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Abstract. Environmental factors that regulate egg diapause in the walking-stick insect, Ramulus irregulariterdentatus, were studied.
Insects collected in fields at Okayama, Japan soon after hatching in spring were reared under constant laboratory conditions. After
adult emergence, their eggs were placed outdoors or incubated under constant laboratory conditions. Most eggs kept at 15 or 20°C
hatched more than 100 days after oviposition. At 25°C, however, many eggs remained in diapause throughout the experimental period
although a small number hatched slightly earlier than those kept at the lower temperature. The maternal photoperiod affected the egg
period at 20 and 25°C; eggs from females reared under short day conditions hatched significantly earlier. A low temperature of 10°C
shortens diapause development, whereas 5°C did not have a clear effect on time to hatching. When eggs of females reared under long
day conditions were placed outdoors from June to early July, most hatched the next spring. On the other hand, eggs of females reared
under short day conditions hatched before winter if they were laid before mid-July. The short day eggs laid in August and September
hatched successfully the following April, and there was a positive correlation between the date of oviposition and time of hatching.
It is concluded that low temperatures in mid-winter do not terminate diapause development. The results revealed that both maternal
regulation of diapause intensity and the rate of diapause development play an important role in maintaining a monovoltine life cycle in
Ramulus irregulariterdentatus.

INTRODUCTION period is recorded for pupae of Manduca sexta (Bell et al.,
1975). The latter type of photoperiodic response may be
adaptive as it prevents diapausing insects from resuming
post diapause morphogenesis before winter when diapause
is induced early (Masaki, 2002).

In many insects that diapause during the egg stage, the
regulation of offspring diapause is maternal (Mousseau &
Dingle, 1991). The percentage entering diapause is often

Diapause is a dynamic process, which consists of various
phases, each with different prerequisites. Diapause induc-
tion and intensification are generally followed by a period
of diapause maintenance, during which the intensity of dia-
pause gradually decreases (Tauber et al., 1986). It is known
that low temperatures in winter are effective in terminat-
ing diapause (Andrewartha, 1952; Lees, 1955; Tauber et . .
al% 19816); Dangcs, 1987; Hodek, 1996, 2002; Kost4l, 2006). affected by the photoperiod experienced by the parents

However, the environmental regulation of diapause main- (Danks, 1,987)' For exampl?, cgg diap ause 1mn the lawn
tenance and termination is complex, with winter diapause ground cricket, Pteronemobius taprobanensis, is induced

. . . . . . by short days (Masaki, 1979). Of those insects that dia-
induction occurring much earlier than the arrival of winter 3 >

in some insects. For example, in the gypsy moth, Lyman- pause in the egg §tage however, .the photoperiod dep endept
tria dispar, the response to temperature changes over the maternal regulation of its intensity has been shown only in

course of diapause development (e.g., Tauber et al., 1990; a small number of insects, such as the blowfly Calliphora
Sawyer et al., 1993) ’ ’ " vicina (Vinogradova & Zinovjeva, 1972; Vinogradova,

Di . S . . . 1974; Saunders, 1987).
iapause intensity is an important factor in determin- R fdi devel he other i h
ing the duration of diapause. It is variable not only among ate of diapause development, the other important phys-

different species but also within a species (Masaki, 1999, iological process determining the duration of diapause, in-
2002). Some of the insects in which diapause is induced by creases toward the end of diapause (Andrewartha, 1?§2 ’
short daylengths can respond to photoperiod by changing Tavber et al, 1,986; Danks, 1987, Hode.k, 1996; Kostal,
the intensity of diapause. There is an inverse relationship 2006). The optimum temperatures for dlapause develop-
between diapause duration and photoperiod in insects such ment are often lower than those for non diapause Qevel-
as Chrysopa carnea (Tauber & Tauber, 1972) and Riptor- ~ °P ment (e.g.., Danks, 1987). For.exgmp le, the optlmum
tus clavatus (Nakamura & Numata, 2000) if they are reared ‘Femp erature s 100(_: for the termination of egg diap ause
under photoperiods below the threshold. In contrast, a ' Locust migratoria (Ando, 1993). As a result many in-

positive correlation between diapause intensity and photo- sects are able to, resume. growthior rep rod.uctlon 11 Spring.
Thus, the duration of diapause is determined by the rela-
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TasLe 1. Effects of the photoperiod experienced by females and their embryos and temperature on the percentage of the eggs of

Ramulus irregulariterdentatus that hatched.

