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ABSTRACT

In studies of biodiversity, considerations of scale
—the spatial or temporal domain to which data
provide inference—are important because of the
non-arithmetic manner in which species richness
increases with area (and total abundance) and be-
cause fine-scale mechanisms (for example, recruit-
ment, growth, and mortality of species) can interact
with broad scale patterns (for example, habitat patch
configuration) to influence dynamics in space and
time. The key to understanding these dynamics is to
consider patterns of environmental heterogeneity,
including patterns produced by natural and
anthropogenic disturbance. We studied how spatial
variation in three aspects of biodiversity of terrestrial
gastropods (species richness, species diversity, and
nestedness) on the 16-ha Luquillo Forest Dynamics
Plot (LFDP) in a tropical forest of Puerto Rico was
affected by disturbance caused by Hurricanes Hugo
and Georges, as well as by patterns of historic land
use. Hurricane-induced changes in spatial organi-
zation of species richness differed from those for
species diversity. The gamma components of species
richness changed after the hurricanes and were sig-
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nificantly different between Hurricanes Hugo and
Georges. Alpha and two beta components of species
richness, one related to turnover among sites within
areas of similar land use and one related to variation
among areas of different land use, varied randomly
over time after both hurricanes. In contrast, gamma
components of species diversity decreased in indis-
tinguishable manners after both hurricanes,
whereas the rates of change in the alpha component
of species diversity differed between hurricanes.
Beta components of diversity related to turnover
among sites declined after both hurricanes in a
consistent fashion. Those related to turnover among
areas with different historic land uses varied sto-
chastically. The immediate effect of hurricanes was
to reduce nestedness of gastropod assemblages.
Thereafter, nestedness increased during post-hurri-
cane secondary succession, and did so in the same
way, regardless of patterns of historic land use. The
rates of change in degree of nestedness during sec-
ondary succession were different after each hurri-
cane as a result of differences in the severity and
extent of the hurricane-induced damage. Our anal-
yses quantified temporal changes in the spatial
organization of biodiversity of gastropod assem-
blages during forest recovery from hurricane-in-
duced damage in areas that had experienced
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different patterns of historic human land use, and
documented the dependence of biodiversity on spa-
tial scale. We hypothesize that cross-scale interac-
tions, likely those between the local demographics of
species at the fine scale and the landscape configu-
ration of patches at the broad scale, play a dominant
role in affecting critical transfer processes, such as
dispersal, and its interrelationship with aspects of
biodiversity. Cross-scale interactions have significant

implications for the conservation of biodiversity, as
the greatest threats to biodiversity arise from habitat
modification and fragmentation associated with
disturbance arising from human activities.

Key words: biodiversity; gastropods; historic land
use; nestedness; Puerto Rico; spatial heterogeneity;
species diversity; species richness; succession; tem-
poral heterogeneity; tropical forest.

INTRODUCTION

Scale, the spatial or temporal domain to which data
provide inference, has become an increasingly
important topic in studies that focus on aspects of
biodiversity from an ecological perspective (for
example, Holling 1992; Levin 1992; Peterson and
others 1998; Waide and others 1999; Scheiner and
others 2000; Mittelbach and others 2001; Chase
and Leibold 2002; Chalcraft and others 2004; Gor-
resen and others 2005; Peters and Havstad 2006)
and biogeographic perspective (for example, Lyons
and Willig 1999, 2002; Whittaker and others 2001;
Stevens and Willig 2002; Willig and others 2003;
Srivastava 2005; Willig and Bloch 2006). Biodi-
versity at a larger spatial scale (for example, gamma
diversity of a plot) is a consequence of two factors:
biodiversity at a smaller spatial scale (for example,
alpha diversity of sites within a plot) and the dif-
ferences in biodiversity among sites within the plot
(for example, turnover or beta diversity of the
plot). Explicit considerations of scale in studies of
biodiversity are important because the form and
parameterization of relationships between aspects
of biodiversity (for example, species richness) and
environmental factors (for example, productivity)
can be quite different (for example, positive linear,
negative linear, or modal) depending on the size of
sampling units and the extent of the larger system
within which they are dispersed (for example,
Scheiner and others 2000; Willig and others 2003).
Two general factors contribute to this phenome-
non. The first deals with the way in which aspects
of biodiversity increase with area. The second
concerns dynamics associated with cross-scale
interactions.

Biodiversity is a multidimensional attribute
whose components (for example, species richness,
evenness, and diversity) change in space in mark-
edly non-arithmetic manners (Levin 1992; Allen
and Hoekstra 1993). Two contrasting examples
illustrate this point. Consider a plot comprising four
smaller sites. The aboveground biomass on each of
the sites is 2, 4, 6, and 8 kg; the species richness of

the same sites (alpha level) is 2, 4, 6, and 8,
respectively. The total aboveground biomass of the
plot is 20 kg (that is, 2 + 4 + 6 + 8), whereas the
total species richness of the plot (gamma level) is
unknown, although it could assume a value from 8
to 20 species, depending on the differences among
smaller sites in species composition (beta level).
These examples demonstrate that the effect of
spatial scale depends on the characteristics of par-
ticular ecological attributes, and that scaling from
small to large areas for species richness is more
complicated than scaling for other attributes, such
as biomass. Clearly, ecological attributes may
change with scale in different manners (either the
form or parameterization of the relationships dif-
fer), and consequently their relationship with each
other may change with scale as well, resulting in
scale dependence. Such scale-dependent effects
have caused considerable controversy in investi-
gations concerning environmental gradients, such
as that chronicled in the debate about the rela-
tionship between diversity and productivity (see
Huston 1994, 1997, Lawton 1994; Wardle and
others 1997; Lawton and others 1998; Waide and
others 1999; Mittelbach and others 2001).

