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ABSTRACT

Anthropogenic alteration of the landscape is a long-term disturbance both in duration and consequences. This study
addresses land-cover responses to a history of human land use in northeastern Puerto Rico. Analysis of aerial photo-
graphs indicated that the pattern of land use in the municipality of Luquillo changed dramatically between 1936 and
1988. In 1936, sugar cane and pasture were the dominant land uses, occupying about one third of the study area
each, while dense forest was rare. Pasture still occupied about a quarter of the area by 1988, but the area of sugat
cane had declined to zero. Most sugar cane land was transformed to pasture after abandonment, while much of the
pasture at higher elevations reverted to forest. More than half the study area in 1988 was occupied by dense forest,
and the degree of forest regeneration was greatest adjacent to the Luquillo Experimental Forest and around patches
that were dense forest remnants in 1936. The overall trend was from high-intensity agriculture to dense forest, but
urban areas increased more than 2000 percent between 1936 and 1988 and are presently encroaching on forested
areas. It is unclear from one study whether the same pattern would hold true at other sites in the tropics, but our
study indicates the importance of preserving remnants of mature forest as sources of forest regeneration. In addition,
the nature of the patches in the Luquillo landscape has changed as the land use has changed. In 1936, dense forest
was highly fragmented, the patches were small and many of them had linear configurations (riparian corridors and
hedgerows). By 1988, the average patch size of dense forest had increased greatly, although with one exception the
patches were still small relative to other land-cover types.

RESUMEN

La alteracién antropogénica del paisaje es una fuente de perturbacién a largo plazo tanto en duracién como en conse-
cuencias. Este estudio se enfoca en el efecto que ha tenido la covertura del terreno respecto a la historia en el uso de
tierra en la parte noreste de Puerto Rico. El andlisis de fotografids aéreas indicé que el patrén de uso de tierra en la
municipalidad de Luquillo ha cambiado dram4ticamente entre 1936 y 1988. En el 1936, los usos méis predominantes
eran la cafia de azdcar y los pastizales. Cada uno ocupaba cerca de un tercio del 4rea de estudio mientras que existia
poco bosque denso. En 1988, un cuarto del 4rea de estudio estaba ocupada por pastizales, en cambio el 4rea que ocupaba
la cafia de aziicar disminuy6 a cero. La mayorfa de la cafia de azticar pasé a ser pastizal luego de su abandono, mientras
que la mayoria del pastizal en altas elevaciones pasé a ser bosque. En el 1988, més de la mitad del 4rea de estudio estaba
cubierto por bosque denso, y el grado de regeneracién de bosque era mayor, tanto adyacente al Bosque Experimental de
Luquillo (LEE por sus siglas en inglés) como cerca de parches de bosque denso que existian en 1936. La tendencia
general fue el cambio de agricultura intensa a bosque denso, pero las dreas urbanas aumentaron més de 2000 por ciento
entre 1936 y 1988, amenazando actualmente las 4reas de bosque. Con un solo estudio es dificil precisar si estas tendencias
serfan aplicables en otras 4reas tropicales, pero lo que si queda claro es la importancia que tiene el preservar parches de
bosque maduro como fuente para la regeneracién. En adicién, la naturaleza de los parches en el paisaje de Luquillo ha
cambiado a medida que el uso del terreno ha ido cambiando. En 1936, la porcién de bosque denso se encontraba
altamente fragmentado, los parches eran pequefios y muchos de ellos tenfan configuraciones lineales (corredores de
vegetacién riparia y “hedgerows”). En 1988, el tamafio promedio de los parches de bosque denso aumenté grandemente,
aunque todos los parches, excepto uno, eran aun pequefios comparados a otros tipos de coberturas.
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HUMAN LAND USE AFFECTS FUTURE ECOSYSTEM PROP-
ERTIES, both in the tropics and in temperate zones
(Padoch & Vayda 1983, Hamburg & Sanford
1986, Foster 1992, Zou et al. 1995), and much
recent work has focused on these effects (Shukla ez
al. 1990, Saunders et al. 1991, Waide & Lugo
1992). The level or intensity of agricultural activity
has a marked impact on the land-cover change tra-
jectory (Garcfa-Montiel & Scatena 1994, McCook
1994) as well as on the level of human involvement
that may be required if land is to return to mature
forest (Brown & Lugo 1994). Zimmerman et 4.
(1995) found that the “footprint” of human activ-
ity in the Luquillo Mountains of Puerto Rico was
clearly visible on species composition after 60 yr of
abandonment and two major hurricanes. Changes
in agricultural practices and abandonment of ag-
ricultural lands can therefore leave distinct traces
on the landscape even as forests regenerate (Foster
1993). Anthropogenic alteration of land cover is a
long-term disturbance both in duration (for ex-
ample, the first Europeans landed in Puerto Rico
over 500 years ago) and consequences. It should
therefore be considered a part of the long-term dis-
turbance regime of an area along with other
changes that are not anthropogenic, including hur-
ricanes and landslides.