Maternal photoperiod (25°C)

Embryonic 16L : 8D 12L: 12D
Temperature .
photoperiod No. of eges Percentage of No. of eges Percentage of
eggs that hatched eggs that hatched
250C 16L: 8D 264 32.2¢ 213 31.0¢
12L: 12D 263 12.9¢ 213 4.2f
20°C 16L : 8D 265 69.1° 213 72.8%
12L: 12D 265 88.32 213 85.4
. 16L : 8D 266 83.5% 214 80.47b¢
15C 12L: 12D 265 80.4:c 213 76.1%

Values with same letter do not differ significantly, ANOVA/Tukey’s test with P = 0.05 after arcsine transformation (Zar, 2010).

tion between the initial intensity and the rate of diapause
development.

Among walking-stick insects there are several species
that diapause in the egg stage (Bedford, 1978). Although
the physiological mechanism controlling diapause has not
been studied intensively, there are some species that spend
over a year in the egg stage (Bedford, 1978). In Didymu-
ria violescens, an Australian walking-stick insect, this
means the eggs overwinter twice with a first and second
diapause terminated in the first and second spring, respec-
tively (Bedford, 1970; Readshaw & Bedford, 1971). Both
are terminated by exposure to low temperatures. Conse-
quently, this insect causes extensive defoliation every sec-
ond summer (Readshaw & Bedford, 1971). In Extatosoma
tiaratum, another Australian walking-stick insect, diapause
is induced both in early embryonic development and again
in the pharate first-instar larva (Yoder & Denlinger, 1992).

Ramulus irregulariterdentatus is a univoltine partheno-
genetic species found on Honshu, Shikoku and Kyushu
islands, Japan (Okada, 1999). In Okayama, R. irregu-
lariterdentatus lays eggs mainly during summer and the
nymphs hatch from eggs the next April. Because R. irregu-
lariterdentatus has a univoltine life cycle, its phenology is
different from the above mentioned tropical species that
diapause twice. In the present study, our expectation was
that R. irregulariterdentatus may diapause twice within the
egg stage and had evolved a physiological mechanism that
enables it to spend a relatively long period in the egg stage.

In the present study the effects of environmental factors
on the regulation of egg diapause in R. irregulariterdenta-
tus were determined. It is assumed that adults lay eggs with
variable intensities of diapause in response to photoperiod:
females raised under long day photoperiods may lay eggs
in which diapause is more intense. To test this hypothesis,
we obtained eggs that were laid by females reared from
first instar nymphs under either a long or short day pho-
toperiod. We then compared the egg periods of these two
groups under both laboratory and outdoor conditions.

In addition, we expected that high temperatures in sum-
mer might prolong diapause, as recorded for insects such
as Atrachya menetriesi (Ando, 1983). To test this hypoth-
esis, eggs were kept at 3 moderate temperatures in the
laboratory, and the percentage of eggs that hatched and the
period spent in the egg stage were compared among the
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experimental treatments. The effect of photoperiod on dia-
pause development was also determined by rearing eggs
both under long and short day photoperiods.

It was also expected that low temperatures in winter
would play a role in the termination of diapause, as observed
in many insects (see Andrewartha, 1952; Lees, 1955; Tau-
ber et al., 1986; Danks, 1987; Hodek, 1996, 2002; Kost’al,
2006). Therefore we compared the percentage that hatched
at two low temperatures. Given that the response to tem-
perature changes during the course of diapause develop-
ment (e.g., Hodek, 1983; Tauber et al., 1990; Sawyer et al.,
1993), we also tested the effect of temperature. Eggs were
kept at 25°C for different periods before exposing them to
low temperatures. Subsequent hatching at 25°C were com-
pared among the experimental treatments. Furthermore,
the possibility that R. irregulariterdentatus has more than
one diapause during embryonic development was tested.

