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Ecology, 76(8), 1995, pp. 2562-2580 
? 1995 by the Ecological Society of America 

DAMAGE AND RESPONSIVENESS OF JAMAICAN MONTANE 
TREE SPECIES AFTER DISTURBANCE BY A HURRICANE1 

P. J. BELLINGHAM2 AND E. V. J. TANNER3 
Department of Plant Sciences, University of Cambridge, Downing Street, Cambridge, CB2 3EA, United Kingdom 

J. R. HEALEY 
School of Agricultural and Forest Sciences, University of Wales, Bangor, Gwynedd, LL57 2UW, United Kingdom 

Abstract. A severe hurricane affected Jamaican montane rain forests in 1988. We made 
local and widespread measurements of tree condition in three periods: prehurricane 1974- 
1984 (preh.); hurricane 1984-1989 (h.); and post-hurricane 1989-1992 (post-h.). In the h. 
period, 7.22% of stems and 4.72% of the total basal area died; crown loss was the most 
frequent cause of mortality. Among individual tree species, the hurricane caused a large 
range in mortality (0-26%) and non-fatal damage. Post-h. mortality was greater than mor- 
tality in the h. period, and varied among species. Post-h. stem growth rates (all species 
combined) were more than double the prehurricane rates, but species showed a considerable 
range from no significant increase to eight times greater. 

We classified 20 common tree species using damage scores (normalized h. mortality, 
plus normalized change in mortality from preh. to post-h., plus normalized complete crown 
loss in h.) and response scores (normalized change, preh. to post-h., in recruitment to the 
?3 cm dbh size class, plus normalized change in growth rate from preh. to post-h., plus 
normalized frequency of sprouts). Species were assigned to one of four groups: resistant 
(11 species), with low damage and low response; susceptible (5 species), with high damage 
and low response; resilient (1 species), with high damage and high response; and usurpers 
(3 species), with low damage and high responsiveness. The grouping of species was broadly 
related to their regeneration requirements. Most species with seedlings usually found under 
closed canopy were resistant; three of the four species with seedlings usually found on 
landslides were also resistant. Species with seedlings most frequently found in gaps included 
resilient, susceptible, and usurper species, but were not usually resistant. 

It is likely that the three species classified as usurpers will increase their relative abun- 
dance in the forest in the next decades and that Cyathea pubescens, which was very 
susceptible, will decrease in relative abundance of adults. Most of the other species are 
likely to have small changes in their relative abundances. Thus, at present, hurricanes have 
few long-term effects on the forests, although a change in the disturbance regime may alter 
this. 

Key words: disturbance regime; growth rates; hurricane; Jamaica; montane trees; mortality; 
recruitment; tropical forests. 

INTRODUCTION 

In long-lived plant communities, many studies of the 
effects of disturbance on community stability have fo- 
cussed on two aspects: resistance (the extent to which 
communities resist change by disturbance) and resil- 
ience (the extent to which communities recover to their 
original condition after disturbance) (Leps et al. 1982, 
Halpern 1988). Disturbance caused by severe storms 
and hurricanes usually results in differential resistance 
of species (e.g., Wadsworth and Englerth 1959, Whit- 
more 1974, Foster 1988a, Webb 1988, Walker 1991) 
and differential resilience of species (e.g., Merrens and 
Peart 1992). We used permanently labelled trees in the 

mountains of Jamaica to measure the damage and re- 
sponse of all the commoner tree species in order to 
discover whether or not damage and response were 
correlated with species characteristics. Such correla- 
tions would allow us to predict the effects of hurri- 
canes. We also used the results to predict the likely 
changes in community composition and structure over 
the next few decades. 

Previous studies of Hurricane Gilbert, which passed 
over Jamaica on 12 September 1988, showed that levels 
of mortality and damage caused to the montane rain 
forests during the hurricane were low compared with 
other forests affected by hurricanes (summarized in 
Brokaw and Walker 1991). These earlier studies (Bel- 
lingham 1991, Bellingham et al. 1992) examined pat- 
terns of mortality and damage caused by the hurricane 
and subsequent recovery (sprouting) at a community 
level; in this paper, we explore variation in damage and 
response within the community. For all tree species in 

I Manuscript received 26 July 1994; revised 22 February 
1995; accepted 1 March 1995; final version received 10 April 
1995. 
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the community, we assessed damage by measuring 
mortality, crown loss, defoliation, uprooting, and par- 
tial breakage. We looked for correlations between mor- 
tality and stem size, wood density, and leaf character- 
istics. Response to the hurricane was assessed by re- 
cruitment of each species to tree size class (?3 cm 
dbh), growth rates of each species, and sprouting. We 
used measures of damage and response to produce a 
two-dimensional depiction of species, which can then 
be loosely classified into resistant, susceptible, resil- 
ient, and usurper. This classification is probably ap- 
plicable to a wide range of plant communities. 

METHODS 

Study site 

The study area was the crest and the area 250 m 
south and north of the crest (1300-1920 m above sea 
level) along the 5 km of ridge between John Crow Peak 
and High Peak in the western Blue Mountains of Ja- 
maica (18?05' N, 76?38' to 76?40' W). Here, upper 
montane rain forests vary in composition according to 
exposure to the prevailing northeast trade winds, to 
physiography, and to differences in soils (Shreve 1914, 
Grubb and Tanner 1976, Tanner 1977). The geology of 
the study area is highly complex, with at least eight 
Xrock types in highly faulted strata, and includes meta- 
morphic blue schists, green schists, and amphibolites, 
marine shales and reef limestones, and igneous rocks. 
Soils of most of the study area are immature lithosols 
on the steep slopes of the range. On less steep areas 
of the slopes and on ridge tops, soils are more stable, 
less stony and more mature, yellow brown or pale 
brown loams (Grubb and Tanner 1976). 

Jamaica is at the edge of the western Caribbean zone 
of frequent hurricanes (Alaka 1976). Between 1903 and 
1988, nine hurricanes passed within 60 km of eastern 
Jamaica (including the Blue Mountains), five between 
1903 and 1916, and one each in 1944, 1951, 1980, and 
1988 (Neumann et al. 1978, Thompson 1983, Lawrence 
and Gross 1989). Hurricane Allen, in 1980, caused sub- 
stantial damage to plantations of Pinus caribaea but 
relatively little damage to the montane rain forests in 
the Blue Mountains (Thompson 1983). Hurricane Gil- 
bert was the strongest hurricane yet recorded in the 
Caribbean (Lawrence and Gross 1989); it caused sub- 
stantial damage to forests throughout Jamaica, includ- 
ing the Blue Mountains (Bellingham et al. 1992). 

We collected data from three sample areas totalling 
1.10 ha: 

1) The Tanner and Healey (T/H) plots recorded Feb- 
ruary-April 1989 (5-7 mo after the hurricane), four 
sites in close proximity on or near the Grand Ridge of 
the Blue Mountains, with contiguous permanent 10 x 
10 m plots sampling 0.46 ha in total, (0.35 ha set up 
in 1974; Tanner 1977, Tanner et al. 1990), and three 
discrete 10 x 10 m plots nearby (control plots of Hea- 
ley 1990, set up in 1986), for a combined total of 0.49 

ha. The T/H plots were enumerated in January-Feb- 
ruary 1974 and May-August 1984 (i.e., a 10.4-yr pre- 
hurricane period), and February-May 1989 (i.e., a 4.6- 
yr hurricane period). A 0.35-ha subset of these plots 
was recorded after the hurricane in January-May 1991 
(i.e., a 2-yr post-hurricane period). 

2) The Mabess River transect (MRT), recorded May 
1989, 26 nonbounded plots at 40-m intervals along a 
transect parallel to the Grand Ridge of the Blue Moun- 
tains in the Mabess River Valley, containing 20 indi- 
viduals per plot (after the method of Hall 1991), and 
sampling a total area of 0.29 ha. 

3) The Bellingham plots (PJB), mostly shown in 
Bellingham (1991), recorded May-August 1990 (20- 
23 mo after the hurricane), 16 permanent 200 m2 per- 
manent plots sampling 0.32 ha within an area of 2.5 
km2. 

Nomenclature for the time periods is as follows. 
There was a prehurricane period 1974-1984 (during 
which the forest was unaffected by hurricanes, except 
slightly by Hurricane Allen in 1980) for 35 of the T/ 
H plots. There was a hurricane "period" for all plots: 
1984-1989 for the T/H plots, the first (1989) enumer- 
ation of the MRT plots, and the 1990 enumeration of 
the PJB plots (MRT and PJB plots had no prehurricane 
enumerations). There was a post-hurricane period 
1989-1991 for 35 of the T/H plots. 

Assessments of mortality and damage 
caused by the hurricane 

We used the first post-hurricane records taken be- 
tween February 1989 and August 1990, i.e., between 
5 and 23 mo after Hurricane Gilbert, to estimate mor- 
tality and damage to stems caused by the hurricane. In 
total, 5334 stems ?3.0 cm dbh were sampled and iden- 
tified to species. Multiple stems were noted and the 
number of individuals was assessed. 

After the hurricane, stems were deemed dead if they 
lacked epicormic sprouts and/or had rot above break 
height. Angiosperm and gymnosperm stems that lacked 
bark were considered to have died before the hurricane 
and were not recorded. These criteria were devised fol- 
lowing the earliest post-hurricane assessments of mor- 
tality in these forests (Bellingham et al. 1992). Some 
mortality could have been caused by storms since Hur- 
ricane Gilbert; in other instances, stems killed by the 
hurricane may have been mistaken as prehurricane fa- 
talities. Mortality of individuals was assumed only 
when all constituent stems were dead. 

We assessed hurricane damage to stems, both living 
and dead, in three categories (cf. Bellingham 1991): 

1) Broken stems, divided into two groups: those 
with complete crown loss, where only a standing trunk 
remained; and those with partial breakage, in which a 
major part of the crown was either snapped off or 
snapped over, but some of the crown remained intact. 

