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Lista de tablas y figuras

Capitulo 1

Table 1. Quercus species studied, scenopoetic variables used to build the ecological
niche model of each species, and the variables with the highest influence on the
prediction of the distribution of each species. See Table S1 for the identity of each

variable.

Table 2. Principal components analysis for climatic variation between high and low

suitability areas for oak species.

Table 3. Principal components analysis for climatic niche variation among the groups

of species constituting the nine units of co-occurrence.

Table Al. Climatic and topographic variables considered to build the ENMs.

Table A2. One-way ANOVA comparing the values of the five climatic variables that
explained most of the oaks ecological niche models between high and low suitability

areas.

Figure 1. Study area and its principal geological elements. TMVB: Trans-Mexican
volcanic Belt, SMOc: Sierra Madre Occidental, SMOr: Sierra Madre Oriental, SJ:
Serranias de Jalisco, SG: Serranias de Guerrero, SMS: Sierra Madre del Sur, SMC:
Sierra Madre de Chiapas, TI: Tehuantepec Isthmus, TIM: Trans-Isthmian Mountains,
PMF: Polochic-Motagua Fault, ND: Nicaraguan Depression, CRM: Costa Rica
Mountains, PI-DAR: Panamanian Isthmus and Darien region, CA: Colombian Andes.

Black areas represent mountainous systems (> 1000 m.a.s.l.).



Figure 2. Neotropical Quercus species turnover patterns. The horizontal dotted line
represents the threshold of similitude values beyond the expected variation. a.
Longitudinal turnover pattern for the whole genus. b. Latitudinal turnover pattern for
the whole genus. c. Longitudinal turnover pattern for red oaks (Sect. Lobatae). d.
Latitudinal turnover pattern for red oaks (Sect. Lobatae). e. Longitudinal turnover
pattern for white oaks (Sect. Quercus). f. Latitudinal turnover pattern for white oaks
(Sect. Quercus). Numbers indicate the turnover points (for geographical location see
Figures 1 and 3) as follows: 1-2 TI, 3 PMF, 4 ND, 5 PI, 6 ND, 7 CRM, 8 PI, 9-10 ND,

11 PL, 12 ND, 13 PI, 14-15 SMC, 16 PMF, 17 ND, 18 ND.

Figure 3. Geographical location of the main turnover points for Quercus species. Black
bars represent the longitudinal and latitudinal units where marked species turnover
occurs (see also Fig. 2). a. Longitudinal turnover pattern for the whole genus. b.
Latitudinal turnover pattern for the whole genus. c. Longitudinal turnover pattern for red
oaks (Sect. Lobatae). d. Latitudinal turnover pattern for red oaks (Sect. Lobatae). e.
Longitudinal turnover pattern for white oaks (Sect. Quercus). f. Latitudinal turnover
pattern for white oaks (Sect. Quercus). Numbers correspond to those shown in Fig. 2 for
values of 1-Bsim and correspond to the following areas: 1-2 TI, 3 PMF, 4 ND, 5 PI, 6

ND, 7 CRM, 8 P1, 9-10 ND, 11 PI, 12 ND, 13 PI, 14-15 SMC, 16 PMF, 17 ND, 18 ND.

Figure 4. Cleavogram representing units of co-occurrence (or areas of endemism) for
Neotropical oak species estimated using NAM analysis. Letters from a to 1 indicate
each of the identified units of co-occurrence and the maps on the right side indicate the
geographical distribution of the species groups that constitute each unit of co-

occurrence.



Figure 5. Potential co-occurrence patterns for Neotropical Quercus species determined
using ecological niche modeling. a. Distribution of the potential number of co-occurring
species for the whole Quercus genus. b. Distribution of the potential number of co-
occurring species for red oaks (Sect. Lobatae). c. Distribution of the potential number of

co-occurring species for white oaks (Sect. Quercus).

Figure 6. Principal components analysis showing climatic differences between areas
with low suitability (barriers) and high suitability (highlands) for Quercus species

detected using ENMs.

Figure 7. Principal components analysis showing ecological niche model envelopes for

groups of species constituting the nine units of co-occurrence.

Capitulo 2

Table 1. Quercus insignis and Q. sapotiifolia population geographic information
summary, genetic diversity and genetic structure estimates. n: sample size, /s: within
population genetic diversity. UM: upper Mesoamerica, MM: middle Mesoamerica, LM:
lower Mesoamerica, CR: Costa Rica, HON: Honduras, GUA: Guatemala, MEX:

Mexico.

Table 2. Hierarchical analysis of molecular variance (AMOVA) using Fsr and Rgy for
Quercus insignis and Q. sapotiifolia. Groups category corresponds to UM, MM and

LM.

Figure 1. Quercus insignis and Q. sapotiifolia distribution represented by white and

black triangles respectively. Elevation of the northern Neotropics is represented in a



grey scale from lowlands (white) to highlands (black). SMO: Sierra Madre Oriental,
SMS: Sierra Madre del Sur, TI: Tehuantepec Isthmus, SMC: Sierra Madre de Chiapas,
PMF: Polochic-Motagua fault system, TIM: Trans-Isthmian mountains, ND:
Nicaraguan Depression, CRM: Costa Rica mountains. Inside dotted and solid rectangles
represent details of MM and LM as follows: MH: Maya highlands, CRa: Chuacus
range, LM: Las Minas range, MFZ: Motagua fault system, wCH: western rifted Chortis
highlands, CH: central Chortis highlands, CG: Cordillera de Guanacaste, VC: Valle
Central, CC: Cordillera Central, CG: Cordillera de Talamanca, CVF (solid line):

Chorotega volcanic front.

Figure 2. Haplotype distribution for Quercus insignis, circles diameter is proportional
to populations number and haplotype frequency. Northern Neotropics is divided in
upper Mesoamerica (red line), middle Mesoamerica (green line) and lower
Mesoamerica (yellow line). Haplotype network is also represented by the presence of
the haplotypes per region. Grey and white haplotypes correspond to unique haplotypes

in MM and LM respectively.

Figure 3. Present-day (1950-2000), Last Glacial Maximum (~21 ka BP) and Last
Interglacial (~120 ka BP) Ecological niche models for Quercus insignis in northern

Neotropics.

Figure 4. Haplotype distribution for Quercus sapotiifolia, circles diameter is
proportional to populations number and haplotype frequency. Northern Neotropics is
divided in upper Mesoamerica (red line), middle Mesoamerica (green line) and lower
Mesoamerica (yellow line). Haplotype network is also represented by the presence of
the haplotypes per region. Dark grey, light grey and white haplotypes correspond to

unique haplotypes in UM, MM and LM respectively.



Figure 5. Present-day (1950-2000), Last Glacial Maximum (~21 ka BP) and Last
Interglacial (~120 ka BP) Ecological miche models for Quercus sapotiifolia in northern

Neotropics.

Figure 6. Quercus insignis and Quercus sapotiifolia stable areas of distribution since
the Last Interglacial (~120 ka BP). Black category corresponds to the areas where the
distribution converge in the four models used. Dark grey corresponds to the areas where

models for the present-day and LGM converge.

Figure 7. Geographical location of the most important genetic discontinuities (black
lines for Quercus insignis and white lines for Q. sapotiifolia) using the Monmomier’s
maximum difference algorithm for both Quercus species populations (white triangles
for Q. insignis and black triangles for Q. sapotiifolia). Elevation of the northern
Neotropics is represented in a grey scale from lowlands (light gray) to highlands
(black). SMO: Sierra Madre Oriental, SMS: Sierra Madre del Sur, TI: Tehuantepec
Isthmus, SMC: Sierra Madre de Chiapas, PMF: Polochic-Motagua fault system, TIM:

Trans-Isthmian mountains, ND: Nicaraguan Depression, CRM: Costa Rica mountains.

Capitulo 3:

Table 1. Quercus costaricensis and Q. bumelioides populations geographic information
summary, genetic diversity and genetic structure estimates. n: sample size, As: within
population genetic diversity, D’sh: mean pairwise genetic distance among individuals
within a population under a stepwise mutation model. CG: Cordillera de Guanacaste,

CC: Cordillera Central, CT: Cordillera de Talamanca, VC: Valle Central.



Table 2. Hierarchical analysis of molecular variance (AMOVA) using Fsy and Rgr for

Quercus costaricensis and Q. bumelioides.

Table 3. Estimates of mutation scaled immigration rate (M) between populations of Q.
costaricensis (a) and Q. bumelioides (b) based on cpDNA haplotypes. Recipient
populations (sink) are shown above the diagonal, and the source (donor) populations are
below the diagonal. 95% confidence intervals are located below each population pair M
value in parenthesis. Bold numbers correspond to significant higher than 1 M values.

For populations codes refer to Table 1.

Table 4. Estimates for historical population expansion and demographic parameters for
Quercus costaricensis and Q. bumelioides. Oy: ancestral population sizes scaled by
mutation rate, O;: current population sizes scaled by mutation rate, r: number of
generations since the expansion occurred scaled by mutation rate, -log [CL]: computed
pseudo-likelihood values of the model with homoplasy. Populations without historical
demographic information were not considered as Fu’s Fs values were not significant or

positive.

Figure 1. Study area. Elevation of southern Central America is represented in a grey
scale from lowlands (soft gray) to highlands (black). CG: Cordillera de Guanacaste,
VC: Valle Central, CT: Cordillera de Talamanca, CCP: Panamanian Cordillera Central.
White circles and triangles represent Q. costaricensis and Q. bumelioides populations,
respectively. White-dashed line represents the Costa Rica-Panama border. White solid

line corresponds to the 1000 meters line of the Costa Rican mountains.

Figure 2. Haplotype distribution for Quercus insignis (a) and Q. bumelioides (b) in
Costa Rica. Size of haplotype circles and populations are proportional to haplotype

frequency and number of individuals per population, respectively. White and gray



haplotypes represent unique and private haplotypes respectively, with their
corresponding populations in parenthesis. Bold numbers correspond to the number of

mutations between haplotypes if the observed steps were higher than one.

Figure 3. Geographical location of the most important genetic discontinuities for
Quercus costaricensis (black lines) using the Monmomier’s maximum difference
algorithm. Elevation is represented in a grey scale from lowlands (light gray) to
highlands (black). Populations show their respective haplotypes with size proportional

to the number of individuals (see Figure 2 for complementary information).

Figure 4. Present-day (4a; 0 ka; 1950-2000), Last Glacial Maximum (~21 ka BP;
according to CCSM (4b) and MIROC (4c) global circulation models) and Last
Interglacial (4d; ~120 ka BP) Ecological Niche Models for Quercus costaricensis in
Costa Rica. Black-dotted polygon corresponds to the mountainous region over 1000

meters.

Figure 5. Present-day (5a; 0 ka; 1950-2000), Last Glacial Maximum (~21 ka BP;
according to CCSM (5b) and MIROC (5¢) global circulation models) and Last
Interglacial (5d; ~120 ka BP) Ecological Niche Models for Quercus bumelioides in
Costa Rica. Black-dotted polygon corresponds to the mountainous region over 1000

meters.

Figure 6. Quercus costaricensis (6a) and Q. bumelioides (6b) climatically suitable
stable areas since the Last Interglacial (~120 ka BP). Black category corresponds to the
areas where the distribution is predicted in the four models used. Grey category
corresponds to the areas where models for the present-day and LGM (~21 ka BP)
predict presence of the species. Black-lined polygon corresponds to the 1000 meters

line.



Capitulo 4

Table 1. Principal components analysis for climatic variation among the Andean forest

belts.

Table 2. Mean area extension of suitable climatic niche between periods for the Andean
forest belts. TLF: tropical lowland forest; LMF: lower montane forest; UMF: upper
montane forest; SP: sub-paramo. * Significant mean area differences (p<0.01) between

present-day and each LGM scenarios according to the t-test.

Table S1. Localities used for the LGM validation test using palinological data.

Figure 1. Quercus humboldtii distribution in the Colombian Andes. White triangles
correspond to the occurrence records reported for the species. SD: Serrania del Darién;
PAR: Paramillo; COc: Cordillera Occidental; CC: Cordillera Central; CM: Macizo
Colombiano; NP: Nudo de los Pastos; COr: Cordillera Oriental; SSL: Serrania de San

Lucas; COr-SP: Cordillera Oriental-Serrania del Perija border; SP: Serrania del Perija.

Figure 2. Principal components analysis for climatic variation among the Andean forest

belts.

Figure 3. Ecological niche models for Quercus humboldtii during the Present-day and
Last Glacial Maximum periods. Boxes a, b and c (Present-day, LGM according to
MIROC and LGM according to CCSM models, respectively) contain the raw outputs
suitability values increasing from cero (white) to one (black). Boxes d, e and f represent
the same sequence (Present-day, LGM according to MIROC and LGM according to
CCSM models respectively) of the models under the fixed cumulative value 1 logistic
threshold. Boxes g, h and i represent the same sequence of models using the Balance

training omission, predicted area and threshold value logistic threshold.



Capitulo 5

Tablel. Population geographic information summary, genetic diversity and genetic
structure estimates. n: sample size, hs: within population genetic diversity, D’SH, mean
pairwise genetic distance among individuals within a population under a stepwise

mutation model.

Table 2. Hierarchical analysis of molecular variance (AMOVA) using Fsr and Rgr for
Quercus humboldtii. Groups correspond to the three Cordilleras in the Colombian

Andes (see Fig. 1). * Significant values (p<0.001).

Table S1. Haplotype list defined from each unique combination of size variants for the

evaluated chloroplast microsatellite loci.

Figure 1. Quercus humboldtii distribution represented by localities available with
georeferenced information (white triangles) and populations included in this study
(yellow triangles). Elevation of the Colombian Andes is represented in a grey scale
from lowlands (white) to highlands (black). COc: Cordillera Occidental, CC: Cordillera

Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian Massif).

Figure 2. Distribution of the 18 haplotypes identified from cpSSRs and haplotype
network inferred using median-joining in Quercus humboldtii. Name of the haplotype is
coded as Hn followed by a number in parenthesis corresponding to the population for
unique haplotypes. Purple circles represent unique haplotypes derived from H18, lima
green circles represent unique haplotypes derived from H7 and orange circles represent
unique haplotypes derived from H2. Elevation of the Colombian Andes is represented in

a grey scale from lowlands (white) to highlands (black). COc: Cordillera Occidental,



CC: Cordillera Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian

Massif).

Figure 3. Geographical location of the most important genetic discontinuities (red lines)
using the Monmomier’s maximum difference algorithm for the Quercus humboldtii
populations (white triangles). Elevation of the Colombian Andes is represented in a grey
scale from lowlands (white) to highlands (black). COc: Cordillera Occidental, CC:
Cordillera Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian

Massif).



Resumen

El género Quercus es un grupo con una distribucion amplia desde la region Holartica
hasta la Tropical. A través de su distribucion las especies del género hacen parte
fundamental de diferentes ecosistemas entre los que destacan los bosques deciduos
templados, bosques perennes subtropicales y templados, bosque de pino-encino y
bosques montanos. En la region Neotropical los bosques de encino se distribuyen desde
la Zona de Transicion Mexicana hasta los Andes Colombianos. A través de esta
distribucion las especies del género Quercus habitan ecosistemas desde el nivel del mar
hasta los 3500 metros. Las especies de encino abarcan un espacio geografico
heterogéneo con una historia geoldgica y climatica compleja como es el sur de México,
Centroamérica y los Andes. En esta region se han estudiado una cantidad importante de
procesos evolutivos como extincion, diferenciacion intraespecifica, especiacion y
adaptacion en diferentes taxa, relacionados estrechamente con la historia geoldgica
compleja del Neotropico. Las especies Neotropicales de Quercus no han sido la
excepcion pues exhiben procesos de diferenciacion intraespecifica asociados a
elementos geograficos como el Istmo de Tehuantepec (para Quercus oleoides) y un
efecto moderado de las fluctuaciones climaticas del Cuaternario en su demografia
histérica (para Q. affinis, Q. laurina y Q. castanea). La presente tesis en su Capitulo
Uno ilustra los cambios en la distribucion de las especies Neotropicales de Quercus
tanto en relacion con discontinuidades geograficas de las zonas montafosas (p. e. el
Istmo de Tehuantepec, la Depresion de Nicaragua y el Istmo de Panama) como para
regiones con actividad tectonica reciente y constante (p. €. la zona de contacto entre las
fallas Polochic y Motagua). A nivel genético, el Capitulo Dos describe niveles de
diversidad genética mas altos en Q. insignis y Q. sapotiifolia respecto a especies
Holarticas del género. Las redes de haplotipos de ambas especies muestran procesos de
colonizacion desde el Centro de Centroamérica (Guatemala y Honduras) hacia México
y Costa Rica, e incluso procesos de re-colonizacion desde Costa Rica hacia Honduras.
Esta dinamica de dispersion, colonizacion y regresion es atribuida a procesos tectonicos
y volcéanicos caracteristicos de estas regiones. El Capitulo Tres describe como Q.
costaricensis a pesar de tener una distribucion restringida al sur de Centro América,
presenta una estructura filogeografica fuerte a través de los bosques montanos altos, la
cual responde a niveles moderados de flujo génico en sentido norte-sur influenciados

por cambios en la distribucion altitudinal de la especie durante la transicién entre



periodos glaciales e integlaciales del Cuaternario. Por su parte Q. bumelioides exhibe un
patron opuesto, caracterizado por la ausencia de estructura genética y filogeografica,
evidencia de una colonizacion reciente, niveles altos de diversidad y flujo génico
producto de distribucion continua en los bosques montanos bajos durante el
Cuaternario. A nivel regional y con base en estudios paleoecoldgicos para los Andes el
Capitulo Cuatro describe la dindmica de la distribucion de Q. humboldtii con respecto a
los cambios climaticos durante el Ultimo Maximo Glacial. A partir de estos analisis se
identificod que las poblaciones del roble Andino presentan estructura altitudinal a través
de los cinturones de vegetacion de los Andes. Esta estructura es definida por cambios en
variables climaticas asociadas principalmente a la temperatura. Igualmente se determind
que las fluctuaciones climaticas entre periodos glaciales e interglaciales no afectaron de
forma significativa la extension total del nicho climatico disponible entre el presente y
el Ultimo Maximo Glacial ni generaron parches de bosque de encino aislados, por el
contrario se presentd un desplazamiento de los cinturones de vegetacion hacia las zonas
bajas que presentaron niveles de conectividad importantes.Finalmente el Capitulo Cinco
sugiere una expansion poblacional reciente para Q. humboldtii, 1o cual es consistente
con la aparicion de polen fosil hace aproximadamente 480 ka AP. De igual forma, a
partir de esta migracion reciente se explican los valores bajos de diversidad genética,
estructura genética y una red de haplotipos definida por dos haplotipos frecuentes de
distribucion amplia. Bajo este escenario se determind que la llegada reciente de esta
especie a los Andes Colombianos estuvo definida por eventos de cuello de botella
seguidos por una expansion poblacional reciente (Holoceno temprano), lo que limité el
tiempo para acumular variacidn genética y promover procesos de diferenciacion
intraespecifica. Esta suma de patrones para las especies analizadas es consistente con
procesos demograficos asociados a la estabilidad de la precipitacion durante los
periodos glaciales como se ha observado en otras especies con una distribucion similar a
la de las especies analizadas. Bajo estos modelos las condiciones climaticas
favorecieron distribuciones continuas, lo que favorecié procesos de migracion
altitudinal. Debido al efecto moderado del cambio climatico durante el Cuaternario, la
estructura filogeografica de las especies analizadas puede interpretarse a partir de
procesos geoldgicos y caracteristicas intraespecificas de las especies (p.e. tamafio de las
bellotas y distribucion altitudinal) que pudieron determinar el éxito en los procesos de
dispersion y colonizacion de ambientes nuevos durante la migracion de las especies del

género desde las montafias de México hasta los Andes Colombianos.



Abstract

Genus Quercus distributes from the Holarctic region through the Tropics. Along its
distribution Quercus species represent fundamental elements of various ecosystems
such as template deciduous forest, subtropical and template evergreen forest, pine-oak
forest, cloud forest and montane forest. Neotropical oak forest distributes from the
Mexican Transition Zone down to the Colombian Andes. Through its distribution
Quercus species inhabit ecosystems from the sea-level up to the 3500 meters line.
Moreover, oak species embrace a wide and heterogenic geographic space, characterized
by a complex tectonic, volcanic and climatic history, as it could be observed in southern
Mexico, Middle America and Colombian Andes. Along the mentioned area, there have
been studied a wide variety of evolutionary processes such as species extinction, intra-
specific differentiation, speciation and adaptation for different lineages, close related to
the complex and dynamic geological history of the Neotropics. Neotropical oak species
have not been the exception to this kind of studies as long as it has been described intra-
specific divergence processes in several oak species related to geographic elements such
as the Tehuantepec Isthmus (for Q. oleoides) and a moderate effect of the Quaternary
climatic fluctuations in the oak historical demography (for Q. affinis, Q. laurina and Q.
castanea). Chapter One of this thesis illustrates changes in the Neotropical Quercus
species not only related to geographic discontinuities of the mountain ranges,
particularly the Tehuantepec Isthmus, the Nicaraguan Depression and the Panamanian
Isthmus, but also regions with recent tectonic and volcanic activity such as the contact
zone between the Polochic and Motagua fault system. Genetically, Chapter Two
described that both, Q. insignis and Q. sapotiifolia, exhibited higher genetic diversity
values than other Holartic oak species. Haplotype networks from both species suggested
colonization processes starting from Middle America to both, Mexico and Costa Rica.
Interestingly, re-colonization processes from the Costa Rican mountains to the Middle
America core distribution also were inferred from the haplotype network of Q.
sapotiifolia. This dispersal, colonization and re-colonization processes were attributed
to geological and volcanic events that characterize the Middle America region. Chapter
Three describes a high phylogeographic structure in the upper montane forest oak Q.
costaricensis, which suggested moderate levels og gene flow in a north-to-south
direction influenced by altitudinal migrations during the Quaternary glacial to

interglacial transitions. Q. bumelioides exhibited a contrasting pattern characterized by



the absence of phylogeographic structure, evidence of a recent colonization, high levels
of genetic diversity and gene flow product of continuous lower montane extension
through the lowlands during the Quaternary. Regionally and based on palacoecological
studies for the Colombian Andes, Chapter Four describes O, humboldtii distribution
dynamics respect to climatic changes during the Last Glacial Maximum. In that sense,
results indicated the Andean oak populations have a well-defined altitudinal structure
through the Andean forest belts. This altitudinal-based structure was defined mostly by
climatic variables related to temperature values. Similarly it was defined that climatic
fluctuations between the glacial and interglacial cycles did not importantly affected the
total environmental climatic niche extension available between the present-day and Last
Glacial Maximum periods, but it did configured a differential response between Andean
forest belts oak communities. Generally, it was also determined that the effect of
environmental changes did not promoted the a patchy and isolated distribution of the
oak populations, on the contrary, vegetation belts elevation changes downwards favored
important connectivity levels at the Andean lowlands. Finally, Chapter Five suggested a
recent population expansion in Q. humboldtii consistently with the observed
palynological records dated 48 ka BP. The recent migration evidenced in the pollen
records also explains low gene diversity, genetic structure and a star-shaped haplotype
network. Genetic results suggested a recent immigration of Q. humboldtii into the
Colombian Andes defined by an initial bottleneck followed by a recent population
demographic expansion (during the early Holocene), which limited the time available to
observe genetic variation and did not allowed intra-specific differentiation. The patterns
observed for the analyzed species were associated to stable climatic conditions during
glacial stages as it has been reported for other species with similar distribution in the
Neotropics. Under a model of few precipitation changes continuous forest were
expected, which favored altitudinal migration of the species. The observed
phylogeographical patterns could be attributed to geological processes and intra-specific
traits of the studied species (e.g. acorn size and altitudinal distribution), which may have
determined dispersal and colonization success into new available environments during

the Quercus migration from Mexican mountains into the Colombian Andes.



Introduccion

La distribucion del género Quercus (Fagaceae) en la region Neotropical abarca areas
desde la zona de transicion Mexicana, pasando por el domino Mesoamericano hasta el
dominio del Pacifico y parte de la zona de transicion Suramericana. A nivel biologico
estas regiones son consideradas muy importantes debido a diferentes razones, entre las
cuales se destacan que: i. Dentro de esta area se encuentra la zona de transicion entre la
biota Neotropical y la Nedrtica; ii. Dentro de su territorio se encuentran puntos calientes
de diversidad como el Bosque de Pino-Encino, la region Tumbes-Chocd-Magdalena y
Mesoamérica; iii. Una gran diversidad de especies de animales y plantas han sufrido
procesos importantes de diversificacion y extincion dentro de este territorio (Stehli &
Webb 1985; Hooghiemstra & Van der Hammen 2004; Dacosta & Klicka 2008;
Gutiérrez-Garcia & Vazquez-Dominguez 2013). Los patrones de distribucion actual
para la biota del norte del Neotropico y la heterogeneidad de eventos geologicos y
climaticos que han moldeado el paisaje en este territorio a lo largo de la historia
sugieren una relacion causal entre ambos, que recientemente ha sido objeto de
revisiones minuciosas (Bennett 2012; Gutiérrez-Garcia & Vazquez-Dominguez 2013;

Bagley & Johnson 2014; Ramirez-Barahona & Eguiarte 2014).

El género Quercus pertenece a la familia Fagaceae, y es uno de los grupos de
arboles més estudiados en la region Holartica. Este género presenta niveles altos de
diversidad en el sureste de los Estados Unidos de Norte América y el sur de México
(Valencia-A 2004), ademads, juega un papel ecoldgico importante en ecosistemas tanto
Neérticos como Neotropicales (Nixon 2006). La riqueza de especies del género Quercus
dentro del territorio Americano ha sido un tema revisado de forma continua a través de

los afos, en particular para la region Mexicana (Lawrence 1951; Nixon et al. 1997,



Govaerts & Frodin 1998; Manos et al. 1999; Valencia-A 2004; Torres-Miranda et al.
2011, 2013; Rodriguez-Correa et al. 2015). Dentro de esta, la zona montafiosa ubicada
al sur de México es considerada como uno de los centros de diversidad para el grupo a
nivel mundial (Nixon 2006). Las revisiones sobre el tema consideran que el numero
total de especies en América se encuentra alrededor de 220 especies. El género se
distribuye desde Canadd y Estados Unidos, que cuentan con 4 y 90 especies
respectivamente, pasando por México donde se encuentra un centro de diversidad
representado con aproximadamente 160 especies (Valencia-A 2004), Centroamérica con
alrededor de 35 especies, hasta llegar a Colombia donde Unicamente se encuentra un

representante del género, Quercus humboldtii (Pulido et al. 2006).

Nixon (2006) llama la atencion sobre la reduccion gradual en la diversidad de
especies del género y los cambios en las caracteristicas fenotipicas presentes a nivel
latitudinal. Estos cambios ligados a la historia de la region Neotropical pueden ser una
consecuencia de procesos no excluyentes entre los que es posible mencionar: i. La
formacion de una zona de transicion entre las regiones Neartica y Neotropical a partir
del levantamiento del puente centroamericano hace aproximadamente 25 Ma (Montes et
al. 2012), la cual (en particular la region del Sur de Centroamérica) ha sido descrita por
autores como Bagley & Johnson 2014 como una de las regiones mas heterogéneas en
términos fisicos y biologicos en el mundo; y ii. Una historia geologica y climatica
compleja que incluye actividad volcénica reciente y elementos heterogéneos del paisaje
como el Eje Neo-volcanico Mexicano, el Istmo de Tehuantepec y la Depresion de
Nicaragua. Aunque en el norte de la region Neotropical se han estudiado diversas
especies con el fin de reconstruir la historia evolutiva de los taxa que se distribuyen en
la region (ver Gutiérrez-Garcia & Vazquez-Dominguez 2013 y Bagley & Johnson

2014), existen zonas cuya importancia a nivel evolutivo han sido subestimadas. Este es



el caso de el sur de Centroamérica, donde la mayoria de estudios filogeograficos se han
basado en el papel que ha cumplido esta zona como un area de contacto y transito entre
las biotas Neotropical y Nedartica (Bagley & Johnson 2014), sin considerar los procesos
regionales de diferenciacion que pueden ser identificados a partir de especies con una
distribucion restringida a los sistemas montafiosos Centroamericanos (p. €. Cordillera de

Talamanca).

Para las especies del género Quercus distribuidas en el norte del Neotropico que
han estado sujetas a cambios de la actividad geoldgica y climdtica de esta region tan
dindmica, no se ha estudiado en detalle el efecto de la heterogeneidad fisica sobre los
patrones de diversidad y composicion para el género. Gran parte de los estudios que
analizan la distribucion de la diversidad de las comunidades de roble se han enfocado en
describir los efectos locales de gradientes altitudinales en la composicion y estructura de
las comunidades (Kapelle 1996; Kapelle & Uffelen 2006; Luna-Vega et al. 2006), o
bien, en inferir la relacion entre la diversidad de robles con respecto a la altitud y latitud
a nivel regional, a partir de revisiones taxondomicas (p. e. Valencia-A 2004). Desde la
perspectiva genética, la variacion geografica también es considerada como un tema
fundamental pues los cambios en la variacidn genética a diferentes escalas espaciales
son usados para explicar los principios y procesos que determinan la distribucion de los
linajes genealdgicos tanto a nivel intra- como inter-especifico (Avise 1998; Manel
2003). Sin embargo, es importante tener en cuenta que los andlisis moleculares
requieren de un conocimiento muy completo sobre las especies evaluadas para lograr
una interpretacion apropiada de los resultados, y en particular para los estudios de la
distribucion geografica de la variacion genética intra-especifica, es fundamental contar
con un marco filogenético y biogeografico que permita definir hipotesis evolutivas

solidas.



Los andlisis biogeograficos son todavia escasos en el caso de los encinos
Neotropicales, aun siendo especies importantes de los bosques montanos en
Centroamérica (Nixon 2006; Pulido 2006). Recientemente diferentes estudios han
iniclado una caracterizacion importante de los patrones biogeograficos 'y
macroecologicos observados en las especies del género Quercus para la region del
Neotropico (Torres-Miranda 2011, 2013; Rodriguez-Correa et al. 2015). Debido a estos
vacios de informacién para el caso de las especies del género Quercus, no se contaba
con la informacion suficiente para formular hipdtesis filogenéticas y filogeograficas con
bases biogeograficas claras. Sin embargo, avances recientes en el desarrollo de
herramientas para analisis espacial, como los sistemas de informacidon geografica, el
modelamiento de distribucion de especies y la disponibilidad de informacion biologica a
través de bases de datos tanto globales (p. e. Global Biological Information Facility)
como regionales (p. e. Sistema de Informacion Biologica, SIB Colombia; Instituto
Nacional de Biodiversidad, INBio-Costa Rica; Comision Nacional para el
Conocimiento y Uso de la Biodiversidad, CONABIO-M¢xico), han permitido elaborar
bases de datos con una representacion taxonomica amplia dentro del género Quercus, y
por tanto han abierto la puerta para entender los patrones geograficos que exhiben las

especies de encino en la region Neotropical como se describira en el Capitulo Uno.

Diversidad del género Quercus en el Neotropico

El género Quercus tiene un origen Holartico y se distribuye a través de diferentes tipos
de habitats, por ejemplo: bosques deciduos templados, bosques siempre-verdes
templados y sub-tropicales, sabana subtropical y tropical, bosques subtropicales,
bosques de pino-encino, varios tipos de bosque de niebla y bosques tropicales montanos

(Kapelle et al. 1995; Nixon et al. 1997; Barbour & Billings 1999; Nixon 2006). Sin



embargo, los anteriores son solo un ejemplo de los diversos ecosistemas donde los
robles pueden establecerse y formar parte importante. En el continente Americano las
especies del género se distribuyen en Canada, Estados Unidos de Norte América,
México, Belice, Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, Panama y
Colombia. Vale la pena resaltar que en el norte de la regiéon Neotropical se encuentra
uno de los centros de diversidad mas importantes para el grupo (Valencia-A, 2004).
Dicho centro se encuentra ubicado en la zona montafiosa del sur de México, la cual se
caracteriza por una alta actividad volcanica reciente (Ferrari et al. 1991; Ferrari et al.
2000; Garcia-Palomo 2000; Belloti et al. 2006), y ha sido sefialada por varios autores
como una de las causas para los altos niveles de diversidad y endemismo reportados en

varios grupos (Marshall & Liebherr 2000; Escalante et al. 2004; Corona et al. 2007).

El territorio correspondiente a la zona baja de Centroamérica (Costa Rica y
Panamd) y Colombia alberga elementos menos diversos y diferentes a las demads
especies del linaje Neartico, que siguen teniendo un papel importante a nivel
ecosistémico (Nixon 2006). Este grupo del sur se caracteriza por una maduracion anual
de las bellotas y esta formado principalmente por el complejo de Quercus seemannii (Q.
rapurahuensis 'y Q. gulielmitreleasei), Q. costaricensis y Q. eugenifolia en la zona baja
de Centroamérica y Q. humboldtii en Colombia (Nixon 2006). Uno de los patrones mas
interesantes de distribucion de los robles en Mesoamérica es la disminuciéon marcada en
el nimero de especies a medida que la latitud disminuye a partir del centro de
diversidad Mexicano hasta los Andes Colombianos. Dicho patron se refleja en la
presencia de al menos 160 especies de roble en México (Valencia-A 2004; Nixon 2006),
9 especies en Belice, 25-26 especies en Guatemala, 8-10 especies en El Salvador, 15-17
especies en Honduras, 14 especies en Nicaragua, 14 especies en Costa Rica, 12 especies

en Panama y tan solo una especie en Colombia (Nixon 2006).



A través de esta area de distribucion es posible observar cambios importantes en
algunos puntos claves de la distribucion, como son: i. Eje Neovolcanico Mexicano, ii.
Istmo de Tehuantepec vy, iii. Istmo de Panama (Torres-Miranda 2013; Rodriguez-Correa
et al. 2015). Dicho comportamiento podria indicar una relacién causa-efecto entre la
historia geoldgica del norte del Neotrdpico y la distribucion de este grupo. Sin embargo,
dentro de la literatura este fendmeno ha sido estudiado en su mayoria a través de
revisiones taxondémicas (Valencia-A 2004) y analisis locales o regionales (Kappelle

1996).

Patrones biogeograficos del género Quercus en el norte del Neotrépico

Las areas de endemismo juegan un papel fundamental ya que representan unidades
basicas de andlisis para la biogeografia evolutiva (Plantick 1991; Morrone 2008).
Existen una gran variedad de trabajos biogeograficos para varias zonas del Neotropico
(Cole et al. 1994; Marshall & Liebherr 2000; Luna-Vega et al. 2001; Escalante et al.
2004; Méndez-Larios et al. 2005; Corona et al. 2007; Vargas et al. 2008; Escalante et al.
2009). Dichos trabajos mencionan diferencias entre algunos limites de las regiones
Neotropical y Neartica. Sin embargo, en su mayoria coinciden en sefalar la region del
sur de México junto con el sur de Centroamérica como una region de gran importancia a
nivel historico para explicar los patrones de distribucion de los organismos que se
distribuyen en esta zona en el presente. Aun con una amplia variedad de estudios
biogeograficos (concentrados en su mayoria en México), hace tan solo un par de afos se
han realizado estudios que describen los patrones biogeograficos en la region
Neotropical para el género Quercus (Torres-Miranda et al. 2011, 2013; Rodriguez-

Correa et al. 2015).
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Estos patrones recién mencionados seran analizados en detalle en el Capitulo 1
de la presente tesis, sin embargo, es fundamental mencionar que existe una relacion
geografica importante entre las areas de endemismo observadas para el género Quercus
en el Neotropico y las zonas de mayor recambio de especies en esta misma region
(Istmo de Tehuantepec, Falla Polochic-Motagua, Depresion de Nicaragua e Istmo de
Panama), donde las zonas de recambio parecen determinar la distribucion y extension
de la mayoria de areas de endemismo (Rodriguez-Correa et al. 2015). Bajo este
escenario, es fundamental conocer cuél es el contexto geografico que caracteriza el area
donde se distribuyen las especies del género Quercus con el fin de incorporar elementos
historicos (p.e. paleoclimdticos, tectdonicos y volcanicos) que puedan explicar los
patrones macroecologicos, biogeograficos y filogeograficos observados en el

Neotrdpico.

Diversidad, biogeografia y distribucion del género Quercus en un contexto

geoldgico

Las observaciones recopiladas en la presente tesis a partir de informacion ecologica,
climatica y genética exhiben una relacion importante de la historia natural de las
especies que forman el género Quercus con respecto a la historia geologica a través de
su area de distribucion. Considerando lo anterior, a continuacion se hara referencia a las
zonas geograficas mas relevantes que seran discutidas en los capitulos siguientes. La
importancia de estas zonas radica en su identificacion como limites naturales de las
especies que forman areas de endemismo, areas de recambio atipico de especies o bien,
barreras importantes que determinan la estructura filogeografica y patrones de flujo

génico de las especies analizadas.

Sinopsis geoldgica del norte del Neotrdpico
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Dengo (1973) describe la estructura geologica del norte del Neotropico (América
Central incluyendo el centro y sur de México) en dos partes: la Septentrional y la
Meridional. La primera forma parte del territorio Norteamericano y su limite surefio lo
sitia en la mitad del territorio de Nicaragua; estd constituida por rocas metamorficas e
igneas originadas a principios o mediados de la era Paleozoica. La Meridional parte de
este punto hasta llegar a las tierras bajas del Atrato en el nor-occidente Colombiano y
esta formada por una base de tipo oceanico emergente en la era Mesozoica. En el
aspecto tectonico la region septentrional muestra durante las eras Paleozoica y
Mesozoica actividad volcanica intensa, la cual se acentua en el periodo Terciario
Superior. En el territorio Nicaragiiense dicha actividad aumenta desde el periodo
Cretacico hasta el Cuaternario. En América Central Meridional, la historia tectonica no
muestra las caracteristicas de la anterior. En su lugar observamos levantamientos
verticales en toda la region durante el Plioceno (Lopez-Calleja 1980). Al final de la fase
orogénica surge una intensa actividad volcanica semejante a la descrita anteriormente
para la zona Septentrional. El puente terrestre entre Sur y Norte América se consolido
hace 15 Ma (Montes et al. 2012) y durante el Periodo Cuaternario la cadena volcdnica
de Centroamérica se transformo en una de las mas activas del mundo (Lopez-Calleja

1980; Marshall 2007).

Por otro lado, el territorio central y surefio de México esta constituido por tipos
diferentes de rocas con una estructura muy compleja en sedimentos, depdsitos y
afloramientos. La region correspondiente a la costa del Golfo es rica en sedimentos
aluviales continentales y marinos. En la peninsula de Yucatan abundan los depdsitos de
calizas, mientras que en las porciones centrales y del sur lo hacen rocas del Mesozoico
(Lopez-Calleja 1980). En la region Occidental y Central son comunes los depositos de

lava y ceniza volcanica del Cenozoico. En la zona Sur, en una parte del Istmo de
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Tehuantepec, hay afloramientos de rocas del Precambrico y en la porcién mas externa

de ella se hayan intrusiones del Mesozoico y Cenozoico (Lopez-Calleja 1980).

