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ABSTRACT

Immature Orconectes rusticus rusticus (Girard) were

collected from Doe Run, Yeade Co., Ky. on January 16, June

1, and October 21, 1972, for the purpose of examining the

effects of three different temperatures (14C, 18C, and 22C)

and three different photo, eriods (6L:18D, 15L:9D, and 24LL)

on seasonal molting patterns. For each seasonal experiment,

144 crayfish were placed in 3 3 experimental units and

maintained for a 90-day period.

In Experiment 1 (January l8-4ril 18), 98 molts were

attempted with 98% of the molts being successfully complet-

ed. Arrangement of these molts within the separate treat-

ments of this experiment indicated that there was a highly

significant linear relationship between increasing temper-

ature and increasing populational molt frecuency as well as

a significant linear relationship between increasing length

of vJhotophase and increasing molt frequency. No crayfish

molted during the first 15 days of this experiment and an-

imals in the warmest temperature molted an average of 17.06

days earlier than those in the coldest temperature.

Crayfish in Experiment 3 (October 23-January 20) molt-

ed in similar patterns with resect to temperature and pho-

toperiod but molted in fewer numbers (43 molts attempted)

than those in Experiment 1. Animals molted immediately



upon initiation of this experiment and crayfish kept at 22C

molted in highest numbers toward the end of the experiment.

Ninety five percent of the molts attempted by these cray-

fish were successful'.

Crayfish in Experiment 2 (June 3-September 1) molted

in the highest total number of all of the experiments (144

molts attempted) but with the lowest percentage of molts

successfully completed (30%). A.1though molt mortalities

were high in this experiment, they appeared to occur inde-

pendent of tem,erature and j_hotoperiod treatments. Cray-

fish molt frequency showed a significant quadratic relation-

ship with temperature but no relationship between success-

ful or unsuccessful molt frequencies and increasing photo-

phase was noted.

Two auxiliary experiments were also completed in which

46 adults collected in June were tested for molt frequency

in three different light intensities (10, 40, and 110 f.c.)

and 48 adults collected in October were compared directly

with the molt frequency of 48 immatures. In both experi-

ments, adults molted in fewer numbers than immatures tested

at the same time, the greatest difference being found in

the October experiment (3 adult molts vs. 19 molts by im-

matures). No relationship between light intensity and molt

frequency was found.

No sex differences or interactions between treatments

were found in any of these experiments.

vi



Discussion of these results centered around the char-

acterization of a proposed molt control mechanism for this

population of 0. r. rusticus. Such a mechanism was char-

acterized as being most sensitive, on a populational level,

to temperature and photoperiod during the spring and fall

seasons and less sensitive or insensitive to these same sig-

nals during the sunner. The linear aspect of the relation-

ship between treatments and molt frequencies in Experiments

1 and 3 was interpreted as an indication that either this

molt control mechanism is less sensitive to environmental

signals than the one previously characterized for more north-

ern populations of 0. virilis or that more individual vari-

ation exists in this population of 0. r. rusticus.

The large number of mortalities that occurred in Ex-

periment 2 was discussed but not explained.

vii



ACKNOWLEDGEMENTS

ABSTRACT

FIGURES 

TABLES  

INTRODUCTION  

METHODS AND MATERIALS 

RESULTS

DISCUSSION  

Temperature 

Photoperiod 

Molt Mortalities  

Light Intensity 

Adults vs. Immatures  

Interactions  

SUMMARY 

LITERATURE CITED  

viii

TABLE OF CONTENTS

Page
  iii

  iv

ix

1

10

  16

32

33

39

41

42

42

43

46

48



FIGURES

FIGURE 1. Environmental chamber used for testing Or-

conectes rusticus rusticus   12

FIGURE 2. Total number of molts completed by immature

Orconectes rusticus rusticus over ninety-day

periods of Experiments 1 (January 18-April 18),

2 (June 3-September 1), and 3 (October 23-

January 20)  18

FIGURE 3. Number of molts per five-day period for Exper-

iments 1, 2, and 3   20

FIGURE 4. Number of molts by immature Orconectes rusticus

rusticus within 14C, 18C, and 22C treatments

of Experiments 1, 2, and 3   25

FIGURE 5. Number of molts of immature Orconectes rusticus

rusticus within 6L:18D, 15L:9D, Laid 24LL treat-

ments of Experiments 1, 2, and 3   28

FIGURE 6. Number of molts per five-day period within the

14C, 18C, and 22C treutments of Experiments 1,

2, and 3   38

ix



TABLES

TABLE 1. Total, successful, and unsuccessful molts by

Orconectes rusticus rusticus and mortalities

not associated with molting   17

TABLE 2. Temporal occurrence of molting by Orconectes

rusticus rusticus in three seasonal experi-

ments   19

TABLE 3. Mean number of days and standard deviations

to the completion of the first molt of Or-

conectes rusticus rusticus  22

TABLE 4. Numbers of molts occurring within exoeriment-

al treatments of seasonal experiments by Or-

conectes rusticus rusticus  24a,b

TABLE 5. Average gain in carapace length of Orconectes

rusticus rusticus undergoing one successful

molt  30



INTRODUCTION

The objectives of this study were to determine in con-

trolled conditions the extent of the effects of temperature

and photoperiod upon molting patterns in one species of cray-

fish, Orconectes rusticus rusticus (Girard). Three different

temperatures (14C, 16C, and 22C) and three different photo-

periods (6L:18D, 15I49D, and 24LL) were tested on immature

crayfish obtained at three different times of the year (Jan-

uary 16, 1972; June 1, 1972; and October 22, 1972) from Doe

Run, Meade (Jo., Kentucky. The effects of these treatments

upon the crayfish used were measured by observing the fre-

quency and success of individual molts (ecdysis) as well as

the temporal arrangement of molting within the 90-day exper-

iments.

