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Abstract
Gould, William A.; Alarcon, Caryl; Fevold, Brick; Jiménez, Michael E.;

Martinuzzi, Sebastian; Potts, Gary; Quinones, Maya; Solérzano, Mariano;
Ventosa, Eduardo. 2008. The Puerto Rico Gap Analysis Project. Volume 1:
Land cover, vertebrate species distributions, and land stewardship. Gen. Tech.
Rep. ITF-GTR-39. Rio Piedras, PR: U.S. Department of Agriculture, Forest

Service, International Institute of Tropical Forestry. 165 p.

Puerto Rico faces a number of problems common to much of the world. Population
is increasing while land area is not, and there are reassessments of land use policy
and practice to accommodate growing populations, shifting economies, and chang-
ing public value systems. Puerto Rico shares similarities with the Eastern United
States with its history of agricultural abandonment, relatively high population
density, and abundance of “forested” suburban areas in the wildland-urban interface.
Puerto Rico has affinities with other tropical regions with high biodiversity and an
abundance of rare species. Puerto Rico shares similarities with small islands with
space limitations, an abrupt terrestrial-marine interface, and species diversity
controlled by the isolation of the island as well as climatic, evolutionary, and
historical factors. The Puerto Rico Gap Analysis Project documents Puerto Rico’s
land cover, vertebrate occurrences and natural history information, and land stew-
ardship. The report has four major components: land cover mapping, documenta-
tion of vertebrate species distributions, documentation of land stewardship practices
with respect to conservation, and an integrated analysis of these three elements.
Our current reserve system protects a number of important habitats and species and
includes 7.6 percent of Puerto Rico. Expanding this to 15 percent would be more in
line with internationally accepted conservation goals. Abandoned agricultural land
serves as habitat for a number of species and buffers older forests, wetlands, ripar-
ian areas, and reserves. These lands have excellent potential for restoration. Recom-
mendations include expanded reserves in the coastal plain, particularly coastal hills
and the matrix of wetland and upland vegetation; regulation of development in the
periphery of existing reserves; and developing viable corridors to connect the
upland and coastal reserves.

Keywords: Biodiversity, conservation, tropical ecology, vertebrate diversity,

land cover, Puerto Rico



Summary
The Puerto Rico Gap Analysis Project (PRGAP) is a comprehensive assemblage of

information on Puerto Rico’s land cover, vertebrate occurrences and natural history
information, and land stewardship. It is based on methods developed by the national
Gap Analysis Program (GAP) to determine the degree to which animal species and
natural communities are represented in the current mix of conservation lands. Those
species or communities not well represented are considered conservation “gaps.”
The PRGAP provides geographic and ecological information on the status of not
only threatened or rare species, but the common species of Puerto Rico.

The PRGAP project has four major components: land cover mapping, docu-
mentation of vertebrate species distributions, documentation of land stewardship
practices with respect to conservation, and an integrated analysis of these three

elements.

Land Cover

We developed a land cover map of Puerto Rico using recent (1999-2003) satellite
imagery and information on climate, geology, topography, hydrology, and land use
history. We defined 70 land cover classes in a hierarchical classification scheme
based on whether the cover is natural vegetation, developed, or agricultural and on
whether the natural vegetation is closed forest, woodland, shrubland, or grassland.
Forest and grassland classes are further defined as dry, moist, wet, or flooded. These
units are then differentiated as occurring on soils derived from limestone, alluvial,
serpentine, or noncalcareous substrates. A number of forest types are further
classified as to the forest age (i.e., primary, mature secondary, or young secondary
forests). Wetlands are classified as forested or herbaceous, saline or nonsaline, and
seasonally flooded or emergent. Finally, where information is available, we present
the dominant plant communities and species representative of these land cover units.
We classified 53 percent of Puerto Rico as predominantly woody vegetation, 35
percent as grassland or herbaceous agriculture, 11 percent as developed land, and
about 1 percent each of water and natural barrens. Of the woody areas, low and
mid-elevation moist forests cover 26 percent, upper elevation wet forests cover 18
percent, dry forests cover 7 percent, and flooded mangrove and Pterocarpus forests
cover 1 percent of the island. Coastal wetlands cover less than 4 percent of the
island. Forty-two percent of the wetlands are saline and 58 percent are freshwater.

Mangroves and Pterocarpus swamps cover 1 percent of the island, 67 km® and 2.6



km’, respectively. Seventy-four percent of the wetlands are dominated by herba-
ceous vegetation, and 92 percent of these are seasonally flooded. Of the herbaceous

wetlands, 77 percent are nonsaline and 23 percent are saline.

Vertebrates

Over 470 vertebrate species have been recorded in Puerto Rico and its adjacent
islands including terrestrial and aquatic birds, reptiles, amphibians, and mammals.
Of these, 426 are terrestrial vertebrate species. Many of these are migratory, winter-
ing, accidental or vagrant species that do not breed regularly or at all on the island.
We have developed a database that contains taxonomic information, residence status,
and conservation status of all these species. We predicted the distributions of 98
bird, 47 reptile, 18 amphibian, and 14 mammal species including all native resident
endemic and endangered terrestrial vertebrates and some introduced species. Migra-
tory birds, sea turtles, and marine and freshwater aquatic species will be included in
future analyses.

Species ranges were mapped by using a network of 24-km” hexagons that cover
Puerto Rico and its adjacent islands. Each hexagon was attributed with the species
probability of occurrence in one of eight categories. Species probability of occur-
rence information is derived from published literature, unpublished data sets,
museum records, and expert opinion.

Species distributions were mapped by identifying predicted habitat within the
species range based on literature and expert review. The resulting maps of predicted
species distribution are a result of the integration of information from both the
vertebrate database and land cover mapping. We combined species distribution
information to develop species richness maps. The resulting biodiversity patterns
indicate that forested parts of the landscape are the habitats with the highest pre-
dicted species richness. Urban and barren areas are the habitats with the lowest
species richness. Individual taxonomic groups show distinct patterns.

We also looked at the species richness within the network of 24-km” hexagons
used to document species occurrences. This analysis indicates that the highest levels
of habitat heterogeneity and resulting biodiversity are in coastal areas with a mix of
wetlands, grassland, and forested coastal hills. The coastal area is also extremely
vulnerable to development, as the topography is less steep, it is close to urban areas
and existing infrastructure, and nonwetlands on the coastal plain and coastal hills
are primarily unprotected. Development is prohibited in the wetlands, but develop-
ment adjacent to wetlands can destroy the diverse matrix of habitats and affect

hydrologic patterns, altering species composition and biodiversity.



Land Stewardship

The national GAP currently uses a scale of 1 to 4 to denote relative degree of main-
tenance of biodiversity for stewardship areas. A status of “1” denotes the highest,
most permanent level of maintenance, and “4” represents the lowest level of bio-
diversity management, or unknown status (Crist et al. 1995, Edwards et al. 1995,
Scott et al. 1993).

Although land stewardship, management, and land use are very dynamic, we
have identified 77 stewardship areas that receive some management for conservation
(GAP status 1 through 3). Land ownership of these areas is shared among 20
organizations, with the Puerto Rico Department of Natural and Environmental
Resources (DNER) being the primary landowner. Management of land stewardship
areas is shared among 20 organizations, with the DNER, the U.S. Forest Service,
and the U.S. Fish and Wildlife Service being the primary governmental land
managers and the Conservation Trust of Puerto Rico being the primary nongovern-
mental land manager.

Of the total land area of Puerto Rico, 7.6 percent receives some management
for conservation (GAP status 1, 2, or 3) with 7.4 percent of the total land area
receiving good management of conservation (GAP status 1 or 2). Fifty-nine percent
of the stewardship areas are managed by Commonwealth agencies, 30 percent by

federal agencies, and 11 percent by nongovernmental or private agencies.

Gap Analyses—Land Cover

Eight of our 70 land cover classes have less than 1 percent of their area represented
in GAP status 1 or 2 conservation areas; they cover 43 percent of the island. They
are primarily subject to human use such as agriculture, housing, and other develop-
ment. Moist grasslands and pastures cover nearly one quarter of the island and are
primarily active pasture and abandoned agricultural land. Given the resilience of the
natural vegetation in Puerto Rico, this land cover type has potential for management
for reforestation or as natural grasslands and open space.

Twenty-seven land cover units have between 1 and 10 percent of their area
represented in GAP status 1 or 2 conservation areas. They account for 44 percent of
the island. They range from an extent of less than 1 percent to over 6 percent of the
island and include a number of young secondary forest and woodland land cover
classes, as well as artificial and natural barrens, active and abandoned shade coffee
plantations, dry grasslands and pastures, riparian forests, and four mature secondary

forest classes.
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Four land unit classes have between 10 and 20 percent of their area represented
in GAP status 1 or 2 conservation areas. They account for 1.7 percent of the island
and include two woodland-shrubland classes that typically occur on abandoned
agricultural land, dryland riparian forest, and palm plantations.

Fourteen land cover classes have between 20 and 50 percent of their area repre-
sented in GAP status 1 or 2 conservation areas and account for 6.1 percent of the
island’s total area. They include a number of ecologically important areas including
beaches and shorelines, mature forests, wetlands, mangrove complexes, and Sierra
palm forest.

Seventeen land cover units are over 50 percent protected under GAP status
1 and 2. They account for 5.1 percent of the island. They include important
primary and mature secondary forest types in the Luquillo Mountains, freshwater
Pterocarpus swamps, forests on serpentine substrates, and a number of dryland

habitats unique to Mona Island and the Guanica Biosphere Reserve.

Gap Analyses—Vertebrates

Four species have less than 1 percent of their habitat protected under GAP status
1 or 2. These include two species of Gecko common in urban areas; one bird,
Carduelis cucullata, which is nonnative; and Eleutherodactylus cooki, the guajon
or rock coqui, which has limited habitat, none of which is protected.

One recently discovered species not fully included in the PRGAP analysis, is
the coqui llanero, or plains coqui (Eleutherodactylus juanariveroii) (Rios-Lopez and
Thomas 2007).

Seventy-seven species have 1 percent to less than 10 percent of their habitat
protected under GAP status 1 or 2. Many are widespread although not necessarily
common and occur in disturbed habitats. A few, such as the blind snake Typhlops
platycephalus, have limited habitat (15 percent of the island), the majority unpro-
tected (98 percent of its habitat).

Thirty-two species have 10 percent to less than 20 percent of their habitat
protected under GAP status 1 or 2. These species are a mix of those with wide-
spread and those with limited habitat extent.

Forty-three species have 20 percent to less than 50 percent of their habitat
protected under GAP status 1 or 2. All of these species have habitat extent limited to
less than 11 percent of the island. A number of endangered species are in this group,
and many are limited to less extensive habitats such as saline and freshwater ponds

and wetlands or high mountain areas.



Twenty-one species have at least 50 percent of their predicted habitat protected
under GAP status 1 or 2. These include a number of species found only on forest
reserves or particular protected satellite islands (Mona and Desecheo). All of these
species have very limited habitat and none exceed 2 percent of the island.

Forty-seven species are listed as either federally threatened or endangered or
given partial status, or are locally listed by the DNER as vulnerable, endangered,
critically endangered, or data deficient. The extent of habitat for 70 percent of these
species is typically below 5 percent of the island’s total area. Eighty-three percent
of the species have a habitat extent below 20 percent of the island’s total area.
Eleutherodactylus cooki, the guajon or rock coqui, is the least protected, with no
protected habitat. Ten species have less than 10 percent of their habitat protected
and 18 species have less than 20 percent of their habitat protected. Five species are
found only in reserves with 100 percent of their current distribution protected.
Distributions for these species could be expanded outside reserves if suitable habitat
is protected or restored and species reintroductions are encouraged.

Puerto Rico is at a crossroads in terms of land use transition, as much of what
was formerly agricultural land is now experiencing more intense, and possibly
irreversible urban-associated development. Our current reserve system is well
located and protects a number of important habitats and species. However, this
system needs to be expanded from 7.6 percent to at least 15 percent of the island’s
area to be more in line with internationally accepted conservation goals. Our
abandoned agricultural land is often a matrix of forested and open green space that
serves as habitat for a number of species and buffers older forests, wetlands, ripar-
ian areas, and our current reserves. These lands have excellent potential for restora-
tion. We recommend expanded reserves in the coastal plain, particularly coastal hills
and the matrix of wetland and upland vegetation; better regulation of development
in the periphery of existing reserves to maintain the integrity of hydrologic systems
in wetlands; and protecting viable corridors and buffer zones to connect the upland

and coastal reserves.
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Resumen
El Proyecto Gap de Puerto Rico (Puerto Rico Gap Analysis Project—PRGAP) es

una coleccién comprensiva de informacion sobre la cubierta del suelo de Puerto
Rico, distribucién e historia natural de vertebrados, y dreas de manejo. Esta basado
en la metodologia desarrollada por el programa nacional GAP de los Estados
Unidos para determinar el grado en el cual especies y sus comunidades naturales
estdn representadas en los terrenos que estdn actualmente protegidos. Las especies o
comunidades que no estén bien representadas son consideradas “gaps” o agujeros en
el plan de conservacién. El PRGAP provee informacion geogréfica y ecoldgica en
el estatus de, no solo las especies endémicas o en peligro de extincidn, sino de todas
las especies de Puerto Rico, incluyendo las comunes y exdticas.

El PRGAP tiene cuatro componentes principales: mapeo de la cobertura del
terreno, documentacion de las distribuciones de especies vertebradas,
documentacidn de las practicas de conservacion en dreas de manejo, y un andlisis

integrando estos tres elementos.

Cobertura del Terreno

Desarrollamos un mapa de cobertura del terreno de Puerto Rico utilizando imdgenes
de satélite recientes (1999-2003) e informacién sobre clima, geologia, topografia,
hidrologia, e historia del uso del terreno. Definimos 70 clases de cobertura del
terreno en un esquema jerarquico de clasificaciéon basado en las siguientes
coberturas bésicas: vegetacion natural, desarrollo urbano, o agricultura. La
vegetacion natural se clasificé en bosque cerrado, bosque abierto, arbustos o
pastizales. Las clasificaciones de bosque cerrado y pastizales son definidas més a
fondo en seco, himedo, mojado o inundado.

Estas unidades son entonces diferenciadas entre si ocurren en suelos derivados
de caliza, aluvial, serpentina o substratos no calcareos. Varios de los tipos de bosque
cerrado fueron clasificados de acuerdo a su edad (por ejemplo primario, secundario
maduro, o joven secundario). Los manglares fueron clasificados en arbolado,
herbaceo, salino o no salino, y temporalmente inundado o emergente. Finalmente,
informacion sobre comunidades de flora dominante, y especies representativas de la
unidad de cobertura de terreno, fue incorporada cuando ésta estaba disponible.

