the first group are shown for the period

of September 4 to September 27 for the first group. The growth

rates for the second group are shown for the period between October

17 to November 26. Figures 36 and 37 show the percent increase in

body weight and carapace length for the subadults and adults respec-

tively in both heated and the ambient temperatures.

The analysis of variance for the effect of age, temperature and

their interaction on growth, molt and mortality of this crayfish was

done and the F values for eight different periods during the experi-

ment are given in Table 8.

Since all yearlings in the ambient water died by September 27,

it was not possible to run the analysis of variance for all three age

groups in both temperatures from this period on. The analysis of

variance from September 27 to January 22 contains subadults and

adults oniy.

Effect_of Adjusted Photoperiod and Temperature on
Survival and Growth of Subadul.ts and Adults

This experiment was started on January 25 and was terminated

March 30, It was impossible to collect any new stocks of crayfish

from the previous collecting sites in this season and since I had only
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Table 8. Calculated F values for the effect of age, temperature and their interactions on growth, molting and mortality of crayfish, P.1.
trowbridgii (Stimpson). Degrees of freedom is shown in parentheses and is the same for other rows in each column except for
mortality which is shown separately.

Measurement 1
Variable Aug. 15- Sept. 4- Sept. 27- Oct. 17- Nov. 6- Nov. 26- Dec. 16- Jan. 7-

Sept. 4 Sept. 27 Oct. 17 Nov. 6 Nov. 26 Dec. 16 Jan. 7 Jan. 22
Average length 1 436. 6*** 647*** 192. 6*** 19. l*** 133*** l60*** 132. 8*** 88. 7***

(2,110) (2,102) (1,56) (1,51) (1,46) (1,44) (1,37) (1,27)
2 3.9** 0.8 0.36 1.0 2.6 3.21** 10.86 14.57***

(1,110) (1,102)
3 1.0 1.14 1.11 1.0 0.013 0.03 0.5 0.5

(2,110) (2,102)

Relative length 1 2.6 54*'I' 12.0*** 0.25 0 50.7*** 0.002 0.11
2 13.5*** 11.3*** 1.42 0.01 0 73.3*** 10.7*** 18.9***
3 1.4 0.57 5.82''* 1.21 0 50.7*** 0.1 0.0002

Average weight 1 578. 8*** 403. 3*** 304** 250*** 316. 6*** 302. 8*** 26l*** 164. 8*''*
2 54. 7*** 27. 0*** 17. 9*** 12. 6*** 44. 0*** 40. 0*** 46. 0*** 38. 3***
3 37.6*** 29. l*** 37.0*** 53.Q*** 18.94** l8.7*** 23.8*** 4.34***

Relative weight 1 3.04*'I' 6.83*** 0.003 4.6*'' 0.013 0.514 0.91 0.3
2 57.13*** 11.3*** 0.21 3.0* 0.56 0.316 13.56*** 4.2**
3 2.92 1.4 2.95 1.2 0 0.45 0.45 0.32

Molting 1 2. 18 4. 76** 4. 37*** 0. 62 0 0.04 0.002 0. 13
2 59. 5*** 11. 64*** 1.5 0.62 0 2.27 8. 2*** 3. 95**
3 0.75 1.34 1.5 0.62 0 0.04 0.002 0.13

Mortality 1 1.05 21.0*** 0.48 0.78 1.4 1.22 0.6 0.6
(2,110) (1,72) (1,72) (1,72) (1,72) (1,72) (1,72)

2 1.05 32. 8*** 2.24 1. 15 0.9 0. 77 0.215 1. 3
(1, 110)

3 1.05 33.8*** 0.004 0.023 0.07 0.0008 0.023 0.38
(2, 110)

11 = Age, 2 Temperature, 3 = Interaction beeen age and temperature
* ** *** '-U90% level of confidence 95% level of confidence 99% level of confidence
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extra stocks of subadults and adults in my laboratory in ambient water,

it was then decided to use only subadults and adults for this experi-

ment. Ten subadults and five adults were used for each temperature

and photoperiod, in which all of them were kept in individual cells.

The artificial light illumination was 78 foot-candles for both photo-

periods. Figure 38 shows the temperature profile for the ambient

water during the experiment. The ambient temperature ranged from
0 07. 2 to 9. 8 C with an average of 8. 2 C. Other two temperatures

were set for 15 and 18°C. The average dissolved oxygen concentra-

tions for the experiment were 11. 5, 9.83 and 9. 5 mg/I for the
0 0ambient, 15 C and 18 C respectively. Figures 39-42 show the molt-

ing frequencies of all different test groups for various factors. On

March 30 all individuals were sacrificed to look for gastrolith forma-

tion. The results of gastrolith formation for different test groups

have been shown on the right sides of Figures 39 through 42. The

size of gastroliths has been shown as small, medium, and large.

The relative growth rates almost followed the same way as has

been mentioned in the earlier test groups. The percent molting,

cumulative mortality and final gastrolith formation for both age

groups in different temperatures and photoperiods have been shown in

Table 9.

The analysis of variance showedthat temperature and light did

not have any significant effect on molting and mortality in the first
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Figure 39. Molting frequency (solid lines) and final gastrolith forma-
tion (broken lines) in subadult crayfish, P. 1. trowbridi
(Stimpson), in the ambient, 15 and 18°C water with 12
hours light-12 hours dark photoperiod.
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Table 9, Percent molt, cumulative mortality, and final gastrolith formation of subadult and
adult crayfish, RI. trowbridgii (Stimpson), in 16 hours Light-8 hours dark and
12 hours Iight-12 hours dark photoperiods and ambient, 15 and 18°C water.

16 hours gh8 hours dark 12 hours light-- 12 hours darkTemperatureAge Mortality(°C) Molting _Mortality1 Gastroliths Molting GastrolithsM N M N

Subadults Amb. 0 0 0 0 0 0 0 0

15 30 20 10 40 10 0 0 70

18 50 50 10 30 80 60 0 20

Adults Amb. 0 0 0 0 0 0 10 20

15 0 0 10 30 10 10 0 40

18 0 0 10 20 20 20 0 20

= mortality related to molting, N = mortality not related to molting.

C'
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20 days. This is normally a period which is necessary for gas trolith

formation, before molting commences, In the last 30 days of the

experiment, the anal.yses of variance showed a 99% level of confidence

for the effect of age, temperature, light and interaction between age

and temperature, and finally temperature and light on molting. The

interactions between age and light and also the interaction between

age, temperature and light in all cases were of rio significance. With

only one exception with a 95% level of confidence for the effect of

interaction of temperature and light, other variables had no signifi-

cant effect on mortality. Table 10 shows the calculated F values.

