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Experiments were conducted to determine if an hourglass
model is the mechanism whereby photoperiodic time is measure
d
by the crayfish, Orconectes immunis.

Two experiments were

conducted in which there were three series of treatments.
Series I and II were T experiments in which T was the total
length of the light-dark cycle.

In Series I the light phase

of the cycle was held at 16 hours with varied lengths
of
darkness (LD 16:2, T 18; LD 16:8, T 24; LD 16:20, T
36;
LD 16:32, T 48).

In Serie6 II the dark phase was 8 hours in

length and the hours of light were varied (LD 2:8, T 10;
LD 16:8, T 24; LD 28:8, T 36; LD 40:8, T 48).

Series III

contained an experiment designed to determine the respons
e
of animals to a light pulse.

There were two photoperiod

treatments, one in which a light pulse lasted for 5 minutes
per day and a 24 hour total darkness treatment.

No signi-

cant differences were found in the molting responses of
the
crayfish to the photoperiods in these three series of
experiments.

These data would then indicate that an hour-

glass mechanism is not utilized to measure photoperiod
under
the conditions tested.
vii

INTRODUCTION

Environmental factors such as temperature and photoperiod
have been shown to affect molting in crayfish (Aiken, 1969;
Armitage, et al., 1973; Mobberly, 1963; Rice and Armitage,
1974; Stephens, 1955; Molley, 1974; Sadewasser, 1974; and
Van Hoff, 1976).

Molley (1974) and Sadewasser (1974) have

shown that crayfish respond linearly to temperature in that
molting frequency increases with increases in temperatures,
within limits

In temperate regions temperatures fluctuate

considerably during seasonal changes.

Photoperiod will pro-

gressively increase from a winter minimum daylength to a
summer maximum daylength.

At this point the cycle reverses

and daylength will return to a winter minimum.

It is be-

cause of this predictability that photoperiod is perhaps a
more reliable environmental cue for the crayfish.
It has been demonstrated in plants and insects that a
biological clock measures a time interval of the photoperiod
(light or darkness) (Bunning, 1960; Bowen and Skopik, 1976;
Hammer, 1960; Lees, 1966; Pittendrigh and Minis, 1964; Went,
1960).

It is possible that crayfish also use such a device.

Various authors have reported that long day photoperiods
will stimulate a greater number of molts than will short or
normal day photoperiods (Aiken, 1969; Armitage, et al., 1973;
Stephens, 1955; Molley, 1974; Sadewasser, 1974; and Van Hoff,
1
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1976).

Therefore, it would appear that crayfish use some

type of mechanism to measure the duration of the light or
dark period.
There is considerable debate as to the nature of photoperiodic time measurement in organisms which exhibit this
response.

In the past few years the major controversy has

been whether the mechanism is an hourglass model or a circadian oscillator model (Pittendrigh, 1972).

An hourglass

model is one in which the time duration of the night period
is measured by the buildup of an unknown metabolic product.
If the night period is short or intermediate in length the
metabolic product will be broken down by daylight and the
clock will be reset, thus allowing continued growth and
development.

This would be characteristic of long days which

would allow continued molting.

If the night period is too

long (short days), then the metabolic product will reach a
level at which it cannot be broken down thereby initiating
diapause.

If this mechanism were present in crayfish, it

would cause a termination of molting activity.
Many authors (Beck, 1962; Bowen and Skopik, 1976; Lees,
1966; Pittendrigh, et al., 1970) have demonstrated the use of
an hourglass model by some insects and this may be partially
or perhaps solely responsible for photoperiodic time measurement.

The primary objective of this research was to further

define the role of photoperiod in the molt cycle of the crayfish Orconectes immunis (Hagen) by determining if an hourglass model is the mechanism for photoperiodic time measurement.

MATERIALS AND METHODS

The crayfish used in these experiments were obtained
from Wolf Lake Fish Hatchery, Kalamazoo County, Michigan.
Crayfish were collected on 2 June and 11 September, 1976 and
transported immediately to Western Kentucky University.

Those

animals obtained in June were collected directly from a
drained hatchery pond.

