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ABSTRACT
Seedling and sapling dynamics in a Puerto Rican rain forest were compared between forest understory and soil pits
created by the uprooting of 27 trees during Hurricane Hugo. Soil N and P, organic matter, and soil moisture were
lower and bulk densities were higher in the disturbed mineral soils of the pits than in undisturbed forest soils ten
months after the hurricane. No differences in N and P levels were found in pit or forest soils under two trees with
N-fixing symbionts (Inga laurina and Ormosia krugii) compared to soils under a tree species without N-fixing symbionts (Casearia arborea), but other soil variables (Al, Fe, K) did vary by tree species. Forest plots had greater species
richness of seedlings (⬍10 cm tall) and saplings (10–100 cm tall) than plots in the soil pits (and greater sapling
densities), but seedling densities were similar between plot types. Species richness and seedling densities did not vary
among plots associated with the three tree species, but some saplings were more abundant under trees of the same
species. Pit size did not affect species richness or seedling and sapling densities. Recruitment of young Cecropia
schreberiana trees (⬎5 m tall) 45 months after the hurricane was entirely from the soil pits, with no tree recruitment
from forest plots. Larger soil pits had more tree recruitment than smaller pits. Defoliation of the forest by the hurricane
created a large but temporary increase in light availability. Recruitment of C. schreberiana to the canopy occurred in
gaps created by the treefall pits that had lower soil nutrients but provided a longer-term increase in light availability.
Treefall pits also significantly altered the recruitment and mortality of many understory species in the Puerto Rican
rain forest but did not alter species richness.
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(Brokaw 1985, Foster 1988),
and create gaps in the forest canopy that may be
critical to the regeneration of forest species (Denslow 1987, 1995). A treefall gap from an uprooted
(vs. snapped or dead-standing) tree trunk consists
of at least four distinct microsites: the mound, or
pile of uprooted soil and roots; the soil pit, or shallow hole left after the major roots and attached soil
are uprooted; the horizontal trunk; and the area
where the crown of the tree fell (Uhl et al. 1988,
Peterson et al. 1990). Each of these microsites differs from the surrounding forest and may have
more light (Denslow 1987, Denslow et al. 1990),
hotter, wetter, or drier soils (Beatty & Stone 1986,
Peterson et al. 1990), or either lower or higher nutrient availability (Beatty & Sholes 1988) than the
forest floor. Treefall gaps therefore may favor establishment of species not normally found in the understory of shaded forests (Putz 1983, Peterson &
Pickett 1990, Peterson et al. 1990, Carlton & Bazzaz 1998). Differential species responses to these
microsites is one way species diversity can be maintained in a forest (Beatty & Stone 1986, Denslow
1987, Brandani et al. 1988, Webb 1999).
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Colonization of treefall gaps depends on the pool
of available propagules and on an amelioration of the
factors that normally limit growth in the understory.
In boreal or temperate forests, slow decomposition of
forest litter and cold wet soils may limit regeneration;
thus exposure of mineral soil by an uprooted tree can
be essential in providing the increased nutrients, increased soil temperatures, or decreased soil moisture
needed for the establishment of many plant species
(Murray & VanVeldhuizen 1980, Thompson 1980,
Beatty & Stone 1986). Local responses, however, may
vary considerably depending on microclimate, soil
type, depth to water table, and disturbance severity
(Carlton & Bazzaz 1998, Webb 1999). In tropical
forests, light often is considered the resource that
most limits the establishment and growth of plants
in the understory (Denslow et al. 1990). Consequently, most studies of tropical treefall gaps have focused
on the trunk and crown portions of the gap where
the canopy opening is largest, but where the forest
floor is undisturbed. Alternatively, soil nutrients may
limit forest regeneration in tropical treefall gaps.
Walker et al. (1996) noted dramatic species responses
to artificial nutrient additions in hurricane-created
gaps of Puerto Rican forests. Anderson and Swift
(1983) and Zimmerman et al. (1995) demonstrated
that nutrients can be immobilized in tropical forest
gaps by the addition of large amounts of woody de-
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bris. Yet Vitousek and Denslow (1986) found lower
nutrient levels in the exposed mineral soil pits of treefalls in Costa Rica than along the trunk or under the
fallen crown of the tree where woody debris is generally concentrated. Reductions in soil nutrient levels
in soil pits compared to undisturbed forest soils therefore may limit plant colonization. Soil N in pits may
be increased by the presence of N-fixing symbionts
associated with the roots of the fallen tree (J. Lodge,
pers. comm.), a factor that (to my knowledge) has
not been examined previously. Increased N thus could
increase seedling or sapling densities or favor colonization of species responsive to nutrient additions.
In this study, I compared seedling and sapling
dynamics in soil pits and undisturbed forest floor,
where both environments had experienced a temporary reduction in shade from the defoliation of the
canopy during Hurricane Hugo (September 1989)
but had soil conditions that were distinct. Soil pits
were chosen as the microsite within the treefall gap
most likely to differ in soil characteristics from the
adjacent forest and most likely to alter plant establishment patterns. Soil mounds, important sites of
establishment in some temperate forests (Webb
1999), erode quickly under the high rainfall conditions in Puerto Rico and were not considered in this
study. I asked the following questions: (1) how does
the soil physical environment differ between the soil
pit and the forest floor?; (2) do tree species that have
N-fixing symbionts influence soil nutrients or species
composition of colonizers?; and (3) what are the consequences of uprooting and defoliation for populations of seedlings and saplings and for tree recruitment?