Species Richness, Habitat Heterogeneity,
and Area

Patterns of environmental heterogeneity and the
factors that influence it are key to understanding
the way in which ecological attributes, notably
those that involve species identity, change with
scale. Ecology’s oldest law is that species richness
increases with area (von Humboldt 1807). Al-
though considerable controversy still surrounds the
appropriate model for describing the form of the
relationship (Gray and others 2004a, b; Scheiner
2003, 2004), the power function is the most com-
monly used scaling function for area (S = CA?
wherein S represents species richness, A represents
area, and C and z are fit constants from least squares
analysis of the log-log relationship or from
non-linear analogs (Arrhenius 1921, 1923a, b)).
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Uncertainty regarding the form of the scaling
relationship arises because increases in area gen-
erally are accompanied by increases in habitat
diversity and in number of individuals, each of
which may increase species richness in different
ways. The manner in which aspects of habitat
heterogeneity change with area depends on the
particular geographic region in which the samples
are accumulated, the spatial dynamics of the dis-
turbance regime (for example, Falk and others
2007), and the abundance distribution of the spe-
cies pool across the cumulative set of habitats in the
region. Consequently, general models for species-
area relationships, which must be responsive to
both habitat heterogeneity and the abundance
distribution of a region’s species pool, are essen-
tially phenomenological in nature.

Spatial Organization

At the community or assemblage level, several
patterns of spatial organization have been identi-
fied, including checkerboards (Diamond 1975),
Clementsian gradients (Clements 1916), Gleaso-
nian gradients (Gleason 1926), random distribu-
tions (Simberloff 1983), and nestedness (Patterson
and Atmar 1986). Of these, nestedness—the extent
to which taxa found in species-poor areas are a
proper subset of those in species-rich areas—is
among the most frequently studied patterns. Al-
though traditionally viewed as a large scale, static
pattern derived from biogeographic processes, such
as extinction and colonization, recent work has
applied the nestedness concept to local assemblages
for understanding aspects of spatial and temporal
dynamics (Kaufman and others 2000; Leibold and
Mikkelson 2002; Norton and others 2004; Azeria
and others 2006). Indeed, nestedness may vary
with scale because different mechanisms drive the
pattern at each scale (Summerville and others
2002; Sfenthourakis and others 2004). Moreover,
temporal changes in nestedness may be profound
in assemblages that periodically experience large-
scale disturbance, such as hurricanes, because of
the drastic reorganization of habitat patches within
local landscapes (Bloch and others 2007).

Cross-Scale Interactions

Cross-scale interactions, especially those generated
by natural or anthropogenic disturbances (that is,
environmental drivers), play a critical role in eco-
systems by effecting dynamics in time and space
(Peters and Havstad 2006). Cross-scale interactions
refer to processes at one spatial or temporal scale
that interact with processes at another scale to

result in nonlinear dynamics or thresholds. These
interactions alter the relationships between pattern
and process across scales such that fine-scale pro-
cesses can influence a broad spatial extent or a long
time period, or broad-scale drivers can interact with
fine-scale processes to determine system dynamics
(Peters and others 2006). Disturbances affect the
life history and demographic parameters of species
at fine spatial scales by altering the local abiotic,
biotic, or structural environment (Figure 1A).
Moreover, the differences among these local pat-
ches in environmental characteristics, as well as
their spatial configuration, affect the dispersal of
individuals to and from patches (that is, the transfer
process), altering the effective degree of connect-
edness among patches in a species-specific manner,
coincident with niche characteristics of species. As
secondary succession advances, the biotic, abiotic,
and structural characteristics of local sites change as
a result of the interaction between fine-scale pro-
cesses and transfer processes among sites. Changes
in environmental characteristics at a local scale al-
ter the nature and configuration of patches at the
broad scale of the landscape, thereby creating a
cascade of cross-scale interactions (Figure 1B).
Consequently, cross-scale interactions have the
potential to significantly mold spatial patterns
of biodiversity and likely do so in complex
ways, especially during post-hurricane secondary
succession.

Context

As a consequence of its high species richness and
endemism (Woods 1989; Woods and Sergile 2001),
the Caribbean Basin has been designated as a global
hotspot of terrestrial biodiversity (Myers and others
2000; Myers 2001). Moreover, the region is char-
acterized by high cyclonic activity (Landsea and
others 1999) and rapid changes in human land use
(for example, Lopez and others 2001), so that the
structure and function of its ecosystems are molded
by hurricanes and humans (Tanner and others
1991; Grau and others 2003). Because the number
and intensity of tropical storms likely will increase
in the region (Goldenberg and others 2001; Web-
ster and others 2005), and land-use change con-
tinues unabated, it is important to understand the
ways in which such disturbances alter biotas,
especially in light of their role in mediating eco-
system function and resulting services to humans.
In this paper, we illustrate the complex ways in
which disturbance-generated heterogeneity from
hurricanes and historic human land use affected
spatial aspects and temporal trajectories of biodi-
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versity in a tropical forest in Puerto Rico. We focus
on terrestrial gastropods because they are an
abundant group of keystone heterotrophs for
which data on the spatial and temporal dynamics of
different populations are available at multiple spa-
tial scales.

