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ABSTRACT

Pomacea canaliculata is a freshwater snail native to subtropical-temperate South America
that has invaded several countries around the world. Temperature is probably one of the
main limitations to the expansion of this and other apple snails to higher latitudes in invaded
regions. Egg masses are aerial, and the duration of embryonic development varies greatly
with air temperature. We compared different methods for determining the lower temperature
thresholds and the cumulative degree-days (DD) required for the completion of the embry-
onic development of P. canaliculata. The lower temperature threshold was estimated with
four methods: the least standard deviation from the mean of degree-days, the least standard
deviation from the mean of days, the coefficient of variation in days and the linear regression
coefficient method. The cumulative degree-days were estimated using hourly records and
daily averages (calculated according to the single triangle and the single sine methods) of air
temperature. The lower temperature thresholds ranged between 15.8°C and 18.3°C and the
cumulative DD between 88.8°C.d and 133.8°C.d. The estimations obtained with the single
triangle and the single sine methods were exactly the same. The values obtained with the
method of the least standard deviation in degree-days and the corresponding cumulative DD
were the poorest estimations. The estimates obtained with daily mean temperatures were close
to those obtained with hourly records, indicating that recording only maximum and minimum
temperatures should be sufficient. The use of degree-day models for egg development in
Pomacea will serve to increase the effectiveness and efficacy of control measures targeted
to egg masses through a better timing in their application, especially in localities with highly
variable temperatures.
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INTRODUCTION

Pomacea canaliculata (Lamarck 1822) is a
freshwater snail native to subtropical-temperate
South America naturally distributed from Para-
guay and southern Brazil southwards to south-
ern Buenos Aires Province, Argentina (Martin et
al., 2001; Hayes et al., 2008). This species and
a few congeners are serious pests in several
countries around the world where they have
invaded different types of freshwater systems,
such as paddy fields and natural wetlands
(Cowie, 2002; Rawlings et al., 2007; Hayes et
al., 2008; Lv et al., 2012), prompting the listing
of P. canaliculata among the 100 worst invad-
ers worldwide (Lowe et al., 2000). Temperature
is probably one of the main limitations to the
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expansion of apple snails to higher latitudes in
invaded regions (Baker, 1998; EFSA, 2012).
Many aspects of the biology of P. canaliculata
depend on temperature, such as growth rate,
reproduction, lung ventilation frequency, feed-
ing rate and activity (Estebenet & Martin, 2002;
Seuffert et al., 2010). In temperate climates, P.
canaliculata reproduces more than once during
its lifespan, whereas under tropical conditions
it behaves as semelparous, showing only one
reproductive period (Estebenet & Cazzaniga,
1992). Females deposit aerial, pink calcare-
ous eggs, arranged in clusters of 30 to 300
eggs (Albrecht et al., 1996; Tamburi & Martin,
2011). Embryonic development occurs within
the calcareous egg capsules and hatching usu-
ally occurs two weeks after oviposition, but this
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period varies greatly (Estebenet & Cazzaniga,
1992; Pizani et al., 2005; Liu et al., 2012), most
of this variation being probably caused by the
inverse relationship of air temperature and
developmental rate.

The developmental rate of ectotherms is
dependent on temperature, so that the cooler
the temperature, the slower is the rate of growth
and development. As temperature increases
above a specific minimal threshold, develop-
ment time progressively decreases, until the
temperature becomes high enough to affect
growth and development negatively. The lower
developmental threshold for a species is the
temperature at and below which development
stops. The upper developmental threshold is
less well defined, but itis commonly considered
as the temperature at and above which devel-
opmental rate does not increase (Zalom et al.,
1983; Snyder et al., 1999; Ruml et al., 2010).

As temperature increases, the duration of a
specific physiological process decreases, but
the cumulative heat required remained approxi-
mately constant (Zalom et al., 1983; Snyder et
al., 1999; Lv et al., 2011). Temperature could
be constant or fluctuating, but the combination
of temperature (above the lower threshold) and
time will be the same. This physiological time
for development is measured in cumulative
degree-days. A bigger difference between the
temperature and the lower threshold implies
an earlier accumulation of the required degree-
days and hence a faster developmental rate.