Molting is one of the most important aspects of crus-

tacean physiology. The presence of an exoskeleton for pro-

tection and muscle attachment is advantageous but such a

rigid cz,lcified structure places severe restrictions on

growth. For animals with exoskeletons, molting is the only

means of growth. The periodic replacement of integument

directly and indirectly affects most aspects of the life of

a crustacean, including metabolism, reproduction, behavior,

rid oter processes.

1
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At one time, the term, molting, referred only to the

actual exlviation (ecdysis), but more recently the term has

come to include pre-molt, molt, post-molt, and inter-molt

(Drach, 1939; Passano, 1960; Kurup, 1963; Aiken, 1968b).

This cycle is continuous, since recovery from one molt is

immediately followed by preparation for the next. The ac-

tual ecdysis (Stage E) takes only a short time compared to

the whole cycle, but this period presents mechanical, phys-

iological, and biological danger.

Mechanical difficulty occurs as the animal actively

withdraws from the cld exoskeleton (Passano, 1960; Lockwood,

1967). Aiken (1968b) divided ecdysis (Stage E) into four

distinct terminal subcategories: El, E2, E3, and E4. Ani-

mals that became entangled in the old exoskeleton and were

unable to complete exuviation were termed El, E2, or E3,

depending upon the degree of withdrawal previous to termin-

ation. All of these unsuccessful molts resulted in the

death of the crayfish involved. A molt which was success-

fully completed with the animal totally withdrawing from

the old carapace and surviving to initiate another molt

cycle was termed E4.

Physiological problems arise from the heavy uptake of

water that occurs following ecdysis and the associated di-

lution of the total ion c ncentration of the body. Permea-

bility changes in the softened cuticle prior to deposition

of chitin and calcium also present problems. Finally, bio-

logical danger arises from the increased susceptibility to
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disease and predation of the newly molted animal (Lockwood,

1967).

The molt cycle of crustaceans is currently believed

to be controlled by two principle hormones: molting hormone

(ME) and molt inhibiting hormone (MIE)(Carlisle and Knowles,

1959; Passano, 1960; Mobberly, 1963; Lockwood, 1967; Costlow,

1968; Aiken, 1969b). Molting hormone, produced and released

by the Y-organ located in the thoracic region of crayfish,

is apparently responsible for initiating ecdysis. Molt in-

hibiting hormone is produced by the X-organ of crayfish and

stored for release in the sinus gland complex of the eye-

stalk. It is believed that the presence of this hormone

inhibits the secretion of ME. Activation of the Y-organ

by a reduced concentration of MIH causes the release of MR

into body circulation, bringing about the pre-molt phase.

It is believed that, once initiated, the molting process

will then continue until the completion of one full molt

cycle is achieved. During intermolt, high levels of MIH

will inhibit the activation of the Y-organ until sufficient

metabolic reserves are stored to start the cycle again.

McWhinnie, et al. (1972), suggested that several molt con-

trol hormones may be involved in this cycle.

The possible effects of environmental conditions upon

the endocrine MH-MIH balance have received little attention

in the literature. Some consideration has been given to the

possible effects of environmental and mechanical variations

on the speed and degree of completion of molt cycles in
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crustaceans. Limb loss stimulated Itolt activity in labora-

tory experiments on the land crab, GecL,reinus laterJis 

(Skinner and Graham, 1970), and the presence of another

individual inhibited successful molting (Bliss and Boyer,

1964). An inhibition of molting by the presence of un-

natural environmental conditions and soil humidity was also

demonstrated (Bliss and Boyer, 1964).

Limb loss (Mobberly, 1963; Stevenson and Henry, 1971),

eyestalk removal (Scudamore, 1947; Mobberly, 1963), and the

removal of eggs from "in berry" females (Scudamore, 1947),

accelerated the molt cycles of crayfishes. These factors,

however, are primarily dependent upon population density

and predator-prey relationships and would, as a result, be

more important on the individual molt level than they would

be to the overall populational molt condition.

A population existing in a temperate region would be

exposed to seasonal variations in meterological and climatic

conditons and would find certain times of the year undesir-

able for the initiation of the critical period of ecdysis.

Signals used for the coordination of the molt cycle, then,

should properly reflect the changing seasons so that proper

avoidance of unfavorable molting conditions can be made

(Iittendirgh and Minis, 1964; Adkisson, 1966). Such signals

would be most valuable if they remained constant from year

to year. Above all, these environmental keys must allow

the population to detect and take advantage of favorable

environmental conditions as well as avoid unfavorable con-
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ditions. Temperature and photoperiod are two possible en-

vironmental variables that would seem likely to fulfill pro-

posed requirements.

The role of temperature on molting patterns of crus-

taceans has, for the most part, been neglected. The ma-

jority of work has been done in laboratory studies of other

metabolic activities. Orconectes virilis acclimated at 21C

had higher levels of oxygen consumption than at 1C and 11C

(Jungreis and Hooper, 1968). In this study, increased cir-

culating blood volumes and decreased intercellular water

content were also observed t the higher temperature.

Orconectes virilis responded to increased temperatures with

linear qu,Altitative changes in overall metabolism (McWhinnie

and O'Connor, 1967; Jungreis and Hooper, 1968). Aiken (1969a)

found that increased spring water temperature induced egg

laying in female 0. virilis as long as there was an asso-

ciated long-day photoperiod.

In examining the effects of temperanlre on the molt-

ing phenomenon of crustaceans, Hess (1941) found that tem-

perature changes were important in reL-alating the diurnal

molt cycle in the shrimp, Crangon armillatus. Temperature

influenced molt cycles have also been proposed for the crab,

Gecarcinus lateralis (Bliss and Boyer, 1964), the Louisiana

crayfish, Faxonella clypeata (Mobberly, 1963), an Illinois

population of Orconectes propinquus (Van Deventer, 1937),

and a Kentucky population of O. r. rusticus (Prins, 1968).
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Temperature, as a major seasonal control mechanism,

has a great deal to do with the regulation of cucles, but

wide fluctuations of temperature found within a specified

season could cause the termination or initiation of a crit-

ical cycle at the wrong time. Stephens (1955), for example,

found that large percentages of photoperiod-controled molts

resu_ted when animals were maintained in a temperature (21C)

abnormally warm for the October collected crayfish.

