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Abstract

The life cycle of the apple snail Pomacea canaliculata was monitored over 2- and 1-year periods in Nara (cold dis-
trict) and Kumamoto (warm district), respectively. The life cycles were similar in both districts: most hatchlings ap-
peared after August, and although some had grown to =20 mm by autumn, the majority of juveniles remained
<20 mm. The survival rate over winter was very low (<1%) in Nara, and moderately low (9%) in Kumamoto. After
winter, survivors grew rapidly with low mortality, reproduced actively in summer, and most died during the following
winter. The survival rate during mid-term drying (drying of fields for about 2 weeks in summer) in Nara was high (ca.
90%) in both years. In Nara, snail density after winter decreased to 1/43 of that in Kumamoto, but survivors in Nara
grew larger and laid more eggs. Due to these effects, egg density in July, and also snail density in September, in Nara

recovered to ca. 1/3 of that in Kumamoto.
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INTRODUCTION

The apple snail, Pomacea canaliculata (Lamarck)
(Caenogastropoda: Ampullariidae), is a freshwater
snail indigenous to tropical, subtropical or temper-
ate South America (Martin et al., 2001; Martin and
Estebenet, 2002). This snail invaded many Asian
countries, mainly in the 1980s (Halwart, 1994). It
voraciously attacks rice seedlings, and various con-
trol methods, including chemical, biological and
cultural, have therefore been studied (Shobu, 1996;
Wada, 2000; Takahashi et al., 2002; Wada et al.,
2004).

On the other hand, few studies have examined its
basic ecology, including life cycle and population
dynamics under natural conditions (Ozawa and
Makino, 1989; Shobu, 1996; Wada, 2000; Martin
and Estebenet, 2002). In particular, none have
monitored the snail populations over a long period
(>1 year) on a regular basis (at least once a
month), which impedes the elucidation of detailed

life cycle patterns and population dynamics in this
highly flexible (Estebenet and Cazzaniga, 1992;
Martin and Estebenet, 2002) as well as fast-grow-
ing (Tanaka et al., 1999) snail.

Most population studies have so far been con-
ducted either in the original locality (Argentina:
Martin and Estebenet, 2002) or in relatively warm
districts in Japan (Shizuoka, Pacific coast of Hon-
shu Island: Ozawa and Makino, 1989; Kyushu Is-
land: Shobu, 1996; Wada, 2000). Information con-
cerning P canaliculata in cold districts is very
scarce (Suzuki and Fukuda, 1988; Ito, 2002); thus,
it is unknown whether the snail leads similar life
cycles in paddy fields in cold districts. The distri-
bution of the snail continues to expand in East
Asia, including Japan, China, and Korea (Joshi and
Sebastian, 2006), and hence studies on the popula-
tion dynamics and key regulating factors in cold
districts are especially important for the prediction
and prevention of further expansion. One key fac-
tor in the population dynamics of this snail is den-

* To whom correspondence should be addressed at: E-mail: yusa@cc.nara-wu.ac.jp

DOI: 10.1303/aez.2009.465



466 K. YosHIDA et al.

sity dependence in growth and reproduction
(Tanaka et al., 1999). Wada et al. (2004) reported a
rapid population recovery during summer in paddy
fields where snail densities had been low in June.
Snail populations in colder districts may show sim-
ilar rapid recovery even they suffer high mortality
during winter (see below). This prediction should
be tested in a field study.

Concerning the life cycle, two periods may be
stressful to P canaliculata in Japanese paddy
fields: cold temperatures in winter, and drying-out
in summer. Although the snails bury themselves in
the soil, they do not have a high tolerance to low
temperatures (Ozawa and Makino, 1988; Shobu et
al., 2001; Wada and Matsukura, 2007), suggesting
that winter survival is likely to be low in cold dis-
tricts. In fact, P canaliculata cannot survive over
winter in paddy fields in Ibaraki, mid-Honshu Is-
land (Ito, 2002). The second possibly stressful pe-
riod is when the paddy fields dry out for about
2wk in summer (hereafter referred to as mid-term
drying). Although this snail has a relatively high
tolerance to long-term drying (Yusa et al., 2006),
no information is available concerning its survival
rates during mid-term drying.

