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Shun Kobayashi, Ryota Usui, Kouta Nomoto, Mineyuki Ushirokita, Tetsuo Denda, and Masako Izawa 
(2016) Although the stick insect Megacrania tsudai cannot fly, its eggs are dispersed by seawater, which allows 
the species to distribute itself widely via the ocean. The life history of this non-volant insect that establishes 
settlements by egg dispersal remains poorly understood. We aimed to clarify the population dynamics and 
effects of temperature on the eggs of M. tsudai through field observation in near the northern limits of the 
distribution and laboratory experiments. In the wild, all instars appeared over a period of several months, with 
a larger proportion of first instars emerging from December to March, and a greater number of adults being 
observed from June to August. Laboratory experiments showed that the hatching rate of M. tsudai was not 
different between conditions of 25 and 30°C, whereas it was significantly lower at 20°C. The egg-development 
period was shorter when eggs were maintained under high temperature conditions, and longer for eggs kept 
at 20°C. The effective cumulative temperature was estimated as 1561.5-2000.0°C, and the developmental 
zero was estimated as 12.2-13.9°C. The peak appearance of the first instar in the laboratory, which was used 
to obtain an estimate for the effective cumulative temperature and peak appearance of adults in the wild, was 
not entirely accurate because the peak appearance of the first instars in the wild was not consistently observed 
when the estimation indicated that they should appear. Megacrania tsudai is a univoltine near the northern limit 
of its distribution, and temperature has a strong effect on its egg development. Our estimation of population 
dynamics by laboratory experiments did not exactly predict what was observed in the field and it may be 
controlled by other factors. However, our findings indicate that the limiting factor of the distribution of this species 
is likely the effect of temperature on egg hatching.

Key words:	Developmental zero, Hatching rate, Megacrania tsudai, Non-volant, Northern limit, Population 
dynamics, Seawater dispersal, Temperature.
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BACKGROUND

Temperature affects the life history of many 
animals, and in particular, insects (Speight et al. 
1999; Gullan and Craston 2010). Many current 
previous studies that focused on how temperature 

affects insects have aimed to either predict the 
population dynamics of insects that are agricultural 
pests or helpers, or estimate the ability of an insect 
to adapt to climate change (e.g., Porter et al. 1991; 
Bale et al. 2002; Thomson et al. 2010). Predictions 
that combined data from both field observation 
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and laboratory experiments are lacking, and have 
only been conducted in species of importance 
for agriculture, such as the diamondback moth or 
lady beetle (e.g., Yamada and Kawasaki 1983; Xia 
et al. 2003). Studies on the unique responses of 
other insects to temperature changes are needed, 
as this information is needed to understand the life 
history of each species.

The genus Megacrania (Phasmatidae) is 
primarily distributed in tropical regions (Hsiung 
2007), and Megacrania tsudai occurs in the 
subtropical region, with its northernmost borders 
formed by the Hengchun Peninsula, Lyudao 
and Lanyu islands in Taiwan, and Iriomote-jima, 
Ishigaki-jima, and Miyako-jima islands in the 
Ryukyu Archipelago, Japan (Azuma et al. 2002; 
Liu 2002) (Fig. 1). The species feeds on the leaves 
of the screw pine Pandanus odoratissimus L. f., 
which grows in coastal forest. The populations of M. 
tsudai are small and currently protected in Taiwan 
(Council of Agriculture, Executive Yuan, R.O.C. 
2015), as well as listed as Near Threatened in the 
Red List in Okinawa, Japan (Okinawa Prefectural 
Government 2005).

Megacrania tsudai has two pairs of wings 
but lacks the ability to fly, making dispersion 
across an ocean difficult. However, because of its 
parthenogenetic reproductive system (Yamasaki 
1991), the special structure of the eggs that 
enables them to float on water (Wang and Chu 

1982), and the tolerance of the eggs to seawater 
(Ushirokita 1998; Kobayashi et al. 2014), this 
species can disperse across oceans via its eggs. 
Wu et al. (2012) support these claims. In order 
to understand the life history of this insect with 
such a special dispersal pattern, its response to 
temperature, an important environmental factor, 
must be clarified.

The first objective of this study is to clarify 
the population dynamics on Iriomote-jima Island 
near the northern limits of the distribution of this 
species. The second aim is to identify the effect 
of temperature on egg hatching. Thirdly, the 
appearance pattern in relation to environmental 
temperature will be calculated. Finally, we discuss 
the landing and settlement process in relation 
to the limiting effects of temperature on the 
distribution of M. tsudai.