Zhou et al. (2003) developed a degree-day
model for P. canaliculata and estimated a
threshold temperature for egg development
of 14.0321°C. However, this parameter was
obtained from populations living in an invaded
area (China) and of which the identity is un-
certain, because at least another Pomacea
species coexist with P. canaliculata in mainland
China (Hayes etal., 2008; Lv et al., 2012), and it
is difficult to distinguish them externally (Cowie
etal., 2006). Given that the threshold tempera-
ture for development may vary considerably as
consequence of intrinsic features of the snails
and factors related to specific environmental
conditions, it is important to investigate the
thermal requirements of P. canaliculata from
data obtained from native individuals in its
natural realm. Moreover, studies on the thermal
requirements for embryonic development of
snails with aerial eggs are very scarce (Liu et
al., 1991; Zhou et al., 2001, 2003) and hence
this work will contribute to the general knowl-
edge of the thermal biology of gastropods.

Most studies on the degree-days required
to hatching in freshwater gastropods have
been developed on the basis of the variation
of development duration of eggs incubated at
different constant temperatures (e.g., Zhou et
al.,, 2001, 2003; Hong et al., 2004). Here we
took a different approach, computing thresholds
and cumulative degree-days to hatching for P,
canaliculata on the basis of hourly or daily re-
cords of fluctuating temperatures, an approach
that has been successfully applied in other
ectotherms (e.g., Yang et al., 1995; Snyder et
al.,, 1999; Ruml et al., 2010). Although using
hourly data provides a higher accuracy in the
calculation of degree-days, daily maximum and
minimum temperature data can also be used
and they are often the only available records.

The aims of this work are to compare differ-
ent methods for determining lower tempera-
ture thresholds, selecting those that are best
supported by the data recorded for numerous
egg masses, and to estimate the degree-days
required for the completion of the embryonic
development of P. canaliculata. These results
will expand the knowledge of the thermal biol-
ogy of this invasive species and would be useful
for the development of predictive models of dis-
tribution both in native and invaded areas and
to increase the efficiency of control measures
directed towards the egg masses, the most
conspicuous stage of the life cycle.

MATERIALS AND METHODS
Egg Masses and Temperature Records

Thirty males and 30 females of P. canalicu-
lata were hand-collected in November 2009
at Guamini stream (37°10'44”S, 62°25'59"W,
Encadenadas del Oeste basin, Buenos Aires
Province, Argentina). In the laboratory (located
170 km to the SSE from the collection site), 30
couples were formed and put in 3 L aquaria
with CaCOj; saturated tap water and fed with
lettuce. From this pool of couples, 24 females
that have laid at least one egg mass during the
first week were selected for further record of
their ovipositions.

From November 25, 2009, to April 26, 2010,
the females were reared under the same condi-
tions in a room without control of photoperiod or
temperature. The experiment was ended after
four weeks had passed without any oviposition.
Half of the females received a full ration of let-
tuce corresponding to an ad libitum ingestion
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rate (estimated from the equation provided by
Tamburi & Martin, 2009) and the others re-
ceived 50% of that ration. Water was changed
and the aquaria were cleaned weekly. Every
four weeks, a male was put in the aquarium
during one day to maintain sexual activity and
to allow replenishment of sperm reserves.
The presence of egg masses fastened to the
aquarium wall was checked every day in the
morning, because egg laying is mostly a noc-
turnal activity (Albrecht et al., 1996; Estebenet
& Martin, 2002). Once an egg mass was de-
tected, the female together with the water, let-
tuce remains and feces were changed to a new
aquarium. The egg mass was incubated in the
original aquarium (with 1 cm of tap water in the
bottom) in the same room as females; room’s
air temperature (T, °C) was recorded hourly
with a Hobo® data-logger. The egg masses
were checked daily to record the appearance
of hatchlings in the aquarium. The counting of
hatchlings was ended after one week without
any hatching and the remaining eggs were
counted to estimate egg mass viability. The du-
ration of development (d, days) was calculated
as the number of days elapsed between egg
laying and the date of first hatching.

Determination of Threshold Temperature

The lower temperature threshold (T,) for
embryonic development was estimated with
four different methods: (1) the least standard
deviation from the mean of degree-days (SD-
DD) proposed by Magoon & Culpepper (1932)
and Stier (1939), (2) the least standard devia-
tion from the mean observed number of days
(SD-day) of Arnold (1959), (3) the coefficient of
variation in days (CV-day) of Nuttonson (1958)
and (4) the linear regression coefficient method
(REG) from Hoover (1955). The different
threshold temperatures were estimated using
the equations developed by Yang et al. (1995)
based on these four methods. To confirm that
the three first equations perform properly,
an iterative process with different candidate
threshold temperatures was performed, as
suggested by Snyder et al. (1999). The value
that produced the least standard deviation in
the mean of DD (1), in the mean of days (2)
and the least coefficient of variation in days (3)
was compared to the values obtained with the
equations proposed by Yang et al. (1995).