METHODS
This study was conducted within a 70-ha research
forest near the El Verde field station in the Luquillo
Experimental Forest (LEF) of eastern Puerto Rico
(18⬚19⬘N, 65⬚49⬘W). The subtropical wet forest
(Ewel & Whitmore 1973) is dominated by Dacryodes excelsa (tabonuco; Burseraceae) and Prestoea
montana (sierra palm; Arecaceae). Prior to a recent
hurricane (see below), the forest had a closed canopy at 20 to 25 m and generally sparse vegetation
on the forest floor. At 350 to 400 m elevation, the
forest receives a mean annual precipitation of 3460
mm and the mean monthly temperatures range between 21 and 25⬚C (Brown et al. 1983). The soils
at El Verde are a complex of upland Ultisols and
Oxisols (Zarzal-Cristal complex; Soil Survey Staff
1995) and are mostly well-drained clays and silty
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clay loams. Taxonomic nomenclature follows Liogier and Martorell (1982).
Hurricane Hugo passed directly over the LEF
on 18 September 1989, uprooting 9–39 percent of
the trees (depending on distance to the center of
the hurricane) and severely defoliating 56 percent
of the trees in the LEF (Brokaw & Walker 1991,
Walker 1991). Subsequent uprooting of trees damaged by Hurricane Hugo continued for over three
years (Walker 1995); but all trees used in this study
were uprooted during the hurricane, providing a
unique opportunity to compare treefalls of identical age. My study area was in the forest that experienced the least damage (9% of all trees uprooted). A total of 27 uprooted trees (x̄ ⫽ 16.5 ⫾
2.6 m tall) were chosen from two tree species with
symbiotic N-fixing bacteria (Edmisten 1970), Inga
laurina (Fabaceae; N ⫽ 4) and Ormosia krugii (Fabaceae; N ⫽ 9), and one tree species without the
symbiont, Casearia arborea (Flacourtiaceae; N ⫽
14). I observed live nodules on roots of the first
two tree species but N fixation was not measured.
These three species were among those most susceptible to uprooting (Walker 1991, Zimmerman et
al. 1994) and represented all uprooted individuals
of these three species that were found within easy
access to trails within the lower third of the research forest. The trails were narrow footpaths covered by forest canopy and did not appear to alter
light levels or species composition.
Length and width of each soil pit was recorded
in May 1990 (8 mo after Hurricane Hugo). One
plot (0.5 m2; 50 ⫻ 100 cm) was placed in the
center of the mineral soil of each pit (‘‘pit plot’’),
and one plot (of equal size) in the undisturbed forest floor (‘‘forest plot’’) 2–5 m from the edge of
the soil pit in a haphazardly chosen direction (excluding the area under the uprooted trees). The
forest plots were selected to be outside the vertical
extension of the canopy gap created by the treefall
(Brokaw 1985) but still within the presumed zone
of influence of roots and nodules from the target
tree. The understory in the forest plots was largely
undisturbed by the hurricane.
No light measurements were made in this
study, but the effects of Hurricane Hugo on light
levels were evaluated carefully by Fernández and
Fetcher (1991) in a 32-m transect within the same
forest (ca 0.1–0.6 km from my plots) that received
similar hurricane damage. Their study showed that
median values of total daily photosynthetic photon
flux density (PPFD) 60 cm above the forest floor
were similar to values in large treefall gaps (⬎400
m2) for ten months after the hurricane. By 14
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months, regrowth of the forest understory and canopy had reestablished a shaded forest environment
(Fernández & Fetcher 1991). Although only pit
plots in this study were located within the canopy
gaps created by each treefall (sensu Brokaw 1985),
both pit and forest plots were affected by the increased light availability created by defoliation of
canopy trees. In addition, forest plots were not removed completely from possible increases in light
from the adjacent treefall gap. Light levels between
the pit and forest plots in this study were probably
similar during the first ten months following the
hurricane but stayed higher for a longer time in the
pit plots than the forest plots. Therefore, soil and
vegetation parameters were initially the principal
distinction between pit and forest plots.
One sample of surface mineral soil (6 cm diameter ⫻ 5 cm deep) was collected from each 0.5m2 plot in July 1990 (10 mo after Hurricane
Hugo). Mineral soils were sampled after the removal of the O1 and O2 organic horizons in the
forest and any miscellaneous organic debris in the
pit. The sampled soils thus represented the rooting
medium for new or established seedlings. The fresh
samples were weighed, dried for four days at 40⬚C,
and weighed again to determine gravimetric water
content (fresh minus dry mass divided by dry
mass). Total organic matter was determined by
mass loss upon ignition at 490⬚C for five hours.
Bulk density was determined by dividing dry mass
by volume, and soil pH was determined on a saturation paste obtained by mixing equal volumes of
soil and water. Soils were then passed through a
0.15-mm (100 mesh) sieve and analyzed for total
N using a modified Kjeldahl method to include
nitrate and nitrite (Page 1982) and for total P (Luh
Huang & Schulte 1985). Exchangeable ions were
extracted using either 2N KCl (Al, Ca, Mg) or Olsen-EDTA (Fe, Mn, K) and analyzed with a Beckman plasma emission spectrometer (Hunter 1974).
Measurements of saplings, seedlings, and
ground cover were made in the 0.5-m2 plots in pits
and adjacent forests seven times between May 1990
and May 1992, at 8, 13, 18, 22, 25, 30, and 32
months after Hurricane Hugo. At each visit, all
woody saplings (10–100 cm tall; excluding vines)
in each plot were identified and permanently labeled; all woody seedlings (⬍10 cm tall) were
counted and their subsequent survivorship recorded (live ⫽ green leaves present). In addition, the
cover of graminoids, ferns, vines, litter (leaves,
twigs, and roots combined), and bare soil was estimated visually and assigned to one of five cover
class categories (absent, ⬍25, 26–50, 51–75, and