Daily light cycles, however, are fixed by a synchron-

ized yearly cycle and lend themselves as accurate control

signals year after year. There is extensive literature on

photoperiod and its implications, but most of the work has

been done with insects. Photoperiodic controls in insects

have been implicated in growth, metabolism, diapause in-

duction and termination, and many other factors (Beck, 1968;

Adkisson, 1966; Lees, 1966; Lutz, 1968; Kamm, 1971). By

comparisol., the crustacea have been studied very little

(Aiken, 1969b).

Apparently, for crayfish as well as for other arthro-

pods, both duration of illumination and intensity of light

affect molting. Mobberly (1963, found that constant light

reduced pre-molt activity in F. c-7peata from Louisiana.

Stephens (1955) stated that in 0. virilis from Canada, col-

lected during winter conditions, almost no molting occurred

in complete darkness and that these crayfish resl-,onded to

increased daily illumination (10L:14D aria 20L:4D) with in-

creased numbers of molts. His work, however, was marked by
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high mortalities. Aiken (1969b), repeating the work of

Stephens (1955), recorded minimal deaths with a high number

of successful molts completed by experimental animals and

was able to suport the proposed photoperiodically controlled

molt cycle of this crayfish.

An associated relationship between light intensity and

molting regulation was demonstrated in the crab, G. lateralis.

In this animal, light intensities greater than 10 lux inhib-

ited molt activity (Bliss, 1954).

It has been demonstrated that temperature and photo-

period are independently important to molting cycles; how-

ever, interactions between these signals may also exist.

Aiken (1969a) indicated that long-day photoperiods must be

associated with high temperatures for the proper coordi-

nation of egw producing cycles of female O. virilis. Inter-

actions have not been examined with regard to molt cycles.

The impact of these environmental signals may be sea-

sonally variable in northern populations. Aiken (1969b)

found that the photoperiodic molting response in O. virilis

was seasonally dependent. Crayfish in northern latitudes

have been observed to cease molting during winter conditions

with a resurrption of molt activity associated with the ad-

vent of spring conditions (Ortmann, 1906; Creaser, 1934;

Van Deventer, 1937; Tack, 1941; Smart, 1962). These pat-

terns might be geographically and environmentally limited

since crayfish found in relatively constant temperature en-

vironments do not demonstrate such clear-cut seasonal



patterns (Penn, 1943; Prins, 1968).

Variations in molting activity have also been demon-

strated for different age-size groups of crayfish. Prins

(1968) found that 0. r. rusticus individuals reduce their

yearly molting frequency with increased age, an observation

earlier made with 0. proDinquus (Van Deventer, 1937). Sim-

ilar inverse relationships between molt frequency and age

have been reviewed by Passano (1960) who proposed that, in

crustaceans in general, intermolt stages recur with pro-

gressively longer durations, presumably correited to the

increasing mass of the organism.

Immature 0. r. rusticus were therefore chosen for pri-

mary study in the experiments presented herein since higher

numbers of molts would be exrected from them and this would

allow for more precise statistical analyses. Adult molting

was not ignored in this study, however, and two experiments

compared their molting patterns with immatures.

This study was initiated to further clarify the effects

of temperature and photoperiod on the molting cycles of the

crayfish, 0. r. rusticus, collected in different seasons.

Additional experiments were developed to examine the effects

of different light intensities on adult crayfish molting pat-

terns and to further research the different patterns of adult

and immature molt cycles. Reactions of males vs. females to

Rll treatments were also examined along with any possible

interactions between treatments.
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Collections of members of an established population

of the stream crayfish, 0. r. rusticus, were made about

two miles from the spring source of Doe Run, Meade Co., Ky.

(Station III, Prins, 1968). Besides describing the physi-

cal condition of the collection site on a seasonal basis,

Prins also gave detailed field observations on the occur-

rence and ecology of this species.



METHODS AND MATERIALS

Crayfish were collected in January, June, and October,

1972, for use in each of the three 90-day seasonal exper-

iments. For each, crayfish were obtained by seine and 144

sub-adults (e.g., those with 14-17 mm carapace length; Prins,

1968) were kept and transported to laboratory facilities at

Western Kentucky University. Field temperatures were taken

at the time of each collection and the water used for the

transportation of crayfish was allowed to adjust to ambient

laboratory temperature (approx. 22C) prior to weighing, meas-

uring, and assigning animals to experimental positions.

Other than requiring equal sexes in each compartment, as-

signment were made randomly.

Three experimental units, modified from Harrison

(1964), were used in each of these experiments. Each unit

contained its own temperature controlled water supply which

circulated throughout its six subdivisions. These subdi-

visions comprldeu the compartments among which two dupli-

cations of each of the three photoperiods (6L:18D,15149D,

and 24LL) were randomized. The three temperature units

(14C, 18C, and 22C), each containing the three photoperiods,

were arranged in a 3 X 3 completely random design with a

factorial arrangement of treatments (Cochran and Cox, 1957).

10
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Each exi)erimental unit contained approximentiy 75 1

of water. Water flow was maintained within a unit by a

gravity system powered by a pump located beneath. Water

collected at the bottom was pumped to the top of the unit

where it flowed through a glass wool, activated charcoal

filtering system and then into the temperature control res-

ervoir (Fig. 1A). Here, a thermostatically controlled freon

cooling system alternated with an immersion heater to main-

tain the designated temperature within 0.5C. Water then

entered the top two compartments and flowed (at almroxi-

mately 6 1/Min) into plastic basins (Fig. 1B).