The present study aimed to clarify the life cycle
of P canaliculata in Japanese paddy fields in detail
and to determine basic population parameters, in-
cluding growth, egg production, and survival rate.
Detailed observations were made over 2 years in a
cold district (Nara), and over 1 year in a warmer
district (Kumamoto). We studied many (13-28)
fields in each locality to draw a general conclusion
on the life cycle there. Variations among fields
within each locality will be treated in a separate

paper.

MATERIALS AND METHODS

Sampling methods. P canaliculata populations
in Japanese paddy fields were monitored in two
districts: within a 1km? area in Kashiwagi, Nara
City, Honshu Island (34°40'N, 135°47'E) and
within a 0.5km? area in Shimo-suzurikawa, Ku-
mamoto City, Kyushu Island (32°51'N, 130°41'E).
In Nara, fields are usually flooded for transplanting
rice seedlings in early June, mid-term drying oc-
curs from mid-July to early August, and fields are
drained for harvesting in mid-September. In Ku-
mamoto, fields are usually flooded in late June,

dried from early to mid-August, and drained in
mid- to late September.

In Nara, sampling was conducted twice a month
from early June 2005 to early June 2006 in 16
paddy fields, except for during the intercrop season
and mid-term drying. From late June 2006 to early
June 2007, we increased the number of surveyed
fields to 28, due to the low density of snails, and
decreased the sampling frequency to once a month.
In Kumamoto, sampling was conducted four times
in 13 fields: in early July, late July, early September
2006, and late June 2007. In choosing sampling
sites, paddy fields were avoided where many snails
appeared to have been killed recently (with unde-
composed flesh) during the transplanting season,
because pesticide might have been sprayed there.
Subsequently, no such instance of mass mortality
was observed during the rice-growing season at our
sampling sites, except for two fields in Kumamoto
in June 2007. The data from these two fields were
excluded from the analysis for 2007.

Five quadrats of 1XIm (at intervals of 1m)
were set 1 m from the water inlet along the levee in
each field, and all snails =5mm in shell height
were collected. When the density of snails was ex-
tremely high (=50 individuals/m?), sampling of
small snails 5-10mm was conducted using five
sub-quadrats of 0.2X0.5 m, each placed adjacent to
the large quadrats. On the other hand, when snail
density was low (<5 individuals/m?), we tried to
collect up to 30 snails found along the levee to ob-
tain reliable size frequency distribution.

The shell height of each snail collected was
measured to the nearest 0.1 mm using calipers, in
order to monitor snail growth. Shell height was de-
fined as the maximum length of the shell along a
line from the apex to the center of the umbilicus
(Fig. 1). After winter, snails had an overwintering
inter-growth line on their shells as well as the oper-
cula (Suzuki et al., 2000). Shell height in the over-
wintering period was estimated by measuring the
height along the inter-growth line (Fig. 1). All
snails =25 mm in shell height were sexed using the
shapes of the shell and the operculum (Tanaka et
al., 1999), to calculate egg production per female.
All snails were released into the original fields
after measurement.

In order to estimate egg density, the maximum
length of each egg mass found in the 1X1m
quadrats was measured to the nearest 0.1 mm. The
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Fig. 1. The maximum shell height (a) and estimated shell
height at overwintering using the inter-growth line (b) of P
canaliculata. Arrow indicates the overwintering inter-growth
line and broken line shows the axis from the apex to the center
of the umbilicus.

number of eggs in an egg mass was estimated
using a regression equation provided by Dr.
T. Watanabe (personal communication): EN=
166.4EL—404.5, where EN is the estimated egg
number and EL is the maximum length (mm) of
the egg mass, transformed to a natural logarithm.

