
INTRODUCTION

The sweet potato weevil, Cylas formicarius
(Fabricius), is a serious pest of the sweet potato,
Ipomoea batatus (Linnaeus), and is found mainly
in the tropics and the subtropics throughout Asia,
the Pacific islands, Africa, the Caribbean, USA,
Venezuela and Guyana (International Institute of
Entomology, 1993). Though C. formicarius prefers
I. batatus, more than 30 species of Ipomoea and
other genera are recorded as its host plants (Suther-
land, 1986; Austin, 1991). Adults feed on the epi-
dermis of vines, petioles, and the external surface
of tubers. Adult females lay individual eggs in
vines and tubers. The developing larvae tunnel
through these parts, causing significant damage
(Sherman and Tamashiro, 1954). In response to the
damage, the tuber produces terpene phytoalexins,
which make the potato inedible even at low levels
of physical damage by the weevils (Akazawa et al.,
1960; Sato et al., 1981, 1982). More than 50% of
the crops in the southwestern islands were dam-
aged when grown without any control.

In Japan, Nawa (1903) first identified this weevil
and reported its damage in Okinawa Prefecture.
Thereafter, the distribution range of this weevil had
expanded by transporting infested tubers, and by
1940 the pest thoroughly covered the Amami Is-
lands. In 1950, all of the southwestern islands lo-
cated at latitudes of lower than 30°N were desig-
nated as being within the infested zone, and have
since been regulated by the Plant Quarantine Laws
of Japan. However, recently the weevil has often
been found in the infestation-free zone at latitudes
higher than 30°N, due to the prosperous trade of
agricultural products among the islands (Setokuchi
et al., 1996; Sugimoto, 2000). In those areas, the
weevil has been eradicated in every case by the
emergent control based on the above law, in which
a large amount of pesticides was sprayed and host
plants were thoroughly removed (Fujimoto et al.,
2000; Nishioka et al., 2000). For the development
of an effective plant quarantine strategy in Japan, it
is essential to clarify how far C. formicarius can
potentially disperse toward northern areas. In other
words, it is necessary to clarify its cold tolerance.
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Abstract
The cold tolerance of Cylas formicarius from five islands in the southwest of Japan was studied. The thermal thresh-
old of the reproductive activity of adults tended to be lower and the supercooling point of the pupae was a little higher
for the Okinawa-Honto population than for the others. The cold tolerance of the adult weevils was slightly accelerated
by cold acclimation to 15°C for 4 d. Reproductive diapause induced under 10L : 14D increased cold tolerance signifi-
cantly. Therefore, the cold tolerance of adult weevils would be accelerated by both cold acclimation at decreasing tem-
peratures from autumn to winter and reproductive diapause induced by short daytime hours. When considering the in-
creased cold-tolerence of C. formicarius through such mechanisms together with the temperature conditions in winter
at the northern edge of its distribution area in the USA, C. formicarius probably has the capability to survive in the
coastal zone of the Pacific Ocean in southern and central Japan.
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This study examines the cold tolerance of C. formi-
carius from five southwestern islands in relation to
cold acclimation and diapause, together with
threshold temperatures of reproductive activity and
supercooling points.

MATERIALS AND METHODS

Weevils tested. Weevils were collected from
southwestern islands of Japan: Amami-Oshima Is.
and Okinawa-Honto Is. in 1996, and Nakanoshima
Is., Miyakojima Is. and Ishigakijima Is. in 1997
(Fig. 1). After collection, weevils were maintained
for successive generations in an isolated insectar-
ium at 27.0�0.5°C (mean�range), 70% RH,
14L : 10D (which we call ‘normal conditions’ here-
after) at the Faculty of Agriculture, Kinki Univer-
sity, Nara, Japan. They were reared in a plastic
container (11 cm�30 cm�10 cm high) with one
sweet potato tuber (variety; Beni-Ogojo, ca. 200 g).
When we used cut tubers, the cut faces of the tu-
bers were coated with paraffin to minimize desic-
cation and decay. In the present study, weevils from
the five islands were tested in 1999 and 2000. In all
the experiments, we used immature adults soon
after eclosion, which were obtained from damaged
tubers by dissection. Fresh immature adults were
visually distinct from mature ones by their pale
color. In this text, weevils from each island are
hereafter called by the name of their original is-
land; e.g., weevils from Nakanoshima Is. are re-
ferred to as Nakanoshima. This study was carried
out with special permission from the Japan Plant
Quarantine Office.

