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Lista de tablas y figuras 

Capítulo 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 A1. 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: 

Serranías de Jalisco, SG: Serranías 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 PI, 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-βsim and correspond to the following areas: 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. 

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. 



  

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.   

 

Capítulo 2 

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. 

Table 2. Hierarchical analysis of molecular variance (AMOVA) using FST and RST 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. 

 

Capítulo 3: 

Table 1. Quercus costaricensis and Q. bumelioides populations geographic information 

summary, genetic diversity and genetic structure estimates. n: sample size, hS: within 

population genetic diversity, D2sh: 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 FST and RST 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. ʘ0: ancestral population sizes scaled by 

mutation rate, ʘ1:  current population sizes scaled by mutation rate, τ: 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 (5c) 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.  



  

Capítulo 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: Serranía del Darién; 

PAR: Paramillo; COc: Cordillera Occidental; CC: Cordillera Central; CM: Macizo 

Colombiano; NP: Nudo de los Pastos; COr: Cordillera Oriental; SSL: Serranía de San 

Lucas; COr-SP: Cordillera Oriental-Serranía del Perijá border; SP: Serranía del Perijá. 

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. 



  

Capítulo 5 

Table1. Population geographic information summary, genetic diversity and genetic 

structure estimates. n: sample size, hS: within population genetic diversity, D2SH, mean 

pairwise genetic distance among individuals within a population under a stepwise 

mutation model. 

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). 

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). 
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Resumen 

El género Quercus es un grupo con una distribución amplia desde la región Holártica 

hasta la Tropical. A través de su distribución 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 región Neotropical los bosques de encino se distribuyen desde 

la Zona de Transición Mexicana hasta los Andes Colombianos. A través de esta 

distribución las especies del género Quercus habitan ecosistemas desde el nivel del mar 

hasta los 3500 metros. Las especies de encino abarcan un espacio geográfico 

heterogéneo con una historia geológica y climática compleja como es el sur de México, 

Centroamérica y los Andes. En esta región se han estudiado una cantidad importante de 

procesos evolutivos como extinción, diferenciación intraespecífica, especiación y 

adaptación en diferentes taxa, relacionados estrechamente con la historia geológica 

compleja del Neotrópico. Las especies Neotropicales de Quercus no han sido la 

excepción pues exhiben procesos de diferenciación intraespecífica asociados a 

elementos geográficos como el Istmo de Tehuantepec (para Quercus oleoides) y un 

efecto moderado de las fluctuaciones climáticas del Cuaternario en su demografía 

histórica (para Q. affinis, Q. laurina y Q. castanea). La presente tesis en su Capítulo 

Uno ilustra los cambios en la distribución de las especies Neotropicales de Quercus 

tanto en relación con discontinuidades geográficas de las zonas montañosas (p. e. el 

Istmo de Tehuantepec, la Depresión de Nicaragua y el Istmo de Panamá) como para 

regiones con actividad tectónica reciente y constante (p. e. la zona de contacto entre las 

fallas Polochic y Motagua). A nivel genético, el Capítulo Dos describe niveles de 

diversidad genética más altos en Q. insignis y Q. sapotiifolia respecto a especies 

Holárticas del género. Las redes de haplotipos de ambas especies muestran procesos de 

colonización desde el Centro de Centroamérica (Guatemala y Honduras) hacia México 

y Costa Rica, e incluso procesos de re-colonización desde Costa Rica hacia Honduras. 

Está dinámica de dispersión, colonización y regresión es atribuida a procesos tectónicos 

y volcánicos característicos de estas regiones. El Capítulo Tres describe como Q. 

costaricensis a pesar de tener una distribución restringida al sur de Centro América, 

presenta una estructura filogeográfica 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 distribución altitudinal de la especie durante la transición entre 
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periodos glaciales e integlaciales del Cuaternario. Por su parte Q. bumelioides exhibe un 

patrón opuesto, caracterizado por la ausencia de estructura genética y filogeográfica, 

evidencia de una colonización reciente, niveles altos de diversidad y flujo génico 

producto de distribución continua en los bosques montanos bajos durante el 

Cuaternario. A nivel regional y con base en estudios paleoecológicos para los Andes el 

Capítulo Cuatro describe la dinámica de la distribución de Q. humboldtii con respecto a 

los cambios climáticos durante el Último Máximo Glacial. A partir de estos análisis se 

identificó que las poblaciones del roble Andino presentan estructura altitudinal a través 

de los cinturones de vegetación de los Andes. Esta estructura es definida por cambios en 

variables climáticas asociadas principalmente a la temperatura. Igualmente se determinó 

que las fluctuaciones climáticas entre periodos glaciales e interglaciales no afectaron de 

forma significativa la extensión total del nicho climático disponible entre el presente y 

el Último Máximo Glacial ni generaron parches de bosque de encino aislados, por el 

contrario se presentó un desplazamiento de los cinturones de vegetación hacia las zonas 

bajas que presentaron niveles de conectividad importantes.Finalmente el Capítulo Cinco 

sugiere una expansión poblacional reciente para Q. humboldtii, lo cual es consistente 

con la aparición de polen fósil hace aproximadamente 480 ka AP. De igual forma, a 

partir de esta migración reciente se explican los valores bajos de diversidad genética, 

estructura genética y una red de haplotipos definida por dos haplotipos frecuentes de 

distribución amplia. Bajo este escenario se determinó que la llegada reciente de esta 

especie a los Andes Colombianos estuvo definida por eventos de cuello de botella 

seguidos por una expansión poblacional reciente (Holoceno temprano), lo que limitó el 

tiempo para acumular variación genética y promover procesos de diferenciación 

intraespecífica. Esta suma de patrones para las especies analizadas es consistente con 

procesos demográficos asociados a la estabilidad de la precipitación durante los 

periodos glaciales como se ha observado en otras especies con una distribución similar a 

la de las especies analizadas. Bajo estos modelos las condiciones climáticas 

favorecieron distribuciones continuas, lo que favoreció procesos de migración 

altitudinal. Debido al efecto moderado del cambio climático durante el Cuaternario, la 

estructura filogeográfica de las especies analizadas puede interpretarse a partir de 

procesos geológicos y características intraespecíficas de las especies (p.e. tamaño de las 

bellotas y distribución altitudinal) que pudieron determinar el éxito en los procesos de 

dispersión y colonización de ambientes nuevos durante la migración de las especies del 

género desde las montañas de México hasta los Andes Colombianos. 
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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 
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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 palaeoecological 

studies for the Colombian Andes, Chapter Four describes Q, 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.            
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Introducción 

La distribución del género Quercus (Fagaceae) en la región Neotropical abarca áreas 

desde la zona de transición Mexicana, pasando por el domino Mesoamericano hasta el 

dominio del Pacífico y parte de la zona de transición Suramericana. A nivel biológico 

estas regiones son consideradas muy importantes debido a diferentes razones, entre las 

cuales se  destacan que: i. Dentro de esta área se encuentra la zona de transición entre la 

biota Neotropical y la Neártica; ii. Dentro de su territorio se encuentran puntos calientes 

de diversidad como el Bosque de Pino-Encino, la región Tumbes-Chocó-Magdalena y 

Mesoamérica; iii. Una gran diversidad de especies de animales y plantas han sufrido 

procesos importantes de diversificación y extinción dentro de este territorio (Stehli & 

Webb 1985; Hooghiemstra & Van der Hammen 2004; Dacosta & Klicka 2008; 

Gutiérrez-García & Vázquez-Domínguez 2013). Los patrones de distribución actual 

para la biota del norte del Neotrópico y la heterogeneidad de eventos geológicos y 

climáticos que han moldeado el paisaje en este territorio a lo largo de la historia 

sugieren una relación causal entre ambos, que recientemente ha sido objeto de 

revisiones minuciosas (Bennett 2012; Gutiérrez-García & Vázquez-Domínguez 2013; 

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

El género Quercus pertenece a la familia Fagaceae, y es uno de los grupos de 

árboles más estudiados en la región Holártica. 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), además, juega un papel ecológico importante en ecosistemas tanto 

Neárticos 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 años, en particular para la región Mexicana (Lawrence 1951; Nixon et al. 1997; 
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Govaerts & Frodin 1998; Manos et al. 1999; Valencia-A 2004; Torres-Miranda et al. 

2011, 2013; Rodríguez-Correa et al. 2015). Dentro de esta, la zona montañosa 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 número 

total de especies en América se encuentra alrededor de 220 especies. El género se 

distribuye desde Canadá 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 únicamente se encuentra un 

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

Nixon (2006) llama la atención sobre la reducción gradual en la diversidad de 

especies del género y los cambios en las características fenotípicas presentes a nivel 

latitudinal. Estos cambios ligados a la historia de la región Neotropical pueden ser una 

consecuencia de procesos no excluyentes entre los que es posible mencionar: i. La 

formación de una zona de transición entre las regiones Neártica y Neotropical a partir 

del levantamiento del puente centroamericano hace aproximadamente 25 Ma (Montes et 

al. 2012), la cual (en particular la región del Sur de Centroamérica) ha sido descrita por 

autores como Bagley & Johnson 2014 como una de las regiones más heterogéneas en 

términos físicos y biológicos en el mundo; y ii. Una historia geológica y climática 

compleja que incluye actividad volcánica reciente y elementos heterogéneos del paisaje 

como el Eje Neo-volcánico Mexicano, el Istmo de Tehuantepec y la Depresión de 

Nicaragua. Aunque en el norte de la región Neotropical se han estudiado diversas 

especies con el fin de reconstruir la historia evolutiva de los taxa que se distribuyen en 

la región (ver Gutiérrez-García & Vázquez-Domínguez 2013 y Bagley & Johnson 

2014), existen zonas cuya importancia a nivel evolutivo han sido subestimadas. Este es 
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el caso de el sur de Centroamérica, donde la mayoría de estudios filogeográficos se han 

basado en el papel que ha cumplido esta zona como un área de contacto y tránsito entre 

las biotas Neotropical y Neártica (Bagley & Johnson 2014), sin considerar los procesos 

regionales de diferenciación que pueden ser identificados a partir de especies con una 

distribución restringida a los sistemas montañosos Centroamericanos (p. e. Cordillera de 

Talamanca). 

Para las especies del género Quercus distribuidas en el norte del Neotrópico que 

han estado sujetas a cambios de la actividad geológica y climática de esta región tan 

dinámica, no se ha estudiado en detalle el efecto de la heterogeneidad física sobre los 

patrones de diversidad y composición para el género. Gran parte de los estudios que 

analizan la distribución de la diversidad de las comunidades de roble se han enfocado en 

describir los efectos locales de gradientes altitudinales en la composición y estructura de 

las comunidades (Kapelle 1996; Kapelle & Uffelen 2006; Luna-Vega et al. 2006), o 

bien, en inferir la relación entre la diversidad de robles con respecto a la altitud y latitud 

a nivel regional, a partir de revisiones taxonómicas (p. e. Valencia-A 2004). Desde la 

perspectiva genética, la variación geográfica también es considerada como un tema 

fundamental pues los cambios en la variación genética a diferentes escalas espaciales 

son usados para explicar los principios y procesos que determinan la distribución de los 

linajes genealógicos tanto a nivel intra- como ínter-específico (Avise 1998; Manel 

2003). Sin embargo, es importante tener en cuenta que los análisis moleculares 

requieren de un conocimiento muy completo sobre las especies evaluadas para lograr 

una interpretación apropiada de los resultados, y en particular para los estudios de la 

distribución geográfica de la variación genética intra-específica, es fundamental contar 

con un marco filogenético y biogeográfico que permita definir hipótesis evolutivas 

sólidas.  
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Los análisis biogeográficos son todavía 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 

iniciado una caracterización importante de los patrones biogeográficos y 

macroecológicos observados en las especies del género Quercus para la región del 

Neotrópico (Torres-Miranda 2011, 2013; Rodríguez-Correa et al. 2015). Debido a estos 

vacíos de información para el caso de las especies del género Quercus, no se contaba 

con la información suficiente para formular hipótesis filogenéticas y filogeográficas con 

bases biogeográficas claras. Sin embargo, avances recientes en el desarrollo de 

herramientas para análisis espacial, como los sistemas de información geográfica, el 

modelamiento de distribución de especies y la disponibilidad de información biológica a 

través de bases de datos tanto globales (p. e. Global Biological Information Facility) 

como regionales (p. e. Sistema de Información Biológica, SIB Colombia; Instituto 

Nacional de Biodiversidad, INBio-Costa Rica; Comisión Nacional para el 

Conocimiento y Uso de la Biodiversidad, CONABIO-México), han permitido elaborar 

bases de datos con una representación taxonómica amplia dentro del género Quercus, y 

por tanto han abierto la puerta para entender los patrones geográficos que exhiben las 

especies de encino en la región Neotropical como se describirá en el Capítulo Uno.  

Diversidad del género Quercus en el Neotrópico 

El género Quercus tiene un origen Holártico y se distribuye a través de diferentes tipos 

de hábitats, 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 
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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 Canadá, Estados Unidos de Norte América, 

México, Belice, Guatemala, El Salvador, Honduras, Nicaragua, Costa Rica, Panamá y 

Colombia. Vale la pena resaltar que en el norte de la región Neotropical se encuentra 

uno de los centros de diversidad más importantes para el grupo (Valencia-A, 2004). 

Dicho centro se encuentra ubicado en la zona montañosa del sur de México, la cual se 

caracteriza por una alta actividad volcánica reciente (Ferrari et al. 1991; Ferrari et al. 

2000; García-Palomo 2000; Belloti et al. 2006), y ha sido señalada 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 

Panamá) y Colombia alberga elementos menos diversos y diferentes a las demás 

especies del linaje Neártico, que siguen teniendo un papel importante a nivel 

ecosistémico (Nixon 2006). Este grupo del sur se caracteriza por una maduración anual 

de las bellotas y está 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 más 

interesantes de distribución de los robles en Mesoamérica es la disminución marcada en 

el número de especies a medida que la latitud disminuye a partir del centro de 

diversidad Mexicano hasta los Andes Colombianos. Dicho patrón 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 Panamá y tan solo una especie en Colombia (Nixon 2006).  
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A través de esta área de distribución es posible observar cambios importantes en 

algunos puntos claves de la distribución, como son: i. Eje Neovolcánico Mexicano, ii. 

Istmo de Tehuantepec y, iii. Istmo de Panamá (Torres-Miranda 2013; Rodríguez-Correa 

et al. 2015). Dicho comportamiento podría indicar una relación causa-efecto entre la 

historia geológica del norte del Neotrópico y la distribución de este grupo. Sin embargo, 

dentro de la literatura este fenómeno ha sido estudiado en su mayoría a través de 

revisiones taxonómicas (Valencia-A 2004) y análisis locales o regionales (Kappelle 

1996).  

