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ABSTRACT 
The fifteen articles in this special issue describe long-term ( 2  5 years) responses or perspectives on disturbance in 
Caribbean ecosystems. Most (1 1) of the articles describe the responses of Caribbean forests to hurricane disturbance, 
particularly the effects of Hurricane Hugo on wet forest in the Luquillo Experimental Forest (LEF), Puerro Rico. Ten 
articles discuss, alone or in addition to hurricanes, the effects of other types of disturbance including that due to 
humans, treefalls, drought, and landslides. In this introductory article we summarize the post-hurricane trajectories of 
various ecosystem components in the LEF. We also address how responses to other types of disturbance can be brought 
together to obtain a more thorough understanding of the comparative responses of Caribbean ecosystems to different 
disturbances. Finally, we identify those areas of disturbance ecology in the Caribbean that require further investigation. 

RESUMEN 
Los quince articulos en esta edici6n especial describen respuestas o perspectivas a largo plazo ( 2  5 ahos) sobre 
perturbaciones en ecosistemas del Caribe. La mayor parte (1 1) de 10s articulos consideran las respuestas sobre bosques 
del Caribe a perturbaciones de huracin, particularmenre 10s efectos de Huracin Hugo sobre el bosque humedo en el 
Bosque Experimental de Luquillo (BEL), Puerro k c o .  Diez arriculos discuren, solo o ademas de huracanes, 10s efectos 
de otros tipos de perturbaciones incluso la debido a humanos, caida de irboles, sequias, y derrumbes. En esre articulo 
introductorio nosotros resumimos las trayectorias post-huracan de varios componentes de la ecosistema del BEL. 
Nosorros tambiin consideramos respuesras a orros ripos de perrurbaciones que pueden esrar juntos para obrener aun 
mas enrendimiento de respuesras comparativas de ecosistemas del Caribe a las diferentes perrurbaciones. Finalmenre, 
nosotros identificamos esas ireas de la ecologia de perturbaciones en el Caribe que requieren mis investigaci6n. 

KT words: anthropogenir disturbance; communities; drought; hurricanes; landslides; long-term research;populations; Puerto 
Rico; treefalls. 

FUNDAMENTALISSUES IN ECOLOGY, such as the de- 1985). Studies of disturbance also challenge the 
terminants of population size in nature, the main- view that ecological systems are in equilibria with 
tenance of species diversity, and the limitations to respect to counteracting processes such as compet- 
ecosystem productivity, are given a new perspective itive hierarchies (Connell 1978), species immigra- 
when one considers perturbations caused by natu- tion and extinction (Whittacker 1996), and nutri- 
ral and anthropogenic disturbance. For example, ent loss and retention (Lodge e t  al. 1994). Thus, 
disturbance may account for much of the spatial investigations of disturbance are important because 
and temporal variation we observe in the charac- they provide insight into key ecological mecha- 

teristics of populations, communities, and ecosys- nisms and their controls. Ecological theory embod- 

tems (White 1979, Sousa 1984, Pickett & White -ies disturbance at various leveis, including evolu- 
tionary and demographic processes (MacArthur & 

' Received 20 May 1996; revision accepted 4 June 1996. Wilson 1967, Pianka 1970, Grime 1979, Tilman 
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1988), community dynamics and succession (Con- 
nell 1978, Sousa 1984), and ecosystem-level pro- 
cesses (Bormann & Likens 1979, Vitousek et al. 
1979). Theoretical approaches have also been de- 
veloped which use disturbance to address patch dy- 
namics and heterogeneity at the landscape level 
(Pickett & White 1985, Turner 1987). 

