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RESUMEN

Se presenta un analisis de la distribucion de las especies de gimnospermas mexicanas bajo el
enfoque de la biogeografia historica y la corologia. Inicialmente se llevo a cabo una revision de
los métodos contemporaneos en biogeografia, particularmente de la areografia, distribuciones
potenciales, panbiogeografia, analisis de parsimonia de endemismos y biogeografia cladistica,
haciendo énfasis en la aplicacién de cada uno de los métodos para la distribucion geogréafica de
las especies de gimnospermas en México, comentando las ventajas y limitaciones de cada uno de
ellos. Por otro lado, se realiz6 un andlisis de los patrones de distribucion de 124 especies de
gimnospermas mexicanas, con la finalidad de detectar las areas del pais con alta riqueza de
especies y endemismo, para que con esta informacion se propusieran areas potenciales para la
conservacion. El estudio se realizo utilizando tres diferentes unidades de area (estados, provincias
biogeograficas y celdas de un grado de lado). Adicionalmente, para las celdas se calcularon dos
indices conocidos como endemismo ponderado y endemismo ponderado corregido, donde
aquellas celdas con valores altos en ambos indices y con alta riqueza fueron consideradas como
‘hotspots’; estas celdas se localizan principalmente en el sur y centro de México. Los estados de
Chiapas, Oaxaca y Veracruz son los mas biodiversos para las gimnospermas mexicanas. En el
andlisis de parsimonia de endemismos (PAE) se estudiaron los patrones de distribucion de 124
especies de gimnospermas mexicanas utilizando como unidades de area celdas de dos grados de
lado y las provincias biogeograficas propuestas por CONABIO. Adicionalmente se realizd un
analisis de trazos para estas mismas provincias a partir de los cladogramas obtenidos mediante la
aplicacion del método de PAE-PCE. EIl cladograma de consenso estricto de las celdas muestra
algunos clados que son similares a los obtenidos con las provincias biogeogréaficas; de estos
clados, tres concuerdan con algunas de las principales areas de distribucion de los pinos
mexicanos propuestas previamente, las cuales se localizan en la parte norte de la peninsula de
Baja California, la Sierra Madre Occidental y la Sierra Madre Oriental. A partir del método PAE-
PCE se obtuvieron cinco trazos generalizados, los cuales se localizaron principalmente en
provincias biogeograficas de montafia. En el analisis de biogeografia cladistica se analizaron los
patrones de distribucion de 81 especies de tres géneros de gimnospermas mexicanas
(Ceratozamia, Dioon y Pinus), con la finalidad de evaluar su contribucion a la biogeografia de la
Zona de Transicion Mexicana desde el enfoque cladistico, aplicando un Analisis de Parsimonia
de Brooks (BPA) y un Analisis de Parsimonia de Subarboles libres de Paralogia (PAPS). EI BPA



muestra tres grupos principales de areas, un clado A que comprende las provincias del noroeste,
uno B, que incluye las provincias localizadas hacia ambas vertientes y las tierras bajas del centro
de México, y finalmente un clado C que incluye las provincias montanas del pais que abarcan la
Zona de Transicién Mexicana, ademas de algunas areas de América Central y de los Estados
Unidos de América. A su vez, el PAPS muestra tres grupos de areas: un clado D que incluye a las
provincias Vancouveriana, Apalaches y Costa del Golfo y Atlantica, todas de Estados Unidos; un
clado E que incluye las provincias de la Cuenca del Balsas, Planicie Costera del Noreste y
Planicie Costera del Noroeste; finalmente un clado F incluye a las Serranias Transistmicas,
Soconusco, Serranias Meridionales, Sierra Madre Occidental, Altiplano, Sierra Madre Oriental,
Baja California, Californiana, Gran Cuenca y Mojaveana. Comparando ambos analisis,
sobresalen tres relaciones de areas comunes: 1) Apalaches y Costa del Golfo y Atlantica, 2) Gran
Cuenca, Mojaveana y Baja California y 3) Altiplano, Sierra Madre Oriental y Sierra Madre
Occidental. Los analisis de PAE-PCE y de biogeografia cladistica sefialan la importancia que han
tenido las cadenas montafiosas del pais en la evolucion espacial de las gimnospermas y la
estrecha relacién que guardan estas plantas con la orografia de México, ademas de que en estas
areas montanas se concentra la mayor diversidad de especies. Los patrones de distribucion de las
gimnospermas son acordes con la existencia de algunas provincias biogeograficas de México y
muestran que las peninsulas mexicanas tienen una historia biogeogréafica diferente del resto del

pais.



ABSTRACT

A distribution analysis of Mexican gymnosperms species is presented, from historical
biogeography and chorology approaches. Initially, a revision of current methods in biogeography
was carried out, especially areography, predicted distributions, panbiogeography, parsimony
analysis of endemicity and cladistic biogeography; in this first paper the principles and
advantages of some of these methods when they are applied to the geographic distribution of
Mexican gymnosperms are exposed; also the convenience and applicability of each method in
relation to the distributional range of these plants is discussed. In the other hand, an analysis of
distributional patterns of 124 Mexican gymnosperm species was undertaken, in order to detect
the Mexican areas with high species richness and endemism, and with this information to propose
areas for conservation. This study includes analyses of species richness, endemism and
distributional patterns of Mexican species of gymnosperms based on three different area units
(states, biogeographic provinces and grid-cells of 1° x 1° latitude/longitude). In addition,
weighted endemism and corrected weighted endemism indices were calculated, and those grid-
cells with high values in both indices and with high species richness were considered as hotspots;
these grid-cells are mainly located in Southern and Central Mexico. The states with high species
richness are Chiapas, Oaxaca and Veracruz. In the Parsimony Analysis of Endemicity (PAE) the
distributional patterns of 124 species of Mexican gymnosperms were analyzed, using two
different sample units: grid-cells of 2° x 2° latitude/longitude and biogeographic provinces
proposed by CONABIO. In addition a track analysis was carried out for these same provinces
from cladograms obtained with the iterative procedure PAE-PCE. The grid-cells strict consensus
cladogram showed several clades equivalent to the results obtained with the biogeographic
provinces. Three clades agree with some principal regions of distribution of Mexican pines
previously identified, located at the northern portion of the Baja California peninsula, the Sierra
Madre Occidental, and the Sierra Madre Oriental. Since PAE-PCE method five generalized
tracks were obtained, mainly located in montane provinces. In the cladistic biogeography analysis
distributional patterns of 81 species of three genera of Mexican gymnosperms (Ceratozamia,
Dioon, and Pinus) were analyzed in order to evaluate their contribution to the cladistic
biogeography of the Mexican Transition Zone, applying Brooks Parsimony Analysis (BPA) and
parsimony analysis of paralogy-free subtrees (PAPS). BPA showed three main groups of areas:

clade A is comprised by northwestern provinces; clade B includes those provinces located at both



coasts and central lowlands of Mexico; and clade C includes those provinces that correspond to
the Mexican montane areas of the Mexican Transition Zone, Central America and some areas of
the United States of America. PAPS showed three groups of areas: clade D includes the
Vancouverian, Appalachian and Atlantic and Gulf Coastal provinces; clade E includes the Balsas
Basin, Planicie Costera del Noreste and Planicie Costera del Noroeste provinces; and clade F
includes the Serranias Transistmicas, Soconusco, Serranias Meridionales, Sierra Madre
Occidental, Altiplano, Sierra Madre Oriental, Baja California, Californian, Great Basin and
Mojavean provinces. Comparing both analyses, three common area relationships emerge: 1)
Appalachian and Atlantic and Gulf Coastal provinces, 2) Great Basin, Mojavean and Baja
California provinces, and 3) Altiplano, Sierra Madre Oriental and Sierra Madre Occidental
provinces. The PAE-PCE and cladistic biogeography analyses indicate that Mexican mountain
chains are important in the spatial evolution of gymnosperms and also the close relationship of
these plants with Mexican orography, moreover these mountain chains represent the areas were
high species diversity occurs. The distributional patterns of gymnosperms are in accordance with
some Mexican biogeographic provinces and show that Mexican peninsulas have a different

biogeographic history in relation to continental Mexico.



COROLOGIA Y BIOGEOGRAFIA HISTORICA DE LAS

GIMNOSPERMAS MEXICANAS

INTRODUCCION

Las gimnospermas son un elemento importante en las comunidades vegetales tanto fosiles como
vivientes; dada su antigliedad representan un componente interesante para estudiarse desde una
perspectiva de la biogeografia histérica (Contreras-Medina y Luna, 2002). En diversos estudios
floristicos de México, las gimnospermas han estado representadas con menos del 2% de las
especies, en contraste con las angiospermas y pteridofitas (e.g. Sosa y Gémez-Pompa, 1994;
Davila et al., 1995; Barrios-Rodriguez y Medina-Cota, 1996; Alcantara y Luna, 2001); a pesar de
lo anterior, en nuestro pais se presenta la mayor diversidad de especies de varios géneros, como
Pinus, Ceratozamia y Dioon (Contreras-Medina, 2004) y se ubica en un lugar privilegiado en

cuanto a diversidad de gimnospermas en el mundo (Cuadro 1).

Cuadro 1. Diversidad de gimnospermas de varios paises.

Pais No. familias No. géneros No. especies especies endémicas
China 9 35 190 88
Australia 6 18 112 108
Estados Unidos 5 19 111 47
Mexico 6 14 130 55
Chile 4 9 16 2

Colombia 2 5 24 8




El estudio de las gimnospermas en México es importante desde diferentes puntos de vista:
a) floristico, ya que en nuestro pais se encuentra la mayor diversidad de especies de varios
géneros y a nivel mundial se ubica en un lugar privilegiado en cuanto a riqueza; b) ornamental,
debido a su belleza, porte o rareza, en especial de las cicadas y coniferas; ¢) econdmico, ya que a
partir de varias especies se obtiene pulpa para papel, madera, resina y otros productos; d)
ecoldgico, al formar bosques o ser componentes importantes en varios de los tipos de vegetacion
donde habitan, ademas de que proveen de alimento y crean habitats para los animales; €)
evolutivo, debido a que su evolucion espacial y diversificacion se ha visto relacionada con la
compleja historia geoldgica del pais, ademéas de que representan linajes que son anteriores a las
angiospermas.

Las gimnospermas en México estan representadas por alrededor de 130 especies,
incluidas en 14 géneros y seis familias, que representan el 15% del total de especies a nivel
mundial; el endemismo a nivel especifico es frecuente, principalmente en Zamiaceae, incluso a
nivel estatal. En México se han realizado doce floras regionales donde se incluyen diferentes
familias de gimnospermas: la Flora del Bajio y de regiones adyacentes (Zamudio, 1992, 2002;
Zamudio y Carranza, 1994; Vovides, 1999), Flora de Baja California (Wiggins, 1980), Flora de
Durango (Garcia-Arévalo y Gonzélez, 1998), Flora de Guerrero (Fonseca, 1994), Flora
Neotropica (Farjon y Styles, 1997), Flora de Nueva Galicia (McVaugh, 1992), Flora de Querétaro
(Arreguin et al., 1997), Flora del Valle de México (Espinosa, 1991), Flora del Valle de
Tehuacén-Cuicatlan (Medina y Davila, 1997), Flora de Veracruz (Zanoni, 1982; Vovides, 1983;
Narave y Taylor, 1997), Flora del noroeste de Sonora (Felger, 2000) y Flora de Yucatan (Flores
et al., 1992). Sin embargo, a la fecha no se habian realizado estudios biogeogréficos sobre las
gimnospermas mexicanas, donde se incluyeran aspectos de areografia y de biogeografia histdrica

de manera conjunta, que podrian contribuir a dilucidar las relaciones histéricas entre las areas de



endemismo que conforman a México y los paises vecinos, basadas en este grupo de plantas.
Existen diferentes propuestas para explicar el origen de la biodiversidad mexicana, por lo que el
presente proyecto es novedoso en cuanto a que representa el primer estudio global de
biogeografia historica sobre un grupo de plantas que habita en México, ademas de que pretende
contribuir al debate sobre la biogeografia historica del pais y los métodos aplicados para su
analisis; asimismo reconocer patrones de distribucién para la flora de gimnospermas en México,
en cuanto a diversidad, endemismo Yy relaciones historicas entre las areas de endemismo en las
que habitan, aplicando para este Gltimo punto distintas metodologias de la biogeografia histérica.
Por todas estas razones, el primer capitulo de la tesis tuvo como objetivo principal
comparar y discutir las ventajas y desventajas de diferentes métodos biogeogréficos en relacion a
la distribucion geogréfica de las gimnospermas mexicanas. Aunque se han realizado algunos
estudios sobre gimnospermas en diferentes estados o regiones del pais, hasta el momento no se
habia realizado uno que contemplara todo el territorio nacional, por esta razon dentro del segundo
capitulo se llevé a cabo un andlisis biogeogréafico para detectar patrones de diversidad y
endemismo a nivel nacional y relacionarlos con aspectos de conservacion, debido a que poco mas
de la mitad de las especies de gimnospermas (71) que habitan en México se encuentran bajo
alguna categoria de riesgo, segiin la NOM-059-ECOL-2001 (SEMARNAT, 2002). Por otro lado
y con la finalidad de dilucidar patrones histéricos de las gimnospermas en México, se aplicd un
andlisis de parsimonia de endemismos (PAE) utilizando dos diferentes unidades de estudio
(celdas de 2° x 2° latitud/longitud y areas de endemismo predeterminadas basadas en provincias
biogeograficas) y un analisis de biogeografia cladistica usando &reas de endemismo
predeterminadas (provincias floristicas principalmente), ademas con estos estudios se pretende
explorar el potencial del grupo y la contribucion que pueden tener para estudios de biogeografia

histérica en México.



OBJETIVOS

En el presente trabajo se analizd la distribucién geogréafica de las gimnospermas mexicanas bajo
diferentes enfoques, con la finalidad de realizar un estudio biogeogréfico lo mas completo posible
de este grupo en Meéxico, asi como proponer nuevos caminos de investigacién sobre su
distribucion geogréfica en el pais. Para ello se realizaron los siguientes puntos: 1) compilaciéon y
sistematizacion de la informacion concerniente a la distribucién de las gimnospermas mexicanas,
con base en la consulta de colecciones en el pais y en el extranjero, asi como de la sintesis de
literatura especializada; 2) desarrollar estudios de caso en México para detectar areas de riqueza y
endemismo, a partir de la distribucién geografica de las especies de gimnospermas, ademas de
abordar un andlisis de las relaciones historicas de la biota mexicana bajo el enfoque de la
biogeografia histdrica (analisis de parsimonia de endemismos, panbiogeografia y biogeografia
cladistica), basado en los patrones de distribucién de dichos taxones; 3) comparar los patrones de
distribucion obtenidos de este grupo con trabajos realizados para otros taxones en el area; 4)
contribuir a la iniciativa propuesta por Morrone y Espinosa (1998) hacia la formacion de un Atlas
Biogeografico Mexicano, con informacion que permita construir mapas de distribucién de las

especies mexicanas de gimnospermas, asi como un analisis biogeogréfico de estos taxones.



MATERIAL Y METODO

La consulta de especimenes de herbario con la finalidad de obtener datos de distribucion de las
gimnospermas mexicanas, es una fase que se trabajé durante todo el tiempo de los estudios de
doctorado y toda la informacion de las etiquetas de herbario fue capturada en una base de datos,
que hasta el momento cuenta con mas de 1500 registros para 127 especies y cerca de 2000
ejemplares examinados, tomados de las siguientes colecciones: Herbario Nacional del Instituto de
Biologia, UNAM (MEXU), Herbario de la Escuela Nacional de Ciencias Bioldgicas, IPN
(ENCB), Herbario del Jardin Botanico de Missouri (MO), Herbarios del Instituto de Ecologia
A.C. en Xalapa (XAL) y en Patzcuaro (IEB), Herbario de la Facultad de Ciencias, UNAM
(FCME), Herbario de la Universidad de Guadalajara (IBUG), Herbario del Departamento de
Bosques, Universidad Autonoma Chapingo (CHAP), Herbario de la Universidad Veracruzana
(XALU), Herbario Nacional Forestal (INIF) y Herbario de la Universidad de Baja California Sur
(HCIB); asimismo la consulta de trabajos floristicos de México, asi como de América del Norte y
Centroamérica, zonas donde extienden su area de distribucidn varias especies de gimnospermas
mexicanas, fue una parte importante para el desarrollo de este proyecto. Con los datos de ambas
fuentes capturadas en una base de datos y con el uso de un programa de Sistema de Informacion
Geografica (ArcView), se obtuvieron los mapas respectivos de distribucion geografica de cada
especie. Para los ejemplares que no presentaban datos de coordenadas geogréaficas del sitio de
colecta, estas se obtuvieron mediante la utilizacion de mapas topograficos de escalas 1:250,000 y
1:50,000 de INEGI, o bien mediante el Nomenclator de localidades de CONABIO. En el presente

proyecto se trabajo con distribuciones actuales, ya que existen pocos trabajos paleontoldgicos



para México donde se incluyan gimnospermas y tienen el inconveniente que solamente se pueden
comparar a nivel de género con los taxones actuales.

Al comparar el niumero de registros de herbario entre las distintas especies es notoria una
diferencia, los taxones con una distribucion restringida no estan bien representados en las
colecciones, mientras que los que se distribuyen mas ampliamente son mas frecuentes en los
herbarios, por otro lado aquéllos que han sido descritos recientemente como nuevos para la
ciencia no estan en las colecciones botanicas.

Una vez obtenidos los mapas con las localidades de recolecta de los distintos taxones de
gimnospermas, se realizaron los andlisis biogeograficos, siguiendo los métodos sugeridos por
cada enfoque, de tal forma que se aplicaron diferentes métodos biogeogréficos, a saber:
areografia, andlisis de parsimonia de endemismos (PAE), analisis de trazos y biogeografia
cladistica, con la finalidad de detectar patrones comunes de distribucién, entre las especies de
gimnospermas mexicanas y compararlos con los de otros taxones que habitan el territorio

nacional.



L.LOS METODOS DE ANALISIS BIOGEOGRAFICO Y
SU APLICACION A LA DISTRIBUCION DE LAS
GIMNOSPERMAS EN MEXICO

RAUL CONTRERAS-MEDINA

RESUMEN

La biogeografia es la disciplina de la biologia comparada que
estudia la distribucion de los seres vivos, el andlisis de los patro-
nes de distribucion de los organismos se lleva a cabo mediante
diferentes métodos, dependiendo de la pregunta a responder. En
el presente trabajo se exponen los principios y bondades de algu-
nos de estos métodos aplicados a la distribucion geogrdfica de
las gimnospermas en México; asimismo, se discute la convenien-
cia y aplicabilidad de cada método en relacion al intervalo del
drea de distribucion geogrdfica de las especies. Para el caso par-
ticular de las gimnospermas mexicanas se considera que el andli-
sis de parsimonia de endemismos y la panbiogeografia tienen el
inconveniente de que no incluyen a aquéllas especies que tienen

una distribucion restringida, mientras que la biogeografia cladis-
tica solamente puede incluir aquéllos taxones que tengan infor-
macion filogenética. En contraste, la areografia y las distribucio-
nes potenciales toman en cuenta los datos de todas las especies,
independientemente de la amplitud en su distribucion. Se conclu-
ve que los diferentes métodos biogeogrdficos pueden ser utiliza-
dos bajo un mismo andlisis, ya sea como partes complementa-
rias, o bien como etapas, a pesar de que algunos de estos han
sido considerados como programas de investigacion en compe-
tencia. Este tipo de estudios genera informacion que permite am-
pliar el conocimiento de la historia de la biota mexicana y ahon-
dar en la biogeografia de las gimnospermas mexicanas.

a biogeografia es la disci-

plina de la biologia com-

parada que se encarga del
estudio de la distribucion geogréfica de los
seres vivos en el tiempo y el espacio, to-
mando en cuenta los diversos factores que
dieron lugar a tal distribucién. Dentro de
esta disciplina pueden reconocerse dos ver-
tientes, la biogeografia ecoldgica y la bio-
geografia histdrica.

Desde hace algunos afios
la biogeografia se encuentra en un estado de
revoluciéon metodoldgica en relacion con sus
fundamentos, conceptos basicos, métodos y
sus relaciones con otras disciplinas de la
biologia comparada (Morrone y Crisci,
1995; Crisci, 2001). Lo anterior se ha visto
favorecido con el desarrollo de modernas he-

La biogeografia es una ciencia en su propio derecho con sus propios

principios y métodos

rramientas computacionales como los siste-
mas de informacién geogréfica (SIG), que
permiten llevar a cabo el andlisis espacial de
informacién bioldgica de manera mdas efi-
ciente (Linder, 2001).

Independientemente  del
método utilizado en un andlisis biogeografi-
co, el punto inicial es conocer la distribucion
geografica del grupo o grupos que se desean
estudiar. La obtencidon de esta informacién
puede provenir de diferentes fuentes: ejem-
plares depositados en colecciones cientificas
como herbarios y museos, de la literatura, o
bien de material recolectado por los investi-
gadores mismos (Hall, 1994; Morrone y
Ruggiero, 2001).

Sin embargo, es importan-
te preguntarse si el reconocimiento de orga-

L. Croizat (1958)

nismos endémicos y de categorias taxondmi-
cas es el correcto, debido a la existencia de
una serie de problemas que se pueden en-
frentar. Dichos problemas son la falta de re-
colecta, la extincion local de un taxén en al-
guna de las dreas de estudio, la mala deter-
minacién de ejemplares en las colecciones y
errores en la ubicacion de la localidad de re-
colecta, asi como la falta de estudios taxono-
micos para ciertos grupos que son de interés.