Data and statistical analysis. Snail densities
were calculated using data from quadrat samples.
Data for =10mm snails were always based on
large quadrats, whereas data for smaller snails were
based on smaller quadrats whenever available. The
snails were classified into 5-mm interval size
classes. The number of snails in each size class
was calculated as the snail density multiplied by
the proportion of snails in the class (based on all
samples collected in both quadrats and surveys).
All egg data were calculated based on 1X1m
quadrat samples.

The overwintering survival rate for each field
was estimated by dividing the density in the first
sampling of the year by that in the last autumn
sampling of the previous year. Likewise, the sur-
vival rate during mid-term drying was calculated
based on the densities before and after mid-term
drying in Nara in 2005 and 2006. Data for the Ku-
mamoto population were not available due to the
lack of sampling just after mid-term drying. To

avoid random fluctuations due to extremely low
snail densities in some paddy fields, we averaged
the values from the two preceding samplings to
provide the snail density before mid-term drying.
After mid-term drying, many juveniles, born in
summer, appeared and some might have reached
the adult size (Fig. 2). Because the growth rates of
juveniles varied from year to year, the upper limit
of juvenile shell height just after mid-term drying
was set at 20mm in 2005, and 30 mm in 2006 in
Nara to distinguish adults from juveniles. Attempts
to distinguish snails in these generations by fitting
normal curves in size distributions did not give re-
liable estimates, probably due to a large size varia-
tion in putative cohorts.

Ozawa and Makino (1988) proposed an index of
cumulative low temperature (CLT) to explain the
winter mortality of the snail. To calculate this
index, we obtained hourly air temperature data
for Nara and Kumamoto from the website of the
Japan Meteorological Agency (The Meteorological
Agency, 2007). CLT is given as the sum of differ-
ences between hourly air temperatures below 10°C
and 10°C during October—March of the years when
field samplings were conducted. The average air
temperature in the same period was also calculated
at each locality.

General linear mixed models were adopted to
test the possible factors affecting survival rates,
using JMP version 5.0.1 (SAS Institute, 2002). A
model selection procedure was performed (Grafen
and Hails, 2002), starting from a full model con-
taining all independent variables (see below) and
their interaction terms, with the identity of the
paddy fields as a random factor using the REML
method (SAS Institute, 2002). Non-significant in-
teraction terms, and then non-significant independ-
ent variables, were successively removed by the
order of larger p-values, until all variables in the
model remained significant; however, the identity
of paddy fields was always retained in the model as
a random factor (Grafen and Hails, 2002). To ana-
lyze the factors affecting the survival rate, the ini-
tial full model incorporated year, locality, and shell
height in September (for winter survival) or in July
(for mid-term survival) as independent variables.
To test the effects of temperature on winter sur-
vival, another model was used which incorporated
CLT, instead of year and locality. All survival rates
were inverse transformed after adding either 1 or
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Seasonal changes in shell height of P canaliculata in Nara (above) and Kumamoto (below). Snail densities (no. of indi-

viduals/m?) were transformed to the common logarithm after adding 1 to all data. Arrows indicate mid-term drying. Broken lines
show the winter, and histograms just behind the broken lines show shell height distributions estimated using overwintering inter-
growth lines (white bars; see Materials and Methods for details).

0.1 to meet the assumptions of normality and equal
variance.

RESULTS

Growth pattern

Irrespective of year or locality, the shell heights
of snails immediately after wintering were mainly
within the range of 5-24.9mm, with a peak at
5-14.9mm (Fig. 2). Among snails of 5-9.9 mm
shell height, 7.5-9.9 mm individuals were 2.5-6.4
times more frequent than smaller individuals in all
years and localities (mean density of 5-7.4 mm in-
dividuals was 0.0067-2.1/m? depending on year
and locality; density of 7.5-9.9 mm individuals was
0.033-9.9/m?). The snails showed rapid growth and
reached almost the maximum size before mid-term
drying in July. They then showed little further
growth in shell height, and most had reached
=25mm by September. Several snails in Nara ex-
ceeded 40 mm in shell height, and some exceeded
50mm, whereas none reached 40mm in Ku-
mamoto. In both localities, few snails =30 mm sur-
vived over winter.

