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CHAPTER I 

INTRODUCTION 

The role of disturbance in structuring communities is widely recognized in 

ecology (Dayton, 1971; Pickett and White, 1985; Piatt and Strong, 1989; Sousa, 1984; 

Waide and Lugo, 1992; White, 1979). Disturbance may be narrowly or broadly 

defined, depending on the system of interest and focal organism. Moreover, the impact 

of a disturbance may range from altering habitat structure, resources, and micro

climate, to disrupting biological interactions and lowering species densities (Browkaw, 

1985; Denslow, 1985). Depending on the severity, intensity, frequency, and 

magnitude of a disturbance event, complete recovery from the event may take days or 

years (Waide and Lugo, 1992). Many processes require sufficient time to recover from 

such events. Thus, the spatial and temporal aspects of a disturbance event are crucial to 

understanding their long-term effects on organisms and communities. 

Long-term ecological research is essential when studying slow processes, rare 

events, processes with high annual variability, subtle processes, or complex 

phenomena (Franklin, 1989). All of these processes require more than one or two 

seasons to be detected or evaluated. Moreover, several years of data collection may be 

required to distinguish such processes from natural background variation within the 

system of interest Hurricanes are high intensity, infrequent events that necessitate 

long-term ecological studies. The immediate impact of hurricanes on organisms 

(Gannon and Willig, 1994; Waide, 1991a, b; Willig and Camilo, 1991) and the 

environment (Basnet et al., 1992; Boose et al, 1994; Lodge and McDowell, 1991; 

Lugo et a l , 1983; Reilly, 1991; Wadsworth and Englerth, 1959; Walker, 1991; 

Zimmerman et al., 1994) have received considerable study; however, the ramifications 
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of such an event extend well beyond the event and have yet to be addressed from a 

long-term perspective. 

Hurricanes periodically pass over the island of Puerto Rico (Weaver, 1989), 

causing massive destruction. In 1989, Hurricane Hugo passed over the northeastern 

comer of Puerto Rico, causing extensive damage within the Luquillo Experimental 

Forest (LEF). Nonetheless, Hurricane Hugo provided a unique opportunity to study 

the effects of high intensity disturbances on ecological stmcture and processes in a 

tropical setting. Chapter n describes habitat associations of two tree snails, Caracolus 

caracolla and Nenia tridens. in the fifth year following Hurricane Hugo. It provides an 

evaluation of habitat differences between two sites differentially altered by Hurricane 

Hugo, and discusses whether differences in snail distributions in 1994 can be attributed 

to the long-term effects of Hurricane Hugo or to differences in ecological space 

between the sites. 

Prior to Hurricane Hugo, tree snail surveys were conducted within the LEF to 

evaluate population densities and spatial distributions of C. caracolla and N. tridens. 

Size class frequencies were evaluated for C- caracolla as well. Chapter III provides an 

analysis of changes in life history characteristics as a result of Hurricane Hugo and 

assesses the status of £. caracolla and N. tridens in 1994. Finally, Chapter IV 

provides an overview and synthesis of the results from Chapters II and III. 
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CHAPTER n 

HABITAT ASSOCIATIONS OF SNAILS IN THE LUQUILLO 

EXPERIMENTAL FOREST: A COMPARISON OF SITES 

SUSTAINING DIFFERENT INTENSITIES OF 

DAMAGE FROM HURRICANE HUGO 

Abstract 

The Luquillo Experimental Forest, located on the northeastern corner of Puerto 

Rico, was radically altered on 18 September 1989, when Hurricane Hugo passed 

within 10 km of the forest. Disturbances of such magnitude modify both the floral and 

faunal elements within a community. The impact of such events on vertebrates has 

been the focus of much research; however, the impact on invertebrates has received 

considerably less attention. Two sites were chosen for study within the Luquillo 

Experimental Forest, El Verde and Bisley. The former was moderately damaged by 

Hurricane Hugo, whereas the later was extremely damaged. Habitat associations of 

two tree snails, Caracolus caracolla and Nenia tridens. were evaluated at these sites. 

Q. caracolla and N. tridens exhibit distinct species-specific habitat associations 

within the tabonuco forest. High densities of Q. caracolla were associated with 

abundant rock cover, high apparencies of Hehconia bihai and Philodendron spp., and 

few plants two meters from the ground, whereas densities of N. tridens were highest at 

lower elevations on steep slopes. Neither of the combined analyses for C. caracolla or 

N. tridens included location as an independent factor. This indicated that differences in 

habitat associations between sites were indistinguishable from chance, rather than the 

effects of Hurricane Hugo. 



Introduction 

A current paradigm in ecology centers on disturbance and its effects on 

organisms within a community (Pickett and White, 1985). Historically, few ecologists 

focused on disturbance theory; most viewed communities as if they were homogeneous 

and eventually reached equilibria (Wiens, 1977; Connell, 1978). Disturbances were 

only rare occurrences that did not have much influence on abiotic or biotic features of a 

community (Karr and Freemark, 1985). More recently, it has become apparent that 

few communities are homogeneous, most are mosaics resulting from various types of 

disturbance (Karr and Freemark, 1985). Although consensus does not exist on a 

definition of disturbance, and a complete understanding of its effects on communities 

and populations is elusive, most ecologists agree that disturbances are important forces 

that modify the environment. 

Since the introduction of disturbance theory into the hterature (Cooper, 1926; 

Watt, 1947), many definitions of disturbance have been proposed. Some are quite 

limited, for example, Runkle (1985) defines a disturbance as a "force that kills at least 

one canopy tree" (p. 17). Other definitions are more general, such as that of Sousa 

(1984) who considered a disturbance to be "a discrete, punctuated killing, 

displacement, or damaging of one or more individuals (or colonies) that directly or 

indirectly creates an opportunity for new individuals (or colonies) to become 

established" (p. 356). In an attempt to formalize the definition and provide a 

generalization which may be applied to a wide variety of systems. White and Pickett 

(1985) suggested that "a disturbance is any relatively discrete event in time that dismpts 

ecosystem, community, or population stmcture and changes resources, substrate 

availability, or the physical environment" (p. 7). Although a multitude of definitions 

exist in the literature, ecologists are converging on the basic characteristics which define 

a disturbance. Those include scale, frequency, intensity, and severity (Karr and 
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Freemark, 1985). Scale is the amount of area affected per event, frequency is the 

periodicity of retum, intensity is the magnitude of environmental change, and severity 

is the impact on focal organisms (Waide and Lugo, 1992). Once these characteristics 

are defined for a disturbance event, they provide a context in which to evaluate the 

effects of disturbance and response of the biota (Pickett et al., 1989). 

Habitat Associations 

Habitat associations can be characterized by a suite of stmctural and abiotic 

factors which defme the ecological space that an organism. Although research 

traditionally has emphasized the effects of disturbance on population density (Edwards 

and Schwartz, 1981; Andersen and MacMahon, 1985; Askins and Ewert, 1991; Covich 

et al, 1991; Lynch, 1991), habitat associations can be altered radically as a 

consequence of a disturbance as well. High intensity disturbances, such as hurricanes, 

can have a tremendous impact on populations and their environment. For example, 

Willig and Camilo (1991) have shown that population densities of various invertebrates 

were drastically reduced by Hurricane Hugo. In addition. Hurricane Hugo affected the 

spatial distribution and size class stmcture of tree snails. Hurricanes indirectly can 

affect habitat associations and the value of a habitat by changing competitor or predator 

densities, or directly can affect habitat associations by altering the range of abiotic 

parameters or plant associations. 

The value of a habitat can be indirectly affected by hunicane-induced changes in 

competitor or predator densities. Habitats that provide high levels of resources are 

considered good habitats and have high value, whereas poor habitats have low value 

because they contain few or low quality resources. In addition, the presence of 

competitors or predators which increase the cost of obtaining necessary elements for 



survival and reproduction (Krebs, 1985). By altering the densities of competitors or 

predators, hurricanes can cause low value habitat to become high value habitat. 

