MALACOLOGIA, 2009, 51(2): XXX-YYY

FEEDING RATES AND FOOD CONVERSION EFFICIENCIES IN THE APPLE SNAIL

POMACEA CANALICULATA (CAENOGASTROPODA: AMPULLARIIDAE)
Nicolas E. Tamburi & Pablo R. Martin*

Universidad Nacional del Sur, Departamento de Biologia, Bioquimica y Farmacia,
San Juan 670, 8000 Bahia Blanca, Argentina

ABSTRACT

Pomacea canaliculata is the only freshwater snail listed as one of the 100 worst invaders
worldwide. Recent studies have demonstrated that small Pomacea snails have higher foraging
and competitive abilities than larger snails and hence that ecological and agricultural damage
of this invasive snail may be size-dependent. Furthermore, females of P. canaliculata usually
reach larger sizes than males, a pattern that results from higher growth rates and not from
higher survivorship in females; however, the proximal causes of the sexual dimorphic growth
rates are unknown. In this study, we investigate the ingestion rates and growth efficiencies of
P. canaliculata in order to explain the ontogenetic and sexual differences in growth and food
consumption patterns. Two experiments were performed to study specific ingestion rates and
the efficiency in food conversion to body mass at different feeding conditions. Ontogenetic
and sexual differences were found in the specific ingestion rates. These decreased inversely
with shell length and were higher for females than for males of comparable size. Conversion
efficiencies decreased with age in both sexes, in males noticeably earlier than in females.
Under high food availability conditions, the decrease is sharper than under low food avail-
ability. However, the effect of food availability almost disappeared when in the effect of size
was removed. The sexual dimorphism of growth efficiencies and ingestion rates explain why
females tend to reach a larger adult size than males, a pattern probably explained by develop-
ment of the testicle and correlated reduction of mid-gut gland size. Our results on ontogenetic
patterns of ingestion rates support predictions that during the reproductive season small snails

may cause a great part of the damage to aquatic crops and natural wetlands.
Key words: growth, sexual dimorphism, allometry, invader, agricultural damage.

INTRODUCTION

Pomacea canaliculata (Lamarck, 1822) is
native to South America and has been intro-
duced in Asia, North America, and Hawaii for
aquaculture and aquarium trade (Cowie et
al., 2006; Rawlings et al., 2007; Hayes et al.,
2008), where they have become established as
serious pests of aquatic crops (Joshi & Sebas-
tian, 2006). In addition, they are able produce
major environmental changes resulting from
the depletion of aquatic plants (Carlsson et al.,
2004). Pomacea canaliculata has been listed
as one of the 100 worst invaders worldwide and
has the distinction of being the only freshwater
snail on that list (Lowe et al., 2000). High growth
and reproductive rates, polyphagous feeding
habits, amphibious respiration, and aestivating
capacity (Cowie, 2002; Estebenet & Martin,
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2002) make Pomacea species highly adapt-
able and resistant to diverse environmental
conditions, probably explaining in part both
their pest status and the interest they attract
as aquaculture organisms (e.g., Mendoza et
al., 1999; Ramnarine, 2004).

Most research has focused recently on ap-
plied aspects of its biology and ecology (e.g.,
Tanaka et al., 1999; Carlsson et al., 2004;
Yusa et al., 2006; Pefa & Pocsidio, 2007), but
some fundamental aspects of its basic biology
remain obscure. Females of P. canaliculata
reach larger sizes than males, both in natural
habitats and when reared in the laboratory, a
pattern that results from higher growth rates
rather than from different survivorship rates
(Martin & Estebenet, 2002; Estebenet et al.,
2006). Pomacea canaliculata females always
mature at an older age than males, indepen-
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dently of food availability (Estoy et al., 2002;
Tamburi & Martin, 2009). In animals with
asymptotic growth after maturity, the sex that
matures later is usually the larger one (Stamps
& Krishnan, 1997). However, the asynchronic
maturity does not fully explain the sexual size
dimorphism, because P. canaliculata are often
dimorphic long before maturity (Estebenet &
Martin, 2003). In spite of the generality of this
pattern in this species, and its occurrence in
other apple snails (Estebenet et al., 2006),
the proximal causes of the dimorphic growth
rates are still unknown. Higher ingestion rates
or more efficient use of food by females appear
to be the most plausible explanations.