In Nara, newborn juvenile snails began to appear
in August, and many had grown rapidly by Sep-
tember (Fig. 2). Although no data were available in

August, a similar trend appears to have existed in
Kumamoto; however, the detailed growth patterns
of juveniles differed between localities. In the Nara
population, several juveniles attained >20 mm in
September, demonstrated by an increase in average
density of =20 mm snails from July to September
in both 2005 and 2006 (from 1.2 to 2.3/m? in 2005;
from 0.14 to 1.8/m? in 2006). In the Kumamoto
population, however, almost all juveniles appeared
to have maintained <20 mm in shell height, as the
average density of =20 mm snails decreased from
July to September (from 2.7 to 1.3/m? in 2006).

Density changes and survival rates

Snail density after overwintering varied between
localities and years (Fig. 3). The density after win-
ter of the Kumamoto population was higher than
that of the Nara population (43-fold higher in
2006: 6.4/m* in early July in Kumamoto vs.
0.15/m? in early June in Nara; 25-fold higher in
2007: 19/m? in late June in Kumamoto vs. 0.76/m?
in early June in Nara). Although less extremely,
densities also differed between years (Fig. 3), by
almost 10-fold in Nara (1.4/m? in early June 2005;
0.15/m? in 2006; 0.76/m* in 2007) and almost 3-
fold in Kumamoto (6.4/m*> in 2006; 19/m’ in
2007).
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Fig. 3.

Seasonal changes in density of P canaliculata in Nara (above) and Kumamoto (below). Given as averages=SEs of the

paddy fields surveyed. Numerals indicate average values, arrows indicate mid-term drying, and broken lines show the winter.

Table 1. Synopsis of overwintering P canaliculata populations in Nara and Kumamoto, including size
and density before and after winter, survival rate and temperature conditions
Nara Kumamoto
Sep. 2005 June 2006 Sep. 2006 June 2007 Sep. 2006 June 2007

Shell height (mm)* 13.9%+6.0 153%53 10.6+4.5 149+3.4 8.5+2.6 11.5+1.5
Snail density (/m?)* 83.6*116 0.147+0.325 83.2+97.4 0.764+0.718 214=*157 19.3%+29.6
Survival rate (%)° 0.176 0918 9.00
Average temperature (°C)° 7.7 9.3 12.2
CLT 17,534 12,513 6,950

* Average* SE of paddy fields.
® Average density in June/average density in September.

¢ Average winter air temperature (October—March) in the study years.
4 Cumulative low temperature index (sum of difference between the hourly air temperature below 10°C and 10°C in October—

March in the study years).

The overwintering survival rate was relatively
high in the 2006-2007 winter in Kumamoto
(9.0%), lower in the 2006-2007 winter in Nara
(0.92%), and lowest in the 2005-2006 winter in
Nara (0.18%) (Table 1). This order corresponds to
the order of the average winter air temperatures
and is the opposite of the order of CLT wvalues
(Table 1). In the minimum model in the model se-
lection procedure, winter survival was affected by
year, locality, shell height in September and the in-
teraction term between yearXshell height (Table
2A). When the CLT index was incorporated instead
of year and locality as an independent variable
(Table 2B), survival was significantly affected by
CLT, shell height and their interaction term.