Hurricane induced alterations in abiotic parameters may cause changes in habitat 

associations. For example, before a hurricane, the forest floor receives little direct 

sunlight and temperature is relatively constant Following a hurricane, canopy 

defoliation leads to increased light levels and temperature fluctuations on the forest 

floor. Changes in abiotic conditions may result in organisms occupying a wider range 

of habitats or conversely being limited to a narrower range of habitats. Habitat 

restrictions imposed by the change in abiotic conditions may appear as differences in 

habitat associations. 

Habitat associations may appear altered as a result of changing the abundance, 

apparency, distribution, or associations among trees within a forest. Groups of plant 

species are often found together as a result of similar adaptations to topography or 

abiotic conditions of a site (Basnet, 1992). Hurricanes differentially affect the 

apparency and distribution of plants within a habitat, potentially killing more of one 

plant species than another. In the aftermath of a hurricane, animals may exhibit altered 

habitat associations because they are unable to locate specific combinations of plants 

which represent high value habitat. When this occurs, organisms may compromise and 

inhabit patches which contain only one of the preferred plants or occupy sites with 

distinctly different combinations of plants than before the hurricane. The direct effects 

of altering variables which characterize habitat can result in differences between sites in 

habitat associations. 

Land Snails 

Molluscs are a highly successful group of animals in terms of numbers of 

individuals and numbers of species; their biomass dominates lower trophic levels of 
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many ecosystems (Russell-Hunter, 1983). Among animals, only arthropods are more 

numerous. Within the phylum Mollusca, land snails occupy some of the most severe 

habitats on earth (Riddle, 1983) and play a key role in nutrient cycling as detritivores, 

herbivores, and carnivores (Mason, 1970; Purchon, 1977). Nonetheless, most 

ecological studies of terrestrial molluscs concem only a few temperate species; land 

snails in subtropical or tropical ecosystems have received little consideration. 

Moreover, studies conceming land snails have focused primarily on the systematic or 

taxonomic aspects of the group. Much remains to be learned conceming the ecology of 

land snails. 

Thirty-four species of land snails inhabit the tabonuco forest of Puerto Rico 

(Alvarez, 1991; de Jesus, in Utt.), of these, only a few are common. Caracolus 

caracolla and Nenia tridens are two land snails which are abundant, easy to identify, 

and easy to locate. Various aspects of the ecology of £. caracolla have been studied, 

including habitat associations and distribution (Van der Schalie, 1948; Alvarez and 

WiUig, 1993), behavior and natural history (Drewry, 1968), life history attributes 

(Heatwole and Heatwole, 1978), reproductive cycle (Marcos, 1992), homerange size 

and site fidelity (Heatwole and Heatwole, 1978; Cary, 1992), and immediate responses 

to Hurricane Hugo (Willig and Camilo, 1991). Life history characteristics of N. 

tridens remain unstudied, however, ecological studies have included evaluating habitat 

associations (Alvarez, 1991; Alvarez and Willig, 1993), distiibution (Van der Schalie, 

1948), and immediate response to Hurricane Hugo (Willig and Camilo, 1991). 

Methods 

Long-term Studies 

Long-term ecological studies facilitate the detection of spatial and temporal 

patterns at the level of populations and communities. The need for long-temi studies 
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has been recognized for some time (Franklin et al., 1990; Magnuson, 1990; Swanson 

and Sparks, 1990); long-term perspectives are critical when studying slow processes, 

complex phenomena, or subtle interactions (Franklin, 1989). Furthermore, long-term 

studies provide a unique opportunity to quantify the impact of rare events (e.g., 

hurricanes, volcanic emptions) on population and community stmcture. 

The Luquillo Experimental Forest (LEF) was established as one of seventeen 

Long-Term Ecological Research (LTER) sites funded by the National Science 

Foundation to provide facihties and study sites for scientific investigations (Magnuson 

and Bowser, 1990). In September 1989, Hurricane Hugo passed within 10 km of the 

LEF. Subsequently, short-term studies of the effects of the hurricane were conducted 

(Covich et al., 1991; Dolloff et al., 1994; Gannon and Willig, 1994; Haney et al., 

1991; Reagan, 1991; Waide, 1991a; Willig and Camilo, 1991; Woolbright, 1991). 

Five years have elapsed since Hurricane Hugo modified the landscape of the LEF; 

consequently, we can begin to evaluate long-term response and the effects of rare 

events on population attributes. 

Study Area 

The Luquillo Experimental Forest includes 11,330 ha within the Luquillo 

Mountains (Figure 2.1), ranging in elevation from 100 m to 1,075 m (Brown et al., 

1983). The LEF comprises four Ufe zones: subtropical wet forest, subtropical rain 

forest, 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, temperature, soil structure, and vegetation (Brown et al., 1983). The 

most intensely studied life zone in the LEF is the subtropical wet forest, commonly 

called the tabonuco forest because of the abundance of Dacryodes excelsa (tabonuco). 
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It is also the focus of many studies initiated by scientific investigators associated with 

the LTER program (Franklin et al., 1990). 

Long-term ecological monitoring of land snails within the tabonuco forest was 

conducted at two sites. El Verde and Bisley. El Verde (18°20'N, 65°49'W) includes 

69 ha of tabonuco forest in the northwestem comer of the LEF (Figure 2.1). Rainfall 

at El Verde is substantial and ranges from 2,000 to 4,0(X) mm annually. Mean 

monthly temperatures are relatively constant and range from 2 r C in January to 25°C in 

September (Brown et al., 1983). Dacryodes excelsa (tabonuco) is the dominant tree 

species in the canopy. Other common trees include Sloanea berteriana. Cecropia 

schreberiana. Didymopanax morototoni. and Prestoea montana (Brown et al., 1983). 

The Bisley Watersheds (18°18'N, 65°50'W) are located in the northeastem 

comer of the LEF (Figure 2.1). Bisley is characterized by steep slopes, towering 

ridges, and cutting valleys with the boundaries sharply defined by nanow ridges and 

convex slopes to either side of the ridge. This allows slopes to harbor well-drained, 

well-developed soils (Scatena, 1989). Annual rainfall approximates 3,500 mm, 

whereas temperature remains approximately constant and averages 25.5°C (Scatena, 

1989). The dominant canopy tree species is tabonuco; codominant tree species include 

Sloanea berteriana and Prestoea montana (Scatena, 1989). The distribution of these 

species is defined by topography and geology (Basnet, 1992). Together these species 

create a complex canopy (Briscoe and Wadsworth, 1970) beneath which the forest 

floor was sparsely vegetated prior to Hurricane Hugo. 

The islands of the Caribbean periodically experience tropical storms (wmd 

speeds between 70 and 110 km/hr) and hurricanes (wind speeds > 110 km/hr). 

Hurricane Hugo intercepted the northeastern comer of Puerto Rico on September 18, 

1989. For over 8 hours, the island was subjected to high winds and torrential rains. 

As a consequence, the LEF suffered extensive damage. Depending on the amount of 
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direct exposure and distance from the eye of the hurricane, sites were altered 

differentially within the LEF (Boose et al., 1994). 

Inter-site Comparisons 

Prior to Hurricane Hugo, differences between El Verde and Bisley were mainly 

related to topography. El Verde is characterized by a gradual elevational rise from 150 

m to 355 m (Brown et al., 1983), whereas increases in elevation at Bisley are abmpt, 

creating steep slopes and deep valleys. The sudden elevational rise causes more rapid 

changes m microclimate and forest suaicture at Bisley than at El Verde. 

Much of the current difference between El Verde and Bisley can be attributed to 

Hurricane Hugo (Scatena and Larsen, 1991). Boose et al. (1994) found an east-to-

west damage gradient across the LEF associated with Hurricane Hugo. The extent of 

damage depended on wind channeling along river beds and valleys, elevation, and 

vegetation type. Most of the damage was concentrated on north-facing slopes, with 

little impact on south-facing slopes (Scatena and Larsen, 1991). El Verde suffered 

moderate damage (Walker, 1991), experiencing 50% canopy defoliation and 7% tree 

mortality, whereas Bisley (Walker et al., 1992) experienced 100% canopy defoliation 

and 54% tree mortality. As a consequence, animals at each site were exposed to a 

spectmm of environmental conditions. 