Higher ingestion rates for juvenile snails in
relation to those of adults have been reported
for P. canaliculata and Pomacea insularum
(d’Orbigny, 1835) (Boland et al., 2008) and for
the Indian apple snail Pila globosa (Swainson,
1822) (Hannifa, 1982). In field experimental
enclosures with P. canaliculata, Carlsson &
Bronmark (2006) demonstrated that small
snails have higher foraging and competitive
abilities than big snails, indicating that the
degree of damage from this invasive snail
to aquatic vegetation or crops may be size-
dependent. Knowledge of size-dependent
feeding rates may be useful for predicting
damage to aquatic cultures and in developing
food-efficient feeding regimes for apple snail
aquaculture programs (Mendoza et al., 1999;
Ramnarine, 2004).

In this study, we investigate the ingestion
rates and growth efficiencies of P. canaliculata
under different food availability conditions,
with the goal of determining if these variables
explain the ontogenetic and sexual differences
in growth and resource consumption patterns
reported for this apple snail.

MATERIALS AND METHODS
Source of Snails and General Rearing Conditions

The original source of all the snails used in
this study was a population from the Curamalal
stream (southern Buenos Aires Province,
Argentina), which has been the subject of
previous studies (Martin & Estebenet, 2002;
Estebenet & Martin, 2003). All experiments were
performed in a rearing chamber at 25 + 3°C and
a 14:10 h (light:dark) photoperiod. Snails were
reared in tap water saturated with CO5;Ca and
fed on fresh lettuce only.

Experiment 1: Ingestion Rates

The snails used to determine the daily inges-
tion rates were obtained from laboratory stocks
(originated from field collected egg-masses)
and supplemented with field-collected snails
that had been maintained in laboratory condi-
tions for at least a week. They were all fed ad
libitum during three days before the begining
of the trials. Snails were carefully observed to
detect the testicle through the translucent shell
(Takeda, 1999) and the humping of the oper-
culumin males (Estebenet et al., 2006). These
traits were clearly noticeable in males whose
shell was longer than 15 mm, so that smaller
snails were categorized as undifferentiated and
bigger ones, lacking male traits, as females.
The same method was used in Experiment
2, where all the snails were correctly sexed
(confirmed by oviposition in females and by
the copulation behavior in males; Tamburi &
Martin, 2009).

To estimate food ingestion relative to size,
snails with shell lengths from 5 to 55 mm were
maintained with weighed surplus lettuce in a
rearing chamber for 24 hours to account for
daily rhythm in activity and feeding (Heiler et
al., 2008). Fresh hydrated lettuce, drained by
gentle centrifugation, was weighed with an
analytical scale at the start and at the end of the
experiment to quantify the amount consumed.
Shell length (SL, mm), from the apex to the
lower margin of the peristome (Estebenet &
Martin, 2003), was measured for each snail
with a caliper (for snails larger than 10 mm) or
under a stereoscopic microscope with micro-
metric lens. With the aim that the total weight
of lettuce consumed was in agreement with the
precision of the scale (0.1 mg), the consump-
tion of snails larger than 15 mm was estimated
individually, while 19 sets of 2 to 15 individuals
of similar size (maximum CV% for shell length
= 6.3) were used for smaller ones. To avoid
feeding interference among individuals, the
volume of the aquaria and the amount of let-
tuce were well in excess relative to the whole
mass of snails and their consumption. Live snalil
weight (LW, g) was obtained individually or for
the set of snails of each feeding trial, respec-
tively (after allowing the snails to crawl over a
plastic surface for a few minutes to release the
water retained in the pallial cavity). To account
for hydration effects, the lettuce consumed was
corrected by a factor obtained from the weight
gain of similar amounts of lettuce in four control
aquaria without snails.
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The specific ingestion rate (SIR, d-1) was
calculated as the lettuce consumed (LC, g) per
day relative to the snail live weight (LW, g). After
a log-log transformation to linearize the relation-
ship (i.e., logqo (SIR) = logiga + b . logqg SL), a
least squares regression was performed to ob-
tain a simple allometric equation (SIR = a . SLb)
for SIR relative to shell length (SL, mm). For the
SIR-SL regression, the mean shell length and the
pooled live weight of, and the lettuce consumed
by, the set of snails in each feeding aquarium
were employed, whereas for snails bigger than
15 mm the individual values of these variables
were used. In order to allow comparisons with
previous studies and to standardize food avail-
ability in growth efficiency experiments, similar
allometric models were built for LC-LW and for
LC-SL.

