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ABSTRACT. The response of local economies to the globalization process can have a large effect on
population and land-use dynamics. In countries with a high population density and relatively high levels
of education, the globalization process has resulted in a shift in the local economy from agriculture to
manufacturing, technology, and service sectors. This shift in the economy hasimpacted |and-use dynamics
by decreasing agricultural lands, increasing urban growth, and in some cases, increasing forest cover. This
process of economic and forest transition has been well documented in Puerto Rico for the period 1950 to
1990, but some authors predicted that poor planning and continued urban growth would eliminatethe gains
in forest cover. To investigate the impacts of recent economic changes, we evaluated demographic and
land-use changes for 880 “barrios’ (i.e., neighborhoods), the smallest administrative unit, in Puerto Rico
using government census data from 1990 and 2000 and land-cover classifications from 1991 and 2000.
During this period, the population increased by 284 127 people (8.2%). Most of the growth was in the
suburban barrios, whereas urban barrios lost population. This shift was reflected by the construction of
more than 100 000 housing units in suburban barrios. Although urban sprawl is perceived as the major
land-cover change, urban cover only increased from 10% to 11% between 1990 and 2000, whereas the
increaseinforest cover was much greater (28% to 40%). Grasslands and shrublands were the major sources
of new urban and forest areas in 2000. Although these results are encouraging in terms of increasing forest
cover, most of the new development has been concentrated in the coastal plains, which are the location of
most of theremaining agricultural areas, afew protected areas, and threatened ecosystems(e.g., mangroves).

Key Words: agriculture decline; forest expansion; forest transition; globalization; land use-cover change;
suburban population growth; Puerto Rico

INTRODUCTION

Every phase of socioeconomic development has
different effects on population and landscape
dynamics. The transition from agricultural-based
economies to manufacturing accelerated the
urbanization process and the devel opment of cities,
often characterized by amonocentric urban growth
pattern due to the concentration of industries,
residences, and commerce in metropolitan areas (e.
g., Mexico City, Sao Paulo, Buenos Aires, Beijing,
London, New York) (Anas et al. 1998). Today,
many societies worldwide are undergoing a major
transformation from an industrial-based economy
to a knowledge-based economy. These modern
economiesarebased ontheproduction, distribution,
and use of information and technology, and are

powered by high-tech industries that include
electronics, pharmaceuticals, telecommunications,
softwaredevel opment, and aerospace (Organisation
for Economic Cooperation and Development
(OECD) 1996). Along with these economic
changes, innovationsin information and communication
technologies and the decentralization of commercial,
industrial, and financial activities are also affecting
the traditional patterns of urban agglomeration and
driving new population and landscape dynamics
(Elliot and Perry 1996, Munroe et al. 2005).

The effects of these modern socioeconomic trends
include changesin the spatial structure of urban and
rural areas, such as urban population decline,
suburban growth, and the urbani zation of rural areas
(Munroeet al. 2005). In some devel oped countries,
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decentralization tendencies are stimulating urban
sprawl and the conversion of agricultural lands and
open spaces to urban land uses (Wassmer 2002).
Theloss of valuable agricultural landsisnot only a
response to urban expansion, but aso reflects a
decline in small-scale agricultural activities. In
addition, the declinein agriculture jobsis furthered
by the increase of employment opportunities in
manufacturing, trade, tourism, and other service
sectors, which attract more people, particularly the
young and educated, to urban areas (Losada et al.
1998).

The ecological consequences of areas that have
experienced rural—urban migration and agriculture
abandonment have been documented for many
developed countries, and often include an increase
in forest cover (i.e., forest transition) (Rudel et al.
2002, Walker et al. 2002). More recently, similar
patterns of forest or ecological transition have been
documented in some developing countries
including Costa Rica (Céspedes et a. 2003),
Ecuador (Zahawi and Augspurger 1999, Rudel et
al. 2002), Mexico (Klooster 2003, Read et al. 2003),
Oceania (Endress and Chinea 2001), ElI Salvador
(Hecht et al. 2006), and Puerto Rico (Aide et a.
1996, Grau et al. 2003, Lugo et al. 2004). But other
studies have shown that different socioeconomic
factors, such asashifttolarge-scaleagriculture, tree
plantationsor urban sprawl, could act asbarriersfor
ecosystems recovery (Johnson 2001). The
globalization process and the emergence of the
knowledge-based economy are clearly affecting
demographic and land-use dynamics globally, but
understanding how these changesinteract withlocal
conditions is a major challenge for researchers,
planners, and local governments.