The economic base of Puerto Rico has changed
dramatically during the last 60 yr, from a largely
agricultural system to a more urbanized economy
with an emphasis on manufacturing (Morales-Car-
ri6én 1983). In 1934, approximately 43 percent of
the island’s gross national product (GNP) was from
agricultural products, primarily sugar cane and cof-
fee, while that figure had decreased to four percent
by 1980 (Dietz 1986). At the same time, the man-
ufacturing sector increased from seven percent to
48 percent of the GNP. Associated with these eco-
nomic changes was the movement of people from
rural to urban areas. In 1940, 45 percent of em-
ployment was in agriculture, compared to only five
percent in 1982. The conversion of land from sug-
ar cane cultivation was mainly due to the overall
decline in competitiveness of Puerto Rican sugar
on the world market (Morales-Carrién 1983). An
additional factor was the 1941 Land Law that re-
stricted corporate land holdings and broke up some
of the large sugar estates (Koenig 1953, Dietz
1986).

As agriculture has declined in Puerto Rico, for-
est cover has increased. At the peak of agricultural
activity, in the late 1940’s, forest cover was reduced
to five percent of the island, with about the same
area in shade coffee plantations (Koenig 1953), but
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by 1985, 34 percent of the island was forested
(Birdsey & Weaver 1987). Before agriculture de-
clined and forest regeneration began, most of the
remaining forest was located in isolated mountain-
ous areas such as the Luquillo Mountains. The in-
crease in forest cover over the last 50 yr is in con-
trast to the deforestation occurring in most of the
tropics (Schmidt 1987, Grainger 1988, Brown &
Lugo 1990, Johnson & Cabarle 1993, Singh
1993).

Little is currently known about landscape-level
patterns of forest regeneration in the tropics be-
cause most areas are not increasing in forest cover,
presumably because few tropical areas have been
subject to economic programs similar to those im-
plemented in Puerto Rico. There are certainly dif-
ferences between the ecosystems studied here and
those found in much of the rest of the Neotropics.
Luquillo has a history of hurricane disturbance
(Fassig 1929, Miner-Sol4 1995), a low incidence of
fire, a large expanse of protected forest nearby, and
small pasture size. In other areas, where not all of
these conditions are met, one might expect differ-
ent rates, and possibly trajectories, of land-cover
change following agricultural abandonment. It is
even difficult to generalize about Puerto Rico, since
different parts of the island have had different land-
use histories and different population densities.
However, the landscape dynamics in Luquillo pres-
ent an opportunity to study what might happen to
neotropical ecosystem structure and function as
lands with different histories of agricultural use are
abandoned and forest regenerates. The objectives
of this study were to quantify changes in the extent
of different land uses in the Luquillo municipality,
to determine the landscape characteristics that in-
fluence the land-cover change trajectories, and to
describe the landscape patch characteristics at the
different stages of forest regeneration.

STUDY SITE

The study area is within the municipality of Lu-
quillo in northeastern Puerto Rico (18°22'30"N,
65°42'30"W; Fig. 1), ranging from sea level to 310
m above mean sea level (amsl). It is almost entirely
within the subtropical moist forest life zone except
for a small amount of higher-elevation land in the
subtropical wet life zone (Ewel & Whitmore
1973). These two life zones combined occupy 85
percent of the land surface of Puerto Rico. The pre-
settlement land cover of Puerto Rico is not known
with certainty, but it is thought that the lowlands
were forested with large tree species characteristic
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FIGURE 1.