Clasificamos el 53 por ciento de Puerto Rico como predominantemente
vegetacion lefosa, y 35 por ciento como pastizales o agricultura herbécea.
Clasificamos 11 por ciento como terrenos desarrollados y alrededor de 1 por ciento

como agua y terreno descubierto natural. De las 70 unidades de clasificacién 49



estdn dominadas por vegetacion lefiosa. De éstas, 26 por ciento cubren bosque
himedo de baja y mediana elevacién, 18 por ciento cubre bosque mojado de alta
elevacion, 7 por ciento cubre bosque seco, y 1 por ciento cubre manglar inundado y
bosques de Pterocarpus. Los humedales costeros cubren menos del 4 por ciento de
laisla'y el 42 por ciento de los mismos son salinos y el 58 por ciento son humedales
de agua dulce. Los humedales costeros-arbéreos cubren 1 por ciento de la isla 'y
estan representados por manglares y pantanos Pterocarpus de agua dulce. Por otro
lado, el 74 por ciento de los humedales estdn dominados por vegetacion herbicea, y
92 por ciento de estos son temporalmente inundados. De los humedales herbéceos,

77 por ciento son no-salinos, y 23 por ciento son salinos.

Vertebrados

Datos sobre 470 especies de vertebrados han sido recolectados para Puerto Rico y
sus islas adyacentes incluyendo 98 aves terrestres y acudticas, 47 reptiles, 18
anfibios y 14 mamiferos. De estas, 426 son vertebrados terrestres y muchas son
especies migratorias, accidentales que no se reproducen en la isla, o solo lo hacen en
raras ocasiones. Desarrollamos una base de datos que contiene informacion
taxondmica, estatus de residencia, y estatus de conservacion de todas las especies
registradas. Se crearon predicciones de distribucién de un subconjunto de especies
incluyendo todas las especies nativas residentes y endémicas terrestres y algunas
especies exoticas. Esperamos incluir las aves migratorias, las tortugas marinas, las
especies acudticas marinas o de agua dulce, y los animales domésticos en andlisis
futuros.

Las distribuciones conocidas de las especies fueron mapeadas utilizando una red
de hexdgonos, de 24 km” cada uno, que cubre a Puerto Rico e islas adyacentes. Cada
hexagono fue clasificado en una de ocho categorias de probabilidad de presencia.
Informacién sobre la probabilidad de presencia de una especie es derivada de
literatura publicada, bases de datos no publicadas, registros de museos, y opinién
experta.

Mapeamos las distribuciones de habitat de las especies estableciendo una
prediccidn de sus hdbitats dentro de su distribucion geogréfica, basada en la
literatura cientifica y la revision de expertos. Por lo tanto, los 177 mapas de
distribuciones predichas de las especies fueron el resultado de la integracién de
informacién de la base de datos de vertebrados y el mapa de cobertura de terreno.

Desarrollamos mapas de riqueza de especies usando esta informacién para
identificar patrones de biodiversidad. Los patrones de biodiversidad resultantes

indican que las dreas boscosas del paisaje son las mds ricas en diversidad de



especies, con hasta 73 especies. Las dreas urbanas y las 4reas estériles muestran la
menor riqueza con tan pocas como 7 especies. Los distintos grupos taxondémicos
demuestran patrones distintos de distribucion.

También examinamos la riqueza de las especies dentro de la misma red de
hexdgonos, de 24 km” cada uno, usada para documentar la presencia de especies.
Este andlisis indica que los niveles mas altos de diversidad de habitat y resultante
biodiversidad se encuentran en areas costeras que contienen una mezcla de
humedales, pastizales y lomas costeras boscosas. El drea costera es extremadamente
vulnerable al desarrollo urbano debido a la topografia menos montafiosa del lugar.
El desarrollo urbano estd generalmente prohibido en los humedales, pero el
desarrollo en dreas adyacentes puede destruir la matriz de diversidad del habitat y
afectar los patrones hidroldgicos. Esto a su vez altera la composicién de especies y

la biodiversidad.

Areas de Manejo

El GAP Nacional actualmente usa una escala de 1 al 4 para denominar el grado
relativo de mantenimiento de biodiversidad en dreas con planes de manejo
existentes. Un estatus de ““1” significa el mas alto y permanente nivel de
mantenimiento, y 4 representa el nivel mas bajo de manejo de la biodiversidad, o la
falta de informacion sobre el area.

Aunque la tenencia, el manejo y el uso de los terrenos son bastante dindmicos
en Puerto Rico identificamos un grupo de 77 areas de manejo que reciben algin tipo
de manejo para la conservacion (estatus de GAP del 1 al 3), bajo la tenencia de unas
20 organizaciones con el DRNA siendo el propietario principal. El manejo de estas
areas es compartido entre 20 organizaciones con el Departamento de Recursos
Naturales y Ambientales, El Servicio Forestal Federal de los Estados Unidos y el
Servicio de Pesca y Vida Silvestre de los Estados Unidos siendo los principales
manejadores gubernamentales, y el Fideicomiso de Conservacion de Puerto Rico
siendo el principal manejador no gubernamental. Siete punto seis por ciento de
todas las tierras en Puerto Rico recibe algtin tipo de manejo para la conservacién
(estatus de GAP 1, 2 0 3), con un 7.4 por ciento recibiendo buen manejo (estatus de
GAP 1 0 2). Cincuenta y nueve por ciento de las dreas de manejo estdn manejadas
por agencias del Estado Libre Asociado de Puerto Rico, 30 por ciento por agencias

federales, y 11 por ciento por agencias privadas o no gubernamentales.



Analisis “Gap”-Cobertura de Terreno

Ocho de las 70 clases de cobertura de terreno tienen menos de 1 por ciento de su
area representada en tierras con estatus de conservacion de GAP 1 o 2; estas cubren
el 43 por ciento de la isla. Dada la perseverancia de la vegetacion natural en Puerto
Rico, este tipo de cobertura tiene el potencial de manejo para la reforestacion o
como pastos naturales y espacio abierto.

Veinte y siete unidades de cobertura de terreno tienen entre 1 a 10 por ciento de
su drea representada en tierras con estatus de conservacién GAP 1 o 2. Estas cubren
44 por ciento de la superficie de la isla y contienen varias clases de bosques
secundarios jovenes, bosques abiertos terrenos expuestos naturales y artificiales,
plantaciones de café de sombra activas y abandonadas, pastizales secos, bosques
riberefios, y cuatro clases de bosque secundario maduro.

Cuatro unidades de cobertura de terreno tienen entre 10 a 20 por ciento de su
drea representada en tierras con estatus de conservacién de GAP 1 o 2, y representan
el 1.7 por ciento de la isla. Estas incluyen dos clases de bosque abierto y arbustos—
los cuales suelen ocurrir en tierras agricolas abandonadas, bosque riberefio seco, y
plantaciones de palmas.

Catorce clases de cobertura de terreno tienen entre 20 a 50 por ciento de su drea
representada por los estatus de conservacion de dreas Gap 1 o0 2 y representan el 6.1
por ciento del area total de la isla. Estos incluyen un niimero de dreas
ecoldgicamente importantes tales como playas, orilla costera, bosques maduros,
humedales, complejos de manglares y bosque de Palma de Sierra. Diecisiete
unidades de cobertura de terreno estdn sobre el 50 por ciento de proteccion bajo los
estatus GAP 1 o 2. Estos representan un 5.1 por ciento de la isla. Estas incluyen
importantes bosques de tipo primario y secundario en la Cordillera de Luquillo,
pantanos de agua de dulce de Pterocarpus, bosques de suelos serpentinos, y varias
areas de habitat seco Unicos de la Isla de Mona y de la Reserva de la Biosfera de

Guanica.

Andlisis “Gap™Vertebrados

Cuatro especies tienen menos del 1 por ciento de su hébitat protegido bajo el estatus
de conservacion de dreas GAP 1 o 2.

Una especie descubierta recientemente, provisionalmente reconocida, y no
incluida todavia en el andlisis PRGAP, es el coqui llanero (Eleutherodactylus
Jjuanariveroii). La distribucion de este coqui es muy limitada y no se encuentra bajo

ninguna proteccion.
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Setenta y siete especies cuentan con 1 a 10 por ciento de su hédbitat protegido
bajo los estatus GAP 1 o 2. Muchas de estas especies tienen una distribucion amplia
a lo largo de la isla aunque no son necesariamente comunes y ocurren en hébitat
perturbado.

Treinta y dos especies tienen 10 a 20 por ciento de su hébitat protegido bajo los
estatus de GAP 1 o 2. Estas especies se podrian describir como un balance entre
aquellas de amplia distribucién y aquellas de distribucion limitada.

Cuarenta y tres especies cuentan con 20 a 50 por ciento de su hébitat protegido
bajo el estatus de conservacion de dreas GAP 1 o 2. Muchas estdn limitadas a
sistemas naturales de menor extensién como charcas de agua dulce o salada,
humedales o dreas montafiosas elevadas.

Veintiuna especies tienen al menos 50 por ciento de su hébitat predicho
protegido bajo el estatus de conservacion de dreas GAP 1 o 2. Esto incluye varias
especies que se encuentran solamente en reservas forestales o en islas protegidas
(Mona y Desecheo). Todas estas especies cuentan con una extension de hdbitat muy
limitado que no supera en ninguno de los casos el dos por ciento de la isla.

Cuarenta y siete especies estdn federalmente listadas ya sea como amenazadas,
en peligro o de estatus parcial, o localmente listadas por el DRNA como
vulnerables, amenazadas, en peligro critico, o con insuficiencia de datos. La
extension de hébitat para el 70 por ciento de estas especies estd tipicamente bajo el 5
por ciento del area total de la isla. Eleutherodactylus cooki, el coqui guajon, es la
menos protegida pues no cuenta con habitat protegido. Diez especies cuentan con
menos del 10 por ciento de su hébitat protegido y 18 tienen menos del 20 por
ciento.

Puerto Rico se encuentra entre la espada y la pared en términos de transicién del
uso de terrenos ya que las tierras, que en el pasado estaban destinadas a la
agricultura, hoy en dia estdn experimentando un uso mds intenso, posiblemente
irreversible, relacionado al desarrollo urbano. Nuestro sistema de reservas actual
estd bien ubicado y protege a variedad de especies y ecosistemas. Sin embargo, este
sistema necesita expandirse de menos de un ocho por ciento a al menos un 15 por
ciento de la superficie de la isla para estar mas de acuerdo con las metas de
conservacion aceptadas a nivel internacional. Las tierras agricolas abandonadas se
han ido transformando en una misceldnea de espacios verdes forestados y abiertos

que sirve como habitat para muchas especies y amortiguan a los bosques maduros,



humedales, zonas riberefias, y a las reservas actuales de los efectos antropogénicos.
Estas tierras tienen un potencial magnifico de restauracion. Recomendamos la
expansion de reservas en las planicies costeras, particularmente las colinas costeras y
la matriz de humedales y vegetacion elevada.

También recomendamos una mejor regulacion de los desarrollos urbanos en la
periferia de las reservas existentes para mantener la integridad de los sistemas
hidrolégicos en los humedales. Finalmente recomendamos el establecimiento y
mantenimiento de corredores viables y zonas de amortiguamiento que conecten las

tierras altas con las reservas costeras.
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The Puerto Rico Gap Analysis Project

Introduction
The Puerto Rico Gap Analysis Project (PRGAP) is a comprehensive assemblage

of information on Puerto Rico’s land cover, vertebrate occurrences and natural
history information, and land stewardship. It is based on methods developed by

the national Gap Analysis Program (GAP) to determine the degree to which animal
species and natural communities are represented in the current mix of conservation
lands. Those species or communities not well represented are considered conserva-
tion “gaps.” The PRGAP provides geographic and ecological information on the
status of not only threatened or rare species, but the common species of Puerto
Rico.

The current status of the PRGAP is summarized in a series of four volumes.

Volume 1: Land cover, vertebrate species distributions, and land stewardship,

provides an overview and analysis of the primary data sets used in gap analysis.

Volume 2: Species accounts, provides detailed taxonomic, natural history, conserva-
tion status, and bibliographic information on all vertebrate species addressed in this

report.

Volume 3: Species occurrences, provides range maps with 24-km’ resolution for

each species based on documented occurrences.

Volume 4: Species predicted distributions, provides species distribution maps with
15-m” resolution for each species based on documented occurrences and presence
of suitable habitat.

Volume 1 begins with an overview of the Gap Analysis Program (GAP) mis-
sion, concept, and limitations. This is followed by a description of the key factors
controlling biodiversity, including the climate, physiography, ecology, and land use
history of Puerto Rico. Three subsequent sections describe the primary data layers
associated with a gap analysis: land cover, vertebrate species distributions, and land
stewardship. Each of these sections describes the methods, results, and discussions
of the related data. A fourth section includes an analysis of the distribution of spe-
cies and habitats with respect to conservation management (i.e., a “gap” analysis).
Finally, this volume describes the management implications of the analysis results

and provides information on how to acquire and use the data.
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The Gap Analysis Program Mission

The mission of GAP is to prevent conservation crises by providing conservation
assessments of plant communities and native animal species and to facilitate the
application of this information to land management activities. This is accomplished

by meeting the following five objectives:
1. Map current land cover.
2. Map the predicted distribution of selected terrestrial vertebrates.

3. Document the representation of land cover types and animal species in areas

managed for the long-term maintenance of biodiversity.

4. Make GAP project information available to the public and those charged with
land use research, policy, planning, and management.

5. Build institutional cooperation in the application of this information to state and

regional management activities.

To meet these objectives, it is necessary that GAP operate at the state, com-
monwealth, or regional level while maintaining consistency with national standards.
Participation by a wide variety of cooperators is necessary and can lead to under-
standing and acceptance of the data and the development of relationships that will

lead to cooperative conservation planning.

State Objectives—

The Puerto Rico GAP had a number of additional objectives. We adapted methodol-
ogy of the national GAP to meet the needs of Puerto Rico, an archipelago of
tropical islands with a unique social, economic, and ecological environment. Puerto
Rico’s environment includes diverse bioclimatic zones, considerable ecological
variation over small distances, a high degree of development pressure, a small
national heritage database of species occurrences, and a long history of ecological
research but few published descriptions of natural vegetation at the plant community
level. Most land management for conservation is being done by the Puerto Rico
Department of Natural and Environmental Resources (DNER) followed by the U.S.
Department of Agriculture Forest Service (USFS) and the U.S. Fish and Wildlife
Service (USFWS).

Our state-level objectives were to:

« Develop a coverage of 24-km” hexagons (fig. 1) for use in occurrence and
range mapping that accommodates the scale of landscape variation in
Puerto Rico (Gould et al. 2008b).
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* Develop contacts and collaborations with conservation agencies and groups
in Puerto Rico in order to receive input and communicate our findings in
ways useful to immediate conservation concerns.

* Develop databases of species occurrences, scientific literature related to
species habitats and distributions, and species natural history information
that are dynamic and will have a useful life beyond the completion of
PRGAP.

*  Compile and develop new information on natural vegetation at the plant
community level, and crosswalk these descriptions with past vegetation
work in Puerto Rico, using federal guidelines (FGDC 1997) and other
descriptive hierarchies.

* Collaborate in all phases of the project with the primary land management
agency in Puerto Rico, the DNER.

* Develop a project that can serve as a foundation for the development of a
Puerto Rico-United States Virgin Islands GAP and Caribbean GAP.