Effect of Environmental Factors on Molting and
Mortality of Eyestalkless Crayfish

The eyestalkless crayfish molt more frequently than the eye-

stalked crayfish. To find out if environmental factors affect the

molting and mortality of eyestalkless crayfish the same as eyes talked

ones, experiments were conducted using eyestalkless crayfish. The

first experiment was started on August 15. Individual cells and

smooth substrate were used for this purpose. Three 15-gallon

aquariums with activated charcoal filters were used in this experiment.

Temperatures in all aquariums ranged between 16. 0-18, 2°C. Four-

teen eyestalkless subadults and 14 eyestalked ones were placed in two

separate aquariums with individual cells. Ten eyestalkless subadults



Table 10. Calculated F values for the effects of age, temperature, photoperiod and their
interactions on molt, mortality and final gastrolith formation in crayfish, P. 1.
trowbridgii timpson). Degrees of freedom is given in parentheses in first column
and is the same for other columns.

Variables and
Molting Mortality related Mortality not related Gastrolith

interactions' to molting to molting formation
1 97*** 41*** 4.4** 27,5***

(1, 108)

2 179*** 150*** 1. 1 118***
(2, 108)

1 x 2 54*** 41*** 1. 1 0. 43
(2, 108)

3 38. 9*** 2 1*** 39, 5*** 43***
(1, 108)

1 x 3 20. 2*** 41*** 4, 4** 1. 7
(1, 108)

2 x 3 38. 9*** 21*** 9. 8*** 18. 4***
(2, 108)

1 x 2 x 3 10. 5*** 1 1*** 27. 3*** 3. 0*
(2, 108)

1 1 = Age, 2 = temperature, 3 = photoperiod.
*
90% level of confidence

95% level of confidence
* * *

99% level of confidence
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were placed in an aquarium with individual cells. Ten eyestalkless

subadults were placed in an aquarium with no individual cells. From

the 14 eyestalkless crayfish three died in the first six days of the

experiment but all 11 survivors molted within 14 days. By October

10, 17 molts occurred among these 11 individuals of which nine died

during this period. Out of 14 eyestalked crayfish one died in the first

14 days of the experiment and only two molted during this period.

Only one more molting occurred before October 10. No molting

occurred among 10 eye stalkless crayfish in smooth substrate.

In the second experiment which started on October 8, 10

yearlings, 10 subadults, and five adults, all eyestalkless, were

placed in individual cells, in a tank at 20°C. Fifteen eyestalked

subadults were placed in similar conditions for control. Same

numbers of each group with no eyestalks were placed in similar

conditions but smooth substrate. From 10 eyestalkless yearlings in

individual cells three of them died before molting but had large gastro-

liths, and seven of them molted from October 18 to November 14.

All of the molted ones died 1-7 days after molting. From eyestalk-

less subadults in individual cells one died before molting but had large

gastroliths and all others molted from October 22 to December 22

of which eight died by the end of December. These mortalities

occurred during, or one to a few days after, molting. All five adults

in individual cells molted from October 27 to November 2, of which
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two died during molting and the rest died 1-3 days after molting.

In smooth substrate three yearlings died before molting but all

had large gastroliths. The rest molted from October 10 to November

25. Six individuals died or were cannibalized prior to November 30.

The last individual molted once more and was alive up to December

30 when it was taken out of the tank. From the 10 subadults one died

before molting but had large gastroliths and all others molted from

October 25 to December 28 of which all of them died during or after

molting but had large gastroliths. Three others molted from

October 29 to November 6 of which all died during molting.

Among the control subadults four of them did not commence

molting but the rest of them molted from November 14 to December

26 in which most of them molted from December 21 to December 26.

All molted ones died 2-7 days after molting. Eight of them lost one

or both claws prior to their death (not during molting).

On October 29, ten eyestalked subadults were placed in the

ambient water (Figure 23) to see the effect of temperature on molting

of eyestalkless crayfish. Two individuals were cannibalized and

among the other eight no molts occurred up to December 6. On this

day, four of them were placed in a tank with water of 20°C, from which

one died on December 9 but had small gastroliths. The others molted

successfully from December 10 to December 26. One of them lost

both claws two days after molting. All died 3-4 days after molting.
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From the four individuals Left in the ambient water only one indivi-

dual molted unsuccessfully on December 31, and one of them died on

January 9 but had large gastroliths.

Olfactory Fatigue and Cannibalism

Rubble substrate, perpendicular individual compartments, and

smooth substrate were used in this experiment with yearling, sub-

aduLt, and adult crayfish. Paddle wheels were used to mix the

constant drops of crayfish extract well in the tanks. Algae production

was high on rubble, compartments, and tank walls and bottom.

Care was taken to clean the tank as much as possible. Oxygen

concentration was always above 8 mg/I,

The experiment started on August 20 and was carried for 30 days.

Length and weight measurements were taken every 15 days. Mor-

taflties were taken daily for those not in rubble substrate, and on

measuring days for those in rubble substrate. All mortalities were

related to molting and with only one exception, one pair of large

gastroliths were found for each dead individual. Cannibalism

was practiced in all groups. Table 11 shows the percent mortality

on each measuring period for different test groups.

The mortality was highest among adults and lowest among the

yearlings. Selected densities for this experiment were based on the

results obtained from the first experiment. An increase in the
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Table 11. Percent mortality of different age groups of
crayfish, P.l, trowbridgii (Stimpson) using
crayfish extract in different substrates for each
measuring period.

Substrate
Age PerpendicularDategroup Rubble individual Smooth

c om ra r tm e nt

Yearling Sept. 4 0 0 0
Sept. 20 6. 6 6, 6 6, 6

Subadult Sept. 4 10 0 0
Sept. 20 30 20 20

Adult Sept. 4 10 0 10
Sept. 20 60 10 20

average carapace length and body weight during the experiment (Table

12), particularly in yearlings and subadults, indicated successful

molt and survival of some individuals. As was mentioned before,

there were several cases of mortalities all related to cannibalism

upon molted individuals. Since the obtained results did not satisfy

the objectives of setting this experiment it was soon terminated,

The extract of the molted crayfish was used to see its effect on

fatiguing the olfactory sense in preventing cannibalism following

molting. Five large and aggressive males were selected and placed

close to the outlet of the main box (Figure 5). All crayfish climbed

the ladder a few minutes after being introduced to the main box and

went into the head box. Later on they kept moving back and forth

between the two boxes, but always two or three of them stayed in the
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Table 12, Average carapace length and body weight of three age
groups of crayfish, P.1, trowbridgii (Stimpson), in
different substrates with constant dropping of crayfish
extract in three measuring periods.

