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RESUMEN

Los patrones de diversidad genética son la fueireapa de los estudios de genética de
poblaciones. La diversidad genética brinda infoidraanportante a cerca de la historia de
las poblaciones; una baja diversidad pueden ingichlaciones con pequefios tamafos que
han experimentado procesos de cuellos de botekatras que una alta diversidad es el
resultado de poblaciones que mantienen poblacrefetss/amente grandes y constantes a
través del tiempo. En este estudio se analizéeet@fle las complejas historias
biogeograficas en los patrones de diversidad genéti encinos rojos de América del
Norte. En primer lugar, se propuso una nueva heerge metodolégica para examinar los
patrones de asociacidn historica entre las espdeiencinos rojos presentes en México y
América Central. El analisis de redes resulté seznfoque 6ptimo para identificar
patrones de vicarianza en las areas cuando exigieasos de reticularidad en sus biotas.
En segundo lugar, estudiamos el efecto de la enwlueticular en las 4reas mediante un
nuevo enfoque de redes incluyendo a las especigéstddos Unidos. Los eventos de
reticularidad se localizan principalmente en limitectonicos asociados a los grandes
sistemas de fallas geoldgicas. Una compleja retamndre la historia geoldgica y climatica
de las areas fue propuesta. En tercer lugar, anadig el efecto de la amplitud geogréfica
de las especies en el reconocimiento de procesesoligcion reticular. La reticularidad
incrementa invariablemente cuando se analizarsjgesceges de amplia distribucion. Las
areas de mayor reticularidad evolutiva coincidem &lgunas de las zonas de hibridacién
reconocidas para encinos rojos. En cuarta instaigeatificamos los ensambles de las
biotas basados en el nicho climatico de las espeRigconocimos que los grandes
complejos morfologicos y/o de hibridacion de lascgin pertenecen al mismo ensamble

climatico. Las redes de interaccion bidtica apoeddencias adicionales para sostener

1



divergencias entre especies que pueden ser somatftaebas en futuros estudios de
genética de poblaciones y filogeografia. En el fguaapitulo, analizamos el efecto de las
fluctuaciones climaticas en las areas de distribude las especies basados en modelos de
prediccidn de especies asi como en reconstruccgalesambientales. Identificamos
procesos de expansion o contraccion entre las iespgoe componen cada ensamble
climatico. Por ultimo, se integré la informaciomgeada acerca de la evolucion reticular de
las areas asi como el efecto de las fluctuacidimaaticas en los ensambles de especies
para la comprension de los procesos de diversidhf@renciacion genética de la seccion

Lobatae del génerdQuercus.



ABSTRACT

Patterns of genetic diversity are primary sourcatodies of population genetics. Genetic
diversity provides important information about thistory of populations, low diversity

may indicate populations with small sizes that hexgerienced bottlenecks processes,
while high diversity is the result of populatiomst remain relatively constant and large
populations over time. In this study was analytredeffect of complex biogeographic
patterns into genetic diversity in red oaks of INokimerica. First, a new methodological
tool was proposed to examine the historical pastefrrelationships among red oak species
occurred in Mexico and Central America. Networklgsia is a optimal approach to
identify patterns of vicariance in areas wheredheticularity processes in their biotas.
Second, we studied the implications of reticulavletron of the areas with a new approach
of networks including species from eastern of Uhi&ates. Reticularity events are located
mainly on tectonic boundaries linked with majorltaisystems from North America. A
complex relationship between the geological anthalic history of the areas was
proposed. Third, we analyzed the implications efdgleographical range of the species in
the recognition of reticular evolution process. Tégcularity invariably increases when
widespread species are analyzed. The areas withréligularity agree with some areas
where red oaks hybridized. In the fourth instamtdentified assemblages based on the
climatic niche of the species. The major morphaiaband/or hybridization complexes of
species belong to the same climatic assembly. Biotieractions' networks provide
additional evidence to support differences amomgigs that can be tested in future studies
of population genetics and phylogeography. In itk €hapter, we analyzed the effect of
climate fluctuations in the areas of distributidrtlee species based on predictive models

and paleoenvironmental reconstructions. Identifisxtesses of increase and / or decrease
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in areas of distribution among species that coregrech one of the assemblies. Finally ,
the information generated about the reticular enatuof the areas and the effect of
climatic fluctuations in species assemblages faleustanding the processes of genetic

diversity and divergence of sectibobatae of the genufuercus.



INTRODUCCION

El géneroQuercus constituye uno de los elementos caracteristicosigl@onas montanas
de Eurasia y América del Norte siendo un elememfooitante en la flora del hemisferio
norte (Nixon, 2006). ElI género estd ampliamenteemdificado y cuenta con
aproximadamente 500 especies, incluidas en dossahus,Cyclobalanopsis y Quercus
(Manos et al., 2001). Este ultimo a su vez se didd cuatro subsecciones (Nixon, 1993;
Manos y Stanford, 2001Eerris, Lobatae (encinos rojosuercus s.s. (encinos blancos) y
Protobalanus (encinos dorados o intermedios), siendo las Ufitnes secciones las Unicas
presentes en América. Se ha sugerido que la dicarsdn del género se llevo a cabo en el
Eoceno medio, época en la que se postula que terlaimigracion de encinos entre
Eurasia y América (Axelrod, 1983; Manos y Standf@@01). Dos centros principales de
diversificacion se han propuesto para el gérn@uercus. el sureste de Asia y la parte
central de América que comprende los territoriodMeagico y América Central (Manos et
al., 1999; Valencia 2003).

Los encinos son elementos dominantes de varios tip vegetacion templada del
hemisferio boreal, entre los que destacan las gmmatensiones de bosques deciduos
templados y de bosques mixtos célidos del estestid&s Unidos (Delcourt y Delcourt,
2000), asi como los bosques de encino, bosquesndeepcino y bosques mesofilos de
montafia que ocupan casi el 15% del territorio naac(Rzedowski, 1978; Challenger,
2001). Flores-Villela y Gérez (1994) consideransto® ecosistemas como importantes
centros de endemismo para vertebrados.

Los caracteres de frutos y semillas son de graoitancia en la clasificacién de los
encinos, pudiendo diferenciarse las tres subseegi@mericanas con base en ellos. La

seccionLobatae se caracteriza por la presencia de 6vulos absrapicales (en raros casos
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sub-basales) sumados a la consistencia lanosacd@dainterna de la nuez; escamas de la
cupula aplanadas y delgadas, nunca aquilladasedaoies libres (raramente conados); una
maduracién anual o bianual del fruto; entre otMar{inez, 1977; Nixon, 1993; Manos et
al., 1999; 2001).

Sin embargo, desde la publicacion de las tresdgsamonografias de este género
realizadas por Trelease (1924), Muller (1942) y Gar(1936-1952), se han identificado
diversos problemas taxonémicos asociadas a suifideabn especifica, ya que las

estructuras florales no son consideradas comoteaeacde importancia en la diagnosis de

foliares que tienen una amplia variacion interteaiespecifica, aumentando los problemas
taxondmicos en la delimitacién de especies (Rom200,1; Rodriguez, 2003; Valencia,
2005; Mora, 2006). Otro problema taxonémico imputdaes la tendencia de este grupo a la
hibridacion y el origen de formas intermedias etdeeespecies parentales (Whittemore y
Schaal, 1991; Tovar-Sanchez y Oyama, 2004; GonEabelriguez et al., 2004; Gonzalez
Rodriguez, 2005).

Nixon (2006) reporta que existen alrededor de @20ecies de encinos en toda
América del Norte, 110 de los cuales integran laciée Lobatae (encinos rojos).
Solamente 35 de las 90 especies de encinos presntestados Unidos corresponden a la
seccionLobatae, y de ellos 27 son exclusivas a la tierras bagheste y tres a la region de
California. Varios trabajos han considerado qudiVarsidad de especies de encinos para
México es alta. Por ejemplo, Martinez (1977) enrahajo pionero estima que existen mas
de 200 especies; Rzedowski (1978) calcula queesxemtre 150 y 200, cifra que coincide
con la estimacion de 170 a 213 especies hecha paz&tez (1993). Por otro lado, Nixon

(1993) menciona que el numero de especies en Méside 135 a 150, debido a una gran
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cantidad de sinonimias, lo que coincide con lasdsfiecies reportadas por Zavala (1998).
El estudio mas reciente hecho por Valencia (200&naiona que existen alrededor de 161
especies validas para México, de las cuales csgatmoencinos dorados, 81 especies son
encinos blancos (secci@uercus) y las 76 restantes son encinos rojos (sedoibatae).

Los encinos rojos son mas abundantes en zonasasesple los sistemas montanos
de México y América Central, a diferencia de losieos blancos, que a pesar a estar
presentes en zonas humedas, pueden tolerar corelianas aridas y secas, por lo que su
area de distribucion es mas amplia (Gonzalez, 198&n, 1993; Zavala, 1999; Valencia,
2004). Nixon (1993) y Zavala (1999) mencionan gqugedncinos rojos son mas abundantes

en la regidon occidental, sur y sureste del paidees, en las regiones mas humedas.

Historia biogeografica y climatica: sus repercusioas en la diferenciacién genética de
las especies

Una de las premisas mas importantes en el camfaldelogia evolutiva hace referencia a
que la evolucion de los organismos es la conse@idirecta de la dindmica de cambio de
la superficie terrestre (Croizat, 1958, 1964; EbgdHumphries, 2002; Rosen, 1978). El
papel de las barreras en la biogeografia hist@schundamental, ya que son éstas las que
moldean el ensamble de las biotas a través deptieynfavorecen la especiacion por
vicarianza.

Las especies de amplia distribucidon oscurecemabones de vicarianza debido a
qgue generalmente no divergen tras la aparicionagdeetas, gracias a su amplia tolerancia
ambiental. Estas especies presentan una altacidastifenotipica, lo que les permite ser
sometidas a presiones de seleccion distintas ardw lde su distribucion promoviendo y

fijando mutaciones que cambian la estructura gesmét interior de las poblaciones. Por
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otro lado, en poblaciones con presiones de selesidilares, la fijacibn de nuevos alelos
neutrales aumenta conforme las poblaciones se eedert el espacio, lo que provoca una
reduccion en la variacion genética de las poblasgomudiendo aumentar la divergencia
génica entre poblaciones (Hedrick, 2010). Se halomo que las poblaciones cercanas
geograficamente tendran una estructura genéticéasioon respecto a las poblaciones
mas distantes, en un efecto conocido como aislamper distancia (Avise 2000, 2009). El
advenimiento de la filogeografia ha demostradaisarpoderosa técnica para determinar la
estructura interna de las poblaciones, correlacidola con la posicion geografica de las
mismas.

Diferentes estudios han documentado el efecto tigmen las fluctuaciones
climaticas a través del tiempo (principalmente dgaciaciones del Pleistoceno) en la
distribucion y diferenciacién genética de las emsefHewitt, 2000), utilizando como base
la teoria de refugios propuesta por Haffer (1968} fluctuaciones climaticas globales en
la Tierra, han permitido que algunas especies @mi@re condiciones 6ptimas para su
adecuaciéon en zonas adyacentes ampliando susd&relstribucion, al mismo tiempo que
otras especies contraen sus rangos de distribuzigmal sometiéndose al efecto de la
deriva génica que provoca una reduccioén de su hibidiad genética disminuyendo su
capacidad de respuesta a cambios ambientales @ jd#ago provocando eventos de
extincion local o regional. Los procesos de expgangromueven zonas de contacto entre
especies de biotas diferentes en los limites absstibucion en lugares donde los recursos
son abundantes favoreciendo la evolucion reticdardas areas (Halas et al, 2005). La
evolucion reticular es un proceso que ocurre cuamdoonjunto de especies que coexisten
en el espacio geografico a través del tiempo, dagehdo una biota, llegan a interactuar

con especies que conforman otras unidades hissoncginando biotas hibridas. La
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reticularidad evolutiva de las areas promovida aar fluctuaciones climaticas puede
afectar la estructura genética de las especieemisss en ellas, dando como resultado
eventos masivos de especiacion en zonas de cor{tdafter, 1969), o bien, zonas de
hibridacion entre especies filogenéticamente caxdonzalez-Rodriguez et al., 2004;

Tovar-Sanchez y Oyama, 2004; Peflaloza-Ramirez)2011

Diversidad genética
La diversidad genética ha sido definida como laiedad de alelos y genotipos
identificados en una especie como reflejo de léeraticias morfoldgicas, fisioldgicas y
ambientales entre sus individuos y poblacionesniram et al., 2002; Toro y Caballero,
2005). La diversidad genética se ha cuantificado lbase en el nimero de variantes
observadas: tasa de polimorfismo (se refiere eelauéncia de los alelos de un gen en una
poblacidn), proporcion de loci polimorficos (escekiente obtenido tras dividir el nUmero
de loci polimérficos entre el numero total de lpalundancia de variantes alélicas A (se
refiere al nUmero de variantes que presentan klssabde una poblacion menos uno) o
namero promedio de alelos por locus (la suma destdoks alelos detectados en todos los
loci, dividido por el numero total de loci). Otrdsrmas de cuantificar la diversidad
genética se basan en la frecuencia de las variami@sero efectivo de alelo& (es el
namero de alelos que pueden estar presentes empalacion) y la heterocigocidad
esperadaH. (es la probabilidad de que, en un locus Unicolqoier par de alelos,
escogidos al azar de la poblacion, sean diferemis si).

Identificar las diferencias entre los patronesdikersidad genética permite inferir
los factores que tienen un papel importante enrigemm Las poblaciones genéticamente

estructuradas permiten la evolucidén de linajespeddientes cuando el flujo génico entre
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sus poblaciones es bajo y hay fuertes presionesldecion (Slatkin, 1985; Schaal et al.,
1998), mientras que bajos niveles de divergencrgétige entre las poblaciones de una
especie pueden ser consecuencia de eventos déaegpececiente y/o de altos niveles de
flujo génico inter poblacional (Muir y Schotter@q05; Lexer et al., 2006).

Por otro lado, una baja heterocigosidad puedecandpoblaciones de pequefios
tamafios efectivos que han experimentado procesoseatles de botella que disminuyen su
variabilidad genética. La heterocigosidad tiene ratacion directa con el tamafio efectivo
de la poblacion, de modo que al incrementarse rehfi@ poblacional se espera mayor
variabilidad genética. La introgresion permite mlercambio de material genético entre
especies diferentes, promoviendo nuevos genes Ytiges tras el procesos de
recombinacién, lo cual puede incrementar la didasi genética de las especies al
modificar su potencial adaptativo. Se ha documentpe los hibridos pueden establecer
nuevas entidades cuando existen habitats dispsngdea las entidades intermediarias,
cuando se genera incompatibilidad génica con lpscss parentales, o bien cuando la
seleccién favorece su fertilidad y viabilidad (Riesg, 1993, 1997, 2006). Hewitt (2000)
propone que los patrones de diversidad genéticee das poblaciones pueden ser
consecuencia directa de las fluctuaciones climaiesadas y su efecto en los tamafios de
las areas de distribucidén. Las expansiones o amibrzes de las areas de distribucion de
una especie debidos a fluctuaciones climaticasguatectar la diversidad genética de sus
poblaciones, reducciones drasticas de las poblegien el pasado causan baja diversidad
génetica, mientras que poblaciones grandes y cuasta lo largo del tiempo promueven

alta diversidad (Hewitt, 2000).
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La diversidad genética en un contexto biogeograficpde fluctuaciones climaticas

En este estudio tratamos de probar que la diversyddiferenciacion genética de las
especies que integran la seccidbatae (encinos rojos) en América del Norte es resultado
de un complejo proceso biogeografico que involuwrentos de especiacion promovidos
por vicarianza, asi como de eventos de evolucioutar de las biotas promovidas por
fluctuaciones climéticas.

Primero identificamos bajo una un nuevo enfoquéodwdgico en biogeografia
(analisis de redes sociales y neighbor-joiningy, daociaciones histéricas de las especies
gue integran la seccidrobatae en México y América Central, reconociendo la int@ocia
de la evolucion reticular en su historia biogeadgeaf(Capitulo ). En segundo lugar,
exploramos con detalle la evolucidon reticular delacarea, identificando una fuerte
asociacion de las biotas con la historia geoldgicatectonica de América del Norte, al
mismo tiempo que consideramos la importancia defllaguaciones climéticas en la
evolucion reticular (Capitulo Il). Posteriormenteabzamos el efecto de la amplitud
geografica de las especies para proponer hipdtestsspeciacion para la seccién (Capitulo
[ll). Luego enfatizamos sobre la importancia de émsambles de especies para entender
los procesos de divergencia histérica y ambiemalaeseccionLobatae, asi como sus
repercusiones en la divergencia e hibridacién deespecies (Capitulo 1V). Mediante el
empleo de modelos predictivos y evidencias palgiols encontramos que se robustece la
hipotesis de que las fluctuaciones climéticas digis®ceno son un proceso importante en
la evolucién reticular de las areas y en la hiatgenética de las especies (Capitulo V).
Finalmente, integramos toda la evidencia obteniga gontextualizar a la diversidad y
diferenciacion genética entre las especies compraceso relacionado con la evolucién

reticular de las areas y las fluctuaciones clinadtidel pasado.
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CAPITULO |

New approaches to the biogeography and areas of esrdism of

red oaks (Quercus L., Section Lobatae).

A. Torres-Miranda, |. Luna-Vega & K. Oyama. 2013.

Systematic Biology 62: 555-573.
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Abstract—An area of endemism is defined by the spatial congruence among two or more species with distributions that are
limited by barriers. In this study, we explored and discussed the use of the network analysis method (NAM) and neighbor-
joining (N]) to analyze the areas of endemism of Quercus sect. Lobatae (red oak species) in Mexico and Central America. We
compared the NAM and NJ with other methods commonly used in biogeographic studies to show the advantages of these
new approaches and to identify the shortcomings of other approaches. The NAM used in this study is based on notions of
centrality measures, such as betweenness. We incorporated the strength of the ties within the internal networks through
p-cores and aggregate constraints in iterative analyses. The NAM based on betweenness is ideal for recognizing completely
allopatric areas of endemism. The iterative NAMs increase the number of possible areas of endemism because they minimize
the effect of minimal overlap, and the p-core is efficient at identifying the closest relationships among species in the cases in
which betweenness is not informative. The number of areas of endemism increases when the sympatry matrix minimizes
the dispersal effect and the sample effort is maximized, allowing the identification of the greatest number of these areas.
The NJ method supports the idea that areas diverge among themselves in a differential way; the long branches correspond
to zones with high speciation rates and complex histories (biotic and tectonic), and the short branches correspond to zones
with low speciation rates and simple histories. In a classification scheme, NJ was capable of identifying the areas that are
considered biotically complex because of their high speciation rates. The results obtained with the NAM and NJ showed
that the physiographic regions of Mexico are not natural units and that many of them are composed of at least two different
biotic components. [Areas of endemism; biogeographic patterns; Mexico and Central America; neighbor-joining; net-like

methods; network analysis; Quercis; reticulate evolution; tree-like methods.|

The extent to which taxa share biogeographic histories
isreflected in the degree of overlap in their distributions.
If species share a common biogeographic history,
then their distributions should completely overlap
(homopatry). A common history can be expected
because of geological (e.g., plate tectonics), ecological
(e.g., dispersal, range expansion, and contraction), or
evolutionary (e.g., speciation and extinction) processes
(Harold and Mooi 1994; Morrone 2009). In the case
of sharing a common history, the assumption is that
these processes have influenced the distributions of
different species in equivalent ways. Conversely, if there
is no shared biogeographic history, then we expect no
overlap in the distributions of taxa (allopatry). These
two states represent endpoints, and we can expect
the overlap in species distributions to differ across a
continuum that reflects the extent to which species
share a biogeographic history. An area of endemism is
recognized if the distributions of two or more species
overlap as the result of vicariance (Nelson and Platnick
1981; Morrone 1994; Linder 2001). The recognition
of areas of endemism has been a primary goal in
historical biogeography because these areas are the
basic units of analysis in cladistic biogeography (Linder
2001). However, the identification of such areas can be
difficult when species are not completely homopatric
and minimum overlap exists in the distribution of

two species because of random processes, such as
dispersal or extinction. This can increase the overlap
among the areas of two or more taxa with different
histories, which is particularly important in continental
taxa undergoing recurrent climatic change. In certain
cases, when geographic and/or climatic conditions
allow different species to extend their distributions
synchronously, dispersal should generate homopatry
patterns, as is the cases of islands or in the formation
of biological corridors.

Many approaches to the recognition of areas
of endemism have been proposed based on
presence/absence of matrices of species occurring
in different areas. Linder (2001) criticized clustering
methods that show similarities between areas, which
are based on their shared species. The phenogram
obtained cannot define homopatry among the clusters.
Parsimony methods based on the identification of
distributional congruence were the first to be applied
(Morrone 1994) based on exclusive species supporting
the clades in a tree. Parsimony methods have been used
extensively to identify areas of endemism (Luna-Vega
et al. 1999, 2001; Morrone et al. 1999; Trejo-Torres and
Ackerman 2001, 2002; Morrone and Escalante 2002;
Escalante et al. 2004; Espinosa et al. 2006; Contreras-
Medina et al. 2007a). The results of these methods are
shown as tree-like topologies, in which it is assumed
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that the areas of endemism evolved dichotomously,
allowing the formulation of four proposals: (i) the
species that form an area of endemism are completely
inclusive; (ii) the species that form an area of endemism
are mutually exclusive from the species in allopatric
areas; (iii) the nesting areas are defined by at least two
different species; and (iv) dispersal is the result of partial
sympatry and can hide vicariant relationships. Tree-like
methods have limited sensitivity (Hausdorf and Hennig
2003; Mast and Nyffeler 2003; Hennig and Hausdorf
2004) because of some problems, for example, in the case
of groups in which dispersal is prevalent, there have
been problems with data collection or artificial units
(e.g., grid-cells) that are used for analyses (Linder 2001;
Brooks and Van Veller 2003; Santos 2005; Nihei 2006).

The tree-like methods assume that all of the species
contribute to the relationships between the areas
identically. In this study, we assumed that areas evolve
at different rates and that the species included in them
should be weighted differentially. The neighbor-joining
(N]) proposed by Saitou and Nei (1987) is based on
minimizing the total longitude of a tree branch in
each step of the grouping, beginning with a star-like
topology. NJ is a clustering approach that assumes
that the divergence rates among different lineages are
differential; with this method, we can obtain long and
short branches even within the same group.

We propose the use of NJ as an alternative tree-like
method because the length of the branches is sensitive
to the effect of differential evolutionary processes, for
example, recent speciation or reticulation of the areas
being studied. The long branches are a consequence of
those areas in which recurrent speciation has occurred,
or in those areas in which important reticulation events
have occurred, prioritizing minimal evolution in the
cluster formation. In this context, NJ should offer a
broader view than the traditional tree-like methods.
Using NJ, we analyzed the effect of assigning different
weights to each species (apportioning high weights
to those species with restricted distributions and low
weights to those species with wide distributions).

In recent years, the tree-like methods have gradually
been replaced by new approaches, for example, the
use of heuristic searches with optimality criteria. The
optimization criteria attempt to address biases in species
sampling and attempt to maximize the overlapping
degree among two or more species, assigning scores to
those species that can be part of an area of endemism.
These methods have not been widely adopted because it
is difficult to establish the appropriate search parameters
(e.g., Szumik et al. 2002; Szumik and Goloboff 2004;
Escalante et al. 2009). The optimization represents
a conceptual advance in the recognition of areas
of endemism, because it does not use dichotomous
evolutionary assumptions of the areas, allowing the
recognition of different areas despite partial sympatry
under the reticulation principle. Using this approach,
it is unfortunately not possible to obtain the inclusion
of relationships and the evolutionary history that they
reflect.

Dos Santos et al. (2008) proposed the use of network
analysis to recognize areas of endemism with binary
sympatry matrices obtained through proximity and
interpenetration criteria, in which “0” is no sympatry
ties between two species and “1” is sympatry ties
between two species. In graph theory, each analyzed
species corresponds to a vertex that is related with
other species through edges called sympatric ties
because they represent the overlap percentage in the
distribution of a pair of species. A species that is
widely distributed has multiple ties with other species.
If this species is removed from an area, the other
species in the area that have restrictive distributions
will begin to separate from the area and will strongly
unite with other species with which they have sympatric
relationships. This principle is named betweenness
in network theory. Dos Santos et al. (2008) were
the first to analyze networks under the assumptions
of betweenness. However, as noted by Casagranda
et al. (2009), the interpenetration criteria can show
erroneous sympatric relationships, and the betweenness
criterion can have limitations in recognizing areas of
endemism. Recently, dos Santos et al. (2012) proposed
a dynamic analysis of weighted networks to be applied
in biogeography that consisted of an improvement of
their network analysis based on weighted inference and
the dynamic exploration of sympatry networks by using
the cohesiveness criteria to reduce the betweenness
bias. This analysis uses a binarized matrix to detect
groups of species within a global sympatry network;
subnets are internally supported by the cohesiveness
provided by the strong sympatry ties with other
species. The only way to separate these subnets is
to break the weak ties maintained with other entities
that can act as intermediaries and can correspond to
co-occurrence units. This process can be visualized
through a cleavogram (dos Santos et al. 2012). The
dos Santos et al. (2012) approach assumes that: (i)
there is a close spatial association relationship within
the networks (cohesiveness); after iteratively removing
the intermediary species, the cohesive subnets can be
dichotomous but not hierarchical, as observed in the
cleavograms, (ii) there are weak relationships between
the different groups of species, which are the result of a
reticular structure of the distribution of the species, and
(iii) the sympatric relationships between the two species
are differential, and they then must be weighted (giving
a high weight when sympatry =1 and less weight when
sympatry =:0).

The goals of this study were to propose and compare
two new approaches based on the network analysis
method (NAM) and NJ analyses for recognizing areas
of endemism and biogeographic patterns using the
distribution of red oak species (section Lobatae; genus
Quercus) as a model system. The Lobatae section is
endemic to the New World; members of this section
are abundant in the mountains of Mexico and Central
America (Valencia 2004; Nixon 2006). Nixon (1993) and
Zavala (1998) suggested that red oaks are distributed

primarily in the western, southern, and southeastern
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portions of Mexico, which are considered the humid
areas of the country. These oaks dispersed from
North to Central America during the Miocene Epoch
(Hooghiemstra 2006), and their diversification occurred
during the Middle Eocene (Axelrod 1983; Manos and
Standford 2001). During this period, several geologic
and climatic events occurred, primarily the genesis of
the main physiographic systems in Mexico and Central
America (Ferrusquia-Villafranca and Gonzalez-Guzmadn
2005). Because of this, we consider red oaks to be a
suitable model for studying the biogeography of the
mountainous systems of Mexico and Central America.

In this study, we assume that the current distribution
of red oaks involves complex ties between species that
can be expressed in a non-binarized sympatry matrix for
network analysis based on betweenness. Additionally,
we included other measures that are associated with
changes in the internal structure of networks, such as p-
core and aggregate constraints on iterative analyses, as
criteria to correct the restrictions in the network analysis
as questioned by Casagranda et al. (2009). Similar to
the proposal of dos Santos et al. (2012) concerning
dynamic analyses in weighted networks, we integrated
the interaction among small groups, including the
concepts of strong and weak ties, structural holes,
and centralization. We assessed the usefulness of long
branches in the NJ analysis in relation to the complexity
of the biogeographic processes and their advantages
in recognizing biogeographic global patterns as an
alternative to other methods in biogeography. We also
contrasted the results of our analysis with those obtained
from otherapproaches commonly used in biogeographic
studies. Finally, we analyzed the geographic distribution
of red oak species in Mexico and Central America
to test the applicability of these two new approaches
for determining areas of endemism and biogeographic
patterns.

MATERIALS AND METHODS

Distributional Data

We analyzed distributional data for 72 red oak species
from Mexico and Central America that were obtained
from a review of herbaria specimens deposited in the
following collections: MEXU, ENCB, 1EB, XAL, UNL,
CHAP, IZTA, and FCME and from electronic databases:
INIF, LL-TEX, and MO. Additionally, monographic and
floristic studies were reviewed (for complete references
see Torres-Miranda et al. 2011). With this information,
we constructed a database of 8618 georeferenced records
without duplicates, representing the occurrence of red
oaks in the mountain systems of Mexico, Guatemala,
Belize, El Salvador, Honduras, Nicaragua, Costa Rica,
and Panama. The database includes the following
physiographic systems: the Sierra Madre Occidental
(SMOC), the Sierra Madre Oriental (SMOR), the Sierra
Madre de Oaxaca (SMOX), the Serranias de Jalisco
(S]), the Faja Volcdnica Transmexicana (FVT), the Sierra

Madre del Sur (SMS), the Sierra Madre de Chiapas-
Guatemala (SMCG), the Serranias de Comayagua
(COMA), and the Sierra de Talamanca (TALA) (Fig. 1).
Distributional maps of each of the 72 species were
obtained using ArcView GIS ver. 3.2 (ESRI 1999).

Sympatry Inference

As a starting point, we considered the idea presented
by dos Santos et al. (2012) for obtaining sympatric ties. A
tie is defined as the area shared between two species.
We united all of the localities in which each species
of red oak is present through a minimal spanning
tree (MST, equivalent to an individual track of Croizat
1958) using the ArcView GIS 3.2 (ESRI 1999). Finally,
we applied Rapoport’s principle (1975) to identify the
areas of distribution of each species through propinquity
circles. These circles are buffers drawn around the
recollection localities, in which the ratio is determined
from the statistical measure of the separation between
each arc that forms a MST, reflecting the data variation;
with this, we eliminate the biases of recollection. The
total length of all of the MST of each species was
calculated, and this measure was divided among the
number of unique localities of each species to obtain
the mean value for all of the species. The sample mean
(n=24.3km) of all of the species was obtained, and
the standard deviation (o =17.8km) was calculated. We
used three different measures for drawing propinquity
circles for all of the species: (i) the first measure
consisted of the subtraction of the population standard
deviation from the population mean (. —o=6.5km); (ii)
the second measure consisted of the population mean
(i =24.3km); and (iii) the third measure consisted of the
population mean plus the standard deviation (1L +o=
42 1km). We followed the Hennig and Hausdorf (2006)
principle that suggests that the dissimilarity coefficient
of the distributions must be obtained for the areas
considered. Thus, not only the percentage of geographic
units shared by two taxa should be considered but
also the geographic relationships of the occupied
units. The matrix used in the NAM was constructed
by intersecting each propinquity distributional area
of each species with the others using ArcGIS 3.2
(ESRI 1999), thereby obtaining the degree of overlap
between each pair of taxa. We obtained three weighted
directed matrices of 72x72 species based on the
intersection of the propinquity circles of two species,
in which a value of 100 represents total sympatry
(homopatry) and values of 0 represent total allopatry
between species (Supplementary Material available at
http:/ /datadryad.org, doi:10.5061 /dryad.nh30v).

The sympatry matrix previously obtained
corresponds to the adjacency matrix of a directed
graph G=(V.E), in which V is the set of vertices or
nodes (here, formed by 72 species of red oaks), and E is
the set of the ordered pair of vertices called edges or ties
(with an assigned weight that represents the strength
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FiGure 1. Main physiographic features in Mexico and Central America: ALTN, Altiplano Norte; ALTS, Altiplano Sur; COAH, Mesetas

Coahuilenses; COMA, Montafias de Comayagua; FVT, Faja Volcinica Transmexicana; SMCG, Sierra Madre de Chiapas-Guatemala; SMOC,
Sierra Madre Occidental; SMOR, Sierra Madre Oriental; SMS, Sierra Madre del Sur; SMOX, Sierra Madre de Oaxaca; and TALA, Cordillera de

Talamanca.

of the sympatric relationship between species). The
weighted and directed ties among species are because
the distribution sizes are not equivalent. Given two
geographically overlapping species A and B, in which
species A is more widely distributed than species B, their
sympatric linkage should be differentially measured if
the distribution of species A completely contains that of
species B. In this sense, A — B has a different relationship
than B— A because the distribution of B is completely
included in that of A, so the B— A relationship must
have a value of 100, whereas the A— B relationship
must have a lower value. This proposal is similar to the
weighted matrices of dos Santos et al. (2012).

Network Analysis Concepts: Centrality, Prestige, and
Structure

Social networks are characterized by ties among actors
(or vertices). Of special interest are those ties between
distant actors because the removal of such ties implies
the separation of a network into two components or
subnets; such ties are here called bridges. The deletion
of a vertex may have the same effect as the removal
of incident ties or bridges. A vertex whose deletion
increases the number of components in the network
is termed a cut-vertex. Inside a network, the most
important actors are usually found in central locations,
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reflected in both the centrality and the prestige indices
(Faust and Wasserman 1992) and associated with cut-
vertices. The centrality concept is associated with non-
directed graphs, and the prestige concept is associated
with directed graphs. A prestigious actor is the recipient
of extensive ties, direct or indirect, thus focusing solely
on the ties directed to an actor as a recipient (e.g.,
indegree).

Betweenness is a measure of the number of times
that an actor is located on the shortest path (geodesic)
between the other nodes in a network; vertices with
higher betweenness values represent those that can
control the flow of information in the network. In
network analysis, actors with high betweenness values
correspond to elements that connect two different
subnets; when these elements are deleted, the subnets
are separated and the value of betweenness is zero.
Betweenness is a concept that involves the idea that
in networks, elements exist that function as connectors
among subnets; when these elements are iteratively
eliminated, they isolate the subnets. Brandes (2001)
proposed an alternative algorithm for computing
betweenness in directed weighted networks based on
Freeman'’s formula (1977, 1979) through the sum of tie
weights. Freeman’s algorithm failed because it does not
consider the number of ties on the paths of a network.

Network constraint is an index that measures the
extent to which an actor’s connections are redundant
(Burt 1992). Cut-vertices broker information between
otherwise disconnected neighboring vertices and their
removal cause holes within the networks of neighbors
that are called structural holes. These holes have
associated constraint values: low constraint values
indicate the existence of many structural holes, and
high constraint values indicate that a vertex has
fewer opportunities to work as a broker. The lack of
information flow would disrupt a network, as expressed
in the dyadic constraint. The aggregate constraint of a
vertex is the sum of all of the dyadic constraints related
to that vertex. The actors with high aggregate constraint
values have less freedom and strong relationships with
other actors.

Cores are one of the few concepts that provide us with
efficient decompositions of large networks (Batagelj and
Zaversnik 2003) in addition to connectivity components.
This concept was proposed by Seidman (1983) and
is based on the decomposition of k-cores. The new
approaches to decomposition centered in cores are based
on the vertex property functions and are called p-cores
(Batagelj and Zaversnik 2003). Cores can also be used
to identify the strong ties in the subnets embedded in
large networks (Batagelj and Mrvar 2000; Batagelj and
Zaversnik 2003). Opsahl et al. (2010) identified strong
ties based on two features: (i) the weight of each species
in relation to the other species involved and (ii) the total
number of ties of each species in the network (named p-
cores). The p-cores are direct measures of the weakness
or the strength of ties among actors, allowing us to
distinguish their indegree and outdegree ties, so they
could be appropriate for detecting strong groups of

species living in sympatry in cases inwhich betweenness
is not informative.

NAM Based on Sympatry [nference

To obtain betweenness values, the sympatry matrices
were analyzed with Pajek 1.24 (Batagelj and Mrvar
1999) and with the packages Igraph and tnet, which
are add-on packages for the statistical software
R (available at http://www.cran.r-project.org). The
aggregate constraint scores for each species (actors)
were computed using the structural holes option in
Pajek (Batagelj and Mrvar 1999) to identify those species
with strong aggregate constraints and those species that
operate as cut-vertices. We multiplied the betweenness
values by the aggregate constraint of each species.
Then, we iteratively removed those species with higher
values (betweenness by aggregate constraints). This
process stopped when the betweenness values reached
zero or when there were isolated vertices. An isolated
vertex with a betweenness value equal to zero acts as
a group, increasing the betweenness of the vertex or
vertices linked with it, and there is no real homopatry
relationship among the linked vertices. Part of the bias
of betweenness should be corrected with the use of
aggregate constraints, which allows the identification
of the structural holes in isolated species (vertices) in
a subnet; these species are particularly important in
directed networks. We deleted the species that behaved
like an isolated vertex because they did not maintain
homopatry with the other species and only increased
the betweenness among the species that could form a
distinct group with others.

The removal of species was stopped when the
intermediation values in the nodes of each sympatry
network were equal to zero and when they equaled the
closeness scores in the subnets in which the criterion
of minimum junction is satisfied. In these subnets, we
assigned more importance to the p-core with input and
output ties because this measure enabled us to see
the internal structure of even complex networks and
because in networks without betweenness, the input
and output ties have different internal structures. With
this approach, it was possible to identify the cohesion
within each subnet in the cases in which there were no
intermediary values because they are a direct measure of
the shared area of the species, which is a direct measure
of sympatry among the species. When the minimum
junction in the subnets was identified, we computed
the p-core values within the subnets using the option
Maximum All ties (input and output) in Pajek (Batagelj
and Mrvar 1999),

Finally, iterative network analyses with the
intermediary species removed were performed before
two cliques were identified within a global network,
which occurred when these iterative subnets had an
intermediary value equal to zero. This process led to the
identification of groups of species living in homopatry
that are hidden by the presence of other species. Once
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Ficure 2. Anexample of implementation of Networks Analysis and built of matrices using our approach (NAMa: a—d) and comparison with
dos Santos et al. (2012) method (NAMb: e and f). In our approach, the following steps were undertaken: a) calculation of the area intersection
between each pair of species involved; b) the weighted and directed matrix is the result of dividing all the values of the column of intersection
of each species between the total area occupied by the same species; ¢) compute the betweenness and aggregate constraints of the generated
network; d) calculate the p-cores of the network, in order to maximize the strong ties and to exclude the weak ties. Following the NAMb (dos
Santos et al. 2012), it was obtained: e) a dichotomic matrix of the sympatry of the species calculated from two or three weighted matrices; f)

identification of subnets with high cohesiveness through a cleavogram.

the cliques formed from the iterative elimination of
nodes (species) were determined, the areas that formed
each clique were visualized in ArcView GIS 3.2 (ESRI
1999) to define the cliques in a spatial context.

Figure 2a—e shows a scheme for implementing the
NAM, including starting from the construction of a
sympatry matrix to the identification of the areas of
endemism.

NJ Analysis

NJ is a clustering approach that assumes that
the divergence rates among different lineages are
differential in such a way that taxa A and B can have
minimal divergence rates resulting in short branches,

whereas taxa C and D can have maximal divergence
rates resulting in long branches, even within the same
group. We used 72 species (columns) to construct a data
matrix of presence (1)/absence (0) of species per area
(rows) =158 grid cells of 1° latitude x 1° longitude (see
Supplementary Material). An NJ tree was obtained using
both matrices for computing the Manhattan distances.
In biogeographic analyses, the lengths of the branches
tend to be short in areas with low rates of divergence
in their biotic composition because of the climatic and
the geologic stability of those areas. The latter can
explain why the differentiation within the populations
is reduced and why there are few in situ speciation
events. By contrast, in areas containing biotas with
high rates of divergence, the effect of long branches
can be substantially increased because of major climatic
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or geologic changes (generally events of vicariance)
causing intraspecific differentiation as well as speciation
processes and in situ diversification. Dispersal effects
may also affect the length of the branches but at a low
magnitude compared with the influence of speciation.
Despite this, NJ does not allow for the identification of
the species composition in an area.