Experiment 2: Growth Efficiencies

In this experiment, the efficiency of conver-
sion of food to body mass was analyzed under
different levels of relative food availability. The
whole experiment lasted 70 weeks, and the
main goal was to study the reaction norm of
age and size at maturity to food availability
(Tamburi & Martin, 2009), but here mostly pre-
reproductive data were considered. No death
was recorded during the experimental period.

Hatchlings from a single egg mass laid by a
laboratory female that had been coupled dur-
ing all her life with the same male, were reared
during three weeks in a 20 | aquarium. Seventy
two of these full-sib snails were then randomly
selected (shell length: 4.96 mm £ 0.056, mean
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+ SE, n = 25), and thereafter reared in isolation
in 3  aquaria under seven levels of relative food
availability (FA%: 100, 87, 73, 60, 47, 33 and
20%). The expected daily amount of drained
fresh lettuce ingestion by a snail of a given size
(FA100%, g) was calculated using the LC-SL
equation obtained from the data of Experiment
1 (i.e., LC = FA100% = 0.0033 . SL1.9322 R2 =
0.86, n =70).

Each Monday water was changed, aquaria
were cleaned and their position within the rear-
ing chamber was randomly changed. Snails
were carefully observed to try to detect their
sex as early as possible, and the shell length
(SL) of each snail was measured as described
in Experiment 1 (using a micrometric lens up to
the sixth week of the experiment or with a cali-
per afterwards). The weekly amount of lettuce
for each FA% level was calculated according
to the mean shell length of males and females
assigned to it, provided in two half-doses on
Tuesdays and Fridays. On Mondays, the snails
were not fed because this day was reserved
in the experimental schedule for coupling with
mature snails (reared independently for the ma-
turity study). From the sixth week onwards, the
live weight (LW, g) of each snail was measured
at four or five weeks intervals.

To investigate the growth efficiencies at the
same age, food conversion efficiencies (FCE)
were calculated as FCE; ¢= (LW¢- LW,) . AF;¢-1,
where LW, and LW; are live weights at ith and fth
week and AF¢ (g) is the accumulated weight of
lettuce consumed in the same period. Except
in the case of some males of the FA100% level
during some weeks, the offered ration was
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FIGS. 1-2. Scatter-plots of specific ingestion rate (SIR) vs. shell length in P. canaliculata (curves were
generated through the appropriate simple allometric models). FIG. 1: All snails (outer curves represent
95% prediction intervals); FIG. 2: Only differentiated snails.
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TABLE 1: Two-way ANOVAs for food conversion efficiency
(FCE) in P. canaliculata with sex and food availability (FA%) as
main factors, calculated for the 0-6, 6-10, 10-14 and 14-19

weeks intervals (#: one-way ANOVAs for females only).

FCE Sex FA% Sex x FA%
0-6 F*]Y 55 — 0.439 F 6,55 =2.300 F 6,55 =0.527
p=0.5M1 p =0.047 p=0.785
6-10 F1Y 55 — 13.000 F 6,55 — 52.860 F 6,55 — 5.287
p <0.001 p <0.001 p <0.001
F4! 21 = 7.419 -
10-14 # 2 0.001 )
F4_Y 19 = 20.360 -
14-19 # 3% 0.001 )

totally consumed, so AF;f was calculated as
the sum of offered rations.

