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HUMAN OR NATURAL DISTURBANCE: LANDSCAPE-SCALE DYNAMICS

OF THE TROPICAL FORESTS OF PUERTO RICO

D. R. FosTER, M. FLUET,' AND E. R. BOOSE

Harvard Forest, Harvard University, Petersham, Massachusetts 01366 USA

Abstract. Increasingly, ecologists are recognizing that human disturbance has played
an important role in tropical forest history and that many assumptions concerning the relative
importance of natural processes warrant re-examination. To assess the historical role of
broad-scale human vs. natural disturbance on an intensively studied tropical forest we
undertook a landscape-level analysis of forest dynamics in the Luquillo Experimental Forest
(LEF; 10871 ha) in eastern Puerto Rico. Using aerial photographs (1936 and 1989), GIS,
a model of topographic exposure to hurricane winds, and historical data, we sought to: (1)
document historical changes in extent, cover, and type of forest vegetation; (2) evaluate
the distribution of land use and hurricane impacts; (3) assess the contributions of these
processes in controlling current vegetation patterns; and (4) relate these results to ongoing
ecological, conservation, and natural resource discussions.

With >1000 m of relief in the LEE the broad vegetation zones of Tabonuco (<600 m
above sea level), Colorado (600-900 m), Dwarf (>900 m), and Palm forest are determined
by environmental gradients. However, over the past 60—-100 years, forest extent, cover, and
type have been transformed: in 1936, 40% of the LEF was unforested or secondary forest
and <50% had continuous canopy (>80% cover); in 1989, >97% was continuous forest.
Secondary forest and agricultural lands in 1936 were replaced largely by Tabonuco and
Colorado forest, which increased from 8% and 28% (1936) to 26% and 45% (1989).

These broad-scale vegetation dynamics are best explained by a gradient of human land
use, intense at low elevations and decreasing on steep, high terrain, which peaked histor-
ically around 1900, followed by a gradual decline in agriculture. GIS analysis and historical
sources suggest that essentially all of the LEF was affected by human activity and that
Tabonuco forest, which is the focus of LTER research, has been most substantially altered
and is largely of secondary origin. Rapid reforestation following agricultural decline has
obscured much of the past land use and confirms the resiliency of some tropical forests to
intensive human disturbance. Impacts of earlier hurricanes (e.g., in 1928 and 1932), although
not evident in the broad forest pattern in 1936, may be significant in explaining the dis-
tributions of Colorado and Palm forest. Damage from Hurricane Hugo in 1989 indicates
that natural disturbance is increasingly important as land use declines and forest cover and
height increase. However, this study and post-Hugo studies emphasize that land use legacies
are long-lasting and need to be considered in modern ecological studies and natural resource
management. The subtle, although persistent, effects of historical human activities may
have profound consequences for modern forest ecosystems in the tropics.

Key words: disturbance; Geographic Information Systems; hurricanes; land use; landscape dy-
namics; Mantel test; modeling; Puerto Rico; succession; topographic exposure; tropical forests.

INTRODUCTION

Temperate forest ecologists perennially confront the
challenge of distinguishing the influence of prior hu-
man land use from that of natural disturbance and site
conditions in controlling the structure, composition,
and dynamics of vegetation (Motzkin et al. 1996, Foster
et al. 1998). Most temperate forests have been altered
by human activity, and the legacy of these effects con-
trols modern ecosystem characteristics (Williams 1990,
Watkins 1993, Whitney 1994). Consequently, the in-
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terpretation of current forest structure and function and
decisions concerning natural resource management and
conservation need to incorporate an understanding of
land use legacies (Lugo 1994, Foster et al. 1996, Motz-
kin et al. 1996).

Despite increasing evidence of prehistoric and his-
torical human impacts on tropical forests (e.g., Binford
et al. 1987, Roosevelt et al. 1991, Gomez-Pompa and
Kaus 1992, Meggars 1992, Northrup and Horn 1996),
major questions remain concerning the extent of past
land use, the ability of tropical forests to recover from
human disturbance, and the relative importance of nat-
ural vs. anthropogenic impacts in controlling modern
forest structure, function, and dynamics (Gomez-Pom-
pa 1984). Answers to these questions would provide
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essential input into ecological discussions concerning
the important processes that structure tropical forest
ecosystems, into conservation considerations regarding
the dynamics of these systems, and into forest man-
agement and environmental concerns regarding their
resiliency to such human impacts as logging and de-
forestation. In the current study, we have employed a
combination of historical research, aerial photography,
and modeling of topographic exposure to wind to assess
the pattern and causes of landscape-scale dynamics in
the Luquillo Experimental Forest in Puerto Rico, where
good historical documentation exists, but where the
established literature strongly asserts that natural pro-
cesses, such as gap dynamics, hurricane impacts, and
landslides, control forest pattern and process.

In Puerto Rico, the largest extent of apparent primary
forest (i.e., forest never cleared) occurs in the Luquillo
Experimental Forest (LEF) in the eastern half of the
island. With its Caribbean location, Puerto Rico ex-
periences frequent, severe hurricanes; much of the in-
terpretation of forest structure, composition, and dy-
namics in the LEF over the past three decades has
focused on natural disturbance by catastrophic wind
(Odum 1970, Doyle 1981, Weaver 1986, 1987, Walker
et al. 1991, Basnet et al. 1992, Lugo 1992, Waide and
Lugo 1992). The remarkably even canopy structure and
stem size distribution of the low-elevation (<600 m
above sea level) Tabonuco forest was interpreted by
Odum (1970) as resulting from frequent wind damage,
an interpretation recently invoked by Brokaw and Grear
(1991). In a comparison of forest composition in the
Tabonuco zone with output from FORICO, a FORET-
style model, Doyle (1981) concluded that best agree-
ment was reached when a stochastic disturbance fre-
quency of 11 storms per century was used, assuming
a 0-10% density of tree stems removed each storm
(note, however, that this model ““fit”” does not approx-
imate the historical hurricane regime). The Luquillo
Long Term Ecological Reseach (LTER) program was
initiated with intensive studies on the Tabonuco forest
and an organizing theme of natural disturbance by cat-
astrophic wind, landslides, and gap dynamics (Waide
and Lugo 1992). Lugo (1994) recently concluded that
nearly 4000 ha of primary forest of all types remains
in the LEE

These interpretations of the extent of intact forest
and the pre-eminence of natural processes in control-
ling forest dynamics contrast markedly with seldom-
referenced historical documentation and early studies
suggesting that human activity in the LEF during the
19th and early 20th centuries was extensive well above
700 m a.s.l. (Hill 1899, Murphy 1916, Wadsworth
1950). Wadsworth (1952) indicated that <400 ha of
primary Tabonuco forest remained in all of Puerto
Rico, White (1963) was able to find relatively undis-
turbed forest only above 600 m elevation, and Murphy
(1916) stated that forest-cutting occurred throughout
all forest areas, resulting in the culling of the valuable
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large trees. Local studies in sites that include the area
studied by Odum (1970) suggest that past human im-
pacts have extensive control over current forest struc-
ture, composition, dynamics, and response to distur-
bance (Scatena 1989, Garcia-Montiel 1991, Zimmer-
man et al. 1995).

Reconciliation of these divergent interpretations of
the causative factors underlying modern patterns and
processes is a challenge for Puerto Rican forests, as it
is for the entire tropics; it also represents a critical step
in the formulation of ecological research programs, for-
est management policy, and conservation planning. To
address the fundamental question of the relative role
of human vs. natural disturbance in controlling vege-
tation patterns, we undertook a broad-scale and his-
torical examination of the entire LEF, using aerial pho-
tographs that extend back 60 yr, archival and historical
records, and our recently developed understanding of
wind damage to the LEF landscape (Boose et al. 1994,
Foster and Boose 1995). We consider the approaches,
methods, and motivations for this study to be broadly
applicable to most forested regions, as are the funda-
mental questions that we posed:

(1) What broad-scale dynamics have occurred in the
pattern and extent of forest vegetation; (2) what was
the distribution and intensity of past land use activity
and hurricane impacts; (3) what are the relative con-
tributions of land use vs. tropical storms to the ob-
served dynamics in vegetation; and (4) how can this
information be employed in ongoing ecological, con-
servation, and natural resource discussions?