Thermal thresholds of reproductive activity.
Male and female adults from each island were kept
separately in plastic containers (9.5 cm wide, 6 cm
high) with pieces of a tuber under normal condi-
tions for 10 d to promote sexual maturation. Then
we tested the thermal threshold of 1) copulation
and 2) oviposition for adults under the following
conditions. 1) After males and females were sepa-
rately acclimatized at 10, 11, 13, 15 and 27°C for
2 d in a group, each pair was kept in a container
with a piece of a tuber for 5 d at the same tempera-
tures as during acclimation. Copulation was con-
firmed by the presence of sperm in the female sper-
mathecae checked by microscopic examination. 2)
After males and females were separately acclima-
tized at 14, 15, 16, 18 and 27°C for 2 d in a group,

each female and three males were kept together in
a plastic container (7 cm wide, 4 cm high), with a
piece of tuber for 5 d at the same temperatures as
during acclimation in order to allow oviposition.
After an additional 10 d under normal conditions,
these tubers were dissected. The presence of larvae
was considered to be proof of oviposition.

Supercooling point. Supercooling points of the
3rd-instar larvae, pupae, and male and female
adults reared under normal conditions were meas-
ured in an isolated laboratory at the Research Insti-
tute for Bioresources, Okayama University,
Kurashiki. Each weevil was fixed on the tip of a
thermocouple with silicon grease and the tempera-
ture was decreased at a rate of about 1.0°C/10 min
in a freezer. The body temperature of weevils was
recorded with a multi-channel temperature
recorder (Asai et al., 2002).

Cold tolerance of non-acclimatized adults.
Immature adult weevils soon after eclosion were
reared in a plastic container (7 cm wide, 4 cm high)
with a small piece of tuber under normal condi-
tions for 2 wk. Then, males or females were sepa-
rately exposed to 0 or �3°C for 5, 7 or 10 d and the
survivors were counted. Survival was confirmed by
touching insects with the tip of a calligraphy brush
just after transferring them to room temperature
from cool conditions, and again 1 d later. In this
study, 0 and �3°C were adopted as exposure tem-
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Fig. 1. Five islands in the southwest islands of Japan
where C. formicarius weevils were collected for this study.
Muroto is the northernmost area in Japan where C. formicar-
ius has invaded hitherto, though eradicated already by emer-
gency control.



peratures, referring to the mean daily minimal tem-
peratures in two areas in the USA (see Table 6),
since these two areas are situated around the most
northern part of the distribution area of C. formi-
carius in the USA.

Cold tolerance of cold-acclimatized adults. To
determine the effect of cold-acclimation on sur-
vival, soon after eclosion the males and females
were separately assigned to the following two con-
ditions. 1) After 2 wk of rearing under normal con-
ditions and 2 h of acclimation at 15°C, weevils
were exposed to 0°C for 5, 7 and 10 d. 2) After
10 d of rearing under normal conditions and 4 d of
acclimation at 15°C, weevils were exposed to
�3°C for 5, 7 and 10 d. In the second condition,
the acclimation time was prolonged to 4 d because
the acclimation of 2 h seemed less effective as an
increment for cold tolerance under the first condi-
tion (see RESULTS). 

Effect of reproductive diapause on cold toler-
ance. Short-day conditions induced reproductive
diapause in C. formicarius females (K. Kinjo, un-
published). Prior to the experiment, the reproduc-
tive diapause of adult weevils from Amami-Oshi-
ma and Okinawa-Honto was confirmed by rearing
them with tubers for 2 wk after adult eclosion
under the photoregimes of 14L : 10D and 10L : 14D
at 24°C and 70% RH. After dissecting, the maxi-
mal width of the most developed follicular cell in
the ovaries was measured under a microscope
(Nikon Co. Ltd., OPTIPHOT). The short day
clearly inhibited ovarian development in most wee-
vils (in 14L : 10D, 444.5�66.0 mm (mean�SD) for
Amami-Oshima, 433.7�77.3 mm for Okinawa-
Honto; in 10L : 14D, 140.0�156.4 mm for Amami-
Oshima, 222.5�184.6 mm for Okinawa-Honto,

n�10 in each). Thus, to ensure reproductive dia-
pause, weevils were reared with tubers at 24°C,
70% RH, 10L : 14D for 2 wk after adult eclosion.
Then, after 2 h of acclimation at 15°C, males and
females were separately exposed to 0°C for 5, 7
and 10 d. Survivors were counted by the same
method described above.