* Develop a bilingual (Spanish and English) project.

The Gap Analysis Concept

The Gap Analysis Program brings together the problem-solving capabilities of
federal, state, and private scientists to tackle the difficult issues of land cover map-
ping, animal habitat characterization, and biodiversity conservation assessment at
the state, regional, national, and international levels. The program seeks to facilitate
cooperative development and use of information.

Much of the following discussion was taken verbatim from Davis et al. 1995,
Edwards et al. 1995, and Scott et al. 1993. The gap analysis process provides an
overview of the distribution and conservation status of several components of
biodiversity. It uses the distribution of actual vegetation and predicted distribu-
tion of terrestrial vertebrates and, when available, invertebrate taxa. Digital map
overlays in a geographic information system (GIS) are used to identify individual
species, species-rich areas, and vegetation types that are unrepresented or under-
represented in existing management areas. It functions as a preliminary step to
the more detailed studies needed to establish actual boundaries for planning and
management of biological resources on the ground. These data and results are then
made available to the public so that institutions as well as individual landowners
and managers may become more effective stewards through more complete knowl-
edge of the management status of these elements of biodiversity. The GAP, by

focusing on higher levels of biological organization, is likely to be both cheaper
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Tomds A. Carlo

The endemic Puerto Rican flycatcher Myarchus antillarum is known locally as the Jui de Puerto
Rico.
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and more likely to succeed than conservation programs focused on single species
or populations (Scott et al. 1993).

Biodiversity inventories can be visualized as “filters” designed to capture ele-
ments of biodiversity at various levels of organization. The filter concept has been
applied by The Nature Conservancy, which established Natural Heritage Programs
in all 50 states and the Commonwealth of Puerto Rico. The Nature Conservancy
employs a fine filter of rare species inventory and protection and a coarse filter of
community inventory and protection (Jenkins 1985, Noss 1987). It is postulated
that 85 to 90 percent of species can be protected by the coarse filter without having
to inventory or plan reserves for those species individually. A fine filter is then
applied to the remaining 15 to 10 percent of species to ensure their protection. Gap
analysis is a coarse-filter method because it can be used to quickly and cheaply
assess the other 85 to 90 percent of species. The GAP is not designed to identify
and aid protection of elements that are rare or of very restricted distribution; rather
it is designed to help “keep common species common” by identifying risk far in
advance of actual population decline.

The intuitively appealing idea of conserving most biodiversity by maintaining
examples of all natural community types is now widely recognized, and numerous
approaches to the spatial identification of biodiversity in association with natural
community type have been described (Kirkpatrick 1983, Margules et al. 1988,
Nicholls and Margules 1993, Pressey and Nicholls 1989). Furthermore, the spatial
scales at which organisms use the environment differ tremendously among species
and relate to body size, food habits, mobility, and other factors. Hence, no coarse
filter will be a complete assessment of biodiversity protection status and needs.
However, species that fall through the pores of the coarse filter, such as narrow
endemics and wide-ranging mammals, can be captured by the safety net of the fine
filter. Community-level (coarse-filter) protection is a complement to, not a substi-
tute for, protection of individual rare species.

Gap analysis is essentially an expanded coarse-filter approach (Noss 1987) to
biodiversity protection. The land cover types mapped in GAP serve directly as a
coarse filter, the goal being to assure adequate representation of all native vegeta-
tion community types in biodiversity management areas. Landscapes with great
vegetation diversity often are those with high edaphic (soil or substrate) variety
or topographic relief. When elevational diversity is very great, a nearly complete
spectrum of vegetation types known from a biological region may occur within a
relatively small area. Such areas provide habitat for many species, including those

that depend on multiple habitat types to meet life history needs (Diamond 1986,
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Noss 1987). By using landscape-sized samples (Forman and Godron 1986) as an
expanded coarse filter, gap analysis searches for and identifies biological regions
where unprotected or underrepresented vegetation types and animal species occur.
More detailed analyses were not part of this project, but are areas of research
that both PRGAP and GAP as a national program is pursuing. For example, a
second filter could combine species distribution information to identify a set of
areas in which all, or nearly all, mapped species are represented. There is a major
difference between identifying the richest areas in a region (many of which are
likely to be neighbors and share essentially the same list of species) and identifying
areas in which all species are represented. The latter task is most efficiently accom-
plished by selecting areas whose species lists are most different or complementary.
Areas with different environments tend to also have the most different species lists
for a variety of taxa. As a result, a set of areas with complementary sets of species
for one higher taxon (e.g., mammals) often will also do a good job representing
most species of other higher taxa (e.g., trees, butterflies). Species with large home
ranges, such as large carnivores, or species with very local distributions may
require individual attention. Additional data layers can be used for a more holistic
conservation evaluation. These include indicators of stress or risk (e.g., human
population growth, road density, rate of habitat fragmentation, distribution of
pollutants) and the locations of habitat corridors between wildlands that allow for
natural movement of wide-ranging animals and the migration of species in response

to climate change.

General Limitations

The following are general project limitations; specific limitations for the data are

described in the respective sections:

1. The GAP data are derived from remote sensing and modeling to make general
assessments about conservation status. Any decisions based on the data must be

supported by ground-truthing and more detailed analyses.

2. The GAP is not a substitute for threatened and endangered species listing and
recovery efforts. A primary argument in favor of gap analysis is that it is proac-
tive: it seeks to recognize and manage sites of high biodiversity value for the
long-term maintenance of populations of native species and communities before
they become critically rare. Thus, it should help to reduce the rate at which
species require listing as threatened or endangered. Those species that are
already greatly imperiled, however, still require individual efforts to assure

their recovery.
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3. The GAP data products and assessments represent a snapshot in time generally
representing the date of the satellite imagery. Updates are planned on a 5- to
10-year cycle, but users of the data must be aware of the static nature of the

products.

4. The GAP is not a substitute for a thorough national biological inventory. As a
response to rapid habitat loss, gap analysis provides a quick assessment of the
distribution of vegetation and associated species before they are lost, and pro-
vides focus and direction for local, regional, and national efforts to maintain
biodiversity. The process of improving knowledge in systematics, taxonomy,
and species distributions is lengthy and expensive. That process must be contin-
ued and expedited, however, in order to provide the detailed information needed
for a comprehensive assessment of our Nation’s biodiversity. Vegetation and
species distribution maps developed for GAP can be used to make such surveys
more cost effective by stratifying sampling areas according to expected variation

in biological attributes.

Study Area

A brief description of Puerto Rico—

The Caribbean has a number of large and small islands fostering endemic species
and a tropical climate that promotes high species diversity. It is considered a global
biodiversity hotspot (Myers et al. 2000). Puerto Rico, located at the junction of the
Greater and Lesser Antilles in the Caribbean basin, is in the center of this region.
The archipelago of the Commonwealth of Puerto Rico is made up of the main
island of Puerto Rico (about 160 km long by 50 km wide), the islands of Culebra
and Vieques to the east, the islands of Mona, Monito, and Desecheo to the west, and
a number of smaller cays. Puerto Rico has 9000 km’ of terrestrial land surface. The
dominant physiographic features of the island include the Central Mountain Range
running east-west, a region of karst hills in the northwest, and the Luquillo Moun-
tains of the northeast. Fifty-three percent of the island is mountainous, 25 percent
plains, 20 percent hills, 1 percent plateau, and 1 percent lakes and rivers (fig. 2).
The topography of the island has a strong control on the climate, with the wetter
regions on the windward, northern side of the mountains, and drier climate in the
leeward rain shadow. Six life zones (sensu Holdridge 1967) have been described
for Puerto Rico (fig. 3) including subtropical dry, lowland moist, subtropical wet,

lower montane wet, subtropical rain, and lower montane rain forest zones (Ewel
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Desecheo-

AP Mona s
Vieques
Plains (25%) - Mountains (53%) Water (1%)
| Hils@o%) [ ] Piateaus (1%)
Figure 2—Physiography of Puerto Rico (Gould et al. 2008a).
Desecheo Culebra
Mona = ol
Vieques
| |Dry I Lower montanerain [ | Lower montane wet
B Lowland moist [l Rain I wet

Figure 3—Subtropical life zones of Puerto Rico (modified from Ewel and Whitmore 1973).

and Whitmore 1973). Mean annual rainfall ranges from below 900 mm in the
subtropical dry life zone to over 4000 mm in the subtropical wet rain forest. Mean
annual temperatures exhibit a narrow range from 22 to 25 °C with temperatures
decreasing with elevation (Daly et al. 2003). Seasonality in rainfall is most pro-
nounced in the subtropical dry life zone. Peak rainfall throughout the island is found
in April and May and October to December (Daly et al. 2003).
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Puerto Rico is experiencing rapid urban expansion, increasing population
pressures, and dynamic land cover change (Aide and Grau 2004, Birdsey and
Weaver 1982, Chinea 2002, Grau et al. 2003, Helmer 2004, Helmer et al. 2002,
Lopez et al. 2001, Lugo and Helmer 2004, Martinuzzi et al. 2006, Rivera and Aide
1998). In the 19" century, most of Puerto Rico was deforested and converted to
agricultural use, with 6 percent remaining forested and another 6 percent as shade
coffee plantations (Franco et al. 1997). Toward the latter part of the 20" century,
forested area increased in Puerto Rico to 35 to 42 percent, primarily through a
transition from an agrarian to an industrialized society (Birdsey and Weaver 1987,
Franco et al. 1997, Helmer et al. 2002). Agricultural abandonment and develop-
ment continue to increase, and our mapping efforts indicate current woody vegeta-
tion cover of over 50 percent. Levels of development and urbanization include 11
percent developed land surface with a high level of urban sprawl (figs. 4 and 5),

16 percent urban-use area, and 36 percent densely populated rural or suburban
area (fig. 6) (Martinuzzi et al. 2007a). This dynamic landscape, in which 4 million
people live and in which conservation management decisions must be made, has
parallels to temperate landscapes where urbanization encroaches on regenerated
forests, and tropical landscapes where urbanization is beginning to outpace agricul-
tural deforestation.

Puerto Rico has a range of forest types whose composition is controlled by four
key elements: climatic gradients, substrate differences, topographic patterns, and
human and natural disturbance (Britton and Wilson 1924, Dansereau 1966, Gould
et al. 2006, Lugo 2005, Weaver 1991). Climatic gradients are related to an eleva-
tional rise from sea level up to 1340 m on the central cordillera of the island, the
northeasterly trade winds, and the rain shadow effect of the mountains (fig. 7). The

climatic control of dry, moist, and wet forest types in Puerto Rico represents the

Desecheo-

& Mona

iy, ., Culebra

ATk Vieques

S - aad

Figure 4—Developed or built-up areas of Puerto Rico (in red) include over 11 percent of the area (Martinuzzi et al. 2007a).
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Desecheo- Culebra

.

L) Mona

Vieques

High-density population Low-density population

- High-density development |:] High-density development
B Low-density development [ | Low-density development

Figure 5—Developed or built-up areas of Puerto Rico in relative categories of high and low density of population as well as high and
low density of developed area (Martinuzzi et al. 2007a).

Desecheo- Culebra

i -
e T

L) Mona

Vieques

B urban [ | Ruraldensely populated | | Rural sparsely populated

Figure 6—Urban and rural land use classes in Puerto Rico (Martinuzzi et al. 2007a).
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Desecheo

Mona

[ | Moist alluvial
|| Dry alluvial

Culebra

Vieques

- Moist (northern) limestone [:. Moist and wet volcanic

|:| Dry (southern) limestone |:. Dry and moist serpentine

Figure 7—There are sixteen geoclimatic zones in Puerto Rico. The eight most extensive include the northern (moist) and southern
quaternary deposits (primarily alluvial) and limestone areas, the moist and wet volcanic areas, and the moist and dry serpentine areas
in the central mountains. Based on Holdridge life zones (Ewel and Whitmore 1973) and geologic terrain units (Bawiec 2001).

12

highest level of control on species composition and associated attributes such as
diversity and productivity (Lugo 1988). Diverse geologic substrates include volca-
nic, limestone, and serpentine bedrock and colluvial, alluvial, and marine quater-
nary deposits (figs. 8 and 9). Eleven of the twelve U.S. Geological Survey (USGS)
soil great groups are found in Puerto Rico (Mount and Lynn 2004). Within these
broad landscape features, plant community composition is controlled by topo-
graphic effects on soil moisture and soil development (slope position) and by
disturbance, including land use history, flooding, fire, landslides, and hurricanes,
with each inducing unique effects and subsequent secondary succession.

The resulting landscape in Puerto Rico is a mosaic of (1) primary forests that
have not experienced deforestation—according to Wadsworth (1951) and Birdsey
and Weaver (1982), less than 1 percent of the landscape supported climax vegeta-
tion by 1950; (2) mature secondary forests (> 25 years old)—Iless than 20 percent
of the island; (3) young secondary forests and shrublands (< 25 years old)—more
than 30 percent of the island; (4) agriculture, grasslands, and active and abandoned
pastures—over 30 percent; and (5) developed areas and urban forests—over 15 per-
cent of the island. The mature secondary upland forests are primarily found in the
upland forest reserves, which occupy about 4 percent of the island. These protected
areas harbor our greatest wealth of native, endemic, and endangered plant species
(Figueroa and Woodbury 1996). Lowland flooded forests occupy about 1 percent
of the landscape and are typically protected as wetlands.
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Desecheo - Culebra
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I Lower slopes B Ridges and summits

Figure 8—Topographic positions that are important controls on plant community composition (from Gould et al. 2008d and Martinuzzi

et al. 2007b).
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Mariano Solérzano

Bromeliads are a common component of the palm forests on the
upper slopes of the Luquillo Mountains in Puerto Rico.
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Figure 9—A classification of 69 landscape units of Puerto Rico using climate, substrate, and topography, the primary controls on natural

vegetation cover (Gould et al. 2008c).
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The fauna of Puerto Rico includes 436 species (app. 2). Three hundred twenty-
eight are birds, 57 reptiles, 27 mammals, and 24 amphibians. Of these, 387 are
terrestrial, 69 endemic, and 27 threatened or endangered. The birds include 43
introduced species with about 34 of these reproducing in the wild (Delannoy 2005)
and 98 resident species, including 19 endemic species. The reptiles are important
ecologically and serve as both prey and predator on a number of organisms and in
most habitats on the islands. Joglar (2005) indicated that nearly one quarter of the
native nonmarine reptiles are threatened or endangered with extinction. The major-
ity of the terrestrial mammals, particularly all of the native species, are bats, which
include 13 species in Puerto Rico (Gannon et al. 2005). The amphibians are im-
portant ecologically and culturally in Puerto Rico. The tree frogs, or coquis, are
a national symbol as well as one of the most important nocturnal predators on the
island because of their abundance. Puerto Rican amphibians have high species
diversity but a low number of families and genera, a high degree of endemism,
and a number of threatened and endangered species (Joglar 2005). The Puerto
Rico GAP has analyzed 177 of the terrestrial vertebrates, including all of the
resident, endangered, and endemic species. Excluded species can be incorporated

in the future. These include migratory birds, and recently established exotics.