The LEF is an ideal location for these studies: (1)
USDA Forest Service ownership and long-term studies
provide historical documentation of land use and veg-
etation change; (2) the changing dynamics of land use
broadly parallel cultural patterns elsewhere in Puerto
Rico and the Caribbean (Thomlinson et al. 1996); (3)
strong elevational and physiographic gradients produce
spatially varying patterns of vegetation and human ac-
tivity; and (4) the major vegetation types are readily
identified and differentiated on aerial photographs
(Wadsworth 1950). Through the LTER program and
USDA Forest Service activities, the LEF provides a
scientific environment that can incorporate the findings
of this study into research and management agendas
(Brown et al. 1983, Zimmerman et al. 1995). This re-
search also extends our comparative understanding of
human and natural disturbance in temperate and trop-
ical forest ecosystems and the ability of these ecosys-
tems to recover from intensive disturbance (Foster
1993, Boose et al. 1994, Foster et al. 1997).

STUDY AREA
Vegetation and physical environment

The LEF occupies 10871 ha in the Luquillo Moun-
tains of northeastern Puerto Rico (Fig. 1). The moun-
tains are largely composed of Cretaceous igneous rocks
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Fig. 1.

Left: map of the Luquillo Experimental Forest in Puerto Rico depicting elevation ranging from 50 m above sea

level (a.s.l.) (green) to >1050 m a.s.l. (red), the LEF border, and the general location in eastern Puerto Rico (inset). Right:
Geographical patterns of change in forest cover in the Luquillo Experimental Forest between 1936 and 1989 for the area

(7462 ha) covered by both sets of aerial photographs.

with intrusive Tertiary material. Soils tend to be
leached acid clays that are nutrient poor and prone to
waterlogging. Elevations range from <100 to 1075 m
a.s.l., and the climate is characterized by a mean annual
precipitation of 320 cm and a mean temperature of
21°C. A strong gradient of increasing precipitation with
elevation exerts a controlling influence on the biota
(Snyder et al. 1987). Four major vegetation types—
Tabonuco, Colorado, Dwarf, and Palm forest—are
physiognomically distinct and tend to occupy different
physiographic positions (Wadsworth 1949). Tabonuco
forest, which predominates below 600 m a.s.l., is dom-
inated by tabonuco (Dacryodes excelsa) and is char-
acterized by tall (25-30 m) trees, low light intensity at
ground level, and high species richness (170 tree spe-
cies). Colorado forest occupies middle elevations
(600-900 m a.s.l.), where the tendency toward satu-
rated soils leads to shallow-rooted and shorter stature
trees and low species richness (~50 tree species).
Prominent trees include palo colorado (Cyrilla racem-
iflora), caimitillo (Micropholis garciniaefolia, M. chry-
sophylloides), and laurel sabino (Magnolia splendens).
Dwarf forest (>900 m a.s.l.) on upper montane ridges
consists of short (<10 m) vegetation characterized by
abundant epiphytes, slow growth, and only 19 tree spe-
cies on water-saturated soils. Palm forest occurs dis-
continuously across the elevational ranges of Colorado
and Tabonuco forests. Prestoea montana, the dominant
species, is most abundant at higher elevations, but is
important along drainages and streams to low eleva-
tions.

The natural disturbance regime is incompletely un-
derstood and includes hurricanes, landslides, and gap
dynamics (Scatena 1989, Waide and Lugo 1992, Foster
and Boose 1995, Larsen and Parks 1997). Over 70 hur-
ricanes have occurred since 1700 (Salivia 1972), with
severe storms this century in 1916, 1928, 1932, 1956,
1989, and 1998 (E. Boose, unpublished data). Hurri-
cane Hugo in 1989 damaged broad areas (Walker et al.

1992, Boose et al. 1994). Landslides exert intensive
local damage, strongly related to slope, geological sub-
strate, and human activity (Guariguata and Larsen
1989).

History of the Luquillo Experimental Forest

Archaeological information suggests that the indig-
enous population of Puerto Rico exerted minor impact
on interior montane regions (Wadsworth 1950). Span-
ish land use in the LEF was slight until the 19th cen-
tury, when government land distribution led to agri-
culture, forest cutting, and mining (Hill 1899, Wads-
worth 1950, Scatena 1989, Garcia-Montiel and Scatena
1994). By the late 19th century, pasture covered >55%
of Puerto Rico as forest clearance and agriculture
reached a peak (Garcia-Montiel 1991). Spanish Crown
Lands in the Luquillo Mountains (5012 ha) were des-
ignated as a forest reserve in 1898 and were ceded to
the United States to become the Luquillo Forest Pre-
serve (USFS 1985). During early U.S. ownership, man-
agement concentrated on timber production through re-
forestation, although timber and agricultural trespass
was considerable (Wadsworth 1950); however, with the
1931 extension of the Weeks Law Authority to Puerto
Rico, the U.S. government began to purchase >6200
ha of adjoining lands and to eliminate private activity.
The 20th century decline in the agricultural economy
of Puerto Rico, coupled with migration to industrial-
ized San Juan and the United States resulted in a rural
population decline, broad-scale agricultural abandon-
ment, and natural reforestation (Birdsey and Weaver
1982).

METHODS
Historical data

Primary sources of information on the history of land
use and vegetation change in the LEF include the ar-
chives and publications of the USDA Forest Service.
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From the 1890s through the 1930s, timber resources
were assessed across the Luquillo Forest Reserve in
general field studies (Hill 1899, Gifford 1905, Murphy
1916, Holdridge 1939; USFS, unpublished archives).
For the exterior half of the LEF that surrounds these
original Spanish crown lands, detailed parcel inven-
tories from 1930 to 1940 include: maps of vegetation
and land use; inventories of wood resources, agricul-
tural land and buildings; descriptions of site history,
condition, and accessibility; and soil classifications
(USFS, unpublished archives). For the interior Crown
lands that were ceded directly from Spain to the United
States, data before 1950 are primarily descriptive.
Since the time of U.S. ownership, vegetation surveys,
timber inventories, and research reports provide fairly
detailed information on forest conditions and human
activity (Brown et al. 1983, Weaver 1987). In the LTER
program, research and data concentrate on the Tabo-
nuco forest (Waide and Lugo 1992), with recent interest
in the entire landscape (McDowell et al. 1992, Boose
et al. 1994, Foster and Boose 1995).

Aerial photograph interpretation

The major vegetation types in the LEF (Tabonuco,
Colorado, Dwarf, Palm) are readily distinguished on
aerial photographs and are separated from reforesting
secondary lands or open lands on the basis of canopy
height, structure, and texture (Wadsworth 1950, Boose
et al. 1994). In this study, vegetation maps were in-
terpreted from aerial photographs taken in 1936 (black
and white; 1:15000 scale; 10871-ha coverage) and
1989 (color; 1:20000 scale; 7462-ha cloud-free cov-
erage) using a mirror stereoscope, transferred to U.S.
Geological Survey topographic maps (1:24 000) using
a zoom-transfer scope, and digitized on a Geographic
Information System (GIS). On the photographs, ho-
mogeneous polygons (minimum size 0.1 ha) were de-
lineated on the basis of canopy signature, and were
classified into 42 classes based on a combination of
forest type (Unforested [<20% tree cover], Secondary,
Tabonuco, Colorado, Dwarf, Palm, Plantation) and per-
cent forest cover (0-10%, 10-20%, 20-50%, 50-80%,
and 80-100%). Identification of the 1989 vegetation
types was verified through extensive ground truthing,
comparison with modern reference areas, and consul-
tation with local ecologists (E Scatena, D. Garcia-Mon-
tiel, A. Lugo, J. Thomlinson, R. Waide, and J. Zim-
merman, personal communication). The 1936 maps
were verified against 1930s acquisition maps, inven-
tories, and contemporary studies of the LEF (Bates
1930, Garcia 1936, Holdridge 1939, Marrero 1947,
USFS, unpublished data).