⬎75%). To determine potential recruitment to the
canopy 45 months after the hurricane (June 1993),
the number of young trees that reached ⬎5 m tall
after the hurricane was counted in each 0.5 m2 pit
and forest plot. I also determined whether the original uprooted tree was alive (green leaves present)
or dead after 45 months because live trees could
reduce tree recruitment through competition.
Two-way ANOVAs (SigmaStat 1995) were
used to compare soil parameters in pits versus forest plots (habitat effect) for each tree species (species effect). Two-way repeated measures ANOVAs
(SigmaStat 1995) were employed to compare the
changes in density of the total number of species,
seedlings, and saplings between pit and forest plots
during the 32-month study period and determine
how these temporal patterns varied by the species
of uprooted trees. One-way repeated measures ANOVAs were used to compare densities of each species during the study period. Linear regression was
utilized to compare tree recruitment and the number of species in each plot versus overall soil pit
dimensions, and nonparametric one-way ANOVAs
(Kruskal-Wallis) to compare pit size and volume
among the three uprooted tree species. Paired ttests were used to compare recruitment and mortality of all species with at least one sapling appearing or dying during the study period. Chisquare analysis was applied to analyze the change
in cover class frequencies with time, and tree recruitment as a function of the survival of the uprooted trees. One-way ANOVAs yielded comparisons of new tree recruitment as a function of the
species of uprooted trees. All means are presented
with standard errors and significance was determined at the 0.05 level.

RESULTS
Soils in the pits under uprooted trees had lower N,
lower P, lower organic matter, were drier, had higher bulk densities, and were more acidic than soils
from adjacent forest plots (Table 1). Soil concentrations of Al and Fe were higher and Ca was lower
in pit soils than forest soils, Mg tended to be higher
in forest than pit soils, and K and Mn did not
differ between pit and forest soils (Table 2). Most
soil parameters did not vary between tree species;
however, Al and Fe were higher in O. krugii pit
soils than C. arborea pit soils, and K was higher in
forest soils adjacent to O. krugii than those adjacent
to C. arborea (Table 2). Values for soil nutrients
from I. laurina were generally intermediate between the other two species. Soil N was the only
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TABLE 1.

Tree species
Ormosia
krugii
Casearia
arborea
Inga
laurina
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Soil parameters from the pit and forest plots (x̄ ⫾ SE). Significant ANOVA results are indicated by *** (P ⬍
0.001). NS ⫽ not significant (P ⬎ 0.05).
Plot type
Pit
Forest
Pit
Forest
Pit
Forest

Two-way ANOVA results:
Species effect
Plot type effect
Species ⫻ plot interaction

Organic
matter (%)
17.14
28.83
20.22
25.94
19.22
26.53

⫾
⫾
⫾
⫾
⫾
⫾

0.82
1.61
0.83
0.75
1.65
1.81

0.785 NS

⬍0.001***

0.614 NS

soil factor with a significant interaction between
habitat and tree species (Table 2): O. krugii soil N
varied more between pit (low) and forest (high)
plots than soils for C. arborea or I. laurina.
The number of species (saplings and seedlings
combined) was higher (P ⬍ 0.001) in the forest
than in the soil pits under each species of uprooted
tree, and there was no difference in number of species among sampling dates within the forest or the
pits or between uprooted tree species (Fig. 1a therefore shows all uprooted tree species combined). In
contrast, seedling densities did not differ between
forest and pit plots but tended (P ⫽ 0.09) to vary
by date (Fig. 1b; all species combined because no
differences were found among seedling densities for
each of the three uprooted tree species). Seedlings
associated with all three tree species had similar
patterns of variation in density, with lowest values
18 months after Hurricane Hugo. Sapling densities
demonstrated a significant plot type ⫻ tree species
interaction (P ⬍ 0.001), due largely to the high
mortality of Cecropia schreberiana (Moraceae) seedlings in forest plots associated with I. laurina trees
and the variable relationship between the (higher;
P ⬍ 0.001) densities in the forest and the (lower)
densities in the pit plots (Fig. 2). Species of saplings
that had significant changes (P ⬍ 0.05) in density
during the study period are shown in Figure 3 (all
species of uprooted trees combined to increase sample size because average plot frequency per species
was low; Table 3). Two species were included that
did not have significant density changes but illustrated plot to plot variability: D. excelsa in the forest plots that showed late increases in some plots
only (P ⫽ 0.191), and Miconia racemosa (Melastomataceae) in pit plots that had large increases in
some plots (P ⫽ 0.06). Another pioneer species,
Phytolacca rivinoides (Phytolaccaceae), had a pat-