Land Cover Classification and Mapping

The GAP commits a high level of effort to mapping natural land cover. Generally,
land cover mapping is done by adopting or developing a land cover classification
system, delineating areas of relative homogeneity, then labeling these areas using
categories defined by the classification system. More detailed attributes of the
individual areas are added as more information becomes available, and a process
of validating both spatial pattern and labels is applied for editing and revising the
map. This is done in an iterative fashion, with the results from one step causing
reevaluation of results from another step. Finally, an assessment of the overall
accuracy of the data is conducted. The final assessment of accuracy will show
where improvements should be made in future updates (Stoms 1994).

In its “coarse filter” approach to conservation biology (e.g., Jenkins 1985, Noss
1987), gap analysis relies on maps of dominant natural land cover types as the most
fundamental spatial component of the analysis (Scott et al. 1993) for terrestrial
environments. For the purposes of the GAP, most of the land surface of interest

(natural) can be characterized by its dominant vegetation.

15
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Vegetation patterns are an integrated reflection of the physical and chemical
factors that shape the environment of a given land area (Whittaker 1965). They also
are determinants for overall biological diversity patterns (Franklin 1993, Levin
1981, Noss 1990), and they can be used as a currency for habitat types in conserva-
tion evaluations (Austin 1991, Specht 1975). As such, dominant vegetation types
need to be recognized over their entire ranges of distribution (Bourgeron et al.
1994) for beta-scale analysis (sensu Whittaker 1960, 1977). These patterns cannot
be acceptably mapped from any single source of remotely sensed imagery. Reliance
on ancillary data, previous maps, and field surveys is necessary. The central concept
is that the physiognomic and floristic characteristics of vegetation across the land
surface can be used to define biologically meaningful biogeographic patterns. There
may be considerable variation in the floristics of subcanopy vegetation layers
(community association) that are not resolved when mapping at the level of domi-
nant canopy vegetation types (alliance), and there is a need to address this part of
the diversity of nature. As information accumulates from field studies on patterns
of variation in understory layers, it can be attributed to the mapped units of vegeta-
tion alliances.

Land cover classifications rely on specified attributes, such as the structural
features of plants, their floristic composition, or environmental conditions, to
consistently differentiate categories (Kiichler and Zonneveld 1988). The criteria

for a land cover classification system for GAP are:

e Ability to distinguish areas of different dominant vegetation.

e Utility for modeling animal species habitats.

e Suitability for use within and among biogeographic regions.

*  Applicability to Landsat Enhanced Thematic Mapper plus (ETM+)
imagery both for rendering a base map and to extract basic patterns (GAP
relies on a wide array of information sources; ETM+ offers a convenient
meso-scale base map in addition to being one source of actual land cover
information).

* A framework that can interface with classification systems used by other
organizations and nations to the greatest extent possible.

* Capability to fit, both categorically and spatially, with classifications of

other themes such as agricultural and built environments.

For GAP in general, the system that fits best is referred to as the National
Vegetation Classification System (NVCS) (FGDC 1997). The origin of this system
was referred to as the UNESCO/TNC system (Lins and Kleckner 1996) because it



The Puerto Rico Gap Analysis Project

is based on the structural characteristics of vegetation derived by Mueller-Dombois
and Ellenberg (1974), adopted by the United Nations Educational, Scientific, and
Cultural Organization (UNESCO 1973) and later modified for application to the
United States by Driscoll et al. (1983, 1984). The Nature Conservancy and the
Natural Heritage Network (Grossman et al. 1994) have been using this system in
recent years with partial funding supplied by GAP. The basic assumptions and
definitions for this system have been described by Jennings (1993).

Classification of the PRGAP land cover follows a hierarchical structure separat-
ing vegetated from nonvegetated areas; forests, woodlands, and shrublands from
grasslands; and differentiating the composition of these vegetated areas based on
climate, substrate, topographic position, and age of forest types. These units are
then related to described formations, alliances, and associations to the extent
descriptions are available in the literature. We have been careful not to attribute
names of alliances or associations where there is uncertainty in the source or reli-
ability of these names, and the degree of floristic information derived from field
studies. Alliance and association names are given only where there is supporting
documentation of the composition of these syntaxa in the literature. Community
descriptions with a full suite of species presence and abundance are not common
for Puerto Rico, and the dynamic and diverse nature of the vegetation make these
difficult to extrapolate. Alliance descriptions are more widely available, but prima-
rily for the mature forest types. Information on the composition and variation in
herbaceous vegetation (excepting Dansereau 1966) and young secondary forests has

not been systematically done for the island.

Land Cover Classification Methods

The Puerto Rico Gap land cover mapping is based on two types of information:
(1) spectral and spatial information from satellite imagery and (2) ancillary or
additional data on the kinds of environmental factors that control vegetation com-
position, i.e., climate, substrate, topography, and disturbance. The spectral infor-
mation was derived from Landsat 7 ETM+ imagery, and our initial task was to
develop a cloud-free data set of this imagery (Martinuzzi et al. 2006). Clouds are
a common feature of visible and infrared remotely sensed images collected from
Puerto Rico, as from many other tropical, humid, and coastal regions of the world.
Cloud-free data acquisition for a single date is extremely difficult for the entire

island, particularly for higher elevations where a high percentage of the protected
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forest resources are located. Up to now, the continued presence of clouds in imag-
ery has forced researchers to conduct most projects only when low cloud cover
images are available (years 1985, 1991, and 1992). We have developed simple
semi-automated procedures to generate cloud and cloud-shadow masks in tropical
regions for use in the creation of cloud-free composite Landsat 7 ETM+ imagery
using multiple recent images acquired at different times over the same region. Our
goals in developing these methods were to make use of spectral and geographic
information to facilitate the identification of cloud cover, separate cloud and topo-
graphic shadows, and minimize the masked areas needed to eliminate these features
from a scene. Ultimately, we developed mosaics of the four Landsat ETM+ path-
rows that cover Puerto Rico, using the best imagery for each area.

In addition to the cloud and cloud-shadow masking method, we have incorpo-
rated processes for the creation of the final set of images. We sought to minimize
differences in reflectance owing to atmospheric conditions by correcting for
Rayleigh (atmospheric) scatter and differences in seasonality of vegetation by
using, whenever possible, imagery acquired during the same season. We also im-
proved our future ability to separate subpixel features (some urban or mangrove
areas) by enhancing the spatial resolution, incorporating the higher (15-m”) resolu-
tion of the panchromatic band of Landsat 7 ETM+.

Mapping standards and data sources—

Mapping was based on Landsat 7 ETM+ imagery acquired between 1999 and 2003,
and pan sharpened to 15-m’ resolution. Most of the imagery used was from 2001
and 2003. A 15-m’ pixel resolution is the minimum mapping unit (MMU) of the
PRGAP land cover. We developed a 96.5-percent cloud-free data set by composit-
ing 18 images from four Landsat 7 ETM+ path-rows (4-47, 4-48, 5-47, and 5-48)
(Martinuzzi et al. 2006). For our analysis, we developed individual mosaics of the
area covered by each path-row using the best imagery for each area. We used
IKONOS imagery from 2001 and 2002 to manually interpret the remaining cloud-

covered areas.

Land cover map development—

Our land cover layer includes spectral information from 1999-2003 Landsat

7 ETM+ imagery corrected for atmospheric distortion, clouds, and cloud shadows,
and pan-sharpened to a 15-m’ resolution. Most of the imagery used was from the
years 2001-2003. Pixel classification was performed on the four mosaics (northeast,
northwest, southeast, and southwest Puerto Rico) by using ERDAS Imagine 8.7

(imagery processing software) unsupervised classification to distinguish the major
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spectral classes. These were then mosaicked and stratified by information on the
primary factors controlling vegetation composition: i.e., climate, substrate, topogra-
phy, and disturbance. Additionally, we incorporated information from site visits,
visual interpretation of aerial photography and IKONOS (Earth observation satel-
lite) imagery, and comparison of classification results with published information
on vegetation for known sites. Image stratification was based on information that
allowed us to delimit sharp ecological boundaries with strong controls on vegeta-
tion composition, including geologic substrates (Bawiec 2001), and wetland classes.
Wetlands were delimited as forested or nonforested, seasonally or permanently
flooded, and saline or nonsaline by interpretation of the National Wetland Inventory
(NWI) digital database (USFWS 2005). Climatic boundaries include a combination
of the Holdridge life zones (Ewel and Whitmore 1973) and modeling using aspect,
which is related to rainfall and soil moisture patterns. We developed a landforms
model to delimit ridge, slope, valley, plains, and depressions in Puerto Rico and
used that to identify topographic positions and related variation in vegetation com-
position (Gould et al. 2006, Martinuzzi et al. 2007b). We also assessed information
from previous vegetation mapping efforts (Cintrén 1991, Helmer et al. 2002,
Ramos-Gonzilez 2001, Ramos-Gonzilez and Lugo 1994) as an aid in interpreting
classes. Our forest age class was determined by comparing our forested areas with
those considered forest or nonforest in the 1997 island-wide vegetation map
(Ramos-Gonzélez and Lugo 1994). Areas considered pasture in 1997 and forest

in our mapping are designated as young (< 25-year-old) forests. Mona Island, an
uninhabited natural reserve, was mapped using different methods than the other
islands. We first stratified the island into its primary central limestone plateau and

a small area of coastal plain. Within these areas we used the variation in spectral
signal from recent Landsat imagery (15-m” resolution), variation in the normalized
difference of vegetation index (NDVI) (Goward et al. 1985), previous mapping
efforts (Cintrén 1991), and an ongoing effort to map the forested sinkholes in the
central plateau to develop a map of the island. Finally, we used IKONOS image
interpretation to refine the delimitation of small features including mangrove and
Pterocarpus swamps, agricultural lands such as row crops and palm plantations,

barrens, and some riparian vegetation.

Land Cover Classification Results

The PRGAP land cover of Puerto Rico includes 70 land cover units (table 1, app. 3
and 4). Puerto Rico, Vieques, Culebra, Mona, and the smaller islands have a

terrestrial extent (including lakes, rivers, and saline lagoons) of 8949 km’.
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Table 1—The Puerto Rico Gap Analysis Project land cover classes and their area and percentage of
Puerto Rico’s total area

Land cover classes Area
Hectares  Percent
Puerto Rico terrestrial extent 894 913 100.0
Forest, woodland, and shrubland 471 866 52.7
Forest 353 892 39.6
Mature forest 177 036 19.8
Young secondary forest 176 856 19.8
Woodland and shrubland 117 974 13.2
Dry 67 523 7.6
Dry forest 35 407 4.0
Mature dry forest 22 918 2.6
Young secondary forest 12 489 1.4
Woodland and shrubland 32 117 3.6
Alluvial deposits 10 130 1.1
Mature secondary lowland dry alluvial semideciduous forest 1548 0.2
Young secondary lowland dry alluvial semideciduous forest 2881 0.3
Lowland dry alluvial shrubland and woodland 4472 0.5
Lowland dry riparian forest 806 0.1
Lowland dry riparian shrubland and woodland 423 0.1
Calcareous substrates 28 741 3.2
Mature secondary lowland dry limestone evergreen forest 982 0.1
Mature secondary lowland dry limestone semideciduous forest 10 669 1.2
Young secondary lowland dry limestone semideciduous forest 3922 0.4
Lowland dry limestone woodland and shrubland 8181 0.9
Lowland dry limestone shrubland 4694 0.52
Lowland dry cactus shrubland 47 <0.1
Coastal dwarf woodland and shrubland 103 <0.1
Lowland dry limestone cliffside semideciduous forest 12 <0.1
Lowland dry limestone cliffside shrubland and woodland 49 <0.1
Abandoned dry forest plantation 81 <0.1
Noncalcareous substrates 24 013 2.7
Mature secondary lowland dry noncalcareous semideciduous forest 7062 0.8
Young secondary lowland dry noncalcareous semideciduous forest 3645 0.4
Lowland dry noncalcareous shrubland and woodland 13 306 1.5
Ultramafic serpentine substrates 4640 0.5
Mature secondary dry and moist serpentine semideciduous forest 1839 0.2
Young secondary dry and moist serpentine semideciduous forest 1960 0.2
Dry and moist serpentine woodland and shrubland 841 0.1
Moist 236 768 26.5
Moist forest 176 258 19.7
Mature moist forest 90 041 10.1
Young secondary moist forest 86 217 9.6
Moist woodland and shrubland 60 510 6.8
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Table 1—The Puerto Rico Gap Analysis Project land cover classes and their area and percentage of
Puerto Rico’s total area (continued)

Land cover classes Area

Hectares Percent

Alluvial deposits 15 497 1.7
Mature secondary lowland moist alluvial evergreen forest 2256 0.3
Young secondary lowland moist alluvial evergreen forest 6675 0.8
Lowland moist alluvium shrubland and woodland 5141 0.6
Lowland moist riparian forest 916 0.1
Lowland moist riparian shrubland and woodland 508 0.1
Calcareous substrates 72 255 8.1
Mature secondary moist limestone evergreen and semideciduous forest 46 423 5.2
Young secondary moist limestone evergreen and semideciduous forest 15 492 1.7
Moist limestone shrubland and woodland 10 338 1.2
Noncalcareous substrates 149 017 16.7
Mature secondary lowland moist noncalcareous evergreen forest 40 446 4.5
Young secondary lowland moist noncalcareous evergreen forest 52 981 6.0
Lowland moist noncalcareous shrubland and woodland 44 523 5.0
Lowland moist abandoned and active coffee plantations 11 068 1.2
Wet 158 614 17.7
Wet forest 133 266 14.9
Mature wet forest 55 116 6.2
Young secondary wet forest 78 150 8.7
Wet woodland and shrubland 25 348 2.8
Alluvial deposits 2501 0.3
Mature secondary montane wet alluvial evergreen forest 613 0.1
Young secondary montane wet alluvial evergreen forest 988 0.1
Montane wet alluvial shrubland and woodland 900 0.1
Noncalcareous substrates 151 724 17.0
Mature secondary montane wet noncalcareous evergreen forest 25 207 2.8
Montane wet evergreen abandoned and active coffee plantation 54 859 6.1
Mature primary and secondary montane wet noncalcareous evergreen
tabonuco forest 8715 1.0
Mature primary and secondary montane wet noncalcareous evergreen
palo colorado cloud forest 3712 0.4
Mature primary and secondary montane wet noncalcareous evergreen
sierra palm forest 11 953 1.3
Mature primary and secondary montane wet noncalcareous evergreen
elfin woodland cloud forest 1537 0.2
Young secondary montane wet noncalcareous evergreen forest 21 651 2.4
Montane wet evergreen noncalcareous shrubland and woodland 24 090 2.7
Ultramafic serpentine substrates 4389 0.5
Mature secondary montane wet serpentine evergreen forest 3379 0.4
Young secondary montane wet serpentine evergreen forest 651 0.1
Wet serpentine shrubland and woodland 358 <0.1
Flooded forests 8960 1.0
Mangrove forest and shrubland 8700 1.0
Freshwater Pterocarpus swamp 261 <0.1
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Table 1—The Puerto Rico Gap Analysis Project land cover classes and their area and percentage of

