


or biotic features of an ecosystem (Karr & Free-
mark 1985). More recently, it has become apparent 
rhat few communities are equilibria1 and mosr 
landscapes are mosaics resulting from various types 
of disturbance (Karr & Freemark 1985). Moreover, 
the impact of disrurbances on some ecosystems is 
so great, rhat their communities are considered to 
be disturbance-mediated (Dayton 1971, Levin & 
Paine 1974, Platt 1975, Giesel 1976, West et al. 
198 1, McAuliffe 1984, Christensen 1985, Connell 
& Keough 1985, Sousa 1985). Unfortunately, con- 
sensus does not exist on a comprehensive definition 
of disturbance, and a complete understanding of 
its effects on communities and populations is elu- 
sive. Nonetheless, most ecologists agree that dis- 
turbances are important forces that modify the en- 
vironment, depending on  their frequency, intensity, 
and scale (Waide & Lugo 1992). 

Snail Habitat Associations and Disturbance 503 

mining the cost of obtaining necessary elements for 
survival and reproduction (Krebs 1985, Ricklefs 
1990). Consequently, hurricane-induced alterations 
in competitor or predator densities likely affect the 
ecological and microgeographic distribution of spe- 
cies with whom they interact. Finally, density-de- 
pendent selection can result in changes in habitat 
associations as a consequence of the ideal-free dis- 
tribution (Fretwell & Lucas 1970) and intra-spe- 
cific interactions. The  presence of conspecifics may 
reduce the utility of an area to a point where an 
alternate site may be the more profitable choice for 
additional individuals. Clearly, disrurbances such as 
hurricanes can modify habitar associations via a 
number of mechanisms. As a result, species that 
exist in a landscape subject to different levels of 
disturbance should exhibit heterogeneity across rhar 
landscape in terms of habitat association. 

In September 1989, the center of Hurricane 
HURRICANEAND HABITAT ~ s s o c ~ ~ ~ ~ o ~ s . - H a b i t a tHugo passed within 10 km of the Luquillo Exper- 
associations may be defined operationally by the 
suite of abiotic or biotic characteristics that affect 
the abundances of species in a spatially explicit 
fashion (Sites & Willig 199 1, Willig et dl. 1993). 
Infrequent, large-scale disturbances of high inten- 
sity, such as hurricanes, can alter the magnitude, 
variation, or correlation among biotic and abiotic 
components of an ecosystem. Consequently, they 
have tremendous potential to alter the spatial dis- 
tribution and habitat associations of animals. 
Changes in the variability of, or correlation among, 
abiotic characteristics may result in organisms oc- 
cupying a wider range of conditions or, conversely, 
being limited to a narrower range of conditions 
than observed prior to a disturbance. Habitat mod- 
ifications imposed by such changes in abiotic con- 
ditions directly appear as differences in habitar as- 
sociations. Moreover, groups of plant species are 
often found together as a result of similar adapta- 
tions to topography or abiotic conditions (Basnet 
1992). Hurricanes differentially affect the appar- 
ency and distribution of plants, potentially killing 
more of one plant species than another (Zimmer- 
man et al. 1994). When this occurs, animals may 
be unable to locate specific combinations of plants 
which represent high value habitat and, as a con- 
sequence, must inhabit areas which contain only 
one of the preferred plants or occupy sites with 
distinctly different combinations of plants than be- 
fore the hurricane. By altering the frequency and 
intensity of inter-specific interactions in a site-spe- 
cific fashion, disrurbances indirectly alter habitat 
associations as well. In particular, competitors or 
predators modify the value of a habitat by deter- 

imental Forest (LEF) of Puerto Fbco. Subsequently, 
short-term studies of the effects of the hurricane 
were conducted on a variety of animal taxa; mosr, 
but not all taxa, suffered reductions in the after- 
math of the disturbance (Covich et al. 199 1, Dol- 
loff et al. 1994, Gannon & Willig 1994, Haney et 
al. 1991, Reagan 1991, Waide 1991a, Willig & 
Camilo 1991, Woolbright 1991). Five years have 
elapsed since Hurricane Hugo modified the land- 
scape of the LEF; consequently, we can begin to 
evaluate long-term response and the legacy of in- 
frequent events on population attributes (Willig et 
dl., in press). Tree snails are ideal organisms with 
which to study these phenomena because they are 
not as mobile as many macro-invertebrates, and 
they are unable to easily escape a disturbance or 
the changed environment rhat follows. As a con- 
sequence, they may more readily reflect the distur- 
bance history of a site (Strayer et al. 1986) than do 
more mobile invertebrates or vertebrates. 

SNAILS P E C I E L . - ~ ~terrestrial ecosystems, land mol- 
lusks rank second in species richness after arthro- 
pods (Russell-Hunter 1983). Because of their num- 
bers and trophic position as litter-feeders and her- 
bivores, terrestrial snails likely are of considerable 
ecological importance (Mason 1970). Still, the 
ecology of land snails is more poorly understood 
than rhar of other invertebrates (e.g., insects) or 
vertebrates. 

