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ABSTRACT

Periodic disturbances caused by hurricanes constitute an integral phase of forest growth and de-
velopment in the Caribbean region. The 35-year recovery in seven permanent plots in the Colorado
Forest of the Luquillo Mountains in Puerto Rico covering the 14 through 49 year period after a
major disturbance was characterized by: (1) ingrowth and mortality rates of 20 stems/halyr,
or 1.1% yr of the initial number of stems; (2) shifts to larger tree diameters and heights; (3) a 3%
decline in the number of trees in the intermediate and dominant crown classes and a 6% increase in
the number of suppressed trees; (4) a 1.1% increase in the weighted mean specific gravity of all
stems and a 2.6% increase for dicotyledons alone; (5) a change in species composition with the
loss of pioneers, decrease in secondary species, and increase in the dominance of climax trees; (6)
a decline in species richness from 88 to 83 species for the entire forest; (7) a decrease in diameter
increment from 0.14 cm/yr in the years between 1946-51 to 0.09 cm/yr in the years between
1976-81 for all surviving stems; (8) an increase in standing stemwood and branch volume from
217 to 254 m’/ha, with a net growth of 1.06 m’/halyr; and (9) an increase in aboveground woody
biomass from 122 to 145 t/ha with a net growth of 0.67 t/ha/yr. Patterns of disturbance and
recovery appear to vary along elevational and topographic gradients within the Luquillo Forest.
Windthrow is more common at lower elevations where there are large trees in valleys; breakage is
more prevalent on slopes and ridges at higher elevations. In the Colorado Forest, biomass recovery
appears linear. In the Tabonuco Forest below it, recovery is along a convex curve. In the Dwarf
Forest at the summits, it may also be linear, but slower than in the Colorado Forest.

RESUMEN

Disturbios periodicos causados por huracanes constituyen una etapa integral en el crecimiento y
desarrollo de los bosques en la Cuenca del Caribe. La recuperacién durante 35 afios de siete rodales
permanents en el Bosque Colorado de la Sierra de Luquillo en Puerto Rico, entre el periodo de 14 a
49 afios después de un disturbio mayor, se caracterizé per: (1) tasas de reclutamiento y mortalidad
de 20 tallos/ha/afio, 6 1.1Y. del numero de tallos iniciales; (2) cambios a arboles con mayor
dimetro y altura; (3) un descenso de 3% en e numero de arboles en las clases de cops intermedio
y dominante, y un aumento de 6% en el numero de tallos suprimidos; (4) un aumento de 1.1 % en e
peso especifico de todos los &rboles combinados y un aumento de 2.6% en el peso especifico de
los dicotiledones solos; (5) un cambio en la composicion de especies con la pérdida de las pioneras,
una reduccién de las especies secundarias, y un aumento en la dominancia de arboles climax; (6) un
descenso en la riqueza de especies de 88 a 83 en todos los rodales combinados; (7) una reduccién
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en el increment de diametro de 0.14 cm/afic durante los afos 1946-51 a 0.09 cm/afo durante
los afios 1976-81 en todos los arboles que sobreviveron; (8) un aumento del volumen en pie de los
troncos y ramas de 217 a 254 m‘/ha con un increment neto de 1y (9) un aumento
en la biomasa maderera sobre el terreno de 122 a 145 t/ha con un increment neto de 0.67
t/ha/a Los patrones de disturbio y recuperacién parecen variar segun los gradientes ene elevacion
y topografia en la Sierra de Luquillo. La caida de arboles es mas comun a bgja elevacién donde se
encuentran arboles grandes en valles; la rotura es mas prevalence en pedientes v cimas a eleva-
ciones mayores. En el Bosgque Colorado, la recuperacion de biomasa aparece en la forma lihneal En el
Bosque de Tabonuco localizado mas abajo, la recuperacién sigue en una forma convexa. En las ci-
mas donde se encuentra el bosque enano, la recu puede ser lineal, pero mas de despacio que

en el Bosque Colorado.

INTRODUCTION

urricanes are recurrent phenomena in the

Caribbean Basin. They occur mainly dur-
ing the summer months of July, August, and
September and cause damage to natural for-
ests and plantations within the region. Re-
cords show that the effects of more than 70
storms have been felt in Puerto Rico since
the early 1700's (Sdivia 1972). Of these,
13 were classified as type A storms charac-
terized by hurricane force winds that pass di-
rectly over the island (Fig. 1), Since 1766,
the Luquillo Forest alone has experienced
four type A hurricanes, The last was San
Ciprian of 1932 with winds up to 150
km/hr. In addition to these storms, San Feli-
pe, of 1928, a type A storm with winds up
to 240 km/hr, passed about 45 km SW of
the forest, and in 1931, San Nicolas, with
winds up to 150 km/hr, passed offshore
about 20 km N of the forest.