2) Uprooted stems (?400 angle from their prehur- 
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ricane position and with freshly exposed soil about the 
root plate). 

3) Stems that had been completely defoliated (ex- 
cluding stems that lost crowns, but including stems that 
were either partially broken or uprooted). We included 
stems that remained bare and those in which the only 
new leaves were on epicormic sprouts from main stems, 
while twigs remained bare or were dead. 

Among stems killed by the hurricane, we investi- 
gated whether some forms of damage had been fatal 
more often than others. We determined whether or not 
stems of different size were damaged in different ways, 
examining both killed and surviving stems, for all spe- 
cies and for individual species where ?50 stems were 
damaged. Among stems that survived the hurricane, 
we investigated differences in levels of damage be- 
tween species with densities of ?20 stems in the plots. 
We examined whether or not the percentages of indi- 
viduals killed were related to taxonomic group, testing 
among families and orders with four or more species. 

Wood density 

Wood density (oven dry mass and dry volume) was 
measured in small blocks of wood taken from trunk 
samples (0 or 1.3 m above the soil surface) collected 
for biomass estimation (Tanner 1980). 

Comparisons of prehurricane, hurricane, and 
post-hurricane periods 

In 35 of the T/H plots in the prehurricane, hurricane, 
and post-hurricane periods, we calculated for all spe- 
cies and for the nine commonest species (where n ' 
50 throughout the census period): annual mortality; an- 
nual recruitment; and relative basal area increment 
(RBAI), where 

Iln BAt, -ln BAto 
RBAI =o 

tl - to 

Here, BA is basal area in square meters, and t is time 
in years. These data were collected for each stem that 
survived between 1974 and 1991, and also for all stems 
at each inventory (i.e., including stems that did not 
survive to the next inventory). 

Evaluation of damage and responsiveness 

For each of 20 common species, we derived indices 
of damage caused by the hurricane and response fol- 
lowing the hurricane. Damage indices were the sum of 
three variables: (1) hurricane mortality (T/H, MRT, and 
PJB plots); (2) short-term change in mortality (annual 
percentage mortality in the post-hurricane period minus 
annual percentage mortality in the prehurricane period) 
(T/H plots); and (3) percentage of stems that lost 
crowns during the hurricane (T/H, MRT, and PJB 
plots). For each variable, the range among the 20 spe- 
cies was normalized between 0 and 1.0; the sum of the 
three variables for each species was also normalized. 

The responsiveness indices for each species were the 

sum of three variables: (1) change in recruitment rate 
(annual percentage recruitment in the post-hurricane 
period minus that in the prehurricane period) (T/H 
plots); (2) change in growth rate (RBAI in the post- 
hurricane period minus that in the prehurricane period) 
(T/H plots); and (3) frequency of sprouting (T/H, MRT, 
and PJB plots, Bellingham et al. 1994). We normalized 
each of these variables between 0 and 1.0 and nor- 
malized the total scores. 

Statistical analyses and nomenclature 

Values for individual species were compared with 
the overall value for all species using G tests (em- 
ploying Williams' correction where appropriate) and 
X2 tests. We carried out several hundred such tests in 
total, so we expect that some of the 'significant' dif- 
ferences, especially those at P < 0.05, were a result of 
random variation. However, we seldom attached great 
importance to individual comparisons where P > 0.01. 
Other tests of trends among species were made using 
ANOVA and correlations. Following ANOVA, indi- 
vidual species were compared using Scheff6 F-tests 
(fuller details can be found in Bellingham 1993). 
Throughout the text, variations around the mean are 
plus or minus one SE. 

Nomenclature follows Proctor (1985) for ferns and 
Adams (1972) for flowering plants, except for the gym- 
nosperm Podocarpus urbanii Pilger, and Gordonia 
haematoxylon Swartz, Guarea glabra Vahl., Ocotea 
patens (Swartz) Nees, Sideroxylon montanum (Swartz) 
Pennington, and Urbananthus critoniformis (Urban) R. 
King and H. Robinson. 

RESULTS 

Initial effects of the hurricane 

Mortality.-Levels of mortality within 23 mo after 
the hurricane for all species combined were 7.22% of 
5334 stems, 4.72% of the total basal area (54.2 m2), 

and 6.34% of 4414 individuals. These three percentage 
assessments of mortality (by stems, basal area, or in- 
dividuals) did not differ significantly (ANOVA of arc- 
sine square-root transformed data, F2 138 = 0.373, P = 
0.69, using the 47 most common species). Three spe- 
cies (Cyathea furfuracea, Hedyosmum arborescens, 
and Mecranium purpurascens) had significantly greater 
mortality, and four abundant species (Chaetocarpus 
globosus, Eugenia virgultosa, Guarea glabra, and 
Maytenus jamaicensis) had significantly lower mortal- 
ity of stems, basal area, and individuals than the av- 
erage (Table 1). 

Not surprisingly, the mortality of species assessed 
by stems was strongly correlated with mortality of spe- 
cies assessed by basal area (r47 = 0.90, P < 0.001). 
Over all species, there was no correlation between mor- 
tality and stem size. However, in some species a greater 
than expected percentage of basal area was killed, i.e., 
the hurricane tended to kill larger rather than smaller 
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Species ni m2 n 

Cyatheafurfuracea 146 _*** 0.49 - 143 - 
Mecranium purpurascens 125 _*** 0.23 -** 83 - 
Hedyosmum arborescens 312 - *** 1.80 _*** 264 - 

Ocotea patens 75 - 0.18 _* 41 - 
Palicourea alpina 50 - 0.09 _48 - _** 

Myrsine coriacea 26 - 0.11 _ 25 - 
Cyathea pubescens 161 - 1.52 - 159 - 

Symnplocos octopetala 30 - 0.12 - 30 - 
Cinnamomum mzontanum 22 - 0.61 41 - 
Miconia quadrangularis 33 - 0.11 _ 27 - 

Vaccinium meridionale 198 - 2.41 _ 117 - 
Merianiapurpurea 131 - 0.52 _ 113 - 

Ilex macfadyenii 123 - 0.53 71 - 
Cleyera theaeoides 26 - 0.25 17 - 

All species combined 5334 - 54.19 4414 
Cinchona officinalis t 42 - 0.11 _ 16 - 

Lyonzia octandra 237 - 2.90 _ 179 - 
Alchoniea latifolia 165 - 3.15 _ 111 - 

Schefflera sciadophyllum 90 - _ 0.25 49 - b 

Viburnum alpinum 32 - 0.26 15 
Psychotria corymbosa 149 - 0.23 _ 123 

Gordonia haematoxylon 38 - 1.35 _ 35 - 
Turpinia occidentalis 58 - 1.41 55 
Clethra occidentalis 446 - _ 7.11 _ 406 - _ 

Urbananthus critoniformis 63 - 0.11 _ 52 - 
Podocarpusurbanii 371 - * 4.99 < 365 

Clusia havetioides 88 - 0.48 _ 73 - 
Ilex vaccinoides 22 - 0.16 15 - 
Miconia rigida 25 - 0.04 _ 20 

Solanum punctulatum 50 - 1.38 _* 34 _ 

Cyrilla racemiflora 227 - 6.06 *** 138 * 

Calyptranthes rigida 27- 0.08 ~ 21 
Eugeniamarchiana 32 _ 0.13 31 - 

Haenzianthus incrassatus 37 - 1.28 ** 34 - 
Ilex obcordata 40 - 0.17 23 - 

Eugenia monticola 43 - 0.13 _ 43 
Guarea glabra 244 q 2.69 * 241 . 

Dendropanaxpendulus 167 *** 0.62 125 * 

Eugenia virgultosa 285 *** 1.10 * 271 * 
Maytenusjamaicensis 154 *** 1.42 ** 134 ** 

Boehmeria caudata 21 0.04 14 
Chaetocarpusglobosus 95 ** 1.67 * 66 * 

Clethra alexandri 32 0.26 26 
Dendropanaxarboreus 64 * 0.60 53 * 

Ilex harrisii 54 * 0.44 49 
Pittosporum undulatum t 53 * 0.18 53 * 

Psychotria sloanei 22w 0.06 19 
Sideroxylonmontanum 55. ,** 0.98 * 47 am. 

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 

Percentage of stems Percentage of basal area Percentage of individuals 

FIG. 1. Mortality caused by Hurricane Gilbert in 47 tree species in montane forests in the Blue Mountains of Jamaica, 
assessed 5-23 mo after the hurricane, as percentage mortality of stems, basal area, and individuals (n, number of stems or 
individuals sampled). Differences between individual species and all species combined were compared using adjusted G tests 
(*P < 0.05, **P < 0.01, ***P < 0.001). :, introduced species. 
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n 

All species combined 385 
EJCrown lost 

Meriania purpurea 11 Part broken 

Ilex macfadyenii 10 Uprooted 

Cyatheapubescens 18 Completelydefoliated 

Vaccinium meridionale 17 II Other 

Clethra occidentalis 22 

Alchornea latifolia 11 
Hedyosmum arborescens 77 

Lyonia octandra 16 * 

Podocarpus urbanii 17 * 

Ocoteapatens 12 _* 

Cyatheafurfuracea 38 / //ZZZ* 
Mecranium purpurascens 32 

0 10 20 30 40 50 60 70 80 90 100 

Percentage mortality of stems 
m2 

All species combined 2.56 

Ilex macfadyenii 0.02 

Hedyosmum arborescens 0.62 

Meriania purpurea 0.04 __ 
Cyatheafurfuracea 0.12 * 

Mecranium purpurascens 0.07 ** 

Cyatheapubescens 0.18 

Clethra occidentalis 0.26 

Podocarpus urbanii 0.04 

Ocoteapatens 0.03 

Vaccinium meridionale 0.16 _______________________________ *__ 

Lyonia octandra 0.08 

Alchornea laifolia 0.13 
-'I' I ''I' I' I ' I 'I'I 'lI' I 

0 10 20 30 40 50 60 70 80 90 100 

Percentage mortality of basal area 

FIG. 2. Causes of mortality among all species combined and among species in which 10 stems were killed by Hurricane 
Gilbert, as percentages of dead stems and dead basal area. Sample sizes (n, no. of stems; basal area in m2) are indicated for 
each species. Causes of mortality shown include: complete loss of crown; partial breakage (i.e., part of the crown was lost 
but some remained); uprooting -40? from perpendicular; complete defoliation; other, including uprooting <40? from per- 
pendicular and stems which 'died on their feet' (Grubb 1977). Significant differences of individual species from all species 
combined were determined using contingency tables (*P < 0.05, **P < 0.01, ***P < 0.001). 

stems; these included Hedyosmum arborescens and Vi- 
burnum alpinum. In other species, e.g., Cinnamomum 
montanum, a greater than expected percentage of stems 
was killed, i.e., the hurricane tended to kill more small 
than large stems. 