Thirty-four species of land snails inhabit the 
tabonuco forest of Puerto Rico (Alvarez 1991). 
Caracolus caracolla (Camaenidae), Nenia tridens 
(Clausiliidae), Polydontes acutangula (Camaenidae), 
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and Gaeotis nigrolineata (Bulimulidae) are among 
the more common taxa (Willig et al., in press). The 
activity of these species is primarily nocturnal or 
associated wirh high relative humidity during di- 
urnal rain showers. Although many snail species are 
soil inhabitants, these four usually are found on the 
surfaces of living plants or recently fallen branches 
or leaves, and rarely are found above a height of 5 
m. The densities of C,caracolla and N. tridens are 
far greater than those of the other two species; I? 
acutangula is the least common (Willig et al., in 
press). With regard to microhabitat affinities, C. 
caracolla appears most catholic, whereas G, nigro-
lineata is most restricted, being associated mainly 
with the undersides of leaflets of Prestoea montana 
(Sierra palm). Nenia tridens frequently is found on 
trunks or recently fallen leaves of Prestoea, although 
it commonly occurs on the stems of woody vines 
as well. 

The life history of C. caracolla is better known 
than that of most other invertebrates. Various as- 
pects of its autecology have been studied, including 
habitat associations and distribution (Van der 
Schalie 1948, Alvarez & Willig 1993), behavior 
(Drewry 1968), life history (Heanvole & Heanvole 
1978), reproductive cycle (Marcos 1992), home- 
range size and site fidelity (Heanvole & Heanvole 
1978, Cary 1992), and immediate response to 
Hurricane Hugo (Willig & Camilo 1991). Life his- 
tory characteristics of N. tridens remain unstudied; 
however, ecological studies have included evalua- 
tions of habitat associations (Alvarez 199 1, Alvarez 
& Willig 1993), distribution (Van der Schalie 
1948), and immediate response to Hurricane Hugo 
(Willig & Camilo 199 1). Knowledge concerning 
the ecology of I? acutangula is cursory; studies in- 
clude considerations of snail activity patterns, hab- 
itat associations, reproductive cycle, longevity, and 
immediate response to Hurricane Hugo (Heanvole 
& Heanvole 1978, Willig & Camilo 1991). Sim- 
ilarly, information regarding the ecology and be- 
havior of G. nigrolineata is limited, although Willig 
and Camilo (1991) did evaluate its immediate re- 
sponse to Hurricane Hugo. 

METHODS 
STUDY~ ~ a . - T h e  LEF includes 11,330 ha within 
the Luquillo Mountains, ranging in elevation from 
100 m to 1,075 m (Brown et al. 1983). The LEF 
comprises four life zones: subrropical wet foresr, 
subrropical rain foresr, lower montane wet forest, 
and lower montane rain forest (Brown et al. 1983). 
The zones are a result of rapid increases in elevation 

accompanied by changes in precipitation, temper- 
ature, soil structure, and vegetation (Brown et al. 
1983). The most intensely studied life zone is the 
subtropical wet forest (100-600 m), commonly 
called the tabonuco foresr because of the abun- 
dance of Dacryodes excelsa (tabonuco) 

Long-term ecological monitoring of land snails 
within the tabonuco forest was conducted at two 
sites, El Verde and Bisley. El Verde (18"201N, 
65'49'W; 69 ha) is located in the northwestern 
corner of the LEF; the Bisley Watersheds 
(18"18'N, 65"50fW; 28 ha) are located in the 
northeastern corner of the LEE Many of the cur- 
rent differences benveen El Verde and Bisley can 
be attributed to Hurricane Hugo (Scatena & Lar-
sen 1991). Boose et al. (1994) found an east-to-
west damage gradient across the LEF associated 
wirh Hurricane Hugo. The extent of damage also 
depended on exposure, elevation, and vegetation 
type. Most of the damage was concentrated on 
north-facing slopes, with little impact on south-
facing slopes (Scatena & Larsen 1991). El Verde 
suffered moderate damage (Walker 199 I),  experi- 
encing 50 percent canopy defoliation and 7 percent 
tree mortality, whereas Bisley (Walker et al. 1992) 
experienced 100 percent canopy defoliation and 54 
percent tree mortality. 

STUDYPLOTS.-TWO . &

study plots were established in 
the tabonuco forest, the Hurricane Recovery Plot 
(HRP) at El Verde and the Bisley grid. The HRP 
is a 16 ha rectangular (500 m X 320 m) area, with 
442 grid points spaced at 20 m intervals. The Bis- 
ley Grid (13 ha) is contained within Bisley Water- 
sheds One and Two, wirh 88 points spaced at 40 
m inrervals. Previous surveys of the HRP (Cary 
1992) and Bisley grid (Willig & Camilo 1991) 
each included 40 points; this study examined the 
same points to facilitate temporal comparisons 
within a site. Land snails were surveyed three times 
in 1994, from June 13 to August 6, at each of 40 
points (60 m spacing) on the HRP and 36 points 
(40 m spacing) on the Bisley Grid. At Bisley, four 
of the original 40 poinrs were inaccessible to survey 
teams in 1994. 