For all methods, two sets of temperature data
were used (making a total of eight estimations
of the lower threshold): the detailed hourly

temperature data and a daily mean calculated
averaging the records of maximum and mini-
mum temperatures of each day.

Estimation of Degree-days Requirement

The degree-days (DD, °C.d) for the embry-
onic development of P, canaliculata were calcu-
lated using the hourly records of temperature by
computing the degree-hours and summing over
the 24-h. Degree-hours were calculated as the
difference between the recorded hourly mean
temperature (Ty) and the lower threshold (T)):

DD =3 (T,-T)

The cumulative DD were estimated by sum-
ming the daily DD over the specific period of
development (d) of each egg mass. We also
estimated the cumulative DD using a mean
value of temperature (T,,) obtained from daily
highest (T,) and lowest (T,) records. This mean
temperature was calculated according to the
single triangle and the single sine methods
described by Zalom et al. (1983). For all esti-
mations, DD was set to zero when T,> T,, or
T since it was reported that it generally gave
better results than the approach in which DD
retained a negative value (Ruml et al., 2010).
The three methods were applied in combination
with the eight estimations of the lower tempera-
ture threshold, giving a total of 24 estimations
of cumulative DD.

In this work, we considered the introduction
of an upper threshold to be unnecessary since,
based on the evidence reported in previous
works (e.g., Cowie, 2002; Seuffert et al., 2010),
it may be inferred that the highest temperature
to which the egg masses were exposed here
(31.93°C) almost certainly does not preclude
development.

RESULTS

Atotal of 123 egg masses were laid by the 24
females during the whole period of oviposition
(late spring to early autumn). The mean viability
of egg masses (number of live hatchlings / total
number of eggs) was 35.5% and fluctuated
between 0 and 99%. For the estimations of
thresholds and degree-days, we decided to
use the data obtained from egg masses with
viabilities greater than 10%, leaving a total of 88
egg masses. The time required for embryonic
development (d) varied from a minimum of only
7 days to a maximum of 30 days (mean + SD
= 14.67  3.44 days).
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FIG. 1. Standard deviation in degree-days (SD-DD), standard deviation in the observed number
of days (SD-day) and coefficient of variation in days (CV-day) for the embryonic development
of Pomacea canaliculata (estimated with the hourly records of temperature) vs. temperature.
The dotted vertical lines show the minimum value for the three methods corresponding to the
lower temperature thresholds (19.6°C, 16.1°C and 16.1°C, respectively).

TABLE 1. Threshold temperatures and degree-days (DD) for the embryonic development of Pomacea
canaliculata. Two data sets of temperature (T°) were used: hourly records and a daily mean of the
maximum and minimum records. Threshold temperatures (°C) were estimated by different methods: the
least standard deviation in DD (SD-DD), the least standard deviation in days (SD-day), the coefficient
of variation in days (CV-day) and the linear regression coefficient method (REG); values in parentheses
are the thresholds obtained by iteration. The cumulative DD (mean + SD; °C.d) were estimated using the
hourly temperature records (hourly) and the highest and lowest records (triangle and sine methods).

Cumulative DD

T° Data sets Method Threshold hourly triangle sine

Hourly records ~ SD-DD 18.2 (19.6) 90.3+12.6 94.8 +12.7 94.8 + 12.6
SD-day 15.8 (16.1) 125.0+ 15.6 132.2+15.1 132.2+15.1
CV-day 15.9 (16.1) 120.7 £ 15.0 130.7 £ 15.0 130.7 £ 15.0
REG 16.0 122.1+15.2 129.1 £ 14.8 129.1 £ 14.8

Daily mean SD-DD 18.3 (18.6) 88.8+125 93.2+12.6 93.2+126
SD-day 15.7 (15.8) 126.5+15.7 133.8+15.3 133.8+15.3
CV-day 16.1 (15.8) 120.7 £ 15.0 1276 £ 14.6 1276 £ 14.6
REG 16.2 119.2 £ 14.8 126.0 £ 14.5 126.0+ 14.5
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FIG. 2. Duration of embryonic development of Pomacea canaliculata at different temperatures (continu-
ous lines) calculated with the extreme estimations obtained in this paper (15.7°C and 16.2°C for the
lower temperature threshold and 133.8°C.d and 119.2°C.d for the cumulative degree days) and durations
reported by different authors (bars and rectangles indicate ranges of temperatures and/or durations,
empty circles represent records for single egg masses and full circles averages for several egg masses;
the dotted line was calculated on the basis of the linear regression model from Huang et al., 2010).