Species with wide distributions tend to complicate
the recognition of patterns because of the possible
role of dispersal over time. One way to minimize the
effect of these species is to substitute the inverse of
the distribution of each taxon by unit of area [e.g., if
one taxon is found in three grid cells, the value of
presence (1) in these three grid cells will be substituted
by its inverse (0.33) in the original presence/absence
matrix (see Supplementary Material)]. The use of the
geographic inverse of a species is convenient at large
scales (small areas) when a good recollection effort was
performed, as in the case of oaks. This geographicinverse
is not optimal when the scale of analysis is small (large
areas) because: (i) it overestimates the distribution of
species found in restricted or discontinuous areas and
(ii) it underestimates the distribution of species that are
widely distributed.

We used an inverse geographic matrix to compute
the Manhattan distances with the goal of obtaining a
weighted NJ tree. Differences in the branch lengths
identify the areas with higher speciation rates (species
with restricted distributions) and/or those in which
reticular evolutionary processes occur. Simultaneously,
this effect minimizes the importance of species with
wide distributions. The NJ trees were generated with
NTSYSpc 2.11 (Rohlf 2000).

Other Approaches in Biogeography

NAMcoh (based on cohesiveness sensu dos Santos et al.
2012)—We pre-processed the records for 72 species of
red oaks to obtain three weighted matrices. Based on
the geometric layout, we obtained a topological matrix
that expresses the strength of the sympatric association
in each pair of species that was computed from the
portion of the shared area through a MST. Based on
the nearest interspecific records, two additional matrices
were obtained: a matrix of the average cost for spatial
homogenization (ACSH), in which the cost is evaluated
by the length of the shortest distance among the records
of one species with respect to the records of other
species, measuring the total cost for converting one set
of points (localities) into the other and vice versa so
that complete overlap is achieved, and a reweighted
matrix, ACSH', which expresses the normalization of
the weights assigned to each point, with the average
length of each arc incident at this point in each of
the MSTs, in which positive values suggest sympatry
and negative values suggest allopatry. The weighted
matrices were dichotomized into a single binary matrix
through the thresholds (0.8) established from the basal
networks used in the NAM. The reweighted values

were binarized with the thresholds to maximize the
strongest ties between optimal meaningful sympatric
associations and those reweighted ties in which null or
weak associations were coded as 0. From these matrices,
we computed the inference of sympatry in a network,
exploring the pair-wise relationships scored by the basal
matrix, creating an interactive network and plotting the
intensity of the subnets. Finally, we visualized these
results using a cleavogram that illustrates the splitting
sequence of the different groups of taxa when the
NAM is performed. The procedure was performed with
the package SyNet 2.0 for R software. The cleavogram
represents the arrangement of species into groups as
the iterative removal of intermediary species progresses
(dos Santos etal. 2012). In Figure 2e—f, we illustrated how
to implement this method.

Parsimony  analysis of endemicity—A  parsimony
algorithm was applied to the presence/absence
matrix obtained in the previous analysis. A row coded
with 0, representing a hypothetical area, was added to
each data matrix to root the cladograms. A parsimony
analysis of endemicity (PAE), according to Morrone
(1994), was performed using Nona (Goloboff 1999)
and WinClada ver. 1.00.24 (Nixon 2002). The data
were submitted to multiple TBR+TBR, searching 1000
initial trees (mult=1000) and holding 100 trees per
replicate (h/10), retaining a maximum of 10000 trees.
We obtained a strict consensus cladogram. Areas with
two or more shared species were identified as areas of
endemism.

Unweighted pair group method with arithmetic mean
analysis.—Using NTSYSpc 2.11 (Rohlf 2000) and PAST ver
1.94b (Hammer et al. 2001), we performed an unweighted
cluster analysis on both of the presence/absence
matrices generated above using four different similarity
indexes: Jaccard, Dice, Kulczynski, and Ochai, to test the
effect of different weights on the shared species in the
relationships among the areas.

Optimality criterion analysis (OPTI)—The records of
the species were directly input into VNDM software
(Goloboff 2005), generating two matrices: (i) a binary
presence/ absence matrix of species within the grid cells
and (ii) a three-state matrix created by applying the “fill”
option of the program. The fill option of VNDM (fill=20
and assumed =40) was used a departurevalue. A fill=20
indicates to the program that if a species’ record is close
to the edge of a cell (20% of its ratio), this species is
present in the adjacent cell; an assumed=40 indicates
to the program that this species is most likely present
in the neighboring cell. We began the analysis with the
parameters suggested by Escalante et al. (2009).

The optimality criterion was performed in
NDM ver. 2.6 for the two matrices using the
following default parameters (Goloboff 2005;

http:/ /www.zmuk.dk/public/ phylogeny): save sets
of areas with two or more endemic species, save sets
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with scores >2.000, and use the edge proportion
option. Consensus areas were obtained using at least
30% similarity of the species against any of the other
areas (Escalante et al. 2009). We swapped one or
two cells at a time, kept overlapping subsets if 0 or
30% of the species were unique, retained suboptimal
sets of 0.90 or 0.99 worst fit, used or did not use the
edge proportion option, or changed the grid crigin
of the (x,y) system that corresponded with the two
variants (latitude, longitude): (0.0, 0.0) originated at
the beginning of the imaginary lines of latitude and
longitude and (0.5, 0.5) included a displacement of half
a degree in both latitude and longitude. We performed
1280 iterations of the optimality process with two
matrices for red oaks, changing the above-mentioned
parameters in an iterative way. We performed 640
iterations using the coordinate system (0.0, 0.0) with the
binary matrix and 640 with the three-state matrix with
a fill=20 and an assumed=40 to begin the process.
Eighty iterations were also performed for a system of
coordinates centered at (0.0, 0.0) using the following
pairs of parameters as inputs for the fill option, that is,
(fll, assumed): (40,20), (10,20), (20,10), (30,60), (60,30),
(40,80), (80,40), (60,120), and (120, 60). Accordingly, 720
iterations of the optimality process were performed
over the entire set of experimental scenarios. In all 1680
cases, superfluous sets were discarded when they were
found, sets were replaced if they were improved during
swapping, and duplicates were pre-checked. We used
high values of filling, up to 120, to observe the effect of
the overestimation of the optimality criterion.

ResuLts AND Discussion

NAM and Net-Like Methods: Strong and Weak Ties,
Reticular Evolution, and Complexity Patterns

The NAM identified species with high betweenness
values, in most cases corresponding to species withwide
geographic distributions. The iterative elimination of
these species led to the recognition of subnets present
in the main network. In this study, we used three
different ratios for drawing the propinquity circles to
test the effect on the NAM of an increase in the areas
of sympatry caused by larger propinquity circles. The
results obtained from NAM 1 (p—oc=6.5km), NAM 2
(n=24.3km), and NAM 3 (j. +0=42.1 km) were similar,
although differences in the propinquity circles could
influence the analysis (Fig. 3a—c). The more conclusive
and constant results among all of the analyses were six
of the eight subnets with null betweenness across their
nodes (Fig. 3a); these six subnets were entirely allopatric
among themselves. The remaining three subnets were
identified in the second of the three NAM iterations
(Fig. 3b). In the third iteration, two components with
different p-cores were recognized in all of the NAM
tests (Fig. 3c). The greatest amount of subnets or areas
of endemism were identified with NAMI because it
minimized the overlap effect.

The NAM used in this study allowed us to elucidate
endemism among groups of networks of sympatric
species (e.g., large components can be broken into
smaller cliques). NAM 1 led us to recognize eight
final groups that were entirely allopatric on two main
subnets: (i) the Mexican Montane component and (ii)
the Mesoamerican Montane component (Fig. 3a). The
NAM led to the identification of areas of endemism
following the approach of Nelson and Platnick (1981)
and Platnick (1991), in which the total congruence of the
areas of distribution of at least two species (homopatry)
was required.

The second iteration of the NAM was performed with
22 species in NAM 1, 19 species in NAM 2, and 13
species in NAM 3. This analysis allowed the separation
and identification of two well-supported subnets in all
of the tests after removing the betweenness values: (i)
the northern SMOC +the ALTN and (ii) the COAH. In
the different iterations that were performed, we also
identified four other subnets by the differentiation of the
p-core values in the largest subnet: (i) the SMOR+the
SMOQX, (ii) the northern and the central SMOR, (iii) the
SMOC+the ALTS, and (iv) the FVT+the SMS (Fig. 3b).

The third iteration of the NAM was performed by
removing the first eight species (Quercus crassifolia,
Quercus castanea, Quercus cortesii, Quercus sapotifolia,
Quercus candicans, Quercus elliptica, Quercus conspersa,
and Quercus crispifolin) until the separation of the
montane systems of Mexico and Central America
was achieved. These eight species had a betweenness
value=0, but Q. candicans and Q. castanea had
a maximum p-core value of 2.87, associated with
Q. crassifolia, Q. conspersa, and Q. elliptica, which joined
them as a subgroup in the VT, the southern SMOR, the
SMOX, the southern SMOC, the SMS, and the SMCG.
Additionally, in the same network, Q. cortesii and Q.
sapotifolia had a p-core value of 2.17, identifying another
subgroup within the network in the lowlands of the
SMOX and the SMS, as well as the SMCG, the COMA,
and the Maya Mountains (Fig. 3c).

The number of areas of endemism increased with
the use of iterative NAMSs, identifying 17 areas of
endemism in NAM 1 and 14 in NAM 3. We believe that
a measure that combines the prestige and centrality of
the species in sympatry could be a good strategy for
producing uniform results regardless of the sizes of the
propinquity circles. One example of the potential of the
iterative NAM is that it could identify overlapping areas
of endemism, as in the case of the Central Systems,
identified with the second iteration of the NAM and
defined by three species (Quercus crassipes and Quercus
acutifolia or Quercus laurina).

We further observed that in large netwarks, the
aggregate constraint is an important measure to correct
any bias of betweenness. A species with a high aggregate
constraint score corresponds to species with a high
degree of sympatry with respect to other species (e.g.,
homopatry among themselves). If any of the species
with high restrictive values are absent, the flow in the
network is disrupted; we conclude that higher aggregate
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Ficure 3.  Comparison between NAMa (this study: a-c) and NAMb (dos Santos et al. 2012: d—f). The circles indicate the area of endemism size;
they were obtained with NAM 1 (i —o=6.5km), NAM 2 (p =24.3km), and NAM 3 (j1 + 0=42.1km). a) The map shows the subnets identified
when betweenness value is eliminated, in this case, all the areas are allopatric among themselves; b) the subnets obtained are shown with the
second iteration of NAMa, corresponding to areas with reticularity with respect to other subnets; ¢) subnets obtained with the third iteration,
which had the highest betweenness value in the first iteration; Following dos Santos et al. (2012: d—f), the maps show the obtained units of
co-occurrence or dyads from the four main subnets in the cleavogram.
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constraint values indicate that a species has less freedom
and strong relationships with other species. A species
with a low aggregate constraint value corresponds to
a species with a low degree of sympatry; whether any
of these species is removed, the flow in the network
remains constant. We conclude that low aggregate
constraint values indicate that a species has more
freedom and weak relationships with other species,
which is characteristic of species with wide distributions.
Those species with low aggregate constraints frequently
correspond to species with high betweenness values,
and their removal increases the aggregate constraints
of certain subnets. The aggregate constraints are tools
used to analyze the initial internal structure of sympatry
networks, although their initial capacity decreases in
small subnets.

The cleavogram based on NAMcoh showed four large,
primary subnets with high cohesiveness: (i) the Western
Systems, which includes the SMOC and the MEC; (ii)
the Eastern Systems, which includes the SMOR and the
SMOX; (iii) the Mesoamerican Systems, which ranges
from the SMCG to the COMA; and (iv) the Central
Systems, which includes the southern SMOC and the
SMOR and from the FVT+the SMS to the SMCG; there
are seven units of co-occurrence with three or more
species and six dyads of species (Fig. 3d-f). In contrast
to the iterative NAM, the results of the NAMcoh do
not offer nesting relationships among the four main
networks, so we suppose that these areas do not have
a historical association as suggested by dos Santos et al.
(2012).

Inboth approaches of the NAM, when the species with
higher betweenness values are removed, the allopatry
effect (the partial overlapping of areas) is minimized and
the total homopatry is maximized. Even if betweenness
values are exceeded in our NAM based on cores, the
strength in the ties (or edges) of both the input and
the output among species in the networks is not similar
between the different components of species because
two homopatric species will tie themselves similarly
with respect to others. The p-core values expressed the
intensity of ties among species, allowing us to recognize
species within subnets in which betweenness is null. This
sheds light on the controversy of Harold and Mooi (1994)
and Hausdorf (2002) concerning the hidden patterns of
homopatry between two areas because of the presence of
one allopatric species between both areas, also discussed
by Casagranda et al. (2009) as one of the strongest
criticisms of the NAM of dos Santos et al. (2008). We
proposed the p-cores as a NAM tool that could be used
to analyze the structure of the subnets or the structure
of dense networks in which betweenness cannot be
used to break up the subnets, primarily in the cases in
which minimal sympatry exists between two groups, an
issue identified by Casagranda et al. (2009) in relation
to the NAM and based only on betweenness. In this
study, an example of the usefulness of p-cores values
was performed with widely distributed species; it was
possible to identify two groups based on different p-core
values: (i) the first group included the area located in the

Central Systems and the SMCG and (ii) the second group
included part of the SMOX, the SMCG, and excluded the
COMA, which indicated the complexity of southeastern
Mexico and Guatemala.

Using the p-cores is similar to using cohesiveness
criteria in the dynamic NAMcoh of dos Santos et al.
(2012). Cohesiveness is viewed as the uniting force
among the members of a subnet considering the
structural holes based on three criteria: (i) the proportion
of all of the possible ties among the nodes; (ii) the
longest distance that unites a pair of vertices; and (iii)
the coefficient clustering. Cohesiveness is a measure of
the group stability visualized in a weighted networks set,
but not in directed networks, whereas the p-cores are a
direct measure of the intensity of the ties in the directed
networks, allowing us to identify the strongest ties in
both of the directions in the network.

Both of the analyses have significant differences with
respect to the composition of the subnets constituted of
a larger number of species, despite that the areas are
similar. This could be because of the following factors:
(i) the NAMcoh weighted matrices were binarized from
a sympatry threshold, implying that the reweighted
process of the matrix will have a value of 0 for
the allopatric species or for those species in which
the peripheral sympatry is minimal, defined from
a constant threshold for all of the species that can
invariably affect the betweenness value. Binarization is
ideal for eliminating the bias in calculating geodesic
distances, but the use of different threshold sizes is
similar to the use of different sizes of propinquity
circles in our analysis because, in both cases, we are
trying to reduce the residual sympatry in species from
different components. The use of different thresholds
can enable the identification of different cleavograms
and change the final composition of species; (ii) the
sympatry inference between sets of species is strongly
influenced by this binarization, assuming that the
minimal sympatry is eliminated from its threshold.
When the values are over the threshold, the species
are considered to be in strict sympatry, so the co-
occurrence unit can be composed of species with
unequal distributions. For example, with our approach,
it was possible to recognize two areas of endemism
in the northern SMOR, also identified with the OPTI
method: the first area is composed of species that
are represented at >1500m asl corresponding to the
highlands of the Sierra Plegada, and the second area
is composed of species inhabiting the warmest areas
and distributed between 800 and 1500m asl; in the
latter case, the dichotomization does not allow the
separation of these areas. A similar case occurred with
the Central Systems, which cannot be recognized with
the NAMcoh, because they have complex relationships
produced by the wide distribution of the species; (iii) the
overestimation of the relationships, which is analogous
to the problem of interpenetration, and although to a
lesser extent, was represented in the dos Santos et al.
(2008) approach. An example of overestimation can be
found in the Quercus hondurensis—Quercus rapurahuensis
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dyad, in which there is a partial overlap and it is
significant for the dichotomous matrix; the NAMcoh
is the only method that recognizes this erroneous
association. Despite similar problems with our method,
the p-cores constitute an adequate tool for measuring
the magnitude of these inequalities in a set of species
because the cohesiveness is also limited without the
necessity of eliminating the minimal sympatries between
pairs of species a priori. The p-cores identify, within
a component with high cohesiveness, those species
with stronger ties among themselves, incorporating the
differential input and output ties among the species
involved. Only the homopatricspecieswill have identical
relationships, so we can identify subnets within large
networks with high cohesiveness.

The dichotomization process in the NAMcoh includes
a similar error in the overestimation associated with
the optimization methods (OPTI). Escalante et al. (2009)
mentioned that the OPTI is appropriate when we
are working with incomplete recollection data. The
OPTI (through NDM software) could recognize a larger
number of areas of endemism, many of them similar
to the areas identified with the iterative NAM, because
this analysis identified areas with a partial overlap
among the distributional areas of some of the taxa.
The change in the optimization parameters represents,
in some cases, the possibility of identifying a greater
number of areas of endemism (Fig. 4a and b). In the
OPTI analysis, one question that remains to be resolved
involves the selection of the best search parameters and
how to decide when the iterative analysis should finish.
The change in the drawing origin of the grid-cells can
have repercussions in the recognition of certain areas of
endemism, because their location and configuration can
change. When the fill and assumed options increase, an
increase in the number of areas may occur, but the true
size of these areas can also be greater, overestimating
the spatial dimensions of each area with respect to
the increase in the filling and assuming options. Thus,
certain species should contribute differently to the final
score of more than one area of endemism.

One of the most important arguments to use the OPTI
is the taxonomic recollection bias. The NAM 1, the NAM
2, and the NAM 3 consider the problems associated with
sampling in the delimitation of the areas of endemism
without inferring or assuming presences as in OPTI. All
of the areas recognized with OPTI are identified with our
NAM. The results obtained with the NAM 1, the NAM
2, and the NAM 3 are similar, despite the overestimation
of the distributional area of a taxon, because the strong
ties minimize the problem.

The ilerative NAM enabled us lo recognize a subnel
that includes the southern SMOC+the highlands of
BAL, defined by the distribution of the bi-centric species
Quercus urbanii, which is found in both regions and is
sympatric with Quercus hintonii in the highlands of BAL
and with Quercus radiata in the southern SMOC. These
areas are impossible to identify using other methods. It
was not possible to identify areas of endemism of this
nature with the NAMcoh.

The NAM identified those species with an isolated
distribution with respect to other species, or in which
the sympatric relationships were minimal with one or
more species, as in the cases of Quercus crispipilis, Quercus
duratifolia, Q. hondurensis, Quercus miquiluanensis, and
Quercus planipocula. It is not possible to define an area of
endemism based on the distribution of a single species
with a restricted distribution (Axelius 1991). Despite this,
these species strongly increase the betweenness of the
species with which they are associated, and therefore
they are considered to beelementswith identical weights
of the dyads or cliqués, so that their elimination increases
the subnet cohesion. Part of the betweenness bias should
be corrected with the use of aggregate constraints,
which allows the identification of the structural holes
in isolated species (vertices) in a subnet; these species
are particularly important in directed networks. To
obtain better results with the NAM, we should eliminate
species that appear to be isolated because they have low
aggregate constraint values.

NJ Analysis in Red Oaks and Tree-Like Methods: Differential
Rates of Change in the Biotic Composition

The NJ method enabled the recognition of those
zones that contain species with restricted distributions,
because it minimizes the distances between areas;
thus, those zones containing species with restricted
distributions will have longer branches. A tree with
four main groups was obtained with the NJ analysis
using the presence/absence matrix of the grid cells. The
presence/ absence matrix resulted insix longer branches,
indicating that many species that were restricted to six
areas (Fig. 4c, see Supplementary Material for details).

The NJ tree that was obtained using the inverse of the
distributions had better resolution, and the relationships
between the groups that were generated using this
method were more congruent with the physiographic
features of Mexico and Central America. In this tree,
four main groups were identified. In this study, we
claim that the evolutionary processes among the areas
of endemism of red oaks have occurred with different
speciation rates. The regions with the shortest branches
correspond to the eastern MEC, the eastern SMS, the
northern SMOC, the COAH, the COMA, the TALA, and
the CHIH, regions with almost homogeneous specific
composition and low alpha and beta diversity values,
which are a consequence of few speciation processes
and wide distribution intervals among the species
involved. These zones represent sites with relative
evolulionary slabilily for red oaks. The NJ idenlified
12 longer branches corresponding to eight geographic
areas (Fig. 4d, see Supplementary Material for details),
in which there are four zones with longer branches.
These consist of the following: (i) the northern SMOR;
(ii) the western part of the FVT, where it units with
the southern SMOC; (iii) the southern SMOR and the
SMOX; and (iv) the SMCG. These latter areas have higher
speciation rates, and the northern SMOR is the area
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Ficure 4.

Biogeographic patterns and areas of endemism obtained in this study. a) Areas of endemism obtained by OPTI without using

filling options; b) areas of endemism obtained by OPTI with filling options; in a) and b) each area of endemism has a different color and the
areas with reticularity are marked by hollow polygons. Areas of endemism obtained with NJ: ¢) without weighting and d) weighted NJ. In both
cases, the long branches are symbolized as dark polygons. e) Areas of endemism obtained with PAE; each color represents a different clade in
the strict consensus tree. Only the dark lines represent areas of endemism in strict sense; f) clusters obtained with UPGMA, using Jaccard index.

containing the highest number of species with restricted
distributions for section Lobatae (Torres-Miranda et al.
2011) and a high number of shared species among the
different components, increasing the beta diversity of
the set. These areas have been of particular interest
in the evolution of the section Lobatae, in which the
evolutionary process has resulted in high divergence

rates at the interspecific level. The species of red oaks
that have wide distributions contributed to the final tree
by establishing the most global spatial relationships,
because the process of group formation was based on
the minimization of the distances among the set of
areas. The long branches appear to be analogous to the
nodal areas of Croizat (1958), in which the concepts of
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biologically and geologically complex areas are involved
but under a global scheme of relationships (ties) among
the areas. In those cases with a high interchange of
species, parsimony approaches tend to lose resolution
resulting in large polytomies.

The NJ method emphasizes the relationships of areas
that have species with restricted distributions. The
length of the branch increases with the presence of at
least one species with a restricted distribution (e.g., if
a single species is distributed across two grid cells, the
length of both branches in the tree will increase even if
there are not any other sympatric species) or with the
convergence of a large number of species in the same
area. In both cases, long branches may indicate areas
in which vicariance plays a central role (the restricted
species are the direct result of vicariance when they
are associated with certain physiographic features) or
in which dispersal is the primary force that increases
the length of branches, but at a smaller scale compared
with vicariance. One inconvenience of the NJ method
is that the length of the branches does not increase
in areas that contain sympatric species with slightly
wider distributional ranges; for this reason, the TALA,
with only three endemic species of red oaks, was not
identified as a long branch, so itwas not recognized as an
area of endemism. Those branches with similar lengths
may guarantee the presence of the same set of species,
being an indirect approach in the recognition of areas of
endemism.

Despite the shortcomings of the NJ method in
identifying areas of endemism, this method is
convenient for identifying areas containing species
with restricted distributions and areas with complex
biogeographic histories, as all of the longer branches
coincide with restricted species or areas with
overlapping distributions of several species. With
this method, it is possible to efficiently and quickly
identify important areas for species conservation.
Furthermore, the NJ method offers a useful tool to
identify the relationships among areas, information that
is not possible to obtain with the PAE analyses, and NJ
analysis can offer a more efficient hierarchical system
than the one obtained with the PAE analysis (Fig. 4e)
and unweighted pair group method with arithmetic
mean analysis (UPGMA) (Fig. 4f). It is important to
note that the unweighted NJ analysis shows results
similar to those from the UPGMA analysis. In turn, all
of the UPGMA results show both clusters and similar
topologies using different indices for their construction
(see Supplementary Material for details). The most
important incongruences among the different indices
arc found in the central part of Mexico (in the FVT); these
are places where important reticular events occurred. It
is clear that the sensitivity of the different indices to the
shared presence of species is the only difference among
all of the ultrametric clustering methods.

The PAE analysis produced poorer results, identifying
only one area of endemism: the Sierra of Talamanca (see
Supplementary Material for details). The rest of the areas
were not defined by two or more synapomorphies. The

number of synapomorphies could increase if we used
larger grid cells (Morrone and Escalante 2002); however,
this alternative has the inconvenience of losing spatial
resolution thus increasing the effect of using artificial
areas because the use of grid-cells as non-natural units
is similar to the use of taxa with an unclear taxonomy
(e.g., the case of a single species with two lineages that
are, in fact, two different species), through trees with
incongruence in their relationships. Many authors have
considered it optimal to use more species than the total
number of areas, and it is true that this is optimal when
the evolution of the areas is only dichotomous. This does
not apply in areas with reticulate evolution, as is the case
for red oaks because this reticular pattern consistently
generates polytomies and holding trends in clades with
several taxa relative to others. The use of more areas
than species in the PAE analysis can inform only the
widespread relationships among the areas, so that in
biogeography, the use of more species than areas only
serves to identify all of the dichotomous events of the
areas, so the target is not fulfilled if reticular evolution
has occurred in the areas. We can conclude with this
study that the PAE analysis was unable to identify areas
of endemism as reported by Brooks and Van Veller
(2003).

Dos Santos etal. (2008) stated that the ideal organisms
on which to run a PAE analysis are those with limited
dispersal capabilities and in which speciation occurrs
almost exclusively by vicariance. These characteristics
are not fulfilled by red oaks because their fruits
are dispersed by birds and mammals and because
hybridization has been assumed to extend throughout
their area of distribution, giving rise to new hybrid
species, such as Quercus dysophylla (Tovar-5anchez and
Oyama 2004). As Brooks and Van Veller (2003) argued,
when species disperse after speciation or when not all
of the species respond to vicariance, as in this case, the
relationships among them can be hidden.

Concerns Regarding the Biogeography of Mexico and Central
America

The distributional analyses performed, especially
with the NAM, indicated that the Mexican provinces
considered as natural units in earlier biogeographic
studies are not monophyletic and that the relationships
among them display a complex biogeographic history.
The SMOC, the SMOR, the FVT, and the SMS are each
complex areas composed of at least two different units.

In the NAM analysis, the Mexican Transition Zone
(MTZ), unlike Halffter's conception (1987), compriscs
all of the montane systems of Mexico and Central
America, excluding the TALA in Central America and
the northern portions of the SMOR and the ALTN
in Mexico; this definition is similar to the results
obtained by Liebherr (1994), Marshall and Liebherr
(2000), and Contreras-Medina et al. (2007b). The Isthmus
of Tehuantepec and the Nicaragua Depression were
the primary barriers detected in all of the iterative
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NAM analyses. We recognized that the Isthmus of
Tehuantepec constitutes the primary geographic barrier
to the distributions of most of the red oak species,
dividing the Mexican Montane Component from the
Mesoamerican Component. However, of eight red oak
species, five of them (Q. candicans, Q. castanea, Q.
crassifolia, Q. conspersa, and Q. elliptica) form a group
distributed from the SMOC, the FVT, the southern
SMOR, and the SMCG, extending to the south and
reaching the Motagua Fault System in Guatemala.
The other three red oak species form another grou
distributed at ~1200m in the SMOX and the SMCG
to the COMA, reaching the Nicaragua Depression.
Halffter (1976, 1978, 1987) and Rzedowski (1978, 1991)
indicated that the Nicaragua Depression constituted a
barrier preventing the dispersal of Nearctic taxa to South
America, being the limit of the Mesoamerican region.
In the case of red oaks, the Nicaragua Depression was
an effective barrier for the speciation of the genus, and
the diversity of species decreases toward Costa Rica
(Torres-Miranda et al. 2011).

Despite minor differences, all of the methods (NAM,
NJ, OPTI, PAE, and UPGMA) produced the following
congruent patterns: (i) the four main regions in Mexico
and Central America (Mexican Transition Zone in the
strict sense): the Central Systems, the Eastern Systems,
the Western Systems, and the Mesoamerican Systems,
further identifying the TALA and the Northern Systems
as components with different evolutionary histories; (ii)
the separation of the SMOC at the limits of Durango and
Chihuahua into a northern (related to the Planicies de
Chihuahua) and a southern part (related to the southern
MEC and the western FVT); (iii) the division of the SMOR
into two parts, onc in the north and the other in the south;
(iv) the relationship between the northern SMOR and the
COAH; (v) the complex nature of the FVT, formed by at
least three main parts: western (related to the southern
SMOC), central (related to the SMS), and eastern
(related to the SMOX and the southern SMOR), this
regionalization of the FVT that was recently proposed
by Torres-Miranda and Luna-Vega (2007); (vi) the
relationship between the SMCG and the COMA, forming
the Serranias Transistmicas proposed by Rzedowski
(1978), and their relationship with the TALA. Three areas
were problematic in all of the analyses: (i) the eastern
FVT +the southern SMOR +the SMOX, (ii) the SJ in the
western part of the FVT+the southern SMOC, and (iii)
the SMCG related to the COMA for species restricted to
Mesoamerica or related to the Central Systems in Mexico,
including widely distributed species.

Chovsing a Method for [dentifying Areas of Endemism:
Issues to Consider and Some Hypothetical Cases

Different evolutionary approaches and methods can
be followed for identifying areas of endemism: (i)
networks (NAM and OPTI), in which we are assuming
that the species evolve in homopatry (strong ties),
but there are reticulation events in their distributions

that cause partial sympatry (weak ties); (ii) tree-like
methods (N], PAE, and UPGMA), in which it is assumed
that the areas evolve only dichotomouslly (strictly
allopatric caused by barriers), and the main problem
is caused by partial sympatry because of dispersal,
generating low resolution results. The tree-like methods
analyze the relationships of the areas based on their
species, whereas the network and optimization methods
evaluate the relationships of the species according to
their shared areas. The network-like methods only
weight the sympatric relationships among the species,
and they cannot identify the areas in which the larger
amounts of overlapping events are present.

The selection of the method directly atfects the
identification of the areas and the final interpretation
of the results. Figure 5a shows how method selection
can affect the results in a trivial distributional case of six
species, in which the species do not respond to vicariant
events, and homopatric and endopatric relationships are
assumed. Among the network methods, the only one
that can be considered deficient is the NAM proposed by
dos Santos et al. (2008) and only based on betweenness
because this criterion alone fails to be informative when
there is no betweenness among species, a problem
detected by Casagranda et al. (2009).

The NAM of dos Santos et al. (2012) that uses
cohesiveness presents identical results as our proposal
using p-cores. The tree-like methods do not have
problems recognizing the three areas of mutually
inclusive endemism, despite that the included clades in
PAE analysis are polytomies. The NJ with differential
weighting of species showed a topology with an
extremely long branch, in which the six species were
found (distributional reticulation). The cffect of longer
branches is lost when unweighted matrices (binary)
were used, obtaining identical relationships to those
from UPGMA. In those relationships in which a mutual
inclusion exists and the species do not respond to
vicariant events, the results from almost all methods are
ambiguous, despite when it is possible to identify the
areas of endemism.

A good example of strict vicariance is shown in Fig. 5b
in which the following parameters are considered: (i)
when we have species with homopatric distributions,
(ii) when there are areas of inclusive homopatry (large
areas including smaller areas) defined by exclusive
species, (iii) when there is allopatry among areas,
in which vicariance is the main evolutionary force,
(iv) when there are no partial sympatric relationships
(reticulation) between two sets of species. With the
tree-like methods, it is possible to identify identical
topologies and relationships; these are the ideal cases
in which to undertake PAE analysis because vicariance
is the only evolutionary force modeling the distribution
of species. The UPGMA and binary NJ analysis
generate an identical topology because all of the
species contribute with identical weight and there is
no reticulation. Despite this, the weighed NJ analysis
identified longer branches (representing areas with a
higher biotic differentiation), respecting the topology
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FIGURE 5.

Comparison among the different methods considering hypothetical distributions: a) six species (A—F) with endopatric distributions;

therefore, they do not respond to vicariant events; b) 12 species organized in pairs (A-L) also considering endopatric distributions; in this case,
they do respond to vicariant events. In both cases, the NAMa (this study) is based on betweenness, aggregate constrains, and p-cores; the NAMb
(dos Santos et al. 2012) is based on cohesiveness through a cleavogram, and NAMCc (dos Santos et al. 2008) is based only on betweenness.

in areas where species with restricted distributions
are present (maximizing speciation processes). All of
the network-like methods identify identical patterns,
but the NAMcoh cleavogram found three main
unlinked subnets (because it does not offer hierarchic
relationships). In our study, there is a nesting scheme

that involves a maximal evolution principle. With this,
we are assuming that the smaller areas are part of larger
ones inwhich, after deleting those areas with the highest
betweenness values, it is possible to consider them as
part of the probable history of the fragmentation of the
areas under the minimal evolution principle.
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Figure 6 shows a hypothetical case of areas with more
complex biogeographic histories, in which dispersal and
extinction events can be detected. In these cases, areas
of endemism are not mutually exclusive, a situation that
occurswith the red oaks. Ifwe use network-like methods,
we can visualize that the optimization overpredicts both
the number of areas of endemism and the contribution
of each species in the areas involved. By contrast, if
we decide to use the NAM-based analyses on the
betweenness values, it is not possible to identify the total
numberof areas involved using the NAM thatis based on
cohesiveness, we should overpredict the number of areas
of endemism because we are considering the process
of dichotimization of the weighted networks. This case
is similar to optimization but at a lower magnitude,
when some species without homopatric distributions
do not form well-supported areas of endemism. The
NAM proposed in this study allows for the identification
of areas of endemism using p-cores, the more cohesive
subnets in those cases in which betweenness are not
informative. It also offers a nesting system of areas,
which is not possible to obtain with the cleavogram of
the NAM based on cohesiveness.

The results of the tree-like methods are different
among themselves; the PAE analysis is the most
inefficient of all because it produces multiple most
parsimonious trees that, when summarized in a strict
consensus tree, have many large polytomies. These
polytomies can be resolved with an increase in the size
of the areas, with the disadvantage that the common
information of the species may be overestimated. By
contrast, the UPGMA method is efficient for recognizing
groups, despite that the use of different indices can
change the obtained results, especially in those cases
in which there is partial sympatry. In the case of
nonweighted NJ, the results are similar to those obtained
with ultrametric indices. When using weighted NJ, it is
possible to obtain trees with better resolution than when
using nonweighted NJ and to appreciate the effect of
long branches in those areas involving the reticulation
processes and/ or of recent evolution.

CONCLUSIONS

Based on the results of this study, we consider the
NAM to be an efficient and powerful method of analysis
of homopatry because all of the identified subnets were
defined by at least two species, including the largest
areas containing other small areas in a nested system. We
proposed that betweenness and aggregate constraints
are good tools for recognizing entirely allopatric subnets,
but when there is some sympatry between different
spatial components, the betweenness values are not
adequate to recognize areas of endemism. The p-core
values measure the intensity of the input and output ties
in weighted and directed matrices of sympatry. When
we run the NAM using propinquity circles of different
sizes, we can obtain similar areas of endemism. With this
in mind, we consider that even when maximizing the

dispersal effect of the species, the results of the NAM
are feasible and robust, and they are congruent with the
results of other approaches utilized in previous studies.
With iterative NAMs, it is possible to efficiently find
overlapping areas of endemism with respect to other
areas obtained in the analysis, reflecting the complexity
and dynamics of the recognized areas of endemism
with reticular evolution. The NAM analysis can be very
efficient at recognizing endemism relationships among
areas that are clearly separate and disjunct, as in the case
of Q. urbanii with respect to Q. radiata and Q. hintonii.
This is a novel and extraordinary characteristic of the
method because NAM is the only known method that
can achieve these types of results.

The NAM in this study is similar to the NAMcoh based
on cohesiveness (dos Santos et al. 2012) and generally
showed similar spatial results but with different species
association. These results can be improved when we use
NAM and smaller propinquity ratios are considered,
which is similar to the thresholds used to binarize the
weighted matrices in the NAMcoh. In our study, the
p-cores acted as a robust way to evaluate strong or
weak ties even within highly cohesive groups without
the necessity of eliminating minimal sympatry. The p-
cores are more efficient when the networks are small.
The establishment of strict associations among a set of
species should offer new paths to understanding the
diversification processes and environmental assembly
of the species that allow us to distinguish key
species in the associations, and to downplay the
eventual species that are not defined in the geographic
and environmental associations. The understanding
of community assemblies through networks should
represent an important advance in conservation biology.

The NJ analysis included eight larger branches
representing areas with a complex biogeography and
complex tectonic histories, coinciding with areas with
the highest diversity and sympatry of species. These
areas of endemism represented species with restricted
distributions, maximizing the vicariance effect. The
OPTI analysis offered results similar to those from the
NAM, but questions remain unresolved involving the
selection of the best search parameters and the decision
of when the iterative analysis should be complete.
Compared with these analyses, UPGMA and PAE were
inefficient in recognizing areas of endemism under
complex scenarios. The NJ method has advantages over
the other tree-like methods, because it can identify
complex areas through a minimal evolution principle,
guaranteeing the recognition of clusters of areas and
maximizing the weight of those species that have wide
distributions, offering major inclusion relationships. The
clusters without large branches represent areas in which
the species composition is similar and in which evolution
occurred at a constant rate, so they can be recognized as
real areas of endemism.

As suggested by Croizat (1958), reticulation is a
process that has shaped the history of biotas. As
proposed by Croizat (1958), the zones of major species
richness generally are congruent with his hybrid
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Figure 6. Comparison among the methods undertaken from the hypothetical distribution of 18 species (A-R). In this case, events of
dispersal, extinction, vicariance, and reticular evolution are assumed. Eight areas of endemism are considered. The NAMa (this study) is based
on betweenness, aggregate constraints, and p-cores; the NAMb is based on cohesiveness through a cleavogram (dos Santos et al. 2012); and the

NAMCc is based on betweenness (dos Santos et al. 2008).
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or nodal zones (Contreras-Medina et al. 2001). The
network analysis of areas versus areas should represent
an alternative method to analyze the biogeographic
relationships in such a way that it should be possible
to directly recognize the reticulation events among the
areas involved.

Finally, we must consider that the areas and their
biotas do not evolve at similar rates depending of many
factors, such as latitude, altitude, and others. Those areas
with great biotic complexity are, then, the primary focus
for study. If the results of networks are combined with
the weighted NJ methods, they can generate hypotheses
about the stability of the components in a temporal
space and obtain detailed and robust biogeographic
hypotheses. Under this perspective, the NAM and the NJ
analysis are excellent alternatives for carrying out future
biogeographic studies.

SUPPLEMENTARY MATERIAL

Supplementary material, including data files
and/or online-only appendices, can be found in
the Dryad data repository at http://datadryad.org,
doi:10.5061 / dryad.nh30v.
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This study analyzes the distribution of 102 red spé&cies from North America. Based on
two non-directed matrices (single and complete)careied out network analysis utilizing
the concepts of cut-vertex, dyadic constraint agttvbenness. The cliques or subnets
obtained were equivalent to generalized tracksag&keith higher betweenness were
considered nodal zones. The five most importanahoones were: (1) Appalachian
Ridges, which link the Appalachian systems with@®atral Lowlands and the Atlantic
Coastal Plain, (2) Mojave-Sonora Megashear, whatdted to two nodal zones that
connect the Mexican Basin Range with the northéen&Madre Occidental, (3) Mesetas
Coahuilenses with the Sierra Plegada, (4) faultsvatieys of the Polochic-Motagua
systems in Guatemala/south-western Mexico, whicretated with the Maya and Chortis
terranes, (5) western, eastern and central majttsfaf the Trans-Mexican Volcanic Belt.
The expansion of the distributional areas couldeHavilitated the convergence of different
biotas. During glaciations, the oak populationsagreonverged in different areas and
increased their distribution ranges, promotingakistence of reticular areas. Studies in
population genetics and phylogeography have shdkaddh high genetic structure
determined by fragmented populations are correlaigdgeneralized tracks and also

strengthened previous refuge proposals.