In September, animals were obtained

from the hatchery holding tanks where they had been held at
11 C for approximately one week.
The cephalothorax length of the crayfish collected in
June ranged from 25.1 mm to 44.5 mm (mean = 35.9 mm) while
those in September ranged from 19.2 mm to 37.5 mm (mean =
25.6 mm).

In the June collection the animals were adults

which had already undergone at least one year of growth
(Copeland Pers. Comm.).

Based on life history data collected

by Tack (1941) for this species, animals collected in
September were judged to be young-of-the-year which had
hatched in May.
The units used in these experiments provided temperature
and light controlled environments for the crayfish.
unit contained six separate compartments.

Each

The light source

in each compartment was one Westinghouse 15 Watt coolwhite
flourescent light bulb, which was wrapped in opaque tape to
reduce light to the appropriate intensity.
3

Zinc coated

4
screens with 6 mm mesh were used to cover the crayfish trays,
thus allowing penetration of all wavelengths of light.

Opaque

dividers were placed in the trays since, at least in one
instance, lack of privacy in the crab, Gecarcinus lateralis,
inhibited molting (Bliss and Boyer, 1964).

Temperatures in

the units were held constant at 22 C during the experiments.
A more complete description of the units is provided by
Molley (1974) and Sadewasser (1974).
Two experiments, each containing three series of experiments, were conducted.

The first experiment was initiated

on 4 June 1976 and the second on 14 September 1976.

Exper-

iment One was 80 days in duration while Experiment Two was
conducted for 160 days.

Series I and II of each experiment

were T experiments, in which T was the total length of the
light-dark cycle.

Series III contained an experiment de-

signed to determine the responses of the animals to a light
pulse.

In Series I the light phase of the cycle was held at

16 hours with varied lengths of darkness (LD 16:2, T 18;
LD 16:8, T 24; LD 16:20, T 36; LD 16:32, T 48).

In Series

II the dark phase was 8 hours in length and the hours of
light were varied (LD 2:8, T 10; LD 16:8, T 24; LD 28:8, T 36;
LD 40:8, T 48).

In Series III there was a treatment con-

sisting of a light pulse lasting 5 minutes per day and a
treatment consisting of continuous darkness.
In Experiment One, two light intensities were used consisting of 223.56 lux (20.7 ft-c) and 413.64 lux (38.3 ft-c).
In Experiment Two, intensities of 32.4 lux (3 ft-c) were used
in all treatments.
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Two hundred and eighty eight crayfish were used in each
experiment.

In Experiment One there were nine photoperiod

treatments (four in Series I, three in Series II, and two in
Series III) which were further subdivided into two levels of
intensity (223.56 lux [20.7 ft-c] and 413.64 lux [38.3 ft-cp.
There was one replic tion of each treatment.

Eight animals

were assigned to each photoperiod-intensity treatment and
eight to each replication.

Equal numbers of males and

females were used.
In Experiment Two there were nine photoperiod treatments
(four in Series I, three in Series II, and two in Series III).
There were three replications of each treatment.

Eight animals

were assigned to each photoperiod treatment and to each replication.

Equal numbers of males and females were used.

The crayfish were checked daily for molts, molts were
recorded, and shed exoskeletons were left in the trays for
the animals to consume.

The crayfish trays were rotated at

intervals to provide for even exposure of the animals to the
light source.

Crayfish were examined for gastroliths at

the termination of Experiment Two to determine if any were
preparing to molt.

The crayfish were given approximately

0.5 g of high protein food every five days.

Portions of

the food that were not consumed were removed after four days.
An Analysis of Variance (ANOVA) using a completely randomized design with a factorial arrangement of treatments
(Steel and Torrie, 1960) was used to analyze molting data.

RESULTS

In Experiment One, 80 molts (55% of the total molts)
occurred within the first 10 days of the experiment.

It is

not known if these molts reflected the effects of experimental
conditions; therefore the data are presented in three sets
consisting of total number of molts, the number of molts
occurring in the first 10 days of the experiment, and the
number of molts occurring in the last 70 days.

A separate

ANOVA was performed for each set of data.
The number of molts which occurred in each photoperiod
in Series I and II in Experiment One are presented in Figure
1.

From these data it appeared that the different photoperiods

caused similar molting responses in all the crayfish.