Para llevar a cabo un ani-
lisis en biogeografia aplicando métodos con-
tempordneos, es necesario hacerlo en varias
etapas que inicialmente involucran el recono-
cimiento de las dreas de riqueza y endemis-
mo a partir de un andlisis areografico, ade-
mas de estudios de distribucion potencial
con la finalidad de detectar aquellas dareas
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donde es posible encontrar a un taxén a pe-
sar de que no ha sido colectado. Posterior-
mente se puede aplicar el método panbio-
geogriéfico, el andlisis de parsimonia de en-
demismos o bien alguno de los métodos de
la biogeografia cladistica (Morrone y Crisci,
1995).

En  diversos  estudios
floristicos de México, las gimnospermas re-
presentan menos del 2% de las especies, en
contraste con las angiospermas y las
pteridofitas. A pesar de ello, el pais ocupa
un lugar importante a nivel mundial en
cuanto a diversidad y endemismo de espe-
cies de pinos y cicadas (Contreras-Medina,
2004).

El objetivo de esta contri-
bucién es presentar los principios y bonda-
des de algunos de los diferentes enfoques
biogeograficos y destacar la aplicacion de
cada uno a la distribucién geogréfica de las
gimnospermas de México, con la finalidad
de evaluar cuales taxones son susceptibles de
andlisis bajo cada uno de los métodos.

Areografia

La corologia o areograffa
es el estudio de las dreas de distribucion de
los taxones (Rapoport, 1975; Rapoport y
Monjeau, 2001), en relacién con su descrip-
cién, comparacién y andlisis (Villarreal et
al., 1996). Generalmente se lleva a cabo con
un taxon en particular, principalmente un gé-
nero (Kohlmann y Sanchez, 1984; Garcia-
Mendoza, 1995) o una familia (Villarreal er
al., 1996; Valdés y Cabral, 1998).

Los andlisis de este tipo
ofrecen informacién acerca de la diversidad
de grupos faunisticos y floristicos, ya sea
por region, cuadriculas o estados, y contribu-
yen a la delimitacién de regiones biogeogra-
ficas (Kohlmann y Sénchez, 1984). Adicio-
nalmente permiten inferir patrones de distri-
bucién dentro del drea total que involucra el
estudio, como centros de diversidad y ende-
mismo (Linder, 2001).

Los estudios areogréficos
se han visto favorecidos por el desarrollo de
los sistemas de informacion geografica
(SIG), que permiten llevar a cabo el andlisis
espacial con diferentes unidades geograficas,
como estados, provincias biogeogréficas o
bien cuadriculas de diferentes escalas.

La areografia se puede en-
marcar dentro de la biogeografia descriptiva,
lo cual implica que se obtiene la distribucion
geografica de los taxones analizados, pero
no se hacen mas inferencias, como seria
proponer relaciones histdricas entre dreas
como en la panbiogeografia, el andlisis de
parsimonia de endemismos (PAE) y la bio-
geograffa cladistica. Para llevar a cabo un
estudio areografico se requiere de los mapas
de distribuciéon puntual de los taxones bajo
estudio en formato digital preferentemente,
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para luego ser evaluados y comparados con
la finalidad de detectar dreas ricas en espe-
cies y endemismos.

La areografia y las distri-
buciones potenciales pueden contribuir a de-
tectar dreas particulares donde se requiere
realizar colectas y trabajo de campo para los
taxones estudiados.

Distribuciones Potenciales

La importancia del clima
para explicar la distribucion geografica fue
reconocida por los naturalistas desde hace
algunos siglos (e.g. Tournefort, 1781 y De
Candolle, 1820, en Espinosa y Llorente,
1993). Un campo reciente en ecologia que
aborda el tema de la relacién especies-am-
biente es la prediccion de la distribucion
geogrifica de los taxones (Peterson vy
Cohoon, 1999), el cual surge a partir de téc-
nicas estadisticas y herramientas como los
SIG (Guisan y Zimmermann, 2000). EI mo-
delaje de la distribucién geografica potencial
consiste en predecir las distribuciones con
base en los requerimientos ecoldgicos de las
especies, extrapolando los puntos de recolec-
ta conocidos a dreas donde se desconoce su
ocurrencia, utilizando en algunos métodos
coberturas electronicas de condiciones ecold-
gicas (como GARP y BIOCLIM), tales
como temperatura media anual, precipitacion
media anual y altitud, entre muchas otras.
Los modelos generados de distribucion po-
tencial estdn basados en hipdtesis de como
los factores ambientales determinan la distri-
bucién de las especies y las comunidades
(Guisan y Zimmermann, 2000), bajo la pre-
misa que el conjunto de registros individua-
les de las especies se relaciona con las varia-
bles ambientales presentes en las localidades
de recolecta.

El concepto de nicho eco-
l16gico, que es el conjunto de condiciones
ecoldgicas dentro de las cuales una especie
es capaz de mantener sus poblaciones via-
bles (Peterson et al., 2002), resulta importan-
te en este tipo de estudios, ya que los mapas
generados de distribucién potencial para un
drea determinada (pais o region) reflejan el
nicho ecoldgico de la especie para la cual se
realiz6 el andlisis.

Para llevar a cabo un estu-
dio de distribucién potencial primero se mo-
dela el nicho ecoldgico y se reconocen las
dreas que estdn sobrestimadas; posteriormen-
te se hace una modificacién bajo algin crite-
rio y se eliminan dichas dreas, y finalmente
se obtiene un mapa de distribucién potencial
(Navarro et al., 2003), por lo que es impor-
tante que el investigador que realiza el mo-
delo tenga idea de la biologia del taxén bajo
estudio y de su distribucién conocida.

BIOCLIM (Nix, 1986) y
GARP (Stockwell y Peters, 1999) son dos
programas de computo que utilizan un algo-

ritmo para predecir la distribucion potencial
de las especies. El algoritmo implementado
en BIOCLIM (Nix, 1986) se basa en los in-
tervalos de los valores obtenidos para cada
cobertura ecoldgica electrénica con base en
los observados, que se obtienen a partir de
los puntos de recolecta conocidos del taxdn
bajo estudio. El método considera a cada va-
riable como independiente, de tal manera
que ignora las correlaciones entre variables
(Navarro et al., 2003); sin embargo BIO-
CLIM representa una opcion importante en
el desarrollo tecnolégico y conceptual del
modelaje bioclimatico, como se ha demos-
trado recientemente (Téllez-Valdés y Davila-
Aranda, 2003).

GARP (por sus siglas en
inglés Genetic Algorithms for Rule-set
Prediction; Stockwell y Peters, 1999) im-
plementa un algoritmo genético que infiere
el nicho ecoldgico a partir de algoritmos
computacionales muiltiples en un ambiente
de ‘aprendizaje’; en este sentido GARP rela-
ciona las caracteristicas ecoldgicas de los
puntos de ocurrencia a un conjunto de pun-
tos que se remuestrean, de las dreas donde
no se conoce la especie en una serie de
cambios a las reglas, con la finalidad de pro-
ducir una lista de reglas condicionales que
predicen presencia o ausencia de la especie
a través del escenario geogréfico que se estd
analizando (Navarro et al., 2003).

Andlisis de este tipo han
incluido mds de 100 registros con localida-
des tnicas (Peterson y Cohoon, 1999),
mientras que también se presenta el otro ex-
tremo con un registro con su correspondien-
te localidad tnica (Peterson et al., 2000).
Lindenmayer et al. (1996) sugieren el uso
de un minimo de 50 localidades tnicas para
realizar un andlisis de este tipo. Segutn Peter-
son et al. (2002) no hay especie para la que
sea dificil o imposible modelar su distribu-
cién geogréfica. Otro punto importante que
seflalan Lindenmayer et al. (1996) es que el
conjunto de localidades tnicas corresponda
al intervalo de distribucién completo del
taxén bajo estudio, con la finalidad de in-
cluir los valores maximo y minimo de los
requerimientos ecoldgicos de los taxones
bajo estudio y obtener un modelo de predic-
cién éptimo (Anderson et al., 2003).

Recientemente este enfo-
que ha ido ganando importancia y actual-
mente existe una gran variedad de modelos
que se han desarrollado para estudiar dife-
rentes aspectos como biologia de la conser-
vacion, investigacion de cambio climatico,
biogeogréficos y manejo de especies y ha-
bitat (Navarro et al., 2003). Para México se
han realizado estudios de este tipo hasta el
momento con aves y mamiferos (Navarro
et al., 2003; Peterson et al., 2000, 2002) y
angiospermas  (Téllez-Valdés y Ddvila-
Aranda, 2003; Villasefior y Téllez-Valdés,
2004).
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Un problema que se ha
detectado con GARP y BIOCLIM es que
ambos trabajan con datos de presencia (ig-
noran la ausencia, que implica localidades
donde se cumplen las condiciones climaticas
para que habite la especie en cuestién pero
no se ha registrado), debido a que rara vez
la informacién sobre la ausencia del taxdén
estd disponible, particularmente en dreas que
no han sido muestreadas, como en el
Neotrépico (Anderson et al., 2003). Un pro-
blema particular de GARP es que debido a
que el algoritmo incluye procesos azarosos
como mutaciones y entrecruzamiento, genera
multiples modelos, por lo que los mapas de
prediccion generados no son siempre iguales
(Anderson et al., 2003). Otro problema en
los modelos de distribucion potencial lo re-
presentan los errores de omision, cuando el
modelo no indica cierta drea como presencia
y se tiene evidencia de que el taxén bajo es-
tudio habita en dicha drea, aunque aparente-
mente no son muy frecuentes; y los de co-
mision, cuando el modelo indica cierta area
como presencia y se tiene suficiente eviden-
cia de que el taxén bajo estudio no habita
en dicha area, los cuales son mas frecuentes
y en ocasiones solamente se pueden validar
con trabajo de campo.

Analisis de Parsimonia de Endemismos
(PAE)

Este andlisis, conocido
como PAE por sus siglas en inglés
(Parsimony Analysis of Endemicity), es un
método sugerido originalmente por Rosen
(1984) y desarrollado por Rosen (1988) y
por Rosen y Smith (1988), siendo posterior-
mente modificado por Craw (1988), Cracraft
(1991) y Morrone (1994). Consiste en obte-
ner distribuciones de distintos taxones mo-
nofiléticos que habiten un conjunto de areas
que se pretende analizar. El método (Glasby
y Alvarez, 1999; Luna et al., 1999) es ana-
logo a un andlisis cladistico donde los taxo-
nes compartidos, que representan a los ca-
racteres derivados compartidos (sinapomor-
fias) de los taxones (caracteres) se utilizan
para formular hipétesis de relaciones histori-
cas (filogenia) de dreas (taxones). Con los
datos de distribucién de los grupos seleccio-
nados se construye una matriz de taxones
por dreas y se analiza bajo algin programa
de computo que tenga implementado un al-
goritmo de parsimonia como lo es el
Hennig86 (Farris, 1988), o bien Nona
(Goloboff, 1993) a través de Winclada
(Nixon, 1999). Con la finalidad de enraizar
el cladograma se utiliza un drea hipotética
que se codifica con ceros en la matriz (Luna
et al., 1999), lo cual resulta controversial de-
bido a que se elige arbitrariamente (Glasby
y Alvarez, 1999). Con la aplicacién de este
método se obtiene un cladograma de dreas
que representa una hipdtesis de relacién en-
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tre las dreas de endemismo que forman par-
te del andlisis. El uso de este método es
controversial, ya que para algunos autores no
es un método de biogeografia histdrica debi-
do, en gran parte, a que no se utilizan
filogenias (Humphries, 2000; Brooks y Van
Veller, 2003), en tanto que para otros si lo
es (Morrone y Crisci, 1995; Luna et al.,
1999). Sin embargo, tiene la ventaja sobre la
biogeografia cladistica de no requerir clado-
gramas taxondmicos, ademds de que puede
utilizar la informacion biogeografica brinda-
da por taxones ampliamente distribuidos, los
cuales representan un problema en biogeo-
graffa cladistica (Glasby y Alvarez, 1999).
Se ha sugerido que requiere de al menos 80
taxones para hacer el andlisis (Glasby y
Alvarez, 1999), lo cual representa una des-
ventaja con relacién a todos los otros méto-
dos; también se ha sugerido que si existen
localidades con muy pocos taxones respecto
a las demas, entonces sean omitidas del ana-
lisis o, si es posible, fusionarlas (Rosen,
1988). La modificaciéon hecha por Craw
(1988), Cracraft (1991) y Morrone (1994) ha
sido denominada recientemente (Porzecanski
y Cracraft, 2005) como Andlisis Cladistico
de Distribuciones y Endemismo o CADE
(por sus siglas en inglés Cladistic Analysis
of Distributions and Endemism). EI CADE
se diferencia del PAE en que no se establece
como prerrequisito que las dreas a analizar
sean areas de endemismo (solamente son lo-
calidades); ademds en el CADE se incluye
en la matriz de datos informacion cladistica,
que consiste en codificar la distribucién de
los niveles jerarquicos mas inclusivos, por
ejemplo géneros y sus especies (Porzecanski
y Cracraft, 2005). Las unidades geograficas
de andlisis que se han utilizado en el PAE
son las localidades, cuadriculas con diferente
resolucién espacial y dreas de endemismo
(Crisci et al., 2000), estas tdltimas represen-
tadas generalmente por regiones o provincias
biogeogrificas.

Al igual que en biogeo-
graffa cladistica se obtiene un cladograma de
dreas como parte final del andlisis, pero el
PAE genera cladogramas de las localidades
muestreadas directamente de la distribucion
geogréfica de los taxones involucrados en el
estudio (Rosen, 1988), sin hacer uso de
filogenias. Otra similitud entre el PAE y par-
te de la biogeografia cladistica es el uso de
la parsimonia, como es el caso del Andlisis
de Parsimonia de Brooks o BPA (por sus si-
glas en inglés Brooks Parsimony Analysis).

Panbiogeografia

El método panbiogeografi-
co fue desarrollado originalmente por Croi-
zat (1958, 1964) y continuado por la escuela
neozelandesa con Craw, Grehan, Heads y
Henderson, entre otros (Craw et al., 1999).
La parte inicial consiste basicamente en re-

presentar las localidades de recolecta o las
dreas de distribucién de un taxén particular
en mapas; dicho taxén puede ser una espe-
cie, un grupo de especies, un género o una
familia. Las localidades o las dreas de distri-
bucién se unen con sus vecinas mas cerca-
nas mediante una linea llamada trazo indivi-
dual y representa las coordenadas primarias
del taxén en el espacio (Croizat, 1958) y es
donde se ha llevado a cabo su evolucién
(Crisci y Morrone, 1992). Una vez delineado
el trazo individual se le da una direccion, es
decir se le orienta, lo cual puede hacerse
bajo alguno de los siguientes criterios: 1) hi-
potesis filogenética, 2) linea de base y 3)
centro de masa (Crisci y Morrone, 1992).
En el primer caso es necesario conocer la fi-
logenia del grupo, lo cual resulta problemati-
co para ciertos taxones pues implica contar
con el cladograma del taxén, debido a que
para muchos de ellos no se han realizado
andlisis filogenéticos. El segundo caso es
uno de los mds utilizados y consiste en reco-
nocer cualquier rasgo geoldgico que se pue-
da identificar en un mapa, representado por
una cadena montafiosa, un valle o una cuen-
ca oceanica. Por ultimo, el centro de masa
se refiere a la mdxima concentracion de di-
versidad de un taxdn, pero tiene el inconve-
niente de ser similar a uno de los criterios
para reconocer los centros de origen (Espi-
nosa y Llorente, 1993); el concepto de cen-
tro de origen frecuentemente utilizado en la
escuela dispersalista fue duramente criticado
por Croizat a lo largo de toda su obra
(Morrone, 2000).

Cuando se dibujan los tra-
zos individuales de varios taxones, en oca-
siones existe una coincidencia entre ellos, no
obstante que presenten diferentes capacida-
des de dispersion; esta congruencia llamo6 la
atencién de Croizat y la nombré trazo gene-
ralizado, esto es, la linea resultante de la
congruencia de dos o mds trazos individua-
les. Estos trazos generalizados indican la
preexistencia de biotas ancestrales que sub-
secuentemente se fueron fragmentando debi-
do a cambios climdticos o procesos tectoni-
cos (Morrone y Crisci, 1995). En ocasiones
dos 0 mds trazos generalizados se intersec-
tan o convergen en un drea determinada; di-
cha zona es reconocida como nodo y repre-
senta un drea compuesta en lo que se refiere
a sus elementos bidticos y compleja en
cuanto a su historia geoldgica. La panbio-
geograffa es un método que se utiliza para
reconocer patrones de distribucién y homo-
logias espaciales, los cuales estdn representa-
dos por los trazos generalizados y pueden
tener una gran influencia en la eleccién de
las dreas a ser analizadas en un estudio de
biogeografia cladistica. Page (1987, en Espi-
nosa y Llorente, 1993) considera que cual-
quier estudio panbiogeogrifico debe incluir
sus conceptos bdsicos, como son trazo indi-
vidual y generalizado, linea de base y nodo.
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La panbiogeografia tiene
la ventaja de poder detectar los nodos, los
cuales son dreas que mediante los otros mé-
todos no son reconocidos. Una dificultad que
se ha notado es que a nivel mds regional
(pais o regiones dentro de un pais), la forma
de orientar los trazos mediante linea de base
se vuelve complicada al no ser en ocasiones
tan conspicuos los rasgos geoldgicos o geo-
graficos, ademds que al analizar los trazos
individuales de taxones dentro de regiones
mas pequeflas (pais), los patrones para de-
tectar los trazos generalizados no son tan
evidentes como lo son a una escala mayor,
debido a que las localidades de colecta no
siempre coinciden completamente, de tal for-
ma que los trazos individuales no se super-
ponen totalmente. Por otra parte, aunque es
posible mediante un andlisis de trazos re-
construir biotas ancestrales que se han frag-
mentado a través del tiempo debido a cam-
bios climdticos o geogrificos, no se estable-
ce en este tipo de andlisis de manera especi-
fica las relaciones entre las diferentes dreas
bajo estudio (Humphries, 2000). También se
ha sefialado que el procedimiento para
orientar los trazos individuales es ambiguo y
que la panbiogeografia revela los rasgos mas
generales de los patrones de distribucion
siendo incapaz de resolver relaciones a nive-
les mas finos (Platnick y Nelson, 1988).

Biogeografia Cladistica

La biogeografia cladistica
fue formulada por un grupo de bidlogos del
Museo Americano de Nueva York, a partir
de la asociacion de los conceptos tedricos de
la panbiogeografia de Croizat y el método
de la sistemadtica filogenética propuesta por
el entomodlogo alemdn Willi Hennig (Craw,
1988; Espinosa y Llorente, 1993; Crisci et
al., 2000; Morrone, 2000). Se sustenta en
una estrecha relacion entre la sistemdtica y
la biogeografia, al considerar que los clado-
gramas taxondmicos, convertidos en clado-
gramas de dreas, pueden ayudar a conocer la
secuencia de separacion de las dreas bajo es-
tudio, asi como proponer hipétesis de rela-
cién entre las dreas de endemismo.

Para realizar un estudio de
este tipo se requiere de al menos dos clado-
gramas taxondmicos de grupos que habiten
en la zona que interesa. Debido a que para
la mayoria de los taxones todavia no existen
tales estudios, la obtencién de los cladogra-
mas resulta una limitante para llevar a cabo
este tipo de andlisis biogeografico.

Cuando ya se tienen los
cladogramas taxondmicos, se construyen los
cladogramas particulares de areas, los que se
obtienen a partir de la sustituciéon de los
taxones terminales por las dreas que éstos
habitan. La inclusién de varios taxones den-
tro de un mismo andlisis permite obtener un
cladograma general de dreas. El andlisis de
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los cladogramas particulares de dreas es un
procedimiento sencillo cuando cada taxén es
endémico a un drea y en cada drea solamen-
te habita un taxén; sin embargo, ciertos
taxones provocan complicaciones dentro de
este tipo de andlisis biogeografico, debido a
que dificultan la resolucién. Dichas compli-
caciones corresponden a tres casos: distribu-
ciones redundantes, taxones ampliamente
distribuidos y dreas faltantes. El primer caso
se refiere a que en un drea habitan dos o
mas taxones del mismo grupo, provocando
la aparicién de esa drea en dos o mds ramas
terminales del mismo cladograma, lo cual
implica simpatria en su distribucién; el se-
gundo trata sobre determinados taxones den-
tro de un grupo que tienen un intervalo de
distribucion muy grande, lo que puede de-
berse a dispersién, a que un taxén con una
distribucion amplia no respondié al evento
vicariante, o a la falta de estudios taxonOomi-
cos profundos y que por lo tanto se trate
realmente de entidades distintas; finalmente,
el tercer caso se refiere a que en ocasiones
en uno de los cladogramas de dreas para un
cierto taxén no aparece una o mas de todas
las areas consideradas en el analisis, esto es
porque el taxén existe en el drea pero no ha
sido recolectado, habitd el drea pero se ex-
tinguié o bien nunca existi6 en la zona.

En estos casos los clado-
gramas de dreas se deben transformar en
cladogramas resueltos de dreas mediante la
aplicacién de procedimientos denominados
supuestos 0, 1 y 2 (Crisci et al., 2000). Con
base en la informacién de los cladogramas
de dreas o la de los cladogramas resueltos
de dreas se obtiene el o los cladogramas ge-
nerales de dreas, a partir de la aplicacion de
alguno de los métodos que se han desarro-
llado con este fin, entre los que destacan el
andlisis de componentes y el andlisis de par-
simonia de Brooks o BPA (Morrone y
Crisci, 1995). En general, cuando se obtie-
nen mds de tres cladogramas generales de
dreas se sugiere aplicar un consenso estricto
para obtener un solo arbol (Marshall y
Liebherr, 2000; Contreras-Medina y Luna,
2002).

El cladograma general de
dreas representa una hipdtesis de relacion
entre las dreas bajo estudio y la secuencia
de su fragmentacién. Finalmente, el
cladograma general de dreas se puede com-
parar con los resultados de estudios previos
y con un cladograma geoldgico.