Due to persistent cloud cover at higher elevations in
the LEE most photography and remote-sensing image-
ry for the area are incomplete (W. Lawrence, personal
communication). The 1936 photographs are unusual in
the completeness of cover, absence of clouds, and high
resolution. For 1989, complete, high-resolution pho-
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tographs exist for 70% of the LEE Consequently, re-
sults in this study are presented for the entire 1936
coverage (10 871 ha), the 1989 coverage (7462 ha), and
the 1936 area coincident with the 1989 area (7462 ha).
All estimates of change from 1936 to 1989 are analyzed
from the coincident coverage.

GIS development and analysis

The 1936 and 1989 vegetation maps were georefer-
enced, digitized, and transferred into IDRISI, a raster-
based GIS (Eastman 1993). Analyses were undertaken
at a grid cell resolution of 30 m. Separate forest cover
and forest type maps were derived from the original
vegetation maps. An overlay for slope (degrees) was
derived from the digital elevation model (DEM; 5-m
contour) and an overlay for nearest distance to the LEF
border (meters) was derived from an overlay of the
LEF border (USFS, unpublished data). IDRISI was also
used to measure forest patch sizes, to cross-tabulate the
1936 and 1989 forest cover and forest type maps, and
to analyze output from the topographic exposure mod-
el.

Hurricane modeling and analysis

The 1936 photographs were examined for expected
signs of hurricane damage from the severe storms in
1928 and 1932 (E. Boose, unpublished data), but no
clear evidence was discernible. Few notes on wind
damage were found in the 1930s acquisition surveys
(USFS, unpublished data). Consequently, possible
wind effects on forest structure and composition in
1936 were investigated by modeling landscape-level
exposure to hurricane winds with the EXPOS model
(Boose et al. 1994) and comparing the results to the
1936 forest cover and forest type maps. The EXPOS
model classifies each point on a DEM as protected from
or exposed to a given wind direction, depending on
whether or not the point falls within the wind shadow
cast by points upwind. The wind shadow is estimated
by assuming that the wind bends downward no more
than a fixed inflection angle from the horizontal as it
passes over a height of land (Boose et al. 1994). The
EXPOS model was used to create maps of predicted
topographic exposure in 5° protection classes (i.e., fully
exposed, protected for an inflection angle of 0° but
exposed for an inflection angle of 5°, protected at 5°
but exposed at 10°, etc.) for eight wind directions (N,
NE, E, SE, S, SW, W, NW).

Statistical analysis

The 1936 and 1989 forest cover and forest type maps
were analyzed for correlation with elevation, slope, and
distance from the LEF border. The 1936 maps were
also analyzed for correlation with predicted topograph-
ic exposure to hurricane winds. We expected that each
of these factors might influence forest cover and forest
type, as follows: (1) elevation controls environmental
conditions (e.g., temperature and moisture) and, there-
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Fig. 2. Maps of the Luquillo Experimental Forest in Puerto Rico showing the major forest types (a, c) and percent forest
cover (b, d) in 1936 and 1989. Cloud cover eliminated photographic coverage for portions of the 1989 maps, and some very
small gaps, e.g., in the northeastern corner at low elevation, represent private inholdings. Major trends include substantial
natural regrowth of Tabonuco and Colorado forest on areas previously in agriculture or secondary scrub vegetation.

TaBLE l. Extent of forest cover and forest type categories
in the Luquillo Experimental Forest in 1936 and 1989,
calculated as a percentage of the area analyzed in the avail-
able aerial photograph coverage. For 1936, values are given
for the entire study area and for the subregion that is co-
incident with the area analyzed in 1989.

Percentage of area

1936 1989
1936 entire  coincident coincident
Category (10,871 ha) (7462 ha) (7462 ha)
Forest cover
=20% 11.5 13.1 1.2
20-50% 11.9 13.0 0.3
50-80% 27.2 26.6 1.2
80-100% 49.3 47.3 95.6
Plantation 1.7
Forest type
Unforested 11.5 13.1 1.2
Secondary 22.8 25.8 1.6
Tabonuco 8.1 2.8 26.1
Colorado 28.2 31.0 44.7
Dwarf 1.4 1.1 1.4
Palm 27.9 26.2 234
Plantation 1.7

fore, land use; (2) slope controls environmental con-
ditions (e.g., soil conditions) and land use; (3) distance
from the LEF border controls land use (through the
history of land ownership, regulation, and access); and
(4) topographic exposure controls damage from hur-
ricane winds. We expected that the impacts of land use
and hurricane damage would differ significantly be-
tween 1936 and 1989.

In most cases, the dependent variables (forest cover
and forest type) and the predictor variables (elevation,
slope, distance, and exposure) were spatially autocor-
related. Therefore, we tested for correlations using the
Mantel test (Mantel 1967, Manly 1997a), which per-
forms a regression on distance matrices and can treat
space (i.e., geographic location) explicitly as a predic-
tor variable. Both simple Mantel coefficients (e.g., for-
est cover vs. elevation) and partial Mantel coefficients
(e.g., forest cover vs. elevation controlling for slope,
distance, and space) were calculated; the latter make
it possible to rank the relative contributions of various
factors. Note that the simple Mantel coefficient of a
variable vs. space is a measure of the spatial autocor-
relation of that variable; i.e., a positive value indicates
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TABLE 2. Patch characteristics of forest cover and forest type
maps in the Luquillo Experimental Forest in 1936 and 1989.
Calculations are based on 30-m grid cells.

1936 1989
Patch 1936 coin- coin-
characteristics entire cident cident
Forest cover map (all categories)
Number of patches 473 437 242
Minimum patch size (ha) 0.1 0.1 0.1
Maximum patch size (ha) 4972.7 2630.1 6587.2
Median patch size (ha) 2.0 1.5 0.5
Mean patch size (ha) 23.0 17.2 31.1
1 sp patch size (ha) 232.4 130.1 423.5
Forest type map (all categories)
Number of patches 16 513 621
Minimum patch size (ha) 0.1 0.1 0.1
Maximum patch size (ha) 16264 1274.0 2598.0
Median patch size (ha) 1.7 1.4 0.9
Mean patch size (ha) 21.1 14.7 12.1
1 sD patch size (ha) 111.8 79.0 110.1

that points close together in space tend to have similar
values, while a negative value indicates that points
close together in space tend to have dissimilar values.

Forest cover was analyzed using maps of average
percent canopy cover. Forest types were analyzed in-
dividually using presence/absence maps for each forest
type (0, absent; 1, present). Changes in vegetation from
1936 to 1989 were analyzed using difference maps (i.e.,
1989 map minus 1936 map). Maps were sampled using
a stratified random selection of points in IDRISI. The
Mantel analysis of 1936 vegetation was based on 247
points selected from the entire 1936 study area, where-
as the analysis of 1989 vegetation and 1936 to 1989
vegetation change was based on 246 points from the
coincident study area. Mantel coefficients and signif-
icance levels were calculated using Manly’s RT soft-
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ware (Manly 1997b), with 1000 randomizations for
each test.