The two feeding regimes used here were
scheduled as part of another study and will be
analyzed elsewhere. However, it is worthy to
note that a separate estimation of the mean DD
(using the hourly records of temperature and
the threshold of 15.8°C obtained with the SD-
day method) revealed no significant differences
between both treatments (t-test, p = 0.906).

Determination of Threshold Temperature

The lower temperature thresholds for the
embryonic development of P. canaliculata es-
timated with the equations of Yang et al. (1995)
for the four methods fluctuated between 15.8°C
and 18.3°C (Table 1). The values obtained by
iteration (Fig. 1) were very similar to those
obtained with these formulae for SD-day and
CV-day methods (differences not bigger than
0.3°C) while for the SD-DD method the differ-
ences were larger (up to 1.4°C) between both
threshold estimations.

Estimation of Degree-days Requirement

The mean cumulative DD estimations ranged
between 88.8°C.d and 133.8°C.d (Table 1). The
estimations obtained with the single triangle and
the single sine methods were exactly the same.
The values estimated from the hourly tempera-
ture records were 4.72% to 7.65% lower than
both cumulative DD obtained from the daily
mean of maximum and minimum records.

DISCUSSION

The threshold values obtained with the SD-
DD method were higher (between 11.0% and
14.2%) than the other estimations and differed
more from the corresponding values obtained
by iteration. Besides, a threshold of 18.2°C
or 18.3°C seems too high as compared to
independent estimations for Pomacea spe-
cies (15.4°C, Liu et al., 1991; 14.03°C, Zhou
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et al., 2003). We therefore concluded that the
values obtained by this method (with both sets
of temperature data) and the corresponding
cumulative DD (see below) are the poorest
estimations for the embryonic development of
P. canaliculata and hence will not be considered
hereafter. The same situation was reported
by other authors: in some cases, the SD-DD
method generated negative values (Crepinsek
et al., 2006; Ruml et al., 2010) and in others
produced poor predictions (Snyder et al., 1999;
Yang et al., 1995).

Ruml et al. (2010) showed that the results
obtained with the CV and SD in days’ formulae
from Yang et al. (1995) are almost identical. With
our data, the results obtained with those two
methods were also very similar when using the
formulae and, moreover, were exactly the same
when we calculated them by iteration. As such,
we infer that any of these two methods would be
adequate and will produce very similar results.

On the other hand, the cumulative degree-
days estimated using only the highest and
lowest daily temperatures were exactly the
same when using the single triangle and single
sine methods. This situation occurs when tem-
perature records fall within the range comprised
by the lower and upper thresholds (Zalom et
al., 1983). In our daily temperatures, only four
records were below the lower threshold, being
recorded at the end of the oviposition period
(late April) and were considered for only one
egg mass calculation. However, it has been
reported that both the single triangle and single
sine methods are easily calculated and are
good estimators (Zalom et al., 1983). There-
fore, even with a wider range of temperatures
either of these methods would provide accept-
able estimates when only daily temperature
measures are available.

The estimates obtained using daily mean
temperature values were close to those ob-
tained using hourly records (either for the
estimation of the lower thresholds or the
calculation of cumulative degree-days). This
indicates that they provide the best measure
when hourly records are available, but when
designing a new experiment, recording only
maximum and minimum temperatures should
be sufficient (see below).

The simplest way to calculate the cumulative
DD is to use 0°C as threshold but this approach
seems to be appropriate only for organisms
with very low threshold temperatures, as is
the case of several plant species (e.g., Snyder
et al., 1999; Crepinsek et al., 2006; Ruml et

al., 2010) or the eggs of Siberian freshwater
limpets (Shirokaya & Rd&pstorf, 2003). How-
ever, this 0°C-threshold is not adequate for
a subtropical-temperate snail species whose
feeding, crawling and aerial respiration cease
between 10°C and 15°C (Seuffert et al., 2010).
The use of 0°C as threshold could result in
a significant overestimation of cumulative
degree-days requirement for this species, just
as the high values obtained with the SD-DD
method (18.2—18.3°C) produced very low val-
ues of cumulative degree-days relative to the
other methods (Table 1).