Disturbance has been a central focus of ecolog- 
ical research since its inception (Cowles 1899, 
Cooper 1926, Clements 1936). Most empirical re- 
search has focused on frequent, small-scale distur- 
bances because of their ease of study or larger-scale 
human disturbances because of their relevance to 
conservation and the ability to conduct controlled 
experiments (Pickett & White 1985, Jordon et al. 
1987, Glenn-Lewin et al. 1992). To date, long- 
term studies mostly have relied on retrospective 
analyses (e.g., Foster 1992, Horn & Sanford 1992) 
or on space-for-time substitution (Pickett 1989, 
Fastie 1995) that limit the ability of the researcher 
to discern or disentangle key mechanisms of 
change. Long-term monitoring, such as that con- 
ducted by the US Long-Term Ecological Research 
(LTER) Program, facilitates investigation of infre- 
quent disturbances (Magnuson 1990, Waide & 
Lugo 1992). Combined with historical studies, 
longterm monitoring can often provide detailed 
descriptions of regional disturbance regimes and an 
understanding of the responses of key biota to var- 
ious types of disturbance. This then sets the stage 
for testing the importance of disturbance for the 
fundamental issues in ecology. 

This issue of Biotropica presents a collection of 
studies concerning the longer term consequences of 
disturbance in Caribbean ecosystems. It follows an 
earlier issue (Walker et al. 199 la) dedicated to the 
assessment of short-term responses by plants, ani- 
mals, and ecosystems to hurricane disturbance in 
the Caribbean. The  motivation for the current is- 
sue was to broaden the perspectives derived from 
the previous issue in two ways. First, we wished to 
provide a longer term perspective (2 5 yr) on re- 
sponses of Caribbean forests to hurricane distur- 
bance, particularly the recovery and reorganization 
of wet forest in the Luquillo Experimental Forest, 
Puerto Rico following Hurricane Hugo in 1989. 
Second, we invited research on disturbances other 
than hurricanes (human activities, treefalls, 
droughts, and landslides) that may influence Ca- 
ribbean ecosystems. Thus, in addition to recording 
and analyzing the longer term effects of hurricanes, 
we hoped to integrate studies of other disturbances 
in a way that could lead to a more thorough un-
derstanding of the degree to which biota and bio- 

geochemical cycles return to pre-disturbance states 
following a disturbance, how different biotic and 
abiotic elements respond to the same disturbance 
type, and how different disturbance types affect 
these same elements. Most of the manuscripts (1 1 
of 15) address longer term impacts or recovery 
from hurricane disturbance (Table I), of which 
nine specifically consider the impacts of Hurricane 
Hugo on the LEF. Among these and the other ar- 
ticles, six consider anthropogenic disturbance, two 
address the effects of treefalls, three consider 
drought, and two examine landslides. 

In the current issue, questions are addressed 
that could not be answered based on short-term 
observations made immediately after Hurricane 
Hugo struck the LEF (Ackerman et al. 199 1, Walk- 
er et al. 1991 b, Tanner et al. 1991). How have the 
components of the wet forest in the LEF, the or- 
ganisms, communities, and biogeochemical cycles, 
responded to Hurricane Hugo after five years? Is 
recovery predictable based on species composition 
or level of damage? Did Hurricane Hugo have any 
long-lasting impacts on forest structure and func- 
tion? Are certain species adapted to hurricane dis- 
turbance? Are patterns of community recovery 
based on recovery of the original fauna and flora 
or on successional transitions? D o  hurricanes in- 
crease such ecosystem parameters as forest biomass 
or net primary productivity? Is the recovery from 
hurricanes similar to or different from that in a 
light gap? Do the patterns of recovery from hur- 
ricanes tell us something about the way the same 
ecosystems will recover from a n t h r ~ p o ~ e n i c  distur-
bance? How do hurricanes interact with other 
kinds of disturbance, for example, do anthropogen- 
ic factors (e.g., land use history) modify responses 
to hurricanes? 