RESULTS

Thermal thresholds of reproductive activity
The numbers of females that stored sperm in

their spermathecae tended to be the largest for Oki-
nawa-Honto at 10, 11 and 13°C, however, it was
significant only at 11°C (Table 1). The thermal
threshold of mating behavior, that is, the maximal
temperature under which all of the specimens
ceased mating behavior, was 10 to 11°C or lower
for all of the populations tested. The number of fe-
males laying eggs tended to be smaller for
Nakanoshima, however, it did not differ signifi-
cantly among the five populations at all of the tem-
peratures tested (Table 2). The thermal threshold of
oviposition was 14 to 16°C for all of the popula-
tions.

Supercooling point
The supercooling point of the pupae was signifi-

cantly higher for Okinawa-Honto than for
Nakanoshima and Ishigakijima (Table 3). The su-
percooling points of third-instar larvae and adults
did not differ significantly among the five popula-
tions tested. For pooled data from the five popula-
tions, the supercooling points of male and female
adults were significantly higher than those of third-
instar larvae and pupae (p�0.05, Fisher’s PLSD).
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Table 1. Numbers (%) of copulated females in five populations of C. formicarius at various temperaturesa,b

Population 27°C 15°C 13°C 11°C 10°C
Temperature ranges
of 50% copulated

Nakanoshima 18 (90) a 14 (70) a 15 (75) a 1 (5) a 0 (0) a 11–13°C
Amami-Oshima 20 (100) a 19 (95) a 11 (55) a 4 (20) ab 0 (0) a 11–13°C
Okinawa-Honto 20 (100) a 18 (90) a 16 (80) a 13 (65) b 5 (25) a 10–11°C
Miyakojima 18 (90) a 19 (95) a 14 (70) a 8 (40) ab 0 (0) a 11–13°C
Ishigakijima 20 (100) a 17 (85) a 15 (75) a 7 (35) ab 3 (15) a 11–13°C

a No. of replicates: 20 female adults per population for each temperature.
b Numbers in the same column followed by the same letters are not significantly different at p=0.05 (Fisher’s exact test, adjusted
the probabilities of error to a�0.05 by using the sequential Bonferroni technique).



However, no significant difference was found be-
tween male and female adults, and between third-
instar larvae and pupae (p�0.05, Fisher’s PLSD).

Cold tolerance of non-acclimatized adults
When exposed to 0°C, the surviving males were

the most abundant for Okinawa-Honto at all of the
exposure times tested (Table 4, upper). Under the
same conditions, the surviving females also tended
to be the most abundant for Okinawa-Honto after 5
and 7 d exposure, though they were the least abun-
dant after 10 d exposure. When exposed to �3°C,
the survivors of male and female adults were the
most abundant for Okinawa-Honto after 5 d expo-
sure, but the survivors for all five populations were
very few after 7 d exposure and almost zero after
10 d exposure (Table 4, upper).

Cold tolerance of cold-acclimatized adults
When exposed to 0°C for 5, 7 and 10 d after 2

wk of rearing under normal conditions and 2 h of
acclimation at 15°C (Table 4, lower), surviving

males and females tended to be the most abundant
for Nakanoshima at 5 d exposure and for Okinawa-
Honto at 7 and 10 d exposures. When exposed to
�3°C for 5, 7 and 10 d, after 10 d of rearing under
normal conditions and 4 d of acclimation at 15°C
(Table 4, lower), surviving males and females
tended to be less abundant for Amami-Oshima.

Effect of cold acclimation on cold tolerance
The effect of cold acclimation on the cold toler-

ance of weevils was evaluated by subtracting the
number of survivors in the non-acclimatized wee-
vils (Table 4, upper) from that of the acclimatized
weevils (Table 4, lower). When weevils were ex-
posed to 0°C after only 2 h of acclimation at 15°C,
little improvement in cold tolerance was recog-
nized after cold acclimation (Fig. 2, left). However,
when exposed to �3°C after 4 d of acclimation at
15°C, the cold tolerance of weevils was signifi-
cantly improved, especially for 5 and 7 d exposures
(Fig. 2, right).
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Table 2. Numbers (%) of ovipositing females in five populations of C. formicarius at various temperaturesa,b