Wind speed, trajectory, and storm dura-
tion are critical factors that influence the
destructive potential of hurricanes (Salivia
1972), The effects of hurricanes on forest
structure have been documented, Observa-
tions of damage immediately after the pas-
sage of storms have shown considerable de-
foliation, breakage, and uprooting (Lugo et
al. 1983; Wilkinson et al, 1978), In natural
stands, windthrow has been correlated with
soil depth and root development (Wood
1970; Wilson 1976), large crown-to-stem
ratios (Wadsworth and Englerth 1959), and
wet soils (Cremer et al. 1977), while break-
age has been found on firm substrates such
as limestone (Wadsworth and Englerth
1959). The abnormal production of seeds
after storms (Bates 1929; King 1945; Webb
1958), regeneration in gaps of various sizes
(Whitmore 1974), and the growth of second-
ary forests in patchy arrangements (Browne
1949) are features that enhance the survival
of pioneer and secondary species within the
natural forest.

Despite the numerous observations of
hurricane damage and short-term vegetative
response to disturbance, few studies of
long-term changes in forests are available
(Crow 1980). The purpose of the present
study was to characterize the change in for-
est structure and species composition in the
Colorado Forest which consists of Lower
Montane Wet and Lower Montane Rain For-
ests, as described by Holdridge (1967), and
Montane Rain Forest as described by Beard
(1944, 1949); determine growth since the
establishment of permanent plots in 1 946;
and compare hurricane damage and recovery
with the Dwarf and Tabonuco Forests locat-
ed above and below the Colorado Forest
(Wadsworth 1 951).

THE LuQuiLLO M OUNTAINS

The Luquillo Mountains are located 8 km
from the ocean in northeastern Puerto Rico
and rise abruptly to 1075 m. The soils are
mainly clays; silty clay loams and clay loams
are also present. The soils are saturated
most of the year and range in organic matter
content from an average of 25 kg/m*(5%)
at 600 m elevation to 40 kg/m*(14%) near
the summits.

The abrupt elevational gradient from the
coast to the highest summits profoundly af-
fects the climate in the mountains, Rainfall
near the windward border of the forest
approaches 2300 mm/yr, with a mean an-
nual temperature of 23°C. At the summits,
rainfall averages about 4500 mm/yr with a
mean annual temperature of 19°C. The up-
per slopes and ridges of mountains are
usually enveloped in clouds that reduce solar
insolation to 60% of that in coastal areas
(Briscoe 1966). Moreover, intercepted cloud
moisture yields an additional 500 mm/yr to
the soil surface in the peak areas (Baynton
1968; Weaver 1972). Evapotranspiration
decreases, and relative humidity and wind
velocity increase with elevation (Briscoe
1966; Wadsworth 1951).



DAMAGE AND RECOVERY IN FORESTS 55

Ascending the Luquillo Mountains, the
following forest types are encountered
(Beard 1944, 1949): the Lower Montane
Rain Forest, composed of the association
called Tabonuco Forest, which extends from
the forest border at 150 m to 600 m eleva-
tion; the Montane Rain Forest (the Colorado
Forest Association), ranging from 600 to
900 m elevation; the Dwarf Forest (locally,
Dwarf Forest), located on exposed peaks
and ridges above 900 m; and Palm Brake (lo-
cally, Palm Forest) on steep slopes and in
drainages above 500 m. The most recent
classification of the vegetation of the Lu-
quillo Mountains (Ewel and Whitmore
1973), using the Holdridge (1967) life zone
system, recognized Subtropical Wet,
Subtropical Rain, Lower Montane Wet, and
Lower Montane Rain Forests. Hereafter, the
local association names will be used.

The Colorado Forest is evergreen with two
layers. The mean canopy height is about 15
m (Wadsworth 1949). Leaves are coriaceous
and microphyllous. Stand volumes (stemwood
and branchwood) average about 200 m‘/ha.
Representative arborescent vegetation 3 10
cm in diameter on 4 ha showed 58 species
and about 830 tree’ha, 96% of which were
< 45 cm in diameter (Wadsworth 1951).