MATERIAL AND METHODS

First-instar nymphs of R. irregulariterdentatus were collected
in Okayama City (34.7°N, 133.9°E), Japan, in April 2005. To
determine whether the mothers control the intensity of egg dia-
pause, insects were reared under a long day (16L : 8D) or short
day (12L : 12D) photoperiod at 25 + 1°C in a group of about 10
individuals in a plastic container (35 x 30 x 38 cm in height).
They were supplied with fresh leaves of cherry, Prunus yedoen-
sis. After adult emergence, eggs were collected every other day.
Groups of fewer than 100 eggs were placed on wet filter paper in
petri dishes (90 mm diam.) and used in the experiments.

In the laboratory, eggs were kept under 16L : 8D or 12L :
12D photoperiods at 25 + 1, 20 = 1 or 15 + 1°C to determine
the combined effects of photoperiod and temperature on diapause
development. Every other day, wet filter paper was supplied as a
source of water and the number of hatchings recorded until day
210 when the experiments were discontinued. Some eggs at 25°C
were transferred to 10 or 5°C and a 12L : 12D photoperiod to
determine the effect of chilling. Because eggs of R. irregularit-
erdentatus are often laid before midsummer, the eggs were kept
at 25°C for 30 or 60 days before chilling. After exposure to a
low temperature for 30, 60 or 90 days, the eggs were returned to
25°C, and the number hatching was recorded every other day. In
the chilling experiments, average egg period not including the
days before chilling at 25°C and the chilling period, was calcu-
lated and presented in the Results (Table 3). The eggs were kept
also under outdoor conditions from mid-June to early October
2005. Water was supplied and the number that hatched recorded



TaBLE 2. Effects of the photoperiod experienced by females and their embryos and incubating temperature on the duration of the egg

stage in Ramulus irregulariterdentatus.

Maternal photoperiod (25°C)

Embryonic 16L : 8D 12L: 12D
Temperature . - -
photoperiod No. of eaes Average duration No. of eaes Average duration
’ £e of the egg stage ' £e of the egg stage
250 16L : 8D 85 117.0 £2.5° 66 103.2 £4.32
12L: 12D 34 118.4 +4.1° 9 102.3 +£5.5°
20°C 16L : 8D 183 125.3 £4.5° 155 119.5 +4.0°
12L: 12D 234 132.8 +5.7¢ 182 126.1 £ 6.9*
15°C 16L : 8D 222 148.1 £ 7.3%® 172 1474 +£5.7°
12L : 12D 213 149.3 + 6.4° 162 148.2 £ 5.8®

Values with same letter at each temperature do not differ significantly, Tukey test with P = 0.05 after ANOVA (Zar, 2010).

until the following spring in the same manner as in the laboratory
experiments.

The mean egg periods were subjected to an analysis of variance
(ANOVA). The Tukey test with P = 0.05 (Zar, 2010) was used
for the multiple comparison among groups. Percentage data on
hatching were arcsine transformed and analyzed using ANOVA/
Tukey’s test with P = 0.05.