REsULTS
Vegetation in 1936

In 1936, much of the LEF was deforested or refor-
esting naturally following widespread forest clearance,
agriculture, and timber harvest (Fig. 2). Less than half
of the area was continuous forest (>80% forest cover;
Table 1). Nearly 12% was Unforested and ~23% was
Secondary forest recovering from human activity.
Within forested areas, Palm (28%) and Colorado forest
(28%) were most abundant, with lesser amounts of Ta-
bonuco (8%) and Dwarf (1%) forest. No plantations
were evident. The distributions of patch sizes for both
forest cover and forest type were highly skewed, with
a predominance of small patches (Table 2). Forest cover
increased with elevation and distance from the LEF
border (Table 3). Unforested and Secondary forest ar-
eas were located at lower elevations near the LEF bor-
der; Tabonuco was concentrated in the northeast part
of the LEF at lower elevations; and Colorado, Dwarf,
and Palm were found at higher elevations in the interior
of the LEF, with Palm tending to occur on steeper slopes
(Tables 4, 5).

The Mantel analysis showed positive spatial auto-
correlation for forest cover and some forest types (Un-
forested, Secondary) and negative spatial autocorre-
lation for Palm (Table 6). The distributions of forest
cover and most forest types (Secondary, Tabonuco,
Colorado, Dwarf) were best explained by elevation,
whereas the distribution of Palm was best explained by
distance from the LEF border. The distribution of Un-
forested areas was most strongly correlated with space,
indicating a spatial structure to the data not explained
by elevation, slope, or distance.

TaBLE 3. Forest cover distribution in the Luquillo Experimental Forest, showing mean elevation, slope, and distance to the
LEF border for each forest cover category in 1936 and 1989. Calculations are based on 30-m grid cells.

1936 entire 1936 coincident 1989 coincident
Forest cover
category Mean 1 sD Mean 1 sD Mean 1 sp

Elevation (m)

=20% 417 177 407 180 397 216

20-50% 440 193 436 196 497 156

50-80% 544 202 582 193 483 254

80-100% 673 165 677 155 594 199

Plantation 298 67
Slope (°)

=20% 12.6 6.7 12.5 6.4 11.9 7.2

20-50% 14.6 6.9 14.2 6.7 12.3 6.9

50-80% 15.2 7.4 15.0 7.4 12.3 7.5

80-100% 14.9 7.6 14.5 7.6 14.4 7.3

Plantation 11.3 4.9
Distance (m)

=20% 484 640 420 564 417 626

20-50% 678 741 599 690 585 785

50-80% 1027 875 1038 883 852 958

80-100% 1660 907 1500 829 1149 894

Plantation 199 154
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TABLE 4. Forest type distribution in the Luquillo Experiment Forest, showing mean elevation, slope, and distance to the
LEF border for each forest type category in 1936 and 1989. Calculations are based on 30-m grid cells.

Measure and 1936 entire 1936 coincident 1989 coincident
forest type
category Mean 1 sp Mean 1 sp Mean 1 sp
Elevation (m)
Unforested 417 177 407 180 397 216
Secondary 408 159 417 156 328 174
Tabonuco 415 91 441 121 376 131
Colorado 729 107 725 98 701 113
Dwarf 959 38 955 28 955 29
Palm 668 155 675 151 622 182
Plantation 298 67
Slope (°)
Unforested 12.6 6.7 12.5 6.4 11.9 7.2
Secondary 15.0 6.9 15.0 6.8 11.8 6.6
Tabonuco 15.0 6.4 15.4 7.0 15.5 7.2
Colorado 12.5 6.7 12.0 6.5 13.0 6.8
Dwarf 15.0 9.1 12.3 8.0 13.9 7.7
Palm 17.5 7.9 17.3 8.0 16.0 8.1
Plantation 11.3 4.9
Distance (m)
Unforested 484 640 420 564 417 626
Secondary 462 443 420 352 112 97
Tabonuco 1556 987 1502 1176 528 504
Colorado 1574 826 1546 769 1471 849
Dwarf 1856 741 2221 585 2277 543
Palm 1712 941 1565 853 1205 935
Plantation 199 154

TaBLE 5. Distribution of forest types in the Luquillo Experimental Forest in 1936 (entire study area) by elevation, slope,
and distance from the LEF border.

Percentage of distribution

Variable Unforested Secondary Tabonuco Colorado Dwarf Palm
and category (1255 ha) (2484 ha) (877 ha) (3066 ha) (156 ha) (3034 ha)
Elevation (m)

<100 <1

100-199 9 9 <1

200-299 20 19 11 <1

300-399 20 20 31 4

400-499 18 22 39 1 11

500-599 19 16 17 10 18

600-699 7 10 2 30 24

700-799 3 3 <l 33 21

800-899 3 1 20 6 15

900-999 1 6 78 7

=1000 1 16 <l
Slope (°)

<5 14 8 8 15 15 7

5-9 24 16 14 22 16 11

10-14 36 36 34 37 28 28

15-19 14 19 23 13 13 20

20-24 8 13 15 8 11 18

25-29 3 6 5 3 10 10

30-34 1 2 1 1 6 5

35-39 <l <l <l <l <l 2

40-44 <1 <1 <1 <1

=45 <1
Distance (m)

<500 72 67 14 7 2 11

500-999 16 22 22 22 9 17

1000-1499 3 7 20 22 26 17

1500-1999 3 1 16 20 25 16

2000-2499 3 2 6 13 17 17

2500-2999 2 <1 10 9 11 12

3000-3499 <1 10 5 9 7

=3500 <1 3 1 1 4
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TaABLE 6. Correlation of 1936 forest cover and forest type in the Luquillo Experimental Forest (entire study area) with
elevation, slope, distance to the LEF border, and space, where r is the Mantel coefficient and P is the significance after

1000 randomizations.

Elevation Slope Distance Space
Variable r P r P r P r P

Space 0.207 0.001 NS -0.026 0.054
Covert 0.238 0.001 NS 0.173 0.001 0.128 0.001

Cover | Spacet 0.203 0.001 NS 0.180 0.001

Cover | Envir.§ 0.171 0.001 NS 0.149 0.001 0.096 0.001
Unforested 0.168 0.002 NS NS 0.159 0.001

Unforested | Space  0.112 0.023 NS NS

Unforested | Envir. 0.103 0.041 NS S 0.138 0.001
Secondary 0.296 0.001 NS 0.090 0.011 0.181 0.001

Secondary | Space 0.242 0.001 NS 0.099 0.006

Secondary | Envir. 0.231 0.001 NS 0.057 0.070 0.135 0.001
Tabonuco NS NS NS NS

Tabonuco | Space 0.097 0.054 NS NS

Tabonuco | Envir. 0.088 0.094 NS NS —0.066 0.059
Colorado 0.154 0.001 NS NS NS

Colorado | Space 0.171 0.001 NS NS

Colorado | Envir. 0.174 0.001 NS S —0.042 0.013
Dwarf 0.247 0.001 NS 0.121 NS

Dwarf | Space 0.297 0.001 NS 0.118 0.038

Dwarf | Envir. 0.279 0.001 NS NS 0.039 —0.115 0.006
Palm NS 0.082 0.017 0.126 0.001 -0.062 0.001

Palm | Space NS 0.081 0.017 0.124 0.001

Palm | Envir. NS 0.082 0.016 0.120 0.001 —0.062 0.002

Note: Ns indicates values of r that are not significant (P > 0.1).

T Cover is the forest cover (all forest types).

| Space indicates a partial correlation controlling for space.
§ | Envir. indicates a partial correlation controlling for the other three dependent variables.

An upper bound for the extent of primary forest (i.e.,
forest never cleared) in the LEF was estimated from
the 1936 forest cover and forest type maps by isolating
areas that had high forest cover (80—-100%) but were
not Secondary forest. Results showed a maximum limit
of 5060 ha of primary forest, including 380 ha of Ta-
bonuco, 2350 ha of Colorado, 135 ha of Dwarf, and
2195 ha of Palm forest.