Eje Neovolcénico

El Eje Neovolcanico (ENV) es una provincia morfo-tectonica que se extiende en
direccion oriente-occidente en el territorio mexicano y presenta una gran variedad de
zonas climaticas (Ferrusquia-Villafranca 1993). Para esta region ha sido reportada una
actividad volcéanica extensa y reciente (Ferrari et al. 1991; Garcia- Palomo 2000; Ferrari
et al. 2000; Bellotti et al. 2006). Belloti et al. (2006) describe la evolucion tectonica del
sector centro-oriental del Eje Neovolcanico, de dicho estudio es fundamental resaltar la
presencia de volcanes activos para periodos recientes como son el Nevado de Toluca, el
Pico de Orizaba y el Volcan Popocatepetl. Estos volcanes hacen parte de un cinturén
volcanico mas amplio que se extiende a través de todo el eje y cuyo origen esta
relacionado con la interaccion entre la Placa Cocos y la Norteaméricana (Ponce et al.
1992; Ferrusquia-Villafranca 1993; Pardo & Suarez 1993). Finalmente, esta actividad
volcanica se puede considerar reciente tomando en cuenta que hasta hace
aproximadamente 0.1 Ma dicha actividad parece haber disminuido en el caso del
Nevado del Toluca (Belloti 2006). Una caracteristica fundamental del Eje Neo-
volcanico que lo hace un sistema de desarrollo muy heterogéneo es su zonificacion en
tres regiones distintas: Oriental, Central y Occidental (Pasquare et al. 1988; Ferrari et al.
2000) ademas de exhibir la Union Triple de Colima-Chapala-Tepic en el limite
occidental del Eje Neovolcanico. Dichas diferencias pueden ser un factor importante
para procesos de diferenciacion, extincion local y distribucion en general para los

organismos que se distribuyen a través de la zona.

Sierra Madre Oriental
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Esta 4rea en particular present6 actividad volcanica continua durante el Cuaternario y es
considerada como un dominio tectéonico unico en comparacion a las demds zonas
colindantes como el ENV (Demant & Robin 1975; Ruiz-Martinez et al. 2000). La Sierra
Madre Oriental (SMO) se caracteriza por tener elevaciones desde los 200 hasta >3000
metros. En la mayoria de su territorio se presentan elementos entre los 1000 y 2000
metros y un 20% se encuentra entre los 2000 y 3000 metros. Esta variacion hace de la
SMO una region de paisaje heterogéneo con elevaciones importantes agrupadas hacia la
zona nor-oriental y sierras aisladas en el territorio restante (Ferrusquia-Villafranca
1993). Sumado a esta diversidad del paisaje, existen elementos climaticos importantes a
considerar, pues durante el invierno corrientes de aire polar llamadas “nortes” se
extienden por la costa oriental del territorio mexicano, a través de la Sierra Madre
Oriental trayendo lluvias intensas en estas laderas orientales, al igual que en los estados
de Chiapas y Oaxaca (Metcalfe et al. 2000). Historicamente, en términos climaticos la
region de la SMO representa un nivel intermedio del efecto del ultimo glacial maximo
(UGM) en el territorio mexicano, pues los valores de ELA (del inglés Equilibrium Line
Altitude) de los glaciares son menores a los presentados para el interior de México, pero

mayores que en la vertiente del Pacifico (Lachnieta & Vazquez-Selem 2005).

Istmo de Tehuantepec

El Istmo de Tehuantepec (IT) es una de las barreras biogeograficas y filogeograficas
esperadas en el planteamiento inicial de este proyecto para las especies del género
Quercus; debido al cambio marcado en altitud que se presentan en esta zona, donde
terminan los sistemas montafiosos del norte convirtiéndose en una zona de dispersion
dificil para los elementos montanos como son las especies de Quercus. Esta zona esta

representada en dos sub-provincias de la Provincia Tectonica de Chiapas denominadas
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la Depresion Central y la Planicie Costera del Pacifico. Ambas corresponden a zonas
entre los 0 msnm hasta un maximo de 1000 metros (en la Depresion Central;
Ferrusquia-Villafranca 1993). La zona correspondiente a la Planicie Costera del
Pacifico consiste en playas y depositos fluviales del Cuaternario con yacimientos
dispersos de varias edades y composiciones, mientras que la Depresion Central presenta
formaciones del Jurésico bien definidas hacia el nor-occidente, cuerpos de composicion
calcarea hacia el sur-oriente y pequefias areas de cuerpos Cenozoicos al sur de Tuxtla

Gutiérrez (Ferrusquia-Villafranca 1993).

Depresion de Nicaragua

Nicaragua se ubica sobre el borde occidental de la Placa del Caribe. La interaccion de
esta placa con la Placa de Cocos ha producido una actividad volcdnica y sismica
frecuente en la region. La Depresion de Nicaragua (DN) se caracteriza por presentar una
cadena de volcanes Cuaternarios activos o de actividad reciente, sedimentos
volcaniclasticos, albergar los lagos Managua y Nicaragua y estar rodeada por un grupo
discontinuo de fallas prominentes (Arengi & Hodson 2000). Hacia el Sur de la
Depresion de Nicaragua es importante resaltar la presencia de una zona de division en
dos elementos estructurales del Istmo Centroamericano, los bloques Chorotega y

Chortis (Arengi & Hodgson 2000).

Cordilleras de Costa Rica e Istmo de Panama

El sur de América Central consiste en un cinturén volcénico del Neodgeno-Cuaternario
inmerso en el bloque Chorotega. La geomorfologia de esta zona refleja una historia
dinamica del vulcanismo del Cenozoico y una actividad tecténica compleja (Marshall
2007). Junto con el bloque del Chocd, el bloque Chorotega esta ubicado en una zona de

contacto entre cuatro placas: la placa del Caribe, la placa de Suramérica, la placa Cocos
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y la placa Nazca (Marshall 2007). Debido a su ubicacion, los margenes del bloque
Chorotega se han deformado formando un sistema de micro placas que generan
deformaciones regionales y una heterogeneidad topologica importante (Marshall 2007).
Los elementos que distinguen el bloque Chorotega son el arco volcanico Chorotega, que
a su vez agrupa los sistemas montafiosos de Costa Rica (Cordillera de Guanacaste,
Cordillera Central, Cordillera de Aguacate y la Cordillera de Talamanca), la zona del
canal de Panama y el Istmo del Darién (Marshall 2007). Tal vez el elemento histérico
mas importante relacionado con esta zona es la consolidaciéon del puente terrestre entre
Sur y Norte América hace 15 Ma (Montes et al. 2012), debido al impacto que esto
implico para las biotas tanto Nearticas como Neotropicales (Zonas de contacto,

diversificacion de linajes y migraciones entre Norte y Sur América; Coates et al. 1992).

Contexto filogeografico del norte del Neotrépico

Recientemente se han desarrollado una cantidad importante de estudios sobre la
distribucion de la variacion genética de diferentes taxa en el norte del Neotropico. Este
desarrollo conceptual fue revisado profundamente por Gutiérrez-Garcia & Vazquez-
Dominguez (2013) y Bagley & Johnson (2014) para el sur de Centroamérica. De forma
complementaria, y enfocados en los bosques nubosos del Neotropico Ramirez-Barahona
& Eguiarte (2014), revisaron las diferentes propuestas planteadas a la fecha para
explicar el efecto de las fluctuaciones climaticas durante el UGM en la demografia
histérica de los organismos. En términos generales Gutiérrez-Garcia & Vazquez-
Dominguez (2013) describen tres grupos evolutivos a partir de patrones filogenéticos y
filogeograficos comunes: el grupo Maya, el grupo Medio-Centroamericano y el grupo
Panamefio. Las caracteristicas principales de estos grupos estan definidas por la

heterogeneidad geoldgica que determina una estructuracion y divergencia fuerte ademas
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de presencia de refugios para el grupo Maya, diferenciacion entre tierras altas y bajas
asociada con actividad volcanica intensa para el grupo Medio-Centroamericano y
migraciones latitudinales bidireccionales a través del Istmo de Tehuantepec que
promovid divergencia de especies y procesos de especiacion dentro del grupo

Panameno.

Para el caso del sur de Centroamérica, ubicado entre el norte de Costa Rica y el
sur de Panamd (incluyendo las islas cercanas a este territorio, p. e. Quepos, Boca del
Toro, Coiba, Las Perlas y Cocos), Bagley & Johnson (2014) reportaron la existencia de
dos patrones filogeograficos generales al comparar diferentes taxa. Segin los autores
mencionados anteriormente, diferentes grupos de organismos han mostrado una
estructura genética definida por la presencia de la DN, el Frente Volcénico Chorotega y
el istmo del Darién, al igual que diferentes patrones filogeograficos entre las vertientes
del Pacifico y el Caribe en la zona montanosa de Panama. Estos patrones comunes son
atribuidos por Bagley & Johnson (2014) a respuestas historicas comunes entre los taxa
del sur de Centro América ante procesos geologicos regionales. En contraste a este
patron otros organismos se caracterizan por no presentar estructura filogeografica ni
evidencia de cambios demograficos asociados a eventos fisicos (geoldgicos o
climaticos) de la region, hecho que resalta la importancia de procesos bioldgicos locales
como el flujo génico y la dispersion a larga distancia como determinantes de la

estructura genética de las especies (Bagley et al. 2014).

De forma complementaria, Ramirez-Barahona & Eguiarte (2014) al estudiar los
patrones filogeograficos de las especies de los bosques de niebla del Neotropico
relacionados con la dindmica climatica durante el UGM reportan inconsistencias entre

los estudios filogeograficos y los modelos propuestos de refugios para dicho periodo.

17



En este aspecto, se ha propuesto la prevalencia de condiciones aridas que generaron
compresion, fragmentacion y aislamiento de los bosques tropicales en parches de
bosques sin conexion durante el UGM (Haffer 1969; Toledo 1982; Carnaval et al.
2009). En el lado opuesto, autores como Colinvaux et al. (2000) y Baker (2003)
proponen que no existieron estos cambios drasticos en precipitacion durante el UGM,
por lo tanto los bosques tropicales debieron tener distribuciones estables y continuas
durante este periodo. La falta de evidencia que soporte alguno de los dos modelos de
forma contundente segiin Ramirez-Barahona & Eguiarte (2014) se atribuye a respuestas
diferenciales de las especies a los eventos de cambio climatico o bien, a diferencias en

el contexto analitico usado para el estudio de las especies.

Estudios posteriores a las revisiones recién mencionadas o bien no considerados
en las mismas, suman un nivel de complejidad més al estudio de los patrones
filogeograficos de especies Neotropicales. Ornelas et al. (2013) describen el papel de
elementos geograficos como el IT en la configuracion de la estructura filogeografica de
15 especies distribuidas en los bosques Mesofilos de México. Dicho estudio plantea que
ain cuando algunos elementos geoldgicos promueven eventos de diferenciacion
intraespecifica, cuando se comparan los mismos patrones entre especies existen
periodos diferentes durante los cuales ocurri6 el proceso de diferenciacion. Debido a
esta observacion Ornelas et al. (2013) sugieren que la historia evolutiva de la biota que
forma los bosques Mesofilos es especifica para linajes particulares y estd definida por
diferencias en el nicho ecoldgico y capacidad de dispersion entre las especies. Este
estudio es de suma importancia al identificar la variacion temporal para procesos de
diferenciacion entre taxa co-distribuidos a partir de elementos geologicos comunes.
Finalmente, Ornelas & Gonzélez (2014) al caracterizar la historia demografica de

Moussonia deppeana continian suministrando informacion que ejemplifica las
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diferentes respuestas de las especies ante eventos histéricos de cambio climatico. En
este caso, M. deppeana exhibido una estructura filogeografica y demografica que
siguieren que la especie persistido durante los periodos glaciales, mientras que durante
los periodos interglaciales experimentd procesos de aislamiento y divergencia. Estos
resultados segiin Ornelas & Gonzalez (2014) resumen de forma consistente un modelo
de refugios bajo condiciones secas durante los ciclos glaciales e interglaciales para los

bosques Mesofilos.

Bajo este contexto para la region Neotropical y ante la cantidad creciente de
informacion que relaciona la historia geologica del norte del Neotropico con la historia
demografica de diferentes taxa distribuidos en esta region, y que describe respuestas
diferentes entre taxa co-distribuidos ante la dindmica geologica y climética de la region
(para una revision detallada consultar Gutiérrez-Garcia & Vazquez-Dominguez 2013 y
Bagley et al. 2014), en esta tesis se pretende definir un contexto biogeografico como
marco de referencia para estudios filogeograficos posteriores en especies del género
Quercus y otros taxa distribuidos en el norte del Neotropico y, describir los procesos
evolutivos que han determinado la migracion de las especies de encino desde el centro
de México hasta los Andes Colombianos a partir de andlisis filogeograficos. Para
cumplir con estos objetivos la estructura de la presente tesis fue definida de manera tal
que a partir de analisis tanto biogeograficos como filogeograficos, se respondieran los
objetivos siguientes: 1. definir los patrones de distribucion de las especies del género
Quercus en el norte del Neotropico (Capitulo Uno) utilizando analisis biogeograficos y
macroecologicos, ii. describir la historia evolutiva de un grupo selecto de especies con
patrones de distribucion contrastantes, al caracterizar la estructura filogeografica y los
procesos demograficos historicos de dos especies de distribucion amplia, Quercus

insignis 'y Q. sapotiifolia, que se distribuyen a lo largo de la Zona de Transicion
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Mexicana y las Serranias Trans-Istmicas (Capitulo Dos), iii. describir la historia
evolutiva por medio de la caracterizacion filogeografica de dos especies de distribucion
regional, Q. bumelioides y Q. costaricensis, distribuidas en las Cordilleras de Costa
Rica (Capitulo Tres), iv. describir la relacion entre procesos histéricos como las
fluctuaciones climaticas durante el Ultimo Glacial Maximo (~21 ka BP) con los
patrones de migracion de las especies del género a partir de una especie modelo (Q.
humboldtii), utilizando informacion paleobotanica y contempordnea para construir y
comparar la distribucion de la especie a partir de modelos de nicho ecoldgico desde el
UGM (Capitulo Cuatro) y, v. caracterizar la historia demografica y la estructura
filogeografica de la unica especie del género Quercus distribuida en los Andes

Colombianos, Q. humboldtii (Capitulo Cinco).
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Capitulo Uno

How Are Oaks Distributed in the Neotropics? A Perspective
from Species Turnover, Areas of Endemism, and Climatic
Niches

Hernando Rodriguez-Correa, Ken Oyama, lan MacGregor-Fors,

Antonio Gonzalez-Rodriguez

Publicado en: International Journal of Plant Sciences 176(3):222-231.
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Abstract

Premise of the research: The most important diversity hotspot of genus Quercus
(Fagaceae) in America is situated in southern Mexico. From this area down to the
Colombian Andes, oak species diversity decreases considerably, but the pattern of
species distribution and turnover has not been analyzed. This study aimed at
determining geographical patterns of species turnover, species distribution and

endemism for Neotropical Quercus species.

Methodology: Occurrence records for 58 oak species belonging to the Quercus and
Lobatae sections were obtained. Patterns of species turnover were determined by
comparing species composition among latitudinal/longitudinal units. areas of endemism
were determined using weighted networks. The potential distribution of oak species was
determined using ecological niche models. Finally, niche divergence tests were used to

identify changes in the oak species ecological niche across areas.

Pivotal results: The species composition analysis indicated that the Tehuantepec
Isthmus, the Nicaraguan Depression and the Panamanian Isthmus represent species
turnover points. Nine areas of endemism were recovered, distributed through
mountainous ranges from Mexico to Costa Rica. Most of these areas were delimited by
the species turnover points detected. ENMs indicated that the turnover points represent
areas with low climatic suitability for most oak species and represent discontinuities in
the distribution of Quercus. Niche comparisons suggest niche divergence among species

distributed in different areas of endemism or on opposite sides of turnover points.

Conclusions: The results indicate that the Tehuantepec Isthmus, the Nicaraguan
Depression and the Panamanian Isthmus have acted as important barriers to the
dispersal of oak species, influencing species diversity, biogeographic patterns and niche

divergence.

Keywords: biogeography, distribution, diversity, Neotropical trees, Quercus.
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Introduction

The area between the tropics of Mexico and the Colombian Andes is characterized by a
high biological diversity and includes three of the most important global biodiversity
hotspots (Mesoamerica, Choco/Darién and Tropical Andes; Myers et al. 2000). This
area is very important biogeographically and in terms of conservation of biodiversity
due to various reasons, including: i. It represents a transition zone between the
Neotropical and the Nearctic biota (Morrone 2010) ii. Within this area a great number
of animal and plant taxa have experienced processes of diversification, extinction and
migration (Gutiérrez-Garcia and Vézquez-Dominguez 2013). iii. This area is
undergoing exceptional loss of habitat (Myers et al. 2000). Oak species (Quercus:
Fagaceae) are widely distributed within this region. This genus has high levels of
diversity in the southeastern United States of America. However, the greatest oak
species diversity occurs in the mountains of southern Mexico (Nixon 2006), although
Valencia-A (2004) pointed out that also the central and northeastern regions of the
country bear considerable numbers of species. In Central America, although oak species
richness is lower than in Mexico, Quercus occupies the second place of importance in

terms of richness in the montane forests.

The taxonomy and species richness of Quercus L. in the American territory has
been a continuously revised topic over the years, particularly for the Mexican region
(Nixon 1997; Valencia-A 2004). The reviews on the subject indicate that the total
number of species in America is around 220, distributed from Canada and the United
States with 4 and 90 species respectively, through Mexico with approximately 161
species (Valencia-A 2004), Central America with about 40 (Nixon 2006), and

Colombia, where there is only a single species, Quercus humboldtii (Pulido et al. 2006).

23



Nixon (2006) described these changes in the richness of Quercus and the
variation in phenotypic characteristics associated with the latitudinal range of
Neotropical oak species. These patterns represent an interesting topic considering
geological and biological processes in Mexico and Central America, including: i. the
formation of a transition zone between the Nearctic and the Neotropical biotas as a
result of the lifting of the Panamanian Isthmus (Panama, Costa Rica and southern
Nicaragua), and ii. geological activity at morphotectonic provinces such as the Trans-
Mexican Volcanic Belt and the Tehuantepec Isthmus in Mexico, the Nicaraguan
Depression, and the mountains of Costa Rica. The first event caused a bidirectional
biotic exchange that occurred from the Eocene to the present, reaching a peak during the
Pliocene and the Quaternary (Webb 1991). During this period, specifically at 470 ka
BP, nearctic elements such as Quercus appeared in the fossil record at the north of the
Andes (Van't Veer and Hooghiemstra 2000). The second set of events promoted a new
landscape configuration, product of a constant and recent volcanic and geologic activity
that could have favored the expansion of various lineages in a latitudinal gradient, the
formation of barriers to dispersal, and local diversification and extinction processes

(Cavender-Bares et al. 2011, Ornelas et al. 2013).

Patterns of change in species diversity and species composition for Neotropical
Quercus species have been considered obvious. Most of the studies examining the
diversity of oak communities have focused on describing or commenting the effect of
altitudinal gradients on community composition and structure (Kappelle 1996, Kapelle
and Uffelen 2006, Luna-Vega et al. 2006), and on the relationship between the diversity
of oak species and elevation and/or latitude at the regional level (e. g. Valencia-A
2004). Recently, Torres-Miranda et al. (2011, 2013) described the biogeography of the

Lobatae section in Mexico and Central America. These studies identified as centers of
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species richness, with high levels of endemism, the north of the Sierra Madre Oriental
and the southern foothills of Jalisco (both located in Mexico), and proposed to redesign
the protected areas system to ensure the conservation of the Lobatae key elements.
However, the distribution patterns for the whole Quercus genus within the Neotropics
have not been analyzed, particularly in regard to how species composition changes

across the region.

Recent advances in the development of spatial analysis tools, geographic
information systems, species distribution modeling and the availability of information
on the occurrence of species at both global (e. g. Global Biological Information Facility)
and regional (e.g. Biological Information System, SIB-Colombia; Biodiversity National
Institute, INBio-Costa Rica; National Commission for Knowledge and Use of
Biodiversity, CONABIO-Mexico) databases, allow to apply various analysis of
distribution patterns in terms of ecology and biogeography from local to regional scales.
Fortunately, the genus Quercus is significantly represented in these databases and
herbarium collections, a fact that allowed us to propose a broad scale analysis.
Therefore, we have set as the main goal of this paper to analyze distribution patterns of
Neotropical Quercus species using macroecological and biogeographic approaches
including: i. The identification of areas of particularly high species turnover across the
Neotropics; ii. The determination of areas of endemism for the genus and their possible
relationship with the areas of species turnover, iii. The evaluation of climatic niche
differences across areas of endemism, and iv. The modeling of the potential distribution

and Quercus species co-ocurrence patterns.

Materials and methods

Study area
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The study area (Fig. 1) was delimited to the north by the Mexican Transition Zone
sensu Morrone and Marquez (2001) and Morrone (2001, 2006) and to the south by the
Colombian Andes. These edges encompass the distribution area of most of the oaks

species within the Neotropics.

Species studied and occurrence records

The oak species distributed in the study area (Table 1) were defined using taxonomical
databases (Flora Mesoamericana Project, Missouri Botanical Garden available at
http://www.tropicos.org/Project/FM) and reviews of the genus (Valencia-A 2004;
Morales 2010). Geographical information was compiled using oak species presence
records reported on the National Biodiversity Institute-INBio (Costa Rica; available at

http://atta.inbio.ac.ct/ last accessed 2012-08-20) and The Missouri Botanical Garden

Tropicos® (available at http://www.tropicos.org/Home.aspx last accessed 2012-08-20)

datasets, and data published by: Herbario del Instituto de Ecologia, A.C., MEXU/Tipos
de plantas vasculares, Catdlogo de autoridad taxonomica del género Quercus, Fagaceae
en México, Herbarium of The New York Botanical Garden and Instituto Alexander von

Humboldt through the GBIF Data Portal (available at http://www.data.gbif.org, last

accessed 2012-08-20). This information was complemented with our own database,

compiled from specimens deposited in several Mexican herbaria and field observations.

Sections Quercus and Lobatae differ in their distribution (Lobatae reaches the
Colombian Andes while the southernmost distribution limit for Quercus is in Panama)
and phenological traits (e. g. annual vs. biannual acorn maturation in white and red
oaks, respectively). In view of such differences, turnover and niche distribution analyses
were performed considering the genus Quercus as the study unit, but also for both

sections separately.
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Species turnover

The study area was divided separately in two ways: in rectangles of a latitudinal degree
of height encompassing from 0° to 30 ° N, and in rectangles of a longitudinal degree of
width from -117° to -75° W. Similar subdivisions have been used in studies of avifauna
in humid montane forests along Mesoamerica (Sanchez-Gonzalez and Navarro-
Siguenza 2009). Species turnover was calculated using the dissimilarity index proposed
by Lennon et al. (2001) (Bsim hereinafter) for each latitudinal or longitudinal rectangle
relative to its upper/lower or left/right neighbors for the whole genus and separately for
the Quercus and Lobatae sections. This turnover index quantifies the relative magnitude
of species gain and loss relative to the minimum value of species richness. Therefore, it
allows identifying changes in the composition or species richness in relation to the unit
with the lower richness value. The mean and standard deviation were estimated for 1-
Bsim (similarity) values across all study units. Units showing 1- Bsim values beyond one
standard deviation of the mean were considered as areas of atypically high species
turnover. Several microendemic oak species in our dataset (Quercus furfuracea, Q.
grahami, Q. hirtifolia, Q. macdougalli, Q. mulleri, Q. pachucana, Q. paxtalensis and Q.

rubramenta) were not considered for the species turnover analysis.

Areas of endemism

In order to determine the geographical association of the neotropical oak species in
terms of co-occurrence patterns, the Network Analysis Method (NAM; Dos Santos et al.
2008, 2012) was employed. NAM uses species punctual records directly and is
different from the traditional procedures (such as the ones described by Szumik et al.
2004) in which sympatry is determined by overlapping species using grids of square

cells of an arbitrary size delimited a priori. As with NAM no grids or polygons are
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needed, the uncertainty about the appropriate dimension of study units is not a major
topic (Dos Santos et al. 2012). After creating sympatry networks, NAM identifies
clusters of cohesively sympatric species that are simultaneously allopatric with others
clusters. NAM was implemented using the software SyNet 2.0 (available at
http://www.cran.r-project.org; Dos Santos et al. 2008), which is an add-on package for
the statistical software R, using standard parameters. Once the cleavogram was
obtained, branches were selected using the backward search as our interest was to

recover the smallest sympatry areas.

Ecological niche modeling

Ecological niche modeling (ENM) was used to define environmental affinities among
areas where Quercus species are present, and to identify the location of possible gaps in
their distribution. For this goal we used the maximum entropy algorithm implemented
in MAXENT version 3.3.3a (Phillips et al. 2006) using default parameters. In order to
avoid over fitting due to autocorrelation between climatic variables, within the
distribution range of each oak species, between 500 and 2500 random points were
calculated, and the values corresponding to the 19 climatic variables reported by
Hijmans et al. (2005) were extracted at a 30 arc-seconds (~1 Km) spatial resolution
(available at http://www.worldclim.org). For the data of each species, correlation
matrices were calculated among all 19 variables and from each pair of highly correlated
variables (r>0.7) the more specific variable was discarded. Additionally, the soil type
(FAO-UN Digital soil map of the world; available at http://www.fao.org) and elevation

variables were also considered as scenopoetic data to construct the ENMs (Table A1).

Considering that not all oak species had a sufficient number of records, only 43

species were used for this analysis (species over 30 occurrences). Occurrence records of
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each species were filtered altitudinally and latitudinally by comparison to reported
distribution information (following Valencia-A. 2004 and Morales 2010). In order to
decrease possible effects of spatial autocorrelation due to proximity and aggregation of
records, we only used points separated by more than 0.1 decimal degrees with respect to
its nearest neighbors. Finally, ENMs were restricted to the biogeographic provinces
where oak species are present; in order to avoid including possible climatically suitable

areas that Quercus species have not occupied historically (e. g. the Yucatan peninsula).

ENMs were implemented using the bootstrap resampling method with 50
replicas. From the initial data set 30% of the presence records were used as a sub-run to
calculate various estimates of quality and the remaining 70% was used to run the
models. Models were initially evaluated with a threshold-independent method, the
receiver operating characteristic (ROC) curve analysis, to determine model quality. As a
threshold-dependent method we implemented the intrinsic omission rate, using the
cumulative value of 10%. This threshold was selected considering that databases could
include several erroneous occurrence records even after extensive depuration processes.
Using the sum of the binomial outputs generated considering the threshold rule
mentioned above, we identified the areas with a low number of potentially co-occurring
species (low suitability areas) that separate regions with a high number of co-occurring
species (high suitability areas). Additionally, the values of the climatic variables used to
build the ENMs were compared among low and high suitability areas to identify the

most important climatic factors that limit the distribution of oak species.

Results

Species turnover
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Species turnover values exceeding the defined threshold of one standard deviation of the
1-Bsim mean value were observed in both latitudinal and longitudinal gradients at the
whole genus level, and also for the Quercus and Lobatae sections separately (fig. 2).
Species composition changes (figs. 2a, 2b, 3a and 3b) at the genus level were observed
in the Tehuantepec Isthmus (TI), the Motagua-Polochic fault (MPF), the Nicaraguan

Depression (ND) and the Panamanian Isthmus (PI).

Red oak species (Quercus sect. Lobatae; Figs. 2c, 2d, 3c and 3d) showed a
similar pattern of turnover areas. The TI appears as the first turnover area, followed by
the ND and finally the Panamanian Isthmus. Species turnover values for Quercus sect.
Quercus (figs. 2e, 2f, 3e and 3f) indicated that the limit between the Sierra Madre de
Chiapas (SMC) and the TIM is the area where the first atypically high species turnover
occurs. At the MPF region there is a second area of species turnover where several
species with wide latitudinal distributions reach their southern distribution limit.
Finally, the ND is the last turnover area for white oaks. The PI did not appear as a

turnover area, as no white oak species reaches the Colombian Andes.

Areas of endemism

Nine network partitions or units of co-occurence (UCs) where recovered in the
cleavogram derived through NAM analysis. These are shown in fig. 4: a. Supported by
four species (Q. martinezii, Q. nixoniana, Q. salicifolia and Q. uxoris) distributed in the
north of the Sierra Madre del Sur (SMS), Serranias de Guerrero (SG) and Serranias de
Jalisco (SJ) (fig. 4a); b. Supported by three species (Q. deserticola, Q. frutex and Q.
rugosa) distributed in the Sierra Madre Occidental (SMOc), Trans-Mexican Volcanic
Belt (TMVB) and the Sierra Madre de Chiapas (SMC) (fig. 4b); c. Supported by four

species (Q. acutifolia, Q. crassipes, Q. glaucoides and Q. laurina) distributed in the
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TMVB, southern Sierra Madre Oriental (SMOr) and SMS (fig. 4c); d. Supported by
three species (Q. cortesii, Q. lancifolia and Q. xalapensis) distributed in SMC, southern
SMOr and north of the Trans-Isthmian Mountains (TIM) (fig. 4d); e. Supported by Q.
acherdophylla, Q. depressa and Q. germana, distributed in the SMOr (fig. 4e); f.
Supported by three species (Q. segoviensis, Q. skinerii and purulhana) distributed in the
TIM (fig. 4f); g. Supported by two species (Q. pachucana and Q. repanda) distributed
in the eastern TMVB (fig. 4g); h. Supported by two species (Q. liebmanii and Q.
rubramenta) distributed in the SMS (fig. 4h) and, i. Supported by two species (Q.
bumelioides and Q. costaricensis) distributed in the Costa Rican mountains (CRM) (fig.
41). It can be observed that the distribution of all the units of co-occurrence were
delimited at least at one edge by the turnover points described above, as follows: UCs a,
b, c, e, h are delimited by the TI at the south; UC d is delimited by the MPF at the south;
UC fis delimited by the TI at the north and the ND at the south; and UC 1 is delimited

by the ND at the north and the PI at the south.

Ecological niche modeling

The models for all the species evaluated showed a good performance (AUC values over
0.89). For most oak species, the climatic variables with the highest influence on the
ENMs were annual mean precipitation, temperature seasonality, temperature annual
range, annual precipitation and precipitation seasonality (Table 1). The map with the
sum of the models for all individual species shows the gaps in the Quercus species
distribution (fig. 5a). In the northern part of the studied region, high levels of Quercus
species co-occurrence is observed in mountainous areas of central and southern Mexico,
particularly the TMVB and the SMS. The Balsas River Depression (BD) is an area with

low presence of Quercus species that separates the TMVB and the SMS. The TI
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constitutes a clear gap in the distribution of Quercus species. From Guatemala to
Nicaragua, the Trans-Isthmian Mountains stand out as the area with the highest Quercus
species overlapping, while the lowlands of eastern Nicaragua and the ND configure an
important gap of the genus distribution. In Costa Rica, the higher species concentration
is observed in the Talamanca Mountains and part of the Pacific lowlands. Finally,
species concentration falls down in the territory corresponding to the PI and the
lowlands of northwestern Colombia. The map reflects a marked reduction in the number
of species co-ocurring from southern Mexico to the Colombian Andes. The maximum
values of predicted number of species co-ocurring for the different countries are
distributed as follows: 18 species in Mexico, 10 species in Guatemala, 9 species in

Honduras, 7 species in Nicaragua, 6 species in Costa Rica, and 3 species in Panama.

Section Lobatae (fig. 5b) showed a higher number of co-distributed species in
central and southern Mexico than section Quercus. From southern Nicaragua down to
the Colombian Andes Lobatae species appear considerably restricted to the
mountainous regions of Costa Rica, but in the Colombian Andes a single species (Q.
humboldtii) has a very broad distribution with a wide altitudinal range (between 800 and
3500 meters). For section Quercus (fig. 5¢), species co-ocurrence values are higher in
the central TMVB and the SMS, followed by the area from Guatemala down to northern
Nicaragua. Costa Rica and Panama exhibit only three and two white oak species
respectively. The observed distribution of sections Quercus and Lobatae species
showed that areas such as TI, ND and PI are not suitable habitat for Quercus species.
The comparisons between low suitability areas and high suitability areas indicated
highly significant differences in annual mean temperature, temperature seasonality,
temperature annual range, annual precipitation and precipitation seasonality (Table 2,

Fig. 6).
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Niche divergence across areas of endemism

The principal components analysis (Fig. 7) indicated that groups of species that defined
most of the UCs have partially overlapping climatic niches. In particular, UCs b and ¢
have wide and overlapping climatic envelopes that also contain the relatively narrower
envelopes of UCs g and h. A second, recognizable group was formed by UCs a, e and f.
Finally, UCs d and i seem to be the most distinct in terms of their climatic niches. Niche
divergence tests among the nine UCs indicated that there is at least one divergent niche
axis in every pairwise comparison (Tables 3 and 4). UCs f and i1 showed significant
divergence in the second and third niche axes compared to most of the other UCs. The
variables with the higher loadings in these two axes were annual mean precipitation,
temperature seasonality and precipitation seasonality. The UCs a, b and ¢, conformed by
species with wide distributions in Mexico also differed from each other in the three
niche axes. Meanwhile, the UCs constituted by species with restricted geographical
distributions in Mexico (UCs e, g and h) showed a conserved first niche axis with
respect to the other UCs in almost all comparisons. Finally, UC i (restricted to the
Talamanca Mountains) showed the strongest divergence in the three axes in comparison

to all other UCs.

Discussion

Studies on the turnover patterns of Quercus species in the Neotropics have mainly
focused on altitudinal patterns (Gentry 2001, Kappelle 2006, Kappelle and Van Uffelen
2006). The present study considered latitudinal and also longitudinal units in order to
complement the current knowledge about the distribution patterns of Neotropical
Quercus. Most of the previous studies on oak distribution have highlighted not only the

change in oak species diversity from southern Mexico to Colombia, but also the fact
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that mountainous regions corresponding to southern Mexico are important diversity hot
spots for the Quercus genus in America (Valencia-A 2004, Nixon 2006, Torres-Miranda

etal. 2011, 2013).

Kapelle (2006) suggested that the distribution patterns of oaks can be explained
by the geological and climatic history of the American continent, and the evolution of
its flora. Recent phylogeographic evidence from Quercus species (Cavender-Bares et al.
2011) and other taxa (see Gutiérrez-Garcia and Véazquez-Dominguez 2013 and Ornelas
et al. 2013 for a detailed per species description) indicates that intra- and interspecific
processes such as divergence, speciation and migration, coincide with historical
geological and climatic features of Central America. Our results, based on
biogeographical and macroecological approaches, suggest that most of the areas
identified as barriers to gene flow for different taxa, are also important Quercus species
turnover points, areas of climatic discontinuities and boundaries for areas of endemism.

In the following, we provide a detailed discussion of the patterns found at each region.

Central and southern Mexico

This region is particularly interesting due to the high number of co-occurring oak
species and the presence of several UCs limited at the south by the Tehuantepec
isthmus. Both the Trans-Mexican Volcanic Belt and the southern Sierra Madre Oriental
have been recovered as regions with high levels of endemism in several similar analysis
performed for groups such as birds and mammals (Corona et al. 2007, Vargas et al.
2008). For the Trans-Mexican Volcanic Belt, Escalante et al. (2009) reported low levels
of mammal endemism, proposing a review of the importance of the area as the limit
between the Nearctic and the Neotropical regions. However, our analysis suggests an

important role of the Trans-Mexican Volcanic Belt on the history of oak species
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distribution, reflected in the presence of three units of co-occurrence (UCs b, ¢ and g)
within this area. This morphotectonic province is located between latitudes 17° 30’ and
20° 25> N and longitudes -96° 20’ and -105° 20° W and spans from coast to coast
presenting a wide variety of climatic zones (Ferrusquia-Villafranca 1993), which may
have allowed the establishment of different oak species with different climatic
requirements or niches. Recent studies have also highlighted the importance of the
Trans-Mexican Volcanic Belt as an area of high haplotype diversity and endemism

within particular oak species (Gonzalez-Rodriguez et al. 2004).

The Sierra Madre Oriental and the Sierra Madre Occidental are also key areas
for the distribution and endemism of oak species. There was evidence of niche
divergence among the species groups that conformed UCs a, b, ¢, d and e (located
through the Trans-Mexican Volcanic Belt, the Sierra Madre Oriental and the Sierra
Madre Occidental) (Tables 3 and 4) which, added to the limited dispersal ability of the
oaks, may have limited their migration to other regions. Both, the Sierra Madre Oriental
and the Sierra Madre Occidental are characterized by elevations ranging from 200 to
3000 m.a.s.l. and a heterogeneous physiographic landscape (Ferrusquia-Villafranca
1993). Climatically, the Sierra Madre Occidental is more stable, and elevation seems to
be the more important variable that defines the province (Ferrusquia-Villafranca, 1993).
Meanwhile, the Sierra Madre Oriental exhibits important climatic factors that probably
also influenced the distribution patterns observed. During the winter, polar air currents
called "nortes” are spread over the eastern coast of Mexico through the Sierra Madre
Oriental, bringing heavy rains in the eastern slope (Metcalfe et al. 2000). This
precipitation regime could have allowed the colonization of habitats by different oak
species considering that areas with high levels of precipitation usually have high oak

diversity levels (as the humid montane oak forests; Luna-Vega et al. 2006).
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Tehuantepec Isthmus

Species composition analysis identified the Tehuantepec isthmus as an area of species
turnover, but only for red oaks (section Lobatae), and not for white oaks (section
Quercus). This can be explained by the fact that there are several white oak species
distributed through the isthmus lowlands (e. g. Q. oleoides) or on both sides of the
Tehuantepec isthmus (e. g. Q. corrugata, Q. insignis and Q. lancifolia). On the contrary,
several red oaks are only found to the west of the Tehuantepec isthmus (e. g. O.
acutifolia, Q. crassipes, Q. laurina and Q. salicifolia). These differences in distribution
between red and white oak species may be due to the ecological differences between the
two species groups. For example, apparently a higher proportion of white oak species
are able to predominate in drier regions where normally red oaks seem not to develop
well (Nixon 1993). Other differences between red and white oak species relate to seed
dormancy (Struve 1998), which may be important determining the dispersal patterns of
the seeds. It is possible that a combination of these and other traits has influenced to

some extent the distribution of both sections.

ENMs showed that to the east of the Tehuantepec isthmus there are areas with a
higher potential number of co-occurring species than are actually observed, suggesting
that some species distributed to the west of the isthmus could have found climatically
suitable areas but probably failed to disperse across this barrier. In fact, the NAM
analysis identified several units of co-occurrence (a, b, ¢, e, g, f and h; Fig. 4) that have
a geographical distribution delimited to the south by the presence of the isthmus.
Interestingly, a principal components analysis based on climatic variables for the
different UCs showed that several geographical units separated by the Tehuantepec

isthmus, such as UCs b and ¢ in comparison to UCs f and 1, also differ from each other
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climatically. According to the niche divergence test, UC f (distributed to the east/south
the Tehuantepec isthmus and over the ND) differentiates from UCs d, e, g and h
(distributed to the west/north of the Tehuantepec isthmus, excepting UC d which
distributes to the Nicaraguan Depression). The effect of the Tehuantepec isthmus as a
barrier to oak species distribution was reported also by Torres-Miranda et al. (2013)
considering only red oak (section Lobatae) species. However, it is also true that some
role for local adaptation cannot be discarded, since the niche comparison tests indicated
significant niche divergence among the species groups that constituted the UCs at both

sides of the isthmus.