A circle, 10 m in diameter, was surveyed 
around each of the 76 points. Two investigators 
surveyed each circle for a minimum of 20 min, 
during which all snails were located by visually in- 
specting soil, rocks, leaf litter, and vegetation up to 
a height of approximately 5 m. Snails within reach 
were measured, identified to species, and replaced 
within the circle as near as possible to the exact 
location of capture. Surveys alternated benveen El 
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TABLE 1. 	 The suite of 31 habitat variables used to char- 
acttrize El Verde and Bidey. Apparency mea- 
sures the number offoliar intercepts at a par- 
ticular hezght or by a particular taxon at any 

Verde and Bisley to allow snails ample time to re- 
cover from handling and displacement from pre- 
ferred microhabitat as a result of prior surveys. As 
a consequence, each of the 76 points was surveyed 
once every 2 wk over a 6 wk period. Surveys were 
conducted at night because snails are characteris- 
tically nocturnal (Heatwole & Heatwole 1978, 
Cary 1992). Snail density was estimated as the 
minimum number known alive (MNKA) from the 
three differenr surveys. Although MNKA is an un- 
derestimate of true densitv, relative differences in 
density among sites are reflected by differences in 
MNKA (Willig et al., in press). 

height. 

Descriptors 

Geographic 
Slope 
Elevation 

Height-specific apparency 
0.0 m 
0.5 m 
1.0 m 

Descriptor 
Code VPe 

SLOPE Continuous 

ELEV Continuous 


H T  1 Discrete 
H T 2  Discrete 
H T 3  Discrete 
HT4 Discrete 
HT5 Discrete 
HT6 Discrete 
H T 7  Discrete 

CASARB Discrete 
CECSCH Discrete 
DIDMOR Discrete 
HELCAR Discrete 
ICHPAL Discrete 
PALlUP Discrete 
P H I L 0  Discrete 
PIPGLA Discrete 
PIPHIS Discrete 
PREMON Discrete 
PSYBER Discrete 
ROU Discrete 
SLOB Discrete 
MIC Discrete 
RUB Discrere 

ADEN Continuous 
ANAIL Continuous 
D W  Ranked 
LC Ranked 
RC Ranked 

HABITAT 	 at El Verde 1.5 mC H A R A C T E R I W T I O N . - H ~ ~ ~ ~ ~ ~ ~  
and Bisley were characterized during a two wk pe- 
riod following the completion of snail surveys. 
Habitat characterizations were conducted during 
the day, with a minimum of three people surveying 
a circular area (10 m diameter) centered on a point. 
Thirty-one descriptors, reflecting structural and 
taxonomic attributes of the canopy, subcanopy, and 
forest floor (Table 1) were used to characterize hab- 
itat. Descriptors were quantified as ranked, dis-
crete, or continuous variables. Ranked variables 
(Cary 1992, Secrest 1995) assumed one of five 
states depending on the relative amount of cover 
(1, 0%-20%; 2, 21%-40%; 3, 41%-60%; 4, 
61 %-80%; 5, 8 1%-100%). Measures of canopy 
openness, dead vegetation, roots, litter, and plant 
apparency (Cook & Stubbendieck 1986) were con- 
sidered discrete variables, although the underlying 
distribution of each was continuous. Plant appar- 
ency is an estimate of foliar volume at differenr 
heights. The number of foliar intercepts, defined 
as a species-specific count of vegetation (e.g., leaf, 
stem) touching a wooden dowel, was counted at 
each of 7 heights (0, 0.5, 1.0, 1.5, 2.0, 2.5, and 
3.0 m) using a plant apparency device (Cary 1992, 
Secrest 1995). Four 0.5 m dowels were positioned 
at 90" angles at each height. The device was posi- 
tioned 1.5 m from the central point in each car- 
dinal direction, and the number of intercepts re-
corded. Height-specific apparency and species-spe- 
cific apparency (Cary 1992, Willig et a/. 1993) 
were calculated as the total number of foliar inter- 
cepts at each height regardless of species, and the 
total number of foliar intercepts by each common 
species or category (i.e., dead vegetation) regardless 
of height, respectively. Canopy openness was eval- 
uated using a densiometer positioned 0.5 m away 
from the point in each of the cardinal directions. 
The mean of those four readings described open- 
ness at each point. The amount of dead vegetation 

2.0 m 
2.5 m 
3.0 m 

Species-specific apparency 
Casearia arborra 
Cecropia schreberzana 
Didymopnnnw rnorototoni 
Heliconin caribaen 
lchnanthus pnllrns 
Pulicourea ripariu 
Philodendron spp. 
Piper glnbrescerzs 
Pzper hispidum 
Prestoea montana 
Psychotria berteriana 
Roureu surinnrtzensis 
Sloanen berterinna 
Miconia spp. 
Rubiaceae spp. 