MATERIALS AND METHODS

This study was conducted in the Luquillo Experi-
mental Forest in the Luquillo Mountains of
northeastern Puerto Rico. Spatial and temporal
heterogeneity in Luquillo Experimental Forest
arises from a number of interacting phenomena
that operate at different scales. The geological het-
erogeneity of the Luquillo Mountains underlies
climatological gradients (for example, temperature,
precipitation) that are produced by elevational
relief in mountains that rise to 1,075 m a.s.l.

<&
<

Figure 1. Two conceptual models illustrating the
interaction of environmental factors that affect variation
in time and space. A At a fine scale, the conceptual
model of Willig and Walker (1999) is spatially implicit,
and illustrates the way in which a particular disturbance
event (for example, a hurricane, D) affects the state of an
ecosystem (F) and subsequent successional dynamics
(AE). In particular, a hurricane alters abiotic (A) condi-
tions (for example, increases light penetration to forest
floor), biotic (B) conditions (for example, kills trees and
displaces snails), or structural (S) characteristics (for
example, removes branches and leaves from trees and
deposits both on the forest floor) of some portion of a
landscape. These modifications of habitat subsequently
alter the behavior of individuals and create different local
selection regimes, thereby affecting a cascade of changes
known as secondary succession. B Hurricanes directly
effect broad-scale patterns of habitat heterogeneity (as-
pects of patchiness), in addition to fine scale demographic
processes. In a spatially explicit model (Peters and
Havstad 2006), the association between the dispersal of
individuals of different species and patterns of biodiver-
sity are critically dependent on cross-scale linkages be-
tween local demographic processes at the fine scale and
landscape heterogeneity of patches at the broad scale.

within 5 km of the ocean (Brown and others 1983).
This heterogeneity is further modified by a distur-
bance regime that includes both natural and
anthropogenic agents (Pickett and Cadenas 1999).
Disturbance is a major driver of ecosystem
dynamics in the Luquillo Mountains, which are
struck by severe hurricanes every 50-60 years on
average (Scatena and Larsen 1991) and which have
a well-documented history of anthropogenic land
use (Garcia-Montiel and Scatena 1994; Thompson
and others 2002). Research in the Luquillo Exper-
imental Forest provides a wealth of background
information on the responses of plants, animals,
and biogeochemical processes to hurricanes (for
example, Walker and others 1991, 1996; Waide
and Lugo 1992), as well as on the effects of historic
land use (for example, Willig and others 1996; Aide
and others 2000). Finally, the biota continues to
respond to disturbances during the process of sec-
ondary succession, which imposes yet another level
of spatial variation on an already heterogeneous
landscape. More specifically, any particular ele-
ment (for example, hurricane, tree fall, forestry
practice) or interaction of elements of a disturbance
regime affects a geographically explicit portion of a
landscape by altering the biotic, abiotic, or struc-
tural characteristics of the system, with conse-
quences to both state variables and fluxes
(Figure 1A; Willig and Walker 1999). Moreover,
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the effects of the disturbance are mediated by
the state of the system at the time of the distur-
bance. In synergy, the underlying heterogeneity of
the environment, disturbance regime including
anthropogenic and natural agents, and the state of
the system at the time of disturbance determine the
subsequent rates and directions of change in bio-
diversity and influence the patterns of community
organization in space and time.

Field Site

The study took place on the Luquillo Forest
Dynamics Plot [LFDP (SW corner at 18°20'N,
65°49'W; c¢. 330-400 m a.s.l.)] in the Luquillo
Experimental Forest (Waide and Reagan 1996).
Rainfall averages 3,500 mm year™ ', with no month
experiencing less than 200 mm of precipitation.
Nonetheless, as a result of the variation in the
probability of daily rainfall a modest ‘“drier season’’
extends from January to April, and a ““wetter sea-
son”’ from May to December. The forest is typical of
the tabonuco forest zone (below 600 m elevation)
in the Luquillo Mountains (Brown and others
1983), and is classified as subtropical wet in the
Holdridge life zone system (Ewel and Whitmore
1973). The LEDP comprises 16 ha of varied terrain
and soils (Figure 2; Thompson and others 2002,
2004). Like the rest of the forest, the LFDP was
disturbed by human activities of different intensi-
ties prior to its purchase by US Forest Service in
1934, including limited selective logging, which
continued in a few small areas until the 1950s
(Thompson and others 2002). Based on percent
canopy cover evident in aerial photographs taken
in 1936, US Forest Service records, and other
sources, the LFDP can be subdivided into four
canopy cover classes (Thompson and others 2002).
For this study, canopy cover classes 1 and 2 were
combined to increase sample size, resulting in three

Figure 2. Topography of the Luquillo Forest
Dynamics Plot (LFDP) at El Verde, Puerto
Rico, showing the location of forty 3-m
radius sites in which gastropods were
censused. Vertical axis is meters above sea
level. Canopy cover classes (white circles
cover classes 1 and 2, grey circles cover class 3,
and black circles, cover class 4) reflect
ditferent types and intensities of historic land
use on the LFDP, based on analysis of aerial
photographs taken in 1936.

areas of historic land use (Figure 2). Cover classes 1
and 2 (0-49% canopy cover in 1936) experienced
the most intensive logging and agriculture prior to
1934. Cover class 3 (50-80% canopy cover in
1936) was used for shade-coffee cultivation and
other small scale mixed agriculture before 1934.
Cover class 4 (80-100% canopy cover in 1936) was
lightly and selectively logged up to the 1950s. After
purchase, the forest was allowed to revert to closed
canopy forest. Nevertheless, current differences in
tree species composition as well as functional
diversity of microbes, continue to reflect the history
of human activity (Willig and others 1996;
Thompson and others 2002). In 1989 and 1998, the
LFDP was struck by major natural disturbances,
Hurricane Hugo (category 4 storm) and Hurricane
Georges (category 3 storm), respectively. The spa-
tial distribution of damage to the forest from each
hurricane was influenced by the tree species com-
position of local sites, as tree species have different
susceptibilities to types of damage (Zimmerman
and others 1994).