The density of snails that survived winter did not

appear to change markedly until newborns were re-
cruited, suggesting a high survival rate in paddy
fields during the crop season (Fig. 3). The density
of newborns continued to increase from August,
and was >80/m? before draining in September
(Fig. 3). In September, the density of total snails,
the majority of which were juveniles, in Ku-
mamoto (214/m? in 2006) was 2.6-fold higher than
that in Nara (84/m? in 2005; 83/m? in 2006), but
the difference was much less than in June.

The survival rate of adult snails during mid-term
drying in Nara was very high (90% in 2005; 89%
in 2006), despite their exposure to high tempera-
ture and aridity during the period. The difference
between years was small, but significant (Table 3).
Neither shell height before mid-term drying nor the
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Table 2. Minimum model concerning the factors affecting the overwinter survival rate
in Nara and Kumamoto populations of P canaliculata

A. Years and localities

Factor Degree of freedom  Sum of squares Mean square F value p value
Year 1 10.8 10.8 11.5 0.006
Locality 1 11.1 11.1 11.9 0.001
Shell height 1 5.62 5.62 6.03 0.032
Year X shell height 1 41.0 41.0 43.9 <0.001
Paddy field (within locality)? 36 142 3.96
Error term 11 10.3 0.933

B. Cumulative low temperature

Factor Degree of freedom  Sum of squares Mean square F value p value
CLT 1 69.0 69.0 35.6 <0.001
Shell height 1 33.7 33.7 17.4 0.002
CLT Xshell height 1 36.0 36.0 18.6 0.001
Paddy field® 37 100 2.71
Error term 11 21.3 1.94

*Treated as a random factor.
Table 3. Minimum model concerning the factors affecting the survival rate during mid-term drying
in Nara population of P canaliculata
Factor Degree of freedom Sum of squares Mean square F value p value

Year 1 0.326 0.326 6.49 0.031
Paddy field® 26 1.89 0.0727
Error term 9 0.452 0.0502

?Treated as a random factor.

interaction term between year X shell height was se-
lected in the minimum model in the model selec-
tion procedure.

Oviposition activity

The number of egg masses was small in June,
and peaked in July before mid-term drying, and
then decreased again (Fig. 4). The average density
of egg masses in July was higher in Kumamoto
(2.11/m? in 2006) than in Nara (0.96/m? in 2005;
0.46/m? in 2006).

The maximum length of egg masses showed a
less clear seasonal trend, but became largest in July
or August and then slightly decreased (Fig. 4). The
egg mass length in the Kumamoto population ap-
peared to be smaller than in the Nara population.

The density of eggs, estimated from the number
and size of egg masses, tended to show similar sea-
sonal changes between different years or localities
(Fig. 4). It increased from June, peaked before
mid-term drying in July, and decreased again to-
wards September. The average egg density in July
was higher in Kumamoto (193/m? in 2006) than in
Nara (132/m? in 2005; 73/m? in 2006). The differ-
ence was nearly 2.6-fold between localities in the
same year, and 1.8-fold between different years in
the Nara population.

To investigate the factors affecting snail densi-
ties in September between different years or locali-
ties, egg production per female and juvenile sur-
vival were estimated. The average number of eggs
per female in July, when egg production peaked,
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Fig. 4. Seasonal changes in oviposition activities of P

canaliculata in Nara (closed circles) and Kumamoto (open cir-
cles). Number of egg masses (above), maximum length of re-
spective egg mass (middle), and number of eggs estimated
(below) are shown. Given as averages*SEs of the paddy
fields. Arrows indicate mid-term drying, and broken lines
show the winter.

was largest (437 eggs/female) in Nara in 2006, sec-
ond largest (152) in Nara in 2005, and smallest
(115) in Kumamoto in 2006. This was the opposite
of the order of snail density after winter, and there
was a 3.8-fold difference between localities in
2006. As an index of survival from eggs to juve-
niles, the number of snails in September (the ma-
jority being newborn juveniles) was divided by the
egg number in July. The index did not differ much
between years (0.64 in 2005 and 1.1 in 2006 in
Nara) or localities (1.1 in Kumamoto in 2006).