To investigate the growth efficiencies inde-
pendently of size, the accumulated amount of
food consumed to reach a given shell length
(AFC, g) was calculated at 1mm intervals for
shell lengths between 13 and 22 mm. For
each snail, the moment at which a given shell
length is attained (ASL, mm) was obtained by
lineal interpolation between shell lengths at
two successive weeks. The amount of food
consumed since the previous Monday was also
obtained by linear interpolation and added to
the accumulated amount consumed up to the
previous week.

The effect of food availability and sex on
FCE and LW was investigated through two-
way ANOVAs. Levene’s test for homogeneity
of variances was not rejected for FCE, while a

Log,g transformation was required for LW. AFC
was explored through a repeated measures
ANOVA, with sex and FA% as main factors
and the attained shell length (ASL) as the re-
peated measure or within-subject factor. Due
to a significant non-sphericity (Mauchly’s W
test), the degrees of freedom were corrected
by Greenhouse-Geisser’s Epsilon.

RESULTS
Experiment 1: Ingestion Rates

No significant differences among males, fe-
males and undifferentiated snails were found in
the rate at which the specific ingestion rate (SIR)
decreased with shell length (slope equality test:
F2 65 =1.65, P >0.199). For the whole sample of

TABLE 2: Two-way ANOVA for the amount of food consumed (AFC) in P. canali-
culata with sex and food availability (FA%) as main factors and attained shell
length (ASL, from 13 to 22 mm) as repeated measure.

Source SS df F p

Within-subject ASL 9415.2 9 27352 < 0.001
ASL x Sex 66.704 9 19.378 <0.001
ASL x FA% 29.535 54 1.430 0.182
ASL x Sex x FA% 31.863 54 1.543 0.139
Error (ASL) 182.44  A77

Between-subject  Sex 45.827 1 6.267 0.015
FA% 45.142 6 1.029 0.417
Sex x FA% 35.565 6 0.811 0.566
Error 378.54 53
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TABLE 3: One-way ANOVA for the amount of food consumed (AFC) in males of P.
canaliculata with food availability (FA%) as main factor and attained shell length
(ASL, from 13 to 22 mm) as repeated measure.

Source SS df F p
Within-subject ASL 5996.8 9 1296.9 < 0.001
ASL x FA% 28.710 54 1.035 0.430
Error (ASL) 12947 252
Between-subject FA% 62.970 6 1.050 0.415
Error 279.58 28

snails (Fig. 1a), the SIR was inversely related to
shell length (b=-1.029; CI95% limits: -1.21 and
-0.84); snails 12 mm-long consumed their own
live weight in lettuce by day while for snails 50
mm-long the daily consumption was only 20% of
their weight. The allometric coefficients for lettuce
consumed (LC) per day relative to live weight or
shell length were b = 0.651 (CI95% limits 0.59
and 0.71; R2= 0.857) and b = 1.932 (CI95%
limits: 1.74 and 2.12; R2 = 0.862), respectively.
For SIR, significant differences in elevation were
detected between sexes (elevation equality test:
F149=994,P<0.0 ngestion rates being
50% higher for fema an for males of the
same shell length (Fig. 1b) (back-transformed
adjusted means for a 32.3 mm-long snail: 0.462
d-1and 0.312 d-1, respectively).

Experiment 2: Growth Efficiencies

The food conversion efficiency during the
first six weeks (FCEy_g) showed only a mar-
ginally significant effect of food availability (Fig.
2, Table 1). During the following period, the
FCEg_1o showed a significantly different effect
of food availability in each sex (Fig. 2, Table 1):
no difference appeared between females fed at

different FA% (one-way ANOVA: Fg 57 = 1.51,
p = 0.213), while in males the FCE decreased
significantly with FA% (one-way ANOVA: Fg 5
=11.31, p < 0.001).

The males of all FA% levels and all the females
from the 100 and 87 FA% levels were already
mature by week 14 so FCEs were compared
during the following two periods for the immature
females of the remaining FA% levels. The FCE of
these females was significantly affected by food
availability, although a monotonically decreasing
trend with FA% was apparent only at 14 to 19
weeks (Fig. 2, Table 1). For the same treatment
and sex, the FCE values showed a general de-
creasing trend throughout the experiment.