MATERIALS AND METHODS

Route census

A route census was conducted more than two 
times per month from January 2011 to February 
2013 to determine the appearance pattern of M. 
tsudai on Iriomote-jima Island in the Southern 
Ryukyus (S1 in Fig. 1). The census was conducted 
along a 210-m route that extended from the 
seashore to a coastal forest. Approximately 43% 
of this route was covered by P. odoratissimus. The 
census started at 1-2 h after sunset. We counted 
the number of individuals and measured their body 
lengths during each census, after which the insect 
was released at its capture point. A data logger 
(CO-U23-001, Onset, MA, USA) recorded hourly 
measurements of temperature and humidity at the 
study site from February 2012 to January 2013.

Temperature control experiment during the 
egg-development period

An egg-hatching experiment was conducted 
from 2011 to 2013 at the University of the Ryukyus 
on Okinawa-jima Island. The temperature in 
the laboratory was 26-28°C, and the day length 
was 12 h (0600-1800). Seven adults collected 
on Iriomote-jima Island from 1998 to 2010 had 
been maintained at the University of the Ryukyus 
and were used as the source of eggs for this 
experiment. The individuals from these eggs were 
reared together until eclosion, and then they were 
maintained individually in plastic cages (410 mm × 

Fig. 1.  Map of the distribution of Megacrania tsudai and its food 
plant Pandanus odoratissimus. Megacrania tsudai is distributed 
in T1 to T3 and S1 to S3. T1: Taiwan, T2: Lyudao Island, T3: 
Lanyu Island, S1: Iriomote-jima Island, S2: Ishigaki-jima Island, 
S3: Miyako-jima Island, C1: Okinawa-jima Island, and C2: 
Amami-Oshima Island. The dashed line shows the northern 
limit of P. odoratissimus (Nakanishi 1991).
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310 mm × 550 mm) made of 3-mm mesh. Screw 
pine leaves were collected on Okinawa-jima 
Island, and the insects were fed fresh leaves every 
4 days.

Eggs were collected from the adults every 
day. Individual eggs were placed on wet cotton 
swabs in a plastic case (30 mm × 30 mm × 
15 mm) with holes for aeration. The cases were 
incubated (LP-30CCFL-8CTAR, Nippon Medical 
& Chemical Instruments Co., Ltd, Japan) at 20, 
25, or 30°C for 12 h each day (0600-1800). Every 
day, the egg condition was checked and the eggs 
were sprayed with fresh water. Eggs incubated at 
25 and 30°C were considered dead if they had not 
hatched at 365 days after being laid. Several of the 
eggs incubated at 20°C hatched after 365 days; 
therefore, eggs incubated at 20°C were considered 
dead if they had not hatched at 550 days after 
being laid. The 550-day limit was based on 100 
days after the last egg hatched. The unhatched 
eggs were dissected to determine whether 
they were alive or dead. The number of days 
required for egg development (egg-development 
period), from oviposition to hatching, was used 
in subsequent analyses. All statistical analyses 
were performed using the R ver. 2.15.2 software 
package.

Egg-development period and estimation of the 
hatching season in nature

The results from the temperature experiment 
and route census enabled us to estimate the 
hatching season and appearance pattern in nature. 
To estimate the hatching season, we calculated the 
parameter for the rate of egg development using 
the law of total effective cumulative temperature. 
We used two equations: one is the traditional 
equation,

D (T - t) = k � (1),

and the other is an equation proposed by Ikemoto 
and Takai (2000), 

DT = k + tD � (2),

where D  is the egg-development period, T 
is temperature (°C), t is developmental zero 
temperature (°C), and k is the effective cumulative 
temperature (°C). The rate of egg development per 
day (1/D) at each temperature (20, 25, and 30°C) 
was estimated using both equations. Equation 
(2) is the deformation equation of equation 

(1). However, equation (2) has remedied the 
problem that estimated error becomes high in low 
temperatures, which results in poor estimates of 
t and k in cold temperature experiments (Ikemoto 
and Takai 2000).

To estimate the appearance pattern of 
M. tsudai in nature, we used air temperatures 
recorded by the data logger. Each month was 
divided into three periods of approximately 10 
days (early, middle, and late), and the mean 10-
day temperature (T) of each period was calculated. 
The developmental rate for each 10-day period 
was calculated as (1/D) × 10. The hatching time 
was estimated to be the point when the cumulative 
value of [(1/D) × 10] from the time of egg laying 
exceeded 1. We calculated the egg-development 
period and hatching season in nature using this 
equation.