Other 
Canopy openness 
Litter cover 
Dead wood cover 
Litter cover 
Rock cover 
Vine cover VC Ranked 
Dead vegetation DEAD Discrete 

and roots was determined as the number of inter- 
cepts of each by the plant apparency device. A nail 
was driven into the forest floor I m from the point 
in each of the cardinal directions, the average num- 
ber of leaves from the four replicates was used to 
produce an estimate of litter cover. Finally, slope, 
and elevation were obtained for each point from 
topographic maps. 

STATISTICAL ANALYSES 

All statistical analyses were performed on SPSS 

(SPSS Inc. 1990) and are described in Sokal and 
Rohlf (1981) or Tabachnick and Fidell (1989). Un- 
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less otherwise stated, significance was detected if P 
5 0.05. 

ANALYSESOF HABITAT.-Differences between the 
HRP and Bisley with respect to the 31 habitat vari- 
ables were assessed from multivariate and univariate 
perspectives (Willig 1993, Lacher & Willig 1993). 
Overall significance, with respect to central tenden- 
cy (centroids), was determined by Multivariate 
Analysis of Variance (MANOVA), with likely con- 
tributions of particular characteristics to overall dif- 
ferences identified by Bonferroni's Sequential Ad- 
justment (Rice 1989). Differences in variance be- 
tween the HRP and Bisley for each habitat char- 
acteristic were assessed by ~artlett 's Test. 

In addition to affecting the magnitude or vari- 
ance of habirat characteristics, Hurricane Hugo-
could have differentially altered associations among 
habitar characters within sites. Such differences in 
the correlation of habitat characteristics were as- 
sessed by Manrel Analyses (Manly 1986). Non-sig- 
nificance in the Mantel Test suggests that the spa- 
tial association of habitat characteristics is different 
between El Verde and Bisley. 

ANALYSISOF ~ ) ~ ~ s ~ ~ ~ ~ . - I n t r a - s p e c i f i ccomparisons 
of density between the HRP (moderate distur- 
bance) and Bisley Grid (severe disrurbance) were 
conducted for each of the four common snail spe- 
cies. Because heteroscedasticity was detected in 
these comparisons of sites (Bartlett's Test), mean 
differences were identified via t-tests based on un- 
equal variances. 

~ A L Y S I SOF HABITAT ASSOCIATIONS.-Foreach spe- 
cies, three step-wise multiple regressions were con- 
ducted with snail density as the dependent variable 
and the 31 habitar descriptors (Table 1) as inde- 
pendent variables. The first two analyses were site- 
specific, one for the HRP and one for Bisley. They 
assessed if the suire of habirat characterisrics ac-
counted for a significant quantity of variation in 
density among points within sites (overall F-tests) 
and identified the specific characteristics that likely 
contribute to those differences. Because some im- 
portant characteristics may not appear in regression 
equations as a consequence of high communality 
with those already in the regression, we also ex- 
amined simple correlations between snail density 
and each habirat descriptor. These inferential sta- 
tistics assess linear relationships between snail 
abundances and habirat descriptors. As a conse-
quence, we may fail to recognize the importance of 
some variables to the extent that actual relation- 

ships are non-linear. We have minimized this like- 
lihood by restricting our focus to tabonuco forest; 
moreover, visual inspection of scattergrams failed 
to suggest obvious non-linearities (Gaussian or as- 
ymptotic relationships). 

The third analysis combined data for both sites 
and included a dummy variable that coded for the 
HRP (0) and Bisley (1). If the dummy variable was 
included in the regression, then differences between 
locations beyond those represented by variation in 
the suire of habitat characterisrics accounted for 
differences in density among sites, and disrurbance 
may have altered critical aspects of habitar associ- 
ations. 

RESULTS 

HABITATCHARACTERISTICS.--El andVerde Bisley 
represented significantly different combinations of 
habitat characteristics (MANOVA; F = 36.4; P < 
0.001) based on the suire of 31 variables (Table 1). 
This difference persisted when characteristics un-
affected by the hurricane (i.e., slope, elevation) are 
removed from consideration (MANOVA; F = 

5.75; P < 0.001). Bonferonni's sequential adjust- 
ment procedure confirmed the overall significance 
in both circumstances, suggesting that multivariate 
results were robust with respect to potential devi- 
ations from model assumptions. Examination of 
character-specific significance from the Bonferonni 
procedure for the analysis based on the combined 
data revealed that slope, elevation, and heighr-spe- 
cific apparency at 0.5 m and 1 m significantly con- 
tributed to the overall difference (Table 2). In the 
same manner, variances were unequal for over 65 
percent of the habitat variables; in most cases of 
significance, Bisley was more variable than El Verde 
(Table 2). Despite differences in central tendency 
and dispersion, the correlation among habitat vari- 
ables at El Verde was quite similar to that at Bisley 
(Mantel Analysis; P = 0.004). 