ADDITIONAL KEYWORDS: geology - network analysis odal zones -

panbiogeography - North Americguercus- refuges - structural faults
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INTRODUCTION

The central idea of Croizat (1958) is that the [Eartd its biota evolved together.
Following this principle, the distribution areasdifferent taxa can show similarities
because they were part of an ancestral biota taatfragmented by vicariant events
(Grehan, 1991, Craet al, 1999; Contreras-Medina & Eliosa-Leén, 2001; Exstzet al,
2004; Torres-Miranda & Luna-Vega, 2007). Croizgmbiogeographic method involves
three main steps: (1) mapping localities of a taand connecting them with line graphs
(minimal spanning trees), according to their minigeographical distance, to form an
individual track; (2) identifying zones of geograpbverlap of individual tracks, named
generalised tracks; and (3) identifying panbiogapgic nodes in the zones of intersection
of two or more generalised tracks, which representplex areas, that is, combinations of
different biotic and geological components (Pa@871 Craw, 1988; Morrone, 2004).

Panbiogeography assumes that vicariance is the faxa@ie generating recent
distributional patterns of organisms. Morrone (20@#ntioned that the species can expand
their distributional areas through dispersal (dypmases of general mobilism).The
creation of barriers limits species distributiodaring phases of general immobilism)
causing speciation. The latter process has gewnevatariance patterns that can be
identified by their generalized tracks (MorroneQ2)) The recognition of generalized
tracks is difficult, as not all species undergocsgigon after a vicariant event, and dispersal
occurs repeatedly, leading to the existence ofispedth wide distribution. Track analysis
does not require the phylogeny of the taxa undetysto be known and can include many
taxa from unrelated taxonomic groups (Torres-MigmB&d_una-Vega, 2007). Dos Santeis
al. (2012) and Torres-Miranda al. (2013) proposed that the distributional areas\aabl

in a reticular manner, so the vicariance patteradraquently hidden.

35



Panbiogeographic nodes are areas where ancesiias lsonverge or diverge and
represent the most important reticularity eventhehistory of the biotas. Heads (2004)
mentioned that the concept of node is capital mbpageography, as it is at the that
coincide the areas of high species richness, leigtld of genetic differentiation, and
geological complexity. Contreras-Mediatal. (2001) established a close relationship
between the worldwide panbiogeographic nodes, bteasgnd Pleistocene refuges, so it is
possible to establish a relationship between clovascillations and convergence of
ancestral biotas.

Panbiogeographic concepts contributed to the dpweént of vicariance
biogeography, particularly cladistic biogeograpRia{nick & Nelson, 1978). Recent
studies have stressed the role of tectonic platégyaology in panbiogeographic studies
(Grehan, 2001; Heads, 2003, 2006, 2008a, 2008Ispifeethe impact of panbiogeography
in the development of vicariance biogeography (ft&t& Nelson, 1978), some authors
have considered it to be ambiguous, unable taatdiits results, and based on phenetic
methods (Cracraft, 1975; Ball, 1976; McDowall, 19/P8tterson, 1981; Seberg, 1986;
Briggs, 2007). Following these criticisms, attemjptsjuantify panbiogeography have
appeared; for example, parsimony analysis of enslen(iPAE) based on presence-absence
matrices of taxa in different areas (Luna-Vegal, 2001; Morrone & Marquez, 2001;
Contreras-Medinat al, 2007; Corona&t al, 2007). In the area-cladogram obtained by
PAE, a generalised track, based on the superposifitvo or more individual tracks, is
homologous to a clade supported by two or moremymarphies. Under this approach it is
not possible to recognize nodes, because the dlachsgobtained with parsimony do not
allow the recognition of reticular patterns. PAEIsilar to Craw’s method (1988) based

on character compatibility that used a presencefaigsmatrix of taxa in “tracks”. Craw’s
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intention was to quantify panbiogeography throughdeneration of random matrices and
show that generalized tracks (identified by coniplitly cliques) are not due to chance.

Page (1987) developed a method to apply Croizarnbipgeography using graph
theory. In general, graphs are sets of verticetofalities = points) that are united with
other nodes through edges (ties = tracks). Veraceghe taxon localities and these are
linked with each other based on the minimal distgminciple. There are two types of
matrices for network tests in panbiogeography (P2987). The first, a connectivity or
adjacency matrix, is amx n matrix, wheren represents the number of vertices (points) in
the graph (corresponding to the localities whexa &e distributed). The second, an
incidence matrix, is anx j matrix, whera is the number of vertices apt the number of
edges connecting these vertices (points). Page&{18#&d a connectivity matrix analysis
(vertex vs vertex) to identify those places that ba considered as complex areas
(panbiogeographic nodes), and incidence matricasi¢es x edges) to identify generalised
tracks. Henderson (1990) applied graph theorydiffarent way, quantifying the degree of
the vertices based on the number of edges (traeisrting from these vertices and
identifying vertices oh-degrees (i.e. a node of second degree is wher&dw/goncur).

Dos Santoet al (2008, 2012) and Torres-Mirandaal. (2013) performed a
network analysis using sympatry matrices betweegisp to identify areas of endemism.
Following this proposal, two homopatric species banmecognized if we iteratively
eliminate those species with the highest betweewasies, because they represent partial
sympatry relationships with other species, maihbse taxa with wide distributions.
Torres-Mirandaet al. (2013) transferred the network analysis of spelieseas, and
proposed the betweenness principle to identifydlarsas that link two independent

components or cliques with each other. These diguesubnets are analogous to

37



generalized tracks, while the areas with high betwess values act as panbiogeographic
nodes (see Table 1).

The main objective of this study was to use a netviramework to test for a
biogeographic correlation between red oaks anddloéogical and tectonic history of
North America. Our aim was to determine if the ggatal features have acted as centers of
differentiation of species and their distributioasd to identify those areas with the most
evolutionary complexity in the genus. A second gueas to investigate whether the
panbiogeographic nodes were areas of tectonic @xitypkhat are located near major
faults, and whether the generalized tracks carhbeacterized by synchronic lithological

sequences.

MATERIALS AND METHODS

DISTRIBUTIONAL DATA

Distributional data for 102 red oak species wertioled from our revision of herbarium
specimens in the following collections: MEXU, ENCIEB, XAL, UNL, CHAP, IZTA,
FCME and INIF. Other occurrence data were obtafred LL-TEX, MO (accessed
through GBIF Data Portal, www.gbif.net) and Consont of California Herbaria
(ucjeps.berkeley.edu/consortium/). In addition, mgmaphic and floristic studies were
reviewed (complete references for Mexico and CéAtngerica oaks are shown in Torres-
Mirandaet al, 2011). The records include presence data dftkeies inhabiting the main
physiographic systems in California, eastern Ungéates and in the Mexican and Central

American mountains (see Fig. 1).

UNITS OF ANALYSIS : VERTEXES ZONES
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We applied a new approach for network analysis.fireestep was to define the units of
analysis named “vertex zones” as follows:

(a) The distributions of the 102 red oak speciesevmeapped in GIS ArcView 3.2
(ESRI, 1999) and their minimum spanning trees vdeagvn (MST) using the program
Trazos© (Rojas-Parra, 2007), considered as indalittacks (see Appendix S1). The
lengths of each of the 102 MST were calculateddinvided by the number of localities.

(b) The mean valugu(= 26.96 km) and standard deviatiog € 16.79 km) of the
102 MSTs were used to draw propinquity circles. Med two different sizes of ratios to
draw the propinquity circles between the red oatifthe montane areas and those from
the lowlands. The montane areas present fragmelig&tbutions due to the topographic
complexity of the mountains, while the lowlands@ps have more extensive and
continuous distributions due to the regions’ mdablke topography. In the oaks of the
montane systems of Mexico, Central America andf@aiia, 1 — 1.50 was used to draw
the propinquity circle ratios of point localities proposed by Rapoport (1975), while for
the “lowland” red oaks ( < 500 masl in the eastémited States)i — 0.50 was used to
establish the propinquity circle ratios.

(c) With ArcView 3.2 (ESRI, 1999), all individualatcks of the 102 species were
“intersected” through the propinquity circles obiil in the previous step, with the goal of
delimiting the discrete units of analysis, namedeasezones in this study. In graph theory,
these are equivalent to the vertices of a conngctivatrix (Page, 1987).

A second step consisted in obtaining two globaheeipcy matrices.

Considering a matrir x n (n = vertex zones), if one MST linked vertex A totBis tie

was codified as 1. This way, we obtained 102 adi@genatrices for all the species based
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on their MST, and all were summed to obtain thédgl@adjacency matrix. The single
global adjacency matrix was obtained by assumiagitithe MST of a species connected
the area A with area B, and B with area C, thetiiahips between & B, B>A, B >
C, and C> B were codified as “1”. The complete global adjamematrix was obtained
using the assumption that if the MST of a spece®ected the area A with area B, and B
with area C, all relationships among areas coulddai#fied as “1": A> B, B>A, B 2 C,
C->B,A>C,and C> A

The matrices obtained correspond to the adjacemtspoof a weighted and
undirected graph: G = (V, E); where V is the setaftices or nodes (formed by 255 vertex
zones) and E is the set of ordered pair of veritedled edges or ties (with an assigned
weight that represent the strength of two areasdasthe number of shared species of

them).

NETWORK ANALYSIS BACKGROUND
Networks are characterized by ties among vertiCestain ties represent the only
connection between distant vertices and their reihcneates new components; such ties
are here named bridges. Deletion of a vertex mag tiee same effect as the removal of
the incident ties or bridges. A cut-vertex is aeemwhose deletion increases the number of
components in the network (Noeyal, 2005).

Within a network, those sections which are maimdirelatively unchanged after
the manipulation of a single vertex are termeddmponents. The vertices (or actors) that
control the flow of information from one part ofetimetwork to another are named cut-
vertices, and their removal can disconnect the odwA bi-component is a component

that does not contain a cut-vertex, in such a \waythe flow in this component is always
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maintained (Noot al, 2005). Holes inside the networks are problenmaitause they
interrupt the flow of information. The cut-verticeffer ‘brokering’ information between
these vertices and their neighbors, and their rantauses holes inside the networks of
neighbors that are named structural holes. Theidyaastraint is inversely related to the
structural holes associated with it: low constramiues are related to the existence of
many structural holes. Thus, a higher constraihtevandicates that a vertex has few
opportunities to break with its neighbor; if thisrtex is lacking, the flow in the network is
disrupted, as expressed in the dyadic constraimd.afjgregate constraint of a vertex is the
sum of all the dyadic constraints related to tleatex. Higher aggregate constraint values
indicate that a vertex has less freedom, but tlaen lthe strongest relationships with some
vertices (Nooyet al, 2005).

Betweenness is a measure of the number of timekich a vertex is located on
the shortest path (geodesic distance) between ramiess networks; and thus, vertices
with higher betweenness can control the informatiiow in the network (Freeman 1977,
1979). In a network analysis, a vertex zone wikhgh betweenness value corresponds to
elements that connect two different subnets; wheséd elements are deleted, the subnets
are separated and the betweenness value betweeenétas zero. In consequence,
betweenness is a concept that involves the ideéadniain elements in networks act as
connectors among subnets; the iterative eliminatfidhese elements allows the
recognition of subnets or cliques.

When we introduce this concept into Croizat’s bmg@aphy (see Intro), and after
the removal of the cut-vertices or intermediaryaarehe identified cliques allow the
recognition of components equivalent to generalizacks, but without directing

individual tracks. At the same time, they allow teeognition of panbiogeographic nodes
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where the elements of two subnets converge (sele Tdbr details). The nodal zones in
this proposal are different from the concepts psepldby Page (1987) and Henderson
(1990); for these two authors, a nodal zone istiled by the number of tracks that are
incident upon a vertex. This is compatible with tise of the vertex degree as a centrality

measure.

NETWORK ANALYSIS IN PANBIOGEOGRAPHY

Single and complete global matrices (see Appendiar®l S3, respectively) were
separated into three main allopatric networksa($jnall network of 13 vertex zones that
constitute the Californian region, (2) a networld0fvertex zones that represents the
eastern United States lowlands, and (3) a largevark of 152 vertex zones that includes
the montane systems of Mexico and Central AmeNcme of these main networks share
any species with each other. We found four endepecies in California, 24 in eastern
United States and 74 in Mexico and Central Ameritee highest species diversity of red
oaks occurred in this last region.

As a first step, we calculated whether there ve¢teast two bi-components in each
network based on the original global adjacency icegr(single and complete) of 255 x
255 vertex zones using the software Pajek 1.24a(dt& Mrvar, 1999). We then
proceeded to evaluate the aggregated constraimig tie structural holes option of Pajek,
with the goal of identifying those vertex zoneshnstrong aggregated constraints values,
and then checked the betweenness value of eadxv#rithe aggregated constraints
allowed us to identify an internal structure in tregwork (cohesion net), we removed all
zones with higher betweenness values since they alisconnected two distant structures

in the networks. If the aggregated constraintsndidallow the identification of a cohesive
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structure in the network, we proceeded to elimitiadse vertex zones whose betweenness
values were higher than the betweenness densitgv.al his procedure was continued
until the removal of vertices caused isolated gegior subnets with less than three vertex
areas. Once the cliques were formed with the itexraimination of vertex zones, the
areas formed by each clique were visualized in AewN3.2 (ESRI, 1999).

In order to examine whether our results could h@#ared by chance, we obtained
100 randomized matrices based in our global ad@ceratrices (single and complete),
and identified the subnets and nodes in each mattixthe goal of avoiding the effect of

chance.

GEOLOGICAL AND TECTONIC FEATURES

We collected data on the main geological faultslexico, Central America and the United
States (a complete list of references is showngpehdix S4). These faults were digitized
with ArcView 3.2 (ESRI, 1999) and superimposed anap of the faults of North America
(Garrity & Soller, 2009). We also collected infortima on the lithological sequences of
the main physiographic systems of North Americaéoleon King & Beigman, 1974).
Finally, we identified the Pleistocene refuge angagposed for temperate taxa inferred
from palaeoenvironmental and/or palynological dsayer, 1973; Watts, 1979;
Overpecket al, 1992; Lozano-Garciet al, 1993; Lozano-Garcia & Ortega-Guerrero,
1998; Jacksoet al, 2000; Metcalfeet al, 2000; Williamset al, 2004, Caballeret al,
2010) as well as phylogeographic data (Swenson &atd, 2005; Soltiet al, 2006;
Jaramillo-Correat al, 2006, 2008, 2009; Rodriguez-Bandeartal, 2009). The study

integrated this tectonic, lithological and climati@idence with our network analyses.
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RESULTS

We identified two subnets after the removal of coe of 13 vertex zones from the
California region with the single adjacency materd nine subnets after the removal of
34 from the 90 vertex zones from eastern of Untades. From the three initial bi-
components, 15 cohesive subnets or cliques ofwederes were identified through the
iterative removal of 49 (out of 152) vertex zonesyi the montane regions of Mexico and
Central America. In summary, 26 subnets of vertmes were identified for red oaks
using a single adjacency matrix (Fig. 2a).

With the complete adjacency matrix, we did nonidg subnets in the California
region, but we recognized four subnets from 90sane@astern of United States, and 11
cliques of vertex zones from the montane systenidexico and Central America. Thus,
15 subnets of vertex zones were identified in Némtherica using a complete adjacency
matrix (Fig. 2b).

Using both matrices, we identified four subnetstfer eastern United States,
equivalent to generalized tracks. Using the siagli@acency matrix, two subnets were
observed in California. In the montane systems ekigb and Central America, seven
subnets were identified with the single adjaceneyrix and six subnets with the complete
adjacency matrix. Many of the nested cliques arggnoent with the results of both
matrices. The hierarchical nesting of areas isngogent between both matrices due to a
high interchange of biotas among the areas involVas can be corroborated because
many of the nodes with higher betweenness valutsiletwork Analysis are found
within those areas with incongruent nesting.

For the montane systems of Mexico and Central Acsadsee Fig. 1), the main

subnets that were congruent with both matrices vegr€HIH, b) the Northern Systems
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including SMOC, northern part of SMOR, COAH, and ®IE) the Central Systems
including certain regions of the TVB, SMS and tredas Highlands, d) the MB (Sierra
Madre de Chiapas and Chiapas Highlands), and &€}ihi@and CeB (Comayagua
Mountains to the Cordillera de Talamanca). Two mgraent areas were detected in the
nested systems of these subnets: the Polochic-Matagnes in Guatemala and the
western and eastern parts of the Transmexican Wal&elt (see Fig. 3a-b).

We identified 32 panbiogeographic nodes with tinglsi adjacency matrix and 29
nodes with the complete adjacency matrix (see Rigy. Table 2 summarizes the nodal
zones. The panbiogeographic nodes identified woth natrices coincide in 20 areas, and
these can be regarded as nodal zones. Nodal zanestanly point localities where two
or more generalized tracks intersect; they invttheeremoval of several vertex zones
generally located at the boundaries of the physiglgic provinces or located near the fault
systems (see Fig. 4a-c). These nodal areas inadivgh exchange of biotas and high
levels of reticular evolution, therefore had lovaggregate constraints and higher values of
betweenness in the network analysis (Torres-Miradd, 2013).

In the random iterations of the simple global adjay matrix, it is confirmed that
any vertex has the same probability to have a betveenness value and can be
considered as a panbiogeographic node, becauseish®st significant differences
between the observed and expected values. Howtbeee, were no cases of networks with
similar topologies to those found in this studyeTAndom networks have dense
topologies in which the iterative removing of vees with high betweenness is not enough
to separate subnets. Only in a few cases it isleds obtain a limited number of subnets
with a small number of involved vertices, and tifect of isolated vertices is common.

The aggregated restriction is similar between #éices, except for those that act as
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isolated vertices. When the effect of isolatediges is removed, the aggregated restriction
and the betweenness become homogeneous.

The randomization of the complete global adjaceretyork always resulted in
dense connected to each other vertices topologlesre the betweenness of each vertex in
the network had similar values (homogenized betwegs), avoiding that the process of
removal of vertices to separate the subnets. lsethases, the aggregated restriction of
each vertex is almost equal, and it is possibfentbnodes with high or low freedom
within de network. All of them have the same weightl importance in the network flow,
so the panbiogeographic nodes approach could riesldévant because the network will

represent a zone where all the species can benpasetically in all the areas.

DISCUSSION

A BIOTA LINKED TO ITS GEOLOGICAL PAST : CHARACTERIZING THE SUBNETS AS

GENERALISED TRACKS

Eastern United States and the bridge role of thpafgchians:In the two analyses that
were run for this zone, the Appalachian Ridges stbincongruent relationships due to
the presence of red oak species with wide disiobstin the north-western and south-
eastern Appalachian Ridges. There is a close oakttip between the dominant vegetation
communities in components b and c: the New Engldpldnds are dominated by northern
hardwoods an®iceaAbiesforests, while the CL and Interior Highlands acenihated by
mixed mesophytic and oak-hickory forests wh@reubraandQ. albaare the dominant
species (Kuchler, 1964, 1993; Delcourt & Delco@@00). The oak-hickory-pine forest is

characteristic of some areas neighboring the Agph#&#a system, wher®. coccineaQ.
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falcata Q. marilandica Q. rubra Q. shumardiiandQ. velutinaare very common. Finally,
on the Atlantic Coastal Plain the dominant vegetais a mixed forest witkRagus
LiquidambarMagnoliaPinusQuercus the most common red oaks &efalcatg Q.

incang Q. laevisandQ. marilandica The dominant vegetation in the Appalachian Ridges
is oak forest, and this is the area with the highesveenness values in eastern United
States.

The thrust faults of the Brevard fault zone arerttaen features limiting the two
major components in eastern United States (seel&)gThe red oaks of the CL, APP and
Interior Highlands (OZP + OA) occur at the westpant of the Brevard fault zone, where
Q. rubraandQ. ilicifolia are key elements in the oak-hickory forests andsaatannas.

The red oaks from the southern Appalachian (BR +Pdtcur at the eastern part of the
Brevard fault zone, whe®@. falcataandQ. shumardiiare frequent members of the oak-
hickory-pine forests. The Brevard fault zone arglttirust faults have also been identified
as a phylogenetic break in amphibians, reptileslskand plants (Soltist al, 2006;
Jaramillo-Correa&t al, 2009).The Appalachians constitute an area wivetespread red
oak species are not well represented; examplesda@. falcata, Q. hemisphaerica, Q.
nigra, Q. pagoda, Q. phellandQ. shumardiiThese are characteristic of tQeercus
NyssaTaxodiumforests of the southern and south-eastern UnitaigS.

Regarding the Interior Highlands, our analysis sufgpthe use of separate
provinces, with the OZP related to the northerr pathe Appalachians (c@. coccinea
andQ. marilandicg, while the OA is closely related to the south&@ppalachians
(especially the VR), wher®. georgianaoccurs. The Blue Ridge and Piedmont provinces
are related to the Ouachita orogeny. The CL daeroged 200 m elevation and a stable

region, the North American craton (Brouillet & Whtetne, 1993; Vigikt al, 2000). The
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presence of taxa associated with the oak-hickamssts and pine forests surrounding the
Great Lakes region indicates that the CL are rdlaighe APP and OZP. Biological and
geological evidence supports a close relationseipvéen the New England and
Appalachian Plateaus (Brouillet & Whetstone, 1993).

Finally, the ATLA is the result of a sedimentatiprocess that began in the Late
Cretaceous (King & Beikman, 1974, Vigit al, 2000). This province holds a high number
of endemics (Tahktajan, 1986), includiQg inopina, Q. laevis, Q. laurifolia, Q. myrtifolia
Q. pumilaandQ. incana. Q. arkansanandQ. texanawhich constitute an independent
endemic element, characteristic of the juniper®mkanna in the ILP that are separated

from xeric areas of Texas by the Mississippi River.

California and the importance of the San Andresi@zk faults as break zoneshe
analyses carried out showed contradictory resthiessingle adjacency matrix supports
differences between the NEV and LAR + CCR-, while tomplete adjacency matrix
showed that these areas constitute a single wngtt@the occurrence @f. kelloggiiand
Q. wislizeniiin both areas). The existence of two principal ponents in California based
on the single adjacency matrix, is supported biotac/lithological and phylogeographic
evidence. The first component is constituted bySlegra Nevada, which has been
considered as a microplate constituted by a seiahicigistal block composed of
Cretaceous granite. It was uplifted and faultethexCenozoic as a consequence of
volcanism resulted from a surface-level subsidemca vigorous phase of lithosphere
removal (Saleeby & Foster, 2004). The LAR and C@Relsince undergone intense
tectonic activity related to the displacement an $an Andreas fault. This fault system is

considered the border between the CCR and NEV ¢Bwl& Foster, 2004). The
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distributional boundary in the Californian oaksgsociated with the uplift of the Coastal
Ranges (Montgomery, 1993). The phylogeographicystdi. wislizeniidemonstrated
that the populations between the CCR and NEV arergent (Dodd & Kashani, 2003),
supporting the differentiation between these aréas.San Andreas and Garlock faults

constitute a barrier fd@. agrifoliaandQ. peninsularis.

Mexico and Central America: the major faults sysers cut-vertexeI:he Mexican Basin
and Range includes two clearly differentiated sactine CHIH and the COAH. The
Mexican Basin and Range are related to the SMOQartiern SMOR, providing

identity to the Northern Systems, which are cledifferentiated from the other Mexican
montane systems (Torres-Miranetaal, 2013). The main boundary for the distribution of
red oaks in northern Mexico coincides with the Mefgsonora Megashear, which delimits
the species of the CHIH and Northern Systems.

The SMOR is the main mountain system in north-eadwexico. Its geology is the
most complex of all the provinces, and includesksaaf Cretaceous origin that have
undergone large-scale faulting and folding in dgitime Eocene (Ferrusquia-Villafraneta
al., 2005). In our study, we found that the SMOR mtd constitute a continuous natural
unit, but rather an area where different assoaataf species, with different
biogeographic histories, converge. In the SMOR Shg Luis Potosi Depression
(associated with the Panuco River basin) actstemiadary separating the Sierra into a
northern part (Sierra Plegada), closely relatettiéoNorthern Systems, and a southern part
related to the Central Systems. The San Luis-Tegredaifault systems separate the
northern SMOR and southern species of the SMOCHKggelb). Overlap of the two

components occurs in the central part of the SMB&&r@anias Potosinas). Only two red
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oak species are distributed along the SMOR, byt dleceur in mutually exclusive
environments.

The SMOC is formed from Cenozoic volcanoes, ineigdjreat volumes of silicic
ignimbrites, also present in the MEC (Feretral, 2005). A close relationship between
the SMOC and the MEC is also represented by theakdpecies shared. Eruption of the
ignimbrites took place in two pulses: one in thelfE®ligocene (in the northern sector)
and another in the Early Miocene (in the southenia) (Ferraret al,, 2005) both sectors
were identified as subnets herein. It must notatltte southern sector of the SMOC is
strongly related to the MEC in terms of oak species

The TVB began to develop in the Miocene and hasvalfour main phases
volcanism. This chain can be separated into theetss according to geological criteria
(Gémez-Tuenat al, 2005), all of them identified in our study amda previous survey of
several taxa by Torres-Miranda & Luna-Vega (200Hhe Jalisco block, located at the
western TVB, is a complex structure related toSMOC that was deformed with activity
on the TVB during the Pliocene-Quaternary. It mké&d with the Tepic-Zacoalco faults and
the Colima graben (Ferraet al, 1999). This zone has areas with high betweenrsdass
and low aggregate constraints values, reflectiegctinvergence of biotas from the
Western and Central Systems. The betweenness imargably increases when species of
different subnets converge in an area. The eaptetrof the TVB was the second structure
to consolidate in the history of this mountain chan contrast with the western part, it has
a more irregular geological structure and is moie: #s oak species composition is
closely related with that of the southern parthef SMOR (Serranias Hidalguenses). The
central sector of the TVB presents a convergenoe aod includes species from the more

arid parts of SMS, the Balsas Highlands and the&eéVixtecas in north-western Oaxaca.
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The SMS has had a complex geological evolutio) wit.ate Cretaceous
deformation characterised by an east-west shodenihich was followed by magmatism
during the Paleogene and the Early Eocene (Mordmtefieet al, 2005). The magmatism
started in western Mexico (Jalisco state) durirggRlaleogene and ended in the central and
southeastern part of Oaxaca in the Middle Miocee&re the eruption of the TVB. This
may explain the existence of two clearly differated parts in the global adjacency simple
matrix. The nodal zones were identified in the cnegion of Oaxaca, which has the
more recent volcanic activity. Our analysis showet the SMS is related to the central
part of the TVB, the Balsas Highlands and the Sibtixteca in Oaxaca.

For those red oaks (e @. acutifolia, Q. crassipeandQ. laurina,see Appendix
S1) well represented in the Central Systems of btefthat is, TVB + SMS + southern
SMOR regions), the main barriers are the Tehuantigpemus in the south, the Tepic-
Zacoalco fault system and the Colima Graben inmbstern part of the TVB, and the
Tlaxcala Basin at the eastern end of the TVB. Téleulntepec Isthmus does not represent
an effective barrier for the Mesoamerican spe@esn for those inhabiting warmer
conditions present in the SMS and in the southarhqgd the SMOR, and this which
increases the betweenness value of these zoneslisttibution of red oaks in Mexico
north of the Isthmus is fragmented, when compawdte continuous distributions found
south of the Isthmus to Chiapas and in the low m@atzones (below 1800 m elevation,
mostly in the Sierra Madre of Chiapas region onRheific slopes)Q. crispifoliaandQ.
skinneriare examples of these southern species

The MB comprises the Chiapas Highlands and surriograteas. The Jurassic
crystalline basements were affected by faultingugh the Cretaceous-Paleogene (Moran-

Zentencet al, 2005). In the northern highlands of Chiapas sedimentary rocks
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deformed, leading to the erosion of the mountagtesys and exposing the metamorphic
basement (Marshall, 2007). The Chiapas HighlandsSa@rra Madre of Chiapas had the
higher betweenness values for two main reasonst, Biey functioned as a bridge for
those species that have their major occurrenteeiiCentral-American montane systems,
but which also occur in the lowlands of the SM8 &VOR. A second reason is the
presence in Guatemala of certain high mountairoedd Q. candicansQ. castaneaQ.
conspersandQ. crassifolig, which have a wide distribution in the Centrak®&yns and
are limited by the faults and valleys of Polochid &otagua in Guatemala.

The CiB is an allochthonous terrane that has besladted towards the south-east
since the Miocene (Marshall, 2007). Its consolatain Central America was relatively
recent and has allowed the Mesoamerican specegtind their distributional areas
without speciation. It was emplaced by sliding aldime Motagua fault in Guatemala,
along with the Antillean arc. A series of breaks aift-valleys in Guatemala, Honduras
and Nicaragua have developed along the Chortikiffomn the Late Miocene until the
Quaternary (Marshall, 2007).

Finally, the CeB comprises Costa Rica and Panamad constructed over the
Mesozoic basement that forms the Caribbean platelaneloped as a volcanic belt in the
Neogene-Quaternary. This reflects complex tectaaniivity associated with the
convergence of the Caribbean, South-American, CanddNazca plates. The Nicaragua
Depression, with a Quaternary origin, is linkedhe Central-American Volcanic Belt
(Mannet al, 2007) and was the geographic feature that catheedolation of the CeB
from the CiB. The depression constitutes a batoeed oak distribution. Species richness
decreases southwards of the Nicaragua Depressi@argwnly six species are present,

three of them endemic to the Cordillera de Talaragiorres-Miranda&t al, 2011).The
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only species that crosses the Nicaragua Depressipncortesii.The barrier effect of the
Nicaragua Depression is also seen in the distobudf other characteristic genera of

boreal temperate forests, suchCaspinus LiqguidambarandPinus

RETICULATE EVOLUTION AND TECTONIC ACTIVITY  : NODES AND BOUNDARIES
The nodal zones are areas that are biologicallygaotbgically complex and include
distribution boundaries, disjunct populations, anels of taxonomic incongruence (see
Fig. 4). These are located in areas where diffdgents of tectonic and magmatic activity
took place, including volcanism, regional metamasph faulting and folding (Heads,
2004). Several of the nodal zones (4 of 6) idegdifn the eastern United States run along
the Brevard fault zone and were related to faulthe Appalachian complex (Fig. 4a). The
BR and the PML are the richest areas for oak spégithe montane systems of eastern
United States. Both of them separate the ILP aadCthof Paleozoic age from the ATLA.
The Mojave-Sonora Megashear influenced the nextwdal zones: a) Madera,
that connects the Mexican Basin Range with theheont SMOC, and b) Potrero de
Abrego-Galeana, that separates the COAH from thia@m SMOR (see Table 2, Fig. 4b),
we can propose that the species of the referreghonents were at some point in contact,
but actually this tectonic feature represents andaty in their distribution. In the Central
Systems, the Tepic-Zacoalco fault system and tHen@dsraben are separated by the
Serranias de Jalisco (western TVB) from the Volc#ields of Michoacan (central TVB).
The Manantlan-Nevado de Colima nodal area is asmativith both of them (Fig. 4c).
Similarly, the Taxco-Querétaro Fault Systems sdpdhe central region of the TVB from
its eastern part, and are related to the ZitadcVatte de Bravo nodal area. Apparently, the

SMS has been uplifted mainly on the Oaxaca an€Hiepec faults, as well as the
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Buenavista, the Papalutla and the Taxco-Bravo fgltems (Moran-Zenterat al, 2005).
These tectonic features have influenced the naated 2xtending from Coatlan, south of
Oaxaca to Ixtlan, where the Sierra Madre de Oaisapeesent; the faults mentioned above
converge in this area (see Table 2, Fig. 4¢).

In Guatemala, the Motagua-Polochic fault systenelsted to a zone that is
especially complex for red oaks due to the highesiveenness values among its vertex
zones (Fig. 4c). This fault system separates thefidiid the CiB (Marshall, 2007) and
functions as a main boundary for Mexican montadeogks. This area represents the most
important convergence zone with the strictly Meseacan red oaks with wide
distribution oaks from Mexican montane. These sgeridicate links between the
Mexican Central Systems and the Central Amerigathé Central American systems we
did not find nodal zones that were congruent betwexh analyses. Nevertheless, the
nodes found using both matrices coincided withGbenayagua and Talanga Faults. A
remarkable case is represented by the Darién moearagua and the Irazd node in
Costa Rica. These two areas have different speoiapositions and are not contiguous;
they are separated by the Nicaragua Depressiom{dFig hese two areas shared two
species(Q. cortesiiandQ. rapurahuensis.

Some of the nodal regions in red oaks coincide witties identified in other
organisms, including beetles, mammals and birdgaplz-Mondragon & Morrone, 2004;
Escalanteet al, 2004; Corona & Morrone, 2005; Morrone & Gutigrrg005; Coronat
al., 2007, 2009; Toledet al, 2007; Torres-Miranda & Luna-Vega, 2007). Manylwdse
studies consider a node to be a single convergamioé between two generalized tracks
(e.g. Morrone & Gutiérrez, 2005) and have propdsgt numbers of nodes in areas

nearby. However, the existence of such node "alsisie not supported in this study. This
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could be caused by an intense exchange of biotaménoccurring on larger nodal areas,
rather than many small nodes. These nodal areassoeiated with boundaries between
different physiographic provinces or main faultteyss within a province.

Reticular evolution implies that biotas with difé&t composition have intermingled
in certain regions, promoting biotic interactioredveeen each other and generating
hybridism between biotas. In terms of networksséhareas should have high betweenness
values because these connect two different cligoghijs study they are designated as
nodal zones. Network analysis is an effective tooldentifying complex areas in which
reticular evolution has occurred, as proposed lsySEnto®t al.(2012) and Torres-
Mirandaet al. (2013). In our study, we found that network anialymsed on complete
connectivity matrices shows a good correlation \thign geologic history of the areas of
study. Following this idea, it should be possildeharacterize the generalised tracks using
the chronology of their rock sequences. The nodaég of Mexico and Central America
are related to rock sequences from the Cenozgecesly from the Neogene.

Magmatic activity and climatic fluctuations codtor the convergence of the
species with different histories in their distrilmunal limits. The Appalachian nodal zones
are more probably linked to changes in the distidouof species due to climatic change
rather than geological change, because this ragioomposed of Paleozoic rocks. The
Mexican and Central American mountain systems sse@ated with major fault systems,
but also with the expansion of the areas for gtama or post glacial recurrent events that

could have promoted hybridism (Jaramillo-Correalgt2009).

RETICULARITY , CLIMATIC CHANGE AND REFUGIA : EXPLAINING THE BETW EENNESS

VALUES OF THE AREAS
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Paleopalynological data have corroborated the tngsi$ that oaks had already diversified
by the Eocene-Oligocene (Daghlian & Crepet, 1983pBrdt & Pigg, 1999). The fossil
record shows that species of sectibnbataeandQuercushave been present in North
America since the Oligocene. Daghlian & Crepet G)9&stulated that the transition from
warmer to cool environments during the Oligocen®ifad the migration and
diversification of oaks.

Nevertheless, the climatic fluctuations occurrsice the Oligocene and until the
end of the Pleistocene have played an importaatinofietermining the species
distribution. The Last Glacial Maximum (LGM) of tlideistocene has been well studied in
the eastern United States; during this periody#dgetation cover was severely modified
due to cooler temperatures. Based on palynologecalrds, Overpecét al. (1992) and
Jacksoret al. (2000) reconstructed the biome distribution arertfain vegetation
formations during the LGM ( 21,500 B.P.), and comedahem with the recent
distribution. Jackson’st al. (2000) showed that during the LGM the mixed fodghe
south-eastern United States contracted its ramgebacame concentrated in a continuous
belt in northern Florida. Williamet al. (2004) further mentioned that these mixed forests
were widely distributed in northern Florida, andttmany species could have had a wider
distribution through the Florida coastal plain, batpart of different plant associations than
the currently observed. In this area are now regresl species with restricted distribution,
but none of the nodal areas are located in thismeg

During the LGM, the&Quercus-Caryaleciduous forest represented at the Eastern
part of the Appalachians strongly contracted anukarnced a latitudinal migration,
intermixing with elements of the mixed forests ofthern Florida (Jackscet al., 2000).

Williams et al. (2004) proposed that the deciduous forest reddcastically, and that the
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characteristic species of these zones formed pkstciations not analogous to the recent
ones (Overpeckt al, 1992). Jacksoat al. (2000) reported a low proportion of species of
Quercusin the Appalachians and nearest areas, domingtedltd mixed forests dPicea-
Pinus-AbiesWatts (1979) mentioned that in the mixed foréstauthern Minnesota,

12000 years ag@uercuswas represented in a low proportion. This was edported in

the Lower Mississippi Valley (Jacksemh al, 2000), wherdiceawas the dominant genus
associated tQuercus The red oaks could have very fragmented disiobstnorthward of
the Appalachians, areas that can only be recogrigedicro-refuges, while at the southern
part of the Appalachians they were more abundaeagarecognized as mesorefuges). The
most important nodal zones in this study were kedah the Appalachian zone, maybe
associated with Pleistocene refuges.

All this evidence suggests a quick expansion dfaaks since 12000 years ago
towards the NE of the interior lands. The existenfceefuges in the near regions to the
Appalachian Mountains could explain the emergericedal zones, because these species
would extended their distributional areas, at e time that the species of the mixed
forests of Florida and the coastal plains alsoreded their distributional areas towards the
north. The Appalachians were then the convergeage of both biotas.

The palynological data of Jacksenal.(2000) showed that species@fiercus
were present in the LGM of Texas, but that thers avhigher proportion of Poaceae,
Cyperaceae and Asteraceae, as well as spediiaug AlnusandPicea These data
suggest that the distribution of the red oaks irabewvas fragmented during the LGM but
extended and re-contacted species of the Atlankeahrforest during the Holocene. This
process could have promoted the nodal zones fauiidxas.

The paleoclimatic history of Mexico is still incghete and the majority of studies
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have concentrated on the TVB. Caballet@l. (2010) summarized the results obtained for
central Mexico and proposed that the montane ptantations descended almost 1000 m
in elevation during the LMG. The pollen diagramswla clear dominance &finuspollen
in the LGM, which indicates the possible expansibthe montane vegetation (Metcade
al. 2000, Caballeret al. 2010). The existence &ficeapollen in the basins has been
documented and again indicates the expansion dfatiohates in central Mexico.
The last studies showed a great climatic variatiorentral Mexico during the LGM, with
more temperate and humid climates, and the presmlehmixed forests (Metcal&t al,
2000; Caballeret al, 2010).

In northern Mexico more drastic vegetation changee registered during the
LGM. For example, Meyer (1973) proposed that thdHCidas coldest and humid than at
present times, allowing the existencéPafiusJuniperusforests in areas now occupied by
shrubland. At higher altitudes (~2200 m), tRenusQuercusPiceaforest is dominant,
suggesting that in northern Mexico the climaticditions of the LMG were slightly more
humid and cooler than at present (Metcalfal, 2000). These conditions allowed the red
oaks to extend their distributions throughout ti@&MW, and to migrate to lower altitudes,
sometimes even reaching the sea level. The origimearopical oak forests in the southern
SMOR could be explained by the expansion of theoadd during glaciations and their
subsequent fragmentation during warmer interglag¢itance, 1982). This expansion of

the distributional areas could have facilitateddbavergence of different biotas.

POPULATION DIVERGENCES AND DIFFERENTIAL EVOLUTION OF THE AREAS: REFUGES

AND RETICULAR EVOLUTION
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Population genetics and phylogeography studies bantibuted new evidence on the
evolutionary divergence of populations of the sampecies or of closely related species.
Soltiset al. (2006) synthesized the phylogeographic patterasddor taxa in the eastern
United States. One of the patterns they found waebthe divergence between the
populations of the eastern and western Appalachvelmish are two of the greatest subnets
identified in our study. There is some evidencetherexistence of refugia in the southern
Appalachians, with later population expansions tolwadhe north and east of this mountain
range (Soltiet al, 2006; Jaramillo-Correet al, 2009). This hypothesis supports the
expansion of species from the deciduous forestggsed in the previous part of this study
based on palynological evidence. Schmidti@l. (1999) also mentioned the existence of
refugia in Texas from which taxa expanded towanésdastern part of the ATLA. The
refugia proposed in phylogeographic analyses coenaiith the most important centres of
reticular evolution in the eastern United Statentdied in our study as panbiogeographic
nodes.