Studv Plots 

Two study plots were established in the tabonuco forest, the Huiricane 

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 (Figure 2.2). The 

Bisley Grid (13 ha) is contained within Bisley Watersheds One and Two, with 88 

points spaced at 40 m intervals (Figure 2.3). Previous surveys of the HRP (Cary, 
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1992) and Bisley grid (Willig and Camilo, 1991) included 40 points; this study 

examined the same points to facilitate temporal comparisons within a site (see Chapter 

ni). Land snails were surveyed three times in 1994, from June 13 to August 6, at each 

of 40 points on the HRP and 36 points on the Bisley Grid. At Bisley, only 36 of the 

40 points were surveyed; four points 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 minutes, all snails were located 

by visually inspecting soil, rocks, leaf litter, and vegetation up to a height of 

approximately 5 m. Snails were collected, counted, and replaced within the circle of 

capture within 45 minutes of detection. Surveys altemated between El Verde and 

Bisley to allow snails ample time to recover from handling and displacement from 

preferred microhabitat as a result of prior surveys. As a consequence, each of the 76 

points was surveyed once every two weeks over a six week period. Night surveys 

were conducted because snails are characteristically noctumal (Heatwole and Heatwole, 

1978; Cary, 1992). Snail density was estimated as the minimum number known alive 

(MNKA) from the three different surveys. 

Habitat Characterization 

Habitats were characterized during a two week period following the completion 

of snail surveys. Habitat characterizations were conducted during the day, with a 

minimum of three people surveying a point. Thirty-two descriptors were used to 

characterize habitat at El Verde and Bisley, these reflect stmctural and taxonomic 

attributes of the canopy, subcanopy, and forest floor (Table 2.1). Descriptors were 

quantified as ranked, discrete, or continuous variables. Ranked variables (Cary, 1992) 

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, 81%-100%). Canopy openness, dead 
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vegetation, roots, litter, and plant apparency (Cook and Stubbendieck, 1986) were 

considered discrete variables. Plant apparency was a measure of foliai* volume at 

different heights. The number of foliar intercepts, defined as a species-specific count 

of vegetation touching a wooden dowel, was counted at each height using a plant 

apparency device (Figure 2.4; Cary, 1992). The device was positioned 1.5 m from the 

central point in each cardinal direction, and the number of intercepts recorded. Height-

specific apparency and species-specific apparency (Cary, 1992; Williii et al., 1993) 

were calculated as the total number of fohar intercepts at each height regardless of 

species, and the total number of fohar intercepts by each species or category (i.e., dead 

vegetation) regardless of height, respectively. Canopy openness was evaluated using a 

densiometer positioned 0.5 m away from the point in each of the cardinal directions. 

The mean of those four readings described openness at each point. The amount of dead 

vegetation and roots were determined as the number of intercepts of each by the plant 

apparency device. Litter cover was evaluated using the number of leaves attached to a 

nail. A nail was driven into the forest floor 1 m from the point in each of the cardinal 

directions, the average number of leaves from the four repUcates was used to produce 

an estimate of litter cover. Finally, slope, aspect, and elevation were obtained for each 

point 

Study Organisms 

Caracolus caracolla (Pulmonata) is one of five native species of camaenid tree 

snails in Puerto Rico (Figure 2.5; Heatwole and Heatwole, 1978). It occurs 

throughout the island in both upland and lowland habitats (Van der Schalie, 1948). 

Adults are found on tmnks of larger trees with smooth bark. Selection of trees does 

not seem to be species specific, but is related to tree size (Heatwole and Heatwole, 

1978). Q. caracolla generally forages at night, feeding on wood, bark, seeds, leaves, 
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diatoms, and unicellular algae; however, daytime activity of £. caracolla may occur 

during cloudy or humid weather (Heatwole and Heatwole, 1978). This species is 

hermaphroditic; egg maturation and oviposition occur in June (Heatwole and Heatwole, 

1978). However, fluctuations in temperature, water, and length of day influence the 

reproductive cycle of C caracolla (Marcos, 1992). Most of the growth of £. caracolla 

occurs from March to August, with snails reaching maturity after one or two years. 

Adult sizes range from 42 mm to 59 mm in diameter, but most are between 44 mm and 

55 mm (Van der Schalie, 1948). In general (Heatwole and Heatwole, 1978), Q. 

caracolla is abundant, easy to identify, and long-lived (up to 10 years). 

Nenia tridens (Pulmonata) is the only member of the Clausiliidae on Puerto 

Rico (Figure 2.6), and has been of interest since Crosse (1892) first reported its 

occurrence. It is not found on any of the other islands in the Greater Antilles, although 

it is well-established in North and South America (Pilsbry, 1926). On Puerto Rico, N. 

tridens only occurs on the eastem third of the island, with fewer individuals occurring 

at lower elevations (Van der Schalie, 1948). Van der Schalie (1948) describes the 

optimal habitat for N. tridens as an environment with a "good stand of timber in a 

reasonably undisturbed region" (p. 98). Van der Schalie (1948) summarizes the 

habitats as "subarboreal, mainly on shmbs and vines, almost never on rock faces, 

forests of east end, 0-2700 feet" (p. 98). N. tridens is primarily noctumal, and feeds 

on bark. Utter, leaves, algae, and diatoms (Alvarez, 1991; Van der Schalie, 1948). 

Little information is available conceming N. tridens: life history characteristics have not 

been described. 

Tree snails are ideal organisms with which to study the effects of disturbance. 

They are not as mobile as other macro-invertebrates, and are unable to easily escape a 

disturbance or the changed environment that follows. As a consequence, tree snails 
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may more readily reflect the disturbance history of the particular site (Strayer et al., 

1986), than do more mobile invertebrates or vertebrates. 

Statistical Analysis 

Two stepwise multiple regressions (SPSS Inc., 1990) were performed on data 

collected at El Verde and Bisley. For both analyses, snail density was the dependent 

variable and the 32 habitat descriptors were the independent variables. The first 

regression analysis determined which of 32 habitat descriptors was associated with 

snail density. Regressions were perfonned on each data set separately. F-tests 

indicated if an overall relationship existed between snail density and habitat descriptors, 

whereas t-tests identified which descriptors significantly contributed to the relationship 

at each site. This analysis produced four regression equations, two from El Verde (one 

each for Q. caracoUa and N. tridens) and two from Bisley (one each for C. caracolla 

and N. tridens). 

The second regression analysis was used to determine whether the factors that 

affect snail density at El Verde are the same as those factors which determine snail 

density at Bisley. This analysis differed from the previous one in that a categorical or 

dummy variable for site was added to the list of independent variables. The dummy 

variable was used to evaluate whether habitat associations of snails at El Verde and 

Bisley differed in a significant fashion that may be a consequence of disturbance 

effects generated by Hurricane Hugo. This analysis produced two regression 

equations, one from the combined data set for Q. caracolla and one from the combined 

data set for N. tridens. 
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Results 

Habitat Associations at El Verde 

A stepwise multiple regression for£. caracolla. using 32 habitat variables, 

yielded a highly significant fmal regression equation. Apparencies of Heliconia bihai. 

PhilQ^en(jrQn spp., and Ichnanthus pallens were significantly associated with snail 

densities and accounted for 54.2 percent of the variation in snail density among points 

(Table 2.2). Based on standardized coefficients, snail density was a positive function 

of both H. bihai and Philodendron spp., but a negative function of I. pallens. Snail 

densities were highest at points on the HRP where H. bihai and Philodendron spp. 

were abundant and I. pallens was rare. 