Substrate

Age group Rubble Perpendicular Smooth
c om par tm e nt

length weight length weight length weightDate (mmj (gL (mm) (g) (mm) (g)

Yearling

Aug. 20 15, 36 2,08 16. 50 2. 78 16. 00 2,45
Sept. 4 15, 35 2. 10 16. 91 3. 01 16. 30 2. 59
Sept. 20 16.05 3. 19 17. 52 3.29 16.20 2. 67

Subadult

Aug. 20 22. 47 6. 84 20. 15 4. 73 82. 04 6. 35
Sept. 4 22. 60 7.06 20. 78 5. 14 22. 85 7. 19
Sept. 20 23. 10 8. 17 21. 20 5. 44 23.00 7. 62

Adult

Aug. 20 30. 03 17. 23 32. 76 22. 50 34. 87 25. 15
Sept. 4 30. 15 17. 10 32. 80 22. 76 34. 70 25. 26
Sept. 20 29. 40 16. 22 32. 50 23. 92 34. 90 25. 72
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head box trying to find a way to get out of the box. After a week of

starvation, extract of non-molted crayfish was introduced into the

head box for several minutes using an eye dropper. Shortly all three

crayfish in the head box moved into the main box. A constant drip-

ping of non-molted crayfish extract was used for one week. Five

rather large yearlings were placed in the main box and were left

overnight. Only three of the yearlings were found alive in the follow-

ing day and two of them were eaten by the large males, All the

adults and three yearlings were found gathered in a small area of the

ladder next to the main box with large ones in front. Another year-

ling was eaten by the adults two days later but the other two survived

for five days. Not a single crayfish was found in the head box during

the time which crayfish extract was being used. When no more cray-

fish extract was used they behaved as before and usually 2-3 crayfish

could be observed in the head box.

The yearlings were then removed from the system and two

molted subadults were placed in the main box, one hour after using

extract of molted crayfish, All the adults were in the main box but

the two very scared molted crayfish climbed the ladder and went into

the head box. They were gently removed by a small dip net and

placed in the main box several times but they always went back into

the head box. No single response was observed by the large crayfish

toward the molted crayfish even when they were touched by them
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while moving around restlessly to go back to the head box. The

lights were then turned off and they were left overnight. The follow-

ing day one of the molted crayfish had lost a claw which was eaten

by the others. This crayfish stayed in the head box while the other

molted one was found in a corner of the main box close to the outlet.

All the adults were gathered again in the small part of the ladder near

the main box. On the second day the moLted crayfish which had both

claws was eaten by the adults. The other molted crayfish survived

two more days during which extract of molted crayfish was being

used. By this time no more molted crayfish were available to place

in the box or use to make extract. On the fifth day no extract was

used. In the following day three adults were found in the head box

and two in the main box, while from the molted crayfish only one

pair of large gastroliths was left. I was not able to repeat this

experiment since by this time molting had ceased and those which

molted in elevated temperature belonged to other experiments and

could not be used for this purpose.

Miscellaneous Additional Observations

The following observations were made incidentally to the

planned experiments and the following results are reported.

1. Different appendages of different age groups were cut and a

combination of these and individuals with only two claws but no
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other appendages, and crayfish with only walking legs but no

other appendages were placed in the main box. All crayfish

could climb the ladder and go into the head box. Crayfish with

no eyestalk or with painted eyestalk never climbed the ladder,

2. Crayfish of different age groups could eat food when it was

outside of water but in moist areas.

3. Only yearlings had successful molting when they were placed in

a box with dripping water but it was unsuccessful in subadults

and did not commence in adults.

4. In an experiment in which two groups of 10 yearlings and 10

subadults were placed in 15°C and individual cells, one group

of each age class was fed and the other group was not fed from

November 1 to February 15. Three yearlings which received

rio food at all molted from January 26 to February 7. No sub-

adult of this group molted, From the fed group, six yearlings

and two subadults molted from January 14 to February 2.

5. Blue coloration was observed iri only a few of the molted year

lings in 15°C and in the ambient water. Almost all molted

yearlings showed a marked bluish color all over their body in

18-20°C. This coloration could be observed in these animals

even between two molts. This blue coloration was observed

only in individuals which molted from October on.
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6. Three egg bearing female crayfish of which two were P. 1.

trowbridgji (Stimpson) and one was P. leni.usculus (Stimpson)

were caught in Marys River by Mr. Michael Passmore and

brought to me on November 5. They were all kept at 15°C.

On January 5 the eggs of all females were hatched and were

placed in separate aquariums. No juveniles remained attached

to the pleopods or under the tail of the females by January 22,

Within this period most of the juveniles became separated when

the females were examined. But it was found that these

juveniles went back and stayed under the female's tail when

reunited. The juveniles were fed with tubificid worms only,

The temperature was kept at 15°C. Twenty juveniles were

placed in gravel substrate and 20 in leaf pack substrate. Food

was added when necessary. On March 26, 17 and 11 sub-

yearlings were remaining in gravel and leaf pack substrates

respectively, The average carapace lengths were 6. 02 and

7. 17 mm for the subyearlings in gravel and leaf pack substrate

respectively.



118

DISCUSSION

Habitat Preferences

Observations of the natural habitat of Pacifastacus spp.

revealed that subyearling and some yearling crayfish preferred the

leaf packs in the areas close to the banks and in deeper areas with

low velocities. The leaf pack provides a good shelter for these age

groups and is also the habitat of aquatic insects which provide their

food. In laboratory conditions some of the subyearlings did not hide

among the gravel but moved around in the aquarium. They hid only

on being disturbed. Even though they received enough food in both

gravel and leaf pack substrate, the growth rate was much higher in

the leaf pack, but survival was lower. Probably due to the absence

of an appropriate shelter, the molting frequency was lower in the

gravel substrate while it was higher in the leaf pack substrate.

Normally, more cannibalism would be expected in the leaf packs due

to the higher frequency of molting.