The range of temperature thresholds
for embryonic development reported here
(15.7-16.2°C) is just two degrees higher than
those reported for nonindigenous popula-
tions of this species (14.03°C, Zhou et al.,
2003; 14.2°C, Huang et al., 2010), and a half
degree higher than the threshold reported for
an uncertain Pomacea species identified as
Ampullaria gigas (15.4°C, Liu et al., 1991). The
reported cumulative degree-days for Pomacea
are more variable than those of temperature
thresholds and our values (119.2-133.8°C.d)
lay well within the range reported (94.87°C and
161.3°C.d; Liu et al., 1991; Zhou et al., 2003;
Huang et al., 2010). Our snails came from
one the southernmost natural populations of
P. canaliculata, where low temperatures set
a limit to different activities during half of the
year (Seuffert et al., 2010) and where a lower
threshold would prevent excessively extended
development periods. The ecological signifi-
cance of these differences is difficult to assess.
Part of the variation in these parameters may
be explained by the different methodology em-
ployed as estimates from Chinese populations
were obtained from egg masses incubated at
different constant temperatures. Furthermore,
differences between apple snail populations in
the native range and those elsewhere may be
due to acclimation, genetic drift or hybridiza-
tion in the invaded range, different geographic
sources of origin in the natural range, or simply
species misidentification (e.g., Lv et al., 2012;
Hayes et al., 2008).

The duration of embryonic development of P,
canaliculata at different temperatures predicted
by our degree-day models was compared to the
durations reported by other authors (Fig. 2).
The durations reported for egg masses under
constant temperatures in their natural range
(Buenos Aires Province, Argentina; Heras et
al., 1998; Koch et al., 2009) only differed from
our predictions in two days at most. In contrast,
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estimates obtained under constant tempera-
tures with populations in the invaded range of
Southeastern Asia were generally lower than
predicted, from 2 to 13 days shorter at 32°C
and 21°C, respectively (Maketon et al., 2009;
Zhou et al., 2003). The values predicted by
the model proposed by Huang et al. (2010)
were the same as ours at high temperature but
became increasingly smaller as temperature
decreases, reaching a difference of 12 days
at 20°C. Again, the information available on
thermal ecology of Pomacea egg develop-
ment is not complete enough to determine if
the observed differences are methodological,
taxonomic or genetic in origin. For instance, the
duration of 12 d at 30°C reported by Fujio et al.
(1991) is clearly the oddest and was obtained
in Japan for a laboratory strain in which low
hatchability was associated with inbreeding
depression.

Pizani et al. (2005) published data on the
mean temperature and duration of develop-
ment for egg masses incubated under uncon-
trolled temperature in the same laboratory as
those of the present study and deposited by
snails from the same geographic area (En-
cadenadas del Oeste basin). The temperature
required to hatch in a certain number of days
was clearly lower than that predicted by our
degree days models (Fig. 2), especially for the
egg masses that developed at lower rates. For
instance, at 16°C the eggs hatched in 22-24
days but the predictions of our models indicate
that at that temperature hatching would take an
infinite time. This is probably due to the use of
just one overall mean temperature (estimated
over the entire incubation period for each egg
mass) as an indicator of the thermal environ-
ment. Actual temperatures that fell well below
the mean value of 16°C did not further retard
development in those egg masses, but those
well above 16°C certainly increased develop-
ment time. Therefore, when temperature actu-
ally falls frequently below the threshold, the
use of overall mean temperatures during the
development indicates a lower threshold that
is clearly lower than the temperature at which
development can be completed according to
our estimates.

A variety of control measures have been
employed or tested against invasive Pomacea
species inrice, taro and other paddy field crops
but the results are far from satisfactory (e.g.,
Wada, 2004; Ranamukhaarachchi & Wickra-
masinghe, 2006). Among the control measures,

spraying of egg masses with water (Wang et al.,
2012) or low toxicity hatching inhibitors (Wu et
al., 2005) and collection or destruction of eggs
in situ (e.g., Adalla & Magsino, 2006; Yang et
al., 2006) have been proposed as environmen-
tally friendly options. The extended reproduc-
tive season and the short development duration
in tropical and subtropical areas implicates that
the application of these treatments needs to
be numerous and frequent. Moreover, these
procedures would be ineffective if a certain
number of eggs hatch between consecutive
treatments or inefficient if, to avoid this pos-
sibility, the treatments are applied more often
than actually required. The use of degree-day
models for egg development in Pomacea will
serve to increase the effectiveness and efficacy
of these control measures through a better tim-
ing in their application, especially in localities
with highly variable temperatures. According
to our results, a simple and economic min-
max thermometer located in the field would
be sufficient to achieve a reduction in costs of
spraying or egg mass harvesting and thence
its application would be suitable even with low
levels of technology and in low profit areas.