Vegetation in 1989

The extent of continuous forest and the abundance
of major forest types are strikingly different in 1989
than in 1936 (Table 1, Fig. 2). In 1989, ~96% of the
LEF in the aerial photograph (7462 ha) is continuous
forest (>80% cover). Within this forested area, Colo-
rado occupies 45%, Tabonuco 26%, Palm 23%, and
Plantations nearly 2%. The distributions of patch sizes
for both forest cover and forest type were more skewed
in 1989 than in 1936, with an increase in mean and
maximum patch size, but a decrease in median size
(Table 2). As the extent of forest increased through
reforestation of the low-elevation, marginal areas of
the LEE the average distance from the LEF border
declined for all forest cover and forest type categories
except Dwarf forest, whereas average slope and ele-
vation decreased for nearly all forest cover categories
and average elevation decreased for all forest types
(Tables 3, 4). Small patches of Unforested land in the

Colorado zone at high elevations in the interior of the
LEF are enigmatic (Fig. 2); some were created by land-
slides; however, some appear to have been deliberately
cleared. Plantations lay largely within 500 m of the
border and below 400 m a.s.l. (Table 7).

The Mantel analysis showed positive spatial auto-
correlation for forest cover and most forest types (Un-
forested, Secondary, Tabonuco, Colorado; Table 8).
The distributions of most forest types (Secondary, Ta-
bonuco, Colorado, Dwarf, Plantation) were best ex-
plained by elevation, whereas the distribution of Palm
was best explained by slope and distance from the LEF
border. The distributions of forest cover and Unforested
areas were correlated only with space, indicating a spa-
tial structure to the data not explained by elevation,
slope, or distance (note that forest cover was almost
entirely uniform at 80—-100%).

Forest change from 1936 to 1989

Major changes occurred over the 50-yr period in the
amount, type, geographical distribution, and spatial
pattern of forest cover. Structurally, the most pro-
nounced change was conversion of Unforested, Sec-
ondary, and open-canopy areas to dense forest (Fig. 2).
Forest cover increased particularly at lower elevations,
near the margins of the LEF, and within major valleys,
resulting in a broad-scale redistribution of forest cover
and forest type categories (Fig. 1). Ridgetops cleared
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TaBLE 7. Distribution of forest types in the Luquillo Experimental Forest in 1989 by elevation, slope, and distance from

the LEF boundary.

Percentage of distribution

Variable Unforested Secondary Tabonuco Colorado Dwarf Palm Plantation
and category (89 ha) (118 ha) (1950 ha) (3333 ha) (106 ha) (1744 ha) (123 ha)
Elevation (m)

<100 2 2

100-199 18 33 10 3 9

200-299 21 13 21 3 34

300-399 10 8 23 <1 5 51

400-499 16 21 28 3 15 6

500-599 13 23 15 14 16

600-699 10 <l 3 33 21

700-799 7 2 1 30 19

800-899 1 15 14 14

900-999 2 5 90 4

=1000 <1 <l 6 <1
Slope (°)

<5 21 16 7 13 15 9 12

5-9 23 31 15 21 15 15 25

10-14 30 30 36 36 33 30 49

15-19 13 13 18 15 17 18 11

20-24 7 6 13 10 11 15 3

25-29 4 3 7 3 5 9 <1

30-34 3 1 3 1 3 4

35-39 1 1 <l 1 1

40-44 <1 <l <l <1

=45 <1
Distance (m)

<500 74 100 61 14 33 93

500-999 10 <l 27 21 18 7

1000-1499 3 8 20 14 13

1500-1999 9 4 18 32 13

2000-2499 3 1 14 25 12

2500-2999 <l 1 10 29 8

3000-3499 <1 4 9 3

=3500 1 1 1

for construction of communication facilities along Pico
del Este and Pico del Oeste (cf. Scatena 1993) are
among the few sites declining in forest cover. The ex-
tent of Tabonuco forest increased dramatically, from
<3% to >26% of the coincident study area (Table 1).
Colorado forest increased from 31% to nearly 45%,
Dwarf forest changed <1%, and Palm forest declined
3%.

Overlaying the 1936 and 1989 forest type maps
shows the transitions among the major forest types (Ta-
ble 9, Fig. 3). Areas in 1936 that were unforested pri-
marily became Tabonuco (39%), Colorado (18%), Palm
(20%), and Plantation (10%) by 1989. Secondary forest
in 1936 developed into Tabonuco (59%), Colorado
(15%), and Palm (21%), but seldom into Plantation
(1%). Within Colorado and Palm types, there was an
interesting dynamic: 16% of the Colorado forest in
1936 became Palm and 47% of the Palm area became
Colorado. A lesser extent of Palm (13%) became Ta-
bonuco.

These transitions led to distinctive developmental
patterns for the major forest types in 1989. Approxi-
mately 80% of the modern Tabonuco forest developed
on areas that were open or in secondary vegetation in
1936, 13% came from Palm forest, and only 7% was

Tabonuco in 1936 (Table 9). In contrast, 87% of the
1989 Colorado forest was continuous forest in 1936,
57% Colorado, and 27% Palm. Colorado also devel-
oped from Secondary (9%) and Unforested (5%) areas.
Palm brakes developed evenly from the broadest range
of vegetation, with 42% classified as Palm in 1936, but
large areas developed from Unforested (11%), Sec-
ondary (23%), and Colorado (21%). Plantations were
established primarily on Unforested areas (79%) or
Secondary forest (16%).

The Mantel analysis showed positive spatial auto-
correlation for the changes in forest cover and in most
forest types (Unforested, Secondary, Tabonuco), and
negative spatial autocorrelation for the changes in Col-
orado and Dwarf (Table 10). The distributions of
change in forest cover and in most forest types (Un-
forested, Tabonuco, Dwarf) were best explained by el-
evation, whereas the distribution of change in Colorado
was best explained by distance from the LEF border,
and the distribution of change in Palm was best ex-
plained by distance and slope. The distribution of
change in Secondary forest was most strongly corre-
lated with space, indicating a spatial structure to the
data not explained by elevation, slope, or distance.



564

D. R. FOSTER ET AL.

Ecological Applications
Vol. 9, No. 2

TABLE 8. Correlation of 1989 forest cover and forest type in the Luquillo Experimental Forest with elevation, slope, distance
to the LEF border, and space, where r is the Mantel coefficient and P is the significance after 1000 randomizations.

Elevation Slope Distance Space
Variable r P r P r P r P

Space 0.226 0.001 0.061 0.013 —0.063 0.002
Coverf NS NS NS 0.128 0.010

Cover | Spacet NS NS NS

Cover | Envir.§ NS NS NS 0.122 0.012
Unforested NS NS NS 0.123 0.012

Unforested | Space NS NS NS

Unforested | Envir. NS NS NS 0.128 0.009
Secondary 0.151 0.017 NS NS 0.118 0.014

Secondary | Space  0.129 0.034 NS NS

Secondary | Envir.  0.145 0.042 NS NS 0.086 0.063
Tabonuco 0.423 0.001 NS NS 0.269 0.001

Tabonuco | Space 0.379 0.001 NS 0.056 0.038

Tabonuco | Envir. 0.419 0.001 NS —0.097 0.003 0.168 0.001
Colorado 0.233 0.001 NS 0.146 0.001 0.022 0.027

Colorado | Space 0.240 0.001 NS 0.148 0.001

Colorado | Envir. 0.213 0.001 0.023 0.020 0.070 0.001 —0.023 0.014
Dwarf 0.211 0.005 NS 0.140 0.027 NS

Dwarf | Space 0.245 0.002 NS 0.136 0.029

Dwarf | Envir. 0.219 0.007 NS NS —0.127 0.006
Palm NS 0.071 0.054 0.060 0.052 NS

Palm | Space NS 0.072 0.053 0.060 0.048

Palm | Envir. NS 0.071 0.059 0.069 0.045 NS
Plantation 0.110 0.063 NS NS NS

Plantation | Space 0.097 0.098 NS NS

Plantation | Envir. 0.121 0.078 NS NS NS

Note: Ns indicates values of r that are not significant (P > 0.

T Cover is the forest cover (all forest types).
1 | Space indicates a partial correlation controlling for space.

1.

§ | Envir. indicates a partial correlation controlling for the other three dependent variables.