In addition, the developmental zero temper-
ature was calculated using both equations: t1 was 
calculated from equation (1), and t2 was calculated 
from equation (2) in order to determine the limiting 
factor on the distribution of this species. We 
calculated the number of days that the temperature 
was below the developmental zero temperature 
on three islands: Iriomote-jima Island (Fig. 1, S1), 
where M. tsudai lives; Okinawa-jima Island (Fig. 1, 
C1), in the Central Ryukyus; and Amami-Oshima 
Island (Fig. 1, C2), which is near the northern limit 
of P. odoratissimus. Megacrania tsudai does not 
occur in either of the latter two islands. For the 
analyses, we used the daily mean temperature 
from 2001 to 2010 from the recording stations 
of the Japan Meteorological Agency (Japan 
Meteorological Agency 2015) at Iriomote-jima 
(Iriomote-jima Island), Naha (Okinawa-jima Island), 
and Naze (Amami-Oshima Island).

RESULTS

Pattern of instar appearance in nature

This species is reported to molt six times 
(Ushirokita 1998; Wu et al. 2011), and therefore 
we determined the range of body lengths for 
each instar. Seven clusters of body lengths were 
observed in the body-length data measured in the 
field (Table 1). Based on the data from Table 1, 
the monthly change in appearance of each instar 
was obtained (Fig. 2). First instars appeared from 
December to May, and were not observed from 
June to September. In contrast, adults (seventh 
instar) primarily appeared from June to August, but 
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were observed in all months except for January 
and April during the 2-year survey. In 2012, the 
appearance of a peak of the second- to seventh-

instar individuals was observed one month after 
the appearance of the peak of the previous instars. 
In 2011, appearance patterns were similar to 
those in 2012, but the peaks for appearance were 
indistinct; a large number of the second instars 
suddenly appeared in April, and adults appeared 
consistently from May to November.

Hatching ratio and egg-development period

Seven adults laid 956 eggs during the egg 
hatching experiment, and we obtained egg-laying 
dates and hatching or death dates for 928 of those 
eggs. Each adult laid 1.0 ± 0.2 (Mean ± SD) eggs 
per day. A total of 33-228 eggs were laid per adult, 
indicating a large variation in the number of days 
that each of the adults oviposited. One adult (N1 
in Table 2) was omitted from the analyses because 
only two of her eggs hatched: one at 20°C and the 
other at 25°C.

The hatching rate was significantly different 
among adults (Fisher’s exact test, p < 0.05) (Table 
2). Therefore, we compared the hatching rate 
among the three temperatures for each adult. The 
hatching rate of eggs at 20°C was significantly 
lower (Fisher’s exact test, p < 0.05) than at 25 
and 30°C for four of the adults (indicated by * in 
Table 2), but was not significantly different among 
temperatures for the other three adults (Fisher’s 
exact test, p > 0.05). The combined hatching rate 
for eggs from all of the adults was significantly 
lower (Fisher’s exact test, p < 0.05) at 20°C than at 
25 and 30°C.

No significant difference was observed in the 
egg-development period among eggs between the 
adults for any of the three temperature conditions 
(Kruskal-Wallis test, p > 0.05). However, for all 
adults combined, the egg-development period 
at 20°C was 260.0 ± 3.1 (183-449) days (Mean 

Table 1.  Body length of each instar

1st 2nd 3rd 4th

n 153 153 76 47
Mean ± SD 30.0 ± 1.8 39.7 ± 1.9 49.5 ± 2.1 60.6 ± 2.0
Range of body length (mm) BL < 35 35 ≤ BL < 45 45 ≤ BL < 55 55 ≤ BL < 67

5th 6th 7th (Adult)

n 43 44 135
Mean ± SD 76.6 ± 3.9 94.5 ± 2.5 114.8 ± 5.3
Range of body length (mm) 67 ≤ BL < 87 87 ≤ BL < 100 100 ≤ BL

Fig. 2.  Monthly appearance of each instar on Iriomote-jima 
Island.
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± SE (Min-Max)), which was significantly longer 
than at 25°C (121.2 ± 1.2 (84-213) days) and at 
30°C (109.8 ± 1.1 (91-182) days) (Scheffe’s test, 
p < 0.001) (Fig. 3). The longest egg-development 
period was observed at 20°C, followed by 25°C. 
Furthermore, a much longer egg-development 
period was observed at all temperatures when 
data for eggs from all adults were combined (Fig. 
3). These eggs were observed without regard to 
individuals. The effective cumulative temperature 
and developmental zero temperature were 2000.0 
and 12.2°C, respectively, based on (1), and 1561.5 
and 13.9°C based on (2). The developmental zero 
temperature calculated by these two equations 
had a 1.7°C difference.

Egg-development rate

The annual mean temperature at the study 
site on Iriomote-jima Island was 23.5°C and the 
annual mean relative humidity was 87.5%. The 
lowest monthly mean temperature (17.8°C) was 
observed in January, and the highest was in July 
(Fig. 4). This pattern is the same as shown by the 
data collected from 2001 to 2010 and recorded 
by the Japan Meteorological Agency, except for 
2008, when the lowest monthly mean temperature 
was observed in February. Relative humidity was 
constantly > 70%, except for 10 days (October-
April).