Of 4414 individuals sampled, 14.8% had multiple 
stems, but the range among species was considerable, 
e.g., no individuals of Eugenia monticola or Pitto- 
sporum undulatum had multiple stems, whereas 48% 
of Ocotea patens individuals, 55% of Schefflera scia- 
dophyllum individuals, and 80% of Viburnum alpinum 

individuals had multiple stems. There was greater mor- 
tality among individuals with single stems (7.0% of 
3760 individuals) than those with multiple stems (2.8% 
of 654 individuals) among all species combined (G = 
21.06, P < 0.001). Mortality of individuals was strong- 
ly correlated with mortality of stems (r47 = 0.91, P < 

0.001). 

Causes of mortality.-Complete loss of crowns was 
the main cause of mortality among all species com- 
bined, both as a percentage of stems (40%) and of basal 
area (43%, Fig. 2). Relatively little mortality resulted 
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TABLE 1. Diameter at breast height of stems in Jamaican 
montane rain forests in various categories of damage caused 
by Hurricane Gilbert. Differences among categories were 
significant (ANOVA: F45329 = 20.80, P = 0.0001). The 
same superscript letter indicates no significant differences 
between categories (Scheff6 F tests, P < 0.05). 

No. of Stem dbh (cm), 
Stem category stems mean ? 1 SE 

Stems that lost crowns 340 9.3 + 0.4ab 
Partially broken stems 226 12.4 + 0.5c 
Uprooted stems 280 9.2 + 0.2ab 
Completely defoliated stems 1020 9.9 + 0.2b 
Comparatively undamaged stems 3468 8.6 + 0. la 

from uprooting. However, some species had signifi- 
cantly different patterns of mortality from the average 
of all species, e.g., Mecranium purpurascens and Oco- 
tea patens apparently died mostly as a result of defo- 
liation. Most stems that died from 'other' causes (i.e., 
not breakage, uprooting, or defoliation) had been par- 
tially uprooted (i.e., <400 from perpendicular) or had 
died 'on their feet' with leaves still present, and, at the 
time of assessment, had not fallen over or disintegrated. 

Among the 340 stems of all species combined that 
lost crowns during the hurricane, 46.2% were killed. 
However, mortality among some species that lost 
crowns was significantly greater than this; crown loss 
was always fatal among tree ferns, as well as being the 
main cause of their mortality (Fig. 2), and it was fatal 
for 78% of the 40 stems of Hedyosmum arborescens 
that lost crowns. By contrast, loss of crown was less 
often fatal for other species, e.g., Cyrilla racemiflora 
(14% mortality of 42 stems that lost crowns) and Eu- 
genia virgultosa (0% mortality of 13 stems); (G tests, 
P < 0.001). 

Among 280 uprooted stems of all species combined, 
only 14.6% were killed. As with crown loss, uprooting 
death was significantly greater (G tests, P < 0.001) for 
both Cyathea furfuracea (65% mortality, n = 17 up- 
rooted stems) and Hedyosmum arborescens (67%, n = 
18). Of 1020 stems completely defoliated during the 
hurricane, 9.90% were killed. For some species, the 
proportion of completely defoliated stems that were 
killed was significantly greater (G tests, P < 0.01), 
e.g., Cyatheafurfuracea (71% mortality, n = 14 com- 
pletely defoliated stems), Hedyosmum arborescens 
(28%, n = 39), Mecranium purpurascens (45%, n = 
42), and Ocotea patens (67%, n = 12). For other spe- 
cies, complete defoliation only rarely resulted in mor- 
tality, e.g., Alchornea latifolia (0.9%, n = 110), Clethra 
occidentalis (1.4%, n = 142), and Eugenia virgultosa 
(2%, n = 59) (G tests, P < 0.01). 

Size of stems and damage. Stems that lost crowns, 
those that were uprooted, and those that were com- 
pletely defoliated did not differ in size, but stems that 
were partially broken were larger than other damaged 
stems (Table 1). Stems that lost crowns or were up- 

rooted were not significantly different in size from un- 
damaged stems (Table 1). 

Loss of crowns (both fatal and non-fatal) occurred 
at different heights among species (ANOVA: F,4 272 = 

5.55, P = 0.0001, tested among 15 species in which 
-10 stems lost crowns). Tree ferns tended to break off 
near their bases (height of break was 0.5 ? 0.1 m (mean 
? 1 SE) for Cyathea furfuracea and 0.5 ? 0.2 m for 
Cyathea pubescens), compared with many trees that 
broke higher up their stems (e.g., 3.2 ? 0.3 m for 
Clethra occidentalis and 3.3 ? 0.3 m for Cyrilla ra- 
cemiflora, both significantly higher than in tree ferns; 
Scheffe F tests, P < 0.05). 

Non-fatal damage.-Among stems that survived the 
hurricane, the frequency with which a species lost 
crowns was correlated with its frequency of complete 
defoliations (r47 = 0.30, P < 0.05: Tables 2A, 2C). By 
contrast, there was no correlation between crown loss 
and uprooting (r47 = -0.16, P > 0.05) or between 
complete defoliation and uprooting (r47 =-0.17, P > 
0.05). 

Specific characteristics and hurricane damage.- 
Wood density (Table 3) was not correlated with crown 
loss, uprooting, or complete defoliation in 19 species 
(r1g = 0.10, -0.02, and -0.31, respectively, all P > 
0.05). Similarly, there were no differences (ANOVA: 
arcsine square-root transformed data, F336 = 0.36, P 
= 0.78) between the frequencies of defoliation among 
species with different leaf sizes (from Grubb and Tan- 
ner 1976) and there was no correlation (r36 = -0.15, 
P > 0.05) between lamina thickness of species (from 
Tanner and Kapos 1982) and defoliation. However, as 
specific leaf area (from Tanner and Kapos 1982) in- 
creased, defoliation decreased (r24 = -0.28, P < 0.05). 
There were no differences in mean percentage of mor- 
tality, crown loss, uprooting, or defoliation among the 
families Aquifoliaceae, Melastomataceae, Myrtaceae, 
and Rubiaceae, or the orders Celastrales, Ericales, Myr- 
tales, and Rubiales (ANOVAs, arcsine square-root 
transformed data, P > 0.05). 

Comparisons between the prehurricane, 
hurricane, and post-hurricane periods 

Mortality and recruitment.-Among all species com- 
bined, mortality in the T/H plots in the hurricane period 
was nearly double that of the prehurricane period in 
terms of stems, but was only slightly increased in terms 
of basal area. For many species, mortality during the 
hurricane period was not substantially greater, and in 
a few cases e.g., Alchornea latifolia and Cyrilla ra- 
cemiflora was less than in the prehurricane period (Ta- 
ble 4). By contrast, mortality during the hurricane pe- 
riod increased substantially for other species, especial- 
ly Hedyosmum arborescens (Table 4). 

In the T/H plots, delayed mortality was apparent (Ta- 
ble 4). In the post-hurricane period, mortality of both 
stems and basal area among all species combined was 
more than double that of prehurricane levels (2.59%/yr 

This content downloaded from 130.216.158.78 on Thu, 6 Mar 2014 20:08:20 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


2568 P. J. BELLINGHAM ET AL. Ecology, Vol. 76, No. 8 

TABLE 2. Non-fatal damage to stems of 47 tree species in Jamaican montane forests, assessed 5-23 mo after Hurricane 
Gilbert, as percentages of stems that (A) lost crowns; (B) were uprooted; and (C) were completely defoliated (n, no. stems 
sampled that survived the hurricane; n for defoliated stems excludes stems that lost crowns). Differences between individual 

