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ABSTRACT

Although interspecific competition has been demonstrated between some pairs of terrestrial gastropod
species, little work addresses its importance in tropical assemblages, which are often characterized by
high species richness or population densities. A 9-year data set was used to assess growth rates and
median shell size of a common Puerto Rican snail, Caracolus caracolla, as a function of density of con-
specifics and potential interspecific competitors. Neither the rate nor the magnitude of growth of C.
caracolla were inhibited at high densities. No association existed over time between density and size or

growth rate. In contrast, C. caracolla generally was largest at sites with high densities of conspecifics.
Several factors may be responsible for the apparent unimportance of competition, including the
broad, flexible diet of C. caracolla, high productivity of the study site or periodic changes in microcli-
mate or resource availability associated with hurricane-induced disturbance and recovery.

INTRODUCTION

Competition has long been considered an important mechanism
structuring ecological communities (Chase & Leibold, 2003;
Tilman, 1982). However, its importance for terrestrial gastropods
is debatable. Many studies document interspecific competition
between pairs of large or conspicuous species (e.g. Cameron &
Carter, 1979; Baur, 1988; Baur & Baur, 1990; Magnin, 1993).
Documentation of pervasive effects of competition throughout an
assemblage, however, is quite rare (Solem, 1985; Barker &
Mayhill, 1999). Generally, evidence for the importance of inter-
specific competition in structuring snail assemblages is weak or
non-existent (Boycott, 1934; Solem, Climo & Roscoe, 1981;
Waldén, 1981; Solem, 1984; Perry & Arthur, 1991; Cameron &
Cook, 2001; Cook, 2007). Few studies have evaluated the role of
interspecific interactions such as competition in structuring tropi-
cal assemblages of terrestrial gastropods, although recent evi-
dence suggests that such assemblages are considerably more
species-rich (Emberton, 1995; Tattersfield, 1996; De Winter &
Gittenberger, 1998; Schilthuizen & Rutjes, 2001) than tradition-
ally believed (Solem, 1984).

In the Luquillo Experimental Forest (LEF) of Puerto Rico,
the assemblage structure of terrestrial gastropods is composi-
tionally stable, exhibiting little temporal turnover in species
composition, even in the face of intense and large-scale disturb-
ances (1.e. hurricanes; Bloch 2004, Willig et al., 2007). One
might therefore expect snail assemblages in the LEF to be in
equilibrium and to display morphological patterns consistent
with a history of competitive interactions. Nonetheless, this
prediction is not supported by patterns of body size among
species, and species do not exhibit density compensation
(Bloch, 2004). These analyses, however, failed to incorporate
intraspecific variability in morphology or body size; therefore,
only competition that is pervasive throughout the assemblage
and strong among adults would be evident. In addition, com-
petitive effects may manifest in some species by reducing
growth rates, rather than survivorship (Tanaka et al., 1999),
thereby being difficult to detect in studies of assemblage struc-
ture. Such effects have not been evaluated for snails in the
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LEF. As such, the role of competition in this assemblage
remains unresolved.

If competitive interactions are strong, they can reduce
growth rates and adult sizes of terrestrial snails. Growth of
individuals may be reduced at high densities of conspecifics or
competitors because of reduced resource quality or availability
(Baur & Baur, 1990), or because interference by competitors
reduces access to resources (Cameron & Carter, 1979;
Smallridge & Kirby, 1988). In the LEF, Caracolus caracolla (L.)
1s an ideal species with which to test these hypotheses. This
camaenid is among the most abundant and widespread gastro-
pods in the forest (Heatwole & Heatwole, 1978; Willig et al.
1998). In addition, it is long-lived (up to 10-15 vyears;
Heatwole & Heatwole, 1978; M.R. Willig ¢/ al. unpubl.) and
attains large size (up to 65 mm in diameter of shell; Heatwole
& Heatwole, 1978). Therefore, if competition reduces growth
of terrestrial snails in the LEF, such effects should be evident
for C. caracolla. We assessed growth rates and body sizes of C.
caracolla in the LEF to quantify the effects of both intra- and
interspecific competition, and did so from both spatial and
temporal perspectives.