The

ANOVA (Tables 1, 2, 3) confirmed that there were no significant
differences in response of the crayfish to photoperiod.
Since one series of photoperiods was not uniformly stimulating
a larger number of molts than the other, this would indicate
the lack of an hourglass mechanism.
In Experiment Two, the differences in the molts occurring
between each photoperiod were not statistically significant
(Fig. 2, Table 4).

Therefore, the data obtained would again

indicate that the crayfish were not using an hourglass
mechanism for photoperiodic time measurement.
6
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Figure 1:

Molts occurring in response to 16:varied
dark and varied light:8 photoperiods in
Experiment One (Series I and II). The
stippled box represents the first 10
days of the experiment; the clear box
represents the last 70 days.
A. Molts occurring in Series I (16:Dark)
B. Molts occurring in Series II (Light:8)
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Table 1:

ANOVA of the total molts occurring in response
to photoperiod, intensity, and sex in
Experiment One

Source

Df

Total

63

100.48

Treatment

31

65.98

2.13

1.97*

Photoperiod (=A)

7

15.86

2.27

2.10 n.s.

Intensity (=B)

1

4.52

4.52

4.19*

Sex (=C)

1

19.14

19.14

A x B

7

14.86

2.12

1.97 n.s.

A x C

7

6.73

0.96

0.89 n.s.

B x C

1

0.14

0.14

0.13 n.s.

AxBxC

7

4.73

0.68

0.63 n.s.

32

34.50

1.08

Error

n.s.

MS

SS

significant at the .05 level
highly significant at the .01 level
non-significant

F

-

17.75**
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Table 2:

ANOVA of molts occurring in response to photoperiod, intensity, and sex in the first 10 days
of Experiment One

Source

Df

SS

Total

63

63.00

Treatment

31

26.00

0.84

0.73 n.s.

Photoperiod (=A)

7

7.50

1.07

0.93 n.s.

Intensity (=B)

1

0.00

0.00

0.00 n.s.

Sex (=C)

1

0.56

0.56

0.49 n.s.

A x B

7

4.50

0.64

0.56 n.s.

A x C

7

5.44

0.78

0.67 n.s.

B x C

1

0.06

0.06

0.05 n.s.

AxBxC

7

7.94

1.13

0.98 n.s.

32

37.00

1.16

Error

n.s.

non-significant differences

MS

F
-
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Table 3:

ANOVA of molts occurring in response to photoperiod, intensity, and sex in the last 70 days
of Experiment One

Df

SS

Total

63

90.98

Treatment

31

58.48

1.89

1.86*

Photoperiod (=A)

7

9.11

1.30

1.28 n.s.

Intensity (=B)

1

4.52

4.52

4.45*

Sex (=C)

1

26.27

26.27

A x B

7

2.88

0.41

0.40 n.s.

A x C

7

5.36

0.77

0.75 n.s.

B x C

1

0.39

0.39

0.38 n.s.

AxBxC

7

9.96

1.42

1.40 n.s.

32

32.50

1.02

Error
*
**
n.s.

MS

F

Source

25.86**

significant differences at the .05 level
highly significant differences at the .01 level
non-significant differences
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Figure 2:

Molts occurring in response to 16:varied
dark and varied light:8 photoperiods in
Experiment Two (Series I and II).
A. Molts occurring in Series I (16:Dark)
B. Molts occurring in Series II (Light:8)

12

Table 4:

ANOVA of the total molts occurring in response
to photoperiod and sex in Experiment Two

Source

Df

SS

Total

71

65.99

Treatment

17

19.24

1.13

1.30 n.s.

Photoperiod (=A)

8

10.11

1.26

1.46 n.s.

Sex (=B)

1

1.13

1.13

1.30 n.s.

A x B

8

8.00

1.00

1.16 n.s.

Error

54

46.75

0.87

n.s.

non-significant differences

MS

F
_
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The numbers of molts occurring in Series III of
Experiment One are shown in Figure 3.

The ANOVA (Table 5)

substantiates that there were no significant differences
between the two treatments at any time.

