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ABSTRACT

Pomacea paludosa (native Florida apple snail) is found in wetlands in the southeastern United States.

Pomacea insularum is an exotic apple snail which has invaded wetlands in Florida and co-occurs with
P. paludosa. The effect of changes in density on growth in native juvenile snails was studied by manip-
ulating native juvenile density, native adult density and exotic adult density in a set of laboratory
experiments. Growth decreased when native juvenile densities (without adults) increased from four to
eight snails per 38-1 aquarium. The presence of adults of either species decreased juvenile growth and

also decreased juvenile survival. One exotic adult had the equivalent effect of three to four native

adults. Based on the response of native juveniles to exotic adults, populations of the native apple snail
P. paludosa could be negatively impacted by expansion of the exotic snail P. insularum.

INTRODUCTION

Density of individuals influences the biology of many organ-
isms (e.g. Tanner, 1997; Dobson & Oli, 2001; Lorenzen &
Enberg, 2001; Arenas, Viejo & Fernandez, 2002; Kammenga
et al., 2003). While density-based regulation takes place at the
population level, the effects of density, or any other factor,
must change biological function at the level of the organism
(Murdoch, 1994; Abrams, 1995; Norris, 2004; Fordyce, 2006).
One possible effect is a change in the rate at which an individ-
ual grows (Fowler, 1981). Decreased growth can delay sexual
maturity and increase mortality, especially in younger
members of a population (Smith & Smith, 2001).

Invasion of habitat by exotic species is one of the greatest
threats to biological diversity (Bright, 1998; Van Driesche &
Van Driesche, 2000; Brinson & Malvarez, 2002). Invasion by
exotics can lead to declines in native populations, especially
when natural predators, disease or other suppressants that
might regulate the exotic population are absent (Byers, 1999;
Lach et al., 2000; Cowie, 2001). Negative interactions between
native and exotic species include alteration of biological func-
tions, displacement to suboptimal habitat and complete eradi-
cation of native species (Leppikoski & Olenin, 2000; Myers
et al., 2000; Brinson & Malvarez, 2002; Simberloff, 2003).

Pomacea paludosa (Say) is the only native apple snail of wet-
lands in the southeastern United States (Thompson, 2004).
Pomacea paludosa has a 1-1.5 year life span (Darby, Valentine-
Darby & Percival, 2003). Females lay multiple clutches of eggs
on emergent vegetation primarily in spring to early summer
(Hanning, 1979; Turner, 1996). Adult snails die after the
reproductive season (Hanning, 1979; Darby, Bennetts &
Percival, 2008). Young hatch and mature during summer and
fall, a time span when adult densities are normally decreasing
due to their post-reproductive die off.

Interest in P. paludosa stems largely from the fact that it is
the primary food source for Rostrhamus sociabilis plumbeus
(Florida Snail Kite), an endangered hawk found in peninsular
Florida (Sykes, Rodgers & Bennetts, 1995). It is also a food
source for a variety of other animals including young alligators,
various birds, turtles, fishes and aquatic insects (references
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in Turner & Mikkelsen, 2004). Patterns of survival and
abundance of adult P. paludosa have been documented in the
field (Darby et al., 2003, 2004; Karunaratne, Darby &
Bennetts, 2006), but aspects of juvenile biology remain largely
unknown.

Pomacea insularum (D’Orbigny) is an exotic snail, native to
Argentina, and is part of the Pomacea canaliculata taxonomic
group (Cazzaniga, 2002). It has recently invaded several lakes
and wetlands in Florida (Rawlings et al., 2007). Pomacea insu-
larum is larger than P. paludosa (approximately three times
larger as measured by shell length and four to five times larger
by mass) (Darby, Mellow & Watford, 2007), lives longer than
P. paludosa, and produces more eggs per egg cluster than
P. paludosa (personal observations; Rawlings et al., 2007) all
making it an ideal candidate for invasive expansion. No infor-
mation exists on how native juvenile snails respond to the
presence of the exotic adults.