Patrones biogeográficos del género Quercus en el norte del Neotrópico 

Las áreas de endemismo juegan un papel fundamental ya que representan unidades 

básicas de análisis para la biogeografía evolutiva (Plantick 1991; Morrone 2008). 

Existen una gran variedad de trabajos biogeográficos para varias zonas del Neotrópico 

(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 límites de las regiones 

Neotropical y Neártica. Sin embargo, en su mayoría coinciden en señalar la región del 

sur de México junto con el sur de Centroamérica como una región de gran importancia a 

nivel histórico para explicar los patrones de distribución de los organismos que se 

distribuyen en esta zona en el presente. Aún con una amplia variedad de estudios 

biogeográficos (concentrados en su mayoría en México), hace tan solo un par de años se 

han realizado estudios que describen los patrones biogeográficos en la región 

Neotropical para el género Quercus (Torres-Miranda et al. 2011, 2013; Rodríguez-

Correa et al. 2015).  
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Estos patrones recién mencionados serán analizados en detalle en el Capítulo 1 

de la presente tesis, sin embargo, es fundamental mencionar que existe una relación 

geográfica importante entre las áreas de endemismo observadas para el género Quercus 

en el Neotrópico y las zonas de mayor recambio de especies en esta misma región 

(Istmo de Tehuantepec, Falla Polochic-Motagua, Depresión de Nicaragua e Istmo de 

Panamá), donde las zonas de recambio parecen determinar la distribución y extensión 

de la mayoría de áreas de endemismo (Rodríguez-Correa et al. 2015). Bajo este 

escenario, es fundamental conocer cuál es el contexto geográfico que caracteriza el área 

donde se distribuyen las especies del género Quercus con el fin de incorporar elementos 

históricos (p.e. paleoclimáticos, tectónicos y volcánicos) que puedan explicar los 

patrones macroecológicos, biogeográficos y filogeográficos observados en el 

Neotrópico. 

Diversidad, biogeografía y distribución del género Quercus en un contexto 

geológico 

Las observaciones recopiladas en la presente tesis a partir de información ecológica, 

climática y genética exhiben una relación importante de la historia natural de las 

especies que forman el género Quercus con respecto a la historia geológica a través de 

su área de distribución. Considerando lo anterior, a continuación se hará referencia a las 

zonas geográficas más relevantes que serán discutidas en los capítulos siguientes. La 

importancia de estas zonas radica en su identificación como límites naturales de las 

especies que forman áreas de endemismo, áreas de recambio atípico de especies o bien, 

barreras importantes que determinan la estructura filogeográfica y patrones de flujo 

génico de las especies analizadas.   

Sinopsis geológica del norte del Neotrópico 
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Dengo (1973) describe la estructura geológica del norte del Neotrópico (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 límite sureño lo 

sitúa en la mitad del territorio de Nicaragua; está constituida por rocas metamórficas e 

ígneas 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 

está formada por una base de tipo oceánico emergente en la era Mesozoica. En el 

aspecto tectónico la región septentrional muestra durante las eras Paleozoica y 

Mesozoica actividad volcánica intensa, la cual se acentúa en el periodo Terciario 

Superior. En el territorio Nicaragüense dicha actividad aumenta desde el periodo 

Cretácico hasta el Cuaternario. En América Central Meridional, la historia tectónica no 

muestra las características de la anterior. En su lugar observamos levantamientos 

verticales en toda la región durante el Plioceno (López-Calleja 1980). Al final de la fase 

orogénica surge una intensa actividad volcánica semejante a la descrita anteriormente 

para la zona Septentrional. El puente terrestre entre Sur y Norte América se consolidó 

hace 15 Ma (Montes et al. 2012) y durante el Periodo Cuaternario la cadena volcánica 

de Centroamérica se transformó en una de las más activas del mundo (López-Calleja 

1980; Marshall 2007). 

Por otro lado, el territorio central y sureño de México está constituido por tipos 

diferentes de rocas con una estructura muy compleja en sedimentos, depósitos y 

afloramientos. La región correspondiente a la costa del Golfo es rica en sedimentos 

aluviales continentales y marinos. En la península de Yucatán abundan los depósitos de 

calizas, mientras que en las porciones centrales y del sur lo hacen rocas del Mesozoico 

(López-Calleja 1980). En la región Occidental y Central son comunes los depósitos de 

lava y ceniza volcánica del Cenozoico. En la zona Sur, en una parte del Istmo de 
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Tehuantepec, hay afloramientos de rocas del Precámbrico y en la porción más externa 

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

Eje Neovolcánico 

El Eje Neovolcánico (ENV) es una provincia morfo-tectónica que se extiende en 

dirección oriente-occidente en el territorio mexicano y presenta una gran variedad de 

zonas climáticas (Ferrusquía-Villafranca 1993). Para esta región ha sido reportada una 

actividad volcánica extensa y reciente (Ferrari et al. 1991; García- Palomo 2000; Ferrari 

et al. 2000; Bellotti et al. 2006). Belloti et al. (2006) describe la evolución tectónica del 

sector centro-oriental del Eje Neovolcánico, 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 Volcán Popocátepetl. Estos volcanes hacen parte de un cinturón 

volcánico más amplio que se extiende a través de todo el eje y cuyo origen está 

relacionado con la interacción entre la Placa Cocos y la Norteaméricana (Ponce et al. 

1992; Ferrusquía-Villafranca 1993; Pardo & Suárez 1993). Finalmente, esta actividad 

volcánica 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 característica fundamental del Eje Neo-

volcánico que lo hace un sistema de desarrollo muy heterogéneo es su zonificación en 

tres regiones distintas: Oriental, Central y Occidental (Pasquarè et al. 1988; Ferrari et al. 

2000) además de exhibir la Unión Triple de Colima-Chapala-Tepic en el límite 

occidental del Eje Neovolcánico. Dichas diferencias pueden ser un factor importante 

para procesos de diferenciación, extinción local y distribución en general para los 

organismos que se distribuyen a través de la zona.  

Sierra Madre Oriental 
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Esta área en particular presentó actividad volcánica continua durante el Cuaternario y es 

considerada como un dominio tectónico único en comparación a las demás zonas 

colindantes como el ENV (Demant & Robin 1975; Ruiz-Martínez et al. 2000). La Sierra 

Madre Oriental (SMO) se caracteriza por tener elevaciones desde los 200 hasta >3000 

metros. En la mayoría de su territorio se presentan elementos entre los 1000 y 2000 

metros y un 20% se encuentra entre los 2000 y 3000 metros. Esta variación hace de la 

SMO una región de paisaje heterogéneo con elevaciones importantes agrupadas hacia la 

zona nor-oriental y sierras aisladas en el territorio restante (Ferrusquía-Villafranca 

1993). Sumado a esta diversidad del paisaje, existen elementos climáticos 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). Históricamente, en términos climáticos la 

región de la SMO representa un nivel intermedio del efecto del último glacial máximo 

(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 Pacífico (Lachnieta & Vazquez-Selem 2005).  

Istmo de Tehuantepec  

El Istmo de Tehuantepec (IT) es una de las barreras biogeográficas y filogeográficas 

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 montañosos del norte convirtiéndose en una zona de dispersión 

difícil para los elementos montanos como son las especies de Quercus. Esta zona está 

representada en dos sub-provincias de la Provincia Tectónica de Chiapas denominadas 
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la Depresión Central y la Planicie Costera del Pacífico. Ambas corresponden a zonas 

entre los 0 msnm hasta un máximo de 1000 metros (en la Depresión Central; 

Ferrusquía-Villafranca 1993). La zona correspondiente a la Planicie Costera del 

Pacífico consiste en playas y depósitos fluviales del Cuaternario con yacimientos 

dispersos de varias edades y composiciones, mientras que la Depresión Central presenta 

formaciones del Jurásico bien definidas hacia el nor-occidente, cuerpos de composición 

calcárea hacia el sur-oriente y pequeñas áreas de cuerpos Cenozoicos al sur de Tuxtla 

Gutiérrez (Ferrusquía-Villafranca 1993). 

Depresión de Nicaragua 

Nicaragua se ubica sobre el borde occidental de la Placa del Caribe. La interacción de 

esta placa con la Placa de Cocos ha producido una actividad volcánica y sísmica 

frecuente en la región. La Depresión 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 

Depresión de Nicaragua es importante resaltar la presencia de una zona de división en 

dos elementos estructurales del Istmo Centroamericano, los bloques Chorotega y 

Chortis (Arengi & Hodgson 2000). 

Cordilleras de Costa Rica e Istmo de Panamá 

El sur de América Central consiste en un cinturón volcánico del Neógeno-Cuaternario 

inmerso en el bloque Chorotega. La geomorfología de esta zona refleja una historia 

dinámica del vulcanismo del Cenozoico y una actividad tectónica compleja (Marshall 

2007). Junto con el bloque del Chocó, el bloque Chorotega está 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 ubicación, los márgenes del bloque 

Chorotega se han deformado formando un sistema de micro placas que generan 

deformaciones regionales y una heterogeneidad topológica importante (Marshall 2007). 

Los elementos que distinguen el bloque Chorotega son el arco volcánico Chorotega, que 

a su vez agrupa los sistemas montañosos de Costa Rica (Cordillera de Guanacaste, 

Cordillera Central, Cordillera de Aguacate y la Cordillera de Talamanca), la zona del 

canal de Panamá y el Istmo del Darién (Marshall 2007). Tal vez el elemento histórico 

más importante relacionado con esta zona es la consolidación del puente terrestre entre 

Sur y Norte América hace 15 Ma (Montes et al. 2012), debido al impacto que esto 

implicó para las biotas tanto Neárticas como Neotropicales (Zonas de contacto, 

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

Contexto filogeográfico del norte del Neotrópico 

Recientemente se han desarrollado una cantidad importante de estudios sobre la 

distribución de la variación genética de diferentes taxa en el norte del Neotrópico. Este 

desarrollo conceptual fue revisado profundamente por Gutiérrez-García & Vázquez-

Domínguez (2013) y Bagley & Johnson (2014) para el sur de Centroamérica. De forma 

complementaria, y enfocados en los bosques nubosos del Neotrópico Ramírez-Barahona 

& Eguiarte (2014), revisaron las diferentes propuestas planteadas a la fecha para 

explicar el efecto de las fluctuaciones climáticas durante el UGM en la demografía 

histórica de los organismos. En términos generales Gutiérrez-García & Vázquez-

Domínguez (2013) describen tres grupos evolutivos a partir de patrones filogenéticos y 

filogeográficos comunes: el grupo Maya, el grupo Medio-Centroamericano y el grupo 

Panameño. Las características principales de estos grupos están definidas por la 

heterogeneidad geológica que determina una estructuración y divergencia fuerte además 
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de presencia de refugios para el grupo Maya, diferenciación entre tierras altas y bajas 

asociada con actividad volcánica intensa para el grupo Medio-Centroamericano y 

migraciones latitudinales bidireccionales a través del Istmo de Tehuantepec que 

promovió divergencia de especies y procesos de especiación dentro del grupo 

Panameño. 

 Para el caso del sur de Centroamérica, ubicado entre el norte de Costa Rica y el 

sur de Panamá (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 filogeográficos generales al comparar diferentes taxa. Según los autores 

mencionados anteriormente, diferentes grupos de organismos han mostrado una 

estructura genética definida por la presencia de la DN, el Frente Volcánico Chorotega y 

el istmo del Darién, al igual que diferentes patrones filogeográficos entre las vertientes 

del Pacífico y el Caribe en la zona montañosa de Panamá. Estos patrones comunes son 

atribuidos por Bagley & Johnson (2014) a respuestas históricas comunes entre los taxa 

del sur de Centro América ante procesos geológicos regionales. En contraste a este 

patrón otros organismos se caracterizan por no presentar estructura filogeográfica ni 

evidencia de cambios demográficos asociados a eventos físicos (geológicos o 

climáticos) de la región, hecho que resalta la importancia de procesos biológicos locales 

como el flujo génico y la dispersión a larga distancia como determinantes de la 

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

 De forma complementaria, Ramírez-Barahona & Eguiarte (2014) al estudiar los 

patrones filogeográficos de las especies de los bosques de niebla del Neotrópico 

relacionados con la dinámica climática durante el UGM reportan inconsistencias entre 

los estudios filogeográficos y los modelos propuestos de refugios para dicho periodo. 
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En este aspecto, se ha propuesto la prevalencia de condiciones áridas que generaron 

compresión, fragmentación y aislamiento  de los bosques tropicales en parches de 

bosques sin conexión 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 drásticos en precipitación 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 según Ramírez-Barahona & Eguiarte (2014) se atribuye a respuestas 

diferenciales de las especies a los eventos de cambio climático o bien, a diferencias en 

el contexto analítico 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 más al estudio de los patrones 

filogeográficos de especies Neotropicales. Ornelas et al. (2013) describen el papel de 

elementos geográficos como el IT en la configuración de la estructura filogeográfica de 

15 especies distribuidas en los bosques Mesófilos de México. Dicho estudio plantea que 

aún cuando algunos elementos geológicos promueven eventos de diferenciación 

intraespecífica, cuando se comparan los mismos patrones entre especies existen 

periodos diferentes durante los cuales ocurrió el proceso de diferenciación. Debido a 

esta observación Ornelas et al. (2013) sugieren que la historia evolutiva de la biota que 

forma los bosques Mesófilos es específica para linajes particulares y está definida por 

diferencias en el nicho ecológico y capacidad de dispersión entre las especies. Este 

estudio es de suma importancia al identificar la variación temporal para procesos de 

diferenciación entre taxa co-distribuidos a partir de elementos geológicos comunes. 

Finalmente, Ornelas & González (2014) al caracterizar la historia demográfica de 

Moussonia deppeana continúan suministrando información que ejemplifica las 
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diferentes respuestas de las especies ante eventos históricos de cambio climático. En 

este caso, M. deppeana exhibió una estructura filogeográfica y demográfica que 

siguieren que la especie persistió durante los periodos glaciales, mientras que durante 

los periodos interglaciales experimentó procesos de aislamiento y divergencia. Estos 

resultados según Ornelas & González (2014) resumen de forma consistente un modelo 

de refugios bajo condiciones secas durante los ciclos glaciales e interglaciales para los 

bosques Mesófilos.    