Moisture (%)
27.91
40.22
30.64
41.95
25.11
40.82

⫾
⫾
⫾
⫾
⫾
⫾

2.13
3.00
2.71
2.51
1.91
2.44

0.436 NS

⬍0.001***

0.864 NS

Bulk density
(g/m2)
0.82
0.59
0.83
0.65
0.83
0.63

⫾
⫾
⫾
⫾
⫾
⫾

0.02
0.06
0.02
0.04
0.06
0.07

0.955 NS

⬍0.001***

0.896 NS

pH
3.40
3.53
3.40
3.69
3.20
3.57

⫾
⫾
⫾
⫾
⫾
⫾

0.04
0.06
0.05
0.08
0.04
0.13

0.399 NS

⬍0.002***

0.575 NS

tern and P value similar to that of M. racemosa in
the pit plots. Inga laurina saplings were abundant
in forest plots and had both large recruitment and
mortality, but densities did not vary with time (Table 3). Densities of species characteristic of early
succession (‘‘pioneer species’’; e.g., Alchornea latifolia [Euphorbiaceae], C. schreberiana, Heterotrichum
cymosum [Melastomataceae]) declined significantly
over time (Fig. 3); densities of some species characteristic of later successional forests (‘‘primary species’’) increased significantly (Matayba domingensis;
Sapindaceae) or tended to increase (D. excelsa). A
full list of sapling species found in both pit and
forest plots (Table 3) indicates that 23 species were
found in both plot types, and that there was a total
of 27 species in all pit plots combined, with 40
species in all forest plots (Sørensen’s coefficient of
similarity between pit and forest plots ⫽ 69%).
Four species increased in density during the study
period, four declined, and two showed both increases and declines. Species with the highest frequencies also had the highest maximum densities,
but the variable date of highest density among species showed the dynamic nature of the sapling pool
in both pit and forest plots. Numbers of species,
seedlings, and saplings per 0.5-m2 plot did not vary
by overall pit area (x̄ ⫽ 3.3 ⫾ 0.7 m2; P ⫽ 0.67,
0.15, 0.26, respectively). Pit size (P ⫽ 0.52) and
pit volume (P ⫽ 0.26) did not vary among the
three species of uprooted trees.
The patterns of sapling appearance during the
study period had no significant relationship with
mortality patterns (Table 3). Casearia arborea and
I. laurina saplings were most abundant under uprooted trees of the same species, with higher mortality than recruitment, probably due to self-thinning of crowded saplings. Some pioneer species
(e.g., A. latifolia, C. schreberiana, Schefflera moro-

0.027*
0.674 NS
0.134 NS
0.416 NS
0.157 NS
0.809 NS
0.696 NS
0.042*
0.954 NS
0.002**

0.479 NS
0.283 NS

⬍0.001***

0.439 NS

⬍0.001***

0.986 NS
0.032*

0.002**
0.009**
0.774 NS
0.765 NS

⬍0.001***

0.598 NS

⬍0.001***

0.10
0.53
0.32
0.37
0.84
0.15
Pit
Forest
Pit
Forest
Pit
Forest
Ormosia
krugii
Casearia
arborea
Inga
laurina

1.74
6.36
3.06
5.41
2.71
6.03

Plot type

Two-way ANOVA results:
Species effect
Plot type effect
Species ⫻ Plot interaction

0.04
0.04
0.03
0.03
0.07
0.07
⫾
⫾
⫾
⫾
⫾
⫾

0.51
0.61
0.48
0.46
0.68
0.55
0.14
0.14
0.11
0.11
0.21
0.21
⫾
⫾
⫾
⫾
⫾
⫾

0.38
0.68
0.35
0.52
0.25
0.35
0.13
0.13
0.11
0.11
0.20
0.20
⫾
⫾
⫾
⫾
⫾
⫾

0.99
1.30
1.66
1.34
0.96
1.17
⫾
⫾
⫾
⫾
⫾
⫾

78.55
62.55
62.28
54.35
64.25
50.50
.10
0.10
0.08
0.08
0.15
0.15
⫾
⫾
⫾
⫾
⫾
⫾

0.17
0.86
0.36
0.79
0.24
0.60
4.03
4.03
3.23
3.23
6.05
6.05
⫾
⫾
⫾
⫾
⫾
⫾

83.44
70.11
68.07
59.92
66.25
57.00
0.01
0.01
0.01
0.01
0.02
0.02
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾
⫾

0.22
0.30
0.21
0.29
0.21
0.30

Phosphorus
Nitrogen

Aluminum

Calcium

Iron

3.76
3.76
3.01
3.01
5.64
5.64

Magnesium

Manganese

Potassium

Walker

Tree species

TABLE 2.

Elemental analyses of soils from the pit and forest plots (mg/g; x̄ ⫾ SE). Significant ANOVA results are indicated by * (P ⬍ 0.05), ** (P ⬍ 0.01), *** (P ⬍ 0.001). NS
⫽ not significant (P ⬎ 0.05).
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FIGURE 1.
Species (Fig. 1a) and seedling (Fig. 1b)
densities in pit (open circles) and forest (closed circles)
plots under all three tree species combined for seven sampling dates following Hurricane Hugo (September 1989;
no./m2; x̄ ⫾ SE; N ⫽ 27).