The effect of changes in density on growth in native juvenile
snails was studied by manipulating native juvenile density,
native adult density and exotic adult density in a set of labora-
tory experiments. The following questions were addressed: (1)
At what density level does native juvenile snail density decrease
native juvenile snail growth? (2) Does the presence or increase
in density of native adult snails decrease native juvenile snail
growth? (3) Does the presence or increase in density of exotic
adult snails decrease native juvenile snail growth?

MATERIAL AND METHODS
LEgg cluster collection and hatching

Egg clusters of Pomacea paludosa were collected from Wacissa
Springs, Jefferson County, Florida, USA (30.3°N, 83.9°W).
Vegetation with egg clusters was cut near the water line and
transported to the laboratory where it was placed in a hatching
tub (plastic tub 63.1 x 44.7 x 18.4 cm) containing 22.51 of
hard water (modified EPA recipe, see Corrao, Darby &
Pomory, 2006). Florist’s wire was tied around the tops of the
vegetation to suspend it in an upright position in the tub,
allowing hatchlings to fall into the water to mimic the natural
hatching process. Hatchlings were taken out of the tub on a
daily basis and placed in 38-1 glass aquaria containing 32 1 of
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hard water, an air-driven corner filter and romaine lettuce
leaves (food source) until enough hatchlings were available to
start an experiment (about 2 weeks).

Adult snail collection

Native adult P. paludosa snails (shell length range 30—40 mm),
defined as snails larger than approximately 30 mm shell length
(Hanning, 1979; Darby et al., 2003), were collected in the same
area as egg clusters and placed in a separate holding tank (38-1
aquarium containing 32 1 of hard water and a corner filter)
until juveniles hatched out. Adult snails were fed several leaves
of romaine lettuce every 3 days. Exotic adult P. imsularum snails
(shell length range 70-80 mm) were collected from Lake
Munson, Leon County, Florida, USA (30.0°N, 84.0°W) and
maintained in a separate holding tank similar to that for
native adult snails.

Experimental tank set-up and tank maintenance

Experiments were carried out using 38-1 glass aquaria. All
tanks contained 32 | of hard water and an air-driven filter.
Opaque plastic sheeting was wrapped around each tank to
reduce visibility across tanks, while still allowing light pen-
etration. A recirculating heated water bath containing all
tanks was used to stabilize water temperature, which ranged
from 23 to 25°C. Several leaves (~40g) of romaine lettuce
were added every 4 days, providing continuous access to food.
Light was controlled on a 12:12 h light:dark cycle.

Holding tanks containing juveniles from hatching and adults
from field collection were maintained under the same con-
ditions as the experimental tanks before and during exper-
iments. Tanks were inspected daily and snails that died in
experimental tanks were removed and replaced with similar-
sized snails from the holding tanks to maintain constant den-
sities. Replacement snails were marked with a silver pen and
were not included in the final measurements.

Aquaria were cleaned once a week by wiping the inside of
the glass with paper towels and siphoning particulate matter
off the bottom. Siphoned water was passed through filter floss
to remove debris and returned to each aquarium. Ammonia
testing was done throughout the experiments using Hach test
kits. An additional trial outside of the experiments was run for
30 days with five hatchlings and 10 native snails haphazardly
selected from the holding tanks, but without air-driven filters
or cleaning (worst-case maintenance scenario, which never
happened during the actual experiments) to deliberately create
relatively poor water-quality conditions in order to provide
additional evidence that water quality was unlikely to have
impacted the results of the experiments.

Snail measurements

Shell length was measured (nearest 0.01 mm, apex to end of
aperture) with callipers every 2 weeks from the start of an
experiment. Growth at each time point was calculated as
change in shell length relative to initial measurement (Carter
& Ashdown, 1984; Perry & Arthur, 1991). Growth rate was
calculated as change in shell length for each time point relative
to the previous time point and used to estimate the growth rate
coefficient over the time of the experiment (Rao, 1958;
Kshirsagar & Smith, 1995). Growth rate coefficients allow
comparison of different treatments using ANOVA when all
treatments are measured at the same time points and there are
relatively few time points measured (full details with examples
in statistical works by Rao, 1958; Kshirsagar & Smith, 1995).
They are not designed to generate specific models of growth,
only for relative comparisons to establish treatment effect.
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Smaller coefficients reflect slower growth and, since all
measurements take place at the same time points, indicate
smaller size at the end of the experiment.