Bajo este contexto para la región Neotropical y ante la cantidad creciente de 

información que relaciona la historia geológica del norte del Neotrópico con la historia 

demográfica de diferentes taxa distribuidos en esta región, y que describe respuestas 

diferentes entre taxa co-distribuidos ante la dinámica geológica y climática de la región 

(para una revisión detallada consultar Gutiérrez-García & Vázquez-Domínguez 2013 y 

Bagley et al. 2014), en esta tesis se pretende definir un contexto biogeográfico como 

marco de referencia para estudios filogeográficos posteriores en especies del género 

Quercus y otros taxa distribuidos en el norte del Neotrópico y, describir los procesos 

evolutivos que han determinado la migración de las especies de encino desde el centro 

de México hasta los Andes Colombianos a partir de análisis filogeográficos. Para 

cumplir con estos objetivos la estructura de la presente tesis fue definida de manera tal 

que a partir de análisis tanto biogeográficos como filogeográficos, se respondieran los 

objetivos siguientes: i. definir los patrones de distribución de las especies del género 

Quercus en el norte del Neotrópico (Capítulo Uno) utilizando análisis biogeográficos y 

macroecológicos, ii. describir la historia evolutiva de un grupo selecto de especies con 

patrones de distribución contrastantes, al caracterizar la estructura filogeográfica y los 

procesos demográficos históricos de dos especies de distribución amplia, Quercus 

insignis y Q. sapotiifolia, que se distribuyen a lo largo de la Zona de Transición 
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Mexicana y las Serranías Trans-Ístmicas (Capítulo Dos), iii. describir la historia 

evolutiva por medio de la caracterización filogeográfica de dos especies de distribución 

regional, Q. bumelioides y Q. costaricensis, distribuidas en las Cordilleras de Costa 

Rica (Capítulo Tres), iv. describir la relación entre procesos históricos como las 

fluctuaciones climáticas durante el Último Glacial Máximo (~21 ka BP) con los 

patrones de migración de las especies del género a partir de una especie modelo (Q. 

humboldtii), utilizando información paleobotánica y contemporánea para construir y 

comparar la distribución de la especie a partir de modelos de nicho ecológico desde el 

UGM (Capítulo Cuatro) y, v. caracterizar la historia demográfica y la estructura 

filogeográfica de la única especie del género Quercus distribuida en los Andes 

Colombianos, Q. humboldtii (Capítulo Cinco).  
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How Are Oaks Distributed in the Neotropics? A Perspective 

from Species Turnover, Areas of Endemism, and Climatic 

Niches 

 

Hernando Rodríguez-Correa, Ken Oyama, Ian MacGregor-Fors, 

Antonio González-Rodríguez 

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



 

 22 

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, Chocó/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-García and Vázquez-Domínguez 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). 
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 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 Márquez (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.cr/ 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 Ecología, A.C., MEXU/Tipos 

de plantas vasculares, Catálogo de autoridad taxonómica 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.  

http://atta.inbio.ac.cr/
http://www.tropicos.org/Home.aspx
http://atta.inbio.ac.cr/
http://atta.inbio.ac.cr/
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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 -117º to -75º W. Similar subdivisions have been used in studies of avifauna 

in humid montane forests along Mesoamerica (Sánchez-González and Navarro-

Siguenza 2009). Species turnover was calculated using the dissimilarity index proposed 

by Lennon et al. (2001) (βsim 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-

βsim (similarity) values across all study units. Units showing 1- βsim 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 

http://www.fao.org/
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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 Yucatán 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-βsim 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), Serranías de Guerrero (SG) and Serranías 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. 

4i). 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 f is delimited by the TI at the north and the ND at the south; and UC i 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. 5c), 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 c 

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 i 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 c, 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 

et al. 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-García and Vázquez-Domínguez 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, c and g) 

within this area. This  morphotectonic province is located between latitudes 17º 30’ and 

20º 25’ N and longitudes -96º 20’ and -105º 20’ W and spans from coast to coast 

presenting a wide variety of climatic zones (Ferrusquía-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 (González-Rodríguez 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, c, 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 (Ferrusquía-Villafranca 

1993). Climatically, the Sierra Madre Occidental is more stable, and elevation seems to 

be the more important variable that defines the province (Ferrusquía-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. Q. 

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, c, 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 c in comparison to UCs f and i, 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 0 up to 1000 m.a.s.l. (Ferrusquía-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 río Grande de Chiapas (Ferrusquía-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 

i, 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-García and Vázquez-Domínguez 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, Fernández-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 ENMs, 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,s 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  Vázquez-Villagrán, Valencia y Nixon. 2004Lobatae 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 Schltdl 1830 Quercus 1,4,7,12,13,15,17,e,s 4,12

Quercus laurina  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.Martínez 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?ll. 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  Martínez 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-Chávez 2000 Lobatae NM NM

Quercus paxtalensis C.H.M?ll. 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,s 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 A1. Climatic and topographic variables considered to build the ENMs. 

 

ID Variables

1 Annual mean temperature. (WorldClim, Bio 1) 

2 Mean diurnal range (WorldClim, Bio 2) 

3 Isothermality (WorldClim, Bio 3) 

4 Temperature seasonality (WorldClim, Bio 4) 

5 Max. temp. of warmest month (WorldClim, Bio 5) 

6 Min. temp. of coldest month (WorldClim, Bio 6) 

7 Temperature annual range (WorldClim, Bio7)

8 Mean temp. of wettest quarter (WorldClim, Bio 8) 

9 Mean temp. of driest quarter (WorldClim, Bio 9) 

10 Mean temp. of warmest quarter (WorldClim, Bio 10) 

11 Mean temp. of coldest quarter (WorldClim, Bio 11)

12 Annual precipitation (WorldClim, Bio 12) 

13 Precipitation of wettest month (WolrdClim, Bio13)

14 Precipitation of driest month (WorldClim, Bio 14)

15 Precipitation seasonality (WorldClim, Bio 15) 

16 Precipitation of wettest quarter (WorldClim, Bio 16) 

17 Precipitation of driest quarter (WorldClim, Bio 17) 

18 Precipitation of warmest quarter (WorldClim, Bio 18) 

19 Precipitation of coldest quarter (WorldClim, Bio 19) 

e Elevation

s 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

Optimal suitability areas 16.2322208 0.05 3728.344 <0.001

Low suitability areas 25.86728232 0.14

Optimal suitability areas 14.72288404 0.1 39.4458 <0.001

Low suitability areas 12.99846966 0.25

Optimal suitability areas 19.58810441 0.08 191.0421 <0.001

Low suitability areas 16.50290237 0.2

Optimal suitability areas 1324.25246 13.12 305.3459 <0.001

Low suitability areas 1938.168865 32.58

Optimal suitability areas 86.83311938 0.32 47.9836 <0.001

Low suitability areas 80.83641161 0.8

Annual mean temperature

Temperature seasonality

Temperature annual range

Annual precipitation

Precipitation seasonality

 

 



 

 52 

Figures  

Figure 1 Study area and its principal geological elements. TMVB: Trans-Mexican 

volcanic Belt, SMOc: Sierra Madre Occidental, SMOr: Sierra Madre Oriental, SJ: 

Serranías de Jalisco, SG: Serranías 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. 
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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-βsim and correspond to the following areas: 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. 
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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-García and Vázquez-

Domínguez 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 Gutíerrez-García and Vázquez-Domínguez 2014), 

and also in the geographical organization of entire lineages such as Quercus 

(Rodríguez-Correa et al. 2015) and ferns (Ramírez-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 Gutíerrez-García and Vázquez-Domínguez 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 Ramírez-Barahona and Eguiarte 2013) indicates differential responses to 

climate change according to the distribution, ecology and phylogenetic relationships of 



 

 62 

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 

(Ramírez-Barahona and Eguiarte 2013). In northern latitudes, several Quercus species 

have been studied using phylogeographic approaches (Dumolin-Lepègue 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-Sánchez et al. 2008, Ramos-Ortiz et 

al. unpublished data and Peñaloza-Ramírez 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 (González-Rodríguez 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; Rodríguez-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; Rodríguez-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; González-

Espinosa et al. 2011). Quercus insignis is a white oak (section Quercus) and Q. 

sapotiifolia is a red oak (section Lobatae), but both have roughly similar geographical 

distributions and are mainly montane species. The specific goals of the study were: i. 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-Hernández 

and López-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, cmcs4, cmcs5, 

cmcs6, cmcs7, cmcs10, cmcs12 and cmcs14) previously characterized for Fagaceae 

species by Sebastiani et al. (2004) were tested for polymorphism in both Q. insignis and 

Q. sapotiifolia. Two groups of primers (cmcs3, cmcs4, cmcs5, cmcs6 in the first group 

and cmcs2, cmcs7, cmcs10, cmcs12, cmcs14 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 µL containing 1 X multiplex PCR master mix, 0.25 

mM of each primer, dH2O 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 (h 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 (D2
SH; 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 i14 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 NST (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 NST was significantly greater than the value of GST, what indicates 

that there is phylogeographic structure in the populations (Pons & Petit 1996). The FS 

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 FST (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 (ФCT) 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 D2
SH) 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 palaeoecological methods 

involving ENM (Rodríguez-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 (hS) ranged between 0.4 and 1. Mean (s. e.) hS and total 

diversity (hT) were 0.65 (0.05) and 0.95 (0.03), respectively. Genetic differentiation 

among populations was 0.315 (0.05) for the unordered alleles (GST) and 0.716 (0.07) for 

ordered alleles (NST). GST and NST values were significantly different (P<0.001) 

indicating the presence of phylogeographic structure. Fu’s FS 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 FST and RST 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 H5, 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 (ФCT = 0.72; 

p<0.001). According to this result one group was formed by populations from Veracruz, 

México (i13, i12, 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; i9 and i7) and two populations from Costa Rica (LM; 

i4, i2); a third group included two populations from Costa Rica (i5 and i3) and the 

fourth group included only the southernmost population (i1). 

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 i10 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 (hS) ranged between 0.4 and 0.95. Mean (s. e.) 

hS and total haplotype diversity (hT) were 0.51 (0.06) and 0.96 (0.01), respectively. 

Genetic differentiation among populations was 0.471 (0.06) for unordered alleles (GST) 

and 0.752 (0.05) for ordered alleles (NST). A significant difference between GST and NST 

(p<0.001) was observed, indicating the presence of phylogeographic structure. Fu’s FS 

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 FST differences among regions explained 21% (P<0.001) of the 

variation. However, for the case of RST 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 (ФCT = 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 s15), 

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 s11) 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 

Q. 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: 

i. 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 
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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 (Gutíerrez-García and Vázquez-

Domínguez 2013). Gutiérrez-García and Vázquez-Domínguez (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 (Peñaloza-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-Sánchez 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 (hS) and total diversity (hT) 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 

Q. 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 FS 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 GST and NST (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 (TI 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; i3; Figures 1 and 4), Cordillera Central (CC; i2 and i4; Figures 1 and 4) and 

Cordillera de Talamanca (CT; i1; 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-Hernández and López-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 TI 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; Hasbún et al. 2005; Daza et al. 2010), birds (DaCosta and Klicka 

2008; Vázquez-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 TI and ND based on different geological attributes (such as volcanism, tectonics, 

and physiography) and/or palaeoclimatic 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; 

Jardón-Barbolla et al. 2011) and mammals (Eizirik et al. 1998, 2001; Ordóñez-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. 
 

  ID Longitud Latitude 

Country/ 

Region 

Elevation 

(m.a.s.l) n 

Total 

haplotypes 

Allelic 

richness 

(rarefacted) hS 
Fu´s 

FS 

p-

value 

   
   

Q
ue

rc
us

 in
sig

ni
s 

i1 -82.93 9.4 CR 725 5 2 1.60 0.40 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 0.40 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 0.91 0.22 0.58 

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 0.95 0.13 0.65 

i8 -87.95 14.76 HON 846 6 3 2.00 0.60 0.25 0.51 

i9 -87.12 14.24 HON 1754 5 2 1.90 0.60 0.37 0.4 

i10 -87.07 14.04 HON 1507 6 4 2.45 0.80 0.27 0.21 

MM 31 16 10.07 0.93 -1.89 0.25 

i11 -97.04 19.18 MEX 1408 7 2 1.71 0.47 0.72 0.93 

i12 -96.94 17.43 MEX 802 5 2 1.60 0.40 0.68 0.49 

i13 -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 0.42 4.14 0.96 

   
Q

ue
rc

us
 sa

po
tii

fo
lia

 

s1 -83.96 9.7 CR 1671 5 2 1.60 0.40 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 1.35 0.77 

s3 -86.79 13.39 HON 1938 11 3 1.76 0.47 -0.65 0.1 

s4 -87.13 13.9 HON 1832 9 3 1.67 0.41 -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 0.96 -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 0.286 1.45 

s9 -96.46 14.69 GUA 1468 9 4 1.99 0.58 2.21 0.86 

s10 -91.88 14.83 GUA 1524 14 2 1.54 0.36 0.65 0.45 

s11 -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 

s14 -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 0.47 

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 FST and RST for 

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

LM. 

              

  Source of variation d.f. s.s. 
Variance 

components 
Percentage of 

variation  

   
   

   
   

   
   

   
  Q

u
er

cu
s 

in
si

g
n

is
 

FST 

Among groups 2 42.33 0.6 20.57 ФCT=0.20* 

Among populations within groups 10 83.24 1.24 42.22 ФSC=0.53* 

Within populations 63 69.19 1.09 37.2 ФST=0.62* 

Total 75 194.77 2.95   

RST 

Among groups 2 550.86 9.01 30.41 ФCT=0.30* 

Among populations within groups 10 848.43 13.38 45.18 ФSC=0.64* 

Within populations 63 455.6 7.23 24.41 ФST=0.75* 

Total 75 1854.67 29.62   

   
  Q

u
er

cu
s 

sa
p

o
ti

if
o

lia
 

FST 

Among groups 2 65.96 0.52 21.21 ФCT=0.21** 

Among populations within groups 12 142.36 1.33 53.93 ФSC=0.68* 

Within populations 124 76.58 0.61 24.87 ФST=0.75* 

Total 138 284.91 2.48   

RST 

Among groups 2 588.97 0.87 2.79 ФCT=0.02 

Among populations within groups 12 2099.73 19.54 62.39 ФSC=0.64* 

Within populations 124 1352.21 10.9 34.82 ФST=0.65* 

Total 138 4040.92 31.32   
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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.    
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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. 
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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. 
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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. 
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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 

(Rodríguez-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-García and 

Vázquez-Domínguez (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-García and Vázquez-Domínguez 

(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-Chiriquí provinces 

(Morrone 2014). Both provinces are characterized by a dynamic and heterogeneous 

tectonic and climatic history as it is highlighted by Gutiérrez-García and Vázquez-

Domínguez (2013). Geologically, both the Guatuso-Talamanca and the Puntarenas-

Chiriquí 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-García and Vázquez-Domínguez 2013; Torres-Miranda et al. 2013; Bagley 
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and Johnson 2014; Rodríguez-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 Tirilán, 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, cmcs5, cmcs6, cmcs7, cmcs10, cmcs12 and cmcs14; Sebastiani et al. 2004) 

were screened and tested for polymorphism, using two primer groups (cmcs3, cmcs4, 

cmcs5, cmcs6 formed the first group and cmcs2, cmcs7, cmcs10, cmcs12, cmcs14 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 µL containing 1X multiplex PCR master 

mix, 0.25 mM of each primer, 10 ng of DNA and dH2O. 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 (AR), haplotype diversity 

with unordered alleles (h; 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 (D2
SH; 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 NST (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 NST are significantly 

different. A higher value of NST than GST 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 FST-like (based on the infinite alleles mutation model, IAM) 

and RST-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, hS and 

D2
SH 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 FST. 