Terrestrial Gastropods

Terrestrial gastropods are a species-rich, conspicu-
ous, and abundant group of animals in tabonuco
forest of Puerto Rico (34 species overall; 18 on the
LFDP, Garrison and Willig 1996; Willig and others
1998). Because of their numbers, biomass, and
varied roles as litter feeders, herbivores, and car-
nivores, terrestrial gastropods may act as keystone
heterotrophs in many terrestrial systems (Mason
1970; Purchon 1977). These gastropods respond to
both historic land use patterns and natural distur-
bances, such as hurricanes and tree fall gaps (Willig
and Camilo 1991; Alvarez and Willig 1993; Secrest
and others 1996; Willig and others 1998; Bloch and
Willig 2006).
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From 1991 through 2004, data on gastropod
populations were collected in a standardized fashion
from each of 40 circular sites (3 m radius by 3 m
vertical height) arranged in a rectilinear grid, with
60 m inter-site spacing in the LFDP (Figure 2; Willig
and others 1998; Bloch and Willig 2006). Each of the
40 sites was classified according to its location with
respect to the 1936 cover class designations that re-
flect historic land use (see above), with 13 sites in
cover classes 1 and 2 asa group, and 14 and 13 sitesin
cover classes 3 and 4, respectively. Sampling was
conducted during two seasons each year: once in
March, during the drier season, and again from June
to August, during the wetter season.

Analytical Methods

Biodiversity of gastropods at the sites was estimated
by species richness (S, the number of sampled
species) and Shannon’s index (H’) of diversity
(Magurran 1988). The latter incorporates aspects of
richness and evenness, and may be defined as

5
H = pi(lnp)
=1

where p; equals the proportional abundance of the
i species, given as the ratio of the number of
sampled individuals of species i (n;) to the total
number of sampled individuals (N) of all species
(that is, p; = n;/N). Evenness (E) reflects the extent
to which all S species exhibit the same abundance,
and may be measured as the ratio of observed
diversity to maximal diversity

E=H'/H,

max

where H' ... is calculated when the proportional
abundances of all species are the same (for all i,
bi= 1/S).

For each sample of the gastropod assemblage in
the wetter season, an estimate of biodiversity (that
is, the biodiversity of terrestrial gastropods on the
entire LFDP) based on species richness and Shan-
non’s index (hereafter, S, and H’,, respectively) was
partitioned with respect to o and B components
using program PARTITION (Crist and others 2003).
For each measure of biodiversity at the y level, three
subcomponents were recognized: o biodiversity,
representing the average biodiversity of sampling
sites (S, or H',), B biodiversity among sites (Sgjzes OT
H'gies), and P biodiversity among historic cover
classes (S.. or H'¢.). Importantly, S.. and H' .. each
reflect two contributory factors: effects related to

differences in environmental conditions or distur-
bance history among cover classes, as well as dif-
ferences related to distance effects, which are
confounded and not distinguishable in subsequent
analyses. In addition, the spatial structure of gas-
tropod assemblages was characterized using PN,
(Wright and others 1998), a standardization of the
N. metric of nestedness. It represents the sum of all
conditional probabilities that a species will be
present at a site, given its presence at more depau-
perate sites (that is, the number of times a species
presence at one site correctly predicts its presence at
equally rich or more rich sites, summed for all
species and all sites; Wright and Reeves 1992). More
specifically, nestedness (N.) is given by

K-1 K S

Ne=> D> D XiXu (1)

i=1 m=i+1 j=1

where K is the number of sites, S is the number of
species, and X;; is the entry for species j at site i (a !
if present, a 0 if absent). The standardized measure
of N¢ (that is, PN,) is based on the observed value of
N., the expected value of N (derived from a null
model), and the maximum value of N. via the
relationship:

PN. = {N. — expected (N.)}{max (N.) — expected
(N}

whose rationale is discussed fully in Wright and
Reeves (1992).

Via SPSS (1990a, b), repeated measures analysis
of covariance (ANCOVA) was used to evaluate ef-
fects of natural disturbance on biodiversity based
on each measure of biodiversity (S and H’) at each
spatial scale (o, Bsitess Bcc, 7). In all cases, the
within-subjects factor was hurricane, which iden-
tified whether a sample was collected in the time
period following Hurricane Hugo and before Hur-
ricane Georges (1991-1998), or that following
Hurricane Georges (1998-2004). The covariate was
time since disturbance, measured in years. Because
of the paired nature of the design, data for a par-
ticular year were included only if data existed for a
particular value of the covariate (time since dis-
turbance) for both hurricanes. Because sample size
and degrees of freedom are small and this is a
heuristic study, we chose to reject the null
hypothesis at o = 0.10.