Based on data from hybrid zones, species mapthamabsition of phylogeographic
breaks of several taxa, Swenson & Howard (20059)tifled possible contact zones where
species have hybridized. Two of the most importamtact hotspots for arboreal species
are located in the Appalachians and in the nortparhof the SMOC, areas that coincide
with the panbiogeographical nodes found in thislgtThese contact hotpots are located in
the main mountain chains and are additionally aaseat with Pleistocene refugia
(Swenson & Howard, 2005).

There are few phylogeographic studies of Mexidants. Many of them discuss
population divergences registered among the phgegpdgc provinces. The separation of

the SMOC into two subnets is supported in phylogaplgic studies oPicea chihuahuana
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(Jaramillo-Correat al, 2006) andPinus leiophylla(Rodriguez-Bandera al., 2009).

There are important population divergences in th8,Tand these favor the division of this
province into at least two large sectors. For eXanthis was shown in a study of four
species ofbies(Jaramillo-Corre&t al, 2008), that supported the existence of the sgbnet
proposed in this study. Neither refugia or contaxtes have been proposed for Mexico
and Central America, but we can corroborate a gagketic structure determined by
fragmented populations, which is correlated with phhysiographic features of this

country.

Torres-Mirandaet al. (2013) proposed a method that evaluated the difteation
between areas by means of the inverse weightitigeadistributions through trees obtained
by neighbor-joining. In these trees the lengthhefbranches are considered to indicate the
degree of divergence of the biotas, with shorhtin@s representing areas with low
speciation rates, while long branches represeasasgth high rates. Seven of the eight
zones identified as long branches by Torres-Miraetdd. (2013) were recognized as

nodal areas in this study.

INTEGRATING EVIDENCE : RETICULARITY AS A COMPLEX HISTORIC PROCESS

We showed that the commonly accepted physiogrgpbmnces are actually areas with
complex histories, both in terms of their biota &éimeir geology. The distribution patterns
of red oaks are linked to various geological seqasnPanbiogeographic nodes represent
complex areas in which components from differentds are juxtaposed or fused. They
are closely related to the most important tectéeatures in a region and are located at
distribution boundaries of the species. The mogboirtant nodal zones are the Appalachian

Ridges, where the species include relationships th# Central Lowlands and the Atlantic
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Coastal Plain. The Mojave-Sonora Megashear isa@haith two nodal zones that connect
the Mexican Basin Range with the northern Sierradaccidental, and the Mesetas
Coahuilenses with the Sierra Plegada. The faullsvafieys of the Polochic-Motagua
systems in Guatemala/south-western Mexico areectlaith the Maya and Chortis Block.
Finally, the western, eastern and central majdidanf the Trans-Mexican Volcanic Belt
were also closely related. Panbiogeography analgsigy networks represents a
progressive research program that allows the inter@f complex relationships among
areas, and linkages of these with tectonic ev&riaw and Weston, 1984; Page, 1987).
The panbiogeographic nodes found in this studyagbe explained by chance.
These nodes in the Appalachians are related toagl@tugia identified through
palynological and phylogeographic analysis. Theytapns inhabiting these areas present
hybridization processes that are the result of esioam from refugia, and so they can be
considered as contact hotspots. Mexican panbiogpbgr nodes are strongly related to
areas with high divergence rates in the composdidheir biotas.
This reinforces Heads’s (2004) idea that nodesesst zones of unusually high

biological complexity.
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FIGURES LEGENDS

Figure 1. Map of occurrence for red oakgiércussectionLobatag based on ecological
niche modeling with maximum entropy. Areas withheg probabilities of occurrence for
the section are shown in black; areas with lowebabilities of occurrence are shown in
grey. Main physiographic features: California: CCRalifornian Coastal Ranges, LAR -
Los Angeles Ranges, NEV - Sierra Nevada. EastertetlStates: APP - Appalachian
Plateaus, ATLA -Atlantic Coastal Plain, BR - Blu&ge, CL - Central Lowlands, FL -
Florida, ILP - Interior Lowlands Plateau, OA - Oaita Plateau, OZP - Ozark Plateau,

PML - Piedmont Lowlands, VR - Valley and Ridges.X#® and Central America: CeB -
71



Chorotega Block, CiB - Chortis Block, CHIH - Chilhusa Basin, COAH - Coahuila
Plateau, MB - Maya Block, MEC - Meseta Central, SMOSierra Madre Occidental,
SMOR - Sierra Madre Oriental, SMS - Sierra MadreSig, TVB - Transmexican
Volcanic Belt.

Figure 2.a) Distribution of the 26 cliques that were identfieith the single adjacency
matrix, removing only the vertex zones with highvieenness values. A Chihuahua Basin,
B1 Cordillera Dariense (Nicaragua) to Cordilleraa@acaste (Costa Rica), B2 Cordillera
de Talamanca, C1 Mayan Block (Sierra Madre de Glsigmd Chiapas Highlands), C2
Chortis Block (Sierra Cuchumatanes to Comayaguaritémos), D1 northern Sierra Madre
Occidental, D2 southern Sierra Madre OccidentalMedeta Central, D3 northern Sierra
Madre Oriental (Sierra Plegada) and Coahuila Platéd central Transmexican Volcanic
Belt(Volcanic Fields), E2 western Transmexican \éoic Belt (Serranias de Jalisco), F1
southern Sierra Madre Oriental (Serranias Hidalgegn F2 central Sierra Madre Oriental
(Serranias Potosinas), G1 eastern TransmexicarakiolBelt (Basin and Valleys), G2
Sierra de Juérez, G3 Sierra Madre del Sur, H1 @aldn Coastal Range and Sierra
Nevada, H2 Los Angeles Range and San Pedro Mdr#ppalachian Plateau, 12 New
England Uplands, J1 Central lowlands (Till Plaid) Interior Highlands (Ozark Plateau),
K1 Appalacchian Range (southern Appalachian, Bliggg® and Piedmont), K2 Interior
Low Plateaus, K3 Atlantic Coastal Plain, L1 Cenfrakas and Edwards Plateau, L2 Gulf
Coastal Plainb) Distribution of the 16 structured networks ideietf with the complete
adjacency matrix, removing the vertex zones witfhlbetweenness values and linking
different subnets based on a dyadic constrainasiegn Chortis and Chorotega blocks, B
Chihuahua Basin, C1 Sierra Madre de Chiapas and, &2 &hiapas Highlands, D1

Coahuila Plateau, D2 central Sierra Madre Origf8altranias Potosinas), D3 northern

12



Sierra Madre Oriental (Sierra Plegada), D4 norttgsemra Madre Occidental, D5 southern
Sierra Madre Occidental and Meseta Central, ElhgontSierra Madre Oriental (Serranias
Hidalguenses), eastern Transmexican Volcanic Balsiq and Valleys), F western and
central Transmexican Volcanic Belt and Sierra MateSur, G California, H Blue Ridge,
Appalachian Ranges (southern Appalacchian + Blagd&i Piedmont), Interior Low
Plateaus, | Central Plains, Interior Highlands (®Rzand Ouachita) and Appalachian
Plateau, J New England Uplands, K Coastal Plailafdt and Gulf) and Texas.

Figure 3. Generalized tracks and nodes in a gezdbgontext of North America identified
by: a) a simple adjacency matrix (green circlesp bomplete adjacency matrix (red
circles).

Figure 4. Panbiogeographic nodes identified witthbatrices (green - simple adjacency,
red - complete adjacency) and their relationshi wie main fault systems of North
America: a) Eastern United States, b) Californid aarthern of Mexico, c) southern
Mexico and Central America. Abbreviations for thaimtectonic features: Brevard Fault
Zone (BrFZ), New Madrid Faulting Line (NMdFL), Tesdbouisiana Faulting Zone (TLF),
San Andrés-Garlick Faulting System -FS- (SAGF), &e}Sonora Megashear (MSoM),
San Luis-Tepehuanes FS (SLTeF), Taxco-San Migudlldade FS (TxSMF), Tepic-
Zacoalco FS (TpZF), Oaxtepec-Caltepec-Vista Herni&&OxCF), Papalutla-Taxco FS
(PTxF), Mal Paso FS (MaF), Motagua-Polochic FS (MpH ehuantepec Isthmus (Tels),

Nicaragua Depression (NiDep).

SUPPORTING INFORMATION

Additional Supporting Information may be found hretonline version of this article:
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Appendix S1.Individual track maps for each single species.

Appendix S2.Single global adjacency matrices based in 10%iddal tracks of red oaks.
Appendix S3.Complete global adjacency matrices based in 1@®idual tracks of red
oaks.

Appendix S4 List of references of the tectonic features anslfiauctural geology

considered in this study and digitized in GIS AreWi3.3.
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ABSTRACT

The pulse evolution hypothesis emphasizes that\tbkition and assembly of biotas are
the result of episodes of vicariance and bioticaggion (dispersal). If both processes are
the result of geological processes, this modeh&@agous to a panbiogeographic
perspective. The distributions of 102 red o@kiércug species from United States,
Mexico and Central America were analyzed using ngtvanalysis and neighbor-joining
as alternative methods to parsimony analysis oéenclty. We support the pulse
evolution hypothesis for this group. Rapid evolotaf some of the species has been
caused by recent geological and tectonic evergstifted in the analysis with species with
restricted distribution. In this case, it is po$sito assign minimum divergence ages for
these species. In contrast, few species exteneaddistributional areas due to climatic
fluctuations, causing a slow population divergead an incipient speciation process. The
biotic expansions of these species favoured theutat evolution of the areas. We
understand by reticularity the minimal overlaphie distribution of more than two species
belonging to different historical components. Arespondence exists between the
reticular areas proposed in this study and theitigation zones for red oak species
suggested by other authors. Through network arsailyls possible to propose hypotheses
that can be submitted to phylogenetic and/or phegggaphic tests. Overall, this study

supports the pulse evolution of biotas assess&d aspanbiogeographic approach.

Key words: pulse evolution, reticular evolutiongatiance, network analysis, neighbor-

joining, parsimony, panbiogeography.
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Introduction

Understanding the diversification of biotas is @fi¢he main objectives in historical
biogeography (Brooks & McLennan, 2001; Haédsl, 2005). One of the main tasks
facing biogeographers is explaining the mechanisihspeciation and the events that
follow it in a geographical context (Van Veller &d&ks, 2001; Van Velleet al, 2003;
Bouchard & Brooks, 2004). Croizat (1958) propodet the distribution areas of different
taxa can show similarities because they were pamh @ncestral biota that was fragmented
by vicariant events (Grehan, 1991; Crainal, 1999). Vicariance is now accepted as one
of the main forces in the diversification of biatiBder a vicariance perspective,
speciation is caused by the appearance of geogtaggological and/or climatic barriers.
Vicariant hypotheses minimize the role of dispeesah mechanism of speciation, although

dispersal can precede or follow speciation.

Most methods used to historically reconstructatreas of endemism, and hence
their biotas, are based on the assumption of makigvicariance. It is then possible to
find bifurcated evolution patterns of geographieaar, assuming that each area has a unique
position (Greeret al, 2002; Brooks & Van Veller, 2008). Examples of¢benethods
include parsimony analysis of endemism (Morron®4)9Brooks parsimony analysis
(Brookset al.,2001) and others that use phylogenies such astitabiogeography.
Wojcicki & Brooks (2005) concluded that it is naigsible to explain the relationships of
geographic areas based only on vicariance undsingsie evolutionary scheme (Van
Veller & Brooks, 2001). Dispersal- vicariance arsady(DIVA; Ronquist, 1997, 1998)
considers that it is possible to assign weightdigpersal and vicariance events and accept

the solution that provides the lower cost (BrookM& ennan, 2001). The parsimony
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analysis, BPA, proposed by Broodssal. (2001) provides non-vicariance explanations in its
results. BPA suggests that most biotas are comptesaics in which the main processes
are vicariance, peripheral isolation, non-respdasecariance, and extinction, which result
in reticular or incongruent distribution patterBdoks & McLennan, 2001; Greet al,

2002). Hovenkamp (1997) criticized the results wigad with cladistic biogeography and

the recognition of areas of endemism, becauseadifi@ms with reticularity and vagility.

On the other hand, Fattorini (2008) suggestedatmdtter understanding of these processes

would lead to more realistic interpretations.

The pulse evolution hypothesis emphasizes thattbkition and assembly of
biotas is the result of alternating episodes oAnance and biotic expansion (dispersal)
(Erwin, 1979, 1981; Halast al, 2005; Wojcicki & Brooks, 2005; Brooks & Van Vetle
2008). These are analogous to the phases of nmol{llenge expansion) and phases of
immobilism (with potential vicariance) suggesteganbiogeography (Croizat al., 1974;
Morrone, 2004). Biotic expansion favors the depetent of widespread species, which
are the ones that cause reticular relationshipsdeet areas (Hala al, 2005).
Reticularity has been recognized as an importantgss in biogeography (Brook &
McLennan, 2001; McLennan & Brooks, 2002; Spironé&ll8rooks, 2003; Wojcicki &

Brooks, 2005; dos Santes al. 2008, 2012; Torres-Miranda al, 2013a).

Dos Santost al. (2012) and Torres-Mirandzt al. (2013a) applied the principles of
graph theory to network analysis in biogeographeylfused sympatry matrices between
species to identify areas of endemism in casesenta¢iculate evolution could be an
important process. Based on the betweenness comwegtiomopatric species can be

recognized if we iteratively eliminate those spedleat have partial sympatry (reticulate
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relationships) with other species, mainly thosetakh wide distributions. Based on

graph theory (Page, 1987), Torres-Mirardal. (2013b) proposed that the network
analysis of area vs. area could resolve the boatoplexity among them based on
measures of centrality and structural holes (betwess and aggregate constrains), two
properties of the information flow on the networkbe betweenness value of an area
increases when it links species from different congmts. When we eliminate those areas
with high betweenness values, the relationshighebther areas become stronger, shaping

cohesive subnets with exclusive species.

Torres-Mirandaet al. (2013b) concluded that those areas with high betwess
values correspond to the theoretical concept objpgeographic node. Heads (2004)
considered that nodes are areas with high spewhaoess, high genetic differentiation of
the species and geologic complexity, because treelpeated near plate margins and other
geological features. Contreras-Medataal. (2001) established a close relationship between
global panbiogeographic nodes, hotspots and Péeistorefugia, so it is possible to
establish a relationship between climatic oscilagi and convergence of ancestral biotas.
Halaset al. (2005) mentioned that reticularity of areas isnpoted by the biotic expansion
of species. In these areas, species with diffexgas and origins from different assemblies
coexist, favoring biotic diversification. Torres-Mndaet al.(2013a) proposed an approach
that considers the historic stability of areas tigtothe use of distribution inverses in a
neighbor-joining analysis. The long branches regmegones where the species of a biota
have high divergence rates, while the short brasobygresent areas where the species have

experienced historic stability, which has impedaejence.
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The genufuercusis characteristic of the Northern Hemisphere tenameeflora; it
has almost 500 species worldwide, with 220 distadun the Americas (Nixon, 2006).
Red oaks form a monophyletic group, sectiobatae(formerly Erythrobalanu$, that
comprises about 102 species (Nixon, 1993, 2006¢nalemic to the Americas. They
extend from the lowlands in the eastern UnitedeStand the mountains of California, to
the mountains of Mexico and Central America, witsiregle species in the Andes of

Colombia, Venezuela and Ecuador (Nixon, 2006).

The main goal of this study was to investigateithgortance of reticularity in the

evolution of distributions of red oaks in North Aria through iterative network analysis

and neighbor-joining (NJ) analyses. We also ainsadéntify those regions that have acted

as diversification centres in the section due tarance (zones with high divergence).
These can then be used to establish minimal dimesgages. We analysed the effect of

biotic expansion of the species to understand tbehanisms of pulse evolution.

Data and methods

Distributional data

Distributional data for 102 red oak species werioled from the revision of herbarium
specimens in the following collections: MEXU, ENCEB, XAL, UNL, CHAP, IZTA,
FCME and INIF. Other occurrence data were obtafrad LL-TEX, MO (accessed
through GBIF Data Portal, www.gbif.net) and the €amium of California Herbaria
(ucjeps.berkeley.edu/consortium/). In addition, mgmaphic and floristic studies were

reviewed for Mexico and Central America (for comepleeferences see Torres-Mirareta
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al., 2011). With this information, we constructed &tbase including 18,561 geo-
referenced records. Distribution maps of each ggewsere created using GIS ArcView

ver. 3.2 (ESRI, 1999).

Vertex zones as units of analysis

We use the notion of vertex zones (Torres-Miragidal. 2013b) to define the units of
analysis of this study. The area where at leastniviomal spanning trees converge is

considered as a vertex zone. The vertex zonesdedimited as follows:

(a) The distributions of the 102 red oak speciesewesualized in GIS ArcView 3.2
(ESRI, 1999) and the localities were linked by mmnm spanning trees (MST) using the
extension Trazos© (Rojas-Parra, 2007) for GIS Aes¥/iThe lengths of each of the 102
MSTs were calculated. The mean length was obtégetividing the total length of each

spanning tree by the number of localities.

(b) The mean value of the MST lengths for 102 sgsewias obtained (m = 26.96
km), and the standard deviation was calculated18.#9 km). For oaks represented in
montane systems in Mexico, Central America andf@alia, m - 1.5s was used to draw
the propinquity circle ratios of point localitieRgpoport, 1975), while for the “lowland”
red oaks (in the eastern United States), m - lu@ssused to establish the propinquity

circle ratios of point localities.

(c) With ArcView 3.2 (ESRI, 1999) all MSTs of th@24 species were clipped
through the propinquity circles obtained in theviwas step, with the goal of delimiting

discrete units of analysis, named vertex zoneBignstudy (Fig. 1). The vertex zones are
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equivalent to the vertices of a connectivity matn>aetwork analysis and are referred to as

vertices in this study.

Iterative Network Analysis

We obtained a matrin x n (n = number of vertex zones); if one MST links totegrA to

B this tie is codified as 1. In this way, we ob&inl02 adjacency matrices, one for each
species, while the addition for each one providgtbbal adjacency matrix. Two global
adjacency matrices are obtained: i) a single ad@ceatrix was obtained with the
assumption that if the MST of a species connedteditea A with area B and B with area
C, relationships between-A B, B>A, B - C, and C> B were codified as “1”; ii) a
complete global adjacency matrix was obtained #ithassumption that if the MST of a
species connected the area A with area B and Bamga C, all relationships between areas

were codified as “1": A& B,B>A, B> C,C—> B, A> C, and C> A.

The matrices obtained corresponded to the adjaceatyx of a weighted and
undirected graph G = (V, E), where V is the setatices (formed by 255 vertex zones)
and E is the set of ordered pair of vertices, datléges or ties herein (with an assigned
value representing the strength of two areas biasth@ number of shared species between

them).

Based on the network analysis in panbiogeograpbyqgsed by Torres-Mirandz
al. (2013b), we computed as a first step the betwesswedue of each vertex based in the
formula of Freeman (1977, 1979), and then the aggeel constraints using the structural
holes option with the software Pajek 1.24 (Batagdljirvar, 1999). Betweenness is a

measure of the number of times a vertex is locatethe shortest path (geodesic distance)
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between nodes across networks. One vertex zoneavittjh betweenness value
corresponds to areas that connect two differemeisbwhen these elements are deleted,
the subnets are separated and the betweennesdeaeen elements becomes zero.
Betweenness is a concept that involves the idéaéntin elements in networks can
control the information flow between subnets inadeetwork. On the other hand, the cut-
vertices offer brokering information between thesdices and their neighbors, and their
removal causes holes inside the networks of neighihat are named structural holes. The
dyadic constraint is inversely related to the dtrtad holes associated with it: low
constraint values are related to the existenceasfynstructural holes. A higher constraint
value indicates that a vertex has few opportuntbdsreak with its neighbor; if this vertex
is lacking, the flow in the network is disrupted,expressed in the dyadic constraint. The
aggregate constraint of a vertex is the sum dhalldyadic constraints related to that
vertex. Higher aggregate constraint values indittedéa vertex has less freedom and

stronger relationships with other vertices (Nabyal, 2005).

In cases where aggregated constraints were nomatove, we proceeded to
eliminate all vertices with the highest betweennedse. If some vertices with highest
betweenness kept strong relationships with thehteigs vertices (highest aggregate
constraint values), we removed the entire set ®d@ated vertices. This procedure was
conducted until the removal of vertices causedaisal vertices or subnets with less than
three areas. For more details on these method,@ees-Mirandaet al. (2013a, b). Once
the subnets were identified with the iterative @hation of the vertex zones, the set of

localities that formed each subnet were visualine@ircView 3.2 (ESRI, 1999).
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To evaluate the effect of the size of the spedestibution areas on the reticular
evolution of the areas and in the comprehensidheMmechanisms of speciation, we
modified the global adjacency matrices to undertaklependent network analyses. For
this, we undertook the following steps. 1) Firsg geleted the widespread species; which
produced six additional matrices (three with simgadgacency and three with complete
adjacency). We then kept only those species fonrad most 30, 20, or 10 areas. 2)
Second, we deleted those species with restricstdhiition, obtaining six additional
matrices; in this case, we kept those speciesnbeat found in at least 10, 20 and 30 areas,
respectively. In each single or complete matrix,t@eatively deleted those vertexes with
the highest betweenness values considering thegaigd constrains values among the

subnets.

Iterative Neighbor-Joining analysis

We followed the method proposed by Torres-Miraatal. (2013a), which is based in a
neighbor-joining analysis through a distance matebculated with the distribution
inverses. We built a binary matrix of presence/ébgsence (0) for the 102 species of red
oaks, considering the 255 vertexes defined foatiaysis. We calculated the total number
of vertexes in which each species was found; caledlthe multiplicative inverse of this
numbero obtain the reciprocal distribution of eaplcies. The presence values of the
binary matrix were then substituted by the invetis¢ribution of each species. With this
matrix we calculated the Manhattan distance amaief ene of the vertexes to obtain a

tree through the neighbor-joining algorithm.
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The neighbor-joining (NJ) is an alternative trédeImethod, in which the length of
the branches is sensitive to the effect of diffae¢evolutionary processes, e.g. recent
speciation or reticularity of the areas. The longngches are consequence of those areas in
which recurrent speciation has occurred, or thosasawhere important reticularity events
happened, prioritising the minimal evolution in testers formation (Torres-Miranda

al., 2013a).

As in the network analysis, we built a new setnatrices based on the sizes of the
species’ distribution areas. In this way, a) wenalated those widespread species,
obtaining three additional matrices, where we kibpse species that were found in at most
30, 20 and 10 areas, respectively; b) we elimintdtede species with restricted
distribution, also obtaining three additional ma¢s, and we kept those species that are
minimally found in 10, 20 and 30 areas, respecyiviebr each matrix, we identified the

long branches as well as the vertex clusters defiaach of the iterations.

Iterative parsimony analysis of endemicity (PAE)

We undertook a parsimony analysis of endemicitingithe approach of Morrone (1994),

in order to understand the effects of the distrdndl width of the species, as well as the
reticular evolution of the areas. For this, we usezsence (1) / absence (0) matrices.
Initially, we used the binary matrices including thO2 species present in the 255 vertexes,
and successively used the three binary matricéstmsider the widespread species and
other three matrices that included only specieb thié restricted distributions.

Additionally, in each case, we ran the matricesrggkeactivating the vertexes with the

highest betweenness values in each network analysis
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In all cases, one row coded exclusively with G&s\added to each data matrix to
root the cladograms (representing a hypothetica¢stnal area). Following Morrone
(1994), a PAE was undertaken using Nona (Golold®®9) through WinClada ver.
1.00.24 (Nixon, 2002). Data were submitted to rplétiTBR + TBR, searching 1000
initial trees (mult*1000) and holding 100 trees paplicate (h/10), with a maximum of

50,000 trees retained. Finally, we obtained thetsand majority consensus cladograms.

Climatic explanation

The point records of the 102 species were integgewith six climatic variables obtained

by Hijmanset al. (2000,http://www.worldclim.org. These variables are: annual mean

temperature, temperature seasonality, mean tenope@tthe warmest quarter, mean
temperature of coldest quarter, mean precipitaifomettest quarter, and mean
precipitation of driest quarter. We determined1Be25, 75 and 90 percentiles for the six
climatic variables of each species, with the gdalioninating extreme data and

establishing climatic intervals of environmentdetance for each species.

Results

Network analysis

The network analysis with the complete adjacenciriraf the 102 red oaks species
allowed the recognition of 16 structured networksdxdl on aggregated constraints and/or
with the same betweenness value. The adjacentn®githe Mississippi and the

Appalachians and its adjacent regions were theszotith the higher betweenness value in
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eastern United States, while the Sierra Madre dapak, the Chiapas highlands, the Sierra
Madre del Sur in Oaxaca, and the northern pat@f&ierra Madre Occidental were the

areas with the highest betweenness values amorsykimets (Fig. 2).

We observed two tendencies in the iterative aestys) in those networks analyzed
through a geographic restriction criteria (presgmnost in 10 units), we obtained the
higher numbers of networks and subnets (17 in,tetght of them were independent from
the beginning of the analysis) (see Fig. 2). T@sulits of this analysis were similar to those
obtained in the first iteration of the specissspecies network of Torres-Mirandaal
(2013a), where allopatric networks were obtaindte fiegions with high betweenness
values were located in the western part of the Sraxican Volcanic Belt, in the northern
and southern part of the Sierra Plegada (northarngb the Sierra Madre Oriental) and in
the Sierra Madre del Sur in Oaxaca; b) the numbeetworks decreased as more
widespread species were used, but in all casesstvetitured networks were obtained (see
Fig. 2). A high betweenness value was gained facadt regions of the Mississippi River
and the Appalachian Piedmont located between Alakemd Georgia. In the montane
systems, a high betweenness values were locatbd fBierra Plegada, the southern part of
the Sierra Madre Oriental, the western part offttesmexican Volcanic Belt, the
Oaxacan sector of the Sierra Madre del Sur anddhé&ern part of the Sierra Madre
Occidental. In these networks, we observed a clelationship among three components:
1) the Mesoamerican systems, 2) the Sierra Madr8uteand the central part of the
Transmexican Volcanic Belt, and 3) the area ambegbuthern part of the Sierra Madre

Occidental, the western part of the Transmexicaltafoc Belt and the Meseta Central.
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The number of final networks and subnets decretmséd, 11 and eight in the
network analyses when widespread species were bmsalll cases, two main networks
were identified for the United States in the idiiaalysis when considering all the species,
with high betweenness values concentrated in thne gaeas, e. g. the central part of the

Atlantic Coastal Plain, and the Appalachians arjdcasht regions.

For the case of the montane systems, all the anglaighest betweenness values
were at the southern part of the la Sierra Madier@al and the eastern part of the
Transmexican Volcanic Belt (see Fig. 2). Other sing@h high betweenness values were
found in the Chiapas mountains, in the Oaxacarmsetthe Sierra Madre del Sur, in the
Meseta Central, and in northern and southern péttee Sierra Madre Occidental (see Fig.
3a). The networks showed a strong relationship éetvihe Sierra Madre del Sur and the
central and western sectors of the Transmexicanaviat Belt. In the analysis using
widespread species, the longest network includedtarra Madre Occidental, the
Transmexican Volcanic Belt (except its easternagdhe Sierra Madre del Sur, the Sierra

Madre de Oaxaca and the Sierra Madre de Chiapate@aka.

When we analyzed the simple adjacency matricestdhative procedure of
removal of high betweenness resulted in a largebeurof isolated vertices or dyads. All
the analyses of single matrices presented highdeetmess values among tryades,
therefore the iterative elimination of the betweesswas not a criterion to obtain
satisfactory results, and the simple adjacencyiogstidid not allow the recognition of
cohesive subnets. The aggregated constrain wasfagnative in the simple adjacency

matrices, so we rejected the use of these maindéss analysis.

92



Neighbor-joining analysis

Analyzing the 102 species of red oaks, we idemtifié clusters and 11 long branches in
the inverse distribution matrix: Piedmont, Flori&an Andrés Ranges, Chisos Mountains,
Sierra Plegada, Sierras Hidalguenses, Sierra HijiSkoranias de Jalisco, Balsas
highlands, western part of the Sierra Madre delg®ar Sierra Madre de Chiapas. When we
used the restricted-distribution species, we obththree additional long branches that
corresponded to the Sierra de Talamanca, the Siarehumara and the Central Lowlands.
The number of identified branches increased wherguspecies with restricted

distribution (see Fig. 4).

When the matrices for the widespread species usazd, the long branches were
mainly located in the southern sector of the Sibtaare Oriental, including the region
adjacent to the Sierra Madre de Oaxaca. Othermegdentified as long branches were
located in the western sector of the Transmexicalganic Belt, in the Oaxacan part of the
Sierra Madre del Sur, in the southern Sierra M&treidental and in the eastern part of the
Transmexican Volcanic Belt. The long branches ddmwvith the pluvial system of the
Mississippi in the United States (mainly in northéouisiana) and with the Appalachian
Mountains and adjacent areas. Other areas withdaagches were the pluvial system of
the Chattahoochee and the adjacent region of Nadgsee Fig. 3b). The number of

identified branches decreased when using widesmgeacles (see Fig. 4).

Parsimony analysis of endemicity

In all cases, the strict consensus trees contaioerkesolved clades represented by long

polytomies (bushes). Most of the majority conserigess were similar to those obtained
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with neighbor-joining, but less resolved. When vedeted those vertices with high
betweenness values and without a defined netwauktste, the clades of the strict
consensus trees were better supported than whevidespread species matrices were
deleted, because all the clades had synapomorgiiesame happened when we used the
distributional data for all species, because whereliminated those areas with high
betweenness values we obtained a better resoluatibre cladogram (see Fig. 5). On the
other hand, the majority consensus trees improveshwhe areas with high betweenness
values were eliminated from the analysis, registedlade support values between 60- 90
in most of the cases. In those cases when the behgss is eliminated from the trees, the
support of the clades reached values of 80-100thieunternal resolution of the clades did
not increase. When the widespread species matsxused, the resolution of the strict
consensus trees was low, and resulted in multipligg@mies for areas of Mexico and

Central America.

Climatic explanation

Species with the most restricted distributionshie Mexican montane systems presented
the most restricted environmental tolerance ranggsesented by distinctive ecological
niches (Fig. 6). The species present in the SRiggada have the most heterogeneous
environments of all taxa. Widespread species pteddsroad climatic tolerance ranges,
but many species with more restricted distributioas have similar climatic tolerances,

represented by more common ecological niches.
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In the United States, the widespread speciesttehdve wider climatic tolerances
than species with restricted distributions. Fighéws a gradual change in the climatic

tolerance between species with similar distributiogas.

Discussion

Geographic restriction, vicariance and minimal divegence ages

With the approach used in this study, it was pdegibidentify completely allopatric
components for cases in which global adjacencyioeatiof taxa with restricted

distributions are used. This can be identified it proposal of dos Santesal. (2008,
2012) and modified by Torres-Mirandaal.(2013a). The betweenness is minimal when
species with high geographic restriction were aredy(less than 10 areas), so we can
conclude that the final networks and subnets argthduct of recent speciation events,
because could be associated to the main geolqgiceésses occurred since the last part of
the Paleogene, but their intensity was higher dutie Miocene-Pliocene, as we explain

latter.

In Mexico and Central America, allopatric networksre mainly found in areas of
Tertiary rocks, with the exception of the Sierragalda and the Meseta Coahuilense which
are found over Cretaceous rocks. This may prowvititianal support for the hypothesis of
post-Mesozoic allopatric speciation. These comptmare closely related with the most
recent magmatic periods in the main mountain syst@hMexico (Torres-Mirandat al.
2013b), so it is possible to infer minimal divergerages for these components. The

divergence of species that occurred in the norteeator of the Sierra Madre Occidental
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are associated with volcanism and extensionalifeutturing the Early Oligocene. These
processes could have separated these specieshiioemdf the Basins and Ranges of
Chihuahua, while the southern sector is associatidthe volcanic episodes and
extensional faulting of the Early Miocene (Feretral, 2005). The western sector of the
Transmexican Volcanic Belt is associated with tkiemsional faulting at the margins of
the Jalisco Block that began in the Pliocene andrebed until the Quaternary, resulting in
the Tepic-Zacoalco faults and the Colima Grabers@R¢Elgueret al, 1996). The Sierra
Madre del Sur might be affected by the magmaticess that began in Jalisco during the
Early Paleocene and finished in central and soasiteen Oaxaca in the Middle Eocene
(Moréan-Zenteneet al, 2005). The three components present in MexicoGertral
America (Maya, Chortis and Chorotega Blocks) werened from lithological sequences
ranging in age from the Paleozoic to the Cenozeitecting their great geologic
complexity,but their continental consolidation dates onlythe Late Pliocene and the
Quaternary (Ferrusquia-Villafranca & Gonzalez-Guan#2905; Manret al, 2007). The
species found in these places might have undergenyarecent speciation events caused
by the activity on the Motagua-Pagochic faults #relNicaragua Depression. The most
remarkable components due to their heterogeneotis bomposition with respect to the
rest of the areas are associated with the northfeBnerra Madre Oriental, specifically the
Sierra Plegada. This last Sierra has a close sakttip with the Mesetas Coahuilenses;
both are formed from Cretaceous rocks that expee@major folding during the Middle
and Late Eocene (Ferrusquia-Villafraretaal, 2005), so it can be considered that the
Mexican species had an earlier divergence frommé¢be On the other hand, the southern
mountains of Hidalgo-Veracruz, that according t® gleologic map done by the US

Geological Survey (Bartoet al,, 2003; based on Vigdt al, 2000) are associated to
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sedimentary Quaternary rocks, are probably thdtresthe erosion of the adjacent
Jurassic formations. Detailed information aboutgbelogic and tectonic history of these
components should be consulted in Torres-Miraetda. (2013b). The network analyses
also show that those species with narrow geograpkiabutions strengthen the
relationship between the Californian Coastal RamgesLos Angeles Ranges (excluding
the Sierra Nevada), whose geological origin daidbd Mesozoic. These areas also
underwent recent intense tectonic activity from d&ine until Quaternary associated to San

Andreas and Garlock fault systems.

In the eastern United States, four important aneae identified by network
analysis, NJ and PAE. The first is located at thwethern part of the Florida peninsula on
late Quaternary marine deposits which have notmpeed uplift, subsidence, or tectonic
deformation but have experienced important gedgcaghange as the result of changing
Quaternary sea-level (Mules al, 2003). The second is located in north-westerm$®n
Cretaceous rocks. The third area occurs southedPibdmont adjacent to the
Appalachians on Paleozoic rocks, and the fourth ike Central United States Lowlands,
also on Paleozoic rocks. Apparently, the speciasititegrate these four components have
undergone peripheral isolation because they arsgbeies with the narrowest geographic
range and show marked ecological differentiatiommvbompared to other taxa. Three of
these four components are characterized by a sspgieiesQ. buckleynorthwestern
Texas) Q. georgiangPiedmont) and. ellipsoidalis(Central Lowlands). A fourth
component (northern Florida) contains two non-hoatiop species@. inopinaandQ.

myrtifolia). This last evidence provides support for diverggeby peripheral isolation.
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The long branches of the NJ analysis performeagusil species are practically
identical to those from the NJ analysis made witly those species with restricted
distribution. We can conclude that the branch lemgtreases when more species with
restricted distributions are considered. The Ndstwere constructed using a minimum
evolution assumption and allowed the identificatidra few clusters with close
relationships (e.g. Mesoamerica — Sierra de Tatea, or Sierra Plegada — Mesetas
Coahuilenses and Basins and Ranges of Chihuahhig)cdnnot be interpreted under a
dichotomous and hierarchical evolutionary criteridhe results obtained with PAE are
similar to those of the NJ when the most restrichistribution species are analyzed: small

clades supported by synapomorphies but immersadnaltiple polytomy.

Lynch (1989) and Greest al. (2002) suggested that the peripheral isolates
mechanism of speciation is common in those spéaashow limited geographic overlap
with other species and have unigque and unshar&tbdisons. There are only six species
(Q. cualensisQ. tuitensisQ. tardifolia, Q. hirtifolia, Q. robusta Q. hintoni) whose
geographic and environmental restriction suggéststhey could have diverged through
peripheral isolation. The environmental width ofshof the species with restricted
distribution is similar to other species with widkstributions in Mexico and Central
America, supporting the idea that the main mecmamitspeciation in red oaks is

vicariance prompted by geographic isolation.
Widespread species, reticularity and evolutionary tability
Larger geographic inclusion relationships were iolgt when the widespread species were

used, but these network analyses between the empresent contradictory relationships.
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Because of this, it could be hypothesized that¢hieularity between components
increases in analyses of widespread species. Thagnuent relationships among all the

analyses mainly involve the six areas summarizédalvie 1.

The areas in North America that have experienegdular events are associated
with the tectonic boundaries of the main physiogragystems. The reticularity of these
areas has been promoted by the range expansipeags caused by climatic fluctuations
such as the Pleistocene cooling (Torres-Miragtda., 2013b). The strongest reticular
events are found in the Appalachian systems andwbesystems of the Mississippi in the
eastern United States, while in the Mexican anati@eAmerican mountains they are
found in the southern Sierra Madre Oriental, thetes® Transmexican Volcanic Belt, the
Maya Block (Sierra Madre de Chiapas - Guatemaldtagas Highlands), the northern and
southern Sierra Plegada, the Oaxacan sector &idnea Madre del Sur, the northern

Sierra Madre Occidental and the eastern Sierra &delr Sur (see Fig. 3).

The betweenness and the long branches did not gleogame results when the
species with restricted distribution were considel®cause the long branches are
sensitive to the presence of species with restridistributions and the betweenness
analysis is affected by the presence of widespspadies. On the contrary, the
betweenness and the long branches analyses shiogvsdme results when using
widespread species. The NJ analysis only recogmetelarity patterns when using
widespread species, contrary to the initial appnoaade by Torres-Miranda al. (2013a).
The NJ branches are sensitive to changes in tlie bmmposition of the areas; the
branches with heterogeneous compositions do mowaldichotomous interpretation of

their topologies and this is also true for thedrebtained with PAE.
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In most cases, the relationships identified bebasstwork analysis and NJ is not
contradictory and could be complementary. Despigdaw resolution of the cladograms
obtained through parsimony analyses, there areportant contradictions between the
results obtained with networks and NJ. In all thses, the support for the clades obtained
with PAE was noticeably improved when we eliminatieel areas with high betweenness
values, although the clades still showed consistémw resolution. When we ran PAE
using species with restricted distribution, mosthef identified clades were supported by at
least by one synapomorphy, while in the PAEs usiittpspread species, the clades were
seldom supported by synapomorphies and often eskurdtlarge polytomies. We can
conclude that PAE is efficient in cases where pasténked to vicariance are analyzed,
while in cases associated with dispersal, PAE aeslyre less efficient. Furthermore, it is
obvious that the analyses based on parsimony dmpsmal when they are associated

with reticularity and pulse evolution.