Crayfish were arranged within basins by being con-

fined in one of two partitioned plastic trays which were

partially immersed in water (Fig. 1C). These trays provid-

ed 585 mm? of crawling surface and 200 ml of water directly

available to each crayfish. Holes were drilled through the

trays to allow for free flow of water and transparent plas-

tic tops were placed on each tray to prevent animals from

crawling out.

Gravitational water flow then continued through the

middle and lower compartments, below which water was once

again pumped (Fig. 1D) to the top for recirculation. Tap

water was used and the water level was adjusted frequently

to correct for evaporation. The entire water sup:ly was

replaced every three weeks.

The three photoperiods used in these experiments were

maintained by time-controlled fluorescent light within the
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FIGURE 1. One environmental chamber used for testing

Orconectes rusticus rusticus. (A) Reservoir

containing thermostatically controlled heating/

cooling system. (B) Individual compartment.

(C) Receptacle for 4 crayfish. (D) Water pump.

(E) Fluorescent light wrapped with opaque tape

to reduce light intensity.
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compartments. In each compartment, one 43 cm General Elec-

tric Cool .4rhite 15 watt bulb (F15T12•CW) was suspended 22

cm above water level (Fig. 1E). Intensity was measured at

the water surface level and adjusted to 40 f.c. by partially

wrapping bulbs with opaque cloth tape. Trays were randomly

rearranged weekly to insure equal reception of light inten-

sity by experimental animals.

Tray tops were wiped daily and reduced the visible

spectrum light intensity less than 10%. The ultraviolet

light band, however, was reduced by approximently 58% while

passing through the plastic. Each 90-day experiment APIs in-

itiated 48 hours after placement of crayfish in the exper-

imental units. Animals were placed in the units the same

day on which they were collected. During each testing pe-

riod, individuals were checked daily and molts (along with

sexual form and molt condition) were recorded. Molt cat-

egorization was accomplished by consolidating the terminal

molt stages proposed by Aiken (1968b). Molt stages El, E2,

and E3 were termed unsuccessful for the purposes of this

study and E4 molts were termed successful.

Exuviae were removed following the completion of each

molt. Lead crayfish were removed, weighed, and measured as

the experiment proceeded. All living crayfish which were

remaining at the termination of experiments were also weigh-

ed and measured.

Every five days, crayfish were fed approximently 0.5 g

of an experimental high protein diet. Uneaten food was re-



14

moved and weighed after desiccation. Fecal material was re-

moveu daily from the bottom of each plastic basin.

Upon the termination of these experiments, molting

data were analyzed by means of the Analysis of Variance

(Cochran and Cox, 1957). A linear and quadratic regression

analysis was further performed on treatment sums of squares

for more specific information. Sex differences in molting

patterns werc a_Lso analyzed along with any possible inter-

actions between treatment effects which might have occurred.

The average number of days until animals within each treat-

ment accomplished their first molt was computed along with

standard deviations. In Experiment 2, analysis of variance

and regression analyses were also performed on data arranged

in categories of successful and unsuccessful molts.

In Experiment 3 a 5:3 male to female ratio was utilized

in each compartment as opposed to the 1:1 ratio used in the

other experiments. This was due to a shortage of female

crayfish in the collections made on October 21.

Supplementary experiments were conducted with the fol-

lowing modifications in experimental methods. During the

collection of animals used in Experiment 2 (June 1, 1972),

48 recently matured crayfish (average carapace length 22.6

mm) were retained for use in Experiment 4-A. In this ex-

periment, animals were placed in one experimental unit which

was maintained at 180 and had two duplications of three dif-

ferent light intensities (10, 40, and 110 f.c.) randomized

within. 1i light intensities were on a 15L:9D photoperiod.
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In another experiment (5-A), 48 adult and 48 immature

crayfish (collected October 20, 1972) were placed in one

18C experimental unit. This required individual compart-

ments to hold 16 crayfish rather than the usual number of

8. The three photoperiods discussed above were randomized

within.
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RESULTS

The highest number of molts recorded in any of the

seasonal experiments occurred during Experiment 2 (Table 1,

Fig. 2). One hundred twenty five of the 144 crayfish molted

at least once with a total of 145 molts accomplished. The

fewest molts occurred in Experiment 3 with only 40 of the

crayfish molting at least once for a total of 43 molts. In

Experiment 1, 98 molts were cbserved with 85 animals com-

pleting one or more.

Animals collected in June (Experiment 2), although

registering the greatest number of molting attempts, had

the lowest degree of success in molting. Of the 145 molt

recorded in this experiment, only 30% of the animals sur-

vived ecdysis. lortalities associated with molting did not

exceed 5% in any of the other experiments--including Exper-

iment 4-A where 48 adults, collected and tested at the same

time as the immatures in Experiment 2, completed 43 molts

without a single associated mortality. In fact, the analyses

of data from all experiments except Experiment 2 indicated

the same statistical significances even when only the suc-

cessful molts were considered.

Major differences in the temporal molting patterns

occurring in the three seasonal experiments were noted

(Table 2, Fig. 3). These differences were most apparent

lb
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FIGURE 2. Total number of molts completed by immature

Orconectes rusticus rusticus over ninety-day

periods of Experiments 1 (January 18-April 18),

2 (June 3-September 1), and 3 (October 23-Jan-

uary 20).
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FIGURE 3. Number of molts per five-day period for Exper-

iments 1 (January 18-April 18), 2 (June 3—

September 1), and 3 (October 23-January 20).
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when the first fifteen days of each experiment were compared

and when the last twenty days of each experiment were com-

pared. For example, during the first 15-day intervals, no

molts were accomplished by animals in Exi:eriment 1, 61 molts

(42% of the total number molting) were completed by animals

in Experiment 2, and Experiment 3 animals molted a total of

12 times (28% of the total number molting).

In the last 20-day periods of the exoeriments, only

3 molts (2% of the total) were completed during Experiment

2, while 26 molts (27% of the total) and 16 molts (37% of

the total) were recorded in Experiemts 1 and 3, respect-

ively. Only 46 of the original 744 crayfish survived to

the last 20 days of Experiment 2, however.