After dividing the months into early, middle, 
and late periods, the lowest 10-day mean 
temperature (T) was recorded in the middle of 
February (17°C), and the highest was recorded in 
the middle of July (29°C). We calculated (1/D) × 
10 from these temperature records, and figure 5 
shows the estimated egg-development period for 
each month. When estimated using equation (1), 

Table 2.  Hatching rate (%) for each treatment. Number in parentheses is the sample size

Female ID 20°C 25°C 30°C

D1* 48.0 (50) 83.3 (48) 80.4 (51)
N1 9.1 (11) 9.1 (11) 0.0 (11)
N6* 35.0 (40) 67.5 (40) 67.5 (40)
N8 21.3 (47) 34.0 (47) 37.8 (45)
N11 22.7 (22) 31.8 (22) 47.6 (21)
N17* 60.6 (66) 73.9 (69) 61.8 (68)
N19* 54.8 (73) 78.4 (74) 76.4 (72)
Total* 43.3 (309) 64.3 (311) 62.3 (308)

*Hatching rate was significantly lower in 20°C condition (Fisher’s exact test; p < 0.05).

Fig. 3.  The egg-development period according to temperature 
conditions. Boxes indicate the median with first and third 
quartiles. Whiskers indicate data points located within a range 
of 1.5 times the respective interquartiles. Open circles indicate 
outliers.
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eggs deposited from September through October 
would have the longest egg-development period 
(approximately 230 days), and eggs deposited 
from April to June would have the shortest egg-
development period (approximately 140 days) (Fig. 
5a). When estimated using equation (2), the eggs 
laid from September to November would have the 
longest egg-development period (approximately 
220 days), and eggs laid in May through June 
would have the shortest egg-development 
period (approximately 120 days) (Fig. 5b). The 
estimations differed by 10-20 days between 
equations (1) and (2), although the longest and 
shortest egg-development periods were observed 
in similar seasons. The fluctuation among the 
nearest plots in figure 5 was smaller in equation (2) 
than in equation (1).

Temperature on the three islands

The number of days per year during the 
period from 2001 to 2010 when the daily mean 
temperature and daily lowest temperature were 
below t1 (12.2°C) and t2 (13.9°C) on Iriomote-
jima, Okinawa-jima, and Amami-Oshima islands is 
shown in figure 6. On Iriomote-jima Island (where 
M. tsudai is found), the daily mean temperature 
was below t1 for 0.4 days per year and below t2 for 
2.7 days per year. On the same island, the daily 
mean temperature did not decrease below t1 for 
6 years and did not decrease below t2 for 1 year. 
However, the daily mean temperature decreased 
below the developmental zero temperature for 
some year on the Okinawa-jima and Amami-
Oshima islands (areas where M. tsudai does not 
live). On Okinawa-jima Island, the daily mean 
temperature was below t1 for 1.0 day per year and 
below t2 for 6.1 days per year. Furthermore, the 
number of days when the daily mean temperature 
was below these developmental zero temperatures 
dramatically increased on Amami-Oshima Island 
and was 7.0 days per year for t1 and 27.8 days per 
year for t2.

DISCUSSION

Life history of Megacrania tsudai

Field observations revealed that M. tsudai is 
univoltine and hatches in the winter, with adults 
appearing in the summer in near the northern 
limits of its distribution. The population dynamics 
of phasmid species in the Ryukyu Archipelago 

Fig. 5.  Estimated egg-development period. (a) Estimated by 
equation 1: D (T - t) = k; (b) Estimated by equation 2 (Ikemoto 
and Takai 2000): (DT) = k + tD.

(a)

(b)

J F M A M J J A S O N D

Egg-laying month

E
st

im
at

ed
 e

gg
 p

er
io

d 
(d

ay
s)

 

360

300

240

180

120

0

360

300

240

180

120

0

60

60

Fig. 6.  Number of days below the developmental zero 
temperature per year on three islands. (a) Number of days 
when the daily mean temperature was below 12.2°C; (b) 
Number of days when the daily mean temperature was below 
13.9°C. Whiskers indicate standard deviation.