The pulse evolution hypothesis is similar to thelmogeography of Croizat (1958),
in which the phases of mobilism (dispersal) resuteticular events among biotas
originally differentiated by vicariance events. A&xample of an area where pulse evolution
has dominated occurs in the southern Sierra Madental, an entity defined by allopatric
species with restricted distributions. At the same, it is considered as a zone with the
major reticulate process (higher betweennessjauoeurrence of several widespread
species. The expansion or retraction of the distioins can be explained mainly by
Pleistocene climatic fluctuations, which could disoimportant for the pulse evolution of

biotas.
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There is often a strong correlation between pajdngraphic nodes and Pleistocene
refugia (Contreras-Medinat al, 2001). The rapid evolution of the species (lmavance
in phases of immobilism) is associated with reggtlogical events. This is easily
identified when species with restricted distribatare analyzed, while a low divergence
process is present in widespread species favoretirgtic fluctuations, increasing the
reticular events of the areas (dispersal/mobilitgg®e). This interpretation would be in
accord with the assumptions proposed by Erwin (12981), Halagt al. (2005),

Wojcicki & Brooks (2005) and Brooks & Van Veller@@8).

Genetic and phylogeographic signals of reticularity

Many of the areas identified here as zones of hegbularity (and high betweenness value
in networks) correspond with areas identified ineststudies as hybridization zones, for

example:

1) The area known as the Sierra Tarahumara indhbern Sierra Madre Occidental,,
where Pefialoza-Ramiret al. (2010) identified a complex hybridization mosaigalving

three red oak specie®).(hypoleucoide®Q. scytophyllaandQ. sideroxyla.

2) Six of the seven areas occupied by the hylaidin mosai®. crassifolia x Q.
crassipesare located in the reticularity zones associatitl tve Sierra Madre Oriental and

the eastern Transmexican Volcanic Belt (Tovar-Séné& Oyama, 2004).
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3) The main area of the hybrid complex involviQg affinis x Q. laurinan the southern
Sierra Madre Oriental and the Oaxacan sector oBtbea Madre del Sur (Gonzélez-

Rodriguezt al, 2005).

4) A hybridization zone between two distantly rethspeciesQ. conzattii x Q. eduardii,
located at the southern part of the Sierra Madre@d@atal (Bacon and Spellenberg, 1996),

was identified in this analysis as a high retiatyearea.

5) The areas d. tarahumaraandQ. radiata located in the northern and southern Sierra
Madre Occidental, respectively. McCaukgyal. (2001) proposed a recent speciation of
these species, and in this study we propose méddiied to the Oligocene-Miocene

volcanism in this region.

6) There genetic differentiation between populaiohQ. rubra that occurred in the
Appalachians systems and those located northwattdsyalthough the gap is remarkably
low (Magniet al. (2005). In our study we also identified both comgats, but we should
expect a high genetic divergence of those populatiohabiting the Appalachians due to
their high reticularity, although in this area &eated exclusive haplotypes. The low
genetic divergence can be explained if its popatatiemained in close contact throughout
the Pleistocene, inhabiting a relatively large avéout major geographical

discontinuities.

On the other hand, Pefialoza-Ramirez (2011) idedtiive main barriers defining
genetic breaks in the widespre@dcastanea The barriers separated the populations of

the western Transmexican Volcanic Belt, the soutlserra Madre Occidental, the Meseta
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Central, and the Oaxacan sector of the Sierra Maelr&ur from the other populations.

We also identified these networks when analyzedispevith restricted distribution.

The network and iterative NJ analyses carriedusutg restriction criteria or
geographic width suggest possible speciation mesimafor red oaks. These hypotheses
can be tested with interspecific phylogenetic stsdif widespread species and
intraspecific phylogeographic studies of localizpeécies. If a close relationship is found
between results of network and NJ analyses ancethdts of phylogenetic studies, the
panbiogeographic approach could no longer be regaad purely descriptive and
subjective, as Cracraft (1975), McDowall (1978)it&gon (1981), Seberg (1986) and
Briggs (2007) argued; it would rather become gor@gch with statistical validity, as
demonstrated by Torres-Mirandgal.(2013b). A scheme of analysis is proposed based in
the pulse evolution of areas, highlighting the imgance of dispersal and vicariance when
analyzing separately restricted and widespreadepéd/ith these analyses we should

draw a possible scenario of the speciation prosesiseed oaks.
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Tables

Tablel. Main relationships of the areas with theatgr incongruence among all the analyses.

Areas considered with
inconsistent
relationships

Relationships found with restrictedRelationships found with widespread
species species

Mesoamerican component (Maya

Cordillera de Talamanca Block and Chortis Block)

A different entity from the rest

Maya Block (Sierra
Madre de Chiapas-
Guatemala and Chiapas

Highlands)

Chortis Block (extending from High reticularity (betweenness)
Guatemala and reaching Nicaragua&)etween the Mexican mountains and
and Sierra Madre del Sur (Oaxaca) the Mesoamerican components

Southern part of the Sierra Madre

Sierra Plegada Meseta Coahuilense .
Oriental
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Southern part of the Sierra Madre

Occidental and Meseta Central Sierra Madre del Sur

Jalisco Block

High reticularity (betweenness)
between the Sierra Madre Oriental Transmexican Volcanic Belt and
and the rest of Transmexican Sierra Madre del Sur
Volcanic Belt

Eastern part of the
Transmexican Volcanic
Belt

Appalachian mountain With New England to the north andHighest reticularity (betweenness) in
systems Atlantic Coastal Plain to the south the eastern part of the United States

Figure Legends

Figure 1. Delimitation of vertex zones in (a) thentane systems and (b) the lowlands of
the United States: 1) all minimum spanning treeSTWsuperimposed, (2) MST clipped
through propinquity circles; 3) vertex zones delediin areas in which at least two
portions of MST are occurred.

Figure 2. Network topologies obtained with 1) bk tspecies, 2) restricted distribution
species (two examples) and 3) widespread spegveseitamples). The size of the circles
represent: a - aggregate constraints valuesgbydenness values.

Figure 3. Areas identified: a) with high betweermealues in the network analysis; b) long
branches in the NJ analysis.

Figure 4. Trees obtained with NJ: a) with all species, b) with restricted distribution
species (two examples) and c) with widespread spdtivo examples).

Figure 5. Strict consensus cladograms (s), majoatsensus cladograms (m) and support
statistics: a) considering the areas with high lketwess; b) without considering the areas

with high betweenness.
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Figure 6. Climatic tolerance ranges of the speicielsiding six environmental variables (i-

vi) considering the distributional width definedfour categories: species present in almost
10 areas; species present in almost 20 areaspspgaesent in almost 30 areas; and species
in more than 30 areas. Variables are: (i) annua@mtemperature, (ii) temperature
seasonality, (iii) mean temperature of the warmestter, (iv) mean temperature of coldest
guarter, (v) mean precipitation of wettest quare (vi) mean precipitation of driest
guarter. Species from California (C), Mexico andhttal America (MA) and eastern

United States (EU).
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CAPITULO IV

Identificando redes de ensamble macroecolégico bakes en la

teoria de nicho ecoldgico
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INTRODUCCION

La caracterizacion del nicho ecoldgico de una eésperbasa en las condiciones
ambientales que definen su presencia en el ambiési nocion retoma el concepto
original planteado por Grinnell (1917) y denomingdo Hutchinson (1957) como nicho
fundamental. Sin embargo, el concepto también uroralla posicién de una especie en un
ecosistema, en otras palabras al conjunto de kares inter e intra especificas (Elton,
1927), también denominado como nicho realizadodihoson, 1957).

La teoria de nicho es ampliamente utilizada eriddgéa y ha adquirido gran
importancia en estudios evolutivos recientes (8ehu2000; Nosil y Sandoval, 2008).
Existen dos planteamientos evolutivos que contnagtdre si: el primero de ellos asume
que el nicho entre especies filogenéticamente pascas similar, a lo que se denomina
como conservadurismo del nicho (Peterson et @9;1®/ebb et al., 2002); sin embargo,
el segundo plantea que éstas especies puedemiemes diferentes (Ackerly et al.,
2006). Parte de la discusion gira en torno a lpliaama del nicho a diferentes escalas
(Ricklefs, 2010). En escalas grandes, los lindgggan ocupar amplias envolturas
climaticas, lo que origina una superposicion eatreamplio conjunto de especies. Sin
embargo, en escalas locales las diferencias ercedtmabitat o en el uso diferencial de
recursos entre ellas determinan su exclusion arabigkckerly et al., 2006; Ricklefs,
2010).

La idea de la especiacién ecoldgica asume quigdageéncia del nicho debe
promover la diferenciacién de los organismos ypasa, principalmente, en la seleccién
divergente (Rundle y Nosil, 2005; Schluter, 20@¥.modo que, la evolucion rdpida de un
linaje es favorecida por la adaptaciéon de las especdiferentes nichos ecolégicos

(Schluter, 2000, Kassen et al., 2004). Se ha doetade que la variacion ambiental afecta
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la disponibilidad de recursos, lo cual promuevagdaricion de nuevos caracteres que
conducen a radiaciones adaptativas (Schluter, 20€k&rman y Doebelli, 2004, Diniz-

Filho et al., 2010). Hendry et al. (2007) han eatimque la especiacidén ecoldgica es rapida
y que involucra solo unos miles de afos, ya quadidentificada en radiaciones
adaptativas recientes (Rundell y Price, 2009).

A partir de estudios de variacion fenotipica yna#o ecolégico, Gavrilets y Losos
(2009) identifican tres procesos de divergenciagroeueven la especiacion: a) la
morfologica rapida, que aparece antes de la ranficadaptativa y con el tiempo decrece
con pocos cambios fenotipicos; b) la que se dalniente en el macrohabitat y después en
los microhabitats, y c) la que davorecida en taxones con areas de distribuciégrgéica
amplia. Nosil y Sandoval (2008) mencionan que difegs grados de diferenciacion
ambiental pueden llevar a estados arbitrarios ekrgiéncia evolutiva y que ésta promueve
polimorfismos, cambios en la estructura de la pobig formacion de ecotipos y razas.

En cuanto a los problemas taxonémicos, Wiens hW&ma(2005) mencionan que
los problemas para reconocer a taxones filogemdétnge cercanos podrian solucionarse si
se atiende a la dinAmica de los nichos. Posiblempablaciones con estatus taxonémico
incierto que tengan nichos climaticos excluyenersgmecerian a especies diferentes dado
gue la exclusion climatica puede promover la apgaride novedades evolutivas que
promueven la especiacion ecolédgica aun cuandajeldénico entre ellos no se vea
interrumpido. En definitiva, la adaptacién repdirta en la variacion fenotipica y
divergencia de las poblaciones. Graham et al. (2@0dontraron en anfibios que las
especies hermanas muestran diferenciacion de niclolsrgo de gradientes de humedad y
estacionalidad ambiental. Esto también ha sidortago también en aves (Rice et al.,

2003) y encinos (Cavender-Bares et al., 2004, 2006)
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Los linajes conforman asociaciones espacialesteaisticas (ensambles) en
respuesta a cambios ambientales; éstos son pdegywdr proceso geoldgicos y climaticos
a través del tiempo (Brown y Maurer. 1989) y resukn fases sucesivas de
homogeneizacion bibtica (Baiser et al., 2012). beiear las causas que definen la
conformacion de los ensambles a grandes escalasiiacas y espaciales constituyen el
objeto de estudio de la Macroecologia (Maurer, 2000 amplitud en la tolerancia
climatica de las especies puede generar diversificale linajes en una variedad de
taxones, por lo cual la cuantificacion de la diferiacion o similitud de los nichos ha
cobrado gran importancia para entender sus prodesdergencia (Losos et al., 2003;
Broennimann et al., 2011). Wiens y Graham (2005)aioman que la diferenciacion
fenotipica esta asociada a los patrones de riquenaamble de grupos y que éstos tienden
a mantener las caracteristicas ambientales anesstEh sobrelapamiento del nicho
ecoldgico es basico para entender las reglas @endis de comunidades asi como la
coexistencia de especies (Mouillot et al., 2005 r@e et al., 2011).

Las evidencias sugieren que las interaccione®egicals repercuten en el ensamble
de las comunidades (Jabot y Bascompte, 2012).ddesrde interaccion bidtica permiten
reconocer vinculos cercanos entre especies y miopan auténticas aproximaciones para
entender el ensamblaje de sus comunidades. DossSatrdl. (2012) y Torres-Miranda et
al. (2013) han trasladado los fundamentos de thessral campo de la biogeografia historica
y han identificando relaciones historicas estre@ianedir el flujo de informaciény la
centralidad de las redes. Las redes ecolégicammmopan una herramienta eficaz en el
estudio de las interacciones interespecificas &agp(Bascompte y Jordano, 2007) por
lo que su integracion a la estructura biogeograficede representar un avance ante los

retos actuales de la Macroecologia.
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En este trabajo presentamos un método que resmetiones de centralidad y
flujo de informacién en las redes para proponeesquema de identificacién de ensambles
macroecologicos. Para ello, nosotros utilizamosdwd de ordenacion para explicar la
variacion climatica con el menor nimero de ejeisc@®o para cuantificar la superposicion
de nichos ecoldgicos grinellianos entre 105 espapie integran a la seccibbobatae
(encinos rojos) en América del Norte.

Para estudiar los ensambles seguimos la propdest@ange et al. (2011) y
consideramos el efecto de la amplitud geografidaslespecies. Esto se hizo a través de la
superposicion del nicho gama, beta y alfa de espeld encinos rojos. Ademas,
proponemos una red de ensamble que se acergiami@gmiento de los nichos eltonianos,
para lo cual realizamos analisis iterativos quesitiran especies de 100 géneros arbéreos
asociados a los tipos de vegetacion donde se dksaros robles de esta investigacion.
Los objetivos principales de este estudio fuerapplantear una hipétesis de
diversificacion de especies de la secdi6batae apoyandonos en datos de divergencia
ambiental y del ensamble de sus comunidades; @dain en el efecto que tendria ésta
sobre los patrones de riqueza a nivel global; p(oponer la divergencia ambiental como
un criterio para reconocer la separacion entrecgspéee encinos con problemas

taxonémicos.

METODOS
Ordenacion ambiental y amplitud del nicho
Para este estudio, fue compilada una base de gladaacluyen 16028 localidades (sin

duplicados) de 105 especies de la seccalataedel génerd@uercus exclusivas de
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América del Norte, incluyendo los datos@ehumboldtij presente en el norte de los
Andes. Los datos de distribucion se obtuvieronedésiones de ejemplares de herbario
(consultar Torres-Miranda et al., 2011), de regsstlectronicos adicionales del GBIF
(www.gbif.org y del Consortium of California Herbaria
(ucjeps.berkeley.edu/consortium/). Aqui considema@Quercus hondurensisomo
sindnimo deQ. sapoteifoliay Q. acatenangenside Q. ocoteifolia Ademas, incluimos los
registros deQ. delgadoandValencia et al., 2011), descrita recientements. jfuntos de
colecta de cada especie fueron visualizados y mkatips mediante el Sistema de
Informacion Geogréfica (SIG) ArcView ver. 3.2 (ESR999).

Al mismo tiempo, se elabor6 una segunda basetds dan los registros
electrénicos del GBIF de 100 géneros de flora tadml(principalmente arbérea), que se
han asociado histéricamente a los tipos de vegetari donde se desarrollan éstas
especies. Mediante el uso del SIG, elegimos eelgistros de los géneros asociados, los
cuales se encontraban en un radio no mayor a wteksiistancia de cada una de las 105
especies de encinos rojos, a fin de homogenizgoses la colecta y en la depuracién de
registros de éstos géneros. Asi, la base finfibceetemplada estuvo conformada por
168390 registros puntuales de 1440 especies @laraluye las 105 de encinos rojos).

Como parte del trabajo, también se intersecardasttas localidades de colecta de
las especies con las 19 variables de Global Clinfdta (Hijmans et al., 2000;

http://www.worldclim.org para conseguir una matriz ambiental, con lasguealizo un

Andlisis de Componentes Principales (PCA) iniciedmnte el paguete MASS del
software R. Con los resultados obtenidos, estahtecios factores climaticos que tenian
valores altos de correlacion las cuales fueronieidas para alcanzar un PCA sin

redundancia climatica con solo siete variablesgoaie temperatura diurna, estacionalidad
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de la temperatura, temperatura promedio en laiéataeca, temperatura promedio en la
estacion fria, precipitacién promedio anual, estaidad de la precipitacion, precipitaciéon
promedio en la estacion seca). De manera adiciseaxtrajeron los datos altitudinales
gue estaban asociados a cada punto de colectanteediramodelo digital de elevacion.
Las coordenadas de los dos primeros componentespales se utilizaron para
trasladar los resultados de la ordenacion de lwsdd SIG ArcGIS 9.2 (ESRI, 2005). En
él analizamos, mediante estadistica espaciamfditaad del nicho de las 105 especies de
Lobatae y obtuvimos una elipse que uno los puntos da ea@ecie en el espacio de
ordenacion mediante la desviacion estandar deagparentre cada punto definido por las
coordenadas del PCA. La elipse representa la digimey la tendencia direccional de las
localidades de cada especie en el espacio de @iden&on estas, determinamos el area
de cada una de las 104 especies. Este espaciorfsielerado como la amplitud del nicho.
Posteriormente, identificamos si la distribuci@oadda linaje en los ejes de ordenacion
era azarosa 0 Si presentaba patrones de agregacidantificabamos agregacion,
trazamos grupo<glustersg climaticos con los registros que conformabanamunto de

puntos agregados utilizando el principio de veciés cercano.

Sobrelape de nichos ecolégicos

El sobrelape del nicho ecoldgico entre las espéaiealculamos considerando dos
aspectos. En el primero de ellos nos basamosreduacion de la variacion climatica en el
menor nimero de ejes, porque esto permite una ganipa directa de las relaciones
climaticas entre las especies en un espacio deacas (Broenniman et al., 2011). En el
segundo, empleamos la propuesta de Mouillot é2@05) y Geange et al. (2011) sobre el

uso de las estimaciones de densidad de kerng{)(p@a datos continuos, ya que esta
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funcién puede trabajar con cualquier tipo de datossin cumplir los supuestos de
normalidad (Mouillot et al., 2005). En este casg,densidades de kernel fueron calculadas
en funcion de la distribucion multiespacial dedoganismos en los dos primeros
componentes principales del espacio de ordenacion.

Estas densidades no presentan el problema dbrgestimacion que se obtiene
cuando se intersecan las curvas de toleranciatatende dos especies bajo el supuesto de
normalidad (Mouillot et al., 2005) o al utilizar aelos de prediccién de especies.
Probamos la similitud o disimilitud del nicho malie un analisis que utiliza modelos
nulos y sus pruebas de permutacion asociadaspaprelpudimos determinar si hay
diferencias en el nicho o si las ellas se deb&sgos en el muestreo. Para ello, seguimos
la propuesta de Geange et al. (2011) y realizarf®08 fiermutaciones. Con esto,
obtuvimos dos matrices (un par por cada uno dddesrincipales ejes de ordenacion)
sobre uso diferencial del nicho para linajes midson el uso del script de R, el cual fue
disefiado por Geange et al. (2007). Una matriz dergiencia de nicho especi@specie
fue el producto de multiplicar a las dos matricateaores. Los valores cercanos a 0
representan diferenciacion completa entre el nitthdos especies; por otro lado, valores
cercanos a 1 representan similitud total entrécklonde dos especies. Esta matriz se
multiplicé por 100 para una mejor manipulacion agmatrices.

De esta manera, se cuantificaron tres matricescth® que eran independientes al
considerar tres aspectos: a) todos los datos detaale una especie en su espacio de
ordenacién, b) la divergencia historica de las @sgey c) la divergencia de los linajes y
los patrones de segregacién ambiental en el esga@odenacion. La primera matriz que
se obtuvo con los datos de colecta de una espesie @spacio de ordenacion, que fue de

105 X 105, fue cuando se considerd el numero tietaspecies (nich). La segunda
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resultd cuando asignamos como una entidad difeedt@njunto de localidades de una
especie que pertenecian a diferentes regionesdgjoificas — las cuales habian sido
identificadas en analisis previos realizados pard®Miranda et al. (2013)-. Por ello, el
espacio de ordenacién se fragmento al tener eraadas unidades de asociacion histdrica
y se obtuvo una matriz de 279 x 279 entidadesiisis (nichd3). Finalmente, cuando
consideramos a la divergencia y a los patronegagacion ambiental de las especies
(reconocidos en el SIG) dentro del espacio de @weén, se asigné como una entidad
diferente a cada grupo climatico —el cual, antenemte, habia sido establecido por la
agregacion de los puntos de cada especie- y stistdaeun patron de agregacion, se
consideraba como una entidad Unica . De ésta fdanbercera matriz consto de 324 x 324
entidades de agregacion climatica (nicho

Por otra parte, se obtuvieron tres matrices masdmagregamos a cada una de las
anteriores los registros de 1335 especies corrdgurs a 100 géneros asociados a

encinos rojos.

Redes de ensamble macroecoldgico

Cada una de las seis matrices de divergencia tle fueron utilizadas como una matriz de
adyacencia de un grafo pesado, no dirigido G= (Yd&nde V es un conjunto de vértices
gue representa a cada una de las especies o estidadnocibles por sus diferencias
climaticas o historicas y E, un conjunto de pardewados denominados unionedde$

gue simbolizan el grado de divergencia o similéatre cada par de linajes o entidades

taxonOmicas. Las redes sociales son caracteripaaastos nexos entre sus vértices, dando
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mayor importancia a los enlaces que unen vértistandes y actian como puentes, ya que
su remocion separa a una red en diferentes comsn@isubredes.

Los vértices que tras su remocion permiten recemsbredes aisladas son denominados
vértice de cortedut-vertey, dentro de una red las posiciones centrales est@iados a
ellos. La intermediacidrbetweennedss una medida de centralidad que considera el
namero de veces en que se conecta un par deegdiéntro de una red mediante la
distancia mas corta (geodésica). Asimismo, lodogstcon alta intermediacion son
aquellos que pueden controlar el flujo de inforrdaale una red porque conectan
diferentes subredes, que sin su presencia quedasiadas cuando se interrumpa el flujo
entre ellas (Freeman, 1977, 1979).

La restricciéon de una red es un indice que midgaglo en que las uniones de un
vértice son redundantes. Los vértices de corterimtgoen la informacion entre elementos
vecinos al ser removidos, lo que provoca huecdasredes colindantes. Estos huecos se
denominan estructurales y estan asociados a jmads#iccion entre vértices cercanos.
Por consiguiente, valores de restriccion bajostifiean a aquellos que actian como
huecos estructuralestfuctural hole¥, valores altos, a los que tienen poca posibildiad
interactuar con otras subredes (ésta probabilidakgresa como una restriccion de diadas
de cada uno de los vértices). Finalmente, loscgstton una restriccion agregada alta
tienen poca libertad y guardan una estrecha relaca los que se encuentren préximos.

Para este trabajo se hizo un andlisis de regiediito siguiendo un algoritmo de
cuatro pasos. En primer lugar, se calcularon &gres de intermediacidn y restriccion
agregada al utilizar la matriz de divergencia adaicon el software Pajek 1.24 (Batagelj y
Mrvar 1999). Como segundo paso, para energizadlg poder separar a los

componentes aplicamos el algoritmo Kamada-Kawa419 asi, visualizamos los
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dominios de los vértices. Este algoritmo esta idgor fuerzas que se aplican a los
vértices para disminuir le energia acumulada meslisun flujo a través de leslges
Después de aplicarlo, los primeros vértices erbdizi@rse fueron aquellos que contenia la
mayor cantidad de conexiones en la red, despladarettergia a los que presentaba menor
namero de conexiones. Es decir, los de mayommgeiacion quedaron al centro de la red
y los de mayor restriccion agregada, en posicipeeféricas; lo que facilité la
identificacién de subredes altamente cohesivasagdellos vértices que actiian como
nodos aislados.
Dentro de la intermediacion, el peso de las uniome®s relevante, por lo que se
considera de igual importancia un enlace con \@auno y otro con valor de 100. Por
tanto, para no sobrestimar las relaciones de sggamliento minimo de nicho,
determinamos que el tercer paso consistiria etinfanacion de todas las conexiones
cuyos valores eran menores o iguales a 10. Eradio;eliminamos todos los vértices
aislados, que fueron identificados tras la remod@®stos enlaces, y regresamos al primer
paso. El procedimiento se repitid de forma indepmmd para eliminar sucesivamente de
las redes a las uniones con valores menores egadl0, 30, 40 y 50 y asi poder
reconocer a los ensambles con las relaciones rege$uEn cada caso identificamos las
subredes que se conformaban en cada iteraciregiataecer los ensambles climaticos.
Este algoritmo se corrié de manera independientdas tres matrices de divergencia de
nicho de encinos rojos, donde se utilizaron laslades taxonomicas, histéricas y
climaticas, las que se denominan como ensamblasefiranosa, 3 yy, respectivamente.
Para visualizar el comportamiento climatico deatolhs especies que conforman un

ensamble, elaboramos diagramas de caja por vadilética de cada conjunto de
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ensambles y con éstos mismos graficamos la distdh altitudinal de cada uno de ellos..
De manera adicional, representamos la distribud®las siete variables climaticas en
funcion de la amplitud del nicho asi como de larmediacion de los nodos en el andlisis
de redes de las 105 especies de encinos rojositPoo, visualizamos su ubicacion
espacial de cada uno de los ensambles detectad @& GAArcGis 9.2.

Una aproximacion hacia los ensambles eltonianosdlizamos cuando extrajimos
las relaciones de superposicionamiernto de niclessgpresentan entre encinos rojos y las
1335 especies caracteristicas de vegetacion teemfPada este fin, consideramos a las
entidades taxondmicas, climaticas e historicdaslenatrices de divergencia. Con ésta
informacion se reconocieron Unicamente a los géngue caracterizan a cada uno de los

ensambles en funcién de su nicho fundamental.

RESULTADOS

Ensambles taxondmicos, histdricos, climaticos y ehianos

Reconocimos y caracterizamos 12 ensambles geneBo (por entidades taxondmicas)
en funcion de su altitud y de las condiciones dicad en que se desarrollan (Cuadrol).
Nueve especies no forman parte de los ensamBldsuckleyi Q. cualensisQ. devia Q.
ellipsoidalis Q. hintonii Q. hintoniorum Q. mulleri Q. rubramentaQ. tuitensi$. La
distribucion espacial de los ensambles se visualiza Figura 1 y la distribucion
altitudinal de los ensambles, en la Figura. 2a.(tono, graficamos el cambio en la
estacionalidad de la temperatura; la precipitapr@medio anual, y la altitud, en funcién

de la amplitud del nicho de cada especie y dealoses de intermediacion en la red
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inicial (Figura 3). Con esto, encontramos una ¢acién positiva entre la amplitud del
nicho de los linajes y sus valores de intermediaen las redes (r = 0.498, p 0.05).

Establecimos y determinamos las caracteristicd$ dmsambles grinellian@sen
funcién de su altitud y las condiciones climatieasque se desarrollan (Cuadro 2). La
distribucion espacial de los ensambles se obserlafeigura 4 y la distribucion altitudinal
de los ensambles, en la Figura 2b.

Identificamos y definimos 17 ensambles grinell@adpor entidades climaticas) en
funcién de su altitud y las condiciones climatieaxque se desarrollan (Cuadro 3). La
distribucion espacial de los ensambles se hadeleign la Figura. 5. La distribucién
altitudinal, en la Figura 2c.

En la Cuadro 4 se resumen las interacciones bgicavel genérico que se
establecen entre cada uno de los ensambgy y. Aungque existen géneros que
caracterizan a mas de dos ensambles, para cadke wlos hay combinaciones Unicas de
géneros que las definen, y algunos estan caraadeszpor géneros exclusivos. Los
ensambles eltonianos a nivel genérico se robusta@edo se habla de entidades historicas

y una vez que los ensambtesalcanzan la mayor resolucion.

DISCUSION

Repercusiones en los patrones de diversidad

Los ensambleg, B yyidentificados en este estudio tienen una distrdyugeografica
similar aunque no existe un empalme total entosdiler las Figuras 1, 4, 5). Los centros
de rigueza que fueron reportados por Torres-Miraat@dd (2011) se localizan en aquellas

regiones donde convergen los conjuntos de orgasisimaliferentes ensambles
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taxondmicos, histdricos o climaticos. Si considarahas zonas de convergencia de los
distintos ensambles de especies, podriamos deiiittio areas prioritarias para México: a)
el sector sur de la Sierra Madre Oriental, b) éaganes adyacentes del sector oriental de la
Faja Volcanica Transmexicana, c) la Sierra Madte&deen el sector Oaxaquefio y las
zonas asociadas a la Sierra Madre de Oaxacas diskemas montanos Trans-istmicos que
comprenden los Altos de Chiapas, la Sierra Madr€hdapas y el arco volcanico de
Guatemala, y e) el oeste de Durango, al sur 8elaa Madre Occidental. Por otro lado,
para Estados Unidos se han definido tres aréastgrias: a) el sur de los sistemas
asociados a los Apalaches, b) el norte de la palaide Florida, y ) las zonas circundantes
al sistema fluvial del Mississippi.

Existe un desplazamiento altitudinal (Figura 2yetas entidades que conforman
cada uno de los ensambles @ yy), lo que origina dos consecuencias. La primera, u
superposicion importante a nivel altitudinal ergspecies que conforman un mismo
ensamble. Por ejemplo, procesos importantes deladdidn han sido identificados entre
especies que componen un mismo ensamlolemo los que se observan €n eduardiix
Q. conzattiiiBacon y Spellenberg, 1996), affinisx Q. laurina(Gonzélez-Rodriguez et
al., 2005)Q. crassifoliax Q. crassipegTovar-Sanchez y Oyama, 2008), scytophylla
Q. sideroxylax Q. hypoleucoidefPefialoza-Ramirez et al., 2010). Y todas ellas se
encuentran dentro del ensamble 9 de la Figuradbhzsta ahora no se han documentado
casos de hibridacion entre especies que pertermediéerentes ensamblas Otra
consecuencia de este desplazamiento de las espe@bserva en los intervalos de
tolerancia climatica. Aunque, existe una exclusiorbiental entre ensambles diferentes

aun cuando éstos se presentan en intervalos aiataed similares (ver Cuadros 1-3).
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Divergencia del nicho y diversificacién

Recientemente, se han publicado un gran nimerevik#anes taxondémicas, descripcion

de nuevas especies y estudios de genética de rtda@ cerca de encinos rojos (ver
Muller, 1936; Spellenberg, 1992; Nixon y Muller,93 Spellenberg y Bacon, 1996;
Valencia y Cartujano, 2002; Gonzélez-Villarrealp20Vazquez et al., 2004; Romero-
Rangel, 2006; Valencia, 2005; Breedlove, 2009; PedaRamirez, 2011; Valencia et al.,
2011) y muchos de ellos proporcionan evidenciasar de los ensambles identificados
en este estudio. Los denominados complejos deiespEscritos en los trabajos
anteriores, son conformados por entidades queneeda a los mismos ensambles, aunque
exista entre éstas diferencias altitudinales.

Las especies con distribucion mas restringidagmtas menor amplitud climatica y
su representacion en los ejes de ordenacion ndiesaa distribucién agregada. La
mayoria de éstas especies no estan asociadafeate con ningln ensamble
identificado y quiza su especiacion esta ligadaadiferenciacion ambiental fuerte
derivada de aislados periféricos en relacién abrés la seccion.

Por el contrario, aquellas de amplia distribuaén las que presentan la mayor
amplitud de nicho, el cual tiene una correlaciosifp con los valores de intermediacion
de cada especie. Por ésta razOn sus nictiesen una superposicion parcial con un gran
namero de especies. La superposicion climaticenas fuerte entre aquellas especies de
amplia distribucion con porcentajes menores de 50ntras que en especies de

distribucion mas restringidas no supera niveleHaet.
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A lo largo de su distribucion, las especies deanaynplitud climatica y geogréfica
pueden pertenecer a diferentes ensanthl@dgunas veces, éstos fueron diferentes a los
ensambley que fueron identificados en el analisis iniciakh® de otra manera, los
procesos de hibridacién ocurre entre especies gengcen a los mismos ensamioies
aungue en el ensamblaj@areciera que las especies no tienen una fussteagion. En el
ensamblaje eltoniano se observa r que los ensamigssn caracterizados por diferentes
interacciones geneéricas, lo cual nos permiterseipque cada uno tiene distintas presiones
de seleccion y esto originaria procesos de diveigegenética y morfoldgica entre sus
poblaciones. La mayoria de las especies de endsmamplia distribucion presentan gran
plasticidad fenotipica foliar, la cual puede estuciada a las diferencias ambientales
detectadas en los ensamhdes$in embargo no se cuenta con suficiente eviderasi p
corroborarlo porque en México han existido pocasstigaciones que consideren a
especies de amplia distribucién en estudios dacian fenotipica o genética, a diferencia
de estudios efectuados en encinos europeos (Patif 2002) donde se hizo ademas un
muestreo. De los pocos trabajos genéticos reakizenio este tipo de especies fue el
realizado corQ. castaneaa pesar de que no lograron cubrir el area entalidad (ver
Pefialoza-Ramirez, 2011). Una situacion similaresgnta co. rubra(Magni et al.,
2005), un encino de amplia distribucién en el dst&stados Unidos. A pesar de las
deficiencias de muestreo, en ambas especies defitiicado una diferenciacion genética
entre sus poblaciones, aunque ésta no es sigiificat

Romero-Rangel (2006) estudié la secokmutifoliae integrada por especies que
presentan, generalmente, hojas lanceoladas y eatediaristados. La autora menciona

como especies morfologicamente diferent€s acutifoliay Q. conspersapero segun
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Valencia (1995) pueden presentar similitud morfalagEn los ensamblaj@sy y que se
obtuvieron, ambas pertenecen a los mismos ensamkelesen ét las dos especies
muestran una divergencia climéatica, misma quefsgia en diferencias altitudinaled:
acutifolia esta en altitudes mayore€y conspersagn altitudes menores.
Un caso similar ocurre entf@. sartoriiy Q. xalapensigValencia, 2004). A éstas, Romero-
Rangel (2006) las considera como una sola esgecretodo, en nuestra investigacion
ambas pertenecen a ensamblgsy diferentes, pero algunos de sus registros canogth
el ensamble asociado al sector sur de la Sierradladental en los pisos altitudinales
bajos (1300-1500 msnm) donde deberia perteneretamnenteQ. xalapensisSi bien,
Romero-Rangel (2006) menciona dpegrahamiies un sindnimo d@. conspersaen
nuestro estudio se encuentran en los mismos enssmpéero también existe una
separacion altitudinal entre elld3.(grahamiise encuentra en pisos altitudinales mas altos).
En el resto de las especies existe una divergandiental y altitudinal bien marcada entre
ellas. La mayor cantidad de pertenecen a dos etssiabl) la region sur de la Faja
Volcénica Transmexicana + este de la Sierra Madgliey?) a la zona de baja montafa del
sur de la Sierra Madre Oriental.

En el caso de la seli@ncolatae estudiada por Valencia (2006), nosotros
identificamos una asociacion estrecha e@traffinis,Q. laurinay Q. ocoteifolia A pesar
de que existe una diferenciacién altitudir@l:affinisse localiza en pisos inferiores
mientras qué). ocoteifolia, en los pisos superiores. Sin embargo, la asocian#s
estrecha se presenta erreaffinisy Q. laurinaen una amplia franja de hibridacion en el
oriente de México (Gonzalez-Rodriguez et al., 20pd) lo cual, se presentan en pisos

contiguos aungue, existe un desplazamiento altiti@intre ellas.
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En el conjunto de especies similargd.anacvaughit Q. crassifolia(Spellenberg y
Bacon, 199%y a la seridRacemifloragSpellenberg, 1992) se conforma otro de los gande
ensambles, cuya distribucion geografica se extiende des@daa Madre Occidental
hasta la parte central de la Faja Volcanica Trargraea. Los ensambles muestran una
estrecha relacion entf@. hypoleucoideyg Q. sideroxylaal ocupar pisos altitudinales
contiguos con especies que conforman un compéejolidacion junto &. scytophylla
(Pefaloza-Ramirez, 2011).Dos casos idénticos dweston lo encontrado por Tovar-
Sanchez y Oyama (2004) p&acrassifoliay Q. crassipegQ. x dysophyllae considera
como un hibrido entre ellas) y lo reportado p&aradiatay Q. urbaniipor McCauley et
al. (2010).

La mayor cantidad de especies asociadas al cang#€). hypoxanthgNixon y
Muller, 2003) yQ. saltillensis(Muller, 1936) conforman el ensamlole que se localiza en
la Sierra Plegada, con un desplazamiento altitleimae ellas. Por consiguiente no seria
sorprendente encontrar fenémenos de hibridacioroc@tha reportado para otras regiones
de México en pisos altitudinales donde las especiesimpatricas. Invariablemente, los
linajes que constituyen cada uno de los ensamldeéticos estan relacionadas a los
grandes complejos de hibridacion detectados paaceiérLobatae

El caso de las especies que conforman el ensamhbes importante de América
Central es uno de los mas complejos debido a dosea: en primer lugar, existe una
amplia superposicion entre los pisos altitudinale$os que se distribuyen las especies y
en segundo la mayoria de las especies se localizamplios intervalos altitudinales vy,
como lo reporta Breedlove (2001), tienen una gearaeion foliar. En éstas especies se

registraron la mayor cantidad de poblaciones agasgauando se realiz6 el analisis de la
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amplitud de nicho, y cada conjunto ocupa pisatidlhales distintos en cada uno de los
ensambles. Una revision exhaustiva de las cengoeamas lograria llevar al
reconocimiento de nuevas especies.