MATERIAL AND METHODS

Long-term censuses of terrestrial gastropods were done on the
Luquillo Forest Dynamics Plot (LFDP; 18°20'N, 65°49'W), a
16-ha grid in the northwest of the LEF, in the Luquillo
Mountains of northeastern Puerto Rico. The LFDP lies in
tabonuco forest, a subtropical wet forest type (Ewel &
Whitmore, 1973) found below elevations of 600 m. Terrain and
soil types are varied (Thompson e/ al., 2002, 2004).
Precipitation is substantial throughout the year. Although a
modestly drier period typically extends from January to April
(hereafter, the dry season), rainfall generally remains >20 cm
in all months (Brown et al., 1983).

Forty circular plots of 3-m radius were spaced evenly within
a rectilinear grid such that 60-m separated adjacent points
along a row or column. Beginning in the summer of 1995 and
continuing until 2003, gastropod surveys were conducted twice
annually, in March (dry season) and during the summer (wet
season). The sole exception was the dry season of 1999, when
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sampling was conducted in January rather than March to
assess the short-term effects of Hurricane Georges. Each plot
was sampled four times per season, except for the dry season of
2003 (two surveys). A minimum of 2 days was maintained
between sampling periods so that gastropods could recover
from displacement during previous surveys. All surveys were
conducted at night (1930—-0300 h) to coincide with peak snail
activity (Heatwole & Heatwole, 1978; Willig ez al., 1998).

Each time a plot was sampled for snails and slugs, two
people surveyed it for a minimum of 15 min, during which
time they searched all available surfaces (e.g. soil, litter, rock
cover, vegetation) up to a height of ¢. 5m. To prevent exces-
sive disturbance to long-term study sites, substrate was not
manipulated during the search for specimens. All gastropods
were identified to species in the field. Each captured Caracolus
caracolla was marked with a numbered plastic circle affixed to
the shell with superglue, and measured from the lip of the
aperture to the most distal part of the shell (i.e. diameter) to
the nearest 0.1 mm using dial callipers. All individuals were
returned, within minutes, as closely as possible to the point of
capture (and always within the plot of capture).

Mean growth rate of each C. caracolla was estimated by sub-
tracting the diameter at first capture from the diameter at final
capture and dividing by the number of sampling seasons
(essentially representing 0.5 years) between captures. Negative
values were assumed to be a function of shell breakage or
measurement error and were considered zero growth for ana-
lyses. Although this approach to estimating growth rates
implicitly assumes that growth is constant throughout the life
of the snail — probably an unrealistic assumption (Williamson,
1976) — it is necessary because most individuals were captured
only sporadically throughout the study period, preventing the
development of a more accurate growth curve. Nevertheless, to
test the realism of this assumption, ordinary least squares
(OLS) linear regression was used to test for a relationship
between initial diameter and growth for individuals captured
during consecutive seasons. This method is appropriate when
the goal of the analysis is to identify significant associations
between variables, although it underestimates the slope of the
relationship if both variables are measured with error (Warton
et al., 2006). To minimize bias due to non-independence of
data, individuals captured in more than two consecutive
seasons were included in this analysis only once, using one ran-
domly selected time interval.

Population abundance of each species within each plot in
each season was estimated as the mean number of individuals
captured during the successive samples within that season.
Although this measure underestimates true density, it has
advantages over other measures. It does not require marking of
individuals for subsequent identification (a technique that is dif-
ficult or impossible to use for small or shell-less species), imposes
few assumptions and is not biased by differences in sampling
intensity among vears. In addition, estimates of density
using average number of captures are highly significantly corre-
lated with mark-recapture estimates of density for two species
(C. caracolla and Nemia tridens (Schweigger)), suggesting that
average number of captures is a reasonable index for changes in
density of these snails over time (Bloch, 2004).

OLS linear regression was used to test for a temporal associ-
ation between shell diameter and population density of C. cara-
colla. For each season, one value of shell diameter (the median
of the diameters of all individuals) and one value of population
density (median of the 40 plots) existed (= 17). The degree
of temporal association between size of C. caracolla and total
density of all other species in the assemblage was assessed using
the same method.