Location of the study area (solid thick line) relative to the coast and boundary of the municipality of

_uquillo, Puerto Rico. The LEF boundary and selected elevation contours are also shown.

of other areas of the Caribbean basin (Wadsworth
1950). The soils are predominantly clay and clay
loam inceptisols and ultisols of the Coloso-Toa-Ba-
jura and Caguabo-Mucara-Naranjito associations
(Boccheciamp 1977). We selected the largest pos-
sible area within the municipality that was covered
by three overlapping sets of aerial photographs
(1936, 1964, and 1988). We excluded forested
land within the Luquillo Experimental Forest
(LEF) boundary because it had not been subject to
the same type of agricultural practices as the rest
of the study area. The study area comprised 4333
ha, or about 65 percent of the total area of the
Luquillo municipality. Luquillo was chosen for this
study because it is located in a region that has un-
dergone major land-use changes in the last 50 yr,
and there is an extensive archive of aerial photo-
graphs available that document the progression of
change. Furthermore, it is adjacent to the LEF,
which contained mature forest at the start of the
agricultural abandonment period, and where there
has been both natural forest regeneration and active
reforestation by the U.S. Forest Service (Brown ez
al. 1983, Scatena 1989).

MATERIALS and METHODS

AERIAL PHOTOGRAPH INTERPRETATION.—We exam-
ined three sets of 9 X 9 inch black-and-white aerial
photograph stereopairs to create land-use maps of
the study area. The photographs were from 1936,
at a scale of 1:18,696; and 1964 and 1988, both
at a scale of 1:20,000. We delineated all polygons
greater than 3 X 3 mm on the photographs using
a mirror stereoscope, traced their outlines onto ac-
etate overlays of each photograph, and assigned
each polygon to one of seven land-use classes (Ta-
ble 1). The three forest classes differed in species
composition as well as density, changing from ear-
ly-successional shrubby species in Forest 1 to can-
opy species in Forest 3. Each polygon was coded
according to the Puerto Rico Department of Nat-
ural Resources land-use mapping system, and sub-
classes unique to this project (for forest and urban)
were added. We then verified the classification of
the more confusing land-cover types on the 1988
photographs by field checking.

For each year we created a base map by tracing
geographic control features, such as roads, rivers,
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TABLE 1.  Land-use classes used in the aerial photography
classification.
Class Characteristics

Sugar cane  Even texture, uniform color, no trees

Pasture Stippled texture, up to 20 percent tree
cover

Forest 1 20-50 percent tree cover

Forest 2 50-80 percent tree cover

Forest 3 80-100 percent tree cover, hedgerows, ri-
parian zones

Urban 1 Scattered buildings in loose association

Urban 2 Towns, subdivisions, ground stripped and

levelled for building

and shore lines, onto acetate overlays from United
States Geological Survey 1:20,000 topographic
maps. For the 1964 and 1988 photographs we
were able to transfer polygon lines directly from
the photograph overlays to the base maps by using
the central portion of each photograph, thereby
minimizing distortion. We transferred the polygon
boundaries from the 1936 photograph overlays to
the base map using a zoom transfer scope because
of the change of scale. Each base map was then
digitized into the ARC/INFO version 6 geographic
information system (GIS) package (ESRI 1991).
The digitized data layers were transformed into
Universal Transverse Mercator (UTM) Zone 20 co-
ordinates to allow accurate area measurements and
overlay with other geographic data sets.