Experiment 1: native juvenile snail density

Experiment 1 was conducted as a completely randomized
one-way ANOVA design having four density treatments with
cight replicate tanks per density. Density treatments and snails
were randomly allocated to 32 experimental tanks. Treatment
densities were 4, 8, 16 and 32 juvenile snails per tank (=8, 16,
32 and 64 snails per m? of tank surface area and 0.125, 0.25,
0.5 and 1 snails per | of water volume). The experiment started
on October 25 2003, and ended on December 6 2003.

Experiment 2: native adull and native juvenile snail densities

Experiment 2 was conducted as a completely randomized
two-way factorial ANOVA design with two juvenile densities
of 4 or 16 juveniles per tank as factor one, and four adult den-
sities of zero, one, two or four adults per tank as factor two.
Each treatment combination was replicated four times. Density
treatments and snails were randomly allocated to 32 exper-
imental tanks. The experiment started on May 25 2004, and
ended on July 24 2004.

Several of the treatment replicates with the highest adult
density of snails suffered complete juvenile mortality. For this
reason, and given the completely randomized design focused
on the question of growth, the treatments containing four
adults were omitted from statistical analysis of growth.

Experiment 3: exotic adull and native juvenile snail densities

Experiment 3 was conducted and analysed similarly to
Experiment 2, except that adults of the exotic snail P. insularum
were used instead of native adults. Experiment 3 started on
June 24 2005, and ended prematurely after 15 days due to a
hurricane, so growth measurements were made for only one
time point. Based on the results of Experiment 3, the procedure
was modified to the design of Experiment 4.

Experiment 4: native adult, exotic adull and native juvenile
snail densities

Experiment 4 was conducted as a completely randomized
one-way ANOVA design having three treatments with eight
replicate tanks per treatment. Density treatments and snails
were randomly allocated to 24 experimental tanks. All tanks
had four native juvenile snails per tank with treatments of zero
adult, one native adult or one exotic adult snail per tank.
Experiment 4 started on September 16 2005, and ended on
November 11 2005.

Statistical analysis of growth

Comparison of mean growth rate coefficients among treatment
groups was made using one-way ANOVA or two-way ANOVA
with a=0.01. We set a more conservative a in order to
account for multiple testing of a similar question across several
experiments. Homogeneity of variance was tested with the
Brown—Forsythe test (Brown & Forsythe, 1974). Data failing
to meet assumptions were In-transformed for statistical testing.
Untransformed means are presented in the graphs and tables.
A Fisher—Hayter multiple comparison test was used for pair-
wise comparisons (Hayter, 1986).
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Experiments 2 and 4: native juvenile snail survival

Although not the original design goal of the study, survival at
the end of Experiment 4, as related to the presence of exotic or
native adult snails, was examined with a log-likelihood G-test
with an a = 0.05 as only one test was performed. A qualitative
graphical comparison of percent survival by tank including
Experiments 2 and 4 together was made for treatments con-
taining four juvenile snails per tank.

RESULTS

Experiment 1: native juvenile snail density

Mean shell size of juveniles was not significantly different
among treatment groups at the start of the experiment
(Table 1; l-way ANOVA Fj 93=0.17, P=0.92). Mean
growth coefficient of juveniles was larger for the lowest density
treatment (four juveniles per tank) indicating a higher growth
rate, with other density treatments (8, 16, 32 juveniles per
tank) similar to one another (Fig. 1; 1-way ANOVA F3 o; =
9.41, P =0.0002).

Experiment 2: native adult and native juvenile snail densities

Mean shell size of juveniles was not significantly different
among treatment groups at the start of the experiment
(Table 1; 2-way ANOVA Juvenile [/, 3=2.32, P=0.14;
Adult Fy 13=1.05, P=0.37). Interaction terms on all
two-way ANOVA tests were not significant (not shown). Main
effects (Factor 1 juvenile density) mean growth coefficients of
juveniles were not significantly different among the 4 and 16
juvenile density treatments (2-way ANOVA F, 13=13.03, P=
0.09). Main effects (Factor 2 adult density) mean growth coef-
ficient of juveniles was larger for the 0 adult density treatment
indicating a higher growth rate, with the one and two adult
density treatments similar to one another (2-way ANOVA
Fy 15 =16.90, P =0.00007).