Spatial association between shell diameter of C. caracolla and
density of potential competitors also was assessed. The spatial
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distribution of density for C. caracolla and for total snails
remains similar over time (Bloch, 2004). Thus, a plot harbour-
ing a high density of snails in 1 year generally maintained high
snail densities in most seasons of the study, relative to other
plots. If density of competitors inhibits growth of C. caracolla,
then shell diameter should be lower in high-density plots than
in low-density plots. OLS regression was used to test this
hypothesis using median shell diameter within each plot (over
all seasons of the study) and median population size within
plots. Similarly, OLS regression was used to test the hypothesis
that growth rates of C. caracolla decrease with increasing
density of conspecifics or other species. Individuals captured
only once and those that had clearly achieved full adult size
(>50 mm in diameter and with a thickened apertural lip of
the shell) at the time of first capture were excluded from ana-
lyses of growth rates.

RESULTS

A total of 17 species of terrestrial gastropods was captured on
the LFDP from 1995 to 2003 (Fig. 1). Of these species,
Caracolus caracolla was the most abundant in 10 of 17 seasons,
and always one of the three most abundant. Shell diameter
averaged 41.8 mm during the study (range: 12.5-65.9 mm).
Mean growth rate per season was 2.72 +2.45 (SD) mm.
Growth rates declined with increasing initial size (b= 5.50,
by = —0.09, P<0.001), although this relationship displayed a
great deal of variability (2 = 0.27) and was driven largely by
decreased growth in the largest adults (Fig. 2). If these individ-
uals were excluded from the analysis, initial size retained vir-
tually no power to predict growth rates (r> = 0.03).

No significant association existed between shell diameter and
population density of C. caracolla over time (r*=0.07, df=
1,15, F=1.04, P=0.32; Fig. 3A). Also, diameter of C. caracolla
was unrelated to total density of other species of terrestrial gas-
tropods (r*=0.01, df=1,15, F=0.13, P=0.73; Fig. 3B).
Results were qualitatively the same if analyses included only
adults.

Diameter of C. caracolla was positively associated spatially
with density of conspecifics (72 =0.18, by =38.46, by = 0.95,
df=1,38, F'=28.33, P=0.01; Fig. 3C); individuals generally
were largest at sites where density of C. caracolla was highest. If
only adults were included in the analysis, no significant
relationship remained (r* < 0.01, P = 0.74). Size of C. caracolla
was not significantly associated with density of all other gastro-
pods (¥ =0.05, df=1,38, F=182, P=0.19; Fig. 3D).
Elimination of juveniles from the analysis did not affect this
outcome. Growth rates of C. caracolla were not significantly
associated with population density of C. caracolla (r* = 0.02,
df= 1,38, F=0.84, P=0.37) or with density of other gastro-
pods (> =0.001, df = 1,38, F = 0.03, P = 0.88).

DISCUSSION

Crowding, both interspecific and intraspecific, inhibits growth
of some terrestrial gastropods (Herzberg, 1965; Pomeroy, 1969;
Williamson, Cameron & Carter, 1976; Cameron & Carter,
1979; Smallridge & Kirby, 1988; Baur & Baur, 1990; Tanaka
et al., 1999). Two mechanisms can account for this effect:
exploitative competition for resources or interference. In gas-
tropods, interference does not result solely from physical con-
frontations among individuals. Rather, chemical cues in mucus
trails may be proximate causes of growth inhibition (Cameron
& Carter, 1979; Tattersfield, 1981; Baur & Baur, 1990). Such
effects often manifest in laboratory situations, which frequently
involve greater than natural densities of snails, but are not
ubiquitous in natural populations (Baur, 1993; Cook, 2001).
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Figure 1. Proportional abundances of gastropod taxa on the Luquillo Forest Dynamics Plot from 1995 to 2003. Data are pooled across all
sampling seasons. Oleacina spp. includes O. glabra (Pfeifter), O. interrupta (Shuttleworth) and O. playa (H.B. Baker).

Growth rate (mm/season)

Initial diameter (mm)

Figure 2. Growth rates of Caracolus caracolla, in mm per sampling
season, as a function of initial shell diameter.