Population 27°C 18°C 16°C 15°C 14°C
Temperature ranges
of 50% oviposited

Nakanoshima 16 (80) a 6 (30) a 2 (10) a 0 (0) a 0 (0) a 18–27°C
Amami-Oshima 18 (90) a 11 (55) a 9 (45) a 4 (20) a 0 (0) a 16–18°C
Okinawa-Honto 19 (95) a 11 (55) a 9 (45) a 6 (30) a 0 (0) a 16–18°C
Miyakojima 17 (85) a 15 (75) a 8 (40) a 2 (10) a 0 (0) a 16–18°C
Ishigakijima 19 (95) a 15 (75) a 6 (30) a 5 (25) a 0 (0) a 16–18°C

a No. of replicates: 20 female adults per population for each temperature.
b Numbers in the same column followed by the same letters are not significantly different at p�0.05 (Fisher’s exact test, adjusted
the probabilities of error to a�0.05 by using the sequential Bonferroni technique).

Table 3. Supercooling points of third-instar larvae, pupae, and male and female adults 
in five populations of C. formicarius (means�SD)a,b

Supercooling points (°C)
Population

3rd-instar lavae Pupae Male adults Female adults

Nakanoshima �23.8�0.4 a �24.0�0.7 a �20.0�2.4 a �19.8�1.2 a
Amami-Oshima �23.0�1.0 a �23.2�1.8 ab �19.2�2.0 a �17.9�3.0 a
Okinawa-Honto �23.4�0.8 a �22.2�1.8 b �17.8�3.0 a �18.5�2.0 a
Miyakojima �23.6�1.0 a �23.1�2.0 ab �19.8�1.8 a �20.0�1.7 a
Ishigakijima �23.3�0.9 a �24.3�0.9 a �19.3�1.4 a �19.1�1.1 a

a No. of replicates: 10 individuals per population for each stage and sex.
b Means in the same column followed by the same letters are not significantly different at p�0.05 (Fisher’s PLSD).
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Table 4. Numbers of survivors of non-acclimatized and non-diapausing (upper), or cold-acclimatized and non-diapausing (lower)
adult weevils of C. formicarius when exposed to 0 and �3°Ca,b

Exposure
Exposure time (days)

Population
temperature

5 7 10

Non- 0°C ? Nakanoshima 74 ab 47 b 39 b
acclimatized Amami-Oshima 77 ab 58 b 11 c

Okinawa-Honto 87 a 78 a 61 a
Miyakojima 61 b 54 b 35 b
Ishigakijima 68 b 62 ab 45 ab

/ Nakanoshima 84 a 56 ab 39 a
Amami-Oshima 77 a 39 b 27 ab
Okinawa-Honto 87 a 69 a 17 b
Miyakojima 71 a 60 a 46 a
Ishigakijima 71 a 57 ab 32 ab

�3°C ? Nakanoshima 20 b 4 a 0 a
Amami-Oshima 7 c 8 a 0 a
Okinawa-Honto 58 a 2 a 0 a
Miyakojima 18 bc 6 a 0 a
Ishigakijima 22 b 12 a 0 a

/ Nakanoshima 30 ab 12 a 0 a
Amami-Oshima 10 c 9 a 2 a
Okinawa-Honto 46 a 8 a 0 a
Miyakojima 22 bc 14 a 0 a
Ishigakijima 16 bc 8 a 0 a

Cold- 0°C ? Nakanoshima 92 a 40 c 26 a
acclimatized Amami-Oshima 73 bc 56 bc 33 a
for 2 h Okinawa-Honto 84 ab 82 a 41 a

Miyakojima 64 c 48 c 36 a
Ishigakijima 87 ab 71 ab 35 a

/ Nakanoshima 88 a 58 b 28 b
Amami-Oshima 69 b 58 b 29 b
Okinawa-Honto 83 ab 80 a 51 a
Miyakojima 78 ab 63 ab 51 a
Ishigakijima 85 ab 59 b 27 b

Cold- �3°C ? Nakanoshima 36 a 16 a 3 a
acclimatized Amami-Oshima 17 b 8 a 2 a
for 4 d Okinawa-Honto 48 a 11 a 1 a

Miyakojima 31 ab 14 a 2 a
Ishigakijima 35 ab 18 a 3 a

/ Nakanoshima 42 a 28 a 9 a
Amami-Oshima 21 b 10 b 1 ab
Okinawa-Honto 56 a 25 ab 0 b
Miyakojima 51 a 24 ab 6 ab
Ishigakijima 46 a 24 ab 10 a

a No. of replicates: 100 weevils per population for each exposure time.
b Numbers in the same column divided by lines followed by the same letters are not significantly different at p�0.05 (Fisher’s
exact test, adjusted the probabilities of error to a�0.05 by using the sequential Bonferroni technique).