Impacts of hurricanes before 1936

The Mantel analysis of 1936 vegetation indicated
that the distributions of forest cover and most forest
types (Unforested, Secondary, Dwarf) were not cor-
related with predicted topographic exposure to the eight
wind directions, after controlling for space (Table 11,
Fig. 4). Among the remaining forest types, Tabonuco
tended to occur in areas topographically protected from
west and southeast winds, Colorado tended to occur in
areas protected from east and northeast winds, and

Palm developed in areas protected from southwest,
south, and west winds.

The two dominant forest types at higher elevations,
Colorado and Palm, showed complementary patterns
of relative abundance on fully exposed sites (i.e., ex-
posed for an inflection angle of 0°, Table 12). Palm
was relatively more abundant than Colorado on sites
fully exposed to east and northeast winds, whereas Col-
orado was relatively more abundant than Palm on sites
fully exposed to west and southwest winds.

TaBLE 9. Forest type transitions from 1936 to 1989 in the Luquillo Experimental Forest (coincident study area). For each
transition, the first number is the percentage of the total area of the 1936 forest type, and the second number is the percentage

of the total area of the 1989 forest type. For example, 39%

and these areas made up 20% of the total Tabonuco in 1989.

of all Unforested areas in 1936 became Tabonuco in 1989,

1989 forest types

Unforested Secondary Tabonuco Colorado
(89 ha) (118 ha) (1950 ha) (3333 ha)
1936 forest types 1936 1989 1936 1989 1936 1989 1936 1989

Unforested (976 ha) 5 52 7 60 39 20 18 5
Secondary (1929 ha) 1 27 2 39 59 59 15 9
Tabonuco (210 ha) 65 7 24 2
Colorado (2316 ha) 1 12 <l 1 2 2 81 57
Dwarf (80 ha) 2 23 1
Palm (1952 ha) <1 7 <1 <l 13 13 47 27
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1936 1989
Cover % Type Type  Cover %
0 Plantation Plantation 1.7
13.1 Unforested 1.2
25.8 Secondary 1.6
F1G. 3. Major pathways of vegetation de-
velopment from 1936 to 1989. See Tables 1, 8,
and 9 for additional results. The different line 26.1
types indicate the approximate percentage of 2.8 Tabonuco ’
1989 forest resulting from each transition.
N
262 Palm s //» Palm 23.4
o<
31.0 Colorado <=— >3 Colorado 44.7
1.1 Dwarf Dwarf 14
- — = 20% 35% 50%

DISCUSSION

The dramatic changes in the extent, structure, and
pattern of forest vegetation over the half century in-
vestigated constitute a major landscape transformation
that is paralleled across much of Puerto Rico (Birdsey
and Weaver 1982, 1987). These forest dynamics were
driven primarily by land use and, to a much lesser
extent, by hurricane impacts. These results are impor-
tant as they (1) identify major factors leaving long-
term imprints on the structure and function of modern
ecosystems; (2) are critical to research interpretations
in ecology and conservation biology; (3) have great
relevance to the formulation of management policy and
decision making; and (4) highlight the remarkable rate
at which some tropical forest landscapes can recover
from broad-scale, intensive land use activity.

The 1936 vegetation in relation to land use

In 1936, the vegetation pattern paralleled a gradient
of human disturbance that declined from low elevations

TABLE 9. Extended.

1989 forest types

Dwarf Palm Plantation
(106 ha) (1744 ha) (123 ha)
1936 1989 1936 1989 1936 1989

1 5 20 11 10 79
21 23 1 16

12 1

<1 49 16 21

61 46 13 1
2 39 38 42 <1 5

at the margin of the LEF to high elevations toward the
center (Wadsworth 1949). The presence of agricultural
and residential clearings, roads, and landslides corrob-
orate historical evidence of pervasive human land use
throughout the LEF, with a concentration of activity in
the Tabonuco zone (Hill 1899, Gifford 1905; USFS,
unpublished data). The vegetation pattern in 1936, con-
sisting of extensive Unforested area and Secondary for-
est, limited Tabonuco forest and relatively intact Col-
orado and Dwarf forest, confirms that human activities
affected forest conditions strongly, but differentially
(Fig. 2).

Land use activity, including agriculture, grazing,
logging, and mining, varied across the LEF as con-
trolled by physiography, access, and ownership pat-
terns (Gifford 1905, Wadsworth 1950, Scatena 1989,
Garcia-Montiel and Scatena 1994). Open-land agri-
culture of diverse crops including sugar cane, rice, and
bananas on tilled land, with pasture for cows, goats,
and horses, extended broadly to 650 m a.s.1. (Hill 1899,
Gifford 1905; USFS, unpublished data), which coin-
cides closely with the extent of deforested area in 1936
(Table 5). An inventory in 1934 of 30 coffee farms in
mountainous terrain across Puerto Rico indicated that
they averaged 75 ha of crops, wood pasture, permanent
pasture, woodland, and wasteland and buildings in the
ratio 12:4:4:1:1 (Garcia 1936). Agriculture often had
severe impacts. Nutrient depletion encouraged a pro-
cess of ongoing field abandonment and forest clear-
ance. Overgrazing, cultivation, and road building com-
bined with heavy precipitation and steep slopes to pro-
duce widespread erosion and landslides. Soils on old
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TaBLE 10. Correlation of forest cover and forest type changes from 1936 to 1989 in the Luquillo Experimental Forest
(coincident study area) with elevation, slope, distance to the LEF border, and space, where r is the Mantel coefficient and
P is the significance after 1000 randomizations.

Elevation Slope Distance Space
Variable r P r P r P r P

Space 0.226 0.001 0.061 0.013 —0.063 0.002
Covert 0.280 0.001 -0.071 0.039 0.073 0.012 0.163 0.001

Cover | Spacet 0.254 0.001 —0.080 0.017 0.084 0.003

Cover | Envir.§ 0.253 0.001 —0.068 0.040 NS 0.109 0.001
Unforested 0.362 0.001 NS NS 0.273 0.001

Unforested | Space 0.313 0.001 —0.096 0.072 NS

Unforested | Envir. 0.348 0.001 NS —0.096 0.052 0.194 0.001
Secondary 0.230 0.001 NS 0.057 0.090 0.230 0.001

Secondary | Space 0.185 0.001 NS 0.071 0.030

Secondary | Envir. 0.182 0.001 NS NS 0.190 0.001
Tabonuco 0.392 0.001 NS NS 0.264 0.001

Tabonuco | Space 0.347 0.001 NS NS

Tabonuco | Envir. 0.390 0.001 NS -0.102 0.005 0.168 0.001
Colorado —0.082 0.070 NS 0.079 0.064 —0.121 0.003

Colorado | Space NS NS 0.071 0.084

Colorado | Envir. —0.104 0.049 NS 0.109 0.017 —0.088 0.017
Dwarf 0.171 0.021 NS 0.151 0.033 —0.089 0.094

Dwarf | Space 0.204 0.006 NS 0.146 0.035

Dwarf | Envir. 0.165 0.032 NS NS -0.177 0.016
Palm NS 0.076 0.090 0.066 0.070 NS

Palm | Space NS 0.075 0.091 0.067 0.061

Palm | Envir. NS 0.074 0.092 0.075 0.065 NS

Note: Ns indicates values of 7 that are not significant (P > 0.1).

+ Cover is the forest cover (all forest types).

t | Space is a partial correlation controlling for space.

§ | Envir. is a partial correlation controlling for the other three dependent variables.

TaBLE 11. Correlation of 1936 forest cover and forest type in the Luquillo Experimental Forest (entire study area) with
predicted topographic exposure to wind using the EXPOS model, where r is the Mantel coefficient and P is the significance
after 1000 randomizations.