A) Stems that lost crowns B) Uprooted stems 

Species n % Species n % 

Cyrilla racemifiora 218 16.5*** Urbananthus critoniformis 60 22*** 
Symplocos octopetala 27 11* Ocotea patens 63 21*** 
Solanum punctulatum 48 10* Cinnamomum montanum 20 20** 
Cinnamomum montanum 20 10 Psychotria sloanei 22 18** 
Mecranium purpurascens 93 10** Clusia havetioides 84 15*** 
Meriania purpurea 120 8.3* Boehmeria caudata 21 14* 
Cleyera theaeoides 24 8 Schefflera sciadophyllum 84 13** 
Dendropanax pendulus 165 7.3* Ilex macfadyenii 113 11.5** 
Vaccinium meridionale 181 6.1 Chaetocarpus globosus 95 11* 
Haenianthus incrassatus 36 6 Ilex harrisii 54 11* 
Ilex harrisii 54 6 Pittosporum undulatumt 53 11* 
Ilex obcordata 39 5 Mecranium purpurascens 93 10* 
Ilex vaccinoides 21 5 Miconia quadrangularis 30 10 
Eugenia virgultosa 283 4.6 Calyptranthes rigida 26 8 
Clethra occidentalis 424 4.2 Miconia rigida 24 8 
Sideroxylon montanum 55 4 Palicourea alpina 42 7 
Hedyosmum arborescens 236 3.8 Viburnum alpinum 30 7 
All species combined 4949 3.70 Gordonia haematoxylon 36 6 
Alchornea latifolia 154 3.2 Haenianthus incrassatus 36 6 
Chaetocarpus globosus 95 3 Cyathea furfuracea 108 5.6 
Clethra alexandri 32 3 Cyathea pubescens 142 5.6 
Miconia quadrangularis 30 3 Ilex vaccinoides 21 5 
Urbananthus critoniformis 60 3 All species combined 4949 4.83 
Guarea glabra 240 2.9 Psychotria corymbosa 140 4.3 
Ilex macfadyenii 113 2.7 Turpinia occidentalis 55 4 
Podocarpus urbanii 354 2.3 Guarea glabra 240 3.3 
Palicourea alpina 42 2 Cyrilla racemiflora 218 3.2 
Turpinia occidentalis 55 2 Lyonia octandra 221 3.2 
Psychotria corymbosa 140 1.4 Dendropanax pendulus 165 3.0 
Schefflera sciadophyllum 84 1 Eugenia marchiana 31 3 
Lyonia octandra 221 0.9* Ilex obcordata 39 3 
Maytenus jamaicensis 153 0.7 Eugenia virgultosa 283 2.8 
Boehmeria caudata 21 0 Hedyosmum arborescens 236 2.5 
Calyptranthes rigida 26 0 Podocarpus urbanii 354 2.3** 
Cinchona officinalist 39 0 Eugenia monticola 42 2 
Clusia havetioides 84 0 Sideroxylon montanum 55 2 
Cyathea furfuracea 108 0.0* Solanum punctulatum 48 2 
Cyathea pubescens 142 0.0** Clethra occidentalis 424 1.9** 
Dendropanax arboreus 64 0 Alchornea latifolia 154 1.3* 
Eugenia marchiana 31 0 Maytenus jamaicensis 153 1.3* 
Eugenia monticola 42 0 Vaccinium meridionale 181 1.1* 
Gordonia haematoxylon 36 0 Meriania purpurea 120 0.8* 
Miconia rigida 24 0 Cinchona officinalist 39 0 
Myrsine coriacea 22 0 Clethra alexandri 32 0 
Ocotea patens 63 0 Cleyera theaeoides 24 0 
Pittosporum undulatumt 53 0 Dendropanax arboreus 64 0 
Psychotria sloanei 22 0 Myrsine coriacea 22 0 
Viburnum alpinum 30 0 Symplocos octopetala 27 0 

mortality of stems post-hurricane vs. 1.14%/yr pre- 
hurricane). Among individual species, this was most 
evident in the cases of Clethra occidentalis and Hedy- 
osmum arborescens (Table 4). Delayed mortality most- 
ly affected larger stems in Hedyosmum arborescens 
(Fig. 3). 

Recruitment rates during the hurricane and prehur- 
ricane periods were more or less equivalent among all 
species combined (in terms of stems) and for four of 
the commonest species (Table 4), but increased during 
the hurricane period for Alchornea latifolia, Clethra 
occidentalis, Cyathea pubescens, and Hedyosmum ar- 
borescens, and decreased for Eugenia virgultosa, Po- 

docarpus urbanii, and Vaccinium meridionale. There 
were major increases in recruitment rates (into the ?3 
cm dbh class) during the post-hurricane period com- 
pared with the hurricane and prehurricane periods. In 
terms of numbers of stems, the post-hurricane increase 
in mortality rate among all species combined was more 
than offset by a sharp increase in the rate of recruitment 
(Table 4), although for basal area, not surprisingly, the 
rate of loss far exceeded the rate of recruitment (Table 
4). Although this general pattern was the same for many 
individual species, e.g., Alchornea latifolia, Eugenia 
virgultosa, and Hedyosmum arborescens, one species 
(Clethra occidentalis) showed a pronounced increase 

This content downloaded from 130.216.158.78 on Thu, 6 Mar 2014 20:08:20 PM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


December 1995 HURRICANE IMPACT: JAMAICAN MONTANE FOREST 2569 

species and all species combined were compared using ad- 
justed G test (* P < 0.05, ** P < 0.01, *** P < 0.001). t, 
introduced species. 

C) Completely defoliated stems 

Species n % 

Alchornea latifolia 149 73.2*** 
Solanum puntulatum 43 67*** 
Turpinia occidentalis 54 57*** 
Clethra alexandri 31 52*** 
Ilex harrisii 51 49*** 
Chaetocarpus globosus 92 45*** 
Ilex vaccinoides 20 40* 
Sideroxylon montanum 53 38** 
Lyonia octandra 219 37.0*** 
Clethra occidentalis 406 34.5*** 
Palicourea alpina 41 32* 
Gordonia haematoxylon 36 31 
Ilex obcordata 37 30 
Haenianthus incrassatus 34 29 
Urbananthus critoniformis 58 28 
Mecranium purpurascens 84 27 
Myrsine coriacea 22 27 
Symplocos octopetala 24 25 
Eugenia virgultosa 270 23.7 
Cinnamomum montanum 18 22 
All species combined 4766 19.28 
Miconia quadrangularis 29 17 
Ilex macfadyenii 110 15.5 
Vaccinium meridionale 170 14.7 
Boehmeria caudata 21 14 
Eugenia monticola 42 14 
Cyrilla racemiflora 182 14.3 
Guarea glabra 233 13.3* 
Miconia rigida 24 13 
Hedyosmum arborescens 227 12.3** 
Psychotria corymbosa 138 10.1** 
Meriania purpurea 110 10.0* 
Viburnum alpinum 30 10 
Dendropanax pendulus 153 9.8** 
Cleyera theaeoides 22 9 
Psychotria sloanei 22 9 
Cinchona officinalist 39 8 
Ocotea patens 63 6** 
Cyathea furfuracea 108 3.7*** 
Dendropanax arboreus 64 3*** 
Cyathea pubescens 142 2.8*** 
Podocarpus urbanii 346 1.4*** 
Calyptranthes rigida 26 0** 
Clusia havetioides 84 0*** 
Eugenia marchiana 31 0** 
Maytenus jamaicensis 152 0.0*** 
Pittosporum undulatumt 53 0*** 
Schefflera sciadophyllum 83 0*** 

in mortality rate but no concurrent increase in recruit- 
ment rate. Chaetocarpus globosus is notable for having 
a low level of both mortality and recruitment through- 
out the 17-yr period. 

Comparisons of the size class distributions over the 
17-yr period in the T/H plots showed little change in 
total numbers of the largest stems (>25 cm dbh) for 
all species combined and for the four most abundant 
species (Fig. 3); the largest stems apparently were those 
least affected by the hurricane. The largest decreases 
concurrent with Hurricane Gilbert occurred in the dbh 
size classes 5.1-10 and 10.1-15 cm. The number of 

TABLE 3. Wood densities of Jamaican montane rain forest 
trees (samples from ground level or 1.3 m above the 
ground). Sample sites: ds, dry slope forest; mor, Mor Ridge 
forest; mull, Mull Ridge forest; wdm, well-developed Mull 
Ridge forest (Tanner 1977). 

Density Sample 
Species (g/mL) site 

Alchornea latifolia 0.51 mor 
Brunfelsia jamaicensis 0.86 wdm 
Chaetocarpus globosus 0.66 mor 
Citharexylum caudatum 0.98 wdm 
Clethra occidentalis 0.60 ds 
Cyrilla racemiflora 1.02 mor 
Dendropanax arboreus 0.55 wdm 
Eugenia marchiana 0.91 wdm 
Eugenia monticola 1.03 wdm 
Eugenia virgultosa 1.04 wdm 
Guarea glabra 0.67 wdm 
Hedyosmum arborescens 0.64 mull 
Ilex macfadyenii 0.73 wdm 
Lyonia octandra 0.97 mor 
Maytenus jamaicensis 0.87 wdm 
Ocotea patens 0.85 wdm 
Piper arboreum 0.48 wdm 
Podocarpus urbanii 0.62 mull 
Psychotria corymbosa 0.53 wdm 
Psychotria sloanei 0.65 wdm 
Solanum punctulatum 0.62 wdm 
Vaccinium meridionale 0.73 mor 
Xylosma nitida 0.88 wdm 

stems in the smallest size class increased at every in- 
ventory (for all species combined). 

Clethra occidentalis remained the most abundant 
species throughout the 17 yr of inventory; its total basal 
area remained similar (Fig. 4B), although the total num- 
ber of stems decreased (Fig. 4A). The pattern was sim- 
ilar for Podocarpus urbanii, the next most abundant 
species. Lyonia octandra and Hedyosmum arborescens 
reached their lowest abundances immediately after the 
hurricane in 1989 (Fig. 4A), but large increases in re- 
cruitment of these species (Table 4 and Fig. 3) resulted 
in increased abundances by 1991. By contrast, Cyathea 
pubescens decreased substantially in both abundance 
and basal area, falling sharply after the hurricane. Eu- 
genia virgultosa and Guarea glabra were the two spe- 
cies that increased most consistently in abundance 
throughout the 17-yr period (Fig. 4A). Their increases 
in abundance during the prehurricane period continued 
in the hurricane and post-hurricane periods; their in- 
crease in basal area over the 17 yr was modest (Fig. 
4B). 

Growth rates. Relative basal area increments 
(RBAIs) decreased significantly from the prehurricane 
period to the hurricane period, but then increased dra- 
matically in the post-hurricane period (for all species 
combined and for most of the common species, using 
all stems that were alive between at least two of the 
four inventories). Post-hurricane RBAIs for Alchornea 
latifolia were eight times larger than prehurricane 
RBAIs (Scheffe F-tests, P < 0.05); for Hedyosmum 
arborescens, they were nearly six times larger (Table 
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TABLE 4. Annual mortality and recruitment of tree species in the T/H plots in three periods over 17 yr (the 1984-1989 
period included Hurricane Gilbert) expressed as stem density and basal area. 