Effect of reproductive diapause on cold toler-
ance

The surviving males and females of cold-accli-
matized and diapausing adult weevils were more
abundant for Amami-Oshima and Okinawa-Honto
after 7 d exposure (Table 5). The effect of repro-
ductive diapause on cold tolerance at 0°C was eval-
uated by subtracting the number of survivors of
non-diapausing weevils (Table 4, lower) from that
of diapausing weevils (Table 5). With 5 d exposure,
survival rates of both males and females for
Amami-Oshima and Okinawa-Honto were signifi-
cantly increased by reproductive diapause, but this
was not the case for Nakanoshima and Ishigakijima
(Fig. 3). The survival rates of all populations were
significantly increased with 7 and 10 d exposures.
These results show that the cold tolerance of wee-
vils was clearly improved by reproductive diapause
regardless of sex.

DISCUSSION

C. formicarius, which is supposed to have origi-
nated from India 80–100 million years ago (Wolfe,
1991), has become widely dispersed, mainly in
tropical and subtropical regions of the world, and
recently has been found in higher latitude areas as
well (Nilakhe, 1991; International Institute of En-
tomology, 1993). In recent years, in Japan it has
often occurred in northern areas above 30°N due to
increased transportation among islands (Sugimoto,
2000). For example, it was found in Muroto in
1995 (see Table 6), and was established there for at
least 2 yr, although it was finally eradicated
through emergent control carried out by national
and Kochi prefectural governments (Fig. 1) (Fuji-
moto et al., 2000). The establishment of C. formi-
carius in Muroto shows that it can tolerate low
temperatures in winter to some extent, though it is
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Fig. 2. Increment effect of cold-acclimation on survival rate (%) of non-diapausing weevils when acclimatized at 15°C for 2 h
and exposed to 0°C (left) and when acclimatized at 15°C for 4 d and exposed to �3°C (right) for 5, 7, and 10 d. Little increment ef-
fect was detected in the former conditioning (left). * ,** ,*** Differences in survival rate of cold-acclimatized weevils from that of
non-acclimatized ones were significant at p�0.05, 0.01, and 0.001, respectively (Fisher’s exact test). N: Nakanoshima, A: Amami-
Oshima, O: Okinawa-Honto, M: Miyakojima, I: Ishigakijima.



a tropical and subtropical insect. With regard to in-
sects inhabiting temperate and frigid zones, pro-
duction of a cryoprotective substance, which leads
to their cold tolerance, is initiated by diapause, low
temperature or a combination of both (Danks,
2005). Insect diapause induced by a short photope-
riod (Beck, 1980) and low temperatures from au-
tumn to winter leads to the development of physio-
logical mechanisms for overwintering in diapaus-
ing insects (Bale, 1987; Lee, 1989; Tsumuki,
1990), though non-diapausing weevils in other
species acquired cold tolerance by acclimatizing at
a low temperature for a short period of time (Chen
et al., 1987; Lee et al., 1987; Czajka and Lee,
1990).

On the other hand, tropical insects, as well, initi-
ate diapause by photoperiod, temperature, precipi-
tation and food, or a combination of these (Paar-
mann, 1979; Janzen, 1983; Wolda and Denlinger,
1984; Denlinger, 1986; Tauber et al., 1986). Ac-
cording to Kinjo (unpublished), C. formicarius
adults on Okinawa-Honto were triggered to enter
diapause under a photoregime with a daylight time
of shorter than 13 h, which corresponds to the day-
light time in mid-October on Okinawa-Honto Is.
The present study revealed that cold tolerance was
significantly increased by cold acclimation when

weevils were exposed to �3°C after 4 d of acclima-
tion at 15°C (Fig. 2), as well as that cold tolerance
was significantly increased by reproductive dia-
pause (Fig. 3). These two findings indicate that the
cold tolerance of C. formicarius, as a tropical in-
sect, was increased by both cold acclimation and
reproductive diapause, like insects inhabiting tem-
perate and frigid zones.