Simple effects (cell means within each adult density) mean
growth coefficient of juveniles was larger for the four compared
with the 16 juvenile density treatments within the zero adult
density treatment, but not within the one or two adult density
treatments (Iig. 2). This outcome indicates some biological

Table 1. Initial size of Pomacea paludosa from Experiments 1—4.

Experiment Treatment main  Initial juvenile size
effects mean (mm) + SE
1. Native juveniles Juvenile 4 5.23 + 0.07
8 5.22 + 0.16
16 5.27 + 0.09
32 5.19 + 0.03
2. Native juveniles Juvenile 4 5.73+0.14
16 5.97 +0.06
Native adults Adult 0 5.83 + 0.10
1 573+ 0.14
2 6.00 +0.16
3. Native juveniles Juvenile 4 7.91+0.19
16 7.95+0.14
Exotic adults Adult 0 8.31 + 0.13
1 7.80 +£0.17
2 7.68 + 0.24
4. Native juveniles Exotic or Adults 0 5.73 + 0.06
native adults 1 native 5.78 + 0.10
1 exotic 5.88 + 0.07
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Figure 1. Experiment 1: native juvenile snail density. Growth
coefficient (mean + SE) of Pomacea paludosa juveniles from treatments
of 4, 8, 16 or 32 juveniles per tank. Treatments with different letters
are significantly different based on the Fisher—Hayter multiple
comparison test at a = 0.01.
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Figure 2. Experiment 2: native adult and native juvenile snail
densities. Growth coefficient (mean 4 SE) of native Pomacea paludosa
juveniles for simple effects treatments (individual cell means)
containing 4 or 16 juveniles per tank in combination with 0, 1 or 2
native adults per tank. Treatments with different letters
significantly different based on the Fisher—Hayter multiple comparison
test at a = 0.01.

are

interaction effect, but interaction was not statistically signifi-
cant (P =0.017) using our predetermined alpha level of 0.01.

Experiment 3: exotic adult and native juvenile snail densities

Mean shell size of juveniles was not significantly different
among treatment groups at the start of the experiment
(Table 1; 2-way ANOVA Juvenile F; 153=0.03, P=0.87;
Adult Fy 13=2.79, P=0.1). Interaction terms on all two-way
ANOVA tests were not significant (not shown). After 15 days
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(only time point measured due to hurricane), mean growth of
juveniles was significantly different across all three exotic adult
density treatments with zero adult treatment > one adult
treatment > two adult treatment; but not significantly different
among juvenile density treatments (2-way ANOVA Juvenile
Iy 17=0.46, P=0.51; Adult Fy, ,; = 38.27, P < 0.00001).

Experiment 4: native adult, exotic adult and native juvenile
snail densities

Mean shell size of juveniles was not significantly different
among treatment groups at the start of the experiment
(Table 1; l-way ANOVA Fy 5, =0.02, P=0.82). Mean
growth coefficients of juveniles were different across all three
adult density treatments with zero adult treatment > one native
adult treatment > one exotic adult treatment (Fig. 3; l-way
ANOVA Fy 15 =19.51, P =0.00007).

Experiments 2 and 4: native juvenile snail survival

By the end of Experiment 2 none of the tanks with zero, one
or two native adults per tank experienced complete juvenile
mortality; 50% of the tanks with four native adults per tank
experienced complete juvenile mortality. By the end of
Experiment 4 (with twice the number of tanks per treatment
as Experiment 2) none of the tanks with zero adults, 25% of
the tanks with one native adult, and 50% of the tanks with
one exotic adult experienced complete juvenile mortality
(G* = 6.90, P=0.031). Survival of juveniles based on percent
per tank for Experiments 2 and 4 together was greatest in
treatments with zero adults, and lowest for the one exotic adult
and four native adult treatments (Fig. 4). None of the adults
died during the experiments.