In natural environment, most of the yearlings and subadults

are found under the downstream side of rocks where the water had

the least velocity. Some adults were also found under rocks but

mostly they were found along the banks of rivers, in the holes or

within the exposed roots of the trees, where they were provided the

best shelter.
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Rubble substrate, with diameters of 4-7 cm, was found to

furnish the best survival and growth rates for the yearlings at low

densities, Addition of leaf packs to the rubble substrate could be

useful since it not only can be used as shelter but it is a good

medium for production of microorganisms which could be consumed

by crayfish, Rubble failed to provide an appropriate substrate for

the subadults and adults mainly due to the fact that these larger cray-

fish did not have a secure shelter to hide in after molting and the

molted individuals were easily cannibalized, Density was another

factor for these older age groups as even the lowest densities were

found to be too high in the given conditions, Normally, such dens i-

ties would never be used in culturing programs.

Among the group compartments, the ones perpendicular to the

current were preferred by all age groups. This was related to the

fact that water flowed through the parallel compartments but not in

perpendicular ones. In the presence of enough oxygen, crayfish

always preferred the slower water and when single compartments

were placed parallel to the flow, the crayfish occupying them would

turn them to a perpendicular position.

Best Habitat for High Densities
per Unit of Area

The only way for the successful culturing of high densities of

crayfish per unit of area is to use individual ceLls in which



120

cannibalism can be decreased to zero. According to Spitzy (1973

personal communication)3 individual cells are now used in Sweden.

Feeding is a problem where food has to be given to each crayfish

individually. The culturist should also know the mating time and then

place males and females in the same cells for this purpose. In my

experiments, egg carrying females lost all or most of their eggs in

individual cells. This was mainly related to the handling of individu-

als during measurements or disturbing them when cleaning the tanks,

This problem can be solved by placing several mated females in the

same tank and provide group or individual perpendicular compart-

ments for them. Since no molt occurs during the egg carrying

period and these crayfish show the least activities to protect their

eggs, there is no fear for cannibalism. No aggressive behavior was

observed among the 50 egg bearing females which were placed in a

0. 32 m2 section of a tank for 10 days. When the juveniles detach

from the pleopods, the females can be transferred to the individual

cells, where they will soon molt.

Food

Deaths that were not due to molting could not be related to diet

deficiencies because all age groups molted successfully and grew

3A-5761 Hinterthal, Austria.
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during summer and early fall. Also, the yearlings n olted and grew

well in the heated water during fall and winter. All these ,roups

received the same diet. The proportion of plant and anii al. origin

protein in the diet could not pos sibly be the cause of deatrs since the

diet provided both needs,

In several attempts to find out whether the plant Ci :iruimal

portion of the diet attracted more crayfisin of different a;e groups

and which was the preferred diet, it was found that in alt cases diets

of aninaL origin were preferred, Animal origin protein normally has

a stronger smell and can diffuse faster in the water. Crayfish in

individual cells, when fed carrot, potato, Lettuce, split corn or alder

leaf pieces in combination with pellets, in all cases left the ?lant

material untouched if pellets were present. When only plant material

was fed, they consumed only small amounts. Similar results were

obtained when new wild stocks were brought into the laboratory

indicating that coriditionuig had not occurred. Fish, pieces of beef

and fish eggs were always preferred to the pellets in all, age groups.

The above observations raise the question, is the shift from a

diet with 65 animal protein in juveniles to only 10% in adults,

mentioned by Mason (1963), an instinctive shift based on the nutri-

tional needs of different age groups or is it based on the relative

abundance of food types in different seasons ? Late spring and early

summer, when hatching takes place, is the season with the highest
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abundance of aquatic insects (main source of animal protein) and all

age groups are able to obtain their food from them. With the advance

of summer the abundance of insects decreases and the slower moving

adults, having a different habitat from the younger age groups, find it

harder to obtain an animal origin diet except for their cannibalism

upon molted or injured crayfish. In contrast to the adults, the younger

crayfish are more active and occupy leaf pack habitats which contain

more aquatic insects, Plant material is abundant throughout the year

and according to the literature, crayfish feed on fallen leaves and

chew the stem and roots of plants. Pieplow (1938) as quoted in

Kossakowski (1971) has the same idea for crayfish Orconectes

limosus (Raf, ) and believes that changes in dietary regime of this

crayfish are related to the seasonal abundance of different food types.

In order to solve this problem and obtain the exact answers, it is

necessary to conduct an experiment in which different diets are

available for all age groups year round, By constant measurement

of the leftover food, it is easy to conclude if a shift from animal origin

diet to the plant origin diet in adults is basically a phenomenon related

to the seasonal abundance of different diets, or if it is an instinctive

shift based on the needs of different age groups.

Cannibalism

Cannibalism among crayfish increases with increasing density,
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It takes place among crayfish of any age group on molted individuals

of different sizes, Crayfish are not cannibalistic one to two days

before molting and before their exoskeleton has hardened after

molting. No other food can compete with a molted crayfish. The

newly molted crayfish will not usually be preyed upon by others until

several hours to a day after molting and no crayfish was found to be

eaten by others when molting was unsuccessful, The very sharp

smell or a newly molted crayfish (or a crayfish unsuccessfully

molted) may be a factor protecting the helpless crayfish before hiding

itself properly. Some space is needed for the crayfish during molt-

ing, and the molting crayfish may move from one point to another

particularly when it is about to bring out the claws and walking

appendages. This promotes the idea that in natural conditions cray-

fish which are hiding under the rocks. may have to leave their hiding

spots for successful molts and return to them after molting. This

was always noticed in individual compartments in which the molting

crayfish left the compartment and returned to it after molting. The

odor of molted crayfish is a protective agent in this critical period.

The non-molted crayfish do not eat the exuvia of the molted crayfish,,

Detection of the Molted Crayfish

The molted crayfish are found by others through the use of

sensory organs that include olfactory, optical and/or tactile senses,
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By cutting the antennae and painting the eyestalks a crayfish is reduced

to finding molted caryfish by touching. This likelihood is reduced

under low densities. In a dense population the molted crayfish can be

found through the use of both the olfactory organs and by touch, They

are then pulled out from their hiding places and cannibalized. With

lower densities and shelter the possibility of finding a molted cray-

fish is lowered because the molted crayfish do not move around and

stay in their hiding places until their new exoskeleton becomes hard

enough to be safe, Here the olfactory and optic organs play important

roles in locating molted crayfish.