M ETHODS

In 1946, the seven permanent plots used
in this study were established in Colorado
Forest previously disturbed by hurricanes.
The purpose was to determine tree diameter
increment. Four plots were situated on
slopes between 700 and 900 m elevation;
one plot had both slopes and valleys and was
located at 750 m; the remaining two plots
were located in valleys at 650 m elevation.
On each plot, all trees 3 4.1 cm at breast
height (1.4 m above the ground) were identi-
fied to species, measured to the nearest 0.1
cm in diameter, and permanently tagged 15
cm below breast height to avert future errors
in measurement that might be caused by
swelling around the nails. Height was esti-
mated visually to the nearest 0.5 m and
checked occasionally using an abney level.
Crown classes were also recorded as domi-
nant, codominant, intermediate, and
suppressed (Baker 1950). In 1951, 1956,
and 1976, many of the plots were visited
again, but tree measurements were in-
complete. Height was not recorded, and
ingrowth was partially recorded but never
tagged. Detailed tree measurements were

made again in 1981. This time, height was
determined by an optical rangefinder to the
nearest 0.1 m. Trees that did not contain
tags were assessed by their diameter and Po-
sition in the stand as either residual trees
that had lost their tags or as ingrowth. Any
previously tagged tree that was missing was
recorded as dead.

Tree diameter increments were statisti-
cally tested for differences among crown
classes for species represented by sufficient
numbers, and between years for all survi-
vors, using Duncan’s multiple range test.
Tree volumes, including branches » 2.5 cm
in diameter, were determined using and exist-
ing equation derived for the construction of
volume tables in the Colorado Forest (Wads-
worth 1949). Aboveground woody biomass
estimates were then attained by multiplying
the individual tree volumes by their respec-
tive specific gravities. The latter were ob-
tained from published sources (Little and
Wadsworth 1964, Little et a. 1974), or
from the Forest Products Laboratory in
Madison, Wisconsin. A few small, rareor
endangered species were arbitrarily assigned
a value of 0.6 g/cm’, the weighted average
for the forest.

Species trends were studied by following
the survival and changes in numbers of
stems and basal area of ‘indicator’ species
that have a spectrum of roles in the Colorado
Forest community. The species selected were
(Little and Wadsworth 1964; Little et al.
1974): Hedyosmum arborescens and Psy-
chotria berterina, small, short-lived, under-
story trees maturing at 10 cm in diameter
and 6 m tall, found mainly in small openings
in the forest; Cecropia peltata and Didymo-
panax morototoni, common, intermediate to
large-sized pioneer trees, found in secondary
forests and gaps in primary forests in the
American tropics, growing to 30 to 50 cm in
diameter and 15 to 20 m tall; Miconia /aevi-
gata, a small to intermediate-sized tree,
reaching 15 cm in diameter and 8 m tall,
widely scattered in the lower part of the
Colorado Forest, found mainly in small open-
ings: Cyrilla racemiflora, a long-lived, large,
canopy tree, attaining sizes of 100 cm in
diameter and 15 m tall, whose regeneration
is tied to gaps in the mature forest; Cordia
borinquensis, a common, shade tolerant, un-
derstory tree, to 15 cm in diameter and 7 m
tall, capable of regenerating and growing un-
der a canopy; Prestoea montana, a palm, a
shade tolerant canopy tree reaching 15 m
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tail, most common on steep, unstable soils
and along drainages throughout the Colora-
do Forest; and Micropholis chrysophylloides
and M. garciniaefolia, both shade tolerant,
canopy trees reaching 50 to 60 cm in diame-
ter and 15 m tall.

All species names mentioned in text were
derived from the two volumens on trees of
Puerto Rico and the Virgin Islands (Little and
Wadsworth 1964; Little et al. 1974).

REsuLTS

All information presented is based on
changes occurring on the seven permanent
plots during the 35-year period of measure-
ment from 1946 to 1981. Because tree den-
sity for all plots combined was virtually the
same in both 1946 and 1981, several direct
comparisons of forest structure are possible.
The results presented here are preliminary,
and more detailed analyses are planned.

STAND CHANGES

Diameter Class Distribution. -Diameters
were partitioned into classes as shown in Fig-
ure 2. The smallest diameter class showed a
15%  change, declining from 2975 to
2,525 stems. The 10.0 to 14.9 cm diame-
ter class increased by 33%, or 285 trees.
The remaining classes between 15.0 and
49.9 cm, with the exception of the 25.0 to
29.9 class, showed an increase in stem
numbers ranging from 10 to 50 trees. From
50 to 134.9 cm, stem numbers declined to
as many as four stems/class or remained
about equal. In summary, many small- to
intermediate-sized trees increased in diame-
ter, and a few large trees suffered mortality.