GIS DATABASE CONSTRUCTION AND ANALYSIS.—At-
tribute data files containing a unique identifier for
each polygon, its land-use class, and any ancillary
information, were created for each year. These files
were put into ARC/INFO. Each land-use map and
its associated attribute information constituted a
coverage (sensu ARC/INFO; ESRI 1991), and the
three coverages comprised the basis for the GIS
used for the remainder of the project. Three overlay
coverages were created by combining, respectively,
1936 and 1964; 1964 and 1988; and 1936 and
1988 coverages. Exported files of areas and land-
use history of each derived polygon were used as
input for statistical analyses. We constructed four
different transition matrices (Forman & Godron
1986, Cherrill & McClean 1995) for each two-year
combination of land uses, 1936 to 1964, 1964 to
1988, and 1936 to 1988. The matrices were ex-
pressed as (1) area of each land-use transition, ha;
(2) area of each transition as a percentage of the
study area; (3) area of each transition as a percent-
age of the area of each land use at the earlier of
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the two dates to determine the proportional fate of
each land use; and (4) area of each transition as a
percentage of each land use at the later of the two
dates to determine the proportional history of each
land use. Transition type (3) is analogous to the
method of Markov-chain transition probabilities
(White & Mladenoff 1994).

We conducted a series of analyses to examine
the spatial pattern of forest regeneration in the
study area. First, we selected all polygons in the
combined 1936-1988 coverage that demonstrated
a history of increasing forest cover as indicated by
changes from any non-forest class to any forest class
or from a less-dense to a more-dense forest class.
Next we created a coverage of distance, or buffer,
classes (0—1 km, 1-2 km, and > 2 km) from the
boundary of the LEE and overlaid it with the in-
creasing-forest-class coverage. The same series of
operations was repeated for elevation classes (0-50
m, 50-100 m, 100—200 m, and 200-300 m amsl)
and distance from patches that were dense forest
(Forest 3) in 1936 (0~100 m, 100-200 m, 200—
400 m, and > 400 m). Areas of increasing forest
class were expressed as percentages of the area of
each buffer zone or elevation interval exclusive of
land that was dense forest in 1936, and therefore
incapable of increasing in forest cover. The per-
centages were compared using the log-likelihood
statistic (Zar 1984). For this and the subsequent
statistical analyses, we used a significance level of
0.05.

Finally we looked at area and shape of different
land-use polygons in the different years (Forman
& Godron 1981). The area of each land-use pol-
ygon gave an overall measure of the dominance and
fragmentation of that land use, while the shoreline
development index (SLD), borrowed from limnol-
ogy, (Lind 1985; SLD = perimeter/2'V (area-))
was a measure of the shape of polygons. As SLD
increased from a theoretical minimum of one, it
indicated an increasing ratio of perimeter to area
and thus a greater exposure of the patch center to
patch edge. Differences in area or SLD between
different years for the same land-use type, or
among different land uses for the same year were
compared using the Wilcoxon rank-sum test in
SAS version 6 PROC NPAR1WAY (SAS Institute
1992).

RESULTS

AreaL TreENDs.—Land-use practices changed dra-
matically between 1936 and 1988 (Fig. 2). One of
the most marked changes was the rapid decrease in
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sugar cane cultivation, from 28 percent of the
study area in 1936, to 10 percent in 1964, to 0
percent in 1988 (Fig. 3). This was matched by a
dramatic increase in dense forest (Forest 3), which
occupied 15 percent of the study area in 1936,
increased to 28 percent in 1964, and reached 54
percent in 1988. Other important changes were in
pasture, which peaked in 1964 at 46 percent, and
the combined urban classes, which grew from one
percent in 1936 to 12 percent in 1988.

Once sugar cane was abandoned, 52 percent
became pasture from 1936 to 1988, while 18 per-
cent succeeded to dense forest (Table 2). However,
only a small area of sugar cane became forested
without first becoming pasture (9 % between 1936
and 1964, and 10 % from 1964 to 1988; Fig. 2).
Of the area covered by pasture in 1936, 50 percent
succeeded to dense forest, while 23 percent re-
mained in pasture (Table 2). Virtually all low- and
medium-density forest (Forest 1 and Forest 2) suc-
ceeded to dense forest (Forest 3). Approximately
36 percent of the low-density urban (Urban 1)
changed to pasture between 1936 and 1988, while
41 percent reverted to dense forest as isolated farms
were abandoned.