Globalization, Urban Growth, and Forest
Recovery in Puerto Rico

Puerto Rico is frequently used as an example of
economic forest transition in a developing country
where achange from agricultural to manufacturing
and service sectors has stimulated forest recovery
(Lugo et a. 1981, Birdsey and Weaver 1990,
Thomlinson et a. 1996, Aide and Grau 2004,
Helmer 2004). Most impressively, the idand’'s
forests have increased from approximately 6% to
40% between 1940 and 2000 while the population
increased from approximately 2 to 4 million Franco
et a. 1997, (Lugo 2002). Forest recovery in Puerto
Rico has occurred mainly on abandoned pastures
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and agricultural lands, as a consequence of
migration of rural population into urban areas in
search of wage labor (Riveraand Aide 1998, Grau
et al. 2003). Today, the growth of pharmaceutical
and high-tech industries (Curcio 2005), the
availability of higher-paying manufacturing jobs,
and the decline of the agricultural sector (LOpez et
al. 2001) suggest that these factors will continue to
be important socioeconomic drivers, but will forest
cover continue to increase? Given that the
population continues to grow, as has per capita
income, there is an increasing demand for urban
structures, particularly residential buildings. Asin
many developed countries, increasing purchasing
power often translates into a migration from urban
centersto suburban areas. Inthe case of Puerto Rico,
researchers have predicted that this tendency of
urban expansion will come at the cost of secondary
forests (Thomlinson and Rivera 2000) and the
remaining agricultural lands (Lopez et al. 2001).

To understand how the globalization process (i.e.,
theshift from an agricultural economy to onehighly
dependent on manufacturing and service sectors) is
affecting local population, urban development, and
landscape dynamics, we analyzed demographic,
housing, and land-use and land-cover changes for
880 “barrios’ (i.e., neighborhoods) in Puerto Rico
using government census data and land-cover
classifications. Specifically, we addressed the
following objectives: 1) describe the population
dynamics and housing development patterns
between 1990 and 2000, and 2) describe the land-
useand land-cover changes between 1991 and 2000
to understand how population dynamics are
affecting land-use practices. For both objectives, we
wereinterestedin understanding the patternsamong
barrios with different population densities (i.e.,
urban, suburban, rura), and in different
geographical regions (i.e., coastal plains, coasta
hills, central mountains).

METHODS
Study Area

Puerto Rico is located in the eastern part of the
Caribbean and has an area of approximately 8900
km?, including Vieques and Culéebra, two small
island-municipalities|ocated off the east coast. The
altitude varies between sea level and 1300 m, and
the mean annual temperature ranges from 19°C to
26°C. The ecological life zones of Puerto Rico
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include subtropical dry forests and subtropical rain
forests, among other life zones described by Ewel
and Whitmore (1973). In addition, theisland can be
divided into three major physiographic regions
based on topographic features, geologic structure,
androck type: thecoastal lowlands, the coastal hills,
and the central mountains.

The population of Puerto Rico has increased from
approximately 1 millionin 1900to 2 millionin 1950
to 4 millionin 2005. Since 1980, the annual growth
rate has declined from 1.6% to less than 0.3 % in
2007 (U.S. Census Bureau 2001). The island is
divided into 78 municipalities, which are further
subdivided into 900 neighborhoods or barrios. The
areaof thebarriosrangesfrom 0.1 km? (Barceloneta
barrio-pueblo) to 64 km? (Lapa barrio in Salinas).
“Barrio-pueblo” refers to the main urban,
commercial, and administrative center of each
municipality. Although this project aimsto provide
a broad picture of the current population and
landscape dynamics in Puerto Rico, we focused on
the dynamics occurring at the barrio scale. The use
of the barrio data, the smallest geographic unit,
allowed us to accurately associate population
changes with local changes in land-use and land-
cover patterns.

The geographical location of Puerto Rico and its
political and economic relationship with the U.S.
through a commonwealth association since 1952
have turned the island into an active participant in
the global economy. Puerto Rico is an important
production center for high-tech manufacturing and
pharmaceutical production of international corporations
such as Pfizer Inc., Abbott Laboratories, and
Hewlett-Packard. In 2003, Puerto Rico shipped
more than US$31 billion worth of pharmaceutical
products, making the island the world's largest
international shipper of pharmaceutical products,
with a 24.5% share of the total world shipments
(Curcio 2005). In addition to the pharmaceutical
companies operating in Puerto Rico (e.g., Johnson
and Johnson, Merck, GlaxoSmithKline, Warner
Chilcott, Clariant, and AstraZeneca), many biotech
companies(e.g., Amge, Eli Lilly) and high-tech and
software companies (e.g., Siemens, Genera
Electric, Solectron, Smart Modular, Cutler-
Hammer, Microsoft, Storage Technology, and
Hubbell) have a'so made major investments in the
island.
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Census Data and Geogr aphic Trends of
Population Growth and Distribution