Simulated wind direction

North Northeast East Southeast South
Variable r P r P r P r P r P
Covert NS NS NS —0.044 0.086 —0.055 0.032
Cover | Spacef NS NS NS -0.061 0.022 —0.078  0.004
Cover | Envir.§ S NS NS —0.057 0.031 —0.070  0.009
Unforested NS NS NS NS NS
Unforested | Space NS NS NS —0.088 0.050 —0.107 0.024
Unforested | Envir. NS NS NS —0.087 0.051 —0.106 0.025
Secondary NS NS NS 0.057 0.068 NS
Secondary | Space  Ns NS NS NS NS
Secondary | Envir.  Ns NS NS NS NS
Tabonuco —0.106  0.039 —0.110 0.045 NS NS NS
Tabonuco | Space  —0.100  0.055 —0.105 0.054 NS 0.076  0.096 NS
Tabonuco | Envir.  —0.093  0.074 —0.098 0.073 NS 0.080 0.080 NS
Colorado NS NS 0.045 0.071 NS NS
Colorado | Space NS NS 0.045  0.071 NS NS
Colorado | Envir. NS 0.050 0.046 0.047 0.056 NS NS
Dwarf NS NS NS NS NS
Dwarf | Space NS NS NS NS NS
Dwarf | Envir. NS NS NS NS NS
Palm NS NS NS NS 0.094  0.003
Palm | Space NS NS NS NS 0.107  0.001
Palm | Envir. NS NS NS NS 0.102  0.001

Note: Ns indicates values of r that are not significant (P > 0.1).

T Cover is the forest cover (all forest types).

1 | Space indicates the partial correlation controlling for space.

§ | Envir. indicates the partial correlation controlling for elevation, slope, distance to the LEF border, and space.
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Fig. 4. Predicted topographic exposure in the Luquillo Experimental Forest using the EXPOS model. Maps show 5°
protection classes for four simulated wind directions: north (0°), east (90°), south (180°), and west (270°).

TABLE 11. Extended.

Simulated wind direction

Southwest West Northwest
r P r P r P
NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS
—0.058 0.086 NS NS

NS 0.091 0.075 NS

NS 0.095 0.063 NS

NS 0.108 0.041 NS

NS NS —0.049 0.052
NS NS —0.048 0.054
NS NS —0.044 0.086
NS NS NS

NS NS NS

NS NS NS

0.165 0.001 0.063 0.048 NS

0.169 0.001 0.067 0.039 NS

0.161 0.001 0.054 0.079 NS

farm areas were termed ‘“‘ruinate” (Hill 1899) to de-
scribe the severe compaction, erosion, and fertility loss
(Marrero 1950).

At higher elevations lay extensive Secondary forest
established on abandoned farmland, coffee plantations,
and areas affected by cutting for fuelwood and char-
coal, or by hurricane damage (Fig. 2, Table 5; Garcia-
Montiel and Scatena 1994). Agriculture peaked in
1900, after which large areas were abandoned, es-
pecially on steep slopes and at high elevations. Coffee
plantations, which consist of an open overstory of
shade trees and an understory of coffee, often formed
the upper tier of farms (Hill 1899). These semiforested
areas are difficult to distinguish from intact woodland
(Gifford 1905) and may be included with Secondary
and Tabonuco forest on our 1936 map.

Forest cutting continued to alter forest composition
and structure drastically through 1936 (Murphy 1916,
Wadsworth 1963). Logging varied with access, as con-
trolled by slope and distance from trails, and was most
intense in the Tabonuco forest (Murphy 1916, Wads-
worth 1952, 1963). At higher elevations, cutting was
selective by species (Gifford 1905, Murphy 1916,
Wadsworth 1950; USFS 1985); in remote Colorado for-
ests, it may have been limited to as little as one tree
per acre (Wadsworth 1952, 1963). However, even se-
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TaBLE 12. Relative distributions of Colorado and Palm forest types in the Luquillo Experimental Forest as a function of
predicted topographic exposure to wind using the EXPOS model. Values show the percentage of each forest type on fully
exposed sites, and the ratio of the percentage of Palm to the percentage of Colorado (P/C).

1936 entire

1936 coincident 1989 coincident

Wind Colorado Palm Ratio Colorado Palm Ratio Colorado Palm Ratio
direction (%) (%) (P/C) (%) (%) (P/C) (%) (%) (P/C)
North 49.5 49.9 1.01 49.8 54.9 1.10 52.8 50.3 0.95
Northeast 47.4 52.8 1.11 42.5 50.7 1.19 43.9 48.9 1.11
East 37.3 51.2 1.37 29.8 45.8 1.54 30.9 45.7 1.48
Southeast 45.1 46.1 1.02 40.7 40.2 0.99 39.0 46.2 1.18
South 48.9 37.3 0.76 48.0 37.1 0.77 45.4 41.3 091
Southwest 44.8 28.0 0.62 48.3 32.7 0.68 47.6 36.2 0.76
West 58.6 35.8 0.61 62.3 43.2 0.69 61.9 45.9 0.74
Northwest 58.4 41.4 0.71 63.9 51.6 0.81 62.1 50.1 0.81

lective cutting altered forest composition. Ausubo, a
valuable timber species cut widely across the LEF, was
described as ‘“‘rare” or ‘‘nearly extinct” by AD 1900
(Murphy 1916; USFS, unpublished data). In addition
to timber, the Tabonuco and Colorado forests provided
charcoal through the 1940s (Gifford 1905, Scatena
1989, Garcia-Montiel 1991).

Importance of hurricane impacts in 1936

The 1936 aerial photographs show no definitive ev-
idence of prior hurricane impacts (e.g., blowdowns
from the 1928 or 1932 storms). The 1956 hurricane,
the only major storm during the 50-yr period of this
study, was reported to have a minor impact on the LEF
(Wadsworth and Englerth 1959), although surrounding
towns sustained considerable damage (E. Boose, un-
published data). The hurricane of 1899 is described as
the most destructive of three late 19th-century storms
to hit Puerto Rico (Murphy 1916). However, none of
the contemporary surveys of forests in Puerto Rico
(Hill 1899) or the LEF (Gifford 1905) mentions damage
from the storm or cites hurricane impacts as important
in determining forest condition.

The San Felipe hurricane in 1928 produced gusts of
240 k/h in San Juan (Scatena and Larsen 1991), and
the San Ciprian storm of 1932 is considered by Weaver
(1986, 1987) to be the most powerful hurricane to affect
the LEF in this century. Interpretations of these storms’
effects are inconsistent: they have been variously de-
scribed as blowing down some of the best forest in the
LEF (USFS, unpublished data), being more severe than
Hurricane Hugo in 1989 (Weaver 1983), and creating
only minor damage (Wadsworth and Englerth 1959).
Detailed acquisition records of the U.S. Forest Service
indicate only scattered storm damage in the 1930s.

Because there was no clear evidence of broad-scale
hurricane damage in the 1936 photographs or historical
records, we compared the vegetation pattern with pre-
dicted topographic exposure to wind to evaluate cor-
respondence in patterns. The Mantel test showed no
significant correlation between forest cover and pre-
dicted exposure. The rapid recovery and regrowth of
vegetation probably served to conceal any canopy dam-

age caused by earlier hurricanes in the 1936 aerial pho-
tographs.

The positive correlation between Tabonuco and areas
protected from west and southeast winds reflects the
fact that, in 1936, Tabonuco was confined almost en-
tirely to the northeastern portion of the LEE This dis-
tribution probably resulted from greater land use in the
natural Tabonuco zone along the southern and western
borders of the LEF (see Fig. 2; Scatena 1989).