These temporal molting patterns were reflected in

the vaiaes for the mean number of days until individuals

first molted in each experiment and the standard deviations

from these means (Table 3). Crayfish collected in January

molted within an average of 58.78 days after the initiation

of the 90-day experimental period, the longest average of

the three experiments, while animals collected in June

averaged the shortest period of time prior to molting

(25.82 days). Crayfish collected in October molted in equal

numbers during the first and last halves of their exper-

imental period for a mean of 45.00 days.

standard deviations from these means further clarified

the comparative consistency of molting patterns. Large

blocks of experimental time devoid of molt activity in Ex-
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Table 3. Mean number of days and standard deviations

to the completion of the first molt of

Orconectes rusticus rusticus.

Experiment Temperature Mean Standard Deviation

1. (January) 14C 58.14 20.6

18C 62.49 21.1

22C 41.08 17.9

Overall 58.78 23.6

2. (June) 14C 34.63 23.3

18C 22.83 19.1

22C 20.45 18.3

Overall 25.82 20.9

3. (October) 14C 29.67 23.3

18C 46.23 10.9

22C 48.36 10.0

Overall 45.00 10.0
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periments 1 and 2, resulted in high standard deviations of

23.6 and 20.9 days, respectively. The lowest standard de-

viation (10.0) was found in Experiment 3 where molting was

more consistent throughout this experimental period than it

was in the others.

A breakdown of the occurrence of molts within the sep-

arate treatments comprising the seasonal experiments (Table

4) indicated that the various temperatures affected animals

differently during the three seasons in which they were test-

ed (Fig. 4). For example, in Experiment 1, 13, 33, and 52

animals molted at 140, 18C, and 22C, respectively. This

represented a highly significant (0.01) linear molting re-

sponse to temperature. Similarly, there was a linear ef-

fect of temperature in Experiment 3 with 7, 14, and 22 molts

occurring at the three progressively warmer temperatures.

Statistical sicqlificance could be placed only at the 0.05

level of confidence in this experiment, however.

When the total molts initiated within the June exper-

iment were considered, it appeared that crayfish molt ac-

tivity responded to temperature in a significant (0.05)

quadratic manner. In this experiment, the highest numbers

of molts were initiated at 18C (55 molts) rather than at

22C. Only 48 molts were attempted by crayfish in the 220

water and a substantial number of molts (41) were found at

14C.

When only successful molts completed by crayfish were

considered, a different statistical pattern was found (Table
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FIGURE 4. Number of molts of immature Orconectes rusticus

rusticus within 14C, 18C, and 22C treatments of

Experiments 1 (January 18-April 18), 2 (June 3—

September 1), and 3 (October 23-January 20).

(A) Total molts initiated. (B) Unsuccessful

(El, E2, and E3) molts. (C) Successful (E4) molts.
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4). More animals successfully completed molts at 18C (19

E4's) than at 140 (6 E4's). This relationship between in-

creasing temperature and increasing molt success, although

statistically a linearly significant (0.05) effect, was not

the same relationship found in the overall analyses of Ex-

periments 1 and 3. In Experiment 2, an increase from 18C

to 22C did not result in as great of increase in the number

of successful molts as did the difference between 14C and

18C.

Although there was a greatly reduced number of E4 molts

in the 14C treatment of Experiment 2, unsuccessful molts were

not initiated with a greater frequency than in the 18C treat-

ment (35 unsuccessful molts attempted in each). In fact,

there were no statistically significant differences among

the molt mortriiities in any of the treatments used in this

experiment; thus, unsuccessful molting appeared t;') occur

randomly throughout these treatments. No such suggestions

could be made for the other two seasonal experiments be-

cause of the highly successful molting records of these

animals.

The temporal arrangements of molting within the separ-

ate temperature treatments of the three seasonal experiments

(Table 3) revealed only one pattern that was consistent from

experiment to experiment. Standard deviations from the mean

days to molt in the 22C treatments were lower in all three

experiments than the standard deviations in the 14C and lOC

treatments. For example, in Experiment 2, standard deviations
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of 23.3, 19.1, and 18.0 days were found in the 14C, 18C,

and 22C treatments, respectively. Other than a slight dis-

crepancy in data from Experiment 1 (where a standard devia-

tion of 21.1 days was calculated from crayfish molting dates

in the 18C treatment and a deviation of 20.6 was found at

14C), the general trend of the degrees of coordination of

crayfish molting was that the warmer the temperature that

was used, the lower the standard deviation, or, in other

words, the closer to the mean that individuals molted.

The values for the mean number of days until molt

within the temperatures of each experiment were not in the

consistent patterns found in the values for the deviations.

For example, a linear increase in the mean number of days

until crayfish molting was correlated with increasing tem-

peratures in Experiment 3, but not in the other two (Table

3).

The effects of the three different photoperiods used

in Experiments 1 and 3 were similar in pattern to the tem-

perature effects (Table 41 Fit. 5). In both experiments,

statistically significant linear increases in molting fre-

quency correlated with increases in photophase. In 6L;16D,

151,:9D, and 2411,, animals collected in January molted 25,

34, and 39 times, respectively; the animals collected in

October molted 7, 14, and 22 times in these same treatments.

In Experiment 2, however, no significant effects of

photoperiod were noted regardless of whether total molts

(48, 49, and 47 molts arranged in the linear order of the

photoperiods), successful molts (11, 17, and 15 E4 molts),
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FIGURE 5. Number of molts of immature Orconectes rusticus

rusticus within 6L:18D, 15L:9D, and 24LL treat-

ments of Experiments 1 (January 18-April 18), 2

(June 3-September 1), and 3 (October 23-January

20). (A) Total molts initiated; (B) Unsuccessful

(El, E2, and E3) molts; (C) Successful (E4) molts.
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or unsuccessful molts (36, 32, and 33 molt mortalities)

were considered, indicating statistical randomness of

molting within the different photoperiods.

