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Abstract In order to set priorities in management of costly
and ecosystem-damaging species, policymakers and man-
agers need accurate predictions not only about where a spe-
cific invader may establish but also about its potential abun-
dance at different geographical scales. This is because density
or biomass per unit area of an invasive species is a key pre-
dictor of the magnitude of environmental and economic im-
pact in the invaded habitat. Here, we present a physiologically
based demographic model describing and explaining the pop-
ulation dynamics of a widespread freshwater invader, the
golden apple snail Pomacea canaliculata, which is causing
severe environmental and economic impacts in invaded wet-
lands and rice fields in Southeastern Asia and has also been
introduced to North America and Europe. The model is based
on bio-demographic functions for mortality, development and
fecundity rates that are driven by water temperature for the
aquatic stages (juveniles and adults) and by air temperature for

the aerial egg masses. Our model has been validated against
data on the current distribution in South America and Japan,
and produced consistent and realistic patterns of reproduction,
growth, maturation and mortality under different scenarios in
accordance to what is known from real P. canaliculata popu-
lations in different regions and climates. The model further
shows that P. canaliculata will use two different reproductive
strategies (semelparity and iteroparity) within the potential
area of establishment, a plasticity that may explain the high
invasiveness of this species across a wide range of habitats
with different climates. Our results also suggest that densities,
and thus the magnitude of environmental and agricultural
damage, will be largely different in locations with distinct
climatic regimes within the potential area of establishment.
We suggest that physiologically based demographic model-
ling of invasive species will become a valuable tool for inva-
sive species managers.

Keywords Population dynamics . Physiologically based
demographicmodel .Apple snailPomacea canaliculata . Life
cycle

Introduction

Costly and ecosystem-damaging species invasions are so
commonplace today that policymakers and managers may
have to focus their efforts on the most damaging ones. In order
to do this, we need to improve our ability to forecast both the
potential spatial area that could be invaded by a certain species
and where, within this potential area, the negative effects from
the invader are likely to be most pronounced. A method often
used is climate matching where the temperatures in the native
range of a species are used to forecast potential spread and
establishment in non-native areas. A suitable climate alone is
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not enough for an invader to survive and thrive, however.
When both the climate match and the ecological niche char-
acteristics of a species in the native, natural range are consid-
ered together, as in ecological niche modelling, the spatial
course that an invasion may take is possible to forecast with
relatively high confidence (Peterson 2003; Byers et al. 2013).

The combination of climatic and habitat variables is a pow-
erfulway tomodel thedistributionsof invasivespeciesbutdoes
not provide uswith information about the variability and adapt-
ability of life history traits, their consequences on population
dynamics, noronhowthedensityof the invader acrossdifferent
geographical scales is distributed. If this informationwas avail-
able, management efforts could be concentrated to Bhot spots^
(i.e., high-density areas)where the negative effects of an invad-
er are likely to be high, and less effort could be spent in areas
where the negative effects are low. In order to achieve such
focused and cost-efficient management strategies, we need to
increase our ability to forecast the spatio-temporal pattern of
population dynamics of the same invader within the potential,
invasible geographical range (Pasquali et al. 2015).

In this study, we use the highly invasive snail Pomacea
canaliculata as a case study illustrating the potentiality of
the physiologically based demographic modelling approach
to describe and forecast population dynamics of an invasive
species at different locations. The genus Pomacea includes a
number of large freshwater snail species that are native to
South America and one species that is native to the southern
USA (Hayes et al. 2015). Several of thePomacea species have
characteristics that make them highly invasive such as high
fecundity (Keller et al. 2007; Kyle et al. 2013), a polyphagous
diet which includes both animal proteins and a wide variety of
wild and domesticated aquatic plants (Wong et al. 2010; Burks
et al. 2011; Morrison and Hay 2011; Saveanu and Martín
2013) and a tolerance to low oxygen or foul water conditions
due to their capacity to breathe air (Seuffert and Martín 2010).
All aspects of Pomacea biology, including feeding, growth,
sexual activity and egg laying, are highly dependent on tem-
perature (Bae et al. 2015; Albrecht et al. 2005; Estebenet and
Martín 2002; Hayes et al. 2015; Seuffert et al. 2010; Seuffert
and Martín 2013a, 2016). Among the apple snails, only
P. canaliculata has been listed among the 100 world worst
invaders by the IUCN (Luque et al. 2014) due to its ecologi-
cal, agricultural and economic impacts (Carlsson et al. 2004;
Cowie 2002; Horgan et al. 2014; Nghiem et al. 2013) as well
as the risk posed to human health (Lv et al. 2011). Recent
studies showed that P. canaliculata has a higher resistance to
both low and high temperatures than other Pomacea species
that have also been introduced around the world but have not
spread so widely (Matsukura et al. 2015; Mu et al. 2015), and
hence, this capacity is probably another key factor in deter-
mining its invasiveness.