Ten short chains (5 x 105 genealogies sampled) and three long chains (1 x 107 

genealogies sampled) after discarding 1 x 104 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 FS statistic (Fu, 1997) and 

the mismatch distribution test (Rogers and Harpending 1992) for Q. costaricensis and 

Q. 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 (τ) 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 τ = 2lµt (l: number of microsatellite loci, µ: microsatellite mutation rate and 

t: generation time; Rogers and Harpending 1992) considering a per-locus mutation rate 

between 1 x 10-5 and 1 x 10-4, 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 palaeoecological data to build the LGM and LIG models, the 

‘projection’ option in Maxent was used to obtain palaeodistribution 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 (Rodríguez-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 (hT) 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 (GST) and 0.485 (0.045; 

p<0.05) for ordered alleles (NST). Meanwhile, Q. bumelioides exhibited non-significant 

(p>0.05) values for both GST (0.003 ± 0.029) and NST (0.005 ± 0.028). The presence of 

phylogeographic structure in Q. costaricensis was supported by significant NST >GST  

(p<0.001), but in Q. bumelioides the difference between GST and NST was not significant. 

AMOVA (Table 2) showed for that both FST and GST-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 D2
SH 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 c2 located at northern CG, c1 located at southern CG and c3 

located at the CC. Populations restricted to the CT (c4, c5 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, c5 and c6) 

maintained differential levels of gene flow between them (c5→c4, c5↔c6, c6→c4). 

Meanwhile population c1 (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, b1 (b1→b2, b1→b5 and b1→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 b1→b7, b2→b7, 

b3→b7, b4↔b7).  

Historical demography 

Four Q. costaricensis populations (c1, 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 b1, 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; García-Paris et al. 2000; Crawford et al. 2007; 

Streicher et al. 2009; Hauswaldt et al. 2011; Brusa et al. 2013), mammals (Ruíz-García 

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 hS and hT (0.68 and 0.97 respectively for Q. costaricensis, 0.825 and 0.84 for 

Q. 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 hT = 0.99 (Ramos-Ortiz et al. unpublished data), ii. Quercus 

castanea with 90 haplotypes, hS = 0.73 and hT = 0.98 (Peñaloza-Ramírez unpublished 

data), iii. Q. castanea studied at a regional scale with 21 haplotypes, hS = 0.71 and hT = 

0.54 (Valencia-Cuevas et al. 2014), iv. Q. insignis and Q. sapotiifolia with 28 and 34 

haplotypes respectively, hS = 0.65 and 0.95 and hT = 0.51 and 0.96 (Rodríguez-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 hT = 0.453; Rodríguez-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 NST >GS 

(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 FST and RST-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 hS tended to increase in a north to south direction. Together, the phylogeographic 

structure, the partitioning of the genetic variation between populations and within 



 

 118 

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 c6). Q. 

costaricensis is 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 

Chocó 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 Tirilán, 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 c1 and c2 (Table 1). 

Southwards from the CT, two important genetic discontinuities for Q. 

costaricensis were observed separating CC population c3 from CG populations and a 

second one separating CC from CT populations c4, c5 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 (Rodríguez-Correa et al unpublished results). Both species, 

Q. 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 

(Ramírez-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 palaeoclimatic 

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, hS: within 

population genetic diversity, D2sh: 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. 

 

  ID Longitud Latitude Region 

Elevation 

(m.a.s.l) n 

Total 

haplotypes 

Allelic 

richness 

(rarefacted) hS D2sh 

  Q
ue

rc
us

 c
os

ta
ri

ce
ns

is
 c1 -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 -84.2 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 

c5 -83.67 9.56 CT 2639 6 6 5.00 1.00 0.14 

c6 -83.88 9.67 CT 2720 5 4 4.00 0.90 0.07 

Total 42 18 4.18 0.94 0.02 

   
   

Q
ue

rc
us

 b
um

el
io

id
es

 

b1 -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 

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 FST and RST for 

Quercus costaricensis and Q. bumelioides. 

 

  Source of variation d.f. s.s. 

Variance 

components 

Percentage 

of variation 

  Q
ue

rc
us

 c
os

ta
ri

ce
ns

is
 FST 

Among populations 5 33.69 0.84 49.52 
Within populations 36 31.01 0.86 50.48 

Total 41 64.71 1.7   
RST 

Among populations 5 89.21 2.27 52.81 
Within populations 36 73.16 2.03 47.19 

Total 41 162.38 4.3   

   
Q

ue
rc

us
 b

um
el

io
id

es
 FST 

Among populations 6 4.98 -0.0003 -0.04 
Within populations 68 56.75 0.83 100.04 

Total 74 61.74 0.834   
RST 

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)   c1 c2 c3 c4 c5 c6   

  c1 

- 

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)   

  c6 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)   b1 b2 b3 b4 b5 b6 b7 

  b1 

- 

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) 

  b2 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. ʘ0: ancestral population sizes scaled by 

mutation rate, ʘ1:  current population sizes scaled by mutation rate, τ: 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. 

 

Population FS p-value 

Raggedness 

index p-value ʘ0 ʘ1 τ -log[CL] 
Quercus costaricensis 

c1 -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 
c5 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 
b1 -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 2.23 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. 

 

 



 

 138 

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. 

 

d 
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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 (5c) 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-García and Vázquez-

Domínguez 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, Ramírez-

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; Ramírez-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). Ramírez-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 palaeoclimatic and 

ecological information when conducting phylogeographic studies in the Neotropics. 
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Recent studies such as Ornelas and González (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 Nariño 

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: i. 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 

Q. 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 

Km2). 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 (km2) 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 (fcv1; 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 Serranía del 

Perijá (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 Serranía del Darién (SD), also were 

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

 LGM projections (MIROC and CCSM under fcv1 and bto thresholds; Fig 3b, c, 

e, f, h and i) 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 fcv1 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, Ramírez-Valiente et al 2009, Mediavilla et al. 2012), 

period of leaf expansion (Gratany and Bonito 2009), phenology (Hernández-Calderón et 

al. 2013), adaptative genetic diversity (Ramírez-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 

(Ramírez-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 Serranía 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, Ramírez-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 (Ramírez-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 Ramírez-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 CO2 during the LGM and 

therefore even lower concentration at higher altitudes that leads to CO2 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 CO2 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 

palaeoecological 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 0.35 0.44 0.41 -0.16 -0.02 

Temperature seasonality 0.54 -0.08 -0.15 -0.07 0.38 

Temperature annual range 0.28 0.57 0.30 -0.02 -0.16 

Annual precipitation 0.17 -0.39 0.58 0.70 0.02 

Precipitation seasonality -0.03 0.50 -0.49 0.69 0.11 

Elevation -0.47 0.20 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. 

 

  Fixed cumulative value 1 logistic threshold 

Balance training omission, predicted 

area and threshold value logistic 

threshold 

  TLF LMF UPF SP Total TLF LMF UPF SP Total 

Present-day 

(0ka) 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: Serranía del Darién; PAR: Paramillo; COc: Cordillera 

Occidental; CC: Cordillera Central; CM: Macizo Colombiano; NP: Nudo de los Pastos; 

COr: Cordillera Oriental; SSL: Serranía de San Lucas; COr-SP: Cordillera Oriental-

Serranía del Perijá border; SP: Serranía del Perijá. Elevation is represented from lower 

(white) to higher (black) values 
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Figure 2. Quercus humboldtii principal components analysis for climatic variation 

among the Andean forest belts. 

 

'" u 
a. 

'" U a. 

6~--------------------------------------~ 
4 

2 

o 

-2 
• 

o • 

• 

.6+-----~----,_----~----~----~----~ 
-6 -4 -2 o 

PC1 

2 4 6 

5~--------------------------------------~ 
4 

3 

2 

o 
-1 

-2 

o 

• o 

• 

• 

.3~-------~.------~--------~-------~.------~--------~ 
-6 -4 -2 o 

PC1 

2 4 6 

5~--------------------------------------~ 
4 

3 

2 

o 

-1 

-2 

• o 

o 

•• 
• • 

-3+------r----~~----~----~------r_----~ 
-6 

• 
~ 

-4 -2 o 
PC2 

Tropicallowland torest 

Upper montane torest 

o 
1::, 

2 4 6 

lower montane torest 

Subparamo 



 

 175 

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; Carrión et al. 2000;  

Fernández 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; Rodríguez-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-Lepègue 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 

(González-Rodríguez et al. 2004; Tovar-Sánchez et al. 2008; Peñaloza-Ramírez 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 (Fernández-M et al. 2000; Fernández-M and 

Sork 2005; Fernández-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 (González-Rodríguez 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, Rodríguez-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 (Fernández-M et al. 2000; Fernández-M and 

Sork 2005; Fernández-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 Nariño 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 Investigación de Recursos Biológicos 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, cmcs5, 

cmcs6, cmcs7, cmcs10, cmcs12 and cmcs14) 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 µL, containing 1X multiplex PCR master mix, 0.25 mM of each primer, 20 

ng of DNA and dH2O. Two groups of cpDNA microsatellite loci with common 

annealing temperatures were used to amplify four (cmcs3, cmcs4, cmcs5 and cmcs6) 

and five (cmcs2, cmcs7, cmcs10, cmcs12 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 

(AR), 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 (D2
SH; 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 GST and NST (a GST 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 GST and NST 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 FST (based on the infinite alleles 

mutation model, IAM) and RST (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 FS 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 (τ) 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 τ = 2lµt (where l corresponds to the number 

of loci; Rogers and Harpending 1992) under a per-locus average mutation rate of 1x10-5 

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 et 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, 



 

 184 

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, cmcs12 and cmcs14 had four 

alleles each, cmcs2, cmcs5 and cmcs7 had three alleles each, and cmcs3, cmcs4 and 

cmcs10 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 (hT) 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, GST and 

NST values were significant (P<0.001), but the comparison between GST and NST 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 (τ) observed value (using a model under 

homoplasy) was 0.021 (θ0= 0.76, θ1=3.62E10, –log[CL]=528.31), which considering 

mutation rates ranging between 1x10-5 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 (hS; r= -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 (D2
SH; 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, Peñaloza-Ramírez 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-Sánchez 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. 2006). 

 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 hS values in Q. castanea and the Q. affinis x laurina 

complex. Regarding total gene diversity (hT), 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 (González-

Rodríguez et al. 2005; Továr-Sánchez 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 



 

 189 

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 (Rodríguez-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 



 

 191 

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. 
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Tables 

Table1. Population geographic information summary and genetic diversity and genetic 

structure estimates. n: sample size, hS: within population genetic diversity, D2SH, mean 

pairwise genetic distance among individuals within a population under a stepwise 

mutation model. 

 

Id Longitude Latitude 

Elevation 

(m.a.s.l) n 

Total 

haplotypes 

Allelic richness 

(rarefacted) hS D2sh 
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 8 2 1.87 0.35 0.02 
5 -75.62 4.55 1900 8 2 1.96 0.42 0.02 
6 -75.64 5.56 2242 10 4 3.03 0.67 0.03 
7 -75.32 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 -77.15 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 0.2 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 4.33 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 9 2 1.87 0.35 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). 

 

Source of variation d.f. ss 

Variance 

components 

Percentage 

of variation 

Fixation 

index 

FST 

Among groups 2 8.59 0.01 0.73 ФCT=0.007 

Among populations 
within groups 10 61.19 0.17 10.1 ФSC=0.101* 

Within populations 184 315.48 1.53 89.17 ФST=0.108* 

Total 196 385.27 1.72   

RST 

Among groups 2 0.87 0 0 ФCT=0.001 

Among populations 
within groups 10 14.51 0.05 14.36 ФSC=0.141* 

Within populations 184 60.02 0.29 87.41 ФST=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 emes 2 emes6 emes 14 emes 3 emes 7 emes12 emesS emes 10 emes4 
Hl 139 195 173 164 205 218 146 166 107 

H2 139 196 171 164 205 218 146 166 107 

H3 139 196 171 164 207 218 146 166 107 

H4 139 197 169 164 205 217 146 166 107 

H5 139 197 169 164 205 218 146 166 107 

H6 139 197 171 162 205 218 146 166 107 

H7 139 197 171 164 205 218 146 166 107 

H8 139 197 171 164 205 218 146 166 109 

H9 139 197 171 164 205 218 146 168 107 

Hl0 139 197 171 164 205 218 148 166 107 

Hll 139 197 171 164 205 218 148 166 109 

H12 139 197 173 164 205 218 146 166 107 

H13 139 202 171 164 205 218 146 166 107 

H14 139 197 171 164 205 219 146 166 107 

H15 139 197 175 164 205 218 146 166 107 

H16 141 197 171 164 205 218 146 166 107 

H17 145 201 173 164 209 220 146 166 107 

H18 145 201 175 164 205 218 147 166 107 
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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). 

 



 

 206 

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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Discusión general y conclusiones 

Los bosques de roble (Quercus: Fagaceae) son elementos clave de los ecosistemas 

Holárticos y Neotropicales, por sus niveles de diversidad biológica, dominancia 

ecológica y valor económico (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 

históricos asociados con fluctuaciones climáticas, dinámica tectónica o la 

heterogeneidad del paisaje con respecto a la historia de los linajes que habitan 

ecosistemas o regiones biogeográficas 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 migración y formación de refugios durante el Pleistoceno 

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

 Cuando se considera la región Neotropical (definida desde el extremo norte de la 

Zona de Transición 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 Transición 

Suramericana en la Provincia Monte), el género Quercus aparece como un grupo que 

potencialmente puede aportar información para describir y sustentar los patrones de 

distribución observados en diferentes taxa distribuidos en el extremo norte del 

Neotrópico, región que se caracteriza por tener niveles de biodiversidad abrumadores, 

incluyendo diversos puntos calientes de biodiversidad como Mesoamérica, parte 

importante del Chocó/Darién/Ecuador Occidental y parte de los Andes Tropicales 

(Myers et al. 2000). 
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 A través de esta distribución 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 distribución 

geográfica pero que se distribuyen en cinturones de vegetación montanos (entre los 

1500 y los 2000 m.s.n.m como Q. sapotiifolia y Q. Insignis; Valencia-A 2004). Esta 

distribución altitudinal es aún más representativa si se consideran especies con una 

distribución más restringida como aquellas especies endémicas de México o bien 

aquellas especies que alcanzan el norte de Centroamérica. Allí la distribución 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 región adquieren una 

importancia mayor cuando se consideran las investigaciones recientes que se han 

desarrollado en el norte del Neotrópico. En este sentido las revisiones de Bagley et al. 