Meteorological records from the nearby city of San
Juan indicate that peak winds in the hurricanes of 1916,
1928, and 1932 came from the northeast (National Cli-
matic Data Center, unpublished data). The Mantel anal-
ysis showed that, in 1936, the distribution of Colorado
forest was correlated with areas protected from east
winds, whereas Palm was relatively more abundant
than Colorado on sites fully exposed to northeast and
east winds. This pattern may reflect the impacts of ear-
lier hurricanes, because Palm often plays a successional
role on sites disturbed by cutting or wind disturbance
(Murphy 1916, Ewel and Whitmore 1973). The pattern
may also reflect greater orographic rainfall on these
same slopes, because Palm does well on saturated soils
(Ewel and Whitmore 1973). In 1989, after a period of
reduced human disturbance and fewer hurricanes, there
were fewer large patches of Palm, although it persisted
in narrow stands in drainageways (see Fig. 2). Palm in
1989 was still relatively more abundant than Colorado
on sites fully exposed to the northeast and east, perhaps
in part because of the 1956 hurricane, in which peak
recorded winds in San Juan came from the east-north-
east (National Climatic Data Center, unpublished data).

Other disturbances influenced local, rather than
broad-scale, vegetation pattern. Fire was used to clear
forests and to maintain open agricultural areas, and may
have spread into adjacent secondary and intact forest
(USFS, unpublished data). Landslides have been
strongly controlled by slope, bedrock, and land use
over the past 50 yr (Guariguata and Larsen 1989). Un-
der intense forest clearance, cultivation, and trail con-
struction, it is likely that the late 19th and early 20th
centuries experienced more frequent and severe land-
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slides than under recent, forested conditions (Guari-
guata 1990, Larsen and Parks 1997).

Forest landscape dynamics from 1936 to 1989

The great increase in forest cover over the last 50
yr resulted from farm abandonment in the late 19th and
20th centuries (Birdsey and Weaver 1982, Zimmerman
et al. 1995). Across Puerto Rico, massive rural migra-
tion during this period led to an increase in forest area
from <10% to ~30% (Horn 1946, USFS 1985, Birdsey
and Weaver 1987). The developing forests continued
to be influenced by farming, fuelwood production, sil-
viculture, forest planting, road construction, and rec-
reation. The U.S. Forest Service objective in the LEF
has been to reforest or encourage forest growth on all
agricultural lands, improve forest production, and man-
age lands for diverse natural resources (Wadsworth
1950, USFS 1985). By the mid 1940s, ~2800 ha of
land had been planted in highly varying densities (Mar-
rero 1947). To improve timber growth, the U.S. Forest
Service thinned 20-125 ha annually through the 1970s
(Wadsworth 1963) and undertook extensive charcoal
and fuelwood production through the 1940s, when the
population of Puerto Rico consumed >1 X 10° cords
of firewood and charcoal annually (Teesdale and Girard
1945). These activities were highly selective by spe-
cies, and certainly impacted forest composition and
structure (Scatena 1989, Garcia-Montiel 1991).

In the 1980s and 1990s, new cultural values and
enhanced appreciation of tropical forests have altered
land use practices greatly in the LEE U.S. Forest Ser-
vice silvicultural activity has largely ceased, and rec-
reation, scientific research, and educational activities
have increased. Therefore, the trend for the future
should be development of progressively older forests,
mediated by natural disturbance processes.

Implications of land-use history and
forest change in the LEF

The vegetation transformation of the last half century
has many implications for understanding the tropical
forest ecosystems of the LEF. Foremost is the recog-
nition that people have played an important and dy-
namic role in controlling vegetation patterns through
a gradient of use, ranging from intensive agriculture at
low elevations, through crop planting and fuelwood
extraction at middle elevations, to selective tree re-
moval at upper elevations. These impacts have left
clear legacies in forest structure, composition, and
function, and influence the manner in which we inter-
pret forest processes.

Secondary forests in the LEF tend to include fewer
species and more introduced species than do primary
forests (Lugo 1988, Waide and Lugo 1992). Species
assemblages and forest structure may differentiate con-
trasting land use on adjacent sites as shown by striking
differences across a 9-ha mapped Tabonuco forest at
the El Verde Field Station (Zimmerman et al. 1995).
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Land use may also have unexpected species level ef-
fects. Logging has eliminated big trees with bole cav-
ities from the Tabonuco forest, which were preferred
nest site for the endangered Puerto Rican Parrot. The
few remaining pairs of parrots are restricted to Colo-
rado forest, which is less preferable in environment and
food supply, but is a major site of suitable cavities
(Snyder et al. 1987, R. Waide, personal communica-
tion).

Second-growth forests across Puerto Rico sequester
large amounts of carbon into biomass and soils that
serve to balance, to some slight extent, extensive de-
forestation occurring elsewhere in tropical regions
(Brown and Lugo 1990). Prior land use, such as farm-
ing and coffee plantations, influences modern biogeo-
chemistry as well as hydrology and stream chemistry
(Garcia-Montiel and Scatena 1994; J. Zimmermann,
personal communication).

Finally, ubiquitous human activity across this moun-
tainous landscape mandates that all research, manage-
ment decisions, and ecological interpretations incor-
porate an awareness of land use history. Despite com-
pelling field and historical evidence of land use, there
has been a tendency to interpret forest structure and
dynamics largely in natural terms. Thus, the even and
low canopy structure of the Tabonuco forest has been
interpreted as either a consequence of repeated hurri-
cane impact or as an adaptation of the forest ecosystem
to minimize wind damage and maximize energy capture
(Odum 1970, Brown et al. 1983). Our current study
and prior accounts (cf. Gifford 1905) suggest that, with
the exception of small areas in the northeastern LEF,
the Tabonuco forest is newly developed on prior ag-
ricultural or cutover sites. Thus, the low and simple
structure may be simply a consequence of the second-
ary succession, a conclusion supported by descriptions
of primary old-growth Tabonuco forest as multistoried
with emergent trees (Gleason and Cook 1926, Wads-
worth 1952, Crow and Weaver 1977). Similarly, the
composition and relative species abundance of the Ta-
bonuco forest is probably more a consequence of di-
verse land use activities and revegetation, possibly in-
teracting with occasional wind damage, than a result
of frequent, low-intensity hurricane impacts (cf. Doyle
1981).

As the extent of forest cover and height of forest has
increased during the 20th century, the landscape has
indeed become increasingly susceptible to hurricane
impacts. The damage inflicted by Hurricane Hugo in
1989 (Walker et al. 1992, Boose et al. 1994) is an
indication that the disturbance regime of the LEF is
gradually shifting from human-dominated to increas-
ingly dominated by natural processes. However, anal-
ysis of aerial photographs in this study, and results of
post-Hugo vegetation dynamics (Zimmerman et al.
1994), indicate that the structural and compositional
legacies of land use are not easily erased by subsequent
forest growth or wind damage.
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CONCLUSION

Studies of temperate forests frequently suggest that
modern landscapes provide only a momentary snapshot
of a mosaic pattern that has been shaped and continues
to respond to varying human impacts. Current studies
in tropical regions indicate that similar impacts have
transformed many forest ecosystems and that the leg-
acies of land use may persist in terms of structure,
composition, and function (Brown et al. 1992). The
present study underscores the magnitude and rapidity
of these changes and the need to incorporate a historical
perspective in understanding modern forest patterns.
Since the photographs used in this study were taken,
the forest landscape of the LEF was severely damaged
by Hurricane Hugo in 1989 (Boose et al. 1994), and
again by Hurricane Georges in 1998, with major im-
pacts to forest structure (Brokaw and Grear 1991), com-
position (Zimmerman et al. 1994), and process (Scatena
1993). The resulting mosaic of damage and the sub-
sequent pattern of regrowth were, in part, dependent
on the structural and compositional patterns resulting
from prior land use. Certainly, natural disturbance, hu-
man activity, and environmental gradients continue to
interact in a complex and dynamic fashion in this trop-
ical landscape. Consequently, future ecological re-
search and development of management policies in the
LEF need to be based on an awareness of past human
disturbance, ecosystem resilience to diverse distur-
bance processes, ongoing changes in the relative im-
portance of human and natural processes, and a strong
legacy of historical dynamics. Increasingly, research
across the Old and New World tropics underlines the
importance of long-term perspectives on human and
natural disturbance.
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