The negative results obtained in using the extract of non-molted

crayfish to fatigue the olfactory sense in order to prevent cannibalism

on the molted crayfish indicated that molted crayfish has a different

smell which attracts the other crayfish, This smell could be related

to the molt hormone and will diminish gradually when the exoskeleton

is hardening. Use of the extract of the molted crayfish showed that it

is possible to provide olfactory fatigue in non-molted crayfish to

protect the molted crayfish from cannibalism,

It looks to me that there is an escape response among crayfish

when they are exposed to the smell of crushed crayfish in their environ-

ment. This was proved by adding hardshell crayfish extract to the

main box of the apparatus (Fig. 5) and watching the individuals leaving

the head box and not coming back to it until addition of the crayfish
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extract was stopped. Also, no crayfish was ever caught using crushed

crayfish for bait. Indeed, all crayfish which were attracted to the

cat food bait returned to their hiding places after smelling the crushed

crayfish. This smell could be warning to the crayfish to escape,

since it may indicate the presence of a predator or an aggressive

crayfish.

How to Prevent Cannibalism

Of the results obtained from different experiments I concluded

that there are three ways to prevent or decrease cannibalism in cray-

fish in commercial culturing: (1) to select low densities along with

proper rubble substrate and/or leaf packs (depending on the age

groups) to provide hiding places for the molted individuals; (2) to use

individual cells; and (3) to provide a constant smell of molted crayfish

(along with hiding places) in order to provide olfactory fatigue. The

ecdysone could be the agent, and if more experiments give similar

results, it can be separated and synthesized commercially,

A second kind of cannibalism is that on non-molted crayfish.

This is mainly done in cases of high densities and when age groups

are not sorted properly. In cases like this most of the individuals,

particularly the younger ones, lose some of the appendages namely

antennae, claws, and walking legs, and become weaker which results

in losing their ability to defend themselves or escape. Such iridivi-

duals may soon become cannibalized by other individuals.
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Environmental Factors and Mortality

Besides cannibalism, death in crayfish occurs during molting

and as a result of parasites, diseases, and other factors. Mortality

related to molting was only observed in the laboratory during the

season in which crayfish do not normally molt in nature. This kind of

mortality is the result of interaction between environmental factors

and the physiological state of the crayfish. None of the chemical

factors, namely ammonia, oxygen, and pH, could possibly be the

cause of death because the water was well conditioned. Food also

was not a limiting factor. Photoperiod and temperature were there-

fore felt to be the important mortality factors. In the experiment of

August 15 to January 22, among the groups in 20°C, the time between

September 27 to October 17 was a critical period in which 70. 0,

18. 7, and 20, 0% of the cumulative mortality of yearling, subadults,

and adults occurred respectively (Fig. 28). A second critical period

was not observed for the yearlings. December 15 through January 7

was also critical for subadults with 50% of all mortality occurring.

December through January for the adults with 64% of all mortality

taking place was their second critical period.

In the ambient temperature the photoperiod was criticaL for the

yearlings from the beginning of September in which the 90% of those

that molted all died (Fig. 29). Though the length of photoperiod was

riot long enough to induce molting, food availability was possibly a
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complimentary factor to induce molt in the laboratory. September 4

to September 27 was the critical period for subadults and adults in

which 70.0 and 41. 6% of all mortality occurred respectively. No

molting occurred after September 17 among these two age groups.

Molting among the groups in warm water indicated that when the

photoperiod is not long enough to induce molting, temperature can be a

complimentary factor that induces successful molting.

Light has a direct effect on the y-orgarl and results in the

release of the molting hormone (Aiken 1969). Commencement of

molting is a result of the interaction between the molt inhibiting

hormone and the molt hormone. Molting occurs when the molt hor-

mone dominates the molt inhibiting hormone. Mortality in different

stages of molting or during the post molt is related to the degree of

dominance of the molting hormone. In an interpretation of the data

from Brown and Cunningham (1939), Aiken (1969) has stated that in the

eyestalkless crayfish, implantation of sinus gland tissue caused the

release of the molt inhibiting hormone. Those crayfish which released

more molt inhibiting hormone showed only the first sign of molting,

but those which received lesser amounts of molt inhibiting hormone

molted successfully. In the literature a successful molt usually is

meant to mean the commencement of molting without failure. I was

unable to find any information about mortality after successful molt-

ing which was commonly observed in my experiments. With only two



128

exceptions, in the ambient water, all yearlings molted successfully,

but there was 100% mortality after molting. Only some of the year-

lings in the heated water died after molting. Almost all subadults and

adults that molted in warm water after mid-September died up to a

few weeks after molting. Most of them had hard exoskeletons before

death. Such deaths were not observed among the non-molted indivi-

duals indicating that mortality was related to molting. In most

cases, particularly in individuals which died at least a week after

molting, the loss of one or both claws was common. In such cases

the individuals were almost motionless and it was hard to see if they

were dead or alive except by touching them. The claws looked nor-

mal and hard enough, except they had a slimy appearance. Little

activity was observed among these individuals prior to the loss of the

claws so it cannot be related to activities before the exoskeleton was

hard enough, Feeding and particularly consumption of exuvia were

rather normal prior to the loss of claws, but after this no food was

consumed by these individuals. As it has been mentioned before,

food or deficiency of a particular nutrient could not possibly be the

cause for the given death.

These results indicate that a successful molt does not demon-

strate that the environmental conditions are proper for the animal to

molt. The interaction between the environmental factors and the

physiology of crayfish may even continue after successful molting and
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result in the death of the animal, The interaction between photo-

period and temperature along with the age of the crayfish is important

in mortality after molt. In a given temperature longer photoperiods

are necessary to induce molt in larger crayfish.

In order to set tht proper photoperiods to induce molting in this

crayfish during non-molting seasons, we should first look at the

natural environmental conditions in which these crayfish live. Mason

(1963) had indicated that in Berry Creek, juveniles of this species

begin to molt in early spring and their molting ceases by late fall.

The adults do not generalLy start n-:olting until June and most of the

anirrals not until July or August. The daylight photoperiod for Berry

Creek has been given by Reese (1966). The monthly maximum and

minimum temperature for Berry Creek were reported by Warren

etal. (1964) for the year 1960 in which Mason was doing his experi-

rnents. Even though these temperatures were tacen at the upper end

of the controlled section of Berry Creek, according to Davis (1974

personal communication)4, the differences between these tempera-

tures and those of the creek in general were not significantly different

(Fig. 43).