En la Cuadro 3 se enlistan los conjuntos de espegue han sido reconocidos por
su similitud morfolégica o por su capacidad deididcion con otras; el ensamble al que
pertenecen, y los intervalos altitudinales en los sp encuentran. Este tipo de
investigaciones puede dar luz para proponer nusigtamas de estudio en hibridacién de
encinos. Por otra parte, la diferenciacion clicggn los nichos de las especies es apoyada
por una diferenciacion en las interacciones efdgeentidades climaticas y los elementos
de las floras templadas, aspecto que se visuatizas redes eltonianas de interacciones.
Futuros trabajos sobre variaciones morfolégicagnéticas corroborarian la divergencia
poblacional en especies de amplia distribuciéeubl podria aumentar el nUmero de
especies reconocidas para la sectidimataey al mismo tiempo sus patrones de riqueza

serfan modificados.
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CUADROS

Cuadro 1. Lista de las especies que conformanuwaalde los 12 ensambles
Caracterizacion de cada ensamble en funcion diisd dALT) y de siete variables
climaticas: rango de temperatura diurna (RTD),cstelidad de la temperatura (EST),
temperatura promedio en la estacion seca (TSE@pamtura promedio en la estacion fria
(TFR), precipitacion promedio anual (PPA), estaglioad de la precipitacion (ESPR),

precipitacion promedio en la estacion seca (PSEC).
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ENSA Especies ALT RTD EST TSEC TFR PPA ESP R PSEC
1 Q. aristata, Q. iltisii, Q. planipocula, Q. salicifia 800-1200 13.6-14.7 17.1:22.2 19.1:219 17.6-20.5 1154 10.8-116 15-26
Q. affinis, Q. crispifolia, Q. delgadoana, Q. dufalia, Q.
2 paxtalensis, Q. pinnativenulosa, Q. sapoteifolia s@torii, 1250-1900 10.3-134 127217 140-187 131178 LODL 6981  49-141
Q. skinneri, Q. xalapensis
3 Q. graciliramis, Q. peninsularis, Q. robusta, Qrd#olia 1500-1800 13.1-13.6 52.9-569 10.0-12.9 6.0-8.7  380-490.9-7%4 20-38
Q. acutifolia, Q. candicans, Q. conspersa, Q. &lig, Q.
4 grahamii, Q. nixoniana, Q. praineana, Q. scytopaylD.  1500-2100 12.8-55C 13.9-19.3 153-19.3 4.0-17.9 1L 92-104  20-37
urbanii, Q. uxoris
Q. benthamii, Q. brenesii, Q. cortesii, Q. costarisis, Q.
5 — ) N » 1500-240C 8.8-10.1 5.3-64 14.0-186 13.7-17.8 1975-2884-6.9  90-210
gulielmi-treleasi, Q. humboldtii, Q. seemannii
Q. coahuilensis, Q. durifolia, Q. emoryi, Q. flotenta, Q.
ravesii, Q. hypoleucoides, Q. hypoxantha, Q. mag¥é,
6 9 ; .Q P . .Q _yp . Q g 1600-220C 14.6-17.E 42.8-630 111158 58-9.2  430-650.6-90 30-48
Q. miquihuanensis, Q. saltillensis, Q. tenuiloba, Q
galeanensis
Q. agrifolia, Q. albocincta, Q. canbyi, Q. castan€a
coccolobifolia, Q. conzattii, Q. crassifolia, Q.assipes, Q.
crispipilis, Q. depressa, Q. dysophylla, Q. eduami
7 fulva, Q. gentryi, Q. hirtifolia, Q. kelloggii, Qaurina, Q. 1600-2500 13.7-16C 175335 121172 101130 6EDI0 8197  20-40
mexicana, Q. ocoteifolia, Q. parvula, Q radiata, Q
rysophylla, Q. tarahumara, Q, viminea, Q. wisliZeQ.
acherdophylla
8 Q. inopina, Q. myrtifolia 10-30 11126 43.3-574 159-17.9 12.4-16.3 1240-1370 3%-1. 165-210
. georgiana, Q. hemisphaerica, Q. incana, Q. lae@
9 Q g .g Q . P Q Q- laeq 30-100 12.7-134 62.3-70.2 154-198 8.2-10.9 1200-14308-25 = 210-270
laurifolia, Q. pumila
10 Q. arkansana, Q. texana 50-100  12.1-13.1 69.3-77.3 214-23.1 6.3-88 1300-4105-2D = 250-280
. falcata, Q. marilandica, Q. nigra, Q. pagoda,
11 Q Q Q- nigra, Q- pag 70-180  125-134 695-815 12-221 3.1:84 1145-137%  15-2.1  225-270
phellos
Q. coccinea, Q. licifolia, Q. imbricaria, Q. paltuis, Q.
12 150-300  118-13.1 78.4-919 0.2-172 ()2.5-2.6 97®12114-22  166-255

rubra, Q. shumardii, Q. velutina

Cuadro 2. Lista de las especies que conformanwaalde los 15 ensambls

Caracterizacion de cada ensamble en funcion diisudg de siete variables climaticas.

Las abreviaturas de cada variable se especificéan@nadro 1.
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ENSA

Especies

ALT

RTD

EST TSEC TFR

PPA ESPR

PSEC

10

Q. coahuilensis, Q. durifolia, Q. emoryi, Q. graue’.
hypoleucoides, Q. hypoxantha, Q. kelloggii, Q. nug/ai,
Q. saltillensis, Q. sideroxyla, Q. tenuiloba, Qmimea, Q.
wislizenii

Q. acutifolia, Q. aristata, Q. candicans, Q. castan Q.
conspersa, Q. conzattii, Q. elliptica, Q. grahangi,
hintonii, Q. iltisii, Q. planipocula, Q. salicifai, Q.
scytophylla, Q. urbanii, Q. uxoris, Q. viminea

Q. affinis, Q. benthamii, Q. brenesii, Q. candica®s
conspersa, Q. cortesii, Q. crispifolia, Q. delgadaa Q.
elliptica, Q. gulielmi-treleasi, Q. humboldtii, @coteifolia,
Q. paxtalensis, Q. sapoteifolia, Q. sartorii, Qeseannii,
Q. skinneri, Q. xalapensis

Q. affinis, Q. agrifolia, Q. canbyi, Q. x dysoplaylQ.
kelloggii, Q. laurina, Q. mexicana, Q. parvula, Q
rysophylla, Q. wislizenii

Q. benthamii, Q. candicans, Q. castanea, Q. corsspep.
cortesii, Q. crassifolia, Q. crispifolia, Q. crigpilis, Q.
elliptica, Q. gentryi, Q. grahamii, Q. nixoniana, Q
ocoteifolia, Q. paxtalensis, Q. rysophylla, Q. saplia,
Q. scytophylla, Q. skinneri, Q. uxoris, Q. xalapens

Q. graciliramis, Q. gravesii, Q. peninsularis, @husta, Q
tardifolia

Q. agrifolia, Q. canbyi, Q. durifolia, Q. emoryi,.!
flocculenta, Q. galeanensis, Q. hintoniorum, Q.
hypoleucoides, Q. hypoxantha, Q. kelloggii, Q. raxa,
Q. miquihuanensis, Q. saltillensis, Q. sideroxyla,
tenuiloba, Q. wislizenii

Q. acherdophylla, Q. affinis, Q. candicans, Q. eaga, Q.
crassifolia, Q. depressa, Q. hirtifolia, Q. laurin®.
ocoteifolia, Q. sartorii

Q. acutifolia, Q. albocincta, Q. candicans, Q. cagta, Q.
coccolobifolia, Q. conzattii, Q. crassifolia, Q.assipes, Q.
x dysophylla, Q. fulva, Q. gentryi, Q. laurina, Q.
praineana, Q. rubramenta, Q. scytophylla, Q. vinaine
Q. acutifolia, Q. affinis, Q. albocincta, Q. castm Q.
coccolobifolia, Q. conspersa, Q. conzattii, Q. sitdia, Q.
crassipes, Q. x dysophylla, Q. eduardii, Q. ful@a,
gentryi, Q. hypoleucoides, Q. laurina, Q. mcvaug@Qii
mexicana, Q. parvula, Q. radiata, Q. scytophylla, Q
sideroxyla, Q. tarahumara, Q. urbanii, Q. viminea

1000-1900

1100-1800

1300-1750

300-2200

1400-2000

1500-2000

1950-2400

1950-2400

2000-
2400

2000-
2600

13.6-17.2

13.7-15.2

9.7-11.2

12.2-145

110-13.4

12.9-13.€

13.7-15.2

12.4-13.7

14.2-154

15.4-16.6

57.9-693 116-19.0 4178

13.7-19.9 18.1:205 164-1D5

5.92-200 155-18.7 14.8-17.8

219-41) 125-193 9.2-12.2

10.0-15.7 16.3-19.6 15.3-13.2

519-57.8 9.9-10.6 8.1:9.1

32.5-610 13.6-21..9 6.7-10.6

17.8-227 118-134 108-12.3

400-790.7-80

I3ED-1 10.0-10.9

1666023 6.2-7.6

580-140.9-9.1

123Dl 8.5-10.2

440-490 0-774

490-736.9-8.6

w1l 7.5-82

17.2-212 140-64 119-143 940-1190 9.3-10.z

17.7-277 115-143 10.7-12.6

28-54

16-26

88-160

7-54

21-45

35-38

09-46

55-96

25-37

640-920 8.4-9.9 3-32

11

12

13

14

15

16

17

Q. incana, Q. inopina, Q. laevis, Q. laurifolia,
myrtifolia

Q. arkansana, Q. falcata, Q. hemisphaerica, Q. m&aQ.
laevis, Q. laurifolia, Q. marilandica, Q. nigra, @hellos,
Q. pumila

Q. arkansana, Q. coccinea, Q. falcata, Q. georgiaQa
hemisphaerica, Q. incana, Q. laevis, Q. laurifoli@,
marilandica, Q. myrtifolia, Q. nigra, Q. pagoda, Q
phellos, Q. pumila, Q. rubra, Q. shumardii, Q. taga Q.
velutina

Q. coccinea, Q. ilicifolia, Q. rubra, Q. velutina

Q. coccinea, Q. falcata, Q. imbricaria, Q. mariland, Q.
nigra, Q. pagoda, Q. palustris, Q. phellos, Q. rapQ.
shumardii, Q. velutina

Q. coccinea, Q. falcata, Q. ilicifolia, Q. imbricar Q.
marilandica, Q. palustris, Q. phellos, Q. rubra, Q.
shumardii, Q. velutina

Q. ellipsoidalis, Q marilandica, Q. imbricaria, @alustris,
Q. rubra, Q. velutina

50-120

60-150

100-320

10-270

180-290

230-310

113-13.0

12.9-13.5

126-13.4

1n2-2.1

12.3-13.4

118-13.0

116-12.4

42.2-52.116.2-180 13.1:15.8 1230-1340 4.0-4.9

64.5-717 13.1:19.1 7.2-10.2 1160-1250  19-2.5

68.5-77.619.6-228 5.3-9.0 1300-1440 16-2.0

87.4-910 (9)3.0-90 ()4.1(-)17 Q@RI 0.8-14

76.8-85.59.8-19.7 17-41  1140-1250 12-16

85.4-95.3(-)18-7.0 (-)2.0-7.0 960-1080 16-2.4

, (8.0 ()7.9+(-
v.2-nz )3.2 )3.2

810-930 3.4-4.7

164-198

208-233

254-279

222-27¢

243-259

160-22)

78-118
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Cuadro 3. Lista de las especies que conformanuwaalade los 17 ensamblas

Caracterizacion de cada ensamble en funcion diisuwla/ de siete variables climaticas.

Las abreviaturas de cada variable se especificéa @unadro 1.

ENSA

Especies ALT

RTD

EST

TSEC

TFR

PPA

ESPR

PSEC

Q. affinis, Q. agrifolia, Q. canbyi, Q. depressa, &noryi,
Q. flocculenta, Q. galeanensis, Q. gravesii, Q.
hypoleucoides, Q. hypoxantha, Q. kelloggii, Q. raxa,
Q. miquihuanensis, Q. parvula, Q. rysophylla, Q.
saltillensis, Q. sartorii, Q. sideroxyla, Q. tenuiila, Q.
wislizenii

Q. aristata, Q. conspersa, Q. elliptica, Q. iltis.
planipocula, Q. salicifolia

Q. affinis, Q. benthamii, Q. brenesii, Q. candicaQs
conspersa, Q. cortesii, Q. crispifolia, Q. delgadea Q.
elliptica, Q. pinnativenulosa, Q. ocoteifolia, Q.
sapoteifolia, Q. sartorii, Q. skinneri, Q. xalapéns

500-1700

850-1400

1250-1850

Q. benthamii, Q. brenesii, Q. cortesii, Q. gulieltraleasi,
Q. humboldtii, Q. seemannii

Q. graciliramis, Q. peninsularis, Q. robusta, Qdaioxyla,
Q. tardifolia 1500-2004
Q. candicans, Q. castanea, Q. conspersa, Q. cobpjfQ.
grahamii, Q. mulleri, Q. nixoniana, Q. scytophyli@,
skinneri, Q. uxoris

Q. acutifolia, Q. candicans, Q. castanea, Q. coobdblia,
Q. conspersa, Q. conzattii, Q. crassifolia, Q. sipss, Q. X
dysophylla, Q. elliptica, Q. gentryi, Q. grahan@,
hintonii, Q. laurina, Q. praineana, Q. scytophyl@,
urbanii, Q. viminea,

Q. castanea, Q. crassifolia, Q. crispipilis, Q. degsa, Q
duratifolia, Q. elliptica, Q. fulva, Q. hirtifoliaQ. laurina,
Q. ocoteifolia, Q. paxtalensis, Q. rubramenta, Q.
rysophylla

Q. affinis, Q. albocincta, Q. castanea, Q. coccdfoia, Q.
conzattii, Q. crassifolia, Q. crassipes, Q. duii#glQ. x
dysophylla, Q. eduardii, Q. emoryi, Q. fulva, Qngwgi, Q.
hypoleucoides, Q. laurina, Q. mcvaughii, Q. mex&aQ
radiata, Q. scytophylla, Q. sideroxyla, Q. tarahuraaQ.
urbanii, Q, viminea

1400-2100

1500-2100

1700-230C

2000-
2400

2100-2600

34.8-62.5

12.3-217

12.4-20.9

4.9-5.85

519-56.8

10.2-13.5

15.9-20.2

10.9-19.8

17.4-32.0

14.4-20.6

19.0-225

14.2-18.5

15.3-18.7

10.0-2.3

16.7-19.7

14.2-17.3

12.3-15.9

11.3-14.3

6.3-10.8

17.9-21.0

13.3-17 .6

15.0-18.1

6.0-8.7

16.0-18.6

12.4-16.2

112-14.8

10.2-12.5

450-750

1110-1480

1310-1360

2110-2940

380-485

1220-1470

910-1220

1120-1450

660-960

7186

04-1 15-25

618-8 58-147

4.4-5.802-250

59-7.4 382

9.2-10 20-31

938-10. 22-31

7.79.3

8.2-9.8 5-42

4110-

500-1700

850-140C

1250-1850

1400-2100

- 1500-2000

1500-2100

1700-2309

2000-
2400

33-86

2100-2600

10

11

12

13

14

15

Q. arkansana, Q. falcata, Q. georgiana, Q. hemispha,
Q. incana, Q. inopina, Q. laevis, Q. laurifolia, Q.
marilandica, Q. myrtifolia, Q. nigra, Q. pagoda. Q.
phellos, Q. pumila, Q. velutina,

Q. arkansana, Q. coccinea, Q. falcata, Q. hemisphbag
Q. incana, Q. laevis, Q. laurifolia, Q. marilandic®.
nigra, Q. pagoda, Q. phellos, Q. rubra, Q shumar@i
texana, Q. velutina

Q. coccinea, Q. falcata, Q. incana, Q. laevis,
marilandica, Q. nigra, Q. pagoda, Q. palustris, ghellos,
Q. shumardii

30-90

65-120

120-240

Q. coccinea, Q. falcata, Q. imbricaria, Q. mariland, Q.
palustris, Q. phellos, Q. rubra, Q. shumardii, @lwtina

150-270

Q. coccinea, Q. falcata, Q. ilicifolia, Q. imbridar Q.
palustris, Q. rubra, Q. velutina

160-330

Q. coccinea, Q. ellipsoidalis, Q. ilicifolia, Q. tmicaria, Q.

) ) ) N A 200-290
marilandica, Q. palustris, Q. shumardii, Q. velwdin

619-69.2

68.9-77.¢

74.5-83.5

82.9-90.%

76.8-88..

13.5-18.8

20.4-23.1

9.6-20.0

04-58

()13-17.7

12.0-96.2 (-)3.8-4.0

8.1-1.0

5.8-9.0

18-5.5

0.4-3.8

1180-1330

1250-1440

1130-1330

1050-1190

()17-26 1055-1230

(-)4.0-0

900-1010

2127

16-2.0

12-17

18-2.4

B1-1 219-265

2.0-3.7

209-

250-278

243-266

177-257

14-279

30-90

65-12)

120-240

150-270

160-330

200-290
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Cuadro 4. Lista de los géneros asociados a caddailts 12 ensambles taxondmicos

identificados.

ENSAY

GENEROS ASOCIADOS

1

Acacia, Calochortus. Mimosa, Muhlenbergia, Pinusjrlis, seccion Quercus, Rhus

2 Carpinus, Clethra, Clusia, Dalbergia, Epidendrutexi Mimosa, Oreopanax, Persea,
Prunus, seccion Quercus, Saurauia, Symplocos, freamia

3 Juniperus, Penstemon, seccion Quercus, Rhus

4 Acacia, Epidendrum, Mimosa, Muhlenbergia, Oreoparfarus, Prunus, seccion Quercus,
Rhamnus, Saurauia, Styrax, Ternstroemia,

5 Clethra, Clusia, Epidendrum, llex, Magnolia, Oreopa, Persea, seccion Quercus,
Rhamnus, Saurauia, Symplocos, Styrax, Weinmanyliasi{a, Zonowiewia

6 Acer, Arctostaphylos, Berberis, Calochortus, Cebnst Cercocarpus, Cirsium, Juniperus,
Muhlenbergia, Nolina, Penstemon, Phacelia, Pinesc®n Quercus, Rhamnus, Salix,
Yucca
Alnus, Arbutus, Arceuthobium, Arctostaphylos, Besh&uddleja, Calochortus,

7 Ceanothus, Garrya, Mimosa, Mimulus, Muhlenbergien®emon, Philadelphus, Pinus,
seccion Quercus, Rhamnus, Salix, Tauschia

8 Carya, Nolina, Persea, Polygonum, seccién Quercus

9 Cirsium, Cornus, Crataegus, Eriogonum, Fraxinus|s@mium, llex, Muhlenbergia, Nyssa,
Osmanthus, Penstemon, Persea, Phacelia, PinusuByrseccion Quercus, Taxodium,
Yucca

10 Carya, Crataegus, llex, Mimosa, Penstemon, Ulmus

11 Aacer, Carya, Cirsium, Cornus, Crataegus, Fraxings/semium, llex, Lindera, Magnolia,
Mimosa, Muhlenbergia, Nyssa, Penstemon, Phacefidadelphus, Pinus, Polygonum,
Prunus, seccion Quercus, Symplocos, Styrax, Tamgdilmus, Yucca
Aacer, Amelanchier, Betula, Carpinus, Carya, Cehust Cirsium, Cornus, Crataegus,

12 Fraxinus, Heuchera, llex, Juglans, Juniperus, Lisd®&lagnolia, Mimulus, Morus,
Muhlenbergia, Ostrya, Penstemon, Phacelia, Platafasygonum, Populus, Prunus,
seccion Quercus, Rhus, Salix, Tilia, Uimus

ENSAB GENEROS ASOCIADOS
1 Ceanothus, Mimulus, seccién Quercus, Nolina, Pemste Calochortus, Berberis,
Adenostoma, Arctostaphylos, Pinus, Garrya, Philpdes$, Holodiscus, Tauschia
2 seccion Quercus, Rhus, Persea, Muhlbenbergia, Ac&8aurauia, Mimosa, Calochortus,
Pinus
Clethra, Symplocos, Prunus, Persea, Saurauia, Epiden, Rhus, Acacia, llex, Dalbergia,
3 Mimosa, Oreopanax, seccion Quercus, Diospyros, ByaidClusia, Ternstroemia,
Matudaea, Cirsium, Rhamnus, llex, Amelanchier, @arg, Magnolia, Fagus
Symplocos, Saurauia, Oreopanax, llex, Epidendrueth@, Clusia, Zinowiewia,
4 Xylosma, Weinmannia, Ulmus, seccién Quercus, Tdgidron, Diospyros,
Arctostaphylos, Styrax, Rhamnus, Persea, Magnolia
5 Rhus, Arctostaphylos, Betula, Phacelia, Pensterdomlenbergia, seccion Quercus,
Yucca, Juniperus, Fendlera, Lewisia, Ceanothusnithes
6 Pinus, Tilia, Ostrya, Acacia, Chiratodendron, Mirmp#Muhlenbergia, Saurauia, seccion

Quercus, Rhamnus,
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Muhlenbergia, seccion Quercus, Styrax, Epidendiier, Ternstroemia, Pinus, Rhamnus,
Symplocos, Calochortus, Mimosa, Garrya, ClethragAbOreopanax, Saurauia,

7 Penstemon, Meliosma, Arctostaphylos, Cleyera, dfaasTilia, Phacelia, Fraxinus,
Myrica, Zinowewia, Buddleja, Salix, Alnus, Polygomuraxodium, Crataegus, Arbutus
Tilia, Epidendrum Philadelphus, Chiratodendron, bidiscus, Pinus, seccién Quercus,
8 .
Podocarpus, Litsea, Prunus, Oreopanax, Clethra
Muhlenbergia, Buddleja, seccion Quercus, CeanotBasy, Pinus, Acacia, Mimulus,
9 Penstemon, Abies, Yucca, Arctostaphylos, Rhamnostus, Tauschia, Juniperus,

Berberis, Calochortus, Nolina, Platanus, Garryanéd, Heuchera, Fraxinus,
Arceuthobium, Rhus,

Persea, Taxodium, Osmanthus, Eriogonum, Cornusi@eQuercus, Gelsemium, llex,
10 Nyssa, Pinus, Cirsium, Prunus, Ceanothus, Lindeéraxinus, Penstemon, Eriogonum,
Magnolia, Crataegus, Litsea, Phacelia, Styrax, A€arya, Clethra, Taxodium

Crataegus, Carya, Penstemon, seccion Quercus,Yigsca, Mimosa, Prunus, Cirsium,
11 Magnolia, Ulmus, Styrax, Nyssa, Symplocos, AceysiGelsemium, lllicium, Lindera,
Phacelia, Philadelphus, Muhlenbergia, Cornus, Taxod Fraxinus,

Carya, Phacelia, Penstemon, Ulmus, seccién Quefosjus, Heuchera, Crataegus,
12 Magnolia, Acer, Lindera, Cirsium, Polygonum, Amelaier, Philadelphus, Abies,
Symplocos, Phacelia, Rhus, llex, Magnolia, Clethiquidambar, Taxodium, Pinus

Hamamelis, Penstemon, Pinus, llex, Crataegus, Bstidimulus, Betula, secci6n
13 Quercus, Carya, Yucca, Magnolia, Alnus, Phacel@ixSCercis, Nyssa, Juniperus, Rhus,
Cornus, Prunus

Penstemon, Phacelia, Acer, Muhlenbergia, Pinusydaium, Tilia, Lindera, llex,
14 Amelanchier, Salix, Heuchera, Populus, Crataegesyld, Prunus, Cirsium, Chimaphila,
Carya, Ceanothus, Rhus, Cornus, Ostrya, Nyssa, &llMorus, Mimulus, Berberis

Crataegus, Polygonum, Ulmus, Populus, Acer, Corsesgion Quercus, Prunus, Cirsium,
15 Penstemon, Ceanothus, Heuchera, Carya, Salix, dagMuhlenbergia, Betula, Rhus,
Amelanchier, Cirsium, Prunus, Fraxinus, Alnus, FapuCornus, Tilia

ENSAa GENEROS ASOCIADOS

Penstemon, Cirsium, Philadelphus, Phacelia, Salixgca, Heuchera,Fendlera,

1 Eriogonum, Cercocarpus, Muhlenbergia
2 Calochortus. Mimosa, Saurauia, Muhlenbergia, Per$taus
3 Saurauia, Clethra, Oreopanax, Liquidambar, Sympéodeacia, Clusia, seccién Quercus
4 Arctostaphylos, Rhus, Ceanothus, Garrya. Adenost®eastemon, seccion Quercus
5 Pinus, Chiratodendron, Tilia, Persea, Saurauia,y@frseccién Quercus
6 Juniperus, seccion Quercus, Betula, Arctostaphy®bsis, Yucca, Penstemon
7 Penstemon, Pinus, Sidalcea, Tauschia, Adenostoaiaci@rtus. Nolina, Mimulus,
Ceanothus, seccion Quercus
8 Oreopanax, Holodiscus, Epidendrum, Clethra, TiR&us, Taxus, Muhlenbergia,
Cercocarpus, Litsea

Clethra, Arctostaphylos, Symplocos, Ternostroedibutus, Pinus, Epidendrum, Cleyera,

9 . - i,
Styrax, llex, Tauschia, Meliosma, Tilia, Pinus
10 Mimulus, Yucca, Buddleja, Pinus, Muhlenbergia, BBtQuercus, Rhus, llex, Abies,
Penstemon, Rhamnus, Juniperus, Prunus, Pensteratochortus

1 Salix, Carya, Nolina, secciéon Quercus, Prunus, Bohum, Pinus, Persea, Penstemon,

Muhlenbergia, Litsea, lllicium, Nolina
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llex, Litsea, Eriogonum, Nyssa, seccién Quercusstnon, Ceanothus, Osmanthus,
12 Persea, Taxodium, Gelsemium, Nolina, Mimosa, Palygg Pinus, llex, Cornus, Fraxinus,

Cirsium,

13 Mimosa, Penstemon, seccién Quercus, Crataegus Rlexus, Yucca, Carya, Magnolia,
Acer, Cirsium, Styrax, Nyssa, Ulmus, Pinus, Synaglodlicum, Cornus, Lindera,

14 Abies, Ulmus, Acer, Tilia, Alnus, Prunus, Taxusekamchier, Arceuthobium, Berberis,
Betula, Carpinus, Salix, Chimaphila, Populus, CanBolygonum, Fraxinus, llex

15 Penstemon, Abies, Phacelia, Clethra, Heucheraalklphus, Magnolia, Rhus, Crataegus,

Berberis, Amelanchier
16 Heuchera, Prunus, Cirsium, Polygonum, Pinus, Eriaga, Crataegus, Salix,
Muhlenbergia
17 Prunus, Penstemon, Mimosa, Juniperus, seccion @segirsium, Rhus, Yucca, Phacelia,

Eriogonum

Cuadro 5. Listado de los conjuntos de especiethgneido reconocidos por su similitud
morfologica y/o por su capacidad de hibridacién ctvas especies. Se indica al ensamble

climatico al que pertenecen y los intervalos aliitales en los que se encuentran.
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Romero-Rangel (2006 cutifoliae

Ensambles climéaticos Ensambles histéricos

Especies 1 2 3 6 5 7 8 9 10 1 2 3 4 6 8 15
Q. conspersa 1300-180C 1400-1800 100-1700 1200-1500 1000-800 1900-11000-200)
Q. acutifolia 2000-2200 1400-1900 1700-2290 1500-2:300
Q. grahamii 1900-2300 1600-2200 1900-23C0 1500-2300
Q. sartorii 1400-190C 1300-1500 1400-190C 1400-1900
Q. xalapensis 1200-170C 1300-1500 1200-170C
Q. skinneri 1000-170C 1200-170C 1000-1800 1300-180C
Q. brenesii 1300-1600 1300-150C
Q. cortesii 900-1400 900-1500 1000-150C
Q. uxoris 1800-2200 1500-2000 1500-20C0
Q. canbyi 1500-170C 800-1400 1200-180C
Q. graciliramis 1500-170C 1500-170
Q. albocincta 800-1300 1000-150 900-1600
Q. tenuiloba 1900-2200 1900-2200
Valencia (2006) .anceolatae Gonzalez-Villarreal (2003); Valencia et al. (2Q1¥alencia y Cartujano (2002)

Ensambles climéaticos Ensambles histéricos
Especies 1 2 6 7 8 9 10 2 3 4 5 6 8
Q. laurina 2100-2400 2400-2800 2400-280 2100-2700 2100-29C0 2100-2800 2100-2700
Q. affinis 1900-2200 1900-22C0 1500-1900 2000-2300 1800-22400 10WW 21700-220!
Q. ocoteifolia 1900-2200 2300-2600 1900-2200 1800-2600 1900-22G0
Q. delgadoana 1400-1700 1400-1700
Q. crispifolia 1100-2000 1000-1602
Q.depressa 2000-2300 2000-2300
Q. sapoteifolia 1000-1300 1000-1500 1000-1500
Q. pinnativenulosa 1000-1300 1000-130C
Q. salicifolia 700-1400 700-1400

800-1300 800-1300

Q. cualensis 1600-2000
Spellenberg (1992); Tovar-Sanchez y Oyama (200djiaPza-Ramirez (2011); Spellenbergy Bacon (1996

Ensambles climaticos Ensambles histéricos
Especies 1 3 4 6 7 10 1 2 3 5 6
Q. scytophylla 1700-2100 1600-2100 1300-1500 1700-2100 1800-2200 1700-2200 1506:
Q. hypoleucoides 1800-2100 1600-2100 1700-2100 1800-220C 1700-220
Q. sideroxyla 2300-2601 2000-240 2100-2600 2100-260(
Q. macvaughii 2100-2300 2100-2200 2100-240(
Q. fulva 2100-2400 2000-2200 2100-2400 2100-2400
Q. crassifolia 1900-240C 2000-2600 2100-2600 2100-2400 2100-2700 2190822000-250)
Q. crassipes 2500-270C 2300-27G0 2300-2700
Q. x dysophylla 2500-2700 2300-2500 2300-2600
Q. urbanii 2400-260 1900-2200 2100-2600 1900-2300
Q. conzattii 1800-2200 1900-2200 1700-2340 1800-200 1700-2300
Q. radiata 2000-2500 2000-2500
Q. tarahumara 1600-1900 1600-1900

Muller (1936); Nixon y Muller (1993); Vazquez et §2004)

Ensambles climaticos Ensambles histéricos
Especies 2 3 4 5 NA 5 6 15
Q. hirtifolia 1800-2100 1800-2100
Q. hypoxantha 2200-26012200-2600 2200-2600
Q. hintoniorum 2700-3000 2700-30C0
Q. miquihuanensis 2600-2900 2600-2900
Q. gravesii 1300-1800 1500-180 1400-19C0
Q. tardifolia 2000-210 2000-210
Q. coahuilensis 2100-2600 2100-2600
Q. galeanensis 1900-2200 1900-2200
Q. flocculenta 2100-2500 2100-250C
Q. saltillensis 2100-2450 2100-2400 2100-250C
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FIGURAS

Figura 1. Distribucion espacial de 12 ensampl@gaxonomicos).
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Figura 5. Distribucion espacial de 17 ensamblé¢slimaticos).
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CAPITULO V

Efectos climaticos del Pleistoceno en la distribuzn de los
encinos rojos: evidencias palinolégicas y modelage nicho

ecoldgico

A. Torres-Miranda, I. Luna-Vega, K. Oyama. 2013.
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Introduccion

El Pleistoceno es uno de los periodos mas recientés historia de la Tierra, caracterizado
por complejos patrones de enfriamiento y calentatoiglobal ocurridos de manera
iterativa. Estos ciclos se manifiestan con la afiecia de etapas mas frias en relacién al
actual (~8 °C menos), conocidas como glacialesapasten las que el clima es similar o
mas calido que el presente (2°-3°C mas), conocola® interglaciales (Caballero et al.
2010). El Ultimo Méaximo Glacial (UMG), ocurrido ha@6500 a 19000 afios, representa el
periodo mas reciente en el que los glaciares adcansus maximos volumenes (Mix et al.,
2001). Este estuvo caracterizado también por ucedss en el nivel del mar de ~130 m en
relacion al actual (Clark et al., 2009). El avadedos glaciares ha sido ampliamente
documentado para el este de Estados Unidos, sieralde los factores que explican la
migracion latitudinal de sus biotas. Overpeck (191, 1992), Prentice et al. (1991) y
Webb Il et al. (1998) proponen una migracién latihal de los bosques deciduos,
desplazando a los bosques mixtos y célidos deysiendo abundantes en la peninsula de
Florida en el UMG, hipétesis sustentada por daatim@dgicos observados y los modelos
climaticos deQuercus Caryay Alnus Los datos palinoldgicos de Jackson et al. (2000)
también confirman que los elementos mas frecuemtés peninsula de Florida y el sur de
la planicie costera del Atlantico fueron dominagosQuercusy especies de
Cupressaceae, ademas de pole@alya Alnus y CarpinugOstrya En general, en
periodos de maximo enfriamiento, los bosques migédislos del este de Estados Unidos
tuvieron una reduccién en su area de distribuci@dgndo posiblemente fragmentados en
pequeiios refugios, mientras que los encinos dedsegues mixtos templados de las
Planicies Interiores fueron desplazados al surgigendo un cinturén continuo a lo largo

de la planicie costera (Overpeck et al. 1991, 1892ntice et al. 1991, Webb Il et al.
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1998).

Por otro lado, con base en evidencias glaciales fporrenas) del centro de México
(en la Faja Volcanica Transmexicana) se planteaque UMG los volcanes mas altos
presentaban glaciares cuyos limites altitudinadesngontraban entre 3400-3940 msnm
(casi 1000-1500 msnm menos que el actual), coredess menores en los volcanes de las
cuencas centrales (Iztaccihuatl, Malinche y Newdldoluca) y un descenso pronunciado
en los mas cercanos al mar (Cofre de Perote y tBaogsegun datos recopilados por
Caballero et al. (2010).

La recopilacion de datos paleolimnoldgicos y gaEbagicos en la Faja Volcanica
Transmexicana como Tecocomulco (Caballero et &9,1Roy et al. 2009), Texcoco
(Gonzalez-Quintero y Fuentes-Mata 1980, BradbuB91$edov et al. 2009), Chalco
(Lozano y Ortega-Guerrero 1994, 1998), Cuitze@dsret al. 2002), Zirahuen (Ortega et
al. 2010) y Zacapu (Metcalfe et al. 2002) muestyam la vegetacion montana del centro de
México tuvo un posible desplazamiento de casi 18(ibr debajo de su limite actual
durante el UMG . Los diagramas polinicos de lasicas muestran una clara dominancia
del polen déPinus siendo esto una evidencia de la migracion hdtiiades menores y de
una posible expansion de la vegetacidon montanac@fetet al. 2002, Caballero et al.
2010). La presencia de polenklieeaha sido documentada e indica la expansion de slima
frios en el centro del pais. En trabajos reciesgdsa documentado una gran variacion
climatica en el centro de México con presencia ingoe de bosques mixtos (Lozano-
Garcia et al., 1993; Lozano-Garcia y Ortega-Guert94), pero asociados a regimenes
de precipitacion complejos (Correa-Metrio et dbl2a; Stevens et al., 2012).

En el norte de México se registraron cambios emdgetacion mas drasticos, por

ejemplo Meyer (1973) propone gue el Altiplano déh@hhua fue mas frio y humedo,
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permitiendo la formacion de bosques de conifBragsJuniperusen donde actualmente
hay matorrales; mientras que en mayores altitue2200 msnm) hubo una alta
concentracién dPinusQuercusPicea lo que permite proponer para el norte de México
gue las condiciones climaticas del UMG fueron kigeente mas hiumedas y frias que las
actuales (Metcalfe et al., 2000). Un caso simitarree en Baja California y en la
vegetacion asociada a los chaparrales. Lozano-#atreil. (2002) y Holingren et al. (2011)
mencionan gue hubo una tendencia a la expansiéameies asociadas a los chaparrales
durante el UMG, asi como un aumento en los niValsstres, que tras la fase de
transicion al Holoceno fue sustituida por element@s2rticos tras la disminucién en las
condiciones de humedad.

Por dltimo, estudios recientes realizados en teziel lago de Petén-Itza, en
Guatemala, han arrojado nuevas evidencias paradartia dindmica de sus biotas. Bush et
al. (1999), Mix et al. (2001), Correa-Metrio et @012b,c) han documentado que en el
UMG la vegetacion que dominaba esta regién estatcEaala a bosques templados de
PinusQuercus sugiriendo que las condiciones eran mas fresb@snedas en relacion al
presente. En estos estudios, se menciona tambééel glima en esta region tuvo un
periodo de enfriamiento relativamente constantee@léss 86000 hasta hace 20000 afios,
que se vio interrumpido por oscilaciones climatidessticas denominadas eventos de
Heinrich (Correa-Metrio et al. 2012). Sin embargaransicién palinolégica mas
importante se presenta entre el final del Pleistogelos comienzos del Holoceno, época
en gue las condiciones se tornaron mas calidasag ggomoviendo el auge de los pastos
(Poaceae).

El modelado de nicho ecolégico (MNE) de una espdeicribe su area potencial de

distribucion basado en los registros de colectanapolados o interpolados, segun el
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algoritmo empleado, a areas que presentan las misomaiciones ambientales (Guisan y
Thuiller 2005). A partir de las condiciones clincas actuales, los algoritmos del modelado
de nicho permiten identificar las mismas condicoer escenarios climéticos distintos,
pudiendo proyectar los datos actuales a escerggioambio climatico y obteniendo
incluso la paleo-distribucién potencial de una esp@Niens y Graham 2005), asumiendo
nichos estables a través del tiempo (Peterson #9899, Martinez-Meyer y Peterson 2006).

El MNE ha sido aplicado en una variedad de estugli® incluyen desde la
extincion de especies, mecanismos de especiagu@nsificacion y conservadurismo del
nicho (Martinez-Meyer et al., 2004; Martinez-Meyd?eterson, 2006, Pearman et al.
2008), asi como paleodistribuciones (Carstens gdits, 2007; Richards et al., 2007,
Waltari et al. 2007). Una de las aplicaciones reégentes del MNE es la propuesta de
hipotesis alternativas acerca de la historia dgebfaciones basadas en la cuantificacion
de la paleodistribucion de una especie (Nogues«B2809). Estas hipo6tesis son ahora
probadas utilizando métodos de coalescencia yadgteugenética. (Richards et al., 2007).
Los estudios realizados por Martinez-Meyer y Pete(@006) y Martinez-Meyer et al.
(2006) han fundamentado que los nichos de las iespge han mantenido constantes en
periodos de tiempo relativamente recientes conrdegbtoceno, siendo el conservatismo
temporal una de las propiedades del nicho de [zeces.

La diversidad genética, como lo propone HewitO@Qpuede ser consecuencia de
fluctuaciones climaticas pasadas. Estudios redanie combinan datos genéticos y
modelado de nicho ecoldgico parecen corroboratagiexpansiones o retracciones
demograficas estan soportadas por expansionesagacieines de las areas de distribucién
proyectadas en escenarios de cambio climaticoldetéteno (Jakob et al., 2007, 2009;

Raxworthy et al. 2006). La colonizacién rapida da especie con pequefias poblaciones,
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como consecuencia de oscilaciones climaticas, piesde como resultado una baja
diversidad genética. Po otro lado, especies queiemam poblaciones relativamente
grandes y constantes en el tiempo pueden manitd&ativersidad genética (Hewitt
2000).

El génerdQuercuses uno de los elementos mas importantes en ladra
hemisferio norte (Nixon, 2006). Axelrod (1983) pooe que la diversificacion del género
Quercusocurrié entre el Oligoceno y el Mioceno, periogndos que algunas especies
modernas aparecieron. Los encinos probablementwesificaron como consecuencia de
la heterogeneidad topogréfica y climética del Taioj siendo las fluctuaciones climéticas
del Cuaternario una de las posibles causas deiasiggcreciente para estas especies
(Hooghiemstra, 2006). La mayoria de las especiend@os estan restringidas a sectores
especificos dentro de los continentes, mientrasgsencestros posiblemente habitaron
areas geograficas mas extensas, antes de que fisgarentadas por pastizales y
matorrales (Axelrod, 1983; Manos y Stanford, 2001ps resultados de Manos y Stanford
(2001) apoyan la hipotesis de Axelrod (1983) delqa@rincipales grupos de encinos
evolucionaron en las areas donde estan presentednaente. Nuevas evidencias aportadas
por el estudio de las especies de la sedoidratae(encinos rojos) han apoyado la
hipétesis de eventos recientes de especiacionisalartiempo que se ha enfatizado el
papel de las fluctuaciones climaticas en la evléluceticular y genética de las especies de
la seccion (Torres-Miranda et al., 2013)

El objetivo de este estudio es evaluar el posf#eto de los cambios climaticos del
Pleistoceno en la distribucién de los encinos taosparticular del UMG, con dos modelos
de circulacién de gases, mediante el modeladoath® micolégico, para proponer hipétesis

acerca de la dinamica de procesos de expansidimacoidn y migracion del area de
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distribucion de las especies en transiciones deqms de enfriamiento y calentamiento
global. Al mismo tiempo, se analizé la congruerai&re los modelos obtenidos con los
datos paleoambientales publicados, con énfasisseestudios del este de los Estados
Unidos, para la Faja Volcanica Transmexicana eniddéxla region del Petén en América
Central. Se analiz6 si existe relacidon entre l@didad y estructura genética de las

especies de la seccinbataey los taxones asociados a éstas.