RESULTS

Less than half of the eggs hatched at 25°C (Table 1).
The percentages that hatched under a 16L: 8D photoperiod
were greater than under a 12L : 12D photoperiod, regard-
less of the maternal photoperiod (p < 0.05). The average
periods spent in the egg stage were about 120 and 100 days
when females were reared under a 16L : 8D or 12L : 12D
photoperiod, respectively (Table 2). The periods spent in
the egg stage were significantly dependent on the maternal
photoperiod (p < 0.05) but not the embryonic photoperiod
(p > 0.05). The hatching occurred over a period of a few
weeks and then no more hatched for more than 2 months in
all the experiments. At 20°C 69 to 88% of the eggs hatched
(Table 1). Unlike at 25°C, significantly more eggs hatched
under a 121 : 12D photoperiod than a 16L : 8D photoperi-
od (p < 0.05). Egg periods were significantly longer if the
maternal generation was kept under long day conditions
(p <0.05) (Table 2). At 15°C, most eggs hatched synchro-
nously between 140-160 days regardless of the maternal

or embryonic photoperiod. There were no significant dif-
ferences in the egg periods recorded in the four treatments.

Exposure to low temperatures also affected the percent-
age of eggs that hatched (Table 3). Overall, low tempera-
tures did not have a striking effect on the termination of
egg diapause. The percentages that hatched were not high,
especially after keeping them at 5°C. When eggs were ex-
posed to 10°C, egg periods after return to 25°C were nega-
tively correlated with the duration of the low-temperature
treatment, which indicates that the rate of diapause devel-
opment increases at low temperatures. Keeping eggs not
only at 10°C but also 25°C before chilling shortened the
egg period after transfer to 25°C: 60 days at 25°C before
30 days at10°C was more effective in shortening the egg
period after return to 25°C than 30 days at 25°C before 60
days at 10°C. Similar results were obtained in experiments
in which the eggs were kept for an additional 30 days at
10°C. After exposure to 5°C, the average egg periods were
about 60 days in all six treatments regardless of the length
of the low temperature period or the maternal photoperiod.
They were significantly longer than those after exposure to
10°C (p < 0.05).

The maternal photoperiod and when the eggs were laid
affected the date of hatching outdoors (Table 4). When
eggs laid by long day reared females were placed outdoors,
hatching occurred mostly the next spring with only two
hatching before winter. The later in the year that the eggs

TaBLE 3. Effects of low temperature on the termination of egg diapause in Ramulus irregulariterdentatus.

Photoperiod after chilling (25°C)

Low Dayhs, lll’_e fore. - itling 16L : 8D 12L: 12D
temperature C( 2150123(; period No.of Percentage Average duration (.)f.the No. of Percentage Average duration (.)f.the
eggs of eggs hatched egg stage after chilling  eggs of eggs hatched egg stage after chilling
30 days 172 453 5324+ 11.2% 173 22.5 48.7 +9.4f
30 days 60 days 163 54.6 30.3 £12.5¢ 163 58.9 27.5+4.7%
10°C 90 days 176 56.8 20.7 £ 2.9 178 60.7 21.0 £4.9°
60 days 30 days 161 37.9 25.7+5.0¢ 161 25.5 23.7 + 3.6
60 days 178 54.5 16.5 £ 1.5° 179 29.1 15.8 £1.8%®
30 days 158 30.4 59.7+£9.8" 160 22.5 58.1 £ 10.5¢
5°C 30 days 60 days 189 27.0 61.5+4.4" 191 9.4 62.2+7.6"
90 days 187 19.3 59.1 +£7.0 187 10.2 61.5+7.7"

Values with same letter do not differ significantly, Tukey test with P = 0.05 after ANOVA (Zar, 2010). Eggs were kept under 12L : 12D
photoperiod during chilling.
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TaBLE 4. Effects of oviposition date and maternal photoperiod on incidence and time of hatching of the eggs of Ramulus irregula-

riterdentatus kept outdoors.