DISCUSSION

Life cycle

This study clarified the life cycle of P canalicu-
lata in a cold district (Nara) in detail and, with less
accuracy, that in a warm district (Kumamoto). The
basic life cycles were similar in both districts and
can be summarized as follows: small juveniles

(=5 mm shell height) appeared after mid-term dry-
ing in August, and some grew to =20 mm by Sep-
tember, although the majority remained <20 mm.
P canaliculata reach sexual maturity at ca. 25 mm
(Estoy et al., 2002), but it was not clear from the
present study whether these individuals reproduce
within the same year. Most snails die during the
winter, but a small proportion of 5-25 mm snails
(the majority being 5—15 mm) survives over winter.
The survivors grow rapidly and begin to reproduce
before mid-term drying, after which they undergo
little further growth. These general patterns are
common in other study populations in warm dis-
tricts (Shizuoka: Ozawa and Makino, 1988;
Kyushu Island: Tanaka et al., 1999; Suzuki et al.,
2000; Watanabe et al., 2000; Shobu et al., 2001);
therefore, snails in cold districts have similar life
cycles to those in warmer districts, irrespective of
low survival during winter.

This study also clarified that few large individu-
als =30mm survive over winter, irrespective of
year and locality. This result supports the previous
suggestion that few snails survive two summer sea-
sons in Japanese paddy fields (Wada, 2000). P
canaliculata can adapt its life history according to
the ambient temperature. Estebenet and Cazzaniga
(1992) reported that P canaliculata in Argentina
lived for less than 1 year and reproduced for one
season (semelparous) when kept at a constant tem-
perature of 25°C, but they lived for up to 4 years,
and reproduced over 2—3 years (iteroparous) when
kept at variable room temperature. Despite variable
temperature conditions, P canaliculata in Japanese
paddy fields appears to be semelparous; however,
this cannot be regarded as evidence of rapid life
history evolution after introduction into Japan, as
snails may also be semelparous in some field popu-
lations in Argentina, considering inter-population
variations in life history traits (Martin and Es-
tebenet, 2002).

Survival during mid-term drying and over win-
ter

The survival rate of P canaliculata during mid-
term drying was generally high (ca. 90%) in Nara.
This was rather unexpected, because this snail is
susceptible to high temperatures (Miyahara et al.,
1986a; Kaneshima et al., 1987), although it is rela-
tively resistant to aridity (Yusa et al., 2006). We
were unable to determine the survival rate of P
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canaliculata  during mid-term drying in Ku-
mamoto, but it might be slightly lower because the
average air temperature in August is higher than in
Nara (27.7°C in Kumamoto vs. 26.6°C in Nara
during 1971-2000; The Meteorological Agency,
2007).

The survival rate of snails over winter was much
lower in Nara (0.18-0.92% depending on year)
than in Kumamoto (9.0%). The survival rate in
Nara also appears to be lower than in other studies
conducted in warm districts (8—15% in Kumamoto,
Kyushu: Watanabe et al., 2000; Wada and Matsu-
kura, 2007; 18—67% in Saga, Kyushu: Shobu et al.,
2001; 60% in Shizuoka: Ozawa and Makino,
1988), although direct comparison is difficult due
to differences in field conditions, methods of inves-
tigation, and snail size (Shobu et al., 2001). In this
study, the results of a general linear mixed model
showed that cumulative low temperature had a sig-
nificant effect on snail survival over winter, as well
as in previous studies (Ozawa and Makino, 1988;
Shobu et al., 2001); therefore, the main factor af-
fecting winter survival appears to be a climatic fac-
tor represented by the CLT index, and is likely to
be low temperature itself. However, differences in
other factors, such as precipitation, soil conditions
and culturing practice, should also be taken into
account. In addition, estimates of survival rates in
our study might have been obscured by factors
such as the migration of snails after irrigation,
since our surveys were sometimes conducted sev-
eral days after irrigation. Further study is needed to
obtain accurate estimates of survival rates and the
environmental factors affecting them.