On the LFDP, no evidence existed for inhibition of growth
of C. caracolla, irrespective of mechanism. Although it is difficult
to demonstrate conclusively that competition is unimportant or
does not occur, especially in observational (as opposed to
experimental) studies, this set of results suggests that the effects
of exploitative competition are weak in this system. Several
factors could explain a lack of strong competition for resources.
First, C. caracolla 1s a generalist that feeds on a wide variety of
macroscopic and microscopic food items (Heatwole &
Heatwole, 1978). This breadth and flexibility of diet probably
reduces the potential for competition. Second, productivity in
the LEF is high (Wang e/ al., 2003), suggesting that food
sources, especially fungi and algae, replenish rapidly. Third,
the LEF is subject to a complex disturbance regime (Willig &
Walker, 1999; Thompson et al., 2002). Two extensively studied
disturbance types in the LEF are treefalls and hurricanes.
These two kinds of disturbance influence gastropod popu-
lations in two ways: altering microclimate and translocating
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resources from the canopy to the forest floor (Alvarez & Willig,
1993; Willig et al., 1998; Bloch & Willig, 2006). The former
effect may limit densities of C. caracolla below a threshold at
which competition would become evident, and the latter may
reduce or eliminate resource limitation. Another factor, mor-
tality by predation, has been suggested as a potential mechan-
ism preventing the attainment of densities great enough to
promote strong competition in mixed-species colonies of terres-
trial snails (Perry & Arthur, 1991). Several taxa consume gas-
tropods in the LEF, including several species of birds, the
black rat, Rattus rattus, frogs of the genus Eleutherodactylus,
lizards of the genus Anolis (Reagan & Waide, 1996) and carni-
vorous snails of the genus Oleacina (C.P. Bloch, personal obser-
vation). Nevertheless, the extent to which predation influences
population densities of (. caracolla remains unclear.

Interference is less easy to discount than exploitative compe-
tition. Nonetheless, it is inconsistent with our results. Median
size of C. caracolla increased with increasing density of conspeci-
fics and displayed no association with density of other gastro-
pods (although mean diameter did correlate positively with
density). This probably reflects an increased proportion of
adults compared with juveniles at high-density plots, as the
pattern disappeared if only adults were included in the analy-
sis. Regardless, high density of potential competitors clearly
did not decrease body size of C. caracolla. Moreover, individuals
often aggregated in large groups (often including multiple
species and size classes) on a single substrate. Thus, dominant
individuals, it would seem, do not physically exclude potential
competitors.

It remains unclear whether the mucus of C. caracolla contains
growth-inhibiting compounds. At least one other species in the
LEF, Polydontes luguillensis (Shuttleworth), may secrete toxins in
its mucus (Heatwole & Heatwole, 1978). Nonetheless, if such
compounds exist in C. caracolla or any species with which it
coexists on the LFDP, they either are not present in sufficient
quantity in the environment or are not sufficiently persistent
(e.g. washed away by frequent rains) to show an appreciable
effect on C. caracolla. Median diameter of C. caracolla was great-
est at sampling plots with high densities of conspecifics and
was unaffected by density of other gastropods. Similarly,
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Figure 3. The effects of population density (individuals/plot) on shell diameter (mm) of Caracolus caracolla. A. Shell diameter as a function of
density of conspecifics, from a temporal perspective (i.e. each data point represents median shell diameter and median population density among 40
sampling plots within a single season). B. Shell diameter as a function of total density of other gastropod species, from a temporal perspective. C.
Shell diameter as a function of density of conspecifics, from a spatial perspective (i.e. each data point represents median shell diameter and median
population density for a single sampling plot over the length of the study). D. Shell diameter as a function of total density of other gastropod
species, from a spatial perspective. A few points in (A) and (C) represent unusually large values of population density (indicated by open circles);

however, omitting these data does not alter the outcome of analyses.

growth rates were uncorrelated with density of potential com-
petitors. This suggests a minor role for intra- or interspecific
competition on C. caracolla.

The greatest effect of chemical cues in mucus is likely to be
on juvenile snails (Cook, 2001). The smallest C. caracolla cap-
tured, however, was 12.5 mm in diameter. Although neither
intra- nor interspecific density affected sizes of C. caracolla
larger than this, no data exist with which to draw conclusions
about potential effects on the smallest individuals (i.e. hatchl-
ings). Nevertheless, body size clearly is an ecologically import-
ant characteristic for C. caracolla because it drives age-specific
behaviour, distribution and mortality (Heatwole & Heatwole,
1978). It probably also correlates with the ability of individuals
to survive in disturbed environments.