For Nenia tridens. stepwise multiple regression analysis included a single 

variable, elevation, in the final equation (Table 2.3); it accounted for 33.8 percent of the 

variation in snail density among points. The standardized coefficient for elevation was 

negative (-0.243); snail densities were highest at lower elevations. 

Habitat Associations at Bisley 

The density of C. caracolla can be determined significantly by rock cover, and 

the apparency of dead vegetation and Hehconia bihai (Table 2.3), together they account 

for 42.5 percent of the variation in snail density. The standardized coefficient for rock 

cover was large and positive (0.608), whereas the standardized coefficients for dead 

vegetation and H. bihai were smaller (-0.359 and -0.354, respectively) and negative 

(Table 2.3). Thus, snail density was high in areas where rock cover was high, and 

dead vegetation and H. bihai cover were low. 

The final regression equation for N. tridens (Table 2.3) mcluded rock cover, 

litter cover, and plant apparency at 3 m, and accounted for 38.1 percent of the variation 
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in snail density. The standardized coefficient for rock cover was positive (0.491), 

whereas the coefficients for litter cover and plant apparency at 3 m were negative 

(-0.462 and -0.335, respectively). At Bisley, snail density was highest if there was 

high rock cover, sparse litter cover, and few plants two meters from the ground (Table 

2.3). 

Differences Between Sites 

The densities of £. caracolla from El Verde and Bisley were analyzed together 

using stepwise multiple regression. The final equation accounted for 38.7 percent of 

the variation in snail density among the points, regardless of site. Habitat vaiiables 

included in the final equation were rock cover, apparency of Heliconia bihai. apparency 

of Philodendron spp., and plant apparency at 2 m (Table 2.2). The standardized 

coefficients for the first three variables were positive and equivalent in magnitude 

(0.294, 0.294, and 0.298, respectively), whereas the standardized coefficient for plant 

apparency at 2 m was negative and slighdy smaller (-0.212). Locations within the 

tabonuco forest with abundant rock cover, high apparency of H. bihai and 

Philodendron spp., and few plants 2 m high, had the highest snail density. The 

dummy variable for location was not included in the final equation (P = 0.322), 

indicating the factors goveming habitat associations at El Verde and Bisley were the 

same. 

Data for N. tridens at El Verde and Bisley were analyzed together to determine 

which variables were associated with high snail densities. Slope and elevation were 

significant, accounting for 26.8 percent of the variation in snail density (Table 2.3). 

The standardized coefficient for slope was positive (0.342), whereas the standardized 

coefficient for elevation was negative (-0.328). Thus, snail densities were highest at 

lower elevations on steeper slopes. The dummy variable for location was not 
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significant (P=0.330). This indicates differences in habitat associations between El 

Verde and Bisley as a consequence of Huiricane Hugo were not detectable in 1994. 

Discussion 

A single equation significandy described habitat associations for Q. caracolla at 

El Verde and Bisley. The equation did not include the dummy variable for site, 

indicating that the same mathematical relationship described habitat associations of £. 

caracQlla regardless of site. Therefore, the factors affecting habitat associations at El 

Verde and Bisley were indistinguishable. If Hurricane Hugo altered biotic interactions 

or the range of associations among habitat variables, its effects on habitat associations 

did not remain five years after the hurricane 

Spatial comparisons between El Verde and Bisley revealed only slope and 

elevation account for a significant amount of variation in density of N. tndens. The 

dummy variable for site was not significant; therefore, the factors governing habitat 

associations of N. tridens were unaffected by disturbance. If Hurricane Hugo 

differentially altered El Verde and Bisley, the effect on habitat associations was no 

longer detectable five years after the hurricane. Apparent differences in density 

between sites were a result of chance differences within the tabonuco forest, and not a 

consequence of the unique effects of Hurricane Hugo. 

Q. caracolla and N. tridens both exhibited species-specific habitat associations 

based on structural and taxonomic differences of understory vegetation within the 

tabonuco forest Q. caracolla consistentiy selected habitat characterized by stmctural 

and taxonomic variables, whereas N. tridens selected habitat characterized by structural 

variables only. Important variables tiiat did not appear in the final equations because of 

high communality included seven variables (canopy openness [r = 0.194], aspect 

[r = -0.302], dead [r = -0.335], apparency at 0 m [r = -.313], Psychotria berteriana 
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[r = -0.254], Di [r = 0.262], and vine cover [r = 0.276]) significandy correlated 

(p < 0.05) witii densities of £. caracolla. and three variables (aspect [r = 0.276], Piper 

glabrescen?> [r = 0.414], and Piper hispidum [r = 0.228]) significandy correlated 

(p < 0.05) with densities of N. tridens. Only one of the variables, aspect, was 

common to both groups. In general, habitat associations of £. caracolla and N. tridens 

were based on different habitat variables, even when variables with high communality 

were considered. 

Site-specific differences in damage attributable to Hurricane Hugo did not 

manifest as site-specific differences in habitat associations. This may be a consequence 

of the forests at El Verde and Bisley recovering sufficientiy in the five years foUowmg 

Hurricane Hugo so disturbance differences were no longer in existence. CuiTent snail 

densities (Chapter HI; WilUg et al., in Utt.) and absence of differences in habitat 

associations indicate that the Luquillo Experimental Forest, in general, and two tree 

snails, in particular, recover relatively rapidly (5 years) from a high intensity, 

infrequent event 
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Table 2.1. The suite of 32 descriptors used to characterize habitat at El Verde and 
Bisley. 

Variables Descriptors 

Ranked Dead wood cover 
Litter cover 
Rock cover 
Vine cover 

Discrete 

Continuous 

Dead vegetation 
Number of foliar intercepts at 0 m 
Number of foUar intercepts at 0.5 m 
Number of foliar intercepts at 1 m 
Number of foUar intercepts at 1.5 m 
Number of foliar intercepts at 2 m 
Number of fohar intercepts at 2.5 m 
Number of foliar intercepts at 3 m 
Casearia arborea 
Cecropia schreberiana 
Didymopanax morototoni 
Heliconia bihai 
Ichnanthus pallens 
Palicourea ripaiia 
Phiolodendron SDD. 
Piper glabrescens 
Piper hispidum 
Prestoea montana 
Psvchotria berteriana 
Rourea surinamensis 
Sloanea berteriana 
Miconia spp. 
Rubiaceae spp. 

Canopy openness 
Litter cover 
Slope 
Aspect 
Elevation 

FoUar intercepts = a species-specific count of vegetation touching a wooden dowel 
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Figure 2.2. Diagrammatic representation of the Hurricane Recovery Plot 
at El Verde. Numbered points are those surveyed in 1994, also shown are 
details of rivers and trails within the grid. 
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Figure 2.4. Diagrammatic representation of the plant apparency device 
used to characterize habitat at El Verde and Bisley. 
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(A) (B) 

Figure 2.5. Dorsal view of Caracolus caracolla (A). Ventral 
view of Caracolus caracolla (B). 
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(A) (B) 

Figure 2.6. Dorsal view (A) of Nema tridens. 
Ventral view (B) of Nenia tridens. 
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CHAPTER m 

ABUNDANCE, DISTRIBUTION, AND SIZE CLASS 

FREQUENCY OF CARACOLUS CARACOLLA: 

LONG-TERM EFFECTS OF 

HURRICANE HUGO 

Abstract 

Long-term ecological studies provide valuable insights into temporal aspects of 

ecological relationships and a unique opportunity to assess the effects of high intensity, 

infrequent disturbances on invertebrate populations. Hurricane Hugo intercepted 

Puerto Rico on September 18, 1989. Although, high intensity, low frequency events 

like Hurricane Hugo may have lasting effects, disrupting both abiotic and biotic 

features of a community, few studies document recovery. The Bisley Watersheds, 

located within the subtropical wet life zone (tabonuco forest) of the Luquillo 

Experimental Forest, were surveyed to evaluate the long-term effects of Hurricane 

Hugo on the abundance, distribution, and size class structure of two common tree 

snails, Caracolus caracolla and Nenia tridens. 