totoni; Araliaceae) experienced high mortality of
saplings already established in the plots before this
study began eight months following the uprooting
of the trees. Some primary forest tree species (e.g.,
D. excelsa, Guarea guidonia [Meliaceae], M. domingensis, Myrcia splendens [Myrtaceae], Ocotea leucoxylon [Lauraceae], and O. krugii) and understory
shrub species (e.g., Palicourea riparia [Rubiaceae],
Piper glauca [Piperaceae]) had net increases in sapling numbers (Table 3). Some of these increases
represented growth of seedlings present in forest
plots prior to the hurricane (advance regeneration).
Only increases of D. excelsa, M. splendens, and P.
glauca were statistically significant (Table 3). Interestingly, some species (e.g., P. riparia, Tabebuia heterophylla [Bignoniaceae]) had similar relationships
between recruitment and mortality in both pit and
forest plots, but other species differed (e.g., C. arborea and C. schreberiana saplings were more likely
to die in the forest than the pit plots).
Cover of graminoids (mostly the grass Ichnanthus pallens [Poaceae]) declined during the study
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the forest canopy 45 months after the hurricane
occurred in 80 percent of the pit plots but in none
of the forest plots (x̄ ⫽ 6.4 ⫾ 0.3 m tall; N ⫽ 41
plants ⬎5 m; density ⫽ 1.5 plants/plot), despite
higher sapling densities in the forest. Pits with a
larger overall area had more tree recruitment into
the 0.5-m2 plots than smaller pits (P ⫽ 0.01). Tree
recruitment was not significantly different in pits
of uprooted trees that were still alive 45 months
after the hurricane versus uprooted trees that were
dead (P ⫽ 0.22; N ⫽ 23 alive, 18 dead) and did
not differ significantly among the three species of
uprooted trees. All new trees were C. schreberiana
(N ⫽ 37), but the large shrubs or small trees, Psychotria berteriana (N ⫽ 1) and M. racemosa (N ⫽
1), and the tree fern (C. arborea; Cyatheaceae; N
⫽ 2) also reached heights of ⬎ 5 m during the 32month study period.

DISCUSSION

FIGURE 2.
Sapling densities in pit and forest plots
associated wth three tree species following Hurricane
Hugo (x̄ ⫾ SE; N ⫽ 9, 14, and 4 for Ormosia krugii,
Inga laurina, and Casearia arborea, respectively).

period in both the pit (P ⫽ 0.04) and forest (P ⬍
0.001) plots (Fig. 4a,b; all three tree species combined) and was significantly greater in the forest
plots (P ⬍ 0.001) than the pit plots. Cover of bare
soil declined (P ⫽ 0.004) in the pit plots (Fig. 4c)
and cover of litter increased in the pit plots (Fig.
4d; P ⫽ 0.005). Forest plots always had ⬎ 75 percent cover of litter, and bare soil was rare. Cover
of vines and ferns in both habitats did not change
during the study period.
Recruitment of woody plants (⬎5 m tall) into

The uprooting of between 9 and 39 percent of the
trees in the LEF of Puerto Rico during Hurricane
Hugo in September 1989 (Brokaw & Walker 1991)
exposed ca 5 percent of the ground surface in one
16-ha plot (Zimmerman et al. 1994), but only 0.6
percent of a larger (6474 ha) portion in the LEF
(Scatena & Larsen 1991). Background estimates of
the percent ground surface exposed by uprooting are
generally low in the tropics (e.g., 0.09%; Putz 1983)
compared to the temperate zone (6–45%; Beatty &
Stone 1986, Webb 1988), perhaps due to the rapid
leveling of pit and mound microtopography in the
tropics (Putz 1983) and stony soils that allow mounds
to persist in some temperate forests (S. Webb, pers.
comm.). Despite the relatively small area of ground
surface that they impact, treefalls alter the physical
environment in ways that affect nutrient availability,
light, litterfall, and forest regeneration (Richards &
Williamson 1975, Denslow 1987, Uhl et al. 1988).
In Puerto Rico, treefall pits provided a microhabitat
that favored recruitment of C. schreberiana, a colonizing tree species, and altered establishment and
mortality patterns of understory plants, but not overall species richness.
The soils in 10-month-old treefall pits of
Puerto Rico had lower soil nutrient (total N and
P) levels, soil organic matter, and soil moisture than
soils from adjacent undisturbed forests. These soil
conditions, generally unfavorable to plant growth,
resulted from the upheaval and removal of surface
organic matter and exposure of subsurface mineral
soils (Beatty & Stone 1986, Vitousek & Denslow
1986). N availability (not measured in this study)
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FIGURE 3.
Sapling densities (x̄ ⫾ SE, N ⫽ 27) that changed significantly through time (P ⬍ 0.05, repeated
measures ANOVA) following Hurricane Hugo, with the exception of Dacryodes excelsa in the forest plots (P ⫽ 0.191).
See Table 3 for full species names.

may not increase initially in a treefall pit as it does
below the trunk or crown of a fallen tree (Uhl et
al. 1988). Vitousek and Denslow (1986) found
that pit soils contained less available N and P than
forest soils in two- to seven-month-old Costa Rican
treefall gaps. Soil nitrate levels, however, may increase immediately following forest disturbances
such as clear-cutting (Vitousek & Reiners 1975) or
trenching (Silver & Vogt 1993) due to root decay
and leaching. Increases in nitrates may trigger germination of colonizing species such as C. schreberiana (Everham et al. 1996) and the growth of such
species is also responsive to nutrients. In several
post-hurricane studies in the LEF, artificial fertilization greatly increased density and growth of C.
schreberiana saplings and trees (Walker et al. 1996).