N
o.

 d
ay

s

0
5

10
15
20
25
30
35
40 (a) (b)

Iriomote
-jima

Okinawa
-jima

 Amami-
Oshima

Iriomote
-jima

Okinawa
-jima

Amami-
Oshima

page 6 of 10Zoological Studies 55: 20 (2016)



are not well studied, but several species such 
as Entoria okinawaensis and Sipyloidea sipylus, 
which live in many types of the vegetation inclu-
ding the coastal forest, have been observed in all 
seasons (Fukuda et al. 2009). Therefore, even in 
a similar environment, there are both seasonal 
and non-seasonal phasmid species in the Ryukyu 
Archipelago. Adult M. tsudai appeared from winter 
to summer, which means that the egg stage is from 
summer to winter. An average of 7.4 typhoons 
passed near the Ryukyu Archipelago from April to 
December (the majority occurring in August and 
September) during the past 50 years (1965-2014) 
(Japan Meteorological Agency 2015). During a 
typhoon, the habitat of M. tsudai can be affected 
by strong winds and seawater, and therefore being 
in the egg state, which is tolerant of seawater 
(Ushirokita 1998; Kobayashi et al. 2014) during 
typhoon season (summer to winter) may be of 
benefit to this species.

The temperature control experiment showed 
that the hatching rate of M. tsudai decreased with 
low temperatures. Kiritani (1997) suggested that 
most insects originating in tropical regions do not 
have a mechanism for diapause, an adaption that 
permits tolerance to low temperatures. As the 
genus Megacrania originated from a tropical region 
(Hsiung 2007), M. tsudai likely does not have a 
diapause mechanism.

The mean egg period was 121 days under 
25°C conditions, whereas some individuals had a 
longer egg period and larger variation in length of 
egg period. Bedford (1976) studied the hatching 
rate and egg period of two non-diapause stick 
insects, Eurycantha calcarata and Anchiale 
maculata, in New Guinea. Their hatching rates 
were 50% and 77%, respectively, and mean egg 
periods were 101 days and 114 days, respectively, 
under room temperature conditions (21-35°C). In 
addition, Bedford (1976) showed that some eggs 
of both species had an egg period of over 180 
days. Eggs of some phasmids (including diapause 
species) were reported to have the longest egg 
periods from several to 30 months (reviewed by 
Bedford 1978). Thus, the long egg period and large 
variation in egg period of M. tsudai is a common 
characteristic in Phasmida.

We calculated the population dynamics of M. 
tsudai using laboratory experiments. The estimated 
hatching season for eggs deposited in August 
coincided with the actual appearance of the first 
instar in the wild, whereas the hatching season 
for eggs deposited in June and November did 
not agree with the predicted season. Considering 

that the egg-laying period of a female was long 
and the egg-development period showed wide 
variation (this study; Kobayashi et al. 2014), all 
instars in fact appeared throughout the year. This 
finding suggests that other factors, in addition 
to temperature, affect seasonal prevalence. The 
following four hypotheses are possible reasons 
for variations in seasonal prevalence in regions 
of recent settlement: (1) A lower hatching rate is 
present in overwintering eggs. When eggs are 
laid in the winter or autumn, the insect spends the 
season with the lowest temperatures as an egg, 
which leads to many eggs dying from exposure to 
cold temperatures. (2) Day length affects hatching. 
Some insects, and potentially M. tsudai, use day 
length to determine the timing of hatching (e.g., 
Danilevsky 1965; Masaki 1972; Speight et al. 
1999). (3) Natural events may affect hatching. 
The coastal environment is strongly affected 
by typhoons and other natural disturbances 
(McLachlan and Brown 2006), which can wash 
away the eggs and cause mortality among the 
nymphs. (4) A change in predator may affect 
survival. The survival rate of eggs and nymphs 
is highly affected by predators (Hairston et al. 
1960), and if the density and species of predators 
changes, then the total survival rate of the species 
is also affected, along with predation pressure on 
each life stage. Furthermore, changes in predation 
pressure can cause seasonal changes. Further 
research is needed to determine which, if any, of 
these hypotheses are plausible explanations for 
the population dynamics of M. tsudai.

Predicting the limiting factor of distribution

Ushirokita (1998) and Kobayashi et al. (2014) 
found that M. tsudai expands its distribution 
through the dispersal of eggs by seawater, which 
is a rare phenomenon among insects. Because 
Kobayashi et al. (2014) have already described 
the dispersal and drift processes, we attempted to 
determine the course of settlement for this species. 
In this study, we also examined the possibility of M. 
tsudai settling in the Central Ryukyus.

First, we examined the opportunities to 
drift ashore and the distribution range of the 
food resources of M. tsudai. One factor that may 
potentially affect the likelihood of landing on an 
island is either or both the size and coastal length 
effect (MacArthur and Wilson 1967). However, 
even though there are 16 islands larger than the 
smallest island on which M. tsudai is distributed 
in the Southern and Central Ryukyus (The 

page 7 of 10Zoological Studies 55: 20 (2016)



Geospatial Information Authority of Japan 2014), 
M. tsudai is absent from these bigger islands. 
Therefore, the difficulty of drifting ashore and size 
of the target location may not limit the distribution 
of this species. Furthermore, the food of M. tsudai, 
the screw pine, also disperses via seawater and 
is widely distributed in the tropical and subtropical 
zones, with a range that extends far north of the 
distribution of M. tsudai (Nakanishi 1988; 1991) 
(Fig. 1). Therefore, the distribution and availability 
of food does not appear to limit the distribution of M. 
tsudai.