Potential distribution models have not been extensively
used yet in the case of apple snails. Baker (1998) used

CLIMEX, a climate matching model to forecast the
invasible areas by P. canaliculata in Southeastern Asia
and Australia. The same model has been applied recently
to evaluate the risk of invasion in the European Union
after the detection of Pomacea in the Ebro delta (EFSA
PLH Panel, EFSA Panel on Plant Health, 2012). A similar
model of climatic matching (Max Ent) was used for an-
other invasive apple snail (Pomacea maculata) in
Southeastern USA in combination with regional data on
water pH (Byers et al. 2013). Besides these correlative
habitat models, mechanistic niche models incorporating
the effect of selected environmental variables on specific
components of fitness (Kearney and Porter 2009) have
also been used. Halwart et al. (2006) developed an
individual-based model to simulate the effects of fallow
periods and biocontrol agents on the numbers and dynam-
ics of P. canaliculata in rice fields but without consider-
ation of the effects of temperature. A spatially explicit
model based on transition matrixes and incorporating
biodemographic functions was recently developed to un-
derstand the effect of water level and temperature fluctu-
ations on the distribution and abundance of the native
apple snail Pomacea paludosa in the Everglades (Darby
et al. 2015). In the case of P. canaliculata, a mechanistic
model for the spread in China, has been developed on the
basis of a simple degree-days model for maturity (Zhou
et al. 2003), which allows prediction of the number of
generations per year at different locations based on air
temperatures (Lv et al. 2011). However, at present there
has been no attempt to develop distribution models for
P. canaliculata to predict not only its establishment but
also its abundance and biomass at a broad spatial scale.
Such models will be an interesting tool to predict apple
snail impacts since their damage to rice crops and to wet-
land diversity and ecological processes are directly related
to the biomass of P. canaliculata (Ozawa and Makino
1997; Yusa and Wada 2002; Teo 2003; Carlsson et al.
2004; Fang et al. 2010).

A mechanistic demographic model for P. canaliculata rep-
resents an opportunity to integrate the quite abundant (Hayes
et al. 2015) but still scattered quantitative information relative
to the physiology, ecology and behaviour of this highly inva-
sive species. The distribution of P. canaliculata is still increas-
ing worldwide, both at low (Ecuador, Horgan et al. 2014),
middle (Spain, EFSA PLH Panel, EFSA Panel on Plant
Health 2012; Chile, Jackson and Jackson 2009) and high lat-
itude regions (Siberia, Yanygina et al. 2010). The life cycle
and life history traits of P. canaliculata have proven to be
highly plastic and dependent on temperature in laboratory
studies (e.g. Albrecht et al. 1999, 2005; Estebenet and
Martín 2002; Seuffert et al. 2012; Seuffert and Martín
2013a, 2016), but until now, there has been no way to predict
quantitatively its characteristics in field situations. Such a
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model will not only be able to forecast distribution and abun-
dance of this apple snail but may also be used to better under-
stand its life cycle and population dynamics under different
climatic scenarios and, therefore, be useful to detect the criti-
cal periods for the control or management of its populations.

Althoughapple snails are aquatic animals, air temperaturehas
been the customary environmental variable in all previous stud-
ies. The use of surrogate variables is often acceptable in correla-
tivehabitatmodels (Latzka et al. 2015), but formechanistic ones,
it would be better to use estimations of water temperature at the
depths usually occupied by apple snails (less than 0.75 m;
Seuffert and Martín 2013b). However, since apple snails from
thegenusPomaceadeposit their cleidoic eggmassesonexposed
substrates above thewater surface, air temperature shouldalsobe
considered, since it is relevant for the developmental rate and
survival of the embryos (Seuffert et al. 2012; Liu et al. 2011).
The simultaneous consideration of air andwater temperatures in
themodelwouldbeuseful to forecast applesnailestablishment in
situations where the expected correlation between the two does
not exist, for instance in waterbodies that are under geothermic
influence (Collier et al. 2011) or thermally contaminated by en-
ergy plants (e.g. Yanygina et al. 2010) and where exotic apple
snails have been detected.

Most importantly, however, our aim was to develop a phys-
iologically based demographic model that could forecast not
only theestablishmentofP.canaliculatabutalso its abundance,
stage structure and population dynamics on the basis of air and
water temperatures at different locations. In this article, we de-
scribe the development and parametrization of the model, as
well as its calibration using information about populations in
the native and invaded range using available information on
some locations in Argentina. The calibrated model has been
tested considering a location in Japan and a location in China.
Then, it has been used to investigate the pattern population
dynamics in four different sites characterized by different cli-
matic conditions (Paso de las Piedras—Argentina, Londrina—
Brazil, Deltebre—Spain,HuaHin—Thailand). The analysis of
responses of life cycles to temperature has beenperformed con-
sideringaveragemeteorological conditions in the period2000–
2013 for the four locations. The present model will also help to
guide the development of research to estimate the key life his-
tory traits and responses to temperature for the development of
similar models for other invasive apple snails, notably
P. maculata, as well as for other invasive aquatic species.

Material and methods

Model structure

The population abundance of the egg, juvenile and adult
stages has been calculated using a physiologically based de-
mographic model (PBDM) (Gutierrez 1996). Kolmogorov

equations were developed based upon biodemographic and
temperature-dependent functions affecting the developmental
rate among individuals (Buffoni and Pasquali 2007; Gilioli
et al. 2016) (see SM S1). The population dynamics is mech-
anistically described by biodemographic functions defined at
the individual level (development, mortality and fecundity
rate functions) and driven by environmental variables, in par-
ticular temperature. For the egg stage, air temperature has
been considered since eggs are laid above water; for juvenile
and adult stages, water temperature, at −50 cm (WT-50), has
been used because they live in shallow, aquatic habitats.
Although not considered here, other environmental abiotic
and biotic variables could be introduced in the model.

Data and parameter estimation

Weather data

Water temperature is the driving variable for the juvenile and
adult apple snail population dynamics considered by the mod-
el; air temperature is the driving variable for the egg popula-
tion dynamics.