At the beginning of spring the photoperiod is 12 hours and the

temperature about 10°C (8- 11°C for March) when juvenile crayfish

4Associate Professor, Department of Fisheries and Wildlife,
Oregon State University.
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began to molt. Six months later, by the beginning of fall, again the

photoperiod is about 12 hours light, but the temperature is higher

than the beginning of spring. In contrast to the spring period, the

photoperiod and water temperature in the fall begin to decrease

rather sharply and in November (one month later) the photoperiod is

about 10 hours light and the temperature for this month ranges between

12 and 7°C (for 1960), when no molt occurs among the juveniles.

Molt starts 3-5 months later in the adults when the photoperiod ranges

between 15. 5 to 13. 5 hours and temperature ranges between 13. 5 to

19°C for this period. Molt ceases in the adults in September when

the photoperiod is from 13. 5 to 12 hours and temperature ranges

0 0from 18-11 C. The temperature was 13 and 12 C on October 8 and

October 19 respectively in Rock Creek arid the Luckiamute River when

all females had spawned their eggs. This indicates that in natural

conditions the threshold photoperiod for molting is about 12 hours for

the juveniles but it is longer for the adults, The length of the pre-

molt stage, after the gastroliths have started to form, is directly

related to the water temperature.

The critical periods from early September to mid-October, in

which most of the mortality among different test groups in both

ambient and heated water occurred, was probably related to the sharp

decrease in photoperiod from 13. 5 hours to less than 11 hours.

During this period the yearlings in ambient water could riot tolerate
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the decreasing temperature even though the photoperiod was initially

above the threshold; however, 65% of the yearlings in warm water did

tolerate this critical condition. Even though the photoperiod was

gradually decreasing up to the end of this experiment, the yearlings

successfully molted, grew, and experienced low mortality toward

the end of the experiment. The photoperiod was down to only 9 hours

of daylight in late December and early January; however, the yearlings

continued to successfully molt at 18°C while the subadults and adults

started to molt but either died in the process or in a few days to a few

weeks after successfully molting. As was mentioned before, this

experiment started at 20°C, but later on, on November 15, it was

changed to 18°C. In heated water, with two exceptions, no molt

occurred among the adults from September 9 to the beginning of

January. ALso, no molting occurred among the subadults at the same

temperature during November, Molting started again in December in

subadults and with only one exception, it started early in January

among the adults.

The photoperiod ranged from 10 hours on November 1 to about

9. 5 hours on December 1, a photoperiod quite below the natural

threshold to induce molt in these age groups. The question is raised

why they did not molt during October and November when the photo-

period was two hours longer at the beginning of October? A possible

answer to this question may be the change in temperature, from 20°C
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to 18°C, particularly since the first molt started 18 days after the

change. At the end of this experiment, unfortunately, I did not look at

the gastrolith formation of the groups in ambient water so I cannot,

with confidence, state if gastrolith formation had been started at the

lower temperature. But from one subadult and one adult, which died

late in December, none of them showed any sign of gastrolith forma

tion.

In the experiment of January 25 to March 30 it was noticed that

a photoperiod of 12 hours light-12 hours dark was more effective in

inducing molting when compared with the photoperiod of 16 hours

light-8 hours dark. Regardless of the temperature, in 16 hours

photoperiod 43. 3 and 40.0% of the subadults and adults respectively

mo].ted or showed final gastrolith formation. In 12 hours photoperiod

it was 66. 6% for each age group. Temperatures of 15 and 18°C had

similar effects on molt and gastrolith formation but molting started

earlier in 18°C and more individual molted either successfully or

unsuccessfully. The higher numbers molting at 18°C temperature

was probably a result of the higher Q-lO value, while the rather equal

number of molts and gastrolith formations in 15 and 18°C indicated

that difference between two temperatures had no effect on promoting

the molt, In the ambient temperature, even though no molting

occurred, the gastrolith formation among the groups in 12 hours

photoperiod was twice that for those in 16 hours photoperiod.
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In photoperiod experiments, Aiken (1969), working on Orconectes

virilis, found different results from those of Stephens (1955) who

worked with Cambarus virilis, Both investigators used yearling cray-

fish. Both experiments were conducted in October. Stephens had a

very high mortality in his experiment at a temperature of 15. 3°C and

photoperiod of 16 hours light-8 hours dark. Out of 65 individuals in

this group,there were 18 cases of gastrolith formation, one unsuccess-

ful molt and six successful molts from which only the last six indivi-

duals survived. Twenty-one individuals died without showing any sign

of molting. Aiken had a group at 20°C and a photoperiod of 20 hours

light-4 hours dark in which all individuals molted successfully within

30 days.

Comparing the above results with my experiments, it seems that

both photoperiods were certainly above the threshold for molting but,

besides the species differences, the temperature was not the same,

Since I had 100% mortality among the yearlings in the ambient water,

with an average temperature of 14. 7°C in September (Fig. 25), but

successful molting in 20°C, I can conclude that temperature was the

controlling factor for mortality and unsuccessful molts in Stephens

experiments, not photoperiod.

The six individuals that Stephens reported to have molted

successfully, he indicated survived through the experiment. I was

unable to find out when he terminated his experiment to see how long
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they actually survived after molting. Aiken also did not indicate latent

mortality after successful molting in his experiment. In my experi-

ments all of the first group of yearlings died after molting. In the

second group, even though one individual molted twice, all of them

died 1-23 days after successful molting. The longer survival after

molting indicates that the daylight photoperiod in that particular

season (11,25 hours on October 1 to 10, 02 hours on November 1) was

still enough to induce molt at least in laboratory conditions, Either

the photoperiod was not long enough or the temperature was not

desirable for longer survival. In Stephens' experiment, it appears

that temperature was of more importance.

The interaction between photoperiod and temperature in my

experiments proved to be highly significant in the molting and survival

of yearlings and other age groups, I was not able to study the effect

of different photoperiods on molting of yearlings or any other age

groups in temperatures below the ambient. In an average tempera-

ture of 10. 3°C from October 15 to November 15, I noticed that in the

daylight photoperiod of that particular time the yearlings were able to

molt even though they died after their successful molting. Regard-

less of survival, it looked to me that with decreasing temperature and

increasing photoperiod, yearling crayfish will be able to molt, Aiken

(1969) used two different photoperiods of 7 and 16 hours light and a

constant temperature of 4°C. Starting in November, he used two
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groups of yearlings in each photoperiod every month to see the sea-

sonal effects of the environment on induction of molt in given photo-

periods. He found that both 7 and 16 hour photoperiods were not

enough to induce molt in November. In December, a 7 hour photo-

period was too short for molting and only 20% of those in 16 hours

began molting and died during the process (stage E2). In January,

7 hour photoperiod was still too short, but in 16 hours photoperiod

96. 7% of the yearlings molted in which all of them died during stage

E3). In February, the 7 hour photoperiod was still short but 70% of

them molted from which only 40% were successful. All individuals in

16 hours photoperiod molted rapidly and successfully. Here again

nothing has been mentioned about the mortality after successful molts.