Snail size also affected winter survival, and most
survivors were snails of 5—-15mm shell height.
Among snails of 5-10 mm, 7.5-10 mm individuals
were more frequent than smaller individuals. These
results are in general agreement with previous re-
ports where 10-20mm snails survived best over
winter (Oya et al., 1987; Watanabe et al., 2000;
Wada and Matsukura, 2007). Snails of this size are
also known to be resistant to aridity (Yusa et al.,
2006). Smaller individuals are generally more sus-
ceptible to harsh environments, probably because
they have a relatively large surface area:volume
ratio, while larger individuals have lower survival
rates either because they are exhausted after repro-
duction (post-reproductive die-off: Darby et al.,
2003) or because they are more likely to be killed

by tillage (Wada et al., 2004).

Population dynamics in the cold district

The average snail density in June in Nara was
only 1/43 of that in Kumamoto, but the density in
September had recovered to 1/3 of that in Ku-
mamoto. Likewise, the density in June varied by as
much as a multiple of ten between years in Nara,
whereas the density was similar in September.
Thus, mechanisms exist that allow the recovery of
populations in cold districts such as Nara.

Since juveniles in September hatched from eggs
laid in summer, the number of eggs in summer is
expected to affect the density of juveniles in Sep-
tember. In fact, the variation in egg numbers be-
tween different localities or years showed similar
trends to those in snail densities: the number of
eggs/m* in July in Nara was about 1/3 of that in
Kumamoto, and it differed <2-fold between years
in Nara; therefore, the key mechanism for popula-
tion recovery appeared to be oviposition activity. In
Nara, snails grew larger than in Kumamoto, proba-
bly due to density-dependent effects (Tanaka et al.,
1999). Egg masses in Nara tended to be larger, as
large snails tend to lay larger egg masses (Miya-
hara et al., 1986b). Thus, low winter survival in the
Nara population was largely compensated for by
higher fecundity, and the same was true for popula-
tion recovery in different years in Nara. In fact, the
number of eggs per female was highest in 2006 in
Nara, followed by in 2005 in Nara and lowest in
2006 in Kumamoto, showing an inverse order of
the density of snails after winter. On the other
hand, survival from egg to juveniles did not differ
much between years or localities. This mechanism
of density-dependent growth and reproduction ap-
pears to allow the snails to maintain similar life cy-
cles in different localities, despite much different
overwintering survival rates and initial densities at
the beginning of the season. The success of this
snail as an invasive species, now distributed over a
wide area in tropical, subtropical and temperate
America and Asia (Joshi and Sebastian, 2006),
may depend on this high reproductive potential and
flexibility.

In Nara, snail density after winter was 0.15/m?
in 2006, when winter temperatures were lowest
during our study. This density was almost the same
as that after crop rotation to soybean for 1 year in
Kyushu (0.14/m* Wada et al., 2004), and lower
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than the minimum density requiring snail control
under direct sowing practice (0.25/m?: Shobu and
Mikuriya, 2003). Even in other years, snail densi-
ties after winter were 0.76—1.4/m? in Nara, which
were lower than the densities in Kyushu
(6.4-19/m?: present study; 1.7-3.8/m? Watanabe
et al., 2000; Wada et al., 2004). The average densi-
ties in Nara were lower than the minimum density
requiring snail control for transplanting (1.5/m*:
Shobu and Mikuriya, 2003), suggesting that no
control practice appears to be necessary in most
paddy fields in Nara; however, careful monitoring
is required because snail densities are higher in
some fields, and some damage occurs (Yoshida,
personal observations). Monitoring is also impor-
tant because snail densities after winter in cold dis-
tricts such as Nara may increase in the future, due
to adaptation to the colder climate by snails, and to
global warming.
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