Because biodiversity at the gamma scale is equal
to the sum of biodiversity at the alpha scale, beta
scale among plots, and beta scale among cover
classes, statistical analyses for all four components
of a particular index (that is, richness or diversity)
are not independent, leading to elevated likeli-
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hoods of rejecting the null hypothesis when it is
true (Type I error rates). Rather than conducting
more complicated multivariate analogues of the
repeated measures ANCOVAs, or conducting a re-
peated measures ANCOVA on each of a number of
independent measures of biodiversity derived from
a data-reduction technique such as Principal
Components Analysis or Multidimensional Scal-
ing—each of which requires adherence to a num-
ber of additional statistical assumptions—we chose
to apply Bonferroni sequential adjustments (Rice
1989) to broadly assess multivariate significance
and to protect against elevated Type I error rates
with respect to each index of biodiversity. As such,
significant effects prior to Bonferroni adjustment
for alpha, beta, or gamma components of any as-
pect of biodiversity (that is, richness or diversity)
are considered to be weak if the suite of four
metrics does not yield overall significance after
correction by the Bonferroni technique [considered
by some (Hurlbert 2003; Moran 2003) to be quite
conservative].

Repeated measures ANCOVA (SPSS 1990a, b)
was used to evaluate effects of patterns of historic
land use and natural hurricane disturbance on
nestedness of gastropod assemblages at two hier-
archical spatial scales: the entire LFDP and sepa-
rately for each of the three canopy cover classes. In
both cases, the within-subjects factor was hurri-
cane (Hugo versus Georges), and the covariate was
time since hurricane disturbance. For the analysis
at the scale of the entire LFDP, a between-subjects
factor was included to identify regions of historic
land use defined by canopy cover class (CC) within
which the nestedness of sites was assessed over
time. Because of the paired nature of the sampling
design, we only included data if they existed for a
comparable time, in seasons, after both hurricanes
(that is, the covariate). Again, we rejected the null
hypothesis at o = 0.10.

Simulation Analyses

The possible effects of hurricane-induced mortality
on changes in the degree of nestedness were as-
sessed using two different models, one simulating
density-independent mortality and the other sim-
ulating density-dependent mortality. Density-
independent mortality was modeled separately for
each site. A uniform random number between 0
and 1 was generated for each species. If the random
number was less than the extirpation threshold,
which systematically varied from 0.1 to 0.9 in
increments of 0.1, then that species was removed
from the site and considered to be locally extinct.

Density-dependent mortality was modeled in a
parallel fashion, except that a uniform random
number between 0 and 1 was generated for each
individual. If the random number was less than the
extirpation threshold, which systematically varied
from 0.1 to 0.9 in increments of 0.1, then that
individual was removed from the site. Only when
all of the individuals of a particular species had
been removed from a site was the species locally
extinct. Thus, the likelihood of extirpation at a site
decreased with increased abundance at that site.
Each of the two models was executed based on site-
specific data for snail abundances prior to Hurri-
cane Georges. The results of each iteration of the
simulation produced a binary (presence or absence)
matrix that was used to assess nestedness, as esti-
mated by the N index in its standardized form
(PN.), thereby removing the correlation between
the rank of the data matrix and the magnitude of
the index (Wright and Reeves 1992; Wright and
others 1998). Statistical significance was assessed
from 1,000 interations of randomized data gener-
ated with the RANDOMI1 null model. We repeated
this entire process 100 times to estimate mean
nestedness values for each model. Although mor-
tality may differ among species and be related to
site-specific variation in the intensity of distur-
bance, among other things, those aspects of hurri-
cane effects were not modeled here.

ResuLTs AND DiscussionN

Spatial and Temporal Variation in
Biodiversity

Temporal changes in biodiversity of gastropods
after hurricane-induced disturbance were scale-
dependent albeit weak, regardless of whether bio-
diversity was expressed as S or H' (Table 1). S
exhibited a discernable trend over time only at the
largest spatial scale (S,). However, the post-distur-
bance trajectory of S, depended on hurricane
identity, as the direction of post-hurricane change
differed between the two hurricanes [Figure 3A;
Table 1, significant hurricane by time since distur-
bance interaction (P = 0.052)]. Although H’, de-
clined over time following disturbance in a
consistent manner, regardless of hurricane identity,
this response was not reflected by all of its spatial
components (Figure 4). In particular, no response
was observed for H'g.. (Figure 4D), and H’, de-
clined more slowly following Hurricane Georges
than it did following Hurricane Hugo [Figure 4B;
Table 1, significant hurricane by time since distur-
bance interaction (P = 0.091)].
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Table 1.

Results of Repeated Measures ANCOVAs Evaluating Effects of Disturbance by Hurricanes on

Biodiversity of Gastropod Assemblages including Spatial Components of Species Richness and Diversity

Species richness (S)

Shannon diversity (H’)

Source df a Bsitcs Bcc Y o Bsitcs Bcc Y
Within subjects factors

Hurricane 1,3 0.100 0.635 0.112 0.066 0.059 0.732 0.169 0.192
Hurricane X time since disturbance 1,3 0.158 0.430 0.116 0.052 0.091 0.452 0.144 0.180
Between subjects factors

Time since disturbance 1,3 0.396 0.119 0.487 0.826 0.145 0.007 0.153 0.012

Spatial aspects reflect o- and B-components, both among areas characterized by different anthropogenic disturbance histories as reflected in historic cover classes (B.) and among

sites (Bxites)-

The factor “‘hurricane’’ identifies whether a sample came from the time period following Hurricane Hugo or Hurricane Georges.
The covariate measures the number of years following disturbance. Significant results (o = 0.10) are bold. After adjustment by the Bonferroni technique, none of the results for
species richness were significant, and only the effect of time since disturbance was significant for diversity; this suggests that within subjects factors had only weak effects.