Differences in size among the snails of the
different FA% levels were early noticeable in
the experiment. The snails’ weight (Log4oLW)
at the sixth week was significantly affected by
food availability (Fg, 55 = 293.81, p < 0.01) but
no inter-sex differences were found (F4 s5 =
0.457, p = 0.502; FA% x sex: Fg 55 = 0.567, p
=0.754). By the tenth week, a significant effect
of the sex of snails (F4 55 = 62.08, p < 0.01)
appeared on the already significant effect of
food availability (Fg 55 = 892.47, p < 0.01), be-
ing stronger in treatments of higher FA% (FA%

TABLE 4: One-way ANOVA for the amount of food consumed (AFC) in females
of P. canaliculata with food availability (FA%) as main factor and attained shell
length (ASL, from 13 to 22 mm) as repeated measure.

Source SS df F p
Within-subject ASL 3686.05 9 1739.64 <0.001
ASL x FA% 34.150 54 2.686 0.009
Error (ASL) 52970 225
Between-subject FA% 26.910 6 1.039 0.424
Error 107.95 25
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FIGS. 3-5. Food conversion efficiency (FCE,
mean + SE) for pre-reproductive males and
females of P. canaliculata under different food
availabilities (FA%). FIG. 3: Oth to 6th week interval;
FIG. 4: 6th to 10th week interval; FIG. 5: 10th to 14th
and 14th to 19th week intervals (only for females
that have not commenced egg laying).
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FIG. 6. Live weight (LW, mean + SE) for both
sexes of P. canaliculata at 10th week of rearing
under different food availabilities (FA%).

x sex: Fg 55 = 6.59, p < 0.01); females were
increasingly heavier than males as food avail-
ability increased (Fig. 3). These same trends
continued as long as the experiment ran and
were also very similar when shell length was
considered as an indicator of size.

A preliminary within-subject analysis using
the whole data set of the amount of food con-
sumed to attain a certain size (AFC) showed a
significant effect of shell length and a significant
interaction between shell length and sex (Table
2); the interaction between shell length and
FA% and the second order interaction (ASL
x FA% x sex) were both non-significant. The
between-subject analysis of the same data set
detected only a significant effect of sex (Table
2), with males requiring an increasingly higher
amount of food than females to attain a certain
size (Fig. 4). Consequently, the analysis was
split by sex to investigate in detail the effect
of FA%.

The within-subject analysis for males showed
only a significant effect of shell length while the
between-subject analysis detected no differ-
ences between the FA% levels in the amount
of food required to attain a given size (Table
3). The same analyses for females showed
a significant effect of shell length but also a
significant interaction with the FA% levels that
probably masked the differences among FA%
levels in the between-subject analysis (Table 4);
a noticeable effect of food availability on AFC
appeared only in the late measurements of the
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FIGS. 7, 8. Amount of food consumed (AFC) to attain a given shell length (entire lines, from 13 to 22
mm at 1 mm intervals) for P. canaliculata snails under different food availabilities (FA%; white squares
represent the mean age of each FA% level when a shell length of 22 mm was attained). FIG. 7: Males;

FIG. 8: Females.

lowest FA% (Fig. 4). The time required to attain
a certain size (i.e., 22 mm) increased more than
three fold with a decrease of 80% in trophic
availability; males from the FA% levels of 20
and 33% were the only ones already showing
copulatory behavior at this size, after attaining
shell lengths of 15 and 17 mm, respectively.

DISCUSSION

Both ontogenetic and sexual differences were
found in the specific ingestion rates of Pomacea
canaliculata snails; this rate decreased inverse-
ly with shell length and was higher for females
than for males of comparable size. Conversion
efficiencies decreased with age in both sexes,
the decrease being noticeable earlier in males
than in females and greater at high than at low
food availability levels; however, the effect of
food availability almost disappeared when the
effect of size was removed.