Un problema que se de-
tecta en los cladogramas generales es que si
existen dreas donde el grupo bajo andlisis no
se encuentre bien representado, éstas ocupa-
rdan sitios basales dentro del cladograma
(Contreras-Medina y Luna, 2002), lo que es
un reflejo de la falta de informacién para
ciertas dreas. Una ventaja sobre los demas
enfoques biogeograficos (panbiogeografia y
PAE) es que el andlisis se basa en la filoge-

nia de los grupos estudiados, lo cual implica
que el resultado (cladograma general de
areas) refleja relaciones histdricas entre las
areas bajo estudio (Humphries, 2000). Se ha
propuesto que existe cierta similitud entre
los trazos, individual y generalizado de la
panbiogeografia con los cladogramas, parti-
cular y general, de dreas de la biogeografia
cladistica, respectivamente, ya que la infor-
macion particular de cada taxén junto con la
de otros permite detectar patrones comunes
de distribucion (Craw, 1988; Crisci y
Morrone, 1992; Crisci et al., 2000).

Evaluacion de los Diferentes Métodos
Aplicados a las Gimnospermas de México

Las especies de gimnos-
permas que habitan en México se comparten
con los EEUU y paises de América Central,
o bien se trata de taxones endémicos, ya
sean de amplia distribucién dentro del terri-
torio mexicano o bien muy restringida.

Los taxones de distribu-
cion restringida al formar parte del grupo
bajo estudio en andlisis biogeograficos como
el PAE y la panbiogeografia se pueden con-
siderar como no informativos, por lo cual
queda fuera una parte del grupo. En el PAE
se interpretan como autapomorfias y por lo
tanto no contribuyen a establecer hipdtesis
de relacion entre las dreas bajo andlisis
(Luna et al., 1999) y por ello generalmente
no se incluyen en la matriz de datos. En la
panbiogeografia no contribuyen a la detec-
cién de patrones biogeogréficos originados
mediante la obtencién de trazos generaliza-
dos, debido a que para estos taxones no es
posible construir su trazo individual (Contre-
ras-Medina et al., 1999). En ambos casos se
puede considerar que la representatividad
taxonémica es incompleta (sensu Rosen,
1988) ya que los taxones endémicos son ex-
cluidos del andlisis. El concepto de endemis-
mo es relativo, ya que debe especificarse la
unidad geogréfica con la que se trabaja; en
el caso del PAE y la panbiogeografia serdn
taxones no informativos si son endémicos de
una unidad de drea en un andlisis determina-
do, sin embargo si se cambia la resolucion
de las unidades de estudio, un taxén que
previamente era no informativo podrd serlo
dadas nuevas unidades de drea menores.

En el caso de las distribu-
ciones potenciales dichos taxones se pueden
utilizar para detectar si los modelos genera-
dos del nicho ecoldgico para cierta zona es-
tin muy sobreestimados ya que son taxones
con distribucion restringida. En la areografia
estos taxones son fundamentales pues contri-
buyen a la regionalizacion a diferentes esca-
las al ser los que definen cada una de las
unidades propuestas para una regionalizacion
determinada, ademds de contribuir a detectar
aquellas dreas que pueden considerarse
como centros de endemismo al dar mayor
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peso o valor a las dreas donde habitan
(Linder, 2001). En la biogeograffa cladistica
los taxones endémicos permiten una mejor
resolucion al momento de obtener el
cladograma general de dreas y de hecho son
dichos taxones los que no causan conflictos
en este enfoque, en contraste con taxones
ampliamente distribuidos, que habitan en va-
rias dreas.

Para la areografia todos
los taxones de gimnospermas mexicanas son
factibles de ser utilizados, ya que se trata de
conocer sus dreas de distribucién geografica
y reconocer dreas de diversidad y endemis-
mo para este grupo dentro del territorio
mexicano en diferentes unidades de estudio
tales como estados, provincias biogeografi-
cas y cuadriculas. También para las distribu-
ciones potenciales es posible utilizar todas
las especies, ya que se trabaja con todo tipo
de taxones en el sentido de su distribucion,
ya sea restringida o no, aunque el nimero
de localidades tnicas disponibles para un
taxén puede jugar un papel importante en el
resultado final. No debe olvidarse que es ne-
cesario cubrir el intervalo total de distribu-
cioén, con lo que serfa conveniente incluir lo-
calidades de los otros paises donde se distri-
buyen las especies mexicanas cuando sea el
caso. Para la panbiogeografia, como se men-
cion6 anteriormente, los taxones endémicos
no contribuyen a detectar patrones de rela-
cién espacial, los que se reconocen a partir
de los trazos generalizados, mientras que
aquéllos con distribuciones mds amplias con-
tribuirdn con mds probabilidad al reconoci-
miento de patrones (trazos generalizados).
No obstante, como se menciond anterior-
mente, al llevarse a cabo el analisis dentro
de regiones mds pequefias (nivel pais), los
patrones para detectar los trazos generaliza-
dos no resultan tan evidentes como lo es a
nivel mundial, con lo que seria recomenda-
ble utilizar el PAE para construir trazos ge-
neralizados como se ha realizado (Luna et
al., 2000; Morrone y Marquez, 2001) y don-
de cada grupo monofilético de dreas repre-
senta un trazo generalizado, lo cual fue su-
gerido originalmente por Smith (1992). En
el PAE todos los taxones de gimnospermas
mexicanas pueden utilizarse, pero cierto tipo
serdn informativos, mientras que otros no,
como los que presentan una distribucion res-
tringida, que actian como autapomorfias, y
los que se distribuyen en todas las dreas
bajo  andlisis, que funcionan como
sinapomorfias totales; ambos tipos de taxo-
nes no contribuyen a establecer hipdétesis de
relacion entre las dreas estudiadas. En el
caso de la biogeografia cladistica, su aplica-
cién se limita a las gimnospermas de Méxi-
co cuya filogenia se ha publicado, situacion
que se restringe por el momento a los géne-
ros Ceratozamia (Gonzdlez y Vovides,
2002), Dioon (Moretti et al., 1993) y Pinus,
subgen. Strobus (Farjon y Styles, 1997)
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mientras que para los otros géneros no exis-
ten cladogramas taxondmicos, de tal forma
que no se puede aplicar a ellos este tipo de
metodologia. Por ello el cladograma general
de dreas obtenido estard basado solamente
en la informacion filogenética de los taxones
mencionados; al igual que en el PAE y la
panbiogeografia se puede considerar que la
representatividad taxondmica es incompleta
(sensu Rosen, 1988) ya que los taxones para
los cuales no existe su filogenia son exclui-
dos del andlisis.

Conclusion

A lo largo de este escrito
se ha notado que existen en la actualidad di-
versos enfoques que intentan resolver dife-
rentes preguntas en biogeografia y que pue-
den complementarse dentro de un mismo es-
tudio.

Un estudio biogeografico
puede tener varias etapas y en cada una pue-
de intervenir la aplicacién de alguna de las
diferentes metodologias contemporaneas,
donde el andlisis de la distribucién geografi-
ca de los taxones bajo estudio puede llevar
al reconocimiento y delimitacién de dreas de
endemismo y riqueza mediante un andlisis
areografico. Mediante un andlisis panbiogeo-
grafico se pueden determinar las homologias
espaciales entre los taxones, asi como una
hipétesis de las relaciones histdricas entre las
dreas que habitan los taxones; un estudio de
PAE y biogeografia cladistica indica ademds
de las relaciones de dareas, la secuencia de su
fragmentacion.

A pesar que se ha consi-
derado a la panbiogeografia y a la biogeo-
graffa cladistica como programas de investi-
gaciéon en competencia (Crisci y Morrone,
1992), ambos métodos pueden ser comple-
mentarios y utilizarse como diferentes fases
dentro de un mismo andlisis biogeogréfico,
donde las homologias biogeogrificas de los
taxones son obtenidas a partir de un trazo
generalizado de la panbiogeograffa y con la
biogeografia cladistica se obtiene la secuen-
cia de fragmentacion de las dreas involucra-
das en el trazo (Morrone y Crisci, 1995). La
aplicacién del método de PAE se puede rea-
lizar de manera preliminar a los métodos de
la biogeografia cladistica y la panbiogeogra-
fia, donde en esta tultima puede contribuir a
la construccién de trazos generalizados, asi
como en la delimitacién y reconocimiento
de las dreas de endemismo.

La manera como son vis-
tas las dreas de endemismo en cada una de
dichas escuelas biogeograficas es distinta,
debido a que en la biogeografia cladistica
representan la unidad de estudio y también
pueden serlo para el PAE, mientras que para
la panbiogeografia representan limites bio-
geograficos entre dreas naturales y pueden
coincidir con zonas de complejidad bidtica y

geoldgica, denominadas nodos. Por ejemplo,
la parte sur de México junto con el norte de
Centroamérica es una zona que ha sido con-
siderada como un drea de endemismo para
varios taxones tanto de plantas como de ani-
males. En la biogeografia cladistica y el
PAE es una més de las dreas incluidas en
los andlisis, mientras que para la panbiogeo-
graffa representa un nodo.

Desarrollar  estudios de
caso en México para proponer dreas de dis-
tribucion geografica potencial, asi como de-
tectar dreas de endemismo a partir de la dis-
tribucion de las especies de gimnospermas y
ademds de abordar un andlisis de las relacio-
nes histéricas de la biota mexicana bajo el
enfoque de la biogeografia histérica (PAE,
panbiogeografia y biogeografia cladistica),
basado en los patrones de distribucién de di-
chos taxones, es importante ya que de cerca
de 130 especies de gimnospermas que habi-
tan en México, 71 se encuentran en alguna
categorfa de riesgo, o bien algunas tienen
importancia forestal. La finalidad de aplicar
los diferentes métodos para analizar la distri-
bucion geogrifica de las gimnospermas
mexicanas es detectar patrones de distribu-
cion y realizar estudios de caso enfocados a
responder preguntas tales como si las gim-
nospermas presentan dreas dentro del pais,
donde éstas se concentran y dénde se en-
cuentran varias especies endémicas, y si és-
tas a su vez coinciden. O bien, si la distribu-
cion que de las gimnospermas refleja la pro-
puesta clasica de dividir al territorio mexica-
no en una parte Nedrtica y otra Neotropical.
Cada método debe ser aplicado de acuerdo a
los datos que se tienen y que se requieren
para cada uno. La informacién disponible
sobre las gimnospermas mexicanas permite
que todos los enfoques planteados sean apli-
cados satisfactoriamente; no obstante, en
ciertos casos se hard a un lado parte de la
informacion debido a las caracteristicas de
cada método, como en el caso de taxones
con distribucién restringida y aquéllos caren-
tes de filogenia.

La comparacioén de los pa-
trones de distribucién obtenidos de gimnos-
permas con trabajos realizados para otros
taxones (una vez realizados los andlisis perti-
nentes) permitira evaluar la concordancia
existente entre ambos, respecto a estudios
llevados a cabo con los mismos métodos o
similares dentro del territorio de México o
bien incluyendo parte del mismo, de los
cuales ya suman varios, sobre todo en los
tltimos 20 afios. En el dmbito de la biogeo-
graffa histdrica, la biota mexicana ha sido
estudiada aplicando diferentes enfoques bio-
geograficos y distintos grupos bioldgicos,
principalmente vertebrados, insectos y an-
giospermas. Entre esos enfoques cabe desta-
car la panbiogeografia (Contreras-Medina y
Eliosa-Leén, 2001; Morrone y Mairquez,
2001; Alvarez y Morrone, 2004; Escalante
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et al., 2004; Morrone y Gutiérrez, 2005), la
biogeogafia cladistica (Marshall y Liebherr,
2000; Flores-Villela y Goyenechea, 2001) y
el andlisis de parsimonia de endemismos
(Luna et al., 1999; Morrone et al., 1999;
Davila-Aranda et al., 2002; Morrone y Esca-
lante, 2002; Aguilar-Aguilar et al., 2003;
Garcia-Trejo y Navarro, 2004). Esta produc-
cién cientifica permite que las comparacio-
nes sean en ocasiones numerosas o por lo
menos asegura que exista un trabajo previo
para contrastar.

La informacién generada
del estudio de la distribucién geografica de
las gimnospermas pretende contribuir a la
iniciativa propuesta por Morrone y Espinosa
(1998) hacia la formacién de un Atlas Bio-
geografico Mexicano, aportando mapas deta-
llados de distribucién y trazos individuales
de las especies mexicanas de gimnospermas,
asi como un andlisis biogeografico de estos
taxones. Con la informacion generada de la
consulta de ejemplares depositados en colec-
ciones y la literatura especializada se produ-
cirdn mapas de distribucién geografica que
contendrdn datos confiables aunque segura-
mente en ciertos casos todavia incompletos
de la distribucién, pero que si ademads se
modela su distribucién potencial podrian in-
cluir més dreas donde probablemente se en-
cuentren. Tales mapas servirdn de base para
otros estudios biogeogréficos o de otro tipo
y para reconocer dreas donde es necesario
hacer colectas, ademds de generar nuevas
preguntas de investigacién sobre su distribu-
cién geogréafica en el pais.

A partir de futuros analisis
que involucren la visién conjunta de la pan-
biogeografia y de la biogeografia cladistica,
ademds del PAE y su posible conjuncién
con las distribuciones potenciales, y delimi-
tando las dreas de endemismo y de riqueza
de especies mediante la areografia, se logra-
rd un mejor entendimiento y una mayor
aproximacion a la historia de la evolucién de
la Tierra y la distribucién geografica de los
seres Vivos.
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METHODS OF BIOGEOGRAPHIC ANALYSIS AND THEIR APPLICATION TO THE DISTRIBUTION OF MEXICAN

GYMNOSPERMS
Rail Contreras-Medina

SUMMARY

Biogeography is a discipline included in comparative biology that
studies the distribution of organisms; the distributional patterns of
organisms are analyzed through the application of different methods,
depending on the question formulated. In this work the principles
and advantages of some of these methods when they are applied to
the geographic distribution of the gymnosperms of Mexico are pre-
sented, and the convenience and applicability of each method in re-
lation to the distributional range of the species is discussed. Particu-
larly, in the case of Mexican gymnosperms, parsimony analysis of
endemicity and panbiogeography have the disadvantage that their
methods do not include those species with restricted ranges, whereas

cladistic biogeography only includes taxa with phylogenetic informa-
tion. In contrast, areography and predicted distributions consider all
the species, independently of their distributional range and availabil-
ity of phylogenetic information. It is concluded that the different bio-
geographic methods can be used under the same analysis as comple-
mentary phases or components, despite the fact that some of them
have been considered as antagonist research programs. This kind of
studies generates valuable information that permits to extend the
knowledge about the history of Mexican biota and to increase the
knowledge on the biogeography of Mexican gymnosperms.

0S METODOS DE ANALISE BIOGEOGRAFICO E SUA APLICACAO NA DISTRIBUICAO DAS GIMNOSPERMAS

NO MEXICO
Raul Contreras-Medina

RESUMO

A biogeografia é a disciplina da biologia comparada que estuda a
distribuicdo dos seres vivos; a andlise dos padrdes de distribuigcdo
dos organismos se realiza mediante diferentes métodos, dependendo
da pergunta a responder. No presente trabalho se expde os principi-
os e bondades de alguns destes métodos aplicados a distribuicdo ge-
ogrdfica das gimnospermas no México; da mesma forma, se discute
a conveniéncia e aplicabilidade de cada método em relacdo ao in-
tervalo da drea de distribuicdo geogrdfica das espécies. Para o caso
particular das gimnospermas mexicanas se considera que a andlise
de parciménia de endemismos e a panbiogeografia tém o inconveni-
ente de que ndo incluem aquelas espécies que tém uma distribuicdo

restringida, enquanto que a biogeografia cladistica somente pode in-
cluir aqueles taxons que tenham informagdo filogenética. Ao contrd-
rio, a areogrdfia e as distribui¢des potenciais levam em conta os da-
dos de todas as espécies, independentemente da amplitude em sua
distribuicdo. Conclui-se que os diferentes métodos biogeogrdficos
podem ser utilizados sob uma mesma andlise, seja como partes
complementdrias, ou bem como etapas, apesar de que alguns destes
tém sido considerados como programas de investigacdo em compe-
téncia. Este tipo de estudos gera informagdo que permite ampliar o
conhecimento da historia da biota mexicana e aprofundar na
biogeografia das gimnospermas mexicanas.
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Abstract An analysis of the distribution patterns of 124 Mexican gymnosperm
species was undertaken, in order to detect the Mexican areas with high species
richness and endemism, and with this information to propose areas for conservation.
Our study includes an analysis of species richness, endemism and distributional
patterns of Mexican species of gymnosperms based on three different area units
(states, biogeographic provinces and grid-cells of 1° x 1° latitude/longitude). The
richest areas in species and endemism do not coincide; in this way, the Sierra Madre
Oriental province, the state of Veracruz and a grid-cell located in the state of Oaxaca
were the areas with the highest number of species, whereas the Golfo de México
province, the state of Chiapas and a grid-cell located in this state were the richest
areas in endemic species. A weighted endemism and corrected weighted endemism
indices were calculated, and those grid-cells with high values in both indices and with
high species richness were considered as hotspots; these grid-cells are mainly located
in Southern and Central Mexico.

Keywords Areography - Conservation - Endemism - Gymnosperms - Mexico -
Species richness

Introduction

Since the first proposals of biogeographical regionalizations of the world (Sclater
1858; Wallace 1876), Mexico has been considered a transitional zone between the
Nearctic and Neotropical biogeographic regions (Halffter 1987). Recently, based on
panbiogeographic studies, Contreras-Medina and Eliosa-Le6n (2001) and Morrone
and Marquez (2001) proposed that the Mexican biota shows different biogeographic
relationships as suggested by two North American tracks, one at the east and other
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at the west, and a Gondwanic track, that relate Mexico to the rest of the Neo-
tropical region. The geographic distribution of the elements that constitute the
Mexican biota has been the result of vicariance, dispersal events and local extinc-
tion, as well as climatic changes and speciation processes in situ (Salinas-Moreno
et al. 2004), in a complex plate tectonic scenario (Ferrusquia-Villafranca 1993;
Ortega et al. 2000).

At the end of the Cretaceous period, the Laramidian orogeny started and
determined the main physiographic features of the mountains in Mexico and
northern Central America (Halffter 1987; Salinas-Moreno et al. 2004), with the
exception of the Transmexican Volcanic Belt that started in the Mid-Tertiary
(Ferrusquia-Villafranca 1993; Ortega et al. 2000). Climatic changes during the
Pleistocene (Toledo 1982) and orogenic processes contributed to the diversification
of the genus Pinus in Mexico (Eguiluz 1985; Farjon and Styles 1997). In this scenario,
barriers and corridors, as Pleistocenic refugia, played an important role in the spatial
evolution of the Mexican gymnosperms (e.g. Perry et al. 1998; Contreras-Medina
et al. 2001b; Gonzalez and Vovides 2002).

Gymnosperms are seed plants that mainly inhabit temperate zones of both
hemispheres and have been important elements in fossil and extant plant commu-
nities; their appearance in the late Paleozoic represents one of the most important
evolutionary phases among the patterns of vascular plant diversification (Niklas
et al. 1983). Due to their antiquity, they represent an interesting group for distri-
butional analysis from an historical biogeography approach. In several Mexican
floristic studies, gymnosperms represent approximately 2% of species diversity, in
contrast with angiosperms and pteridophytes (Contreras-Medina 2004). Notwith-
standing, Mexico represents the country with more species of some genera, such as
Ceratozamia, Dioon and Pinus (Contreras-Medina 2004) and plays an important
role in gymnosperm diversity at a world-wide level (see Takhtajan 1986; Osborne
1995).

Mexican gymnosperms are distributed mainly in temperate forests and arid
scrubs. Studies about the geographic distribution of gymnosperms in Mexico are
imperative not only theoretically but practically, especially for those groups with
great economic value such as Abies and Pinus, and those threatened taxa included in
some risk categories, like cycads. Floristic richness of Mexican gymnosperms is
represented by nearly 130 species, included in 14 genera and six families, such
diversity represents 15% in a world-wide level; species endemism is frequent, even at
state level, mainly in Zamiaceae.

Areography (also named chorology) is defined as the study of distributional areas
of taxa (Rapoport 1975; Rapoport and Monjeau 2001). This type of studies can offer
information about areas of richness and endemicity of faunistic and floristic groups
in a country or continent, and may also contribute to the delimitation of biogeo-
graphic regions. Some previous works that have applied this approach to Mexican
plant taxa were carried out by Kohlmann and Sanchez (1984) with Bursera, Valdés
and Cabral (1993) with grasses, and Garcia-Mendoza (1995) with Agavaceae.

Our aim is to detect Mexican areas of richness and endemism of gymnosperms
based on their presence on states, biogeographic provinces, and grid-cells and to
compare the results obtained. With this task we will be able to generate useful
information to carry out several aspects on the geographical distribution of these
seed plants in the country, and to detect some important areas for conservation
based on this group of plants.
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Materials and methods

Distributional data of gymnosperm species were obtained from the revision of 1465
herbarium specimens deposited in the following collections: National Herbarium of
the Instituto de Biologia, UNAM (MEXU); Herbarium of the Escuela Nacional de
Ciencias Biologicas, IPN (ENCB); Herbarium of the Missouri Botanical Garden
(MO); Herbaria of the Instituto de Ecologia A.C. in Xalapa City (XCAL) and
Patzcuaro City (IEB); Herbarium of the Facultad de Ciencias, UNAM (FCME);
Herbarium of the Universidad de Guadalajara (IBUG); Herbarium of the
Departamento de Bosques, Universidad Auténoma Chapingo (CHAP); Herbario
Nacional Forestal (INIF); Herbarium of the Universidad Veracruzana (XALU); and
Herbarium of the Universidad de Sonora (USON). In addition, some floristic and
revisionary studies were reviewed (Zanoni and Adams 1979; Wiggins 1980; Zanoni
1982; Vovides et al. 1983; Stevenson et al. 1986; Patterson 1988; Espinosa 1991,
McVaugh 1992; Zamudio 1992, 2002; Moretti et al. 1993; Zamudio and Carranza
1994; Fonseca 1994; Farjon and Styles 1997; Medina and Davila 1997; Narave and
Taylor 1997; Vovides 1999; Aguirre-Planter et al. 2000; Felger 2000; Contreras-
Medina et al. 2001a, 2003). Finally, in order to obtain field data and to make field
observations of natural populations of some gymnosperm species, field exploration
was carried out in the Mexican states of Hidalgo, Querétaro, Estado de México,
Puebla, and Oaxaca.