(2014), Ramírez-Barahona & Eguiarte (2014) y Gutiérrez-García & Vázquez-

Domínguez (2013), junto con los estudios recientes de Ornelas & Rodríguez-Gómez 

(2015), Rodríguez-Gómez & Ornelas (2015), González & Ornelas (2014), Ornelas & 

González (2014) y Ornelas et al. (2013), han ilustrado la gran variedad de patrones 

geográficos que explican la distribución de la variación genética y la demografía 

histórica de las especies que se distribuyen en la región norte del Neotrópico. Dentro de 

estos estudios es fundamental mencionar que las diferentes especies evaluadas sugieren 

la presencia de patrones comunes que explican la estructura filogeográfica de las 

especies Neotropicales asociados con elementos geológicos importantes como el IT, la 

zona de contacto entre las fallas Polochic-Motagua, el arco volcánico de Centroamérica, 

la DN y las cordilleras de Costa Rica y Panamá.  
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Dichos elementos geológicos como se pudo observar en el Capítulo Uno de la 

presente tesis representan zonas de gran importancia dentro de la distribución del género 

Quercus en el Neotrópico. El IT, la zona de contacto entre las fallas Polochic-Motagua 

y la DN son zonas donde la composición de especies de Quercus presenta valores de 

recambio mayores a los que se esperarían por la variación natural de los valores de 

diversidad. Sumado a lo anterior, zonas como las cordilleras de Costa Rica y Panamá 

representan sitios importantes para la distribución de áreas de endemismo del grupo. 

Aunque estos resultados representan la distribución actual de las especies de Quercus es 

necesario resaltar que esta distribución es el reflejo de los procesos históricos que han 

determinado los procesos de dispersión, flujo génico contemporáneo e histórico, 

diversificación y extinción de las especies de roble desde el centro y sur de México 

hasta los Andes Colombianos. 

La idea de que la distribución actual de Quercus tiene una explicación histórica 

en el contexto de las barreras observadas que determinan cambios en la composición de 

especies, toma más fuerza cuando se consideran diferentes estudios filogeográficos de 

taxa Neotropicales. En este sentido, Ornelas et al. (2013) describen la convergencia de 

puntos geográficos (como el IT) donde especies diferentes (tanto de plantas, aves y 

mamíferos) con distribuciones en común presentan procesos de divergencia, pero con la 

característica de que dichos eventos tienen marcos temporales diferentes. Este 

comportamiento sugiere procesos múltiples de diversificación explicados por la 

dinámica tectónica y su efecto en la reducción 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-García & Vázquez-

Domínguez (2013). La importancia del IT en los procesos de diferenciación reportados 

en la revisión de Gutiérrez-García & Vázquez-Domínguez (2013) es tal, que dentro de 
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los ejemplos que caracterizan el grupo Maya propuesto por las autoras, esta barrera es 

un elemento recurrente. 

Una vez definido tanto el contexto biogeográfico y macroecólogico del género 

Quercus en el norte del Neotrópico como el marco conceptual para generar hipótesis y 

explicar los patrones filogeográficos de especies particulares del grupo, es posible 

complementar la historia de los encinos Neotropicales. De esta forma, el Capítulo 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 dinámica demográfica 

histórica y la distribución geográfica 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 Neotrópico (p. e. Quercus castanea, Peñaloza-Ramirez et al. enviado; Quercus 

crassifolia x Quercus crassipes, Tovar-Sánchez et al. 2008; Quercus affinis x Quercus 

laurina, Ramos-Ortiz et al. enviado) y de igual forma, valores superiores a los 

reportados para la mayoría de especies de roble con una distribución Holártica (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 distribución de la variación genética y la historia demográfica 

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. Aún más interesante es el hecho de que las 

redes de haplotipos para las dos especies sugieren procesos de dispersión y re-

colonización desde el centro de Centroamérica (Guatemala y Honduras) tanto hacia el 

sur de México, como hacia la zona montañosa de Costa Rica. Análisis complementarios 
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también muestran como las barreras identificadas a nivel biogeográfico y 

macroecológico determinan la distribución de la variación genética (Istmo de 

Tehuantepec y Depresión de Nicaragua en el caso de Q. insignis; zona de contacto entre 

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

Como se explica en el Capítulo Dos estos patrones de distribución de la 

variación genética son consistentes con la historia geológica compleja y heterogénea de 

Centroamérica, donde se destacan eventos tectónicos constantes (Marshall 2007), 

actividad volcánica reciente (Marshall 2007), fluctuaciones climáticas históricas 

importantes y heterogéneas (Islebe & Hooghiemstra 2006). Sin embargo, aunque ambas 

especies tienen cierto grado de co-distribución (habitan áreas cercanas pero rara vez se 

encuentran en simpatría) existe una diferencia en la distribución de la variación genética 

entre ambas. Dicha diferencia se refleja en las barreras al flujo génico observadas. En el 

Capítulo Dos se propone que dicha variación se puede atribuir a características intra-

específicas relacionadas con la capacidad de dispersión, como el tamaño de las bellotas 

y la distribución altitudinal entre las especies. Esta variación entre especies apoya 

observaciones previas donde se atribuyen patrones contrastantes de distribución de la 

variación genética a procesos específicos para cada taxa (Ornelas et al. 2013; Ramírez-

Barahona & Eguiarte 2013).  

Hasta este momento los datos obtenidos y discutidos en los capítulos Uno y Dos 

reflejan dos patrones de distribución geográfica de las especies y su variación genética. 

En primer lugar está el cambio latitudinal tanto de la composición de las especies como 

de la estructura genética intra-específica y la influencia de los componente geológicos 

como el IT en ambos aspectos; en segundo lugar los patrones de variación genética 

observados en las redes de haplotipos en ambas especies (Q. insignis y Q. sapotiifolia), 

siguieren procesos de dispersión y colonización tanto hacia México como hacia Costa 
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Rica desde el centro de Centroamérica (Honduras y Guatemala). Estos procesos de 

dispersión y colonización se repiten de forma consistente en ambas especies e incluso 

sugieren la posibilidad de procesos de re-colonización desde Costa Rica hacia 

Honduras. De este patrón observado es posible plantear la hipótesis de que el cambio 

geográfico en la estructura genética está 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 demográficos históricos asociados a puntos 

geográficos específicos podrían variar incluso dentro de una misma especie en periodos 

distintos. 

La caracterización filogeográfica de las dos especies de encino con una 

distribución regional (cordilleras de Costa Rica; Capítulo 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 distribución restringida al sur de Centro América, 

presentó una estructura filogeográfica bien definida a través de los bosques montanos 

altos. Esta estructuración responde a niveles moderados de flujo génico en sentido 

norte-sur influenciados por cambios en la distribución altitudinal de la especie durante 

la transición entre periodos glaciales e integlaciales del Cuaternario descrita por Islebe 

& Hooghiemstra (2006) para Costa Rica. Lo anterior evidencia que aún a escalas 

regionales los procesos físicos históricos pueden configurar cambios en la historia 

demográfica de las especies del género Quercus. Este patrón resalta la importancia de 

estudios regionales y contradice la tendencia de restringir la importancia del sur de 

Centro América a un punto de tránsito entre las migraciones bidirecionales entre el 

Neartíco y el Neotrópico. Por su parte, Q. bumelioides exhibe un patrón opuesto 
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caracterizado por la ausencia de estructura genética y filogeográfica, evidencia de 

expansión poblacional reciente, niveles altos de diversidad genética y flujo génico 

asociados a la distribución en los bosques montanos bajos que caracteriza a Q. 

bumeliodes. Estos patrones (al menos a nivel demográfico y filogeográfico) observados 

son más afines a Q. humboldtii que a las demás especies del género estudiadas en el 

Neotrópico.     

Sumado a estos dos ejes de variación, la latitud y el tiempo, en la presente tesis 

se describe una variable más que influye de forma importante en la distribución de la 

variación genética, la elevación. En este sentido en el Capítulo Cuatro se evaluaron los 

cambios en la distribución de Quercus humboldtii en los Andes Colombianos durante el 

UGM considerando estudios paleoecológicos 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 extensión del nicho climático disponible, pero al 

considerar las diferencias entre cinturones de vegetación 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 distribución de los bosques de roble en los Andes 

Colombianos reflejan una migración altitudinal importante, donde las condiciones 

climáticas se desplazaron hacia las zonas bajas sin generar cambios importantes en la 

distribución. 

A partir de estos resultados es posible establecer que los bosques de Q. 

humboldtii no siguen un modelo de reducción y aislamiento en parches durante el 

Pleistoceno como se ha propuesto por diferentes autores (Haffer 1969; Toledo 1982; 
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Carnaval & Moritz 2008; Carnaval et al. 2009; de Mello-Martins et al. 2011). En 

cambio, los patrones observados de distribución coinciden con un escenario de bosques 

continuos a través de los ciclos glaciales e interglaciales con eventos de migración 

altitudinal como el descrito por Farrera et al. (1999), Hoestler & Mix (1999) y Caballero 

et al. (2010). Ambos escenarios de respuesta ante las fluctuaciones climáticas durante el 

Pleistoceno han sido revisadas recientemente por Ramírez-Barahona & Eguiarte (2013) 

haciendo énfasis en los bosques Mésofilos y la información filogeográfica 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 combinación de información ecológica, genética y paleoecológica para 

generar información más contundente. 

Una vez definido el escenario biogeográfico de Q. humboldtii durante los 

periodos de cambio climático durante el Pleistoceno (al menos para el UGM), la misma 

especie fue caracterizada a nivel filogeográfico con el fin de describir los procesos 

demográficos históricos que determinaron la distribución actual de la especie (Capítulo 

Cinco). En este sentido los resultados obtenidos para Q. humboldtii sugieren la ausencia 

de estructura filogeográfica, mientras que la red de haplotipos muestra un patrón en 

forma de estrella que refleja una expansión poblacional reciente producto de un cuello 

de botella anterior, debido bien a un origen reciente de la especie o a la colonización 

reciente de Q. humboldtii de los Andes Colombianos. Estos resultados son consistentes 

con la aparición de esta especie en los registros palinológicos de los Andes hace 

aproximadamente 480 ka BP, fecha a partir de la cual se generaron cambios importantes 

en la composición de los cinturones de vegetación montanos (Van´t veer & 

Hooghiemstra 2000; Hooghimestra & van der Hammen 2004). 
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De igual forma los análisis demográficos sugieren que las poblaciones de Q. 

humboldtii presentaron una expansión poblacional reciente datada hace 

aproximadamente 11 ka BP a finales del Pleistoceno e inicio del Holoceno. A partir de 

esta información es posible establecer que los cambios climáticos asociados a las 

transiciones entre periodos glaciales e interglaciales tuvieron un efecto importante para 

la dinámica demográfica histórica de esta especie. Al analizar los cambios en la 

diversidad genética, fue posible identificar que las poblaciones de la especie presentan 

valores más 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 vegetación más altos. El efecto moderado o nulo en términos de conectividad y 

asilamiento debido a fluctuaciones climáticas y los niveles de diversidad altos hacia las 

zonas bajas es consistente con la idea de condiciones húmedas durante el último glacial 

máximo las cuales favorecieron distribuciones estables y continuas (Farrera et al. 1999, 

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

Los resultados obtenidos en el Capítulo Cuatro complementan los resultados 

obtenidos en la caracterización filogeográfica de Q. humboldtii en la medida que no 

existe evidencia de un incremento general del nicho climático disponible durante el 

UGM. De igual forma, además de la estabilidad del área disponible, los modelos de 

nicho ecológico muestran un desplazamiento de los cinturones de vegetación hacia las 

zonas bajas lo que favoreció un paisaje conectado que pudo fomentar el flujo génico y 

los bajos de niveles de diferenciación genética observados en los robles Andinos. De 

forma complementaria, los análisis genéticos y biogeográficos de los Capítulos Dos y 

Cuatro están respaldados por diferentes observaciones palinológicas (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 biogeográfico y 

filogeográfico considerable del género Quercus en en Neotrópico. Ambos capítulos 

biogeográficos (Capítulo Uno y Cuatro) presentan evidencia de la importancia que ha 

tenido la dinámica de variables físicas como la geografía y el clima tanto en la 

estructura de las comunidades de los encinos en el Neotrópico a nivel latitudinal (escala 

amplia), como a nivel intra-específico en un gradiente altitudinal (escala local). Por su 

parte, los resultados obtenidos en la caracterización filogeográfica de las cinco especies 