Puerto Rico’s total area (continued)

Land cover classes Area
Hectares  Percent

Grasslands 286 407 32.0
Dry 42 389 4.7
Dry grasslands and pastures 42 176 4.7
Dry cactus grassland and shrubland 213 <0.1
Moist 218 945 24.5
Moist grasslands and pastures 218 945 24.5
Wet 23 090 2.6
Seasonally flooded herbaceous nonsaline wetlands 18 225 2.0
Seasonally flooded herbaceous saline wetlands 4865 0.6
Flooded 1984 0.2
Emergent herbaceous nonsaline wetlands 1102 0.1
Emergent herbaceous saline wetlands 882 0.1
Agriculture 26 257 2.9
Hay and row crops 25 764 2.9
Woody agriculture and plantations 492 0.1
Natural barrens 3576 0.4
Rocky cliffs and shelves 397 <0.1
Gravel beaches and stony shoreline 82 <0.1
Fine to coarse sandy beaches, mixed sand and gravel beaches 1155 0.1
Riparian and other natural barrens 449 0.1
Salt and mudflats 1493 0.2
Artificial barrens 8694 1.0
Artificial barrens 8674 1.0
Salt production 20 <0.1
Developed areas 89 573 10.0
High-density urban development 52 335 5.9
Low-density urban development 37 237 4.2
Water 8540 1.0
Freshwater 4434 0.5
Saline water 4005 0.5
Aquaculture 101 <0.1

Forest, woodland, and shrubland—

Fifty-three percent (4719 km?) of Puerto Rico is covered predominantly by woody

vegetation, and 49 land cover units are described as dominated by woody vegeta-

tion. Of these, low- and mid-elevation moist woody vegetation covers 27 percent

(2368 km®), upper elevation wet woody vegetation covers 18 percent (1586 km?),

dry woody vegetation covers 8 percent (675 km?), and flooded mangrove and

Pterocarpus forests cover 1 percent (90 kmz) of the islands. We have classified 40

percent (3539 km®) of the woody vegetation as forest (> 60 percent tree cover), and
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13 percent (1180 kmz) as woodland (< 60 percent tree cover) or shrubland (> 25
percent cover small trees or shrubs). Mature (> 25-year-old) and young secondary
(< 25-year-old) forests each cover 20 percent of the islands. Dry, moist, wet, and
flooded forests cover 4 percent, 20 percent, 15 percent, and 1 percent of the islands,
respectively. Mature dry, moist, wet, and flooded forests cover 3 percent, 10 per-
cent, 6 percent, and 1 percent of the islands, respectively. The most abundant

forest types are the montane wet evergreen secondary forest, including active

and abandoned coffee plantations, and young secondary lowland moist forest on
noncalcareous substrates. These each cover 6 percent of the islands (549 km” and

530 kmz, respectively).

Grassland—

Thirty-five percent (3127 km®) of Puerto Rico has been classified as grassland

(32 percent) or herbaceous agriculture (3 percent). Dry, moist, wet, and flooded
grasslands make up 5 percent, 25 percent, 3 percent, and less than 1 percent, respec-
tively, of the area. Nearly all of the moist and dry grasslands are maintained by
disturbance. They may have continuous or intermittent cattle grazing and may burn
frequently, particularly the dry grasslands. Natural barrens make up less than 1 per-
cent of the area. These are a small but important component of the landscape, both
for human use and as wildlife habitat. Natural barrens include the stony and sandy
beaches, rocky cliffs and shelves, active riparian flood plains, and salt- and

mudflats.

Wetlands—

Coastal wetlands cover 4 percent of the island (340 km®). Forty-two percent of these
are saline wetlands and 58 percent freshwater wetlands. Seventy-four percent of the
wetlands are dominated by herbaceous vegetation (251 km?), and 92 percent of
these (230 km®) are seasonally flooded. Of the herbaceous wetlands, 77 percent are
nonsaline (193 kmz) and 23 percent are saline (58 kmz). Forested coastal wetlands
cover 1 percent of the island; 67 km® are mangroves and 3 km” are freshwater
Pterocarpus swamps. About 1 percent of the area has been classified as either fresh

or saline water.

Developed areas—

We classified 11 percent (983 kmz) of Puerto Rico as developed (10 percent) or
artificially barren (1 percent). This is a very dynamic component of the landscape
and has likely increased since the imagery for mapping was acquired. Development
does not occur equally around the region and is concentrated in the coastal plain and
lower hills (Martinuzzi et al. 2007a, Pares et al. in press).
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Land Cover Classification Accuracy Assessment

The purpose of accuracy assessment is to allow a potential user to determine the
map’s “fitness for use” for their application. It is impossible for the original
cartographer to anticipate all future applications of a land cover map, so the
assessment should provide enough information for the user to evaluate fitness for
their unique purpose. This can be described as the degree to which the data quality
characteristics collectively suit an intended application. The information reported
includes details on the database’s spatial, thematic, and temporal characteristics and
their accuracy.

Assessment data are valuable for purposes beyond their immediate application
to estimating accuracy of a land cover map. The reference data are therefore made
available to other agencies and organizations for use in their own land cover
characterization and map accuracy assessments (see “Data Availability” for access
information). The data set will also serve as an important training data source for
later updates.

Even though we have reached an endpoint in the mapping process where
products are made available to others, the gap analysis process should be considered
dynamic. We envision that maps will be refined and updated on a regular schedule.
The assessment data will be used to refine GAP maps iteratively by identifying
where the land cover map is inaccurate and where more effort is required to bring
the maps up to accuracy standards. In addition, the field sampling may identify new

classes that were not identified at all during the initial mapping process.

Methods—

We used island-wide 1-m’-resolution color IKONOS imagery from 2001-2002,
including Vieques, Culebra, Mona, and the smaller cays to evaluate the thematic
accuracy of the 2003 land cover map of Puerto Rico and the surrounding islands,
derived from 18 Landsat 7 ETM+ scenes collected from 1999 to 2003.

A feasibility appraisal was conducted prior to the accuracy assessment, which
concluded that the accuracy assessment should be conducted on the six original
classes obtained through the unsupervised classification. The final 70 PRGAP land
cover units were created through modeling of the original classes in combination
with geological, climatological, and other auxiliary data. Therefore, the 70-unit
classification was simplified to six classes. The six classes were chosen as they
represented the main classes originally separated spectrally through the 18 Landsat

7 ETM+ scenes prior to the extensive modeling process. Furthermore, the recoded
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six land cover classes simplified the accuracy assessment process and helped to
reduce image interpretation errors when using the reference IKONOS imagery
(table 2).

The use of alternative methods for the accuracy assessment of GAP land cover
products has previously been recommended by the GAP where the collection of
ground data has been considered impractical. Lin and Laporte (2003) assessed
IKONOS and aerial videography for use in accuracy assessment, and the National
Aeronautics and Space Administration (NASA) aerial photos have been found
suitable for the accuracy assessment where large study areas and staff resources
made reliance on field data impractical (Helmer et al. 2002, Zhu et al. 2000).

A remote-sensing specialist, GIS specialist, and a research ecologist with an
indepth knowledge of the vegetation of Puerto Rico were available for image
interpretation of the IKONOS imagery, helping to reduce inaccuracy. Additionally,
tone, shape, size, pattern, texture, shadow, and association as well as true- and
false-color composites were all used as criteria for visual interpretation. Image
interpretation training using the IKONOS imagery included creating small refer-

ence subsets of each class that could be used as a base for image interpretation.

Sample size—

Prior to conducting the accuracy assessment, we determined the minimum number
of sample points required so that our calculated classification accuracy would have
an allowable error of 5 percent at the 95-percent confidence interval. An assumed
error range was used to calculate the minimum number of samples required to
achieve the specified allowable error. For this calculation, we assumed that the
overall accuracy of the land cover map was between 70 and 85 percent. The number
of sample points was calculated using the following equation based on binomial
probability theory (Fitzpatrick-Lins 1981):

Z’pq
N==3

Where
N = number of samples
p = expected or calculated accuracy ( percent)
qg=100-p
E = allowable error

Z = standard normal deviate for the 95-percent two-tail confidence level (1.96).
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Table 2—-Absolute and relative areas of the Puerto Rico
Gap Analysis Project land cover classes

Land cover Area
Hectares Percent
Forest (except mangrove) 345 132.0 39
Woodland and shrubland 117 974.4 13
Mangrove 8 699.5 1
Grassland, pasture, agriculture 312 663.9 35
Urban and barren 101 844.5 11
Water 8 540.3 1
Total 894 913.0 100

For the lowest expected map accuracy of 70 percent with an allowable error
of 5 percent, 323 sample points were required, whereas for a map accuracy of
85 percent with an allowable error of 5 percent, 196 sample points were required
(table 3).

We then decided to use the lowest expected land cover map accuracy (70 per-
cent) in determining the minimum number of sample points (~ 323) for the accu-
racy assessments. A stratified random sampling technique was considered the most
appropriate for the land cover accuracy assessment. Table 4 identifies the allocation
of the sample points to the different land cover categories. However, some classes
were not appointed an adequate number of sample points because the area covered
by some of the smaller land cover classes is negligible compared to the rest of the
classes. Therefore, the minimum sample size was set to 20 for these classes (Maingi
et al. 2002, van Genderen and Lock 1977), therefore increasing our total number
of sample points from 323 to 358.

Three hundred and fifty-eight sample points were randomly allocated to the
PRGAP land cover classes as shown above. To avoid bias, image interpreters did
not know what classifications had been assigned to the sample points in the PRGAP
land cover. The corresponding reference sample points were then analyzed in the
IKONOS imagery and allocated to one of the six classes. Some of the sample
points fell in areas of cloud cover within the reference IKONOS imagery; these
points were removed and new reference points were selected through stratified
sampling until the allocated sample number for each class was attained. An ERDAS
imagine 9.0 was used to generate an error matrix, accuracy totals, and kappa

statistics.



Table 3—Minimum number of sample points
(N,) required to achieve an allowable error
of 5 percent (E,) at the 95-percent confidence
interval

N, D q
323 70 30
288 75 25
246 80 20
196 85 15

Note: Z = 1.96 (standard normal deviate for the 95-
percent two-tailed confidence interval), p = expected
percentage accurracy, q = 100 - p , El2 =25 (square
of allowable error).

The Puerto Rico Gap Analysis Project

Table 4—Minimum number of sample points per land cover class stratified by area

Estimated Final
number number
Land cover Area of samples of samples
Hectares Percent

Forest (except mangrove) 345 132 39 125 125
Woodland and shrubland 117 974 13 43 43
Mangrove 8 700 1 3 20
Grassland, pasture, agriculture 312 664 35 113 113
Urban and barren 101 845 11 37 37
Water 8 540 1 3 20

Total 894 913 100 323 358

Land cover accuracy assessment results—

The results of the IKONOS-based 2003 PRGAP land cover accuracy assessment

(tables 5 and 6) show an overall accuracy of 84.92 percent and a kappa value of

0.8, which indicates substantial agreement (Landis and Koch 1977). However,

there is significant variability in the producer’s and user’s accuracy. The producer’s

accuracy (PA) relates to the probability that a reference sample (IKONOS-inter-

preted land cover class) will be correctly mapped and measures the errors of omis-

sion, whereas the user’s accuracy (UA) indicates the probability that a sample from

the land cover map matches the reference data and measures the error of commis-

sion. The producer’s accuracy ranges from 52.54 percent to 100 percent and the

user’s accuracy ranges from 72.09 percent to 95 percent (table 6). Overall, accuracy

27



GENERAL TECHNICAL REPORT IITF-GTR-39

28

Table 5—Error matrix of IKONOS-based accuracy assessment of the Puerto Rico
Gap Analysis Project major land cover classes

Total number of

Land cover class Error matrix pixels
(1) 2 3) @ 6 (0

(1) Forest (except mangrove) 108 9 0 6 2 0 125
(2) Woodland and shrubland 8 31 0 3 1 0 43
(3) Mangrove 0 0 19 0 0 1 20
(4) Grassland, pasture, agriculture 2 16 0 93 2 0 113
(5) Urban and barren 0 2 0 1 34 0 37
(6) Water 0 1 0 0 0 19 20

Total 118 59 19 103 39 20 358

Note: The reference data are from IKONOS 2001-2002 imagery. The number of correctly identified
pixels are in the diagonal portion of the matrix and misidentified pixels are in the row or column of
the land cover type in which they occur in the IKONOS imagery.

Table 6—Accuracy of land cover classifications of the Puerto Rico Gap Analysis
Project

Land cover class RT CT NC PA UA Kappa
— — — Percent — — —

Forest (except mangrove) 118 125 108 91.53 86.40 0.7971
Woodland and shrubland 59 43 31 52.54 72.09 0.6659
Mangrove 19 20 19  100.00 95.00 0.9472
Grassland, pasture, agriculture 103 113 93 90.29 82.30 0.7515
Urban and barren 39 37 34 87.18 91.89 0.9090
Water 20 20 19 95.00  95.00 0.9470
Total 358 358 304

Overall Kappa statistics (KHAT value) 0.8007
Overall accuracy (percent) 84.92

Note: RT = reference pixels, CT = classified pixels, NC = number pixels correctly classified, PA =
producer’s accuracy (samples correctly mapped), US = user’s accuracy (mapped point matches data).

assessment for five of the six recoded classes tended to fall in a similar range: from
87 percent to 100 percent for the producer’s accuracy and from 82 percent to 95
percent for the user’s accuracy. However, for the open forest and shrubland class,
the PA fell to 52 percent and the UA to 72, indicating a degree of misclassification.
With any land cover classification produced from satellite imagery, misclassification
often results from subpixel spatial variability and spatial and spectral resolution

limitations.



The Puerto Rico Gap Analysis Project

Puerto Rico provides a diverse, dynamic, fragmented, and significantly
heterogeneous landscape for land cover classification. Even with spatial resolu-
tion enhancement of the Landsat 7 ETM+ reflectance bands from 30 m’ to 15 mz,
features at the subpixel level and mixed pixelsy—e.g., confusion between urban,
barren and sands, or water and closed forest—provided a significant problem.

Another issue that influenced land cover accuracy results is the misregistration
between the imagery used to create land cover classification and the reference data
used in the accuracy assessment. This is especially predominant when land cover
accuracy assessments are completed by using aerial photography, videography, or,
as in this case, other satellite imagery. The PRGAP land cover used 18 Landsat 7
ETM+ images, which were mosaicked to create an island-wide cloud-free compos-
ite. The mosaic was then segmented into six geoclimatic zones to reduce spectral
variability and assist classification. With different preprocessing steps taken in
both the Landsat 7 ETM+ imagery set and the IKONOS imagery, juxtaposed with
variation in spatial and spectral characteristics of each data set, perfect registration
between the imagery was complex; therefore, some of the error in the accuracy
could be due to misregistration rather than misclassification.

Even though the six recoded PRGAP land cover units provided a significant aid
to image interpretation when using IKONOS imagery as a reference for the accu-
racy assessment, it is still possible that some error is due to the inability to confi-
dently image-interpret a sample unit. This is particularly true in Puerto Rico, where

there are gradients between shrubland and forest that are difficult to distinguish.