DENSI~.--The mean and variance of density (per 
unit area of 78.25 m2) significantly differed be- 
tween the HRP and Bisley for three of the four 
snail species (C. caracolla, N. tridens, and G. nigro-
lineata), but not for I?acutangula (Table 3). The 
densities of C. caracolla (HRP, 14.33; Bisley, 8.92) 
and G. nigrolineata (HRP, 3.50; Bisley, 1.64) were 
approximately twice as great on the site experienc- 
ing moderate damage from Hurricane Hugo (HRP 
at El Verde). In contrast, the density of N, tridens 
on the severely disturbed site (Bisley) was twice as 
great as that at the moderately disturbed site (HRP, 
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TABLE 2. 	 Mean and standard error (SEIfor each of 31 descriptors (Table 1) that characterized habitat at El Verde (N 
= 40) and Bisley (N = 37).Assessments of equalip of variance (Bartlettj Test) and equaliq of means 6-test, 
unpooled variances) are provided; for mean comparisons, Bonfero~znii sequential a4ustment indicntes sign$- 
cnnce (*, P 5 0.05; NS, not significant) ajer controlling overall error rate for the number ofvnriubles under 
exuminntions. Wzriuble code$ appear in Ezble I .  

Bon-
feronni's 

Variable 
El Verde Bidey 

Bartlett's test t-test 
sequential 

adjust-
code Mean SE Mean SE (significance) (significance) ment 

SLOPE 23.38 0.28 43.39 0.65 <0.001 <0.001 
ELEV 378.94 0.43 333.61 1.14 <0.001 <0.001 
H T  1 85.98 1.04 111.47 1.46 0.160 0.023 NS 
HT2 6.38 0.10 1 1.97 0.23 <0.001 <0.001 
HT3 4.65 0.08 8.22 0.16 0.001 0.001 
HT4 5.48 0.12 7.67 0.22 0.001 0.154 NS 
HT5 5.48 0.11 8.08 0.19 0.007 0.054 KS 
HT6 6.75 0.17 7.42 0.21 0.570 0.686 NS 
HT7 7.43 0.16 11.78 0.34 <0.001 0.063 NS 
CASARB 1.13 0.07 0.08 0.01 <0.001 0.025 NS 
CECSCH 0.73 0.05 2.69 0.14 <0.001 0.037 NS 
DIDMOR 0.03 0.00 0.06 0.01 <0.001 0.618 N S 
HELCAR 0.55 0.04 0.33 0.03 0.020 0.483 NS 
ICHPAL 2.03 0.12 0.78 0.04 <0.001 0.131 KS 
PALRIP 4.18 0.21 1.72 0.15 0.013 0.125 NS 
PHIL0 0.98 0.08 0.72 0.07 0.200 0.696 NS 
PIPGLA 0.80 0.05 2.03 0.07 0.078 0.023 NS 
PIPHIS 0.00 0.00 0.61 0.04 - 0.017 NS 
PREMON 11.33 0.30 4.19 0.18 <0.001 0.002 NS 
PSYBER 0.70 0.06 2.58 0.13 <0.001 0.030 NS 
ROU 0.30 0.02 0.78 0.05 <0.001 0.182 KS 
SLOB 0.55 0.05 1.89 0.10 0.001 0.055 NS 
MIC 0.15 0.01 3.00 0.19 <0.001 0.0 17 NS 
RUB 0.40 0.02 0.39 0.04 0.013 0.965 NS 
ADEN 1.57 0.03 1.51 0.03 0.820 0.785 NS 
ANAIL 1.75 0.03 1.85 0.04 0.298 0.738 NS 
DW 2.28 0.03 3.17 0.04 0.071 0.007 KS 
LC 2.93 0.02 2.92 0.02 0.548 0.963 NS 
RC 2.75 0.04 1.81 0.04 0.235 0.005 KS 
VC 2.30 0.04 1.69 0.03 0.039 0.045 NS 
DEAD 80.13 1.07 109.19 1.64 0.050 0.018 NS 

TABLE 3. 	 Mean and itanddrd deviation for each offour common snail species, C. caracolla, P. acutangula, K. tridens, 
and G. nigrolineata, on the Hurricane Recovery Plot ( H W )  and the Bisley Grid (B). The range ofdensip 
valuesfor each species is shouin in parentheses. Site-spec$c dzfferences in the variance (Bartletri. test) and mean 
6-test wirh unequal variances) ofdensitj were performed for each of the species. 

C. caracolla I( acutangula N nidens G. nigrolzneatir 

Statistic HRP B HRP B HRP B HRP B 

Mean 14.33 8.92 0.40 0.39 15.83 32.61 3.50 1.64 
Standard Deviation 1168 7.92 0.67 0.60 12.32 22.15 2.70 1.71 
Range (1-55) (0-27) (0-3) (0-2) (1-59) (6-107) (0-10) (0-6) 
P (Bartlett's) KS *** x *  

P (t-adjusted) 0.020 0.939 <0.001 0.001 
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TABLE 4.  	 Results from stepwise multiple regression assessing the degree to which a suite of habitat variables (Table 1) 
affect the density of Caracolus caracolla. The order of appearance of variables rejects their entry into the 
equation. Statistics include P,  the standardized regression coefficient; t, test statistic; R2, the multiple coeficient 
of variation; AR2, the chanfe in variation explained by the addition of a particular variable. 