Population and housing data of the 900 barrios of
Puerto Rico were obtained from the U.S. 1990 and
2000 Censuses of Population. Cartographic
reference maps from the U.S. Census Bureau's
spatial database (Topologically Integrated Geographic
Encoding and Referencing system-TIGER) were
used to establish the political boundaries of the 900
barrios. Between 1990 and 2000, the political
boundaries of six barrios changed and land-cover
datafor thetwo island-municipalities of Vieques (n
= 8 barrios) and Culebra (n = 6 barrios) were
incomplete, thus these 20 barrios were excluded
from the analysis. The remaining 880 barrios
comprise 98% (8607 km?) of the total main-island
land area. For the geographical analysis of
population growth and distribution, we used a
digital elevation map (DEM) (Gould et al. 2005) to
dividetheislandlandscapeinto threemajor regions:
coastal plains, coastal hills, and central mountains.
ESRI’s ArcGIS® version 9 GI S software was used
to manage al data, and to perform spatial analyses
of the demographic and land-cover information.

To analyze temporal population dynamics and the
spatial distribution of the populationin Puerto Rico,
we classified the 880 barrios into rural, suburban,
or urban following Martinuzzi et a. (2007) and
based on density data for 1990 and 2000 (Fig. 1a).
Rural barrioshad apopulation density lessthan 200
people/lkm? Suburban barrios from 200-1000
people/km?, and Urban barrios greater than 1000
people/km?. These categories are similar to those
used in other demographic studies (Bolioli 2001)
and a population classification analysis based on
patterns of urban development and census data of
Puerto Rico in 2000 (Martinuzzi et a. 2007). For
the geographical analysis of population growth and
distribution, we used a DEM (U.S. Geological
Survey 2005). Each of the 880 barrioswas assigned
toanelevationregionincluding“ coastal plains’ (0—
100 m), “coastal hills’ (100-250 m), and the
“central mountains’ (> 250 m) (Fig. 1b). Population
and housing data for 1990 and 2000 were analyzed
based on barrio classification and el evation features
to identify landscape patterns of population growth
and distribution.
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Fig. 1. Maps of Puerto Rico showing a) the 900 barrios classified by population density in 1990 into
three classes (i.e., rural, suburban, urban), b) the three elevation regions, and c) land-use categories
(modified from Gould et al. 2007).
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Analysisof Land-Cover Change between 1991
and 2000

For the temporal and spatial analysis of land-use
and land-cover changesfrom 1991 to 2000, we used
two digital land-cover maps of theisland. The map
of 1991 was asatellite-image-based map of theland
cover for 1991-1992 with a 30-m resolution that
included 26 land-cover and woody vegetation
classes (Helmer et a. 2002). The 2000 land cover
was developed by the Puerto Rico Gap Analysis
Program (Gould et al. 2007) and is based on 15-m
resolution Landsat ETM+ satellite imagery
acquired between 2001 and 2003, and included 70
land-cover classes. Key differences between these
maps include inconsistencies between years in
classifying forest vs. woodland and shrubland, in
classifying woodland and shrubland vs. grassland,
and in delineating urban areas. The 1991
classification overestimated urban areas relative to
the 2000 classification. The finer resolution of the
2000 classification resulted in areas of residential
development (i.e., houses surrounded by vegetation)
being more precisely delineated, reducing the
mapped amount of developed area. To minimize
differences in classification schemes, both
classifications were resampled to 15-m resolution
and reduced to six broad categories of land cover:
forest, shrubland, grassland, agriculture, urban, and
sand and rock (Appendix 1, Fig. 1c). Given that the
areain sand and rock waslessthan 1%, thiscategory
wasexcluded from theanalyses. A transition matrix
analysiswasusedtoidentify island-wideland-cover
changes.

At the barrio level, we conducted Non-metric
Multidimensional Scaling (NMS) to compare land-
cover change between 1991 and 2000. The analysis
was done using PC ORD 5 and following the
recommendations of McCune and Grace (2002).
The NMS ordination grouped barrios based on
percentage cover of the five different land-cover
types. To perform these analyses we used the
Sarensen index to create the distance matrix, a
random starting configuration with a maximum of
six axes, a stability criterion = 5 x 10°, 50
permutations with real data, and aMonte Carlo test
based on 50 permutations. The final solution was
determined by a combination of results from the
Monte Carlo test, and the minimum number of
dimensions that provided the lowest stress and
instability (McCune and Grace 2002). Each barrio
was assigned to one of nine categories based on its
population density (urban, suburban, rural) in 1990
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and location (coastal plains, coastal hills, central
mountains). These data were used to create a
secondary matrix. Theinitial ordinationincludedall
barriosin both years (n = 1760). The average value
(i.e., ordination location) of the barrios in each the
nine density/location categories was calcul ated for
both years to show the overal trend in land-use
change.