Height Class Distribution. -Trees were
grouped into 3-m height classes ranging
from 0 to 2.9m through 21.0 to 23.9m tall
(Fig, 3). The smallest two classes showed a
decline in stems, particularly the 3.0 to 5.9
m class, where stems decreased by 55%, or
from 2100 to 950. The remaining classes all
showed increases in stem numbers ranging
from 300 to 500/class except for the largest
two classes which increased by only a few
stems,

Crown Class Distribution. - The dominant
and intermediate crown classes decreased
by about 200 stems apiece, or 3%, from
1946 to 1981, while the suppressed crown
class increased by about 500 stems, or 6%
(Fig. 4). The codominant crown class re-
mained virtually unaltered.

Specific Gravity Distribution. - Eight specif-
ic gravity classes were defined between
0.99g/cm’(Fig. 5). In both 1946
and 1981, 35% of the stems were in the
0.65 class which ranged from 0.60 to
0.69g/cm’. However, when basal area and
volume were substituted for the number of
stems, about 40% of the basal area and
43% of the volume were found in the 0.55
class in 1946. By 1981, both of these had
declined to about 30%, but the 0.65 class
had increased in both basal area and volume
from about 28% to about 35%.

The weighted mean specific gravity for all
trees on all plots combined increased from
0.563 to 0.574 between 1946 and 1981,
despite an influx of palms, which have a low
specific gravity. When palms were excluded,
the weighted specific gravity for all dicotile-
dons, based on their respective volumes,
increased from 0.608 to 0.632.

Ingrowth and Mortality. - The number of
stems at the beginning and end of the study
for all plots combined was virtually the
same. The means and standard error of stem
numbers/ha were: 1860 = 73 in 1946 and
1858 + 89 in 1981 (Table 1). Ingrowth
averaged 20.0 + 2.2 stems/ha/yr and mor-
tality averaged 20.0 + 0.8 stems/ha/yr. An-
nual flux for ingrowth and mortality aver-
aged 1.1% of the original stem density.

When plot stem density for the 35-year
period is considered on the basis of to-
pography, the four slope plots combined
declined by 6% while the two valley plots
together increased by 9%. The plot with a
mixed slope and valley topography also
increased in stem density, but at a slower
rate.

ComprosiTiION CHANGES

Indicator Species. - All the P. berteriana,
and 95% of the H. arborescens that were
alive in 1946 had died by 1981 (Fig. 6). The
1981 total basal areas (growth on residual
trees + ingrowth) ranged from O to 10% of
the 1946 values. Regeneration of these spe-
cies during the period of measurement
amounted to only 20 and 10%, respectively,
of the 1946 populations. Likewise, C. pelta-
ta, D. morototoni, and M. laevigata declined
to 20% or less of their original 1946 popula-
tions. Regeneration of these species in the
35 years between measurements ranged
from 0 to 10% of the 1946 populations.
The 1981 total basal areas, however, were
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higher than those of P. berteriana and H. ar-
borescens, and ranged from 80 to 110% of
the 1946 basal areas. This is due mainly to
the larger size and longer survival of these
tree species.

In contrast, survival of P. rnontana, M.
garciniaefolia and M. chrysophylloides,
ranged from 65 to 90% of their 1946 popu-
lations. When ingrowth was added to the orig-
inal stem numbers, the 1981 populations of
these climax species ranged from 100 to
120% of the 1946 populations. The 1981
total basal areas were also greater than in
1946, ranging from 125 to over 160% of
the 1946 values for the dicotyledons. Pres-
toea rnontana only increased to 105%. of the
1946 value due to lack of diameter growth.

Mortality of C. racemiflora resulted in only
55% of the original 1946 population re-
maining in 1981. Regeneration during the
period of measurement, however, resulted in
a recovery to about 90% of the original po-
pulation. Total basal area in 1981 was only
65% of that in 1946 due to the loss of sever-
a large trees. Cordia borinquensis showed a
survival rate of 80% of its 1946 population.
With regeneration, this species increased to
130%. of its original population. Total basal
area in 1981 was nearly 130% of that in
1946 due to ingrowth and increment on re-
sidual stems.