In order to perform the biogeographic analysis, Mexican states, biogeographic
provinces and 1° x 1° latitude/longitude squares were used as units of study. We
included a state level in the analysis because in Mexico, as well as in other countries,
conservation decisions are generally undertaken considering political boundaries,
rather than natural criteria (Davila-Aranda et al. 2004), and because in megadiverse
countries distributional data tend to be organized on the basis of geopolitical units
(Gaston and Williams 1996). In order to recognise some patterns at the state level
(Fig. 1a), we followed the criteria suggested by Daévila-Aranda et al. (2004),
grouping the species in four sets based on their patterns of distribution: (1) scarcely
distributed (species recorded only in one state); (2) narrowly distributed (24 states);
(3) normally distributed (5-9 states); and (4) widely distributed (10 or more states).
We also used the Mexican biogeographic provinces proposed by the Comision
Nacional Para el Uso y Conocimiento de la Biodiversidad (CONABIO) (Arriaga
et al. 1997), which represent a regionalization of the country based on four different
sources (vascular plants, herpetofauna, mammals and morphotectonics, Fig. 1b). In
each province, the contribution of endemic gymnosperm species was evaluated and
those biogeographic provinces with more species were remarked. Despite more
recent regionalizations of Mexico have been proposed (e.g. Morrone 2001), the
scheme of CONABIO has the advantage of having been generated in digital format,
so the distributional data of gymnosperms can be analysed with a Geographic
Information System (GIS).

In many cases the size of the Mexican states studied herein (i.e. Chihuahua versus
Tlaxcala) and the biogeographic provinces (i.e. Altiplano Norte versus Soconusco)
are extremely different. Thus, it was necessary to carry out an alternative biogeo-
graphic analysis with standard units of the same size. For this reason, we chose
squares of one geographical degree per side, partially to facilitate the data manip-
ulation and to reduce the effect of sampling artifacts, such as mapping errors and
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«Fig. 1 (a) The 32 Mexican states. Abbreviations are: AGS = Aguascalientes, BC = Baja California,
BCS = Baja California Sur, CAMP = Campeche, CHIS = Chiapas, CHIH = Chihuahua,
COA = Coahuila, COL = Colima, DF = Distrito Federal, DUR = Durango, GTO = Guanajuato,
GRO = Guerrero, HGO = Hidalgo, JAL = Jalisco, MEX = México, MICH = Michoacan,
MOR = Morelos, NAY = Nayarit, NL = Nuevo. Ledén, OAX = Oaxaca, PUE = Puebla,
QR = Quintana Roo, QRO = Querétaro, SLP = San Luis Potosi, SIN = Sinaloa, SON = Sonora,
TAB = Tabasco, TAMP = Tamaulipas, TLA = Tlaxcala, VER = Veracruz, YUC = Yucatan,
ZAC = Zacatecas; (b) the 19 biogeographic provinces of Mexico according to Arriaga et al.
(1997). Abbreviations are: apn = Altiplano Norte, aps = Altiplano Sur, bal = Depresion del Balsas,
bc = Baja California, clf = California, cab = Del Cabo, chi = Los Altos de Chiapas, gm = Golfo de
México, nus = Soconusco, oax = Oaxaca, pac = Costa del Pacifico, ptn = Petén, sme = Sierra Madre
Oriental, smo = Sierra Madre Occidental, sms = Sierra Madre del Sur, son = Sonorense,
tam = Tamaulipeca, vol = Eje Volcanico, yuc = Yucatan

unsampled grids in sparsely inhabited areas (Crisp et al. 2001). This scale size was
chosen because it was tested in previous works on areography and diversity of
different groups of Mexican flora (e.g. Kohlmann and Sanchez 1984; Garcia-Men-
doza 1995; Davila-Aranda et al. 2004). We applied richness and endemism indices
proposed by Crisp et al. (2001) and Linder (2001) to these grid-cells, which were
previously applied to Australian and African floras, respectively, dividing the study
areas in squares of one or two geographical degrees per side, in order to detect
centres of species richness and endemism of vascular plants. The use of equal-area
grids has also been considered as an important tool for studying biogeographic
patterns in biological diversity (McAllister et al. 1994).

Species richness was measured simply as the total count of species within each
grid-cell and is also known as unweighted species richness (Linder 2001). A first
index termed ‘weighted endemism’ was related to species richness (Crisp et al.
2001). The first step consisted in dividing each grid-occurrence by the total number
of grids in which one species occurs. Thus, a species restricted to a single grid was
scored as ‘1’ for that grid, and ‘0’ for all other grids, and a species found in four grids,
was scored as ‘0.25” for each of the four grids, and ‘0’ for all remaining grids; then the
sum of all score species values for each grid was obtained. A second index named
‘corrected weighted endemism’ (Crisp et al. 2001), consisted in dividing the weigh-
ted endemism index by the total count of species in each grid cell. Those grid-cells
with the highest scores in the first index were considered as centres of richness and
for the second index as centres of endemism (see Crisp et al. 2001 and Linder 2001
for further details). Grid-cells with none or one species recorded were deleted from
the analysis of corrected weighted endemism and are not shown in the resultant map.
Grid-cells values obtained for weighted endemism and corrected weighted ende-
mism indices were ranged from 1 to 10. Each species was scored as present in a grid-
cell independently of the number of times recorded in it (Linder 2001).

In our work, we do not deal with patterns of similarity among states, biogeo-
graphic provinces or grid-cells. We considered as endemic species those with ranges
limited to a state or biogeographic province. Species restricted to a single cell were
considered endemics with a small distribution range (narrow endemics).

Geographic distribution maps of each gymnosperm species were obtained using
ArcView GIS (ESRI 1999). The map of known distribution of each species was first
projected on a map of Mexico with state divisions, second on a map of biogeographic
provinces produced by CONABIO (Arriaga et al. 1997), and third on a grid map of
Mexico divided in cells of 1° per side, in order to detect those richest areas in
endemism and species of gymnosperms in Mexico.
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Finally, we selected those grid-cells with more endemic species to Mexico and/or
more species richness and compared them with the Mexican priority regions for
conservation of CONABIO (Arriaga et al. 2000), which represent areas with high
biodiversity, formulated by an expertise set of national researchers coordinated by
CONABIO; also we compare our results with others based in other groups of plants.

Results and discussion
State analysis

Sixty-eight species of gymnosperms are endemic to Mexico, representing 56% of the
total number of taxa recorded in the country. Notwithstanding that these endemic
species are found at different states, many of them are concentrated in southern
Mexico, in the states of Chiapas, Oaxaca and Veracruz, especially those of Zamia-
ceae (Table 1). Many states do not include any endemic species, mainly those

Table 1 Families, genera,
species richness, and endemism
of wild gymnosperms in the 32
Mexican states

States Number Number Number Number of
of of of endemic
species  genera  families species

Veracruz 39 12 6 5
Oaxaca 38 12 6 6
Nuevo Leo6n 33 11 5 1
Chihuahua 33 7 3 0
Coahuila 32 8 3 0
Chiapas 31 10 5 7
Hidalgo 31 12 6 0
Jalisco 31 8 4 1
Durango 30 9 4 0
San Luis Potosi 29 11 6 1
Puebla 28 12 6 1
Michoacan 25 8 4 1
Querétaro 25 12 6 0
Tamaulipas 25 11 6 1
Guerrero 24 8 4 0
Zacatecas 24 5 3 1
Sonora 22 8 4 0
México 20 5 2 0
Distrito Federal 16 5 2 0
Nayarit 16 6 3 0
Baja California 15 5 3 0
Morelos 15 4 2 0
Tlaxcala 14 4 2 0
Sinaloa 13 4 2 0
Guanajuato 12 5 3 0
Aguascalientes 9 4 3 0
Colima 5 4 3 0
Tabasco 4 3 2 1
Quintana Roo 2 2 2 0
Baja California Sur 1 1 1 0
. Campeche 1 1 1 0
Numbers in bold represent the  yycatan 1 1 1 0

higher in each category
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located in northeastern Mexico and central and northern portions of the Pacific
coast. States richest in species are: Veracruz, Oaxaca, Nuevo Led6n, Chihuahua,
Chiapas, Coahuila, Hidalgo, Jalisco, Durango, San Luis Potosi and Puebla (Fig. 2a).
These states are located in southern, central, and northern Mexico, which suggests
that they do not obey a latitudinal gradient, following the distribution of the main
Mexican mountain chains (i.e. Sierra Madre Oriental, Sierra Madre Occidental,
Transmexican Volcanic Belt, and Serranias Transistmicas). States poor in species are
Baja California Sur, Campeche, and Yucatan, located in the Baja California and
Yucatan peninsulae.

Results obtained show that nine out of the 14 genera represented in Mexico have
at least one endemic species, which is more evident in the cases of Ceratozamia (13
species) and Dioon (10 species); most of the species of these genera are restricted to
the Mexican territory.

Several species are shared with adjacent parts of Central America (i.e. Abies
guatemalensis Rehder, Pinus teocote Schltdl. et Cham., Zamia herrerae Calder6n et
Standl.) and with the United States of America (e.g. Abies concolor (Gordon et
Glendinning) Hildebrand, Calocedrus decurrens (Torr.) Florin, Ephedra nevadensis
S. Watson, and Pinus coulteri D. Don). Thus, the percentage of endemism may
increase if a broader geographical approach is undertaken. The inclusion of some
parts of Central America and southern United States of America generate a more
natural geographic regionalization, as suggested by several authors (Rzedowski
1991; Morrone 2001).

There are 47 species that are scarcely distributed in Mexico and 26 of them are
represented in only one state (Table 1); also 28 of them are endemic to Mexico.
Many of these species are only known from one or few localities, such as Ceratoz-
amia kuesteriana Regel, Dioon califanoi De Luca et Sabato, and Pinus maxi-
martinezii Rzedowski, and the remaining species are distributed also in adjacent
countries. Twenty-seven species are narrowly distributed (24 states), 12 of them are
only found in two states and 15 species of Pinaceae and Zamiaceae are endemic to
Mexico. A third group (distributed in 5-9 states) includes 25 species; nine of them
are endemic to the Mexican territory. Twenty-one species are distributed in 10 or
more states, and eight are endemic to Mexico. Pinus teocote Schltdl. et Cham. and
Taxodium mucronatum Ten. (the National Mexican tree) seem to be the species of
gymnosperms most widely distributed (23 states), and represent the dominant trees
in some Mexican temperate and riparian forests, respectively.

Biogeographic provinces analysis

Mexican gymnosperms are distributed mainly in the Mesoamerican Mountain region
sensu Rzedowski (1978), in which are concentrated more than a half (near 70 spe-
cies); this region includes the following biogeographic provinces: Sierra Madre
Occidental, Sierra Madre Oriental, Eje Volcanico, Sierra Madre del Sur and Altos
de Chiapas (Fig. 2b).

The Sierra Madre Oriental province harbours the high number of species (50);
this province has been previously considered as an important richness area of
Mexican gymnosperms (Contreras-Medina 2004); other rich provinces are Eje
Volcanico and Sierra Madre Occidental (35 species each), Sierra Madre del Sur (27),
Altiplano Norte (25), Golfo de México (23), Soconusco (22) and Altos de Chiapas
(21) (Table 2). Provinces with fewer numbers of species are Depresion del Balsas,
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Table 2 Families, genera,
species richness, and endemic
species of wild gymnosperms in
the 19 Mexican biogeographic
provinces

Biogeographic Number Number Number Number
provinces of of of of endemic
species genera families species

Sierra Madre Oriental 50 13 6 10
Eje Volcanico 35 8 4 2
Sierra Madre Occidental 35 7 2 2
Sierra Madre del Sur 27 9 5 1
Altiplano Norte 25 5 3 0
Golfo de México 23 7 4 12
Soconusco 22 9 4 5
Altos de Chiapas 21 9 5 0
Altiplano Sur 18 6 3 0
California 13 5 3 0
Costa del pacifico 12 6 4 3
Oaxaca 9 5 3 4
Baja California 7 3 3 0
Sonorense 5 4 4 0
Depresion del Balsas 2 2 2 0
Petén 2 2 2 0
Tamaulipeca 2 2 2 0
Del Cabo 1 1 1 0
Numbers in bold represent the  yycatdn 1 1 1 0

higher in each category

Petén and Tamaulipeca with two species each, and finally Yucatan and Del Cabo
provinces with one species each.

Nearly one third of the Mexican species of gymnosperms are restricted to one
province, mainly in the case of the following provinces: Golfo de México (12), Sierra
Madre Oriental (10), Soconusco (5), Oaxaca (4), and Costa del Pacifico (3)
(Table 2). The geographic distribution of some species agree and has been useful to
define the province in which they inhabit, i.e. Pinus coulteri D. Don is diagnostic to
the Californian province (Espinosa et al. 2000) and Pinus greggii Parl. and Cera-
tozamia kuesteriana Regel are both endemic to the Sierra Madre Oriental province
(Contreras-Medina 2004). Species that have been recorded in a large number of
provinces are Taxodium mucronatum (12 provinces) and Pinus teocote (8 provinces),
followed by Cupressus lusitanica Mill., Juniperus flaccida Schltdl., and Pinus oocarpa
Schitdl. (7 provinces).

Grid-cells analysis

Mexico was divided in 240 grid-cells and from these, 164 cells include at least one
record; for purposes of this work, we included 1155 occurrence records of 124 species
of gymnosperms from six families: Cupressaceae, Ephedraceae, Pinaceae, Podo-
carpaceae, Taxaceae, and Zamiaceae. Statistics revealed that the mean range is 9
grid-cells, the median is 5 cells, and the mode is a single cell (24 species); this last
result indicates that nearly one fifth of gymnosperms are distributed in small ranges of
Mexico. Similar statistical parameters with this methodology were obtained by Crisp
et al. (2001) for the Australian flora. Taxa represented in more grid-cells were Pinus
cembroides Zucc. and P. teocote Schltdl. et Cham., recorded in 44 grid-cells each.
Grid-cells richest in species were concentrated in different areas (Fig. 3a), mainly
located in the following biogeographic provinces, all of them represented by
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Fig. 3 (a) Species richness mapped in 1° x 1° grid-cells; (b) species of Mexican gymnosperms
restricted to one grid-cell mapped in 1° x 1° grid-cells
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mountain chains: Sierra Madre Oriental, Eje Volcanico, Sierra Madre del Sur, Los
Altos de Chiapas, and Sierra Madre Occidental. The Sierra Madre Oriental, located
in eastern Mexico, comprises most of the richest grid-cells; six of the 12 grid-cells
scoring highest for species diversity are located in this province. This result confirms
that this area is the richest in species of gymnosperms in Mexico, as suggested earlier
by Contreras-Medina (2004). The Transmexican Volcanic Belt (Eje Volcanico
province) is other mountain chain that contains several grid-cells with more than 19
species, three of them high-scored. The state of Chiapas comprises four provinces,
two of them almost restricted to this state (Soconusco and Los Altos de Chiapas); in
these two provinces are located two of the most richest cells (20 and 19 species,
respectively) of the country. The richest cell (containing 27 species) is located at the
Sierra Madre del Sur province, in the state of Oaxaca (Fig. 3a).

Results obtained in the grid-cells analysis support the state and province analyses
done above. They coincide that the Yucatan Peninsula and the southern part of Baja
California are the poorest regions in gymnosperm species.

Gymnosperm species occurring in a single grid-cell are shown in Fig. 3b. These
species are distributed mainly in southeastern and central Mexico and in the
northern portion of the Baja California Peninsula. All the species in the continental
plate are endemic to the country, whereas those located in Baja California are
shared with the United States of America.

Ranges values of grid-cells obtained for weighted endemism and corrected
weighted endemism indices of Mexican gymnosperms are shown in Table 3. With
the values of weighted endemism (which counts all the species in an inverse pro-
portion to their range), we produced a map that resembles the pattern of species
richness (Fig. 4a). This is an expected result, because Crisp et al. (2001) suggested
that there is a high correlation between weighted endemism and species richness.

The map representing the values of corrected weighted endemism (Fig. 4b)
showed a remarkable correspondence with several biogeographic provinces. This
index emphasizes such areas that are not necessarily high in species richness, but
have a high proportion of species with restricted distributions. This is the case of the
grid-cells located near the Gulf of Mexico, all of them not considered as richest areas
in species (compare Figs. 3a and 4b).

The northern portion of the Baja California Peninsula includes many grid-cells
with high values of corrected weighted endemism (Fig. 4b). This is because several
species shared with the United States inhabit in this area, with a distribution re-
stricted to the western portion of North America, especially to the Californian
Province proposed by Takhtajan (1986) in a floristic regionalization of the world.

Table 3 Range values of grid-

cells obtained for weighted Ranges Weighted endemism Corrected endemism
endemism and corrected 1 0-0.504 0-0.053
weighted endemism indices of 5 0 565_1 009 0 05'4_0 107
Mexican gymnosperms, ranged 3 1.010-1.514 0.108-0.161
from 1 to 10 4 1.515-2.019 0.162-0.215
5 2.020-2.524 0.216-0.269
6 2.525-3.029 0.270-0.323
7 3.030-3.534 0.324-0.377
8 3.535-4.039 0.378-0.431
9 4.040-4.544 0.432-0.485
10 4.545-5.049 0.486-0.539
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We noted that several of the endemic species restricted to a single grid-cell are
located in the Golfo de México province, comprising grid-cells located mainly at the
states of Veracruz and Oaxaca; in fact, the state of Veracruz (located almost
completely in this province) is one of the states including more endemic species
(Table 1). This province appears as an area of endemism (Fig. 4b) but not as an area
of high species richness (Fig. 3a). In fact, this province contains the highest number
of gymnosperm endemic species (Table 2).

Another apparently important area is located in the southern portion of the
Yucatan Peninsula (Fig. 4b), where Pinus caribaea Morelet and Zamia polymorpha
D. W. Stevenson inhabit. This fact may be the result of the delimitation of the study
area, because P. caribaea is also distributed in other countries of Central America
and the Caribbean, but in Mexico occurs only in two grid-cells.

The term ‘hotspot’ has been used to refer to areas where high levels of richness,
threat and endemism coincide (Myers 1988). It has been proposed that biogeo-
graphic methods can contribute to the recognition of gymnosperm ‘hotspots’ based
on the coincidence of panbiogeographic nodes, pleistocenic refugia and areas of
endemism (Contreras-Medina et al. 2001b). In this study, some grid-cells coincide in
their high values in both indices and thus were considered as hotspots (Fig. 4). Since
human impact in these grid-cells is not evaluated herein, our hotspots are based only
in the data produced by the two indices. We also considered another meaning of
hotspot that has been used to refer to those areas with extreme taxonomic richness
(Gaston and Williams 1996). Those areas detected by two indices are located in
southeastern Mexico (three) and one in the northern portion of the Baja California
Peninsula, and contain almost two gymnosperm species each restricted to one grid-
cell; only the grid-cell located in the state of Chiapas contains four restricted species;
the grid-cells with more species are located in Sierra Madre del Sur, Eje Volcanico
and Sierra Madre Oriental (Fig. 3a).

With the previous analyses, we detected seven grid-cells richest in species and/or
endemic species for these seed plants (Fig. 3). Some grid-cells found in southern
Mexico are congruent in location with the Mesoamerican hotspot of Myers et al.
(2000), with three richest in species and/or endemic grid-cells detected for Mexican
Ternstroemiaceae (Fig. 5 in Luna et al. 2004) and with some rich in characteristic
species grid-cells to Mexican cloud forest conditions (Fig. 5 in Luna et al. 2006).

Finally, when we compared those grid-cells richest in species and /or endemics
with the Mexican priority regions for conservation (RTP’s) of CONABIO (Arriaga
et al. 2000), we detected that they coincide with eight RTP’s: Punta Banda, Sierra de
Juédrez and San Telmo (Baja California state), and Bosques Mesoéfilos de Montaiia
de la Sierra Madre Oriental, Cuetzalan, Pico de Orizaba, Sierras del Norte de
Oaxaca and Selva Zoque-La Sepultura (southeastern Mexico). The grid-cell located
in Baja California coincide with portions of three RTP’s.

Conclusions

Veracruz and Oaxaca are the states with the most species of gymnosperms in Mexico;
this richness pattern is congruent with other groups of plants as Asteraceae, Cucur-
bitaceae, Fabaceae, and Poaceae (Davila-Aranda et al. 2004). Both Mexican states
have been earlier ranked in the first places of diversity for these angiosperm families
(Davila-Aranda et al. 2004). Our results coincides with the work of Mittermeier and
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Mittermeier (1992),which suggested that these two states, as well as Chiapas, Guer-
rero, and Michoacan are the Mexican states with the most biodiversity.

Mexican gymnosperm diversity as well as species endemicity are concentrated in
some states; many species that inhabit the northern states are also represented in the
United States of America, and in general belong to genera with Nearctic affinities, as
Abies and Picea. In the case of the southern states, some species share their distri-
butions with the adjacent countries of Central America, as Ceratozamia and Zamia.

Pattern of species diversity did not followed a latitudinal gradient; most of the
richest states are located in southeastern and eastern Mexico, but also in the north
are located some of the richest states (Chihuahua, Coahuila, Durango, and Nuevo
Leén). This fact can be explained if we consider that most of the Nearctic gymno-
sperm genera, such as Abies, Cupressus, Juniperus, Pinus, and Picea are more
diverse in the Holarctic kingdom, and that those states located in northern Mexico
are not the exception and therefore influenced by this distributional pattern.