Neotropicales del género Quercus (Capítulos Dos, Tres y Cinco) sugieren que aún ante 

la presencia de patrones biogeográficos comunes para el género Quercus, la respuesta 

de las especies por separado a cambios en las condiciones geológicas (p. e. eventos 

tectónicos y volcánicos) y climáticas históricas (p. e. fluctuaciones durante el 

Cuaternario) pueden diferir aún entre especies co-distribuidas. Estas diferencias 

observadas sugieren que además de considerar los diferentes escenarios geológicos y las 

diferencias ecológicas de las especies que determinan el flujo génico (como su 

distribución altitudinal y fenología) para entender los patrones filogeográficos y 

demográficos históricos de las especies del género Quercus, es fundamental tener un 

marco filogenético que permita evaluar si las diferencias en los tiempos de 

diversificación y especiación para los encinos Neotropicales explican las diferencias 

observadas en los tiempos de expansión poblacional, diversidad genética y estructura 

filogeográfica. La presencia de expansiones poblacionales recientes, cambios en la 

distribución durante periodos glaciales e interglaciales, evidencia de colonizaciones 

múltiples y re-colonización, podrían evidenciar procesos de re-distribución de 

poblaciones durante el Cuaternario como lo describen Bennet et al. (2012), mientras que 
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procesos como diversificación, divergencia de linajes y especiación 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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and the In'lIIÍbobüit)' of infmmllll:ion on tbe occur~ o.f spe­

cZs Id both !lobJro)(c.s.,Glo1Y1 8 iolozlc.l lnfonnzonFac:il"" 
IInd r~~ 4e.~, 8loJoslc.1 Info:rmlltÍlD S)'Stan [S 181, Co­
Iomlm; Siodi~..,f\Ubon..l ln.o¡;titutr; fIN Sio.), C05tlI Ria; 
f\Ubon..l CAlrnmi",ion for KnowI~ IInd O~ of 'Siodivcr.s:iry 
fCONA B10j, M~xico} Wrbrru.ses • .IIow U'I ro 11m varruo¡; 
.Nllyses Df cJi.¡tn'bution ¡mtcn., in tcrm'I uf ecoJOS)' rmd hio­
sqr.loph)' f:mm mI tOo r~l !IClI.a. For~, thc BC"" 
ntLo¡; Q Uol'M"U.I i5 lIi~li.cantl)' rep1csentcd in tha~ Wrtllru.~ 
IInd herb...r:ium onIlec.tions, !I bct th;w allowed: U5 ro pmpo!I~ a 
broiUt.::a1e N""ios. lhcr-cfon; we h:..~ .Id,... thc rnlllÍn So.al 
o.f this ama lo Nyr.e d:istrilm.tion ~o¡; al Neutropical 
Q llol'1DI.I s~ U'lmg rrqcmeco.lq;lc.l:md bioz~cap­
pmo;I~ :Dclud:insfi)dw: identific.Kiono.f ~11950f ¡grticu..Iarly 
~h 5~ t:umoYer IIcron thr: Neotroria, (Ji) the &terrni~ 
nZion o f ar~ of en.clanIliITl for the sentLo¡; .nd th.cir po!II'IibJ~ 
.dldion..-dtip with ~ .195 of spedes tumoYcr, {iii} !he evalu~ 
.fion Df duultX: nime dl ffC1"a\a5 IIC"CleRI :11121 o f aWemiosm, 
.nd tiy} the mocld~ Df !he potcflcial dimibution.nd Q Uol'1l"M.I 

~CI CO'OCCUl"TaICC ~ttEm5. 

ioateria l .a l..:l -t.e thods 

Swdy Atea 

'I"'lw: 5I.udy • .1"9 ~. I} _ ddm1ted ro the nonh by thc 
MTZ sc:n.5U MOfnMloC lII1d M_qua (1001 }andMorrunc (2001, 
2(06)and m thc lMM1th by thc C.olumbün Ancb. Thcw: eda=s 
~5 !he dMn'bution a.1"9 Df mo!It o.f thc wd.: specic. 
within thc I"Ieot:roviCll. 

Ji&.. 1 Smly Ilft:l UId • pm:ip:ll p!lDqical elemo!l"l'5 . TMVn. a 
T roUl,...Mnic;U\ Vo!c;U\ic Beh :; SM O: a Sil:ru M.ul 1"Ii! O oci deftl 
S'MOr .. s:.en-;l .M~e Orie~ SJ . Scn-oU\ de 1 O; SO .. 
Sernm de G «ero; SMS '"" SieulI M~re del Sur, loe '"' Aka; de 
(lJi 1l~ TI ""' Teroll.ftepe.:: 1S1hm i TIM '"' Tumolsdimim Mn " 
la.; PMF .. Pd«!lic.Moaplll F.wk;ND ... Ni~1UI Dq-! l"eIIfiiofl; 
CR.M • <ASlIl RiclUl m cgn¡ • Ii; Pl a J\Uhun.uiul kchmm :; DAR ,. 
D.uim rq:iofl; CA a CnlOOlliul An:ls. Bhd; IISCU ftJlre:r.en roo :." 
I~'II''fSIcm~(¡. 1 000 m a.G1. 
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Spec:íe5 Sw&ed and OcaJJlen~ PecOld5 

ThcWlIc~pcdcsdi:stdlmtedln thc:ctudya.fIC.I 4tablc: A l¡bb1cs 
AI- AllIV.li1ablc: onlinc, wcre ddined: u.~ tuonomica1 d.t­
QMlCS (FlDIlI MelOilIl'lc:ric::l.1l.I I~ea, M.i!"louri 801l:;lIIn;:a1 
C""nkn; a Y.lilablc:. httpll_.tIop:iq)5.ozgl1~ectJFM) ~ 
~eWli o f ~ Flu"I (Va:bJoda AY.lm 2QO.4; MOllllc:s 2010). 
C.eDBT.lprlú:al ido:rn:ution _ compl1ed m;iIl8 WlIc spedll5 
p-~ r~ repor'BI on IN 8io (aY.libblc: • httpll.llU 
iJ,jo..a~, thc MÍoI5OI1li ihllInic;.l('l:I~ Troplq)5lhmSeb 
taYlIilahl~ at http.llwww.tfopicos.mglHDUE.IIspx). and tbta 
ptblZil-t by f.krlYri o del lmttuto de t:colosia, A.C., MEXUI 
'liJl'U' de j>lantz Vzc:uhres, G.t:ílosode Autor.Kbd Ta xoOnÓm' 
1ca del C.enero Qu.rrcUJ, F.Jsacrx en MUico, ticrb.lrium of 
1hc ~ Yorle Botanic;.l C.a:r~ and IJlStruto Abllndcr"WlO 
tfumboldt ~h thc GN¡=: tbb poml (lIV.lilable at httpll 
_.dD~af .or&). lhis inmnm¡tion W'.IlI oomplemcnted with 
QU mo;n d.lbMle, 0Dmpilc:d &om spedmens dqKl.'Iited in sev­
a-aI Mma.n M ~ aM fidd o~tions. 

&ction."1 Qu.m:UJ ~ Ld1.n~.r chffer 10 ~r dim-ihution 
(Lob.:.u~ .fIC.Iche!; ~ Cdom),jmn Andes, ~ ~ 1I~ 
mo5I dioIttibution limit fOl QunolJiJ B in I~rrg) aM ~ 
Jor;c::al tnlb (q., ImIlU.llacom m-.u~ \'5 . hi!lnnu;a] acom 
tnmlI"llItionin wIUte oasaM ~ 08s, I~dy). InyEw of 
5Udl chffcunD, turnow:r iI!Id niclu: dioIttmutlon IIn.Ily_ wcre 
¡x:r fcmncd oon.sider-ing me pus QIt.m:UJ lIS me study unir but 
uo for both ~cction., :tep.Intdy. 

~€("íes T wootlel 

1~ study arm _ dh'¡J.cds~ 10 twoWlll)'5~ 10 rect­

smsIeI of a labtudm.1 dq.¡r_ o f lq"-t 5JUI1IÚns froro (f lo 

.3O"'N and in ta:sn.de o f a Ionsitud.ml ~ of width flom 
- l l r1O - 1.5 . Simibrllu1xlivBiorJS h2v~ '-'wulin:ctud~ 

les o f 1I\'if.a'lUUl1o humid monmlE foreb a long me Neotrop;. 
al tqion tS;Ínc)¡"a....('"~...ála aM ·Nnll.fTo-Si~ 20(9). 
Spcca turtn\'CJ _ alrubted u."I~ thc di!"limibrity Ddcx 
48'~im, pl"OJKXIIm by LC!IUloOn ct al. (2001' ForCJm bttud:ml 01 

lonsit:ud:Kuil redWlSle rebtiv~ to itlI uppe:rllowcr ol 1eftInpu 
rEi,.lUxms for the whol~ senus l!Ind ~y For tM QUfl"OIJ 
smd l..nb.:M~~ ~cction.,. 'Jñio¡ turnm'CJ i lKkx q¡u.ntifi.e.s thc rda­
ti~ rrggJÚhIlIe o f spe;:l1l5 ~ln iI!Id hu rdz\'e to the mm­
mum Y.lne o f spa::ies ri~. 1'hcrda-e,:ir allows :idcn.ti fyq, 
c6~ :D me oomposition ol ~ riclm.s~ in rdllltion lo tM 
uUt with me lowc:r r:iclane. "'lIk. 'J1.e ml9D smd smncb.rd 
cbution tSD, ~ebltl.ltUl for l ..pl'lim ... alua acruSllaDstudy 
uUu. LNtI :showins 1--8sim valucs hcyond 1 SD of the ml9D 
"YICI"eODflSidc:rcd z a.fIC.Illof IIt)'plcally rup ~ turtn\'CJ. 

AI6H of fndelt'/51rt 

Irl Oltkr to detcnnR thc FOKJlIphic:al zmcillltion o f thc 
NeotropJal UIIl ~pa:ies in tcm1.'l of co-ocxurr~ JP.Ittcms, 
"!he nctworllln.llysi. method {NAM; Lbs s..ntos ct al 2008, 
1b12, _ employcd. NA""I U!\IIS spcdcs' pun::lU21 ru:ords 
dirtt:tly atwH~ di ffercnt from thc traditional p:!"Utt'dun:s (1IUCh 
z the ones decribcd by Srumi: ct al 2()(H} in wh:ichllym¡y. 
.y 11 dctcnnincd by overbppins spcdcs m~ !nd.<! o f *l"WI.n:: 
<d. o f mn a.rb:it:rwy siu ddimiblll priori. As w:ith NAM no 
srid'lol polygOD.' we needed.; the ~nty alx.ut thc ap­
p-upn* dimens. o f ~ unO B nct a rrgjor tupX: (D.rl! 

s..nt"cc"I ct al 2012). After c:re.Jt:Dg sym¡ut:r")' nctworb, NAM 
:idcn.ti~ dustc:r-s of coI!esively lI)'JD¡ut:ric spcdcs tht a.n:: si­
mulbnoeou.'Ily aDo¡utrX with ot"h6 dustClli . NAM _ imple­

rn=ted uslftS t:he so ftw...n:: Syf'.let 2.0 (1I\'1Ii~blc: z "-ttp~#_ 
.c:r'ólh..I'''pJ"(tec:t.orp,; Lbs 5Jntm ct al 2008" which -a :In add-on 
pxlr:ase for thc,lr.u.-atical soÍ"twwe R. uq st.JncbnJ plIfZDe­
tcr.s. Once thedaavosram _ obtil1ned, br~ WCfl!: Eleaal 
u..ang thc bd~.rd lIe.JJch, !ZI Out intcrcn _ lo f"ttIDYCI" thc 
:vnalat S)'mp.1try a.fIC.Is. To nalu.Jtc whcthcr, halda b.J:r-riCr.l 
ro dioIper.laI, niche diversma: rc:su.lting from local abpUt.ion 
~ UO playcd a role: 10 ddimiting the a.fIC.Is o f ~:ml, we 
~~corn¡qD~~~pOl\lpsof~l5tb..t 
ddin.aJ thc arezs of ~Bm. OirrgtX: tbu aBOdated with 
~e ru:ords wcre 5U.bj~ toa princip.;al compon=tamd­
)'5B fI>CA ) -.d plotted to ... Bu;a]ttc dirrgtX: y~on actO!'l'l thc 
:id.en.ti fi.cd lID" ezo¡ . 

f<;oIo~<>! NM;he .. ",J,I"'8 (fNM! 

EN M WlU u.,cd to ddin.t G",irOfUllCJl.tal ailin:it:ics all:1lMl3 
arezo¡ wMe Q "D""OIJ spcdcs a.n:: pracnt aM to 1dcntlfy thc 
loClItion of Jl'U'siblc: ~p.'I 10 tbeir dimilmtion. rol thi~ !Jl'.I\ 
we u.-t the max:imum cntropy a~omhm imp.bDe5lted in 
MAXE.NT. \'er.l ion l.3.la (Phinips ct al 2006', umg def:.JU.It 
~ckr5. In onlcr fo lI\'oid ovcrfitting d~ b corrdiKi,¡n 
bctvreen dirrgtic vz-:D.blcs, w:ith:in thc dioittibution ~ o f 
eada oale spec:Zs, ~ .500 and !SOO tllndom poms wc:r~ 
c:alcuh~ aM ~ ... .I1ues C01leSpoondmg b "!he 19 dimatic 
... .IDabJeI rcpotted by Hijm;ms ct al.(1OOS)wc:r~~at a 
.lO-att: lIeoand (- I --km' spatial reoJtu:ion (lI\'ailablc • http:# 
_.W"Ol"ldclim.OfJ). For thc cbtiI o f mch~pcdes.corrdiKi,¡n 
rrgtticcs WCfl!: c:alcuhtedamDCl8 a11 19 v.lDabla.aM fromCJm 
p.ml o f hishly amchted ... z-:D.blc! (r> 0.1), thc rnDl"e spedfic 
Y.lDable W'.IlI di~.rdcd.. r\dd:iti~ly, 1hc !IOil typc (FAO~UN 
q:itaJ solJ rrgpof ~ worlel; 1I\'1Ii~blc: lit http:#www. f..,.OIgI 
and dl:\'ation YIID"Ubles weT~ also con..a~ all s~(: 
Üb1 lo comtruct 1hc ENMlI o/tlI~ Al). 

Consid.cr-ing lb not all oal ~ mda _ HidS1.t numbcr 
of recoJt!.¡. only ... .3 lI-pa:iel ~ used fOl this an.al)'5is (spcdcs 
over.lO DCDII"l8IiCZ5,.OcauT~ ru:ord'l of eada ~ wc:r~ 
ti.ltc:red a1ttudmDy aM 1:K:itud.in.al1y by c:om~,¡n w1th re­
poned dBttibution inJwm:ation (fonowq Valencia A ... .In. 
2()(H; Moralcs 20 10,. In ordcr b ckrl2le JIO!IKihlc effccbs o f 
spatial aUlocorrdlltion d~ to J7ox:imity aM IlUl"cption o f 
recorck. we u...aIon.ly po:in.u lItp.1ntcd by mon:: dt..JnO. 1 dcci~ 
rrgl dqJtjCI wi ... IC5JICd lo tbcir narcn .qhoor.l. FmDy, 
EN MlI wcre ret:dc:ted lo thc bioseogr'.lphic: provn:es wher~ 
oal lIpcdcs a~ p1l5ent 10 onlcr ro unid inocluc&z JNWIl'hl~ 
dillDtically ~ulbJblc:a~~ tb QunalJ ~ m \'\enot cctU­

p2d hist<rX:::..Dy (e.~ , thc YUClIbn I>enmwal. 
E;NMs "YICI"C impbn~ us~ me hooatrmp regmp.l~ 
~ w1th.50 replicas.From thc ~allhu ~.lO% 01 thc 
¡ms~ reamls _~ usa! all a 5U.hrun lo c:alcuh~ ... 1IIf"iOOU..¡ 

eshrtUlta of qu;a]ity, iI!Id thc rat"l.lining 10% wcre t-.d to run 
me rI."IIldek. Modd,l wcre 1n.:itUDy naltuted with a thre!hold~ 
1ndcpcnd.ent mm-t, the rtteivCJ OJlCl"IIbJ&ch.Jra~tX: curve 
IIn.Ily:cis, ro dá:c:rminc mude! q"WIlity. AlI a dua~t 
mcthod. we implcmcnted thc intru'\lk omilll:aon rllte, u..af18 thc 
c.umuliKi,'e Y.lluc of 10% . lhi~ th:reIhoId _ ~ con.'¡d­
crinslb~Mlescouldmdude~cverllJCJ~OCQUt~ 
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ROOR lcuEZ-CORREAET AL.-BIOGEOGRAPHY OF N EOT RO PI C AL QU6R as 22J 

. ' 
~ : TV~~ J 
•• o o o 

~HF 

J~I~ -r ' 'yv E-
, !I - -

,:Il""f'¡nAr "I------ 'lr " oo. 