The estimation of lower thresholds and cu-
mulative degree-days for embryonic develop-
ment on the basis of hourly or daily records
of fluctuating temperatures provided results
comparable to those already available for
Pomacea spp. and computed on the basis
of development duration at different constant
temperatures (e.g., Liu et al., 1991; Zhou et
al., 2003). Additionally, our general approach
is more economical as it does not involve spe-
cial equipment (temperature controlled rearing
chambers), instead it only requires a max-min
thermometer (or a thermograph or data-logger
if available) and it can also be applied in the
field. This would permit the development of spe-
cific degree-day models at a local scale even if
apple snails are not correctly identified.

ACKNOWLEDGMENTS

This work was funded with grants by CONICET
(“Consejo Nacional de Investigaciones Cientifi-
cas y Técnicas”, PIP 6150 and PIP 112 200901
00473) and UNS (“Universidad Nacional del
Sur’, PGI 24B/108 and PGl 24B/144). MES
is a postdoctoral fellow in CONICET, LS is
a doctoral fellow in CONICET and PRM is a
researcher in CONICET.



216 SEUFFERT ETAL.

LITERATURE CITED

ADALLA, C. B. & E. A. MAGSINO, 2006, Un-
derstanding the golden apple snail (Pomacea
canaliculata): Biology and early initiatives to
control the pest in the Philippines. Pp. 199-213,
in: R. C. JosHl & L. S. SeBasTIAN, eds., Global
advances in ecology and management of golden
apple snails. Philippine Rice Research Institute,
Nueva Ecija, Philippines, 588 pp.

ALBRECHT, E. A., N. B. CARRENO & A. CAS-
TRO-VAZQUEZ, 1996, A quantitative study of
copulation and spawning in the South American
apple-snail Pomacea canaliculata Lamarck
(Prosobranchia, Ampullariidae). The Veliger,
39: 142-147.

ARNOLD, C.Y., 1959, The development and sig-
nificance of the base temperature in a linear heat
unit system. Proceedings of the American Soci-
ety for Horticultural Science, 74: 430—445.

BAKER, G. H., 1998, The golden apple snail,
Pomacea canaliculata (Lamarck) (Mollusca:
Ampullariidae), a potential invader of freshwater
habitats in Australia. Pp. 21-26, in: M. P. ZaLucki,
R.A. 1. DrRew & G. G. WHITE, eds., Proceedings
of the Sixth Australasian Applied Entomological
Research Conference, Brisbane, Australia.

COWIE, R. H., 2002, Apple snails (Ampullariidae)
as agricultural pests: their biology, impacts and
management. Pp. 145-192, in: G. M. BARKER,
ed., Molluscs as crop pests. CABI Publishing,
Wallingford, New Zealand, 468 pp.

COWIE, R. H., K. A. HAYES & S. C. THIENGO,
2006, What are apple snails? Confused tax-
onomy and some preliminary resolution. Pp.
3-23, in: R. C. JosHI & L. S. SEBASTIAN, eds.,
Global advances in ecology and management
of golden apple snails. Philippine Rice Research
Institute, Nueva Ecija, Philippines, 588 pp.

CREPINSEK Z.,L. KAJFEZ-BOGATAJ & K. BER-
GANT, 2006, Modelllng of weather variability
effect on fitophenology. Ecological Modelling,
194: 256-265.

EFSA, 2012, Scientific Opinion on the evaluation
of the pest risk analysis on Pomacea insularum,
the island apple snail, prepared by the Spanish
Ministry of Environment and Rural and Ma-
rine Affairs. European Food Safety Authority
Journal, 10(1): 2552 (57 pp). doi:10.2903/].
efsa.2012.2552.

ESTEBENET, A. L. & N. J. CAZZANIGA, 1992,
Growth and demography of Pomacea canali-
culata (Gastropoda: Ampullariidae) under
laboratory conditions. Malacological Review,
25: 1-12.

ESTEBENET,A. L. & P. R. MARTIN, 2002, Poma-
cea canaliculata (Gastropoda: Ampullariidae):
Life-history traits and their plasticity. Biocell,
26: 83-89.

FUJIO, Y., E. VON BRAND & M. KOBAYASHI,
1991, Apparent differential hatchabilities associ-
ated with degrees of heterozygosity at Leucine
aminopeptidase isozyme loci in the apple snail
Pomacea canaliculata. Nippon Suisan Gakkai-
shi, 57(3): 459-461.

HAYES, K. A.,R. C. JOSHI, S. C. THIENGO & R.
H. COWIE, 2008, Out of South America: multiple
origins of non-native apple snails in Asia. Diver-
sity and Distributions, 14: 701-712.