RESULTS
Population and Housing Dynamics

Of the 880 barriosin 1990, 375 barrios (43%) were
classified as suburban barrios, 360 (41%) as rural
barrios, and 145 (16%) as urban barrios (Fig. 1a,
Table 1). In 1990, approximately 46.6% of the
population lived in urban barrios, but by 2000, the
percentage of peoplelivingin urban areasdecreased
t042.7%, and the suburban barrios became the most
populated areas of the island (Table 1). Between
1990 and 2000, thetotal population of urban barrios
decreased by 12 137 people, whereas suburban and
rural barrios increased by 235 348 and 60 916
people, respectively (Table 1). Although the
suburban barrios had the largest population
increase, between 1990 and 2000, only seven
suburban barriosconvertedto urban, compared with
45 rural barriosthat converted to suburban (Fig. 1a),
suggesting that the movement of population into
rural areas is aso a significant dynamic occurring
in theisland.

This island-wide pattern is clearly represented by
the population change at the barrio-level (Fig. 2).
Twenty-two of the 23 barrios (96%) that lost more
than 1000 people between 1990 and 2000 were
urban barrios, whereas 76 of the 94 barrios (81%)
that increased by morethan 1000 peoplewereeither
suburban or rural barrios. Urban population decline
wasmost noticeableinthebarrio-puebl os, theurban
center of each municipality. Seventy of the 78
barrio-pueblos (90%) had negative population
growth, accounting for aloss of over 25 000 urban
inhabitants. These demographic changes were
accompanied by the construction of over 200 000
new housing units between 1990 and 2000, and the
rate of increase of new houses was much greater
(19.9%) than population growth (8.2%) (Table 1).
More than 50% of the new housing units were built
in suburban barrios, in particularly in the coastal
plains (Table 1). In addition, more than 60 000 new
householdswere built in urban barriosin the coastal
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Table 1. Population and housing dynamics between 1990 and 2000 in Puerto Rico based on barrio type

and elevation regions

n Populationin Populationin  Population change  New households People/housing units
barrios 1990 2000 units

Barrio type and number % number % number % number 9% change 1990 2000
Elevation region

Urban 145 1614644 466 1602507 42.7 -12137 -0.8 69668 120 3.17 281
Coastal plains 121 1462310 422 1449918 38.7 -12392 -0.8 63162 121 3.15 2.79
Coastal hills 14 113112 33 115676 3.1 2564 23 5702 137 3.44 3.09
Central mountains 10 39222 11 36913 1.0 -2309 -59 804 35 2.94 2.67
Suburban 375 1416001 408 1651349 440 235348 166 108842 301 391 351
Coastal plains 204 826946 239 972120 259 145174 17.6 63873 293 3.79 345
Coastad hills 115 396690 114 459200 122 62510 15.8 30486 31.3 4.07 3.59
Central mountains 56 192365 5.5 220029 5.9 27664 144 14483 312 415 361
Rural 360 436250 12.6 497166 13.3 60916 14.0 30467 232 3.58 331
Coastal plains 73 104857 3.0 122720 3.3 17863 17.0 7667 233 3.38 321
Coastal hills 110 141247 41 165403 44 24156 17.1 10907 27.3 3.66 3.37
Central mountains 177 190146 55 209043 5.6 18897 9.9 11893 201 3.65 334
TOTAL: 880 3466895 100 3751022 100 284127 82 208977 199 3.49 3.15

plains despite considerable population loss (Table
1). Thisincreasein housing in all three barrio types
reduced the people:housing unit ratio from 3.49 in
1990 to 3.15in 2000 (Table 1).

Geographic location also played an important role
in population change (Table 1, Fig. 2). The coastal
plainsregion had the largest increase in the number
of peopleand housi ng unitsbetween 1990 and 2000,
gaining morethan 150 000 people and over 130 000
new households (Table 1, Fig. 2). But, based on the
percentage of population change, the coastal hills
region had the highest growth with a13.7% change,
followed by the central mountains region (10.5%)
and the coastal plains (6.3%). Moreover, a spatial
analysis of population growth based on elevation
range showed a rapidly growing suburban
population in every elevation region, although the
largest increase was in the coastal plains (Table 1,
Fig. 2). Rural barrios also showed a population

increase in the three regions, similar to the
percentage changein suburban barrios, whereasthe
populations of urban barrios are declining in the
coastal plains and centra mountains, and only
dlightly growing in the coastal hills (Table 1).