1- '-"-' o·°lt ...,_ 

Fiz- 1 Ne(l(mpicJJ ~oII'':iOI IiJlede; 1tJ1DCI~ ~nemL nae hario­
:u.naJ dn.e.:I lina reprer;eft ct.e ct. re.dta1d el Aim&ooe,o Defi heymd 
dio! u:Jle.::ed -.;ui¡rion.. ... ~t:ldinlll fDm:m!r IUol'lem fC"ll" ct.e ... Me 
g.eflllL b, 1~rir.ldinlllllll'n:)\"ft" JUnem fC"ll" lhe "",hale Itn " l.a. 
lU."I

0 

fDl'n:)\"ft" pmem fC"ll" re.:! orW:' fr.ea . ,.o/;t.:J",ul. d, l~dinlll 

turDCJqr ~nem mI" re.::! nab. fr.ea. l..(lru!.:M°l. 1f, I.arp'Od.w rlII"lXIl"et" 

p2.-:lem fC"ll" whie am ~ foII: l. ~oII'':iOIlo {, u.rim:Ii fDmao-er p2.-:lem 
fC"ll" white a¡b; IfoII:t. Qtot"iOIl. N mhen indicue die 'IImo"t'et PO'" 
~fC"ll" g.e~JlhXa! Io:.cion dlhreriuionl., /;te fiSo 11 .a falla"M: 1,2 ., 
TI; J., P1t:F :; • ., ND;S ., PI;' = ND;7" CRM:;Il= PI; 9, 10 ... 
ND; 11 "" PI :; 12 = ND; 1J = PI; 1", 15 =.M;; l ' = PMF:; 17, 18 = 
ND_ 

r«md.'1 even lÚter exteruhe dqur ... tion pmce!Bes. lJ:Ims thc 
surn of the JU-n-a] outpout:s ~ ODI15ickrms the 
threWJJd rule rnentimd IIbm<e, we identifi.ed the _JI ~ 11 
!ow nurnber of poh5lt:ial1y co-occurring spedIs t1ow-su:ibhility 
II.1l9.S'thz s~ JqÍDru;witha qhnurnherof ~ 
spede.: (hpJ.--suibbll:lty afl5ls). AddltionJilly, the value! o f the 
dmabc ...... .riahle tDed to build the 8.NMs wcre Clllmp.ued 
IIrnnng low- lInd hf:h-sw..:.h.ility !llTezI tl!Cing ¡lit anal)'Sa of 
"'!IIT-ano!: WnpJemen.ted m K to identify thernost mJlOftllnt di­
rnabC OOOl"stlut limit thcdin:Mutlonof l»1t spedIs. 

Results 

Speclf!1i TUlOOVfl:1 

Spede.: hU:ruveJ" ...... Iues e~ thc dd1ned "llu-ed.o.Id of 
SI) o f the l ~srn mmn value wce obse""W.'d m hoth lattu.­

dinal gradients lllwlloasiludinal gradients lit the whole-senus 
leve! aad al:!o fOl" thc QUol'TGlJ 1100 LoIxJ¡;u MCtion.1 sq.ariMdy 
{liso!'. Spcde CIIImp(k'Iition du~e (lisso la, lb, .lA, 38, atthc: 
senu, lC\d were ohscr-...ed m thc Tefllalltcpec bthmus (11,. 
thc Mot.1S1Q-Polodcic: bult !l)¡::,. ti.:: NarllSIQnlkpr_ion 

o,. and thc r~nuni~ 1~'1 (pn. 

Red 0iII1c ~pede.: ~ QUol'TGI:I ~. 1..MT.:.Il:2' liss. "4. 24, .le" 
3D' showed 11 simibr p...ttem o f mr1lO\'er a.re.ll5. ~ TI ap­
JlI9rS lB the fint turnover are:ill, foDowed by the NO -.d fi­
nally thc I}L ~ turno\'er ..... 1'IJe!I foo- ~nClf.s ~. 

Qunru.s o!fisso b, 2f. .le. 3fo) indicatal tht thc: Imil betwan 
the Altm de Chia~ {Aq 11M thc T rilnS· I:duni:an Moun· 
1lIIin.1 (ffM' is tbc !llTGII where thc MI IIT)'plcaDy hish ~pede.: 
tumo\'eJ" oa:vr.Io At tbc MPF Jq1on, there is a second afl5l o f 
~e ~eJ" whcrc :W:VeJ" ... J spcd~ witb widc latitudiN] 
dBtributioa.'1 roc:h tbeir smthern w,tn'bution limito Fm.Dy, 
thc ND ¡. the !>Ir!t tUInoVeJ" !llTCSII fm whitc oas o ~ PI did not 
a~r Z 11 tur1lO\'er !llTe.l, Z no whie _ spcd!s re:iIIdl the 
CnJombi:an And.!s. 

Aleas of Endemlsm 

Ninoe ndWolI: )W"ttion.1 Of ~ elf aHlCDU"TeIlCC (0('0$' 
wce rccovcud m tbc cb"VO!r ... rn derived truooush NAM. 
TI- ate shown m fisu:re ""'l : a, SUJlPU"tcd by fOUT speCe (Q. 
~m,,~ZI', Q. tfJ:r:mrj(l1l~, Q . .soli"p1IiJ, and Q. M:r:OriS., di.. 
tributcd in thc north o f thc S~ M ... We cid Sur (S MS" 
Serollllruu de {'"~o, aad SeJTmÚZ de 'disco 4fi&. ""'lA •• b, 
5Uppo.rted by thr~ spedes (Q. d~llCDh. Q. fnll~:r, -.d Q. 
ntgag) dM:ributed D the S:ier°!"ll Madre Oa::idenul ~SMOc" 

fi&. 1 G:og:l.phicJJ IfCJ.OOn (\f d io! nWn 1tJ1D(l~ poClin'110 fC"ll" 
Qwo~~~ IiJleCeL!lh.::t. bus rqlrclitn tilo! IqfDdirW an.:l l.cirud.w 
unir, ""Me nwl:e.:I IiJledes ItJlIKIS"tr n;:Oln oIroee a!r.o lig.. 21. A, lnI. 
prnd. fDlMOo-er p:.l-.:em fC"ll" lbe whroe gen 8, l..arim:ii tumo 

