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Summary

1. Many forests experience periodic, large-scale disturbances, such as hurricanes and cyclones,
which open the forest canopy, causing dramatic changes in understorey light conditions and
seedling densities. Thus, in hurricane-impacted forests, large variations in abiotic and biotic
conditions likely shape seedling dynamics, which in turn will contribute to patterns of forest
recovery.

2. We monitored 13 836 seedlings of 82 tree and shrub species over 10 years following Hurricane
Georges in 1998 in a subtropical, montane forest in Puerto Rico. We quantified changes in the biotic
and abiotic environment of the understorey and linked seedling dynamics to changes in canopy
openness and seedling density, and to spatial variation in soil type, topography and tree density.

3. Canopy openness was highest when first measured after Hurricane Georges and dropped signifi-
cantly within c¢. 3 years, while seedling densities remained high for ¢. 5 years post-hurricane. When
all species and census intervals were analysed together, generalized linear mixed effects models
revealed that canopy openness, seedling and adult tree densities were significant drivers of seedling
survival.

4. The relative importance of abiotic and biotic factors changed over time. Separate analyses for
each census interval revealed that canopy openness was a significant predictor of survival only for
the first census interval, with lower survival at the highest levels of canopy openness. The effect of
conspecific seedling density was significant in all intervals except the first, and soil type only in the
final census interval.

5. When grouping species into life-history guilds based on adult tree susceptibility to hurri-
cane damage, we found clear differences among guilds in the effects of biotic and abiotic
factors on seedling survival. Seedlings of hurricane-susceptible and intermediate guilds were
more strongly influenced by canopy openness, while seedlings of the hurricane-resistant group
were less affected by conspecific seedling density. Individual species-level analyses for 12 com-
mon species, however, showed considerable variation among species within guilds.

6. Synthesis. Our results suggest that hurricanes shape species composition by altering understorey
conditions that differentially influence the success of seedlings. Thus, predicted increases in the
intensity and frequency of hurricanes in the Caribbean will likely alter seedling dynamics and ulti-
mately the species composition in hurricane-impacted forests.
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Introduction

Biologists have long recognized the importance of disturbance
in structuring ecological communities (Sousa 1984; Pickett &
White 1985). In forests, much attention has been paid to the
role of small-scale disturbance created by branch or tree falls
(see special issue in Ecology 70(3), 1989). However, many for-
ests throughout the world also experience periodic distur-
bances that can dramatically alter forest structure on a large
scale (Everham & Brokaw 1996; Whitmore & Burslem 1998).
In coastal regions in both the tropics and temperate zone, these
disturbance events can result from cyclone activity (i.e. hurri-
canes, typhoons, cyclones and tropical storms; Boose, Foster
& Fluet 1994; Everham & Brokaw 1996; Mabry et al. 1998,
McNab, Greenberg & Berg 2004; Lugo 2008).

Tree species native to hurricane-affected areas are likely to
be well adapted to wind-mediated disturbance, and mortality
as a result of storm damage is often low (Brokaw & Walker
1991; Tanner, Kapos & Healey 1991; Bellingham et al. 1992;
Everham & Brokaw 1996; Burslem, Whitmore & Brown
2000). Nonetheless, significant structural damage to the forest
often occurs during storms in the form of defoliation, stem
snap, branch breakage and tip ups (Brokaw & Walker 1991;
Everham & Brokaw 1996). Although large trees are more
likely to be directly affected by storm events through increased
wind exposure (Everham & Brokaw 1996; Canham, Papaik &
Latty 2001; Ostertag, Silver & Lugo 2005), damage to the for-
est canopy can also have significant effects on plants growing
in the understorey. Branch and tree falls and deep leaf litter
can directly damage and kill smaller plants (You & Petty
1991), but can also have indirect effects on plants in the under-
storey. Damage to larger trees opens the forest canopy, dra-
matically increasing the area of gaps and altering the light
regime, microclimate and heterogeneity of the forest floor
(Brokaw & Grear 1991; Fernandez & Fetcher 1991; Walker
et al. 1992; Bellingham ez al. 1996; Lin et al. 2003). These
changes in microclimate and understorey light levels are
often short-lived (Fernandez & Fetcher 1991; Bellingham e al.
1996), and thus hurricanes increase both the spatial and
temporal variation in environmental conditions of the
understorey.

Plants growing under intact tropical forest canopies are
severely light-limited, receiving only a small fraction of over-
head light (Chazdon et al. 1996). Increases in light levels usu-
ally result in increased growth, survival and density of plants in
the understorey (Everham, Myster & VandeGenachte 1996;
Montgomery & Chazdon 2002; Barberis & Tanner 2005),
although increased canopy openness could also result in lower
seedling survival through desiccation (Gerhardt 1996). Higher
understorey light availability, as well as increased heterogene-
ity, following hurricane disturbance are therefore expected to
have strong impacts on seedling dynamics, with differences
among species driven by variation in life-history strategy
(Walker et al. 2003). While light is typically the most limiting
factor, tree seedling dynamics are also driven by the availability
of below-ground resources (Burslem, Grubb & Turner 1996;
Coomes & Grubb 2000; Lewis & Tanner 2000; Yavitt &
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Wright 2008; Comita & Engelbrecht 2009). After hurricanes,
the large temporal and spatial variation in light availability
may initially override the influence of soil resources on seedling
dynamics. Conversely, if light is no longer limiting following
disturbance, seedling dynamics may be more strongly driven
by other abiotic factors, such as soil moisture or nutrient avail-
ability (Coomes & Grubb 2000; Walker et al. 2003; Barberis &
Tanner 2005).