The cold tolerance of insects inhabiting temper-
ate and frigid zones consists of two types: freezing
tolerance and freezing intolerance. The difference
between the two types can be ascribed to whether
or not insects die due to the freezing of their body
fluids (Tsumuki, 1990). However, the cold toler-
ance of C. formicarius might not be ascribed to the
freezing of body fluids, but to an abnormal metab-
olism probably occurring at higher temperatures
than the freezing point of body fluids, because their
supercooling points were extremely low, ca.
�20°C (Table 3). As pointed out for many insects
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Fig. 3. Increment effect of diapause on survival rate (%)
of cold-acclimatized weevils when exposed to 0°C for 5, 7,
and 10 d. * ,** ,*** Differences in survival rate of diapausing
weevils from that of non-diapausing weevils were significant
at p�0.05, 0.01, and 0.001, respectively (Fisher’s exact test).
N: Nakanoshima, A: Amami-Oshima, O: Okinawa-Honto, M:
Miyakojima, I: Ishigakijima.

Table 5. Numbers of survivors of cold-acclimatized and dia-
pausing adult weevils of C. formicarius

when exposed to 0°Ca,b

Exposure time (days)
Population

5 7 10

? Nakanoshima 82 ab 60 c 51 b
Amami-Oshima 95 a 93 a 76 a
Okinawa-Honto 95 a 95 a 61 ab
Miyakojima 70 b 76 bc 63 ab
Ishigakijima 92 a 89 ab 65 ab

/ Nakanoshima 87 a 77 b 70 a
Amami-Oshima 96 a 97 a 80 a
Okinawa-Honto 93 a 93 a 77 a
Miyakojima 96 a 91 ab 83 a
Ishigakijima 93 a 88 ab 74 a

a No. of replicates: 100 adults per population for each expo-
sure time.

b Numbers in the same column divided by a line followed by
the same letters are not significantly different at p�0.05
(Fisher’s exact test, adjusted the probabilities of error to
a�0.05 by using the sequential Bonferroni technique).



(Denlinger, 1991), the supercooling point of this
species, as well, is unlikely to relate directly to its
cold tolerance.

In any case, as the daylight hours becomes
shorter in fall, the physiological condition of C.
formicarius will vary gradually toward diapause
and reproduction will cease in late fall. The dia-
pause will increase the weevils’ cold tolerance to-
gether with cold acclimation at decreased tempera-
tures in this season. Here, the performance of the
wild population of C. formicarius observed from
fall to the following spring in the southwestern is-
lands is as follows. The nighttime temperature is
important to the weevil regarding its seasonal per-
formance, because it is active during the night due
to its nocturnality (Sakuratani et al., 1994). Ac-
cording to reports on its seasonal trends on Kikai-
jima Is., ca. 25 km east of Amami-Oshima Is., and
on Kumejima Is., ca. 100 km west of Okinawa-
Honto Is., the number of eggs laid rapidly de-

creases in late October on both islands, though the
mean daily minimal temperatures in November (for
reference, 17.1°C on Amami-Oshima Is. and
19.5°C on Okinawa-Honto Is., from 1971 to 2000,
www.data.kishou.go.jp), were higher than the
threshold temperatures for their reproductive activ-
ity (Table 1). Also, according to Yamaguchi et al.
(2000), many adult weevils of both sexes were cap-
tured, even after November, in a sweet potato field
on Amami-Oshima Is. They were observed stand-
ing still under small stones and fallen leaves on the
ground, and in soil less than 5 cm deep. Individuals
from eggs laid in late fall were observed to spend
the winter as mature larvae, pupae or adults. A por-
tion of the cultured weevils released by those au-
thors in the field in December were recovered at
the end of the following April. Such seasonal per-
formances of this weevil during the winter are un-
derstandable when considering its increased cold
tolerance together with the mean daily minimal
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Table 6. Climatic data in winter for C. formicarius-infested, -infested but eradicated, and -uninfested areas during 2005 in Japana,
and for C. formicarius-infested areas in the USAb

Japan USA

Infested areas Infested but eradicated areas Infested areas

Nazec Nakano- Nishino- Muroto LA NC
shima omoted Shreveport Wilmington

28°23�N 29°50�N 30°43�N 33°15�N 32°28�N 34°16�N
129°36�E 129°52�E 130°59�E 134°11�E 93°49�W 77°54�W

Mean daily temperatures in January (°C) 14.6 10.4 11.7 7.5 7.8 7.6
Mean daily minimal temperatures in January (°C) 11.8 7.3 9.0 4.8 2.3 1.8
Mean annual number of days 0.0 0.3 0.0 5.9 37.2 44.3

with freezing temperature (d)