Geologically speaking, the Tehuantepec isthmus has several characteristics that
could explain the above mentioned patterns. It is formed by two tectonic sub-provinces
of Chiapas called the Central Depression and the Pacific Coastal Plain. Both correspond
to areas from O up to 1000 m.a.s.l. (Ferrusquia-Villafranca 1993). The isthmus is
characterized by a sudden change in elevation between central and southern Mexico that
can represent a barrier for the dispersal of oak species, especially considering their seed
dispersal largely mediated by gravity. Similarly, by separating tropical ecosystems from
those with higher Nearctic influence, the isthmus represents an important turnover point
for the distribution of species. Interestingly, this area has been reported in several
phylogeographic studies as an area separating different haplotype lineages and/or

impeding gene flow in different periods (Ornelas et al. 2013 and references therein).

Sierra Madre de Chiapas and north Trans-Isthmian Mountains

Although areas of co-occurrence of high number of species are not present to the
east/south of the Tehuantepec isthmus, there are other two major species turnover

points: Sierra Madre de Chiapas and the North of the Trans-Isthmian Mountains
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(located in Chiapas and Guatemala). These locations represent sites where species
composition of the white oak section changes significantly and the limit to the
distribution of UCs formed by species that cross through the Tehuantepec isthmus.
Apparently, several species made it through the Tehuantepec isthmus but not all of them
continued their migration southward, reaching their southern limit at the Motagua-
Polochic system. The region between the Tehuantepec isthmus and the Motagua-
Polochic system is a tremendously heterogeneous area, as the portion within the
Mexican territory is characterized by discontinuous sierras and a series of transverse
straight rivers, tributaries of the rio Grande de Chiapas (Ferrusquia-Villafranca 1993),
while the Guatemalan portion is defined by the tectonic boundary between the North
American plate and the Caribbean plate in Guatemala, a region that consists of a
complex system of large-scale faults that separate blocks with contrasting geological

features (Ortega-Obregon et al. 2008).

Nicaraguan Depression

Volcanic activity in southern Nicaragua is largely a product of the interaction of the
Caribbean Plate with the Cocos Plate. Particularly, the Nicaraguan Depression is
characterized by a chain of Quaternary volcanoes, recent volcanic activity,
volcaniclastic sediments, the presence of Lakes Managua and Nicaragua, and being
surrounded by a discontinuous group of prominent faults (Arengi and Hodgson 2000).
These events, along with the formation of the Cordillera de Guanacaste in Costa Rica
(0.6 Ma) led to important climate changes (particularly in Costa Rica; van Wyk de Vries
et al. 2007), which may have molded the distribution patterns of the oak species
(Cavender-Bares et al. 2011). This is particularly true for species that constitute the UC

1, which are distributed in the Costa Rican mountains, and exhibited evidence of strong
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niche divergence with respect to the UCs distributed to the north of the Nicaraguan

Depression (Tables 3 and 4). .

The peaks of volcanic activity in the region also could have led to changes in the
distribution of species and favored the isolation of populations. Likewise, volcanic
activity may have determined a significant barrier to dispersal of species that are
distributed through the mountain ranges. This case is particularly clear for the
Nicaraguan Depression, which not only reports volcanic activity, but also a significant
change in elevation that limits the distribution of the predominant species in the
mountainous areas. Based on their analysis of red oaks distribution, Torres-Miranda et
al. (2013) also suggested that the Nicaraguan Depression may have played a role as an
important barrier. Our results indicate that the Nicaraguan Depression also has had an
effect on the distribution of the white oaks and on the diversification of the genus as a
whole. In the case of other biological groups, phylogenetic and phylogeographic
analyses have reported this area as a major feature determining genetic and

biogeographic patterns (Gutiérrez-Garcia and Vazquez-Dominguez 2013).

Costa Rican mountains and Panamanian Isthmus

The southern border of Costa Rica represents the southernmost barrier to the migration
of genus Quercus into the Colombian Andes. This region has low oak species diversity
and also a low number of potentially co-occurring species as indicated by the ENMs.
This area is known as Boca del Toro (boundary between Costa Rica and Panama) and
defines the end of the mountainous region as well as the start of the Panamanian
lowlands. Boca del Toro is also recognized as an important area that has influenced the
current distribution patterns of several species of amphibians (Crawford et al. 2005,

Wang et al. 2008). Finally, in the Darien region (border between Panama and
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Colombia) the last important point of oak species turnover was identified. Even
considering that Costa Rican and Panamanian mountains show a low number of oak
species, the Darien region is crucial in order to understand the distribution of the genus
Quercus in the neotropics. Important facts such as its recent geological origin,
landscape heterogenity, climatic contrasts (particularly between the Caribbean and
Pacific slopes), and proximity to the Andean region should have determined the arrival
of the oaks into the Colombian Andes, where Quercus humboldtii is a key element of
the montane ecosystems between 800 and 3500 m.a.s.l. (Pulido 2006, Ferndndez-M

2007).

Conclusions

This study is the first one to analyze the changes in the oak species composition
throughout the Neotropics. We found that there are different regions that have acted as
barriers to species dispersal, influencing the composition of forest communities by
limiting the number of species that colonized southward areas, and probably impacting
speciation processes as well. The ENMs also supported the role of these barriers by
indicating that some areas in Central America could potentially harbor a higher number
of species than is actually observed. These barriers are the Tehuantepec Isthmus, the
Motagua-Polochic system, the Nicaraguan Depression, and the Panamanian Isthmus.
According to the ENMSs, these areas are regions with low climatic suitability for oak

species that also define the borders of the endemism areas identified.
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Tables

Table 1. Quercus species studied, scenopoetic variables used to build the ecological
niche model of each species, and the variables with the highest influence on the

prediction of the distribution of each species. See Table S1 for the identity of each

variable.
Species Section ENMs Variables Explanatory Variables

Quercus acherdophylla Trel. 1924 Lobatae NM NM
Quercus acutifolia Née 1801 Lobatae 1,4,7,9,10,12,13,14,15,16,e,s 4,7
Quercus affinis Scheidw. 1837 Lobatae 1,4,7,12,13,15,16,e,s 4,15
Quercus benthamii A.DC. 1864 Lobatae 1,4,7,12,13,15,16,e,5 4,7
Quercus bumeloides Liebm. 1854 Quercus 1,4,7,12,13,e,s 4,7
Quercus candicans Née 1801 Lobatae 1,4,7,10,12,13,15,16,e,s 7,4
Quercus castanea Née 1801 Lobatae 1,4,6,7,10,11,12,13,15,16,e,s 7,15
Quercus conspersa Benth. 1842 Lobatae 1,4,7,10,11,12,13,15,16,e,s 7,12
Quercus cortesii Liebm. 1854 Lobatae 1,4,7,12,15,e,s 7,4
Quercus costaricensis Liebm. 1854 Lobatae 1,4,7,11,12,13,14,15,e,s 7,4
Quercus crassifolia Humb. et Bonpl. 1801 Lobatae 1,4,6,7,10,11,12,13,15,16,e,s 7,1
Quercus crassipes Humb. et Bonpl. 1809 Lobatae 1,4,6,7,10,11,12,13,14,15,e,s 7,4
Quercus crispifolia Trel. 1924 Lobatae 1,4,7,12,13,14,15,¢e,s 4,7
Quercus crispipilis Trel. 1924 Lobatae NM NM
Quercus depressa Humb. et Bonpl. 1809 Lobatae NM NM
Quercus deserticola Trel. 1924 Quercus 1,4,6,7,10,12,13,15,16,e,s 7,4
Quercus diversifolia Née 1801 Quercus NM NM
Quercus elliptica Née 1801 Lobatae 1,4,7,10,11,12,13,15,¢e,s 7,4
Quercus frutex Trel. 1924 Quercus 1,4,6,7,11,12,13,15,16,e,s 4,1
Quercus furfuraceae Liebm. 1854 Lobatae NM NM
Quercus germana Cham. et Schlecht 1830 Quercus 1,4,7,10,12,13,15,16,e,s 7,4
Quercus glabrescens Benth. 1840 Quercus 1,4,7,10,12,13,14,15,16,e,s 1,4
Quercus glaucescens Humb. et Bonpl. 1809 Quercus 1,4,7,10,12,13,15,e,s 7,15
Quercus glaucoides M.Martens et Galeotti 1843 Quercus 1,4,7,10,12,13,15,e,s 4,7,15
Quercus grahami Benth. 1840 Lobatae NM NM
Quercus hirtifolia Vazquez-Villagrén, Valencia y Nixon. : Lobatae NM NM
Quercus humboldtii Humb. et Bonpl. 1801 Lobatae 1,4,7,12,13,14,16,e,s 4,7,1
Quercus insignis M. Martens et Galeotti 1843 Quercus 1,4,7,10,12,13,15,e,s 4,7
Quercus lancifolia Cham. et Schitdl 1830 Quercus 1,4,7,12,13,15,17,e,s 4,12
Quercus lauring Humb. et Bonpl 1809 Lobatae 1,4,6,7,10,11,12,13,15,16,e,s 7,4,1
Quercus liebmanii Oerst 1869 Quercus NM NM
Quercus macdougalli M.Martinez 1964 Quercus NM NM
Quercus magnoliifolia Née 1801 Quercus 1,4,6,10,11,12,13,15,e,s 7,4,15
Quercus martinezii C.H.M?Il. 1953 Quercus 1,4,6,7,10,11,12,13,15,¢e,s 15,4
Quercus mexicana Humb. et Bonpl. 1809 Lobatae 1,4,6,7,11,12,13,15,e,s 7,4
Quercus mulleri Martinez 1953 Lobatae NM NM
Quercus nixoniana Valencia y Lozada 2003 Lobatae NM NM
Quercus ocoteifolia Liebm. 1854 Lobatae 1,4,7,10,12,13,15,e,s 4
Quercus oleoides Schltdl. et Cham. 1830 Quercus 1,4,7,10,12,13,15,16,e,s 4,7
Quercus pachucana Zavala-Chavez 2000 Lobatae NM NM
Quercus paxtalensis C.H.M?Il. 1942 Lobatae NM NM
Quercus peduncularis Née 1801 Quercus 1,4,7,10,12,13,15,e,s 7,4
Quercus polymorpha Schltdl. et Cham. 1830 Quercus 1,4,7,12,13,14,15,16,e,s 4,7
Quercus purulhana Trel. 1924 Quercus 1,4,7,10,12,13,15,e,s 4,7
Quercus repanda Humb. et Bonpl. 1809 Quercus 1,4,7,12,13,18,19,e,s 4,1
Quercus rubramenta Trel. 1934 Lobatae NM NM
Quercus rugosa Née 1801 Quercus 1,2,6,7,10,11,12,13,15,16,19,e,s 1,7
Quercus salicifolia Née 1801 Lobatae NM NM
Quercus sapotiifolia Liebm. 1854 Lobatae 1,4,7,12,14,15,e,s 7,4
Quercus sartorii Liebm. 1854 Lobatae 1,4,7,12,13,15,19,e,s 15,7
Quercus scytophylla Liebm. 1854 Lobatae 1,4,7,10,11,12,13,15,16,e,s 4,15
Quercus sebifera Trel. 1924 Quercus 1,4,7,12,13,15,e,s 4,15
Quercus segoviensis Liebm. 1854 Quercus 1,4,7,12,13,14,15,e,s 4,7
Quercus skineri Benth. 1841 Lobatae 1,4,7,10,12,13,14,15,16,e,s 4,7
Quercus splendens Née 1801 Quercus 1,4,7,10,11,12,13,15,17,e,s 15,4
Quercus uxoris McVaugh 1972 Lobatae 1,4,6,7,10,11,12,13,14,15,e,s 15,4
Quercus vicentensis Trel. 1924 Quercus 1,4,6,7,12,13,15,e,5 4,7
Quercus xalapensis Humb. et Bonpl. 1809 Lobatae 1,4,7,12,13,15,e,s 4,12

*NM: Not modeled species due to low occurences (<10)
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Table 2. Principal components analysis for climatic variation between high and low

suitability areas for oak species.

Variables PC1 PC2 PC3
Annual mean temperature -0.2001937 0.90051569 0.34128628
Temperature seasonality 0.45700872 -0.0876238 0.70774579
Temperature annual range 0.55232916 -0.0135147 0.19327178
Annual precipitation -0.5081348 -0.0942476 0.26481402
Precipitation seasonality 0.43335559 0.41512444 -0.5245371
% explained 58.97 19.58 13.72
Cummulative percentage 58.97 78.56 92.28
Top variable loadings Temp. ann.range  Ann. mean Temp. Temp. seas.
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Table 3. Principal components analysis for climatic niche variation among the groups

of species constituting the nine units of co-occurrence.

Variables PC1 PC2 PC3
Annual mean temperature 0.08422716 0.91373876 0.34104264
Temperature seasonality 0.48880015 -0.1665056 0.57461648
Temperature annual range 0.56415078 -0.1074303 0.15361553
Annual precipitation -0.5130006 0.1378603 0.2074451
Precipitation seasonality 0.41538477 0.32681897 -0.697764
% explained 57.79 21.34 13.27
Cummulative percentage 57.96 79.11 92.38

Top variable loadings

Temp. ann. range

Ann. mean temp.

(Prec. seas.)
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Tabla Al. Climatic and topographic variables considered to build the ENMs.

S

Variables

O 00N UL WN R

v PR R PR RRR PR
OO NOOULL D WNRLO

Annual mean temperature. (WorldClim, Bio 1)
Mean diurnal range (WorldClim, Bio 2)
Isothermality (WorldClim, Bio 3)
Temperature seasonality (WorldClim, Bio 4)
Max. temp. of warmest month (WorldClim, Bio 5)
Min. temp. of coldest month (WorldClim, Bio 6)
Temperature annual range (WorldClim, Bio7)
Mean temp. of wettest quarter (WorldClim, Bio 8)
Mean temp. of driest quarter (WorldClim, Bio 9)
Mean temp. of warmest quarter (WorldClim, Bio 10)
Mean temp. of coldest quarter (WorldClim, Bio 11)
Annual precipitation (WorldClim, Bio 12)
Precipitation of wettest month (WolrdClim, Bio13)
Precipitation of driest month (WorldClim, Bio 14)
Precipitation seasonality (WorldClim, Bio 15)
Precipitation of wettest quarter (WorldClim, Bio 16)
Precipitation of driest quarter (WorldClim, Bio 17)
Precipitation of warmest quarter (WorldClim, Bio 18)
Precipitation of coldest quarter (WorldClim, Bio 19)
Elevation
Soil (FAO-UN)
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Table A2. One-way ANOVA comparing the values of the five climatic variables that

explained most of the oaks ecological niche models between high and low suitability

areas.
Mean ee F p
Annual mean temperature
Optimal suitability areas 16.2322208 0.05 3728.344 <0.001
Low suitability areas 25.86728232 0.14
Temperature seasonality
Optimal suitability areas 14.72288404 0.1 39.4458 <0.001
Low suitability areas 12.99846966 0.25
Temperature annual range
Optimal suitability areas 19.58810441 0.08 191.0421 <0.001
Low suitability areas 16.50290237 0.2
Annual precipitation
Optimal suitability areas 1324.25246 13.12 305.3459 <0.001
Low suitability areas 1938.168865 32.58
Precipitation seasonality
Optimal suitability areas 86.83311938 0.32 47.9836 <0.001
Low suitability areas 80.83641161 0.8

51



Figures

Figure 1 Study area and its principal geological elements. TMVB: Trans-Mexican
volcanic Belt, SMOc: Sierra Madre Occidental, SMOr: Sierra Madre Oriental, SJ:
Serranias de Jalisco, SG: Serranias de Guerrero, SMS: Sierra Madre del Sur, SMC:
Sierra Madre de Chiapas, TI: Tehuantepec Isthmus, TIM: Trans-Isthmian Mountains,
PMF: Polochic-Motagua Fault, ND: Nicaraguan Depression, CRM: Costa Rica
Mountains, PI-DAR: Panamanian Isthmus and Darien region, CA: Colombian Andes.

Black areas represent mountainous systems (> 1000 m.a.s.l.).
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Figure 2 Neotropical Quercus species turnover patterns. The horizontal dotted line
represents the threshold of similitude values beyond the expected variation. a.
Longitudinal turnover pattern for the whole genus. b. Latitudinal turnover pattern for
the whole genus. c. Longitudinal turnover pattern for red oaks (Sect. Lobatae). d.
Latitudinal turnover pattern for red oaks (Sect. Lobatae). e. Longitudinal turnover
pattern for white oaks (Sect. Quercus). f. Latitudinal turnover pattern for white oaks
(Sect. Quercus). Numbers indicate the turnover points (for geographical location see
Figures 1 and 3) as follows: 1-2 TI, 3 PMF, 4 ND, 5 PI, 6 ND, 7 CRM, 8 PI, 9-10 ND,
11 PI, 12 ND, 13 PI, 14-15 SMC, 16 PMF, 17 ND, 18 ND.

1-Bsim

Longitude Latitude

—— Species turnover
------- Threshold
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Figure 3 Geographical location of the main turnover points for Quercus species. Black
bars represent the longitudinal and latitudinal units where marked species turnover
occurs (see also Fig. 2). a. Longitudinal turnover pattern for the whole genus. b.
Latitudinal turnover pattern for the whole genus. c. Longitudinal turnover pattern for red
oaks (Sect. Lobatae). d. Latitudinal turnover pattern for red oaks (Sect. Lobatae). e.
Longitudinal turnover pattern for white oaks (Sect. Quercus). f. Latitudinal turnover
pattern for white oaks (Sect. Quercus). Numbers correspond to those shown in Fig. 2 for
values of 1-Bsim and correspond to the following areas: 1-2 TI, 3 PMF, 4 ND, 5 PI, 6
ND, 7 CRM, 8 P1, 9-10 ND, 11 PL, 12 ND, 13 PI, 14-15 SMC, 16 PMF, 17 ND, 18 ND.
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Figure 4 Cleavogram representing units of co-occurrence (or areas of endemism) for
Neotropical oak species estimated using NAM analysis. Letters from a to i indicate
each of the identified units of co-occurrence and the maps on the right side indicate the

geographical distribution of the species groups that constitute each unit of co-

occurrence.
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Figure 5 Potential co-occurrence patterns for neotropical Quercus species determined
using ecological niche modeling. a. Distribution of the potential number of co-occurring
species for the whole Quercus genus. b. Distribution of the potential number of co-
occurring species for red oaks (Sect. Lobatae). c. Distribution of the potential number of

co-occurring species for white oaks (Sect. Quercus).
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Figure 6 Principal components analysis showing climatic differences between areas
with low suitability (barriers) and high suitability (highlands) for Quercus species
detected using ENMs.
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Figure 7 Principal components analysis showing ecological niche model envelopes for

groups of species constituting the nine units of co-occurrence.
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Abstract

The northern Neotropical region is characterized by a heterogeneous geological and
climatic history. Recent studies have shown contrasting patterns regarding the role of
geographic elements as barriers that could have determined phylogeographic structure
in various species. Recently, the phylogeography and biogeography of Quercus species
have been studied intensively, and the patterns observed so far suggest contrasting
evolutionary histories for Neotropical species in comparison with their Holarctic
relatives. The goal of this study was to describe the phylogeographic structure of two
Neotropical oak species (Q. insignis and Q. sapotiifolia) in the context of the geological
and palaeoclimatic history of the northern Neotropics. Populations through the
distribution range of both species were characterized using nine chloroplast DNA
microsatellite loci. Both oak species showed high levels of genetic diversity and strong
phylogeographic structure. The distribution of genetic variation in Q. insignis suggested
an influence of two major barriers, the Tehuantepec Isthmus and the Nicaraguan
Depression, while Q. sapotiifolia exhibited a genetic structure defined by the
heterogeneity of the Chortis highlands. The haplotype networks of both species
indicated complex histories, suggesting that colonization from the Sierra Madre de
Chiapas to central Mexico and from the north of the Nicaraguan Depression to the
Costa Rican mountains may have occurred during different stages, and apparently more
than one time. In conclusion, the phylogeographic structure of Neotropical oak species

seems to be defined by a combination of geological and climatic events.

Keywords: Neotropical trees, Middle America, Mesoamerica, palaeodistribution,

phylogeography, historical demography.
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Introduction

The area of the Neotropics comprising southern Mexico and Central America is
important for the study of evolutionary processes such as migration, extinction and
diversification of different organismal groups, in the context of the geological and
climatic heterogeneity that characterizes this region (Gutiérrez-Garcia and Vazquez-
Dominguez 2014). Even though consensual patterns have not emerged yet, several
studies coincide on the importance of geological elements such as the Tehuantepec
Isthmus (TI), the Polochic- Motagua fault system (PMF), the Nicaraguan Depression
(ND) and the Panama Isthmus (PI) as promoters of phylogeographic structure in
different organisms (see table 1 in Gutierrez-Garcia and Vazquez-Dominguez 2014),
and also in the geographical organization of entire lineages such as Quercus
(Rodriguez-Correa et al. 2015) and ferns (Ramirez-Barahona and Luna-Vega 2015) in
the Neotropics. On the other hand, a lack of phylogeographic structure related to these
geographic elements also has been observed mainly (but not exclusively) in lowland
species (see table 1 in Gutierrez-Garcia and Vazquez-Dominguez 2014). More
interesting, is the fact that even when the phylogeographic structure of the species
appears to be determined by these geographic barriers, it seems like processes of
intraspecific divergence took place at different time periods, suggesting differential
responses to the geological dynamics of the region, and therefore, linage-specific

evolutionary histories (Ornelas et al. 2013).

Historical environmental fluctuations have also been considered important in
structuring genetic diversity of Neotropical species. However, available evidence
(reviewed in Ramirez-Barahona and Eguiarte 2013) indicates differential responses to

climate change according to the distribution, ecology and phylogenetic relationships of
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species. Therefore, the identification of common patterns and how these can be
associated to the species’ characteristics requires further studies dealing with co-
distributed species and the integration of paleoclimatic, ecological and molecular data
(Ramirez-Barahona and Eguiarte 2013). In northern latitudes, several Quercus species
have been studied using phylogeographic approaches (Dumolin-Lepégue et al. 1997;
Fineschi et al. 2002; Cottrell et al. 2002; Csaikl et al. 2002; Olalde et al. 2002; Petit et
al. 2002a; Petit et al. 2002b; Grivet et al. 2006; Lopéz de Heredia et al. 2007; Chen et al.
2012; Liu et al. 2013; Alexander & Woeste 2014) and the results obtained have been a
fundamental basis to understand historical colonization processes related to climatic
fluctuations during the last glacial cycle particularly at the European continent.
Interestingly, oak species situated in the Neotropics exhibit contrasting patterns with
respect to their Nearctic and Palearctic relatives. For example, Mexican oak species
show higher levels of within population variation and lower among population
differentiation than northern latitude species (Tovar-Sanchez et al. 2008, Ramos-Ortiz et
al. unpublished data and Pefialoza-Ramirez et al. unpublished data), probably because
at lower latitudes the effects of glaciations were less severe and oak populations did not
isolate into small refugia but remained large and maintained relatively stable geographic
ranges (Gonzélez-Rodriguez et al. 2004; Cavender-Bares et al. 2011). In contrast, it
seems like the most important effect of the Pleistocene climatic changes on oak species
in the Neotropics were related to changes in their altitudinal distribution (Hooghiemstra

and van der Hammen 2004; Rodriguez-Correa et al. unpublished data).

Recently, it has been suggested that geographical areas such as the Tehuantepec
Isthmus (TI), the Polochic-Motagua fault system (PMF), the Nicaraguan Depression
(ND) and the Panamanian Isthmus (PI) have acted as important barriers to the dispersal

of oak species influencing species diversity, biogeographic patterns and niche
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divergence processes (Torres-Miranda et al. 2013; Rodriguez-Correa et al. 2015).
However, a few oak species (Q. corrugata, Q. insignis, Q. oleoides and Q. sapotiifolia,
and perhaps also Q. benthamii, Q. cortesii and Q. salicifolia) (Valencia 2004; Morales
2010) have a distribution range that extends across all these barriers (except the PI),
eliciting questions about the timing and process of dispersal and the influence of
species’ traits and ecological niche on dispersal success. Also, an evident hypothesis is
that the mentioned barriers probably correspond to phylogeographic breaks within these
species. However, the lowland Q. oleoides (distributed from northeastern Mexico to
northern Costa Rica) is the only species so far analyzed (Cavender-Bares et al. 2011;
Cavender-Bares et al. 2015), and showed no genetic discontinuities across the TI and
the PMF, but strong differentiation across the ND, estimated at about 1.9 my BP using
next-generation sequence data, implicating the formation of the Nicaraguan depression

and associated volcanic activity as the cause (Cavender-Bares et al. 2015).

In this study, we used chloroplast DNA microsatellite data to reconstruct
phylogeographic patterns in two Neotropical oak species (Quercus insignis and Quercus
sapotiifolia) distributed from southern Mexico to northern Panama. Both species are
cataloged with different levels of thread for the Mexican cloud forest tree species
(critically endangered for Q. insignis and vulnerable for Q. sapotiifolia; Gonzalez-
Espinosa et al. 2011). Quercus insignis is a white oak (section Quercus) and Q.
sapotiifolia 1s a red oak (section Lobatae), but both have roughly similar geographical
distributions and are mainly montane species. The specific goals of the study were: 1. to
describe the phylogeographic structure of two widespread oak species (Quercus insignis
and Quercus sapotiifolia) distributed from southern Mexico to Costa Rica; ii. to
evaluate the importance of geological and climatic variables as barriers determining the

geographic distribution of the genetic variation for both species by comparing
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phylogeographic patterns with present-day and palaeoclimatic modeled distributions;
and iii. to compare historical demographic patterns observed in the oak species studied

with previously characterized oak species distributed in other biogeographical realms.

Methods

Studied species and sampled populations

The two oak species were sampled across their whole distribution range (Figure 1).
Quercus insignis M. Martens et Galeotti (1843) is found in the Mexican states of
Jalisco, Guerrero, Oaxaca, Chiapas, Veracruz and in Belize, Guatemala, Honduras,
Nicaragua Costa Rica and Panama in Central America. The altitudinal range of Q.
insignis varies from approximately 1500 to 2000 m (Valencia-A 2004). The species is
emblematic for producing very large acorns (7-8 cm in diameter; Montes-Hernandez
and Lopez-Barrera 2013), probably the largest of all oaks species. Quercus sapotiifolia
Liebm. (1854) in Mexico is present in the states of Hidalgo, Oaxaca, Chiapas and
Veracruz and in Central America in Guatemala, Honduras, El Salvador, Nicaragua,
Costa Rica and Panama, with an altitudinal range between 250 and 2000 m (Valencia-A
2004). This species is characterized by considerable morphological variation across its
distribution. Despite their wide ranges, both species are rare and populations are
difficult to locate because of their low density. In total, 13 populations of Q. insignis

and 15 populations of Q. sapotiifolia were sampled (Table 1).

DNA isolation and microsatellite amplification

Fresh leaf tissue was collected in the field and stored in silica gel until processing in the
laboratory. Dried tissue was disrupted using liquid nitrogen and DNA isolation was

carried out using a commercial DNA isolation kit (QIAGEN DNeasy plant mini kit). A
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set of nine chloroplast DNA (cpDNA) microsatellite loci (cmcs2, cmcs3, cmes4, cmcs5,
cmcs6, cmcs7, cmcesl0, cmesl2 and cmces14) previously characterized for Fagaceae
species by Sebastiani et al. (2004) were tested for polymorphism in both Q. insignis and
0. sapotiifolia. Two groups of primers (cmcs3, cmes4, cmesS, cmcs6 in the first group
and cmcs2, cmes7, cmesl0, cmesl2, cmesl4 in the second group) with different
combinations of fluorescent dyes and expected size were employed in multiplexed
polymerase chain reactions (PCR). These were performed using the QIAGEN multiplex
PCR kit with a final volume of 5 pL containing 1 X multiplex PCR master mix, 0.25
mM of each primer, dH,O and 20 ng of template DNA. Amplification was performed
using an initial denaturation step for 15 min at 95°C, followed by 35 cycles of 30 seg at
95°C, 1.5 min at 55°C, 1 min at 72°C, and a final extension step for 30 min at 60°C.
PCR products were run in a ABI-PRISM 3300 Avant sequencer (Applied Biosystem)
and allele size was determined using a standard (GeneScan-600 LIZ) with the Peak

Scanner program version 2.0 (Applied Biosystem).
Genetic analysis
Genetic diversity and genetic structure

Each unique combination of size variants for the nine loci was defined as a different
haplotype. Genetic diversity was described in terms of haplotype richness (AR),
haplotype diversity with unordered alleles (%4 sensu Pons and Petit 1996), non-
standardized haplotype diversity with ordered alleles (v sensu Pons and Petit 1996) and
the pairwise genetic distance among individuals within a population under a stepwise
mutation model (D’sy; Goldstein et al. 1995) using SPAGeDi version 1.1 (Hardy &
Vekemans 2002). These estimators were calculated both at the population and region

levels. The regions were defined as follows: 1. populations located to the north/east of
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the Tehuantepec Isthmus (TI) belonged to the Upper Mesoamerica (UM) region; 2.
populations found between the TI and the Nicaraguan Depression (ND) belonged to the
Middle Mesoamerica (MM) region and, 3. populations to the south of the ND formed
the lower Mesoamerica (LM) group. Population 114 of Q. insignis (from Chiapas,
Mexico) only had one individual and was considered for graphical purposes only, but it

was excluded from population structure and historical demography analysis.

In order to infer haplotype relationships, a minimum spanning network was
computed using Network version 4.6 (available at www.fluxus-engineering.com) with
the median-joining method (Bandelt et al. 1999) and a maximum parsimony search
(Polzin and Daneschmand 2003).  Genetic  differentiation and phylogeographic
structure were analyzed by calculating Gst and Nsr (a Gst analogue which takes into
account the genetic distances among haplotypes) with SPAGeDi version 1.1 (Hardy &
Vekemans 2002). A permutation test implemented in this program was used to test
whether the value of Nsr was significantly greater than the value of Gsr, what indicates
that there is phylogeographic structure in the populations (Pons & Petit 1996). The Fg
statistic (Fu, 1997) was estimated for each population and region in order to test for
events of demographic expansion. Calculations were carried out using Arlequin version
3.5 (Excoffier et al. 2005) and codifying cpSSR data in binary form as suggested by

Navascues et al. (2006).

The partitioning of the genetic variation among regions, among populations
within regions and within populations was described using a hierarchical analysis of
molecular variance (AMOVA) implemented in Arlequin version 3.5 (Excoffier et al.
2005). The grouping of populations in regions was the same explained above. AMOVA

was calculated using both Fsr (based on the infinite alleles mutation model, IAM) and
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Rst (based on the stepwise mutation model, SMM) with 10,000 permutations to
determine significance of the estimates (Excoffier et al. 2005). To further understand the
geographic distribution of genetic variation, a spatial analysis of molecular variance was
implemented using SAMOVA version 1.0 (Dupanloup et al. 2002). The number of
groups was evaluated using values of K from two to ten so that the genetic
differentiation among the groups (@c7) was maximized. Consistence between different

runs was determined by repeating twice every K-value evaluated.

Also, the geographical location of the most important genetic discontinuities
among populations was determined using the Monmonier’s maximum difference
algorithm implemented in BARRIER ver. 2.2 (Manni et al. 2004). To provide bootstrap
support to the observed genetic barriers, a set of 100 pairwise matrices of average
square genetic distance (ASD; Goldstein et al., 1995; Slatkin, 1995) among populations
was generated by manual resampling of individuals in the original matrix. Finally,
genetic diversity indexes (AR, h, v and D’sy) were correlated with the altitude and
latitude of the sampled populations and also compared among regions using a Kruskal-
Wallis rank sum test in order to determine the existence of geographical patterns in the

distribution of genetic diversity. These tests were implemented in R ver. 3.0.2.
Ecological Niche Modelling

Ecological niche models (ENMs) were estimated using a maximum entropy approach
implemented in MAXENT version 3.3.3a (Phillips et al. 2006) in order to determine the
climatically suitable areas for both Quercus insignis and Q. sapotiifolia during the Last
Interglacial (LIG; ~120 ka BP), the Last Glacial Maximum (LGM; ~21 ka BP) and the
present-day (PD) periods. In order to build the models, occurrence data were

downloaded from a public repository (Global Biodiversity Information Facility). The
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data were filtered using as reference the reported distribution and altitudinal range of the

species (Valencia-A 2004).

Climatic information used to run the models was based on the 19 bioclimatic
variables proposed by Hijmans et al. (2005) at a spatial resolution of 30 arc-seconds (~1
Km). However, in order to avoid correlation among variables, a correlation matrix was
calculated, and from each pair of highly correlated variables (r>0.7) the more specific
variable was discarded. To decrease possible effects of spatial autocorrelation due to the
aggregation of records, we only used points separated by more than 0.1 decimal degrees
from the nearest neighbour. ENMs were estimated after 100 replicas using the bootstrap
resampling method in MAXENT. Thirty percent of the presence records were used to
calculate estimators of quality and the remaining 70% was used to run the models. In
the absence of palaeodistribution data to build the LGM and LIG models, the

‘projection’ option in MAXENT was used.

Model quality was determined with a threshold-independent method, the area
under the receiver operating characteristic (ROC) curve analysis (AUC; Fielding & Bell
1997); and the fixed cumulative value 1 logistic threshold (FCV) was applied in order to
obtain binomial outputs. FCV was used as it has been suggested as an appropriated
threshold value in other Neotropical species analysed with palacoecological methods
involving ENM (Rodriguez-Correa et al. unpublished data). Finally, in the models we
determined the areas where the distribution of both species remained stable during the
LIG, LGM and PD periods. The location of the main phylogeographic breaks obtained
with the molecular data was compared with the discontinuities in climatically suitable
areas obtained in the Maxent models to evaluate the possible role of present-day and

historical climatic conditions in structuring the genetic diversity of the two species.
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Results

Quercus insignis

Genetic diversity, genetic structure and historical demography

A total of 76 individuals from 14 populations were characterized (Table 1, Figure 2).
The total number of haplotypes was 28, 14 of them corresponding to singletons. The
number of haplotypes per population ranged from one to six. At the region level the
number of haplotypes was as follows: two haplotypes were observed in UM, 16
haplotypes (nine singletons) in MM and 12 haplotypes (five singletons) for LM. Within-
population haplotype diversity (/s) ranged between 0.4 and 1. Mean (s. e.) Ag and total
diversity (h7) were 0.65 (0.05) and 0.95 (0.03), respectively. Genetic differentiation
among populations was 0.315 (0.05) for the unordered alleles (Gsr) and 0.716 (0.07) for
ordered alleles (Ngsr). Gsr and Ngr values were significantly different (P<0.001)
indicating the presence of phylogeographic structure. Fu’s F values for all populations

and geographic regions were non-significant (p>0.02; Table 1).

The partitioning of the genetic variation according to results of the AMOVA (Table 2)
showed that for both Fgsr and Rsr the differences among regions explained a
considerable amount of variation (20 and 30% respectively; p<0.001). Meanwhile, most
of the genetic variation was distributed among populations within regions under both
mutation models, 42.22% (p<0.001) for IAM and 45.18% (p<0.001) for SMM. The
haplotype network (Figure 2) indicated a complex scenario. Despite the presence of
haplotypes with high frequencies such as H27 (found in 15 individuals), there is not a
widely distributed haplotype through the whole Q. insignis distribution. The distribution
of haplotypes in MM and SM suggested that several haplotypes are more closely related

between regions that within regions (e. g. H10 and HS5, H6 and H7; Figure 2).
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Geographic distribution of the genetic variation

The results of the SAMOVA analysis indicated that the maximum value of genetic
differentiation among groups of populations corresponded to four groups (®cr = 0.72;
p<0.001). According to this result one group was formed by populations from Veracruz,
México (113, 112, i11) and three populations from Honduras (i10, i8 and i6), thus
including populations from both UM and MM. A second group was constituted by two
populations from Honduras (MM; 19 and 17) and two populations from Costa Rica (LM;
14, 12); a third group included two populations from Costa Rica (i5 and i13) and the

fourth group included only the southernmost population (il).

The analysis of genetic discontinuities suggests that the TI and the ND are
important barriers for Q. insignis populations (94 and 95% bootstrap support). In
Honduras the two southernmost populations i7 and 110 were separated from the
northern populations (95% bootstrap support). In Costa Rica, the heterogeneous
composition of populations was indicated by the presence of barriers separating
populations (95% bootstrap support) into three groups corresponding to northern,
central and southern Costa Rica. Finally, all the correlations of genetic diversity
statistics with elevation and latitude were not significant (p>0.05), as well as the

comparisons among regions (p>0.05).

Ecological niche modelling

A total of 61 records representing Quercus insignis distribution were used to run the
ENM. The ENMs of Quercus insignis for the present-day period showed a good
performance according to the AUC value (0.991+ 0.005). This model showed two main
distribution areas, the first one located from the Sierra Madre de Chiapas (SMC)

through the trans-isthmian mountains (TIM) in Guatemala, Honduras and northern
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Nicaragua. The second distribution area is located in the Costa Rica Mountains (CRM)
(Figure 3). The northernmost part of the species’ range (i.e. southern Mexico) is
characterized by a fragmented distribution. ENMs also suggested an increase in the area
available for Q. insignis during the LGM and an important reduction in the available
climatic niche during the LIG (Figure 3). The increase in available area during the LGM
could have favored the contact or the proximity of populations across barriers such as
the TI and ND, suggesting the possibility of intermittent gene flow across these barriers
at some time periods. Finally, it can be observed that distribution areas that have
remained stable are located in SMS, SMC, TIM (including an important portion of the

Nicaraguan southern region) and CRM (Figure 6).

Quercus sapotiifolia

Genetic diversity and structure

A total of 139 individuals from 15 populations were characterized (Table 1, Figure 4).
Total number of haplotypes was 34, with 17 singletons. The number of haplotypes per
population ranged from one to seven. At the regional level haplotype richness was
seven (four singletons) in UM, 22 (11 singletons) in MM and five (two singletons) in
LM. Within-population genetic diversity (4s) ranged between 0.4 and 0.95. Mean (s. e.)
hs and total haplotype diversity (h7) were 0.51 (0.06) and 0.96 (0.01), respectively.
Genetic differentiation among populations was 0.471 (0.06) for unordered alleles (Gsr)
and 0.752 (0.05) for ordered alleles (Nst). A significant difference between Ggst and Ngr
(p<0.001) was observed, indicating the presence of phylogeographic structure. Fu’s Fg

values for all populations and geographic regions were not significant (p>0.02; Table

1.
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The partitioning of the genetic variation according to the AMOVA results (Table
2) showed that for Fgr differences among regions explained 21% (P<0.001) of the
variation. However, for the case of Rsy the differentiation value was very small and non-
significant (2%; P>0.05). On the other hand, most of the genetic variation was
distributed among populations within regions under both mutation models (68%;
P<0.001, for IAM and 64%; P<0.001 for SMM). The haplotype network (Figure 4)
showed that the majority of haplotypes are found in the MM region. Interestingly, the
haplotypes found within the UM region seem to belong to two lineages independently
derived from H34 and H3, and a similar pattern seems to be true for the haplotypes

present in the LM region (Figure 4).