Statistic 

Location Variable 	 I3 t P-value R2 AR2 

El Verde 	 Apparency of Heliconia caribaea 0.378 3.015 0.005 0.387 0.387 
Apparency of Philodendron spp. 0.520 3.918 <0.001 0.518 0.131 
Apparency of lchnanthus pallens -0.263 -2.258 0.030 0.578 0.060 
Constant 12.165 8.545 <0.001 - -

Bisley 	 Rock cover 0.608 3.91 1 <0.001 0.302 0.302 
Dead material cover -0.359 -2.581 0.015 0.385 0.083 
Apparency of Heliconia caribaea 0.354 -2.320 0.027 0.474 0.089 
Constant 8.262 2.668 0.012 - -

Combined 	 Rock cover 0.294 2.941 0.004 0.224 0.224 
Apparency of Heliconia caribaea 0.294 2.955 0.004 0.335 0.1 1 1  
Apparency of P/?ilodendron spp. 0.298 2.985 0.004 0.383 0.048 
Apparency at 2 m -0.212 -2.138 0.036 0.420 0.037 
Constant 7.733 3.332 0.001 - -

15.83; Bisley, 32.61). The density of I! acutangula ly smaller (-0.21 2). The consequence of combin- 
was low and similar at both sites (HRP,0.40; Bis- ing data for the HRP and Bisley involved only a 
ley, 0.39). slight reduction in R 2  compared to regression 

equations tailored to each site separately. The sig- 
HABITATASSOCIATIONS.-Thecombined regression nificant variables in the combined analyses were a 
equation for C. caracolla accounted for 38.7 per- composite of those appearing in each of the sepa- 
cent of the variation in snail density among points, rate analyses. 
regardless of site (the dummy variable was not sig- For N trideizs, slope and elevation were signif- 
nificant, P = 0.322). Significant habitat variables icant in the combined analysis, accounting for 28.8 
included rock cover, apparency of Heliconia cari- percent of the variation in snail density (Table 5 ) .  
baea, apparency of Philodendron spp., and plant ap- Again, the dummy variable was not significant ( P  
parency at 2 m (Table 4). The standardized coef- = 0.330); habitat associations were not different 
ficients for the first three variables were positive and between sites. The standardized coefficient for 
equivalent in magnitude (0.294, 0.294, and 0.298, slope was positive (0.342), vihcrcas the standard- 
respectively), whereas the standardized coefficient ized coefficient for elevation was negative 
for plant apparency at 2 m was negative and slight- (-0.328). The R 2  from the combined analysis was 

TABLE 5. 	 Results from stepwise multiple regression assessing the degree to which a suite of habitat variables (Table I )  
affect$ the detzsig of Nenia tridens. The order of appearance of variables rdects their enrry into the equation. 
Statistics include P, the standardized regression coeffcienc t, test statistic; R2, the multiple coeffcient of vari- 
ation; AR2, the change in variation explained by the addition of a particular variable. 

Statistic 

Location Variable 

El Verde 	 Elevation 
Constant 

Bisley 	 Rock cover 
Litter cover 
Apparency at 3 m 
Constant 

Combined 	 Slope 
Elevation 
Constant 
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TABLE 6. 	 Results from stepwise multiple regression assessing the degree to which a suite of habitat variables (Zble  I )  
affects the density of Gaeotis nigrolineata. The order of appearance of variables reflects their entry into the 
equation. Statistics include P, the standardized regression coeffcient; t, test statistic; R2, the multiple coeffcient 
of variation; AR2, the change in variation explained by the addition of a particular variable. 

Statistic 

Location Variable 	 I3 t P-value R2 1 R 2  

El Verde 	 Apparency at 0 m -0.025 -2.515 0.016 0.143 0.143 
Apparency of Prestoea montana 0.08 1 2.558 0.015 0.272 0.129 
Constant 5.000 5.559 10.001 - -

Bisley 	 Apparency at 1 m -0.1 17 -2.414 0.021 0.146 0.146 
Constant 2.600 5.424 <0.001 - -

Combined 	 Apparency of Prestoea montana 0.070 3.010 0.004 0.215 0.215 
Apparency at 0 m -0.014 -2.852 0.006 0.269 0.054 
Apparency at 1 m -0.121 -2.398 0.019 0.311 0.042 
Apparency of Pqer glabrescens -0.218 -2.081 0.041 0.338 0.027 
Constant 4.510 6.847 <0.001 - -

approximately twice that at El Verde but only half Bonferonni's sequential adjustment of signifi- 
. that at Bisley. cances from simple correlation analyses confirmed 