The abundance of species by topography
is also shown in Fig. 6. Hedyosmum arbores-
cens, C. racemiflora and both species of
Micropholis are more common on slope
plots, whereas, C. peltata, D. morototoni
and P. montana are found mainly on valley
plots. The remaining species, P. berteriana,
M. laevigata, and C. borinquensis are well
represented on both topographic positions.

In summary, species requiring openings
for germination and survival declined in num-
bers while total basal areas fluctuated widely
depending upon tree size, growth rates, and
longevity. In contrast, stem numbers and to-
tal basal areas of shade tolerant species
either remained the same or increased.

Species Richness. -Variability in species
richness among individual plots was consid-
erable. The number of species ranged from
33 to 58/plot in 1946 and from 36 to
49/plot in 1981 (Table 2). On all seven plots
combined, 88 species were found in 1946
and 83 in 1981.

The decrease in species from 1946 to
1981 ranged from 1 to 12/plot while in-
creases from 3 to 9 (Table 2). For the entire

forest, 11 of the species present in 1946
were lost and 6 species were gained by
1981. The greatest number of losses oc-
curred on the valley plots at lower elevat-
ions.

GROWTH

Diameter Increment. -The most rapid
diameter increments for 35-year survivors
ranged between 0.20 and 0.30 cm/yr for
dominant and codominant stems of Tabe-
buia rigida, Ocotea spathulata, Haenianthus
salicifolius, M. chrysophylloides, and Croton
poeci/anthus (Table 3). For all species com-
bined, growth in dominants averaged 0.16,
codominants 0.13, intermediates 0.09, and
suppressed stems 0.05 cm/yr. Survivors
showed a decline in diameter growth with
the passage of time. Between 1946 and
1951, they averaged 0.14 cm/yr for all spe-
cies regardless of crown class, and from
1976 to 1981, they averaged 0.09 cm/yr
(Table 4).

Volume and Biomass Increment. -The mean
volume for the seven plots increased from
216.7 = 12.1 m‘ha in 1946 to 253.8 +
14.7 m‘/ha in 1981 (Fig. 7). Ingrowth includ-
ing new stems and growth on residual trees
averaged 117.9 + 17.9 m‘ha and mortality
was 80.7 * 9.1 m‘/ha. Net volume increase
averaged 1.06 + 0.5 m’/halyr.

Net volume changes were positive on all
but plot D (Fig. 7) where the mortality of
large C. racemif/ora trees resulted in a 0.82
m */ha/yr decline. All four slope plots
together averaged an increase of 0.18
m*/ha/yr in volume, the mixed topography
plot increased 2.10 m‘halyr, and the valley
plots averaged an increase of 2.31 m‘/halyr.
When mortality (unharvested volume) was
added to ingrowth to estimate volume
growth, a similar pattern emerged (Fig. 7).

Aboveground woody biomas changes paral-
leled changes in volume. In 1946, the mean
biomass for the seven plots averaged 121.4
+ 8.2 t/ha and in 1981, 145.0 + 7.2 t/ha.
Net biomass growth was 0.67 * 0.25 t/hal/yr.

DiscussioN

STAND CHANGES AND GROWTH

The changes in stand structure and spe-
cies composition, accompained by positive
volume and biomass accumulations during
the period of measurement, are trends that
can be attributed to recovery from past hurri-
cane disturbance in the Colorado Forest.
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Shifts in the distributions of diameter,
height, crown, and specific gravity classes
are all consistent with the steady trend of for-
est recovery. The loss of short-lived pioneer
and secondary species with the increase in
dominance of longer-lived, shade tolerant,
climax species are trends that were also ob-
served in the Tabonuco Forest (Crow 1980).

Diameter growth in the Colorado Forest is
slow. In comparison, growth of 18 timber
species in the Tabonuco Forest measured
during 20 years, ranged from 0.25 to 0.81
cm/yr (Crow and Weaver 1977), Elsewhere
in the humid tropics, including 13 sites
ranging from 20 to 2100 m in elevation with
annual rainfalls between 1960 and 7500
mm (Leigh and Smythe 1978), diameter
growth exceeded that of the Colorado
Forest. In contrast, diameter growth in
the Dwarf Forest is exceedingly slow, averag-
ing only 0.03 cm/yr (Weaver 1983).