Stems (no-ha-'*yr-') Basal area (m2-ha- ' yr- ') 

1974-1984 1984-1989 1989-1991 1974-1984 1984-1989 1989-1991 

Mortality 

All species combined 51.9 93.8 152.9 0.432 0.551 1.55 
Alchornea latifolia 2.5 1.9 4.3 0.0487 0.0140 0.0452 
Chaetocarpus globosus 0.5 0.6 1.4 0.0019 0.0070 0.0112 
Clethra occidentalis 3.6 6.2 17.1 0.0166 0.0530 0.222 
Cyathea furfuracea 1.1 3.7 5.7 0.0033 0.0174 0.0078 
Cyathea pubescens 2.5 1.9 11.4 0.0411 0.0158 0.210 
Cyrilla racemifiora 2.7 1.9 7.1 0.0344 0.0409 0.145 
Eugenia virgultosa 0.5 1.2 2.9 0.0086 0.0013 0.0086 
Hedyosmum arborescens 6.9 25.5 41.4 0.0783 0.190 0.472 
Ilex macfadyenii 3.6 5.0 8.6 0.0175 0.0092 0.0424 
Lyonia octandra 2.7 8.1 4.3 0.0328 0.0416 0.0691 
Podocarpus urbanii 3.0 5.0 7.1 0.0082 0.0070 0.0796 
Vaccinium meridionale 3.0 5.0 2.9 0.0219 0.0577 0.0160 

Recruitment 

All species combined 72.5 69.6 235.7 0.0098 0.0093 0.0235 
Alchornea latifolia 2.5 3.1 11.4 0.0004 0.0003 0.0014 
Chaetocarpus globosus 0.8 0.0 1.4 0.0003 0.0000 0.0001 
Clethra occidentalis 1.4 1.9 0.0 0.0002 0.0003 0.0000 
Cyathea furfuracea 1.1 1.2 2.9 0.0004 0.0003 0.0018 
Cyathea pubescens 0.5 1.9 0.0 0.0003 0.0021 0.0000 
Cyrilla racemiflora 1.1 1.2 5.7 0.0002 0.0008 0.0005 
Eugenia virgultosa 4.7 1.2 21.4 0.0006 0.0001 0.0017 
Hedyosmum arborescens 9.6 13.0 54.3 0.0013 0.0012 0.0050 
Ilex macfadyenii 2.7 2.5 5.7 0.0003 0.0002 0.0005 
Lyonia octandra 3.0 2.5 7.1 0.0004 0.0002 0.0005 
Podocarpus urbanii 5.2 0.6 4.3 0.0006 0.0001 0.0003 
Vaccinium meridionale 3.0 1.2 4.3 0.0003 0.0001 0.0003 

5). There were considerable differences in RBAI 
among the eight species in each inventory period (AN- 
OVAs: P = 0.0001; Table 5), with Hedyosmum ar- 
borescens having consistently greater RBAI than most 
other species. 

The dramatically higher RBAIs in the post-hurricane 
period are due both to increased growth of stems pres- 
ent before the hurricane and to smaller stems recruited 
in the 1989 inventory. For stems present in the earliest 
(1974) inventory and alive in the most recent (1991) 
inventory, post-hurricane RBAIs were more than dou- 
ble prehurricane RBAIs (Scheffe F tests, P < 0.05). 
Increases in RBAIs were even greater when the entire 
standing stock was included (i.e., including new re- 
cruits; Table 5). 

DISCUSSION 

Initial effects of the hurricane 

Initial mortality caused by Hurricane Gilbert in Ja- 
maican montane forests was low, and comparable with 
mortality caused by hurricanes in other Caribbean is- 
land forests (e.g., 7.2% mortality of stems in Jamaican 
forests from 1984 to 1989, cf. 7% in Puerto Rican 
forests (Walker 1991) and 2% in Dominican forests 
(Lugo et al. 1983), both of which were instantaneous 
measures). Many studies of initial hurricane effects 
(summarized in Brokaw and Walker 1991) indicate 
that, although initial mortality during hurricanes is 

higher than prehurricane levels, the increase is not very 
great, as was the case in this study (Table 4). 

Overall levels of mortality, however, belied the vari- 
ation among species (Fig. 1). Different levels of mor- 
tality among species are important because they have 
immediate effects on forest composition. For example, 
up to 25% of the stems, basal area, and individuals of 
three common species (Cyathea furfuracea, Hedyos- 
mum arborescens, and Mecranium purpurascens) were 
killed. Other studies have shown a considerable range 
in mortality among species following disturbance by 
wind (Dittus 1985, Glitzenstein and Harcombe 1988, 
Walker 1991, Zimmerman et al. 1994). Several studies 
have shown that some forest communities are more 
susceptible to wind damage than others. There is often 
more extensive mortality in forests dominated by gym- 
nosperms than in those dominated by angiosperms 
(e.g., Foster 1988a, Boucher et al. 1990), and wind 
damage to gymnosperms is often fatal (e.g., Thompson 
1983, Peterson and Pickett 1991). However, in Jamai- 
can forests the common gymnosperm Podocarpus ur- 
banii had low levels of mortality (Fig. 1) and damage 
(Table 2). 

Most Jamaican montane forest tree species (44 of 47 
common species) had multiple-stemmed individuals. 
Some level of stem mortality may have been sustain- 
able for some species (e.g., Ocotea patens and Schef- 
flera sciadophyllum) in which individual mortality was 
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FIG. 3. Diameter size class distribution of all tree species combined and four species with ?1 I00 stems in T/H plots at 
four inventories over 17 yr in the Blue Mountains of Jamaica. 

less than that of stems (Fig. 1), but the pattern was not 
consistent; individual mortality exceeded that of stems 
for other species (e.g., Cleyera theaeoides). In Jamai- 
can forest, factors other than, or in addition to, hurri- 
canes probably influence development of multiple- 
stemmed individuals, which are a feature of tropical 
montane forests that are not affected by hurricanes. In 
some Venezuelan montane forests, for example, 9% of 
individuals had multiple stems (Kelly et al. 1994), com- 
pared with 15% in Jamaican forests. 

In Puerto Rican forests, high survivorship and low 
damage in the common tree Dacryodes excelsa was 
attributed by Basnet et al. (1993) to anchoring by root 
grafting between individuals. This may also explain the 
low mortality of some Jamaican montane forest trees, 
e.g., Haenianthus incrassatus, which forms intraspe- 
cific root grafts; it may also be true for Cyrilla race- 
mifiora, which forms root grafts in other sites (Thomas 

1960). Being more firmly anchored by root grafts may 
mean less flexibility among stems (cf. King 1986) and, 
consequently, increased likelihood of breakage; but this 
may not result in increased mortality. For example, 
crown loss in Cyrilla racemiflora, while frequent, was 
seldom fatal; most mortality in this species was caused 
by uprooting. Putz and Sharitz (1991) attributed the 
low frequency of uprooting of Taxodium distichum in 
South Carolina forests during Hurricane Hugo to this 
species' relatively deep rooting. In Western Samoa, 
widespread uprooting of trees during a cyclone was 
attributed to shallow root systems of trees in shallow 
soils developed over basalt (Wood 1970). Using ex- 
perimental techniques, Fraser (1962) showed that small 
increases in rooting depth considerably increased re- 
sistance to uprooting. Putz et al. (1983) believed that 
this would predict a higher proportion of uprooted trees 
on steeper terrain. However, despite shallow soil on 
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FIG. 4. Changes in (A) abundance (stem density) and (B) basal area of trees in T/H plots at four inventories over 17 yr. 
Data are shown on a logarithmic scale for 14 species with ?100 stems/ha throughout the period. 

slopes in the Blue Mountains (Grubb and Tanner 1976), 
uprooting was relatively infrequent in Jamaican mon- 
tane forest compared with other studies (Brokaw and 
Walker 1991: Table 1). There are no data on root ar- 
chitecture and root depth for trees in these forests. Most 
of the uprooting of Clusia havetioides and Chaetocar- 
pus globosus (Table 2) occurred in forest on deep acid 
mor humus where these species are common (Grubb 
and Tanner 1976, Tanner 1977) and where the semi- 

prostrate habit of many trees may have resulted from 
previous wind storms. However, the deep A horizons 
in these sites were only rarely disrupted by trees being 
blown over during the hurricane (cf. Sugden et al. 
1985). 

In Jamaican montane forests, there was no difference 
in the size of stems that lost crowns, those that were 
uprooted, and those that were undamaged (see also Bel- 
lingham 1991, Bellingham et al. 1992). However, most 

TABLE 5. Relative basal area increment, RBAI (in m2.m-2.yr-'; mean + 1 SE) of all species combined and nine individual 
species in the T/H plots in three inventory periods over 17 yr. The 1984-1989 period included Hurricane Gilbert. Data 
are presented for the standing stock, including stems that died or were recruited between 1974 and 1991. Species are 
ranked from greatest to least RBAI in the most recent 1989-1991 (post-hurricane) inventory period. Significant differences 
detected by ANOVA among RBAJs among inventory periods are shown for each species; the same superscript letters 
indicate no significant differences between inventory periods (Scheff6 F tests, P < 0.05). 