The  nine articles in this issue which concen- 
trate on studies carried out in the LEF following 
Hurricane Hugo are rich in detail. However, the 
many different responses recorded (here and else- 
where) for the individual elements of the wet forest 
ecosystem appear, in general, to follow one or more 
idealized trajectories (Fig. 1). Figure 1 attempts to 
provide a composite account of the response of a 
Caribbean forest to hurricane disturbance. The im- 
mediate impact of a severe hurricane is the removal 
of the forest canopy causing a decline in live forest 
biomass, increased light levels and temperatures be- 
low the canopy, increased amounts of litter and 
woody debris on the forest floor and in streams, 
and greatly modified habitats for forest and stream 
animals (Tanner et al. 1991). Following Hurricane 
Hugo, short-term increases in soil nutrient pools 



TABLE 1. A summary of the contributions to the special issue, chssiifjing the articles by disturbance type, trophic leveI, biological hierarchy, and conceptual approaches. Synthetic and 
comparative (S/C) contributions are brondly deJined as those that compare @ects of disturbance type, the response of different biotic elements to disturbance, or hndscape- 
dependence of disturbance fleets of responses. Modeling excludes purely statistical approaches and is restricted to analytical or conceptual models of disturbance. 

Biological 
hierarchy 

Disturballce type Trophic level 
Biogeo- Conceptual

Hurri- Tree- Land- Decom- Second- Ter- chem- Popula- Com- Land-
Colltriburors Page nos. cane Human fall Drought slide posers Primary ary tiary istry tion rnunity scape SIC Models 

Scatena et al. 424-440 X X X 

Silver et al. 441-457 X X X X X 

Vogt et al. 458-470 X X X X X 

McDowell et al. 577-584 X X X 

Willig et al. 471-483 X X X X X X 

Covich et al. 4 8 4 4 9 2  X X X X X X X 

Woolbright 493-501 X X X X X X X 

Secresr et al. 502-514 X X X X X X 

Fu et al. 515-524 X X X X X X 

Thornlinson et al. 525-536 X X X 

Aide et al. 537-548 X X X X 

Ellison & Famsworth 549-565 X X X X X 

Walker et al. 5 6 6 5 7 6  X X X X X X X 

Lugo & Scarena 585-599 X X X X X X X X 

Vandermeer et al. 600-613 X X X 
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1 2 3 4 5 

YEARS SINCE HURRICANE HUGO 

FIGURE 1. Idealized 5 yr trajectories of responses of different components of wet subtropical forest in the Luquillo 
Experimental Forest, Puerto Rico, to disturbance caused by Hurricane Hugo. See text for references to appropriate 
articles in this issue. The shaded portion of the graph represents + 15 percent variation indistinguishable from pre- 
hurricane values. Curve A: transient (<1 yr) increase. Examples include forest floor biomass, some soil nutrient pools, 
and nitrate concentration in streams. Curve B: slow increase and return to pre-hurricane levels. Examples are net 
primary productivity, abundance of Atya shrimp in streams, adult coqui frogs, and of the terrestrial snail, Cepolis 
squamosa. Curve C: catastrophic decrease and subsequent rise above pre-hurricane levels. Examples are aboveground 
pools of potassium and magnesium, and the abundance of the bat Artibeus jamaicensis and of several species of 
terrestrial snails. Curve D: catastrophic decrease and return to near pre-hurricane levels. Examples are tree biomass, 
tree density, and the abundance of the bat Stenoderma rufim. Curve E: a catastrophic decline and steady increase, but 
not to within 15 percent of pre-hurricane levels. An example is fine total fine litterfall. Curve F: catastrophic decline 
and little recovery until 5 yr post-hurricane. Examples are fine root biomass and abundance of the walking stick, 
Lamponius portoricensis. 

and in nutrient concentrations in groundwater and and woody seedling biomass increased and then de- 
streams were identified, and may have originated clined, but  had yet t o  return t o  pre-hurricane val- 
f rom increased decomposit ion rates, increased ues after five yr (Scatena et al. 1996).  
leaching losses, or reduced nutrient uptake by the Populations of Atya shrimp (Covich et al. 199 1, 
biota (Fig. 1,  curve A; Lodge & McDowell 199 1; 1996) and adult coqui frogs (Eleutberodactylis co- 
Lodge et al. 1994; McDowell et al. 1996; Silver et qui, Woolbright 1991, 1996) also increased and 
al. 1996). then declined to  near pre-hurricane levels during 