Studies have also shown that the local biotic neighbourhood
(i.e. the density and identity of neighbouring plants) has signifi-
cant effects on seedling dynamics in both tropical and temper-
ate forests (Webb & Peart 1999; Harms et al. 2000; Hille Ris
Lambers, Clark & Beckage 2002; Uriarte et al. 2005; Queen-
borough et al. 2007; Comita & Hubbell 2009). High densities
of conspecific neighbours can result in decreased survival, pre-
sumably due to strong intraspecific competition or host-spe-
cific natural enemies, such as insect herbivores and pathogens
(Janzen 1970; Connell 1971). In addition to effects on abiotic
conditions, large-scale natural disturbances likely alter the bio-
tic neighbourhood as well: increased light levels following hur-
ricane disturbance can result in higher seedling densities in the
understorey (Walker et al. 2003), which may then trigger a sub-
sequent increase in density-dependent mortality over time. At
the same time, hurricanes potentially reduce the intensity of
competition between neighbours for soil resources since they
lead to significant, long-term decreases in fine root biomass
(Silver et al. 1996). Thus, in hurricane-impacted forests, large
variations in both local abiotic and biotic conditions are likely
to be important drivers of seedling dynamics.

Understanding the factors influencing seedling dynamics is
critical to understanding forest community dynamics because
the seedling stage suffers high mortality and, therefore, repre-
sents a significant bottleneck in the life cycle of trees (Harper
1977). Processes affecting the spatial and temporal patterns of
seedling recruitment and survival are thought to play a signifi-
cant role in promoting species coexistence in diverse forests
(Janzen 1970; Connell 1971; Grubb 1977; Chesson & Warner
1981). In this context, the role of biotic and abiotic conditions
has been well-explored in a number of temperate and tropical
forests (Nakashizuka 2001; Wright 2002). Few studies, how-
ever, have been conducted in hurricane-impacted forests,
where understorey conditions fluctuate to a much greater
degree than in other forests.

Information on how species respond to variations in under-
storey conditions are essential for making predictions about
how forest communities will respond to both human and natu-
ral disturbance. Previous studies that have looked at patterns
of seedling survival following hurricane disturbance have been
restricted to a handful of species (e.g. Guzman-Grajales &
Walker 1991; Walker et al. 2003), and attempts to group spe-
cies based on their seedlings’ responses to hurricanes have
shown limited success (Walker et al. 2003; Uriarte et al. 2005).
Seedlings of species with differing life-history strategies are
expected to respond differently to abiotic and biotic neigh-
bourhood variables. Shade tolerance is often a key trait in
determining seedling survival in the forest understorey (Vallad-
ares & Niinemets 2008), with a trade-off between a species’
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ability to persist at low light levels and to grow quickly under
high-light conditions (Kobe ez al. 1995). Shade-tolerant species
are typically less susceptible to pathogen and herbivore attack
than light-demanding species, because of differences in the
allocation of resources to defence vs. growth (Coley 1980).
Shade tolerance should, therefore, be a strong determinant of
seedlings’ reactions to light levels and neighbour densities fol-
lowing hurricane disturbance. Studies of large trees have found
a trade-off between species’ susceptibility to damage by hurri-
canes and their ability to take advantage of increased light
availability (Zimmerman et al. 1994; Uriarte et al. 2004; Oster-
tag, Silver & Lugo 2005; but see Gleason et al. 2008). Thus,
species’ susceptibility to hurricanes may serve as a proxy for
shade-tolerance and may therefore be a useful life-history trait
for predicting species’ seedling responses to changing environ-
mental conditions after hurricanes (Bellingham, Tanner &
Healey 1995; Burslem, Whitmore & Brown 2000; Batista &
Platt 2003).

To explore the effects of biotic and abiotic conditions on
seedling survival in a hurricane-impacted forest, we used data
on 13 836 seedlings of 82 tree and shrub species from a sub-
tropical forest in northeastern Puerto Rico. Puerto Rico expe-
riences major (F3 damage) hurricanes every 50-60 years on
average (Boose, Serrano & Foster 2004), but suffered severe
hurricanes in 1989 and 1998 that caused significant damage to
the forest (Walker 1991; Zimmerman ez al. 1994; Ostertag, Sil-
ver & Lugo 2005). Following Hurricane Georges in 1998, we
monitored the seedling population over a 10-year period and
related seedling community dynamics to changes in canopy
openness and seedling densities, and to spatial variation in soil
type and topography. Specifically, we ask: (i) Are abiotic fac-
tors more important drivers of seedling survival than the local
biotic neighbourhood? (ii) After hurricane disturbance, does
the relative importance of abiotic and biotic neighbourhood
variables for seedling survival change over time? (iii) Can a spe-
cies’ life-history strategy be used to predict which factors are
most important for seedling survival?

Materials and methods

STUDY SITE

The study was carried out in the 16-ha Luquillo Forest Dynamics Plot
(LFDP; 18°20'N, 65°49’W) in the Luquillo Mountains of north-east-
ern Puerto Rico (Thompson et al. 2004). The LEDP (320 x 500 m) is
located within the Luquillo Experimental Forest and is part of the
Luquillo Experimental Forest Long-Term Ecological Research
(LTER) program and the Center for Tropical Forest Science (CTFS)
network of forest plots. With a mean annual rainfall of 3500 mm, for-
est in the LFDP is classified as ‘subtropical wet’ in the Holdridge life
zone system (Ewel & Whitmore 1973) and ‘tropical montane’ in
Walsh’s (1996) tropical climate system. The LEDP consists of a mix
of primary and secondary forest that has been free from human dis-
turbance since the 1940s (Thompson ez al. 2002).