The specific ingestion rate decreases with
shell length, from hatchlings to adult snails,
when they are maintained under ad libitum
palatable food. According to allometric models
of herbivore feeding (Belovsky et al., 1999),
which assume simple scaling growth, the food
intake per unit time (C) would increase relative
to body mass (M) with an allometry coefficient
b =0.66, and in turn body mass would increase
to the cube of body length (b = 3). Therefore the

allometry coefficient for the specific ingestion
rate (SIR = C/M) relative to body length would
be b = -1. In our study, the SIR was inversely
related to shell length (b= -1.029), suggesting
that a limitation in the specific ingestion rate
arises as a result of the quadratic increase in
the cross section of the digestive tube relative
to the cubic increase in the individual biomass
that it must serve. Allometric limitations of this
kind seem common in apple snails, perhaps
owing to shared ontogenetic patterns. Higher
specific ingestion rates for small snails relative
to big ones have been recently reported for P.
canaliculata and P. insularum feeding on differ-
ent plant species (including lettuce, Boland et
al., 2008; Burlakova et al., 2008). In the Indian
apple snail Pila globosa, specific feeding rates
on Ceratophyllum demersum also decreased
with size independent of food availability
(Hannifa, 1982). Weight specific oxygen con-
sumption rates (Freiburg & Hazelwood, 1977;
Santos et al., 1987) also decrease with weight
in Pomacea spp.; this could be in turn related to
allometric limitations in gas exchange surfaces,
an energy intake limited by size or probably
both simultaneously. These allometric effects
can explain in part the asymptotic decrease in
growth rates in P. canaliculata (Estebenet &
Martin, 2002).

Allometry coefficients for ingestion rates
relative to weight show high variability in ter-
restrial snails and slugs (from 0.491 to 1.394;
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Rollo, 1988). In contrast, the b-values (0.69
and 0.72) for the two freshwater gastropods
listed by Rollo (1988) were close to the value
obtained here for LC-LW (b = 0.651). Perhaps
the higher variation in the relative ingestion
rates of terrestrial mollusks is related to their
marked daily rhythms of activity and to feed-
ing opportunities that vary in an unpredictable
way according to weather conditions. When
food supplies are constant, P. canaliculata ap-
parently feeds quite continuously both during
the day and night (Estebenet & Martin, 2002;
pers. obs.), although the activity level is higher
during dark hours (Heiler et al., 2008). Jeschke
& Tollrian (2005) observed that feeding times
for the rams-horn apple snail Marisa cornua-
rietis (Linnaeus, 1758) are exceptionally high
relative to those of a heterogeneous array of
herbivores.

In our study, the amount of lettuce consumed
increased quadratically (b = 1.932) for snails
between 5 and 55 mm of shell length. Caz-
zaniga (1981) found that absolute ingestion
rates for P. canaliculata snails feeding on Chara
vulgaris increase monotonically between 42.5
and 62.5 mm of shell length but decreased
for bigger snails (up to 72.5 mm). Due to the
asymptotic growth pattern of this species
(Estebenet & Martin, 2002), it is likely that the
largest snails were disproportionately older and
consequently already reaching senescence.

Females of P. canaliculata had a specific
ingestion rate that was 50% higher than that
of males. This could be related to the relatively
smaller mid-gut gland of the males (61-72% of
that of females; Vega et al., 2006), in which a
greater portion of the visceral mass is occupied
by the gonad, probably imposing a restriction
in the amount of food that can be processed
by unit time.

In our study, the males of P. canaliculata
showed lower growth efficiencies than females,
probably resulting from a higher waste of
undigested food related to their smaller mid-
gut gland, which in turn results in lower food
assimilation. An alternative explanation would
be a smaller fraction of assimilated resources
devoted to growth in males (e.g., due to higher
basal metabolic rates or to higher activity rates).
However, this seems unlikely since specific ox-
ygen consumption rates showed no intersexual
differences in other Pomacea spp. (Freiburg &
Hazelwood, 1977; Santos & Mendes, 1981),
and in the particular case of P. canaliculata no
sexual differences have been recorded in the
lung ventilation frequency (Seuffert & Martin,
2009). It is worth mentioning that the mid-gut

gland of females of P. canaliculata contains a
2.4-times higher concentration of a putative cy-
anobacterial endocytobiont than that of males
(Koch et al., 2006; Vega et al., 2006), although
their eco-physiological significance is far from
being understood (secretion of proteases has
been suggested; Godoy et al., 2005).