Temporal changes in biodiversity were more
pronounced when differential abundances of spe-
cies were considered (Shannon diversity) than
when only the presence or absence of species
(richness) defined the index of biodiversity. This
probably results from species-specific patterns that
typify the numerical responses of gastropod species
to disturbances such as treefall gaps (Alvarez and
Willig 1993) or hurricanes (Bloch and Willig 2006).
In fact, the post-hurricane decrease in H’, over time
was not associated consistently with a decrease in
S, and must therefore have been a function of
decreasing species evenness, a metric that is sensi-
tive to the differential abundances of species. The
pattern resulted primarily from increasing numer-
ical dominance of a single species, Nenia tridens,
which generally was lowest in density soon after a
hurricane, then increased, at times, to over 50% of
total gastropod abundance (Bloch and Willig 2006).
Nevertheless, increases in density of N. tridens had
no obvious negative effects on densities of other
species or on species richness (Bloch and Willig,
unpublished data).

Decreasing B-diversity among sites reflected
increasing similarity in species-abundance distri-
butions among sites within cover classes (Fig-
ure 4C), but not increasing similarity in species-
abundance distributions among these areas (Fig-
ure 4D). Although B-diversity among areas of dif-
ferent historic land use remained consistently low,
persistent habitat differences among these areas
(see Willig and others 1996; Bloch and Weiss 2002;
Thompson and others 2002) may have prevented
continued convergence of gastropod abundance
distributions. Thus, environmental heterogeneity
derived from anthropogenic land-use history
generated increased variability in diversity and
composition of gastropod assemblages, whereas

differences in characteristics of subsequent natural
disturbances drove the direction and rate of suc-
cessional changes.

Nestedness of Gastropod Assemblages

Although the immediate effect of hurricane-in-
duced disturbance was to decrease nestedness of
gastropods in the LFDP, during subsequent sec-
ondary succession, nestedness generally increased
in magnitude (Figure 5). The rate of increase was
greater after Hurricane Hugo than after Hurricane
Georges [Table 2, significant hurricane by time
since disturbance interaction (P = 0.001)]. Also,
the magnitude of nestedness differed among spatial
domains of the LFDP as defined by canopy cover
class in 1936 (Table 2), and these differences in
nestedness of gastropods were consistent during
successional responses to both hurricanes [Table 2,
non-significant hurricane by canopy cover class
interaction (P = 0.679)]. These results indicate that
assemblage structure of gastropods, as reflected in
nestedness, changed over time after disturbance
but that the rate and extent of change depended on
the type of past disturbances and the particular
recent disturbance.

We hypothesize that prior to the impact of Hur-
ricane Hugo, when the LFDP was more homoge-
neous with respect to vegetation, temperature, and
humidity, the snail assemblage was essentially a
metacommunity, with relatively uninhibited
movement of individual snails among sites. To the
extent to which this is true, the metacommunity
should exhibit a nested distribution of species,
regardless of the underlying species abundance
distribution (that is, a random placement of indi-
viduals among sites generally will yield a nested
pattern of species occurrences; Higgins and others
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Figure 3. Long-term variation in spatial components of
biodiversity as measured by species richness for terrestrial
gastropods during the wet season on the Luquillo Forest
Dynamics Plot, with a focus of trajectories of change after
Hurricane Hugo (solid symbols and solid lines) and after
Hurricane Georges (open symbols and dashed lines). Spatial
scales (indicated by symbols) of species richness include:
A gamma (y), B alpha (o), C beta among sites (Bsie), and
D beta among cover classes (Bcc). The absence of lines
indicates the absence of evidence for linear changes in an
aspect of biodiversity after hurricane-induced distur-
bance.

2006). Disturbance-induced mortality can disrupt
such patterns of nestedness, whether the effects are
density dependent or independent (Figure 6), an
interpretation consistent with observations after
Hurricane Georges (no pre-hurricane data on
nestedness exist for Hurricane Hugo). The sub-
sequent increases in nestedness during secondary
succession may reflect major microclimatic differ-
ences that arise as a result of these storms. Hurri-
canes produce many large openings in a forest, in
which soil and air temperatures are high, evapo-
transpiration is high, and humidity is low com-
pared to undisturbed forest (Denslow 1980;
Fernandez and Fetcher 1991). Moreover, the
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Figure 4. Long-term variation in spatial components of
biodiversity, as measured by Shannon’s Index, for ter-
restrial gastropods during the wet season on the Luquillo
Forest Dynamics Plot, with a focus of trajectories of
change after Hurricane Hugo (solid symbols and solid lines)
and after Hurricane Georges (open symbols and dashed
lines). Spatial scales (indicated by symbols) of species
diversity include: A gamma (y), B alpha (o), C beta
among sites (Psies), and D beta among cover classes
(Bcc)- When variation in an aspect of species diversity
after Hurricane Hugo was indistinguishable from that
after Hurricane Georges, a dashed and dotted line repre-
sents the trajectory of change. The absence of lines indi-
cates the absence of evidence for linear changes in an
aspect of biodiversity after hurricane-induced distur-
bance.