Results of Experiment 4-A indicated that light inten-

sities of 10 (14 molts), 40 (15 molts), and 110 (14 molts)

foot candles had no significant effect on the molting fre-

quency of adult C. r. rusticus collected in June.

A comparison of the results of Experiment 4-A with

thcse obtained from immatures tested over the sar-e period

of time and at the same temperature (18C treatment of Ex-

periment 2) indicated that adults completed only 12 fewer

molts (78%) than the same number of immatures. Adults in

Experiment 5-A, however, exhibited a greatly reduced molt

frequency when compared with immatures tested in the same

experiment at the same time (October). Here, adults com-

pleted only 3 molts (16%) compared with 17 molts by immatures.

In addition, when data from immaturec in this experiment

were substituted for the data collected from the same tem,

perature treatment of Experiment 3, all statistical signifi-

cances in Experiment 3 remained.

Immature crayfish consistently gained more carapace

length per molt than did the adults. Immatures increased

in length an average of 5.41-6.96% with a single molt in

the experiments completed in this study while adults in-

creased in length an average of only .47-.83% with their

molt (Table 5).
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No significant differences in the molt frequency or

success of male and female crayfish were found in any of

the experiments.

No interactions were found between any of the treat-

ments used in this study, indicating that the effects of

temperature and photoperiod, when noticed, were separate

from each other and did not contribute toward any modifi-

cation in the effects of the other. Extended photoperiod

and increased temperatures in Experiments 1 and 3, for ex-

ample, independently caused an increased molt frequency in

populations tested without influencing the magnitude or pat-

tern of the effects of the other.



DISCUSSION

The seasonally variable molt frequencies found in the

populations of immature 0. r. rusticus tested in this study

can be at least partially supported by the literature. Aiken

(1969b) found differences in the seasonal molting patterns

of O. virilis and proposed that populations which had exper-

ienced different environmental conditions prior to placement

in an experiment would be expected to exhibit different

molting characteristics.

Prins (1968) indicated that the active molt period for

0. r. rusticus in Doe Run extended from May through August

and that the molt frequency within the population was re-

duced following this period with a total cessation of ac-

tivity over the winter months. Similar reductions of molt

activity were observed in an Ohio fish pond population of

0. rusticus (Langlois, 1936) as well as in O. propinquus 

in Illinois (Van Deventer, 1937). The low frequency of

molting observ / in crayfish collected in Octal__ (Fig. 2)

might be attributed to the naturally occurring fall activ-

ity of a molt inhibition mechanism which was actively re-

ducing molting activity at this time in anticipation of the

harsh winter period. Evidence also exists indicating that

this proposed mechanism was sensitive to localized environ-

mental variations, a concept that will be discussed later

32
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under headings of Temperature and Photoperiod.

The reduced frequency of molting among crayfish col-

lected in January, when compared with the high number of

molts by animals collected in June, would appear to contra-

dict an observed field pattern of these crayfish which in-

dicated that at least the adult population in Doe Run ex-

hibited a more synchronized mass molt upon being released

from the winter condition than at other seasonal times

(Prins, 1968). This might, however, be attributed either

to the shortness of time that crayfish collected on Jan-

uary 16 had spent in actual winter conditions prior to

testing, or to an unnatural stimulation of molt activity

among the Experiment 2 crayfish which resulted in abnor-

mally high frequencies.

The first possibility can be suported by reference

to Aiken (1969b) who observed that the longer the period of

time that a population of U. virilis was maintained in the

winter torpid condition, the greater was the percentage of

individuals molting upon being released from this condition.

This concept sizzgests that crayfish, or at least 0. virilis,

possess a molt control mechanism which actively suppresses

molt activity until a certain dormant period has passed.

Aiken further proposed that the increased molt activity of

cold-adapted crayfish was due more to a reduction of molt

resistance in individuals rather than a specific molt in-

duction. If the same mechanism were responsible for the

frequencies observed in this study, then the occurrence of
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molts by January collected crayfish would seem to represent

a reduced expression of the full molt potential caused by

a lack of sufficient winter conditioning to completely elim-

inate molt inhibition.

The second proposal that the difference between the

frequencies obtained in Experiments 1 and 2 was due primar-

ily to abnormally high molt activity by animals collected

in June can also be supported, at least in terms of the un-

naturalness of the molting in this experiment. This concept,

suggested by the high numbers of mortalities associated with

molting in Experiment 2, will be discussed later.

The temporal pattern of molting within the different

seasonal experiments (Fig. 3) also suggests the influence

of environmental pre-conditioning. Shen animals were col-

lected in January, they had been exposed to at least some

period of reduced temperature (the water temperature at Doe

Run on January lb was 11C), and the lack of molt activity

in the initi 1 stages of this experiment suggests that an

"acclimation period" was required before animals, recently

released from cold conditions, could once again initiate

molt cycles.

Animals used in Experiments 2 :rid 3, on the other hand,

were collected at times (June and October, respectively) when

molting in the field was found to be normally occurring

(Tins, 1968) which indicates the reason for the immediate

expression of molting by these crayfish when placed under

experimental conditions.
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Temper'. ure

Crayfish used in Experiments 1 and 3 exhibited linear

increases in molt frequency when maintained in progressively

higher temperature treatments (Fig. 4), a response possibly

related to metabolic rates. lthough little work has been

done recently concerning the influence of tem::erature on the

crayfish molt cycle, Yobberly (1963) and i'assano (1960) both

acknowledged the possibility that low temperatures suppress

molting in crayfish by decreasiLg overall metabolic rate.

Yietabolism is among the poikilothermic physiological pro-

cesses believed to react relatively linearly to change in

temperature (jcholander, et al., 1953). However, Bullock

(1955) indicated that metabolism does not always follow a

strictly linear pattern in poikilotherms, being subject to

seasonal variation and variation in environmental conditions.