The apparencies of I?montana and I? glabres- the overall relationship between snail density and 
cens, along with apparency at 0 and 1 m, signifi- habitat characteristics (C. caracolla, N. tridenr, and 
cantly accounted for 33.8 percent of the variation G. nigrolineata were significant; I? acutangula, was 
in density of G. nigrolineata. Again, the dummy not significant) for the combined data (Table 8).  
variable was not significant and habitat associations Rock cover and apparency of H. caribaea were 
were equivalent at both sites (Table 6). A number most strongly and positively correlated with density 
of the significant variables from the site-specific of C. caracolla. Slope (positive), elevation (nega-
analyses (apparency at O and 1 m, as well as ap- tive), and apparency of I? glabrescenr (positive) were 
parency of I? montana) appear in the regression most strongly correlated with density of N.tridens. 
equation for the combined data as well. The com- Apparency of I? montana was strongly and posi- 
bined analysis (33.8%) accounted for more of the tively associated with density of G. nigrolineata. 
variation in density than did site-specific analyses 
(El Verde, 27.2%; Bisley, 14.6%). DISCUSSION

For the combined data, the only habitat char- 
acteristic to account for a significant proportion of TEMPORAL demographicc o ~ ~ ~ ~ ~ s o ~ s . - L o n g - t e r m  
the variation in density of I? acutangula was the trends of snails at El Verde (Willig et  dl., in press) 
apparency at 2 m (Table 7). Little of the variation and Bisley (Secrest 1995, Willig et  d l ,  in press) 
(< 16.0%) in density was explained by site-specific appear in detail elsewhere. The salient comparisons 
or combined models. with regard to this study briefly are summarized to 

TABLE 7. 	 Results from stepwise multiple regression assessing the degree to which a suite of habitat variables ( E b k  I )  
affects the density of Polydontes acutangula. The order of appearance of variables reflects their entry into the 
equation. Statistics include P,  the standardized regression coeffcient; t ,  test statistic; R2, the multiple coeffcient 
of variation; AR2, the change in variation explained by the addition of a particular variable, 

Statistic 

Location Variable R t P-value R2 1 R 2  

El Verde Apparency at 2 m -0.060 -2.569 0.014 0.148 0.148 
Constant 0.727 4.503 <0.001 - -

Bisley Rock cover 0.186 2.534 0.016 0.159 0.159 
Constant 0.053 0.328 0.745 - -

Combined Apparency at 2 m -0.031 -2.534 0.013 0.080 0.080 
Constant 0.604 5.573 <0.001 - -



2 TABLE 8. Correlations between density and each of 31 habitat descriptors (Table I ;  El Krde and Bisley combined) are shownfor C. caracolla, I? acutangula, N. tridens, and G. 
nigrolineata. The signifcance of P-values is assessed via Bonfronnii sequential adjustment (*, signifcant; NS, not sign$cant) in order to maintain an overall error rate 
of 5%. 

C. caracolla l? acutangula N.tridens 

Bonferonni's Bonferonni's Bonferonni's 
sequential sequential sequential 

G. nigrolineata 
(D2 
2

Bonferonni's -
sequential 5 

Variables adjustment adjustment P-value adiustment r P-value adjustment 

SLOPE NS -0.226 0.050 NS Dl3 

ELEV 
HT 1 
HT2 

NS 
NS 
NS 

0.192 
-0.31 1 
-0.162 

0.096 
0.006 
0.162 

NS 
NS 
NS 

a 
71 
(D 
u 
u 

HT3 NS -0.335 0.003 NS V)e 
HT4 NS -0.156 0.178 NS 
HT5 NS -0.159 0.170 NS 
HT6 NS -0.052 0.659 NS 
HT7 NS -0.048 0.681 NS 
CASARB NS 0.029 0.802 NS 
CECSCH NS -0.136 0.241 NS 
DIDMOR NS -0.082 0.481 NS 
HELCAR NS 0.120 0.303 NS 
ICHI'AL NS -0.125 0.283 NS 
I'ALKIP NS -0.030 0.794 NS 
PHIL0 NS -0.027 0.814 NS 
P1PGI.A NS -0.289 0.01 1 NS 
1'II'HIS NS -0.029 0.802 NS 
PREMON NS 0.379 0.001 
I'SYBER NS -0.063 0.578 NS 
ROU NS -0.141 0.224 NS 
SLOB NS -0.166 0.153 NS 
MIC NS 0.008 0.943 NS 
RUB NS 0.033 0.777 NS 
ADEN NS -0.113 0.331 NS 
ANAI L NS -0.021 0.859 NS 
DW NS -0.194 0.094 NS 
LC NS -0.123 0.289 NS 
RC NS 0.165 0.154 NS 
VC NS 0.038 0.745 NS 
DEAD NS -0.304 0.008 NS 