magnitude of difference in environmental condi-
tions between gap and undisturbed forest increases
with the size of the canopy opening (Lee 1978).
These microclimatic characteristics affect gastropod
assemblages because of species-specific responses to
desiccation, an important cause of mortality for
terrestrial gastropods (Solem 1984), especially eggs
and juveniles. In addition, the large input of leaves
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Figure 5. Long-term variation in nestedness of terrestrial
gastropods during wet and dry seasons on the Luquillo
Forest Dynamics Plot, with a focus on trajectories of
change after Hurricane Hugo (solid diamonds and solid
lines) and after Hurricane Georges (open diamonds and
dashed lines). Spatial extents for analyses include: A the
entire Luquillo Forest Dynamics Plot, B cover class 1 and
2, C cover class 3, and D cover class 4.

and branches to the forest floor as a result of hur-
ricane damage provides a major pulse in resources
for bacteria and fungi, which are important food
resources for some species of gastropod. Taken to-
gether, these factors likely caused differences in
gastropod species composition among sites and
over time. For example, at least one species, N.
tridens, exploits resource pulses in small-scale dis-
turbances (for example, tree fall gaps) in the LFDP,
whereas another, Caracolus caracolla, is more
abundant to undisturbed forest (Alvarez and Willig
1993).

The different responses following each hurricane
may thus reflect a difference in the intensity and
extent of hurricane damage. The initial levels of
diversity and richness were somewhat higher and
nestedness was lower after Hurricane Hugo com-
pared to after Hurricane Georges because damage

from the former occurred about 50 years after the
last Hurricane at a time when canopy cover on the
plot was relatively continuous. In contrast, Hurri-
cane Georges struck only 9 years after Hurricane
Hugo, at a time when canopy cover was incom-
plete. Moreover, the damage from Hurricane Hugo
compared to Hurricane Georges was greater and
produced a more heterogeneous environment.
Nestedness increased over time more rapidly fol-
lowing Hurricane Hugo than following Hurricane
Georges (Table 2), potentially reflecting differences
in the attributes of disturbance associated with each
storm. The different rate of responses following
each hurricane may reflect the difference in the
intensity and extent of hurricane damage (Brokaw
and others). Because Hurricane Hugo produced
more severe and a larger extent of canopy damage
than did Hurricane Georges, the post disturbance
rates of change in microclimatic characteristics (for
example, temperature and humidity) and in the
structure of vegetation arising from the growth of
shrubs and pioneer trees were more rapid after
Hurricane Hugo than Georges.

A previous analysis of nestedness of gastropod
assemblages on the LFDP (Bloch and others 2007)
revealed no difference between the trajectories of
nestedness between the two hurricanes. Although
that analysis comprised a larger sample size (that is,
more estimates of nestedness over time), it in-
cluded seasons following Hurricane Hugo for which
no counterpart yet existed following Hurricane
Georges (for example, the dry season of 1997 was
8 years after Hurricane Hugo, but there were no
data for 2006, the eighth year following Hurricane
Georges). Two factors may account for the different
results. First, the strictly paired design in the cur-
rent analysis provides better statistical power to
detect a difference in slopes during the years for
which paired data exist. Second, visual inspection
of the data suggests that nestedness may have ap-
proached an asymptote approximately 6 years after
Hurricane Hugo (Figure 1 in Bloch and others
2007). If so, differences in intensity between storms
may affect the rate of change in nestedness fol-
lowing disturbance, but not the maximum attain-
able degree of nestedness.

The differences in nestedness among areas of
historic land use after a hurricane apparently re-
flected pre-hurricane heterogeneity resulting from
different intensities or types of human disturbance
on the LFDP. More specifically, sites that experi-
enced the least severe disturbance from agricultural
practices in the past (that is, limited selective log-
ging until the 1950s) consistently had gastropod
assemblages that were less nested than did those
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Table 2. Results of Repeated Measures ANCOVAs Evaluating Effects of Disturbance by Hurricanes on
Nestedness of Gastropod Assemblages at Two Spatial Scales

Recognizing cover classes

Ignoring cover classes

Source df P

Source df P

Within subjects factors

Hurricane 1,20 0.005
Hurricane X time since disturbance 1,20 0.001
Hurricane x cover class 2,20 0.679
Between subjects factors

Time since disturbance 1,20 < 0.001
Cover class 2,20 0.040

Within subjects factors
Hurricane 1,6 0.071
Hurricane X time since disturbance 1,6 0.026

Between subjects factors
Time since disturbance 1,6 0.008

Spatial scales are within each of three areas characterized by different anthropogenic disturbance histories (reflected by historic canopy cover classes) and for the entire Luquillo
Forest Dynamics Plot, irrespective of historic cover class. The factor hurricane identifies whether a sample came from the time period following Hurricane Hugo or Hurricane
Georges. The covariate measures the number of semi-annual sampling seasons following disturbance. Significant results (o = 0.10) appear in bold.
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Figure 6. Results of simulations of the effect of distur-
bance-induced mortality on significance of nestedness of
gastropods on the LFDP (see text for details). Closed circles
indicate simulations in which extirpation was density-
independent. Open circles denote simulations in which
extirpation was density-dependent. Shading denotes
levels of significance (dark grey P < 0.05, light grey
0.05 < P £ 0.10). In general, nestedness decreases with
increased mortality (extirpation threshold), and does so
more quickly when mortality is density independent
than when mortality is density dependent.