Land-Cover Changes between 1991 and 2000

At theisland-wide scale, there has been an increase
inurban cover (10.5%to0 11.3%) and alargeincrease
in forest cover (28.2% to 39.7%) (Fig. 3, Table 2).
Between 1991 and 2000, urban cover increased by
68 km?, and this devel opment was concentrated in
suburban barrios and in the coastal plains region.
The source of these new urban and forests areasin
2000, were mainly the other land-use classes, which
all declined: grassands (37.7% to 32.9%),
shrublands (17.3% to 12.7%), and agriculture (6%
t03.1%) (Fig. 3, Table 2). Themajor sourcesof new
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Fig. 2. Population change between 1990 and 2000 for the three barrio types within the three elevation

regions.
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forests were shrublands (810 km?) and grassland
(668 km?), whereas the major source of urban
development was grasslands (302 km?) (Table 2).
Agricultural cover declined by approximately 50%
(Fig. 3), and most of these abandoned areas
converted into grasslands (Table 2). An example of
these dynamicsis shown in Fig. 4, where there has
been urban expansion, agricultural abandonment (to
the north of the urban center), and the conversion
of grasslands and shrublands to forest cover. The
land-cover transition matrix also showed that some
urban land converted to other cover types(Table 2).
Of the more than 900 km? classified as urban in
1990, approximately 226 km? were classified as
grasslands in 2000. The possible causes of this
unlikely transition are discussed in more detalil
below.

Barriosvaried greatly inland cover (Fig. 5a). Inthe
NMS analysis, the mgjor factors that separated the
barrios aong axis 1 were forest (r = -0.48) and
grassand cover (r = 0.75). Axis 2 separated the
barriosmainly based onforest (r =- 0.84) and urban

Coastal hills

Central mountains

(r = 0.63) cover (Fig. 5b). When barrios were
grouped into nine population density/location
classes, therewasaclear separation of groupsbased
on populationdensity. Theurban barrios, regardless
of location, presented similar land-use composition
(low grasslands, high urban). The three suburban
barrios classes were also very similar, and were
characterized by a high proportion of grasslands
(Fig. 5b). Therural barriosinthehillsand mountains
grouped together with high proportionsof forest and
grasslands, but the coastal rural barrios were more
similar to the suburban barrios with a greater
proportion of urban cover (Fig. 5b). Similar to the
iIsland-wide statistics (Fig. 2, Table 2), between
1991 and 2000 the nine barrio population density/
location classes showed adeclinein grassland cover
and alargeincrease in forest cover (Fig. 5b).
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Fig. 3. Percentage land-use change at the island-wide scale.
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Population Dynamics—the Suburbanization
Process

From 1990 to 2000, population dynamicsin Puerto
Rico were defined by rapid suburban population
growth and a significant depopulation of the major
urban centers of the isand. The considerable
increase in population and housing construction in
suburban barriosreflects agrowing trend of urban—
suburban migration, particularly to the outskirts of
the San Juan Metropolitan Area. Part of thisincrease
was due to the exodus from the main urban centers,
particularly the barrio-pueblos. Approximately
90% of the barrio-puebl oslost popul ation (>25 000)
between 1990 and 2000. In addition, the conversion
of 45 rura barrios into suburban barrios between
1990and 2000 (Fig. 1a) suggestsastrong preference
for less densely populated areas, despite the high
availability of housing units (i.e., new and vacant
houses) in urban areas, is also contributing to the
rapid suburbanization of the rural landscape. The

advances in communication technology, lower
suburban house prices, and the expansion of the
industrial area outside the major urban centers are
the most important factors contributing to this
suburbani zation process.

Suburbanization is often visualized as one of the
stagesof the urban devel opment process, alongwith
urbanization, counterurbanization (i.e., urban to
rural) and reurbanization, based on population
growth and decline in the core and periphery of
metropolitan regions (van den Berg et a. 1982).
Usually, urbanization and reurbani zation phasesare
related to the “concentration hypothesis,” whereas
suburbanization and counterurbanization are
related to the “dispersion hypothesis’ (Elliot and
Perry 1996). During the urbani zation phase, theloss
of jobs in the agricultura sector due to
industrialization leads to migration of rurd
population towards the inner-city, resulting in
urban-metropolitan agglomerations (Elliot and
Perry 1996). In Puerto Rico, rural—urban migration
was the most prevalent population dynamic as the
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Table 2. Transition matrix analysis of land-cover changesin Puerto Rico from 1991 to 2000