Many elements of wet forest in the LEF in- the five yr period (Fig. 1; curve B). Increases in 
creased and declined slowly during the five yr post- shrimp were probably due  to changes in resource 
hurricane period (Fig. 1, curve B). Aboveground levels (detritus) and increased habitat complexity 
net  primary productivity rose and fell to  pre-hur- caused by coarse woody debris in streams (Covich 
ricane levels during the five yr period (Scatena et et al. 1996) whereas increases in frogs appeared to 
al. 1996) as a result of the abundant regeneration be related to  the increased number of retreat sites 
of pioneer species. Regeneration of pioneers also caused by forest floor debris and the decline in the 
explained, in part, a transient increases in the con- abundance of predators (Woolbright 199 1, 1996). 
centration of macronutrients in litterfall (Scatena et Cepolis squarnosa, a terrestrial snail that was rare 
al. 1996). In response to  changes in light levels at  before the hurricane, also exhibited a period of in- 
the forest floor (Fernindez & Fetcher 1991), herb creased abundance following the hurricane, but the 





quickly regenerated, although perhaps not in their 
previous locations or abundance (Secrest et al. 
1996). After five yr of recovery, the forest appears 
in many ways to be similar to the way it appeared 
the day before Hurricane Hugo. Together with data 
on changes in forest structure and composition re- 
corded by the USDA Forest Service beginning 11 
years after a severe hurricane struck the LEF in 
1932 (Crow 1980, Weaver 1986), a complete pic- 
ture of the entire interhurricane cycle is emerging 
(Lugo et al., in press). 

Ten articles in this issue consider solely, or as 
part of a larger perspective, disturbances other than 
hurricanes (Table 1). Several articles consider the 
impacts of humans on Caribbean ecosystems. Pop- 
ulation densities in the Caribbean are some of the 
highest in the world-5 of the 25 most densely 
populated countries occur in the Caribbean Basin 
(Anonymous 1995, Ellison & Farnsworth 1996). 
Primary forests in Puerto k c o  had been decimated 
by the late 1940s, leaving intact only the least pro- 
ductive, high elevation forests (Birdsey & Weaver 
1987). Deforestation continues in many mainland 
areas of the Caribbean basin (e.g., Sader & Joyce 
1988). Thomlinson et al. (1996) and Aide et al. 
(1 996) describe the establishment of secondary for- 
ests on abandoned agricultural land that has taken 
place in Puerto h c o  over the past 40-60 yr. The 
economic changes and subsequent increases in sec- 
ondary forests in Puerto Rico provide the oppor- 
tunity to predict increases in forest cover in other 
areas of the Caribbean should similar economic 
and land use changes occur. Prior history of human 
disturbance can lead to changes in tree species 
composition that predispose these secondary forests 
to high levels of hurricane damage (Zimmerman et 
al. 1994). Thus, the consequences of a history of 
human disturbance and more recent hurricane 
damage may be confounded with regard to spatial 
patterns (Everham et al., pers. comm.) as revealed 
by the functional diversity of soil bacteria in wet 
forest in the LEF (Willig et al. 1996). Fu et a/. 
(1996) describe the effect of an aspect of land use 
history by comparing the relative impact of Hur- 
ricane Hugo on natural secondary forest and a 
nearby forest plantation. Silver et al. (1996) de- 
scribe the impact of an experimental removal of 
aboveground forest biomass on soil nutrient pools 
and vegetation recovery prior to Hurricane Hugo. 
The effects of extraction, pollution, reclamation, 
and changing climate on mangroves are thoroughly 
reviewed (Ellison & Farnsworth 1996) and suggest 
a bleak outlook for this important forest type in 
the Caribbean Basin. These examples of human 
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disturbance emphasize the diverse ways in which 
humans affect natural ecosystems. This makes it 
difficult to use patterns of recovery from hurricanes 
or any natural disturbance to make predictions 
about the recovery of these same ecosystems from 
anthropogenic disturbance. 