Geographic distribution of the genetic variation

SAMOVA results showed that genetic differentiation among groups is maximum when
K=5 (®Pcr=0.72; p<0.001). According to this result the grouping of populations was as
follows: one group formed by UM and northern MM populations (s13, s14 and sl15),
groups two and three each formed by one population from MM (s10 and s12,
respectively), group four was constituted by eight MM and one LM populations (s2, s3,
s4, s5, s6, s7, s8, s9 and sl1) and group five formed by population s1 (LM). The
analysis of genetic discontinuities showed several significant barriers that define the
geographic configuration of the genetic differentiation. From north to south the first
barrier separates the Mexican populations from the remaining populations (100%
bootstrap support), and it is located at the SMC close to the PMF. Adjacent to this
barrier and to population s10 a second barrier separates this population (s10) from the
remaining groups (98% bootstrap support). At the middle portion of MM a third barrier

separates Guatemalan from Honduran oaks (90% bootstrap support). In the Honduras
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territory population s7 differentiates from the rest of the oak populations. LM
populations also were separated in two groups (100% bootstrap support) similarly as for
0. insignis: northern and central Costa Rica. Correlations of genetic diversity measures
with elevation and latitude as well as comparisons among geographic regions did not

show any significant result (p>0.05).

Ecological niche modelling

A total of 120 records representing Quercus sapotiifolia distribution were used to run
the ENM. Quercus sapotiifolia ENM for the present-day period exhibited a good
performance according to the AUC value (0.090+0.001). This model predicted two
main distribution areas as was also observed for Q. insignis. These areas are formed by:
1. the MM region including the Sierra Madre de Chiapas (SMC) and the trans-isthmian
mountains (TIM) in Guatemala, Honduras and northern Honduras, and ii: the Costa
Rica Mountains (CRM) in LM. The first area showed a more continuous distribution
than the observed in Q. insignis, particularly at Honduras and northern Nicaragua
(Figure 5). The Q. sapotiifolia distribution at UM is almost restricted to the southern
SMS and SMO. For the LGM, both models (CCSM and MIROC) suggested an increase
in the connectivity among areas across the TI region, but a gap between the SMS and
TIM at least in the CCSM model. At the ND both models showed an important gap with
a shallow connection between Nicaragua and north-western Costa Rica according to the
MIROC model (Figure 5). During the LIG the climatic niche distribution is restricted to
the SMS and northern TIM, southern Honduras and northern Nicaragua portions of the
TIM and the CRM. When all models were considered together it was observed that, as

in Q. insignis, most stable areas were located between the SMS and the TIM, as well as

73



at the CRM. In contrast to the climatic niche extension in Q. insignis, Q. sapotiifolia has

more restricted suitable and stable areas at southern Nicaragua (Figure 6).

Discussion

Recent studies regarding the Central American biota have focused on the description of
evolutionary processes such as speciation, extinction, and diversification of flora and
fauna considering the intricate geologic history of this region, its habitat diversity,
palaeoclimatic dynamics and tectonic history (Gutierrez-Garcia and Vazquez-
Dominguez 2013). Gutiérrez-Garcia and Vazquez-Dominguez (2013) proposed the
presence of at least three evolutionary groups in the northern Neotropics based on the
coincidence of genetic differentiation patterns: The Mayan group (located between the
TI and the PMF), the Mid-Central group (between the PMF and the Hess escarpment)
and the Panamanian group (from the HE to the Andes). Within this area other oak
species studied have shown a strong differentiation between Costa Rica and Honduras
associated to the formation of the ND (Q. oleoides; Cavender-Bares et al. 2011;
Cavender-Bares et al. 2015). However, little is known so far about the effects of past
geological and climatic events on the population history of other oak species in the

same area, but that differ from Q. oleoides in climatic niche and habitat.

Quercus insignis and Q. sapotiifolia, exhibited higher haplotype richness (28
and 34 haplotypes, respectively) in comparison to higher latitude oak species that have
been characterized with comparable chloroplast microsatellite molecular markers, such
as the European white oaks complex (from France and the Iberian Peninsula; Quercus
robur, Q. petraea, Q. canariensis, Q. faginea and Q. pyrenaica) which showed 11
haplotypes (Grivet et al. 2006); Q. suber in the western Mediterranean with five

haplotypes (Magri et al. 2007); and Q. garryana in the Pacific northwestern region of
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North America with six haplotypes (Marsico et al. 2009). However, haplotype richness
was lower than in Mexican oak species such as Q. castanea (Pefialoza-Ramirez et al.
unpublished data) which had 90 haplotypes; and similar to haplotype richness in the Q.
crassifolia x Q. crassipes hybrid complex that showed 26 haplotypes (Tovar-Sanchez et
al. 2008) and the Q. affinis x Q. laurina hybrid complex that had 35 haplotypes (Ramos-
Ortiz et al. unpublished data). Also, the values were similar to haplotype richness in Q.
lobata in California, with 39 haplotypes (Grivet et al. 2006). Similarly, within
population diversity (4s) and total diversity (47) observed in Q. insignis (0.65 and 0.95,
respectively) and Q. sapotiifolia (0.51 and 0.96) were higher than in most of the above-
mentioned mid- and high-latitude oak species (0.28 and 0.97 for Q. lobata; 0.11 and
0.75 for the European white oak complex; and 0.08 and 0.67 for Q. garryana) and
comparable to the Mexican species (0.73 and 0.98 for Q. castanea; 0.9 and 0.99 for the

0. affinis x Q. laurina hybrid complex).

Despite that diversity values seem to be clearly associated with the different
geographic regions (higher values within the Neotropics and lower in the temperate
zone), these comparisons should be treated with caution considering that not only the
set but also the number of cpSSR loci used only partially coincide among studies. In
terms of the total number of haplotypes, the genetic diversity was higher at the regional
level for both Q. insignis and Q. sapotiifolia in the MM region than in the UM and LM
regions (Table 1). However, the mean values of within population diversity were not
significantly different according to the Kruskal-Wallis test (p>0.05). Several authors
have attributed high levels of chloroplast DNA diversity to processes such as
introgression and the persistence of large populations through different periods
(Lumaret et al. 2002; Jiménez et al. 2004). It is probable for both Neotropical oak

species (particularly Q. sapotiifolia) that not only processes such as hybridization may
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have been important drivers of the high observed genetic diversity, but also the
persistence of large areas with suitable climatic niches at least since the LGM (Figure
6), may have promoted large effective population sizes through time. This affirmation is
also supported by the absence of historical population demographic expansion signal
and therefore population equilibrium evidenced by the calculated Fu’s Fg values (Table

1) for both species, not only at the population level, but also regionally.

Both oak species exhibited considerable values of genetic structure. Moreover,
significant differences between Ggsr and Nsr (p<0.001) indicated a well-defined
phylogeographical structure. The AMOVA analysis grouping the populations into three
regions (UM, MM and LM) defined by the main geographic barriers (TI and ND) that
were identified through a biogeographic analysis of oak species distribution indicated
that 20.57-30.41% of the genetic variation in Q. insignis (depending on the mutation
model, IAM and SMM, respectively) and 21.21-2.79% in Q. sapotiifolia is found
among the three regions. However, a SAMOVA analysis maximizing the genetic
variance among population groups indicates that in the case of Q. insignis the TI and
ND have not been effective barriers, meanwhile the Barriers analysis suggested that the
same areas (TI and ND) represent zones where genetic distance differ more that it
would be expected by chance. Simultaneously considering the haplotype network of Q.
insignis, it is plausible to infer a complex historical dynamics. The relation between UM
and MM suggests a regional differentiation of the oak populations, with only one shared

haplotype (H27; Figure 2) and the presence of H24 in one individual at eastern TI.

Differences between SAMOVA and Barriers results reflect methodological
differences. SAMOVA search for groups of populations geographically homogeneous

and maximally differentiated from each other, and Barriers identifies boundaries
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between points or study sites based on differences of an attribute distance matrix.
Therefore, SAMOVA results suggested that regional groups of Q. insignis populations
were not defined by major geographic barriers (T1 and ND), however, Barriers identify
punctual differences (between population) in genetic variation at both the TI and ND.
These results reflect that although significant genetic differentiation is observed
between populations at the TI and ND according to Barriers, such differentiation have
not been strong enough to define major genetic linages from the mentioned barriers. The
lack of a well-defined SAMOVA geographic structure concordant with Barriers results
may also reflect the complex evolutionary history of Neotropical oaks characterized by
events of multiple colonization and re-colonization of upper and lower Mesoamerica,

events that could have diluted the geographic structure of the oaks species.

The relation between MM and LM suggests an initial event of colonization of
LM from Honduras, probably followed by at least two events of migration on the
opposite direction (LM to MM) and finally another MM to LM colonization. The
Barriers analysis also showed important differentiation of populations within MM and
LM. Particularly, in the LM region there was a sub-structure dividing the populations
into northern, central and southern groups. Both regions are characterized by high
levels of haplotype diversity and a considerable number of singletons.
Complementarily, ENMs suggested that precisely these areas (MM and LM) have
exhibited stable climatic niche suitability values since the LIG (Figure 6) and, despite
that geographic barriers (particularly TI and ND) seem to interrupt the suitable climatic
areas for the species, through time there have been episodes when connectivity may
have been possible. Other important fact that may have influenced processes of
colonization and re-colonization between MM and LM is the unstable geological

dynamics of the region, characterized by the persistence of intense volcanic activity (as
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most of southern Central America consists of a Neogene-Quaternary volcanic belt) and
tectonic activity related to the Nicaraguan volcanic front, Los Gatusos and San Carlos
lowlands and the Chorotega volcanic front described by Marshall (2007), which

together configure a highly dynamic and heterogeneous geographic area.

Considering the observed differentiation of the LM populations it is also
important to mention the diversity of geological histories that characterize the CRM.
Quercus insignis populations in Costa Rica distribute in the Cordillera de Guanacaste
(CG; 13; Figures 1 and 4), Cordillera Central (CC; i2 and i4; Figures 1 and 4) and
Cordillera de Talamanca (CT; il; Figures 1 and 4). This distribution includes a
Quarternary chain of shield-like stratovolcanos at CG, composite shield volcanoes and
strong climate gradients at CC; the Central Valley (between CG, CC and CT) consisting
of a low-relief upland surface with deeply incised river canyons, active faulting and a
thick accumulation of andesitic to dacitic lavas, pyroclastic rocks, and lacustrine
sediments throughout the Quarternary. Meanwhile, the CT is characterized by a suite of
Neogene-Quaternary intrusive and extrusive rocks and a rapid Quaternary uplift and
glaciated peaks during the Pleistocene (Marshall, 2007). Under such a geological
diverse scenario mainly characterized by high volcanic activity and heterogeneous
mountain systems, the differentiation of oak populations would be expected, even more
considering the limited capability of the oak species to disperse their seeds. Quercus
insignis probably has the largest acorns of any oak in the world (between 7-8 cm in
diameter; Montes-Herndndez and Lopez-Barrera 2013), which could have implied some

restrictions in seed movement.

For Q. sapotiifolia both AMOVA and SAMOVA results suggested a pattern of

genetic differentiation poorly congruent with our a priori regionalization based on the
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presence of the TI and ND. SAMOVA suggested that Mexican populations (s13, s14
and s15; Figure 4) formed a unique group, and results from Barriers also showed a lack
of differentiation associated to the TI (Figure 7). Three populations (s1, s10 and s12)
did not group with other populations, and all the remaining sites formed a unique group
including MM and LM samples. Again the Barriers analysis did not support significant
differences across the ND. Most of the differentiation observed in the Barriers analysis
concentrated at the MM region, particularly near the PMF. The first main barrier was
located at the eastern portion of the TI in the SMC followed by a second barrier
separating Guatemala from Honduras populations. The MM is an area of convergence
among the Maya highlands, the Motagua fault zone and the Chortis highlands. The
potential distribution area of Q. sapotiifolia in Guatemala and Honduras is interrupted
by the Chuacus range and Las Minas range (in the Motagua fault zone) and the western
rifted Chortis highlands. Differentiation among populations indicated by the Barriers
analysis could be attributed to prominent river valleys (such as the Motagua and
Polochic valleys) and major structural depressions associated to the valleys as is it

described by Marshall (2007).

The haplotype network of Q. sapotiifolia (Figure 4) indicates processes of
multiple colonization from MM to UM and LM. Interestingly, the data suggested that
the major barriers (TI and ND) were not an important factor defining the genetic
structure of the species, meanwhile barriers that were not expected as strong drivers of
differentiation as the CRM showed an important effect on the genetic variation
distribution. This unexpected pattern may reflect for the CRM case the importance of
the recent geological, volcanic and climatic heterogenity of the Chortis block on the
distribution of the genetic variation in montane oak species. It is necessary to consider

that Q. sapotiifolia has a wide altitudinal distribution (from 250 up to 2000 m) which
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suggests that this species could have been more successful during processes of
dispersion through the lowlands than other oak species such as Q. insignis that
distributes above the 1500 m. Second, seed dispersal in Q. sapotiifolia should be easier
due to the smaller size of their acorns (~1.5 cm in diameter) (Morales 2010). Therefore,
even under a scenario of few climatic suitable areas connecting MM with UM and LM,
it is possible to suggest long-distance dispersal (e.g. via birds such as passenger pigeons
as it was hypothesized by Nixon, 1985) as a mechanism of dispersal through the main
barriers. Finally, similarly to what was observed for Q. insignis in LM, Q. sapotiifolia
populations located in the CC are genetically differentiated from the population of the
CT, suggesting that Central Valley and the characteristic geology of the CRM described
above may have played an important role in the genetic differentiation of several

Quercus species including Q. sapotiifolia and Q. insignis.

Conclusions

Understanding the effect of historical processes such as tectonics, volcanism and
climate fluctuations on the evolutionary history of the biotas distributed in the northern
Neotropics still requires considerable effort. In the present study, two Quercus species
exemplify the diversity of possible evolutionary histories that can be observed and
reconstructed from a common region. In the case of Q. insignis we observed
coincidences with previous proposed barriers that may have determined the species
phylogeographic structure, the T1 and the ND. The influence of both barriers have been
observed in different biological groups such as mammals (Arellano et al. 2005), reptiles
(Castoe et al. 2003; Hasbun et al. 2005; Daza et al. 2010), birds (DaCosta and Klicka
2008; Vazquez-Miranda et al. 2009), amphibious (Mulcahy et al. 2006) and plants

(Cavender-Bares et al. 2013). All the mentioned studies attributed a role as barriers to
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the TT and ND based on different geological attributes (such as volcanism, tectonics,

and physiography) and/or palacoclimatic events.

On the other hand, the lack of influence of geographic elements such as the TI
and ND, but significant levels of population differentiation due to the geologic
heterogeneity of areas such as the PMF and the Central American volcanic arc also have
been reported for different organismal lineages such as plants (Novick et al. 2003;
Jardon-Barbolla et al. 2011) and mammals (Eizirik et al. 1998, 2001; Ordofiez-Garza et
al. 2010). Once again the mentioned studies not only considered different geological
features, but also palaeoclimatic information in order to explain the patterns observed in
their studies. The findings of the present study suggest a complex evolutionary history
of the oaks populations in the northern Neotropics. The most striking indirect finding is
the possibility of a MM origin of the species analyzed; this is particularly clear for Q.
sapotiifolia. This affirmation is based on the important diversity exhibited in its
populations and the evidence of processes of multiple colonization from MM to both
UM and LM and even re-colonizations from LM to MM. The evaluation of possible
Central American origin of this species should be considered in future oak species (or
even other taxa) phylogeographic and phylogenetic studies considering that northern
Neotropics characterized by being the encounter point between Nearctic and
Neotropical biotas under an extremely complex geologic and climatic scenario, the

perfect combination for novel evolutionary processes as we observe in this study.
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Tables
Table 1. Quercus insignis and Q. sapotiifolia population geographic information
summary, genetic diversity and genetic structure estimates. n: sample size, hs: within

population genetic diversity. UM: upper Mesoamerica, MM: middle Mesoamerica, LM:

lower Mesoamerica, CR: Costa Rica, HON: Honduras, GUA: Guatemala, MEX:

Mexico.
Allelic
Country/  Elevation Total richness Fu's p-
ID Longitud Latitude Region (m.as.l) n_ haplotypes (rarefacted) kg Fs value
il -82.93 9.4 CR 725 5 2 1.60 040 0.2 0.94
i2 -83.98 9.88 CR 1715 7 4 2.46 0.80 0.5 0.15
i3 -84.8 10.3 CR 1401 3 3 3.00 1.00 0.66 0.62
i4 -84.01 9.95 CR 1372 5 2 1.60 040 0.68 0.94
i5 -83.81 9.54 CR 2451 10 5 2.50 0.82 0.23 0.07
LM 30 12 8.56 091 0.22 0.58
E‘O i6 -87.95 14.53 HON 1638 7 3 1.86 0.52 0.18 0.76
§ i7 -87.81 14.76 HON 1505 7 6 2.86 095 0.13 0.65
§ i8 -87.95 14.76 HON 846 6 3 2.00 0.60 0.25 0.51
§J i9 -87.12 14.24 HON 1754 5 2 1.90 0.60 0.37 0.4
il0 -87.07 14.04 HON 1507 6 4 245 0.80 0.27 0.21
MM 31 16 10.07 093 -1.89 0.25
ill -97.04 19.18 MEX 1408 7 2 1.71 047 0.72 0.93
il2 -96.94 17.43 MEX 802 5 2 1.60 040 0.68 0.49
il3 -96.96 19.37 MEX 1059 3 2 2.00 0.66 1 0.56
i14* -92.9 16.8 MEX 1108 1 1 NA NA NA NA
UM 15 2 2 042 4.14 0.96
sl -83.96 9.7 CR 1671 5 2 1.60 040 1.68 0.76
s2 -84.25 10.14 CR 2276 9 3 2.05 0.63 1.85 0.48
LM 14 5 5.00 0.79 135 0.77
s3 -86.79 13.39 HON 1938 11 3 1.76 047 -0.65 0.1
s4 -87.13 13.9 HON 1832 9 3 1.67 041 -1.08 0.07
s5 -87.09 13.98 HON 1317 6 3 2.00 0.60 -0.85  0.08
& s6 -87.07 14.04 HON 1122 8 7 2.89 096 -2.62 0.05
% s7 -87.06 14.22 HON 2004 8 5 2.59 0.85 -1.74  0.06
§" s8 -88.21 14.27 GUA 1298 10 3 1.60 0.37 0286 145
§ s9 -96.46 14.69 GUA 1468 9 4 1.99 0.58 221 0.86
§, s10 -91.88 14.83 GUA 1524 14 2 1.54 0.36 0.65 0.45
sll -90.98 15.49 GUA 1507 18 2 1.44 0.29 0.46 0.38
s12 -90.98 15.49 GUA 1914 3 1 1.00 0.00 NA NA
s13 -91.7 16.11 MEX 1501 6 2 1.50 0.33 1.6 0.72
sl4 -94.18 16.89 MEX 1908 3 2 2.00 0.66 0.38 0.2
MM 105 22 7.82 0.88 -0.65 047
s15 -97.04 19.18 MEX 1178 20 7 5.64 0.64 3.02 0.91
UM 20 7 5.64 0.64 3.02 0.91
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Table 2. Hierarchical analysis of molecular variance (AMOVA) using Fsr and Rgy for

Quercus insignis and Q. sapotiifolia. Groups category corresponds to UM, MM and

LM.

Quercus insignis

Quercus sapotiifolia

Variance Percentage of
Source of variation d.f. S.S. components variation
Fsr
Among groups 2 42.33 0.6 20.57 ®=0.20*
Among populations within groups 10 83.24 1.24 42.22 Dg=0.53*
Within populations 63 69.19 1.09 37.2 $=0.62*
Total 75 194.77 2.95
RST
Among groups 2 550.86 9.01 30.41 ®=0.30*
Among populations within groups 10 848.43 13.38 45.18 ®y=0.64*
Within populations 63 455.6 7.23 24.41 d=0.75*
Total 75 1854.67 29.62
FST
Among groups 2 65.96 0.52 21.21 P=0.21%*
Among populations within groups 12 142.36 1.33 53.93 ®y=0.68*
Within populations 124 76.58 0.61 24.87 $=0.75*
Total 138 284.91 2.48
RST
Among groups 2 588.97 0.87 2.79 D=0.02
Among populations within groups 12 2099.73 19.54 62.39 Pgc=0.64*
Within populations 124  1352.21 10.9 34.82 ®=0.65*
Total 138  4040.92 31.32

94



Figures

Figure 1. Quercus insignis and Q. sapotiifolia distribution represented by white and
black triangles respectively. Elevation of the northern Neotropics is represented in a
grey scale from lowlands (white) to highlands (black). SMO: Sierra Madre Oriental,
SMS: Sierra Madre del Sur, TI: Tehuantepec Isthmus, SMC: Sierra Madre de Chiapas,
PMF: Polochic-Motagua fault system, TIM: Trans-Isthmian mountains, ND:
Nicaraguan Depression, CRM: Costa Rica mountains. Inside dotted and solid rectangles
were represented details of MM and LM as follows: MH: Maya highlands, CRa:
Chuacus range, LM: Las Minas range, MFZ: Motagua fault system, wCH: western
rifted Chortis highlands, CH: central Chortis highlands, CG: Cordillera de Guanacaste,
VC: Valle Central, CC: Cordillera Central, CG: Cordillera de Talamanca, CVF (solid

line): Chorotega volcanic front.

Quercus insignis

Quercus sapotiifolia
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Figure 2. Haplotype distribution for Quercus insignis, circles diameter is proportional
to populations number and haplotype frequency. Northern Neotropics is divided in
upper Mesoamerica (red line), middle Mesoamerica (green line) and lower
Mesoamerica (yellow line). Haplotype network is also represented by the presence of
the haplotypes per region. Grey and White haplotypes correspond to unique haplotypes
in MM and LM respectively. Numbers inside parenthesis correspond to populations
where the haplotype was observed. Bold numbers correspond to the number of observed
differences between haplotypes. Orange circles represent expected haplotypes (not

observed).
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Figure 3. Present-day (1950-2000), Last Glacial Maximum (~21 ka BP) and Last
Interglacial (~120 ka BP) Ecological Niche Models for Quercus insignis in northern

Neotropics.

Present-day

~21 ka BP (MIROC) 4 | ~120 ka BP
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Figure 4. Haplotype distribution for Quercus sapotiifolia, circles diameter is
proportional to populations number and haplotype frequency. Northern Neotropics is
divided in upper Mesoamerica (red line), middle Mesoamerica (green line) and lower
Mesoamerica (yellow line). Haplotype network is also represented by the presence of
the haplotypes per region. Dark grey, light grey and white haplotypes correspond to
unique haplotypes in UM, MM and LM respectively; green and blue dotted haplotypes
correspond to the most widely distributed haplotypes in MM. Numbers inside
parenthesis correspond to populations where the haplotype was observed. Bold numbers
correspond to the number of observed differences between haplotypes. Orange circles

represent expected haplotypes (not observed).
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Figure 5. Present-day (1950-2000), Last Glacial Maximum (~21 ka BP) and Last
Interglacial (~120 ka BP) Ecological Niche Models for Quercus sapotiifolia in northern

Neotropics.

~21 ka BP (CCSM)

~21 ka BP (MIROC) ¥ |~120 ka BP
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Figure 6. Quercus insignis and Quercus sapotiifolia stable areas of distribution since
the Last Interglacial (~120 ka BP). Black category corresponds to the areas where the
distribution converge in the four models used. Dark grey corresponds to the areas where

models for the present-day and LGM models converge.

Quercus insgnis

Quercus sapotiifolia
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Figure 7. Geographical location of the most important genetic discontinuities (black
lines for Quercus insignis and white lines for Q. sapotiifolia) using the Monmomier’s
maximum difference algorithm for both Quercus species populations (white triangles
for Q. insignis and black triangles for Q. sapotiifolia). Elevation of the northern
Neotropics is represented in a grey scale from lowlands (light gray) to highlands
(black). SMO: Sierra Madre Oriental, SMS: Sierra Madre del Sur, TI: Tehuantepec
Isthmus, SMC: Sierra Madre de Chiapas, PMF: Polochic-Motagua fault system, TIM:

Trans-Isthmian mountains, ND: Nicaraguan Depression, CRM: Costa Rica mountains.
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Abstract

Lower Central America has been proposed as a fundamental area to study recent
historical assembly and diversification of Neotropical species due to its complex and
dynamic geological, climatic and biological history. Studies regarding phylogeography
of Neotropical species are few in comparison with other regions and even less for tree
species. We set as the aim of the present study to characterize the phylogeographic
structure in two co-distributed oak species (Quercus costaricensis and Q. bumelioides)
of the Costa Rican mountains and to describe its historical demography by
characterizing populations of both species using chloroplast short sequence repeats.
Genetic diversity, genetic structure, minimum-spanning haplotype networks, patterns of
gene-flow and historical demography were described for both species and discussed
based on the geologic and climatic history of Costa Rica. Results suggested contrasting
phylogeographic patterns between both species. Q. costaricensis exhibited high values
of genetic diversity, a marked phylogeographic structure defined by mountain ranges, a
north-to-south genetic diversity gradient and evidence of a demographic expansion
during the Quaternary. Quercus bumelioides did not show any genetic structure and
both, the haplotype network and historical demography estimates suggested a recent
colonization and population expansion, probably during the Upper Pleistocene-
Holocene transition. Phylogeographic structure of Q. costaricensis seems to be related
to Pleistocene altitudinal migration due to its (mostly) upper montane forest
distribution. Meanwhile, the high levels of gene-flow and lower montane forest
distribution of Q. bumelioides may have promoted the homogenization of genetic
variation. Population expansion and stable suitable climatic areas in both species
probably indicate that historical climatic change did not promote the species isolation in
higher lands. On the contrary, downwards altitudinal migration allowed both species to

expand their distribution into the Panamanian mountains during interglacial stages.

Keywords: Quercus, Fagaceae, Middle America, phylogeography, gene-flow,

chloroplast microsatellites.
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Introduction

Neotropical oaks distribute from the Mexican transition zone down to the northern
Andes. Along this distribution, there is a marked reduction in species richness from
north to south (Nixon 2006). There are only nine Quercus species in Costa Rica
(Morales 2010), but oaks still have a great ecological importance in this area, in terms
of abundance and biomass. Even more, some individuals in oak stands in Costa Rica are
among the tallest for the genus in America (Nixon 2006). In terms of Quercus
biogeography, the Costa Rican mountains are the only area of endemism in the Central
American region, while the limit between the Nicaraguan depression and the Costa
Rican mountains are an important turnover point for Quercus species composition
(Rodriguez-Correa et al. 2015) as different species reach its natural boundary in this
region (Quercus elliptica, Q. skinerii, Q. peduncularis, Q. segoviensis, Q. purulhana).
The importance of the Costa Rican mountains as drivers of evolutionary processes has
been recognized not only in biogeographic studies. Genetic studies also have suggested
a close relation between the tectonic and climatic history of the area with the
colonization history of lower Central America by plant species such as oaks (Cavender-
Bares et al. 2011, 2015) and orchids (Kartzinel et al. 2013). The congruence between
genetic structure and geological history has also been reviewed by Gutiérrez-Garcia and
Vazquez-Dominguez (2013) for a wide variety of taxa. The authors suggested that
Costa Rica, Panama and a portion of the Colombian Darien together configure an

evolutionary group defined by common patterns of genetic arrangement, the Panamian

group.

The Panamian group proposed by Gutiérrez-Garcia and Véazquez-Dominguez

(2013) is characterized mainly by: i. the presence of species that are genetically
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differentiated from those present in other geological regions such as the Mayan block
and Mid-Central America, ii. marked genetic structure between the north and south, and
also between the Pacific and the Caribbean limits of the region and iii. the presence of
barriers to gene flow in areas such as Boca del Toro (between Costa Rica and Panama)
and the Darien Isthmus. All of the mentioned patterns are related to geological and
climatic processes characteristic of the region, which biogeographically is included in
the Pacific dominion of the Neotropics. This dominion is in turn divided into two
biogeographic units, the Guatuso-Talamanca and the Puntarenas-Chiriqui provinces
(Morrone 2014). Both provinces are characterized by a dynamic and heterogeneous
tectonic and climatic history as it is highlighted by Gutiérrez-Garcia and Vazquez-
Dominguez (2013). Geologically, both the Guatuso-Talamanca and the Puntarenas-
Chiriqui provinces are included in the Chorotega block that is characterized by the
presence of a Neogene-Quaternary volcanic belt. The Chorotega block is limited by a
major fault lineament from Costa Rica’s Elena peninsula eastward to the Hess
escarpment at the north, and a basement suture at the Panama Canal Zone at the east

that separates the Chorotega block from the Choco block (Marshall 2007).

Despite the climatic, geologic and biogeography heterogeneity exhibited by the
Chorotega block, until recent times, the evolution of the biota in this area has been
discussed focusing on the idea that the region represents a mere biogeographic
crossroad between Nearctic and Neotropical taxa (Bagley and Johnson 2014). However,
in the last few years, different authors have remarked the fact that areas such as the
Nicaraguan depression, the Boca del Toro region, the Talamanca range and the Darien
isthmus have played an important role in shaping the distribution and genetic structure
of several Neotropical species (including oak species) (Torres-Miranda et al. 2011;

Gutiérrez-Garcia and Vazquez-Dominguez 2013; Torres-Miranda et al. 2013; Bagley
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and Johnson 2014; Rodriguez-Correa et al. 2015). Bagley and Johnson (2014)
emphasized that the apparent lack of phylogeographic structure in plant species of
Lower Central America can be explain by the effect of using low resolution genetic
markers and a bias towards studying species with high relative dispersal potential. They
also remarked an important taxonomic sampling bias between animals and plants,
favoring animal studies with a 9:1 ratio. Bagley and Johnson (2014) also mentioned the
need of more phylogeographic studies dealing with co-distributed plant species
inhabiting premontane and montane forest belts. So far, few studies have attempted to
describe seed-mediated gene flow and species historical demography in plat species in

this region (e.g. Kartzinel et al. 2013).

In Costa Rica, a wide altitudinal distribution has been described for Quercus
species (from zero up to 3500 meters), as well as an important diversity of plant taxa
associated to oak forests (more than 253 vascular plant genera; Kappelle 2006). There
are also differences in oak species composition between the Costa Rican Pacific and
Atlantic slopes (Kappelle and van Uffelen 2006). Within the Costa Rican oak forests is
common to observe co-occurring species; this is particularly true for Quercus
costaricensis and Q. bumelioides in the upper montane forests and Q. seemanni and Q.
bumelioides in the lower montane forests. It is interesting that both Quercus
costaricensis (a red oak belonging to section Lobatae) and Q. bumelioides (a white oak
in section Quercus) exhibit strikingly similar foliage characterized by elliptic leaves
with impressed venation and usually conspicuous tomentum on the lower surface leaves
(Nixon 2006). Therefore, these similarities have been attributed to parallelism in
response to similar environments (Nixon, 2006). The main differences between the
species lies on the acorn production as Q. costaricensis seems to produce large crops of

acorns and Q. bumelioides produce acorns sporadically (Nixon 2006), and their
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altitudinal distribution, that although overlaps, suggests that Q. costarricensis is more
dominant in higher elevations ((1800-)2300-3600 meters) than Q. bumelioides ((600-

)1100-2900 meters) (Morales 2010).

This scenario of two congeneric species with similar seed-mediated dispersal, an
important degree of simpatry and therefore similar environmental niches, configures an
important opportunity to test if historical processes associated to geology and climate
have shaped equally the species population dynamics in a heterogeneous landscape as
the Costa Rican mountains. Therefore, we set as aim of this study: i. to describe the
phylogeographic structure in two partially co-distributed oak species (Quercus
costaricensis and Q. bumelioides) in the Costa Rican mountains, ii. to characterize
historical demographic patterns in these two species, iii. to describe patterns of seed-
mediated gene flow among populations within the two oak species, and iv. to compare
phylogeographic and gene-flow patterns observed in the Costa Rican montane oak

species with other Quercus species.

Methods

Studied species

Quercus costaricensis and Q. bumelioides belong to the Lobatae and Quercus sections
of Quercus (Fagaceae), respectively. Quercus costaricensis is a black bark tree that
reaches a height between 3 and 50 meters, with obovate and tomentose leaves. The
species is distributed in montane forests and paramo ecosystems in both slopes of the
Costa Rica Central Cordillera and Cordillera de Talamanca. Quercus bumelioides has a
gray to white-gray bark with obovate to elliptic leaves. It is distributed in montane
forests (including primary and secondary forests) of the Cordillera de Guanacaste,

Cordillera de Tirilan, Cordillera Central and Cordillera de Talamanca. Overall, we
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sampled between five and nine individuals per species from seven populations of Q.
costaricensis, and between four and 15 individuals in six populations of Q. bumelioides

across their distribution range in Costa Rica.
DNA isolation and microsatellite amplification

Total DNA was extracted using the QIAGEN DNeasy plant mini kit. Nine chloroplast
DNA (cpDNA) microsatellite loci designed for Fagaceae species (cmcs2, cmcs3,
cmcs4, cmcesS, cmes6, cmes7, cmesl0, cmes12 and cmcesl4; Sebastiani et al. 2004)
were screened and tested for polymorphism, using two primer groups (cmcs3, cmcs4,
cmesS, cmes6 formed the first group and cmces2, emces7, cmes10, cmes12, cmcesl4 the
second group) for multiplexing reactions grouped by expected allels size and
flourecense. Polymerase chain reactions (PCR) were performed using a QIAGEN
multiplex PCR kit with a final volume of 5 pL containing 1X multiplex PCR master
mix, 0.25 mM of each primer, 10 ng of DNA and dH,O. Amplification was performed
using an initial denaturation step for 15 min at 95°C, followed by 35 cycles, each of 30 s
at 95°C, 1.5 min at 55°C and 1 min at 72°C, and a final extension step for 30 min at
60°C. PCR products were analyzed in a ABI-PRISM 3300 Avant sequencer (Applied
Biosystems) and the resulting electropherograms were processed using the Peak

Scanner program version 2.0 (Applied Biosystems).
Genetic diversity and structure

Haplotypes were defined as unique combinations of size variants for the evaluated
chloroplast microsatellite loci. Rarefacted haplotype richness (4AR), haplotype diversity
with unordered alleles (#; Pons and Petit 1996), non-standardised gene diversity with
ordered alleles (v; Pons and Petit 1996) and the mean pairwise genetic distance among

individuals within a population under a stepwise mutation model (D*sy; Goldstein et al.
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1995) were calculated for the populations of both species using SPAGeDi version 1.1
(Hardy and Vekemans 2002). Genetic differentiation and phylogeographic structuring
were assessed by calculating Gst (the coefficient of genetic differentiation with
unordered alleles) and Ngr (the coefficient of genetic differentiation with ordered
alleles) with SPAGeDi version 1.1 (Hardy and Vekemans 2002). This program also
implements a permutation test to evaluate if the values of Gst and Nsr are significantly
different. A higher value of Nsr than Gyr indicates phylogeographic structure in the
populations, resulting from the presence of closely related haplotypes within the same

populations (Pons and Petit 1996).

The partitioning of the genetic variation between and within populations was
estimated using a hierarchical analysis of molecular variance (AMOVA). AMOVA was
calculated considering both Fsr-like (based on the infinite alleles mutation model, IAM)
and Rgsr-like (based on the stepwise mutation model, SMM) measures and using 10,000
permutations in Arlequin version 3.5 (Excoffier et al. 2005). Haplotype relationships
were inferred using a minimum spanning network with the median-joining method
(Bandelt et al. 1999) and a maximum parsimony search (Polzin and Daneschmand

2003) in Network version 4.6 (available at www.fluxus-engineering.com). To assess

possible geographical patterns in genetic diversity levels, the correlation of AR, hg and
D’sy and the latitude of the populations was determined using R version 3.1.2.
However, this analysis was only performed for Q. costaricensis because of the small

latitudinal range of Q. bumelioides samples.
Genetic barriers and gene flow estimation
The location of the most important genetic discontinuities for Q. costaricensis was

determined using the Monmomier’s maximum difference algorithm implemented in
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BARRIER version 2.2 (Manni et al. 2004). For this purpose, a pairwise matrix of
average square genetic distance (ASD; Goldstein et al. 1995; Slatkin, 1995) was
calculated. To provide bootstrap support to the observed genetic barriers the matrix was
randomly resampled 100 times. Only barriers with a bootstrap support value over 80
were reported. Quercus bumelioides was excluded from this analysis considering the

lack of significant genetic structure (see results).

In order to estimate gene flow patterns, mutation scaled immigration rate (M)
between populations was estimated for Q. costaricensis and Q. bumelioides, using a
maximum likelihood coalescent approach implemented in MIGRATE version 3.2.19
(Beerli and Felsenstein 2001). In this analysis an initial genealogy started from a
random tree and initial migration rate and theta parameters were estimated from Fgr.
Ten short chains (5 x 10° genealogies sampled) and three long chains (1 x 10’
genealogies sampled) after discarding 1 x 10* genealogies as a burn-in were run under a
Brownian motion approximation as the mutation model. Analyses were run three times

using different starting seeds in order to check for parameters estimates consistency.
Historical demography

Events of demographic expansion were assessed using the F statistic (Fu, 1997) and
the mismatch distribution test (Rogers and Harpending 1992) for Q. costaricensis and
0. bumelioides. Fs estimations were calculated using Arlequin version 3.5 (Excoffier et
al. 2005) using cpSSR data coded in binary form as suggested by Navascués et al.
(2006). This analysis was performed at the population level and also considering all
populations of each species as a single group due to the low genetic structure observed.
For those populations or groups of populations that exhibited negative and significant

Fs values and non-significant raggedness values, the estimation of the time to the
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population expansion in mutational units (t) was calculated using the maximum-
pseudolikelihood method implemented in the LMSE software (Navascués et al. 2009),
which accounts for homoplasy. The time to expansion in years was calculated using the
expression T = 2/ut (/: number of microsatellite loci, u: microsatellite mutation rate and
t: generation time; Rogers and Harpending 1992) considering a per-locus mutation rate
between 1 x 107 and 1 x 10™, as well as a generation time between 50 and 100 years

(Navascués et al. 2009; Heuertz et al. 2010).
Ecological niche modelling

Climatically suitable areas for Q. costaricensis and Q. bumelioides during the Last
Interglacial (LIG; ~120 ka BP), the Last Glacial Maximum (LGM; ~21 ka BP) and the
present-day (PD) periods were estimated using ecological niche models (ENMs) in
Maxent version 3.3.3a (Phillips et al. 2006). Occurrence data were downloaded for both
species from a public repository (Global Biodiversity Information Facility;
www.gbif.org). Geographic information was filtered according to the reported
distribution and altitudinal range of each species. Environmental data used to run the

models were obtained from a set of 19 bioclimatic variables described by Hijmans et al.

(2005; www.worldclim.org) at a spatial resolution of 30 arc-seconds (~1 Km). From
this 19 variables, a sub-set was defined by eliminating one variable from each pair of
highly correlated bioclimatic variables (r>0.7) and prioritizing more general versus
more specific variables. Only data points separated by more than 0.1 decimal degrees
with respect to their nearest neighbour were used in order to reduce aggregation of

geographic records.

ENMs were estimated after 100 replicas using the bootstrap resampling method

using the 30% of the presence records to calculate quality estimators and 70% to run the
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models. In the absence of palacoecological data to build the LGM and LIG models, the
‘projection’ option in Maxent was used to obtain palacodistribution maps for both
species. Projections into past periods were estimated using three general circulation
model layers, the Community Climate System Model (CCSM) and the Model for
Interdisciplinary Research on Climate (MIROC) for the LGM, and a model proposed by
Otto-Bliesner et al. (2008) for the LIG. The area under the receiver operating
characteristic (ROC) curve analysis (AUC; Fielding & Bell, 1997) was used to
determine the model quality, and the fixed cumulative value 1 logistic threshold (FCV)
was used to calculate binomial outputs. FCV was used as it has been suggested as an
appropriated threshold criteria in other Neotropical species analysed with
palaeoecological methods involving ENM (Rodriguez-Correa et al. unpublished data).
Finally the stability of climatically suitable areas through the different time periods was

determined by overlaying the obtained distribution maps.