The LFDP was established in June 1990, when a professional sur-
vey team began gridding the plot into 20 X 20 m quadrats. These
quadrats were later divided into 16 5 x 5 m subquadrats. At approxi-
mately S-year intervals since 1990, all free-standing woody stems

>] cm d.b.h. (diameter at 1.3 m above ground) in the LFDP have
been tagged, mapped, identified to species and measured (see Thomp-
son et al. 2002 for protocols). Individuals were identified in the field
or using voucher specimens, with nomenclature following Liogier
(1985, 1988, 1994, 1995, 1997). A total of 145 species of 47 families
have been identified in the plot, with an average of 73.3 species per ha
(Thompson et al. 2004). The most recent major hurricane to impact
the forest of the LFDP was Hurricane Georges, which struck Puerto
Rico on 21 September 1998. A category 3 storm with sustained winds
of 184 km h™! and gusts up to 241 km h™!, Georges caused consider-
able damage to trees in the Luquillo Forest (Ostertag, Scatena & Sil-
ver 2003; Ostertag, Silver & Lugo 2005).

SEEDLING CENSUSES

To study seedling regeneration following hurricane damage, 150 seed-
ling plots (2 x 1 m) were established in the LFDP in March 1999
(Uriarte et al. 2005), ¢. 6 months after Hurricane Georges. The seed-
ling plots were located at 20-m intervals (in the centre of each
20 x 20 m quadrat) along six north-south running transects spaced
60 m apart (Fig. 1). Where seedling plots at the centre of a 20 x 20 m
quadrat would have landed on an established trail or in a stream, the
seedling plot was located in a nearby 5 x 5 m subplot within the same
20 x 20 m quadrat. An additional 63 plots were added between the
second and fifth transects in 2004 to increase sample sizes in the inte-
rior of the plot. These were established in the centre of the 20 x 20 m
quadrats and were therefore usually at least 20 m from any other
seedling plot (Fig. 1).

o
Q "
IYe) = - = m n
] " - m "
L} (= | 0O = [= | (]
=0 B " o n "
n
o L) L 0Om % m 0O = g
Q] " o
< |a o "o n n '
- - o'\= o M O = .
- ID O 4 o n n
- n 7% 0o/ m o= .
o |m B/ o -] = o i (|
S -
_E (0] [ ] ) o " 0O = o " [ ]
o - =0 L =] = 0O = L
c
%) 2 n LN o m om "
&
% u " - "o n \
S o |= ] o m o m o™ 'l
S o
Al - =0 | ] [ ] L] [ ]
o
u [ o u o 'm o= "
n m B o ma a
- L | o n o - a L u
o
O - n o -
S - 1 o n n
- |m ] " onm o m n
n s B "a m o n n
u u o n ] - =] | ] n
- L | [ ] - - -
" i u ] "
O_
I I I I I I
0 50 100 150 200 250 300

Meters east

Fig. 1. Topography and location of seedling plots (2 x 1 m)in the 16-
ha Luquillo Forest Dynamics Plot, Puerto Rico. Black squares corre-
spond to 150 seedling plots established in 1999, while grey squares
denote seedling plots established in 2004.
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The first seedling census took place from 6 March to 24 April 2000.
All free-standing woody seedlings 210 cm tall and <1 cm d.b.h.
within the seedling plots were tagged, identified to species and mea-
sured for height and basal diameter. Palm seedlings were included if
their newest frond arose less than 1.3 m from the ground and were
therefore too small to be recorded in the main tree census. Liana seed-
lings were not included, but ferns were tagged and identified to species
in the seedling plots. Ferns that have a stoloniferous habit were
tagged as individuals, where each clump of fronds arose on a stolon,
to give a better indication of the fern density in the plot. Seedling cen-
suses were also carried out in 2002 (17 April-17 July), 2004 (5
August—14 October), 2007 (20 February—16 March) and 2008 (17
January-22 February).

Biotic factors

To quantify the local biotic neighbourhood in which each seedling
was growing, we calculated the density (m™2) of conspecific and het-
erospecific seedlings in each seedling plot. Ferns were not included as
focal individuals in our analysis, but were included in the calculation
of heterospecific seedling densities for each plot. As a measure of the
effect of larger saplings and trees, we summed the basal area (m?) of
all stems =21 cm d.b.h. within 10 m from the centre of the seedling
plot. Preliminary analyses showed that including neighbour informa-
tion for trees beyond 10 m did not improve model fit. When analysing
seedling survival up to 2004, we used data on basal area from the tree
census that started in 2000, and for seedling survival after 2004, we
used data from the tree census that started in 2005.

Abiotic factors

Canopy openness: To assess light conditions in the understorey fol-
lowing Hurricane Georges, hemispherical photographs were taken
using a fisheye lens (Nikkor; Nikon Inc., Tokyo, Japan) mounted on
a Nikon camera body (Nikon Inc.) at a height of 1 m over the centre
of each seedling plot during March—April 1999. Photographs were
taken again over each seedling plot during the censuses in 2002, 2004
and 2007. We analysed the colour hemispherical photos using an
automatic thresholding program that classifies RGB photographs
into binary images, where pixels in black represent vegetation and
pixels in white represent sky. The algorithm uses an automatic global
thresholding algorithm combined with a local thresholding algorithm
to correct for local light anomalies (e.g. sun flecks, underexposure,
etc.) in the photographs (Jonckheere ef al. 2005, 2006). This method
ensures objective and repeatable results since no operator is involved
in the thresholding step. Following this analysis, the picture was
divided in 60 azimuth and five zenith rings, and the proportion of pix-
els classified as sky was calculated for each resulting segment. The seg-
ments were weighted according to the portion of the hemisphere that
they represent and then grouped to calculate the percent canopy
openness for the entire image.