Estimated rates of net volume increase for
other mature tropical moist forests are gener-
ally low, but greater than that of the Colora-
do Forest. In the Tabonuco Forest, indepen-
dent estimates ranged between 2.26 and
4.35 m'/halyr (Wadsworth 1957; Briscoe
and Wadsworth 1 970). A partially cut rain
forest in Malaysia yielded 1 to 3 m/halyr, a
rain forest in Nigeria yielded 2 m‘/ha/yr, and
a Dipterocarp forest in the Philippines yield-
ed from 2.9 to 4.3 m/hal/yr (Johnson
1976). A tropical forest in Uganda appeared
incapable of yielding more than 1.4 m‘/halyr
for sawtimber under any polycyclic manage-
ment system, nor more than 4.2 m‘/halyr
under a monocyclic system (Dawkins
1959). These volume growth estimates
could be doubled in managed tropical moist
forests if more species and small dimension
trees were included in the harvests. In
contrast, net volume growth in secondary
moist forests of the American tropics was
considerably higher ranging from 7.7 to
33.8 m/halyr (Rosero 1979; Ladrach
1976),

Net above ground woody biomass growth
for mature moist forests elsewhere in the
American tropics is generally less than 2
t/ha/yr (Fig. 8). Again, growth in several
secondary moist forests ranges up to 12
t/halyr.

HURRICANE DAMAGE AND RECOVERY IN THE
LuouiLLo M OUNTAINS

Information available from this study and
others conducted in the Luquillo Mountains

allows the formulation of an hypothesis re-
garding hurricane damage and recovery in
each of the three major formations: the
Tabonuco, the Colorado, and the Dwarf
Forests.

The soils in the Luquillo Forest become
wetter with an increase in elevation, notably
so after the rather abrupt transition between
Tabonuco and Colorado Forest (Wadsworth
and Bonnet 1951). Presumably, they also re-
main saturated longer during the drier
months in valleys at any particular elevation.

Tree size declines along the elevational
gradient from Tabonuco through Colorado to
the Dwarf Forest (Wadsworth 1951). In the
upper forests, taper is more pronounced the
crowns are lower on the stems, the propor-
tion of branchwood is greater, and the roots
are superficial (Wadsworth and Bonnet
1951). At any particular elevation in the Co-
lorado and Dwarf Forests, trees are tallest in
the valleys, intermediate in size on slopes,
and smallest on the ridges. Tree density,
however, is greatest on ridges. In contrast,
the Tabonuco Forest has some of its largest
trees on upper slopes and ridges. Dacryodes
exce/sa, the largest tree of the forest, com-
monly accounting for half the volume in ma-
ture stands (Wadsworth 1953), is one that
grows preferentially on upper slopes and
ridges (Crow and Grigal 1980).

Susceptibility to hurricanes is a function of
tree species, tree size, rooting habit, density
of stems, and topography, Damage is also
related to storm intensity and possibly the in-
terval between storms. In the Tabonuco For-
est, where trees attain a large size, damage
is by windfall, breakage, and defoliation.
Windfall is most prevalent in valley areas
where the soils are wet and the trees have
large crowns whereas on slopes and ridges,
trees suffer mainly breakage and defoliation
(Wadsworth and Englerth 1959). It has been
suggested that recurrent hurricanes in the
Tabonuco Forest may have restricted the de-
velopment of an emergent story (Odum
1970), resulting in small crowns that char-
acterize the major forest dominants. Trees
on slopes and ridges in the Colorado and
Dwarf Forests are probably damaged mainly
by breakage and defoliation, while trees in
valleys suffer greater windthrow. The more
common occurrence of C. peltata, and D .
morototoni in valleys of Colorado Forest
lends support to this idea, Smaller tree spe-
cies common to openings, such as P. berte-
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riana and H. arborescens, are more abundant
in small gaps on slope topography.

Windthrow is less common and branch gaps
diminish in size with an increase in elevation.
The paucity of windthrow associated with
hurricanes in summit areas may be surmized
by the observation of a slow recovery on a
recently disturbed site. In 1968, a plane
wreck cleared an area on Pico del Este. After
16 years, it contains only a few small trees.
If slow recovery characterizes the upper for-
est after hurricanes, we may assume that if a
major windthrow occurred, it would be de-
tectable long afterwards. Indeed, the forma-
tion of small “alpine meadows” in a few lo-
cations within the Dwarf and upper parts of
the Colorado Forest may be related to land-
slides caused by high winds and heavy rain-
fall. Once formed, their recovery may span a
couple of centuries.