Materiales y métodos
Datos de distribucion e informacion ambiental
Los datos de distribucion para 103 especies daesncojos que componen la secciéon
Lobataeen América del Norte fueron obtenidos en una i@viexhaustiva de los
ejemplares depositados en los siguientes herbdiéXU, ENCB, IEB, XAL, UANL, y
CHAP. Ademés se hizo una consulta de la informadisponible del Global Biodiversity
Information Facility (acceso a través del portahwgbif.org). Los datos de distribucién
de los encinos de California fueron obtenidos nediana consulta en el Consortium of
California Herbaria (ucjeps.berkeley.edu/consortjuior Gltimo, se hizo una revision de
monografias y estudios floristicos del gén@rercus(consultar una revision detallada en
Torres-Miranda et al., 2011). Se construyd una dasgatos por especie asociadas a su
longitud y latitud. Removimos los registros duptioa por especie y depuramos la base de
datos siguiendo a Valencia (2004). De esta martgtarionos 15,744 sitios de colecta sin
duplicados para 103 especies de encinos rojos.

Los escenarios ambientales tanto del presente dehqasado se encuentran
disponibles en una serie de 19 variables que raslosespectos climaticos. Los datos

climaticos recientes fueron obtenidos de la bas#attes World Clim (Hijmans et al. 2005).
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Para realizar las proyecciones a escenarios del (MG ~21000 afios) empleamos los
datos paleoambientales de dos modelos de circalgbidal de gases: Community Climate
System Model (CCSM,; http://www.ccsm.ucar.edu/ Kiahtl Gent 2004) y el Model for
Interdisciplinary Research on Climate (MIROC, versB.2; www.ccsr.u-
tokyo.ac.jp/;hasumi/MIROC/). Remuestreamos estpasalimaticas de resolucion
original mediante una convolucién cubica implemdatan ArcView 3.2 (ESRI, 1999)

hasta obtener una resolucién final de 30 arco skuf-1 krf).

Redes de ensamble en encinos rojos

Con el propésito de discernir la respuesta de ajuoto de especies ante las fluctuaciones
climaticas e identificar si éstas estan asociadagansiones o contracciones en sus areas
de distribucion, empleamos los ensambles macrogicok propuestos por Torres-Miranda
et al. (ver Capitulo IV) basados en el sobrelapatnide sus nichos ecoldgicos. Las redes
de ensamble fueron obtenidas al eliminar la reduridale las variables climaticas, por lo
gue unicamente se utilizaron siete de las 19 viagadriginales de World Clim (rango de
temperatura diurna, estacionalidad de la tempexateimperatura promedio en la estacion
seca, temperatura promedio en la estacion friaigit@cion promedio anual,

estacionalidad de la precipitacion, precipitaciéonpedio en la estacidén seca). Utilizamos
los doce ensamblgsque consideran el intervalo completo de distiifiude cada especie,
y los caracterizamos climatica y altitudinalmemefuncion de los tipos de vegetacion a los

que estan asociados (ver Cuadro 1).

Modelado del Nicho Ecologico
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Modificamos la propuesta de Pearson et al. (2087 el MNE. Para cada especie se
generaron diez subconjuntos de localidades deteadeccada especie de manera aleatoria,
de tal forma que en especies con mas de 50 regisada uno de los subconjuntos tuviera
el 20% del total de localidades Unicas; en el cesespecies con 10 a 49 registros, cada
subconjunto tuvo el 40% de las localidades Unieas| caso de especies con menos de 10
registros, cada subconjunto tuvo entre el 60-70%chidades Unicas. La distribucion
potencial de las especies fue predicha mediangdganitmo de maxima entropia con el uso
del software MAXENT 3.3.1 (Phillips et al. 2004,08) utilizando Unicamente siete
variables sin redundancia estadistica. Modelamda sabconjunto de datos utilizando un
umbral de convergencia de 1000 iteraciones para wadlielo. Los archivos de salida estan
asociados a un mapa de probabilidad que toma gadi@® a 1, los cuales fueron
importados a un Sistema de Informacién GeograficAreView 3.2 (ESRI, 1999).
Cada uno de los modelos obtenidos fue “binarizadediante un umbral de corte.

El umbral de corte se determiné mediante el sigeiprocedimiento: a) intersecamos los
registros de cada subconjunto con su modelo asodadlaxEnt, b) analizamos la
distribucion de las probabilidades en cada subowajde datos, c) debido a que los
subconjuntos presentan una tendencia hacia la idadautilizamos como umbral inferior
X - sy como umbral superior’a + s, con el fin de excluir los valores extremos de
probabilidad en cada subconjunto. Para cada espgitiamos Uunicamente uno de los diez
mapas binarios, seleccionado aquel modelo cordeldme concordanckappamas alto
segun la propuesta de Cohen (1960):

ki (Po—Pc) /(1 —Pg)

P, = (a+d)/n-> proporcién de concordancia observada
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P.=[(a + b)/n] x [(a + c)/n]} + {[(c + d)/n] x [(b+ d)/n]>proporcion de concordancia
esperada

a, b, c,d serefieren a:

a-> ocurrencias predichas por el modelo

b-> ausencias confirmadas que son predichas por etlm@dhlores de comision)

¢ - ocurrencias no predichas por el modelo (valoresnigion)

d - ausencias confirmadas no predichas por el modelo

Para evaluar los valores de comisién, obtuvimosamjunto de 30 localidades por
especie en lugares donde se tiene la certeza gspdaie no esta presente (pseudo-
ausencias), el nimero de pseudo-ausencias queg@radia modelo binario fue
considerado como el costo de comisién. El costonigion, es el nimero de localidades
no predichas en los modelos binarios considerahtidat de localidades para cada especie.
Las 10 réplicas independientes obtenidas con adutzsjunto se realizaron para cumplir
con la sugerencia de Nogues-Bravo et al. (2008 npreciona que los procedimientos de
"k-folds' (un conjunto de datos dividido en subconjuntos generan multiples modelos)
son ideales para la validacion final de un modelalidtribucion.

Se cuantificaron las areas de presencia de lasiesgpara evaluar expansiones o
contracciones en las areas de distribucion; ademaamaron todos los modelos para
analizar el efecto de las fluctuaciones climateasa composicion y rigueza de especies
entre los dos escenarios de UMG Yy tratar de esgble dinAmica de cambio en la
distribucion de las especies entre periodos deéaemfgnto y calentamiento. Analizamos si
los ensambles de especies propuestos con bassiemli@d de sus nichos presentan
respuestas similares ante las oscilaciones cliagpiara proponer patrones de expansion

y/o retraccién por ensamble climatico. Finalmeoteamparamos las hipétesis identificadas
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por MNE con evidencias palinolégicas y reconstroees paleoambientales realizadas para
el este de Estados Unidos, la Faja Volcanica Tmarikana y la region del Petén en
América Central. De la misma manera, recopilamsg#irones filogeograficos
identificados para las especies que conformancici@elobatae asi como de especies de
plantas asociadas a los ensambles climaticos fidanids para la seccidn (ver capitulo V),
y los comparamos con los datos paleoambientales yos resultados obtenidos en el

MNE.

Resultados

Modelos de nicho ecoldgico

Se obtuvieron los modelos de distribucion actueh (83 especies de encinos de la seccion
Lobataede América del Norte. Los valorkappade los modelos binarios seleccionados
oscilaron entre 0.559 y 0.921, por lo que podeneaisicir que son modelos con buena
concordancia y buen poder predictivo. Los valoesmisién en los modelos con los
mejores indices deappapresentan valores de entre 0.325 y 0.287. Los lm®den mejor
concordancia de datos corresponden a especiesmgia alistribucion (por ejempl@.

candicansQ. conspersgQ. crassifolia Q. eduardij Q. elliptica).

Diversidad actual: diferenciacion ecolégica en kcsion Lobatae

Los 103 modelos de distribucion obtenidos paradasliciones actuales se encuentran
resumidos en la Fig. 1la. En Estados Unidos, logipdles centros de riqueza para encinos
rojos se encuentran ligados a los bosques mixtQaudecusCarya-Pinusen la Planicie
Costera del Atlantico, y a los bosques templadogides deQuercusCaryade las

Planicies Interiores. Los principales centros daekza para la seccidwbataeen los
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sistemas montanos de México y América Central seesriran en los extremos oriental y
occidental de la Faja Volcanica Transmexicana, da@sda provincia converge con la
Sierra Madre Occidental y la Sierra Madre del Suseregion occidental, y con la Sierra
Madre Oriental y la Sierra de Juarez en su regitamtal. Estos resultados ya habian sido
identificados por Torres-Miranda et al. (2011).dtentro de diversidad importante,
debido al gran nUmero de ensambles presentesregidm, se localiza en la convergencia
de la Sierra Madre de Chiapas, Los Altos de ChigpasSierra de los Cuchumatanes al sur
de México y norte de Guatemala. Los centros dersligad secundaria se localizaron en el
norte de la Sierra Madre Oriental y al norte d8ik&xrra Madre Occidental, zonas donde

convergen especies de dos ensambles diferentes.

Proyecciones UMG

Se resumieron las proyecciones para 103 especEscd®s rojos bajo dos escenarios de
circulacion de gases para el UMG: CCSM y MIROC (Rigrc). Los resultados en ambos
escenarios parecen tener discrepancias importaentelstamafo y forma de las areas de
distribucion aunque existen éareas de coincideitiascenario CCSM presenta un aumento
sustancial en las areas de distribucion de la nieayler las especies, mientras que el
escenario MIROC presenta una expansion moderaldas éeeas de distribucion, y en
algunos de los casos con distribuciones similatas actuales.

En el este de Estados Unidos, el escenario CC8Magar una migracion de la
secciodn hacia el sur, formando un extenso cintarlanlargo de la Planicie Costera del
Atlantico y del Golfo en Texas (ver Fig. 1). La ace mayor diversidad se localiza en la
parte adyacente a la peninsula de Florida. Endanenregion, el escenario MIROC predice

la migracién de la seccion hacia el sur, conforneamma cinturon que se extiende a lo largo
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de la Planicie Costera del Atlantico, aunque deanertension al encontrado segun el
escenario CCSM. En este Ultimo escenario, la dil@dsde especies se concentra en un
cinturon restringido al norte de la peninsula deié.

En el caso de las especies de California, amlmenasos predicen un aumento
sustancial en las areas de distribucion de lasaeapecies de la seccion que habitan esta
region, aunque el escenario MIROC contempla laripéeion del Valle Central de
California por parte de las especies de la secaibproceso que no es posible distinguir en
el escenario CCSM. Una incongruencia mayor enab®pes de diversidad encontrados en
ambos escenarios se localiza en el norte de Méklasscenario CCSM sugiere un
aumento de las areas de distribucion de las espga@ese encuentran al sur de la Sierra
Madre Occidental y sobretodo en la Meseta Centrigintras que las proyecciones de las
especies del norte de la Sierra Madre Orientaksegiuna expansion hacia el interior de
Coahuila y San Luis Potosi en los cordones montaistedos. El escenario MIROC
plantea que las especies de la Sierra Madre Ocaldeal norte de la Sierra Madre
Oriental ampliaron de manera importante sus areakstribucion, pero sugiere una
expansiéon moderada de las especies presented/esdda Central.

Por otra parte, en los Sistemas Centrales de Mékama Volcanica Transmexicana
y Sierra Madre del Sur) y en los Sistemas Mesoaauaos (principalmente Sierra Madre
de Chiapas, Altos de Chiapas y Arco Volcanico dat€mala) los escenarios CCSM y
MIROC presentan resultados similares. Las areasstiiéoucion de las especies aumentan
considerablemente bajo el escenario CCSM, aungeéestenario MIROC el aumento es
menor, es claro que las especies pudieron tenas deedistribucion mas amplias en estos
sectores. La diversidad de especies aumenta coalsieiente en las partes occidental y

central de la Faja Volcanica Transmexicana, asiocemel sector oriental de la Sierra
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Madre del Sur y en el norte de los sistemas mostdadsuatemala.

Discusion

La migracion latitudinal en el este de Estados Wsid

Los resultados permiten plantear que cada ensamidealiferentes respuestas ante las
fluctuaciones climaticas. El UMG fue un periodordduccion drastica en la distribucion de
los encinos rojos asociados a los bosques mixiagudg los bosques d@uercusCarya
Pinusde la planicie costera del Atlantico implicand@umigracion latitudinal hacia el
norte de la peninsula de Florida y con posiblesgale refugio de menor extension a lo
largo de la Planicie Costera del Golfo, donde $eeprezclaron con especies de otros
ensambles (ver Fig. 2). En caso contrario, losnersciojos asociados a bosques deciduos
deQuercusCaryay los bosques mixtos mesofitic@duercusPinusCaryaFagus

Magnolig) de las Planicies Interiores sufrieron una mignadatitudinal mas drastica, pero
manteniendo sus poblaciones en un cinturén de aeigatmas o menos extenso, desde el
oeste de Virginia hasta la planicie costera ceeclakas. Los dos escenarios son
congruentes con los resultados reportados por @kt al. (1991, 1992), Prentice et al.
(1991) y Webb Il et al. (1998), quienes menciomagiae los bosques deciduos templados
han experimentado una migracién latitudinal, despido a los bosques mixtos y calidos
del sur, llegando a ser abundantes en la Penidstéorida, como lo corroboran los datos
de polen y los modelos climaticos Qeercus Caryay Alnus Los datos palinolégicos de
Jackson et al. (2000) también confirman que lasefdos mas frecuentes en la Peninsula
de Florida y el sur de la planicie costera del tizo fueron dominados pQuercusy
especies de Cupressaceae, ademas de pofearge Alnus y CarpinugOstrya En

general, en periodos de maximo enfriamiento logbes mixtos célidos del este de
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Estados Unidos tuvieron una reduccion en su arelistféducion quedando posiblemente
fragmentados en pequefios refugios, mientras quentmseos de los bosques mixtos
templados de las Planicies Interiores fueron deagla@s al sureste cubriendo una franja a lo

largo de la planicie costera y formando un cintutérbosque mas o menos continuo.

El centro de México: expansiones en una histoiila&iica de contrastes

La Faja Volcanica Transmexicana (FVT) es la redigingrafica que cuenta con la mayor
cantidad de estudios paleoambientales. Los resgltiands recientes que presentan
Caballero et al. (2010) indican una disminucionademperatura de entre 6 y 8°C y una
marcada heterogeneidad a lo largo de la FVT, sitogllugares méas cercanos a los
océanos los mas humedos y templados, lo cual feedeea los encinos rojos
caracteristicos de zonas montanas humedas (Za@8i9; Valencia, 2004; Nixon, 2006).
Los modelos obtenidos en ambos escenarios pakallgftg. 3) muestran un aumento en
las areas de distribucion de las especies de besaueedos de la FVT, particularmente en
las Serranias de Jalisco y en los Campos Volcadeddichoacan, incrementado su
diversidad hacia el norte de Michoacan. Hay poetssdpaleambientales que corroboran
estos resultados, uno de ellos es el elaboradBradibury (1997, 2000) para el lago de
Patzcuaro, en donde se propone que la zona tegta mamedad y temperaturas mas frias
en el UMG. También existe evidencia sobre un avgta®ar en el Volcan Tancitaro
(Lachniet y Vazquez-Selem, 2005; Caballero e8i10), lo que implica temperaturas mas
frias y con mayor aporte de humedad en las areasdantes. Sin embargo, Correa-
Metrio et al. (2012a) mencionan que en la regiédatapu las condiciones fueron frias
pero secas, siendo abundantes los pinos. Otraehipinteresante que se generan con los

modelos y que deberian ser corroborados o refutamasstudios paleoambientales futuros
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es la expansién de las areas de distribucién deslaecies del sur de la FVT, especialmente
hacia la Sierra de Taxco en Guerrero, permitieaduigracion hacia las zonas
circundantes del Balsas, e incluso llegando a kestabun puente entre el centro de la FVT
y la SMS, sitios que se caracterizan por compantigran niumero de especies montanas.

Sin embargo, la principal discrepancia entre &zeRrarios se concentra en el
sector oriental de la FVT. El escenario MIROC pé&rhipotetizar un decremento en la
diversidad de especies en el este de la FVT, eona de las cuencas del Valle de México,
congruente con la informacion paleombiental projpoida por Lozano-Garcia et al.
(1999) para el lago de Tecocomulco, Lozano-Garcatgga (1998) para los lagos de
Chalco-Texcoco, Lozano-Garcia et al. (2005) patage de Chignahuapan y Stevens et al.
(2012) para la cuenca de Valsequillo (Puebla), loyeado que en el UMG deberian de
existir condiciones frias y secas dominaRdauslos registros de polen, y disminuyendo el
area de bosques e incrementando la superficiesdizglas. De manera contraria, el
escenario CCSM estima que las especies de los blesagubhiumedos templados pudieron
ampliar sus &reas de distribucién en el este B¥Ta

Las discrepancias mas importantes en los MNE aluierpara las proyecciones
MIROC y CCSM se originan basicamente en los camdyiolas tasas de precipitacion
estimadas en ambos escenarios. El escenario Ca8haagie ademas de una disminucion
en las temperaturas existe un incremento sustagtials tasas de precipitacion, mientras
gue el escnario MIROC estima que las tasas degitagdn no tuvieron un aumento tan

drastico, incrementando incluso la aridez en cargiones.

Mesoamérica y la historia climatica asociada al étet

Para las especies de encinos rojos de los Sistdesmsamericanos (del estado de Chiapas
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hasta Honduras), nuestros resultados nos pernmogomer que hubo un aumento en las
condiciones de humedad que permitieron la expamgdas areas de distribucion de las
especies que conforman los tres ensambles priesipal mismo tiempo que migraban
hacia pisos altitudinales inferiores. La expansidnigracion también se presentaria en la
mayor parte de Guatemala (preferentemente endtestsas montanos del norte, como las
sierras de Alta y Baja Verapaz) hasta las serrat@lbsentro de Honduras. Islebe y
Hooghiemstra (1997) proponen a partir de datosopatdientales que en el UMG hubo

una expansion de los bosquesQiercushacia las tierras bajas de Guatemala, tal como se
visualiza en los dos escenarios aqui utilizadoshiat al. (2009) y Correa-Metrio et al.
(2012b, 2013) han corroborado que durante el UGMedidn del Petén presentaba
condiciones mas frescas y humedas permitienddadlesimiento de bosques mixtos de
Pinus-QuercusEstos autores proponen que durante el UGM ladiciones de humedad
fueron uniformes a lo largo de América Centrakual apoya los datos encontrados en este
estudio.

El Unico sitio en que se observa un decrementa diversidad en Mesoamérica es
el departamento de Huehuetenango, en Guatemal@&xadsmente en la Sierra de los
Cuchumatanes y las areas montanas del centroideBwadencia paleo-glaciar presentada
por Lachniet y Vazquez-Selem (2005) para la Medetims Cuchumatanes confirman la
presencia de una capa de hielo no muy extensagloayela climas frios y secos para las

zonas circundantes.

Efecto de las fluctuaciones climaticas del Pleistaxen la diversidad genética
Hewitt (2000) propone que los patrones de divedsginética entre las poblaciones de una

especie pueden ser consecuencia directa de lasdtienes climaticas pasadas al afectar
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tanto sus tamafios poblacionales como sus areastdieution. Cuando las poblaciones
ancestrales de una especie se localizaban enasfugia rapida colonizacion promovida
por fluctuaciones climaticas puede tener como tadaluna baja diversidad genética en las
nuevas poblaciones. Por el contrario, cuando kaséte distribucion de las especies son
relativamente grandes y constantes a través deptida diversidad genética de sus
poblaciones es alta. (Hewitt, 2000). La hibridaaéérun proceso que ha sido considerado
un proceso que promueve la diversidad genétigaagrias debido a cambios rapidos en el

material genético (Rieseberg, 1997; Pefaloza-Rarefral., 2010).

Pefaloza-Ramirez (2011) ha reportado niveles déativersidad en especies con
areas de distribucién amplias en los sistemas mosatde México@. castaneaQ.
sideroxyla Q. hypoleucoideg Q. scytophylla En estas especies, las proyecciones del
MNE para el UMG coinciden en un aumento en sussatealistribucion, por lo que sus
poblaciones pudieron tener grandes tamafnos pohkle®en el pasado lo cual puede
promover los altos niveles de diversidad genéResultados similares son encontrados
paraQ. lobataen California (Gravit et al. 2006, Gugger et &812). En ésta especie se
identificé una alta diversidad genética, mientras @ evidencia paleoambiental y el MNE
muestran que las poblaciones parecen ser constalttiéargo del Pleistoceno.

Gonzalez-Rodriguez et al. (2004) encuentran wexsldad genética relativamente
alta entre las especi€s affinis- Q. lauring pero baja en comparacion con especies de
amplia distribucion. Estos autores proponen queddsaciones de ambas especies no
sufrieron reducciones poblacionales drasticas &egdtoceno, coincidiendo con lo
reportado en el MNE de este estudio. Los autoreximean que las migraciones

recurrentes en ambas especies pueden explicasiblgporigen de haplotipos de amplia
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distribucion, lo cual podria deberse a cambiosdticos abruptos producidos por eventos
Heinrich. Gonzalez-Rodriguez et al. (2004) menaiomze la diversidad génica aumenta en
las zonas de contacto entre ambas especies, las puaieron ser mas amplias en el
Pleistoceno segun lo encontrado en nuestro andesidNE. Albarran-Lara (2011)
encuentra una diversidad genética alta entre uplejonde encinos blanco®.

magnoliifolia- Q. resinosalas zonas de simpatria en ambas especies estéenfiente
relacionadas con las zonas de mayor diversida@dpletipos, las cuales pudieron ser
favorecidas en el UMG del Pleistoceno debido aumemto en las &reas de distribucién
segun el MNE.

Se han documentado eventos importantes de insidégrentre especies, dichos
eventos estan asociados a un aumento expansiofesaeas de distribucidon de las
especies, ya que al mismo tiempo aumenta su sifaggografica y con ello el flujo
génico. Este patrén ha sido reportado para losesitgeps complejoRinus strobiformis P.
ayacahuitg(Moreno-Letelier y Pifiero, 2008jnus montezumaeP. hartwegii(Matos y
Schaal, 2000F. montezumaeP. pseudostrobu@elgado et al., 2007), lo que ademas
repercute en que las zonas de contacto secundanupvan altos niveles de diversidad
genética (Gonzélez-Rodriguez et al., 2004; Moreeilier y Pifiero, 2008). En el caso de
los encinos rojos, el amplio espectro de hibridaeiitreQ. hypoleucoidesQ. scytophylla
- Q. sideroxylaen el norte de la Sierra Madre Occidental (Pe@aRamirez et al. 2010),
también esta relacionada a expansiones de susdireiéstribucion propuestas en este
estudio.

Un estudio filogeogréafico d@uercus rubraMagni et al., 2005) mostr6 una baja
diversidad genética y poblaciones con cierta etragenética que no es significativa a lo

largo de su distribuciéon, un patron inusual pamGirers. La baja estructura genética se
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puede explicar por que las poblaciones de la especsufrieron una contraccion
significativa en su &rea de distribucion en el UM@nteniendo poblaciones relativamente
grandes y continuas en cinturones de vegetaciobiéameportadas en recosntrucciones
paleoambientales. Sin embargo, esto parece cooniraheparte los bajos niveles de
diversidad reportados para la especies. Nuestso#tados sustentan la hipétesis de Que
rubra pudo mantener un area de distribucion mas o mextessa en un cinturén de
vegetacion que se extiende a lo largo de la Plalostera del Atlantica. Aldrich et al.
(2003) y Magni et al. (2005) mencionan que hayaorapleja hibridacion entre ésta
especie y el conjunto integrado fi@rcoccinea, Q. ilicifolia, Q. imbricaria, Q. palts,
Q. shumardily Q. veluting casi todas éstas especies son caracteristicapsihble
asociado a los bosques deciduos mixtos, por lagaksis detallados de otras especies
podrian arrojar resultados similares al obtenida Qa rubra

La compilacion de datos genéticos presentadoSeqitis et al. (2006) y Jaramillo-
Correa et al. (2009) para los taxones presenteteste de Estados Unidos parecen
corroborar dos hechos: a) un reiterado patrén deation (colonizacion) de las
poblaciones de la Planicie Costera del Atlantiodidnkas Planicies Interiores de Estados
Unidos, este patron recurrente es congruente coméalelos proyectados al UMG, ya que
la propuesta es que han existido migraciones reaies de las especies de las Planicies
Interiores, migrando hacia latitudes inferioredaeRlanicie Costera del Atlantico en
periodos de enfriamiento y regresando a las Pksiateriores en periodos de
calentamiento global. Soltis et al. (2006) propogee los efectos genéticos de los cuellos
de botella, es decir la reduccion de la variaciénética, puede ser consecuencia directa de
la reduccion de las areas de distribucion de lpsaéss debidas a las contracciones del

UMG. La evidencia registrada por Soltis et al. @0fara algunos taxones animales del
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este de Estados Unidos muestran poblaciones gamétite estructuradas que pueden ser
atribuidas al aislamiento en el UMG en pequefiaagzde refugio distribuidas en la
peninsula de Florida, en la zona del rio Apaladhigaen la parte sur de Texas, patron
recurrente en especies collaphe obsoletéBurbrink et al., 2000)5celoporus undulatus
(Leache y Reeder, 2002)Pseudacris crucife(Austin et al., 2002). Estudios de estructura
filogeografica reciente en plantas cobiquidambar styraciflugMorris et al., 2008) y
Fagus grandifolia(Morris et al., 2010) también han propuesto Istexicia de refugios

para taxa caracteristicos de los bosques calidtzsRlanicie Costera del Atlantico.

La historia evolutiva que reflejan los centroddesrsidad genética esta altamente
correlacionada con procesos de expansion y coidrapecurrentes del area de distribucién
de las especies. Como proponen Hewitt (2000) y 8bahk (2011), la alta diversidad
genética puede estar correlacionada a dos factyr&spresencia de varias zonas de
refugio, como en el caso de algunas especies quamente se distribuyen en los bosques
calidos de la Planicie Costera del Atlantico; b¢ tas especies mantengan areas de
distribucion relativamente amplia y sin reduccioimegortantes ante eventos de cambio
climatico global, como las especies presentes eangto de la Faja Volcanica

Transmexicana.

Expansiones, contracciones y migraciones en UM@:hipotesis para la seccion Lobatae
Los resultados generales para México y Américar@esthn congruentes con lo esperado
por Graham (1999) y Hooghiemstra (2006), quiéneascinaan que las fluctuaciones
climaticas han sido un factor de expansion y contéa en el area de distribucion de las
especies, siendo los periodos de enfriamientodedayvorecen la expansion de muchas

especies templadas hacia pisos altitudinales arésiy pudiendo colonizar zonas mas
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amplias De manera general, podemos mencionar ggseehario climéatico del modelo de
circulacion CCSM implican un descenso fuerteaeteimperatura global aunado a un
aumento en las tasas de precipitacion. El esceRHR®C presenta datos conservadores
en la fluctuacién ambiental del UGM, con un desoansnor de temperaturas y con un
aumento no significativo del régimen de precipitacén el UMG. Los modelos obtenidos
en cada escenario muestran resultados difererieeenmtes al tamafio y forma de las areas
de distribucion en especial en aquellos casos demgeoponen expansiones en las
especies, pero en algunos casos los resultadafiererdde manera importante. En todos
los casos existe una amplia region donde amboslosode circulacién convergen. Hay
que mencionar que el escenario MIROC es el que nrgmoero de discrepancias tiene con
las evidencias paleoambientales y genéticas.

Los cambios climaticos del Cuaternario ha sidtascipales causas generadoras
de expansiones o retracciones de las areas dibulishn de las especies, resultando en
complejas historias demogréficas y genéticas epabisaciones como lo muestran estudios
recientes realizados para ciertos complejos denescbjos: complej@. affinisQ-laurina
(Gonzélez-Rodriguez et al. 2004), compl@jocrassipesQ. crassifoliay Q. x dysophylla
(Tovar-Sanchez y Oyama, 2009), castanedPefialoza-Ramirez et al., enviado), complejo
Q. hypoleucoide®Q. scytophyllay Q. sideroxylaPefialoza-Ramirez, en prep.), y el
complejoRacemiflorae (Q. conzatti). radiata Q. tarahumaray Q. urbanii)de
MacCuley et al. (en prep.)

Finalmente podemos proponer que las especiesagtenpcen a un mismo
ensamble climatico responden de manera similarlastfuctuaciones climéticas: a) las
especies asociadas principalmente a bosques nossidéilmontafia tendieron a aumentar su

area de distribucion en el UMG, pero no de mangrafiativa (<100%), mientras que
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experimentaron descensos altitudinales de alredbl800-500 m; b) las especies
asociadas a bosques tropicales subhimedos, preseataaumento en la distribucién en
el UMG (~100%) con descensos altitudinales de afledée 300-400 m; c) las especies
asociadas a bosqueski@usQuercus presentaron un aumento significativo de sus areas

de distribucién en el UMG (>100%) con descensatudihales de ~500m.

Conclusiones
Nuestros resultados en las proyecciones de loslosde 103 especies de la seccion
Lobataenos permiten proponer que existe una mayor congraentre los datos
paleoambientales publicados y los modelos bajsadreario mas conservador para el
UGM, es decir el escenario MIROC. Asimismo, podeplastear dos escenarios en la
fluctuacidén dindmica de las areas de distribuciétod encinos rojos para América del
Norte:

a) Para las especies del este de Estados Unigles|ees caracteristicas de bosques
deciduos templados dominados por asociaciQuescusCarya-OstryaAlnusson las
Gnicas que presentan intervalos de distribucionliasmfras migraciones latitudinales con
una reduccion del tamafio de sus areas, mientraasgjespecies de los bosques calidos del
sur presentan una marcada reduccién en las arehstidleucion de las especies pudiendo
sobrevivir en refugios a lo largo de la Planiciesteéoa del Atlantico; b) en las especies de
los sistemas montanos de México y América Centtalimos evaluar que en general la
distribucion de las especies aumenté en el UMG ueodescenso altitudinal de entre 400 a
500 m, respecto a sus intervalos altitudinalesadesu

Ademas, también tenemos evidencias de que los@nambientalmente similares

respondieron de manera similar ante las fluctuasalimaticas del Pleistoceno. Si bien la
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mayoria aumenta sus areas de distribucion, lagiespasociadas a bosques mesofilos de
montafa pudieron tener expansiones y migracionessnaonunciadas que aquellas que
son comunes en bosquesRirusQuercus quienes experimentaron una expansion
geografica y una migracion altitudinal. La expansyéontraccion recurrente de las areas
de distribucion de las especies ha favorecido tangahdo de variabilidad genética como se
puede observar en ciertas areas como la Faja \ioi&cdinransmexicana, en donde las areas
de distribucion de los encinos rojos se han increau® en periodos glaciares, mientras
gue en periodos interglaciales se han reducidoetpscies cuyas areas de distribucién
actual son amplias y que han ampliado sus aredsstibucion en el UMG presentan baja
diversidad genética y una baja estructura genéticgus poblaciones como ocurre@n
rubra, una especie caracteristica de los bosques decidomplados de las Planicies

Interiores de Estados Unidos.
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Cuadros

Cuadro 1. Lista de las especies que conformanuwaalde los 12 ensambles

Caracterizacion de cada ensamble en funcion diisdALT), temperatura promedio en

on

la estacion seca (TSEC), temperatura promedio estéion fria (TFR), precipitaci

dos.

7

, Y Sus géneros asocia

promedio anual (PPA)

snwin ‘el L ‘Xes ‘snyy ‘'snaend ugiodas

eunniaa ‘O ‘uprewnys ‘O ‘eiqni

‘snunid ‘snindod ‘wnuobA srdieie 4 ‘Bladey d ‘uowalsuad ‘elyso ‘eifiaquayn o R . s e s s . 209
“SnIO W * SN Wi W "B ouBe pemIn * suadiung  suBne 'Xa) ‘eiayonay snuxery  O-G 0.6 9°TS)  TaT0  00e-0qt O ‘sinjed O ‘euesuqui " ‘eljopol "d ‘B8UIN0D O SWING
‘snBaeleld ‘sNWoD ‘WnisIOYIILeaD ‘eAied ‘snuidieDd ‘ein1a g 4alydued Wy 499y
©2ONA ‘snwmpoxe | ‘Xelf1S ‘sooojdwAS ‘'snaiand ugiooas ‘snunid mo__m:n 4009
‘wnuoBAod snud‘snydagemaceyd ‘uowalsuad ‘essAN ‘efiaquajyn N ‘esowl N GLET-SHT  ¥'8TE  TZZZW  08I-0Z . e e . i
‘e oube |\ “erapur] ‘Xaj ‘ wniwa si@uxeld ‘snbaeleld ‘snwod wnisid ‘ekied 120y O "epofied ‘0 ‘eibiu 0 "eapueuew ‘O ‘BIRE) 'O O0F
> . BOONA ‘WNIpoXe | . epwnd Q) “eljoyune Swe
SN2IANY U012 S ' SNUMWASEIORY d ‘BasSIad ‘UOWAISUdd ‘SNYIUR WSO ‘BSSAN 0E4T-002T 6'00-2'8 8'6I-¥'SL  OOI-0E e e e X
‘eiBiaqualyn |\ ‘xajl * wni ueegst snuixel4 ‘ wnuobouz ‘snbaeleId ‘snwod  wnisiy B8] O ‘euedUl "D ‘eolsRYdSIWEY ‘D "BUEIBIOSE D dOdg
snoand ugvdas ‘wnuobfod ‘easiad ‘eujon ‘ehied 0.€1-0v2T E9-¥Z 616G 0€-0r elojuAw O “eurdou 'O sg
e|lAydopiayoe
‘Wazsm 'O ‘eaulwia ‘O ‘erewnyese) 'O ‘ellAydosiu
elyosSNe | ‘XIes ‘snuweyy ' snasnd ugoas O “ereipes O ‘einued 'O “eljo91020 'O ‘euedixaw ag
‘snuid ‘snydiapeyu d ‘uowa) gabiaqualun N SninWIN ‘eSO WIN ‘BAUBD ‘SNUIOUBADEOT-0L9  U'ELTOL  ZZITZ  00SZ-009T -3y ‘euuned ‘UBBoyay O “enopuy O ‘Anuab O ‘eany ddg
snuoYo0eD ‘Bfappn SLER g ' S 0/AYdeIS 0101V  WNIGOYINAIY ' SNINGIY * SNUjY ianps O “eyAydosAp 'O ‘essaidap ‘O ‘siididsio
'O ‘sadisgr'd ‘eljoyssesd ‘O ‘Imezuod ‘O ‘el|ojiqo|0d302
wpteises O ‘1Aqued 'O ‘erounoge ‘O ‘elopube O
BMaIMOUO0Z ‘e uxselfue wulap ‘xelf1S ‘s090jdwAS ‘eineine s ‘snuwey y ) L. . ) nuuewsaas O ‘mpjoqwny O ‘iseajan-iwadynb
‘snasend uoID29s ‘easiad YelpalQ ‘ejoube \ ‘X9 ‘ wnipuspid3 ‘eSO ‘eIyls O Gpe-crer gL FE-OP POYZ-00S 'O ‘sisuvlsod O ‘1sau09 ) ‘lisaualq 'O ‘nweyuag ‘O Hlg
suoxn "Q ‘lueqin
‘elwaonsuwa] ‘xelf}s ‘eineine s ‘snuweyy ‘snaand . L N : . s o B . _O liueq, 409
U993 SNUNIQ * SnuEYEd 0310 "@BIAQUAYN | “BS O Wi ‘ Wiupuapidg eroeoy  SOEV SEOL EZ-0WT  EGL-EST 00005 -Qihgdoifos "0 ‘euesuresd 'O ‘eueluoxiu "Q ‘tweyels WG
‘O ‘agp O ‘es1adsuod ‘O ‘suedipued ‘O ‘eloynde 'O
sisuadejex 'O ‘wauupys 'O
elusam] ‘s090/dWAS ‘BINeINeS 'SN21aNnd ugi99as ‘snunid ; Lo . ; . s : o .
“easiag ‘xeued 0210 "B SOW W Xaynupuapids ‘ebiageq esno eyialo ‘snudien 0647008 €LITEL  LB-0'WT 0061-052T ouds eljoysyodes O ‘esojnuaaeuurd 'O ‘sisusjeixed  IWING
'O ‘egeynp O ‘eueopebiap O ‘eljopudsud O ‘siuye O
sSnyy ‘snaiend ugiooa s srahsnuid ‘eifiaqualyn N ‘eSO W “SNUOYD 0D ‘eIoRIY 0SHT-GSIT  §°02-9°/T 6TZT 6l  002Z-008 egoljes "0 "gnoodiueid 3 ‘isnt "0 “ereisye o S1d
JONKS|
SOAdVIOOSY SOJINIO vdd d41 O3S 1 1V S3103ds3 VSN3

192



Figuras
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Figura 1. Diversidad de especies en América deteéNdistribucion actual, proyeccion de

UMG con escenario CCSM y proyeccion de UMG con eage MIROC.
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Figura 2. Patrones de diversidad por ensambleel este de Estados de Unidos:
distribucién actual, proyecciéon de UMG con escen@CSM y proyeccion de UMG con
escenario MIROC. Los ensambles corresponden apeies que habitan en Bosques
Mixtos Mesofiticos (BMMe), Bosques d@uercusCarya-bosques deciduos- (BQC),
Bosques d®uercusCaryaPinus-bosques mixtos del norte- (BQCP) y Bosques Mixtos

del Sur (BMS).
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Figura 3. Diversidad de especies por ensayblela Faja Volcanica Transmexicana:
distribucién actual, proyecciéon de UMG con escen@CSM y proyeccion de UMG con
escenario MIROC. Los ensambles corresponden apesies que habitan en Bosques
Tropicales Caducifolios (BTC), Bosques Tropicales@ (BTS), Bosques Mesdfilos de
Montafia (BMM), Bosques d@uercusPinus-bosques mixtos himedos- (BQP), Bosques

dePinusQuercus-bosques mixtos subhiumedos- (BPQ) y Bosques des PBP).
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Figura 4. Diversidad de especies por ensamblelos sistemas montanos de América
Central: distribucion actual, proyeccion de UMG escenario CCSM y proyeccién de
UMG con escenario MIROC. Los ensambles correspoadas especies que habitan en
Bosques Mesdfilos de Montafia (BMM), BosquedercusPinus-bosques mixtos
himedos- (BQP), Bosques Tropicales Himedos (BTb3gBes d®inusQuercus-

bosques mixtos subhimedos- (BPQ) y Bosques de HBifRy)s
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CAPITULO VI

Repercusiones de la evolucion reticular y las fluagaciones
climaticas en el reconocimiento de centros de divadad

genética de la seccidhobatae del géneroQuercus

A. Torres-Miranda, K. Oyama, I. Luna-Vega. 2013.
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INTRODUCCION

La diversidad genética ha sido definida como léedad de alelos y genotipos presentes en
una poblacién que pueden reflejarse en diferems@$ologicas vy fisioldégicas entre los
individuos y sus poblaciones (Frankham et al., 20@20 y Caballero, 2005), sin embargo
la expresidn fenotipica de estos cambios en ocesina es notable. Hartl y Clark (2007)
mencionan que la diversidad genética se puedeidedimo el conjunto de variaciones
heredables que se producen en cada organismoj@ninglividuos de una poblacién y
entre las poblaciones de una especie. La divergidaética puede variar entre especies
segun sus diferencias en historias de vida, preasmograficos y factores ambientales
(Hedrick, 2010). Esta ha sido estimada medianttakes de polimorfismos, la propocion
de loci polimérficos, numero de alelos, el nUumdeaztvo de alelos y la heterocigosidad
esperada (k). La H. (D - diversidad genética de Nei, 1973) es una deede diversidad
genética ampliamente utilizada que expresa la pitibad de que un locus Unico sea
diferente entre sus poblaciones, adquiriendo valoeecanos a 0 cuando no hay
heterocigotos (baja diversidad genética) y valprégimos a 1 cuando hay un gran

namero de alelos igualmente frecuentes (alta doleisgenética).