Thus, a correlation between metabolic and molt activity

cannot be ruled out even in Experiment 2, where linear in-

creases in temrerature did not result in linear increases

in molt activity. The proposed unnatural occurrence of molt

in this experiment, the lack of any information regarding

the metabolic activity of the crayfish used in the seasonal

experients, and the lack of any information concerning

either the effects of temperature on the proposed MH-Y.IH

hormonal levels or possible differences between the meta-

bolic patterns of adults and immatures, all contribute to

the current lack of understanding of the specific mechanism

involved.
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Regardless of the nature of the mechanism, temperature

apparently did have a direct effect on the molt frequency

of immature O. r. rusticus specimens collected in January

and October. Temperature signals would be expected to be

more effective sources of information for the stimulation

or inhibition of molt cycles at these experimental periods

(late winter and late fall) than during the summer period.

A strict reliance upon temperature information would not

normally be required by summer crayfish since low tempera-

tures (below 13C) are not nora.ally experienced by Doe Run

O. r. rusticus during this period (Prins, 1968). Therefore,

although the coldest treatment in Experiment 2 reduced molt

frequency, the two warmer treatments were evidently inter-

preted the same by the crayfish molt control mechanisms and

comparably large numbers of molts were completed by each

group. Although the 18C treatment was 4C lower than the

highest temperature treatment, this temperature would not

have been expected to signal the onset of winter conditions

since summer pre-conditioning would have virtually assured

crayfish a safe period for full molt cycle expression even

though the local temperature was somewhat lower than the

seasonal optimum.

On the other hand, variations in temperature might

have provided vital information rearding the progression

of the seasons to crayfish in Experiments 1 and 3--infor-

mation needed for the avoidance of unfavorable conditions.

As such, the proposed molt control mechanism might have
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resulted in reduced molt frea.uencies in crayfish at 180 even

though molts could have been safely attempted at this tem-

perature.

This suggestion can be further supported by reference

to the temporal arrangement of molting within the temperature

treatments of Experiments 1 and 3 (Fig. 6). The crayfish

in these two experiments molted in essenLially op;.osite tem-

poral patterns. ,Jrayfish collected in January initiated molts

within progressively shorter times when maintained in pro-

gressively warmer temperatures while those collected in Oc-

tober molted in a reverse pattern.

The animals collected in January were facing the on-

set of the spring season, and may have had low resistance

to signals indicating a safe period for molt preparation

(Aiken, 1969b). Increased temperatures, then, could have

brought about ear2ier expressions of molting activity than

those in the colder temperatures. Crayfish collected in

October, on the other hand, were facilig severe winter con-

ditions at the time of collection and already may have pos-

ses.ed high resistance to the initiation of molt. Thus,

crayfish in warmer temperatures would have required time

before this resistance could be overcome and molting once

again be initiated on a populational level. A molt control

mechanism that would immediately interpret warm temperatures

as a safe period for molting would place many individuals

in jeopardy, especially at this time of the year. A mech-

anism keyed only to this one environmental signal might be
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FIGURE 6. Number of molts per five-day period within the

14C (A), 18C (B), and 22C (C) treatments of

Experiments 1 (January 18-April 18) and 3 (Oc-

tober 23-January 20).
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subjected to a great deal of local disruption since unseason-

al temperatures could easily cause a misinterpretation of

the seasonal character. Further relationships found in this

study tend to confirm the existence of a multi-faceted en-

vironmental information gathering mechanism.

Photoperiod

A variety of proposed photoperiodic models (Pittendrigh

and 1964; Adkisson, 1966; Aiken, 1969b) consider that

the operation of molt control mechanisms, where they exist,

is essential during the spring and fall, when the greatest

danger of improperly initiated molts exists. During the sum-

mer months, however, animals are usually insensitive to photo-

periodic phenomena since this period represents an interval

of almost unlimited molt potential with minimql danger of

getting caught in unfavorable environmental conditions at

some critical stage of the molt cycle. :,,nimals tested in

this study fit this photoperiodic model since significant

differences in molts within photoperiod treatments were

found only in Experiments i and 3 and were completely ab-

sent from Experiment 2.

The arrangement of molts within the photoperiod treat-

ments of Experiments 1 and 3 did not, however, fit that

found in another species of crayfish from a different geo-

graphic location. Stephens (1955) found that individuals

of O. virilis in Canada that were collected in October suc-

cessfully completed only 1 molt at photoperiods shorter than
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20L:4D but completed 6 molts at that photoperiod. Aiken

(1969b) supported the existence of a minimal photoperiod

threshold in Canadian O. virilis collected in October and

proceeded to demonstrate that this threshold decreased with

the exposure of crayfish to prolonged winter conditions.

It would appear that these animals demonstrated a "trigger"

response to photoperiod with molt activity tightly geared

to the detection of daylength (and consequently, to the

detection of seasonal progress). This all-or-none photo-

period-controlled molting response was in sharp contrast

to the strictly linear molting pattern found in individuals

of O. r. rusticus collected in January and October and test-

ed at the different photoperiods of this study (Fig. 5).

The information supplied by photoperiod, then, was not act-

ed upon as universally in O. r. rusticus as it was in O.

virilis suggesting a greater variability in genetic response

to photoperiod signals in O. r. rusticus.

The more southerly location of the O. r. rusticus used

in this study when compared with the northern O. virilis

might provide some insight into these different patterns.

The temperate environment of O. r. rusticus from Doe Run

would provide less selective pressure against crayfish in-

itiating molt prematurely in the spring or late in the fall

than would the severe winter experienced by more northern

crayfish. Thus, the necessity for each individual to refer

strictly to photoperiod signals as the most stable indication

of the progression of seasons would not be as great in O.
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r. rusticus. The lack of any direct comparisons of these

populations does not allow for any firm conclusions.