Maternz.il l.)ate.o.f No. of eggs % autumnal % spr.ing Median Qate
photoperiod oviposition hatching hatching of hatching
June 20 9 11.1 333 Apr. 14
June 23 30 33 20.0 Apr. 7
) June 26 45 0.0 42.2 Apr. 12
161 8D June 29 55 0.0 74.5 Apr. 14
July 2 57 0.0 78.9 Apr. 14
July 5 59 0.0 83.1 Apr. 14
June 11-14 3 0.0 0.0 -
June 17 36 11.1 0.0 Oct. 14
June 20 71 42 0.0 Oct. 17
June 23 94 16.0 0.0 Oct. 14
June 26 661 8.6 0.0 Oct. 28
June 29 733 8.5 0.0 Oct. 21
July 2 634 8.0 1.4 Oct. 19
12L: 12D Aug. 2 142 0.0 60.6 Apr. 12
Aug. 7 171 0.0 51.5 Apr. 14
Aug. 15 142 0.0 55.6 Apr. 14
Aug. 31 65 0.0 56.9 Apr. 14
Sept. 6 40 0.0 27.5 Apr. 17
Sept. 12 35 0.0 28.6 Apr. 19
Sept. 17 5 0.0 60.0 Apr. 24
Sept. 20 5 0.0 60.0 Apr. 28
Sept. 26 7 0.0 57.1 Apr. 30
Sept. 29-Oct. 3 3 0.0 0.0 -

were laid the greater the percentage that hatched the fol-
lowing spring. The median date of hatching was 14 April
in four of the six treatments. Eggs of short day reared fe-
males were placed outdoors from 11 June to 2 July or from
2 August to 3 October. Most of the eggs placed outdoors
in June and July hatched in autumn, except for 1.4% of 2
July eggs, which remained in diapause until the following
spring. Nymphs only emerged from short day eggs placed
outdoors in August or later the following April. The date of
hatching was closely related to when the eggs were laid:
12 April for the eggs placed outdoors on 2 August and 30
April for those placed outdoors on 26 September.

DISCUSSION

Effects of maternal photoperiod on diapause intensity

In insects in which the mother can determine the intensi-
ty of diapause of her offspring it is more intense and occurs
at a higher incidence if mothers are exposed to short pho-
toperiods (see Mousseau & Dingle, 1991). In the blowfly
Calliphora vicina, females kept under short days produce
many larvae that need to be exposed to long periods of low
temperature in order to complete diapause (Vinogradova,
1974). Diapause in the progeny of long day treated flies,
however, is less intense and easily terminated by chilling.
On the other hand, eggs laid by females of R. irregularit-
erdentatus under a 12L : 12D photoperiod hatched signifi-
cantly earlier than those laid under a 16L : 8D photoperiod
at 25 and 20°C (Table 2). The photoperiodic responses,
however, reflect the life cycle of this species. When eggs
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of short day reared mothers were kept outdoors, an un-
timely hatching before winter was recorded in successive
experiments from late June to early July (Table 4). The per-
centage hatching was extremely low in most of the treat-
ments, suggesting that physiologically egg diapause was
terminated before winter and post-diapause morphogenesis
initiated but they were killed by cold during winter. In con-
trast, most of the long day eggs placed outdoors in early
summer successfully hatched the next spring. This clearly
shows that an intense diapause induced under long day-
lengths prevents hatching before winter. In addition, the
merit of less intense diapause induced by short day rear-
ing of females is also shown by experiments where eggs
were placed outdoors in August and September. Diapause
intensity is often closely correlated with the length of time
between diapause induction and the onset of winter (Ma-
saki, 1999, 2002). Diapause is more intense if it is induced
early in autumn. The present results confirms that diapause
intensity is correlated with the time of diapause induction.

Effects of environmental factors on diapause
development

The percentage of eggs that hatched and duration of the
egg stage in R. irregulariterdentatus were both highly de-
pendent on the temperature at which they were incubated
(Table 1, 2). A small number of nymphs emerged about 100
days after oviposition at 25°C. The higher the temperature
at which the eggs were incubated within the range 15 to
25°C the shorter the egg stage. However, the duration of
the egg stage at 15°C was approximately 150 days, which



is about 1 month longer than at 25°C. The relatively small
difference between temperatures may indicate that the rate
of diapause development is relatively fast at low tempera-
tures since post-diapause morphogenesis was faster at high
temperatures. Furthermore, unlike at high temperatures,
there was no difference in the duration of the egg stage in
the two different maternal photoperiod treatments at 15°C.
This indicates that a high rate of diapause development
may mask the difference in the initial intensity of diapause.
Diapause development increases over a certain range of
temperatures and the optimal temperatures occurs within
that range (Danks, 1987). In the false melon beetle, Atra-
chya menetriesi, the optimal temperatures are between 5
and 10°C for the termination of egg diapause although dia-
pause development proceeds at low temperatures ranging
between 1-16°C (Ando, 1983). On the basis of the present
results, the optimal temperature for egg diapause in R. ir-
regulariterdentatus is around 15°C.