Four articles in this soecial issue consider natural 
disturbances other than hurricanes. Treefalls are 
viewed from the perspective of tree mortality and 
coqui frogs (Table 1). The question persists as to 
whether a severe hurricane represents a qualitatively 
different disturbance than an isolated treefall and 
associated light gap. With respect to the impact of 
hurricanes on vegetation damage and recovery tirne, 
Ackerman et al. (1991) suggested there is a gradient 
in hurricane damage over which, at intermediate lev- 
els of damage, the impact of hurricanes are similar 
to treefall gaps. The impact of a hurricane appears 
to deoart from that of treefalls when the "Swiss 
cheese" pattern of damage caused by isolated treefalls 
coalesces to form a pattern of damage that is some- 
thing of the revers&xches  of shade in sunlight 
(Fernindez and Fetcher 1991). Lugo and Scatena 
(1996) summarize the many qualitative differences . . 

in community and ecosystem responses caused by 
the isolated death of a tree versus a severe hurricane. 
However, the increase in retreat sites caused by forest 
floor debris makes treefalls and hurricanes similar 
disturbances to coquis (Woolbright 1996). Re-
sponses to treefalls do not so clearly predict the re- 
sponses of terrestrial snails to hurricane disturbance 
(Alvarez & Willig 1993, Secrest et al. 1996) and the 
slow recovery o f  walking stick populations (Willig 
& Camilo 1991) contradicts its preference for light 
gaps (Willig et al. 1986). 

A three-month drought after Hurricane Hugo 
was a significant component of the hurricane's im- 
pact on the LEF (Scatena & Larsen 1991, Waide 
1991). The long-term studies reported here include 
1994, a year inwhich rainfall 4 s  the lowest in 20 
yr of monitoring in the LEF (Luquillo LTER, un- 
published data). The  1994 drought had little im- 
oact on the abundance of Atva and Macrobrachiurn 
s h r i m ~  in streams but altered the elevational dis- 
tribution of Xiphocaris, probably because of disrup- 
tions to seasonal dynamics of migration and repro- 
duction (Covich et al. 1996). Impacts of drought 
on the abundance of coqui frogs are undoubtedly 
important because of the effects on breeding and 
juvenile survivorship, but were difficult to detect 
against the background of other changes (Wool- 
bright 1996). 

This issue also includes a review of the current 
knowledge of landslide disturbance in the Carib- 
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bean, primarily from ongoing studies in the LEF 
(Walker et a/. 1996). The  disturbance regime of 
landslides is defined and retrospective studies of 
changes in soil nutrient pools, soil organic matter, 
and vegetation are reviewed and indicate a relative- 
ly slow rate of recovery. Estimates of aboveground 
biomass suggest a recovery time of 55-500 years, 
depending on forest type. The  long recovery is pri- 
marily explained by the loss of surface soils, the 
low nutrient content of the exposed mineral soils, 
and continued soil instability. The  spatial hetero- 
geneity of landslides, mechanisms of nutrient ac-
cumulation and succession, and the role of land- 
slides as refugia for pioneer species are identified as 
important areas for future research. 

The  articles in this special issue, together with 
past efforts, have shown that the effects of distur- 
bance on ecological systems are complex and are 
dependent on dimensions of size, severity, and fre- 
quency of disturbance (Sousa 1984, Pickett 81 
White 1985, Waide & Lugo 1992). In this issue, 
one common consequence of disturbance, tree 
mortality, is viewed in the context of the different 
dimensions of disturbance (Lugo & Scatena 1996). 
Focusing on this single element of a forested eco- 
system, it is shown that background tree mortality 
is often the most important source of tree death, 
even in forests frequently subject to hurricane and 
landslide disturbance. They also point out that 
hurricanes should select for characteristics of trees 
that make them resistant or resilient to hurricane 
disturbance when the interval between hurricanes 
is short relative to tree life span. 