Land Cover 2000 Total Area Percentage
km?in 1991 in 1991
19912000 Grassland Forest  Shrubland Urban  Agriculture Sand &
Rock
1991 Grassland 1736.1 668.5 469.1 302.2 64.6 6.2 3246.7 377
Forest 287.2 1815.8 260.6 46.9 11.5 3.0 2424.9 28.2
Shrubland 349.3 8105 270.2 58.7 45 15 1494.5 17.3
Urban 226.6 72.8 62.4 534.6 52 4.7 906.4 105
Agriculture 227.0 46.4 30.9 30.1 177.2 0.7 512.3 6.0
Sand & Rock 6.0 29 16 21 04 9.6 22.6 0.3
Total Areakm?in 2000 2832.2 3416.9 1094.8 974.6 263.3 25.7 8607.4 100
Percentage in 2000 32.9 39.7 12.7 11.3 31 0.3

economy shifted from agriculture to manufacturing
in the 1950s and following decades. Today, the
island is going through the suburbanization phase,
which is characterized by economic restructuring
processes, decentralization of employment and
services, higher urban land prices, and the
availability of jobs in small and medium cities
causing population and household movementsaway
from the urban centers (Elliot and Perry 1996).

Our study also revealed that counterurbanizationis
also occurring in Puerto Rico, referring to the
movement of people outside urban areas, but
specifically into rural areas, resembling a reversal
of the urbanization process. In Puerto Rico, these
counterurbani zation trends can be observed mainly
on the west coast of the island, particularly in the
municipalities of Arecibo, |sabela, and Cabo Rojo,
aswell asin theisland’s municipalities of Vieques
and Culebra. These population dynamics could be
associated with amenity migration to the coastal
countryside, with tourism, recreation, and more
specifically, with the establishment of second
homes. In addition, patterns of rural development
can also be observed in the surroundings of the San
Juan Metropolitan Area and near areas of recent
industrial development (e.g., pharmaceuticals and
biotechnology companies), in the municipalities of

Santa Isabel, Guayama, Las Piedras, and Aguas
Buenas. Thistype of development, or “edgecities,”
with low-density residential, commercial, and
industrial development has greatly expanded the
most popul ous metropolitan areas of the U.S. (e.g.,
New Y ork, LosAngeles, Philadel phia, and Atlanta).
A similar process of urban depopulation and
suburban growth is occurring in China, particularly
in and around the Beijing metropolitan area (Zhou
and Ma2000). A mgjor driver of these changes has
been foreign investments, which have stimulated
modernization and regional industrial growth
(Shenjing et al. 2006). These socioeconomic
changes have also caused suburban expansion in
China due to industrial decentralization, transportation
improvements, and new housing constructioninthe
suburbs (Zhou and Ma 2000), similar to the
dynamics we have observed in Puerto Rico.

L and-Use Dynamics—I ncreasing Urban and
Forest Cover

Between 1991 and 2000, landscape dynamics in
Puerto Rico were characterized by alarge increase
in forest cover accompanied by urban expansion,
and a decrease in grassland and agriculture.
Although there has been a considerable growth in
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Fig. 4. Land-cover changes between 1991 and 2000 around the city of Mayaglez in western Puerto

Rico.
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the suburban and rural populations of the island,
urban cover only increased by 7%, while forest
cover increased by 41% (Fig. 3, Table 2). Theland-
cover matrix analysis (Table 2) showed a
conversion of urban areasto other land-cover types
between 1991 and 2000. These unlikely transitions
probably occurred because developed (i.e., urban)
pixels tend to occur in small patches formed by
mixed pixels that include grasslands and forested
areas. Minor shiftsintheregistration of theimagery
can lead to misaligned pixels and artificial
transitions from urban to forest or grasslands.
Although this is a problem at small spatial scales,
our estimates of urban land-cover change are
consistent with those reported by Helmer and
Ruefenacht (2005) in their change detection
analysisof urban cover in Puerto Rico for 1991 and
2000 using cloud-free satellite images.

Most new urban development occurred in areas
classified as grasslands in 1991, whereas only a
small portion of forested areas (5%) and agricultural
lands (3%) were converted to urban cover (Table
2). Martinuzzi et al. (2007) reported that nearly 60%
of al the urban land uses in Puerto Rico in 2000
corresponded to relatively high-density developments.
A magjor factor that could be driving these changes
isthe high cost of land in Puerto Rico. By 2000, the
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median housing value in Puerto Rico reached
US$75 100, an increase of 107% since 1990 when
the median value was US$36 200. In general,
population densities in Puerto Rico are higher than
in cities in the United States (U.S. Census Bureau
2001), but urban densitiesontheisland arefar lower
than theworld average (DemographiaWorld Urban
Areas 2007). This indicates that urban areas have
been underutilized at the expense of open space for
housing and development. Furthermore, the
construction of approximately 200 000 new housing
units plus the accompanying roads and commercial
areas has occurred primarily at the expense of open
Space as opposed to increasing density of urbanized
areas.