Age-specific microhabitat preferences in C. caracolla suggest
the possibility of competitive interactions between adults and
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juveniles. Juveniles typically reside under rocks, in crevices, or
under fallen palm petioles, whereas adults commonly use tree
trunks or the leaf litter. Most likely, juveniles select microhabi-
tats as refugia from desiccation (Heatwole & Heatwole, 1978)
or perhaps predation, rather than in response to competition
from adults. Nevertheless, additional work is necessary to assess
the relative influence of competition vs climate or disturbance
on growth and survival of juvenile snails.

Regardless of interspecific interactions, temperature and
humidity can exercise strong constraints on body size and shell
morphology of terrestrial snails (Machin, 1967; Riddle, 1983;
Goodfriend, 1986). The LEF is subject to intense, recurrent
disturbances, with major hurricanes striking every 50—60 years
on average and smaller storms occurring more frequently
(Scatena & Larsen, 1991). Hurricanes influence both tempera-
ture and humidity by producing large gaps in the forest
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canopy. Within such gaps, microclimate is characterized by
elevated soil and air temperatures, increased rates of evapor-
ation and decreased humidities compared with those of undis-
turbed forest (Denslow, 1980). Desiccation, especially of eggs
and young individuals, is a principal cause of snail mortality
(Riddle, 1983; Solem, 1984; Baur & Baur, 1993) and could be
an important stressor for snails that inhabit frequently dis-
turbed environments such as the LEF.

Just as natural selection promotes character divergence to
mitigate the negative consequences of competition, it may lead
to adaptations that decrease susceptibility to environmental
correlates of disturbance. For example, Nenwa tridens, a species
that has higher population densities in treefall gaps than in
undisturbed forest, may reduce water loss by having a much
smaller shell aperture than does C. caracolla, which attains
higher densities in undisturbed forest than in gaps (Alvarez,
1991; Alvarez & Willig, 1993). Moreover, disturbance can
reduce competitive pressure by reducing densities of superior
competitors (Grime, 1973; Connell, 1978). Therefore, in fre-
quently disturbed systems, competition may have relatively
little effect on morphology.

Disturbance probably influences growth of C. caracolla in the
LEF more strongly than does competition. Cary (1992) found
significant differences in size class distributions between seasons
and among localities that differed with respect to damage by
Hurricane Hugo. In contrast, size distributions were stable
over time in the same forest years earlier (Heatwole &
Heatwole, 1978). Disturbance history may explain this discre-
pancy, as the former study commenced only 1 year after
Hurricane Hugo struck the LEF, whereas the latter study was
conducted decades after the most recent major hurricane
(Scatena & Larsen, 1991).

Caracolus caracolla typically grows for only about half of the
year, and the length of the growth period may be influenced
by rainfall (Heatwole & Heatwole, 1978). Decreased humidity
in canopy gaps resulting from disturbance may therefore influ-
ence the length of the growing season for C. caracolla, especially
for the smallest individuals, which are the least mobile and
most susceptible to desiccation (Heatwole & Heatwole, 1978).
This microclimatic harshness probably contributes to decreased
population size of C. caracolla in gaps as compared with sites
under intact canopy (Alvarez & Willig, 1993). In contrast,
increased resource availability within gaps may help to offset
the effects of microclimate. Fallen trees in gaps provide abun-
dant resources for snails and some of their food sources (e.g.
fungi). Snails that are able to survive in disturbed environ-
ments may be able to exploit a superabundant resource base.
This explains their ability to grow more rapidly in more dis-
turbed plots than on a less disturbed plot during the first few
years after Hurricane Hugo (Cary, 1992).

Although terrestrial gastropods in the LEI boast only
modest species richness (Van Der Schalie, 1948; Garrison &
Willig, 1996), population densities are high relative to those in
mainland tropical forests (Bloch, 2004). Nevertheless, neither
densities of conspecifics nor those of other gastropods reduced
growth of (. caracolla. This result suggests that competition is
relatively unimportant in this assemblage, as it is for most ter-
restrial gastropod assemblages. Other factors such as predation,
disturbance, climate and the distribution of important
resources such as calcium are probably more important influ-
ences than competition on populations and assemblages of ter-
restrial gastropods in the LEF.
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