Since the objective of our study is the characterization of
adaptive responses of life cycles to the different climates, for
each location we consider the average temperatures over the
period 2000–2013. Hourly values of temperature for all the
locations considered in the present paper were simulated with
the following algorithm:

1. Daily data of maximum and minimum air temperature
(Tx, Tn) for each reference point were rebuilt from
the Tx and Tn of the 10 nearest weather stations of
NOAA-GSOD dataset (www.ncdc.noaa.gov). To do
so, a suitable geo-statistical procedure of weighted
averages, with weight inversely proportional to
squared distances, was applied to the data of the 10
selected stations previously homogenized to the refer-
ence point for height and aspect by the method de-
scribed in Sect. S2 of the Supplementary Materials.
The weighting procedure adopted makes negligible
the contribution of more remote stations.

2. Tx and Tn for each reference point were then adopted to
simulate hourly air temperatures by means of de Wit’s
algorithm (de Wit et al. 1978).

3. A reference year with 8760 hourly values was obtained
averaging hourly values of the original period 2000–
2013.

4. Hourly water temperatures for the reference year were
then obtained by means of a semi-empirical model
based on the Fourier equation of heat diffusion
(Larnier et al. 2010) applied to hourly air tempera-
tures (see SM S3).
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Life history strategies

To the best of our knowledge, no studies are available reporting
biodemographic functions for P. canaliculata. In this paper,
development, mortality and fecundity rate functions widely
used for other poikilotherm species have been considered and
parameters estimated by using information from the literature.

The fecundity rate function is expressed as the num-
ber of eggs produced per female per day, and it is
supposed to be dependent on the physiological age x
(that is the degree of maturation of an individual, here
the fraction between number of eggs laid and the po-
tential fecundity) and on the water temperature T (in
°C)

f T ; xð Þ ¼ 0:1T T−17ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
33−T

p
1:3−

1

1þ exp −10xþ 5ð Þ
� �

17≤T ≤33; 0≤x≤1

0 otherwise

8<
:

The water temperature contribution is based on the
function proposed in Brière et al. (1999). The physio-
logical age contribution has been defined considering a
set of constraints: (i) the maximum fecundity at physi-
ological age zero, (ii) the fecundity monotonically de-
creases, (iii) the fecundity is always greater than zero
and (iv) the total number of eggs laid by a female.
Parameters in the fecundity rate function have been es-
timated based on data for P. canaliculata published by
Albrecht et al. (1999, 2005), Burela and Martín (2011)
and Seuffert and Martín (2016). Water temperatures of
17 and 33 °C were selected as the lower and upper
thresholds of the function since P. canaliculata females
lay eggs at 20, 25 and 30 °C but not at 15 and 35 °C
(Seuffert and Martín 2016). This function is used for
the definition of the adult development rate function.

The temperature-dependent development rate of the egg
follows the widely used functional form proposed by Brière
et al. (1999) as a general model for the temperature-dependent
development rate function of poikilotherm organisms

υ T tð Þð Þ ¼ 0:0001327T T−15ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
35−T

p
15≤T ≤35

0 otherwise

�

where 15 and 35 are the lower and upper temperature (in °C)
development thresholds, respectively. Parameters have been
estimated using data from Liu et al. (2012) and Seuffert et al.
(2012).

Knowledge on juvenile development rate is still incom-
plete and further complicated by the fact that the relation
between size and age is highly variable and dependent on
food availability (Hayes et al. 2015). This makes impos-
sible the use of the most common development rate func-
tions for poikilotherm organisms (Kontodimas et al.
2004) . Therefore, we summarized the scat tered

information available in literature by means of a fifth-
order polynomial dependent on temperature only.

υ T tð Þð Þ ¼ 0:00000000859T 5−0:00000136T4

þ 0:00007085T3−0:001597T 2

þ 0:0163T−0:06187

Air temperature (in °C) has been considered for the
egg and water temperature (in °C) for the juvenile and
adult.

The adult development rate function is obtained running an
individual-based model (IbM) for a single adult female at a
constant temperature taking into account that each adult female
lays4500eggsonaverageduringher life (Estebenet andMartín
2002). The model presumes that the female dies after she has
laid 4500 eggs; consequently, the time needed to lay 4500 eggs
is recorded as female adult lifespan. The development rate at a
certainconstant temperature isobtainedbytakingthe reciprocal
of the adult lifespan. The adult development rate is positive in
the same interval in which females lay eggs. It is supposed that
the adult male development rate is the same as the female de-
velopment rate and that the proportion of adult males in the
population is 50% (Yusa and Suzuki 2003).

The adult development rate function is obtained by fitting
data of the development rates calculated at constant tempera-
tures with the Brière function (Brière et al. 1999)

υ T tð Þð Þ ¼ 0:0000135T T−17ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
33−T

p
17≤T ≤33

0 otherwise

�

The temperature-dependent mortality rate function
m(T) is derived from the temperature-dependent finite
survival rate s(T) and development rate function v(T)
as proposed in Gilioli et al. (2016) and Lanzarone
et al. (2017):
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m Tð Þ ¼ γM þ

−υ Tð Þln s Tð Þð Þ for T∈ T inf ; T sup

� �

−υ T infð Þln s T infð Þð Þ exp T inf−Tð Þ
100

þ 1

� �
for T < T inf

−υ T sup

� 	
ln s T sup

� 	� 	
0:5 T−T sup

� 	2 þ 1
h i

for T > T sup

8>>><
>>>:

ð1Þ

where M ¼maxT∈ T inf ;T sup½ � f−υ Tð Þln s Tð Þð Þg and γ is a pa-

rameter to be estimated. The mortality rate depends on the
development function within the interval where development
occurs. The first term γM takes into account abiotic mortality
factors different from temperature (e.g. pH, salinity), the ef-
fects of which are important under conditions of temperature
stress (low temperature during winter period) (Ito 2002).