1974-1984 1984-1989 1989-1991 P (ANOVA) 

Hedyosmum arborescens 0.022 ? 0.002a 0.015 ? 0.003a 0.131 ? 0.010b 0.0001 
Alchornea latifolia 0.011 ? 0.003a 0.010 ? 0.003a 0.088 ? 0.017b 0.0001 
All species combined 0.008 ? 0.OOOa 0.004 ? .00lb 0.040 ? 0.002c 0.0001 
Eugenia virgultosa 0.012 ? 0.002a -0.001 ? 0.002b 0.036 ? 0.005c 0.0001 
Vaccinium meridionale 0.008 ? .001a 0.003 ? 0.OOOa 0.033 ? 0.OOlb 0.0001 
Podocarpus urbanii 0.009 ? .000a 0.003 ? 0.OOOb 0.026 ? 0.001c 0.0001 
Clethra occidentalis 0.005 ? .001a 0.003 ? .001a 0.021 ? 0.003b 0.0001 
Cyrilla racemiflora 0.003 ? O.Ola 0.001 O.001a 0.013 ? 0.004b 0.0005 
Lyonia octandra 0.003 + .001a 0.001 ? 0.002a 0.008 ? 0.002b 0.0027 
Chaetocarpus globosus 0.007 + 0.002 0.010 ? 0.002 0.008 ? 0.003 0.7133 
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other studies of wind damage to trees, including some 
on the effects of hurricanes, have shown that stems 
with large diameters were more likely to be broken or 
uprooted, and those of smaller diameter were least like- 
ly to be damaged (e.g., Webb 1989, Gresham et al. 
1991). Furthermore, most studies have shown that 
stems of smaller diameter tend to break and those of 
larger diameter tend to be uprooted (e.g., Lugo et al. 
1983, Putz et al. 1983, Peterson and Pickett 1991, 
Walker et al. 1992). Brokaw and Walker (1991) attrib- 
uted the lack of difference in relative sizes of broken, 
uprooted, and undamaged stems in Jamaican montane 
forests to the small range of diameters relative to other 
forests examined after hurricanes. However, trees of 
larger diameter in Jamaican forests tended to be de- 
foliated more frequently than those of smaller diameter, 
as was the case in Puerto Rican forests (Walker 1991). 

The lack of correlation between wood density and 
crown loss, uprooting, or complete defoliation in Ja- 
maica was at first surprising, but there is a parallel from 
Puerto Rico, where trees with denser wood were less 
damaged at only one of two sites (Walker et al. 1992). 
Other studies have suggested that species with greater 
wood density are more resistant to strong winds (Law- 
ton 1984) and hurricanes (Yih et al. 1991). Crown loss 
has been shown, in other studies, to be least frequent 
among species with dense wood (Putz et al. 1983, Zim- 
merman et al. 1994). In Panamanian lowland forests, 
species with dense wood were uprooted most frequent- 
ly (Putz et al. 1983). 

Tree architecture may be an important determinant 
of interspecific differences in mortality and damage 
during hurricanes (Frangi and Lugo 1991). The intro- 
duced tree Pittosporum undulatum has much deeper 
crowns than native trees (T. C. R. Goodland, personal 
communication), and its greater crown to stem ratio 
may be a reason for its greater uprooting (Table 2). 
Tree ferns that survived the hurricane generally did so 
by shedding all their leaves, in the way that palms did 
in Puerto Rican forests (Frangi and Lugo 1991). Great- 
est wind force may often act on the upper parts of 
crowns (Petty and Swain 1985), rendering taller species 
in mixed stands more susceptible to damage (e.g., Fos- 
ter 1988a, Webb 1989). However, in Jamaican forests, 
some of the species with greatest mortality seldom 
reach the canopy. To some extent, greater mortality in 
these species may have resulted from debris falling 
from the canopy, e.g., in Cyatheafurfuracea, but others 
such as Mecranium purpurascens died mostly as a re- 
sult of defoliation (Fig. 2). 

High levels of crown loss in Jamaican forests did 
not necessarily result in high mortality (Fig. 2, Table 
2). This was similar to the situation in lowland rain 
forests of Panama, where the greatest frequency of 
crown loss was among weak-wooded, fast-growing 
species that sprouted readily to regain crown volume 
(Putz et al. 1983, Putz and Brokaw 1989). In Jamaican 
montane forests, most trees produced sprouts; stems 

that lost crowns sprouted more frequently than intact 
stems (Bellingham et al. 1994), so their long-term sur- 
vival may be high. Some of the species with a high 
incidence of non-fatal crown loss (e.g., Solanum punc- 
tulatum, Table 2) are weak-wooded, apparently fast- 
growing species that sprouted readily (Bellingham et 
al. 1994). Other species that had high frequencies of 
non-fatal crown loss (e.g., Cyrilla racemiflora) also 
sprouted readily but were slow-growing (Table 4). 

Lack of correlation between leaf size or thickness 
and the frequency with which species were defoliated 
suggests that the hurricane was indiscriminate as a 
cause of defoliation. Correlation of lower damage with 
higher specific leaf area (SLA) suggests that tougher 
leaves were more brittle and that softer leaves bent with 
the wind. Some species with high foliar N (e.g., So- 
lanum punctulatum, Tanner 1977) were among those 
most frequently defoliated, but these species were more 
frequent in sites where nutrient supply is less likely to 
be limiting (Tanner 1977, 1985), so the relative cost of 
producing new leaves may be low. 

Post-hurricane effects 

In the 2-3 yr after the hurricane, mortality rates in 
Jamaican montane forests were more than double the 
prehurricane levels. Delayed mortality was much more 
evident in some species than others. Mortality rates 
increased substantially between the hurricane and post- 
hurricane periods in the case of Hedyosmum arbores- 
cens, but for other species such as Lyonia octandra, 
mortality in the post-hurricane period was less than in 
the hurricane period (Table 4). Delayed mortality after 
hurricanes has been observed in other ecosystems 
(Knowlton et al. 1981). 

One of the most likely reasons for delayed mortality 
was the slow onset of pathogen attack through wounds. 
Among stems that survived crown loss in a lowland 
forest in Panama, 60% died during the subsequent 7 
yr, which Putz and Brokaw (1989) attributed to patho- 
gen attack. A possible reason for delayed mortality in 
Jamaica was the effect, on newly produced leaves, of 
a dry season in 1990 and a prolonged dry season in 
1991. Low soil moisture under the forest canopy during 
post-hurricane droughts has been recorded in Jamaican 
(Dalling and Tanner 1995) and Puerto Rican forests 
(Parotta and Lodge 1991). The effect of the droughts 
could be seen in tree ferns, where many leaves pro- 
duced soon after the hurricane began to wilt by May 
1989. The dry seasons of 1990 and 1991 were much 
drier than that of 1989. Low soil moisture may also 
have caused stress to angiosperms that did not have 
sclerophyllous leaves (Tanner and Kapos 1982), es- 
pecially among stems that had produced many new 
leaves following extensive defoliation during the hur- 
ricane. This may have been a reason for delayed mor- 
tality in these species (e.g., Turpinia occidentalis, Table 
7). 

Increased growth of stems remaining after stands 
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PlATF 1. Forest interior north of the Grand Ridge of the Blue Mountain. Left: May 1989 (8 mo after the hurricane). 
Canopy dominazted by recenitly refoliated Cvtathea pubescens and forest floor covered by woody debris. Right: May 1990 (20 
mo after the hurricanie). Canopy and subcanopy refoliation well advanced, and substantial growth of seedlings and saplings 
that germiiin.ated af'ter the hurricane (dominated by Palicoucea all)inal). 

have beeni thinned is well-known in silviculture, and 
increased growth rates in surviving stems have been 
demonstrated in other forests atter hurricanes. Follow- 
ing hurricanie damage to a forest in New Hampshire, 
diameter incremilent among tour common tree species 
more than doubled throughout the subsequent 49-yr 
period (Merrens and Peart 1992). In Jamaican m-ontane 
forests. most species hlad significantly higher RBAIs in 
the post-hurricane period, but there was a great range 
of' responses. Some species (e.g., Chtietocirpus glo- 
bostus) showed n1o change in RBAI. 

Tree vpecies: resistainit, susceptible, 
resilieiit, (i11(1 usurper 

Scores of damages (based on mortality and crown 
loss) and responsiveness (based on recruitment, growth 
rates, and sprouting) for 20 common species allowed 
us to define four types of response to the hurricane: 
resistant species, susceptible species, resilient species, 
and usurper species (Fig. 5). Clearly, the axes are con- 
tinuous and it is the relative positions of the species 
that are moost important. Ihere are no clear breaks in 
the damage scores for the 20 species, the response 
scores were also a continiuum except for two outliers. 

Cv'!ithe pullbes ens (low response) and Hedv o.sinum olr- 
bor-escens (high response). The exact positions of the 
species also depend on which criteria are chosen to 
calculate the damage and response. 

Resistant species (those with low damage scores and 
low response scores) include 11 of the 20 commonest 
species. Susceptible species (those with high damage 
and low response) include one highly susceptible spe- 
cies, Culitheti pubescens, and four others that have 

moderate to high damage scores and average recovery 
scores, making them intermediate between susceptible 
and resilient. Hed vosinum tirborescens is the only re- 
silient species (with high damage and high response), 
separate from all other species in the analysis (Fig. 5). 
The usurpers (with low damage and high response) 
include Alchornea ltiti liti and Eugeziai v'irgullos(i, 
which were little-affected during the hurricane and 
grew more after the hurricane, presumably because of 
damage caused to neighboring stems of other species. 
Another species we classify as a usurper is the intro- 
duced invasive tree Pitto.spormn Unldiulantimii, which had 
low levels of damage (Fig. I and Table 2) and high 
responsiveness (0.213 0.020 m2-m 2'yr ' RBAI in T/ 
H plots 1991-1994,iz = 6). It was also readily recruited 
as seedlings into experimental gaps (Healey 1990). Ile. 
mn(i(fiidvenii, a species that, by our criteria, is a usurper 
(Fig. 5), was more damaged and less responsive than 
other usurpers and is near the boundary between usurp- 
er and resilient species. 