Results

Genetic diversity and genetic structure

A total of 42 individuals distributed in six populations and 75 individual distributed in
seven populations were characterized for Q. costaricensis and Q. bumelioides,
respectively (Figure 1, Table 1). All the nine cpSSR were polymorphic and the number
of alleles for each locus varied from two to four in both species. The number of
haplotypes per species was 18 including eight singletons and six haplotypes private to a
single population for Q. costaricensis and 26, with 15 singletons and two private
haplotypes for Q. bumelioides. Mean (s.e.) hs and total gene diversity (47) were 0.68
(0.021) and 0.95 (0.028), respectively for Q. costaricensis, and 0.825 (0.038) and 0.84

(0.037) for Q. bumelioides. Genetic differentiation (s. e.) among populations in Q.
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costaricensis was 0.275 (0.029; p<0.05) for unordered alleles (Gsr) and 0.485 (0.045;
p<0.05) for ordered alleles (Nsr). Meanwhile, Q. bumelioides exhibited non-significant
(p>0.05) values for both Gs7(0.003 + 0.029) and Ngr (0.005 £ 0.028). The presence of
phylogeographic structure in Q. costaricensis was supported by significant Nsy >Ggr
(p<0.001), but in Q. bumelioides the difference between Gsrand Ngr was not significant.
AMOVA (Table 2) showed for that both Fisr and Gsr-like measures in Q. costaricensis
the partitioning of the genetic variation was similar among populations (49.52% for
IAM and 52.81% for SMM). In Q. bumelioides both differentiation values were non-
significant. Correlation tests of latitude versus AR (r=-0.91, p<0.01), hs (r=-0.88,
p<0.01) and latitude of the Q. costaricensis populations showed a significant increment
of genetic diversity as population latitude decrease and no relation between D’gy and

latitude for the sampled populations (r=0.072, p>0.05).

The haplotype network in Q. costaricensis (Figure 2a) showed that haplotype
H14 was present in four populations across the range of the species. Other three
haplotypes (H2, H6 and H7) were present in two populations each, and the rest of the
haplotypes were private to a single population or were singletons. All of the haplotypes
were separated by one mutational step with the exception of haplotype H16 that was
separated by three mutations from haplotype H10. The haplotype network of Q.
bumelioides (Figure 2b) was characterized by having a star-shaped pattern, with two
frequent and widely distributed haplotypes (H12 and H13), and a large number of
singletons (16) and two private haplotypes (H6 and H19). This haplotype network
indicated the presence of four non-sampled haplotypes and suggested that haplotypes

H6, H17 and H26 were separated from the main network by two mutational steps.

Genetic barriers and gene flow estimation
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Significant discontinuities in the Quercus costaricensis genetic distances were identified
separating populations ¢2 located at northern CG, cl located at southern CG and ¢3
located at the CC. Populations restricted to the CT (c4, ¢5 and c6) were grouped
together without any significant differentiation between them (Figure 3). Mutation
scaled immigration rate (M) between populations of Q. costaricensis ranged from cero
to 6.58 and 11 comparisons (from a total of 30 comparisons) showed M values
significantly greater than 1 (Table 3). Paired comparisons between populations c1/c5
and c5/c6 the only ones that exhibited gene flow in both directions. Population c4 was
identified as a source population and the southern populations (c4, c¢5 and c6)
maintained differential levels of gene flow between them (c5—c4, c5<c6, c6—c4).
Meanwhile population cl (northernmost population) appears to be a sink population
from the southern (CT) populations. Quercus bumelioides mutation scaled immigration
rate (M) between populations (42 comparisons) exhibited M values significant greater
than 1 ranging from 1.2 to 2.9 (Table 3). Paired comparisons between populations
b4/b2 and b4/b7 exhibited gene flow in both directions. Two populations located at the
CC acted as important source populations, bl (b1—b2, bl—b5 and bl—b7) and b3
(b3—b2, b3—b4 and b3—b7); meanwhile populations b4 and b7 were identified as the
most common sink populations (b2—b4, b3—b4, b5—b4, b3-b7 and bl —b7, b2—b7,

b3—b7, b4d—b7).

Historical demography

Four Q. costaricensis populations (cl, c2, c3 and c4) as well as all populations as a
whole exhibited significant negative Fs values and non-significant raggedness values
(Table 4). The estimation of the time to the population expansion (low mutation rate and

long generation time/high mutation rate and short generation time) ranged between
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826/41 and 1210/60 ka BP, meanwhile considering all populations as a unit the
demographic expansion was dated 2355/117 ka BP. Q. bumelioides populations bl, b3,
b4 and b7 also exhibited significant negative Fs values and non-significant raggedness
values (Table 4), however the estimation of the time to the population expansion
showed a different pattern from Q. costaricensis. Demographic expansion ranged
between 588/29 and 1110/55 ka BP and considering all populations as a unit event more

recently, 316/15 ka BP.

Ecological niche modeling

Ecological niche modeling for Q. costaricensis and Q. bumelioides presented a good
performance as indicated by the AUC values (0.997 and 0.998 respectively). Q.
costaricensis climatic suitable areas distributed over the 1000 meters line through the
highlands in the present-day and both 21 ka BP scenarios (Figure 4a, b and c). In the
120 ka BP scenario (Figure 4d) even though the climatic suitability values did not
decrease, the potential distribution of the species showed a shift southwards into the
Panamanian mountains. In contrast, Q. bumelioides climatic suitable areas extended
above the 1000 meters line all over the mountainous region of Costa Rica and Panama
during the present-day and 21 ka BP scenarios (Figure 5a, b and c). However, in the 120
ka BP scenario (Figure 5d) the distribution of the species importantly decreased and got
restricted to the Panamanian mountains. When temporal scenarios were considered
together for Q. costaricensis (Figure 6a) it was noticed that the areas that have remained
stable since the 21 ka BP (grey areas) and the 120 ka BP (black areas) periods are found
mainly in the CT. Meanwhile, for Q. bumelioides stable areas covered most of the Costa

Rican mountains under both 21 ka BP (gray areas) scenarios but are restricted to the
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Panamanian mountains for the period between 120 ka BP (black areas) and the present

(Figure 6b).

Discussion

Southern Central America is a complex and dynamic region not only from the
geological perspective, but also from the point of view of the evolutionary history of the
biotas that distribute therein. The phylogeographic structure of different taxa has been
characterized within the area comprising from northern Costa Rica to the Darien
Isthmus. However most of these studies have been focused on animal species such as
amphibians (Johnson et al. 1999; Garcia-Paris et al. 2000; Crawford et al. 2007;
Streicher et al. 2009; Hauswaldt et al. 2011; Brusa et al. 2013), mammals (Ruiz-Garcia
et al. 2012) and fish (Larson et al. 2012; Bagley and Johnson 2014b). Meanwhile,
studies of plants have been almost restricted to lowland species (in many cases with
wide distribution range) from genus such as Bursera, Brosimum, Ficus (Poelchau and
Hamrick 2011), Jacaranda, Luehea, Simarouba (Jones et al. 2013), Symphonia (Dick
and Heuertz 2008; Jones et al. 2013), Quercus (Cavender-Bares et al. 2011 and 2015),
Cedrela (Cavers et al. 2003) and Cordia (Rymer et al 2013). Studies of the
phylogeographic structure of plants in southern Central America dealing with montane
species are practically absent. Apparently, only the patterns of contemporary and
historical gene-flow in orchid species across southern Central America mountain ranges

have been analyzed so far (Kartzinel et al. 2013).

In comparison to other oak species, Q. costaricensis and Q. bumelioides
exhibited lower haplotype richness (18 and 26 haplotypes, respectively) and similar
values of /g and /7 (0.68 and 0.97 respectively for Q. costaricensis, 0.825 and 0.84 for

0. bumelioides) than other Neotropical oak species (characterized using similar cpSSR
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loci) such as: i. the Quercus affinis x Quercus laurina hybrid complex with 35
haplotypes, hs= 0.9 and A7y = 0.99 (Ramos-Ortiz et al. unpublished data), ii. Quercus
castanea with 90 haplotypes, hs= 0.73 and A7y = 0.98 (Penaloza-Ramirez unpublished
data), 1ii. Q. castanea studied at a regional scale with 21 haplotypes, Ag= 0.71 and hy=
0.54 (Valencia-Cuevas et al. 2014), iv. Q. insignis and Q. sapotiifolia with 28 and 34
haplotypes respectively, hg= 0.65 and 0.95 and 47=0.51 and 0.96 (Rodriguez-Correa et
al. unpublished data). In contrast, both, Q. costaricensis and Q. bumelioides exhibited
higher genetic diversity values than the Andean oak (Q. humboldtii; 18 haplotypes, hs =
0.418 and Ay = 0.453; Rodriguez-Correa et al. unpublished results), as well as other
Quercus species such as the European white oaks complex (11 haplotypes; Grivet et al.
2006), Q. suber in the western Mediterranean (five haplotypes , Magri et al. 2007) and
Q. garryana in the Pacific northwestern region of North America (six haplotypes;
Marsico et al. 2009). Although diversity values seem to be consistently higher within
Neotropical oak species compared to Nearctic Quercus species, this comparisons should
be treated carefully considering that not only the set but also the number of cpSSR loci

used are not exactly the same between studies.

In terms of genetic structure, Q. costaricensis exhibited a significant Ng; >Gy
(P<0.001) difference, which indicated phylogeographic structure. AMOVA also
suggested that a significant proportion of the genetic variation is distributed among
populations under both Fsr and Rsr-based measures (Table 2). The haplotype network
showed a considerable number of unique and private haplotypes and only one haplotype
distributed through almost all the populations (H14; Figure 2). Correlation tests between
latitude and genetic diversity suggested that number of haplotypes, haplotype richness
and Agtended to increase in a north to south direction. Together, the phylogeographic

structure, the partitioning of the genetic variation between populations and within
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populations and the haplotypes distribution suggested that the spatial configuration of
the genetic variation may have been shaped by historical (e.g. geologic and climatic)
events. This idea is supported by the fact that the most important genetic discontinuities
for Q. costaricensis were observed separating the most important mountain systems in
Costa Rica, the CG, CC and CT (Figure 1 and Figure 3). Besides to the geographic
genetic discontinuities, the gene flow analysis suggested that the c2 population (north,
CG) acted as a sink population and population c4 (south, CT) acted as source
population, at the time that maintained gene flow with its CT neighbours (c5 and ¢6). Q.
costaricensis 1s dominant at higher elevations (1800-2300 and up to 3600 meters;
Morales 2010), therefore the geologic heterogeneity of the Costa Rican mountains may
have affected historical patterns of seed-mediated gene flow, considering that most of
the acorn dispersal in oaks is determined by gravity and in a lesser extent by animals.
Even though Q. costaricensis populations are distributed within a single physiographic
province, the Chorotega block, the observed phylogeographic structure makes sense

when considering the geological heterogeneity of the Costa Rican mountains.

The Chorotega block limits at the east (in the Panama canal zone) with the
Choco6 block, and both are situated within a region of complex tectonics between the
Caribbean, South American, Cocos and Nazca plates. The Chorotega block is
characterized by Cenozoic volcanism and upper-plate deformation mediated by
complex tectonics along the southern Middle America trench (Marshall 2007). Inside
the Chorotega block, the Chorotega volcanic front is characterized by the presence of a
complex volcanic belt that includes the CG, Cordillera de Tirilan, Cordillera de
Aguacate, CC and CT, all generated by Cenozoic tectonics (Marshall 2007). CG is
formed by distinct mountains configured by a Quaternary chain of shield-like

stratovolcanos distributed above a surrounding low-relief matrix (Marshall 2007) which
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may explain the presence of geographical barriers between north and south of CG. The
low-relief matrix separating mountains represents a climatically unsuitable area for Q.
costaricensis (Figures 4 and 6) determining a low level of gene flow from this region

(Table 3) and therefore low genetic diversity in CG populations cl and c2 (Table 1).

Southwards from the CT, two important genetic discontinuities for Q.
costaricensis were observed separating CC population ¢3 from CG populations and a
second one separating CC from CT populations c4, c¢5 and c6. CC is composed by a
NW-trending mountain range with peak elevations from 2000 to 3400 meters, and a
strong climatic gradient across the range (Marshall 2007). Once again, the limits
between CC with CG and CT are determined by a lower elevations matrix such as the
CV that may have limited gene flow between cordilleras. Despite that authors such as
Islebe and Hooghiemstra (2006) have described that during glacial to interglacial
conditions there have been important downward and upward migrations reflected in the
Costa Rican oak palinological records, continuous changes of the altitudinal distribution
due to historical climate change may have promoted weak intermittent connections at
the lowlands due to the higher elevation distribution of species such as Q. costaricensis,
therefore this intermittent connection may have not been strong enough to promote
important levels of historical gene flow favouring the observed population genetic

discontinuities.

Southeast of the CV there is the CT, with a volcanic gap that extends into
Panama, where the major southern Central American elevations are found (over 4000
meters). Interestingly, according to the ENMs, it is in this non-volcanic region where
the climatic niche for Q. costaricensis has remained more stable and where the higher

levels of genetic diversity and gene flow were observed (Table 3; Figure 2). According
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to the results of the historical demography analysis important demographic expansion
may have occurred for Q. costaricensis during the 2.3 My-117 ka BP period. This signal
of demographic expansion agrees with the idea that the Quaternary ice ages have been a
time of redistribution of populations (Bennet 2015). In contrast, Q. bumelioides
exhibited a very different pattern. AMOVA suggested that most of the genetic variation
is found within populations (Table 2) and there was no detectable phylogeographic
structure. For that reason geographic discontinuities in the genetic structure were not
calculated. Gene flow analysis (Table 3) suggested that all populations have significant
gene flow levels either as source or sink populations. The haplotype network exhibited a
strong star-shaped structure that suggests a recent population expansion with the
presence of 15 unique haplotypes and two widespread haplotypes (H12 and H13; Figure

3).

Such patterns could be explained considering that Q. bumelioides is mainly
distributed in the lower montane forest belt (between (600-)1100 to 2900 meters;
Morales 2010), therefore connectivity between mountains is more likely to occur in
comparison to upper montane oak species. Interestingly, the lack of genetic structure
implies important levels of gene-flow that have homogenized genetic variation thought
the species population or very recent spread throughout the current geographic range.
The observed sporadic acorn production of Q. bumeloioides during the rainy season
(Nixon 2006) and the observed gene flow estimates suggest a moderate but extremely
effective dispersal and hence seed-mediated gene flow. ENM results (Figures 5 and 6)
suggested that during glacial stages climatic suitability values were similar to the
present-day period, characterized by a wide distribution, meanwhile during the 120 ka
BP period, distribution of the climatic suitable values was concentrated southwards

(CCP). The observed Q. bumelioides ENM and stable climatic conditions (Figures 5
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and 6) support a scenario of recent population expansion from the Costa Rica-Panama
border (more stable area; Figure 6) northwards up to the CC, evidenced by the negative
Fs and non-significant raggedness values (Table 4) dated between 316 and 15.8ka BP

(Middle to Upper Pleistocene).

Similar patterns of connectivity during glacial stages, high levels of genetic
diversity, absence of phylogeographic structure and population expansion only have
been observed in one Neotropical species, Quercus humboldtii. However, the Andean
oak population expansion dated the Pleistocene-Holocene transition; probably due to a
recent Andean colonization (Rodriguez-Correa et al unpublished results). Both species,
O. bumelioides and Q. humboldtii, partially fit genetic patterns expected under the
Neotropical moist forest refugia model, which state that unchanging humidity
conditions as the ones inferred by van der Hammen (1961), promoted Neotropical
forests continuous and stable distributions (Farrera et al. 1999; Caballero 2010). Genetic
consequences of this model include homogenization of genetic variation due to gene
flow, high levels of genetic variation, diffuse genetic structure, common widely
distribute alleles (as observed in Q. bumelioides) and little to no demographic growth

(Ramirez-Barahona and Eguiarte 2013).

Conclusions

The present study showed that even in a smaller and geographically restricted area, with
less conspicuous geographic barriers than other well-defined phylogeographic breaks
such as the Tehuantepec Isthmus and the Nicaraguan Depression, differential patterns of
historical demography, phylogeographic structure and gene flow could be observed in
co-distributed and strikingly in congener species. Both Q. costaricensis and Q.

bumelioides, representing upper montane and lower montane ecosystems respectively,
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showed differential responses to historical changes at the geological and climatic levels.
Unfortunately the phylogeographic patterns observed in this study are hard to compare
with other montane tree species in southern Central America, and even with montane
tree species of regions with similar floristic composition, climatic and palacoclimatic
dynamics (such as the Colombian Andes sensu Isbele and Hooghiemstra 2006, Kappelle
2006, Kappelle and van Uffelen 2006) as little (probably none) phylogeographic studies

have been published yet.

From the contrasting patterns observed in this study between congener species,
we strongly suggest to consider the phylogenetic relations between species as criteria
for selecting species to develop phylogeographic studies. A clear phylogenetic
framework could lead to better historical interpretations of the phylogeographical
patterns as historical demographic processes could be successfully related and dated
depending on temporal diversification and speciation processes observed within a
determined linage. Therefore, it could be important to include not only co-distributed
species to test phylogeographic hypothesis, but also congener species for which there is
an initial phylogenetic framework defined. Hopefully, with the development of a
framework phylogeny of the American oaks by Hipp et al. (2014), soon it will be
possible to test more robust comparative phylogeographic hypothesis in the northern
Neotropics as it has been initially done for a mostly nearctic oak group, the Quercus

subsection Virentes (Cavender-Bares et al. 2015).
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Tables

Table 1. Quercus costaricensis and Q. bumelioides populations geographic information
summary, genetic diversity and genetic structure estimates. n: sample size, As: within
population genetic diversity, D’sh: mean pairwise genetic distance among individuals
within a population under a stepwise mutation model. CG: Cordillera de Guanacaste,

CC: Cordillera Central, CT: Cordillera de Talamanca, VC: Valle Central.

Allelic
Elevation Total richness
ID Longitud Latitude Region (m.a.s.l) n haplotypes (rarefacted) hg D’sh

cl -84.8 10.37 CG 1642 7 4 3.38 0.81 0.01

-§ c2 -85.33 10.82 CG 1664 8 1 1.00 0.00 0.00
'§ c3 -842 10.2 CC 2132 7 2 1.95 0.48 0.66
§ c4 -83.81 9.54 CT 2451 9 7 4.44 0.94 0.03
g c5  -83.67 9.56 CT 2639 6 6 5.00 1.00 0.14
S c6  -83.88 9.67 CT 2720 5 4 4.00 0.90 0.07
Total 42 18 4.18 0.94 0.02

bl  -84.12 10.08 CC 1750 15 7 3.15 0.84 0.02

§ b2  -83.85 9.97 CC 2500 13 10 3.71 0.95 0.04
% b3  -83.98 9.88 vC 1515 6 6 4.00 1.00 0.04
.§ b4 -83.95 9.73 CT 2298 9 5 2.77 0.72 0.17
§ b5  -83.8 9.56 CT 2463 14 6 2.83 0.75 0.10
é‘ b6  -83.69 9.59 CT 2542 14 7 3.09 0.82 0.05
b7 -84.13 9.85 CT 1933 4 3 3.00 0.83 0.04
Total 75 26 3.23 0.84 0.01
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Table 2. Hierarchical analysis of molecular variance (AMOVA) using Fsr and Rgr for

Quercus costaricensis and Q. bumelioides.

Quercus costaricensis

Quercus bumelioides

Variance  Percentage
Source of variation d.f. s.s. components of variation
Fsr
Among populations 5  33.69 0.84 49.52
Within populations 36 31.01 0.86 50.48
Total 41 64.71 1.7
Rsr
Among populations 5  89.21 2.27 52.81
Within populations 36 73.16 2.03 47.19
Total 41 162.38 43
Fsr
Among populations 6  4.98 -0.0003 -0.04
Within populations 68  56.75 0.83 100.04
Total 74 61.74 0.834
Rsr
Among populations 6  19.92 -0.054 -1.41
Within populations 68 264.21 3.885 101.41
Total 74 284.13 3.831
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Table 3. Estimates of mutation scaled immigration rate (M) between populations of Q.
costaricensis (a) and Q. bumelioides (b) based on cpDNA haplotypes. Recipient
populations (sink) are shown above the diagonal, and the source (donor) populations are
below the diagonal. 95% confidence intervals are located below each population pair M
value in parenthesis. Bold numbers correspond to significant higher than 1 M values.

For populations codes refer to Table 1.

(a) cl c2 c3 c4 c5 c6
C 1 0.161 0.000 0.565 2.176 0.000
- (0.009-0.294)  (2.207e-013-0.242) (0.175-1.315) (1.082-4.233) (7.268e-014-1.050)
C2 9.358E-14 8.829E-01 5.655E-01 4.022 9.358E-14
(7.268E-14-0.049) - (0.378-1.714) (0.175-1.318) (2.132-6.704) (7.268e-014-1.853)
C3 6.030E-13 7.093E-01 2.017 2.176 1.990E-01
(4.547E-13-0.048)  (0.205-0.984) - (1.097-3.323) (1.929-4.236) (0.149-1.514)
C4 2.316 0.161 0.126 1.658 1.746
(1.333-2.831) (0.009-0.710) (0.007-0.557) - (1.185-3.557) (01.370-3.232)
C5 2.092 0.321 1.076 0.435 2.420
(1.175-2.577) (0.053-0.993) (0.480-2.022) (0.106-1.140) - (1.307-4.084)
CG 1.241 0.400 0.253 0.000 6.588
(1.057-1.625) (0.349-1.173) (0.041-0.785) (8.992e-014-0.271) (3.951-9.553) -
(b) bl b2 b3 b4 b5 b6 b7
b 1 2.966 0.336 1.093 1.531 0.678 2.286
- (1.841-4.468) (0.104-0.781) (0.691-2.038) (1.171-2.479) (0.309-1.264) (1.313-3.649)
bz 0.320 1.007 1.239 0.000 0.927 1.225
(0.000-0.744) - (0.538-1.690) (1.079-2.639) (8.910E-0.12-0.485) (0.695-1.590) (1.128-2.286)
b3 0.562 1.635 2.186 0.547 0.760 1.521
(0.241-1.087) (1.121-2.802) - (1.071-3.443) (0.196-1.177) (0.365-1.371) (1.219-2.672)
b4 0.216 1.494 1.346 0.109 0.422 1.983
(0.239-1.083) (1.096-2.992) (0.878-2.117) - (0.006-0.485) (0.151-0.907) (1.088-3.265)
b5 0.900 0.900 0.168 1.371 0.935 0.458
(0.356-1.834) (0.356-1.834) (0.027-1.187) (1.058-2.468) - (0.483-1.912) (0.343-1.191)
b6 0.799 0.146 2,183 0.827 2.508 0.610
(0.399-1.40) (0.109-0.651) (1.445-3.135) (0.328-1.683) (1.615-3.679) - (0.457-1.418)
b7 0.400 0.900 0.588 1.642 0.547 1.354
(0.143-0.860) (0.356-2.217) (0.252-1.137) (1.242-2.754) (0.195-1.178) (1.107-2.129)
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Table 4. Estimates for historical population expansion and demographic parameters for
Quercus costaricensis and Q. bumelioides. Oy: ancestral population sizes scaled by
mutation rate, @;: current population sizes scaled by mutation rate, 7: number of
generations since the expansion occurred scaled by mutation rate, -log [CL]: computed
pseudo-likelihood values of the model with homoplasy. Populations without historical

demographic information were not considered as Fu’s F values were not significant or

positive.
Raggedness
Population Fg p-value index p-value 0O, 0O, T -log[CL]
Quercus costaricensis
cl -4.68 0.001 0.14 0.43 0.00 4.E+10 2.18 9.13
c2 -0.91 0.021 0.37 0.94 0.27 4.E+05 1.86 17.82
c3 -3.23 0.01 0.29 0.21 3.41 1.E+12 1.49 7.32
c4 -1.94 0.02 0.05 1.00 0.00 2.E+13 1.99 6.58
¢S5 0.00 0.00 0.00 0.00 - - - -
c6 3.75 0.95 0.73 0.94 - - - -
all-populations  -8.40 0.01 0.06 0.14 1.30 10.48 4.24 55.40
Quercus bumelioides

bl -2.30 0.02 0.05 0.69 0.00 6.054E+12 1.94 21.64
b2 -0.35 0.37 0.65 0.04 - - - -
b3 -4.98 0.003 0.07 0.46 2.88 6.857E+12  1.20 13.38
b4 -4.66 0.00 0.24 0.28 0.00 7.149E+13 1.99 5.76
b5 -0.34 0.42 0.07 0.79 - - - -
b6 -1.83 0.10 0.08 0.49 - - - -
b7 -0.89 0.01 0.53 0.42 0.00 1.816E+13 1.06 4.75
all-populations  -20.11 0.00 0.06 0.33 223 1.032E+12 0.57 80.62
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Figures

Figure 1. Study area. Elevation of southern Central America is represented in a grey
scale from lowlands (soft gray) to highlands (black). CG: Cordillera de Guanacaste,
VC: Valle Central, CT: Cordillera de Talamanca, CCP: Panamanian Cordillera Central.
White circles and triangles represent Q. costaricensis and Q. bumelioides populations,
respectively. White-dashed line represents the Costa Rica-Panama border. White solid

line corresponds to the 1000 meters line of the Costa Rican mountains.
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Figure 2. Haplotype distribution for Quercus insignis (a) and Q. bumelioides (b) in
Costa Rica. Size of haplotype circles and populations are proportional to haplotype
frequency and number of individuals per population, respectively. White and gray
haplotypes represent unique and private haplotypes respectively, with their
corresponding populations in parenthesis. Bold numbers correspond to the number of

mutations between haplotypes if the observed steps were higher than one.
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Figure 3. Geographical location of the most important genetic discontinuities for
Quercus costaricensis (black lines) using the Monmomier’s maximum difference
algorithm. Elevation is represented in a grey scale from lowlands (light gray) to
highlands (black). Populations show their respective haplotypes with size proportional

to the number of individuals (see Figure 2 for complementary information).
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Figure 4. Present-day (4a; 0 ka; 1950-2000), Last Glacial Maximum (~21 ka BP;
according to CCSM (4b) and MIROC (4c) global circulation models) and Last
Interglacial (4d; ~120 ka BP) Ecological Niche Models for Quercus costaricensis in

Costa Rica. Black-dotted polygon corresponds to the mountainous region over 1000

meters.
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Figure 5. Present-day (5a; 0 ka; 1950-2000), Last Glacial Maximum (~21 ka BP;
according to CCSM (5b) and MIROC (5¢) global circulation models) and Last
Interglacial (5d; ~120 ka BP) Ecological Niche Models for Quercus bumelioides in

Costa Rica. Black-dotted polygon corresponds to the mountainous region over 1000

meters.
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Figure 6. Quercus costaricensis (6a) and Q. bumelioides (6b) climatically suitable
stable areas since the Last Interglacial (~120 ka BP). Black category corresponds to the
areas where the distribution is predicted in the four models used. Grey category
corresponds to the areas where models for the present-day and LGM (~21 ka BP)
predict presence of the species. Black-lined polygon corresponds to the 1000 meters

line.
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Abstract

Aim: To analyze altitudinal changes in the climatic niche of Quercus humboldtii
between the Last Glacial Maximum (LGM) and the present-day.

Location: Colombian Andes.

Methods: The climatic niche of Q. humboldtii was characterized using a principal
components analysis considering four elevation belts. The species geographic
distribution was determined using ecological niche models through an entropy
approach. Present-day distributions were projected from present to the LGM period
using the current distribution occurrences and results were validated using available
Quercus pollen fossil records. Finally, changes in the oak distribution extent were
compared with the montane forest compression patterns observed in palaeoecological
studies of the Andean flora.

Results: Quercus humboldtii showed a well-defined altitudinal distribution from the
tropical lowland forest up to the upper montane forest/sub-paramo border. Ecological
niche models described properly the known oak distribution in the Colombian Andes.
LGM projections showed evidence of an altitudinal displacement towards the Andean
lowlands. Comparisons of available niche among forest belts through time showed
differential responses depending on forest type, suggesting an increase in the available
habitat in the upper montane forest, and a decrease in available habitat in the lower
montane and tropical lowland forests.

Main conclusions: Migration patterns in Q. humboldtii showed an altitudinal
displacement towards the lowlands during the LGM compared to present-day
distribution, with higher values of climatic suitability in the upper montane forest,
where the species currently reaches its altitudinal distribution limit in the present. The
observed data showed that Q. humboldtii fits a scenario of “moist forests” during the
LGM. However, even if this model is congruent with the observed changes in
distribution, variables as temperature in elevation gradients were fundamental to define
the population structure of the specues during the Quaternary in the Andean montane
forest.

Keywords: Neotropical trees, Fagaceae, climatic niche, ecological niche modeling,
biogeography, Quaternary.
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Introduction

The effect of the Pleistocene glacial periods on the distribution of species has been
widely studied, particularly for European and North American taxa. There is a
consensus view that reductions in species distribution and the formation of refugial
areas at mid- to high latitude regions of the Northern Hemisphere resulted from the
advance of the ice sheets (Bennet et al. 1991, Hewitt 1996, Taberlet et al. 1998, Brewer
et al. 2002). However, the effect of the Pleistocene glaciations on the distribution of
species in the Neotropics is still under discussion, although it is recognized that climate
change during this period constituted a major event that shaped the distribution and
genetic structure of many species in the region (Gutiérrez-Garcia and Vazquez-

Dominguez 2013).

Two models have been proposed to describe the population responses of tropical
species during the last glacial cycle. The first is a scenario of widespread aridity that
caused tropical forests to be compressed, fragmented and isolated into forest patches
during the Last Glacial Maximum (LGM; ~21 ka BP) (Haffer 1969; Toledo 1982;
Carnaval and Moritz 2008; Carnaval et al. 2009; de Mello-Martins et al. 2011, Ramirez-
Barahona and Eguiarte 2014), while the second model proposes a scenario of switching
conditions between wet-cold and dry-warmer phases without significant reduction of
precipitation during the LGM (van der Hammen 1961; Colinvaux et al. 2000; Colinvaux
and de Oliveira 2001; Baker et al. 2003; Ramirez-Barahona and Eguiarte 2014),
promoting stable and continuous distribution of the tropical forests (Farrera et al. 1999
Hoestler and Mix 1999; Caballero et al. 2010). Ramirez-Barahona and Eguiarte (2014)
found that available phylogeographic data for Neotropical montane forest species do not
clearly support any of the two models and called for the inclusion of palacoclimatic and

ecological information when conducting phylogeographic studies in the Neotropics.

145



Recent studies such as Ornelas and Gonzéalez (2014), employing molecular and
palaeoclimatic data, described a phylogeographic pattern in Moussonia deppeana
(Gesneriaceae) congruent with cloud forest fragmentation during the last interglacial

(Colinvaux et al. 2000).

The Colombian Andes have been a fundamental region to understand species
population dynamics during the LGM on the basis of paleobotanical reconstructions
(Helmens and Kuhry 1986; Bakker and Solomons 1989; Hooghiemstra and van der
Hammen 1993; Hooghiemstra and Ran 1994; Helmens et al. 1996; Wille et al. 2000;
Wilee et al. 2001; Marchant et al. 2002; van der Hammen and Hooghiemstra 2003;
Hooghiestra and Van der Hammen 2004), which indicate complex and dynamic changes
in altitudinal distribution driven mostly by variables as temperature, precipitation and
carbon dioxide concentration (Hooghiemstra and van der Hammen 2004). The study of
species population history in a region well characterized in paleoecological terms such
as the Colombian Andes therefore represents an important opportunity to apply
multidisciplinary approaches combining ecological niche modeling, biogeography and
phylogeography, that could allow us to test paleoecological scenarios based on
information from available fossil records, and eventually help us to understand the
complex species dynamics in response to the climatic changes during the Pleistocene,

and particularly the LGM.

Quercus humboldtii Bonpl. (Fagaceae) is the only oak species that inhabits the
Colombian Andes region. Consequently, it is possible to associate the abundant oak
fossil pollen records to this species. Also, the current distribution of this oak is well
characterized. Therefore, this species represents an exceptional study system to test

palaeoecological models of species dynamics through phylogeographic and
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biogeographical methods. The distribution of Q. humboldtii extends from the Darien
region at the northwestern boundary between Colombia and Panama, to the Narifio
region at southern Colombia (Fig. 1), with an altitudinal range between 774 and 3200
meters (Pulido et al. 2006; Rangel and Avella 2011). The species forms stands of an
almost monospecific canopy in the inner slopes of the three Andean mountain systems.
Those monospecific stands also known as “rodales” are highly diverse in understory
and epiphytic vascular plant species. Like other oaks species, Q. humboldtii is wind
pollinated, monoecious, and produces acorns dispersed by gravity, large frugivorous
birds, and rodents (Fernandez-M and Sork 2005). The Quercus first appearance date
(FAD) in the Colombian Andes has been established between 423 Ka before present
(BP; Hooghiestra and van der Hammen 2004) and 478 Ka BP in the Funza-I pollen
record (Van't Veer and Hooghiemstra 2000). This relatively recent migration from
North and Central America into South America correlates with the uplifting of the
Andes during the Pliocene (Pulido et al. 2006) and its posterior to the closing of the

Central American seaway (15 My BP; Montes et al. 2012).

Because the Isthmus of Panama is low lying, Hooghiemstra and van der
Hammen (2004) suggested that Quercus humboldtii entered Colombia as an element of
the lower montane forest belt. During the following 200,000 years Q. humboldtii must
have competed with elements of the existing montane forest and probably gradually
reached higher elevations in the upper montane forest (Hooghiestra and van der
Hammen 2004). Whereas the oak forest was first dominant during cool interglacial
conditions, it gradually extended its ecological range probably due to adaptation to new
niches during the glacial cold conditions. Thus, the ecological range of Quercus in
Colombia may have double since its FAD (Hooghiemstra and van der Hammen 2004).

In the course of the last 40 ka the northern Andes region has experienced complex and
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important vegetation changes. Those changes consisted mainly in altitudinal
displacements of the different vegetation types that exhibited compression and
expansion processes at different times, as well as the immigration of Nearctic taxa. In
order to increase the understanding of the effect of the Last Glacial Maximum on the
historical dynamics and distribution of montane tree species, particularly those
distributed through the Colombian Andes, in this study we evaluated if: 1. the
distribution of Q. humboldtii, reconstructed using ecological niche modeling and
projections of the present-day distribution into LGM climatic layers, is consistent with
the palynological fossil records of the Colombian Andes, ii. the modeled distribution of
0. humboldtii fits the proposed altitudinal distribution changes described for montane
forest belts in the Colombian Andes by Hooghiemstra and van der Hammen (2004), and
therefore supports a scenario of wet and cold conditions during the LGM in the
Colombian Andes and, iii. the historical distribution dynamics of Q. humboldtii
provides new information to support previously hypothesized possible routes of
colonization among the Colombian Andes Cordilleras sub-systems (Western, Central

and Eastern mountains systems; van der Hammen et al. 2008).

Methods

Study area and occurrence data

Present-day presence records of Q. humboldtii (Fig. 1) were compiled from public
databases (Global Biological Information Facility), field observations and bibliographic
references. Additionally, fossil pollen records corresponding to the LGM period were
compiled from palaeoecological studies developed for the Andean region (Kelmens and
Kuhry 1986; Bakker and Solomons 1989; Hooghiemstra and van der Hammen 1993;

Hooghiemstra and Ran 1994; Helmens et al. 1996; Wille et al. 2000; Wilee et al. 2001;
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van der Hammen and Hooghiemstra 2002; Marchant et al. 2002; Hooghiemstra and Van
der Hammen 2004; Table S1). Occurrence records were mapped and depurated by
altitude, latitude and longitude based on the species natural history information. To
diminish the possible spatial autocorrelation effects of the aggregation of occurrence
records on the niche modeling, all records except one within the same one decimal
degree unit were deleted from the database. As the number of records varies for
different regions of the Andes due to unequal sampling efforts, which have been
particularly high for the north of the Cordillera Central (CC; Fig. 1), a random 50% sub

sample of observed points was used for this region, in order to avoid over prediction.
Climatic and topographic variables

For the compiled occurrence records, a total of 19 climatic variables values were
extracted for the 1950-2000 and ~21 Ka BP periods. Climatic layers used were
developed by Hijmans et al. (2005) for the contemporary period and two LGM general
circulation models: The Community Climate System Model (CCSM) and the Model for
Interdisciplinary Research on Climate (MIROC), both available in the Paleoclimate
Modelling Intercomparison Project Phase II (PMIP2) website (http://www.pmip2.cnrs-
gif fr). All climate layers were used with a spatial resolution of 30 arc-seconds (~1
Km?). Topographic information was based on the ETOPO1 global relief model of the
Earth’s surface developed by the National Geophysical Data Center, National Oceanic
and Atmospheric Administration (NOAA; Amante and Eakins 2009) with an original
spatial resolution of 1 arc-minute. In order to use the topographic information in the
LGM projections, and considering that elevation shifts are fundamental to explain the

Andean biota migration (Hooghiemstra and Van der Hammen 2004) an LGM elevation
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layer was calculated considering the changes in the sea level as described by Peltier

(2004).

Climatic niche and topographic characterization

In order to avoid redundancy among climatic variables a sub-set of variables was
defined using a pairwise correlation test between variables. When values of the
correlation were higher than 0.7 the more specific variable of each pair was discarded
(e.g. maximum temperature of the warmest month versus annual mean temperature).
The dataset was divided into four categories following Hooghiemstra and van der
Hammen (2004) depending on the altitude of the occurrence records as follows: tropical
lowland forest (TLF; 0-1000 m), lower montane forest (LMF; 1000-2300 m), upper
montane forest (UMF; 2300-3200 m) and sub-paramo/grass paramo (SP; 3200-4200 m).
Observed records classified as belonging to the SP were slightly above the 3200 m
upper limit of the UMF. A Principal Components Analysis was performed with R ver.
3.0.2 using the climatic information mentioned above, in order to visualize the variation

in environmental conditions among the four forest belt categories.

Ecological niche modeling

Ecological niche modeling was used to characterize the climate at areas where Q.
humboldtii is present and to build a climatic suitability based distribution model for the
species through the Colombian Andes. For this goal we used the maximum entropy
algorithm implemented in MAXENT version 3.3.3a (Phillips 2006). MAXENT was
implemented using presence records along the Colombian Andes, seven independent
climatic variables remaining after the pairwise correlation tests (annual mean
temperature, mean diurnal range, temperature seasonality, temperature annual range,

annual precipitation and precipitation seasonality) and elevation data. The
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palaeodistribution model for Q. humboldtii in the Colombian Andes during the LGM
was obtained projecting the present-day model with both LGM scenarios (CCSM and
MIROC) and topographic layers. Models were evaluated using the average AUC (area
under the curve) as an independent threshold method after a 100 replication bootstrap. A
sub-set formed by 30% of the total records was used for training AUC and the 70%
remaining data were used to test AUC. In order to quantify and compare changes in the
modeled distribution area among vegetation belts, binomial (presence/absence)
distribution models were obtained using the 11 threshold criterias available in Maxent
ver. 3.0.2. The presence/absence present-day maps were validated using binomial and
chi-square tests implemented in Maxent ver. 3.0.2, while the LGM projections were
validated using the pollen records for Quercus in the Andes region with a binomial test
using R ver. 3.0.2 considering that Maxent validation does not include projected
outputs. In this sense, if the number of observed pollen records falling within a
predicted presence area was significantly higher than expected by chance, the threshold

criteria was considered to be adequate to describe the species distribution.