Land Cover Classification Limitations

The land cover of Puerto Rico is a matrix of very stable and very dynamic ele-
ments in terms of species composition. The dynamic nature is due to both human
use and land cover change, the ability of woody vegetation to quickly replace
abandoned pastures, and dynamism related to natural disturbance, particularly
hurricanes and fire. Stable elements include those that were unsuitable for agricul-
ture and adapted to the regime of natural disturbances. These include the coastal
mangroves, extremely wet cloud forest vegetation, and extremely dry vegetation on
rocky coastal areas. Vegetation description in Puerto Rico has a long history and
much detail for some parts of the island, particularly the Luquillo Mountains.
Other, more disturbed areas are less well described, and in general, description at
the plant community level, including all woody and herbaceous species present, is
limited. Little classification other than Dansereau (1966) attempted detailed plant

community description for the herbaceous communities on the island. The current
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land cover and classification represents the land cover at the time of image acquisi-
tion (2003) and is an attempt to link these units with available published descrip-

tions to the finest scale at which they are available.

Predicted Vertebrate Distributions and Species
Richness

All species range maps are predictions about the occurrence of those species within
a particular area (Csuti 1994). Traditionally, the predicted occurrences of most spe-
cies begin with samples from collections made at individual point locations. Most
species range maps are small scale (e.g., >1:10,000,000) and derived primarily
from point data to construct field guides. These are suitable, at best, for approxi-
mating distribution at the regional level or counties. The purpose of the GAP
vertebrate species maps is to provide more precise information about the current
predicted distribution of individual native species according to actual habitat
characteristics within their general ranges and to allow calculation of predicted
area of distributions and associations to specific habitat characteristics.

The GAP maps are produced at a nominal scale of 1:100,000 or better and are
intended for applications at the landscape or “gamma” scale (heterogeneous areas
generally covering 1000 to 1 million hectares and made up of more than one kind
of natural community). Applications of these data to site- or stand-level analyses
(site—a microhabitat, generally 10 to 100 m’; stand—a single habitat type, gener-
ally 0.1 to 1000 ha) (Whittaker 1977, see also Stoms and Estes 1993) will likely
reveal the limitations of using this process to incorporate differences in habitat
quality (e.g., understory condition) or necessary microhabitat features such as
standing dead trees.

Gap analysis uses the predicted distributions of animal species to evaluate their
conservation status relative to existing land management (Scott et al. 1993). How-
ever, the maps of species distributions may be used to answer a wide variety of
management, planning, and research questions relating to individual species or
groups of species. In addition to the maps, great utility may be found in the con-
solidated specimen collection records and literature that are assembled into data-
bases used to produce the maps. Perhaps most importantly, as a first effort in
developing such detailed distributions, they should be viewed as testable hypotheses
to be confirmed or refuted in the field. We encourage biologists and naturalists to
conduct such tests and report their findings in the appropriate literature and to the

GAP such that new data may improve future iterations.
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Before this effort, there were no maps available, digital or otherwise, showing
the likely present-day distribution of species by habitat type across their ranges.
Because of this, ordinary species (i.e., those not threatened with extinction nor
managed as game animals) are generally not given sufficient consideration in land
use decisions in the context of large geographic regions or in relation to their actual
habitats. Their decline, because of incremental habitat loss, results in one threat-
ened or endangered species “surprise” after another. Frequently, the occurrence
records that exist for species with a wide range are artificially truncated by state or
other politically-based boundaries. As a result, creating a consistent spatial frame-
work for storing, retrieving, manipulating, analyzing, and updating our knowledge
about the status of a given animal species is one of the most necessary and basic
elements for preventing further erosion of our biological resources.

Although there is a wealth of ecological and natural history information for
Puerto Rico, it is not available in a centralized location of consistent quality or
format. A great deal of the PRGAP effort was in compiling this information to
develop species occurrence, range, and predicted distribution databases and maps.
We created a relational database for the PRGAP to manage data on species occur-
rences, species habitat information, and literature citations (see volume 2). Each
animal species represented in the PRGAP relational database is associated with a
unique identifier (PRGAPSppID) that is used to link (relate) the species to records
on its occurrence, habitat preferences, and conservation status, which are stored in
multiple tables contained in the database. The objective is to identify, through doc-
umented sources or expert opinion, those physiographic and biological elements
with which a species is associated. Predicting species geographic distributions
requires building a database that identifies all the major physiographic and biologi-
cal elements considered to influence the occurrence of a species across its range.
Published books, scientific papers, and reports about the ecology and life history of
individual species or groups of species are the primary sources for information
about the habitats in which a species can be expected to occur. Official Internet
sources, unpublished documents, and articles contained in popular media were also
used, but are considered less credible. Accuracy assessment was conducted for each

species by incorporating an expert opinion and review process.

Vertebrate Mapping Methods

PRGAP species list—
Over 470 vertebrate species (excluding fish) have been recorded in Puerto Rico and

its adjacent islands including those that occur in terrestrial, terrestrial aquatic, and
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marine environments (app. 2). Of these, about 436 are terrestrial vertebrate species.
Many of these are identified as migratory, wintering, accidental, or vagrant species
that do not breed regularly or at all in Puerto Rico. The PRGAP only considered
species that are known to breed in the project area, and that are regularly occurring
nonaccidentals (Csuti and Crist 1998). Csuti and Crist (1998) suggested, as a
general definition, that “regular breeders” are those species breeding in the state
during at least 5 of the past 10 years. However, this is often difficult to document.

The species list for the PRGAP project final analysis was compiled in coopera-
tion with the DNER, the USFWS, and several nongovernmental sources. This list
does not include most of the nonnative species that are known to occur in Puerto
Rico. However, because several nonnative species are known to influence the
distribution or densities of native species or are valued as game species, we elected
to include a group of those that are considered regularly occurring in Puerto Rico.
Our final list of 177 species included 18 amphibians, 98 birds, 14 mammals, and 47
reptiles (fig. 10).

Mapping Standards and Data Sources—

The PRGAP mapped predicted species distributions in accordance with the stan-
dards of the GAP handbook as of 13 January, 2000. All GIS modeling of species
distributions was conducted on Dell workstations running ERDAS Imagine and
ArcINFO 9.0.
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Birds Reptiles Amphibians Mammals

Figure 10—Terrestrial vertebrate species by taxonomic group included in the Puerto Rico Gap
analysis.
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Minimum Mapping Unit (MMU)—

The PRGAP recognizes two mapping unit scales that are related to (1) defining a
species geographic range determined by its probability of occurrence or (2) a
predicted species distribution based on associated range, habitat, and life history
variables. The PRGAP has adopted a hexagon grid network for use in mapping
Puerto Rico’s biological diversity. This hexagon grid (PRGAP-HEX) provides a
uniform unit of area that can be used to represent the range and occurrence of
vertebrate species across a very heterogeneous landscape. Each hexagon has an area
of 24 km’, which is the MMU for species geographic range distributions (fig. 11).
The PRGAP-HEX grid consists of 483 individual hexagons with 305 occurring only
over land, 161 over coastal areas, and 17 over open marine areas with small reefs
and cays. The hexagon shape is based on the U.S. Environmental Protection
Agency’s (USEPA) Environmental Monitoring and Assessment Program (EMAP)
typically used in gap analysis. However, EMAP represents only the conterminous
United States, and in lieu of EMAP coverage in the Caribbean, the PRGAP-HEX
grid (fig. 1) was developed by the USES by tessellating the larger hexagonal grid
used in Caribbean Forest Inventory and Analysis (FIA).

~5Km

~3 km

Figure 11—A 24 km” hexagon was used as the minimum
mapping unit for species geographic range distributions.
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The second mapping unit scale is derived from the 15-m’-pixel resolution
reflected in the PRGAP land cover layer (fig. 12), and that is used in mapping
species habitat and predicted distribution. The PRGAP uses a 15-m’-pixel resolu-
tion as the MMU for mapping predicted species distributions.

Mapping species geographic distribution—

To map a species geographic distribution, each hexagon was attributed with one of
eight categories for probability of occurrence of that species (table 7). Species
probability of occurrence information is derived from published literature, unpub-
lished data sets, museum records, and expert opinion. A species record of occur-
rence may be confirmed when associated with a credible observation, including the
location, observation date, and observer’s name. Records may be probable based on
published range maps, location descriptions, or expert opinion, or predicted based
on the occurrence of habitat and expert opinion that the species is likely to occur.
Most of the records are for birds, followed by reptiles, amphibians, and mammals
(fig. 13).

Collecting species data—

We used a great variety of sources to develop species geographic ranges and their
predicted distributions based on habitat availability as inferred from PRGAP land
cover. Vertebrate occurrence data were gathered from DNER and include records
collected for the Critical Wildlife Areas Report, element occurrence records on
threatened and endangered species managed by the DNER’s Natural Heritage
Program, and from their long-term pigeon and dove survey. In addition, we in-

cluded occurrence records obtained from:

*  USGS Patuxent Wildlife Research Center—10 years of the USGS Breeding
Bird Survey Program.

* National Audubon Society Christmas Bird Count.

*  USGS Cooperative Unit karst study with North Carolina State University.

* Luquillo Experimental Forest long-term ecological research studies.

e Puerto Rico Ornithological Society Puerto Rico Breeding Bird Atlas
project.

*  Smithsonian Museum of Natural History.

e University of Puerto Rico, Mayagiiez and Humacao campuses.

e IITF staff and scientists.

e University and independent researchers.

* Peer-reviewed publications, research reports, books, and published maps.
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Ivan Vicens

The Antillian crested hummingbird Orthorhyncus cristatus is known as the Zumbador Crestado
locally.
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Forest, woodland and shrubland
Dry forests
Alluvial substrates
- Mature secondary lowland dry alluvial semideciduous forest
Young secondary lowland dry alluvial semideciduous forest
Lowland dry alluvial shrubland and woodland
[ Lowland dry riparian forest
Lowland dry riparian shrubland woodland
Calcareous substrates
- Mature secondary lowland dry limestone evergreen forest
- Mature secondary lowland dry limestone semideciduous forest
- Young secondary lowland dry limestone semideciduous forest
777 Lowland dry limestone woodland and shrubland
- Lowland dry limestone shrubland
- Lowland dry cactus shrubland
- Coastal dwarf woodland and shrubland
- Lowland dry limestone cliffside semideciduous forest
I Lowland dry limestone cliffside shrubland and woodland
Abandoned dry forest plantation
Noncalcareous substrates
- Mature secondary lowland dry noncalcareous semideciduous forest
- Young secondary lowland dry noncalcareous semideciduous forest
- Lowland dry noncalcareous shrubland and woodland
Ultramafic serpentine substrates

- Mature secondary dry and moist serpentine semideciduous forest
- Young secondary dry and moist serpentine semideciduous forest
- Dry and moist serpentine woodland and shrubland
Moist forests

Alluvial substrates
[ Mature secondary lowland moist alluvial evergreen forest
[ Young secondary lowland moist alluvial evergreen forest

Lowland moist alluvial shrub and woodland

I Lowland moist riparian forest
" Lowland moist riparian shrubland and woodland

Calcareous substrates

Il Mature secondary moist limestone evergreen and semideciduous forest
I Young secondary moist limestone evergreen and semideciduous forest

[ | Moist limestone shrubland and woodland

Noncalcareous substrates
- Mature secondary lowland moist noncalcareous evergreen forest
B Young secondary lowland moist noncalareous evergreen forest
- Lowland moist noncalareous shrubland and woodland
- Lowland moist abandoned and active coffee plantations

Wet forests
Alluvial substrates
Mature secondary montane wet alluvial evergreen forest
- Young secondary montane wet alluvial evergreen forest
B vontane wet alluvial shrubland and woodland

Noncalcareous substrates
Mature secondary montane wet noncalcareous evergreen forest
Il Vontane wet evergreen abandoned and active coffee plantation

[l Vature primary and secondary montane wet noncalcareous
evergreen tabonuco forest

Il Vature primary and secondary montane wet noncalcareous
evergreen palo colorado cloud forest

Mature primary and secondary montane wet noncalcareous
evergreen sierra palm forest

Mature primary and secondary montane wet noncalcareous
evergreen elfin woodland cloud forest

- Young secondary montane noncalareous evergreen forest
"] Montane wet noncalcareous evergreen shrubland and woodland
Ultramafic serpentine substrates
- Mature secondary montane wet serpentine evergreen forest
- Young secondary montane wet serpentine evergreen forest
I Wet serpentine shrubland and woodland
Flooded forests
— Mangrove forest and shrubland
B Freshwater pterocarpus swamp
Grasslands
Dry grasslands
Dry grasslands and pastures
Dry cactus grassland and shrubland
Moist grasslands
Moist grasslands and pastures
Wet grasslands
Seasonally flooded herbaceous nonsaline wetlands

Seasonally flooded herbaceous saline wetlands
Flooded grasslands

Emergent herbaceous nonsaline wetlands
Emergent herbaceous saline wetlands
Agriculture
Hay and row crops
I | Woody agriculture and plantations
Natural barrens
- Rocky cliffs and shelves
Gravel beaches and stony shoreline
Fine to coarse sandy beaches, mixed sand and gravel beaches
[ Riparian and other natural barrens
Salt and mudfiats
Artificial barrens
Bl Aificial barrens
[ Salt production
Developed areas
- High-density urban development
B Low-density urban development
Water

- Freshwater
B saline water

| | Agquaculture
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Table 7—Confidence level assigned to hexagon records for each species

Confidence level Taxon Description

Confirmed All Confidently assumed or known to occur in the
hexagon. Sources include species locality records
and expert opinion.

Predicted All Predicted to occur based on a combination of
presence of suitable habitat and historical record
or presence in adjacent hexagon. Sources include
expert opinion only.

Probable All Probable occurrence based on a strong likelihood.
Sources include expert opinion, published range
maps, or range descriptions.

Historical included All Confidently assumed or known to have occurred
in the hexagon prior to 1970 and considered as
valid for recent distribution. Sources include
species locality records and expert opinion.

Historical excluded All Confidently assumed or known to have occurred
in the hexagon prior to 1970 but considered
invalid for recent distribution. Sources include
species locality records and expert opinion.

Questionable All Occurrence within hexagon was still in question
after expert review. Hexagons coded as question-
able are not included in species current range
distribution. Sources include expert opinion only.

Excluded All Documented occurrence was excluded by expert
review after having been coded as confirmed,
predicted, or probable. Sources include expert
opinion only.

Absent All Considered absent from hexagon based on no
documented records of occurrence and expert
opinion. Sources include locality records and
expert opinion.
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These last sources were particularly useful when mapping reptiles, amphibians,

and bats. All of this information is maintained in the PRGAP relational database.