The so-called ‘peninsula effect’, which implies the reduction in diversity towards
the end of a peninsula (Gaston and Williams 1996) is evident in the geographic
distribution of Mexican gymnosperms. In the distal portions of the Yucatan and Baja
California peninsula only one species inhabits, Zamia polymorpha and Pinus cem-
broides, respectively. However, it has proven that this effect is occasional, rather
than a quite general phenomenon (Gaston and Williams 1996).

If we compare the three levels of analysis done herein, we can observe that the
state and grid-cell analyses include more artificial geographic units than the province
analysis. However, a determined set of grid-cells may produce a larger unit and may
show a partial correspondence with a particular biogeographic subprovince. In this
work we support the idea suggested previously by Luna et al. (2004), that it is more
informative and operative to use small geographic units instead of using the Mexican
states, only in the case when we want to detect areas with high values of richness and
endemicity. We need to have in mind that it is important to do this in order to detect
areas with conservation priorities, but it is also important to protect the non-living
environment (Bonn and Gaston 2005), that is to protect biodiversity in all its
manifestations, where priority areas for nature conservation are needed to be
recognised and networks of protected areas established and maintained (Bonn and
Gaston 2005). Analyses of these types are fundamental to undertake other bioge-
ographic studies applying other methods such as track analysis and cladistic bioge-
ography.

Coincidence between richest in species and/or endemism grid-cells with some
Mexican priority regions for conservation (RTP’s) of CONABIO (Arriaga et al.
2000), suggest that these grid-cells are important for conservation, because these
areas harbour high biodiversity. Comparatively, these areas have high values of
ecosystem and species richness in relation to other areas of Mexico, as well as a
functional ecologic integrity where real opportunities for conservation exist (Arriaga
et al. 2000).

Some problems that have been detected with the grid-cell methodology (Crisp
et al. 2001) and which we were not completely able to avoid are: (1) the existence of
cells without distributional information, (2) the topographic variation found in each
grid-cell (each grid-cell comprises an area of approximately 12,100 km?) that may
include different types of abiotic factors (climate, soil, vegetation, etc.) as well as
altitudinal parameters, and (3) absence of updated distribution data, at least for rare,
threatened, and new species.
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Results obtained in this work support the identity of several biogeographic
provinces based on high-scored values of several grid-cells obtained from the cor-
rected weighted endemism for the Mexican gymnosperms. It appears that range
restricted species are not distributed randomly over the landscape (Crisp et al. 2001),
and in the case of Mexican gymnosperms they are aggregated in some areas of
endemism that correspond and are useful to define and corroborate the naturalness
of the Mexican biogeographic provinces. Grid-cells with high values in both indices
and high richness (considered as hotspots herein) are important for conservation,
especially those recognised by the corrected weighted endemism, because they have
a high proportion of unique species; these grid-cells deserve special attention in
Mexican future conservation plans. Those endemic taxa occurring in a single grid-
cell are at high risk of human impact and could lead to extinction (McAllister et al.
1994). Gaston (1994) mentioned that most of the species that have small range sizes
have more probability of extinction than others with wide range sizes. This is
especially true for some gymnosperm species such as Ceratozamia euryphyllidia
Vazquez-Torres et al., C. hildae G. Landry et M. Wilson, C. norstogii D. W. Ste-
venson, C. zaragozae Medellin-Leal, Dioon califanoi De Luca et Sabato, D. caputoi
De Luca, Sabato et Vazquez-Torres, D. holmgrenii De Luca, Sabato et Vazquez-
Torres, D. rzedowskii De Luca, Sabato et Vazquez-Torres, Pinus maximartinezii
Rzedowski, P. rzedowskii Madrigal et Caballero, Zamia inermis Vovides, Rees et
Vazquez-Torres, Z. purpurea Vovides, Rees et Vazquez-Torres, and Z. soconusc-
ensis Schutzman et al. All of these taxa are examples of species with small ranges
that are mostly represented by relatively few individuals within those ranges. In
relation to cycads has been estimated that these species include less than 2,500 adult
individuals in wild conditions (Osborne 1995). Some species of pines included in this
study were considered by Farjon and Styles (1997) of urgent concern for conser-
vation, namely Pinus culminicola, P. rzedowskii, P. maximartinezii, P. pinceana,
P. jaliscana, P. nelsonii, and P. strobus. Approximately 71 species (57%) of Mexican
gymnosperms have been included in some risk category in the latest version of the
Mexican official publication named ‘Norma Oficial Mexicana 059’ (NOM-059-
ECOL, Secretaria del Medio Ambiente y Recursos Naturales 2002), which includes
native and introduced threatened taxa. In this document are included all the re-
stricted-distribution species cited above in the categories of threatened, endangered
or with special protection. For some Mexican gymnosperms several conservation
strategies have been proposed (i.e. Styles 1993; Vovides and Iglesias 1994; Farjon
and Styles 1997; Sosa et al. 1998; Luna et al. 2006), but it is important to continue
with this task.

In general, areas of high species richness coincide with those areas of endemism
generated by the corrected weighted endemism. Two exceptions are the Golfo de
México province and California province which are not areas of high species rich-
ness, although they are confirmed as areas of endemism; in fact, two out of the five
grid-cells scoring highest for this index are found in the Golfo de México province,
whereas in the California province are found some of the high-scored grid-cells for
this same index.

Several areas of high species richness agree with those proposed by Eguiluz
(1985) and Styles (1993) for Mexican pines, especially those related to mountain
chains, as Sierra Madre Occidental, Sierra Madre Oriental, Transmexican Volcanic
Belt, Sierra Madre del Sur, Sierra de San Cristobal, and Sierra Madre de Chiapas.
This resemblance may be due to the influence of the number of species of pines (41),
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which represents one third of the total of gymnosperm species used in the present
study. In relation to an altitudinal range, Mexican species of pines are mainly clas-
sified in the categories of montane (1,000-2,600 m) and high montane (2,500
4,000 m), showing a close relationship to montane habitats (Farjon and Styles 1997).
Many other gymnosperm species belonging to different genera, such as Abies,
Ceratozamia, Cupressus, Ephedra, Juniperus, Picea, and Taxus, are also mainly
classified as montane species (Contreras-Medina 2004).

Repeatability of the grid-cell method applying the two indices explained above
must be tested using other data sources from other well-documented groups, such as
non-vascular plants, angiosperms, birds, butterflies and mammals, especially for
those distributed in the Mexican montane chains, in order to compare the distri-
butional patterns suggested herein for gymnosperms.

This study represents an example of the value of specimen-based data, such as are
held in museums and herbaria of the world. Most of the distributional data of the
species of gymnosperms used in this work were obtained from an exhaustive analysis
of hundred of specimens of Mexican and North American herbaria. The information
from herbaria is of special value because permanently preserved specimens can be
physically examined, reexamined on subsequent occasions, and any reservations
about identification noted (Hall 1994).

The present study contrasts with those mainly based only on literature, which did
not corroborate distributional data and may contain identification and distribution
mistakes; i.e. the biogeographic regionalization of Mexico by Espinosa et al. (2000)
includes distributional incongruences in the case of the species of pines. Also, we
have to consider that the distribution map of any plant species or taxon based strictly
on herbarium specimens is in practical terms unrealistic, and assumptions that such
maps may be error-free are unjustified, because locating and examining all herbar-
ium specimens of a widely distributed taxon is a process that is not feasible (Hall
1994); this fact is especially evident in the case of the genus Pinus, because several
species are widely distributed in the country. Revision of herbarium specimens and
scientific literature citing voucher specimens and geographical localities should be
considered as a major source of data for mapping (Hall 1994), and not those pub-
lications, which contain only distributional maps.

Distributional data from scientific collections are only useful if they are available
(Crisp et al. 2001); this availability depends on the coordination of Mexican her-
baria, and in this kind of studies serious problems are present, shortly commented
above; despite this, the present analysis should be considered as a first biogeographic
approximation of the areography of Mexican gymnosperms. However, resultant
numbers of species richness and endemics per state, biogeographic province or grid-
cell as presented above, are relevant to make conservation plans (McAllister et al.
1994). The identification of areas of high taxonomic diversity at more moderate
scales than geopolitical and biogeographic regions, such as grid-cells used herein, has
been a topic of some concern to conservationists (Gaston and Williams 1996).

The ‘Red Mexicana Sobre la Biodiversidad’ (REMIB) of the Comision Nacional
Para el Uso y Conocimiento de la Biodiversidad (CONABIO), located in Mexico
City, has achieved accession to scientific collections. It represents a web-based flora
and fauna information system developed by the cooperation of several American
and Mexican scientific institutions. Unfortunately, it only provides direct access
to some of the main specimen-based data. This information net has poor distribu-
tional information of threatened and rare species, as well as several errors in the
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determination of the specimens. Other problems are that data on the web do not
correspond with specimen labels, and it is not continuously updated; however, it
represents a first attempt to make accessible information of Mexican scientific col-
lections.
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Parsimony analysis of endemicity (PAE) was used to analyse the distributional patterns of 124 species of Mexican
gymnosperms, using two different sample units: grid-cells and biogeographical provinces. PAE analyses were based
on distributional data from herbarium specimens and specialized literature. Two data matrices were constructed
for 60 grid-cells of 2° and 14 biogeographical provinces. The analysis of the 2° grid-cell matrix led to 7084
cladograms. The strict consensus cladogram showed several clades equivalent to the results obtained with the
biogeographical provinces. Three clades agree with some principal regions of distribution of Mexican pines,
previously identified by several authors, located at the northern portion of the Baja California peninsula, the Sierra
Madre Occidental, and the Sierra Madre Oriental. These areas represent important centres of species diversity and
endemism for Mexican gymnosperms. The analysis of the province matrix led to two most parsimonious cla-
dograms, which only differed in the position of the Sierra Madre Occidental province. The iterative procedure PAE
with progressive character elimination was applied to identify generalized tracks, where clades of provinces were
considered equivalent to generalized tracks, and each time a cladogram was obtained, species defining its clades
were deleted and a new run was undertaken. We found five generalized tracks, mainly located in montane
provinces. The distribution patterns of gymnosperms agree with the existence of several Mexican biogeographical
provinces, and a different historical biogeography of the Mexican peninsulas from the rest of the country is
evident. © 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 92, 405-417.

ADDITIONAL KEYWORDS: area cladograms — biogeography — biodiversity — generalized tracks — Mexican
mountains — Nearctic — Neotropical — panbiogeography.

INTRODUCTION These plants deserve special attention from the
historical biogeographical viewpoint due to their
antiquity, and because tectonic events and climatic
change have been important to shape their distribu-
tional patterns. Studies on the geographical distribu-
tion of these plants in Mexico are imperative not only
theoretically, but also practically, especially for some
groups with great economic value and some threat-
ened taxa included in some risk category.
Gymnosperms represent approximately 2% of
the Mexican plant species diversity, in contrast to
angiosperms and pteridophytes (Contreras-Medina,
2004). Mexico is the richest country in species of
*Corresponding author. E-mail: ilv@hp.fciencias.unam.mx Ceratozamia, Dioon, and Pinus (Contreras-Medina,

Gymnosperms are woody plants mainly distributed
in temperate forests and arid scrubs, which inhabit
temperate zones of both hemispheres and have been
important elements in fossil and extant plant com-
munities (Contreras-Medina & Luna, 2002). Presence
of gymnosperms in the fossil record of Mexico that
can be related to extant genera are traced back to
the Eocene (Martinez-Hernandez & Ramirez, 1996).
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2004) and represents an important centre of diversity
and endemism at worldwide level (Osborne, 1995;
Farjon & Styles, 1997).

Parsimony analysis of endemicity (PAE) was devel-
oped by Rosen (1984, 1988) and Rosen & Smith (1988)
to address the shortcomings of phenetic approaches
used to assess area relationships of fossil or recent
assemblages from different areas (Porzecanski &
Cracraft, 2005). It takes as starting point the
presence/absence of data for a set of sample localities
and a particular taxon (Rosen & Smith, 1988). With
this information, a data matrix of areas x taxa is
constructed and analysed (Luna et al., 2001). Shared
presences are analogous to synapomorphies in phylo-
genetic systematics, and areas are grouped according
to the most parsimonious cladogram, which represent
nested sets of areas. The cladogram is rooted with a
hypothetical area or locality coded with all zeros, and
represents a sample area or locality without any of
the taxa from the remaining localities or areas.
Compared to cladistic biogeography, PAE can be
applied to taxa whose phylogenetic relationships are
unknown. Notwithstanding that phylogenies com-
prising Mexican species of Ceratozamia (Gonzalez &
Vovides, 2002), Dioon (Moretti et al., 1993), Ephedra
(Huang, Giannasi & Price, 2005), and Pinus (Ger-
nandt et al., 2005) are available, other taxa, namely
Taxus, Taxodium, Cupressus, Juniperus, and Podo-
carpus, among others, do not have these analyses.
Thus, we run a PAE to include all the Mexican species
of gymnosperms, which led us generate hypotheses
about the biogeography of these seed plants.

PAE was originally applied using localities as units
(Rosen & Smith, 1988; Rosen, 1988). Other authors
have used this method to assess relationships among
predetermined areas of endemism (Craw, 1988;
Cracraft, 1991; Morrone, 1994b; Morrone et al., 1999;
Espinosa et al., 2000; Ron, 2000; Aguilar-Aguilar
et al., 2003), grid-cells (Morrone, 1994a; Cavieres
et al., 2002; Morrone & Escalante, 2002; Rojas-Soto,
Alcantara & Navarro, 2003; Méndez-Larios et al.,
2005), hydrological basins (Aguilar-Aguilar et al.,
2003), real and virtual islands (Maldonado & Uriz,
1995; Morrone, 1998; Luna et al., 1999, 2001; Trejo-
Torres & Ackerman, 2001), and transects (Trejo-
Torres & Ackerman, 2002; Garcia-Trejo & Navarro,
2004; Leo6n-Paniagua et al., 2004; Navarro et al.,
2004). An additional implementation is track analysis
(Craw, Grehan & Heads, 1999; Luna et al., 2001;
Morrone & Marquez, 2001). To determine areas of
endemism, grid-cells were used in such a way that
nested sets observed in the cladogram represented
areas of endemism, if each set was supported by at
least two taxa (Morrone, 1994a; Morrone & Escal-
ante, 2002). Craw et al. (1999) considered that PAE is
a method for recognizing generalized tracks through

the discovery of nested sets of biogeographical units,
which was previously suggested by Smith (1992) and
further applied by Luna et al. (2001) and Morrone &
Marquez (2001).

In Mexico, PAE has been applied to different geo-
graphical units. Grid-cells as unit areas have been
applied to Mexican terrestrial mammals (Morrone &
Escalante, 2002), birds of the Baja California Penin-
sula (Rojas-Soto et al., 2003), and flowering plants
of the Valle de Tehuacdn-Cuicatlan (Méndez-Larios
et al., 2005). Gymnosperms have been never included
in this type of analysis.

In the present study, we analyse the distributional
patterns of Mexican gymnosperms using PAE with
two different sample units (grid-cells and predeter-
mined areas of endemism, represented by biogeo-
graphical provinces) and also detect generalized
tracks. We intend to test previous hypotheses and to
explore the potential of gymnosperms for biogeo-
graphical analyses.

MATERIAL AND METHODS

Distributional data of gymnosperm species were
obtained from the revision of 1462 herbarium speci-
mens deposited in the following collections: MO,
MEXU, ENCB, XAL, IEB, XALU, IBUG, FCME, and
INIF (acronym sensu Holmgren, Holmgren & Barnett,
1990). In addition, floristic and revisionary published
studies were reviewed (Zanoni & Adams, 1979;
Wiggins, 1980; Zanoni, 1982; Vovides, 1983, 1999;
Stevenson et al., 1986; Patterson, 1988; Espinosa,
1991; McVaugh, 1992; Zamudio, 1992, 2002; Moretti
et al.,1993; Fonseca, 1994; Zamudio & Carranza, 1994;
Farjon & Styles, 1997; Medina & Davila, 1997; Narave
& Taylor, 1997; Aguirre-Planter, Furnier & Eguiarte,
2000; Felger, 2000; Contreras-Medina, Luna & Alcan-
tara, 2001, 2003). Botanical field explorations were
carried out in the states of Hidalgo, Querétaro, Estado
de México, Puebla, and Oaxaca to obtain field data and
additional distribution information of some species.

We used two different units of analysis to run PAE:
grid-cells of 2° latitude x 2° longitude and Mexican
biogeographical provinces (Fig. 1) proposed by Mor-
rone (2005). We used 124 species (columns) to con-
struct two data matrices; the number of areas (rows)
varied according to the different units analysed, 60
grid-cells of 2° latitude x 2° longitude (Supplementary
Material, Table S1) and 14 biogeographical provinces
(Supplementary Material, Table S2). Both matrices
included one row coded with all zeros to root the area
cladograms. The analyses were carried out with the
heuristic search option in Nona (Goloboff, 1999)
through Winclada (Nixon, 2002). When more than one
cladogram resulted from the analysis, a strict consen-
sus cladogram was constructed.
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Figure 1. Biogeographical provinces of Mexico according to Morrone (2005). alt, Mexican Plateau; bal, Balsas Basin; bc,
Baja California; clf, California; chi, Chiapas; gm, Gulf of Mexico; pac, Pacific Coast; sme, Sierra Madre Oriental; smo,
Sierra Madre Occidental; sms, Sierra Madre del Sur; son, Sonora; tam, Tamaulipas; vol, Transmexican Volcanic Belt; yuc,

Yucatan Peninsula.

Morrone (1994a) proposed PAE as a tool to detect
areas of endemism, using grid-cells as units based on
their shared species, where one group of grid-cells
defined at least by two taxa represents an area of
endemism. We draw the grid-cells on a map of Mexico,
including only those where at least one species was
recorded. With this information, we constructed a
data matrix (Supplementary Material, Table S1) as
explained above and a parsimony analysis was per-
formed. The resultant cladogram grouped those grid-
cells with shared species, and those groups were
superimposed onto the map of grid-cells, delimiting
the areas of endemism.

The application of PAE using Mexican biogeo-
graphical provinces to construct generalized tracks
was implemented by Morrone & Marquez (2001). The
nested sets of biogeographical provinces obtained
from the resulting cladograms were used to construct
generalized tracks. PAE may be considered as a
method of nesting panbiogeographical tracks in a
hierarchical scheme (Smith, 1992). Details about the
panbiogeographical approach are provided by Craw
et al. (1999). We followed the iterative procedure PAE
with progressive character elimination (Luna et al.,
2000; Garcia-Barros et al., 2002) where, each time
that a set of cladograms was obtained, the species
defining the clades (synapomorphies) were deleted
and a new run was undertaken. The major clades
obtained and supported by the congruent distribu-
tions of two or more species in each run were con-
verted into generalized tracks, by joining together the

Table 1. Generalized tracks and examples of species
defining them

Total of species

Track  involved Examples

a 5 Ephedra californica,
Juniperus californica, and
Pinus lambertiana

Cupressus lusitanica,
Juniperus flaccida, Pinus
leiophylla, Pinus teocote,
and Pseudotsuga menziesii

Ceratozamia latifolia and
Ceratozamia microstrobila

Abies hickelii, Pinus
lawsonii, and Pinus
pringlei

Podocarpus oleifolius and
Zamia splendens

provinces included in the same clade by their minimal
geographical distance. Gymnosperm species defining
each track are listed in Table 1.

RESULTS AND DISCUSSION
GRID-CELLS

The analysis of the grid-cell matrix produced 7084
cladograms of 382 steps, consistency index of 0.32 and
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408 R. CONTRERAS-MEDINA ET AL.

— AD

A

—Oo— A3

7

o— AB
316174119
—o-0-0-0— A9

7
—o— A10

2
—o— A13
3N {THITE0 5

31 3457477 79 & MNBNTINSI2123124

A7

4551 117

M523
o-oo0— A18
3N HBITTNNR
oo00000— A4
1830313637455 7177 7681 & 115118
-0-0-000-0-0:0-000000— A25
203136457177 NSMN216
-0-0-0-0-0-0-0-0000— A%
NPT
—o-0-0-00-0— A32
45
—o— A36
45
—o— A37
eR<)
—o-o— A38
D3R BH4HEAEB7 818 1711912112
—O-0-0-0-0-0-0-0-0-0-0-0-0-0— M1
D
—o— M3
5 9 2870758 10117
—8-0-0-0-0-0-0-6-0— A48
35668

%83
-e-0— AB2

%70
oo— AB3

— AB3
j{m
A9
950 5 6160 75 85 08

A9

ek ol

AS6

W/ RTT7 19

40 45 53 54 6 81 &7 88 10912

1R 3B5BE

A4

67 0BHIB

Al

Al5

6174 81 104112124

18 29 45 77 104115124

547580 82 8 114116
—O-0-0-0-0-0-0—

2949 5% %6061 727981 8 %1000

—O-0-0-0-0-0-C-0-0-0-0-0-0-0-0—

D2 4506051 &2 6372 78 1071511811912

-0-0-0-0-0-0-8-0-00-0-00-00— A5

4 17194346561 6363757 108151112

[-0-8-0-0-0-0-0-0-0-0-0-0-0-0-0— M6

NEEHAGLBHBT

—O-0-0-0-0-0-0-0-0-8— AS4

38 NMBBHULDONENBHEBE 0B

15648284 BR 114

12 1214152570 8 D B 10112116

8 19437580 @648 91 10711 ABO
565 8 B D

Figure 2. Strict consensus cladogram obtained with the 2° grid-cell analysis. Each number represents one grid-cell. For
reference numbers, see Fig. 3. Numbers above branches represent species which correspond with data matrix in the
Supplementary Material, Table S1. Black circles in the branches represent synapomorphies, whereas white circles

represent homoplasies.

retention index of 0.56. The strict consensus cla-
dogram (Fig. 2), with 462 steps, a consistency index of
0.27, and a retention index of 0.43, showed a poly-
tomy composed of 21 grid-cells, three major compo-
nents and three small clades (composed of two or
three grid-cells each). The largest component (1) com-
prised grid-cells from central and southern Mexico,
the second set represents the Sierra Madre Occiden-
tal province (smo) (2), and the third major component
includes those grid-cells located in the northern part

of the Baja California peninsula (3). Among the small
clades, a set of three grid-cells are located in north-
eastern Mexico (4), in the northern portion of the
Sierra Madre Oriental (sme) province; another clade
with two grid-cells (5) is located in western Mexico in
the Pacific Coast province (pac); and a third one
grouped into two grid-cells is located in the Yucatan
peninsula (6) (Fig. 3).