Between 1991 and 2000, the area of agriculture
cover decreased by approximately 50%, from 512
km? in 1991 to 263 km?in 2000. The majority of
agricultural lands in 1991 (more than 44%) were
converted to grassland by 2000, whereas less than
10% of the total agricultural lands were converted
to urban land uses. The decline in agricultural
production in Puerto Rico is associated with high
costs of production, low productivity, and growth
of non-farm jobs (LOpez et a. 2001). The
abandonment of agriculture has been the major
process that has permitted natural forest expansion
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Fig. 5. NMS ordination based on the percentage of land cover for each barrio in 1991 and 2000. @) all
barrios from 1991 (n = 880). The symbol legend isin panel b; b) trendsin land-cover change based on

the mean of the x and y values of barrios in each population density/location class for 1991 (colored
symbols) and 2000 ( O).
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in Puerto Rico at the same time that population and
urban cover are increasing. Although most of the
increaseinforest cover between 1991 and 2000 was
due to the natural regrowth of secondary forest in
shrublands and grasslands (Table 2), most of these
areas were previously agricultural lands that were
abandoned over the last 50 years, and are in the
process of secondary succession (Aide et a. 2000).
In the past, most forest regrowth occurred in the
central mountains, but our barrio-level analysis
showed that forest cover isincreasing in al barrio
types despite their geographic location (Fig. 5).

CONCLUSIONS

Between 1990 and 2000 in Puerto Rico,
suburbanization trends and natural forest regrowth
were the most important population and landscape
dynamics. In Puerto Rico, the transition to a
knowledge-based economy has caused socioeconomic
changes, such as an increasing demand for
employment in the manufacturing, technology, and
service sectors, and the decentralization of
commercial and financial activities. This
decentralization tendency is mainly in response to
the emergence of new industrial areas outside the
main urban center, the San Juan Metropolitan Area,
and is probably the most important factor
influencing suburban growth and urban depopul ation
on the island. A consequence of this economic
growth has been an increase in per capita income,
whichasinother partsof theworld, hasledto urban—
suburban migration (Kahn 2000). Suburban
population growth in Puerto Rico has aso been
greatly facilitated by theextensiveroad network that
makesit possibleto easily commutefromoneregion
of the island to other, but this factor has also had
negativeimpactson the environment (Martinuzzi et
al. 2007). Morethan 99% of theisland areaislocated
within 1 km of the nearest road (Grau et a. 2004),
encouraging urban sprawl throughout the island
landscape and causi ng the reduction of open spaces,
fragmentation of habitats, increase in energy
consumption, greater air and water pollution and
amost total reliance on the automobile for
transportation (Martinuzzi et al. 2007). In fact, in
1990, only 10.3% of the total population in Puerto
Rico used public transportation to get to work, and
by 2000, it decreased to 5.3% (U.S. Census Bureau
2001).

Due to the limited land availability on the island,
andinorder to prevent further urban sprawl, it would
be useful if Puerto Rico entered the reurbanization
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phase, with migration back to urban centers. This
phasetendsto occur in post-industrialized countries
In response to successful restoration projectsin the
inner city and a shift in preference for a urban
lifestyle. But in Puerto Rico, urban depopulation,
also known as the shrinking city phenomenon
(Banzhaf et al. 2005), continues to be a challenge
for urban and regional planners, scholars, policy
makers, and citizens. The challenges they face
include revitalizing decaying and abandoned
structures, maintaining an aging infrastructure,
providing adequate public services, and encouraging
new business activities and employment opportunities
(Sanchez and Dawkins 2001). Investmentsin urban
infrastructure renewal and smart growth strategies,
such as increasing green areas and providing a
variety of transportation options, are some
alternatives that could reduce urban depopulation
and help prevent urban sprawl.

In terms of landscape dynamics, forested areas in
Puerto Rico are increasing due to the natural
regrowth of secondary forest in shrublands and
grasslands throughout the island.