It is likely that usurpers will increase their abundance 
in the forest in the next few decades; conversely, sus- 
ceptible species will decrease in abundance. Both re- 
sistant and resilient species may maintain their relative 
abundances, but by different means (cf. Boucher et al. 
1994). In Fig. 5, a diagonal line drawn from the origin 
would separate those species likely to increase in abun- 
dance (above the line) and those likely to decrease 
(below the line); those near the line (mostly resistant 
and resilient species) will not change much. We have 
not included seedling recruitment in this analysis and 
it is possible that future forest composition will reflect 
increased seedling recruitment. However, the crowns 
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PL ATi-- 2. Root pit formed during the hurricane by the 
uprootiing of a large Junlipet-its ltc-alanbtl Britton in the Wet 
Slope site of Tanner ( 1977). Top: December 1988 (3 mo after 
the hurricance). No seedlinig regeneration apparent. A ().5-m 
scale is present in the toreground. Bottorm: January 1992 (40 
mo after the hurric ane ). Regeneration of Bo( (onEiaf i 1we}s ensz 
(left) and Brtiiiielliti onio( ckidifoliaJ (right), which germinated 
after the hurric:ane. 

Of canopy trees presient before the hurricane have large- 
ly refoliated, and most of the cohort of seedlingsi re- 
cruited after the hurricane are now strongly shaded and 
will not reach the canopy in the next tew decades.. 

In a study of Nicaraguan rain forest recovery after 
a hurricane, Boucher et al. (1994) described Qucilea 
palrcien.sis as a resiistant species; becaus;e its; adult tree.s 
all siurvived the hurricane, and Vochy.siafirru(gineti as 
resilient because all its adultsi were killed but its sap- 
lingsi and s;eedlings had high survivors;hip and growth. 
It is likely that our classification of species; into resi.s- 
tant, susceptible, res;ilient, and usurper will continue to 
be generally us;eful. 

The reaction.s of individual trees to the hurricane may 
be related to the sitesi where sieedlings of their sipecie.s 
are found long after disturbance by hurricanes. Most 

species with s;eedlings that are usually found under 
closed canopiesi were ressistant. Also, three of the four 

species known to regenerate on landslides; were resis- 

tant. Most resistant species (both closed-canopy and 
landslide regenerators) are relatively slow-growing, al- 
though most increased their growth and recruitment 
after the hurricane (Table 7). The four species known 
to regenerate on landslides (Table 6; Dalling 1994) are 
perhaps incapable of rapid growth and would not be 
expected to have high responsiveness. Their leaf N 
concentrations are low (0.99% dry mass, ni = 4 species, 
Tanner 1977) compared with overall means for the 
"Mull Ridge" (1.61%) and "Wet Slope" forests 
(1.27%) of Jamaica. 

Species with seedlings that regenerate most fre- 
quently in gaps include resilient, usurper, and suscep- 
tible species; most had at least average responsiveness 
(Fig. 5). Potentially, most of these species are relatively 
fast growers (for this forest) and had high post-hurri- 
cane absolute BA increments (Table 7). Some also had 
high levels of recruitment from an advance regenera- 
tion of saplings (Hed,osinumn arborescens) or sprouts 
(Alchor-net 1ltfolia). Cvyathea pubescens was a sus- 
ceptible species with low responsiveness, and is thus 
likely to have a short-term decrease in population. 

In this forest, understory seedlings tend to persist 
when gaps are created (Healey 1990); thus, seedlings 
of the usurper species Eugenici Oirgultosa had the high- 
est relative abundance under closed canopy before gap 
creation, and remained the most abundant and fastest 
growing species after gap creation (Healey 1990). Sev- 
eral other studies have shown that existing stems, re- 
cruited under closed canopy, benefit more than gap- 
demanding species by formation of canopy gaps (at 
least in the first few years after gap formation). Both 
seedlings (e.g., Uhl et al. 1988, Brown and Whitmore 
1992) and saplings (e.g., Webb 1989) benefit from the 
gaps. Adult trees of Euigezia l'irgultosa and the resis- 
tant species Guarea glabrai also increased in abundance 
in Jamaican montane forests between 1974 and 1984, 
a period not substantially affected by hurricanes; this 
increase continued in the hurricane and post-hurricane 
periods (Fig. 4). In other places, it has also been shown 
or inferred that "shade tolerant" species increased 
growth after hurricanes. In New Hampshire, USA, 
growth rates of Faigus grcbifnulia, a species considered 
shade tolerant, increased in those stands more, rather 
than less, affected by a hurricane (Merrens and Peart 
1992). In Puerto Rico, the palm Prestoea iontatn10 

(considered late successional; Walker 1991) was little 
damaged and suffered generally low mortality during 
Hurricane Hugo (Frangi and Lugo 1991, Walker 1991). 
Before Hurricane Hugo, the age structure of a popu- 
lation of this palm was attributed to growth of an ad- 
vance regeneration following a 1932 hurricane (Lugo 
and Rivera Batlle 1987). In lowland Nicaraguan rain 
forests, Yih et al. (1991) described regrowth of "pri- 
mary forest species" after a hurricane as "direct re- 
generation." In Puerto Rican forests, "primary forest 
species" were less damaged than "pioneer" species 
(Zimmerman et al. 1994). 
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TABLE 6. Responses of stems of 20 common species (?3 cm dbh) in Jamaican montane forests to the effects of Hurricane 
Gilbert. Initial hurricane effects were assessed among 5334 stems, sampling 1.10 ha in T/H, MRT, and PJB plots. Percentages 
of surviving stems with sprouts were determined from this sample by Bellingham et al. (1994). The most common sites 
of seedling regeneration (based on relative abundance) for these species are: CC, seedlings under closed canopy; CC/G, 
seedlings with approximately equal relative abundances under closed canopy and gaps; G, seedlings under canopy gaps; 
and L, seedlings on landslides. Regeneration sites were determined by 1, Sugden et al. (1985); 2, Healey (1990) and 3, 
Dalling (1994). 

Initial effects 

% live Regeneration 
stems that % stems 

Responses to Species % stem lost with Seedling 
hurricanes Species code mortality crowns sprouts sites Sources 

Resistant Chaetocarpus globosus CG 0.0 3.2 85.3 Unknown 1, 2 
Clethra occidentalis CO 4.9 4.2 46.9 G, L 1, 2, 3 
Clusia havetioides CH 4.5 0.0 0.0 CC 1 
Dendropanax pendulus DP 1.2 7.3 43.6 Unknown 2 
Guarea glabra GG 1.6 2.9 67.5 CC 2 
Lyonia octandra LO 6.8 0.9 89.6 L 1, 3 
Maytenus jamaicensis MJ 0.7 0.7 8.5 CC 2 
Podocarpus urbanii PU 4.6 2.3 91.5 Unknown 2 
Psychotria corymbosa PC 6.0 1.4 54.3 CC/G 2 
Sideroxylon montanum SM 0.0 3.6 83.6 CC/G 2 
Vaccinium meridionale VM 8.6 6.1 79.0 L 3 

Usurpers Alchornea latifolia AL 6.7 3.2 76.6 G 1, 2 
Eugenia virgultosa EV 0.7 4.6 82.7 CC 2 
Ilex macfadyenii IM 8.1 2.7 78.8 G 2 

Resilient Hedyosmum arborescens HA 24.4 3.8 68.8 G 1, 2 

Susceptible Cyathea pubescens CP 11.8 0.0 0.0 G 2 
Cyrilla racemiflora CR 4.0 16.5 93.1 L 1, 3 
Mecranium purpurascens MP 25.6 9.7 89.2 Unknown 1, 2 
Meriania purpurea ME 8.4 8.3 64.2 Unknown 2 
Turpinia occidentalis TO 5.2 1.8 74.5 CC/G 2 

TABLE 7. Comparisons of Jamaican montane forest trees in pre-hurricane (PRE, 1974-1984) and post-hurricane (POST, 
1989-1991) periods. Data are derived from a 0.35 ha subsample of T/H plots. RBAI, relative basal area increment, ABAI, 
absolute basal area increment. 

Mortality Recruitment Mean RBAI Mean ABAI 

Responses to (% stems/yr) (% stems/yr) (m2-m-2.yr-1) (cm2/yr) 
hurricanes Species PRE POST PRE POST PRE POST PRE POST 

Resistant Chaetocarpus globosus 0.3 0.8 0.5 0.8 0.007 0.008 1.2 0.6 
Clethra occidentalis 0.6 3.2 0.2 0.0 0.005 0.021 0.7 1.6 
Clusia havetioides 0.2 3.7 1.7 7.6 0.010 0.022 0.0 0.6 
Dendropanax pendulus 0.6 1.0 1.8 1.0 0.000 0.023 0.0 0.6 
Guarea glabra 0.3 1.0 2.9 4.5 0.017 0.042 0.8 1.2 
Lyonia octandra 0.6 1.0 0.6 1.6 0.003 0.008 0.4 0.0 
Maytenus jamaicensis 0.0 0.0 4.1 6.3 0.011 0.051 0.3 0.8 
Podocarpus urbanii 0.6 1.5 1.0 0.9 0.009 0.026 1.3 1.9 
Psychotria corymbosa 3.8 3.3 5.5 6.7 0.006 0.061 0.7 0.7 
Sideroxylon montanum 1.2 0.0 0.8 2.0 0.008 0.031 0.7 1.0 
Vaccinium meridionale 1.6 1.6 1.6 2.4 0.008 0.033 0.1 1.4 

Usurpers Alchornea latifolia 1.2 2.0 1.2 5.0 0.011 0.088 0.8 4.5 
Eugenia virgultosa 0.3 1.4 2.3 9.0 0.012 0.036 0.4 0.8 
Ilex macfadyenii 2.9 8.3 2.4 5.9 0.007 0.043 0.1 0.7 