The largest component (1) corresponds to the
classic Mesoamerican pattern (Vivo, 1943; Rzedowski,
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Figure 3. Map obtained for the 2° grid-cell matrix, based on the cladogram of Fig. 2, showing the spatial representation
of grid-cell components. Each set of grid-cells shades represent the different groups of grid-cells obtained in the cladogram

of Fig. 2.

1978; Halffter, 1987; Morrone & Marquez, 2001),
which includes southern and central Mexico and
Central America. Two of the smaller components
(5 and 6) are equivalent to the biogeographical prov-
inces with the same name, but the inclusion of only
two grid-cells in each one of them did not allow any
inference to be made about their precise delimita-
tion. Among these components, three sets of grid-
cells agree with some principal regions of dis-
tribution of Mexican pines, as previously proposed
(Eguiluz, 1985; Styles, 1993; Farjon & Styles, 1997),
which are located at the northern portion of the
Baja California peninsula, the Sierra Madre Occi-
dental, and the Sierra Madre Oriental. Based on the
congruence of our results with these proposals, we
suggest that these areas represent important
centres of diversity and endemism for Mexican
gymnosperms.

An exploratory analysis using grid-cells of 1° did
not show congruent patterns. This same problem

was observed by Morrone & Escalante (2002) with
mammals, demonstrating that the results obtained
with larger Mexican grid-cells are better than those
obtained with smaller ones (in their case, 1° and 0.5°).
Based on a phenetic analysis, Ramirez-Pulido &
Castro-Campillo (1990) proposed a Mexican regional-
ization using grid-cells of 2°, obtaining 19 mastofau-
nistic provinces. We obtained a better resolution with
the grid-cells of 2°, results that are congruent with
the biogeographical provinces analysis undertaken
and explained below, mainly in the case of the Sierra
Madre Occidental province (smo). As previously sug-
gested by Linder (2001), we consider that the choice of
the grid-cell size is decisive to undertake biogeo-
graphical analyses. The selection of small size grid-
cells (0.5° or 1°) can result in poor resolution of the
resultant area cladograms (Morrone & Escalante,
2002). We can affirm this after an exploratory analy-
sis of Mexican gymnosperm species using grid-cells of
1° (not shown), where we obtained more than 10 000
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Figure 4. Strict consensus cladogram obtained with the provinces matrix, depicting the relationships of the Mexican
biogeographical provinces. Labels are the names of the provinces. Numbers above branches represent species and
numbers below represent character state (presence/absence) of each species. Black circles in the branches represent
synapomorphies, whereas white circles represent homoplasy. alt, Mexican Plateau; bc, Baja California; clf, California; chi,
Chiapas; dbal, Balsas Basin; gm, Gulf of Mexico; pac, Pacific Coast; sme, Sierra Madre Oriental; smo, Sierra Madre
Occidental; sms, Sierra Madre del Sur; son, Sonora; tam, Tamaulipas; vol, Transmexican Volcanic Belt; yuc, Yucatan

Peninsula.

cladograms, whose consensus cladogram had a big
polytomy, with only few grid-cells grouped.

BIOGEOGRAPHICAL PROVINCES

For the biogeographical province matrix, we obtained
two cladograms with 186 steps, a consistency index of
0.66 and a retention index of 0.57. The consensus
cladogram, of 191 steps, consistency index of 0.64 and
retention index of 0.54, is shown in Figure 4. Both
cladograms were very similar, and only differed in the
position of the Sierra Madre Occidental (smo), which
in one cladogram is related to the Transmexican
Volcanic Belt province (vol), and in the second cla-
dogram is the sister group to the Sierra Madre Ori-
ental (sme)-Mexican Plateau (alt) provinces. The
consensus cladogram was used to draw the general-
ized tracks, as explained below. In this cladogram,
one component included the California (clf) and
Baja California (bc) provinces, supported by five gym-
nosperm species, Ephedra californica S. Watson,
Juniperus californica Carriere, Pinus lambertiana
Douglas, P. monophylla Torrey et Frémont, and P.
quadrifolia Sudworth. The Yucatan peninsula (yuc) is

also separated from the rest of continental Mexico.
The Tamaulipas (tam) province has an uncertain posi-
tion in the cladogram. A large component including
the majority of the Mexican continental provinces
(excluding both peninsulas) is divided in two clades:
the first one comprises three lowland provinces
located in western Mexico (pac, dbal, son), and a
second one includes all the mountainous provinces
(chi, sms, vol, smo, sme) as well as the Mexican
Plateau (alt) and Gulf of Mexico (gm) provinces. In
the latter, the Gulf of Mexico province (gm) is located
at the base, followed by two southern provinces
(sms and chi) and, finally, a clade including the Sierra
Madre Occidental (smo), Transmexican Volcanic Belt
(vol), Sierra Madre Oriental (sme), and Mexican
Plateau (alt) provinces.

Previous PAEs that examined the relationships
among Mexican biogeographical provinces partially
agree with our results. Morrone et al. (1999) and
Espinosa et al. (2000), based on distributional data of
birds, insects, and vascular plants, found two major
components: one (Nearctic) that includes all the
northern Mexican provinces, and another (Neotropi-
cal) that includes the remaining central and southern
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provinces. In both studies, these authors grouped all
the provinces of the Baja California peninsula in the
same clade, as well as the provinces of the Yucatan
peninsula, reflecting the separate histories of both
peninsulas from the rest of continental Mexico. Also
in both studies, all the montane provinces were
located in different clades whereas, in the present
study, all the main montane provinces were included
in the same clade, as in the study by Morrone &
Marquez (2001). Another consistent pattern is the
relationship of the Chiapas and Gulf of Mexico prov-
inces, which always appears in the same clade, as was
the case in our study, usually as sister areas. This
implies a close relationship between eastern and
southern Mexico, representing a recurrent pattern
frequently found in several works with different
methodologies and taxa (Smith, 1941; Aguilar-Aguilar
et al., 2003).

Morrone & Escalante (2002), when analysing
Mexican terrestrial mammals, found a basal diver-
gence of the Baja California peninsula in their cla-
dogram. In addition, some areas from eastern and
western Mexico were located at the base of a large
component, and the relationships among the Neotro-
pical provinces were very similar to those detected
herein. An important difference of the present study
versus that of Morrone & Escalante (2002) is the
relationship found by them for the Yucatan peninsula
with southern provinces; and similar results were
also obtained by Aguilar-Aguilar et al. (2003) with
helminth parasites. The Yucatan peninsula is also
well differentiated and separated from the rest of
continental Mexico, and our results suggest that it
can be considered as a single biogeographical unit,
as was previously established by Rzedowski (1978),
Morrone (2005), and Morrone & Escalante (2002),
among others. In the results from the present study,
the Baja California peninsula can be differentiated
from the rest of the country, as suggested previously
by Morrone et al. (1999), Espinosa et al. (2000), and
Morrone & Escalante (2002).

The uncertain position of the Tamaulipas (tam)
province is possibly due to the relatively few gymno-
sperm species that it harbours. Similar results in the
placement of the poorest-in-species areas in uncertain
positions have been obtained by Glasby & Alvarez
(1999) and Trejo-Torres & Ackerman (2001) with PAE,
and Contreras-Medina & Luna (2002) with a cladistic
biogeographical analysis. Another explanation about
the uncertain position of certain areas may be due, as
noted by Glasby & Alvarez (1999), to long-distance
dispersal processes, latitudinal gradients, degree of
isolation, or other undetected historical patterns. The
Tamaulipas province is more closely related to some
eastern North American provinces (Katinas et al.,
2004). In this sense, the restriction of the present

study to the Mexican territory may reflect in some
way its uncertain position.

The changing position of the Sierra Madre Occiden-
tal may be mainly due to the geographical distribu-
tion of several pine species and the transitional
character of many of the provinces studied. Some
gymnosperm species that inhabit the USA are also
distributed in some portions of the Sierra Madre
Occidental, the Sierra Madre Oriental, and the
Mexican Plateau provinces, which reflects the rela-
tionships suggested in one cladogram, such as
Cupressus arizonica Greene, Pinus arizonica Engel-
mann, Pinus engelmannii Carriere and Juniperus
erythrocarpa Cory. In the other cladogram, the rela-
tionship between the Transmexican Volcanic Belt and
Sierra Madre Occidental provinces is supported by
the geographical distribution of some pine species
that inhabit the latter and also are found in the
western portion of the Transmexican Volcanic Belt
province, such as Pinus durangensis Martinez, Pinus
lumholtzii B.L. Robinson et Fernald, and Pinus pra-
etermissa Styles et McVaugh, as well as one juniper
species (Juniperus jaliscana Pérez de la Rosa). The
above results may be due to the transition nature of
the Mexican mountain provinces (Morrone, 2005).

Rzedowski (1978) included all the mountain prov-
inces (sme, smo, vol, sms, and chi) in a single region
named Mesoamerican Mountain region. Morrone &
Marquez (2001) and Katinas et al. (2004) found
similar results with PAE, where most of these prov-
inces are grouped in the same clade, with the excep-
tion of the Chiapas (chi) province, which is located in
a different clade in the first work, and was not analy-
sed in the second one. Our results support the
proposal of Rzedowski because all the mountain prov-
inces are in the same clade, but differ in the position
of the Sierra Madre Oriental, which is sister area to
the Mexican Plateau in both cladograms, and they are
sister group to the Sierra Madre Occidental. Accord-
ing to Liebherr (1991), there are large numbers of
shared endemic species of Coleoptera between the
northern portions of the Sierra Madre Oriental and
the Sierra Madre Occidental. Morrone et al. (1999)
and Espinosa et al. (2000) showed different area rela-
tionships (i.e. the Sierra Madre del Sur is related to
the Balsas Basin, Pacific Coast and Transmexican
Volcanic Belt provinces; Chiapas is included in other
clade and is related to the Gulf of Mexico and Soco-
nusco provinces; the Sierra Madre Occidental is
related to the Sonora province; and the Sierra Madre
Oriental is related to the Mexican Plateau). These
results confirm that Mexico (or at least a great part of
it) represents a transition zone, where biotic events of
‘hybridization’ have occurred, allowing the mixture
of different biotic components (Morrone, 2005). Tran-
sition zones deserve special attention because they
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Figure 5. Main clades of the cladogram of Fig. 4 superimposed onto the map as generalized tracks in the Baja California

peninsula (a) and in the Mesoamerican Mountain region (b).

represent sites of intensive biotic interaction
(Ruggiero & Ezcurra, 2003) and may exhibit an
unusual high biodiversity.

TRACK ANALYSIS

The main clades in the consensus cladogram obtained
in the biogeographical provinces analysis were
mapped as generalized tracks (Fig. 5). Subsequently,
we performed parsimony analyses deleting the
species defining the tracks in the previous run. The
second analysis yielded nine cladograms (114 steps, a
consistency index of 0.74, and a retention index of
0.45). A strict consensus cladogram (121 steps, a con-
sistency index of 0.70, and a retention index of 0.32)
was constructed (Fig. 6); the main clade was mapped
as a generalized track (Fig.7). The third analysis
yielded a single cladogram (108 steps, a consistency
index of 0.75, and a retention index of 0.44) (Fig. 8);
its two main clades were mapped as generalized
tracks (Fig. 9). In the fourth run, 20 cladograms were
obtained (92 steps, a consistency index of 0.79, and a
retention index of 0.47); in their consensus cladogram
only two clades were obtained (not shown), but they
were supported on homoplasies, so we decided to stop
the analysis here.

In the five generalized tracks obtained, we observed
that at least one montane province is included except
for track a, which suggests that the Mexican montane
areas have played an important role in the spatial
evolution of gymnosperms. The existence of several
generalized tracks is evidence of the complexity of
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Figure 6. Strict consensus cladogram obtained from nine
most parsimonious trees in the second run. Numbers
above branches represent species and numbers below rep-
resent character state (presence/absence) of each species.
Black circles in the branches represent synapomorphies,
whereas white circles represent homoplasies.
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Figure 7. Main clade of the strict consensus cladogram obtained from nine new cladograms in the second run,
superimposed onto the map as a generalized track in eastern Mexico (c).
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Figure 8. Most parsimonious cladogram obtained in the
third run. Numbers above branches represent species and
numbers below represent character state (presence/
absence) of each species. Black circles in the branches
represent synapomorphies, whereas white circles repre-
sent homoplasies.

Mexico. Four generalized tracks obtained (b—e) coin-
cide mainly with the Mountain Mesoamerican pattern
proposed by Halffter (1976, 1978, 1987) and with the
Mountain Mesoamerican biotic element of Morrone
(2005). A different historical biogeography of the
Mexican peninsulas from the rest of the Mexican
territory is evident, mainly in the first run. Some
species that inhabit Mexico have most of their distri-
butional area in the USA, especially those distributed
in the Baja California peninsula, reflecting a Nearctic
distributional pattern. This is represented in the gen-
eralized track a. Tracks ¢ and d are based mainly on
endemic species, where the Sierra Madre Oriental
and Transmexican Volcanic Belt, both mountain
chains, contain most of the biodiversity of gymno-
sperm species in the country and the former include
a high number of endemic species. Tracks b and e are
based on a combination of endemic species and taxa
distributed in Mexico and Central America, reflecting
a Neotropical distributional pattern.

CONCLUSIONS

Smaller grid-sizes result in a finer resolution of
distributional patterns, but increase artificially the
number of empty grid-cells, especially in those cases
where species were assigned to an incorrect grid-cell
by error (Linder, 2001). Some general patterns are
evident in our area cladogram using grid-cells of 2°, so
we can conclude that the use of larger size grid-cells
minimizes the occurrence of false absences, as Linder
(2001) earlier suggested. The 2° grid-cell appears to
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Figure 9. Main clades of the cladogram obtained in the third run, superimposed onto the map as generalized tracks in
the Serranias Meridionales region (d) and in eastern and southern Mexico (e).

be an adequate resolution to be explored in future
biogeographical analysis using PAE and other parsi-
mony methods of the Mexican biota.

The track analysis shows that the Mexican moun-
tain chains have played an important role in the
spatial evolution of gymnosperms because these areas
are represented in all generalized tracks and repre-
sent areas where the highest biodiversity of these
plants in the country are concentrated, which also
reflects speciation events in these mountain chains.
The track analysis also suggests that the Baja Cali-
fornia and Yucatan peninsulas have had independent
biogeographical histories from continental Mexico
because the generalized track in the California pen-
insula is isolated from the remaining tracks and the
Yucatan peninsula is not included in any track. Our
analysis supports the idea that Mexico represents a
complex area, as demonstrated by the analyses of
Contreras-Medina & Eliosa-Leén (2001) with several
taxa, Alvarez & Morrone (2004) with birds, Escalante,
Rodriguez & Morrone (2004) with terrestrial
mammals, and Morrone & Gutiérrez (2005) with
fleas. Our data indicate that Mexico is an evolution-
ary ‘active’ zone, which led to the speciation of several
lineages, especially Pinus, Ceratozamia, and Dioon,
and the local extinction of other lineages, especially
Picea and Tsuga in southern and central Mexico
(Clisby & Sears, 1955; Palacios & Rzedowski, 1993;
Lozano-Garcia & Xelhuantzi-Lépez, 1997; Graham,
1999). These facts have been suggested with other
sources of evidence, supporting the idea that Mexico
represents an important centre of diversity and ende-

mism at the worldwide level for gymnosperms (Farjon
& Styles, 1997; Osborne, 1995).
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Distributional patterns of 81 species of three genera of Mexican gymnosperms (Ceratozamia, Dioon, Pinus) were
analyzed to evaluate their contribution to the cladistic biogeography of the Mexican Transition Zone, applying
Brooks Parsimony Analysis (BPA) and parsimony analysis of paralogy-free subtrees (PAPS). BPA showed three
main groups of areas: clade A is comprised of the Baja California, Great Basin, and Mojavean provinces; clade
B includes the Valle de Tehuacan-Cuicatlan, Balsas Basin, Planicie Costera del Noreste, Planicie Costera del
Noroeste, Costa del Golfo de México, and Costa Pacifica provinces, located along the coasts and in the central
lowlands of Mexico; and clade C includes the Appalachian, Atlantic and Gulf Coastal, Yucatan Peninsula,
Caribbean, Californian, Vancouverian, Eastern Central America, Soconusco, Serranias Transistmicas, Serranias
Meridionales, Sierra Madre Occidental, Altiplano, and Sierra Madre Oriental provinces, corresponding to the
montane areas of the Mexican Transition Zone, Central America and some areas of the U.S.A. PAPS showed
three groups of areas: clade D includes the Vancouverian, Appalachian, and Atlantic and Gulf Coastal provinces;
clade E the Balsas Basin, Planicie Costera del Noreste, and Planicie Costera del Noroeste provinces; and clade
F the Serranias Transistmicas, Soconusco, Serranias Meridionales, Sierra Madre Occidental, Altiplano, Sierra
Madre Oriental, Baja California, Californian, Great Basin and Mojavean provinces. Comparing both analyses,
three common area relationships emerge: (1) Appalachian and Atlantic and Gulf Coastal provinces, (2) Great
Basin, Mojavean and Baja California provinces, and (3) Altiplano, Sierra Madre Oriental and Sierra Madre
Occidental provinces. Differences between the general area cladograms can be accounted for by dispersal
having a stronger influence in BPA, and the PAPS general area cladogram showing a clearer vicariant signal.
The general area cladograms obtained support some area relationships not explained in previous studies, and
may complement the historical distributional patterns of the biota of the Mexican Transition Zone.

KEYWORDS: Brooks Parsimony Analysis, distribution, gymnosperms, Mexico, paralogy-free subtrees,
parsimony analysis
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[l NTrRODUCTION

Gymnosperms, the paraphyletic stem group of seed
plants sensu Hill (1998), are woody plants that inhabit
mainly temperate zones. They have been important ele-
ments in fossil and extant plant communities, and their
appearance in the late Paleozoic represents one of the most
important phases among the patterns of terrestrial plant
diversification (Niklas & al., 1983).

Mexican gymnosperms are distributed mainly in
temperate forests associated with mountain chains (all
species of Ceratozamia and many species of Pinus) and
arid scrubs (some species of Pinus) of the Mexican Tran-
sition Zone. Some gymnosperm genera present in Mex-
ico, such as Picea A. Dietrich and Pinus L., are widely
distributed in the Northern Hemisphere, whereas others,
like Podocarpus L.’ Hér. ex Pers., occur predominantly in
the Southern Hemisphere. Dioon Lindl. and Ceratozamia

Brongn. are almost restricted to Mexico, each with one or
two species in Central America. Studies on the geographic
distribution of gymnosperms in Mexico are imperative
not only theoretically but practically, especially for groups
with great economic value such as Abies Mill. and Pinus,
and for threatened taxa such as cycads. Floristic richness
of gymnosperms in Mexico is made up of seven families,
14 genera, and nearly 130 species, representing about
0.5% of the 22,800 species of vascular plants estimated
for the country (Rzedowski, 1991). Mexico has more spe-
cies of Pinus than any other country (Farjon, 1996) and
the highest number of species of cycads in the Americas.
Gymnosperms are ideal for biogeographic studies since
they are well-represented in herbaria and are easily dis-
tinguished from other vascular plants. In contrast with
other American areas Pinus, Ceratozamia, and Dioon are
abundant and diverse in Mexico and Central America.
They have also been extensively studied and so may have
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broad implications for historical biogeography. Presence
of gymnosperms in the fossil record in Mexico that can be
related to extant genera can be traced back to the Eocene
(Millar, 1993; Martinez-Hernandez & Ramirez, 1996).
Furthermore, extinct genera have been reported in Mexico
since the Paleozoic or at least the Triassic (Weber, 1982).
Due to their antiquity, the current distributional patterns
of Mexican gymnosperms deserve special attention in
relation to historical biogeography.

Cladistic biogeography is an approach of historical
biogeography that searches for patterns of relationships
among areas of endemism based on the phylogenetic
relationships of the taxa inhabiting them (Morrone &
Crisci, 1995; Humphries & Parenti, 1999; Crisci & al.,
2000). Interpretation of cladistic biogeographical results
usually focuses on vicariance rather than on dispersal
events, because vicariance affects different groups of
organisms simultaneously (Nelson & Platnick, 1981; Mor-
rone & Crisci, 1995). Among the methods developed in
cladistic biogeography, Brooks Parsimony Analysis (BPA)
(Wiley, 1987; Kluge, 1988; Brooks, 1990) has been used
extensively (Morrone & Carpenter, 1994; Ruedi, 1996;
Wang & al., 1996; Marshall & Liebherr, 2000; Espinosa
& al., 2006). Although BPA has been criticized by some
authors as a suboptimal method, because it use dispersal
and vicariance explanations to fit taxa and areas to the
same tree (e.g., Siddall & Perkins, 2003), other authors
(e.g., Brooks & al., 2001; van Veller & Brooks, 2001) have
defended it as a valid method. Nelson & Ladiges (1996)
noted that when nodes and areas are associated in order
to be included in a data matrix, geographic paralogy may
result because of duplication or overlap in the distribution
of taxa related by paralogous nodes. They implemented
a program (TASS) that identifies paralogy-free subtrees
from each taxon-area cladogram analysed (Nelson &
Ladiges, 1995; Ladiges & al., 1997, 2005). A parsimony
analysis of these paralogy-free subtrees (PAPS) may thus
be used to generate a more robust hypothesis, because
geographic paralogy has been removed.