Although these results are encouraging in terms of
increasing forest cover, agriculture in Puerto Rico
Is disappearing (Table 2). In addition, most new
urban development has been concentrated on the
coastal plains, which are where most of the
remaining agricultural landsandfew protected areas
arelocated (Fig. 1b). More than 2.5 million people
live on the coastal plains, and uncontrolled
developmentsin thisregion will not only eliminate
the last agricultural lands (LOpez et a. 2001), but
may aso have negative impacts on adjacent
wetlands and coastal ecosystems (Gould et al.
2007). In Puerto Rico, aswell asother countriesthat
have experienced agricultural decline, mountainous
regions with steep slopes are often the first areas
that are abandoned and often return to natural
vegetation with little or no intervention (Aideet al.
2000, Grau and Aide 2007). In fact, during the
1990s, 38% of the world's countries experienced
sustained increases in forest cover (Rudel et al.
2005), after a decrease in agriculture production.
Rudel et al. (2005) refer to this sequence of events
as the “economic development path” to forest
transition. Population and land-use dynamics
between 1990 and 2000 in Puerto Rico occurred in
the virtual absence of landscape planning,
suggesting that minor intervention (e.g., promoting
greater vertical development) could resultinamuch
more efficient use of the land resources.
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APPENDIX 1. The six broad land-cover categories are based on detailed land-cover maps from 1991
(Helmer et a. 2002) and 2000 (Gould et al. 2007). This table shows the land-cover categories from the
previous studies that were combined to create the broad categories used in the present study. Accuracy for
the classification of major land-cover types has been assessed at 83% and 85% for the 1991 and 2000 maps

respectively (Helmer et al. 2002, Gould et a. 2007).

Reclassified

land cover 1991 2000

categories

Forests Lowland dry semideciduous forest Lowland dry alluvial semidecidous forest

Lowland dry seasonal evergreen sclerophyllous forest

Lowland moist seasonal evergreen sclerophyllous forest

Lowland moist seasonal evergreen forest

Lowland moist coconut palm forest

Lowland moist semi-deciduous forest

Lowland moist seasonal evergreen and semi-deciduous
forest

Sub/lower montane wet evergreen sclerophyllous forest

Submontane wet evergreen forest

L ower montane wet evergreen forest/tall cloud forest

L ower montane wet evergreen forest - mixed pam and

elfin cloud forest

Lower montane wet evergreen forest - elfin cloud forest

Tidally and semi-permanently flooded evergreen

Lowland dry limestone semideciduous forest

Lowland dry limestone cliffside semideciduous
forest

Lowland dry limestone volcanic semideciduous
forest

Abandoned dry forest plantations

Lowland moist evergreen alluvial forest

Moist limestone evergreen and semideciduous
forest

Moist limestone shrubland and woodland

Lowland moist evergreen volcanic forest

Lowland moist abandoned and active coffee
plantations

Lowland moist riparian forest

Lowland dry riparian forest

Montane wet evergreen alluvial forest

Montane wet evergreen vol canic forest

(con'd)
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Shrublands

sclerophyllous forest

Seasonally flooded rainforest

Submontane and lower montane wet evergreen forest/
shrub and

active/abandoned coffee

Lowland dry semideciduous woodland/shrubland

Lowland dry mixed evergreen deciduous shrubland with

succulents

Lowland moist evergreen hemisclerophylous shrubland

Lowland moist seasonal evergreen forest/shrub

Lowland moist semi-deciduous forest/shrub

L owland moist seasonal evergreen - semi-deciduous
forest/shrub

Sub/lower montane wet evergreen sclerophyllous forest/

shrub

Active sun/shade coffee, sub/lower montane wet forest/

shrub

Tidally flooded evergreen dwarf-shrubland and forb
vegetation
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Montane wet evergreen Tabonuco forest
Montane wet evergreen Palo Colorado forest

Montane wet evergreen Sierra Palm forest

Montane wet evergreen elfin woodland cloud forest
Montane wet evergreen serpentine forest

Montane wet evergreen abandoned/active coffee
plantations

Mangrove forest

Fresh water pterocarpus swamp

Lowland dry riparian shrubland and woodland

Lowland dry limestone woodland and shrubland

Lowland dry limestone shrubland

Lowland dry cactus shrubland

Lowland dry limestone cliffside shrubland and
woodland

Lowland dryvolcanic shrubland and woodland
Coastal dwarf woodland and shrubland

Dry and moist serpentine woodland and shrubland

Lowland moist alluvial shrubland and woodland
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Grasdands Pasture

Other emergent wetlands (including seasonally flooded
pasture)

Agriculture Agriculture/hay

Agriculture

Urban area Urban and barren

Sand and  Salt and mud flats
Rock
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Lowland moist riparian shrubland and woodland
Lowland moist volcanic shrubland and woodland

Montane wet evergreen volcanic shrubland and
woodland

Wet serpentine shrubland and woodland

Montane wet alluvia shrubland and woodland

Dry grasslands and pastures

Dry cactus grassland and shrublands

Emergent herbaceous nonsaline wetlands
Emergent herbaceous saline wetlands
Seasonally flooded herbaceous nonsaline wetlands

Seasonally flooded herbaceous saline wetlands

Woody agriculture and plantations

Aquiculture

Urban devel poment

Artificial barrens

Salt and mud flats
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Sand and Rock Gravel and mixed sand beaches

Ripariand and other natural barrens

Rocky cliffs and shelves
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