Soils: Soils in the LFDP are formed from volcaniclastic sandstone
(Soil Survey Staff 1995). Each 5 x 5 m subquadrat of the LFDP was
assigned to one of five soil types based on a survey conducted by the
U.S. Department of Agriculture. In order of increasing wetness and
poor drainage, the soil types are Zarzal, Cristal, Prieto, Colosa and
Fluvaquents (Soil Survey Staff 1995). Zarzal, Cristal and Prieto are
deep clays, while Coloso and Fluvaquents are formed from alluvium
in the stream channels. Zarzal has low fertility, Cristal and Colosa
low to moderate, Prieto moderate and Fluvaquents moderate to high
(Soil Survey Staff 1995). However, differences in wetness among soil
types typically override effects of soil fertility at our study site due to
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low oxygen content in water-logged soils (Silver, Lugo & Keller
1999).

Topography: Elevation measurements were taken at the corner of
each 20 x 20 m quadrat in the 16-ha grid and ranged from 333 to
428 m a.s.l. Elevation values for the 20 x 20 m quadrats were inter-
polated to calculate the elevation of the corners of the 5 x 5 m sub-
quadrats. These values were then used to calculate percent slope for
each subquadrat. In addition, each subquadrat was assigned to one
of four topographic classes (slope, ridge, valley and bench) based on
observations in the field during the 2005 tree census. The slope cate-
gory corresponds to subquadrats with >15% slope, while benches
are relatively flat areas not associated with ridge tops or valleys. Soil
moisture often varies with topographic unit in tropical forests (Becker
et al. 1988; Daws et al. 2002), and percent slope is important as seed-
lings in steeper areas are more likely to be damaged by water runoff
or land slips (Daws et al. 2005).

STATISTICAL ANALYSIS

We modelled the probability of an individual seedling surviving a cen-
sus interval as a function of the abiotic and biotic neighbourhood
variables described above, using generalized linear mixed-effects
models with binomial errors. Biotic variables included conspecific
and heterospecific seedling density and tree basal area within 10 m of
the seedling plot. For abiotic variables, we included soil type, topog-
raphy and canopy openness. For canopy openness, we incorporated
terms for both absolute and squared canopy openness, to allow for a
nonlinear effect of light on survival (e.g. a hump-shaped curve), as
has been observed in other tropical forests (Kobe 1999). For topogra-
phy, we included both topographic category (slope, ridge, valley and
bench) and percent slope. We assigned to each seedling the canopy
openness of the seedling plot at the start of the census interval and the
soil type, topographic category and percent slope of the 5 X 5 m sub-
quadrat in which it was located. All biotic and abiotic variables as
well as log-transformed initial seedling height entered the model as
fixed effects. For all continuous explanatory variables (seedling
height, seedling density, tree basal area, canopy openness and percent
slope), values were standardized by subtracting the mean value of the
variable (across all individuals in the analysis) and dividing by 1
standard deviation. This allows for a direct comparison of the relative
importance of the explanatory variables (Gelman & Hill 2006). The
mean and range of all explanatory variables used in the analysis
are listed in Appendix S1.

Seedlings within the same seedling plot are likely to have probabili-
ties of survival that are more similar than those of seedlings in differ-
ent plots, even when accounting for local biotic and abiotic
conditions. To account for this spatial autocorrelation in survival, we
included seedling plot as a random effect in the model. Including a
plot effect should be sufficient, since all seedling plots are spaced at
least 10 m apart, and previous studies have found that spatial auto-
correlation in tropical seedling survival is negligible at distances
> 5 m (Queenborough et al. 2007).

Seedling survival was analysed at several different taxonomic and
temporal scales. First, we included observations of all seedlings over
all census intervals together in a single community-level analysis, with
the survival of each seedling through each census interval as a sepa-
rate observation. In this analysis all species were analysed together,
therefore, we included species as a random effect. We also included
seedling individual as a random effect because we had multiple obser-
vations of some individuals that survived multiple intervals. Since the
time between censuses varied, we also included census interval length
as a fixed effect in this analysis.
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Table 1. Focal species used in species-level analyses of seedling survival, grouped by life-history guild based on susceptibility to damage during
hurricanes. 7 is the number of seedlings encountered over the course of the study

Species Code Family Hurricane susceptibility Growth form n

Piper glabrescens PIPGLA Piperaceae - Shrub 303
Psychotria berteroana PSYBER Rubiaceae - Shrub 351
Psychotria brachiata PSYBRA Rubiaceae - Shrub 170
Inga laurina INGLAU Fabaceae Susceptible Tree 906
Sapium laurocerasus SAPLAU Euphorbiaceae Susceptible Tree 143
Schefflera morototoni SCHMOR Araliaceae Susceptible Tree 142
Guarea guidonia GUAGUI Meliaceae Intermediate Tree 2764
Ocotea leucoxylon OCOLEU Lauraceae Intermediate Tree 218
Tabebuia heterophylla TABHET Bignoniaceae Intermediate Tree 219
Dacryodes excelsa DACEXC Burseraceae Resistant Tree 659
Prestoea acuminata var montana PREMON Arecaceae Resistant Palm 5627
Trichilia pallida TRIPAL Meliaceae Resistant Tree 177

Secondly, to determine how the relative importance of biotic and Results

abiotic factors changed over time after the hurricane, we analysed
community-level survival patterns for each census interval separately.
In this analysis, we included species, but not individual, as a random
effect since we only had one observation per individual over each cen-
sus interval. Covariates were standardized as described above, but
calculated separately for each census interval (i.e. using the mean and
standard deviation of values from only that interval).