Combining the few literature data available (Liu et al. 2011)
with the opinion of the experts on the shape of the function,
eggs’ survival function has been described by a generalized
extreme value function already used by Son and Lewis
(2005) to model survival of a poikilotherm species and, more
generally, used in lifetime modelling (Carrasco et al. 2008)

s Tð Þ ¼ 1

0:3992
e
T−27:7314
4:3279 e−e

T−27:7314
4:3279 : ð2Þ

As for the development, the air temperature (in °C) is con-
sidered for the eggs and the water temperature (in °C) for the
juveniles and adults. Survival of juveniles and adults is de-
scribed using a second-order polynomial (Gilioli et al. 2014,
2016; Lanzarone et al. 2017)

s Tð Þ ¼ p1T
2 þ p2T þ p3 ð3Þ

where p1 , p2 , p3 are parameters estimated by fitting data in
Pan et al. (2008), Liu et al. (2011) and Seuffert and Martín
(2013a). The estimated parameters for juveniles are p1 = −
0.00275 , p2 = 0.1045 , p3 = 0, while those for adults are
p1 = − 0.002912 , p2 = 0.1077 , p3 = 0.

Density-dependent mortality appears only when the popu-
lation density is above a given thresholdφ. This is obtained by
increasing the mortality rate m(T)as follows:

μ Tð Þ ¼ m Tð Þ if N tð Þ≤φ
m Tð Þexp a N tð Þ−φð Þ½ � if N tð Þ > φ

�
ð4Þ

where N(t) is the abundance of juveniles and adults and α and
φ are parameters introduced to represent the density depen-
dent regulation.

The values of Tinf , Tsup and α for all the three stages are the
following:

– Egg: Tinf = 15.0003 , Tsup = 34.9998 ,α = 0.1
– Juvenile: Tinf = 11.5 , Tsup = 36.15 , α = 0.3
– Adult: Tinf = 17.05 , Tsup = 32.96 ,α = 0.2

The parameter φ is taken equal to 10 individuals/m2 for all
the stages to account for the reported effect of high density on
the mortality (Tanaka et al. 1999; Yoshida et al. 2013).

Model calibration and validation

Only a limited number of qualitative (level of abundance) and
quantitative (average seasonal population density) datasets on
the population dynamics of apple snail are available. This lack
of time series data represents a serious hindrance for the ap-
plication ofmethods for model parameter estimation andmod-
el validation.

The procedure for model calibration proposed is based on
the model capability to interpolate the southernmost distribu-
tion in Argentina as defined by the information on locations
and population dynamics reported in Table 1 (Martín et al.
2001; Seuffert and Martín 2013b; Martín PR, unpublished
data). This information concerns the level of population abun-
dance (high or low) and the presence of established local pop-
ulations. A local population is considered well established if
the population persists over time, whereas transient popula-
tions that go to extinction within a limited number of years are
not considered as established (Gutierrez et al. 2014). Given
the limited amount of qualitative data available for the apple
snail model calibration, we are restricted to visual comparison
of the patterns of population dynamics obtained by simulation
and by field reports.

In the group of population classified as Bnatural^ and
in the first two sites of the group Bintroduced^, the pop-
ulation density was observed to be high and the species is
considered as well established. The edges of the potential
distribution were described using the locations with low
densities, not spreading populations or having failed in-
troduction to control aquatic weeds. For model calibration
purposes, in these locations the population is considered
to be at very low density and susceptible to a high risk of
local extinction.

For model calibration, changes in fecundity and mor-
tality functions that are less known than development and
more sensitive to factors not accounted for in laboratory
studies are considered. Considering a density-independent
additional mortality component that corresponds to the
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term γM in Eq. (1), a better model performance is obtain-
ed. The same is observed modifying the density-
dependent mortality rate. Among these two possible
changes in the mortality function, only the first has been
considered because no data are available on the local re-
sources and presence of competitors or predators which
are the variables mainly affecting the density-dependent
responses of apple snail population.

The estimated model has been further tested by simulat-
ing the northernmost distribution in Japan (Kasumigaura,
36° 06′ 02.44″ N/140° 22′ 38.86″ E), where data on popu-
lation density are available allowing a preliminary valida-
tion of the predicted density (Ito 2002). The model has also
been tested with data gathered in four small water bodies in
Hong Kong by Kwong et al. (2010). For these locations,
simulations performed with our model produce abundance
estimates lower than those in Kwong et al. (2010) (approx-
imately one half). High abundance observed in Hong Kong
can likely be explained in terms of highly favourable con-
ditions (high food availability, lack of competitors or pred-
ators) of a very small tropical water body. The model can
reach higher abundance increasing the parameter φ of the
density-dependent mortality functions μ(T). However, be-
cause no data are available for the biotic variables affecting
population abundance, our analysis is restricted to the con-
sideration of the influence of meteorological variables only.
Then, when data on resources, competitors and predators
are not known, we retain the value φ = 10 in agreement
with Tanaka et al. (1999) and Yoshida et al. (2013).

In model calibration and validation, the population dy-
namics model is run starting from an initial condition of
one adult per square metre and using the average hourly
temperature in the period 2000–2013 (calculated as indi-
cated in the BWeather data^ section) for the specific loca-
tions to be investigated.