The number of pioneers, their size, and
their growth rates all decline with increasing
elevation. Large pioneer species such as C.
peltata, D. morototoni, Alchorneopsis porto-
ricensus and Alchornea latifolia, along with
several smaller trees of the Rubiaceae and
Melastomataceae, rapidly invade disturbed
sites in the Tabonuco Forest. In the Colorado
Forest, C. peltata and D. morototoni are
found along with the Rubiaceae (including P.
berteriana) and Melastomataceae (including
M. laevigata). In the Dwarf Forest, recovery
is mainly by grasses and ferns. Pioneer and
secondary trees are largely absent (Byer and
Weaver 1977).

The result of the influx of pioneers and sec-
ondary species in the comparatively large
opening of the Tabonuco Forest yields the
greatest number of species 15 years after
disturbance (Crow 1980). Closing of the
stands eliminates those species that are de-
pendent on openings for regeneration and
growth. In the Colorado Forest, the influx of
secondary species is lower due to the exist-
ence of fewer secondary species, as well as
smaller openings and slower growth. In both
forests, it is assumed that there is consid-
erable local variation in species richness
(Table 2) due to differences in stand condi-
tions and disturbance at the time of hurri-
cane passage. Hurricanes cause less damage
in the Dwarf Forest, and tree species rich-
ness changes little during recovery.

The number of stems in the Tabonuco For-
est peaks 15 to 20 years after the hurricane
(Crow 1980) and then declines by 18% in
the next 30 years due to competition among

the survivors. In the Colorado Forest, re-
covery is slower due to fewer secondary spe-
cies and slower growth. During the recovery
period, the number of stems remains about
equal for the forest as whole, although it
declines on slopes and increases in valleys.
In both forests, ingrowth results in a large
number of stems in the smaller diameter and
height classes. Continued growth and mor-
tality of smaller stems due to competition
shifts the distribution of trees into larger
classes; this occurs more rapidly in the Tabo-
nuco Forest than in the Colorado Forest be-
cause of faster growth. In the Dwarf Forest,
stem density probably changes little because
most damage is by breakage and defoliation.

The natural ‘thinning’ caused by disturb-
ance increases the percentage of trees in the
intermediate crown class. Through time,
growth of the residual stems and ingrowth
tends to close the stands, increasing the
number of suppressed stems. This happens
more rapidly in the Tabonuco than the Colo-
rado Forest. In the Dwarf Forest, existing
stems recover slowly, possibly by sprouting
(Byer and Weaver 1977), with little in-
growth.

In Tabonuco Forest, two distinct periods
of recovery were apparent: one from 1943
to 1951, when biomass growth was rapid,
and a second from 1951 to 1976 when the
stand approached steady state (Crow
1980), producing essentially a convex (that
is, increasing at a decreasing rate) recovery
of biomass). Because detailed intermediate
measurements were lacking in the Colorado
Forest, it was not possible to determine
whether similar periods of recovery oc-
curred. In an earlier work (Weaver 1983), it
was suggested that volume recovery in the
Colorado Forest was probably linear due to
slower ingrowth and slower growth on resid-
ual stems. Volume recovery from breakage
in the Dwarf Forest should parallel that of the
Colorado Forest, but at a slower rate.
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mortality, and final stem densities for seven Colorado

Plot* Stem densities (stems/ha) Survival® Mortality Ingrowth
1946 Mortality Ingrowth 1981 % Stems/ha/yr %/yr'Stems/halyr %lyr*
A 2191 647 442 1986 70.5 18.5 0.84 12.6 0.58
B 1788 618 467 1637 65.5 17.6 0.99 13.3 0.75
c 1670 815 748 1603 51.2 23.3 1.39 21.4 1.28
D 1808 635 640 1813 64.9 18.1 1.00 18.3 1.01
Mean 1864 679 574 1760 63.6 19.4 1.00 16.4 0.88
1635 684 724 1675 58.2 19.5 1.19 20.7 1.27
G 1939 721 904 2122 62.8 20.6 1.06 25.8 1.33
H 1988 788 968 2168 60.4 22.5 1.13 27.7 1.39
Mean 1964 754 936 2145 61.6 21.5 1.10 26.7 1.36
Mean® 1860 701 699 1858 62.3 20.0 1.09 20.0 1.09

'Plots A through D are slopes; plot E is slope and valley; plots G and H are valleys,
‘Survival % = (1946 density - mortality)/1946 density.

‘Mortality % = (Mortality/1946 density)/35 Years.
‘Hngrowth % = (Ingrowth/1946 density)/35 years.

*Mean for all plots combined.

TaBLE 2.—Changes in number of species by plot and for
the entire Colorado Forest between 1946 and 1981.