Changes in oak forest altitudinal distribution between periods

Only binomial maps that accurately described the current distribution (in the case of the
present-day models) and the fossil pollen records of Q. humboldtii (in the case of the
LGM projections) were used to compare changes in the distribution area of the species
for each vegetation belt between during the present-day and the LGM. In the present-
day models, the climatic suitability based distribution area of Q. humboldtii
corresponding to each vegetation belt (TLF, LMF, UPF and SP) was calculated
considering the previously explained altitudinal ranges. For the LGM models, the

climatic suitability based distribution area of the species was calculated considering the
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altitudinal range of the same vegetation belts during this period according to
Hooghiemstra and van der Hammen (2004): TLF (0-800 m), LMF (800-1400 m), UMF
(1400-2000 m) and SP (2000-3000 m). For each model, the calculations were
performed for each of the 100 replicas generated by Maxent, and the mean estimated
presence area (km?) for each vegetation belt category were compared between LGM and

present-day periods using a t-test in R ver. 3.0.2.
Results
Occurrence data

A total of 281 occurrences were recorded for Q. humboldtii in the Andes region. After
depuration of the dataset considering over-represented areas, altitudinal distribution and
aggregation of occurrences in small areas, a dataset with 82 records was used for ENM
(two corresponding to TLF, 38 to LMF, 22 to UMF and three to SP). A second dataset
of 10 fossil pollen localities was compiled for the validation of the projections for the

LGM (two corresponding to LMF and eight to UMF; Table S1).
Climatic niche and topographic characterization

The PCA indicated that 89.25% of the variation in environmental conditions was
explained by the first three main niche axes. Those three principal components were
mainly associated to annual mean temperature, temperature seasonality and elevation
(PC1), temperature annual range and precipitation seasonality (PC2) and annual
precipitation (PC3) (Table 1). The plot of the PC1 versus the PC2 and PC3 (Fig. 2a, 2b)
indicates that the four forest belt categories are clearly different climatically. However,
the separation of the four groups was less clear in the plot of the PC2 versus the PC3

(Fig. 2C; Table 1).
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Ecological niche modeling

Training and Test AUC indicated a good performance of the models (0.97+0.0043 and
0.95+0.01, respectively). The present-day presence/absence model accurately predicted
the distribution of the species according to the binomial and/or chi-square test (p<<0.001)
results for the different 11 threshold criteria implemented by Maxent. However, for both
LGM projections (with the CCSM and MIROC scenarios) only the presence/absence
maps resulting from two of the threshold criteria adequately predicted the location of
the fossil pollen records: the fixed cumulative value 1 logistic threshold (fcvl; binomial
test p<0.01 for both LGM scenarios) and the balance training omission predicted area
value logistic threshold (bto; binomial test p<0.01 for both LGM scenarios). Therefore,
only the models resulting from these two threshold criteria were used for comparison

between the LGM and the present-day distributions.

The climatic suitability based distribution model for the present-day period (Fig.
3a, d and g) describes well the known oak forest distribution, including the few lowland
known records in the Caribbean region, Paramillo (PAR) and south of the Serrania del
Perija (SP), and excluding areas where oak populations have not been reported, such as
the Cauca and Magdalena valleys and most of the Andean highlands (>3.500 m). Other
areas where Q. humboldtii is known to occur, but due to the difficult access have not
been studied or well-sampled, such as The Serrania del Darién (SD), also were

predicted by both threshold criteria of the present-day model as isolated patches.

LGM projections (MIROC and CCSM under fcvl and bto thresholds; Fig 3b, c,
e, f, h and 1) showed an increase in the area available in the lowlands, particularly at the
north of the Cauca River Valley, and a reduction in area in the highlands, particularly at

the north-eastern portion of the eastern cordillera (COr). The Magdalena Valley remains
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as a barrier between the Central (CC) and the Eastern cordilleras, but there is an
increase in suitable habitat at the lowlands between both mountain systems (COc and
CC). Current areas with Quercus presence in the Caribbean region are represented in the
ENM outputs, but with a reduced distribution, particularly at PAR and north of SP.
ENM also showed an important distribution area at the southern proportion of the
Colombian Andes, particularly from the south of the Macizo Colombiano (MC) down to
the Nudo de los Pastos (NP), which is the present-day southernmost Quercus

distribution limit in America.

Changes in oak forest altitudinal distribution between periods

The comparison of the climatic suitability based distribution areas of Q. humboldtii
between the two time periods (present-day and both LGM scenarios under fcvl and bto
thresholds) indicated differences in the oak forest extension through the different
Andean forest belts (Table 2, Fig. 4). Both the fcv1 and bto threshold criteria showed an
increase in the available area in the UMF and SP for both LGM models (CCSM and
MIROC). On the contrary, LMF and TLF show larger climatically suitable areas for the
present-day period. Generally, the climatic suitability based distribution extent of the
oak forest in the TLF is 22 to 24% greater during the present-day period than during the
LGM under the CCSM and MIROC scenarios, respectively. Meanwhile, the extension
of the climatic suitability based distribution in the LMF is 29 to 39% greater during the
present-day compared to the LGM CCSM and MIROC scenarios, respectively. The
UMF showed the lowest proportion of change, as the models suggested that the
available niche was between 6 to 10% greater during the LGM CCSM and MIROC
scenarios respectively. All the observed differences between periods and forest belts

were statistically significant (Table 2).
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Discussion

Quercus humboldtii is a representative element of the present-day LMF and UMF
vegetation (Hooghiemstra et al. 2006). It can also be found either at lower (770 m;
Rangel and Avella 2011) and higher (>3000m; Rangel and Avella 2011) altitudinal
levels. This wide altitudinal distribution and the associated morphological variation
have led to controversy about the potential number of oak species in the Colombian
Andes. However, Muller (1942) recognized only one species, and more recent
molecular (Cavelier et al. 1993) and morphological studies found low levels of
differentiation, which reflects the presence of only a single species of oak (Pulido et al.
2006). Rangel and Avello (2011) suggested that the wide climatic variation of the areas
where the oak trees are present indicate high adaptability to different temperature
regimes. Our results also showed that there are clear climatic differences among Q.
humboldtii populations along the four altitudinal vegetation belts in which the species is

present.

Most of the climatic variation related to the altitude of Q. humboldtii populations
occurred for temperature variables (annual mean temperature, temperature seasonality
and temperature annual range; components 1 and 2 in the PCA) rather than for
precipitation variables. The importance of temperature variables have been highlighted
by authors such as Wille et al. (2001) who suggested that changes in temperature
explain better the migration dynamics in the Andean forest belts during the LGM based
on paleoecological data, while precipitation explains better the vegetation dynamics for
the subparamo and paramo forest belts. Kapelle and van Uffelen (2006) reported that
temperature seems to be the principal factor controlling the montane oak forest

altitudinal distribution in Costa Rican montane forests.
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Also, effects of temperature on different traits of oak species have been widely
studied. For example, variation in temperature have been associated to morphological
variation (Aranda et al 2005, Ramirez-Valiente et al 2009, Mediavilla et al. 2012),
period of leaf expansion (Gratany and Bonito 2009), phenology (Hernandez-Calderon et
al. 2013), adaptative genetic diversity (Ramirez-Valiente et al 2010) and forest structure
(Kapelle and van Uffelen 2006 and references therein) in different oak species. The
observed lack of altitudinal differences in precipitation are not unexpected considering
that present-day precipitation regimens at least in Central and Western Colombia
(important oak distribution areas) are characterized by a bimodal annual cycle with
high-rain and low-rain seasons (Poveda et al. 2011), high levels of precipitation (1500
and 3500 mm) between the 1000 and 3500 m, pluviometric optimum between 1500 and
1800 m, with secondary pluviometric optimum in the highlands (over 3600 m), and the

capacity of the montane forest to intercept water mist (Cavelier et al. 2001)

Together all of these features set up a scenario that does not imply a limitation
by precipitation, as it would be expected in temperate zones where precipitation clearly
increases with altitude (Hastenrath 1991). Even though there is little information
regarding historical precipitation regimes, available palaeoecological reconstructions
indicate a wet cold climate in the Colombian Andes during the LGM (Van der Hammen
1961) suggesting that precipitation was not significantly reduced during this period
(Ramirez-Barahona and Eguiarte 2013). Therefore, it is likely that variation in
temperature-related variables is more important in determining the current distribution
of Q. humboldtii, and that changes in these variables during the Pleistocene have had an
important impact on the population dynamics of the species. Interestingly, this

conclusion agrees with the results of Moles et al. (2014), who recently concluded
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through a meta-analysis that traits of plant species are more strongly correlated with

mean annual temperature than with mean annual precipitation.

As it is observed in the present-day and LGM ENMs built mainly from
temperature variables, Q. humboldtii climatically suitable areas occur mostly in the
LMF and UMF, with low representation in the lowlands and highlands (Fig. 3). The
observed differences between models particularly those at the highlands result from the
dryer and colder conditions in the MIROC scenario in comparison to the CCSM
scenario. However, both scenarios showed similar results where historically the main
barriers in the distribution of Q. humboldtii have been the Magdalena River Valley, the
Cauca River Valley and the contact zone between COr and SP. Both scenarios
suggested that the SP region is not a stable distribution area, not only at the present-day
but also since the LGM. This idea contradicts the Rangel and Avella (2010) proposal
that oak migration during interglacial/glacial cycles should have followed a route from
the PAR region to Serrania de San Lucas (SSL) and finally the SP. We consider more
reliable a colonization of the COr through bridges as proposed by Van der Hammen et
al. (2008) during stronger glacial cycles, as connectivity between the CM and the COr
also appears in both models. However, molecular studies and an intensive sampling in

the PAR and SSL areas should be developed to appropriately test this hypothesis.

Quercus humboldtii altitudinal distribution dynamics trough time

When comparing the Quercus humboldtii climatic niche available in the present-day
period to both LGM scenarios (Fig. 4, Table 2) it is observed that the oaks distribution
shifted downwards. This is particularly notable in the inter-Andean valleys (Cauca and
Magdalena), PAR and SSL, and at the highlands during the LGM. When considering

the altitudinal range of the forest belts during the LGM proposed by Hooghiemstra and
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Van der Hammen (2004) that we used to quantify the oaks suitable niche, it was
observed that despite the observed downwards shift, the climatic niche available for the
TLF and LMF was reduced during the LGM. This reduction suggests that even if
Quercus entered to the Colombian Andes as an element of the LMF (Cleef and
Hooghiemstra 1984) it seems that its optimal environment corresponds to the UMF,
which during the LGM probably increased in climatically suitable area in about 6 to
10% according to the models. The low performance of Quercus in the lower forest belts
is support by the consideration that the LMF received taxa from northern and southern
migrations, which imply a stronger competition than in the UMF, which is floristically
poorest than LMF. Besides, the Neartic origin of the Quercus genus may have
influenced that Quercus humboldtii got over physical constrains as the night frost that
define the limit between the LMF and UMF and may have played an important role in

their floral composition (Hooghiemstra and Van der Hammen 2004).

Dry refugia or moist forests?

Recently, Ramirez-Barahona and Eguiarte (2014) reviewed the effects of the climatic
history on the genetic diversity of Neotropical cloud forest species and the authors
outlined two scenarios: the dry refugia or the moist forests. As it was mentioned before,
comparisons between the distribution of climatically suitable areas during the LGM and
present-day periods showed greater connectivity between the COc and the CC during
the LGM, a shift of the oaks distribution from higher elevations to low-lying areas and
finally, a differential change between the available climatic niche in the TLF, LMF and

UPF.

The present case of study fits better the moist forest model that is characterized

by a minor effect of precipitation on the continuity of forest cover, favoring down-slope
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range expansion and connectivity during the cold conditions (Ramirez-Barahona and
Eguiarte 2014 and references therein). However, as the climatic characterization and
ENMs showed (Fig. 3), this observed dynamic fits better with connectivity through the
LMF, as both MIROC and CCSM models showed divergent patterns regarding
distribution areas in the TLF. Therefore, considering that our study showed a
differential response of each forest belt we found fundamental to consider in the
scenarios proposed by Ramirez-Barahona and Eguiarte (2014) an explicit differentiation
of the species altitudinal distribution, since the proposed model (Fig. 2B in Barahona
and Eguiarte 2014) seems to propose a constant block displacement of the montane

species range downwards.

Apparently the most important factor that may have defined the
glacial/interglacial changes in the distributions of the oaks in the Neotropical Andes,
and probably in oaks of other regions of the Neotropics is related to changes in the
species elevation. Previous palaeoecological studies already mention the importance of
altitudinal migration in the Colombian Andes (Hooghiemstra and van der Hammen
2004); however, this variable has received little to no attention particularly in
phylogeographic studies. Altitudinal migration has been proposed as the consequence of
different events such as: decreasing temperatures at higher elevations that forced taxa to
move downwards (Bennett 2012) and significant reduction of CO, during the LGM and
therefore even lower concentration at higher altitudes that leads to CO, stress (Bennett
and Willis 2000). Together, these climatic factors configure a scenario of altitudinal
taxa migrations (as the one that we reported in this study), that eventually may have
promoted TLFs with a composition that includes montane and dry forest taxa (Bennett

2012).
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Conclusions

Despite the important compression in the Andean vegetation belts that occurred during
the LGM described by Hooghiemstra and van der Hammen (2004), ENMs did not show
variation regarding the total available suitable climatic niche area between the present-
day and LGM periods when considered the entire Quercus distribution as a whole.
However a differential response was observed in the available suitable climatic niche
area among forest belts. Our data suggested that the main effect of the transition
between glacial and interglacial stages was to modify the Q. humboldtii altitudinal
distribution, but not the total available climatic niche. Therefore, at least in terms of the
species climatic niche, the Andean oak species should not have been affected by the
LGM as intensely as it has been observed in Holartic oak species. This pattern coincide
with several observations of downwards migration of higher-altitude taxa towards the
lowlands during the cold-stages (Colinvaux et al. 2000, Ledru et al. 2007, Bennet et al.
2012) probably due to important modification of the atmospheric CO, concentrations

(Bennet et al. 2012).

Apparently, the periods of climatic oscillation in the Neotropics did not have the
strength and duration necessary to promote evolutionary processes as allopatric
speciation (Bennet et al. 2012). In this sense Bennet et al. (2012) also mentioned that
the available molecular evidence indicate processes of linage splits in different taxa that
occurred before the Quaternary and little fossil evidence that suggest the emergence of
new species during the Quaternary ice ages. Therefore the most important effect of the
Quaternary ice ages is the redistribution of populations that resulted in extinction
processes rather than speciation (Bennet 1990; Bennet 2004; Willis and Niklas 2004;

Bennet 2012). However, a fine-scale reconstruction of the historical demography of the
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oaks in the Andes would require the use of molecular techniques in order to test the
validity of these results. Meanwhile it is possible to hypothesize that according to
palacoecological data and the results obtained in this study, Quercus humboldtii
historical demography was not importantly affected by the climatic fluctuation during
the Quaternary in terms of area reduction, but rather the species experienced a

differential redistribution through the different Andean montane forests.
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Tables

Table 1. Principal components analysis for climatic variation among Q. humboldtii

localities trough the Andean forest belts.

Variables PC1 PC2 PC3 PC4 PC5

Annual mean precipitation 0.51 -0.18 -0.22 -0.06 0.43

Mean diurnal range 035 044 041 -0.16 -0.02

Temperature seasonality 0.54 -0.08 -0.15 -0.07 0.38

Temperature annual range 0.28 057 030 -0.02 -0.16

Annual precipitation 0.17 -0.39 0.58 0.70 0.02
Precipitation seasonality -0.03 050 -049 0.69 0.11
Elevation -0.47 020 0.32 -0.05 0.79

Cumulative Percentage 46.98 74.61 89.25 97.14 98.99
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Table 2. Mean Quercus humboldtii area extension of suitable climatic niche between
periods for the Andean forest belts. TLF: tropical lowland forest; LMF: lower montane
forest; UMF: upper montane forest; SP: sub-paramo. * Significant mean area
differences (p<0.01) between present-day and each LGM scenarios according to the t-

test.

Balance training omission, predicted
area and threshold value logistic
Fixed cumulative value 1 logistic threshold threshold

TLF LMF UPF SP Total TLF LMF UPF SP Total

Present-day
(Oka) 160346 148618 63977 14866 311318 83479 144647 63785 14714 393262

MIROC (21ka) 124908* 104549* 71055* 96278* 313217* 64218* 90372*  68142* 93674* 396792*

CCSM (21ka) 120708* 100256* 70846* 96201* 302782* 63436* 87261* 68808* 95182* 379684*
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Table S1. Quercus localities used for the LGM validation test using palinological data.

Locality ID Period (ka BP) Longitude Latitude
Pitalito 23-18 -76.03 1.87
Lusitania 23-18 -76.57 3.82
Fuquene 36-25 -73.77 5.45
Funza 350-24 -74.22 4.72
CIEGA 18 -72.33 6.50
CUX 18 -74.19 4.67
La Cachucha 24 -75.36 4.59
Timbio 21-16 -76.68 2.35
Agua Blanca 87-7,5 -74.17 5.00
La Depresion 21 -74.33 2.50
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Figures

Figure 1. Quercus humboldtii geographical records (white triangles) distribution in the
Colombian Andes. SD: Serrania del Darién; PAR: Paramillo; COc: Cordillera
Occidental; CC: Cordillera Central; CM: Macizo Colombiano; NP: Nudo de los Pastos;
COr: Cordillera Oriental; SSL: Serrania de San Lucas; COr-SP: Cordillera Oriental-
Serrania del Perija border; SP: Serrania del Perija. Elevation is represented from lower

(white) to higher (black) values

240 Kilometers
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Figure 2. Quercus humboldtii principal components analysis for climatic variation

among the Andean forest belts.
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Figure 3. Ecological niche models for Quercus humboldtii during the Present-day and
Last Glacial Maximum periods. Boxes a, b and c (Present-day, LGM according to
MIROC and LGM according to CCSM models, respectively) contain the raw outputs
suitability values increasing from cero (white) to one (black). Boxes d, e and f represent
the same sequence (Present-day, LGM according to MIROC and LGM according to
CCSM models respectively) of the models under the fixed cumulative value 1 logistic
threshold. Boxes g, h and i represent the same sequence of models using the Balance

training omission, predicted area and threshold value logistic threshold.
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Abstract

Phylogeographic studies of Quercus species at northern latitudes have been the base to
understand the response of the species to historical changes such as the glacial-
integlacial cycles during the Pleistocene. Recently, oak species have been studied in
other regions such as the Mexican Transition Zone. These studies have shown a
differential response to historical environmental changes in comparison to their
temperate congeners. In the present study, we analyzed the chloroplast DNA variation
of the Andean oak, Quercus humboldtii, to describe the effect of historical
environmental and geological changes in the Colombian Andes on the demographic
history of oak populations, and to contrast these findings with patterns observed in other
regions. Genetic data was obtained from chloroplast DNA microsatellite loci and
analyzed using phylogeographic methods. We estimated values of genetic diversity,
genetic and phylogeographical structure, computed minimum spanning haplotype
networks, tested for historical demographic expansion and, finally, described patterns of
geographic variation in the genetic structure and genetic diversity of oak populations.
Our results indicated that Q. humboldtii does not exhibit phylogeographical structure
and shows genetic diversity values lower than the observed for European, North
American and Mexican oak species. Minimum spanning haplotype networks and
demographic expansion tests also suggested a recent colonization of the Colombian
Andes and a recent demographic expansion dated after the Late Glaciation period
during the early Holocene, probably preceded by either a bottleneck during the Quercus
immigration or a Q. humboldtii Andean origin. Such patterns also suggest a milder
effect of the Pleistocene glaciations on the Andean oak populations in contrast to the

patterns observed in northern latitude oaks.

Keywords: Historical demography, Neotropical trees, Neotropics, Pleistocene,

Holocene.
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Introduction

The genus Quercus (Fagaceae) is characterized by a wide distribution in the northern
hemisphere, where oak species have a considerable ecological and economic
importance (Nixon 2006). The oaks species diversity and ecological dominance in a
wide variety of ecosystems, such as temperate deciduous and evergreen forests, sub-
tropical evergreen forests, oak-pine forests and cloud forests, have caught the attention
of many researchers that have studied oak species evolutionary history along its
distribution. An important number of studies have focused on the paleoecology and
biogeography (Crepet 1989a; Barbero et al. 1992; Manos et al 1999; Carrion et al. 2000;
Fernandez et al. 2007; Fletcher et al. 2007; Torres-Miranda et al. 2011; Voelker et al.
2012; Torres-Miranda et al. 2013; Kozharinov and Borisov 2014; Rodriguez-Correa et
al 2015) and systematics (Burger 1975; Crepet 1989a; Crepet 1989b; Nixon 1989;
Nixon 1997a; Nixon 1997b; Manos et al. 1999; Nixon 2002) of the genus. However,
since the emergence of phylogeographic analyses, this discipline has provided an
overwhelming amount of evolutionary information for oak species, particularly within
the Palearctic and Nearctic regions (Dumolin-Lepégue et al. 1997; Fineschi et al. 2002;
Cottrell et al. 2002; Csaikl et al. 2002; Petit et al. 2002a; Petit et al. 2002b; Olalde et al.
2002; Grivet et al. 2006; Lopéz de Heredia et al. 2007; Chen et al. 2012; Liu et al. 2013;
Gugger et al. 2013; Gugger and Cavender-Bares 2013; Alexander and Woeste 2014;

Cavender-Bares et al. 2015).

Recently, there have been some studies of oak species distributed from the
Mexican transition zone between the Nearctic and the Neotropical regions (including
species in the Caribbean islands) down to the Neotropical montane forest in the
Colombian Andes. The review of Kappelle (2006) covers several topics such as the

biogeography, paleoecology, biodiversity, community ecology, population genetics and
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conservation biology of Neotropical montane oak forests. Phylogeography and
population genetics of oaks in this area have been studied mostly on Mexican species
(Gonzalez-Rodriguez et al. 2004; Tovar-Sanchez et al. 2008; Pefialoza-Ramirez et al.
2010; Cavender-Bares et al. 2011; Gugger et al. 2013; Gugger and Cavender-Bares
2013; Valencia-Cuevas et al. 2014; Cavender-Bares et al. 2015). From Mexico down to
the Colombian Andes (the southernmost Quercus distribution limit) oaks species have
not been studied except for Quercus oleoides (also distributed in Mexico; Cavender-
Bares et al. 2011, Gugger et al. 2013, Gugger and Cavender-Bares 2013; Cavender-
Bares et al. 2015) and Quercus humboldtii (Fernandez-M et al. 2000; Fernandez-M and

Sork 2005; Fernandez-M and Sork 2007).

Phylogegoraphic studies in oak species from the Neotropical regions have
shown contrasting demographic patterns when compared to Nearctic and Palearctic
species. Neotropical oak species exhibit higher levels of within population variation and
lower among-population differentiation, probably as a result of the fact that Quercus
populations did not isolate into refugia during the periods of glacial maxima as the
higher latitude oak species did (Gonzalez-Rodriguez et al. 2004; Cavender-Bares et al.
2011). Apparently, the most important effect of the Pleistocene climatic changes on
Neotropical oak species was related to changes in their altitudinal distribution
(Hooghiemstra and van der Hammen 2004, Rodriguez-Correa et al. unpublished data).
However, there is still a considerable gap on the knowledge of historical demographic
processes of oaks at the southernmost part of the distribution of the genus, and
particularly at the Colombian Andes, where the single oak species present (Quercus
humboldtii) has been studied only with traditional population genetics approaches,

describing nuclear microsatellites cross-amplification, genetic diversity and matting
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patterns related to habitat fragmentation (Fernandez-M et al. 2000; Fernandez-M and

Sork 2005; Ferndndez-M and Sork 2007).

The extensive paleoecological information about montane forest dynamics
including clear oak palynological records (Hooghiemstra and van der Hammen 2004
and references therein), and the fact that Quercus humboldtii is the only oak species in
the Colombian montane forest, configure an optimal scenario to test historical
demography hypotheses about the responses of Quercus (a typical northern hemisphere
taxon) species within neotropical environments and to provide more information about
the effect of the historical climatic changes on the elements of the montane forests in the
Neotropics. Therefore, we set as aims of this study: i. to describe the phylogeographic
structure of a Neotropical oak (Quercus humboldtii) in the Colombian Andes, ii. to test
the effect of topographic variables on the species genetic diversity and structure, and iii.
to compare historical demography patterns observed for Quercus humboldtii with the

previously reported studies for other neotropical, nearctic and palearctic oak species.

Methods

Study species and population sampling

Quercus humboldtii (Bonpl.) is distributed in northern South America from the Darién
region at the Colombia/Panama border down to the Narifio region at southern Colombia
through the Andean mountains (Fig. 1). Its altitudinal distribution ranges from 774 to
3200 m (Pulido et al. 2006; Rangel and Avella 2011). A total of 21 populations of Q.
humboldtii were studied along this distribution (Fig. 1). Samples were obtained from the
tissue collection of the Instituto de Investigacion de Recursos Biologicos Alexander von
Humboldt (IAvH) (http://www.humboldt.org.co/servicios/colecciones-

biologicas/tejidos).
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DNA isolation and microsatellite amplification

Total DNA was extracted using a commercial DNA isolation kit following the
instructions provided by the manufacturer (QIAGEN DNeasy plant mini kit). A set of
nine chloroplast DNA (cpDNA) microsatellite loci (cmcs2, cmcs3, cmcs4, cmcsS,
cmcs6, cmes7, cmesl0, cmesl2 and cmesl4) designed for Fagaceae species by
Sebastiani et al. (2004) were screened and tested for polymorphism. Polymerase chain
reactions (PCR) were performed using a QIAGEN multiplex PCR kit with a final
volume of 5 pL, containing 1X multiplex PCR master mix, 0.25 mM of each primer, 20
ng of DNA and dH,O. Two groups of cpDNA microsatellite loci with common
annealing temperatures were used to amplify four (cmcs3, cmes4, cmcsS and cmcs6)
and five (cmcs2, cmes7, cmes10, cmes12 and cmcs14) loci at the same time for each
individual. ¢cpDNA microsatellite multiplex groups were defined so that different
fluorescence and loci expected size differ importantly within the same reaction mix.
Amplification was performed using an initial denaturation step for 15 min at 95°C,
followed by 35 cycles, each of 30 s at 95°C, 1.5 min at 55°C, 1 min at 72°C, and a final
extension step for 30 min at 60°C. PCR products were sized using an ABI-PRISM 3300
Avant sequencer (Applied Biosystem) and fitted with respect to a size standard

(GeneScan-600 LIZ) using the Peak Scanner program version 2.0 (Applied Biosystem).

Genetic analysis

Genetic diversity and Genetic Structure

Each unique combination of size variants for the evaluated chloroplast microsatellite
loci was defined as a different haplotype. Allelic richness corrected for sample size
(4R), gene diversity with unordered alleles (hs sensu Pons and Petit 1996) and non-

standardized gene diversity with ordered alleles (vs sensu Pons and Petit 1996) and the
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mean pairwise genetic distance among individuals within a population under a stepwise
mutation model (D’sy; Goldstein et al. 1995) were calculated at the population and
regional (Cordillera Occidental, COc; Cordillera Central, CC and Cordillera Oriental,
COr; Fig. 1) levels, using SPAGeDi version 1.1 (Hardy and Vekemans 2002). To
evaluate genetic differentiation both Gsr and Nsr (a Gsr analogue which takes into
account the genetic distances between haplotypes) and their significances were
calculated with SPAGeDi version 1.1 (Hardy and Vekemans 2002). Additionally, the
significance of the difference between the values of Gsr and Nsr was determined
through the allele permutation test with 200000 repetitions. A significantly higher value
of Nst than Gst indicates phylogeographic structure in the populations, according to
which more closely related haplotypes tend to occur in the same populations (Pons and

Petit 1996).

A hierarchical analysis of molecular variance (AMOVA) was implemented in
order to describe the partitioning of the genetic variation among population groups,
among populations within groups, and within populations. The grouping of populations
was defined by the three mountainous regions of the Colombian Andes (as described
above). AMOVA was calculated considering both Fsr (based on the infinite alleles
mutation model, IAM) and Rgsr (based on the stepwise mutation model, SMM) and
using 10,000 permutations in Arlequin version 3.5 (Excoffier et al. 2005). The
relationships among haplotypes were depicted using a minimum spanning network
computed with Network version 4.6 (available at www.fluxus-engineering.com) using
the median-joining method (Bandelt et al. 1999) and a maximum parsimony search

(Polzin and Daneschmand 2003).

Historical demography
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Possible events of past demographic expansions were assessed using the Fg statistic (Fu,
1997) and the mismatch distribution test (Rogers and Harpending 1992) considering the
entire Quercus humboldtii populations as a single population (considering the absence
of genetic structure; see results) using Arlequin version 3.5 (Excoffier et al. 2005) and
coding the cpSSR allels as binary data as suggested by Navascues et al. (2006). The
estimation of the time to the population expansion in mutational units (t) was calculated
using a maximum-pseudolikelihood method implemented in the LMSE software
(Navascués et al. 2009) considering the homoplasy correction model. The time to
expansion was calculated using the formula t = 21z (where / corresponds to the number
of loci; Rogers and Harpending 1992) under a per-locus average mutation rate of 1x10™
as well as generation time for trees between 50 and 100 years (Navascués et al. 2009;

Heuertz et al. 2010) .
Geographic patterns of genetic diversity and structure

The computed genetic diversity indexes were compared against the altitude of the
sampled populations in order to determine the existence of geographical gradients of
genetic diversity using correlation tests implemented in R ver. 3.0.2. Comparisons with
latitude and longitude were not considered because the distribution of Q. humboldti was
mainly determined by altitudinal migrations during the glacial cycles (Hooghiemstra
and van der Hammen 2004). The geographical location of the most important genetic
discontinuities was defined using the Monmomier’s maximum difference algorithm
implemented in Barrier ver. 2.2 (Manni et al. 2004). For this analysis, a set of pairwise
matrices of average square genetic distance (ASD; Goldstein ef al., 1995; Slatkin, 1995)
resampled manually from random subsets of individuals within populations was used to

define the bootstrap support values of the observed genetic breaks. Complementarily,
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the observed matrix of ASD was compared to a distance matrix inferred from the
population geographical location in order to estimate if the observed genetic structure
fitted an isolation by distance (IBD) model using a Mantel test (10000 permutations)

implemented in R ver. 3.0.2.

Results

Genetic diversity and genetic structure

The nine cpDNA loci were polymorphic, with the number of alleles per locus ranging
from two to five, as follows: csmc6 had five alleles, cmcsl2 and cmcsl4 had four
alleles each, cmcs2, cmcs5 and cmces?7 had three alleles each, and cmcs3, cmes4 and
cmes10 had three alleles each. Eighteen different haplotypes (Table S1) were identified
in the 22 populations sampled, with 13 unique haplotypes (haplotypes with a frequency
equal to one), one private haplotype (haplotype with frequency>1 restricted to a single
population), two haplotypes present in 2—4 populations and two widely distributed
haplotypes (Table 1; Fig. 2). The number of haplotypes per population ranged from one
to seven. Considering the regions defined by the three Cordilleras, 10 haplotypes (five
unique) were observed for the COr, 11 haplotypes (seven unique) for the CC and four
haplotypes (one unique) for the COc. Within-population genetic diversity (hs) varied
between zero (populations 14 and 15; Fig. 2) and 0.846 (population 3; Fig. 2). Mean (s.

e.) hs and total gene diversity (41) were 0.418 (0.055) and 0.453 (0.059), respectively.

The genetic differentiation among populations was 0.077 (0.033) for the
unordered alleles (Gst) and 0.048 (0.021) for the ordered alleles (Nst). Both, Gsr and
Nst values were significant (P<0.001), but the comparison between Gsr and Nsr does
not support the presence of phylogeographic structure. The hierarchical analysis of

molecular variance (AMOVA; Table 2) indicated that most of the genetic variation is
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found within populations (89.17% under the IAM and 87.41% under the SMM)
followed by variation among populations within groups (10.01% under the IAM and
14.63% under the SMM). The percentage of genetic variation among the three regions
was almost zero and not significant. The haplotype network showed that the 18
haplotypes are separated from each other by one mutational step in most cases, except
haplotypes H15 and H17 that are separated by 5 steps (Fig. 2). Most haplotypes have a
low frequency, except two haplotypes (H7 and H2), that have a wide distribution
through the entire Q. humboldtii range (Fig. 2). The geographic distribution of the
haplotypes did not show any clear structure; further supporting the absence of

phylogeographic patterns.
Historical population demography

The calculation of the Fs statistic (Fu, 1997) resulted in a highly significant large
negative value (-16.64, p<0.001), indicating a population expansion. The mismatch
distribution analysis also suggested a population expansion scenario since the
Harpending’s raggedness index exhibited a non-significant value (0.129, p=0.418),
which indicates that the observed distribution did not deviate from a unimodal shape.
The time to the population expansion (1) observed value (using a model under
homoplasy) was 0.021 (8p= 0.76, 6,=3.62E10, —log/CL]=528.31), which considering
mutation rates ranging between 1x10” and generational times ranging between 50 and
100 years, suggested that a population expansion dated between 5833 and 11666 years

BP could have occurred in the Colombian Andes oak population.
Effect of geography on the genetic diversity and genetic structure

Correlation tests showed significant negative relationships between genetic diversity

values and elevation. Particularly, haplotype richness (corrected by rarefaction) showed
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the strongest negative relation with elevation (r= -0.46, p=0.023) followed by genetic
diversity with unordered alleles (hg; = -0.39, p=0.047) and non-standardized gene
diversity with ordered alleles (vs; r= -0.37, p=0.047). However, the genetic diversity
measured as the mean pairwise genetic distance among individuals within a population
under a stepwise mutation model (D’sy; Goldstein et al., 1995) did not show any
relation with elevation (r= -0.05, p= 0.46). The inter-population analysis of genetic
discontinuities separated the populations in the Northern Andes (populations 2, 4, 7, 18
and 21) from populations in the southern and eastern Andes due to the prevalence of
unique haplotypes in populations two (H9), seven (H10 and H14) and 18 (H16), and
showed that populations 3 (situated in the central COc) and 9 (in the southern CC) are
somewhat differentiated from other populations (Fig. 3) due to the presence of unique
haplotypes (H1, H11, H13 and H17 in population 3 and H3 in population 9). All the
estimated barriers exhibited a well-supported bootstrap value (over 90%) and, two
populations (9 and 3) at southern CC and central COc respectively were observed
isolated from the other sampled populations (Fig. 3). Finally, the Mantel test results did
not support a pattern of isolation by distance in the sampled populations (r=-0.13

p>0.05).
Discussion

Comparing the genetic diversity values of Quercus humboldtii (Table 1) with the
diversity observed in other Quercus species, a higher haplotype richness is observed in
the Andean species than in European white oaks and some North American species, but
lower diversity values than in Californian (USA) and Mexican species. For example,
also using cpDNA microsatellites, Grivet et al. (2006) found a total of 11 haploptypes in

the European white oak complex (Quercus robur, Q. petraea, Q. canariensis, Q.
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faginea and Q. pyrenaica) in France and the Iberian Peninsula; Magri et al. (2007)
reported five haplotypes for Quercus suber in the western Mediterranean basin and
Marsico et al. (2009) observed six haplotypes for Quercus garryana in the northwest

region of North America.

In contrast, Pefialoza-Ramirez et al. (submitted) found a total of 90 haplotypes
for Quercus castanea along its whole distribution in Mexico, while Valencia-Cuevas
(2014) reported 21 haplotypes for the same species in a more restricted geographic area
in central Mexico. Other Mexican oak species also show high haplotype richness such
as the Quercus crassifolia x Quercus crassipes hybrid complex with 26 haplotypes
(Tovar-Sanchez et al. 2008) and the Quercus affinis x Quercus laurina hybrid complex
with 35 haplotypes (Ramos-Ortiz et al. submitted). Finally, a Californian oak species
(Quercus lobata) also exhibited considerable haplotype richness with 39 haplotypes

(Grivet et al. 20006).

Overall, Quercus humboldtii showed a higher haplotype richness (18) than
Nearctic oak species (except for Quercus lobata), but lower diversity than species
distributed in the Neotropics within the Mexican Transition Zone (MTZ) (sensu
Morrone 2010). A similar conclusion arises when comparing the values of average
within population diversity (hs) of Q. humboldtii with those of the above-mentioned oak
species: diversity values are higher than in Q. lobata, the European white oak complex
and Q. suber, but lower than the Ag values in Q. castanea and the Q. affinis x laurina
complex. Regarding total gene diversity (/7), Q. humboldtii exhibits lower values than
the entire set of oak species mentioned above (including European and North American

oaks).
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However, these diversity comparisons should be taken with caution since, even
though all the cited studies are based on chloroplast microsatellites, the set and number
of cpSSR loci partially differs among studies. In terms of among-population variation,
we observed low but significant values of genetic differentiation as indicated by both
Nst and Gst and a lack of phylogeographic structure given the non-significant
difference between the estimates of both statistics. This lack of phylogeographic
structure indicates that haplotypes are randomly distributed in the populations with
respect to their genealogical relationships (Pons and Petit 1996), probably due to a
recent colonization (or origin) of the Q. humboldtii in the Colombian Andes as will be

discussed later.

Interestingly, high levels of genetic diversity and genetic differentiation have
been associated to hybridization between Quercus species in the MTZ (Gonzélez-
Rodriguez et al. 2005; Tovar-Sanchez et al. 2008; Valencia-Cuevas et al. 2014). The
limited interaction between Q. humboldtii and other oak species (assuming that no other
oak species colonized the northern Andes or that the other colonizing lineages became
extinct) may in part explain the comparatively lower genetic diversity and genetic
structure of the Andean populations. However, historical demographic processes
probably played the most important role. The AMOVA results (Table 2) indicated a
lack of genetic differentiation among populations situated along the three main Andean
mountains ranges in Colombia and indicated that genetic variation distributes mostly

within populations.

cpSSR data considering all populations as a single group showed strong signals
of a past demographic expansion according to Fu’s Fs and Harpending’s raggedness

index (Table 3). The estimated time to the demographic expansion according to LMSE
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calculations date this event between 5.5 and 11.1 ka BP, configuring a scenario of
recent (post-glacial) population expansion probably preceded by a recent bottleneck
caused either by a recent immigration of the species into the Andes or a recent
speciation process. Such patterns fit previous observations of forest fluctuations in the
Colombian Andes during the last 650 ka BP that include higher values of Quercus
pollen abundance during warmer climatic conditions than during cold climatic

conditions (Van't veer and Hooghiemstra 2000).