In Experiment Two,

there was also no significant difference between responses
of the animals to the two photoperiods (Fig. 4, Table 6).
Significant differences were found in Experiment One
in the response of the crayfish to light intensity in both
the entire experiment and in the last 70 days (Table 7).
Significantly greater number of molts were obtained in the
413.64 lux (38.3 ft-c) light intensity than in the 223.56
lux (20.7 ft-c) intensity.
In Experiment One (Table 8), there were highly significant differences in molting of males and females in both the
entire experiment and in the last 70 da:s.
more than males in both cases.

Females molted

In Experiment Two more fe-

males than males molted (females = 31, males = 22).

However,

there were no significant differences in molting between the
sexes.
From the ANOVA for Experiment One (Tables 1, 2, 3) it
was determined that there were no significant interactions
between photoperiod and intensity, photoperiod and sex,
intensity and sex, or photoperiod, intensity, and sex.

There

were no significant interactions between photoperiod and sex
in Experiment Two (Table 4).
In Experiment Two the number of animals molting was
very low.

Only 22% of the total animals accomplished molts.

No gastroliths were found in the crayfish at the end of the

14

Figure 3:

Molts occurring in 0:24 (L:D) and pulse:24
(L:D) photoperiods in Experiment One
(Series III). The stippled box represents
the first 10 days of the experiment; the
clear box represents the last 70 days.
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Table 5:

ANOVA of molts occurring in 0:24 and pulse:24
photoperiods in Experiment I (Series III)

Analysis of variance of total molts
Source
Total
Treatment
Error

3
1
2

28.75
20.25
8.50

20.25

4.76 n.s.

Analysis of variance of molts occurring in the first 10 days
Source
Total
Treatment
Error

3
1
2

9.0
1.0
8.0

1.0
4.0

0.25 n.s.

Analysis of variance of molts occurring in the last 70 days
Source
Total
Treatment
Error

n.s.

Df
3
1
2

SS
8.75
6.25
2.50

non-significant differences

MS

6.25
1.25

5.00 n.s.

16

Figure 4:

Molts occurring in 0:24 (L:D) and pulse:24
(L:D) photoperiods in Experiment Two
(Series III).

17

Table 6:

ANOVA of molts in response to 0:24 and pulse:24
photoperiods in Experiment Two (Series III)

Df

Source

SS

MS

Total

7

30.88

Treatment

1

6.13

6.13

Error

6

24.75

4.13

n.s.

non-significant differences

F
_

1.48 n.s.

*
n.s.

81

413.64 lux
(38.3 ft-c)
F value: 0.0 n.s.

40

40

Molts in the first 10 days

significant differences at the .05 level
non-significant differences

F value: 4.19*

64

Total Molts

F value: 4.45*

41

24

Molts in the last 70 days

Molts occurring in response to 223.56 lux (20.7 ft-c) and 413.64 lux (38.3 ft-c)
intensities in Experiment One

223.56 lux
(20.7 ft-c)

Intensity

Table 7:

n.s.

**

90

Females
F value:
0.49 n.s.

37

43

Molts in the first 10 days

highly significant differences at the .01 level
non-significant differences

17.75**

55

Males

F value:

Total Molts

F value:

25.86**

53

12

Molts in the last 70 days

Differences in molting of males and females in Experiment One

Sex

Table 8:

20
experiment, indicating that the animals were not preparing
to molt at the time the experiment was terminated.

Discussion

Under the conditions of these experiments crayfish did
not use an hourglass model as a method of photoperiodic
time measurement to determine when molting should occur.
Bowen and Skopik (1976) indicated that the European Corn
Borer, Ostrina nubialis,utilized an hourglass mechanism for
measurement of photoperiod.

In their T experiments the

16:varied dark conditions caused no termination of diapause
except in 16:8, indicating that the amount of light or periods
of darkness greater than 8 hours were not being measured by
an hourglass clock.

However, when the 8 hours of darkness

were coupled with varying light periods, termination of
diapause occurred in every instance.

This would indicate

that the system of time measurement in 0. nubialis acted like
an hourglass in which photoperiodic time measurement was
determined by the length of the dark period.