Resilient Hedyosmum arborescens 1.6 10.4 2.1 12.8 0.022 0.131 1.1 3.1 

Susceptible Cyathea pubescens 1.6 8.7 0.4 0.0 0.001 0.010 0.1 0.5 
Cyrilla racemiflora 1.0 2.9 0.4 2.4 0.003 0.013 0.1 0.9 
Mecranium purpurascens 4.4 5.0 3.8 5.0 0.011 0.032 0.4 0.4 
Meriania purpurea 1.3 2.5 0.9 3.7 0.012 0.05 1 0.4 1.7 
Turpinia occidentalis 0.0 13.6 1.7 0.0 0.003 0.043 0.4 1.9 
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1.0 
Usurpers Resilient 

FIG. 5. Damage and responsiveness of the I HA 
20 most common species in the enumerated 
plots in montane rain forest in Jamaica (see 
Methods for details of score calculations). AL, 
Alchornea latifolia; CG, Chaetocarpus glo- 5 AL 
bosus; CH, Clusia havetioides; CO, Clethra EV *M 
occidentalis; CP, Cyathea pubescens; CR, Cy- *,0. 5 ... ... 
rilla racemiflora; DP, Dendropanax pendulus; 0 * 0 
EV, Eugenia virgultosa; GG, Guarea glabra; S GP:PU 0 ME CR MP OGLO VM 0 
HA, Hedyosmum arborescens; IM, Ilex mac- CG TO 
fadyenii; LO, Lyonia octandra; ME, Meriania * * 
purpurea; MJ, Maytenusjamaicensis; MP, Me- MJ CH DP CO 
cranium purpurascens; PC, Psychotria cor- 
ymbosa; PU, Podocarpus urbanii; SM, Side- R 0 
roxylon montanum; TO, Turpinia occidentalis; 0.0 cp 
VM, Vaccinium meridionale. 

0.0 0.5 1.0 
Damage 

Pioneer species (sensu Swaine and Whitmore 1988) 
can also increase after hurricanes. In Jamaican montane 
forests, for example, the pioneer Brunellia comocla- 
diifolia germinated and grew after Hurricane Gilbert 
(Bellingham 1993). In other parts of the tropics, long- 
term studies of hurricane effects on forests have also 
shown that pioneer species become first more abundant 
and then, after a few decades, less abundant in the 
absence of further disturbance (Whitmore 1974, Crow 
1980, Weaver 1986a, 1989). Conditions created by hur- 
ricanes may also enable recruitment of species that re- 
generate rarely by seed. In Puerto Rican montane for- 
ests, Weaver (1986b) believed that the size structure of 
a population of Cyrilla racemifiora was due to recruit- 
ment of stems following hurricanes in 1867 and 1932. 
By contrast, seedlings of Cyrilla racemifiora were not 
recorded under canopies defoliated by Hurricane Gil- 
bert in Jamaica (Dalling 1992). 

The disturbance regime of hurricanes 

We have described the damage and response of spe- 
cies following a single disturbance event. Grubb and 
Hopkins (1986) stressed that community stability is 
influenced by the disturbance regime, which they sug- 
gested had four basic dimensions: intensity, frequency, 
extent, and timing of disturbances. 

The intensity of hurricanes as disturbance events is 
probably most important for forests. The intensity of 
a hurricane is dictated by its minimum sea level pres- 
sure, speed of movement, and the distance of its eye 
from the forests (Boose et al. 1994). Oliver and Ste- 
phens (1977) examined the history of a temperate forest 
in Massachusetts over 149 yr, a period during which 
the forest was disturbed by people and by hurricanes. 
They found that only the most intense disturbances 
resulted in the recruitment of a new cohort of canopy 
species. It is possible that global warming will affect 
the frequency and intensity of cyclones. Using a Carnot 
cycle model, Emanuel (1987) projected that a doubling 
of the present atmospheric CO2 concentration could 

result in a 40-50% increase in cyclone intensity. Using 
another model, Ryan et al. (1992) projected that a dou- 
bling of the present atmospheric CO2 concentration 
could double the likely rate of cyclone formation. If 
either or both of these predictions are borne out, the 
change in disturbance regime could have important ef- 
fects on Jamaican forests. 

Hurricane frequency in the Caribbean is variable 
(Reading 1990). Since 1871, the average frequency of 
hurricanes with eyes <60 km from eastern Jamaica has 
been once every 9 yr (Neumann et al. 1978, Lawrence 
and Gross 1989). There have been prolonged periods 
(e.g., 1951-1980) when no hurricanes hit Jamaica, but 
there were four hurricanes between 1874 and 1886, and 
five between 1903 and 1916 (Neumann et al. 1978). 
There are records of even shorter intervals between 
hurricanes, e.g., 40 d between successive hurricanes in 
Mauritius in 1960 (Sauer 1962). The generally low lev- 
els of mortality and damage recorded after Hurricane 
Gilbert might have been increased had there been an- 
other hurricane in quick succession. There is evidence 
that trees weakened during strong winds are more sus- 
ceptible to damage in subsequent strong winds (Coutts 
1983). 

In extent, Hurricane Gilbert affected all of Jamaica 
to some degree, but caused patchy damage to Jamaican 
montane forests (Bellingham et al. 1992). In general, 
hurricanes affect swathes up to 120 km wide, with sites 
closer to the eye more affected. Hurricane Allen, which 
was intense (Woodley et al. 1981) passed 60 km from 
the forests of the Blue Mountains and caused much less 
severe damage than Hurricane Gilbert, which passed 
within 10-15 km (cf. Thompson 1983, Bellingham et 
al. 1992). Forests in New Hampshire suffered much 
more extensive hurricane damage than those in Ja- 
maica, probably a result of the selection pressure of 
more frequent hurricanes in Jamaica; New Hampshire 
had only two severe hurricanes in 484 yr (Bormann 
and Likens 1979). The New Hampshire forests were 
resilient because the relative abundances of species 
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were approaching prehurricane conditions 46 yr after 
a hurricane (Foster 1988a); the Jamaican forests were 
relatively resistant. 

The timing of hurricanes relative to the timing of 
seed production might affect seedling recruitment after 
a hurricane. Among a range of common species in Ja- 
maican montane forests, there is a peak of production 
of propagules in July and August (Tanner 1982), im- 
mediately before the period of maximum likelihood of 
hurricanes (Naughton 1982). When hurricanes strike as 
early as June (Naughton 1982), species that produced 
seed earlier in the year may be at a competitive ad- 
vantage. However, we do not know the relative im- 
portance of seeds produced before and after hurricanes, 
nor the relative importance of regeneration from seed 
vs. reformation of the canopy by sprouting of damaged 
canopy trees. 

Are Jamaican montane forests stable when 
disturbed by hurricanes? 

Despite the fact that Hurricane Gilbert was the most 
intense hurricane recorded in the Caribbean in this cen- 
tury, and despite the fact that the eye passed within 
10-15 km of the study area (Lawrence and Gross 1989), 
we believe that only one of 20 common species was 
strongly susceptible to its effects (Fig. 5). Thus, in the 
short term, Jamaican montane forests could be consid- 
ered stable. Walker (1991) and Yih et al. (1991) be- 
lieved that there would be little change in the relative 
abundance of species after hurricanes affected Puerto 
Rican and Nicaraguan forests, respectively. However, 
Connell and Sousa (1983) warned that persistence of 
long-lived individuals did not give evidence of com- 
munity stability. They believed that long-term studies 
of forests affected by disturbance (e.g., Oliver and Ste- 
phens 1977) showed no evidence of stable states. 

Harper (1977) distinguished a "disaster" from a 
"catastrophe" using the criterion that disasters affect 
successive generations of species and thus have selec- 
tive consequences, whereas catastrophes occur too 
rarely to have selective consequences. On average, hur- 
ricanes hit Jamaica once every 15 yr. Notwithstanding 
that return times of hurricanes to particular areas of 
forest may be less frequent (Bellingham 1991), hurri- 
canes are disasters because they will probably affect 
any given generation of most forest trees. The selective 
pressures of hurricanes may operate at different stages 
of a species' life history and may be quite different for 
long-lived than for short-lived species. A single indi- 
vidual of a long-lived species may be affected by hur- 
ricanes several times. For example, some individuals 
of Cyrilla racemifiora in Puerto Rico may be >1000 
yr old and have survived several hurricanes (Weaver 
1986b). By contrast, the short-lived Bocconia frutes- 
cens, a "pioneer" species (sensu Swaine and Whitmore 
1988), was very rare in Jamaican montane forests be- 
fore Hurricane Gilbert, and confined to large gaps and 
forest margins. After the hurricane, it germinated under 

defoliated canopies and in gaps throughout the forest 
(Bellingham et al. 1992). Many of these plants were 
short-lived; some reached 5 m in height, flowered and 
fruited prolifically, and died within 3.5 yr of the hur- 
ricane. Thus, except when there is an unusually short 
period between them, hurricanes do not affect most 
adults of Bocconia frutescens. Direct selective pres- 
sures of hurricanes are few on such short-lived species 
and rare on adults; selection pressure is likely to be 
strongest in the immediate aftermath of the hurricane. 

Over the longer term, hurricanes maintain a cycle of 
disturbance and recovery (cf. Woodley et al. 1981), 
including secondary succession involving recruitment 
of species that regenerate most frequently in gaps (cf. 
Whitmore 1974, Foster 1988b). Continued monitoring 
of our permanent plots (and of permanent seedling 
plots, not reported in this paper) will reveal whether 
or not seedlings established after the hurricane are re- 
cruited into larger size classes and to what extent they 
may lead to compositional changes (cf. Glitzenstein et 
al. 1986, Foster 1988b). Our current interpretation of 
dynamics in this forest is that the low level of mortality 
among most species, the generally low level of damage 
(Bellingham 1991, Bellingham et al. 1992, this study), 
and rapid vegetative recovery of many adults (Bel- 
lingham et al. 1994) after Hurricane Gilbert means that, 
at present, hurricanes have few long-term effects on 
the forests (cf. Yih et al. 1991). However, a change in 
the disturbance regime may alter this. 
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