The experimental removal of fine leaf litter that fell
during Hurricane Hugo (Lodge et al. 1991) increased C. schreberiana seedling densities initially
but reduced seedling and sapling growth, presumably because it removed nutrients made available
through decomposition of the litter (Guzmán-Grajales & Walker 1991). Erosion of the mound (Peterson et al. 1990) and subsequent additions of litter gradually increase nutrient levels in the pit.
The species of the uprooted tree had no effect
on total soil N or P (cf. Vitousek & Denslow
1986), with the exception of a greater difference in
soil N between forest and pit soils for O. krugii
than for C. arborea. Plot type and/or tree species
effects were found for all soil variables except Mn.
The higher Al and Fe levels and lower pH in pit

TABLE 3.

Maximum sapling densities (x̄ ⫾ SE; N ⫽ 27 plots), frequencies, recruitment, and mortality in pit and forest plots, ordered by frequency of occurrence in the 27 pit plots,
then decreasing frequency of remaining species found only in the forest plots. Dates of maximum density (first date if several dates have equally high densities) are in months
after Hurricane Hugo (1 ⫽ 8, 2 ⫽ 13, 3 ⫽ 18, 4 ⫽ 22, 5 ⫽ 25, 6 ⫽ 30, 7 ⫽ 32 mo). Stars following the date indicate significant change in density during the
experiment (repeated measures ANOVA; (*) ⫽ P ⬍ 0.10; * ⫽ P ⬍ 0.05; ** ⫽ P ⬍ 0.01; *** ⫽ P ⬍ 0.001). Symbols following the star indicate generally positive or
negative direction to the changes in density. Frequency is the percentage of 27 plots in which each species was found. Recruitment and mortality are the total numbers of
saplings that appeared or died during the 24-month study period.

Species

Date

13

2.26 ⫾ 1.12

1**/⫺

0.29

0

35

53

18

0.30 ⫾ 0.17

2

0.11

5

5

0.33

15

8

0.59 ⫾ 0.26

4

0.18

2

5

4*/⫹

0.33

12

2

3.85 ⫾ 2.88

2

0.26

24

36

0.74 ⫾ 0.26

2

0.29

17

7

2.29 ⫾ 0.86

4

0.37

25

11

0.41 ⫾ 0.14

2***/⫺

0.29

4

13

0

—

—

—

—

1.26 ⫾ 0.82

2

0.22

14

12

1.26 ⫾ 0.51

2

0.26

12

11

0.51 ⫾ 0.27

6

0.15

3

3

2.51 ⫾ 0.74

2

0.44

8

16

0.15 ⫾ 0.07

1(*)/⫺

0.15

0

4

0

—

—

—

—

0.30 ⫾ 0.14

1*/⫺,⫹

0.15

3

3

0.96 ⫾ 0.68

6

0.15

15

4

0.15 ⫾ 0.07

5

0.07

1

0

1.33 ⫾ 0.35

1***/⫺

0.44

2

14

0.14 ⫾ 0.10

6

0.07

2

1

0.44 ⫾ 0.25

2

0.18

4

5

0.07 ⫾ 0.07

3

0.04

2

0

1.26 ⫾ 0.51

7

0.33

10

2

0.07 ⫾ 0.07

1

0.04

0

0

1.55 ⫾ 0.62

1

0.33

4

4

0.07 ⫾ 0.07

1

0.04

0

1

1.63 ⫾ 0.60

5(*)⫹,⫺

0.33

20

10

0.22 ⫾ 0.22

5

0.04

4

1

1.63 ⫾ 1.18

1

0.29

8

7

Date

1.41 ⫾ 0.37

1**/⫺

0.48

1

3.33 ⫾ 1.13

4(*)/⫹

0.44

1.92 ⫾ 0.61

3(*)/⫹

0.48 ⫾ 0.14

Frequency Recruitment Mortality

Frequency Recruitment Mortality
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1. Cecropia
schreberiana
2. Miconia
racemosa
3. Psychotria
berteriana
4. Casearia
arborea
5. Palicourea
riparia
6. Heterotrichum
cymosum
7. Tabebuia
heterophylla
8. Schefflera
morototoni
9. Phytolacca
rivinoides
10. Dacryodes
excelsa
11. Alchornea
latifolia
12. Laetia
procera
13. Guarea
guidonia
14. Ocotea
leucoxylon
15. Piper
glauca
16. Byrsonima
coriacea

Maximum
density
(Forest)

Maximum
density
(Pit)
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TABLE 3.

Continued.

17. Myrcia
splendens
18. Nectandra
sintenisii
19. Prestoea
montana
20. Chionanthus
domingensis
21. Ormosia
krugii
22. Matayba
domingensis
23. Psychotria
patens
24. Casearia
sylvestris
25. Tetragastris
balsaminifera
26. Hirtella
rugosa
27. Trema
micranthum
28. Inga
laurina
29. Andira
inermis
30. Manilkara
bidentata
31. Psychotria
brachiata
32. Homalium
racemosum
33. Nectandra
antillana
34. Swietenia
macrophylla

Walker

Species

Maximum
density
(Forest)

