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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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