Pattern of population dynamics

To investigate how species-specific biodemographic traits can
guarantee plasticity in the life history and adaptation to the
site-specific climatic conditions, we compared (i) the pattern
of the life history traits (development periods, survival and
reproduction patterns) as they emerge from a single cohort
dynamics and (ii) the pattern of population dynamics, in four
locations with different climatic conditions. Information on
the patterns of life history traits and population dynamics is
considered for interpreting the invasion ecology of the apple
snail (see Table 2).

The four selected locations and their climate classified ac-
cordingly to the Köppen-Geiger climate classification system
are as follows:

& Paso de las Piedras (Southern Pampas, Argentina; 38° 26′
S, 61° 46′W; 160 m a.s.l.) has a humid subtropical climate
(Cfa) characterized by hot humid summers and mild win-
ters. Average annual precipitation is 670 mm, and average
annual temperature is 13.2 °C.

& Londrina (Paranà, Brazil; 23° 18′ S, 51° 09′W; 550m a.s.l.)
has a humid subtropical climate (Cfa) characterized by hot
humid summers andmildwinters.Average annual precipita-
tion is 1623mm, and average annual temperature is 20.6 °C.

& Deltebre (Ebro Delta, Cataluña, Spain; 40° 43′N, 0° 43′ E;
2 m a.s.l) has a dry summer subtropical climate (Csa)
characterized by hot, dry summers and cool, wet winters.
Average annual precipitation is 545 mm, and average an-
nual temperature is 17 °C.

& Hua Hin (Thailand; 12° 34′N, 99° 57′ E, 16 m a.s.l.) has a
tropical savanna climate (Aw) characterized by tempera-
tures very warm to hot throughout the year, with only
small variations. Average annual precipitation is
955 mm, and average annual temperature is 28.3 °C.

Table 1 P. canaliculata population density in selected locations of South Argentina used for model calibration

Type of population Location name Type of dynamics Longitude Latitude Elevation (m a.s.l.)

Natural Pigué stream High density (established) 62° 28′ 8.40″ W 37° 27′ 1.68″ S 230

Natural Curamalal stream High density (established) 62° 8′ 5.78″ W 37° 14′ 31.85″ S 191

Natural Corto stream High density (established) 62° 22′ 35.81″ W 37° 25′ 31.59″ S 237

Natural El Fuerte reservoir High density (established) 59° 7′ 50.43″ W 37° 20′ 44.23″ S 197

Natural La Manuela pond High density (established) 63° 1′ 58.60″ W 37° 22′ 33.16″ S 187

Introduced El Durazno stream High density (established) 57° 49′ 57.03″ W 38° 15′ 45.47″ S 10

Introduced Punta Mogotes artificial pond High density (established) 57° 32′ 40.19″ W 38° 3′ 53.49″ S 14

Introduced Paso de las Piedras Low density not spreading 61° 41′ 43.87″ W 38° 24′ 47.46″ S 164

Introduced Los Chilenos lake Low density not spreading 62° 28′ 38.82″ W 38° 1′ 50.10″ S 230

Introduced Quequén Grande river Low density not spreading 59° 7′ 1.85″ W 38° 11′ 53.62″ S 82

Introduced CORFO drainage channels Failed massive introduction 62° 24′ 58.63″ W 39° 34′ 57.24″ S 7

Populations are considered well established if the density is high. The locations with low densities, not spreading populations and the site where the
massive introduction of apple snail failed are considered at the edge of the potential distribution
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The design of simulation experiments

In Table 2, the relevant questions considered in the simulation
are summarized to better understand the life history and the
pattern of population dynamics of P. canaliculata. For each
question, a single-cohort population dynamics is considered
specifying the initial time (the day in the year), the initial
conditions in terms of population abundance and physiologi-
cal age and the demographic processes activated in the model
(development, mortality and fecundity). Simulation outputs
are provided as Supplementary Material (SM S4).

Results

Model calibration and validation

Model simulations not considering the additional mortality
term γ and based on the parameters presented in the BData
and parameter estimation^ section revealed an overestimation
of the capability of establishment and difficulties in interpo-
lating data concerning the southernmost locations of natural
and introduced and established populations in Argentina
(Table 1). The consideration of an additional temperature-
and density-independent mortality component was found to
improve the model fit of data from Argentina.

The estimated values of γ drove populations at Los
Chilenos and Quequén to a very low density range between

1.9 and 1.95, while the same condition at Paso de las Piedras
was obtained for values comprised between 2 and 2.05
(Fig. 1). In summary, a value of 2 seems to be able to account
for the pattern of population dynamics in South Argentina.

For all the locations where the population is naturally
established or introduced that reached high density, a value of
γ = 2 allows the persistence of local populations at high density.

The model calibrated with data from Argentina was further
tested considering data from the northernmost distribution in
Japan (Ito 2002). The availability of population density values
in the work by Ito (2002) made possible a preliminary valida-
tion of the model proposed. The population dynamic patterns
for the three stages obtained by the model with γ equal to 2.0
(PM2.0) are shown in Fig. 1 (last row). According to the
model simulations, the population in Kasumigaura (Japan) is
not exposed to thermal limitation preventing their establish-
ment. Ito (2002) reports the range of 1.8 snails/m2 (average of
annual minima)—12.3 snails/m2 (average of annual maxima)
for the population density of juveniles plus adults in the same
location. The results reported by Ito (2002) are comparable
with the range of density obtained from model simulation.