Another factor affecting the settlement of this 
species is that even though eggs can be dispersed 
to the islands in the Central Ryukyus, the eggs or 
nymphs may not be able to survive in that specific 
region. To understand this, we must first examine 
the effect of temperature on egg hatching. As seen 
in many other insects (e.g., Howe 1967; Ratte 
1985), the hatching rate decreases and the egg-
development period lengthens in M. tsudai under 
low temperature conditions. The number of days 
per year in which the temperature fell below the 
developmental zero temperature was significantly 
less on Iriomote-jima Island (where this species 
is present) than on Okinawa-jima and Amami-
Oshima islands (where M. tsudai is not found), 
and that number increased in the higher latitude 
regions. Although not all eggs stop developing at 
lower temperatures, even when temperatures fall 
below developmental zero (e.g., Wagner et al. 
1984; Liu et al. 1995), the lack of adaptation to 
cold temperatures may limit the settlement of this 
species in higher latitude regions. In this regard, 
however, additional field survey is needed.

However, even if the egg can hatch in its 
new territory, the species will not successfully 
establish itself if the nymph is unable to survive. 
For example, the climate and predators are both 
factors that can inhibit the settlement of nymphs. 
Several reports show that the developmental 
period of the nymph is affected by climate, and 
especially temperature (e.g., Champlain and Butler 
1967; Tu et al. 2012). The average nymph period 
(first to sixth instar) surveyed in laboratory was 173 
days under L:D (12 h:12 h; 25°C:25°C) conditions 
(Wu et al. 2011), and 169 days under L:D (16 h:8 h; 
25°C:20°C) conditions (Ushirokita 1998). Both 
studies showed that the total nymph period was 5-6 
months, which is consistent with the appearance 
peaks of the first to sixth instars in the wild in this 
study. However, the average temperature at the 
peak of the first instar (March) to the sixth instar 
(June) did change, and ranged from 21 to 27°C 

in 2012 in the field, and the range of temperature 
was not much difference in the experimental 
conditions in previous studies. In this way, different 
stages were influenced by varying temperature 
conditions in the wild. Thus, additional research 
is needed to clarify the effect of temperature on 
the development speed of each instar of nymph. 
The second factor potentially affecting the ability 
of a nymph to establish itself in a new territory is 
predators or parasites. Megacrania tsudai uses 
a defensive secretion to avoid predation and 
parasites (Chow and Lin 1986; Ho and Chow 
1993). Although the target predator of this species 
is unknown, mammals, birds, insects, and spiders 
are plausible predators and insects such as 
wasps or the horsehair worms parasitize in other 
phasmid species (reviewed by Bedford 1978). 
These animals are found in the distributed islands 
of M. tsudai, but it does not appear that they have 
larger abundance on islands where the species is 
not distributed as compared to islands inhabited 
by M. tsudai. The density may be different among 
the islands, but it is not likely that predators or 
parasites are factors limiting the ability of nymphs 
to inhabit high latitude regions. However, further 
research is needed to determine whether overall 
nymph survival is a limiting factor in the distribution 
of this species.

CONCLUSIONS

This study clarified the parts of the life history 
of Megacrania tsudai, which is non-volant but 
disperses its eggs via seawater. The population 
of M. tsudai on Iriomote-jima Island showed a 
clear seasonality, and thus this species may be 
univoltine. In laboratory experiments, temperature 
s t rong ly  a f fec ted  egg  deve lopmen t ;  l ow 
temperatures caused decreased hatching rates 
and longer egg periods. These characteristics 
are considered to be common in Phasmids. The 
results suggest that M. tsudai cannot hatch in 
low temperature regions and that temperature 
can be one of the important limiting factors of 
the distribution of this species. We estimated the 
seasonal appearance pattern of this species from 
the results of temperature control experiments 
and temperatures in the wild. However, there was 
some difference between estimation and field 
observation, which suggests that the population 
dynamics of this species are controlled not only by 
temperature, but also by other factors. 

page 8 of 10Zoological Studies 55: 20 (2016)



Acknowledgments: We thank S. Okuyama in 
Itami City Museum of Insects and T. Sasaki in 
Ryukyus University Museum (Fujukan) for their 
variable advices to this research. We also thank 
K. Nakamura, H. Tanimoto, H. Ui, C. Takaoka, K. 
Abe, S. Miyazato, T. Hiragi and member of ecology 
seminar of University of the Ryukyus for their 
supports on this research and three reviewers for 
valuable advices. This study was partly supported 
by ‘International Research Hub Project for Climate 
Change and Coral Reef/Island Dynamics’ from 
the University of the Ryukyus and The KAIGIN 
Environment Fund. - managed by THE OKINAWA 
KAIHO BANK, LTD.