Different authors coincide on the idea that after the appearance of Quercus in the
Colombian Andes (dated about 480 ka BP) a gradual colonization occurred, as a result
of this colonization important changes in the composition of the previous Andean forest
occurred as it has been observed in the palinological record (Van't veer and
Hooghiemstra 2000; Hooghimestra and van der Hammen 2004). Quercus has been
considered as an important element of the Andean forest during interglacial and
transitional climatic conditions (van't veer and Hooghiemstra 2000). Despite that Q.
humboldtii palinological records have suggested an effective colonization of the
Colombian Andes during Pleistocene interglacial conditions (van’'t veer and
Hooghiemstra 2000), molecular analysis in this study, particularly the time to the last
population demographic expansion, did not match Pleistocene interglacial periods,
instead the observed demographic expansion signal to the Andean oaks was dated at
the beginning of the Holocene as it could be expected considering the Q. humboldtii

recent immigration.

It has also been hypothesized that colonization of Quercus in the Colombian
Andes was accompanied by the evolution of the oak ecological niche. In this sense,

although Van't Veer and Hooghiemstra (2000) remarked the importance of Quercus in
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the pollen spectra corresponding to interglacial climatic conditions, they also mentioned
that during the last 135 ka BP the maximal abundances of Quercus pollen did not
coincide strictly with warm climatic conditions, which leads to the idea that following a
period of competition between oaks and other Andean forest taxa, Quercus reached an
equilibrium evidenced by the locally and permanent presence of Quercetum. Under this
scenario and according to the genetic data obtained, we propose that following the
Quercus equilibrium stage since its arrival, an important oak demographic expansion
may have occurred after the Late Glaciation (between>40-20 ka BP sensu Coltrinari
1993) of the Quaternary period, and particularly at the initial stages of the Holocene, for
which observations of very high percentages of Quercus pollen have been reported that
pointed out the oak forest as a dominant element in (at least) the eastern Colombian

Andes (van der Hammen and Hooghiemstra 2003).

Together, the recent immigration of the species into the Colombian Andes and a
very recent population expansion could explain the lack of phylogeographic structure,
as a recent migration leaves a short time for the appearance of new haplotypes. This
lack of structure is evidenced by the haplotype network that exhibited two frequent
haplotypes distributed across the entire species geographic range and randomly
distributed rare haplotypes (Fig. 2). Despite the lack of geographic genetic structure, it
was possible to identify a negative relation between the genetic diversity (expressed as
haplotype richness, genetic diversity with unordered alleles and non-standardized gene
diversity with ordered allels) and elevation. Previous studies of the Andean forest belts
altitudinal migration described by Hooghiemstra and van der Hammen (2004), and also
for the distribution dynamics of Q. humboldtii (Rodriguez-Correa et al. unpublished
results) suggested that during the Last Glacial Maximum the lower elevation oak

populations experienced an increase in their available climatic niche area, while higher
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elevation populations may have suffered a compression effect due to the reduction of
their environmental optimal conditions and the expansion of the sub-paramo and grass-
paramo vegetation. An increase in the lower forest belt area implies higher connectivity
due to larger population sizes and could explain the current higher genetic diversity
values in the low elevation oak populations and a reduced genetic variation at higher

elevations due to upwards migration from the lowlands and isolation at the highlands.

Interestingly, even in the absence of phylogeographic structure, low but
significant genetic differentiation was observed among populations (Gst = 0.077) and
the BARRIERS analysis showed that the most important genetic discontinuities
separate the oak populations in the north of the CC and COc and the oak populations in
central CC and COc. Similarly, oak populations south of the Colombian Massif (CM)
also seem to differentiate from the populations located north of the CM. Two
populations (3 and 9; Fig. 2) stand out due to their apparent isolation in relation to their
nearest neighbors. However, both populations show different geographical conditions.
Population 9 is located at the south of the CM, a tremendous geologically
heterogeneous area formed by valleys and important mountains which may explain
processes of isolation and differential gene flow with its neighbors. On the other hand,
the Belen population is located near the Cauca River Valley (a mountain-lowland
transition) and considering that oaks are mainly dispersed by gravity and pollinated by
wind it is also expected a limited gene flow with other oak populations located

mountain-top in the COc.

Conclusions

The historical demography of Q. humboldtii exhibited a complex dynamics. The

demographic expansion analysis suggested an important signal of expansion during the
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early Holocene. Interestingly, palynological data for the COr indicates an important
dominance of Quercus pollen during the Holocene over other taxa such as Weinmannia
(dominant during interglacial periods), providing support for our results. The idea of a
recent population expansion, added to an assumed recent Andean colonization of
Quercus, could explain the low genetic structure and the lack of phylogeographic
structure, with two common haplotypes widely distributed with high frequency and few
rare haplotypes randomly distributed through the species geographical range. It is also
interesting that the Andean oak exhibited different geographical structure patterns
compared to their Palearctic, Nearctic and even MTZ congeners. Finally, this study also
represents an important effort to complement the current understanding of the montane
forest evolution with a genetic approach, as most of the hypothesis postulated about this
topic came from palaeoecological studies meanwhile there are little or no

phylogeographic studies of any Andean montane tree species.

Acknowledgements

The authors thank Enrique Arbelaez Cortés for laboratory assistance at the Instituto de
Investigacion de Recursos Biologicos Alexander von Humboldt (IAvH) tissues
collection and specially thank the people involved in the previous tissue collection in
the field (Adriana Pietro, Andrés Giraldo, Mabel Paz, Juan Diego Palacio, Juan Manuel
Montes, William Vargas, Jorge Mario Bedoya, Catalina Arias). H. Rodriguez-Correa
specially thanks CONACyT (CVU/Scholarship: 329733/229366), the Posgrado en
Ciencias Biologicas-UNAM, DGEP-UNAM, Instituto de Investigaciones en
Ecosistemas y Sustentabilidad-UNAM, Escuela Nacional de Estudios Superiores unidad
Morelia-UNAM and Instituto de Investigaciones de Recursos Bioldgicos Alexander von

humboldt for providing funding and facilities to develop graduate studies at UNAM and

192



research procedures. HRC also thanks the financial supported received by the Red

Latinoamericana de Botanica-Andrew W. Mellon Foundation Grant 2010-2011.

References

Alexander L, Woeste K (2014) Pyrosequencing of the northern red oak (Quercus rubra
L.) chloroplast genome reveals high quality polymorphisms for population

management. Tree Genetics and Genomes 10:803-812

Bandelt HJ, Forster P, Rohl A (1999) Median-joining networks for inferring

intraespecific phylogenies. Molecular Biology and Evolution 16:37-48.

Barbero M, Loisel R (1992) Biogeography, ecology and history of Mediterranean

Quercus ilex ecosystems. Vegetatio 99-100:19.34.

Burger W (1975) The species concept in Quercus. Taxon 24(1):45-50.

Carrién JS, Parra I, Navarro C, Munera M (2000) Past distribution and ecology of the
cork oak (Quercus suber) in the Iberian Peninsula: a pollen-analytical approach.

Diversity and Distributions 6:29-44.

Cavender-Bares J, Gonzalez-Rodriguez A, Pahlich A, Koehler K, Deacon N (2011)
Phylogeography and climatic niche evolution in the live oaks (Quercus series

Virentes) from the tropics to the temperate zone. Journal of Biogeography 38:962-

981.

Chen D, Zhang X, Kang H, Sun X, Yin S, Du H, Yamanaka N, Gapare W, Wu HX, Liu
C (2012) Phylogeography of Quercus variabilis based on chloroplast DNA
sequence in east Asia: Multiple glacial refugia and mainland-migrated island

population. Plos one €47268.

193



Coltrinari L (1993) Global Quaternary changes in South America. Global and Planetary

Change 7:11-23.

Crepet WL, Nixon KC (1989a) Earliest megafossil evidence of Fagaceae: phylogenetic

and biogeographic implications. American Journal of Botany 76:842—855.

Crepet WL, Nixon KC (1989b) Extinct transitional Fagaceae from the Oligocene and

their phylogenetic implications. American Journal of Botany 76:1493—1505.

Csaikl UM, Burg K, Fineschi S, Konig AO, Matyas G, Petit RJ (2002) Chloroplast
DNA variation in the Alpine region. Forest Ecology and Management 156:131-

145.

Cottrell JE, Munro RC, Tabbener HE, Gillies ACM, Forrest GI, Deans JD, Lowe Al
(2002) Distribution of chloroplast DNA variation in British oaks (Quercus robur
and Quercus petrae): The influence of postglacial colonization and human

management. Forest Ecology and Management 156:191-195.

Dumolin-Lapégue S, Demesure B, Fineschi S, Le Corre V, Petit RJ (1997)
Phylogeographic structure of white oaks troughout the European continent.

Genetics 146:1475-1487.

Excoffier L, Laval G, Schneider S (2005) Arlequin ver 3.5. An integrated software
package for population genetics data analysis. Evolutionary Bioinformatics

Online 1:47-60.

Fernandez-M JF, Sork VL, Gallego G, Bohorques A, Thome J (2000) Cross-

amplification of microsatellite loci in a neotropical Quercus species and

194



standardization of DNA extraction from mature leaves dried in silica gel. Plant

Molecular Biology Reporter 18:397.

Fernandez-M JF, Sork VL (2005) Matting patterns of a subdivided population of the
Andean oak (Quercus humboldtii Bonpl., Fagaceae). Journal of Heredity 96:635-

643.

Fernandez-M JF, Sork VL (2007) Genetic Variation in Fragmented Forest Stands of the

Andean Oak Quercus humboldtii Bonpl. (Fagaceae). Biotropica 39:72—78.

Fineschi S, Taurchini D, Grossoni P, Petit RJ, Vendramin GG (2002) Chloroplast DNA

variation in white oaks in Italy. Forest Ecology and Management 156:103-114.

Fletcher WJ, Boski T, Moura D (2007) Palynological evidence for environmental and
climatic change in the lower Guadiana valley, Portugal, during the last 13 000

years. The Holocene 17:481-494.

Goldstein DB, Ruiz-Linares A, Cavalli-Sforza LL, Feldman MW (1995) An evaluation

of genetic distances for use with microsatellite loci. Genetics: 139:463-471.

Gonzdlez-Rodriguez A, Bain JF, Golden JL, Oyama K (2004) Chloroplast DNA
variation in the Quercus affinis-Quercus laurina complex in Mexico:
geographical structure and associations with nuclear and morphological variation.

Molecular Ecology 13:3467-3476.

Gonzalez-Rodriguez A, Arias DM, Oyama K (2005) Genetic variation of populations
within the Quercus affinis-Quercus laurina (Fagaceae) complex analyzed with

RAPD markers. Cannadian Journal of Botany 83:155-162.

195



Grivet D, Deguilloux M, Petit RJ, Sork V (2006) Contrasting patterns of historical
colonization in white oaks (Quercus spp.) in California and Europe. Molecular

Ecology 15:4085-4093.

Gugger PF, Cavender-Bares J (2013) Molecular and morphological support for a

Florida origin of the Cuban oak, Journal of Biogeography 40: 632-645.

Gugger PF, Ikegami M, Sork VL (2013) Influence of late Quaternary climate change on
present patterns of genetic variation in valley oak, Quercus lobata Née. Molecular

Ecology 22:3598-3612.

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer program to analyze
spatial genetic structure at the individual or population level. Molecular Ecology

Notes 2:618-620.

Heuertz, M, Teufel J, Gonzalez-Martinez SC, Soto A, Fady B, Alia R, Vendramin GG
(2010) Geography determines genetic relationships between species of mountain
pine (Pinus mugo complex) in Western Europe. Journal of Biogeography 37:541-

556.

Hooghiemstra H, van der Hammen T (2004) Quaternary ice-age dynamics in the
Colombian Andes: developing an understanding of our legacy. Philosophical

Transactions of the Royal society of London B 359:173-181.

Kappelle M (2006) Ecology and conservation of Neotropical montane oak forest.

Springer-Verlag Berlin Heidelberg.

Kozharinov AV, Borisov PV (2014) Distribution of oak forests in Eastern Europe over

the last 13000 years. Contemporary Problems of Ecology 6:755-760.

196



Liu H, Takeichi Y, Kamiya K, Harada K (2013) Phylogeography of Quercus
phillyraeoides (Fagaceae) in Japan as revealed by chloroplast DNA variation.

Journal of Forest Research 18:361-370.

Lopez de Heredia U, Carrion JS, Jiménez P, Collada C, Gill L (2007) Molecular and
palaeoecological evidence for multiple glacial refugia for evergreen oaks on the

Iberian Peninsula. Journal Biogeography 34:1505-1517.

Magri D, Fineschi S, Bellarosa R, Buonamici A, Sebastiani F, Schirone B, Simeone
MC, Vendramin GG (2007) The distribution of Quercus suber chloroplast
haplotypes matches the palacogeographical history of the western Mediterranean.

Molecular Ecology 16:5259-5266.

Manni F, Guerard E, Heyer E (2004) Geographic patterns of (genetic, morphologic,
linguistic) variation: how barriers can be detected by “Monmonier’s algorithm”.

Human Biology 76: 173-190.

Morrone JJ (2010) Fundamental biogeographic patterns across the Mexican Transition

Zone: An evolutionary approach. Ecography 33:355-361.

Navascués M, Emerson CC (2006) Chloroplast microsatellites: measures of genetic

diversity and the effect of homoplasy. Molecular Ecology 14:1333-1341.

Navascués M, Hardy OJ, Burgarella C (2009) Characterization of demographic
expansions from pairwise comparisons of linked microsatellite haplotypes.

Genetics 181:1013-1019.

197



Nixon KC (1989) Origins of Fagaceae. In: Crane PR, Blackmore S (eds) Evolution,
systematics, and fossil history of the Hamamelidae. Syst Assoc Spec 40B(2):23—

43

Nixon KC (1993b) Infrageneric classification of Quercus (Fagaceae) and typification of

sectional names. Annals of Forest Science 50 Suppl 1:25s—34s

Nixon KC (1997) Fagaceae. In: Flora of North America Editorial Committee (eds) Flora
of North America, North of Mexico, vol 3. Oxford Univ Press,New York, pp 436—

437

Nixon KC (2002) The oak (Quercus) biodiversity of California and adjacent regions.

USDA Forest Service, Gen Tech Rep PSW-GTR-184

Nixon KC (2006) Global and Neotropical Distribution and Diversity of Oak (genus
Quercus) Forest. Pages 3-13 in M Kappelle ed. Ecology and Conservation of

Neotropical Montane Oak Forest. Springer-Verlag Berlin Heidelberg, Berlin.

Manos PS, Doyle JJ, Nixon KC (1999) Phylogeny, biogeography, and processes of
molecular differentiation in Quercus subg. Quercus (Fagaceae). Molecular

Phylogenetics and Evolution 12:333-349.

Marsico TD, Hellman JJ, Romero-Severson J (2009) Patterns of seed dispersal and
pollen flow in Quercus garryana (Fagaceae) following post-glacial climatic

changes. Journal of Biogeography 36:929-941.

Olalde M, Herran A, Espinel S, Goicochea PG (2002) White oaks phylogeography in

the Iberian Penninsula. Forest Ecology and Management 156: 89-102.

198



Ornelas J F, Ruiz-Sanchez E, Sosa V (2010) Phylogeography of Podocarpus matudae
(Podocarpaceae): pre-Quaternary relicts in northern Mesoamerican cloud forests.

Journal of Biogeography 37:2384-2396.

Pefialoza-Ramirez JM, Gonzélez-Rodriguez A, Mendoza-Cuenca L, Caron H, Kremer
A, Oyama K (2010) Interspecific gene flow in a multispecies oak hybrid zone in

the Sierra Tarahumara of Mexico. Annals of Botany 105:389-399.

Petit RJ, Brewer S, Bordacs S, Burg K, Cheddadi R, Coart E, Cottrel J, Csaikl M, van
Dam B, Deans JD, Espinel S, Fineschi S, Finkeldey R, Glaz I, Goicochea PG,
Jensen JS, Konig AO, Lowe AJ, Madsen SF, Matyas G, Munro RC, Popescu F,
Slade D, Tabbener H, de Vries SGM, Ziegenhagen B, de Beaulieu J, Kremer A
(2002) Identification of refugia and post-glacial colonization routes of European
white oaks based on chloroplast DNA and fossil pollen evidence. Forest Ecology

and Management 156:49-74.

Petit RJ, Csaikl UM, Bordacs S, Burg K, Coart E, Cottrel J, van Dam B, Deans JD,
Dumolin-Lapegue S, Fineschi S, Finkeldey R, Gillies A, Glaz I, Goicochea PG,
Jensen JS, Konig AO, Lowe AJ, Madsen SF, Matyas G, Munro RC, Olalde M,
Pemonge M, Popescu F, Slade D, Tabbener H, Taurchini D, de Vries SGM,
Ziegenhagen B, Kremer A (2002) Chloroplast DNA variation in European oaks
phylogeography and patterns of diversity based on data from over 2600

populations. Forest Ecology and Management 156:5-26.

Polzin T, Daneschmand SV (2003) On Steiner trees and minimum spanning trees in

hypergraphs. Operations Research Letters 31:12-20

199



Pons O, Petit RJ (1996) Measuring and testing genetic differentiation with ordered

versus unordered allels. Genetics 144:1237-1245.

Pulido MT, Cavelier J, Cortés-S SP (2006) Structure and composition of Colombian
oak forest. In: M. Kapelle (ed.) Ecology and conservation of neotropical oak

forest pp.141-151. Springer-Verlag Berlin Heidelberg.

Rangel JO, Avella A (2011) Oak forest of Quercus humboldtii in the Caribbean region
and distribution patters related with environmental factors in Colombia. Plant

Biosystems 145:186-198.

Rodriguez-Correa H, Oyama K, MacGregor-Fors I, Gonzéalez-Rodriguez A (2015) How
are oaks distributed in the Neotropics? A perspective from species turnover, areas
of endemism and climatic niches. International Journal of Plant Sciences.

176:222-231.

Rogers AR, Harpending H (1992) Population growth makes waves in the distribution of

pairwise genetic differences. Molecular Biology and Evolution 9:552-569.

Sebastiani F, Carnevale S, Vendramin GG (2004) A new set of mono- and dinucleotide

chloroplast microsatellites in Fagaceae. Molecular Ecology Notes 4:259-261.

Slatkin M (1995) A measure of population subdivision based on microsatellite allele

frequencies. Genetics 139:457-462.

Torres-Miranda A, I Luna-Vega, K Oyama (2011) Conservation biogeography of red
oaks (Quercus, section Lobatae) in Mexico and Central America. American

Journal of Botany 98:290-305.

200



Torres-Miranda A, I Luna-Vega, K Oyama (2013) New approaches to the biogeography
and areas of endemism of red oaks (Quercus L., Section Lobatae). Systematic

Biology 62:555-573.

Tovar-Sanchez E, Mussali-Galante P, Esteban-Jiménez R, Pifiero D, Arias DM, Dorado
0O, Oyama K (2008) Chloroplast DNA polymorphism reveals geographic structure
and introgression in the Quercus crassifolia x Quercus crassipes hybrid complex

in Mexico. Botany 86:228-239.

Valencia-A S (2004) Diversidad del género Quercus (Fagaceae) en México. Boletin de

la Sociedad Botanica de México 75: 33-53.

Valencia-Cuevas L, Pifiero D, Mussali-Galante P, Valencia-Avalos S, Tovar-Sanchez E
(2014) Effect of red oak species gradient on genetic structure and diversity of
Quercus castanea (Fagaceae) in Mexico. Tree Genetics and Genomes 10:641-

652.

Van't Veer R, Hooghiemstra H (2000) Montane forest evolution during the last 650000
yr in Colombia: a multivariate approach based on pollen record funza-I. Journal of

Quaternary Science 15:329-346.

Van der Hammen T, Hooghiemstra H (2003) Interglacial-glacial Fuquene-3 pollen
record from Colombia: an Eemian to Holocene climate record. Global and

Planetary Change 36: 181-199.

Voelker SL, Noirot-Cosson P, Stambaugh MC, McMurry ER, Meinzer FC,
Lachenbruch B, Guyette RP (2012) Spring temperature responses of oaks are
synchronous with North Atlantic conditions during the last deglaciation.

Ecological Monographs 82:169-187.

201



Tables

Tablel. Population geographic information summary and genetic diversity and genetic
structure estimates. n: sample size, 4s: within population genetic diversity, D’SH, mean
pairwise genetic distance among individuals within a population under a stepwise

mutation model.

Elevation Total Allelic richness
Id Longitude Latitude (m.as.) n haplotypes (rarefacted) hs  D’sh
1 -76.83 1.93 2591 8 2 1.55 0.18 0.01
2 -75.05 6.55 973 10 4 3.17 0.71  0.02
3 -75.86 5.2 1499 10 7 4.29 0.84 0.12
4  -75.65 6.61 2923 2 1.87 035 0.02
5 -75.62 4.55 1900 2 1.96 0.42 0.02
6 -75.64 5.56 2242 10 4 3.03 0.67  0.03
7 7532 6.78 2017 10 5 3.67 0.75  0.04
8 -77.26 1.33 2314 10 3 2.48 0.56  0.02
9 7715 1.38 1790 6 3 3 0.6 0.04
10 -76.74 3.32 1801 10 2 1.5 0.16 0.01
11 -73.65 5.45 2988 10 2 1.6 02 0.01
12 -75.86 5.55 1994 9 2 1.99 0.5 0.03
13 -76.79 2.01 2446 10 2 1.87 0.35 0.02
14 -76.1 1.63 1716 7 1 1 0 0
15  -75.49 6.21 2475 7 1 1 0 0
16  -75.7 433 2052 9 3 2.09 0.34  0.01
17  -75.56 4.65 1965 9 2 1.46 0.16 0.01
18  -76.08 6.42 2889 9 3 2.53 0.61 0.02
19 -73.46 5.71 2781 10 4 3.07 0.7 0.13
20 -73.15 5.95 3031 2 1.87 035 0.02
21 -75.51 6.93 2701 8 2 1.75 0.25  0.06
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Table 2. Hierarchical analysis of molecular variance (AMOVA) using FST and RST for
Quercus humboldtii. Groups correspond to the three Cordilleras in the Colombian

Andes (see Fig. 1). * Significant values (p<0.001).

Variance Percentage Fixation
Source of variation  d.f. ss components  of variation index
Fsr
Among groups 2 8.59 0.01 0.73 OCT=0.007
Among populations
within groups 10 61.19 0.17 10.1 OSC=0.101*
Within populations 184 315.48 1.53 89.17 OST=0.108*
Total 196 385.27 1.72
Rsr
Among groups 2 0.87 0 0 OCT=0.001
Among populations
within groups 10 14.51 0.05 14.36 OSC=0.141*
Within populations 184 60.02 0.29 87.41 OST=0.125%*
Total 196 75.42 0.33
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Table S1. Haplotype list defined from each unique combination of size variants for the

evaluated chloroplast microsatellite loci.

ID ecmes2 emes6 emesld emes3 emes?7 emesl? emesS emes1d emesd
H1 135 185 173 164 205 218 146 166 107
H2 135 156 171 164 205 218 146 166 107
H3 135 196 171 164 207 218 146 166 107
H4 135 197 169 164 205 217 146 166 107
H5 135 197 165 164 205 218 146 166 107
HE 139 187 171 162 205 218 146 166 107
H7 135 157 171 164 205 218 146 166 107
H2 135 187 171 164 205 218 146 166 109
HS 135 157 171 164 205 218 146 168 107
H10 139 157 171 164 205 218 148 166 107
H11 139 157 171 164 205 218 148 166 109
H12 139 197 173 164 205 218 146 166 107
H13 135 202 171 164 205 218 146 166 107
H14 135 187 171 164 205 215 146 166 107
H15 139 187 175 164 205 218 146 166 107
H16 141 157 171 164 205 218 146 166 107
H17 145 201 173 164 2059 220 146 166 107
Mg 345 200 175 dea 205 218 147 166 107
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Figure legends

Figure 1. Quercus humboldtii distribution represented by localities available with
georeferenced information (white triangles) and populations included in this study
(yellow triangles). Elevation of the Colombian Andes is represented in a grey scale
from lowlands (white) to highlands (black). COc: Cordillera Occidental, CC: Cordillera

Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian Massif).
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Figure 2. Distribution of the 18 haplotypes identified from cpSSRs and haplotype
network inferred using median-joining in Quercus humboldtii. Name of the haplotype is
coded as Hn followed by a number in parenthesis corresponding to the population for
unique haplotypes. Purple circles represent unique haplotypes derived from H18, lima
green circles represent unique haplotypes derived from H7 and orange circles represent
unique haplotypes derived from H2. Elevation of the Colombian Andes is represented in
a grey scale from lowlands (white) to highlands (black). COc: Cordillera Occidental,
CC: Cordillera Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian

Massif).
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Figure 3. Geographical location of the most important genetic discontinuities (red lines)
using the Monmomier’s maximum difference algorithm for the Quercus humboldtii
populations (white triangles). Elevation of the Colombian Andes is represented in a grey
scale from lowlands (white) to highlands (black). COc: Cordillera Occidental, CC:
Cordillera Central, COr: cordillera oriental, CM: Macizo Colombiano (Colombian

Massif).
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Discusion general y conclusiones

Los bosques de roble (Quercus: Fagaceae) son elementos clave de los ecosistemas
Holarticos y Neotropicales, por sus niveles de diversidad biologica, dominancia
ecoldgica y valor econdmico (Nixon 2006). Sumado a esta importancia, las diferentes
especies que forman el género Quercus (y otros géneros de la familia Fagaceae como ha
sido planteado por Petit et al. 2013) deben ser consideradas como elementos claves para
reconstruir la historia evolutiva a nivel global, considerando que dichas especies han
sido empleadas como grupos modelo para evaluar o bien, describir el efecto de cambios
historicos asociados con fluctuaciones climaticas, dinamica tecténica o la
heterogeneidad del paisaje con respecto a la historia de los linajes que habitan
ecosistemas o regiones biogeograficas particulares, como es el caso de los sistemas
montanos de los Andes Colombianos durante el cuaternario (Hooghiemstra & van der
Hammen 2004) o las rutas de migracion y formacion de refugios durante el Pleistoceno

en Europa (Dumolin-Lapegue et al. 1997).

Cuando se considera la region Neotropical (definida desde el extremo norte de la
Zona de Transicion Mexicana incluyendo el norte de la Sierra Madre Oriental y el norte
de la Sierra Madre Occidental en México hasta el sur de la Zona de Transicion
Suramericana en la Provincia Monte), el género Quercus aparece como un grupo que
potencialmente puede aportar informacion para describir y sustentar los patrones de
distribucion observados en diferentes taxa distribuidos en el extremo norte del
Neotropico, region que se caracteriza por tener niveles de biodiversidad abrumadores,
incluyendo diversos puntos calientes de biodiversidad como Mesoamérica, parte
importante del Choco/Darién/Ecuador Occidental y parte de los Andes Tropicales

(Myers et al. 2000).
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A través de esta distribucion las especies del género Quercus abarcan una gran
variedad de ecosistemas pues cuenta con especies que se distribuyen desde México
hasta Costa Rica a través de las zonas bajas como es el caso de Q. oleoides (desde los
150 hasta los 960 m.s.n.m; Valencia-A 2004), hasta especies con la misma distribucion
geografica pero que se distribuyen en cinturones de vegetacion montanos (entre los
1500 y los 2000 m.s.n.m como Q. sapotiifolia y Q. Insignis; Valencia-A 2004). Esta
distribucion altitudinal es aiin mas representativa si se consideran especies con una
distribucidon mas restringida como aquellas especies endémicas de México o bien
aquellas especies que alcanzan el norte de Centroamérica. Alli la distribucion de las
especies de roble puede variar desde el nivel del mar hasta los 3500 m.s.n.m (Valencia-

A 2004).

Los estudios de especies del género Quercus en esta region adquieren una
importancia mayor cuando se consideran las investigaciones recientes que se han
desarrollado en el norte del Neotropico. En este sentido las revisiones de Bagley et al.
(2014), Ramirez-Barahona & Eguiarte (2014) y Gutiérrez-Garcia & Vazquez-
Dominguez (2013), junto con los estudios recientes de Ornelas & Rodriguez-Gomez
(2015), Rodriguez-Gomez & Ornelas (2015), Gonzélez & Ornelas (2014), Ornelas &
Gonzalez (2014) y Ornelas et al. (2013), han ilustrado la gran variedad de patrones
geograficos que explican la distribucion de la variacion genética y la demografia
histérica de las especies que se distribuyen en la region norte del Neotrdpico. Dentro de
estos estudios es fundamental mencionar que las diferentes especies evaluadas sugieren
la presencia de patrones comunes que explican la estructura filogeografica de las
especies Neotropicales asociados con elementos geoldgicos importantes como el IT, la
zona de contacto entre las fallas Polochic-Motagua, el arco volcanico de Centroamérica,

la DN y las cordilleras de Costa Rica y Panama.
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Dichos elementos geoldgicos como se pudo observar en el Capitulo Uno de la
presente tesis representan zonas de gran importancia dentro de la distribucion del género
Quercus en el Neotropico. El IT, la zona de contacto entre las fallas Polochic-Motagua
y la DN son zonas donde la composicion de especies de Quercus presenta valores de
recambio mayores a los que se esperarian por la variacion natural de los valores de
diversidad. Sumado a lo anterior, zonas como las cordilleras de Costa Rica y Panama
representan sitios importantes para la distribucion de areas de endemismo del grupo.
Aunque estos resultados representan la distribucion actual de las especies de Quercus es
necesario resaltar que esta distribucion es el reflejo de los procesos historicos que han
determinado los procesos de dispersion, flujo génico contempordneo e historico,
diversificacién y extincion de las especies de roble desde el centro y sur de México

hasta los Andes Colombianos.

La idea de que la distribucion actual de Quercus tiene una explicacion historica
en el contexto de las barreras observadas que determinan cambios en la composicion de
especies, toma mas fuerza cuando se consideran diferentes estudios filogeograficos de
taxa Neotropicales. En este sentido, Ornelas et al. (2013) describen la convergencia de
puntos geograficos (como el IT) donde especies diferentes (tanto de plantas, aves y
mamiferos) con distribuciones en comun presentan procesos de divergencia, pero con la
caracteristica de que dichos eventos tienen marcos temporales diferentes. Este
comportamiento sugiere procesos multiples de diversificacion explicados por la
dinamica tectonica y su efecto en la reduccion de zonas altas a través del IT (Ornelas et
al. 2013). Otros ejemplos de divergencia asociados a la presencia del IT en México
también son reportados en diferentes grupos por Gutiérrez-Garcia & Vazquez-
Dominguez (2013). La importancia del IT en los procesos de diferenciacion reportados

en la revision de Gutiérrez-Garcia & Vazquez-Dominguez (2013) es tal, que dentro de

210



los ejemplos que caracterizan el grupo Maya propuesto por las autoras, esta barrera es

un elemento recurrente.

Una vez definido tanto el contexto biogeografico y macroecologico del género
Quercus en el norte del Neotrépico como el marco conceptual para generar hipotesis y
explicar los patrones filogeograficos de especies particulares del grupo, es posible
complementar la historia de los encinos Neotropicales. De esta forma, el Capitulo Dos
de la presente tesis ilustra como dos especies del género presentan respuestas complejas
y en cierta medida contrastantes entre si cuando se describe su dindmica demografica
historica y la distribucion geografica de la variabilidad genética. Las dos especies
caracterizadas, Quercus sapotiifolia y Q. insignis, en primer lugar exhiben niveles de
diversidad y estructura genética altos y similares a otras especies del género distribuidas
en el Neotropico (p. e. Quercus castanea, Penialoza-Ramirez et al. enviado; Quercus
crassifolia x Quercus crassipes, Tovar-Sanchez et al. 2008; Quercus affinis x Quercus
laurina, Ramos-Ortiz et al. enviado) y de igual forma, valores superiores a los
reportados para la mayoria de especies de roble con una distribucion Holartica (Quercus
robur, Q. petraea, Q. canariensis, Q. faginea y Q. pirenaica, Grivet et al. 2006;

Quercus suber, Magri et al. 2007; Quercus garryana, Marsico et al. 2009).

Referente a la distribucion de la variacion genética y la historia demografica
ambas especies muestran una afinidad Neotropical marcada, hecho particularmente
claro para Q. sapotiifolia, donde la red de haplotipos sugiere un posible origen
Centroamericano debido a la prevalencia de haplotipos frecuentes y distribuidos de
forma amplia entre Guatemala y Honduras. Alin mas interesante es el hecho de que las
redes de haplotipos para las dos especies sugieren procesos de dispersion y re-
colonizacion desde el centro de Centroamérica (Guatemala y Honduras) tanto hacia el

sur de México, como hacia la zona montafosa de Costa Rica. Andlisis complementarios
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también muestran como las barreras identificadas a nivel biogeografico y
macroecologico determinan la distribucion de la variacion genética (Istmo de
Tehuantepec y Depresion de Nicaragua en el caso de Q. insignis, zona de contacto entre

la falla Polochic-Motagua y arco volcénico de Centroamérica en Q. sapotiifolia).

Como se explica en el Capitulo Dos estos patrones de distribucion de la
variacion genética son consistentes con la historia geoldgica compleja y heterogénea de
Centroamérica, donde se destacan eventos tectonicos constantes (Marshall 2007),
actividad volcanica reciente (Marshall 2007), fluctuaciones climaticas historicas
importantes y heterogéneas (Islebe & Hooghiemstra 2006). Sin embargo, aunque ambas
especies tienen cierto grado de co-distribucion (habitan areas cercanas pero rara vez se
encuentran en simpatria) existe una diferencia en la distribucion de la variacion genética
entre ambas. Dicha diferencia se refleja en las barreras al flujo génico observadas. En el
Capitulo Dos se propone que dicha variacion se puede atribuir a caracteristicas intra-
especificas relacionadas con la capacidad de dispersion, como el tamafio de las bellotas
y la distribucion altitudinal entre las especies. Esta variacion entre especies apoya
observaciones previas donde se atribuyen patrones contrastantes de distribucion de la
variacion genética a procesos especificos para cada taxa (Ornelas et al. 2013; Ramirez-

Barahona & Eguiarte 2013).

Hasta este momento los datos obtenidos y discutidos en los capitulos Uno y Dos
reflejan dos patrones de distribucion geografica de las especies y su variacion genética.
En primer lugar esta el cambio latitudinal tanto de la composicion de las especies como
de la estructura genética intra-especifica y la influencia de los componente geoldgicos
como el IT en ambos aspectos; en segundo lugar los patrones de variaciéon genética
observados en las redes de haplotipos en ambas especies (Q. insignis y Q. sapotiifolia),

siguieren procesos de dispersion y colonizacion tanto hacia México como hacia Costa
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Rica desde el centro de Centroamérica (Honduras y Guatemala). Estos procesos de
dispersion y colonizacion se repiten de forma consistente en ambas especies e incluso
sugieren la posibilidad de procesos de re-colonizacion desde Costa Rica hacia
Honduras. De este patron observado es posible plantear la hipdtesis de que el cambio
geografico en la estructura genética esta asociado o bien se expresa durante periodos
diferentes como ha sido observado por Ornelas et al. (2013) al comparar diferentes taxa
co-distribuidos. Sin embargo, a diferencia de los casos reportados por el autor, en
nuestro sistema de estudio los cambios demograficos histéricos asociados a puntos
geograficos especificos podrian variar incluso dentro de una misma especie en periodos

distintos.

La caracterizacion filogeografica de las dos especies de encino con una
distribucion regional (cordilleras de Costa Rica; Capitulo Tres) refuerza patrones
observados previamente y arroja resultados novedosos que incrementan el grado de
complejidad de la historia evolutiva de las biotas Neotropicales. En este sentido, Q.
Costaricensis a pesar de tener una distribucion restringida al sur de Centro América,
presentd una estructura filogeografica bien definida a través de los bosques montanos
altos. Esta estructuracion responde a niveles moderados de flujo génico en sentido
norte-sur influenciados por cambios en la distribucion altitudinal de la especie durante
la transicion entre periodos glaciales e integlaciales del Cuaternario descrita por Islebe
& Hooghiemstra (2006) para Costa Rica. Lo anterior evidencia que aun a escalas
regionales los procesos fisicos historicos pueden configurar cambios en la historia
demografica de las especies del género Quercus. Este patron resalta la importancia de
estudios regionales y contradice la tendencia de restringir la importancia del sur de
Centro América a un punto de transito entre las migraciones bidirecionales entre el

Neartico y el Neotropico. Por su parte, Q. bumelioides exhibe un patron opuesto
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caracterizado por la ausencia de estructura genética y filogeografica, evidencia de
expansion poblacional reciente, niveles altos de diversidad genética y flujo génico
asociados a la distribucion en los bosques montanos bajos que caracteriza a Q.
bumeliodes. Estos patrones (al menos a nivel demografico y filogeografico) observados
son mas afines a Q. humboldtii que a las demas especies del género estudiadas en el

Neotrdpico.

Sumado a estos dos ejes de variacion, la latitud y el tiempo, en la presente tesis
se describe una variable mas que influye de forma importante en la distribucién de la
variacion genética, la elevacion. En este sentido en el Capitulo Cuatro se evaluaron los
cambios en la distribucion de Quercus humboldtii en los Andes Colombianos durante el
UGM considerando estudios paleoecoldgicos para los bosques montanos desarrollados
por Hooghiemstra & van der Hammen (2004). Los resultados obtenidos sugieren que
las poblaciones de Q. humboldtii en los Andes Colombianos presentan una estructura
altitudinal bien definida. En términos generales las poblaciones de roble no muestran
diferencias importantes en la extension del nicho climatico disponible, pero al
considerar las diferencias entre cinturones de vegetacion fue posible identificar un
incremento en el nicho disponible para los bosques montanos altos y reducciones en el
nicho disponible para el bosque montano bajo y los bosques tropicales de zonas bajas.
Aparentemente, los cambios en la distribucion de los bosques de roble en los Andes
Colombianos reflejan una migracion altitudinal importante, donde las condiciones
climaticas se desplazaron hacia las zonas bajas sin generar cambios importantes en la

distribucién.

A partir de estos resultados es posible establecer que los bosques de Q.
humboldtii no siguen un modelo de reduccién y aislamiento en parches durante el

Pleistoceno como se ha propuesto por diferentes autores (Haffer 1969; Toledo 1982;

214



Carnaval & Moritz 2008; Carnaval et al. 2009; de Mello-Martins et al. 2011). En
cambio, los patrones observados de distribucion coinciden con un escenario de bosques
continuos a través de los ciclos glaciales e interglaciales con eventos de migracion
altitudinal como el descrito por Farrera et al. (1999), Hoestler & Mix (1999) y Caballero
et al. (2010). Ambos escenarios de respuesta ante las fluctuaciones climaticas durante el
Pleistoceno han sido revisadas recientemente por Ramirez-Barahona & Eguiarte (2013)
haciendo énfasis en los bosques Mésofilos y la informacion filogeografica disponible
para especies de estos bosques. Los autores sugieren que existe falta de evidencia
contundente para definir la validez de los escenarios recién mencionados, por lo que
sugieren la combinacion de informacidon ecoldgica, genética y paleoecologica para

generar informacion mas contundente.