Pattern of population dynamics

Life history pattern (cohort analysis)

Q1. The duration of the development period has been inves-
tigated for the three stages (eggs, juveniles and adults) in the

Table 2 Life history and population dynamic pattern of P. canaliculata
investigated by the model presented in the BMaterial and methods^

section in different locations characterized by different climate. For
each question Q, the initial time and the initial conditions in terms of

population abundance and physiological age are specified

Questions on life history and
population dynamics

Initial time Initial conditions: population abundance
Physiological age

Q1 Developmental pattern Deltebre: May 1 Paso de las
Piedras: Nov. 1
Londrina: Jan. 1 and July 1
Hua Hin: Jan. 1 and July 1

Cohort of 100 eggs of physiological age 0

Q2 Possibility to complete the cycle in a year
(development of a cohort at the beginning
of the warm season)

Deltebre: March 8
Paso de las Piedras: August 10

Cohort of 100 eggs of physiological age 0

Q3 Survival pattern Deltebre: May 1
Paso de las Piedras: Nov. 1
Londrina: Jan. 1 and July 1
Hua Hin: Jan. 1 and July 1

Cohort of 100 eggs of physiological age 0

Q4 Winter survival Deltebre: Nov. 24
Paso de las Piedras: May 29

Three initial conditions: cohort of 10 eggs, 10
juveniles or 10 adults of physiological age 0

Q5 Pattern of reproduction (fecundity rate) Deltebre: May 1, Sept. 1
Paso de las Piedras: Nov. 1, March 1
Londrina: Jan. 1 and July 1
Hua Hin: Jan. 1 and July 1

One female of physiological age 0

Q6 Pattern of the population dynamics Deltebre: July 1
Paso de las Piedras: January 1
Londrina: January 1
Hua Hin: January 1

One adult of physiological age 0

Int J Biometeorol (2017) 61:1899–1911 1905



four locations. To perform this analysis, mortality and repro-
duction are not taken into account. The time needed for the
snails to begin to mature, including the time needed for the
eggs to hatch, was around 3 months for the temperate loca-
tions and around 2 months in Hua Hin and 3 months in
Londrina for the tropical locations (Fig. S2). However, at
Paso de las Piedras, the peak in the number of mature snails
occurs after more than a year, indicating that some snails will
need to overwinter before attaining maturity. The potential
duration of the life cycle (i.e. without taking mortality into

account) is longer than 2 years (28 months) at Paso de las
Piedras and 19 months at Deltebre. The life cycle duration at
the tropical locations was shorter, 11 months at Londrina and
14 months at Hua Hin.

Q2. We investigated the possibility that snails born at the
beginning of the reproductive season attain sexual maturity
within that same reproductive season or, alternatively, we es-
tablish when the reproduction appears. This aspect is very
important because it can have strong effects on population
growth rate. To perform this analysis, mortality and
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Fig. 1 Population dynamics of
the apple snail, for the three
biological stages considered by
the models, at locations Los
Chilenos Lake (38° 1′ 50.10″
S/62° 28′ 38.82″ W), Quequén
Grande River (38° 11′ 53.62″
S/59° 7′ 1.85″ W), Paso de las
Piedras Reservoir (38° 24′ 47.46″
S/61° 41′ 43.87″W) in Argentina,
and Kasumigaura (36° 06′ 02.44″
N/140° 22′ 38.86″ E) in Japan.
Los Chilenos and Quequén
dynamics are obtained using the
parameters γ = 1.9 (model
PM1.9) and γ = 1.95 (model
PM1.95) and an initial condition
of one adult at 1st January. Paso
del las Piedras dynamics are
obtained using the parameters γ =
2 (model PM2) and γ = 2.05
(model PM2.05) and an initial
condition of one adult at 1st
November. Kasumigaura
dynamics are obtained using the
model PM2 with an initial
condition of one adult at 1st
January
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reproduction are not taken into account. The juveniles from
the first eggs to hatch in a reproductive season begin to be-
come adults after approximately 100 days at both temperate
locations (Fig. S3), so they are able to lay eggs before water
temperatures drop at the end of summer or early fall.
However, when fecundity and mortality are considered, the
reproductive output of these snails is low, especially at Paso
de las Piedras (Fig. S4).

Q3. We investigate the maximum extension of the whole
lifespan in seasonal temperate areas and in tropical areas. To
perform this analysis, development and mortality are taken
into account, but not fecundity. The duration of the life cycle
is considerably shortened when mortality is considered
(Fig. S5). Almost no adults survive more than 500 days in
temperate locations. The duration at the tropical locations
was shorter in the tropical locations (less than 7 months at
Hua Hin and 10 months at Londrina).

Q4. Simulations of cohorts of different biological stages are
performed to analyse the survival pattern at the end of the
winter. To perform this analysis, development and mortality
are taken into account, but not fecundity. According to the
simulation, eggs overwinter at the two temperate locations
only at extremely low abundance and can be considered more
than zero only for numerical reasons. The same is true for the
juveniles and adults at the following spring reported in SM
Fig. S6. At both Deltebre and Paso de las Piedras, less than
10% of juveniles recruited at the end of autumn survive
through the winter but they soon mature when temperature
rises in spring and summer (Fig. S7). At both locations,
around 30% of the newly mature snails survive to the next
spring (Fig. S8).

Q5. We investigated the temporal pattern of egg laying (i.e.
the time variation of the fecundity rate) relative to the period of
the year in which reproduction starts in a given population/
place. To perform this analysis, development and fecundity
are taken into account, but not mortality. The individual repro-
ductive periods predicted by the model lasted around 200 days
at temperate locations for females maturing early in the warm
season (Fig. S9); at both locations, the females are able to re-
produce and lay eggs in the second summer, but the fecundity
was verymuch lower, especially at Deltebre. However, the nu-
merical significance of the reproductive output in the second
period is much greater for females starting to reproduce late in
the summer (Fig. S10). At the tropical locations, the reproduc-
tive period varied between 150 and 350 days depending on the
starting date, but there was always a single reproductive period
(i.e. egg laying is not interrupted by low temperatures).