HERAS, H., C. GARIN & R. POLLERO, 1998, Bio-
chemical composmon and energy source durlng
embryo development and in early juveniles
of the snail Pomacea canaliculata (Mollusca:
Gastropoda). Journal of Experimental Zoology,
280: 375-383.

HONG, Q., Y. JIANG, K. YANG, W. XI, L. SUN,
Y. HUANG & X. ZHOU, 2004, Developmental
zero and effective accumulated temperature of
Oncomelania eggs under constant temperature.
Chinese Journal of Schistosomiasis Control, 06:
11 (in Chinese with English abstract).

HOOVER, M. W., 1955, Some effects of tempera-
ture on the growth of southern peas. Proceed-
ings of the American Society for Horticultural
Science, 66: 308-312.

HUANG, P, Z. L. LIN & J. H. XU, 2010, Biological
characteristics of the egg stage of Pomacea
canaliculata. Journal of Fujian Agriculture and
Forestry University, 39(1): 25-29 (in Chinese
with English abstract).

KOCH, E., B. C. WINIK & A. CASTRO-VAZQUEZ,
2009, Development beyond the gastrula stage
and digestive organogenesis in the apple-snail
Pomacea canaliculata (Architaenioglossa, Am-
pullariidae). Biocell, 33(1): 49—65.

LIU, Z., G. DENG, D. CAI & W. GUO, 1991, Influ-
ence of temperature on heart beat and incuba-
tion of Ampullaria gigas Spix. Acta Agriculturae
Boreali-Sinica, 01: 18 (in Chinese with English
abstract).

LIU, J., Y. J. HE, J. C. TAN, C. X. XU, L. ZHONG,
Z. G. WANG & Q. G. LIAO, 2012, Character-
istics of Pomacea canaliculata reproduction
under natural conditions. Chinese Journal of
Applied Ecology, 23(2): 559-565 (in Chinese
with English abstract).

LOWE, S., M. BROWNE, S. BOUDJELAS & M.
DE POORTER, 2000, 700 of the World’s worst
invasive alien species. The Invasive Species
Specialist Group, IUCN, Auckland, New Zea-
land, 12 pp.

LV, S., Y. ZHANG, P. STEINMANN, G. J. YANG, K.
YANG, X. N.ZHOU & J. UTZINGER, 2011, The
emergence of angiostrongyliasis in the People’s
Republic of China: the interplay between inva-
sive snails, climate change and transmission
dynamics. Freshwater Biology, 56: 717-734.

LV, S., Y. ZHANG, H. X. LIU, L. HU, Q. LIU, F. R.
WEI, Y. H. GUO, P. STEINMANN, W. HU, X.
N. ZHOU & J. UTZINGER, 2012, Phylogenetic
evidence for multiple and secondary introduc-
tions of invasive snails: Pomacea species
in the People’s Republic of China. Diversity
and Distributions, DOI: 10.1111/j.1472—-4642
.2012.00924 .x.

MAGOON, C. A. & C. W. CULPEPPER, 1932,
Response of sweet corn to varying tempera-
tures from time of planting to canning maturity.
Technical Bulletin, 312, U.S. Department of
Agriculture, 40 pp.



DEGREE-DAY DEVELOPMENT MODELS IN POMACEA 217

MAKETON, M., K. SUTTICHART & J. DOMHOM,
2009, Effective control of invasive apple snail
(Pomacea canaliculata Lamarck) using Paeci-
lomyces lilacinus (Thom) Samson. Malacologia,
51(1): 181-190.

MARTIN, P. R., A. L. ESTEBENET & N. J. CAZ-
ZANIGA, 2001, Factors affecting the distribution
of Pomacea canaliculata (Gastropoda: Ampul-
lariidae) along its southernmost natural limit.
Malacologia, 43: 13-23.

NUTTONSON, M. Y., 1958, Wheat-climate rela-
tionships and the use of phenology in ascertain-
ing the phenothermal requirements of wheat.
American Institute of Crop Ecology, Washington,
D.C., 388 pp. i

PIZANI, N., A. L. ESTEBENET & P. R. MARTIN,
2005, Effects of submersion and aerial exposure
on clutches and hatchlings of Pomacea canali-
culata (Gastropoda: Ampullariidae). American
Malacological Bulletin, 20(1/2): 55-63.