According to Aiken (1969), the molting hormone may possibly

act independently from the molt inhibiting hormone so it is possible

that the y-organ which synthesizes the molt hormone is under the

direct influence of light. He also stated that the release of molt

inhibiting hormone is directly related to the length of the photoperiod.

In my experiment it was found that molting and final gastrolith forma-

tion in 12 hours light-l2 hours dark was more than in 16 hours light-

8 hours dark regardless of the temperature. Molting was 13. 3 and

24.4% and final gastrolith formation was 28.9 and 42. 2% for 16 hours

light and 12 hours light periods respectively. Since photoperiod was

the only difference between two groups in each temperature, it
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brings to mind the assumption that photoperiods much longer than the

threshold may act to release the molt inhibiting hormone by the eye-

stalks or through the control of the central nervous system. Expo-

sure of crayfish Cambarus virilis Hagen to moderate or brilliant

illumination resulted in the release of a chemical substance from the

eyestalks which reduced locomotion activities (Roberts 1944). The

reduction in locomotion will lower metabolism which in turn will

reduce the molt frequency. Stephens (1955) found the highest mor-

tality among the groups in the longest photoperiod. Possibly a long

photoperiod can provide effects similar to brilliant illumination.

According to Scudamore (194Z) the central nervous system puts out

an extract which accelerates molting. Long photoperiods may retard

the central nervous system in putting out the molt accelerator or also

may retard the y-organ in releasing the molting hormone.

The question may be raised why molting is more frequent in

spring and summer when the daylight photoperiod is longer than any

other season? We should bear in mind that photoperiod would never

exceed 15. 5 hours (Fig. 43) between June and July. If the threshold

photoperiod is about 1Z hours for this species and a 16 hour photo-

period appears to lower the beginning of molting, then there must be

an optimum photoperiod somewhere between 12 and 16 hours. Fur-

ther experiments are needed to find this optimum photoperiod more

pr e c is ely.
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Control of Molt

Molting is a complicated physiological phenomenon which is

controlled by external and internal factors. Of the external factors

the effects of photoperiod, temperature, availability of food, or in

other words the seasonal changes have already been discussed,

Another external factor is the type of substrate and the security which

the substrate can provide for crayfish after molting. High densities

of animals also decrease the frequency of molt even though enough

food is available. Some of these factors have varying effects on

different age groups. Maturity complicates the pattern of molt and,

depending on the sex of the adults, they may molt only once or twice

every year. But in the molting season, the frequency of molt is

higher among the subadults and adults when they have more security

after moLting. Induction and inhibition of molt can also be under the

influence of internal factors of which the central nervous system

could be named. As it was mentioned before, molt accelerating

substances have been found in the central nervous system (Scudamore

1942) and it is possible that decelerating substances may be produced

by the same system.

Molting in most cases was very low or zero among the adults

or subadults when they were kept on a smooth substrate during the

molting season, Even the eyestalkless crayfish did not molt on
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smooth substrate in 16-17°C. In contrast, the eyestalkless adults or

subadults molted frequently in smooth substrate at 20°C. Release of

molt inhibiting hormone and molt hormone is an internal physiologi-

cal phenomenon which is controlled mainly by the external factors.

The eye stalkless crayfish will molt more frequently because no more

molt inhibiting hormone is released internally. However, the

absence of molt inhibiting hormone is not always accompanied by the

release of the molting hormone, In abnormal environmental condi-

tions such as cold temperature or in the absence of proper shelter,

the secretion of molting hormone will be stopped or nullified through

the influence of the central nervous system. The ability of the

central nervous system to control molting in such situations may

decrease with the change in one or more of the environmental factors.

The absence of security after molt prevented molting in subadults in

16-17°C but the effect of 20°C was to induce molt in adults and sub-

adults. The frequency of molt among yearlings or subyearlings in

smooth substrate was not appreciably different from that in other

substrates.

Ovarian Maturation, Hatching, and Manipulation
of Reproductive Cycle

According to Mason (1963) the first sign of ovarian maturation

in this species in Berry Creek was observed in early August in which
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all ovaries contained small, white, immature eggs. Copulation started

in mid-September. Spawning took place rapidly following copulation

and hatching started late in April and ended early in June. Looking at

the natural conditions, the temperature at which mating can occur is

around 14°C. The average temperature for my ambient water

experiments in September was 14. 7°C, The first mating was

observed on September 29 when the temperature was 14°C. The

average temperature for October was 11. 3°C, but all females in the

ambient water were mated by October 3 when the temperature was

12. 5°C. Because no successful mating was observed in 20°C, it

seems to me that the optimum temperature for mating and spawning

is between 13-15°C. The ambient temperature was normally higher

than the average of 14. 7°C previous to September.

The egg carrying period, which is between 7-9 months, was

successfully reduced to only 2-3 months by placing egg bearing

females in a constant temperature of 15°C (Observation No. 6).

Hatching and survival was normal and if young are kept at or above

15°C, provided with proper substrate and food, very good growth

could be expected. All the females molted 2-3 weeks after they were

freed of juveniles.

By using proper temperature and photoperiod in different

seasons, it is possible to manipulate the reproductive cycle and obtain

eggs from the adult females twice a year. Although this idea needs
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more study, it does seem promising. As was mentioned before,

ovarian maturation, spawning and hatching take place in August,

September-October, and April-June respectively. This is a period of

10 months. In terminating my experiments on March 30, it was found

that most of the adult females had well developed small, yellow,

immature eggs in both photoperiods and only one female in the ambient

water had small, white and immature eggs, The yellowish color in

the eggs is the result of the presence of more fat which indicates a

higher degree of maturation compared with the white eggs. One of

the females whose eggs hatched early in January, and survived after

molting in 15°C, had also yellowish colored, small, immature eggs,

The effects of both photoperiod and temperature are important in

promoting the ovarian maturation that took place 4-5 months earlier

than in nature, From the above results it appears that one can

decrease the reproductive cycle from the beginning of ovarian

maturation to hatching from 9-10 months to 4-5 months providing the

proper environmental conditions are present during late spring and

summer.