Hurricane Hugo had different effects on the population dynamics and 

distribution of C. caracolla and N. tridens. In 1990, densities of C. caracolla and N. 

tridens were drastically reduced as a result of Hurricane Hugo. Five years later, 

densities of C. caracolla and N. tridens were considerably higher than post-Hurricane 

Hugo levels; the density of N. tridens in 1994 exceeded pre-Hurricane Hugo levels. 

The spatial distribution of C. caracolla was clumped before Hurricane Hugo (1989), 

less clumped following Hurricane Hugo (1990), and more clumped five years after 

Hurricane Hugo (1994). Similarly, N. tridens exhibited a clumped spatial distribution 

before and five years following Hurricane Hugo. Finally, the size class distribution of 
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C. caracoUa was altered by the hurricane (size class distributions for N. tridens were 

not analyzed because pre-Hurricane Hugo data were unavailable). 

Introduction 

In many regards, the effects of natural disturbances on the structure and 

function of a community are as important as biotic interactions (Sousa, 1984), because 

disturbances not only alter the physical environment, they alter the spatial and 

ecological distribution of organisms and modify ecological interactions. Natural 

disturbances can affect populations durecdy through mortality, thereby causing changes 

in population densities, spatial distributions, or size class structure. Furthermore, 

destruction of habitat and alterations in abundance and distribution of vital resources 

may affect organisms indirectly (Waide, 1991b). 

In general, a disturbance may be considered as "any relatively discrete event in 

time that disrupts ecosystem, community, or population structure and changes 

resources, substrate availability, or the physical environment" (White and Pickett, 

1985; p. 7). The impact of a disturbance depends on its scale, frequency, and intensity 

(Pickett and White, 1985). The scale of a disturbance refers to the size of the area 

disturbed per event (White and Pickett, 1985). It may range from a small, localized 

event, such as a tree fall, to an event of global proportions, such as a meteorite shower 

(Waide and Lugo, 1992). Frequency is the mean number of events per time period, 

and usually is associated inversely with intensity (White and Pickett, 1985). Intensity 

may be described as the severity of the impact of an event on a focal organism or 

community (White and Pickett, 1985). The inter-relationship of scale, frequency, and 

intensity define a disturbance regime. Moreover, the relative magnitude of each factor 

determines the impact of such events on the density, spatial organization, and size class 

structure of organisms. 
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Hurricane Hugo 

Natural disturbances, such as hurricanes and tropical storms, are common in the 

Caribbean, in general, and Puerto Rico, in particular. Since 1700, thirteen 

meteorological disturbances have had winds in excess of 110 km/h (Scatena, 1989). 

One such storm. Hurricane Hugo, entered the Caribbean on September 18, 1989, 

bringing strong winds and torrential rain. Maximum wind velocities of 166 km/hr, 

with gusts of 194 km/hr, were recorded by the National Weather Service. Tree damage 

was extensive (Walker, 1991), although most damage was within 30 km of the path of 

the storm (Scatena and Larsen, 1991). Maximum rainfall during the hurricane was 339 

mm (Scatena and Larsen, 1991); as a result, numerous massive landslides were 

triggered. In general, structural changes as a consequence of wind, rain, and 

landslides, ranged from little detectable impact to extreme devastation, depending on the 

distance of a site from the eye of the hurricane. 

Within the Luquillo Experimental Forest of Puerto Rico (Figure 2.1), Hurricane 

Hugo substantially altered the structure of the forest (Basnet, 1992; Brokaw and Grear, 

1991), as well as the abundance and distribution of animals within the forest (Gannon 

and Willig, 1994; Reagan, 1991; Willig and Camilo, 1991; Woolbright, 1991). Within 

the tabonuco forest, damage at El Verde (Walker, 1991) included moderate defoliation 

(56%), tree mortality (7%), uprooting (9%), and trunk snapping (11%), whereas at the 

Bisley Watersheds (Walker et al., 1992), tree damage was severe, including complete 

defoliation (100%) and extensive tree mortality (50%). 

The effects of Hurricane Hugo on animal populations were severe as well; high 

mortality resulted in lower species densities, narrower spatial distributions, and 

alterations in species composition (Gannon and Willig, 1994; Reagan, 1991; Waide, 

1991a; Waide, 1991b; Willig and Camilo, 1991; Woolbright, 1991). Animals 

surviving the storm had to contend with landslides, treefalls, and flooding, these 
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ultimately caused fiirther structural changes in the envkonment (Brokaw and Grear, 

1991; Brokaw and Walker, 1991; Tanner et al., 1991) and altered food availability 

(Waide, 1991b). 

Studies conceming the effects of hurricanes on vertebrates are abundant 

(Dolloff et al., 1994; Gannon and Willig, 1994; Haney et al., 1991; Reagan, 1991; 

Waide, 1991a; Woolbright, 1991; Wunderle et al., 1992), whereas studies conceming 

the effects of hurricanes on invertebrates have increased only recently (Cary, 1992; 

Covich et al., 1991; Koblur and Lyshnko, 1993; Wilkinson and Cheshire, 1988; Willig 

and Camilo, 1991). Several efforts have focused on the effects of disturbance on tree 

snails and have shown that these species are affected greatly. For example, Willig and 

Camilo (1991) reported that snail density and size class structure were altered as a result 

of mortality caused by Hurricane Hugo. However, studies on tree snails have been 

short-term, ranging from two seasons to three years; the longer term effects of 

hurricanes on snails have not been evaluated. 

Long-term Studies 

Long-term studies are essential because they provide insight into slow 

processes such as ecosystem development and population dynamics (Franklin, 1989). 

For example, changes in the abundance, distribution, or size class stmcture of a species 

for a single year may not be informative, but when a series of sampling periods are 

combined, the data conveys information conceming overall trends and variation 

(Magnuson, 1990). Finally, long-term studies are required to evaluate the response of 

ecosystems to catastrophic disturbances, such as earthquakes, hurricanes, and volcanic 

emptions, because the long-term effects of such disturbances remain pooriy understood 

(Pace and Cole, 1989). The objective of this research was to determine the long-term 

effects of Hurricane Hugo on the abundance, distribution, and size class stmcture of 
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two tree snails, Caracolus caracolla (Camaenidae) and Nenia tridens (Clausiliidae), in 

the Luquillo Experimental Forest. 

Methods 

Studv Area 

The Luquillo Experimental Forest (LEF) is located in the northeastem comer of 

Puerto Rico (Figure 2.1) in the Luquillo Mountains at elevations from 100 m to 1,075 

m (Brown et al., 1983). The LEF comprises four life zones: subtropical wet forest, 

subtropical rain forest, lower montane wet forest, and lower montane rain forest 

(Brown et al., 1983). Each zone is a consequence of rapid increases in elevation with 

concomitant changes in vegetation, precipitation, temperature, and soil composition 

(Brown et al., 1983). 

The subtropical wet forest is commonly called the tabonuco forest because of 

the abundance of Dacryodes excelsa (tabonuco). Tabonuco forest is restricted to 

elevations below 650 m on protected, well-drained, slopes (Brown et al., 1983). Other 

common trees within the tabonuco forest include Cecropia schreberiana. Didymopanax 

morototoni. and Prestoea montana. Understory vegetation includes fems, bromeliads, 

lianas, and vines. Rainfall is between 2000 and 4000 mm annually and varies 

seasonally (wet and dry season). Mean monthly temperatures range from 21°C in 

January to 25°C in September (Brown et al., 1983). A more detailed description of the 

tabonuco forest is presented in Brown et al. (1983). 

The Bisley Watersheds are located in the northeastem comer of the Luquillo 

Experimental Forest (Figure 2.1) within the tabonuco forest. Bisley is characterized by 

steep slopes, towering ridges, and cutting valleys. The boundaries of the watersheds 

are defined by narrow ridges with convex slopes to either side of the ridge; 

consequently its slopes harbor well-drained and well-developed soils (Scatena, 1989). 
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The watersheds range in elevation from 261 m to 450 m (Holdridge, 1967). Annual 

rainfall approximates 3500 mm; however, monthly precipitation varies with season. 