RANAMUKHAARACHCHI, L. & S. WICKRAMAS-
INGHE, 2006, Golden apple snails in the world:
introduction, impact, and control measures. Pp.
133-152, in: R. C. JosHI & L. S. SEBASTIAN, eds.,
Global advances in ecology and management of
golden apple snails. Philippine Rice Research
Institute, Nueva Ecija, Philippines, 588 pp.

RAWLINGS, T. A., K. A. HAYES, R. H. COWIE &
T. M. COLLINS, 2007, The identity, distribution,
and impacts of non-native apple snails in the
continental United States. BMC Evolutionary
Biology, 7: 97. i )

RUML, M., A. VUKOVIC & D. MILATOVIC, 2010,
Evaluation of different methods for determining
growing degree-day thresholds in apricot culti-
vars. International Journal of Biometeorology,
54: 411-422. ]

SEUFFERT, M. E., S. BURELA & P. R. MARTIN,
2010, Influence of water temperature on the
activity of the freshwater snail Pomacea canali-
culata (Caenogastropoda: Ampullariidae) at its
southernmost limit (southern Pampas, Argen-
tina). Journal of Thermal Biology, 35: 77-84.

SHIROKAYA, A. A. & P. ROPSTORF, 2003,
Morphology of syncapsules and the duration
of embryogeny of Baikalian endemic limpets
(Gastropoda, Pulmonata, Acroloxidae). Berliner
Paléobiologische Abhandlungen, 4: 183—-192.

SNYDER, R. L., D. SPANO, C. CESARACCIO
& P. DUCE, 1999, Determining degree-day
thresholds from field observations. International
Journal of Biometeorology, 42: 177—-182.

STIER, H. S., 1939, A physiological study of
growth and fruiting in the tomato (Lycopersieon
esculentum L.) with reference to the effect of
climatic and edaphic conditions. Ph.D. Disser-

tation, University of Maryland, College Park,
Maryland, U.S.A., 162 pp.

TAMBURI, N. E. & P. R. MARTIN, 2009, Feeding
rates and food conversion efficiencies of the
apple snail Pomacea canaliculata (Caeno-
gastropoda: Ampullariidae). Malacologia, 51:
221-232. .

TAMBURI, N. E. & P. R. MARTIN, 2011, Effects of
food availability on reproductive output, offspring
quality and reproductive efficiency in the apple
snail Pomacea canaliculata. Biological Inva-
sions, 13: 2351-2360.

WADA, T., 2004, Strategies for controlling the
apple snail Pomacea canaliculata (Lamarck)
(Gastropoda: Ampullariidae) in Japanese direct
sown paddy fields. Japan Agricultural Research
Quarterly, 38: 75-80.

WANG, Z., J. TAN, L. TAN, J. LIU & L. ZHONG,
2012, Control the egg hatchling process of
Pomacea canaliculata (Lamarck) by water
spraying and submersion. Acta Ecologica Si-
nica, 32: 184—188.

Wu,D.C.,J.Z.YU,B.H.CHEN, C. Y.LIN & W. H.
KO, 2005, Inhibition of egg hatching with apple
wax solvent as a novel method for controlling
golden apple snail (Pomacea canaliculata).
Crop Protection, 24(5): 483-486.

YANG, S., J. LOGAN & D. L. COFFEY, 1995,
Mathematical formulae for calculating the base
temperature for growing degree days. Agricul-
tural and Forest Meteorology, 74: 61-74.

YANG, P. S., Y. H. CHEN, W. C. LEE & Y. H.
CHEN, 2006, Golden apple snail management
and prevention in Taiwan. Pp. 169-179, in:
R. C. JosH & L. S. SeBasTiaN, eds., Global ad-
vances in ecology and management of golden
apple snails. Philippine Rice Research Institute,
Nueva Ecija, Philippines, 588 pp.

ZALOM, F. G., P.B. GOODELL, L. T. WILSON, W.
W.BARNETT & W. J. BENTLEY, 1983, Degree-
days: the calculation and use of heat units in
pest management. Leaflet 21373. Division of
Agriculture and Natural Resources, University of
California, Davis, California, U.S.A., 10 pp.

ZHOU, W. C., Y. F. WU & J. Q. YANG, 2003,
Viability of Ampullaria snail in China. Fujian
Journal of Agricultural Science, 18: 25-28 (in
Chinese with English abstract).

ZHOU, W. C., Y. F. WU, J. F. CAl & K. R. ZHAN,
2001, Developmental zero and effective ac-
cumulated temperature of giant African snail.
Fujian Journal of Agricultural Sciences, 03: 06
(in Chinese with English abstract).

Revised ms. accepted 12 September 2012