Looking at the changes in the other direction,
conducting a back-trajectory, 85 percent of the
land that was covered by sugar cane in 1964 had
also been cane in 1936. In 1988, 65 percent of the
low-density (early-successional) forest had been

sugar cane in 1936, while 27 percent had been
pasture (Table 3). Approximately 60 percent of
mid-density forest had been pasture in 1936.
Dense forest was comprised of almost equal areas
that had been dense forest, low-density forest, and
pasture in 1936. Most of the pasture had previ-
ously been sugar cane, while low-density urban was
predominantly on old pastures. High-density urban
(Urban 2) was about evenly split between old pas-
tures and abandoned sugar cane. Approximately 22
percent of the study area had the same land use in
1988 as it had in 1936.

Burrer anaLyses.—The amount of land with in-
creasing forest cover from 1936 to 1988 decreased
as distance from the LEF boundary increased (Log-
likelihood test; P < 0.001; Fig. 4a). Approximately
73 percent of the land area within 1 km of the
LEF boundary increased in forest cover, compared
to 61 percent between 1 km and 2 km and only
34 percent more than 2 km away. The whole study
area was within 4.5 km of the LEF boundary. The
area of increasing forest cover also differed with
elevation (Log-likelihood test; 2 < 0.001; Fig. 4b).
Almost all the land between 100 m and 300 m
amsl (86 percent above 200 m and 94 percent be-
tween 100 m and 200 m) increased in forest cover
from 1936 to 1988, while the amount of land with
regenerating forest decreased downslope from 100
m elevation. Of the land above 200 m amsl that
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FIGURE 3. Land-use classes in the study area in (a) 1936, showing the dominance of sugar cane and pasture; (b)
1964, showing the increasing area of pasture, largely at the expense of sugar cane; and (c) 1988, showing the dominance
of dense forest. Values in parentheses in the legend show the percent canopy closure for each of the three forest classes.
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TABLE 2. Land-use transition masrix (forward trajectory) showing the fate in 1988 of each 1936 land-use type. Values
in the table are the percentages of the area occupied by each of the land uses in 1936 (the rows) that changed
to each particular land use in 1988 (the columns).

1936 1988 land use
land use Sugar cane Pasture Forest 1 Forest 2 Forest 3 Urban 1 Urban 2

Sugar cane 0.0 51.7 16.0 1.0 18.2 1.0 12.2

Pasture 0.0 23.2 5.6 3.6 49.9 7.6 10.2

Forest 1 0.0 8.4 1.1 1.9 79.2 4.0 5.4

Forest 2 0.0 4.8 2.2 2.2 87.3 2.8 0.6

Forest 3 0.0 4.9 1.6 0.6 89.5 3.0 0.4

Utban 1 0.0 36.3 12.0 0.0 41.0 1.0 9.7

Urban 2 0.0 0.0 0.0 0.0 0.0 0.0 100.0

did not increase in forest cover, 71 percent became
urban. The amount of land with increasing forest
cover also differed with distance from the dense
forest (Forest 3) remnants present in 1936 (Log-
likelihood test; P < 0.001; Fig. 4c). Regeneration
of forest was greatest within 100 m of the forest
islands and riparian zones and decreased with in-
creasing distance from them.

Patch cHaracTERisTICS.—The average area of a
land-use patch almost doubled, from 9.1 ha in
1936 to 17.6 ha in 1988, while the average SLD
stayed more or less constant over the period, chang-
ing from 1.68 to 1.74 (Table 4). The polygon area
boxplot (Fig. 5) mirrored the increasing average
area trend (P = 0.0307). The areas of polygons of
sugar cane decreased from 1936 to 1964 (P =
0.0105), and by 1988 there was no sugar cane.
Dense forest patches increased in area from 1936
o 1964 (P = 0.0111) and again from 1964 to
1988 (P = 0.0187). In each study year, one or two
polygons accounted for a large proportion of the
total area in dense forest: in 1936, one polygon
contained 63 percent; in 1964, two polygons com-
prised 56 percent; and in 1988 one polygon ac-

counted for 84 percent. When those polygons were
excluded, the average polygon sizes increased from
2.1 ha in 1936 to 3.9 ha in 1964 to 6.8 ha in
1988, a three-fold increase. Polygon areas of the
urban classes (P = 0.0008) and pasture (P =
0.0001) increased from 1936 to 1988. Shoreline
development indices of polygons of individual
land-use classes were generally unchanged from
year to year, although they decreased for cane be-
tween 1936 and 1964 (P = 0.0215) and increased
for dense forest between 1964 and 1988 (P =
0.0031).