Finally, Vandermeer et al. (1996) provide a 
contribution to the role of disturbance in com-
munity theory. The  community model they devel- 
op shows that periodic disturbance can prevent 
competitive exclusion of species, but that the re-
sults depend on the nature of the changes in spe- 
cies' abundance caused by disturbance. If during a 
disturbance the abundance of each species is re-
duced by a constant proportion, then competitive 
exclusion is not prevented. However, if the abun- 
dances of species before and after a disturbance are 
uncorrelated, as occurred in forest communities in 
Nicaragua during Hurricane Joan, then disturbance 
can promote species diversity by preventing com- 
petitive exclusion. Thus, despite the previously un- 
appreciated distinction between the kinds of im- 
pacts that disturbance can have on communities, 
hurricanes should promote tree species diversity in 
Caribbean forests. 

Viewed together, we can begin to compare and 
contrast the severity of differing disturbances in the 

Caribbean as reflected in the timing of recovery and 
reorganization. Lacking a full understanding of the 
impacts of all important disturbances on Caribbean 
ecosystems prevents anything but a cursory analysis. 
However, one important point that emerges is that 
the timing of recovery and reorganization depends 
a great deal on the component of the ecosystem one 
considers. For example, in the wet forests of the LEF, 
nitrate in soils and streams return quickly (1-2 yr) 
to pre-disturbance levels (McDowell et al. 1996, Sil- 
ver et al. 1996). Most other components of forest 
ecosystems-biomass, nutrient content, and nutri- 
ent cycling-appear to return to pre-hurricane levels 
in 5-10 yr (Scatena et al. 1996, Vogt et a l  1996). 
Recovery from treefalls may be much shorter, de- 
pending on the size of the disturbance (Lugo & 
Scatena 1996). Focusing on forest biomass alone, it 
appears to require 40 or more years for forest bio- 
mass to recover in an abandoned pasture (Aide et 
al. 1996) and 50-500 yr for a similar level of re- 
covery following a landslide (Walker et al. 1996). 
However, considering hurricanes and abandoned 
pastures, forest composition continues to change 
over much longer periods of time. Forest composi- 
tion may continue to change throughout the inter- 
hurricane interval in the LEF (Lugo et al. in press) 
such that the forest never attains a stable community 
composition. Zimmerman et al. (1995b) suggested 
that land use history may cause long lasting (>GO 
yr) if not permanent differences in forest composi- 
tion in the LEE 

Many topics that would fill the lacunae in our 
knowledge of disturbance effects on Caribbean eco- 
systems (Table 1) have yet to be studied. Here we 
list some of the more critical ones. The coarse 
woody debris produced by hurricane disturbance is 
likely to have important effects on long-term bio- 
geochemical cycling, but the mechanisms are poor- 
ly understood (Sanford et a/. 199 1, Zimmerman et 
al. 1995a). More long-term studies on the impacts 
of hurricanes and other disturbances on inverte-
brates, particularly insects, are needed (Willig & 
Camilo 199 1, Torres 1992). Impacts of disturbance 
on plant-animal interactions are poorly understood 
as well (Schowalter 1994). Indeed, although food 
webs have been described in detail in the Carib- 
bean (Goldwasser & Roughgarden 1993, Reagan 
& Waide 1996), we currently have only a basic 
understanding of how disturbance influences food 
web dynamics. Interactions among disturbances, 
although touched on by many contributions to this 
issue, have not been considered thoroughly. For ex- 
ample, are the effects of different disturbances ad- 
ditive or synergistic? 'This should be a major focus 
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as we continue to investigate the effects of &stur- are indebted to E. Raymond Heithaus for his encourage- 

bance on Caribbean ecosystems. Finally, wider ment and assistance in the preparation of this special fea- 
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other areas of the tropics outside the hurricane belt ited many Spanish versions of the abstracts and Rachel 
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