Ammonia levels in experimental tanks varied between 0.01
and 0.3 ppm. As there is no reference value in the literature for
our conditions, the additional ammonia test trial with juveniles
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Figure 3. Experiment 4: native adult, exotic adult and native juvenile
snail densities. Growth coefficient (mean + SE) of Pomacea paludosa
juveniles with four juveniles per tank for treatments containing zero
adults, one native P. paludosa adult (1 N) or 1 exotic Pomacea insularum
adult (1E) per tank. Treatments with different letters are significantly
different based on the Fisher—Hayter multiple comparison test at
a=0.01.
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Figure 4. Experiments 2 and 4: native juvenile survival. Percent
survival (mean + SE) of Pomacea paludosa juveniles for treatments
containing no adults, native P. paludosa adults, or exotic Pomacea
insularum adults from Experiments 2 and 4 with four juveniles per tank.

and adults, but without air-driven filters or cleaning, was used
as a worst-case scenario for comparison and revealed levels
varying between 0.3 and 1.5 ppm with 100% survival of juven-
iles over 30 days. Even without mechanical filtration the
surface area of the tanks provided biological filtration. Field
measures of ammonia in south Florida where apple snails are
routinely collected vary between 0.001 and 1.1 ppm (Weaver
& Payne, 2006).

DISCUSSION

In the field, the density of adult Pomacea paludosa is usually, but
not always, less then 1 m~? (Darby et al., 2004; Karunaratne
et al., 2006). Pomacea haustrum occurs at densities ranging
between 0.2 and 40m 2 (de Freitas & dos Santos, 1995).
Pomacea canaliculata is found at densities of 2-4 m™~? when not
under exotic expansion conditions (Ichinose et al., 2000).
Because of taxonomic confusion (Cazzaniga, 2002; Rawlings
et al., 2007), many studies of P. canaliculata are probably of other
Pomacea species. Non-ampullarid gastropods, which are almost
always much smaller in size, occur in much greater densities.
Strzelec & Krolezyk (2004) estimated densities between 12 and
193 m™? for 14 species of gastropods found in rivers in Poland.
Hill, Ryan & Schilling (1995) considered a density of 970 m ™2
to be normal for the stream dwelling gastropod Elimia clavaefor-
mis, and 50 m~? to be a low-density treatment. Other freshwater
density examples include Hydrobia totteni 50—19,000 m~?
(Wells, 1978), Viviparus subpurpureus and Campeloma decisum 100—
1,700 m~ 2 (Brown, Varza & Richardson, 1989), and Viviparus
viviparus 30-250 m ™2 (Jakubik, 2007). Clearly Pomacea spp. are
at the low end of the density spectrum. We found treatment
effects with one adult in a tank (2 m™? tank surface area). We
have found 34 P. insularum adults m™ > in shallow water of
Lake Tohopekaliga, Osceola County, Florida (P.C. Darby,
unpubl.).

To our knowledge, density of juveniles in the field has not
been measured. Based on estimates of typical egg cluster
density and number of eggs per cluster during the April—June
peak reproduction period, potential juvenile densities of
P. paludosa, where adult snails densities are approximately
0.5m %, would be 30120 m™? immediately after hatching
(Darby et al., 2008; P.C. Darby, unpubl.). For comparison, the
levels used in our experiments ranged from 8 to 64 m™? based
on tank surface area. The water depth in the tanks used
during the experiments (25 cm) is similar to the depth of water
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levels often encountered where snails inhabit wetlands during
peak reproduction (P.C. Darby, unpubl). Snails crawl and do
not swim, so tank surface area should be relevant to interaction
of individuals. Ramnarine (2004) used a stock density of juven-
ile P. urceus at 55m ? for an aquaculture tank experiment.
Carlsson & Bronmark (2006) found juvenile P. canaliculata at
densities between 22 and 58 m™? in an enclosure experiment.