Spatial characteristics of polygons varied among
the different land uses in each year. In 1936, sugar
cane had the largest individual land-use polygons
(Wilcoxon; P = 0.0019), while dense forest had
the smallest (? = 0.0107) except for combined ur-
ban (comparison of dense forest and combined ur-
ban non-significant, P = 0.9079); dense forest also
had the largest shoreline development indices
(SLD; P = 0.0001). By 1964, the pattern was less
distinct, although dense forest still had the smallest
individual polygons (P = 0.0084) (except when
compared to urban, P = 0.0686) and the largest
SLD’s (P = 0.0061). The same pattern was re-

TABLE 3. Land-use transition matrix (backward trajectory) showing the source from 1936 of each 1988 land-use type.
Values in the table are the percentages of the area occupied by each of the land uses in 1988 (the columns)
that came from each particular land use in 1936 (the rows).

1936 1988 land use
land use Sugar cane Pasture Forest 1 Forest 2 Forest 3 Urban 1 Urban 2

Sugar cane 0.0 58.7 64.9 13.7 9.6 6.7 42.8

Pasture 0.0 31.0 26.6 59.6 30.9 61.8 42.2

Forest 1 0.0 5.7 2.7 15.8 25.1 16.5 11.3

Forest 2 0.0 1.1 1.8 6.2 9.1 3.9 0.4

Forest 3 0.0 3.0 3.4 4.6 25.0 11.0 0.7

Urban 1 0.0 0.5 0.6 0.0 0.3 0.1 0.4

Urban 2 0.0 0.0 0.0 0.0 0.0 0.0 2.2
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peated in 1988. The average area of dense forest
polygons in 1988, however, was much greater than
that of any other land-use class except high-density
urban. The high average value was the result of one
very large dense-forest polygon (representing 45
percent of the study area) in the south of the area
(Fig. 3c). Without that polygon, dense forest had
the smallest average patch size (6.8 ha) of any land-
cover class.

DISCUSSION

The pattern of land use in Luquillo has changed
dramatically between 1936 and 1988 (Fig. 3). In
1936, sugar cane and pasture were dominant, oc-
cupying about one third of the study area each,
while by 1988 there was no land under sugar cane
cultivation. By 1988, pasture covered a quarter of
the area, but more than half the study area was
occupied by dense forest. While earlier successional
stages of forest were never very common, they had
almost disappeared by 1988. There was a definite

trend from high-intensity agricultural use to dense
forest. In addition, the area of the combined urban
classes increased over 2000 percent between 1936
and 1988, and photographs taken in 1993 (J. R.
Thomlinson, pers. obs.) suggest that the urban ar-
eas are continuing to increase on recently forested
areas.

The exact trajectories taken by any particular
patch of land can not be ascertained conclusively
because of the interval between photographs, but
it seemed that sugar cane was converted to pasture
(which was the fate of over half the 1936 sugar
cane and about two thirds of the 1964 cane). In-
terestingly, however, 10 percent of land that was
cane in 1964 was dense forest in 1988, an interval
of only 24 yr. Examination of intermediate pho-
tographs may permit us to determine the exact tra-
jectory this land followed, but it seems that there
was insufficient time for a long period of pasture
establishment and use between abandonment from
sugar cane and the start of forest regeneration. Pas-
ture tended to remain in pasture or succeed to

TABLE 4. Average areas and shoreline development indices (SLD) for all polygons of each land-cover type in each of the
three study years. Dashed lines indicate value not applicable.