Next, we assessed the effect of species life-history strategy by divid-
ing species into different life-history guilds and analysing each guild
separately. Previous studies in Puerto Rico have found that hurricane
damage is related to species shade tolerance in that fast-growing, pio-
neer species suffer greater damage than slower-growing, non-pioneer
species (Zimmerman et al. 1994; Uriarte et al. 2004; Ostertag, Silver &
Lugo 2005; Ogle et al. 2006). We therefore used data on the percent
of adult trees (=10 cm d.b.h.) with broken stems caused by Hurricane
Hugo (J. Zimmerman, unpublished data) to classify tree species (with
>10 observations of damage status) into three guilds that reflect spe-
cies’ reactions to hurricanes, in terms of both susceptibility to damage
during a hurricane and ability to respond to the high light levels after-
wards. Tree species with < 6% broken stems were classified as hurri-
cane-resistant (14 species), with 6-10% broken stems as intermediate
(15 species), and with 210% as hurricane-susceptible (14 species).
Shrub species were not assessed for damage after Hurricane Hugo,
and so we examined these species as a separate group.

In addition to the analyses examining all species in each life-history
guild together, we performed separate species-level analyses for the
three most abundant species in each guild, as well as the three most
common shrub species in the plot (Table 1). These focal species had
> 175 observations of seedling survival over all census periods and
were encountered in at least 50 seedling plots. For both guild- and
species-level analyses, we analysed all observations (each record of an
individual seedling surviving across each census interval) together,
since there were not sufficient data to analyse each census interval sep-
arately. We did not include individual as a random effect in these
analyses, since many species did not have enough repeated observa-
tions to estimate this effect, and for those species that did, the amount
of variance explained was minimal. For analyses of guilds and focal
species, we again standardized the continuous explanatory variables
as described above, but used the mean and standard deviation of all
observations, not only of the focal group or species being analysed.
This allowed us to compare effects across species and guilds. All anal-
yses were carried out in R version 2.7.1 (R Development Core Team
2008), using the ‘Lmed” package (Bates & Maechler 2009).

CHANGES IN THE FOREST UNDERSTOREY OVER TIME

Both canopy openness and seedling density varied significantly
among censuses (Fig. 2). Canopy openness was nearly four
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times higher in March 1999, 6 months after Hurricane
Georges, than in subsequent seedling censuses 3-9 years later
(Fig. 2a). Seedling densities were noticeably higher in the first
two censuses (in 2000 and 2002) after Hurricane Georges com-
pared to subsequent censuses (in 2004, 2007, 2008; Fig. 2b).
Seedling mortality recorded over each census interval
increased steadily over time, with mortality rates significantly
lower over the first census interval (2000-02) and higher over
the final census interval (2007-08) compared to other intervals
(Fig. 2¢).

ABIOTIC AND BIOTIC DRIVERS OF SEEDLING SURVIVAL

Overall, we found significant effects of individual-level, bio-
tic and abiotic factors on seedling survival in the Luquillo
forest (Fig. 3). As expected, taller seedlings showed an
increased probability of survival, while survival decreased as
length of the census interval increased. Of the abiotic and
biotic variables assessed, canopy openness had the strongest
impact on survival (Fig. 3) and its effect was nonlinear: the
probability of survival increased with increasing canopy
openness up to ¢. 70% openness, then decreased slightly at
levels >70% (Fig. 4). In contrast to the strong effect of can-
opy openness, we found little evidence that survival was
influenced by soil type, topographic category or percent
slope (all P < 0.05).

Both the density of seedling neighbours and basal area of
trees within 10 m significantly influenced seedling survival,
with conspecific neighbours tending to have a negative effect.
Conversely, the effect of heterospecific seedling density was
slightly positive, while heterospecific adult basal area did not
have a significant effect. There was a significant interaction
between canopy openness and conspecific seedling density
(Fig. 3). At low to medium canopy openness, higher conspe-
cific seedling density reduced the probability of survival. As
canopy openness increased, the effect of conspecific seedling
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neighbours weakened, becoming negligible at values above c.
50% (Fig. 5).

CHANGES IN THE RELATIVE IMPORTANCE OF ABIOTIC
AND BIOTIC FACTORS OVER TIME

When analysing each census interval separately, we observed
that the relative importance of factors influencing seedling sur-
vival changed over time after the hurricane. Canopy openness
was a significant predictor of seedling survival during the first
census interval (2000-02), showing a hump-shaped response
with survival declining at higher levels (Figs 4 and 6). In subse-
quent intervals, when mean canopy openness was significantly
lower and less variable across the LFDP (Fig. 2), we detected
no significant effects of canopy openness on seedling survival
(Fig. 6). Conversely, the effect of conspecific seedling density
on survival was not significant for the first census interval, but
was for subsequent intervals (Fig. 6). Interestingly, the effect of
conspecific seedling neighbours was negative in the second and
third census intervals (2002-04 and 200407 respectively), but
positive in the final census interval (2007-08). Significant inter-
actions between seedling density and canopy openness were
only found in the second census interval, 5-6 years after Hurri-
cane Georges. Contrary to the pattern found when analysing
all intervals together, both conspecific and heterospecific seed-
ling neighbours tended to have an increasingly negative effect
on seedling survival as canopy openness increased (Fig. 6).
Despite differences among census intervals in the effects of
canopy openness and seedling neighbour density, there were
some consistent patterns across all intervals. The probability
of seedling survival increased with seedling height and
decreased with conspecific tree basal area in all census intervals
(Fig. 6). As in the analysis of all intervals combined, there was
little evidence for significant effects of soil type or topography
on seedling survival. However, for the final census interval
(2007-08), there was significantly lower survival in the Prieto
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Fig. 3. Estimated effects (£2 SE) of individual-level, abiotic and biotic variables on seedling survival in the Luquillo forest for all species com-
bined, and separately for each of three life-history guilds based on susceptibility to hurricanes. Filled circles indicate significant effects
(P < 0.05). Effects of topographic category, soil type and percent slope were not significant and are not shown. Note difference in x-axis ranges.
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soil type, of moderate soil wetness, compared to the better
drained Zarzal soil type (the baseline in the model).