Temperature also affected the percentage egg hatch in
R. irregulariterdentatus. A relatively high temperature of
25°C prevented many eggs from hatching within 210 days
(Table 1), which indicates that diapause development was
very slow or arrested. However, the percentage that hatched
was higher at the lower temperatures of 20 and 15°C. Since
R. irregulariterdentatus lays its eggs in midsummer, they
must survive a long period until the next spring. Thus, it is
adaptive if the eggs can survive the summer without hatch-
ing. As already discussed in the case of the rate of diapause
development, a higher temperature is less suitable for the
termination of diapause development of the eggs of R. ir-
regulariterdentatus.

Low temperatures often play a role in the termination
of winter diapause (Andrewartha, 1952; Lees, 1955; Da-
nilevsky, 1961, Tauber et al., 1986; Danks, 1987; Kostal,
20006). In the present study, the longer the period the eggs
were kept at 10°C, the shorter the period to hatching after
returning them to 25°C (Table 3). These results confirm
the importance of low temperature also for R. irregular-
iterdentatus. The periods to hatching after exposing eggs
to 5°C were significantly longer than after exposing them
to 10°C (Table 3). Furthermore, more than 30 days of ex-
posure to the low temperature did not further shorten the
period to hatching at 25°C. These results might indicate
that 5°C plays no role in the termination of diapause. How-
ever, total time to hatching at 25°C, calculated by adding
30 days before 5°C, was about 90 days in each of the three
treatments, which is shorter than the durations recorded at
a continuous 25°C (103.2-117.0 days on average, seec Ta-
ble 1). Therefore, 5°C is to some extent also suitable for
diapause development. It is possible that a temperature of
5°C will only be experienced over a very limited period
during diapause development. It is also possible that R. ir-
regulariterdentatus has more than one period of diapause
during its embryonic development. Some walking-stick
insects undergo two periods of diapause during the egg
stage (Readshaw & Bedford, 1971; Yoder & Denlinger,
1992). In Extatosoma tiaratum, a tropical walking-stick in-
sect, diapause is induced both in an early embryonic stage

and in the pharate first-instar larvae (Yoder & Denlinger,
1992). If R. irregulariterdentatus is assumed to have two
periods of diapause, the absence of shortening of the egg
period after a long exposure to 5°C may be explained as
follows: the first diapause is terminated at 5°C, but the low
temperature prevents eggs from developing to the second-
diapause stage. Although phenologies of the Japanese and
tropical walking stick insects differ, the present results may
indicate there are two periods of diapause.

The period at 25°C before exposure to 10°C also affected
diapause, which indicates that the timing of the change in
temperature affects diapause development. Sixty days at
25°C before 30 days at 10°C was more effective in shorten-
ing the egg period after the return to 25°C than 30 days at
25°C before 60 days at 10°C (Table 3). Similar results were
obtained in treatments with an additional 30 days at 10°C.
These results may indicate that 25°C accelerates diapause
development more than 10°C, although most eggs did not
complete diapause development when kept at a moderate
temperature (Table 1). In the course of diapause develop-
ment there are different phases with different temperature
requirements (Hodek, 1983). When adults of the heterop-
teran, Pyrrhocoris apterus, were exposed to 5°C soon after
the induction of diapause and then transferred to 25°C, a
small number of them terminate diapause and start ovipos-
iting (Hodek, 1978). In contrast, most of the females laid
eggs after the same exposure to low temperature late in
diapause. In the gypsy moth, L. dispar, the lower thresh-
old for development and optimal temperature for diapause
development are less than —10°C and 5-15°C, respectively
(Sawyer et al., 1993). As in P. apterus and L. dispar, dia-
pause in R. irregulariterdentatus may change its tempera-
ture requirements for diapause termination.