Even during pre-reproductive life, conversion
efficiencies (FCE) were higher in females than
in males, mostly due to its earlier decrease in
the latter, especially at high food availabilities.
Again, this could be explained by the smaller
mid-gut gland of males owing to a greater
portion of the visceral mass being taken up by
the gonad (Vega et al., 2006). Coincidentally,
in most males at the highest FA% levels (100-
47%), the testicle was already observable
through the shell by the second week of the
experiment, while in those of the lowest levels
(FA33-20%), the testicles were detected only
at the fourth week and were clearly smaller
(Tamburi & Martin, 2009).

The decrease in conversion efficiencies
(FCE) along Experiment 2 was more important
and earlier at high food availability levels. This
generalized decline could be explained by the
ageing of snails, by allometric limitations with
size increase, or by the combination of both
processes during growth. Ageing does not
seems to be the main cause, since the efficien-
cies (AFC) estimated at the same size were the
same across the different food availability lev-
els, which differed greatly in the age necessary
to attain a given shell length (Fig. 4; Tamburi
& Martin, 2009). The higher efficiencies (FCE)
of snails under low food availabilities is prob-
ably due to the fact that they remain small and
hence there is a lower decrease in the area of
food absorption relative to the volume that must
be nourished. However, the influence under
deprived conditions of a higher absorption rate
(e.g., due to higher retention times in the gut)
or an increase in autocoprophagy cannot be
ruled out. Haniffa (1982) found that absorption
efficiencies in P. globosa also decreased with
food availability.

Conversion efficiencies (FCE) for P. globosa
(estimated from absorption and net conver-
sion efficiencies in Table 1 in Haniffa (1982))
showed no effect of food availability and size on
the range of food availabilities at which snails
were able to grow. Food conversion rates (FCR,
the inverse of our FCE) in Pomacea bridgesii
(Reeve, 1856) were not affected by feeding lev-
els ranging from 2% to 6% of snail live weight
and a slightly higher efficiency was detected
in small snails (Mendoza et al., 1999); food
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conversion rates in this study decreased with
food crude protein contents ranging between
15% and 40% but Ramnarine (2004) found no
such effect for Pomacea urceus (Miiller, 1774)
within the same range. Rearing P. canaliculata
snails on a paper diet for 60 days reduces the
mass of the mid-gut gland of males and females
relative to those fed on a mixed diet (Vega et
al., 2005), and this could affect their efficiency.
Apparently size and food quality are important
in determining food conversion efficiencies in
apple snails but feeding level is not; the influ-
ence of sex, another important factor accord-
ing to our results, has not been considered in
previous studies.

The possibility of sexual dimorphism in feed-
ing rates has not been considered in recent
studies dealing with the subject in P. canalicu-
lata and P. insularum (e.g., Pefia & Pocsidio,
2007; Boland et al., 2008; Burlakova et al.,
2008). Even if the sex ratio is balanced, the
random sampling of snails to be subjected to
different treatments can result in biased sex
ratios in them, especially if samples are small;
the sexually dimorphic feeding rates can greatly
increase the variability of estimations or bias
the means of certain treatments. The highly
biased sex ratios reported in P. canaliculata
egg masses and families (Yusa, 2007) can
confound inter-study comparisons if sex ratio
is not portrayed in the results.

Carlsson & Bronmark (2006) demonstrated
that small P. canaliculata snails have higher
foraging abilities than large ones, a conclu-
sion strongly supported by our results, and
suggested that this may also explain, through
resource depletion, their higher competitive
ability in terms of size increase. Our results
indicate that size-dependent efficiency can
also play a role in the competitive dynamics
of P. canaliculata populations. Grazing would
be more intense, and at the same time more
selective (Carlsson & Bronmark, 2006), dur-
ing the recruitment period, a fact that could
affect macrophyte replacement or depletion
(Tamburi & Martin, 2009), depending on the
phenological cycle of palatable and unpalatable
macrophytes in each waterbody.