Temperature remains relatively constant and averages 25.5 °C (Scatena, 1989). The 

dominant overstory tree species, based on density, basal area, and volume, is tabonuco 

(Dacryodes excelsaV It comprises 35% of the canopy, with the greatest number of 

trees in the largest size class (Brown et al., 1983); codominant tree species include 

Sloanea berteriana and Prestoea montana (Basnet, 1992). The distribution of dominant 

and codominant tree species is defined by topography and geology (Basnet, 1992). 

Together these species create a complex canopy beneath which the forest floor was 

sparsely vegetated prior to Hurricane Hugo (Briscoe and Wadsworth, 1970). 

Boose et al. (1994) found an east-to-west damage gradient across the Luquillo 

Experimental Forest as a consequence of Hurricane Hugo, with the extent of damage 

depending on wind channeling along river beds and valleys, site elevation, aspect, and 

vegetation type. Most of the damage was concentrated on north-facing slopes, with 

south-facing slopes evincing little damage (Scatena and Larsen, 1991). 

Study Plot 

The Bisley grid was established within the tabonuco forest as part of the Long-

Term Ecological Research program (Magnuson, 1990; Swanson and Sparks, 1990; 

Franklin et al., 1990). The grid (13 ha) encompasses Bisley watersheds one and two, 

with 88 points spaced at 40 m intervals (Figure 2.3). Snails were surveyed three times 

in 1994 from June 13 to August 6 at 40 points on the grid. Previous studies of snails 

on the Bisley grid were restricted to 40 points (Willig and Camilo, 1991). The present 

study involved surveying the same points to facilitate comparisons among years, 

however, four points were inaccessible to survey teams in 1994, so only 36 points 

were used for statistical analyses. The minimum number of snails known to be alive 
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(MNKA) was considered to be the largest of the three snail counts for each point. 

Surveys were conducted at night because of the noctumal nature of terrestrial snails 

(Heatwole and Heatwole, 1978; Willig and Camilo, 1991). 

A circle, ten meters in diameter, was surveyed around each of the 36 points. 

Within each circle, all snails were located by visually inspecting the soil, leaf litter, 

rocks, and vegetation up to a height of approximately 5 m. Two individuals surveyed 

each point for a minimum of 20 minutes. Snails were collected, measured, and 

replaced within the circle within 45 minutes of capture. Using calipers, snails were 

measured to the nearest tenth of a millimeter, from the lip to the distal most portion of 

the shell. Snails were assigned to nine size categories (25 mm < Yi < 30 mm; 30 mm 

< Y2 < 35 mm; 35 mm < Y3 < 40 mm; 40 mm < Y4 < 45 mm; 45 mm < Y5 < 50 mm; 

50 mm < Yg < 55 mm; 55 mm < Y7 < 60 mm; 60 mm < Yg < 65 mm; 65 mm < Y9), 

these categories were consistent with those used in previous studies (Willig and 

Camilo, 1991). 

Statistical Analysis 

Snail density at each of 36 points was measured in 1989, 1990, and 1994. 

Studies conducted in 1989 and 1990 involved a single survey of each point, whereas 

the study in 1994 involved surveying each point three times. In order to avoid 

mathematical biases associated with either averaging or using the MNKA for the 1994 

survey, the third survey in 1994 was used for statistical analyses because that sampling 

period (from 24 July to 26 July) coincided with those of previous years. Data were 

collected from the same points each year, thus experimental design necessitated die use 

of a repeated measures analysis (SPSS, 1990a) to evaluate differences in snail densities 

among years. One assumption of a repeated measures analysis is that variances are 

equal or homoscedastic. If this assumption is violated, the results from the analysis 
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may be biased. Mauchly's sphericity test was used to evaluate homoscedasticity, if it 

was significant, the numerator and denominator degrees of freedom were adjusted 

using the Greenhouse-Geisser epsilon. The modified degrees of freedom were used to 

determine an adjusted p-value. If the F-test was significant, a. posteriori analyses 

(SPSS, 1990a) were conducted to evaluate all pair-wise comparisons of density 

between years. To maintain experiment wise error rate at 0.05, comparison wise error 

rate was adjusted for each comparison (CWER = 0.017). 

The spatial distributions of C. caracolla and N. tridens were evaluated using 

chi-square tests. If the chi-square test was significant, snail distributions were 

considered to be different from random. Once determined to be different from random, 

the coefficient of dispersion was calculated to establish whether snails exhibited an even 

(CD. < 1) or clumped spatial distribution (CD. > 1). 

Hierarchical logUnear analysis (SPSS, 1990b; Feinberg, 1980) was used to 

determine if size class distribution was independent of time. A model which included 

size class, time, and the interaction between size class and time was evaluated first; this 

was the saturated model. The saturated model determined which of these factors were 

to be included in subsequent models, as an overall test of independence. The second 

model evaluated whether the interaction term was significant by excluding it from the 

model. If differences existed between the second model and the first, size class was 

considered to be dependent on time, and the chi-square value was divided into its 

additive independent components (Castellan, 1965). The total number of components 

were equal to the total degrees of freedom (df = [r-1] [c-1] = [9-1] [3-1] = 16; where r 

is the number of size categories and c is the number of year categories), with each 

component having one degree of freedom. Previous studies (Willig and Camilo, 1991) 

documented no differences in size class stmcture between 1989 and 1990; therefore the 

table was arranged in chronological order to facilitate comparisons between die 
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combined category 1989 and 1990, and 1994. If diere were no significant differences 

between the second model and the first, then there was no detectable interaction and the 

two factors could be considered to be independent. 

Nenia tridens was excluded from size class analyses for two reasons, first, data 

collected for N. tridens in 1994 suggested that only larger snails were found. Sizes 

ranged from 24.2 mm to 27.8 mm indicating little variation in captured snail size. 

Because the size range was so small, it was apparent not all sizes were represented in 

the sample and any division within such a small range would be arbitrary. Secondly, 

size class information for N. tridens prior to Hurricane Hugo was unavailable, so 

temporal comparisons evaluatmg the recovery of N. uidens would not have been 

possible. 

Results 

Snail Abundance 

For Caracolus caracolla. results from repeated measures analysis of variance 

revealed highly significant differences in mean snail density among years (Table 3.1). 

Before Hurricane Hugo, snail densities averaged 3.3 snails per point, however, 

following the hurricane, densities were lowered to 0.7 snails per point (Table 3.1). In 

1994, mean density forC. caracolla retumed to pre-humcane densities (Figure 3.3). 

F-tests indicated significant differences among the years, however, Mauchly's 

sphericity test was significant. After numerator and denominator degrees of freedom 

were adjusted, differences among years were still highly significant (Table 3.1). All 

pair-wise comparisons among years were conducted to determine which were 

significant. Comparisons for Q. caracolla between 1989 versus 1990 and 1990 versus 
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1994 were highly significant (F = 22.68 with p < 0.001 and F = 39.36 with p < 0.001, 

respectively); however, the comparison between 1989 versus 1994 was non-significant 

(F = 2.682 with p = 0.110). 

Repeated measure analysis of variance for Nenia tridens indicated highly 

significant differences among years. Again, Mauchly's spericity test, was highly 

significant and numerator and denominator degrees of freedom of die F-test were 

adjusted. Theresulting test was still highly significant (Table 3.1). All pair-wise 

comparisons (1989 vs. 1990, 1990 vs. 1994, and 1989 vs. 1994) of the density of N. 

iridens were highly significant (F = 26.79 with p < 0.001, F = 78.74 with p < 0.001, 

and F = 68.58 with p < 0.001, respectively). 