The above responses to low temperatures in R. irregular-
iterdentatus can explain the results of hatching under out-
door conditions in spring. When eggs laid by adults reared
under short day conditions were placed outdoors in August
or later, the date of hatching in spring is closely correlated
with when they were laid (Table 4). This positive correla-
tion suggests that eggs of R. irregulariterdentatus do not
terminate diapause during winter if they are laid late in
the reproductive season. Thus, there may be little diapause
development during mid-winter when the daily average
temperature is below 5°C. In many insects that diapause
overwinter, the diapause is physiologically terminated dur-
ing winter (Tauber et al., 1986; Danks, 1987; Hodek, 1996,
2002; Kostal, 2006). Low temperatures in winter maintain
the dormancy and development or reproduction resumes as
soon as the temperature rises. This enables insects within
a population to synchronize their life cycles. However, it
is not clear how R. irregulariterdentatus synchronizes its
life cycle after overwintering. One possibility is that adults
reared under short day conditions and/or decreasing tem-
peratures may lay eggs that have a less intense diapause
than those laid under a constant 12L : 12D photoperiod. It is
also possible that synchrony is not very important for R. ir-
regulariterdentatus, because the season suitable for growth
and reproduction in southwestern Japan is long enough for
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them to fully realize their reproductive potential. Further-
more, R. irregulariterdentatus is a parthenogenetic species
and thus does not mate. So the synchronization of adult
emergence may not be important in this species.

Photoperiod, the most important seasonal signal for
many temperate insects, had unclear effects on the mainte-
nance and termination of egg diapause in R. irregulariter-
dentatus. Constant photoperiods during the egg period did
not affect the time of hatching, but affected the percentage
that hatched at 25 and 20°C (Tables 1, 2). These results
possibly indicate that eggs respond to photoperiod. How-
ever, opposite results were obtained at the two tempera-
tures. Thus, it is possible that the difference in the percent-
age that hatched was caused by undetectable differences in
temperature or other incubating conditions.

REFERENCES

AnDoO Y. 1983: Diapause and geographic variation in a leaf bee-
tle. In Brown V.K. & Hodek 1. (eds): Diapause and Life Cycle
Strategies in Insects. W. Junk, The Hague, pp. 127-141.

ANDO Y. 1993: Thermal response and reversibility of diapause in
the eggs of Locusta migratoria. — Physiol. Entomol. 18: 1-6.

ANDREWARTHA H.G. 1952: Diapause in relation to the ecology of
insects. — Biol. Rev. 27: 50-107.

Beprorp G.O. 1970: The development of the egg of Didymuria
cuilescens (Phasmatodea: Phasmatidae: Podacanthinae) — em-
bryology and determination of the stage at which first diapause
occurs. — Austral. J. Zool. 18: 155-169.

Beprorp G. O. 1978: Biology and ecology of the Phasmatodea.
— Annu. Rev. Entomol. 23: 125-149.

BeLL R.A., Rasur C.G. & JoacHmm F.G. 1975: Photoperiodic in-
duction of the pupal diapause in the tobacco hornworm, Man-
duca sexta. — J. Insect Physiol. 21: 1471-1480.

DaniLevsky A.S. 1961: Photoperiodism and Seasonal Develop-
ment of Insects. [Japanese translation by T. Hidaka & S. Ma-
saki, 1966.] University of Tokyo Press, Tokyo, 293 pp.

Danks H.V. 1987: Insect Dormancy: An Ecological Perspective.
Biological Survey of Canada, Ottawa, 439 pp.