An hourglass

model measuring a specific time interval and thereby inducing
molts was not used by the crayfish, O. immunis, in my experiments because no one constant time interval, when coupled
with varying light or darkness, produced an increase in the
number of molts.
Other methods of time measurement may be considered,
since the hourglass model apparently does not apply to crayfish under the conditions tested.
21

Circadian rhythmicity has

22
been shown to be another major factor in controlling photoperiodic induction especially in insects.

There are three

possible models that offer a means of observing the influence of photoperiod on circadian oscillations, the
external coincidence model, the internal coincidence model,
and the resonance model.

It must be stated that while

several types of organisms use photoperiod, the underlying
mechanisms for control may be different in each.

One can-

not assume that the theories of circadian control will apply
in the same manner to all organisms (Pittendrigh, 1972).
Bunning (1936, 1960) first described a means whereby
circadian rhythmicity could measure daylength.

The major

feature of his model was that when a certain period of the
dark cycle (the photoinducible period) of an organism was
illuminated, photoperiodic induction would occur.

In my

experiments photoperiodic induction was represented by
an increase in the number of molts.

Bunning's theory was

later called the external coincidence model by Pittendrigh
and Minis (1964) because the internal rhythm was being
entrained by an external one.

One method by which the

external coincidence model has been studied is through T
experiments.

Hamner (1960) has used these experiments very

effectively.

In his experiments, a short, non-inductive

photoperiod was held constant, the dark hours were then
varied in length to extend T.

The results from these tests

showed circadian oscillations occurred at the beginning of
the dark period and therefore the photoinducible phase

23

occurred and reoccurred with circadian frequency.

In-

duction occurred only when the photoinducible phase of the
cycle was illuminated.
It was inherent in the design of the experiments done
by Hamner (1960) that the light periods be short enough so
that induction would not occur in every treatment.

In my

experiments the daylengths were long enough that the photoinducible period would have been illuminated in most cases
and thereby cause molts.

The 2:8 photoperiod had a short

light phase, but molting did occur.

The consideration to

be made here is that the total T is very short.

In a 24

hour cycle the crayfish were illuminated at least twice;
therefore, the light may have illuminated the photoinducible
period at some point.

This is feasible because the exact

location of the photoinducible period, if it exists, is not
known.
The animals also molted in total darkness.

If a photo-

inducible period existed which could be illuminated and
thereby induce molts, the dark molts should not have
occurred.

It can be hypothesized that these molts may have

been solely due to temperature.

Both Molley (1974) and

Sadewasser (1974) showed that molts increased with higher
temperatures.

Sadewasser also showed the highest numbers

of molts occurred at 22 C.

Therefore, since temperature

conditions were favorable, the crayfish may not have been
inhibited from molting.
though

no

Molting may have occurred even

light was inducing it.

Jegla's (1966) work

with the troglobitic crayfish,Orconectes pellucidus inermis,

24
indicated that these crayfish have an annual cycle of
molting and reproduction, even in the relatively consta
nt
conditions found in the cave environment.

Further work

by Jegla and Poulson (1970) indicated the presence of a
circannian rhythm (a rhythm of approximately one year in
duration) in 0. p. inermis, which allows induction and
synchronization of molting by annual floods.

It would

then appear that crayfish have several mechanisms for
determining when conditions are favorable for molting.

It

may be that there is no one definitive cue to induce molts,
but rather cues vary depending on the environment of the
crayfish.
Another circadian model, the internal coincidence
mechanism, was hypothesized by Pittendrigh (1960, 1972).
In this model there is a multi-oscillator system operat
ing
in the organism, the phase relationships between these
oscillations affecting the physiology of the animals.
Pittendrigh suggested that there are usually two circad
ian
oscillators involved, one being entrained by dusk and
the
other by dawn.

When the critical phase points of the two

oscillations coincide, continued growth and development
are achieved, but when coincidence does not occur diapau
se
is induced.

He further suggested that if induction is a

function of the relationships between the oscillators,
an
entraining agent for the oscillators, other than light,
may be used.
Saunders (1974), using the wasp, Nasonia vitripennis,
substituted temperature for photoperiod.

The results

25
obtained were similar to those when photoperiod was used.
Wasps that were kept longer at higher temperatures responded
similarly to those wasps kept in long day photoperiods.
Wasps kept longer in lower temperatures showed responses
similar to those wasps kept in short day photoperiods.
Therefore, this would indicate that temperature can also
be used for entrainment in the wasp.