Mediante el uso de distintos marcadores molecsisedhan podido estudiar
diferentes patrones asociados a la diversidad igarg las especies, tales como el flujo
génico interpoblacional, la discriminacion de esgeéilogenéticamente cercanas y la
identificacion de procesos de hibridacion (Howardlg 1997; Balloux y Lugo-Moulin,
2002). Los marcadores que mas se han utilizadabajbs de diversidad incluyen las
isoenzimas, los polimorfismos de fragmentos deicegin (RFLP), los polimorfismos de

ADN amplificados aleatoriamente (RAPD y AFLP), réges de secuencias internas
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(ISSR), los microsatélites (SSR) y los SNPs.

Las medidas de diversidad genética son la fuaitteaga de los estudios de
genética de poblaciones, ya que brindan informaonfrortante de la historia de las
poblaciones. La variacién genética en las poblasas afectada por mutaciones, seleccion
natural, flujo génico, deriva génica y endogamiar(Hy Clark, 2007). El tamafio
poblacional es uno de los aspectos que influyanalgera importante en la diversidad.
Poblaciones con pequeiios tamafos tienen frecuemteivgjos niveles de heterocigosidad
debido al aumento de homocigotos o por la fijaciéralelos como consecuencia de haber
experimentado procesos de cuellos de botella (&fidty Ellan, 1993). Por otro lado,
poblaciones con tamafos poblacionales altos puscienular una cantidad mayor de
variacion (Charlesworth et al., 1997). Hewitt (2ppBopone que los patrones de diversidad
genética entre las poblaciones pueden ser consgaubrecta de las fluctuaciones
climéaticas pasadas y su efecto tanto en los tamastalacionales como en sus areas de
distribucion. Cuando las poblaciones ancestralasdesspecie se localizaban en refugios,
una rapida colonizacion promovida por fluctuacioclesaticas puede tener como
resultado una baja diversidad genética en las syssalaciones. Por el contrario, cuando
las areas de distribucion de las especies solivestante grandes y constantes a traves del
tiempo la diversidad genética de sus poblacionedt&s(Hewitt, 2000). La hibridacion es
un proceso que ha sido considerado un procesprquaieve la diversidad genética en
plantas debido a cambios rapidos en el materiatgen(Rieseberg, 1997; Pefialoza-

Ramirez et al., 2010).

La dinamica evolutiva de las especies se ve jaefheen la distribucion de la

diversidad genética de sus poblaciones que pueda@nespacialmente estructuradas
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(Alvarez-Buylla y Garay, 1994). Frankham et al.q2pmenciona que las especies de
amplia distribucion tienen niveles altos de diveaisi genética comparadas con las especies
de distribucion restringida. Especies cuyas areatisiribucion son continuas presentan
poca diferenciacion entre sus poblaciones debidoratante flujo génico entre ellas
(Wright, 1951). Las distribuciones fragmentadasageespecies debidas a la presencia de
barreras interrumpen el flujo génico y promuevedifi@renciacién interpoblacional

aumentando la estructuracion espacial (Hao e2@06).

Para cuantificar la divergencia genética entr@tddaciones generalmente se han
utilizan los indices de fijacion §p) propuestos por Wright (1951). Los valoFes
cercanos a 0 indican una baja diferenciacion gemétitre las poblaciones, mientras que
Fst proximos a 1 indican una alta diferenciacion geaéton poblaciones bien
estructuradas. Los valores de fijacion pueden sshirear la diferenciacién genética
cuando se utilizan marcadores altamente polimé&fommo los microsatélites (Hedrick,
2010).Gst es una medida de la proporcion en la distribud®fa diversidad genética
entre las poblaciones de una especie calculadbasmen la diversidad genética de cada
poblacion Hg) y la diversidad genética totafi{), con valores que varian entre 0 y 1, donde

1 expresa una alta diversidad genética.

Identificar las diferencias entre los patronesligersidad genética permite
distinguir los factores que tienen un papel imptgan su origen. Las poblaciones
genéticamente estructuradas permiten la evolu@dmdjes independientes cuando el flujo
génico entre sus poblaciones es bajo y/o hay feresiones de seleccion (Slatkin, 1985;
Schaal et al., 1998), mientras que los bajos revededivergencia genética entre las

poblaciones de una especie pueden ser consecudenev@ntos de especiacion reciente y/o
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de altos niveles de flujo génico interpoblaciomMalif y Schoétterer, 2005; Lexer et al.,
2006). La presencia de barreras que interrumptaj@lgénico es fundamental para
entender la estructura genética de una poblac@motiPa parte, se debe considerar también
gue en ciertos casos las poblaciones cercanasafieagiente sean genéticamente
similares mientras que las poblaciones mas alegekas genéticamente diferentes, en este

caso el proceso de divergencia se explicaria bslgnaiento por distancia.

La filogeografia ha proporcionado nuevas herratagepara la comprensién de los
procesos historicos que han estructurado la dolexsjenética de las poblaciones (Avise,
2000), tales como cuellos de botella o expansiendas areas de distribucion de las
especies (Schaal et al., 1998). Estudios realizeslmgncinos han demostrado que las
fluctuaciones climaticas del Pleistoceno han pradmia diversidad y estructura genética
de los taxones templados de Europa y América ddeNminque los patrones reconocidos
son contrastantes (Petit et al., 2002; GonzaleziBwekz et al., 2004; Magni et al., 2005;
Grivet el al, 2006; Tovar-Sanchez et al., 2008;dRefa-Ramirez, 2010; Albarran-Lara,
2010; Gugger et al., 2013). Petit et al. (2002patr@aron una baja diversidad genética
entre las poblaciones @& petraeaQ. robury Q. pubescengque presentan ademas una
estructura genética bien definida, proponiendadagncia de tres zonas de refugio
Pleistocénicos y una rapida colonizacion post glaie las especies europeas. Por otro
lado, Magni et al. (2005) menciona que en el estestados Unidos especies cogho
rubra pudieron mantener amplias distribuciones en ek®Rleéno contribuyendo a una alta
diversidad genética acompafada de una diferenoiatitie las poblaciones del norte y sur,
sin embargo estéa diferenciacion no es alta. Gonfdtelriguez et al. (2004) encuentran

una diversidad genética alta dentro de las poblasidel complej@. affinis- Q. laurina
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pero relativamente baja entre poblaciones, exgti@videncias de estructura, originados
por cambios poblacionales recurrentes tras flogbnes climaticas a traves del
Pleistoceno sin reducciones drasticas de sus pob&x: Grivet et al. (2006) y Gugger et
al. (2013) identifican una diversidad génica ali®e lobataproponiendo que las
fluctuaciones del Pleistoceno no tuvieron fuertpanto en los encinos de California, por lo
gue las areas de distribucién son similares akptes aunque ésta especie muestra una alta
estructura genética entre sus poblaciones. PeARlaxdrez (2011) encuentra resultados
similares par&). castaneauna especie de amplia distribucion en los sissemantanos de
México, resultado en una diversidad genética altaavidencias de que las poblaciones
tuvieron tamafios poblaciones incluso mas grandes lRleistoceno, y cuyas poblaciones
muestran una estructura poblacional bien defirk#sultados similres se encuentran para
Q. hypoleucoidesQ. sideroxylay Q. scytophyllagPefialoza-Ramirez, 2011), y en el
complejoQ. magnoliifolia- Q. resinosgAlbarran-Lara, 2011), aunque en éste ultimo se

reporta una fuerte introgresion entre las dos éspec

Vavilov (1951) introduce el término de centro deedsidad genética para referirse a
los lugares en donde se concentra la mayor diatdidplotipica o alélica en especies de
plantas cultivadas, mencionando que la diversigatbacentra en sus centros de origen.
Los centros de diversidad genética son considereamas centros de acumulacion de
germoplasma y domesticacignsitu para plantas cultivadas (Harlan, 1971; Hawkes3198
Clement, 1989). En este estudio retomamos estagnasccon el objetivo de identificar si
existen centros con alta variabilidad genéticaasrpbblaciones naturales de las especies
que integran la seccidrobataedel génerduercus A diferencia de Vavilov (1951) éstas

areas no son consideradas como centros de origas dspecies. Analizamos si la
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diversidad genética se distribuye de manera alaeatatre las especies de la seccion si
dicha diversidad se concentra en ciertas areapugaen proponerse como centros
naturales de diversidad. Analizamos si existe wngelacion entre los valores de
diversidad y estructura genética de las espenieslacion a las areas de riqueza
identificadas por Torres-Miranda et al., (2011&a&r con alta intermediacién (que han
sufrido eventos de evolucion reticular) identifioagor Torres-Miranda et al. (capitulos
y Ill) y procesos de contraccién o expansion dpeeigs asociada a fluctuaciones
climaticas identificadas para los encinos rojos ¢apitulo V). Lo anterior, con el objetivo
de probar si los centros de diversidad genétiéaasiciados a zonas de contactos que se
establecen entre las especies y que son promgdayentos de reticularidad de las

biotas.

METODOS

Se recopil6 toda la informacién sobre diversidadstyuctura genética disponible para
encinos rojos en México y Estados Unidos, asi cpama las especies templadas asociadas
a ellos. Comparamos estéa informacion con lo redorgara encinos blancos en América
del Norte y Europa, para establecer semejanzadg@ucias entre los patrones genéticos de

los encinos.

Para determinar si la diversidad genética esté@adm a eventos de reticularidad de
las areas, se realiz6 una prueba de correlaciém d@nos valores de intermediacion como
de restriccion agregada calculados para las zanaértices en el andlisis de redes

realizado por Torres-Miranda et al. (2013) conMa®res deHs y Gst identificados para
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cada poblacion d@. castaneaQ. hypoleucoide®. sideroxylay Q. scytophylla
(Pefaloza-Ramirez 2011), asignando a éstas poindexcios valores de intermediaciéon y
restriccion a las zonas de vértice con mayor priadachgeografica. Pruebas de correlacion
entre la altitud y los valores th; y Gst fueron realizadas para las poblaciones de las
cuatro especies reportadas por Pefialoza-Ramirgt)(Zara probar si el tamafio de las
areas de distribucion tienen relacién con la didaby estructura genética de las especies,
se efectuaron pruebas de correlacion utilizandpiosediodHs y Gst de cada especie
reportada por Gonzalez-Rodriguez et al. (2004),mMiegal. (2005) y Pefaloza-Ramirez
(2011) con la longitud total (expresada en kildwstde los arboles de tendido minimo
obtenidos por cada especie. Por ultimo, para coraslsi las especies que presentan mayor
tolerancia ambiental son aquellas que presentapmvayiacion genética y si ésta se
relaciona con zonas de contacto entre biotas diesereticularidad), se calcularon
correlaciones entre la amplitud del nicho ecologie capitulo 1V) en funcion de las
medidas de diversidad y estructura genética, asd@mn los valores promedio de
intermediacién y restriccion agregada obtenidokmsmnalisis de redes (ver Capitulo |,
Torres-Miranda et al., 2013, 2014. De manera adadjacalculamos el tamafio del area de
distribucion actual de cada especie, asi comceel @& su superficie proyectada a un
escenario conservador del Ultimo Maximo Glaciar B)M-MIROC- (ver capitulo V).
Calculamos una tasa de expansion, en casos doadsspacie que mantiene areas de
distribucion idénticas entre lo actual y su proy@t@ UMG se le asigna un valor de 1, una
especie cuya distribucién en el UMG es menor atlaah adquiere valores menoresa 1, y
especies cuya area de distribucion en el UMG e®nala actual adquiere valores
mayores a 1. Las tasas de expansion calculadasgdaaspecie se correlacionaron con

sus valores dels y Gst, para analizar si existe un efecto directo emtrexpansion y/o
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contraccién de las poblaciones y su diversidadtgendor ultimo, realizamos pruebas de
correlacion entre los valores Hg y Gst con base en los patrones de riqueza y rareza
asociada a las especies de encinos rojos repopadd®rres-Miranda et al. (2011) para

México y América Central.

RESULTADOS Y DISCUSION

Diversidad genética y reticularidad

La diversidad genéticadg) de cada poblacién tuvo una correlacion positorarespecto a
la altitud en el caso d@. hypolegoides (r = 0.159), mientras que@ncastaney Q.
scytophyllase encontrd una débil correlacion negativa (r.£10, r = -0.142). Las
correlaciones entrds y los valores de intermediacion de las areas adasia cada
poblacién es negativa en todos los casos. Existeomelacion positiva (r = 0.421) entre la
diversidad genética de cada especie con la riggszecifica asociada a sus poblaciones.

En todos los casos, las correlaciones no son stauihente significativas.

Cuando realizamos las correlaciones con los valm@medio de las especies se
observé una correlacion negativa entre la divedsginética de las especies en funcion de
su amplitud geografica y climatica, asi como caMalores de intermediacion y restriccion

agregada por especie. En todos los casos lasamamés no fueron significativas.

Muchos trabajos han planteado la idea de quedlalagiones de los encinos rojos
en México permanecieron mas o menos constantestddes fluctuaciones climaticas del

Pleistoceno, un factor que ha promovido una didasenética alta (ver Gonzalez-
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Rodriguez et al., 2004; Pefaloza-Ramirez, 2011l Easo de los encinos del este de
Estados Unidos, se ha identificado una migracititutinal intensa en su distribucién,

pero sin una reduccion dréstica en el tamafio déreas, lo cual explica los valores
relativamente altos de diversidad genética (Magal.e2005; Morris et al., 2008; Saeki et
al, 2011), un resultado que ha sido registrado Aeea rubrum(Saeki et al., 2011). Niveles
altos de variacién genética se han registradogtmak especies templadas mexicanas
como las especies de amplia distribudidnus strobiformig P. leiophylla(Moreno-

Letelier y Pifiero, 2009; Rodriguez-Bandera et28l09), en el escarabajo descortezador
Dendroctonus mexicanénducho-Reyes et al., 2008), asi como especispaneericanas
de Abies(Jaramillo-Correa et al., 2008), Niveles moderatsliversidad genética han sido
reportados par®. lobataen California, donde las fluctuaciones climaticashan afectado
drasticamente los tamafos poblacionales de la iesfi&agger et al., 2013). En algunas
especies templadas con areas de distribucion retisgédas se han identificado niveles
moderados de variacion genética cdPmaus nelsonjiP. montezumag P. pseudostrobus
(Cuenca et al., 2003; Delgado et al., 2007), asiccenPicea chihuahuan@Jaramillo-
Correa et al., 2006). Los estudios genéticos raddiz por Petit et al. (2012) para encinos
de amplia distribucién en Europa han arrojado tadok diferentes. Los encinos europeos
presentan una baja diversidad genética como comseieude una drastica reduccion de sus
tamafios poblacionales en areas consideradas c@ung@eeen el Pleistoceno. La
colonizacion post glacial de las poblaciones analest han dado como resultado un efecto
fundador en el que las poblaciones no pueden aam&mi/ariacion genética. (Magni et al.,

2005)

A pesar del bajo poder estadistico de las coioglas, los datos de diversidad
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genética encontrados para los encinos rojos ratritehipotesis de que ésta aumenta
cuando las areas de distribucion son mas grandes tienen ademas intervalos amplios de
tolerancia ambiental. La correlacion positiva quiste entre la riqueza especifica de areas
adyacentes a las poblaciones en que se ha medidefaidad genética indica que la
diversidad genética esta asociada a areas corza@specifica alta. Torres-Miranda et al.
(capitulo Ill) encontraron una estrecha asociaeittne las areas de mayor riqueza
especifica y areas que han tenido procesos deosdolteticular de sus biotas. La riqgueza
genética parece estar asociada a areas que hiao siefprocesos de reticularidad
importante. La reticularidad es un proceso que pexv® la simpatria geografica entre
especies con diferentes historias evolutivas agdosia limites tectonicos y/o geoldgicos.
La reticularidad coincide con zonas de hibridaditemtificadas para complejos de encinos
rojos Q. crassifoliax Q. crassipegTovar-Sanchez et al., 2004, affinisx Q. laurina
(Gonzalez-Rodriguez et al., 2004Qy hypoleucoidex Q. scytophyllax Q. sideroxyla
(Pefaloza-Ramirez et al., 2010). Nosotros hemasifidado que la hibridacion ocurre
entre especies que conforman un mismo ensambléatadmmaunque entre ellas existe un
desplazamiento altitudinal. La hibridacion se ddasrzonas de simpatria localizadas en
pisos altitudinales intermedios entre ambas esp¢edr capitulo 1V). Las zonas de
hibridacidén parecen ser una alternativa para mantareles elevados de diversidad.
Tovar-Sanchez et al. (2008) identificaron una malyeersidad genética entre las
poblaciones d€). crassifoliax Q. crassipesocalizadas en las zonas de hibridacion,
disminuyendo en aquellas areas donde no existagitapGonzalez-Rodriguez et al.
(2004) encuentran un resultado similar entre elptej@Q. affinisx Q. laurina Delgado et
al. (2007) reportan resultados similares eRireis montezumaeP. pseudostrobud as

zonas de hibridacion en encinos rojos estan estneehte relacionadas con las areas
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identificadas con evolucion reticular de biotagihtes (ver Capitulos 1l y Ill). Los
centros de diversidad genética pueden estar iflaneente relacionados con zonas de

contacto entre especies y no a los denominadosseie origen de las especies.

Entendiendo la divergencia evolutiva de los encinasjos

El indiceGstpresenta correlaciones positivas con la amplitudatica, el tamafio de las
areas de distribucion y la restriccion agregadanpdio de cada especie, esta Ultima es la
Unica estadisticamente significativa. Cuando aaalas el efecto de las contracciones y/o
expansiones de las especies en el UGM, encontrgngosxiste un aumento en los indices
de diversidad genética en aquellas especies quiaaompde manera significativa sus areas
de distribucion en el UGM. Mientras que los indidegdiferenciacion genética aumentan
en aguellas especies que tuvieron aumentos modeeadsus areas de distribucion en el

UGM.

La restriccion agregada de las redes permite oessraquellos elementos cuya
presencia resulta indispensable en el flujo deméeion entre diferentes subredes. Valores
altos de restriccion agregada caracterizan a el@menhesionados entre si y diferenciados
del resto de la red por su limitado flujo de infacidn, generalmente asociados a especies
con areas de distribucion restringidas. Es clameaquaquellas especies con valores altos de
restriccion agregada tienen menor cantidad de eMwiueticular a lo largo de su
distribucion, resultando en alta cohesion genéfieadiferencia a sus poblaciones,
explicando las correlaciones positivas que existére los valore&sty los valores de

restriccion agregada asi como las correlacionestivag entre éstos ultimos valores y el
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HS. Los resultados anteriores corroboran que lascéss de amplia distribucién tienen la
mayor amplitud climética y estan ligados a procésgmrtantes de diferenciacién genética

de sus poblaciones como lo indican los ind@es

Los encinos europeos presentan una alta dive@entie sus poblaciones. La
estructura genética entre las especies son corigsuenn las zonas de refugio propuestas
para Europa. El efecto fundador tras la colonizacpida de las especies en periodos
interglaciales pudo incrementar la diferenciaciéndica entre las poblaciones de los
encinos europeos (Magni et al., 2005). A diferexdedos encinos europeos, los datos
recabados en este estudio nos permiten propongrdossos de divergencia evolutiva
entre los encinos rojos. En primer lugar, la estmacgenética de las especies se hace
notable en especies que tienen amplias areastdbultigdn, conforme el tamafio de las
areas de distribucion disminuye la diferenciaciéniga parece disminuir. En segundo
lugar, aquellas especies cuyas condiciones amhesrea el UGM no les permitieron una
expansion importante estan asociadas a niveledgaterttiacion genética relativamente
alta. Sin embargo, la estructura que se ha encméa especies de amplia distribucion no
esta asociada a los escenarios paleoambientale® dua propuesto para el UGM del
Pleistoceno (capitulo V). La estructura de las @obhes parece tener una mayor relacion
con las areas identificadas en nuestros analisisdiss como entidades historicas (ver
capitulos I, 11 y lll). Estas areas se localizarsenuencias litolégicas asociadas con los
principales eventos tectonicos ocurridos en AmétalaNorte desde el Plioceno, por lo que
la posible estabilidad poblacional en las fluctaaes del Pleistoceno no han sido el factor
mas importante en la divergencia de las poblacidviagri et al. (2007) mencionan que la

estructura genética de las poblacione®dsuberen Europa comenzo a definirse antes de
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la historia Terciaria de los taxa, por lo que loangles quiebres filogeograficos podrian
tener un origen temporal mas antiguo que lo resgisten los Ultimos periodos de

glaciacion del Pleistoceno.

Nuevos estudios deben ser realizados para aeeptahazar estas hipotesis. En el
caso de los encinos de Estados Unidos, se delgerédbdstecer mediante filogeografia
comparada si lo reportado p&@arubraes similar en otras especies de amplia distriloucio
Q. coccinea, Q. ilicifolia, Q. imbricaria, Q. paluss, Q. shumardiy Q. velutina.Aldrich
et al. (2003) y Magni et al. (2005) mencionan gxisten procesos de hibridacion
recurrentes entre éstas especies asociadas a basgqirtuos en el este de Estados Unidos
por lo que la diversidad genética deberia aumemaquellas areas donde existe contacto
secundario particularmente asociado a eventosaacadn reticular en la zona adyacente
de los Apalaches donde se deberia de identifiaabops filogeograficos. Por otra parte,
para poder contrastar la importancia de las fluituees climaticas del Pleistoceno, el
analisis de las especies asociadas a los bosguesde la costa del Atlantic®(
georgiana Q. hemisphaericaQ. incana Q. laevis Q laurifolia, Q. pumilg deberia ser
imprescindible, ya que las evidencias palinologictes proyecciones de nicho ecoldgico
sugieren que éstas especies tuvieron reduccioassadis de sus areas de distribucion en el
UGM. En este sentido , los resultados filogeogoéfigodrian arrojar resultados similares a

los encontrados en los encinos europeos con lam@sde zonas de refugio.

En el caso de México, se deberia de completaratiszs filogeografico de las
especies de amplia distribucion co@ocandicansQ. crassifolia Q. ellipticay Q.
conspersaEstasespecies pueden brindar evidencias adicionalesaderlos patrones de

diversidad y divergencia genética, ya que susiestale vida son contrastantes. Q.
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candicans es una especie asociada a bosques wedéfinontafia asi como bosques
mixtos humedos localizados entre los 1800 - 2200nm&). ellipticaes una especie
asociada a bosques mesdfilos y que puede estaenfresn bosques con afinidades
tropicales entre 1400 - 2200 msn@h.crassifoliaes una de las especies que se distribuye
entre 2000-2800 msnm asociada principalmente alessie pino-encino. Ademas, es
necesario analizar especies con distribucionesmafgs para sustentar si la divergencia
entre especies nos permite inferir patrones higiérile mayor resolucién entre los
principales ensambles histéricos de especies. tegirdmacion de los ensambles climéticos
puede conducir lineas de investigacion adicionglas probar si existe relacion entre los
escenarios evolutivos de especies que conformamsmo ensamble climatico. El analisis
de especies asociadas a diferentes ensamblesictimmathistoricos puede resultar Gtil para
entender de manera mas detallada la compleja diadawublutiva de la seccidmobatae

Por ultimo, integrar estas evidencias con los tadak obtenidos para otras especies de
biotas templadas que definen algunos de los ensarghihellianos con las especies de esta
seccion, podria brindar nuevas posibilidades patender de manera incipiente la

dinamica evolutiva de las biotas templadas en Asaétel Norte.
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DISCUSION GENERAL

Los patrones de distribucién de las biotas han smbddeados por diferentes fuerzas
evolutivas como la vicarianza, la dispersiéon y xireion. Los procesos de evolucion
reticular son eventos recurrentes, que han acordpaiieensamble actual de las biotas, y
actlan como zonas biol6égicamente complejas (Cralg&8; Erwin, 1978, 1981; Halas

al., 2005). Por otra parte, las zonas de mayor reyjadezespecies a menudo coinciden con
zonas hibridas que han sufrido evolucion retictitas la convergencia de biotas de
diferentes historias (Contreras-Medidaal., 2001; Torres-Mirand&t al., 2013a) y los
andlisis de redes representan un método alterna phrestudio de las relaciones
biogeograficas de las areas, aunque los AndlisiPatsimonia de Endemismo son otra
alternativa (ver Echeverry y Morrone, 2010). Ladesson una aproximacion éptima para
estudiar los mecanismos de evolucion de las angasdo la reticularidad es un proceso
recurrente en la historia de sus biotas, ya questrare grandes ventajas sobre métodos
basados en arboles dicotémicos. Estos Ultimos grierésolucion cuando existen patrones
tocologicos (Van Veller y Brooks, 2001; dos Sardfoal., 2008, 2012). La reticularidad se
puede medir a través del uso de la intermediacitre dos vértices de una red, el cual
determina el flujo de informacién; cuando es altoreticularidad es maxima, y por el
contrario, si hay huecos estructurales en la egyrasenta una restriccion agregada.

Con lo anterior se concluye que cada biota puedéesmida por un conjunto Unico
de especies (producto de la homogenizacién biéticalargo del tiempo) y en donde cada
una de ellas evoluciona en tasas diferencialeselaguareas identificadas como ramas
largas en los analisis ddeighbor-joining (NJ),que se obtuvieron mediante el método de

inversos de distribucion, representan areas de djkemgencia bidtica con altas tasas de
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evolucion (Torres-Mirandast al., 2013b) y estan asociadas a areas con eventos de
especiacion reciente o con procesos importantesvdkicion reticular. Si se utilizan
analisis combinados de redes y ddeighbor-joining, se obtendria informacion
complementaria, lo cual robusteceria las hipétlsiasociacion geogréfica.

La reticularidad es un fendmeno que se ha localizados principales limites
tectdnicos de los sistemas fisiograficos de Amé&taaNorte (Heads, 2004; Morrone,

2004). Muchos de ellos, posiblemente, estan asogiagxpansiones o contracciones
poblacionales de las especies; que pudieron seadas por procesos de cambio climatico
como las glaciaciones del Pleistoceno (Torres-Miaahal., 2014). Para especies del Este
de Estados Unidos, las zonas con eventos impaostdetevolucion reticular se localizan
en los sistemas asociados a los Apalaches y @stesss fluviales del Mississipi.

Mientras que en México, las zonas de biotas cotuewm reticular en orden de
importancia son el sector Sur de la Sierra Madrertal, el Occidente de la Faja
Volcénica Transmexicana, el Bloque Maya (Sierra Mdatke Chiapas - Guatemala y Altos
de Chiapas), el Norte y Sur de la Sierra Plegddseator oaxaquefio de la Sierra Madre
del Sur, el Norte de la Sierra Madre Occidentdlyste de la Sierra Madre del Sur.

La hipdtesis de evolucidon por pulsos es similarsapuesto teérico de la
Pambiogeografia de Croizat (1958), donde los nodgmesentan los procesos de
reticularidad mas importante entre las areas. &sisidera que los ensambles de especies
son determinados por procesos complejos, los cumdeslucran especiacion por
vicarianza, dispersion, extincién, y la no-respaigs especiacion tras eventos vicariantes
(Erwin, 1979, 1981). El sector Sur de la Sierra Madriental y el sector Occidental de la
Faja Volcanica Transmexicana son buenos ejempldsadas con evolucién por pulsos.

La Faja Volcanica Transmexicana es reconocida camelemento historico que esta
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asociada a mecanismos de especiacion alopatrica qmT importantes eventos de
evolucion reticular que han sido favorecidos poreigpansion bidtica de las especies;
probablemente, como resultado de fluctuacionesaticas (por ejemplo, las glaciaciones
del Pleistoceno).

Los analisis de redes y de NJ iterativos dondetiSean criterios de restriccion o
amplitud geografica permiten formular hipétesiseraa de los mecanismos de especiacion
gue estan asociados a las especies que comporecclanLobatae del génerdQuercus.
Esto es, aquellas especies con distribuciones nalgi® conforman redes cohesivas,
generalmente alopatricas con respecto a otrase ysgUocalizan en secuencias litolégicas
recientes (asociadas a actividad tectonica delidresl Lo anterior, nos permite proponer
mecanismos de evolucion estrictamente vicariantéenfvhs que, en especies con
distribuciones mas restringidas planteamos mecasisisie evolucién por aislados
periféricos, debido a que no existe simpatria giagr ni ambiental con otras especies.
Este es uno de los argumentos que Lynch (1989)egrGt al. (2002) consideran para
reconocer a éste tipo de especiacion. Las hipotksisvolucién a pulsos de las biotas
pueden ser sometidas a analisis filogenéticosogddgraficos mediante la aceptacion o
rechazo de los diferentes mecanismos de evoluciérsg propongan.

Los andlisis de redes también resultan Utiles ere@nocimiento de ensambles
macroecologicos, los cuales estan basados en atlgodmiento de nichos ecoldgicos
(simpatria ambiental) Estos andlisis son, hastaraahon método adecuado en el
reconocimiento de interacciones bioldgicas dondstexin elevado numero de relaciones
tocoldgicas (Stephers al., 2009; Jabot y Bascompte, 2012).

La amplitud de los nichos climaticos en las egmeaton distribucidbn mas

restringida, por lo general, es estrecha y la mayoo presentan asociaciones fuertes con
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ninguna otra; por ello no forman parte de un ensanybestan ligadas a una clara
divergencia ambiental con el resto de las espegiesntegran la seccion. Por el contrario,
las de amplia distribucion son las que presentanguan amplitud de su nicho climatigo
razon por la que sus nichos tienen una superpasigdurrente con especies de otros
ensambles. A lo largo de su distribucion, las caodes climaticas donde se desarrollan
las poblaciones de una especie ampliamente distabpueden variar y conformar
diferentes unidades climaticas (niap

Aunado a la divergencia ambiental entre sus paiias, cada entidad climatica
establece diferentes redes de interaccion bidticaival genérico y especifico. La
divergencia ambiental y las diferencias en lasrawigones bidticas pueden promover
procesos de divergencia genética o morfologicaspbblaciones de especies con amplia
distribucion. La mayoria de ésta presentan una pglasticidad fenotipica foliar, la cual
puede estar asociada a las diferencias ambiertatestadas en las redes climaticas. Sin
embargo, hasta ahora, no se ha podido corrobotar segosicion. Actualmente, se
encuentra en proceso un estudio para probar lasekip de la variacién foliar y su relacién
con los ensambles en dos especies de encinoscmjaamplia distribuciéonQ. candicans y
Q. crassifolia. Hasta el momento se ha realizado un muestrems&xten las areas de
distribucion de ambas. Pafa candicans desde Sinaloa e Hidalgo, en el Norte, hasta
Guatemala, en el Sur; y pad@acrassifolia, de Chihuahua y San Luis Potosi, en el Norte, a
Guatemala, en el Sur. Se han colectado muestr&d gmblaciones para la primera especie
y, 94 para la segunda (ver Figuras 1-2).

Se han hecho estudios preliminares de morfomaitii@r fcon el fin de determinar

patrones de variacion de las especies a lo largaudistribucidén. Los resultado muestran
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morfotipos diferenciales entre las poblaciones qaeforman diferentes ensamblas
siendo particularmente interesante la marcadaediééacion entre las d@. crassifolia del
Noroeste con las del Centro y Sur de su distribuckn el caso d&). candicans, la
plasticidad fenotipica esta fuertemente relacioramtalas condiciones de humedad; ésto
es, en poblaciones que corresponden a los ensammdhesemplados y humedos (que
caracterizan a los bosques mesdfilos) se presénjas de mayor tamafio, ampliamente
obovadas, con apices recurrentes y con una gratidaande dientes aristados. Estos
analisis seran robustecidos con métodos geoestadiston base en los principios de
interpolacion de variables multiples.

Por otra parte, las especies que constituyen tandsie deberian de tener
respuestas similares ante cambios ambientalemataios. Las fluctuaciones climaticas
del Pleistoceno han sido uno de los procesos naaiels de las poblaciones y de las areas
de distribucion de las especies. El modelado deorgecolégico permite hacer una
proyeccion del nicho hacia diferentes escenariosaticos pasados, como el Ultimo
Méaximo Glacial (UMG) (Richardst al., 2002; Jakolgt al., 2009), y delimitar las areas de
distribucion actual. Por otra parte, es una heeataique posibilita entender el efecto de
las fluctuaciones climaticas en la dinamica deithstion de los encinos rojos (que esta
asociada a evidencias palinologicas y genéticasanterior ayuda a identificar procesos
de expansion, contraccion o dispersion en ensarolie&ticos de especies. En éste estudio
se observa que la mayoria de ellos, los cuales Extalizados en los sistemas montanos de
México, América Central y California, no tuvieragducciones drasticas en sus areas de
distribucion y en muchos casos se puede planteasuftieron expansiones poblacionales,

como lo indican también datos palinoldgicos del U@ENballercet al., 2010; Vazquez-
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Selem y Heine, 2011). Aunque se debe destacardgte eiscordancia entre los escenarios
MIROC y CCSM. Este ultimo plantea que las tasagrdeipitacion aumentaron en el

UMG,; por lo tanto, las proyecciones nos hacen sepque la expansion distribucional fue
de gran magnitud. En todos los casos se consiguebooar que no hubo migracion
latitudinal en las especies; por el contrario,aan presentes en el Este de Estados Unidos se
identifica una fuerte migracion latitudinal (en age componen a los ensambles asociados
a los bosques deciduos), aunque constituyen un@gipturén de vegetaciéon en la

Planicie Costera del Atlantico que coincide cornstrucciones paleoambientales (ver
Overpecket al., 1991, 1992; Prenticat al., 1991; Webb llkt al., 1998). Por otra parte,
nuestros datos parecen identificar una fuerte aoaitbn poblacional de las especies que
habitan los bosques mixtos localizados en la Aldiostera del Atlantico. Andlisis
filogeograficos de éstas especies permitirian bomar la presencia de refugios y rutas de
colonizacion postglacial identificados para ot@nsones (ver Soltiet al., 2006).

La expansién y contraccion recurrente de las ateafistribucion de las especies es
un proceso que ha favorecido la diversidad genétséacomo los procesos de evolucion
reticular de las areas. De modo que, especies @ugas de distribucion actual son amplias
y que en el UMG fueron similares, o incluso mayptiEsen alta diversidad genética; tal
como ocurre col. castanea, Q. hypoleucoides, Q. scytophylla y Q. sideroxyla (Pefialoza-
Ramirez, 2011)Q. magnoliifolia y Q. resinosa (Albarran-Lara, 2011)Q. lobata (Gugger
et al., 2013). La diversidad genética @naffinisy Q. laurina (Gonzalez-Rodrigueet al.,
2004), aunque moderada, permite suponer que ansipasies no sufrieron reducciones
drasticas en sus poblaciones. En algunos casobas#ocumentado que el contacto
secundario y la hibridacion aumentan los nivelesligdgersidad genética tanto en encinos

como en otras especies de taxones templados (@arRRabriguezt al., 2004; Tovar-
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Sanchez y Oyama, 2004; Delgadoal., 2007; Pefialoza-Ramiret al., 2010). El Gnico
caso reportado con bajos niveles de diversidadtigargsQ. rubra (Magniet al., 2005) en
el Este de Estados Unidos, la cual en el UMG pedertuna distribucion relativamente
grande y continua.

Aunado a ello, se identificd que las especiesndglia distribucién presentan una
correlacion positiva entre la diferenciacion gergtie sus poblacioneSdy) y el tamafio
de las areas de distribucién y de amplitud clinaatigientras que, para los indices de
diversidad genéticaHs) ésta correlacion también fue positiva. A pesabd@ poder
estadistico de las correlaciones, los datos dedidasl genética encontrados para los
encinos rojos robustece la hip6tesis de que ésterta cuando las areas de distribucion
son mas grandes y que tienen, ademas, intervalpléoande tolerancia ambiental.

La diversidad genética estd asociada a areasqdeze especifica alta. Asi lo
sugiere la correlacion positiva que existe ergradueza especifica de areas adyacentes a
las poblaciones donde se ha medido. Torres-Mirghdh (Capitulo 1ll) encontraron una
estrecha asociacion entre las areas de mayor asecifica y las areas que han tenido
procesos de evolucion reticular en sus biotasidueeza genética parece estar concentrada
en areas que han sufrido procesos de reticulagidguee ésta ha sido importante, ya que
promueven el contacto secundario entre las espeseda reportado que la diversidad
genética aumenta, aparentemente, en las denomirmmeas de contacto (Gonzalez-
Rodriguezet al., 2004; Tovar-Sanchez y Oyama, 2004; Delgeadal., 2007; Pefaloza-
Ramirezet al., 2010).

Sin embargo, la estructura que se ha encontradspaties de amplia distribucion
no esta asociada a los escenarios paleoambiegtaese han propuesto para el UGM del

Pleistoceno (capitulo V). La estructura poblacianuaiere una mayor relacion con las
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areas identificadas, en nuestros analisis de rede®) entidades histdricas (ver capitulos |,
Il'y lll). Estas se localizan en secuencias liggdds asociadas con los principales eventos
tectonicos ocurridos en América del Norte desddieteno; por lo tanto, la posible
estabilidad poblacional en las fluctuaciones deis®dceno no ha sido el factor mas
importante en la divergencia de las poblacionegrMaaal. (2007) mencionan que la
estructura genética de los taxone€deuber en Europa comenzé a definirse antes del
periodo Terciario , por lo cual los grandes quislilegeograficos podrian tener un origen
temporal mas antiguo que lo registrado en los dimeriodos de glaciacion del
Pleistoceno.

Nuevos estudios deben ser realizados para acepahazar éstas hipotesis.
Aldrich et al. (2003) y Magnkt al. (2005) mencionan que existen procesos de hiliédac
recurrentes entre especies asociadas a bosqudsaieen el Este de Estados Unid@s (
coccinea, Q. ilicifolia, Q. imbricaria, Q. palustris, Q. shumardii y Q. velutina).
Posiblemente, el analisis detallado de otras espeerojaria resultados similares a los
obtenidos par®. rubra. Aunque, las especies de los bosques mixQogdorgiana, Q.
hemisphaerica, Q. incana, Q. laevis, Q laurifolia, Q. pumila) permitirian obtener
informacion contrastante porque sus areas dehistéin se contrajeron drasticamente en
el UGM vy, por lo tanto, los resultados serian sanei$ a los encontrados para los encinos
europeos. En el caso de México, se deberia de etamgl analisis filogeogréfico de las
especies de amplia distribucién co@ocandicans, Q. crassifolia, Q. dlipticay Q.
conspersa; dado que,pueden brindar evidencias adicionalexadle los patrones de
diversidad y divergencia genética porque que sstefis de vida son contrastantes.
Ademas, es necesario estudiar especies con digotias regionales para sustentar si la

divergencia entre especies nos permite inferiopas historicos de mayor resolucion entre
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los principales ensambles historicos. La deternidmade los ensambles climaticos puede
conducir a lineas de investigacion adicionales peshar si existe relacion entre los
escenarios evolutivos de especies que los conforRrotra parte, el analisis de especies
asociadas a diferentes ensambles climaticos aiciz$éserviria para entender de manera
detallada la compleja dindmica evolutiva de la Eecicobatae. Por Ultimo, integrar éstas
evidencias a los resultados obtenidos para oti@ssitempladas, que definen algunos de
los ensambles grinellianos con las especies deséstidon, brindarian nuevas
posibilidades para entender de manera incipierdefmica evolutiva de las biotas
templadas en América del Norte.

En un intento para aceptar o rechazar las higopespuestas en éste estudio, se han
iniciado nuevos estudios filogeograficos que witizomo modelos @. candicans y Q.
crassifolia, se han colectaron 80 poblaciones @ecandicans (Fig. 1) y 94 deQ.
crassifolia (Fig. 2) en sus &reas de distribucion. Un terstud?o conQ. eliptica esta por
comenzar; ésta especie pres