that were more severely disturbed, regardless of
time since a hurricane (Bloch and others 2007).
Historic land use influenced tree species composi-
tion and size prior to hurricane impact (Thompson
and others 2002), which, in turn, affected degree of
damage during the hurricanes, because tree spe-
cies, size, and age influence susceptibility to hur-
ricane damage (Zimmerman and others 1994;
Brokaw 1998; Uriarte and others 2004). Thus, dif-
ferences in the degree of nestedness of gastropod
assemblages among areas of historic human land
use were not unexpected to occur after hurricanes,
although it was surprising that the degree of nest-
edness was lowest in the area historically subjected
to limited and selective logging, regardless of time

since disturbance. This portion of the LFDP (canopy
cover class 4) contained several sites from which
the two most abundant and widespread species, C.
caracolla and N. tridens, were often absent, possibly
because the complexity of vertical structure and the
amount of decaying plant matter were low after the
hurricanes relative to the other regions of the LFDP
(Willig and others, unpublished data). Moreover,
some infrequent gastropod species, such as Alcadia
striata and especially Platysuccinea portoricensis, were
more common at such sites, often occupying those
devoid of the more widespread species. This pattern
of species distribution resulted in lower nestedness
as a consequence of a greater number of ‘‘holes”
(that is, unexpected species absences) and ‘“‘out-
liers”” (unexpected species presences) in the portion
of the LFPD that experienced the least intense
disturbance by humans. Nevertheless, unlike the
situation with patterns of biodiversity of terrestrial
gastropods, heterogeneity generated by the history
of natural and anthropogenic disturbance changed
only the magnitude, rather than the trajectory, of
nestedness with increasing spatial scale.

Synthesis

The snail assemblage on the LFDP may represent a
metacommunity (Wilson 1992; Leibold and others
2004; Holyoak and others 2005) with a high degree
of nestedness and connectivity among sites prior to
hurricane disturbance, when canopy cover was
extensive and environmental conditions at the
level of the understory were more homogeneous in
the forest. This may have been particularly true
prior to Hurricane Hugo, as the forest had not
experienced a hurricane of such intensity in dec-
ades. The immediate impact of the hurricane was to
alter the abundance of species at some sites more
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than others and cause local extirpations, thereby
decreasing the degree of nestedness on the LFDP.
By creating extensive tree and branch falls, and
removing massive quantities of living leaves from
the canopy, hurricanes also modify environmental
conditions (increased light, temperature, and car-
bon inputs; decreased humidity) to make them
more stressful for terrestrial gastropods, especially
in sites of severe disturbance. These environmental
changes differentially affected local populations
through fine-scale processes (Figure 1A) through-
out post-hurricane secondary succession. At a
broader scale, the reconfigured landscape of pat-
ches modified transfer processes among sites,
especially the likelihood of dispersal of particular
species among locations. Because movement by
gastropods is costly in terms of water, activity is
reduced by unfavorable microclimatic conditions
(reviewed in Cook 2001). Consequently, dispersal
rates across severely disturbed patches of habitat
should be low. As such, species that are driven to
local extinction may not rapidly be replaced via the
rescue effect from subpopulations in other patches.
These cross-scale interactions also altered local
(site) and consequently regional (LFPD) species-
abundance distributions. As forest cover and veg-
etation structure regenerated over time, the mi-
croclimatological characteristics ameliorated from
the perspective of gastropods. The improved envi-
ronmental conditions for gastropods at local sites
likely altered fine-scale processes resulting in de-
creased mortality, increased fecundity, and conse-
quently higher density, as well as increased activity
of individuals. These in turn resulted in increased
selective pressures that favored dispersal into areas
that were more severely modified by disturbance.
Simultaneously, environmental = homogeneity
(with respect to a number of critical environmental
conditions) and connectivity likely increased
among sites, cumulatively enhancing the degree of
nestedness in the assemblage. The rate of increase
in nestedness depended on the particular hurricane
(initial nestedness after Hurricane Georges was
higher than Hugo in all land use areas), and in-
creased at a slower rate after Hurricane Georges
than after Hurricane Hugo. Because Hurricane
Georges did not disrupt canopy structure to the
same degree as did Hurricane Hugo, nestedness was
less affected as an immediate consequence of the
disturbance. The lesser input of leaves and bran-
ches to the forest floor from Hurricane Georges
compared to Hurricane Hugo also provided smaller
quantities of organic carbon for assimilation by
microbial food sources, and induced only minor
changes in understory plants during subsequent

secondary succession. Thus the rate of increase in
nestedness of gastropods was less after Hurricane
Georges than after Hurricane Hugo. These consis-
tent patterns in hurricane response, however,
overlie differences due to heterogeneity in assem-
blages as a result of past land use. Thus, hurricanes
alter fine-scale processes, and together with
underlying environmental heterogeneity, explain
why biodiversity measures did not scale easily from
local to broader scales in the LFDP. This scaling
phenomenon may be especially important when
land-use history belies important environmental
legacies.

This study demonstrated the need to characterize
fine-scale, population and assemblage-level pro-
cesses, as well as the need to determine broad-scale
patterns of heterogeneity over an entire landscape
that effect patch connectivity and transfer pro-
cesses, so as to effectively understand and model
the dynamics of biodiversity in a disturbance
mediated, tropical ecosystem. In this study,
underlying environmental heterogeneity was re-
lated to disturbances that arose from anthropogenic
and natural causes. Because of increasing human
demands on ecosystems and widespread alterations
in natural disturbance regimes that arise as a con-
sequence of global climate change, effective con-
servation planning depends on understanding
the spatiotemporal dynamics of biodiversity, espe-
cially the complex effects of scale and cross-scale
interactions.
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