Spatial Distribution 

Hurricane Hugo had a dramatic effect on the spatial distribution of invertebrates 

in the Luquillo Experimental Forest. In 1994, Q. caracolla maintained a clumped 

distribution (CD. = 7.033; Table 3.2). A chi-square test evaluating the spatial 

distribution of £. caracolla was highly significant (Table 3.2), confirming the 

distribution of £. caracolla was different from random. Chi-square analysis from 1994 

revealed N. tridens had spatial pattems which were different from random (Table 3.2); 

the coefficient of dispersion (CD. = 49.697 ) suggested a clumped distribution. 

Size Class Frequency 

Hierarchical loglinear analysis assessed differences in size class distributions of 

Q. caracolla in 1989, 1990, and 1994. When the interaction term for size class and 

time was deleted from the analysis, die log likelihood ratio chi-square was highly 

significant (Table 3.3), mdicating that size class was dependent on time. However, 

when comparing 1989 to 1990, there was never a significant interaction between the 
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size class and time (Table 3.4). Thus, all differences among years were attributed to 

the comparisons among the combmed years 1989 and 1990 made with 1994. Four of 

the sixteen contrasts contributed to die differences among years (Table 3.4). The 

contrast accounting for most of die difference (X^ = 70.496) was between the first eight 

size classes and the nindi size class for the combined 1989 and 1990 category versus 

1994 (Table 3.4). Other contrasts contributing to the differences among years included 

the contrasts between the first six size classes and the sevendi size class (X^ = 29.534), 

the first five size classes and the sixth size class (X^ = 12.215), and the first and second 

size class (X2= 8.137; Figure 3.4). 

Discussion 

Populations can be affected direcdy and indirecdy by a disturbance event For 

example, direct effects of a hurricane include mortality of long-Uved and dominant 

organisms (Franklin, 1989) or displacement of individuals to other habitats (Willig and 

Camilo, 1991). Indirect effects include changed environmental conditions which may 

result in furdier mortality. For example, total canopy defoUation leads to increases in 

temperature, light, and evaporation. Some species are especially sensitive to changes in 

environmental conditions and experience further mortality in die mondis or years 

following a disturbance as a result of such changes. The effects of a disturbance event 

on organisms may take years to manifest. For this reason, long-term ecological studies 

are essential (Franklin, 1989). 

The impact of Hurricane Hugo on Q. caracolla and N. tridens. as well as on 

odier tree snails and walking sticks, was analyzed by Willig and Camilo (1991). They 

compared mean densities before (1989) and after (1990) Hurricane Hugo and found 

highly significant differences between years for both £. caracolla (t = -4.92 with p « 

0.001) and N. tridens (t = -5.57 with p « 0.001). In analyses comparing post-
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hurricane densities widi data collected in 1994, £. caracolla and N. tridens again 

exhibited significant differences between years. In addition, densities of bodi species 

were much greater in 1994 than in 1990, with Q. caracolla experiencing a six-fold 

increase and N. tridens experiencing a 32-fold increase in numbers. However, 

comparisons between pre-hurricane densities and snail densities in 1994 indicated 

significant differences for N. tridens only; the densities of £. caracolla have retumed 

to, but not exceeded, pre-hurricane levels. 

Density differences between £. caracolla and N. tridens may be explained by 

behavioral responses to Hurricane Hugo. Bisley experienced 100 percent canopy 

defoliation, essentially creating a large gap within die LEF and increasing the amount of 

dead plant material in the system. As die canopy regenerated over five years, forest 

stmcture was characterized by many small gaps with scattered intact areas. Alvarez and 

Willig (1993) have shown that C- caracolla and N. tridens respond differendy to treefall 

gaps. They found N. tridens was associated with treefall gaps, whereas Q. caracolla 

was associated with the surrounding undisturbed matrix. Moreover, they found the 

largest percent of N. tridens associated with dead plant material and speculated that it 

serves either as a direct food source or as a food source for organisms on which snails 

feed. Furthermore, they considered N. tridens better able to respond to gaps because it 

had a smaller aperture opening which helped minimize water loss. Therefore, N. 

tridens may have experienced density increases because it was better able to respond to 

canopy gaps, while Q. caracolla was restricted to less productive areas surrounding 

gaps. 

Density differences may be the result of different reproductive capabilities 

between the species. N. tridens may be able to produce twice as many offspring per 

year as Q. caracolla. leading to higher N. tridens densities in 1994. However, if 

reproductive capacities are equivalent but N. tridens is able to reproduce year round 
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while Q. caracolla is limited to a single reproductive peak in June (Heatwole and 

Heatwole, 1978), this could contribute to higher densities of N. tridens. Finally, N. 

tridens may possess bodi the ability to out reproduce and reproduce continually, this 

would also explain the four-fold density difference between the species. 

Finally, observed densities in 1994 indicate that £. caracolla has retumed to its 

pre-hurricane density, whereas N. tridens has either established a new equilibrial 

density or has exceeded equilibrial densities and will experience density reductions in 

the future. If pre-hurricane densities represent equilibrial conditions for both species, 

then densities of N. tridens should decrease in future years, whereas Q. caracolla 

densities would remain relatively constant. Aldiough caution must be used when 

extrapolating from one site to anodier, studies conducted at anodier site within the 

tabonuco forest indicate both Q. caracolla and N. tridens densities remained constant 

from 1994 to 1995 (Willig et al, in litt.). 

_ Caracolus caracolla exhibited a clumped spatial distribution bodi before (1989) 

and after (1990) Hurricane Hugo (WiUig and Camilo, 1991), aldiough in 1990, the 

spatial distribution of £. caracolla was less clumped. Comparisons of the coefficients 

of dispersion among years revealed a trend in which Q. caracolla was clumped before 

Hurricane Hugo, less clumped directiy following Hurricane Hugo, and more clumped 

in 1994 than it was prior to Hurricane Hugo. This pattem suggests Hurricane Hugo 

tended to homogenize the spatial distribution of £. caracolla. A similar pattem was 

found in the spatial distribution of N. tridens. Five years following Hurricane Hugo, 

the spatial distribution of both species was clumped. Two possible explanations may 

account for the observed distributions. First, mortality of clumped individuals would 

reduce overall densities on the grid, so remaining individuals would appear to have a 

random spatial distribution following the hurricane. Subsequendy, surviving 

uidividuals reproduced and exhibited site fidelity, explaining the clumped distribution in 
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1994. Secondly, clumping may have been the result of snails being drawn to patchy 

resources. Emigration to patchy resources and subsequent reproduction of individuals 

surrounding the resources would produce the clumped spatial distribution for both 

species in 1994. 

All size categories of £. caracolla experienced homogeneous reductions in 

density after Hurricane Hugo (WilUg and Camilo, 1991), dius, die size distributions 

were not altered, only the abundance of individuals within each size category. 

Nonetheless, the chi-square test comparing 1989, 1990, and 1994 revealed size class 

distribution was dependent on time. Moreover, when the chi-square table was 

decomposed, only comparisons between the combined category 1989 and 1990 vs. 

1994 were significant (Table 3.3). Therefore, significant differences existed between 

previous size class distributions and those reported in 1994. This difference was a 

result of finding a greater proportion of individuals in the lai'ger size categories. Since 

Q. caracoUa reaches aduldiood within 2-3 years (Heatwole and Heatwole, 1978), 

massive reproductive output in 1991 from surviving adults would result in a peak of 

larger individuals in 1993 or 1994. Clearly, size class distributions are dynamic 

following disturbance and reproductive capabiUties may influence the exact composition 

of size class distributions five years after a disturbance event. 
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Table 3.2. Goodness of fit test for assessing the spatial distribution of Caracolus 
carcoUa and Nenia tridens at Bisley. Significance indicates departure from a random 
spatial distribution; coefficient of dispersion > 1 suggests clumping. Asterisks denote 
level of significance: * 0.05 > p > 0.01, ** 0.01 > p > 0.001, and *** p < 0.001. 