DIFFERENCES AMONG LIFE-HISTORY GUILDS AND
SPECIES

There were several interesting differences among the three life-
history guilds (hurricane-susceptible, intermediate and hurri-
cane-resistant, using 43 species total) in the relative importance
of abiotic and biotic variables for seedling survival. Canopy
openness had a significant positive effect on survival for all
three guilds. As expected, the strength of this effect was great-
est for the hurricane-susceptible group, followed by the inter-
mediate and then the hurricane-resistant group, although
differences among groups were not statistically significant

(Fig. 3). For both the intermediate and hurricane-susceptible
groups, the effect of conspecific seedling density was negative,
and there was a significant positive interaction between con-
specific seedling density and canopy openness. For the hurri-
cane-resistant group, there was no significant effect of
conspecific seedling density on survival, but there was a signifi-
cant positive effect of heterospecific seedling density and also a
significant negative interaction between heterospecific seedling
density and canopy openness, indicating a more negative effect
of heterospecifics at higher levels of canopy openness (Fig. 3).

When looking at the three most common species within each
life-history guild, the patterns were not as clear (Table 2). A
strong, positive effect of canopy openness on seedling survival
was found for only one of the three hurricane-susceptible spe-
cies (Inga laurina; Fig. 7). The term for canopy openness
squared was significantly negative for another hurricane-sus-
ceptible species (Schefflera morototoni), indicating a declining
probability of seedling survival with increasing light (Fig. 7).
Two out of the three focal species in both the hurricane-resis-
tant group (Prestoea acuminata var montana Henderson,
Trichilia pallida) and the intermediate group (Guarea guidonia,
Tabebuia heterophylla) showed a significant effect of canopy
openness on seedling survival (Table 2). For those species, the
effect of canopy openness was positive with survival increasing
up to an intermediate level of canopy openness, and then level-
ling off or declining slightly (Fig. 7). One exception was the
palm species P. acuminata which showed little evidence of lev-
elling off at higher values of canopy openness (Fig. 7). Like
trees, the three focal shrub species showed a variety of relation-
ships between seedling survival and canopy openness,
although canopy openness was only a significant predictor of
survival for one shrub species (Psychotria berteroana; Fig. 7).

As with canopy openness, the effects of neighbours varied
widely among species (Table 2). Conspecific seedling density
had a neutral or positive effect on survival for the three hurri-
cane-resistant species as found in the guild-level analysis. For
all three shrub species, however, the effect of conspecific seed-
ling density was negative, although not significant. In contrast,
negative effects were found for only three out of the nine focal
tree species (Table 2).

We detected significant effects of topographic or soil vari-
ables for only three of the 12 focal species (Table 2). The shrub
species Piper glabra had significantly lower survival in valleys
compared to ridges, slopes and benches. Survival of Schleffera
morototoni seedlings increased with percent slope, and Guarea
guidonia had significantly lower survival in the Cristal soil

type.

Discussion

HURRICANE EFFECTS ON UNDERSTOREY CONDITIONS

As expected, when canopy openness was measured in March
1999, 6 months after Hurricane Georges, we found high can-
opy openness due to the widespread forest canopy damage that
occurred in the Luquillo forest during the hurricane (Ostertag,
Silver & Lugo 2005; Canham e al. in press). Within 3 years,
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however, the canopy had closed substantially and canopy
openness levels remained low when measured during subse-
quent censuses (Fig. 2a), demonstrating that increases in unda-
serstorey light availability following hurricane damage are
short-lived. This is consistent with studies that reported rapid
recovery of the forest structure following hurricanes through
refoliation and resprouting (Walker 1991; Zimmerman et al.
1994). For example, after the Luquillo forest had been defoli-
ated by Hurricane Hugo, 70% of trees had produced new
leaves after only 7 weeks (Walker ez al. 1992). Rapid growth
and sprouting of the understorey (i.e. shrubs and saplings) was
also observed following Hurricane Georges, and this, in addi-
tion to regrowth of the forest canopy, likely contributed to
decreased light availability for seedlings (Angulo-Sandoval
et al. 2004).

In contrast to canopy openness, seedling densities remained
high for ¢. 5 years following Hurricane Georges (Fig. 2b). This
pattern differed slightly from observations of seedling densities
following Hurricane Hugo, which damaged the forest 10 years
before Georges. Seedling density peaked 1 year after Hurri-
cane Hugo and remained high for only 3 years before declining
rapidly (Scatena et al. 1996). This difference may be because
Hurricane Hugo caused more damage to canopy trees, and
there was a greater recruitment of pioneer species, such as
Cecropia scherberiana (J. Thompson, unpublished data), that
persist for shorter periods of time in the understorey than more
shade-tolerant species. Increases in seedling density following
hurricane disturbance likely result from overall higher seed
germination and seedling establishment, triggered by increased
light and litter (Everham & Brokaw 1996).

ABIOTIC AND BIOTIC FACTORS DRIVING SEEDLING
SURVIVAL

We found significant effects of both abiotic and biotic neigh-
bourhood variables on seedling survival in the Luquillo forest.

Canopy openness had the strongest effect overall, increasing
survival at low to medium levels and decreasing survival
slightly at high levels (> 70%). The negative effect of high light
on seedling survival was likely caused directly by sunscald and
photoinhibition, or indirectly by reduced humidity and soil
moisture as a result of the loss of forest canopy (Brown 1993).
Leaf damage due to high levels of post-hurricane irradiation
has been reported for several species at our study site (Guz-
man-Grajales & Walker 1991; You & Petty 1991).