Date

0

0.81 ⫾ 0.30

7*/⫹

0.26

10

2

0

1

1.33 ⫾ 0.97

1

0.26

5

12

0.04

6

1

0.59 ⫾ 0.24

4

0.22

2

3

2

0.04

1

1

2.37 ⫾ 1.33

2

0.22

8

18

0.07 ⫾ 0.07

2

0.04

1

0

0.74 ⫾ 0.47

3

0.22

7

4

0.07 ⫾ 0.07

6

0.04

2

0

0.30 ⫾ 0.14

7

0.15

5

0

0.07 ⫾ 0.07

1

0.04

1

0

0.07 ⫾ 0.07

2

0.07

1

0

0.07 ⫾ 0.07

4

0.04

1

1

0

—

—

—

—

0.07 ⫾ 0.07

4

0.04

1

0

0.51 ⫾ 0.27

4

0.15

2

0

0.07 ⫾ 0.07

2

0.04

0

1

0.15 ⫾ 0.15

7

0.04

2

0

0.07 ⫾ 0.07

1

0.04

0

1

0

—

—

—

—

0

—

—

—

—

5.85 ⫾ 2.59

3

0.48

21

35

0

—

—

—

—

0.07 ⫾ 0.07

4

0.15

1

0

0

—

—

—

—

0.29 ⫾ 0.23

1

0.07

0

0

0

—

—

—

—

0.15 ⫾ 0.10

1

0.07

0

0

0

—

—

—

—

0.15 ⫾ 0.10

5

0.07

1

0

0

—

—

—

—

0.29 ⫾ 0.29

1

0.04

0

2

0

—

—

—

—

0.15 ⫾ 0.15

1

0.04

0

0

Maximum
density
(Pit)

Date

0.07 ⫾ 0.07

7

0.04

1

0.07 ⫾ 0.07

7

0.04

0.37 ⫾ 0.30

6

0.07 ⫾ 0.07

Frequency Recruitment Mortality

Frequency Recruitment Mortality
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Continued.

Species

Date

—

0.07 ⫾ 0.07

1

0.04

0

1

—

—

0.07 ⫾ 0.07

1

0.04

0

0

—

—

—

0.07 ⫾ 0.07

6

0.04

1

0

—

—

—

—

0.81 ⫾ 0.81

4

0.04

3

9

0

—

—

—

—

0.07 ⫾ 0.07

1

0.04

1

2

0

—

—

—

—

0.07 ⫾ 0.07

1

0.04

0

0

0

—

—

—

—

0.07 ⫾ 0.07

1

0.04

0

0

0

—

—

—

—

0.07 ⫾ 0.07

1

0.04

0

0

0

—

—

—

—

0.07 ⫾ 0.07

5

0.04

1

0

0

—

—

—

—

0.07 ⫾ 0.07

1

0.04

0

0

Date

0

—

—

—

0

—

—

0

—

0

Frequency Recruitment Mortality

Frequency Recruitment Mortality
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35. Alchorneopsis
portoricensis
36. Ocotea
floribunda
37. Inga
vera
38. Ixora
ferrea
39. Piper
amalago
40. Samyda
dodecandra
41. Buchenavia
capitata
42. Solanum
rugosum
43. Trichilia
pallida
44. Myrcia
leptoclada

Maximum
density
(Forest)

Maximum
density
(Pit)

271

272
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FIGURE 4.
Cover class frequencies of four variables that changed significantly during the 32-month study period
(graminoids in the pit and forest plots, bare soil and litter in the pit plots). Cover classes are: 1 ⫽ absent; 2 ⫽ ⬍25;
3 ⫽ 26–50; 4 ⫽ 51–75; 5 ⫽ ⬎75 percent (N ⫽ 27 plots).

versus forest soils and the higher Al and Fe levels
under O. krugii than under C. arborea trees may
be due to leaching of cations by increased nitrate
levels (Silver & Vogt 1993; J. Lodge, pers. comm.).
There were few effects of tree species on understory
plant dynamics, suggesting that the N-fixing bacteria associated with O. krugii and I. laurina, although influencing some aspects of soil chemistry,
were not important determinants of species composition or density. Two effects of tree species that
did occur were the abundance of I. laurina seedlings under I. laurina trees and C. arborea seedlings
under C. arborea trees, presumably more a matter
of dispersal than nutrient dynamics.
If nutrients limit plant establishment, one
would expect lower densities of seedlings and saplings in soil pits than in the forest, with increases
in density as soil nutrients in pits accumulated.
Species richness and sapling densities, but not seedling densities, were lower in pits than forests, probably reflecting not only soil nutrient differences but
also the lack of disruption of pre-hurricane sapling