provide context for the discussion that follows. All 
four snail species suffered significant reductions in 
abundance in the aftermath of Hurricane Hugo 
(Willig & Camilo 1991) and all subsequently at- 
tained densities (per 78.25 m2 sampling unit) at 
least twice as great as pre-hurricane levels. From 
1989 (pre-hurricane) to 1994, C. caracolla in-
creased three-fold (3.1 to 8.9), N. tridens increased 
seven-fold (4.9 to 32.6), Z? acutangula doubled (0.2 
to 0.4), and G. ni'olineata increased six-fold (0.6 
to 3.5). Although absolute measures of spatial vari- 
ability (variance) were greater in 1994 than before 
the hurricane, relative spatial variability (coefficient 
of variation) decreased in response to the hurricane 
for all species (C. caracolla, from 1.0 to 0.8; N. 
tridens, from 1.1 to 0.5; Z? acutangula, from 1.0 to 
0.8; G. ni'olineata, from 0.6 to 0.4). At least at 
Bisley, where severe hurricane damage was docu-
mented, the long-term (5 yr) response of common 
snail populations was to increase and become more 
homogeneously distributed throughout the land- 
scape. The direct effects of Hurricane Hugo, along 
with the subsequent changes in microclimate at the 
soil-litter interface, apparently caused significant 
mortality in snails. Nonetheless, large inputs of lit- 
ter as a consequence of the hurricane, followed by 
appreciable increases in the development of the un- 
derstory, provided increased amounts of shelter and 
food for snails. Similarly, as the canopy regenerated, 
many individual plants in the understory were un- 
able to survive, renewing inputs of substrate and 
food for species like snails that feed on detritus. 

HABITATASSOCIATIONS.-The lack of significance 
for the dummy variable in multiple regression anal- 
yses (Tables 5-7) suggests that differences within 
sites that lead to differential abundance of snails 
are consistent with and sufficient to account for the 
differences between sites in the density of snails. 
This is corroborated for each of the three species 
that exhibited significant habitat associations and 
differed significantly in density between sites (C. 
caracolla, N.tridens, and Z? acutangula). Sites with- 
in El Verde or Bidey that exhibited high apparency 
of Heliconia or Philodendron, were rocky, and had 
little subcanopy development at 2 m, supported 
high densities of C. caracolla (Table 4). Similarly, 
the site (HRP) with higher density of C. caracolla 
(Table 3) had the higher apparency of both plant 
species, lower subcanopy development at 2 m, and 
higher rock cover (Table 2). In another study of 
habitat selection by C. caracolla in the tabonuco 
forest at El Verde, Cary (1992) found that snail 
density was highest at points with high apparency 
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of Philodendron or other vines and Heliconia. His 
result was true for the HRP in the dry season of 
1991 (2 yr after Hurricane Hugo), as well as for 
an analysis at a finer spatial scale (i.e., variation 
among 36 9-m2 quadrats within each of three 324- 
m2 grids). Within both El Verde and Bidey, points 
with steep slopes but low elevation had high den- 
sities of N. tridens (Table 5). As expected, the site 
with higher slope and lower elevation (Bidey; Table 
2) supported higher densities of N. tridens (Table 
3). Finally, G. nipolineata was most abundant at 
points within sites that had high apparency of Pres-
toea montana, low apparency of Piper glabrescens, 
and low foliar development at ground level and at 
1 m (Table 6). In an analogous fashion, the site 
(HRP) with the higher apparency of Prestoea mon- 
tana, lower apparency of Piperglabrescens, and low- 
er foliar development at ground and 1 m (Table 2) 
had the higher density of G. nigrolineata. The only 
snail species (I? acutangula) for which significant 
habitat associations were not detectable in multiple 
regression analyses had statistically indistinguish- 
able densities at Bisley and on the HRP (Table 3). 

SCALEEFFECTS.--HUTT~C~~~Hugo had a drastic ef- 
fect on the density and distribution of animals in 
general (Waide 1991b), and snails in particular 
(Willig & Camilo 1991), in tabonuco forest. The 
legacy of the hurricane's impact is still detectable 
at El Verde (Willig et al., in press.) where signifi- 
cant differences in density persist among sites that 
experienced different degrees of damage as a result 
of tree mortality, and trajectories of recovery from 
the effect of Hurricane Hugo are dependent on 
previous landuse history. At a larger geographic 
scale, significant differences in the mean and vari- 
ability of snail densities exist between El Verde and 
Bisley (Table 3). 

We designed our analyses to assess if these site- 
specific differences in abiotic, floral, and faunal 
components, arising at least in part from Hurricane 
Hugo and persisting to the present, were of suffi- 
cient magnitude to alter patterns of habitat asso- 
ciation in four common snail species. For all four 
species of invertebrates, habitat associations were 
not significantly affected by site-specific differences 
beyond those related to the magnitude of the 31 
habitat characteristics. Differences between sites in 
the density of each snail species are explicable in 
terms of differences related to habitat characteris- 
tics. To a large extent, consistent patterns of habitat 
association may occur because the association be- 
tween habitat characteristics at Bisley is similar to 
the association between habitat characteristics at El 
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Verde. Either t h e  hurricane d id  n o t  alter the  cor- equally radical disruption o f  the  correlation o f  hab- 
relation between habitat characteristics in  a signif- itat characteristics. 

icant fashion, o r  recovery has progressed to  the  
point  that  any  initial differences in  t h e  pat tern o f  ACKNOWLEDGMENTS 
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