In Experiment 1 (juvenile density manipulation) an increase
in juvenile density, in the absence of adults, from 4 to 8 or
more juveniles per tank resulted in lower growth. Pomacea cana-
liculata experience density eflects on growth in as littde as a
week at a density of two snails per m” (Tanaka e/ al., 1999).
Alves et al. (2006) experimented on growth in P. lineata and
P. bridges: at three densities and found no difference in growth
rates in both species at densities equivalent to 16, 32 and 48
snails per tank in our experiment; this is a similar finding to
our study at the higher density levels. Aufderheide ez al. (2006)
reported a density effect on growth of juvenile Marisa cornuarie-
tis, another ampullariid snail, at a level equivalent to about six
snails per tank in our experiment, but not at greater densities,
again similar to our findings. Baur & Baur (1992) found that
juveniles of the snail Balea perversa increased their growth rate
when densities were lowered from 0.66 to 0.082 m™ ~. Cameron
& Carter (1979) found that the terrestrial snails Cepaca nemoralis
and C. hortensis both experience lower growth at a density of
80m 2 compared to 10 m~ 2. Helix aspera, the edible snail, can
be raised commercially at densities of several hundred per m?
(Dupont-Nivet et al., 2000) and density effects on growth are
seen at densities greater than 100 m™ % (Jess & Marks, 1995).
Mesodon normalis is significantly smaller at age of reproduction
when held at densities greater than 1041 m ? (Foster &
Stiven, 1996).

Based on the range of densities reported as having an effect
on growth in different species, Pomacea appear be more sensitive
to initial density increases at relatively low densities compared
to many other species. This suggests that their success is at
least partly dependent on having large areas of suitable habitat
to maintain populations at low density levels. Based on the
effects of density in our experiments, we suggest rapid dispersal
away from hatching areas with many egg clusters would be
beneficial to the juvenile snails, perhaps contributing to the
distribution pattern seen in adults (Karunaratne el al., 2006).
As the effect takes place at relatively low density levels and
does not seem to increase with further increases in ecologically
relevant density, competition is unlikely to be the cause. The
response appears similar to a saturation effect (i.e. once a
certain level is reached further increases do not change the
outcome).

In Experiment 2 (native adult and native juvenile manipu-
lation) juvenile P. paludosa grew significantly slower when
exposed to as few as one adult P. paludosa per tank. In
Experiment 3 (exotic adult and native juvenile manipulation),
native juvenile growth decreased sooner than with native
adults. The results of Experiment 4, with one exotic and one
native adult, support that outcome, suggesting the presence of
the exotic could negatively influence growth of native snails.
Decreased growth rates in some species of snail result in
the failure of juvenile snails to reach normal adult size
(Williamson, Cameron & Carter, 1976; Cameron & Carter,
1979; Carter & Ashdown, 1984; Perry & Arthur, 1991; Baur &
Baur, 1992; Foster & Stiven, 1996; Tanaka et al., 1999; Moran
& Emlet, 2001). Smaller adult snails produce smaller eggs
(Williamson et al., 1976; Perry & Arthur, 1991; Tanaka et al.,
1999). Smaller eggs may have a reduced hatching rate (Winsor
& Winsor, 1935; Eisenberg, 1965), which in turn could result
in a decline in the overall population size (Berrie, 1970).

Survival of juveniles decreased with increasing density of
adults, especially exotic adults. Eisenberg (1965) showed a
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negative correlation between adult density and juvenile survival
in the pond snail Lymnaea elodes, when density was over
719 m ™% Higher density results in increased mortality and a
delay in reproduction in the terrestrial Limicolaria flammea
(Egonmwan, 1992). Winsor & Winsor (1935) found that
fitness in the pond snail Lymnaea columella is negatively corre-
lated with initial hatchling density.

Based on ammonia testing, higher levels of ammonia did not
occur with increased density of snails. Apple snails are resistant
to nitrate and the hard-water formula is designed to provide
calcium and buffering capacity (Lewis et al., 2002; Corrao
et al., 2006). Food was provided ad libitum which would have
been an additional source of minerals. The filter system was
maintained during all experiments. In the first experiment,
tanks with 8 and 32 juvenile snails had similar growth and all
other experiments used only 4 or 16 juveniles per tank.
Differences occurred between the 4 and 8 juvenile treatments
and with the addition of one adult, which represents the lowest
possible load on the filter system.