It also indicates

that there were two oscillators present in the system and
that an internal coincidence model was being utilized.

It

would be useful to do experiments of this nature to
determine if this type of mechanism is operating in crayfish.
The resonance model suggests that the physiological
function of an organism is impaired when it is driven by
an external cycle different from its natural circadian
cycle.

The circadian oscillator functions most effectively

when it is driven by a photoperiod which is in resonance
with its natural 24 hour cycle of light and darkness.

Went

(1960) has shown that growth in plants was maximal when the
external cycle was in resonance with the internal cycle.
Saunders (1972) has shown that growth in the larvae of the
flesh fly, Sarcophaga argyrostoma, is a function of the
relation between the external and internal cycles.

Data

from Beck (1962, as redrawn by Pittendrigh 1966) indicate
that no matter what type of clocking mechanism Ostrina
nubialis used maximum diapause occurred when the circadian
system was in resonance with its external cycle.
The intensity differences in Experiment One indicate
that the 413.64 lux (38.3 ft-c) intensity was producing a
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significantly greater number of molts.
are not known.

The reasons for this

There are few data available on the inten-

sity responses in crustaceans and the data that are available indicate opposite responses from those obtained in
these experiments.

Prins et al. (1972), when using 0.

immunis from Kentucky, found that the molting in the crayfish was less frequent in 1296.0 lux (120 ft-c) intensities
than in 162.0 lux (15 ft-c) intensities when the animals were
kept at 22 C.

Bliss (1954) found that the molting occurring

in the crab, Gecarcinus lateralis, was less when light intensities were greater than 10 lux.

Beck (1968) has said that

light intensities used in photoperiod experiments should be
relatively low and high intensities may cause abnormal behavior.

It is because of this that 32.4 lux (3 ft-c)

intensities were used in Experiment Two even though the
413.64 lux (38.3 ft-c) intensity gave the greatest number
of molts in Experiment One.
In Experiment One, there were significant differences
in molting response due to sex.
males.

Females molted more than

Tack (1941) has suggested that there is an inhi-

bitory mechanism that keeps female O. immunis, when bearing
young, from molting.

The males in this experiment had

already started their spring molt when they were collected
whereas the females had been held from molting until the
young were released.

This, then, may have caused the dif-

ferences seen in this experiment.
In Experiment Two, there were no significant differences
between the number of molts obtained for each sex, but the

27

females did molt more.
Two were Form I.

Most of the males in Experiment

According to Tack (1941), these males

would not normally molt again until the following spring.
It is difficult to say how much this affected the animals
in this experiment.

It is possible, however, that it was

simply the winter photoperiod which caused the molting to
cease in Tack's animals.
At this time it is difficult to determine if seasonal
influences such as maturation and development of the gonads
affect the crayfish in conjunction with daily photoperiod.
The extent of the interrelationships between circadian
oscillations which may cause molts, and stages of sexual
maturity which may possibly cause or inhibit molts, are not
known.

It may be that the circadian clocks were setting

the patterns of growth and development of the gonads thereby indirectly determining when the crayfish molt.

It is

not even certain if the stage of sexual development is
affecting the measurement of photoperiodic time.

There

were no significant interactions in the data between sex
and photoperiod.

However, the theory given is one possible

interpretation, which explains the reduced number of molts
in Experiment Two as well as the significant differences
in response between males and females in Experiment One.

SUMMARY

1.

Experiments were conducted to determine if an hourglass
model is the mechanism whereby photoperiodic time
is measured by the crayfish, Orconectes immunis (Hagen).
The effects of photoperiod, intensity and sex on molting
were measured in Experiment One, while the effects of
photoperiod and sex were measured in Experiment Two.

2.

It was found that these crayfish did not use an hourglass
model for photoperiodic time measurement under the conditions tested.

3.

The crayfish demonstrated significantly greater molts at
higher light intensities than at lower light intensities
in Experiment One.

4.

Highly significant differences were found in molting of
males and females in the first experiment.
molted more than males.

Females

In the second experiment no

significant differences were found, however, females
molted more than males.
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