Japan

Uninfested areas

Hitoyoshi Fukuoka Hiroshima Yonago Fukuchiyama Fukui Chiba Mito
32°13�N 33°35�N 34°24�N 35°26�N 35°18�N 36°03�N 35°36�N 36°23�N
130°45�E 130°23�E 132°27�E 133°20�E 135°08�E 136°13�E 140°06�E 140°23�E

4.2 6.4 5.3 4.3 2.9 3.1 5.4 2.8
�0.4 3.2 1.7 1.1 �0.4 0.3 1.4 �2.5
58.2 6.8 36.1 33.2 58.9 40.9 19.1 85.1

a Means from 1971 to 2000 except in Nakanoshima, means from 2002 to 2004 in Nakanoshima. http://www.data.kishou,go.jp
b Means from 1951 to 1980 (Ruffner and Bair, 1987). Regarding distribution, see International Institute of Entomology (1993),
Nilakhe (1991) and Alabama Department of Agriculture and Industries (1986).

c,d Cities on Amami-Oshima Is. and Tanegashima Is., respectively (see Fig. 1).



temperature in January on Amami-Oshima Is. (see
Naze in Table 6). Thus, overwintered parents and
newly emerged offspring should lay eggs together
in the following spring.

Seventy to 83% of diapause female weevils from
the five islands survived for 10 d at 0°C due to the
increased cold tolerance (Table 5), though only 17
to 46% of non-diapausing females survived under
the same conditions (Table 3, upper). This fact sug-
gests the possibility of their establishment in higher
latitude areas of Japan. Table 6 indicates tempera-
ture conditions in January within infested areas in
Japan and the USA, in areas infested once but
eradicated through emergent control by govern-
ments and in non-infested areas in 2005 in Japan.
Shreveport is located in the northern edge of the
widely infested areas of Louisiana, near the in-
fested area of southern Arkansas. Wilmington is
located within small, infested areas isolated toward
the north from the main distribution areas of C.
formicarius in the USA. These two areas are
presently near the northern edge of its distribution
in the USA (Alabama Department of Agriculture
and Industries, 1986; Nilakhe, 1991; California
Department of Food and Agriculture, 2001). The
large differences of temperature conditions be-
tween Naze and Nakanoshima in Japan, and
Shreveport and Wilmington in the USA would re-
flect the effect of increased cold-tolerance of C.
formicarius in the latter areas if we assume a simi-
lar cold tolerance for C. formicarius in both coun-
tries. Based on temperature conditions in Shreve-
port and Wilmington, the possibility of expanding
its distribution toward higher latitude areas in
Japan might be speculated as follows. From Table
6 the establishment of C. formicarius in Muroto is
understandable, when considering the mild temper-
ature conditions in January in Muroto together
with its increased cold-tolerance through diapause
and cold-acclimation. We also predict its establish-
ment in three uninfested areas, Fukuoka, Hi-
roshima and Chiba in Table 6, which are located in
the coastal zone of the Pacific Ocean. The weevil’s
establishment in Hitoyoshi and Fukuchiyama,
which are located in the inland zone in western
Japan, and Mito, might be difficult due to cold
weather. Because of a lack of sufficient data at
present, it is too difficult to estimate its establish-
ment in Yonago and Fukui as the coastal zone of
the Sea of Japan. In the uninfested areas cited in

Table 6, because sweet potatoes are harvested be-
fore the first frost fall in autumn, waste tubers left
in the field after harvesting and wild host plants are
used by C. formicarius as its host plant. The weevil
will overwinter in various kinds of microhabitats,
i.e., inside these tubers, under fallen leaves or
stones. Even if the mean daily temperature is 0°C,
it will be warm during the daytime though cold
during the nighttime, and will be warmer inside
these micro-habitats than outside. Especially, tu-
bers left on the field will be warmed fairly well by
direct sunshine during the daytime. If the relation
of the temperature conditions in such microhabitats
to the physiology and behaviour of C. formicarius
is more exactly determined, we will be able to eval-
uate more precisely expansion of the distribution of
C. formicarius toward higher latitude areas in
Japan.
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