Q6. The pattern of population dynamics is investigated as a
function of the climate characterizing the four locations. To
perform this analysis, both mortality and fecundity are taken
into account. Starting with low adult densities (0.1 adult/m2),
the model reaches a steady state in less than 2 years at tropical
locations and in almost 3 years at temperate ones (Fig. S11);

starting the simulations with high adult densities (1 adult/m2)
only shortens the time needed for the steady state in temperate
populations (not shown). At the temperate locations, egg lay-
ing is highly seasonal; the population number is also highly
variable during the year for the juvenile and adult stages (the
maximum population density is 20–30 times the minimum for
the juveniles and 5–10 times for the adults). According to the
model, egg laying is almost continuous during the year at the
two tropical locations, with minor peaks or drops. In tropical
climate, densities of juveniles and adults show little variation
during the year as compared to temperate locations (difference
of less than 40% between minimum andmaximum population
densities). At both tropical and temperate areas, there are im-
portant differences between locations. For instance, the popu-
lation at the lower latitude location (Hua Hin) showed lower
mean densities of eggs and adults and also a synchronous
decrease in the density of all three life stages during late
summer.

Discussion and conclusions

A physiologically based demographic model describing the
dynamics of P. canaliculata has been developed using litera-
ture data on development, mortality and fecundity rate func-
tions. The model has been calibrated to reproduce the distri-
bution in some locations in Argentina where the level of abun-
dance is known. Density- and temperature-independent mor-
tality rate functions were added to better estimate the level of
abundance in the locations considered. The model was vali-
dated with data on population density from two locations, one
in Japan and one in China. A good approximation of sampling
data was obtained for Kasumigaura (Japan), while an under-
estimation of density in Hong Kong was observed. In the
latter, the fit can be improved by modifying the density-
dependent mortality. In this way, the model is able to account
for the consequences of the availability of resources on local
population dynamics.

The model allows prediction of the pattern of the life his-
tory and the population dynamics, providing elements to in-
terpret the invasion ecology of these apple snails. The simu-
lations showed that even at the highest latitude, the snail pop-
ulations in temperate regions are able to attain maturity in the
reproductive season in which they are born. However, the
proportion of snails that mature in the same season in which
they were born and their reproductive output before their first
reproductive season ends was quite lower in Paso de las
Piedras (38° 24′ S, 164 m a.s.l.) relative to Deltebre (40° 43′
N, 2 m a.s.l.), which may explain in part the higher population
densities predicted for the latter. At the temperate locations, no
eggs overwinter and the adult stage had the highest survival
during winter although juveniles also contribute to the next
reproductive season, which is in accord with observations in
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temperate locations in paddy fields in the invaded range
(Japan) (Ito 2002; Yoshida et al. 2009).

The extended lifespan duration under temperate thermal
regimes relative to tropical ones predicted by the model agrees
with the results from laboratory experiments (Estebenet and
Cazzaniga 1992; Estebenet and Martín 2002). However, the
predicted age at maturity varied less with geographical loca-
tion and climate than potential life cycle duration. Apparently,
temperate summers, even at the extreme latitude populations,
allow maturation almost as fast as under tropical climates,
perhaps due to the detrimental effects of temperatures above
30 °C in the latter (Seuffert and Martín 2010, 2016; Seuffert
et al. 2010). On the other hand, the potential lifespan (without
taking mortality into account) in temperate locations is ex-
tended up to 28 months. Sublethal cold periods may prolong
the life cycle (Estebenet andMartín 2002), probably due to the
deep lethargy of the snails during winter (Seuffert et al. 2010).
A lower age at maturity and hence a higher number of com-
plete generations per year have been considered a cause for a
higher biotic potential of P. canaliculata and invasiveness in
tropical areas (Martín et al. 2001). According to the simula-
tions, although periods of low temperature prolong the
lifespan due to the slowing of developmental rates of all
stages, when temperature-related mortality is incorporated,
the lifespan is considerably shortened (less than 17 months
in temperate locations). This estimation is considerably
shorter than the one obtained by Estebenet and Cazzaniga
(1992) for laboratory cohorts under room conditions (9–
29 °C). This difference is probably due to the high mortality
rates that our model assumes when water temperature drops
below 5 °C. Winter mortality has been considered a crucial
factor in the dynamics of P. canaliculata populations in Japan
(Tanaka et al. 1999; Yoshida et al. 2009).

The model showed the change from semelparous to
iteroparous populations predicted by laboratory studies when
moving from tropical to temperate locations (Estebenet and
Cazzaniga 1992, 1993; Estebenet and Martín 2002).
However, the number of reproductive seasons predicted by
the model for temperate locations (two) was lower than the
three to four predicted by the laboratory studies (Estebenet
and Cazzaniga 1993; Estebenet and Martín 2002). The dura-
tion of the reproductive seasons predicted by the model for
temperate locations (around 200 days) was somewhat longer
than those observed at the southernmost populations in
Argentina (150 days; Estebenet and Martín 2002; Martín
and Estebenet 2002; Martin PR, unpub. res.). This is probably
due to behavioural effects not considered in the model:
P. canaliculata snails show some degree of delay in getting
active when water temperature fluctuates daily around 15 °C
(Seuffert et al. 2010), and this would delay the beginning of
the reproductive season in late spring.