The density and identity of neighbouring plants also had sig-
nificant effects on seedling survival. Our results show that both
conspecific seedling and adult neighbours tended to have a
negative impact on seedling survival. Negative conspecific den-
sity-dependent mortality at the seedling stage has been
observed in a number of tropical and temperate forest commu-
nities (Webb & Peart 1999; Harms et a/. 2000; Hille Ris Lam-
bers, Clark & Beckage 2002; Uriarte et al. 2005;
Queenborough et al. 2007; Comita & Hubbell 2009) and is
hypothesized to play a role in the maintenance of diversity,
particularly in species-rich tropical forests (Janzen 1970; Con-
nell 1971). These negative effects of related neighbours are
often the result of host-specific natural enemies, including
pathogens and insect herbivores that respond in a density or
distance-dependent manner (Augspurger 1984; Wong et al.
1990; Gilbert, Hubbell & Foster 1994).

We found a significant interaction between canopy openness
and conspecific seedling density, with the effect of conspecific
neighbours declining as canopy openness increased. A similar
result was found in Panama where lower pathogen-mediated
seedling mortality occurred in light gaps compared to the
shaded understorey, despite higher seedling densities in gap
sites (Augspurger 1984). Seedlings growing under higher light
levels may be better able to survive herbivore or pathogen
attack compared to those growing in the shade (Norghauer,
Malcolm & Zimmerman 2008) because they have more
resources available for defence and the replacement of dam-
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effect of canopy openness on survival for the species (P < 0.05),
while a dashed line means the effect was not significant. See Table 1
for full species names.

aged tissue (Shure & Wilson 1993). In addition, pathogen
abundance may be lower in light gaps due to lower humidity
and soil moisture (Augspurger 1984).

In contrast to conspecific neighbours, the effect of hetero-
specific neighbour density on seedling survival tended to be
positive. This is consistent with the species—herd hypothesis
(Wills 1996; Peters 2003), which posits that increasing density
of unrelated individuals slows the rate or reduces the chance of
natural enemies encountering susceptible individuals. Alterna-
tively, the increase in the probability of survival with increasing
heterospecific seedling density may simply be because high-
density patches correspond to microsites that are good for
seedling establishment and continued survival (Comita &
Hubbell 2009). Although we included canopy openness, soil
type and topographic variables in the model, there may be
other environmental factors at a microsite scale (e.g. nutrient
availability) that affect seedling densities, and it is the sum of
all these factors that influences site suitability.

RELATIVE IMPORTANCE OF ABIOTIC AND BIOTIC
FACTORS OVER TIME

The results of analyses for each census interval separately
revealed significant changes in the relative importance of abi-
otic and biotic variables over time after the hurricane. Canopy
openness had a significant effect on seedling survival in the first
census interval following Hurricane Georges (2000-02), but
not in subsequent census intervals. Only the effect of the can-
opy openness squared term, which governed the decline in sur-
vival at higher levels, was significant, however. This suggests
that the strong positive effect of canopy openness detected
when all intervals were combined for analysis was driven pre-
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dominantly by the difference in light conditions between the
first census interval and subsequent intervals. The deposition
of leaves and branches during hurricanes contributes to large
nutrient pulses that occur in tandem with increases in light
availability (Lodge et al. 1991; Silver et al. 1996), but at the
same time, hurricane-generated coarse woody debris can lead
to nutrient immobilization (Zimmerman et al. 1995). Thus, it is
difficult to distinguish the effect of increased light availability
during the first census interval from potential effects of nutri-
ent fluxes. However, Silver et al. (1996) reported that many of
the changes in nutrient cycling following hurricane disturbance
at the Luquillo forest occurred within the first year and were
often not distinguishable beyond that period. Our initial seed-
ling census took place 1.5 years after Hurricane Georges, thus,
it is likely that the elevated survival during our first census
interval was due to higher light levels rather than elevated
nutrient availability.

The significant decline in survival at higher levels of can-
opy openness during the first census interval suggests that
light levels were high enough to negatively impact seedlings
only during the first few years after the hurricane (Fig. 4). A
negative effect of high light caused by photoinhibition and
leaf burn would have a greater effect on seedlings that had
established in the dark understorey and were present before
the hurricane. Seeds that germinated or seedlings that grew
new leaves after the hurricane would have leaves that were
better acclimated to the high light levels (Wen, Fetcher &
Zimmerman 2008).

In contrast to light, conspecific seedling density did not have
a significant effect on seedling survival during the first census
interval following Hurricane Georges, but did significantly
influence survival across subsequent census intervals. The lack
of a significant effect of seedling density during the first inter-
val, despite high seedling densities during that time, could be
due to lower density-dependent mortality at higher light levels,
as discussed above. Alternatively, the abundance or activity of
herbivores and pathogens may have been reduced by hurricane
disturbance. Angulo-Sandoval et al. (2004) found significantly
lower levels of herbivore damage following Hurricane Georges
compared to pre-hurricane herbivory levels. Willig & Camilo
(1991) reported significant decreases in the densities of two
walking stick (order Phasmatodea) and three snail species fol-
lowing Hurricane Hugo, suggesting that reductions in herbiv-
ory may be due to declines in invertebrate populations.

Over the second and third census intervals, the effect of
conspecific seedling density was negative, while in the final
census interval, there was a significant positive effect of con-
specific seedling density on seedling survival. Our interpreta-
tion of this pattern is that soon after the hurricane, seedlings
were encountering conspecific neighbours at densities high
enough to cause density-dependent patterns of mortality. By
2007, however, seedling densities had thinned sufficiently,
such that species’ habitat preferences played a stronger role
in driving survival than density-dependent natural enemies,
resulting in a positive relationship between survival and con-
specific seedling density. The significant effect of soil type in
the final census interval, but not in other intervals, is consis-
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tent with this idea that the relative importance of the soil
environment increased over time. Conspecific tree basal area,
on the other hand, had a consistent, significant negative
effect on seedling survival across all census intervals, indicat-
ing that seedlings near conspecific adult trees were unable to
fully escape density-dependence even when light levels were
high, as in the first interval, or seedling densities were low, as
in the final interval.