Species 
Statistic Caracolus caracoUa Nenia tridens 

Mean (per point) 

Variance (per point) 

Coefficient of Dispersion 

Chi-square 

Degrees of freedom 

Significance 

1989 

2.952 

9.120 

3.894 

35.977 

4 

* * * 

1990 

0.739 

1.019 

1.379 

6.784 

2 

* 

1994 

8.917 

62.707 

7.033 

18.270 

2 

* * * 
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4.881 32.611 

29.181 1522.84 

5.978 49.697 
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Table 3.3. Number of Caracolus caracoUa in each size category 
for 1989, 1990, and 1994. Results from hierarchical loglinear 
analysis (X2 = 128.205; df = 16; p « 0.001) indicate signifi
candy different size distributions among years. 

Category 

25 mm < Yi < 30 mm 

30 mm < Y2 < 35 mm 

35 mm < Y3 < 40 mm 

40 mm < Y4 < 45 mm 

45 mm < Y5 < 50 mm 

50 mm < Y6 < 55 mm 

55 mm < Y7 < 60 mm 

60 mm < Yg < 65 mm 

65 mm < Y9 

1989 

2 

14 

13 

6 

11 

6 

12 

33 

23 

Year 
1990 

1 

6 

4 * 

5 

4 

5 

5 

11 

7 

1994 

16 

21 

26 

29 

35 

65 

198 

184 

9 
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Table 3.4. Decomposition of chi-square test (Table 3.3) into single degrees of 
freedom (df) contrasts. Significance levels are presented for comparisons which 
contribute to differences among years; p > 0.05 for all other comparisons (ns). 

Source 

( I X 2) in (89X90) 

(1 X 2) in (89-90) X 94 

(1-2) X 3 in (89X90) 

(1-2) X 3 in (89-90) X 94 

(1-3) X 4 in (89X90) 

(1-3) X 4 in (89-90) X 94 

(1-4) X 5 in (89X90) 

(1-4) X 5 in (89-90) X 94 

(1-5) X 6 in (89X90) 

(1-5) X 6 in (89-90) X 94 

(1-6) X 7 in (89X90) 

(1-6) X 7 in (89-90) X 94 

(1-7) X 8 in (89X90) 

(1-7) X 8 in (89-90) X 94 

(1-8) X 9 in (89X90) 

(1-8) X 9 in (89-90) X 94 

Total 

df 

16 

X^-value 

0.000 

8.137 

0.402 

0.021 

1.615 

2.132 

0.200 

0.684 

0.409 

12.215 

0.288 

29.534 

0.608 

0.001 

1.463 

70.496 

128.206 

P-value 

ns 

p < 0.001 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

p < 0.001 

ns 

p « 0.001 

ns 

ns 

ns 

p « 0.001 

p « 0.001 
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Figure 3.1. Comparisons of absolute number of individuals per 
point. Vertical lines represent the standard errors of Caracolus 
caracolla (open bars) and Nenia tridens (solid bars) in 1989, 1990, 
and 1994. 
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Figure 3.2. Comparison of the observed size frequency distributions 
(Table 3.3) of Caracolus caracolla in 1989 (open), 1990 (cross-hatch), 
and 1994 (solid) in the Bisley Watersheds. 
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distributions (Table 3.3) of Caracolus caracolla in 1989 (open), 
1990 (cross-hatch), and 1994 (solid) in the Bisley Watersheds. 
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CHAPTER IV 

CONCLUSION 

Hurricane Hugo drasticaUy altered the tabonuco forest of Puerto Rico, 

however, sites within die forest experienced different degrees of damage depending on 

dieir location relative to the eye of die hurticane (Scatena and Laisen, 1991; Basnet et 

al., 1992; WaUcer et al., 1992; Boose et al, 1994). Long-term monitoring of snaUs at 

two sites widiin the tabonuco forest. El Verde and Bisley, was conducted to determine 

tree snaU recovery pattems foUowing Hurricane Hugo. These two sites were chosen 

because El Verde experienced moderate hurricane damage, whereas Bisley had 

extensive damage as a result of Hurricane Hugo (Boose et al., 1994). Aldiough the 

initial impact of Hurricane Hugo on tree snaUs had been documented (WiUig and 

CamUo, 1991), studies evaluating the long-teim recovery had not been addressed. 

Comparisons of El Verde and Bisley indicated huiricane induced habitat 

differences were not detectable in 1994. Although habitat differences were possible as 

a consequence of altered population densities, habitat value, abiotic parameters, or plant 

associations, the relationship describing habitat associations for either species did not 

include the dummy variable for site. Several explanations may account for diis. 

Although the forests at El Verde and Bisley were differentially altered by Huiricane 

Hugo, they may have recovered sufficiently so Uiat competitor and predator densities, 

ranges of abiotic parameters, or plant associations are no longer different. Another 

explanation may be Hurricane Hugo had the same effect on the critical habitat variables 

at each site. Finally, tree snaUs may not have responded to habitat alterations caused by 

Hurricane Hugo, although diis is unlikely. 

Disturbance, as a result of Hurricane Hugo, had a clear impact on the 

abundance and spatial distribution of £. caracolla and N. tridens at Bisley. Both 
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species have recovered from Hurricane Hugo, however, densities of N. tridens have 

exceeded those recorded prior to the hurricane. Increased densities of N. tridens may 

be a function of its abiUty to inhabit small Ught gaps. Hurricane Hugo imparted 

randomness on the spatial distribution of C. caracoUa. In 1994, both species exhibited 

a clumped spatial distribution; such a pattem may be the result of tree snails utiUzing 

patchy resources. The abundance and distribution of C. caracoUa retumed to pre-

Hurricane Hugo conditions, whereas the abundance and distribution of N. tridens did 

not. 

Size class distributions for C. caracolla in 1994 were significantly different 

from those in 1989 and 1990. There were more larger individuals in 1994 than in 

previous years. Individuals surviving Hurricane Hugo likely reproduced quickly 

because of enhanced resource levels and reduced intra-specific conpetition. The peak in 

1994 would represent the mature offspring from this. In addition, differential 

reproductive strategies and rates in the years following Hurricane Hugo may explain 

density differences between size classes, although specific data are not avaUable to 

support this notion. Clearly, size class distributions are affected by high intensity 

disturbances. 

The difference in pattems of recovery from Hurricane Hugo by C. caracoUa and 

N. tridens are consistent with interspecific differences in preference for light gaps 

exhibiteed by these snails before the hurricane's impact. Prior to Hurticane Hugo, 

canopy stmcture at El Verde cortesponded to a pervasive undisturbed matrix puctuated 

by occassional light gaps (WiUig et al., in litt.). Within that context, C. caracoUa 

exhibited sUghtly lower numbers in gaps compared to areas with closed canopy, 

whereas N. tridens attained higher densities in gaps than in the forest matrix (Alvarez 

and Willig, 1993). This was likely tme at Bisley as well, although no comparable data 

exist for that site prior to Hurricane Hugo. Canopy stmcture at Bisley was reorganized 
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radicaUy as a consequence of Hurricane Hugo; essentially the forest became a large gap 

punctuated by smaU islands of realtively undisturbed forest. Both C caracolla and N. 

tridens exhibited reduced densities one year after the hurricane's impact. This was 

likely a consequence of the inital mortality and reduced fecundity associated with 

Hurricane Hugo (WUUg and Camilo, 1992). Five years after the hurricane, the canopy 

at El Verde essentiaUy had reassembled so that Ught gaps were more common than 

immediately after die hurricane, but more abundant than prior to the hurricane. The 

increase in numbers of N. tridens as compared to those prior to Hurricane Hugo lUcely 

was related to the increase proportion of the forest that exhibited Ught-gap 

charcteristics. SimUarly, the indistinguishable densities of C. caracolla prior and 5 

years after Hurricane Hugo probably was a consequence of the regeneration of forest 

canopy. In summary, the immediate response of C. caracoUa and N. tridens to an 

intense disturbance like Hurricane Hugo was not a direct extrapolation of results 

obtained from less intense disturbance like treefalls. Nonetheless, 5 years after 

Hurricane Hugo interspecific differences in density reflect a response coincident with 

extrapolations based on responses of these tertestrial snaUs to treefaUs. 
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