The biota of the Mexican Transition Zone has re-
ceived the attention of several naturalists since the mid
19th century (i.e., Sclater, 1858; Wallace, 1876), due to its
placement between the Nearctic and Neotropical regions
and its “hybrid” character (Morrone, 2005 and references
therein). Recent authors postulated hypotheses to explain
disjunct biotic patterns observed, applying panbiogeog-
raphy (Contreras-Medina & Eliosa-Leon, 2001; Morrone
& Marquez, 2001; Alvarez & Morrone, 2004; Escalante
& al., 2004; Morrone & Gutiérrez, 2005), cladistic bio-
geography (Marshall & Liebherr, 2000; Flores-Villela &
Goyenechea, 2001; Espinosa & al., 2006), and parsimony
analysis of endemicity (Morrone & al., 1999; Espinosa &
al., 2000; Luna & al., 2001; Davila-Aranda & al., 2002;
Morrone & Escalante, 2002; Aguilar-Aguilar & al., 2003).
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There are only two studies that analyze the cladistic bioge-
ography of the Mexican Transition Zone using plant taxa:
Marshall & Liebherr (2000) using Viguiera and Espinosa
& al. (2006) using Bursera. Gymnosperms have not yet
been included in cladistic biogeographic studies of the
Mexican Transition Zone.

Our goal is to evaluate the contribution of gymno-
sperms to the cladistic biogeography of the Mexican
Transition Zone, applying BPA and PAPS, and to com-
pare our results with previous studies of this complex
area.

[l MATERIAL AND METHODS

Areas. — The Mexican Transition Zone was defined
by Halffter (1976, 1978, 1987) as the complex area where
Neotropical and Nearctic biotic elements overlap, includ-
ing the southern United States, Mexico and adjacent areas
of Central America. Morrone (2005, 2006) restricted this
transition zone basically to the Mexican mountain areas.
Areas of endemism (Fig. 1) used herein were identified by
Rzedowski (1978) and some of them have been validated
by subsequent biogeographical studies (Luna & al., 1999;
Morrone, 2001, 2005; Davila-Aranda & al., 2002; Katinas
& al., 2004). The regionalization of Rzedowski (1978) is
available in digital format, enabling the distributional data
to be analysed with a Geographic Information System
(GIS). We extended some Mexican areas of endemism to
adjacent areas of Central America (following Morrone,
2001, 2006) and North America (following Takhtajan,
1986), in order to include all the present-day natural dis-
tributions of gymnosperms from the Mexican Transition
Zone. Table 1 lists the areas of endemism, including spe-
cies of gymnosperms endemic to each area.

Taxa. — Distributional data of 81 species of Cerato-
zamia, Dioon, and Pinus (sections Trifoliae and Parrya)
were obtained from revision of 648 herbarium specimens
deposited in CHAP, ENCB, FCME, IBUG, IEB, INIF,
MEXU, MO, XAL, XALU, and from literature (Vovides
& al., 1983; Stevenson & al., 1986; McVaugh, 1992; Mo-
retti & al., 1993; Thieret, 1993; Farjon & Styles, 1997,
Medina & Davila-Aranda, 1997; Narave & Taylor, 1997,
Vovides, 1999; Contreras-Medina & al., 2001, 2003).

Molecular phylogenetic information was included for
Ceratozamia (Gonzalez & Vovides, 2002), Dioon (Moretti
& al., 1993), and Pinus (Gernandt & al., 2005). Ephedra
is well-represented in the Mexican Transition Zone and
cladistic information is available (Huang & al., 2005),
but its species are widely distributed, so the genus is not
useful for cladistic biogeographic analysis at this scale.

Analysis. — Taxonomic cladograms and distribu-
tional data of species were used to generate taxon-area
cladograms (Fig. 2), by replacing their terminal taxa by
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Fig. 1. Mexican floristic provinces recognised by Rzedowski (1978) and adjacent areas following Takhtajan (1986) and
Morrone (2001) used as a biogeographic framework. Caribbean (1), Atlantic and Gulf Coastal (2), Mojavean (3), Altiplano
(4), Baja California (5), Californian (6), Costa del Golfo de México (7), Costa Pacifica (8), Balsas Basin (9), Yucatan Peninsula
(10), Planicie Costera del Noreste (11), Planicie Costera del Noroeste (12), Serranias Meridionales (13), Serranias Transist-
micas (14), Sierra Madre Occidental (15), Sierra Madre Oriental (16), Soconusco (17), Valle de Tehuacan-Cuicatlan (18),
Appalachian (19), Great Basin (20), Vancouverian (21), and Eastern Central America (22).

the areas of endemism where they occur (Morrone &
Crisci, 1995). The application of parsimony in cladistic
biogeography considers areas as analogous to taxa and
components as analogous to characters. Kluge (1988)
coined the term syntaxon, which represents the unit of
evidence used to discover biotic history; a syntaxon is
equivalent to a synapomorphy in phylogenetic system-
atics. Syntaxa were coded in a binary manner: “1” was
given to an area of endemism represented for a taxon
distal to that syntaxon node, and “0” was assigned to an
area represented elsewhere on the taxon cladogram, but
not distal to that syntaxon node (Table 2). Missing areas
were coded with “0”, as suggested by Zandee & Roos
(1987), who described the procedure called Assumption
“0”. A hypothetical area coded all zeros was included to
root the cladogram (Brooks, 1981, 1990). We used the
program TASS (in TAX, Nelson & Ladiges, 1995) to
obtain the paralogy-free subtrees (Fig. 3), from which

the components were coded in a data matrix (Table 3)
for parsimony analysis. Both data matrices (Tables 2,
3) were analysed with software Nona (Goloboff, 1999)
through WinClada (Nixon, 2002), applying multiple TBR,
searching on 100,000 initial trees (mult*100), and holding
30 trees per replication (h/10).

[l ResuLts

Brooks Parsimony Analysis. — The analysis of the
data matrix (Table 2) yielded three most parsimonious
cladograms with 129 steps, a consistency index (CI) of
0.52, and retention index (RI) of 0.69. The strict consensus
cladogram (Fig. 4A) has three major clades, named A, B,
and C. In clade A, the Baja California area is the sister
group of Great Basin and Mojavean provinces. Clade B
includes six provinces: Valle de Tehuacan-Cuicatlan,
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Balsas Basin, Planicie Costera del Noreste, Planicie
Costera del Noroeste, Costa del Golfo de México, and
Costa Pacifica. Clade C includes 13 provinces: Appa-
lachian, Atlantic and Gulf Coastal, Yucatan Peninsula,
Caribbean, Californian, Vancouverian, Eastern Central
America, Soconusco, Serranias Transistmicas, Serranias
Meridionales, Sierra Madre Occidental, Altiplano, and
Sierra Madre Oriental.

Parsimony Analysis of Paralogy-free Subtrees.
— We identified 10 paralogy-free subtrees: two from
Dioon (Fig. 3A, B), one from Ceratozamia (Fig. 3C), five
from Pinus section Parrya (Fig. 3D—H), and two from
Pinus section Trifoliae (Fig. 31, H). Their components

TAXON 56 (3) « August 2007: 905-915

were coded in a data matrix (Table 3). Parsimony analysis
resulted in six cladograms, each with 42 steps, a CI of
0.54 and a RI of 0.76. The strict consensus cladogram
(Fig. 4B) has three main clades, named D, E, and F. Clade
D includes the Appalachian and Atlantic and Gulf Coastal
provinces. These same areas are sister areas in clade C
obtained with BPA. Clade E includes three Mexican
lowland provinces Balsas Basin, Planicie Costera del No-
roeste, and Planicie Costera del Noreste were the last two
provinces are sister areas to the Balsas Basin. These three
provinces are also included in clade B obtained with BPA
which also better resolves the relationships among these
areas. Clade F includes eight provinces. The Serranias

Table 1. Areas of endemism used in this analysis and gymnosperm species endemic to them.

Acronym/Area of endemism

Endemic taxa

ALTI/ Altiplano
APPL/Appalachian
ATLA/Atlantic and Gulf Coastal
BAJA/Baja California
CALI/Californian
CARI/Caribbean

CGME/Costa del Golfo de México

CPAC/Costa Pacifica

DBAL/ Balsas Basin
ECAM/Eastern Central America
GBAS/Great Basin
MOJA/Mojavean

PCNE/Planicie Costera del Noreste
PCNO/Planicie Costera del Noroeste
PYUC/Yucatan Peninsula

SMER/Serranias Meridionales (including the Trans-
mexican Volcanic Belt plus Sierra Madre del Sur)

SMOC/Sierra Madre Occidental
SMOR /Sierra Madre Oriental

SOCO/Soconusco

STRA/Serranias Transistmicas

VANC/Vancouverian
VATC/Valle de Tehuacan-Cuicatlan

Pinus pungens Lamb., P. rigida Mill., P. virginiana Mill.

Pinus clausa (Engelm.) Sarg., P. serotina Michx., P. elliottii Engelm.
Pinus lagunae (Rob.-Pass.) Pass.

Pinus quadrifolia Sudw., P. coulteri D. Don

Pinus cubensis Grisebach, P. occidentales Sw.

Ceratozamia euryphyllidia Vazq.Torres, Sabato & D.W. Stev.,
C. miqueliana H. Wendl., and Dioon spinulosum Dyer

Ceratozamia alvarezii Pérez-Farrera, Vovides & Iglesias, Dioon
holmgrenii De Luca, Sabato & Vazq.Torres, and D. merolae De Luca,
Sabato & Vazq.Torres

Dioon mejiae Standl. & L.O. Williams

Ceratozamia mixeorum Chemnick, T.J. Greg. & Salas-Mor. and Pinus
rzedowskii Madrigal & Caball.

Pinus maximartinezii Rzed.

Ceratozamia hildae G.P. Landry & M.C. Wilson, C. kuesteriana Regel,
C. microstrobila Vovides & J.D. Rees, C. morettii Vazq. Torres & Vovides,
C. sabatoi Vovides, Vazq.Torres, Schutzman & Iglesias, C. zaragozae
Medellin-Leal, and Pinus culminicola Andresen & Beaman

Ceratozamia mirandai Vovides, Pérez-Farrera & Iglesias and C.
norstogii D.W. Stev.

Dioon califanoi De Luca & Sabato, D. caputoi De Luca, Sabato &
Vézq.Torres, D. purpusii Rose, and D. rzedowskii De Luca, Moretti,
Sabato & Vazq.Torres
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C.mexicana CGME SMOR [ D.holmgrenii  CPAC
_E C. morettii SMOR
) merolae CPAC
C.robusta CGME STRA
_E C brevifrons SMOR D.caputoi VATC
C hildae SMOR [~ D edule CGME PCNE SMOR
C kuesteriana  SMOR b D tomasellii  CPAC SBAL PCNO
e C. microstrobila SMOR
| C sabatoi SMOR . Dpurpusii VATC
| L———— czaragozae swmorR D. califanoi VATC
pe—— C.alvarezii CPAC D.mejiae ECAM
C.norstogii STRA )
C mirandai STRA L_ D.spinulosum CGME
—E C.euryphyllidia CGME B e D). rzedowskii VATC
C.miqueliana CGME
E C. matudai SOCO STRA
C.mixeorum SMER [ Pdiscolor ALTi
A P.culminicola  SMOR
— P johannis ALTI
P.remota ALTI SMOC SMOR
_E P.cembroides  ALTI BAJA SMOC SMOR SMER
c E P.monophylla  BAJA CALI GBAS MOJA
P pungens APPL P.quadrifolia CALI
P.rigida APPL P.maximartinezi SMOC
P.taeda ATLA APPL —E P.pinceana ALTI SMOR
P serotina ATLA —— P edulis ALTI GBAS
P attenuata CALI VANC P rzedowskii SMER
—E P radiata CALI
P.muricata CALI VANC [ Paristata MoJA
P cubensis CARI P.balfouriana VANC
E P occidentalis CARI P.longaeva GBAS MOJA
s P, [umhOItzii SMER SMOC P.nelsonii ALTI SMOR
————— P laWSONii SMER
e P teOCOtE CGME SMER SMOC SMOR SOCO STRA
r——— P patula SMER SMOC STRA
pr— P pringlei SMER
pr—— P gregqii SMOR
e P, QO Carpa CGME SMER SMOC SMOR ECAM SOCO
—— P_herrerae SMER SMOC
r— P palustris ATLA APPL
e P caribaea CARICGME ECAM PYUC
pr—— P elliOtii ATLA
[ Pechinata ATLAAPPL Fig. 2. Taxon-area cladograms an-
— — P leiophylla ALTI SMER SMOC SMOR alysed. A, Ceratozamia; B, Dioon;
[~ P.ponderosa CALI VANC C, Pinus sect. Parrya; D, Pinus sect.
p—— P devoniana ALTI SMER SMOC SOCO STRA Trifoliae. ALTI, Altiplano; APPL, Ap-
[=———— P.durangensis  SMOC SMER palachian; ATLA, Atlantic and Gulf
P.engelmannii  ALTISMOC SMOR Coastal; BAJA, Baja California; CALI,
P.douglasiana  SMER Californian; CARI, Caribbean; CGME,
P.maximinoi CPAC SMER SMOC SOCO STRA ECAM Costa del Golfo de México; CPAC,
= _P.cooperi Smoc Costa Pacifica; DBAL, Balsas Basin;
e P cOUIItETi CALI ECAM, Eastern Central America;
= P.torreyana CALI GBAS, Great Basin; MOJA, Mojavean;
P.sabineana CALIVANC PCNE, Planicie Costera del Noreste;
— P jeffreyi CALIVANC PCNO, Planicie Costera del Noroes-
p——— P_hartwegii SMER SMOC SMOR STRA ECAM te; PYUC, Yucatan Peninsu|a; SMER,
== P.montezumae  SMER SMOC SMOR STRA Serranias Meridionales; SMOC, Sierra
——— P pseudostrobus SMER SMOC SMOR STRA Madre Occidental; SMOR, Sierra Mad-
P.clausa ATLA re Oriental; SOCO, Soconusco; STRA,
I_E P.virginiana APPL Serranias Transistmicas; VANC, Van-
: P.contorta CALIVANC couverian; VATC, Valle de Tehuacan-
D P.banksiana APPL Cuicatlan.
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Table 2. Data matrix (geographical areas® vs. syntaxa and widespread species) for BPA.
‘Area acronyms as in Table 1 and Fig. 2.

A

1
2_
7
—o—l8 —
15
16
G I
22
23—
J I

O

o

VATC

CGME PCNE SMOR

CPAC DBAL PCNO

ALTI SMOR

GBAS
VANC
MOJA

GBAS

BAJA SMER

ALTI SMOR SMOC

CALI VANC

APPL

ATLA

B

m

17

H

10

18

CGME

VATC

SMER
BAJA CALI GBAS MOJA

ALTI SMOR

SMOC

GBAS

ALTI

SMOR

5 CGME
CPAC

STRA

SMER

ALTI SMOR SMOC

14 BAJA GBAS MOJA

-

CALI

SMER SMOC

ALTI SMOR STRA 50CO

CGME ECAM

&

CARI PYUC

APPL

20
—o—

ATLA

21 cAul
—.—

| —— vaNC

Fig. 3. Ten paralogy-free subtrees obtained from the analysis of three genera of gymnosperms. Acronyms of provinces
are shown in Fig. 2.
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Meridionales province is the sister area to the others,
which form a dichotomy, that includes a first subclade
comprised of the Sierra Madre Occidental, Altiplano,
and Sierra Madre Oriental, with the last two provinces
more related; the same relationship was obtained with
BPA (clade C). A second subclade includes a trichotomy
formed by the two provinces of the Baja California pen-
insula, Great Basin and Mojavean provinces. The Great
Basin, Mojavean, and Baja California provinces are also
related with BPA (clade A).

Table 3. Data matrix (geographical areas® vs. nodes) for the
parsimony analysis of paralogy-free subtrees.

ROOT 0000000000000000C00000O0OQ
ALTI 00000010111110111110000
BAJA 00000000110111110000000
CALI 00000000110111000010110
CGME 11111000000000000010000
CPAC 11001100000000000000000
DBAL 11000000000000000000000
PCNE 11000000000000000000000
PCNO 11000000000000000000000
SMER 00000000100100110010000
SMOC 00000000111110110010000
SMOR 11000010111110111110000
STRA 00001100000000000010000
VATC 10110000000000000000000
SOCO 0000000000O00OO0OOOOOO1I0000O0
APPL 0000000000000000OC0O0O011011
GBAS 00000011110111101000000
VANC 00000011000000000010110
MOJA 00000011110111000000000
ECAM 00100000000000000010000
CARI 0000000000O00OO0OOOOOO1I0000O0
ATLA 0000000000000000OC0O0O011011
PYUC 00000000000000COC0O0O0O10000O0

‘Area acronyms as in Table 1 and Fig. 2.

ROOT s CGME
BAJA ——L
GBAS e STRA
MOJA e VATC
VATC e SOCO
DBAL b VANC
PCNE e ECAM
PCNO ————————— CARI

— CGME PYUC
b cPAC APPL
— APPL T ATLA
L— ATLA DBAL
PYUC AE PCNE
CARI PCNO
CALI SMER
VANC SMoC
ECAM 1 ALTI
SOCO SMOR
STRA e BAJA
SMER b CALI
SMoC GBAS
ALTI —L MOJA
SMOR e ROOT
A B

Fig. 4. General area cladograms obtained with A, BPA; B,
PAPS. Area acronyms as in Table 1 and Fig. 2.
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[l oiscussion

Although constituting a continuous area, the Baja
California peninsula does not represent a natural area,
in the BPA general area cladogram, since the Baja Cali-
fornia and Californian provinces are located in different
clades (A and C respectively). Ferrusquia-Villafranca
(1993) noted that the southern part of the peninsula has a
different geological origin than the northern part, which
possibly represents an ancient island that later joined the
rest of the peninsula (Garcia-Mendoza, 1995). In contrast,
the paralogy-free subtrees general area cladogram shows
the Baja California and Californian provinces combined
with the Great Basin and Mojavean provinces (clade F).
Flores-Villela & Goyenechea (2001) used wider units of
analysis than we did; the Baja California peninsula was
included in their Sonoran Desert area of endemism corre-
sponding to our Mojavean, Great Basin, Baja California,
Californian, and Planicie Costera del Noroeste provinces
combined. Our BPA results show relationships among the
first three areas, but differ in the relationships of Califor-
nia and Planicie Costera del Noroeste, because they are
included in clades B and C respectively. In the paralogy-
free subtrees general area cladogram, the first four are
included in clade F. This latter relationship corroborates
previous results obtained with parsimony analysis of
endemicity (PAE) (Morrone & al., 1999; Espinosa & al.,
2000), indicating that the Peninsula of Baja California
represents a natural area. The close relationship between
the Great Basin and Mojavean provinces obtained in this
study is not supported by Katinas & al. (2004), because
both belong to the same clade, with Mojavean occurring as
the sister area to other western North American provinces,
and the Great Basin sister area to the Rocky Mountain
province. The Rocky Mountain Province was not included
in our work. The PAPS area cladogram also supports a
close relationship between Great Basin and Mojavean.

Clade B (Fig. 4A) consists of provinces located at
coastal areas of the Pacific and Atlantic oceans, as well
as the southern-central lowlands. This clade is influenced
by the distribution of Dioon (Moretti & al., 1993), since
Dioon species are distributed in all the provinces included
in this clade, with the exception of D. mejiae Standl. The
relationship of both coastal areas of Mexico is possibly
influenced by the phylogenetic relationship between
Dioon edule Lindl. and D. tomasellii De Luca, Sabato
& Vazquez-Torres. The Valle de Tehuacan province has
been treated as part of the Transmexican Volcanic Belt
by Morrone (2001, 2005), a position not supported here.
The Pacific lowlands of Mexico and Balsas Basin area
of Flores-Villela & Goyenechea (2001) corresponds to
our Costa Pacifica and Balsas Basin provinces; the rela-
tionship between these two areas is partially supported
in our results were they are members of the same clade.
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Unfortunately, we cannot compare our clade B with the
work of Marshall & Liebherr (2000), since most of the
areas included in our clade B were not included in their
work. Our BPA general area cladogram corroborates
previous PAE (Morrone & al., 1999; Espinosa & al.,
2000; Davila-Aranda & al, 2002), that combine the Balsas
Basin, Costa Pacifica, and Valle de Tehuacan provinces.
Notwithstanding, the two first studies suggest a close
relationship among these areas with the Serranias Merid-
ionales province, which is not supported herein, because
this latter belongs to clade C, comprising the Mexican
montane provinces.

Clade C includes the montane Mexican provinces,
the Central American, Caribbean and most of the North
American areas. This clade is more influenced by the dis-
tribution of the species of Ceratozamia and Pinus; their
species are widely distributed in the provinces of this clade.
As many species of Ceratozamia and Pinus are mainly
associated with mountain ranges, several of them were
considered “montane” species by Farjon & Styles (1997)
and Contreras-Medina (2004), where they inhabited areas
of 1,000-2,600 m altitude. Many of these species are not
well-represented in clade B, which includes mainly coastal
and lowland provinces with dry climates.

In our study, the Appalachian forms a sister group to
the Atlantic and Gulf Coastal province in both analyses
(Fig. 4, clade D and early-diverging subclade in clade
C), corroborating the PAE by Katinas & al. (2004). The
different position of the Appalachian and Atlantic and
Gulf Coastal provinces relative to the western United
States areas of endemism (Californian, Vancouverian,
Mojavean, Great Basin) was to be expected. The tra-
ditional division of North America in two major areas
(eastern and western), observed here is reflected in many
previous works based on the distributions of other taxa,
including several with a phylogenetic component (i.e.,
Croizat, 1965; Xiang & al., 1998; Davis & al., 2002; Do-
noghue & Smith, 2004). In our cladogram, Appalachian
and Atlantic and Gulf Coastal (eastern North America)
are in a different position in relation to the western areas
(Californian, Vancouverian, Mojavean, Great Basin).
Katinas & al. (2004) related the eastern provinces with
the central and southern part of the United States. The
Yucatan Peninsula is the sister area to the Caribbean
province; their affinity has been extensively discussed
(see Chiappy-Jhones & al., 2001).