REFERENCES

Azuma S, Yafuso M, Kinjo M, Hayashi M, Kohama T, Sasaki T, 
Kimura M, Kawamura F. 2002. Check list of the insect of 
the Ryukyu Islands (2nd edition). The Biological Society 
of Okinawa, Okinawa.

Bale JS, Masters GJ, Hodkinson ID, Awmack C, Bezemer TM, 
Brown VK, Butterfield J, Buse A, Coulson JC, Farrar J, 
Good JG, Harrington R, Hartley S, Jones TH, Lindroth R, 
Press MC, Symrnioudis I, Watt AD, Whittaker JB. 2002. 
Herbivory in global climate change research: direct effects 
of rising temperature on insect herbivores. Glob Chang 
Biol 8:1-16.

Bedford GO. 1976. Description and development of the eggs 
of two stick insects from New Britain. J Aust Entomol Soc 
15:389-393.

Bedford GO. 1978. Biology and ecology of the Phasmatodea. 
Ann Rev Entomol 23:125-149.

Champlain RA, Butler Jr. GD. 1967. Temperature effects on 
development of the egg and nymphal stages of Lygus 
hesperus (Hemiptera: Miridae). Ann Entomol Soc Am 
60:519-521.

Chow YS, Lin YM. 1986. Actinidine, a defensive secretion of 
stick insects, Megacrania alpheus Westwood (Orthoptera. 
Phasmatidae). J Entomol Sci 21:97-101.

Council of Agriculture, Executive Yuan, R.O.C. 2015. Illustrated 
identification guide to insects protected by the CITES and 
wildlife conservation law of Taiwan, R.O.C. http://subject.
forest.gov.tw/books/book_03e/index.htm. Accessed 11 
April 2016.

Dani levsky AS. 1965. Photoper iodism and seasonal 
development of insect. Oliver & Boyd, London.

Fukuda H, Yamashita S, Fukuda T, Ehira K, Nicho K, Otsubo 
S, Nakamine K, Tsukada T. 2009. [Insect picture book-
collecting and specimen making methods of insects-
enlarged and rev ised edi t ion] .  Nanpo Shinsha, 
Kagoshima.

Gullan PJ, Cranston PS. 2010. The insect: an outline of 
entomology, 4th edition. Wiley-Blackwell, New Jersey.

Hairston NG, Smith EE, Slobodkin LB. 1960. Community 
structure, population control, and competition. Amer Nat 
94:421-425.

Ho HY, Chow YS. 1993. Chemical identification of defensive 
secretion of stick insect, Megacrania tsudai Shiraki. J 
Chem Ecol 19:39-46.

Howe RW. 1967. Temperature effect on embryonic development 
in insects. Annu Rev Entomol 12:15-42.

Hsiung C-C. 2007. Revision of the genus Megacrania Kaup 
(Cheleutoptera: Phasmatidae). J Orthoptera Res 16:207-
221.

Ikemoto T, Takai K. 2000. A new linearized formula for the 
law of total effective temperature and the evaluation of 
line-fitting methods with both variables subject to error. 
Environ Entomol 29:671-682.

Japan Meteorological Agency. 2015. [Past meteorological data]. 
http://www.jma.go.jp/jma/index.html. Accessed 24 October 
2015.

Kiritani K. 1997. The low developmental threshold temperature 
and the thermal constant in insects, mites and nematodes 
in Japan. Misc Publ Natl Inst Agro-Environ Sci 21:1-72. (in 
Japanese with English summary).

Kobayashi S, Usui R, Nomoto K, Ushirokita M, Denda T, 
Izawa M. 2014. Does egg dispersal occur via the 
ocean in the stick insect Megacrania tsudai (Phasmida: 
Phasmatidae)?. Ecol Res 29:1025-1032.

Liu HJ. 2002. Field survey on spatial distribution, life history 
and feeding behaviour of Tsudai stick insects, Megacrania 
tsudai Shiraki (Phasmatodea: Phasmidae), in Taiwan. 
Master’s Thesis, National Chung Hsing University. (in 
Chinese with English summary).

Liu SS, Zhang GM, Zhu J. 1995. Influence of temperature 
variations on rate of development in insects: Analysis of 
case studies from entomological literature. Ann Entomol 
Soc Am 88:107-119.