Molt Mortalities

The high occurrence of molt mortaliAes only in Exper-

iment 2 cannot be explained in terms of an expected seasonal

variation in mortalities by these animals. Field observa-

tion c at Doe Run (Prins, 1968) revealed that although in,

matures consistently suffered higher mortalities than adults,

no major reduction in the occurrence of immature 0. r. rus-

ticus was recorded during the summer months. The expla-

nation of these mortalities would therefore appear to be

related to artificial experimental conditions.

Aiken (1969b) suggested that molt mortalities recorded

in experiments, such as Experiment 2 of this study, might be

caused by an interaction and imbalance of the Molt hormone

(ME) and the Molt Inhibitory Hormone (N.IH). He felt that

this imbalance was the result of improper environmental sig-

nals stimulating the production of MIH during some critical

time in the molt cycle, thereby terminating it prematurely.

McWhinnie, et al. (1972), found that increased levels of

crustecdysone (the proposed kill) influenced the progress of

a molt already initiated but did not change the number of

molts themselves ( which might be evidence that the high

number of molts attempted by crayfish in Experiment 2 did

not represent abnormal numbers of molts stimulated by un-

natural conditions as was earlier suggested).
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The random occurrence of molt mortalities within the

known treatments of this experiment could suggest the pres-

ence or absence of an undefined experimental condition which

was effective in causing asynchronous hormone levels in all

experimental treatments. Other suggestions, however, might

be equally plausible since no work has yet been completed

on th physiology of molt mortalities. For the present, it

would appear that this mortality was due to an unnatural

cause of unknown value.

Light Intensity

Results of Experiment 4-A provide little information

concerning the role of light intensity as an environmental

signal. Although adults tested in this experiment did not

appear to molt in relation to intensity, it must be noted

that immatures tested during the same period in Experiment

2 (June 3-September 1) were not significantly influenced in

their molt frequency by photoperiod differences. It there-

fore appears possible tnat a tholt control mechanism not re-

lying on photoperiod signals for molt control during the

relatively safe summer period, would also not be expected

to rely on light intensity signals. In addition, differences

in the mechanism of adults and immatures might exist, a con-

cept that will be discussed next.

Adults vs. Immatures

Adult and immature individuals of O. r. rusticus dis-

played several differences in molting patterns in the exper-
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iments where they were directly compared. None of the dif-

ferences contradicted the well-accepted concept (Passano,

1960; Aiken, 1969b; and others) that molting in adults, un-

like that in immatures, is not primarily a growth and develop-

ment mechanism. Carapace gain with molt, for example, fits

this model (Table 5).

Further support was demonstrated in the seasonal dif-

ferences in molting percentages of adult and immature animals.

Although adult molting was comparable in frequency to that

of immatures in Experiment 2, adults collected in October

molted at a much lower frequency than immatures. If this

reduction of adult molting is the result of a seasonal molt

inhibition, then it would appear that the mechanism respon-

sible goes into effect at an earlier time and to a greater

degree than that existing in immatures tested over the same

period. This is in line with the molt function proposed for

adults in that it would not be advantageous for an adult

population to extend its molt activity into a seasonal pe-

riod where low temperatures might be experienced. Immatures,

on the other hand, would molt as long as relative safety

was available since growth and development would be of vital

concern.

Interactions

The lack of interactions among any of the treatments

tested in this study suggests that individuals of 0. r. rus-

ticus posses a molt control mechanism which is not dependent
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upon the coordination of separate environmental signals, but

capable of refering to thu signals individually . Kith the

addition of enough information (for example, long photope-

riods and warm temperatures), the full populational molt po-

tential could be expressed. No one environmental signal was

acted upon strictly enough to either influence or override

the reaction to other signals. This is in sharp contrast

to the overoowering photoperiod reaction found in 0. vir-

ilis (Stephens, 1955; Aken, 1969b). It might once again

be proposed that the temperate population of 0. r. rusticus 

wo,ld have less need for a totally reliable seasonal in-

dicator than 0. virilis and might, as a result of decreased

selective pressure, be a population c.,ntaining greater

variation in molting response than 0. viriiis. Thus, many

environmental signals could be used for the determination

of the seasonal character.



SUIV.MARY

1. This study was designed to examine possible season-

al differences in the molting response of experimental pop-

ulations of O. r. rusticus maintained at three different tem-

peratures (14C, 18C, and 22C) and three different photoperiods

(6L:18D, 15L:9D, and 24LL).

2. Immature O. r. rusticus collected on January 16 and

October 21 (and tested from January 18-April 18 and October

23-January 20, respectively) responded to linear increases in

temperature and photo;.hase with linear increases in the per-

centage of experimental populational molting.

3. Immature O. r. rusticus collected on June 1 and test-

ed from June 3-September 1, responded to linear increases in

temperature with a quadratic increase in molt frequency and

did not resrond to photoperiod treatments at all. 1„olt mor-

talities were 70% in this experiment.

4. No molts were attempted by crayfish collected in

January during the first 15 days of the experiment and an-

imals at warmer temperatures averaged shorter times until

molting attempts than did those at colder temperatures. In-

matures coLlected in October molted immediately upon being

placed at experimental conditions and averaged a longer time

until initiation of molt at warmer temperatures than at cold-

er temperatures.

45
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5. Two auxiliary experiments indicated that adults

molt in fewer numbers than immatures with the greatest dif-

ference found with adults and immatures collected in Oc-

tober. In addition, adults collected in June did not react

to different light intensities with changes in molt frequency.

6. Consideration was given to a proposed molt control

mechanism for 0. r. rusticus, characterized as being less

strictly dependent upon photoperiod signals than the mecha-

nism earliel proposed for more northern populations of 0.

virilis (Stephens, 1955; Aiken, 1969b). It was suggested

that this difference could be the result of less severe

winter conditons in the temperate environment of 0. r. rus-

ticus which would contribute to greater variation in individ-

ual resonse.
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