The mechanism of the density effect in the present set of
experiments is not known. Potential reasons include interfer-
ence with feeding and/or chemical suppressants. In all exper-
iments food, in the form of romaine lettuce leaves, was always
present and juveniles were seen on the leaves throughout each
of the experiments; however, tanks were not monitored 24 h a
day, so it is possible that the presence of adults could have
reduced the amount of time juveniles fed. Growth in P. paludosa
is affected by food composition (Shuford, McCormick &
Magson, 2005); presumably changes in amount eaten would
also have an effect. Kawata (1993) suggested behavioral inter-
action explained negative effects on growth in Physa acula,
although we saw no evidence of this during the course of our
experiments.

Decreased growth in several species of snail held in captivity
has been attributed to growth suppressive chemicals in slime
trails (Williamson et al., 1976; Hanning, 1979; Carter &
Ashdown, 1984; Perry & Arthur, 1991), which would have
been present during the experiments between times of clean-
ing. The slime trails of Cepaea hortensis decreased activity and
growth in C. nemoralis when both species were held at densities
of 40m™? (Cameron & Carter, 1979). Cameron & Carter
(1979) also noted that the slime trail of a third more distantly
related snail, Helix aspersa, had no effect on either Cepaea
species. In contrast, Kawata & Ishigami (1992) found that
growth of Physa acuta was faster in water conditioned by
Lymnacea sp., so outcome based on interaction is not always in
one direction in snails.

Regardless of the mechanism, it is clear that the presence
of any adults reduces growth in P. paludosa juveniles, and
that exotic adults had a more dramatic effect on both growth
and survival of the native juveniles. One exotic adult had the
equivalent effect of three to four native adults, which is prob-
ably at least partly due to the larger size of the exotic. It
would be advantageous for similar species, such as P. paludosa
and P. insularum, to produce inhibitory substances that act on
closely related species that may be using similar resources
such as food, egg laying substrate, mating space, predator
cover and aecstivating substrate. As the exotic adults are
much larger than the native adults, interference or chemical
release could have been greater, accounting for the greater
effect of the exotic. Exotic adults in the field can be even
larger than individuals used in the experiments (Rawlings
et al., 2007), so any size related effect would be greater.
Asymptotic size is an inherent property of a species and
exotic invasion takes place at the level of individuals, not
masses, so the replacement of natives by exotics should have
a larger impact even if only based on size differences. The
native species has evolved a life history in which adult snails
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die off annually leaving fewer adults to interact with juven-
iles; in contrast, the exotic adult snails, with a multi-year life
span, may be present throughout this time.

The effect of the presence, or absence, of native adults is sup-
porting evidence of a benefit that might be driving the evol-
ution of adult post-reproductive die off as part of the life
history of P. paludosa. If each generation does better with
decreases in adult density while juveniles are in the growth
phase, the characteristic of post-reproductive die off’ could be
selected (Stearns, 2000; Roff, 2002).

Physiological tolerance of the exotic P. insularum to environ-
mental conditions of temperature, pH, salinity and oxygen
(Ramakrishnan, 2007) indicate it should do well in wetland
habitats of the southeastern United States where P. paludosa
occurs (see discussion by Rawlings et al., 2007). Both species
have similar responses to food type (Sharfstein & Steinman,
2001; Shuford et al., 2005; Boland et al., 2008). Juveniles
consume more vegetation per mass than adults (Boland et al.,
2008), and potential juvenile density right after hatching is dis-
tinctly different from adult density making studies on juveniles
crucial to understanding interactions between species. Brown
(1982) found negative competitive effects when habitat and
food type greatly overlapped in Lymnaea elodes and Physa gyrina.
Exotic invasion by the freshwater Potamopyrgus antipodarum has
caused problems with native gastropods in rivers in the western
USA (Richards, Cazier & Lester, 2001; Hall, Dybdahl &
VanderLoop, 2006; Lysne & Koetsier, 2008). Snail grazing can
greatly affect vegetation (Bronmark, 1989), and exotic Pomacea
spp. have become problems in many arcas of the world
(Cowie, 2002). The endangered snail kite has trouble feeding
on the exotic P. wnsularum, so it is not equivalent to the native
snail in meeting the birds foraging requirements (Darby et al.,
2007). Assuming the general pattern of response found in the
laboratory translates to the field, we suggest an increase in the
exotic apple snail P. wnsularum has the potential to reduce
growth in the native apple snail P. paludosa where both species
are present.
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