Approximating species geographic range extent—

For each species included in our analysis, we mapped its geographic distribution by
intersecting the species occurrence records with our PRGAP-HEX base map; the
hexagon cell represents the minimum mapping unit for interpreting species geo-
graphic range extent. The hexagon was preferred over other mapping units for three
reasons. First, the uniform shape and size is important when comparing relative
measures of density associated with species diversity. Second, the hexagon’s geo-
metric properties allow it to be easily aggregated or tessellated to conform to the
convex shape of the Earth’s surface. Third, and equally important, the hexagon
border is determined arbitrarily and overcomes many problems associated with
delineating species range by county (Boone 1996) or other politically-based bound-
aries. An additional reason for using the PRGAP-HEX base map to delineate spe-
cies range extents is that each hexagon is spatially related to data collected by the
Caribbean FIA Program. This provides for an opportunity to conduct future analy-
ses of vertebrate biological diversity, forest inventory and use, tree species diversity,
and forest health.

Each vertebrate occurrence record with latitude and longitude coordinates was
attributed to a single hexagon that, in turn, was classified as “confirmed” or “his-
torical included” depending on the date of record (table 7). Museum or other
records with locality information that could be assigned to a single hexagon were
also designated “confirmed” or “historical included.” Published distribution maps
and descriptions, and locality records that intersect more than one hexagon were
also used to attribute hexagons. However, this process was less straightforward
requiring different methods or steps depending on the record’s unique case. In these
cases, the hexagons intersecting these locality records were attributed or classified
as “probable” (table 7).

Methods specific to birds—
Breeding bird surveys represented a very important source of bird distribution data.
Observations from BBS routes were attributed to all the hexagons that were inter-
sected by the routes. These hexagons were classified as “confirmed.” The following
references also represented valuable tools for mapping bird distributions: Biaggi
(1977), Oberle (2000), Raffaele (1983), and Raffaele et al. (1998).

We selected all the hexagons that intersected the distribution localities or areas
described in these references, and attributed them an occurrence classification of
“probable” (table 7).
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Methods specific to reptiles and amphibians—

Valuable amphibian distribution information came from the following references:
Joglar (1998), Rivero (1998), and Schwartz and Henderson (1991). Point distribu-
tion maps from some of these references were electronically scanned, points of
occurrence digitized, and then buffered (buffer distance differed depending upon
the inherent error associated with each respective published map) to reflect process-
ing error. The respective buffered points were then intersected with a complete
species hexagon distribution data set (which includes hexagons still categorized as
“absent”) to augment the current distribution status. All hexagons selected using this

process were attributed as “probable.”

Methods specific to mammals—

A valuable source of bat distribution information was provided by Dr. M. Gannon
of Penn State University, and subsequently from Gannon et al. (2005). We digitized
the point locations from the distribution maps in this book. We assigned a buffer to
each of the digitized points depending on the observation or record description that
Gannon et al. (2005) provided. The buffers were intersected with the complete
species hexagon data sets to complement the existing distribution records, and

subsequently attributed with an occurrence category of “probable.”

Wildlife habitat relationships—

Species habitat models were based on species life-history information obtained
from the literature and from expert review. The information used to develop spe-
cies habitat models has been documented in the PRGAP-VERT database, where we
compiled all available information on species taxonomic classification, conservation
status, worldwide distribution, distribution in Puerto Rico, associations with vegeta-
tion or floristics, geologic substrates, soils, climate or rainfall patterns, elevation,
topography, habitat structure, or other terrain features. We also documented infor-
mation on species migratory, reproductive, and demographic patterns, dietary
habits, habitat use, and activity patterns. This information, as well as a specific

wildlife habitat model, is reported in volume 2 for each species.

Modeling of vertebrate species distributions for PRGAP—

Species habitat models were linked to specific mapped land cover units or other
information for which we have reliable spatial information. The predicted distribu-
tions include all habitats within hexagons with confirmed, probable, or predicted

occurrences, and in adjacent hexagons when there is contiguous habitat.
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Javier Mercado

The barred anole Anolis straulus is know locally as the Lagartijo Manchado.
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Vertebrate Distribution Results

Hexagon occurrence maps (see volume 3) provide a comprehensive set of species
occurrences for Puerto Rico. They indicate that although there are a number of
widespread species occurring nearly everywhere, there are also significant patterns
of coastal or montane species, species restricted to dry or wet environments, and
species restricted to particular islands. They also indicate the need for island-wide
systematic surveys and more comprehensive sampling of several species.
Predicted distribution maps (see volume 4) also provide a new body of infor-
mation that is available for future analysis. They highlight the importance of the
diversity of habitats on the island, from wetlands to dry lands, from grassland to
forests, and the matrix of habitats that include mangrove and dry forests, forest
edges, and tracts of dense forest. Predicted distribution maps include information
on species taxonomy, conservation status, habitat model, natural history, major

literature sources, and, for many species, a photograph.

Amphibians—

We mapped the geographic distribution (see hexagon occurrence maps) of 18
amphibian species based on associated occurrence records. The majority of Puerto
Rico’s amphibians are in the genus Eleutherodactylus, the coquis of Puerto Rico. As
an example, Eleutherodactylus portoricensis is the Puerto Rican coqui, with a range
above 200 m in the central mountains (fig. 14) and habitat that includes forest,

woodland, and shrubland within this range (fig. 15).

Birds—

We mapped the distribution of 98 bird species. As an example, the yellow-
shouldered blackbird, Agelaius xanthomus, is an uncommon and endangered
species that is mostly restricted to the drier coastal areas (fig. 16) and inhabits

forests, woodlands, shrublands and open areas adjacent to forest (fig. 17).

Mammals—

We mapped the distribution of 14 mammal species, including the 13 bats found on
the islands. As an example, the Jamaican fruit-eating bat, Artibeus jamaicensis, is
common throughout the island (fig. 18) and inhabits forests, woodlands, shrublands,

and adjacent grasslands (fig. 19).

Reptiles—
We mapped the distribution of 47 reptile species. As an example, the Puerto Rican
boa, Epicrates inornatus, is widespread in its distribution, but uncommon (fig. 20).

It inhabits moist and wet forested areas or dense dry forest near water (fig. 21).
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The Puerto Rico Gap Analysis Project

Javier Mercado

The Coquis are an important national symbol of the ecological richness of Puerto Rico.
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Vertebrate Richness

The GAP has often been associated with the mapping of species-rich areas or “hot-
spots.” Richness maps identify numbers of elements that co-occur by geographic
location. These are color coded or shaded in intensity from the highest numbers of
co-occurrence (richness) to the lowest. Areas with the greatest species richness may
or may not indicate best conservation opportunities. They may occur in already
protected areas or may represent mostly species that are currently protected or not
at risk. Still, they are often a useful starting point to examine conservation opportu-
nities in combination with other analyses described in this report’s “Introduction”
and “Analysis” sections. They may be useful for other applications such as identify-
ing places of interest for wildlife observation and study.

Species richness is depicted for all mapped taxa at a 15-m’-pixel resolution
where each pixel is associated with a habitat type and by a color that represents the
number of vertebrate species potentially using that habitat, a measure of alpha
diversity (Whittaker 1977) (fig. 22). Warmer colors (reds) indicate higher verte-
brate species richness (higher alpha diversity), cooler colors (blues) lower verte-
brate species richness (lower alpha diversity). This is a good indicator of potential
species richness of a habitat type and possibly the relative habitat quality. Vertebrate
species richness is also mapped at the hexagon resolution of 24 km” (fig. 23) and
colors reflect the number of habitats for each hexagon and the relative beta diver-
sity, or difference in vertebrate species composition between habitats (Whittaker
1997). Richness per pixel (alpha diversity) and per hexagon (beta diversity) may
show very different patterns. Mountain forested habitats tend to be more species
rich (higher alpha diversity), but coastal regions, with greater heterogeneity of
habitats, may have higher beta diversity.

Amphibian species richness patterns show higher diversity in the forested
mountain regions (figs. 24 and 25). Bird species richness patterns (figs. 26 and 27)
show higher diversity in coastal areas with a mix of open and closed forest habitats.
Mammal species richness (primarily bats) patterns indicate greater richness in the
northern limestone region where karst topography and caves occur (figs. 28 and
29). Reptile species richness (alpha diversity) is higher in the forested areas; beta
diversity for reptiles is highest in areas with a mix of either wet or dry forests or a
matrix of forest and grassland (figs. 30 and 31).
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Figure 23—Predicted terrestrial vertebrate resident, endemic, and endangered species richness per 24-km” hexagon.
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Figure 24—Predicted amphibian species richness per 15-m’ pixel.
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Figure 25—Predicted amphibian species richness per 24-km” hexagon.
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Figure 26—Predicted bird species richness per 15-m’ pixel.
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Figure 27—Predicted bird species richness per 24-km’ hexagon.
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Figure 29—Predicted mammal species richness per 24-km” hexagon.
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Value
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Figure 30—Predicted reptile species richness per 15-m” pixel.

I 15

Figure 31—Predicted reptile species richness per 24-km” hexagon.

Vertebrate Distribution Accuracy Assessment

Assessing the accuracy of the predicted vertebrate distributions is subject to many
of the same problems as assessing land cover maps, as well as a host of more
serious challenges related to both the behavioral aspects of species and the logistics
of detecting them. These are described further in the “Background” section of the
GAP handbook on the national GAP home page. It is, however, necessary to
provide some measure of confidence in the results of the gap analysis for all species

collectively, if not individually or by taxonomic group (comparison to stewardship
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The endemic Puerto Rican Tody Todus mexicanus can be seen in the island’s Central Mountains.
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and management status), and to allow users to judge the suitability of the distribu-
tion maps for their own uses. We, therefore, feel it is important to provide users
with a statement about the accuracy of predicted vertebrate distributions within
the limitations of available resources and practicalities of such an endeavor. We
acknowledge that distribution maps are never finished products but are continually
updated as new information is gathered. This reflects not only an improvement
over the modeling process, but also the opportunity to map true changes in species
distributions over time. However, we feel that assessing the accuracy of the current
maps provides useful information about their reliability to potential users.

Our goal was to produce maps that predict distribution of terrestrial vertebrates
and, from that, total species richness and species content with an accuracy of 80
percent or higher. Failure to achieve this accuracy indicates the need to refine the

data sets and models used for predicting distribution.

Vertebrate Data Limitations

We compiled all available information on species occurrences and obtained expert
review on the majority of species distributions. We did not set aside a data set for
accuracy assessment, but as new information and site species lists become available

it would be advisable to conduct such an accuracy assessment.

Land Stewardship

To fulfill the analytical mission of GAP, we compare the mapped distribution of
elements of biodiversity with different categories of land ownership and manage-
ment. These comparisons are a start in assessing the likelihood of future threat to
a biotic element through habitat conversion—the primary cause of biodiversity
decline. We use the term “stewardship” in place of “ownership” in recognition that
legal ownership does not necessarily equate to the entity charged with management
of the resource, and that the mix of ownership and managing entities is a complex
and rapidly changing condition not suitably mapped by GAP. At the same time, it
is necessary to distinguish between stewardship and management status in that a
single category of land stewardship, such as a national forest, may contain several
degrees of management for biodiversity.

The purpose of comparing biotic distribution with stewardship is to provide a
method by which land stewards can assess their relative amount of responsibility

for the management of a species or plant community and identify other stewards
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sharing that responsibility. This information can reveal opportunities for
cooperative management of that resource, which directly supports the primary
mission of GAP to provide objective, scientific information to decisionmakers and
managers to make informed decisions regarding biodiversity. It is likely that a
steward that has previously borne the major responsibility for managing a species
may, through such analyses, identify a more equitable distribution of that responsi-
bility. We emphasize, however, that GAP only identifies private land as a homoge-
neous category and does not differentiate individual tracts or owners, unless the
information was provided voluntarily to recognize a long-term commitment to
biodiversity maintenance.

After comparison to stewardship, it is also necessary to compare biotic occur-
rence to categories of management status. The purpose of this comparison is to
identify the need for change in management status of individual elements or areas
containing high degrees of diversity. Such changes can be accomplished in many
ways that do not affect the stewardship status. Although it will eventually be desir-
able to identify specific management practices for each tract and whether they are
beneficial or harmful to each element, GAP currently uses a scale of 1 to 4 to
denote relative degree of maintenance of biodiversity for each tract. A status of “1”
denotes the highest, most permanent level of maintenance, and “4” represents the
lowest level of biodiversity management, or unknown status. This is a highly
subjective area, and we recognize several limitations in our approach, although we
maintain certain principles in assigning the status level. Our first principle is that
land ownership is not the primary determinant in assigning status. The second
principle is that although data are imperfect and all land is subject to changes in
ownership and management, we can use the intent of a land steward as evidenced
by legal and institutional factors to assign status. In other words, if a land steward
institutes a program backed by legal and institutional arrangements that are in-
tended for permanent biodiversity maintenance, we use that as the guide for
assigning status.

The characteristics used to determine status are as follows:

*  Permanence of protection from conversion of natural land cover to
unnatural (human-induced barren, exotic-dominated, arrested succession).

» Relative amount of the tract managed for natural cover.

* Inclusiveness of the management, i.e., single feature or species versus all
biota.

* Type of management and degree that it is mandated through legal and

institutional arrangements.
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The four status categories can generally be defined as follows (after Crist et al.
1995, Edwards et al. 1995, Scott et al. 1993)):

Status 1: An area having permanent protection from conversion of natural land
cover and a mandated management plan in operation to maintain a natural state
within which disturbance events (of natural type, frequency, and intensity) are
allowed to proceed without interference or are mimicked through management.

Status 2: An area having permanent protection from conversion of natural
land cover and a mandated management plan in operation to maintain a primarily
natural state, but which may receive use or management practices that degrade the
quality of existing natural communities.

Status 3: An area having permanent protection from conversion of natural land
cover for the majority of the area, but subject to extractive uses of either a broad,
low-intensity type or localized intense type. It also confers protection to federally
listed endangered and threatened species throughout the area.

Status 4: Lack of irrevocable easement or mandate to prevent conversion of
natural habitat types to anthropogenic habitat types. Allows for intensive use
throughout the tract. Also includes those tracts for which the existence of such

restrictions or sufficient information to establish a higher status is unknown.

Mapping Standards

The PRGAP land stewardship map is a 1:100,000-scale version of land ownership
and management of Puerto Rico’s protected areas, distinguishing local, state, and
federal jurisdictions from private lands and delineating areas managed for the
long-term maintenance of natural ecological processes and biodiversity. This

layer therefore contains attributes for ownership, management, and for the level of
biodiversity protection. We used the Lambert Conformal Conic projection, the
North American 1983 Grid Coordinate System, and the North American Datum
(NAD) 1983 State Plane Puerto Rico Virgin Islands Federal Information Processing
Standard (FIPS) 5200 datum. The purpose of the PRGAP land stewardship is to
provide a complete digital map of protected areas of Puerto Rico describing land
ownership and land management. These data are intended to aid in state-level
assessment of natural resources and are not intended for use at a scale greater than
1:100,000.
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Stewardship Mapping Methods

Stewardship mapping—
Protected area data sets were obtained from various GIS coordinators in government
and nongovernmental agencies in Puerto Rico; the DNER, USFS, USFWS, the
Conservation Trust of Puerto Rico, and the Puerto Rico Planning Board. These data
sets were provided via disks, e-mail, downloaded from agency electronic bulletin
boards, or as hard copy from management plans. Data sets were received in differ-
ent formats: ArcView' shapefiles, ArcInfo coverages, and Arc export files. The data
were brought into the land stewardship ArcGIS geodatabase of the PRGAP. After
the data were converted to common projections, edge matching and editing were
performed. Final mapping was done using ArcGIS 9.0.