Ourmodel predicts thatwhen establishment of invading ap-
ple snails is possible, their populations rapidly attain its

maximum densities. The generation time and the intrinsic rate
of increase estimated through laboratory experiments suggest
that population increase may be high, especially under tropical
conditions (EstebenetandCazzaniga1993;Seuffert andMartín
2016). Field studies tracking densities during apple snail inva-
sion are not available, but the sudden appearance of high-
density populations indicates that the increase is often fast (3–
4 years; Horgan et al. 2014), even in temperate regions (e.g.
LópezSorianoetal.2009).Thesepredictionsarealsoconsistent
with theoretical models that suggest that P. canaliculata popu-
lations may not show mate search-related Allee effects (Jerde
et al. 2009) due to the female’s capacity to store viable sperm
and to express their full fecundity potential after just one copu-
lation (Burela andMartín 2011).

The stage structure of the tropical populations is less vari-
able during the year than that of temperate ones, but the great-
er difference between the predictions of the model for temper-
ate and tropical locations is the higher mean density of juve-
niles during the year (2 to 6 vs. 12 juveniles/m2, respectively).
Other things being equal, the higher densities of juveniles and
hatchlings throughout the year and their higher specific con-
sumption rates (Carlsson and Brönmark 2006; Tamburi and
Martín 2009; Saveanu and Martín 2013, 2015) may explain
the great impact of P. canaliculata on floating and submerged
vegetation in tropical regions (Carlsson et al. 2004).

The model shows that in tropical areas the reproductive
period is continuous and densities and activity of both juvenile
and adult snails are high all the year round. However, at the
lowest latitude location (Hua Hin, 12° S) the densities are
lower than at Londrina (23°S) and also the three stages reach
a minimum simultaneously (especially low for eggs and
adults) in coincidence with the month of maximum mean
temperatures (April, 34.9 °C). This is probably due to the
negative effects of temperatures above 30 °C on survivorship,
developmental rate and fecundity and would be the best tem-
poral window to attack and further reduce the apple snail
populations from the equatorial belt. The negative effects of
temperature during very warm summers probably will be
higher than predicted at waterbodies like rice fields that are
shallower than the ideal wetlands of our model (0.5 m deep).

On the whole, the model produced consistent and realistic
patterns of reproduction, growth, maturation and mortality of
the apple snails. The model predictions under different scenar-
ios are qualitatively in accordance with what is known from
studied populations in different regions or climates and to
what has been predicted on experimental or theoretical
grounds. Although more rigorous tests of the validity of the
model will require extensive demographic sampling of
P. canaliculata populations, our model not only provided
quantitative estimations of densities of different life stages
but also allowed investigation of some key traits of the life
cycle that are thought to be relevant in its success as an invader
and in its impacts. An invader’s impact is correlated with its
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abundance (Ricciardi 2003), and the fact that the model is able
to predict the snail density and its temporal dynamics makes it
a suitable tool for estimating the density-dependent impact on
native biodiversity and ecosystem services particularly in
tropical areas (Carlsson et al. 2004), as well as on local econ-
omies like the damage to rice crops in Southeast Asia (Ozawa
and Makino 1997; Yusa and Wada 2002; Teo 2003).

A physiologically based demographic model like ours is
helpful to project the potential area of establishment for
P. canaliculata and other invasive species. We may then use
the model to predict the potential densities within the
invadible range at suitable spatial resolution (as done in
Gilioli et al. 2014). This in turn allows us to roughly translate
the potential densities into an estimated impact on biodiversi-
ty, ecosystem services and local economies (for example ag-
riculture, forestry or fisheries) in different areas. At regional or
larger spatial scale, our model may aid policymakers and in-
vasive species managers to optimize both prevention of estab-
lishment and management (or even eradication) of established
P. canaliculata populations, or populations of other invasive
species (Castillo and Casal 2006; Smith 2006). Bans or quar-
antines are not necessary where a species cannot establish and
management efforts could be omitted in areas where snail
density would not attain densities that result in detectable crop
damage, detrimental impact on biodiversity or ecosystem ser-
vices. In the model, temperature is the driving environmental
factor explaining stage-specific development, mortality and
adult fecundity. However, it is widely known that other envi-
ronmental variables, especially food availability, affect the
population density in apple snails. The model considers a
density-dependent component that allows for inclusion of
the influence of local resource availability on the population
abundance. This may improve the site-specific model predic-
tion of snail abundance. Such high-resolution spatial analysis
can be used to support decision-making for pest population
management.

The management of already established populations will be
most time- and cost-effective when we have identified the
period in which the snail population is most vulnerable to
control measures. The exploration of pest management sce-
nario can be easily performed by model simulation changing
somemortality factors during part of the simulation. Our mod-
el may be used to incorporate the effect of control measures
(destruction of egg masses, mechanical control of adults, etc.)
and their possible combination in different periods of the year
in order to determine when they are most effective in different
climates.

Our results indicate that in temperate climates no eggs
would overwinter. This allows managers to concentrate con-
trol efforts entirely on the aquatic stages. The control efforts
should be concentrated toward the end of winter when densi-
ties are at a minimum but before water temperature rises above
15 °C and the snails reactivate and, eventually, reproduce.

This temporal window would be optimum for the application
of mechanical control measures as handpicking, tillage or wa-
ter level management, as the snails will not be able to relocate
themselves in microhabitats adequate to survive cold damage
(Matsukura et al. 2009). Our model can be used to predict this
temporal window and its variation according to the different
climates and location supporting decision-making in pest
management.
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