According to our data, 103 newborn snails
(5 mm long) would consume the same amount
of lettuce, or vegetation, as one mature snail
55 mm long. One female can lay dozens of
egg-masses composed of hundreds of eggs in
one reproductive season (Estebenet & Martin,
2002; Martin & Estebenet, 2002), and at the
end of it small snails comprise the majority of
population in paddy fields (Wada & Matsukura,

2007). This strongly supports the predictions of
Carlsson & Bronmark (2006) and Boland et al.
(2008) that small snails, albeit inconspicuous,
can be responsible as a group for a great part of
the damage caused by apple snails in aquatic
crops and natural wetlands, at least during the
reproductive season.

The males of P. canaliculata have been
shown to have lower growth rates than females
(Estebenet & Cazzaniga, 1998; Tanaka et
al., 1999; Estebenet & Martin, 2002; Estoy et
al., 2002; Martin & Estebenet, 2002; Tamburi
& Martin, 2008), and in this study they also
exhibit lower ingestion rates and growth ef-
ficiencies relative to females. Size at maturity
is very much less plastic than age at maturity in
females, whereas the opposite is true in males
(Tamburi & Martin, 2009). Male size is not rel-
evant to the probability of copulation (Estebenet
& Martin, 2002; Estoy et al., 2002) and has no
effect on female reproductive output (Tamburi
& Martin, 2009); in contrast, female size at
maturity seems to be constrained by their high
reproductive costs and the need to produce
big, highly elaborate egg masses (Estoy et al.,
2002; Tamburi & Martin, 2009). Consequently,
a selection pressure to maximize growth rates
would be expected in females, while this trait is
unimportant in males. In males, the main pres-
sure is probably to copulate as soon, and with
as many females, as possible and to maximize
the sperm transferred during each copula-
tion, in order to have an advantage in sperm
competition inside the female genitalia (Yusa,
2004; Burela & Martin, 2007). This probably
means an increase in testicle size, which in turn
reduces the mid-gut gland size and its capacity
to process food, growth rate being reduced just
as a by-product of the maximization of sperm
production though probably without a collateral
reduction in overall male fitness.

Contrary to many invertebrates (mostly
arthropods) and other mollusks the energetic
reserves of gastropod’s embryos are located
in the perivitelline fluid that surrounds egg-cell
and not in the egg-cell itself (Heras et al., 1998,
2007). In the case of P. canaliculata, there
seems to be a strong competition for space
within the visceral mass between the food
digestion-assimilation and the reproductive
functions. In females, the organs that provide
the eggs with the necessary reserves and pro-
tective structures (Catalan et al., 2002, 2006)
cannot be accommodated inside the visceral
mass without detriment to the digestive-as-
similative functions performed by the mid-gut
gland. This constraint has probably promoted
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the progressive assignment of these functions
to the parts of the oviduct located outside
the visceral mass, a trend that is widespread
among gastropods (Fretter, 1984; Geraerts &
Joose, 1984; Barker, 2001).

Our growth efficiencies results on P. canalicu-
lata, albeit covering only the pre-reproductive
phase, explain in part why females tend to
grow to be larger than males (Estebenet &
Cazzaniga, 1998; Estoy et al., 2002; Este-
benet & Martin, 2003). The energetic budget
probably changes at maturity for both sexes
(Eleutheriadis & Lazaridou-Dimitriadou, 1995),
but apparently not enough to hide the dimorphic
pattern already expressed, which is probably
due to the asymptotic decline in growth rates
during their lifetime. This pattern is probably
reinforced by the fact that after the beginning of
testicular growth, males show a lower ingestion
rate than females, and this is maintained during
the reproductive lifespan. Bigger female sizes
have also been reported for other species of
ampullariids (Demian & lbrahim, 1972; Burky,
1974; Keawjam, 1987; Lum-Kong & Kenny,
1989; Perera & Walls, 1996). Considering that
testicle size and its occupancy of the visceral
mass are higher than that of the ovary in most
apple snails (except perhaps in Afropomus bal-
anoideus (Gould, 1850); Berthold, 1988, 1989;
Cowie et al., 2006), it is feasible that dimorphic
ingestion rates and growth efficiencies are the
cause of this widespread dimorphic pattern.
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