Quality control was in the form of site interviews with all land managers, at
which time a review of stewardship boundaries was conducted. Suggestions of
boundary changes were incorporated when documentation was available from

agencies to confirm the corrections.

Management status categorization—

Initially, we used information from the protected area’s management plans in order
to assign a GAP status code to each land unit. However, only 7 of the 77 protected
areas have current management plans. The Puerto Rico Forest Bureau of the DNER
is in the process of writing management plans for the state forests. Five additional
plans were in development, and three were expired at the time of our interviews.
Old management plans do not correctly describe current management practices.
The Master Plan for the Commonwealth Forests of Puerto Rico (DRNA 1976)

was developed for the state forests when they were being managed as multiple-use
forests for timber production, resource management, and recreation. Today, the
forests are not producing timber or wood products as in the past, although a small
fraction of what was being produced in the 1970s and 1980s is still being used for
craft products and fence posts for the state forests themselves. The forests are also
seed sources for many of the DNER tree nurseries, which provide trees for refores-
tation projects on private lands and the forests. The forests are also being managed
for biodiversity protection. As there were few active management plans to refer to
for information, we conducted one-on-one interviews with land managers. The site

visits made it possible to gather information on the land unit’s boundaries, species

" The use of trade or firm names in this publication is for reader information and does not
imply endorsement by the U.S. Department of Agriculture of any product or service.
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The Sierra palm Prestoea montana is abundant on the steep slopes of the Luquillo Mountains in northeastern Puerto
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occurrence records, research areas, areas open to the public, threats (urban en-
croachment, invasive species, trespassing destruction of land, pollution, exotic

species), and needs of the protected area managers to better reach their objectives.

Stewardship Mapping Results

We identified 90 stewardship areas for Puerto Rico. Seventy-seven stewardship
areas have some management for conservation (table 8). Land ownership of these
areas is shared among 20 organizations (table 9, fig. 32) with the DNER being
the primary landowner. Management of land stewardship areas is primarily shared
among 13 organizations (figs. 33 and 34, table 10) with the DNER, the USFS, and
the USFWS being the primary governmental land managers and the Conservation
Trust of Puerto Rico being the primary nongovernmental land manager.
Altogether, 7.6 percent of Puerto Rico has some management for conservation
(GAP status 1, 2, or 3) and 7.4 percent of Puerto Rico has good management of
conservation (GAP status 1 or 2) (fig. 35). Most of this management is under GAP
status 2, management for natural resources, and this includes most of the common-
wealth forests and reserves. Areas with a priority on biodiversity conservation
(GAP status 1) include two management areas in the Luquillo Experimental Forest
(Caribbean National Forest): The Bafio del Oro and the El Toro Wilderness area
(figs. 35 and 36). Fifty-nine percent of the stewardship areas are managed by
commonwealth agencies, 30 percent by federal agencies, and 11 percent by non-

governmental or private agencies (fig. 37).

Stewardship Map Limitations

These data and maps are a compilation of ownership maps provided by a variety
of sources that are individually responsible for their accuracy. They were created
solely for the purpose of conducting the analyses described in this report and are
not suitable for locating boundaries on the ground or determining precise area
measurements of individual tracts. Land ownership, management, and land use are
very dynamic. At the writing of this report, several areas were under consideration
for either development, conservation, or some combination of these activities. This
includes the former naval bases at Roosevelt Roads and Sabana Seca, public and
private lands in the Northeast Ecological Corridor, the Pifiones area, a potential
ecological corridor linking the central mountain reserves with the northern karst

and coastal plain, and the ecologically valuable northern karst region.
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Figure 33—Primary land managers and the number of hectares managed in Puerto Rico under GAP
management status 1, 2, 3, or 4. Entities with clear bars have no management for conservation (GAP
status 4). Entities with dark bars are in part or all managed for conservation (GAP status 1 through
3). Note the scale is logarithmic. DNER = Puerto Rico Department of Natural and Environmental
Resources, ELAPR = Estado Libre Associado de Puerto Rico (the commonwealth government),
NOAA = the National Oceanic and Atmospheric Administration.
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Figure 36—Number of hectares and managing agencies in GAP status 1, 2, 3, and 4
for Puerto Rico. Note scale is logarithmic. NGO = nongovernmental organization.
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Figure 37—Number of hectares of areas with some management for biodiversity
conservation (GAP status 1 through 3), by managing agency.




The Puerto Rico Gap Analysis Project

Analysis Based on Stewardship and
Management Status

This section describes the method and results of the gap analysis as used by the Gap
Analysis Program. The primary objective of GAP is to provide information on the
distribution and status of elements of biological diversity. Although GAP seeks to
identify habitat types and species not adequately represented in the current network
of biodiversity management areas, a standard definition of “adequate representa-
tion” for land cover types or individual species is difficult (Noss et al. 1995). A
practical solution to this problem is to report both percentages and absolute area of
each element in protected areas and allow the user to determine which classes are
adequately represented. There are many other factors that should be considered in

such determinations:

* Loss or gain in historical distribution.

* Nature of the spatial distribution.

* Immediate versus long-term risk.

* Degree of local adaptation among populations of the biotic elements that

are worthy of individual conservation consideration.

Such analyses are beyond the scope of this project, but we encourage their
application coupled with field confirmation of the mapped distributions.

Currently, land cover types and terrestrial vertebrates are the primary focus of
GAP’s mapping efforts; however, other components of biodiversity, such as aquatic
organisms or selected groups of invertebrates may be incorporated into GAP dis-
tributional data sets. Where appropriate, GAP data may also be analyzed to identify
the location of a set of areas in which most or all land cover types or species are
predicted to be represented. The use of “complementarity” analysis, that is, an
approach that additively identifies a selection of locations that together may repre-
sent biodiversity rather than “hot spots of species richness” may prove most effec-
tive for guiding biodiversity maintenance efforts. Several approaches have been
developed that facilitate this process (Csuti et al. 1997, Jennings 2000, Peterson and
Klusa 2003, Pressey et al. 1993, Sowa et al. 2007, Williams et al. 1996, Vierling et
al. 2007). These areas become candidates for field validation and may be incorpo-
rated into a system of areas managed for the long-term maintenance of biological
diversity.

The network of Conservation Data Centers (CDCs) and Natural Heritage
Programs established cooperatively by The Nature Conservancy and various state

agencies maintain detailed databases on the locations of rare elements of
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biodiversity. The GAP cooperatively uses these data to develop predicted distribu-
tions of potentially suitable habitat for these elements, which may be valuable for
identifying research needs and preliminary considerations for restoration or reintro-
duction. Conservation of such elements, however, is best accomplished through the
fine-filter approach of the above organizations as described in the introduction. It is
not the role of GAP to duplicate or disseminate Heritage Program or CDC element
occurrence records. Users interested in more specific information about the loca-
tion, status, and ecology of populations of such species are directed to their state

Heritage Program or CDC.

Analysis Methods

The gap analysis is accomplished by first producing maps of land cover (fig. 12),
predicted distributions for selected animal species (fig. 15 and see volume 4), and
land stewardship and management status (fig. 35). Intersecting the land stewardship
and management map with the distribution of the elements results in tables that
summarize the area and percentage of total mapped distribution of each element in
different land stewardship and management categories. We created a raster image of
the stewardship GAP status categories 1 through 4 using ERDAS Imagine 9.1 and
intersected this with our land cover classes and with our individual species pre-
dicted habitat distributions. The resulting output includes the number of hectares of

each species or land cover unit in each GAP status category.

Analysis Results

The data are provided in a format that allows users to carry out inquiries about

the representation of each element in different land stewardship and manage-

ment categories as appropriate to their own management objectives. This forms the
basis of GAP’s mission to provide landowners and managers with the information
necessary to conduct informed policy development, planning, and management for

biodiversity maintenance.

Land cover analysis—

Table 11 provides the area in hectares of each mapped cover type by status and the
percentage of the total area in that cover type. For example, a typical entry indicates
that freshwater Pterocarpus swamp covers 261 ha and that 172 ha is ranked status 1

or 2, which represents 66.1 percent of the 261 ha in that type.



The Puerto Rico Gap Analysis Project

Mariano Solérzano

Mangrove forests play an important role in harboring fish, crabs, and birds along Puerto Rico’s coastlines.
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As a coarse indicator of the status of the elements, we provide a breakdown
along five levels of protection (0 to <1 percent, 1 to <10 percent, 10 to <20 per-
cent, 20 to <50 percent, =50 percent). The <1 percent level indicates those ele-
ments with essentially none of their distribution in a protected status; while levels
of 10, 20, and 50 percent have been recommended in the literature as necessary
amounts of conservation (McNeely and Miller 1994, Noss and Cooperrider 1994,
Odum and Odum 1972, Ride 1975). Summaries of the analysis according to the

thresholds described above are shown in table 11.

Land cover with <1 percent in GAP status 1 or 2—

These eight land cover classes range from the smallest to largest in extent. They
make up 43 percent of the island and are primarily subject to intensive human use
such as agriculture, housing, and development. The class of moist grasslands and
pastures covers nearly one-fourth of the island and is primarily abandoned agricul-
tural land. Given the resilience of the natural vegetation in Puerto Rico, this land
cover type has potential for management for reforestation or as natural grasslands.
As a group, 0.7 percent is protected under GAP status 1 or 2.

Land cover with 1 to <10 percent in GAP status 1 or 2—

Twenty-seven land cover units fall in this category and they account for 44 percent
of the island. They range from an extent of less than 1 to over 6 percent of the
island. They contain a number of young secondary forest and woodland land cover
classes, as well as artificial and natural barrens, active and abandoned shade coffee
plantations, dry grasslands and pastures, riparian forests, and four mature secondary
forest classes. As a group, 3.8 percent of these units are protected under GAP status
1or2.

Land cover with 10 to <20 percent in GAP status 1 or 2—

Four land unit classes fall in this category and they account for 1.7 percent of the
island. They include two woodland or shrubland classes—which usually occur on
abandoned agricultural land, a dryland riparian forest, and palm plantations. For the

group, 16.2 percent is protected under GAP status 1 or 2.

Land cover with 20 to <50 percent in GAP status 1 or 2—

Fourteen land cover classes fall in this group, and they account for 6.1 percent of
the island. They include a number of ecologically important areas including beaches
and shorelines, mature forests, wetlands, mangrove complexes, and Sierra palm

forest. For the group, 36.5 percent is protected under GAP status 1 or 2.
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The Mona Island rock iquana Cyclura stejnegeri is endemic to Mona Island
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Land cover with at least 50 percent in GAP status 1 or 2—

Seventeen land cover units are over 50 percent protected under GAP status 1 or 2
and they account for 5.1 percent of the island. They include important primary and
mature secondary forest types in the Luquillo Mountains, freshwater Pterocarpus
swamps, forests on serpentine substrates, and a number of dryland habitats unique to

Mona Island and the Guénica Biosphere Reserve.

Land cover analysis limitations and discussion—

Assessing the conservation status of natural land cover is limited by several factors:

*  GAP has typically found the accuracy of the mapped distributions of
natural communities at the floristic (e.g., alliance) level to be substantially
lower and more variable than that of animal distributions.

* Any aggregation of biotic units (e.g., above species) is a surrogate for
species or lower levels of biotic organization and will underrepresent
conservation needs (Pressey and Logan 1995).

*  We do not distinguish the degree of natural condition or value of the
mapped units because of management manipulation, exotic invasion,
or spatial configuration. Considering an aggregation of species such as
we have mapped to be sufficiently represented in existing conservation
areas cannot be determined solely by the percentage of the community
represented because the aggregation has unmapped variation in species
composition that we could not measure. Until individual plant species
distributions can be mapped, it is not possible to assure that the full range

of plant biodiversity is represented, and surrogates must be used.

Predicted animal species distribution analysis—

Table 12 provides the area in hectares of each mapped species by status and the
percentage of the total habitat area of that species. For example, a typical entry
indicates the habitat area of the yellow-shouldered blackbird, Agelaius xanthomus,
is 61,073 ha (6.8 percent of the island) and of that area 14,363 ha is ranked GAP
status 1 or 2, which represents 23.5 percent of the habitat used by that species.

As a coarse indicator of the status of the elements, we provide a breakdown
along five levels of protection (<1 percent, 1 to <10 percent, 10 to <20 percent, 20
to <50 percent, 250 percent). The <1-percent level indicates those elements with
essentially none of their distribution in a protected status; levels of 10, 20, and 50
percent have been recommended in the literature as necessary amounts of conserva-
tion (McNeely and Miller 1994, Noss and Cooperrider 1994, Odum and Odum
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1972, Ride 1975). Summaries of the analysis according to the thresholds described
above are shown in table 12. Table 13 lists the locally or federally listed endan-

gered, endemic, and vulnerable species.

Species with <1 percent in GAP status 1 or 2—

Four species have less than 1 percent of their habitat protected. Two species of
gecko are common in urban areas and not in need of protection. One bird, Carduelis
cucullata, is nonnative and has not been seen recently. Eleutherodactylus cooki,

the guajon or rock coqui, has limited habitat and none of it is protected. This species
and its habitat are strongly in need of protection. A fifth species, Eleutherodactylus
Jjuanariveroii, the coqui llanero, is a recently discovered species of coqui that has yet
to be incorporated into the complete PRGAP database. It has a very limited known
range and the area of sighting is unprotected. Plans are underway to protect the area
but they conflict with ongoing development plans, so the outcome and survival of

this species is not certain (fig. 38) (Rios-Lépez and Thomas 2007).

Species with 1 to <10 percent in GAP status 1 or 2—

Seventy-seven species have 1 to less than 10 percent of their habitat protected.
Many are widespread and occur in disturbed habitats. A few, such as the blind
snake Typhlops platycephalus, have limited habitat (15 percent of the island) and
the majority of this is unprotected (98 percent of its habitat).

Species with 10 to <20 percent in GAP status 1 or 2—

Thirty-two species have 10 to less than 20 percent of their habitat protected. This
includes the broad-winged hawk, Buteo platypterus brunnescens, an important
competitor of the red-tailed hawk, Buteo jamaicensis, both of which prey on the
endangered Puerto Rican parrot, Amazona vittata. These 32 species are an even mix

of those with widespread and limited habitat extent.

Species with 20 to <50 percent in GAP status 1 or 2—

Forty-three species have 20 to less than 50 percent of their habitat protected. A
number of these species are limited in the extent of their habitat. All but one, the
wrinkled frog, Eleutherodactylus wightmanae, with a habitat extent covering 11
percent, are found on less than 10 percent of the island. A number of endangered
species in this group would benefit from greater protection as well as habitat im-
provement and expansion. Many are limited to less extensive habitats such as saline

and freshwater ponds and wetlands, or high mountain areas.
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