Hopek 1. 1978: Role of temperature in diapause of Pyrrhocoris
apterus (Heteroptera). — Vest. Cs. Spol. Zool. 42: 172—-187.
Hopek 1. 1983: Role of environmental factors and endogenous
mechanisms in the seasonality of reproduction in insects dia-
pausing as adults. In Brown V.K. & Hodek 1. (eds): Diapause
and Life Cycle Strategies in Insects. W. Junk, The Hague, pp.

9-33.

Hopexk 1. 1996: Diapause development, diapause termination and
the end of diapause. — Eur. J. Entomol. 93: 475-487.

Hopek 1. 2002: Controversial aspects of diapause development.
— Eur. J. Entomol. 99: 163-173.

40

KostaL V. 2006: Eco-physiological phases of insect diapause. —
J. Insect Physiol. 52: 113—127.

Lees A.D. 1955: The Physiology of Diapause in Arthropods.
Cambridge University Press, Cambridge, 151 pp.

Masakr S. 1979: Climatic adaptation and species status in the
lawn ground cricket. I. Photoperiodic response — Kontyu 47:
48-65.

Masakr S. 1999: Seasonal adaptations of insects as revealed by
latitudinal diapause clines. — Entomol. Sci. 2: 539-549.

Masaki S. 2002: Ecophysiological consequences of variability in
diapause intensity. — Eur. J. Entomol. 99: 143—154.

Mousseau T. & DINGLE H. 1991: Maternal effects in insect life
histories. — Annu. Rev. Entomol. 36: 511-534.

Nakamura K. & Numara H. 2000: Photoperiodic control of the
intensity of diapause and diapause development in the bean
bug, Riptortus clavatus (Heteroptera: Alydidae). — Eur. J. En-
tomol. 97: 19-23.

Oxapa M. 1999: All About Stick Insects. Tombow Publishing,
Osaka, 55 pp.

ReapsHaw J.L. & BEprorD G.O. 1971: Development of the egg in
the stick insect Didyuris violescens with particular reference to
diapause. — Austral. J. Zool. 19: 141-158.

Saunpers D.S. 1987: Maternal influence on the incidence and
duration of larval diapause in Calliphora vicina. — Physiol.
Entomol. 12: 331-338.

SAWYER A J., TauBer M.J., TauBer C.A. & RuBerson J.R. 1993:
Gypsy moth (Lepidoptera: Lymantriidae) egg development: a
simulation analysis of laboratory and field data. — Ecol. Mod-
ell. 66: 121-155.

TauBer M.J. & Tauser C.A. 1972: Geographic variation in criti-
cal photoperiod and in diapause intensity of Chrysopa carnea
(Neuroptera). — J. Insect Physiol. 18: 25-29.

TauBer M.J., TAuBer C.A. & Masaki S. 1986: Seasonal Adapta-
tions of Insects. Oxford University Press, New York, 411 pp.
TauBer M.J., TAUBER C.A., RUBERSON J.R., TAUBER A.J. & ABRA-
HAMSON L.P. 1990: Dormancy in Lymantria dispar (Lepido-
ptera: Lymantriidae): analysis of photoperiodic and thermal

responses. — Ann. Entomol. Soc. Am. 83: 494-503.

VinoGrapovA E.B. & ZmNovieva K.B. 1972: Maternal induction of
larval diapause in the blowfly, Calliphora vicina. — J. Insect
Physiol. 18: 2401-2409.

VinoGrapova E.B. 1974: The patten of reactivation of diapausing
larvae in the blowfly, Calliphora vicina. — J. Insect Physiol.
20: 2487-2496.

Yoper J.A. & DENLINGER D.L. 1992: Water vapour uptake by dia-
pausing eggs of a tropical walking stick. — Physiol. Entomol.
17: 97-103.

ZAR J.H. 2010: Biostatistical Analysis. 5th ed. Pearson Prentice-
Hall, Upper Saddle River, 944 pp.

Received August 14, 2013; revised and accepted September 18, 2014
Prepublished online October 20, 2014