1936 1964 1988

Area (ha) SLD Area (ha) SLD Area (ha) SLD
All polygons 9.1 1.68 8.5 1.64 17.6 1.74
Sugar cane 29.3 1.65 12.2 1.46 0.0 —
Pasture 6.8 1.46 8.0 1.44 8.7 1.45
Forest 1 13.2 1.60 4.8 1.40 9.8 1.57
Forest 2 7.6 1.49 7.2 1.54 9.6 1.41
Forest 3 5.6 2.23 8.9 2.15 42.4 2.61
Combined urban 1.6 1.38 13.2 1.49 19.5 1.59
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FIGURE 5. Boxplots of areas of polygons of different land-use types: (a) all polygons; (b) sugar cane; (c) pasture;

(d) dense forest; and (e) combined urban, shown for each of the three study years. Horizontal lines on the box plots
show the 10th, 25th, 50th, 75th, and 90th percentiles increasing up the ordinate. The open circles show the 5th and

95th percentiles.

dense forest, this latter trajectory applying to about
a quarter of the pasture between 1936 and 1964
and close to half from 1964 to 1988. Looking at
the process from the other direction, land that was
dense forest in 1988 had previously been in one of
a number of different land uses in 1936, mainly
existing dense forest, low-density forest, or pasture.
The approach of looking at both forward and back-
ward trajectories allows two different perspectives.
The forward trajectory gives an indication of the
successional pathways and therefore possibly in-
sight into mechanisms (Aaviksoo 1993). The back-
ward trajectory considers the land-use history of a
given patch, and it may therefore help explain ex-
isting ecosystem properties based on known past
conditions.

Forest regeneration was greatest close to the
boundary of the LEF and decreased as distance
from the boundary increased. This may indicate
that the LEF was an important source pool of seeds
or simply that the land near the LEF was not as
attractive for human land uses. Higher elevations
of the study area, and the steep slopes found at
higher elevations, are not as suitable for agricultural
and urban development as the coastal plain. In ad-
dition, the higher elevations are further from the
coast and the major residential areas and transpor-
tation routes. One analysis that does seem to have
a more easily interpreted message is that the degree
of forest regeneration decreases with increasing dis-

tance from the 1936 patches of dense forest. The
forest islands and riparian corridors that were left
in 1936 appear to have served as nuclei for the
forest regeneration process. Further study is re-
quired to determine the mechanisms of regenera-
tion, but it seems likely that proximity to seed
pools or parent plants is the dominant factor. In
addition, hedges, roadside trees, and riparian forest
remnants may serve as dispersal corridors for bird-
and bat-dispersed species (Saunders & de Rebeira
1991).

There are other possible factors affecting forest
regeneration in the Luquillo area. These might in-
clude earlier abandonment of less-suitable sites (for
example, stream-side sites may be more subject to
flooding) or management decisions based on polit-
ical or monetary factors. For example, land closer
to the LEF may have been taken out of pasture
before land further away because of the market val-
ue of land close to a protected area, and at the
cooler high elevations, for home sites.

Finally, the nature of the patches in the Lu-
quillo landscape has changed as the land use has
changed. In 1936, dense forest had the smallest
individual patches with the highest degree of con-
volution, as measured by the shoreline develop-
ment index. This is a good indication of the high
degree of fragmentation of dense forest at that
time; many of the remnants had linear configura-
tions (riparian corridors and hedgerows). This pat-




tern was maintained through 1988, even though
the land-use map (Fig. 3¢) suggests otherwise. The
large area of dense forest on the map is a single
polygon, albeit a very large one, and the massive
effect this has on the overall land-use pattern is not
reflected in the statistical tests. The average polygon
areas, while not a suitable metric for statistical
comparisons, may give a more realistic view of the
overall land-use dynamics in the study area.

CONCLUSIONS

In our study area, decreasing intensity of agricul-
tural activity led to forest regeneration at a rapid
pace, and the rate of regeneration was greatest close
to remnant patches of mature (dense) forest. In
general, the land-cover change trajectory was from
sugar cane, through pasture, to forest, although a
small percentage of abandoned sugar cane land ap-

Post-agricultural Land-use Dynamics 535

hold true at other sites in the tropics, or even other
sites in Puerto Rico, but our study indicates the
importance of preserving remnants of mature forest
as sources of forest regeneration.
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