populations in the forest understory or rapid germination from buried seed pools (Guariguata
1990). Seedling densities were highly variable in
both habitat types and had similar temporal patterns. The distinct drop in seedling densities between 15 and 18 months after Hurricane Hugo
(October 1990–March 1991) did not coincide
with any increase in sapling densities but did coincide with a period of low rainfall (Scatena et al.
1996), suggesting drought as a probable cause of
increased seedling mortality in both pit and forest
plots. There was no increase in species richness
during the study, but densities of several species of
saplings varied significantly through time despite
high variability among plots. The densities of sapling species typical of early succession generally declined and some species typical of later succession
increased during the study period. For some species, recruitment and mortality were similar in pit
and forest plots, but C. schreberiana and C. arborea
saplings were more likely to die in the forest than
the pit plots. There was no pronounced mortality
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of saplings between 13 and 18 months following
the hurricane.
Treefalls may have their greatest effect on tropical
forest regeneration through altering light levels at the
forest floor rather than by altering soil nutrients (Vitousek & Denslow 1986, Denslow et al. 1990). Cecropia schreberiana and other early successional species
often have viable seeds in the soil, germinate in response to an increase in red:far-red ratios or soil temperature, and grow rapidly in high light environments
(Silander 1979, Vásquez-Yanes & Smith 1982, Denslow 1987). During Hurricane Hugo, defoliation resulted in increased light levels at the forest floor (Fernández & Fetcher 1991). Defoliation, however, was
variable throughout the LEF, and stands of C. schreberiana trees established after the hurricane in areas
of the forest where defoliation approached 100 percent (Scatena & Lugo 1995). In my study area, defoliation was less (56% of the trees were ⬎75% defoliated) and although seedlings of C. schreberiana established on the forest floor (initially denser than in
the pits), mortality was high because the canopy
closed above the seedlings. Cecropia schreberiana seedlings grew into canopy trees only in the treefall pits,
presumably as a consequence of both the temporary
(ca 1 yr) increase in light from defoliation of the
surrounding canopy and the longer (ca 2–4 yr) increase in light from the uprooting of the tree. The
longer period of time allowed some individuals to
reach the canopy before the gap closed from lateral
expansion of canopy trees (Putz 1983, Putz et al.
1983, Walker 1991). Such rapid growth (⬎4 m/yr)
has been noted before in the LEF (Odum 1970). Gap
size influences light availability and subsequent plant
responses (Chazdon & Fetcher 1984, Denslow
1987), including three-fold faster growth of saplings
in multiple treefall gaps than in single treefall gaps of
Venezuela (Uhl et al. 1988). Pioneer species such as
Cecropia are also more likely to survive in larger than
in smaller gaps (Putz 1983). Brokaw (1987) observed
that background (non-hurricane) treefall gaps of at
least 150 to 250 m2 are best for establishment and
growth of pioneers such as C. schreberiana. Such gap
sizes are not common in the LEF except following
hurricanes; thus widespread hurricane damage may be
necessary to explain the current densities of C. schreberiana in the LEF (Brokaw 1998). In this study, the
local treefall gaps were rarely ⬎50m2, so the extended
gap duration provided by the uprooting of trees and
subsequent delay in canopy closure was apparently
critical for establishment of C. schreberiana trees. Pit
size also was important, as more C. schreberiana established in larger pits; there were no size effects on
other plant species.
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Litterfall is another factor that affects forest regeneration (Beatty & Sholes 1988, Facelli & Pickett 1991, Guzmán-Grajales & Walker 1991, Molofsky & Augspurger 1992). Treefalls may increase
litterfall under the fallen crown locally and litter
may accumulate gradually in the depression formed
by soil pits (Beatty & Stone 1986). Defoliation in
the LEF during Hurricane Hugo deposited a thick
layer of litter equivalent to more than one year of
normal litterfall (Lodge et al. 1991). Seedling and
sapling responses to the hurricane litterfall in the
forest varied, but litter generally increased species
richness and reduced seedling and sapling density
(Guzmán-Grajales & Walker 1991). In contrast to
the forest, the mineral soil exposed at the base of
uprooted trees was generally litter-free, suggesting
general forest leaf loss during the hurricane occurred prior to treefall in most cases; however, posthurricane litterfall rapidly covered the pit plots
with litter. The consistently higher seedling and
sapling species richness and sapling density in the
forest plots in this study were probably more a
function of establishment dynamics than of differential litter depth. Establishment of seedlings in the
pits occurred during the litter-free period within
several months after the hurricane (Guzmán-Grajales & Walker 1991). Seedling recruitment then
slowed, resulting in the stable populations seen
during this study. Seedling and sapling populations
in the forest were largely undamaged by the hurricane (Guzmán-Grajales & Walker 1991) and further establishment, when light levels were raised,
may have been inhibited by the new hurricane litter, or by the initially rapid growth of graminoids
(particularly I. pallens).
Treefall pits in Puerto Rico created small islands
of infertile soil that were nevertheless colonized by
such pioneers as C. schreberiana, M. racemosa, and C.
arborea. These species are also typical colonists of larger infertile gaps such as landslides (Guariguata 1990,
Walker & Neris 1993). Perhaps soil infertility in the
mineral soil of the pit was only limiting to growth of
colonizers until their roots could tap the higher nutrient levels in the adjacent forest floor (C. schreberiana recruitment was denser at the edge than at the
center of the pits; L. Walker, pers. obs.). Alternatively,
reduced root competition may favor seedling establishment. With the additional light following the defoliation of the LEF by Hurricane Hugo, these treefall
pits provided an opportunity for C. schreberiana saplings to reach the canopy, many of which survived to
reproduce and reestablish the seed bank (Brokaw
1998). In this sense, the net effect of the hurricane
and treefall combination resembled multiple or large
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treefall gaps (cf. Uhl et al. 1988). In contrast, the
temporarily higher light conditions in the forest plots
due to leaf loss during the hurricane were not sufficient to allow establishment of C. schreberiana trees
or the growth of understory seedlings of other species
into the canopy. Instead, existing canopy trees closed
the gaps with lateral growth. Therefore, the net effect
of the treefall gaps on the species composition of the
forest was an increase in the numbers of C. schreberiana trees during the first 45 months following Hurricane Hugo. The treefall pits also substantially altered
the relative abundances, but not the overall species
richness, of populations of other forest canopy and
understory species.
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