Significant interactions between canopy openness and seed-
ling density were only detected in the second census interval. In
this case, we found a significant negative interaction between
canopy openness and both conspecific and heterospecific seed-
ling densities, suggesting a stronger effect of seedling neigh-
bours at high light levels. This may be due to increased
competition among all species for below-ground resources in
patches where seedling density was high and light was not lim-
iting.

VARIATION AMONG SHADE-TOLERANCE GUILDS AND
SPECIES

Tree species in this forest exhibit a trade-off between ability to
resist wind damage and sapling mortality in the shade, with
light-loving species being more vulnerable to damage than
shade-tolerant ones (cf. Fig 1, Uriarte et al. 2004). For our
analysis of life-history guilds, we grouped species based on the
degree of hurricane damage adult trees suffered, which we
expected would serve as a proxy for species shade tolerance. As
expected, we found clear differences among the life-history
guilds, with the strength of the canopy openness effect increas-
ing from hurricane-resistant to intermediate to hurricane-sus-
ceptible species. Thus, species whose adult trees were most
likely to be damaged by hurricanes appear to be those who,
through increased seedling survival, are also most able to take
advantage of elevated light levels. This trade-off between dam-
age susceptibility and seedling light response may be a signifi-
cant component of species life-history strategies that
contributes to species coexistence (Loehle 2000; Uriarte et al.
2004; Hughes et al. 2007).

There were also differences in the response of guilds to the
biotic neighbourhood. The intermediate and hurricane-sus-
ceptible groups were negatively affected by conspecific seed-
ling density, and both exhibited a significant positive
interaction between conspecific seedling density and canopy
openness. This is consistent with the idea that more light-
demanding species devote fewer resources to defence than
shade-tolerant species (Coley 1980). However, light-demand-
ing species are able to overcome density-dependent mortality
when growing in light gaps (Augspurger 1984). The hurri-
cane-resistant group, on the other hand, appears to suffer
more from the overall density of seedling neighbours when
growing at high light, as indicated by a significant negative
interaction between heterospecific seedling density and
canopy openness. This suggests that shade-tolerant, hurri-
cane-resistant species lose out to light-demanding, hurricane-
susceptible species when there is strong competition between
seedlings in light gaps.

While differences among hurricane susceptibility guilds met
with our expectations, analyses of focal species from each guild
showed a much wider variety of responses to abiotic and biotic
variables. Only one of the three hurricane-susceptible species,
Inga laurina, showed a significant, positive relationship
between seedling survival and canopy openness. Seedling sur-
vival of Schefflera morototoni, another hurricane-susceptible
species, was negatively impacted by high canopy openness lev-
els. This is consistent with a related study in the Luquillo plot
(Uriarte et al. 2005), in which Schefflera morototoni was found
to have lower recruitment at high light levels. Although this
species is generally considered to be a light-demanding pioneer
species that is also susceptible to hurricane damage, its seed-
lings do not appear to be able to take advantage of the high
light levels that follow hurricane disturbance.

Five other focal tree species in this study of seedling sur-
vival showed similar patterns to those reported by Uriarte
et al. (2005) for light availability and seedling recruitment
between 2000 and 2002 in the LFDP. One exception was the
palm species P. acuminata, which showed a peak in recruit-
ment at low light levels in the study of Uriarte ez al. (2005),
but here showed a consistent increase in seedling survival at
higher light levels (Fig. 7). This suggests that low light levels
favour P. acuminata seed germination and seedling establish-
ment, but once established, the seedlings are able to take
advantage of high light levels after a hurricane. Prestoea ac-
uminata has the most adult trees in the LFDP and is the most
common species in the seedling census; its dominance may be
due in part to its ability to both establish under shady condi-
tions and take advantage of high light following hurricane
disturbance (Zimmerman & Covich 2007; A. Sabat, personal
communication).

The differences among species in response to their envi-
ronment we report here are consistent with the different
responses to abiotic variables reported for experiments con-
ducted at Luquillo by Everham & Brokaw (1996) and
Walker et al. (2003). In these studies, based on five and six
species, respectively, the authors found such considerable
variation among species that they were not able to place the
species into clear life-history groups. Our guild-level results
based on 43 species, however, suggest that the major drivers
of seedling survival do vary as expected among life-history
guilds based on hurricane susceptibility, although there is
still considerable variation among species within these
groups at the seedling stage.

IMPLICATIONS FOR REGENERATION PATHWAYS IN
HURRICANE DRIVEN FORESTS

We found clear effects of both canopy openness and conspe-
cific neighbours on seedling survival in the Luquillo forest.
These effects on seedling survival appear to be driven largely
by hurricane disturbance, which temporarily opens the forest
canopy, increasing understorey light levels and seedling densi-
ties. Thus, hurricanes may alter species composition not only
through differential mortality and resprouting ability of trees
(Zimmerman et al. 1994), but also through indirect effects on
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understorey conditions that influence the relative success of
seedlings of different species.

Increases in the intensity and frequency of hurricanes are
predicted for the Caribbean as a result of global climate change
(Emanuel 2005; Webster et al. 2005; Holland & Webster 2007).
Studies like the one presented here contribute to efforts to pre-
dict the possible responses and potential fate of tropical forests
to changes in the hurricane disturbance regime. Our results
indicate that hurricanes have a profound impact on patterns of
seedling survival and dynamics through their effect on the spa-
tial and temporal variation in understorey conditions. If hurri-
canes increase in frequency and intensity, changes in patterns
of seedling dynamics are likely to result and may ultimately
alter forest composition and diversity.
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