Number of species Species’
Plot 1946 1981 Lost Gained
A 35 37 1 3
B 46 43 6 3
C 40 40 7 7
D 33 40 2 9
E 36 36 5 5
G 58 49 12 3
H 48 45 12 9
Entire forest 88 83 1 6

‘Lost = species present in 1946 but missing in 1981;

gained = absent in 1946 but present in 1981.
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TasLE 3.—Diameter growth of 35-year survivors of select species by crown class on seven plots in the Colorado Forest.

Mean + SE'by crown class

Species Dominant (n)* Co-dominant (n) Intermediate (n) Suppressed (n)

Calycogonium sguamulosum  0.12°% 0.027( 9) 0.11°+ 0.008( 56) 0.10°+ 0.004(170) 0.06"+ 0.002 (278)
Croton poecilanthus 0.12°+ 0.040( 2) 0.26°+ 0.022( 41) 0.18°+ 0.009(131) 0.08'+ 0.006 (113)
Cyrilla racemiflora 0.12°+ 0.019( 54) 0.14°+ 0.020( 25) 0.09'+ 0.023( 21) 012 + 0039 4
Haenianthus salicifolius 0.26°+ 0.026( 28) 0.19°+ 0.017( 32) 0.16°+ 0.023( 29) 0.08+* 0.016( 23)
Magnolia splendens 0.11°+ 0.019( 26) 0.06°+ 0.016 ( 9) 0.078'+ 0010 (17) 0.04°+ 0.009( 24)
Micropholis chrysophylloides ~ 0.20°+ 0.021( 33) 0.18'+ 0.013( 56) 0.12°+ 0.006( 130) 0.05°+ 0.005 (108)
Micropholis garciniafolia 0.14°+ 0.013( 58) 0.1"+ 0.007 (135) 0.07°+ 0.004 (178) 0.04°+ 0.003 (173)
Ocotea spathulata 0.28+ 0 ( 1 0.09°+ 0.019( 11) 0.05+ 0.010( 31) 0.02°+ 0.003( 66)
Tabebuia rigida 0.30°+ 0087 (4 0.20°+ 0.035 ( 8) 0.16°+ 0.027( 17) 0.05% 0.009( 20)
Remaining species 0.14°+ 0.015 (170) 0.13'+ 0.014 (164) 0.06°+ 0.004 (307) 0.04+ 0.002 (517)
All species combined 0.16°+ 0.008 (385) 0.13°+ 0.006 (537) 0.09c + 0001 (1032) 0.05"+ 0.001 (1326)

'SE = Standard error.

2 —

n = number of individuals.

*Means not followed by the same letter are significantly different at the 95% level according to Duncan’'s multiple range test

TaBLE 4.—Comparison of diameter growth of surviving trees by crown
class between 1946-51 and 1976-81 on four Colorado plots that were

measured on both occasions.

Diameter growth (cm/yr + SE)'

Crown class’ 1946-51(n)* 1976-81(n)
Dominant 0.15 + 0.011 (219) 0.12 + 0.12 (141)
Codominant 0.14 = 0.009 (256) 0.16*+ 0.010 (309)
Intermediate 0.14 + 0.006 (550) 0.09+ 0.004 (674)
Suppressed 0.12 + 0.005 (620) 0.05+ 0.004 (521)
Total 0.14 + 0.004 (1645) 0.09'+ 0.004 (1645)

'SE = Standard error,

*Palms excluded from the calculations.

3

n = number of trees.

‘Significant differences at the 95% level are

indicated

by an asterisk.
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Ficure 4.—Crown class distribution for Colorado Forest
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Ficure 7.-Volume changes on seven Colorado Forest
plots from 1946 to 1981. Mean is for all plots. Mean
annual volume change (in m¥ha) is shown above the
bars. The top value represents net volume change. The
bottom value includes mortality as growth (i.e., unhar-
vested volume),
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Ficure8. Net biomass increase (aboveground, woody)
for secondary and mature natural forests in the Ameri-
can tropics. (1) tropical moist forest (Salas 1978; Fols-
ter et al. 1976); (2) tropical moist forest (Ewel 1971);
(3) subtropical moist forest Snedaker 1970); (4) tropic-
al wet forest (Golley et al. 1976); (5) tropical moist
forest (Uhl 1980); (6) subtropical wet forest (Crow
1980); (7) lower montane wet forest (Tanner 1980);
(8) tropica moist forest (Klinge 1968); and lower mon-
tane wet forest -- Colorado Forest (this study). Forest
formations are according to Holdridge (1967).
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