Una vez definido el escenario biogeografico de Q. humboldtii durante los
periodos de cambio climatico durante el Pleistoceno (al menos para el UGM), la misma
especie fue caracterizada a nivel filogeografico con el fin de describir los procesos
demograficos historicos que determinaron la distribucion actual de la especie (Capitulo
Cinco). En este sentido los resultados obtenidos para Q. humboldtii sugieren la ausencia
de estructura filogeografica, mientras que la red de haplotipos muestra un patrén en
forma de estrella que refleja una expansion poblacional reciente producto de un cuello
de botella anterior, debido bien a un origen reciente de la especie o a la colonizacidén
reciente de Q. humboldtii de los Andes Colombianos. Estos resultados son consistentes
con la aparicion de esta especie en los registros palinoldgicos de los Andes hace
aproximadamente 480 ka BP, fecha a partir de la cual se generaron cambios importantes
en la composicion de los cinturones de vegetacion montanos (Van't veer &

Hooghiemstra 2000; Hooghimestra & van der Hammen 2004).
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De igual forma los andlisis demograficos sugieren que las poblaciones de Q.
humboldtii  presentaron una expansion poblacional reciente datada hace
aproximadamente 11 ka BP a finales del Pleistoceno e inicio del Holoceno. A partir de
esta informacidon es posible establecer que los cambios climaticos asociados a las
transiciones entre periodos glaciales e interglaciales tuvieron un efecto importante para
la dindmica demografica historica de esta especie. Al analizar los cambios en la
diversidad genética, fue posible identificar que las poblaciones de la especie presentan
valores mas altos de diversidad genética hacia las zonas bajas, la cual se reduce de
forma importante y significativa cuando se consideran las poblaciones de los cinturones
de vegetacion mas altos. El efecto moderado o nulo en términos de conectividad y
asilamiento debido a fluctuaciones climéaticas y los niveles de diversidad altos hacia las
zonas bajas es consistente con la idea de condiciones hiimedas durante el ultimo glacial
maximo las cuales favorecieron distribuciones estables y continuas (Farrera et al. 1999,

Hoestler & Mix 1999 y Caballero et al. 2010).

Los resultados obtenidos en el Capitulo Cuatro complementan los resultados
obtenidos en la caracterizacion filogeografica de Q. humboldtii en la medida que no
existe evidencia de un incremento general del nicho climatico disponible durante el
UGM. De igual forma, ademas de la estabilidad del area disponible, los modelos de
nicho ecologico muestran un desplazamiento de los cinturones de vegetacion hacia las
zonas bajas lo que favorecid un paisaje conectado que pudo fomentar el flujo génico y
los bajos de niveles de diferenciacion genética observados en los robles Andinos. De
forma complementaria, los analisis genéticos y biogeograficos de los Capitulos Dos y
Cuatro estan respaldados por diferentes observaciones palinologicas (Marchant et al.
2002, Wilee et al. 2001, Wille et al. 2000, Helmens et al. 1996, Hooghiemstra & Ran

1994, Hooghiemstra & Van der Hammen 1993, Helmens & Kuhry 1986), dentro de las
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cuales se destacan observaciones de polen proveniente de Quercus como un elemento

dominante durante el Holoceno (van der Hammen & Hooghiemstra 2003).

En términos generales la presente tesis presenta un panorama biogeografico y
filogeografico considerable del género Quercus en en Neotrdpico. Ambos capitulos
biogeograficos (Capitulo Uno y Cuatro) presentan evidencia de la importancia que ha
tenido la dindmica de variables fisicas como la geografia y el clima tanto en la
estructura de las comunidades de los encinos en el Neotropico a nivel latitudinal (escala
amplia), como a nivel intra-especifico en un gradiente altitudinal (escala local). Por su
parte, los resultados obtenidos en la caracterizacion filogeografica de las cinco especies
Neotropicales del género Quercus (Capitulos Dos, Tres y Cinco) sugieren que ain ante
la presencia de patrones biogeograficos comunes para el género Quercus, la respuesta
de las especies por separado a cambios en las condiciones geoldgicas (p. e. eventos
tectonicos y volcanicos) y climaticas histéricas (p. e. fluctuaciones durante el
Cuaternario) pueden diferir ain entre especies co-distribuidas. Estas diferencias
observadas sugieren que ademas de considerar los diferentes escenarios geologicos y las
diferencias ecoldgicas de las especies que determinan el flujo génico (como su
distribucion altitudinal y fenologia) para entender los patrones filogeograficos y
demograficos historicos de las especies del género Quercus, es fundamental tener un
marco filogenético que permita evaluar si las diferencias en los tiempos de
diversificacion y especiacion para los encinos Neotropicales explican las diferencias
observadas en los tiempos de expansion poblacional, diversidad genética y estructura
filogeografica. La presencia de expansiones poblacionales recientes, cambios en la
distribucion durante periodos glaciales e interglaciales, evidencia de colonizaciones
multiples y re-colonizacion, podrian evidenciar procesos de re-distribucion de

poblaciones durante el Cuaternario como lo describen Bennet et al. (2012), mientras que
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procesos como diversificacion, divergencia de linajes y especiacion posiblemente se
presentaron durante etapas previas (Bennet et al. 2012) como el Plioceno, tal como lo

sugieren Bagley & Jhonson (2014) para otros taxa Neotropicales.
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Introdu ction

‘The area between the tropics of Mexico and the Colombian
Andes s charactermed by a high biclgical diversity andd m-
dudes three of the mostimportant global baodiversity hot spots
Mesommenca, ChociDarkn, and the Tropical Andes; Myers
e al. 2000). This area is very important biogeographically and
m terms of conservation of biodiversity due to varous reasons,
mchuding (1) it represents a transtion zone between the Neo-
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tropical biota and the Nearctic biota {Mormrone 2010}; {1 } withan
this area, a great number of anmmal and plant taxa have ex-
penienced processes of divensification, extinction, and mgra-
tion (Catiemez-Garcia and Vizguez-Dominguez 2013} and
(ni) this area 5 undergoing exceptional loss of habitat (Myers
etal. 2000},

Oak speces ((wercus: Fagaoemae) are widely dstnbuted
within the Neotropics, ranging from the north of the Mexican
Transition Zone (MTZ; sensu Momone and Marques 2001)
down to thesouth of the Colombian Andes, This genus has high
leveks of diversity in the southeastemn United States. However,
the greatest vak species diversity occurs m the mountams of
southern Mexico (Nixon 2006 ), although Valkncia-Avalos
{200 } pointed out that the central and northeastem regions
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of the country also bear considerable numbers of species. In
Central America, although o2k species richness 5 lower than
in Mexico, (uerctes oaupies the second place of 1mp =

and the avalability of mformation on the ooourrence of spe-
cies at both global (e g, Global Biclogical Information Facility )
and regional fe.g., Bivkgxal Information System [SIB], Co-

in terms of richness in the montane forests.

The taxonomy and species richness of Quercws L. m the
American territory have been continuously revised topics over
the yeam, particularly for the Mexican regon (Nixon 1997;
Valencia-Avakes 2004). The reviews on the subject mdicate
that the total number of species m Amerxa (dstnbuted m
North Amenca, Central Amenca, and the northemn portion of
South America) is around 220, dstrbued fom Canada and
the United States with 4 and %0 species, respectively, through
Mexico with approximately 161 species (Valencia-Avales
2(M), Central America with about 40 (Nixon 2006}, and Co-
lombia, whene there is only a single speces, (. lenboldui
{Pulido et al. 2006).

Nixon {2006} described these changes m the rnichness of
Qurercaes and the vanation in phenotypic charactenstics asoci-
ated with the latitudinal range of Neotropical oak species, These
pattems represent an mieresting topic considering geologxal
and hiokgcal processes m Mexico and Central Amenca, m-
cludng (i) the formation of a transition zone between the Ne-
amnctic biota and the Neotropical biota a5 a result of the lifting
of the Pa an Isth L , Costa Rica, and south-
ern Nicaragua) and (i1} geological activity at morphotectonic
provinces such a5 the Trans-Mexican Volanic Belt and the
Tehuanteper kthmus m Mexico, the Micraguan Depression,
and the moumtams of Costa Rica. The first event caused a
bidirectimnal biotic exchange that ccasrred from the Focene to
the present, reaching a peak during the Pliccene and the Qua-
ternary {Webb 1991}, During this periodd, specifically at 470 ka
BP, Nearctic elements such as (hwercues appeared m the fossl
record atthe north of the Andes (Van't Veer and Hooghsemstra
2(W}). The second set of evenss promoteal a new landscape
configuration, the product of 3 @astant and recent volaanx
and geologic activity that could have favored the expansion
of varous linesges in 3 ltindmal gradient, the formation of
bamiers to dispersal, and local divestfication and extinction
proceses {Cavender-Bares et al. 2011; Omelas etal. 2013).

Pattemns of change m species diversity and spedes compo-
sition for Neotropical (uercus species have been considered
obvious. Most of the studies examining the divemsity of oak
commumities have focused on descrihing or commenting on the
effect of altituinal gradients on community compasition and
stucture (Kappelle 19%6; Kappelle and Uflelen 2006; Luna-
Vega et al. 2006) and on the relationship between the diversity
of cak species and elevationandior latitude at the regional level
{e.5, Valencia Avakos 2004), Reently, Tomes-Mranda et al.
{2011, 2013) descnbed the biogeography of the Lobatae sec-
tion m Mexico and Central America, These studies identified as
centers of species richness, with high level of endemism, the
north of the Siera Madre Oriental and the southern foothills
of Jalmco (both lcated in Mexico) and proposed to redesign
the protected-areas system to ensure the conservation of the
Lobatar key elements. However, the distribution pattemns for
the whaole (hwercus genus withm the Neotropics have not been
analyred, particularly m regard to how species acxmposition
changes across the region.,

Revent advances in the development of spatial analyss tools,
geographic mformati on s ysters, species distn bution modelmg,

lmba; Biodivessity National Institute [[NBio], Costa Ric
National Commission for Knowledge and Use of Biodivenity
[CONABIO], Mexxo) databases allow us to apply various
amlyses of distnbution patterns m terms of ecology and bio-
geography from local to regional scales. For ly, the ge-
nus Cheercues is significantly represented in these databases
and herbanum calections, a fact that allowed us to proposea
broadscale analyss. Therefore, we have set as the main goal
of this article to analyre dstribution patterns of Neotropical
Quercus species using macroecolagical and biogeographic ap-
proaches, mchiding {1} the identification of areas of particularly
high species tumover across the Neotropics, (i) the determi-
nation of aress of endemism for the genus and ther possible
relationship with the areas of species tumover, (iil) the evalu-
ation of climatic niche differences across areas of endemsm,
and {iv) the modeling of the potential distribution and (hseencues
Species CO-OOCUTTENCE Pattems.

Material and Methods

Study Area

The study area ffig. 1) was delimited to the north by the
MTZ sensuMorrone and Mirguez {2001} and Morrone 2041,
200%) and o the south by the Colombian Andes. These edges
encompass the distribution area of most of the oak species

within the Neotropics,

3K =]
22l

LAt Bl
a

Fig. 1 Ssady area and im principal geological elemens. TMVIL =
TransMexican Volcanic Relg SMOc = Seerra Madre Oocidental;
SMOr = Sierra Madre Oriemsal; 5] = Semanias de Jalsco; 3G =
Serranias de Goerrero; SMS = Sierra Madredel San AC = Akas de
Chiapas; Tl = Tehnaneepec Isthmus; TIM = Tra ns-Isthmian Moun-
tams; PMF = Palachic-Mongua Faak; ND = Nicaragoan Dy i
CRM = CosmaRican e

M=t an rhmuss; DAR =
Darién region; CA = Calambian Andes. Black areas represens moun-
tamna s sysens (1000 m asl)
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Species Studed and Occurrence Records

The vak species distributed in the stusdy area ftable A1; tables
Al-A3 available online) were defined using ta ical da-
mbaves (Flora Mesoamencana Projet, Missoun Botanical
Garden; available at httpffwww tropicos. ong/ProjectFM) and
reviews of the genus (Valncia Avalos 2004; Morales 2010).
Geographial information was compiled wsing cak species
mesence records repored on INBio (avadable at httpdlata
mbicacer), the Mssoun Botanical Garden Tropicos data sets
favailable at httpyAivww tropicos. omg/Home aspx), and dam
published by Herbanio del Instituto de Ecologia, A.C., MEXL/
Tipos de Plantas Vasculares, Catikogode Autondad Taxonom-
xa del Género Chwercus, Fagaceae en Méxxco, Herbarium of
the New York Botanical Garden, and Instituto Alexander von
Humboldt through the GBIF data portal (available at hﬂrp:f-'
www.data ghiforg). Thisi on was compl
aur own database, compiked from specimens deywmdm:ev—
eral Mexican herbaria and field observations.

Sections Quercss and Lobasie differ m their distibution
Lobatar reaches the Cdombian Andes, while the southem-
most distribution hmit for Queraes i in Panama) and pheno-
logical traits (eg., annual acom maturation vs. biannual acom
maturation in white oaks and red oaks, respectively). Inview of
such differences, turnover and niche ditribution analyses were
also for both sections sepanately.

Species Tumaver

The study area was divided separately m two ways: m rect-
angles of a latitudmal degree of height spanning from (" to
30°N and in rectangles of a lngitudnal degree of width from
=117 to ~75"W, Similar subdivisions have been used in stud-
s of avifauna m humid montane forests along the Neotropi-
al region (Sanchez-Gonzidlez and Navamro-Sigiienza 2(09).
Species turnover was cakulated using the dimmilanty mdex
s ) proposal by Lennon et al. {2001} for each htitudmal or
longitudmal rectangle relative to s upperflower or left/nght
neighbors for the whole genus and separately for the Chercns
and Lobatas sections, Ths turnover index quantifies the rela-
tive magnitude of species gam and loss relative to the min:-
mum value of species nchnes. Therefare, #t allows identifying
changes m the composition or species nichness in relation to the
wmit with the lower richness value. The mean and standard
deviation {SD) were estimated for 1-Ssm values across all study
wunits, Units showing 1-fsim values beyond 1 SD of the mean
were considered a5 areas of atypically high species turnover.

Areas of Endemiam

In order to determme the geographical sssociation of the
Neotropical cak species in termms of pattems,
the network analyss method (NAM; Dos Santos et al. 2008,
212} was employal. NAM uses species’ punctual records
directly and is different from the traditional procedures {(such
as the ones described by Srumik et al. 2004} in which sympa-
try is detenmuined by overlapping species usmg grids of square
@ll of an arbitrary siee delimied a prion. As with NAM no
grids or polygons are needed; the uncertainty about the ap-
mopnate dimension of study units 5 not a major topic {Das

Santos et al 2012). Aker creating sympatry networks, NAM
identifies chisters of cohesively sympatric speces that are =-
multaneously allopatric with other clusters. NAM was imple-
mented using the software SyNet 2.0 (available at http:fwww
cran.r-prajectorg Dos Santos et al. 2008), which & an add-on
package for the statstical software R, usng standard parame-
ters. Once the clmvogram was obtamed, hranches were selected
using the backwand search, as our interest was to recover the
smallest sympatry areas, To evaluate whether, besides barniens
to dspemsal, niche divergence resulting from local adaptation
has abso played a roke m delimiting the areas of endemism, we
conducted niche comparisons among the groups of species that
defined the aress of endemsm, Climatic data amociated with
species records were subjacted toa prindpal component anal-
ysis {PCA) and plotted to vaualze cimatic variation scross the
identified areas.

Ecological Niche Madsling (ENM)

ENM was used to define envir | affinits
areas where (Juercus species are present and to dentify dtc
kcation of possible gaps m ther distmbution, For this goal,
we used the maximum entropy algonthm mplemented in
MAXENT, version 3,332 (Phullips et al, 2006), vsng default
parameters. In onder to avosd overdfitting due ® correlation
between chmatic varables, within the dstnbution range of
each oak species, between S(0 and 2500 random pomts were
calculated, and the valies corresponding o the 19 cdimatic
vaniables reported by Hijmans et al. (2005) were extracted ata
30-arc second (~1-km) spatial resolution (avaidable at http:#
www.worklclim.omg). For the data of each species, correlation
matrices were calculated g all 19 vanables, and from each
pair of highly correlated varables {r > (1.7}, the more specific
vanable was discarded. Additionally, the soil type (FAQO-UN
dagital 501l map of the world; available at hitp:www. fao.omg)
and elevation variables were also considered as senopoetic
data to comstruct the ENMs jtable A2).

Considering that not all oak species had a sufficient number
of records, only 43 species were used for this analysk (species
over 30 ocaurrences ). Occurrence records of each species were
filtered altitudmally and latitudinally by comparison with re-
ported distribution mformation (following Valenca Avalos
20{M; Morales 2010}, In order i decrease possible effects of
spatial autocorrelation due to proximity and aggregation of
records, we used only pomts separated by more than (1.1 deci-
mal degrees with respect to their nearest neghbors. Fmally,
ENMs were restncted to the hogeographc provnces where
oak species are present m onder to avoid iu:b&'ug possible
chmatically sustable areas that Quercus speces have not occu-
pred histarxcally {eg., the Yucatan Penmsula).

FNMs were implemented using the bootstrap resampling
method with 50 replicas. From the mitial data set, 30% of the
presence reconds were used as a subrun to calculate various
estimates of quality, and the remaining 70% were used to run
the modek. Madels were initially evaluated with a threshold-
independent methaod, the receiver operating charadterstic curve
analysis, to determine model quality. As a threshold-dependent
methad, we mmplemented the mtrinsic omssion rate, using the
comulative value of 10%. This threshokl was selected consid-
enng that data bases could mclude several erroneous coourence
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1

Fig. 2 Meatropical Quercus spedes samaver patterns. The hari-
zantl dowed bnes represens the dreshald of smiivade valoes heyond
the expeced vasiation. ¢, Leaginadinal sumaover patemn for dhe whale
gemas, b, Larsadinal samover partern for the whale genus. ¢, Longi-
vadmal somover pateern for red oaks sea. Lobatae). 4, Larsadinal
tarnaver pattern for red oaks secr. Lobatae). ¢, Longodinal sornover
pazern for whiee oaks {sact. Quencss). f, Latmndinal surnover pastern
fior whise caks (sect Quercas). Numbess indicate she turnover points
{far geographical locasion abhreviations, see fig. 1) as follows: 1,2 =
TL 3 = PMT; 4 = ND;§ = Pl;6 = NI 7 = CRM; 8 = P 9,10 =
ND;11 = Fl; 12 = NI 13 =PL 14,15 = AC; 16 = PMF; 17,18 =
ND.

reconds even after extenmve depuration proceses. Usmg the
sum of the bmomnal outputs generated, considermg the
threshold mule mentioned above, we identified the areas with a
low number of potentially co-oocuming species {low-smitability
areas) that separate regions witha highnumber of ar-occurmng
species (high-suitability areas). Additionally, the values of the
climatic varishles used to build the ENMs were compared
among low- and highsuttahility areas using an analyss of
variance mplemented mn R to identify the most important cli-
matic factors that hmit the dstnbution of vak species.

Results

Species Turnaver

Species turnover values exceeding the defined threshold of
1 8D of the 1-8sim mean value were observed in both latitu-
dinal gradienss and longitudinal gradienss at the whole-genus
level and also for the Qwerars and Lobatar sections separately
(fig. 2). Species composition charges (figs, 24, 2k, 1A, 38) atthe
genus level were observed m the Tehuantepec Isthmus (TT),
the Motagua Polochic fault (MPF), the Nicaraguan Depression
{(ND}, and the Panamanian Isthmus {PI).

Red oak species {Querass sect. Lobatar; figs. 22, 2d, 3C,
3D) showed a similar pattem of wrnover areas, The TI ap-
pears as the fist turnover area, followed by the ND and fi-
nally the PL Speces turnover values fbr (hercus sect
Quercus ifigs. 2e, 2f, 3K, 3F) mdicated that the limit between
the Alkos de Chiapas (AC) and the Trans-Isthmian Moun-
tains (TTM} is the area where the fimt atypically high species
tumover oocurs. At the MPF region, there is a second area of
species turniwer where several spacies with wide atitudinal
dstnbutions reach their southern dstnbution hmet. Fmally,
the ND 5 the last tumover area for white oaks, The Pl did not
appear @ a turnover area, @ no whie oak speces reach the
Colombian Andes,

Areas of Endemism

Mine network partitons or units of (UCs)
were recoveral m the ceavogram denved through NAM.
These are shown m figure 4: a, supparted by four speaes ().

u, (. mx a, (. saliciflsa, and . secons) dis-
tributed in the north of the Siera Madre del Sur (SMS),
Sermanias de Guemero, and Serranias de Jabsco (fig. 44) b,
supported by three species (. deserticols, (0 frutex, and Q.
migosa) distributed m the Sierra Madre Qoddental (SMOc),

Fig. 3 Geographical loagion of the main mmover pans for
Quercus speces. Black hars reg the longimdinal and lagradinal
units where marked speces tamnaver accars fsee also fig. 2|. A, Lon-
gradinal mrnover pamemn for the whale genos. B, Latiradinal tam-
awer pattemn for dhe whale genus. C, Longitadinal ¢ far
uduihh:u.LobﬁL!lLﬂ:ndnilu!mmpﬂ!mhrudmh
{sect. Lobatael. E, Longiradinal romover parermn for whie oaks (sect
Qun:mi E, Intmdmimmerpmhflhzmtnim Queraus).

d v those sh in fig. 2 for valoes of 1-sim and

:ure:pnndwth: fallowing areas {for geographical locasion ahheevia-

toms, see fig. 11 1,2 = TEY =PME4 = NI); § = FI;6 = NI, 7 =

CRM;B = PI;9,10 = ND; 11 =PL 12 = NI;13 = PL 14,15 = AG
16 = PMF; 17, 18 = ND.
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— C ombim

Fig. 4 (leavogram representing univs of coocumence (or areas of endemism) for Neomopacal oak speces essmared aeng the network
analyss method Letess from a tod indicaze each of the sdemtified nnits of co-accurrence, and the maps on the rght side mdicase the geographacal
dsirihozion of the speces groups that constitae each mniz of co-accarrence.

Trans-Mexican Volanic Belt (TMVB), and Altos de Chiapas
AG fig. 4B); ¢, supported by four species (. acutifolin, Q.
aassipes, (. ylawcosdes, and (. laerima) distributed n the
TMVE, scuthern Sierra Madre Oriental (SMOr), and SMS
#ig. 4Ck d, supported by three speces (Q. cortess, (.
bancifols, and Q. xalapensis) distributed m the SMC,
southemn SMOr, and north of the TIM (fig. 4D); e, supported
by three species (Q. achardoplbylls, Q. depressa, and Q.
germana ) distributed in the SMOr (fig. 4E); f, supported by
three species (). segoviensis, . skimeni, sl . puerselrama)
distributed in the TIM {ig. 4F); g, suppored by two species
(0. pachucana and (. repanda) distnibuted in the extem
TMVE (fig. 4G); h, supported by two speces Q. [ebmami
and Q. nnbrmmat&mhmdm&:ms{ﬁg 4H},1 :u-_p—
ported by two speces (. & [indes and ). ¢

distributed m the Costa Rican mountains (fig. 4!} l.tanbe
ohserved that the distribution of all the UCs were delmited at
least at one edge by the turnover pomnts described above as
follkows: UCs a, b, ¢, e, and h are delimited by the T at the
south; UC d & debmited by the MPF at the south; UC f is
delimited by the TT at the north and the ND at the south; and
UC i is delimieed by the NI) at the north and the PI at the
south, The PCA (table 1; fig. 5) mdicated that groups of spe-
ces that defined most of the UCs have partally overlapping

chimatc niches, In particalar, UCs b and ¢ have wide and
overlappmg climatic envelopes that ako contam the relatively
narrower envelopes of UCs g and h, A second recognizable
group was formed by UCsa, e, and £, Fmally, UCs d and i seem
to be the most distinct m terms of their climatic niches.

ENM

The muodels for all the spedes evaluawed showed a good
performane (AUC valies >0.8%), For most aak species, the
chmatic varmbles with the highest mfluence on the ENMs were
mnua| mean preciptation, femperature seasonality, tempera-
ture annual range, snonual preapiation, and precpitation
seasonality (table A1}, The map with the sum of the models for
all individual species shows the gaps in the (uercus species
distribution (fig. 64 ). In the northem parnt of the studied region,
high levels of (harcus species co-occurrence are observed in
mountamous areas of central and southern Mexico, particu-
larly, the TMVB and the SMS. The Bakas River Depression is
an area with low presence of Quercus species that separates
the TMVE and the SMS. The T1 constitues a clear gap m the
distr bution of Quercus spedes, From Guatermala to Nicaragua,
the TIM stands out as the area with the highest (Juercus spe-
ces overappmg, while the lowlands of estern Nicaragua and
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Fig. 5 Principal comp {PC)
niche envelapes far af species ¢
oaurence.

| —— ““-‘ L o= al
srnEng the nine units of co-

e o

the NI configure an imporfant gap of the genus dstribution.
In Costa Rica, the higher species concentration & observed m
the Talamanca Mountams and part of the Pacific lowlands.
Finally, species concentration decreases m the terntory corre-
spondmg to the Pland the bwlands of northwestern Colombia.
The map reflects 2 marked reduction in the number of species
co-oocurrng from southern Mexico to the Colombian Andes.,
The maxmmum values of predicted number of @-occurnng
species observed for the different countnes are distributed as
folkows: 18 species m Mexico, 10 species in Guatemala, 9 spe-
cies m Honduras, 7 species in Nicaragua, 6 speces m Costa
Rica, sl 3 species m Panama,

Section Lobatie (fig. 68) showed a larger number of co-
distributed species in central and southem Mexico than sec-
tion (wercus. From southern Nicaragua down o the Colom-
bimn Andes, Lobatar species appear consuderably restricted
to the moumtamous regons of Costa Rica, but m the Colom-
bian Andes, a single species { (). nonboldss) has a very broad
distribution with a wide altitudnal range (between 800 and
3500 m), For section Quercus (fig. 6C), species co-ocourrence
values are higher in the central TMVB and the SMS, followed
by the area from Guatemala down to northem Nicaragua.
Cuosta Rica andd Panama exhibit only hree and two whate oak
species, respectively. The observed dmtribution of sectiom
Quercas ail Lobatae species showed that areas such as TI,
ND, and Pl are not suitable hahitats for QJuercus species. Both
the PCA and ANOVA comparsons between low-sumitability
areas and high-smtabibty nrﬂundniﬂd luﬂx]y g‘mﬁmnﬂﬁf
ferences in annua ] mean termy iy,
temy; ture ':rmge, pu.'mpmnnn, :nrlprm:lpu—
hhnnscmonz]tﬂnhhl,ﬁg 7; see table A3 for PCA detak).

Discussion

Studies on the wrnover patterns of (Cwercus species in the
Neotropics have focused mainly on alttudinal pattems (Gentry
20:1; Kappelle 2006; Kappelle and Van Uffelen 2004). Our
study consadered latitudinal units and also longitudinal units m
order to complement the current knowledge about the distri-

bution pattemns of Neotropical Quercus. Most of the previous
stuclies on cak distribution have highlighted not only the
change m cak species divenity from southern Mexico to Co-
lombia but also the fact that mountamous regions comre-
sponding to southern Mexico are important divemsity hot spots
for the Quercus genus m America (Valencia Avalos 200M;
Nixon 2008; Torres-Miranda et al, 2011, 2013).

Kappelle {2(M) suggesteal that the distnbution patterns of
vaks can be explamed by the geological and climatic hiswory of
the Amenican contment and the evolution of s flora. Recent
phylogeographic evidence from (hwercus species {Cavender-
hmdnllﬂll)ﬂﬂoﬂuhﬂ(fwn&:ﬂﬂdpﬂ*—sp&:ﬂ

n, see Guoiermez-Garca and  Viazgquer-Dominguer
Zﬁll;oﬂssalmliilﬂmﬂnlm and interspecific
processes such as divergence, speciation, and mgration coin-
cide with hsorical geological and climatic features of Central
Amenca. Qur results, based on biogeographial and macro-
ecological approaches, suggest that most of the areas identified
as bamriens to gene flow for different taxa are ako mportant

[ spedies tu er points, areas of climatic discontmu -
ties, and boundanes fwrmnfmﬁhm-n Below we provide a
dﬁmlulm- of the 7 found at each regiom.

Central and Southern Mexico
This region & particularly interesting due to the high number
of co-vocurnng oak species and the presence of several UCs
limited at the south by the TI. Both the TMVB and the southern

AT P
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Fig. b Pormual coocarence panems for Neomopacal Quercss
species derermined using ecological niche madeing. A, Distribation of
the potential number of co-owurning species for the whole Quencus
gemus. B, Diseribation of the posemtial number of co-omurnring species
fior red oalks {sece. Laobasse | C, Diaribatian of the patential number of
urm:uatgq:rmfu limeonhim Quaeraus). The scale of grays

the her of co-ac g Speces.
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Tabde 1

Principal Camponent (PC) Amalysis dor (limatic Niche Variaon amang the
Groups of Speces Constuting the Nine Unis of Co-Occumence

Vanahles rC1 P2 PC3
Annual mean remperarare -2 -0 34
Temperatare seasonality AS -.08 ]
Temperature annual range 35 - g9
Annual precipiagion -350 -9 26
Precipitation seasonalicy A3 41 -2
Pescemtage explained 5897 19.58 13.72
Camulative percentage 5897 TR.56 9228
Tap varahle lboadings Temperatare annual range Annual mean emp Temp STy

SMOr have been recoversid as regians with high levels of en-
demsm m several samilar analyses performed for groups such
as birds and mammalks {Corona et al. 2007; Vargas et al, 2008).
For the TMVE, Escalante et al. 2009} reponted low levels of
mammal endemism, proposing a review of the mportance of
the area as the limit between the Nearnctic region and the Neo-
tropical region. However, our analyss suggests an important
role of the TMVB on the history of mk spedes distribution,
reflected in the presence of three UCs (b, ¢, and g} withm this
area, This morphatectonic province is kcated between latitudes
17°30" and 20°25'N and longitudes =%6°20" and =105"20"W
and spans from coast to @ast, presenting a wide vanety of
dmatic zones {Fermsquia-Villafranca 1993), which may have
allowed the esmblishment of different vak species with differ-
ent chmatic requirements or niches. Recent studies have also
highlighted the importance of the TMVB as an area of high
haploty pediversity and endemmm within particular cak species
(Gonzdlez-Rodriguez et al, 2004),

The SMOr and the SMOc are also key areas for the distri-
hution and endemism of vak species. There was evidence of
miche divergence between the central/western Mexico species
groups (UCs a and b) and the central/feastern Mexico species
group (UCs d and e; table 1; fig. 5), which, added to the lmited
dispersal abibty of the oaks, may havelmited their migration to
ather regions. Both the SMOr and the SMOk are charactered
by devations rangmg from 200 to 3000 masl and a heteroge-
neous physiographic hndscape (Ferrusquia-Villafranca 1993).
Climatically, the SMOc = more stable, and elevation seems to
he the more mportant vanable that defines the province
(Fernmsquia-Villafranca 1993). Meanwhile, the SMOr exhibits
mportant chimatic factors that probably also influsnced the
distribution pattemns observed. Dhiring the winter, polar air
arrrents called nortes are spread over the eastem coast of
Mexico through the SMOr, bringing heavy rains in the exstern
slope (Metalfe et al. 2000}, Ths preciptation regime coukl
have allowed the colmization of habitars by different oak
wually have high cak diversty kevel buch = the humd
montane oak forests; Luna-Vega et al. 200%).

n

Species composition analysis identified the Tl as an area of
species tumover, but only for red oaks (section Lobatae) and
not for whate vaks (section (hweercws). This can be explimed
by the fact that there are several white cak speces distrib-

uted through the isthmus lowlands leg., Q. oleosdes) or on
both sides of the T1 le.g., (. cornegata, (. wmspms, and O,
Limcifolss ), On the contrary, several red vaks are found only ©
the west of the Tl leg., (). acafola, Q. crassipes, (. lisnna,
mnd . salicifola), ENMs showed that, i the east of the TI,
there are areas with a higher potentia] number of co-vocurring
species than are acually observed, suggesting that some species
distributed to the west of the TI coukl have found cimatically
suitable areas but probably failed to disperse across this barnier,
In fact, the NAM amalysis identifiesd several UCs {a, b, ¢, e, g, f,
and h; fig. 4) that have a grographical dsmbution delimitel to
the south by the presence of the T1, Interestngly, a PCA based
on clmatic varmables for the different UCs showed that sev-
eral geographacal units separated by the T1, such a5 UCs band
¢ m comparson to UCs f and 1, also differ from each other
climatically,

These differences m distribution between red oak species and
white oak species may be due to the ecological differences be-
tween the two species groups, For example, apparently a higher
proportion of white vak species are able to predominate in
dnier regions, where red oaks normally seem to not devekop well
(Nixon 1993). Other differences between red oak species and
whate vak species relate 1 seed dormancy (Struve 1998), which
may be mportant in determming the dspersal patterns of the

PC2
=

Fig. 7 Princpal component {PC) analysis s howing dimaric differ-
encesherweenthe ares wish bow s anahidi oy | hasn ens, gray dots] and high
suimbility {highlands, hlack dots) for the presence of Quercus species.
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Table 2

One-Way ANOVA Comparing the Yalues of the Five Climatc Varables with the Largest Infloence on the
Prediction of fie Distribution of Oak Species between High- and Low-Saitability Areas

Mean SE F F
Annual mean temperatare 372834 <001
Opimal sumbility arss 16.23 a5
Low-sainbity aras 2586 14
Temperatare seasonalizy 34 <1
Opeamal-sninbillny anas 14.72 1
Low-smmbidny areas 1299 28
Temperature annual range 191 .04 <001
Opeimal sombility areas 19.58 i
Low-sainbiliy anss 16.50 2
Annual precipitazion 30534 <001
Oprimal- snmbilicy areas 1324 25 1512
Low-smitahility areas 1938.16 3288
Precpirasion seasonalny 4798 <001
Opeimal suimbillity arss BeRS 12
Low sauhiity areas 8083 2

seeds. It &5 possible that 3 combination of these and other traiss
has to some extent mfluenced the distrbution of both sections.
The effect of the Tl as a barrier & oak speces dstnbution was
ako reported by Torres-Miranda et al. {2013} considenng only
red vak (section Lobatae) species, However, it 5 also true that
some roles for kocal adaptation cannot be discardel since the
niche comparson tests indicaed significant niche divergence
among the species groups that constituted the UCs at both sides
of the TI.

Geologically speaking, the Tl has several characerstics that
could explan the above-mentioned pattems. It & formed by
two tecionic subprovinoss of Chiapas called the Central De-
pression and the Pacific Coastal Plam. Both comespond o areas
from (0 to 1000 m =] {Fermmsquia-Villafranca 1993). The Tlis
characterized by a sudden change m elevation between central
and southern Mexco that can represent a barrier for the dis-
persal of vak species, especially considening their seed dispersal
is largedy mednated by gravity. Smmilary, by separating tropical
ecosystems from those with higher Nearctic influence, the TI
rep ts an imp er pomt for the dstnbution
of species. Interestingly, this area has been reportesd m several
phybgeographic studies a5 an area separatng diflerent haplo-
type lmeages andlor impeding gene flow m different periok
{Omelas et al. 2013 and references therem).

AC and Narth TiM

Although areas of co-vormrence of 2 high number of species
are not present © the east/south of the T1, there are two other
major species tumover pomnts: the AC and the north of the
TIM (located in Chiapas and Guatemala). These locations rep-
resent sites where species composition of the white oak section
changes significantly and the lmit to the distnbution of UCs
formed by species that cross through the T, Apparently, several
species made it through the TL but not all of them contmued
their migration southward, reaching their southem lmit at the
Muotagua-Polochic sysem. Tl!n:gouhawmld!ﬂ and the
Muotagua-Polochic system = a Jously |
:m,asth:pm’hnnwﬂ!mﬂzh‘!mtﬂrmyudﬂmw

tred by discontmuous sierras and a series of transverse straght
rivers, tributaries of the Rio Grande de Chiapas (Fermsquia-
Villafranca 1993), while the Guatemalan portion s defined by
the #ctonic boundary between the North Amencan plate and
the Canbbean Plate m Guatmala, a region that mnssts of a
complex system of large-scale faults that separate blocks with
contrasting geological features {Ontega-Obregon et al, 2008).

ND

Volcanic activity in southem Nicaragua is lagely a product
of the mteraction of the Caribbean Plate with the Cocos Plate.
Particularly, the NI is charactenasd by acham of Quatemary
vacanoes, recent volcanic activity, volcanichstic sediments,
&ewﬁmdhhMﬂpﬂmﬂL&eNmm;ﬂ,iu&hﬂg

ded by a disconts goup of promirent faults
1Armg and Hodgson 2({0}. These events, alang with the for-
mation of the Condillera de Guanacas®e inCosta Rica 0.6 Ma),
led ©© mportant climate changes (particulardy m Costa Rica;
Van Wyk de Vnes et al. 2007), which may have moldal the
dstrbution pattemns of the oak species (Cavender-Bares et al.
2011). This is particularly true for species thatconstitute the UC
i, which are distribused i the Costa Rican mountains and ex-
habitesd a well-differentiated group m the avlogical space with
respect to the UCs distributed to the north of the ND (fig. 5).

The peaks of vwolank agivity m the regon wuld also have
led to changes in the distribution of speces and favored the
soltion of populations, Likewse, volcanic activity may have
determmed a sgnificant barmier to dispersal of species that are
dutrbutal through the moumtam ranges. Ths case is pastic-
ularly clear for the NI, which reports not only volcanic ac-
tivity but ako a significant change in elevation that lmits the
distribution of the predommant species in the mountamous
areas. Based on ther analysis of red oak distnbution, Torres-
Miranda et al. 2013} also suggested that the ND may have
played arole as an mpartant barner, Our results indicate that
the NI has also had an effect on the dstribution of the white
vaks and on the diversification of the genus as a whole, In the
ase of other bivkgxal groups, phylogenetic and phylogeo-
graphic analyses have reported this area as a major feature de-
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and Varquer-Dominguez 2013).

Costa Rican Mountains and FI

The southern border of Costa Rica represents the southem-
must bamrier to the migration of gems Chercus into the Co-
lombian Andes. Ths region has low cak species diversity and
ako a low number of potentially co-occurmrmg species as indi-
cated by the FNMSs. This area i known as Boa del Toro
{(boundary between Costa Rica and Panama) and defines the
end of the mountamous region as well as the start of the Pana-
manian lowlands, Boca del Toro is ako recognized as an im-
portant area that has miffuenced the awrrent distribution pat-
terns of several species of amphibians (Crawford et al, 2005;
Wangetal. 2008), Fmally, inthe Danén region (border between
Panama and Colomba ), the last mp point ofvak species
turnover was identified, Even considening that Costa Rican and
Panamanian mountams show a small number of cak speces,
the Danén region is crudal m order to understand the distribu-
tion of the genus Ouercaes i the Neotropacs. Important facts
such as its recent geological ongin, landscape heterogenaty, cli-
maticcontrasts {particularly between the Can bbean amd Pacific
slopes), and proximity to the Andean region shoulkd have de-
termined the arnval of the vaks into the Colombian Andes,
Mg.wh'!ikq k ofth oAy stems
between B0 and 3500'm asl (Pulido 2006; Femander-M 2007).

Condusions

This study s the first to analyze the changes in the oak species
composition throughout the Neotropics. We found that there

are different regions that have aded as barnes to species dis-
pemsal, mdl mg, the composition of forest commumities by
limiting the munber of species that colontzed southward areas
and probably impacting speciation processes as well, The
ENMs ako supported the role of these barriens by indicating
that some areas in Central America could potentially harbor a
higher number of species than i acually observed. These bar-
ners are the TL the Motagua-Polochic sysem, the NI, and the
PL. Acconding to the ENMs, these arcas are regions with low
chmati st bility for vak speces that also define the borders of
the endemism areas dentified.
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