MacArthur RH, Wilson EO. 1967. The theory of island 
biogeography. Princeton University Press, New Jersey.

Masaki S. 1972. Climatic adaptation and photoperiodic 
response in the band-legged ground cricket. Evolution 
26:587-600.

McLachlan A, Brown AC. 2006. The ecology of sandy shores, 
2nd edition. Academic Press, Amsterdam.

Nakanishi H. 1988. Dispersal ecology of the maritime plants in 
the Ryukyu Islands, Japan. Ecol Res 3:163-173.

Nakanishi H. 1991. [Seawater dispersal and formation of island 
flora]. Shu Seibutsugaku Kenkyu 15:1-13. (in Japanese). 

Okinawa Prefectural Government. 2005. Threatened wildlife 
in Okinawa, 2nd Ed. (Animals) -Red Data Okinawa-. 
Okinawa Prefectural Government, Okinawa.

Porter JH, Parry ML, Carter TR. 1991. The potential effects 
of climatic change on agricultural insect pests. Agric For 
Meteorol 57:221-240.

Ratte HT. 1985. Temperature and insect development. In: 
Hoffmann KH (ed) Environmental physiology and 
biochemistry of insects. Springer-Verlag, Berlin, pp. 33-
66.

Speight MR, Hunter MD, Watt AD. 1999. Ecology of insects: 
concepts and applications. Blackwell Science, Oxford.

The Geospatial Information Authority of Japan. 2014. Statistical 
reports on the land area by prefectures and municipalities 
i n  J a p a n .  h t t p : / / w w w. g s i . g o . j p / K O K U J Y O H O /
MENCHO/201410/shima.pdf. Accessed 5 April 2015.

Thomson LJ, Macfadyen S, Hoffmann AA. 2010. Predicting 
the effects of climate change on natural enemies of 
agricultural pests. Biol Control 52:296-306.

Tu X, Zhang Z, Johnson DL, Cao G, Li Z, Gao S, Nong X, 
Wang G. 2012. Growth, development and daily change in 
body weight of Locusta migratoria manilensis (Orthoptera: 
Acrididae) nymphs at different temperatures. J Orthoptera 
Res 21:133-140.

page 9 of 10Zoological Studies 55: 20 (2016)



Ushirokita M. 1998. Eggs of stick insect drifting in the wake of 
screw pine’s seed. Insectarium 35:108-115. (in Japanese).

Wagner TL, Wu HI, Sharpe PJH, Schoolfield RM, Coulson RN. 
1984. Modeling insect development rates: a literature 
review and application of a biophysical model. Ann 
Entomol Soc Amer 77:208-225.

Wang CH, Chu YI. 1982. The morphological study of the egg 
shell of the Tsuda’s giant stick insect Megacrania alpheus 
Westwood. NTU Phytopathol Entomol 9:98-109.

Wu IH, Yeh WB, Chen YY, You YJ, Xiao ZY. 2011. [Conservation 
biology of Megacrania tsudai]. the 98th animal adoption 
program results report of Taipei Zoo, Taipei. (in Chinese 
with English summary).

Wu IH, Chen YY, Yang PS, Yeh WB. 2012. Lack of genetic 
variat ion shows the urgency of conservation for 

Megacrania tsudai Shiraki (Phasmatodea: Phasmatidae). 
Formosan Entomol 32:97-105. (in Chinese with English 
summary).

Xia JY, Rabbinge R, van der Werf W. 2003. Multistage 
functional responses in a ladybeetle-aphid system: scaling 
up from the laboratory to the field. Environ Entomol 
32:151-162.

Yamada H, Kawasaki K. 1983. The effect of temperature and 
humidity on the development, fecundity and multiplication 
of the diamond back moth, Plutella xylostella (L). Jap 
J Appl Ent Zool 27:17-21. (in Japanese with English 
summary).

Yamasaki T. 1991. Occurrence of Megacrania alpheus 
(Cheleutoptera: Phasmatidae) in Iriomote-jima Island, 
Ryukyus. Proc Japan Soc Syst Zool 44:49-56.

page 10 of 10Zoological Studies 55: 20 (2016)


	BACKGROUND
	MATERIALS AND METHODS
	Route census
	Temperature control experiment during the egg-development period
	Egg-development period and estimation of the hatching season in nature

	RESULTS
	Pattern of instar appearance in nature
	Hatching ratio and egg-development period
	Egg-development rate
	Temperature on the three islands

	DISCUSSION
	Life history of Megacrania tsudai
	Predicting the limiting factor of distribution

	CONCLUSIONS
	Acknowledgments
	REFERENCES