The largest subclade of clade C includes seven prov-
inces (Eastern Central America, Soconusco, Serranias
Transistmicas, Serranias Meridionales, Sierra Madre
Occidental, Altiplano, and Sierra Madre Oriental). The
relationship between Central America and montane areas
of Mexico represents a pattern previously suggested by
other authors (Luna & al., 1999; Morrone & Marquez,
2001), corresponding to the Mesoamerican Mountain
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biotic element of Morrone (2005). Clade C shows the
existence of remnants of biotas with different origins
in the Mexican Transition Zone, recognized by several
naturalists since the 19th century and explained either by
dispersalist or vicariant viewpoints.

The Sierra Madre Oriental is the sister area to the
Altiplano, and both areas are sister to the Sierra Madre
Occidental. Morrone & al. (1999) and Espinosa & al.
(2000) also found a close relationship between the Sierra
Madre Oriental and the southern part of the Altiplano.
The Serranias Meridionales province includes the Trans-
mexican Volcanic Belt plus the Sierra Madre del Sur, two
areas treated as distinct by several authors (Morrone & al.,
1999; Morrone, 2005, 2006). The biota of this province is
related to the biota of several mountain areas of Mexico,
supporting the Mesoamerican Montane biotic element
(Morrone, 2005). The combination of the Transmexican
Volcanic Belt plus the Sierra Madre del Sur in a single
Serranias Meridionales province is supported by Mar-
shall & Liebherr (2000) and Flores-Villela & Goyenechea
(2001). The cladogram obtained with BPA partially sup-
ports the proposal of Marshall & Liebherr (2000), who
fused the Sierra Madre Occidental with the Altiplano
(their Sierra Madre Occidental area of endemism) in a
single unit. Flores-Villela & Goyenechea (2001) support
a close relationship between the Sierra Madre Occidental
with the semiarid lands of the Tamaulipas area of en-
demism (the latter corresponding to our Planicie Costera
del Noreste province), a result incongruent with those
presented here.

In the PAPS general area cladogram, clade E is equiv-
alent to a part of clade B, and clades D and F combined
are equivalent to clade C. Differences between the general
area cladograms are because dispersal has a stronger in-
fluence in BPA, and the PAPS general area cladogram,
shows a clearer vicariant signal. We postulate that clade F,
which combines Nearctic provinces with those assigned to
the Mexican Transition Zone in the strict sense (Morrone,
2005, 2006), represents the “core” area of biotic evolution
of Mexican gymnosperms. This area is the result of the
complex country’s complex tectonic history (Ferrusquia-
Villafranca, 1993; Marshall & Liebherr, 2000; Ortega &
al., 2000; Flores-Villela & Goyenechea, 2001; Salinas-
Moreno & al., 2004), which partially explains the co-
occurrence of taxa belonging to different biotic elements
(Morrone, 2005). Croizat (1958, fig. 259) predicted this
when he placed one of the most important panbiogeo-
graphic nodes at global level in southern Mexico and
Central America, which he considered to be as one of
“the very main nodes controlling the course of important
‘tracks’ on an intercontinental scale” and “eventually re-
sponsible for endlessly variable patterns of distribution
which is readily seen true in reference to factual records”
(Croizat, 1958).
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In the PAPS cladogram, the Serranias Meridiona-
les province is related to some northern areas, showing
Nearctic affinities (influenced by the distribution of the
species of Pinus), whereas in the BPA it is related to the
Mexican mountain provinces (Fig. 4). The position of the
Serranias Meridionales in our study is interesting, since it
includes the Transmexican Volcanic Belt, which is tradi-
tionally considered the biogeographic boundary between
the Nearctic and Neotropical regions (Wallace, 1876). The
transitional character of this area is evident; in some bio-
geographic studies Neotropical affinities for this area have
been suggested (Espinosa & al., 2000; Marshall & Lieb-
herr, 2000; Flores-Villela & Goyenechea, 2001), whereas
in others it is related to northern provinces. Rzedowski
(1978) proposed the Mesoamerican Mountain region, to
accomodate four floristic provinces (Sierra Madre Ori-
ental, Serranias Meridionales, Sierra Madre Occidental,
Serranias Transistmicas), since these provinces cannot
be assigned with certainty to the Nearctic or Neotropical
regions, because they contain elements of both regions in
equal proportions. The uncertainty in the relationships of
the Serranias Meridionales province is also reflected in the
PAE undertaken by Luna & al. (1999), where the localities
of this province are scattered in four different clades.

Some vicariant patterns are ambiguous, producing
biogeographic noise in the taxon-area cladograms ob-
tained, mainly due to redundant distributions, widespread
taxa and missing areas. Several authors (e.g., Eguiluz,
1985; Styles, 1993; Perry & al., 1998), constructed bioge-
ographic scenarios for the genus Pinus in Mexico, based
on dispersal and vicariant events of different ages. Farjon
(1996) suggested that many Mexican pine species are the
result of a radiation event from a single common ances-
tor, which interbred with other species with a different
origin. Some of them may be relicts of mainly extinct
lineages with a former distribution with a very different
distribution pattern, whereas others are descendants of
recent immigrants. Evidently these events complicate the
biogeography of this genus. Millar (1993) suggested that
the spatial evolution of pines has been mainly affected
by tectonic and climatic events of the Eocene, caused by
the orogenic processes that formed the Sierras Madre
Oriental and Occidental and the Transmexican Volcanic
Belt, initiating speciation events. Some authors have
suggested that refugia played an important role in the
evolution of this genus, provoked by the climatic changes
of the Eocene (Millar, 1993; Perry & al., 1998). All these
events have effected the distribution of pine species by
isolating species into disjunct areas (Millar, 1993). Since
part of the information used for our analysis is based on
pine species, the complex biogeographic history of Pinus
in Mexico may be responsible for the ambiguity found
here in the relationships of some areas and their position
in the general area cladograms.
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DISCUSION GENERAL Y CONCLUSIONES

El objetivo principal de este estudio fue analizar la distribucion geografica de las gimnospermas
mexicanas bajo diferentes enfoques, con la finalidad de detectar patrones de distribucién y su
contribucion a las relaciones historicas de las areas (provincias) de las zona de transicién
mexicana, asi como realizar un estudio biogeografico lo mas completo posible de este grupo en
México, ademas de proponer nuevos caminos de investigacion sobre su distribucion geogréfica
en el pais. Para ello primero se realizd una revision de algunos enfoques que se utilizan
actualmente para estudiar la distribucion de los seres vivos en biogeografia, los cuales son la
areografia, distribuciones potenciales, pan-biogeografia, la biogeografia cladistica y el analisis de
parsimonia de endemismos, haciendo énfasis en la aplicacion de los métodos de cada uno a la
distribucion geogréfica de las especies de gimnospermas en México. Se hizo una revision de
dichos enfoques y se incluyen comentarios sobre la distribucion de las especies de

gimnospermas. Se comentan las ventajas y limitantes de cada uno.

Posteriormente, se realiz6 un analisis de los patrones de distribucion de 124 especies de
gimnospermas mexicanas, con la finalidad de detectar las areas del pais con alta riqueza de
especies y endemismo, para que con esta informacion se detectaran areas potenciales para la
conservacion. El estudio se realizo utilizando tres diferentes unidades de area, a saber estados,
provincias biogeogréaficas y celdas de un grado de lado. Las areas ricas en especies no coinciden
con aqueéllas que presentan mas especies endémicas. La Sierra Madre Oriental, el estado de
Veracruz y una celda localizada en el norte del estado de Oaxaca fueron las unidades de area que
presentaron los nimeros mas altos en especies, mientras que la provincia del Golfo de México, el
estado de Chiapas y una celda localizada en este mismo estado fueron las areas mas ricas en

especies endémicas. Adicionalmente, para las celdas se calcularon dos indices conocidos como



endemismo ponderado y endemismo ponderado corregido (Crisp, 2001; Linder et al., 2001),
donde aquéllas celdas con altos valores en ambos indices y con alta riqueza fueron considerados
como ‘hotspots’; estas celdas se localizan principalmente en el sur y centro de México. Los
estados de Chiapas, Oaxaca y Veracruz han sido considerados dentro de los mas biodiversos en el
pais para diferentes taxones, con lo que las gimnospermas mexicanas siguen este patron de
diversidad.

Por otro lado, se llevo a cabo un analisis de parsimonia de endemismos (PAE) (Rosen,
1988) donde se estudiaron los patrones de distribucion de 124 especies de gimnospermas
mexicanas utilizando como unidades de éarea celdas de dos grados de lado y provincias
biogeograficas. Adicionalmente se realiz6 un analisis de trazos para las provincias a partir de los
cladogramas obtenidos mediante la aplicacion del método de PAE-PCE (Luna et al., 2000;
Garcia-Barros et al., 2002). A partir de la informacion de distribucion se construyeron dos
matrices de datos que incluyeron 60 celdas y 14 provincias biogeogréficas. El analisis de las
celdas produjo 7084 cladogramas mas parsimoniosos. El cladograma de consenso estricto
muestra algunos clados que son equivalentes a los resultados obtenidos con las provincias
biogeograficas; de estos clados, tres concuerdan con algunas de las principales area de
distribucion de los pinos mexicanos propuestas previamente por algunos autores (Eguiluz, 1985;
Styles, 1998, Farjon y Styles, 1997), las cuales se localizan en la parte norte de la peninsula de
Baja California, la Sierra Madre Occidental y la Sierra Madre Oriental. Estas tres &reas
representan centros importantes de diversidad y endemismo para las gimnospermas de México. A
partir del analisis de las provincias biogeograficas se obtuvieron dos cladogramas mas
parsimoniosos, los cuales solamente varian en la posicion de la provincia de la Sierra Madre
Occidental. El procedimiento del PAE-PCE fue aplicado para identificar trazos generalizados,

donde los clados que se formaron de las provincias fueron considerados como trazos



generalizados y cada vez que se obtenia un cladograma las especies que definian dichos clados
eran eliminadas y se realizaba un nuevo analisis. A partir del método de PAE-PCE se obtuvieron
cinco trazos generalizados, los cuales se localizaron principalmente en las provincias de montafia,
lo cual indica la importancia que han jugado las cadenas montafiosas del pais en la evolucion
espacial de las gimnospermas y la estrecha relacion que guardan estas plantas con la orografia de
México. Los patrones de distribucion de las gimnospermas son acordes con la existencia de
algunas provincias biogeoréficas de México y muestran que las peninsulas mexicanas tienen una
historia biogeogréfica diferente del resto del pais.

Finalmente, se realiz6 un andlisis de biogeografia cladistica, donde se estudiaron los
patrones de distribucién de 81 especies de tres géneros de gimnospermas mexicanas, a saber
Ceratozamia, Dioon y Pinus, con la finalidad de evaluar su contribucion a la biogeografia de la
Zona de Transicion Mexicana desde el enfoque cladistico, aplicando un Analisis de Parsimonia
de Brooks o BPA por sus siglas en inglés, ademas de un Analisis de Parsimonia de Subarboles
libres de Paralogia o PAPS por sus siglas en inglés. Las areas de endemismo estan representadas
por las provincias fitogeograficas de Rzedowski (1978) para el territorio mexicano, ademas de
otras provincias adyacentes al territorio nacional ubicadas en Estados Unidos y América Central,
areas que incluyen la distribucion geogréfica de las gimnospermas mexicanas. El resultado del
BPA muestra tres grupos principales de areas, un clado A que comprende las provincias de Baja
California, la Gran Cuenca y Mojaveana (estas dos ultimas localizadas en Estados Unidos); el
clado B incluye las provincias del Valle de Tehuacan-Cuicatlan, la Cuenca del Balsas, Planicie
Costera del Noreste, Planicie Costera del Noroeste, Costa del Golfo de México y Costa Pacifica,
todas estas provincias localizadas hacia ambas vertientes y en tierras bajas del centro de México;
finalmente un clado C que incluye las provincias de los Apalaches, Costa del Golfo y Atlantica,

Peninsula de Yucatan, Caribefia, Californiana, Vancouveriana, este de América Central,



Soconusco, Serranias Transistmicas, Serranias Meridionales, Sierra Madre Occidental, Altiplano
y Sierra Madre Oriental, clado que incluye las provincias montanas del pais que abarcan la Zona
de Transicion Mexicana, ademas de algunas areas de América Central y Estados Unidos. El
resultado del PAPS muestra tres grupos de areas, un clado D que incluye a las provincias
Vancouveriana, Apalaches y Costa del Golfo y Atlantica, todas de Estados Unidos; un clado E
que incluye las provincias de la Cuenca del Balsas, Planicie Costera del Noreste y Planicie
Costera del Noroeste; finalmente un clado F incluye a las Serranias Transistmicas, Soconusco,
Serranias Meridionales, Sierra Madre Occidental, Altiplano, Sierra Madre Oriental, Baja
California, Californiana, Gran Cuenca y Mojaveana. Comparando ambos analisis, tres relaciones
de areas comunes sobresalen: 1) Apalaches y Costa del Golfo y Atléntica, 2) Gran Cuenca,
Mojaveana y Baja California y 3) Altiplano, Sierra Madre Oriental y Sierra Madre Occidental.
Las diferencias entre los cladogamas generales de areas de ambos andlisis son debidos a que la
dispersion tiene un a fuerte influencia en el BPA, de tal forma que el cladograma general de areas
producido mediante el PAPS muestra una clara sefial de vicarianza. Los cladogramas generales
de areas obtenidos apoyan algunas relaciones de areas no explicadas en trabajos previos y pueden
complementar los patrones historicos de distribucion de la biota de la Zona de Transicion
Mexicana.

La Regién Mesoamericana de Montafia aparece como una zona importante en la
evolucidn espacial de las gimnospermas, ya que aparece en el PAE y en BPA donde se relacionan
estas areas. Llama la atencidon que ambos estudios, la provincia del Altiplano aparece relacionada
a las Sierras Madre Oriental y Occidental, relacion que al parecer se ve influenciada por especies
que se distribuyen en las tres provincias y que también se encuentran en el sur de Estados Unidos,
especies como Cupressus arizonica Greene, Pinus arizonica Engelmann, P. engelmannii Carriere

y Juniperus erythrocarpa Cory.



Las tierras bajas aparecen relacionadas en los tres andlisis (PAE, BPA y PAPS),
principalmente Depresion del Balsas, Costa Pacifica y Sonorense (Planicie Costera del Noroeste)
en las cuales encontramos principalmente especies del genero Dioon, las cuales al parecer
influyen de manera importante en las relaciones observadas entre estas provincias. De igual
manera se observa que estas provincias contienen pocas especies en comparacion con aquellas de
montafa, por lo que se puede considerar que se reconocen dos patrones en cuanto a la evolucién
espacial de las gimnospermas en México, 1) de tierras bajas, donde influyen de manera
importante especies de Dioon y Zamia, y 2) de montafia, el cual es el mas importante ya que
alberga a la mayoria de las especies de gimnospermas mexicanas.

Las gimnospermas son un reflejo de las propuesta de la Zona de Transicion Mexicana,
pues la separacién clasica de una region Neotropical de otra Neéartica no se observa en los analisis
realizados de PAE y BPA, donde provincias ubicadas en la parte neotropical como Chiapas y
Serranias Transistmicas se relacionan con provincias consideradas como neérticas (Altiplano,
Sierras Madre Occidental y Oriental) y que més bien son una parte del patron Mexicano de
Montafia propuesto por Morrone (2005). De igual forma el tratar de relacionar &reas con mayor
diversidad con su ubicacion del lado neotropical no se cumple del todo, pues la riqueza de
especies de gimnospermas se reparte entre estados del sur (Oaxaca y Chiapas) y del norte
(Chihuahua y Nuevo Leon), ocurriendo los mismo en las celdas de 1° x 1° latitud/longitud al
encontrar celdas con mayor numero de especies repartidas entre el sur, centro y norte de México.
Debido a que muchos géneros son méas diversos en el reino Holértico (como Abies, Cupressus,
Juniperus, Pinus y Picea) y que México abarca una porcién de este reino, la influencia de las
especies de estos géneros es importante, lo cual provoca que no se observe un gradiente

latitudinal en cuanto al nimero de especies para las gimnospermas mexicanas.



La distribucion actual de las gimnospermas mexicanas se ha visto afectada por procesos
geofisicos, como la tectonica de placas y el cambio climatico, y biolégicos como extinciones
locales y dispersion, factores que juegan un papel importante en el enmascaramiento de las
relaciones histdricas entre las areas de endemismo (provincias) utilizadas como unidades de
estudio en la presente tesis.

Los anélisis de BPA y PAPS indican que la Peninsula de Baja California guarda una
relacion histérica mas estrecha con éareas del oeste de Estados Unidos, en relacion a las de
México continental; el analisis de trazos indica también una historia diferente de Baja California
en comparacion con las del resto del pais, apoyando asi el patrén Neartico Californiano propuesto
por Morrone (2005).

Otra &rea que no indica relacion con la parte del México continental es la Peninsula de
Yucatan, la cual no muestra relacién alguna en los cladogramas obtenidos de los anélisis de
PAPS y PAE, y una relacién con el area Caribefia en el BPA, la cual es una relacion apoyada por
otros trabajos. La Peninsula de Yucatan es una de las provincias con el menor nimero de especies
lo cual también refleja la poca resolucion en cuanto a las relaciones de esta area con otras
provincias de México, hecho que ha sido sugerido en otros estudios donde las &reas con pocas
especies tienden a ocupar areas basales o sin relacion aparente con respecto a otras areas (e.g.
Contreras-Medina y Luna, 2002).

Se observaron patrones similares a los propuestos previamente en otros trabajos con otros
taxones, tanto para hotspots como para areas de endemismo y de diversidad, donde sobresalen los
estados de Oaxaca y Veracruz.

Las areas que resultaron particularmente mas importantes desde el punto de vista de la
diversidad de gimnospermas son las principales cadenas montafiosas de pais, a saber, Sierra

Madre Oriental, Sierra Madre Occidental, Faja VVolcanica Transmexicana, Sierra Madre del Sur y



Altos de Chiapas; la primera presenta la mayor diversidad de gimnospermas en México con 48
especies. Asimismo estas areas se incluye en uno de los principales trazos generalizados
obtenidos (trazo b) y de igual manera aparecen como areas relacionadas en el cladograma de
BPA.

Los resultados arrojados por los anlisis de PAE y biogeografia cladistica sefialan a las
gimnospermas como un grupo de estudio importante para futuros analisis biogeogréficos que
involucren a las provincias montanas del pais, ya que su distribucion geogréfica se observa que
estd muy relacionada con las cadenas montafiosas del pais y en menor medida con las tierras
bajas, por lo que la inclusion de gimnospermas en futuros analisis biogeograficos deberan
contemplar esta situacion, principalmente en aquéllos que intenten dilucidar las relaciones
historicas entre las provincias que incluye la region Mesoamericana de Montafia (Rzedowski,
1978).

Una recomendacion importante para futuros andlisis de la biogeografia de México es que
si se van a utilizar &reas de endemismo predeterminadas como en el presente trabajo, se utilicen
las provincias biogeogréaficas de CONABIO (Arriaga et al., 1997) o su modificacion (Morrone,
2005) como unidades base para un estudio biogeogréafico, o bien alguna de las utilizadas como
base para construirlas (provincias floristicas, mastofaunisticas, herpetofaunisticas y
morfotectonicas), para que se puedan comparar los resultados entre los diferentes estudios y
reconocer patrones de distribucion congruentes entre los diferentes taxones utilizados para los
diferentes andlisis biogeograficos que se lleven a cabo en México.

En este trabajo se muestra nuevamente la potencialidad de la aplicacién de la biogeografia
en aspectos de biologia de la conservacion, al mostrarse la congruencia entre areas de riqueza y
endemismo, con las Regiones Terrestres Prioritarias (Arriaga et al., 2000), y proponerse ciertas

zonas a nivel nacional que presentan un gran valor biogeografico para las gimnospermas de



México, las cuales requeriran de estudios mas particulares para disefiar una estrategia de areas de
conservacion, debido a que se trata de areas muy grandes y que la propuesta formal requiere de
hacer estudios a una resolucion espacial mas fina con la finalidad de llevar las propuestas al
terreno real.

Si bien la informacién que sirvié de marco para llevar a cabo los analisis biogeogréaficos
aqui presentados esta basada en un considerable nimero de ejemplares de herbario y de literatura
especializada revisada de manera rigurosa en cuanto a los registros que presentan, dista de estar
completa ya que como ocurre para muchos grupos bioldgicos de México, existe un sesgo en el
conocimiento debido a que la recolecta botanica de estas plantas con semilla no se ha llevado a
cabo de manera homogeénea sino que casi siempre se concentra en zonas cercanas a ciudades o
poblaciones grandes y asociada con las principales vias de comunicacion, o bien en areas
cercanas a centros de investigacion biolégica.

Algunos estudios biogeograficos futuros relacionados con los que se presentan aqui y que
tenderian a resolver ciertos aspectos no abordados o que podrian tener distintos enfoques a lo
presentado en esta tesis seria la aplicacion de un analisis de dispersién-vicarianza o DIVA
(Ronquist, 1997) con énfasis en el género Pinus, asi como un analisis de diversidad alfa y beta de
la flora de gimnospermas de México; adicionalmente un estudio de biogeografia cuantitativa, con
la finalidad de comparar el fenograma obtenido con los cladogramas resultantes del PAE para
observar la influencia del método sobre un mismo conjunto de datos para las celdas de 2° x 2°
latitud/longitud.

Por razones de espacio, no se incluyen algunos trabajos publicados que fueron elaborados
con informacion generada durante los estudios de doctorado y que se podrian considerar como
periféricos en relacion a los centrales que se presentan en esta tesis y cuyas citas se escriben a

continuacion:
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