A temperature of 15°C seems to be the optimum temperature

in which ovarian maturation, mating and spawning will take place in a

normal daylight photoperiod in spring and summer and a 12 hours

light-12 hours dark photoperiod during fall and winter. It is wise to

drop the temperature a few degrees two or three weeks prior to
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mating and then change the temperature to 15°C for a week after

spawning. A temperature of 18°C seems to be the best for subyear-

lings and yearlings all year round.

Growth

Measuring growth rates of subadults and adults in group corn-

partments and rubble substrate for the densities that I used proved to

be impossible due to very high rate of cannibalism upon the molted

crayfish. Yearlings were the only group in which growth rates in the

given conditions could be obtained. The lowest density among the

yearlings in rubble substrate had the best growth and zero mortality.

Higher densities showed lower average growth rates and higher mor-

talities. Because higher densities received higher daily rations,

food could not be a limiting factor. A decrease in molting frequency

in higher densities may be related to the assumption that an internal

factor controls the molting frequency for the sake of survival of the

individuals. As was mentioned before, this assumed internal factor

has relatively less influence among the yearlings.

The growth rates of all age groups in rubble substrate were

lower in brackish water. Because it was almost impossible to keep a

record of the molts in rubble substrate and group compartments, it is

hard to conclude whether lower growth rates in brackish water were

due to a lower molt frequency, or the molted individuals put on less
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weight and grew less in brackish water. Mortality related to molting

was higher in brackish water. In half cylinder and perpendicular

group compartments the growth rates of yearlings in brackish water

were significantly higher than freshwater, but was opposite in parallel

compartments. Comparing these with the results obtained from the

groups in rubble substrate, it seems to me that the differences could

not possibly be a physiological phenomenon, but are related to the

interaction between the animals and the substrate. More investiga-

tions are necessary to draw more appropriate conclusions,

From the results obtained for the experimental groups in

individual cells, it was noticed that the instantaneous growth rates

varied with the age of the crayfish. Younger age groups grew more

than the older age groups. The average percent increase per day was

higher in warmer water during the period in which crayfish in both

temperature regimes were molting (Figs. 35-37). In all three age

groups this was higher for the groups in ambient water for the period

between September 4 to September 27. This was related to the fact

that molting started later at this temperature and few if any of the

yearlings (and others) molted in the period between August 15 to

September 4. The higher growth rates for the yearlings in ambient

water for the period between September 4 to September 27 is because

all the molting occurred during this period.
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Comparison of the growth rates for the yearlings in late spring

through summer with those in fall and winter in my laboratory con-

ditions revealed that relative growth rates decreased as the next

molting season approached. Several reasons may be needed to answer

this particular problem: (1) molt frequencies are higher among the

crayfish of all age groups (particularly yearlings) during spring and

summer, and Lower during fall and winter under the same conditions;

(2) a better set of environmental conditions during the fall and winter

may induce more frequent molting and consequently better growth;

and (3) frequency of molting decreases with increasing age. Growth

rates in young crayfish may be high but with increasing age it tends

to decrease in the proportionate expansion at each molt.
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CONCLUSIONS AND SUGGESTIONS

Cannibalism, a major problem confronting crayfish culture, can

be alleviated by using proper densities in the presence of a good

shelter in which molted crayfish can hide. When it is desired to culture

higher densities of crayfish per unit of area, cannibalism can be

decreased almost to zero using individual cells. The individual cells

can be constructed from wood, clay or from non-toxic plastic

materials, provided that water circulation is adequate. Because of

the hiding nature of crayfish, addition of single individual compart-

ments of proper size to each cell can provide a better shelter for

yearlings, subadults and adults. Leaf pack can provide a better

shelter for subyearlings in individual cells. When individual cells

are not being used, constant addition of synthesized ecdys one or the

chemical substance released by molted crayfish can provide olfactory

fatigue in non-molted crayfish, and with appropriate shelter provided,

cannibalism can be reduced markedly.

A year-round temperature of 18°C for the subyearlings and

yearlings and 15°C for older age groups provide the optimum tempera-

ture. It is best to drop the temperature 2 or 3°C for subadults and

adults, two or three weeks prior to mating and increase it again to

15°C a week after spawning.
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If heated water is not used, care must be taken to shorten the

photoperiod below the threshold during the fall and winter to prevent

induction of molt in presence of unfavorable conditions. Unless an

optimum photoperiod has been provided for each age group in these

seasons, molting among all age groups after August will result in

mortality.

A normal day length photoperiod can induce successful molts

among all age groups during spring and summer. Given the above

photoperiod, in heated water and in the presence of enough food,

crayfish of all age groups can molt twice or three times more than in

nature, given the above conditions during spring and summer. Sub-

yearlings and yearlings can successfully molt during fall and winter

in 18°C and a normal day length photoperiod. A photoperiod of 12

hours light- 12 hours dark provides a better condition for the young age

groups during the fall and winter. Because in all conditions, molting

resulted in death of subadults and adults from mid-September through

January, it is necessary to decrease the photoperiod to only a few

hours for these age groups if heated water is to be used. This will

prevent undesirable molting but will promote the reproductive cycle.

In pond culture it is necessary to provide rubble substrate of

different sizes in which smaller rubble can be placed near the banks

and larger rubble in the deeper parts and the medium-size rubble in

between. This will help to separate the different age groups to some
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extent and normally will provide better survival. It is necessary to

add leaf packs to all sizes of rubble, particularly to the smaller size.

This will provide a better shelter for subyearlings and yearlings and

will serve as food directly or indirectly.

The crayfish pellet, like I described, or a similar diet, is

recommended if artificial feeding is going to be used. This kind of

diet can satisfy the dietary needs of all age groups if both plant and

animal origin protein are necessary for these animals.

It is economical to use small pieces of food and feed them more

frequently with less food at a time to prevent wastage. This is due to

the fact that crayfish of all age groups approach their food aggressively

but do not consume leftovers.

The following experiments are suggested for future investiga-

tors to further the knowledge for culturing Pacifastacus spp.

1. A year-round experiment using all age groups and providing both

animal and plant origin diets to investigate the natural dietary

needs of each age group in different seasons.

2. A year-round photoperiod (with intervals of one hour) and

temperature control experiment to find the optimum photo-

period for each season.

3. More investigations are needed concerning use of the molted

crayfish extract or synthesized ecdys one to prevent cannibalism

through olfactory fatigue in all age groups.
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4. In order to accept or reject my assumption for the possibility of

manipulation of reproductive cycle and obtaining eggs twice a

year, more investigations are needed, using the proposed

environmental conditions or others if necessary.
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