(/Io°ellu.uem hr die whla1e gen'S. C. La,....:!· I'¡ft\ClIo-er JUI1fm IC"ll" 
red ow fr;t:a:.'.obo1U1\. D, I~tn:.d · 11IIn:)\"ft" JU1'Iem ilr red cub 
~foII:t. l...orura.l. F., 1~lIIIdin mrl\(lS"ft" ~Iem mI" .... bie CId. ( foII:t. 
~~~~I.l", l~it'Od.w IIIIlDII'"trp2.'=Iem i1rwhiR orW:.(foII:'- Qtot:l'''.U\. 
Nll!Tlheftoorre;pOl.:l la IMflts.t.own ¡m %- 2 mr~e;of t .IJsim:an:l 
carrupond 10 lhe falo",q _ (Ior !«lg:l.Jlhiclill kI::a::lon dlhreria, 
ticwlfi,_ ~ 1) 1,2. TI; ) _ P1tT.4 - NJ); S - PI;'. ND;7,. 
CRM:;1l = PI:; 9, 10 ... ND; 11 ... pl; 12 ,..,ND; I ) _ PI; 1", 1.S., AQ 
l ' "" P1t"F; 17. 1-8 - ND. 
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... " O en"<W:mI refRj¡f~ IQniI¡;;¡¡ or CD-<lQ;,grgn:e ~ar :UeK d endeml!;m'¡ far N~:mpi.; (1 ~c:i=, erim:a.t~ g d .e ne_art 
:aruJym I!Iedloi 1.J5'28 mm:a. (n i indicil:ee2dl c4d~ ~n:wd ni:sofcOoa:cunen02.:Uld d~ DUjlSom ,he rish: side in.:&:~ d~ PlsuJiliic:JJ 
dl:wri1r.nion or.he ,r;pedes 1!"OIIps; dw: cons;::ltlll2 &di ¡¡mil 01 cOoo:alluncr.. 

Trmrl."I -M exhn Vobni..: Bdt (TMVS), ~ Altos ~ OU!ip01l5 
(AC; ~. -'l B); c, 5Upported by fOUT 5pedel (0_ QCMlJ~~, Q_ 
u¡agfJft, Q_ "LuaHIln, IInd Q_ 'I&lrUL:j ) distributed D t:h.e 
1M\"-8, sarthe:rn Smll M~e OrZnml (5 MOr), and SMS 
~. 4Ci ti, 5U'J'POl'ted by ~ ~ (Q_ am~.IU, Q_ 
Ln,r,folu, .wJ Q_ :r.:JIa¡wltlU' di5l:l'ibutul m tb: SMC, 
:IOUtJw:rn SMOr, liad notth o f eN: TIM (Iig. 'I D); e, supported 
~ threc :speda H.l aCMtiapbylh, Q_ Jqm~, and Q. 
grrmWfa ) dimilmkd -in thc SMOr (fis. "1 E",; f, IUpportul by 
4lrcc 'pcOer¡ {Q. UJPUICIf;¡~ Q. lA:",~m, And Q. fnIrU"~lfa, 
d~butcd in the TIM -:fi8. 4 r}; 1, ~~ by tVIIU ~C'$ 
{Q. p;l t:hMaJlfa ¡¡jnd Q. rqt.:PrdaJ dilltrihuted in the _km 

1MV8 4fi&. -'lG,; h, supported by two spedeo¡ 4Q. IlCbm:vru 
smd Q. 1J(ln-.-J~lfla, distrlbuted in the SMS ~ ~. -'lH}; i, ~p­
¡mrted by two spec::jes 10. btn-/mdn ¡¡jnd Q. (XK";DnC~If;¡.s) 
dstrihouted: m ~ Úl51ll1 Itlcml IDDUIlmJll!'II {fig. 4 / ). I.t can he 
mserved:tht th.r:distrihut:ion of ¡¡jD the lJCs ~ J.dimited :lit 

_t ¡¡j t ~ cd&~ by ~ hUftWct points deoJc:rihed: ¡¡j l!ow: ¡¡jS 
bllows! UCs ¡¡j , b, c, e. ¡¡jncl h :are ddimill!ld by che TI ¡¡jI the 
*JoUili; UC d .ft ddimitc.d by che Ml'F lit che i'IOUili; uC f Is 
~~Ud by thc TI :lit thc DOf1h ¡¡jncl thc NI> :lit the lOU'lh; .w 
lJC i lJ ddimill!ld by thc NO :lit dJc north smd dJc 1)) ¡¡jt thc 
i'IOUth. The KA (bble 1; fi¡¡. S, Miated dut IlUUJ"'I of ~ 
des; tIut ddined most of the UCS Iu~ partWly O\'d,¡¡ppillj 

clillDtX: ni~. In p.u:t:icullill", lJCs b -.d (: b.r. \~ wide ¡¡jnd 
ove:rbp¡D.g dmn envdope; th:o.t ¡¡jsocontlm thc rebtivdy 
~ oIIlVelopes of UÚ S smJ 1:... A second recopinb1~ 
groupW'Zl fwmed by UÚ¡¡j, e.:m.d f. ~IIy, uú dsmd i~ 
lo he thc most d.BtDc:t m tErrm of tlw:irdim!IItX: nidJ,cs;. 

fNM 

1bc mod~.],1 f'm ¡¡jD thc JpuiCll C\'~IwEd sbowed ¡¡j Sood 
pcrfol'lOillfla: ('AUC \'<1kla >O.8~,. For mom- ,.Ir; ,pecics, thc 
clillDtX: vnbler¡ with thc }isbcst Wluc:noe on the f.'N M.s WC'I~ 
~1UIl m~ predpbtion, tem~ture _~lity, tem~­
tu.Te ~1UIJ ~e. g¡nntnl pIedpimtion, smd precip:i~oIn 

_~lity 4bhl~ Al ). 1bc IIUp wihthemm of thc moddJ fOl" 
:all inlividu..J Jpecics ,hovn the l. in the QJW1DI:S !~ 
dBtribution ~fi&. 'AJ. ln thc nathem ¡u.11 of ~,tudied TeKlon. 
qh I~, of QM.nrM.I spedC'$ co-oct:WTt5ICe ¡¡jM observed: in 
mounllllin0...t5 ¡¡j112l of c:mtrlll ¡¡jnd sou~n M~xico, p;ltticu­
brlr, che TMV8 ¡¡jndtheSM5. Thc ibsz Riw:r Dcp:reelion .ft 
1m I17U with Iow pIea\Ce of Qunou speda dat lep.D1ItC!I 

the 1MVB ¡¡jncldJc SMS. Thc: TI con.'ltÍtu-'~ ¡¡j de.1! pp m thc 
dBtributionof QIf.nrM.lJpuier¡. Mom Cl'1aI:c:fOiIIh lo Nic::ar1lll!1UI, 
the m., 5~ out ¡¡j5 thc :ll'eiI wXh the qhe!t QMnaI.I spe­
~ O\'d~. whiI~ tM lowgn.d''1 of _t:8n N-antgu:¡lllnd 
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:1 
2 -

2 1 • 

• ,e, 

lis. S PriD:ipd COOlJIMm l (PO IUI~ 1J'ln",q ecoJcp:aI 
lIIi.::he m~pe" for PlUJl" of lópo:: ies C(Wlfóllifll~, fhe nine unir" (lf Q)o 

a a;.'II!1'en.::e. 

thc NDoontiau:rc lIIn i.mpon¡.nt pp d thc &mm dMn'bution. 
In CmtI Rit:a, thc ~her ~e!I oona:ntr\".Itiun B omerved D 
thc TaI¡¡pn~ Mountllm a nd pwt o f die I~dfic Iovrl~ . 

Mn..!Iy,:s~ conc=.tnlbon (~:rezu~'I m the t=Dtor')' corre­
spoondmg to the 1>l and~ Iowlsmds o f northwerternColom lm. 
~ m;ap ~ 11 m;atled red:uction in the numher al spede!l 
~ from sou~n Mex:lco tu the Colorolmn Andeos . 
1ñ.e It1óIIximun ValU115 of ¡naIlcted numbd- uf W-oCDU"rZ'fj: 
s~ ohEr'Wd for thc diffcruu cowtt:rXs a~ distributed as 
follows! 1 g speCes in M Cxlco, 10 speCes in C..u.;ate:rmla, ~ spe­
des D Honduns, 1 spcdc¡ in Niarlll!~ , lpecic. D C.mtll 
R it:a, .00 .3 speCe!I D l)illUma. 

Section /...ob;¡~r 4llg. 68, sbowed a IlIfFl' numbcJ o f co­
distn'butcd.:s~ in antral a .mthem Mex:lco thJ.n. ~ 
ban Q_OIJ;. From:soD'lrt:han NiOllr.1lIi1Q clown ., the CnJom­
mllln ~, ~~ spede!l mppeiIIr !;OIl$~b1y ~ 
to the rnomU:;ro~"1 rq;ion."1 o f ÚM;tlI Rit:a, but D the CnJoro· 
bi:ml Andes, a :smg~ spedes (Q.IrMmboIJ .. ,) Itz,; a \ 'Cr')' bro.ad 
di:str'Íbution wXh a wide a1titudSu.1 r.;1I~ (betwan goo .00 
l.SOO m). IVr ~ QI«trJfJ; (llg. 6C), ~ C01ICDU~ 
valucs atlE hisf¡D inthe cattr.al1M YB and thcS MS. folloWlE:'d 
by tU atell from ("rtUtCmab clown lo northcm NicarJlgLLl . 
C05ta Rit:a and 1)..IlUma exhíblt only 1hru: and two wh.:itc _ 
:spcdcs, r~dy. Thc oMerved dBtrihution o f !Iedlons 
QMUCNJ; llIIld ~~r Ipcdcs mowed tk1t at~ luch as TI, 
ND, a 1' 1 atlEnot,uit.lbllEb..~b1b fOl QMnntJ; sped~. 80th 
thc PCA and ANOVA oomp::~ri'l(n'l ~ ~t.lbilíty 
are.n smd hip.-cmiubility Iit.tell:s i~ hidJy ~nifu;:ant dif­
fcrt51oCl5 in ZUl1Ul1 In9D ~tu:rIE, t:cmpcr:;It:urIE sezo¡on;a]ity, 
taop=iWIE ann1Ul! rmnge, annU31 prcdphtion, and ~pl­
blbonSezo¡on;a]ity (bI~ 2,fig. 7; :s~ ~ Al for I~ detaJk,. 

O¡SCtauion 

Studic! an thc wnovcr pilttcUL"I o f Q ltnntJ; spc.cia i n tU 
Ncotn~a Uvc facu:sedma:inlytlO altitud:inill pilttcrM (Gcntl')' 
2001; Kmppd1c 2006; K~c and VIIIn UUelen 2006,. Our 
:s tudy !;OIl$ickrcd Jllltitulin..! unb .00 al .. Iqtudnill unb D 
0J"Ckr to oompbi=t the ~t knowbft¡c about the distri-

bution ~ of NeotropX:al QltlTCItJ;. M _t oí tbe ¡uevÍDu'l 

st:ud:ies on -.11: dBtDhution mlE ~~hted not on1y tbe 
~IE D oak ~ djycr.¡ity froro:s~ McxXo to Co-
10m lm but al .. the f.lIt1 tIm mountl:ftow¡ ~lon."1 cor.rc­
~ns lO south.ern Mex:lco lit1\r: importlalt mvcr.¡ity hot:spob 
fOl tbe QUU"NJ; pm D Amenca aJcnca Á'·JlIos 2()(H; 
Nixon 2006; TorTes·M.ir~ ct al. 2011. 201.3,. 
Ka~c (2006) qac'lt& tUi tbe di:stributian pilttcm., o f 

001Ib can be c:xph.ined by thc FOloPcaI CId clima Imbr)' o f 
thc Amc:rian c:untftcnt and thc e\'DlutitlO o f n flora. Rcant 
phylOF061'l1phl;: evidenot::e &(IITl QUUCM'J; ~~ (Cavenockr~ 
&.Il5 i!!I: al 2011 ' smd ~ taDI ( for 11 <kt:.ZI pcr-s~ 
tb::ripticn, ~ C.u~arc:::ia ..d V:izqua-OomDg1lol2 
20 1.l; OJnCbs ct al 20 1.l' mwc:mte'l th:o.t :fttra - CId i~ fic 
~!ie'I 5tIId.. liS dl~ spe::D.bon, .00 m~llIbon coln­
OdiE with 1mbTic:a1 poPal IIrd ditt:uotX: fea hm5 of C'.aJ.tral 
Ammca. Our .Il5ub, ~ed tIO ~eosr~al an.d macro­
cco.Iosit:a1 appRIIllt:hes, :suspst NI tnlJ5t o f the atezo¡ idcntificd 
a:s In.n-ienl lo stnC flow for di ffercnt caD ale ako impottilnt 
Q ltncuJ; Ipcdes tu.rncwcr pmna. a.rc:&'l o f climaticdl!lClOO.t:inui­
ta, llIIld bound.1.rics fa atezo¡ o f cndcmim1. Bdowwc: pruvidc a 
detaJJeddi~sionof thc pMtem."1 fDUndat oc:h ~:ion. 

ÚN'/llal and Soulhem Me~CD 

'fh:i.s ~:ion ir; ~ti::uJa:rIy intDetingd~totJ.e~hnumbcJ 
of CXHICCUJ'Dtg mk spcdcs and thc ~ of :several Oc. 
límitc:dat dEsouthhy theTI. &.thdETMV B:andthe5OUtN:rn 

fi¡. ti Po~!riJJ CO' OQ;_ -e pu~m; in Neor:rop;:aI Q_c"", 
~o::i5 del5m ' d u~ eco~caJ lIIi:he madeSns. lo . D~ml'lricm of 
lhe JlCllmli IliImr al cnoaa: 'IIIri. ~o::ies for I~ whD~ 12_'''''' 
gefIIL B,. Dil;!rilr .. iDn ofllle pae l'lliaJ number al ca.aa:oni.IiJIO:: ies 
f(Jt re:l cttb(s.o::t. l.abo1.1UJ,. C, l)i:lni:HI"¡(l(la f '~Jl('Jfm ' n'ilmberaf 
cnoaa:urri.liflo::iesfor "",iUeaw (foea. QM;!lOost. Thc l;C:deafgr;lJs 
irldic~~ fhe ~her (lr cno«QI~ ~cie:L, 
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Princ:íp¡l Compmm1 {PO ~1I. fp, (Jim~iic Nir:hc V.ui¡.lion Mn«lZ Ihr: 
~ps IIIfSp«irs c.c.,rikl_Z lit....-e Unitl; dC ... ()(:a¡~ 

v - es 
Ann mem lempetllt'Ul'e 
Templl!N.rute _ 1)" 

Temp«.ulft lUlll f,¡,n~ 

Ann precipl::riioo 
Pt-e:ipf.Hicm 1óe:U(JDa!iry 

Pef'CenE,¡ge ~ • d 
Oorn'ilt.ltn"e pen:l51tige 
Tol" 'rlUUb1e 102l:bp 

1'CI 

-20 
_4S 
~S 

-~O 
_<3 

.sU? 

.sU? 
T empll!N.l'1l1\! IL"WI 

SMOr ~e been ~\'~ 1115 rqplD5 wlth high Ie\ds o f en­

olbniolm :D !e\'er.IIJ smgr !II~J1e5 perfonned for SfOUJl5 suda 
!Ifi mm, lmllIrulmmak t~eI al . 2007; V:upset al. 2008'. 
fOr the TMVB, E...d-.te el IIL (2.OM) reported Iow leYe!s of 
IIUllIlIrulI endanism, pr~ 11 ~ew of the mp.m~ of 
'Ihe atea!ll'l ~ I~it ~ 1.eNe..tcb: ~_ smd ~ ~ 
troplc¡l rq;:ion. t-t~cr, OW' IlruJ )'5a ~ !IIIl import3rrt 
ro.k o f the TMV8 on the hii'll:Orf o f tille speOe cnurlbution, 
rdlu:ted in tN: precncc o f itrtt '1,.1('., (h. c, arad S) with:ft tlUs 
lIJO. 'I'b.S morpbouaoruc pruvm 11 Iocatedbetwttnlatituda 
11'"30' ..d 2O"'ll 'N And Ions~ - %'"20' 11M - 1 OS'"2ifW 
:iIInd ~ru; fmm 0001. tu eDil., pr_tillfi 11 wide v~ of 
dm:m1:7Aln1!5 (FenusqlÚ;ll -ViLbaJIQII I ~93" whic:hmliq' ~''e 
aIlowed :the eoItahlilihment of chffennt DilIc specils with di Her­
oISlt dmllll:Íc requirement5 or nX:hes . R~t mKlie m.ve 111m 
Lí~~kted tN: importl~ o f ~ TMVB liS !IIIl ¡uea o f high 
k.p1ot-y~d:I~ty smd~mwXlúDJUrt:lcukr_ ~115 
tcoon:,-..á.le:r:-Rod.t~UD. elllL 2004,. 

1lw: S MOr iII!1d dw: SMOc litE 11150 leer Ilt~U f01 ti.: distrl-­
bttion Ilnd endemii'IfD of d 5pCdcs. Th.en!: 'W:IIS evicla!a: of 
n~ di\'C"FIlCC betwu:n dw: ccntrllllwertern Merioo :qJCdfS 
puuJls (lICs 11 1100. b, and thc ccntrlllbtcm McxiClO ~fS 
r;RX1P(1JC, dande; bbJc 1; fi3.S), which,llddedtothc I.imUd 
Ospen;1J Ilbility o f t:hc ds, IrUI Y Uvc 1.imited.lheiT mizrathn tu 
dher rq¡:lon."I. Both theSMOTllnd t:hc S MO:;:llfc~a 
~ dev,;¡¡tions I"lmfjWIg From 200 tu.3000 mlllll Ilndll ~ 
l2OU.'I physiographic: bnds::mpE {Ferru"il(~-ViLrn.DCIl 199.3'. 
OiIrUltic.llr, theS MO:;::is mOTe mblE, Ilnde6at:ion ICBn'I tu 
lz th.E moTC wpw:bnt \·,;¡¡nmblE tkr.1 ddines thc ¡mnoM 
{P6lU"1q~-Villa fr,;¡¡nciI 1993,. MeanwhilE, dw: SMÚJ- IEXhihits 
import2ll.t cliIrUltic: fllClOls tht pl'ob.abJy 11150 infllllS1ad dw: 
Ost:r1'bution ~ o~ ~ t:hc wmtcr, pol2f air 
0I.1"l'EII.0I caW nortc5 Iln: :qm::ad ovcr thc m:ttcm ~t of 
McclClOthroushtheSMOr, brinsinswvy rmm in t:hc cztcm 
sIopc (Mck3lfc el 111 2000). 1'b.:is pl'eCpation qme couId 
lave llllowed: thc CIOloniT..mon of habitats by dif rcrcnt o;d.; 
5pCdcs, tDIl."Iiderns ~ 2fCZ wlth hlsh bdo! of ¡ncdp:it.ation 
u¡tQ)1y Uvc hish __ lo: di,~sity bdo! ~u.:h lB !he humid 
mon~ _ r01~; ~Vq;;II el 111 2006,. 

n 
Spccio ~tion Ilnalysis idcnti ficd thc 1llls lID IItm of 
~ tu.:movcr, but on1y rOl red cales (scction ~a~, !lIIld 
mt for white WlIcs (~ Q.IIl7OIS,. This CIln be expb~ 
~ dw: flld that dw:rc Iln: ~~l white wl ,pedes d:i~ 

PO 

-'" - _OS 
-.01 
-_09 

_41 
19 . .5& 
1as. 

me.u'l 1I!tnjlet-1.1W1! 

J4 
_10 
_19 

-'" 
--'2 

13.72 
.2.18 

Temp«,ullh! _rWirY 

utcd Ibrough the isthmus lowl~ (C& .. Q. olro.dn) 01 on 
both lides o f thc T I (~!-. Q_ «UTligQLa , Q. Uf.slgnU, .. nd Q. 
h"a{oJJiJ~ Onthc~, se\=:iII1 red __ IcsIlTe foundoNY m 
the wet uf the T I (C&., Q. 3CIllifolJiJ, Q. CTiZS.sIpr~ Q. L.IInn.:J, 
and Q. siJJlClfolJiJ~ ENMs lhowed ~ m thc mst uf the '1\ 
~ IlfCIlfCZ wi'" 11 qllEf potential numbcr of~ 
5pCCiesthn Iln: Ildwl.Dy u},,¡d'"Ycd, ~tmg teLt sorne I~ 
d:istribu~ 10 tJw: we;t o f thc 11 could Uvc found cIim:atially 
mibbJure.as butpl'olnbJy failed todi5JlCfllC 1ICf0!tl this lt,;¡¡l'1;cr. 
In flld, thc m M IlNlJylli~icfcnti:/icds~J lICs (Il, b, c,c, s, f, 
and h; fi3. "1 ~ that Uvc 11 F05I"~oaI dioItribulon ddimitcd tu 

thc south by thc ¡nesc:rJ(:'.C o f thc 11. 1nterestmsly ,11 I:>CA b.rIed 
on dm3l:i(: "nhlcs rOl t:hc diffcrcnt OCIl sbowaI tbt sev ­
~J FlSTaphX:lll uniti,~ by thcTI, such!l!l OC, hllOO 
(: D anlr--:ison lo oc, f 1100 i. al_ dllfcr f:mm mm otber 
diIrUlt:icJallr . 

'T'he.e dllfcr~ D disttibution betwu:nred 0& spedes .. nd 
white oa:qJCdes II:UI)' he dueto thea::o.los;ical diffcr llS1Cel be­
twuslthctwo~ lVouPS. For CI::amplc, ¡ap))JltaLtJ)' 11 hi!hc:r 
proportion of wh.iu: oaI.: s~ 1In!: Ilble tu predomilUtc in 
dricr rq¡:1on."I, whcn: red ~ll nornuDy -=cm tu notdC\'dop wcD 
(Nixon 19'1j,. Othcr di fbc:nas betwu:n red uaIc spcOCSllnd 
whUWllo:s~rcbtc ')Sced:dorIrUlnq(Strm-e 199'8" whim 
IrUI)' he importaq indeterminins the dBpc:n;lJ p;!IttcrnlI o f thc 

, 
2 

N 
.., O ... 

-1 

-, 
., '-~-- -, 2 

pe, 

~ 7 PriniruJeampaneru (J'C) Il: 'Ü~hawq:chnuti: dlfle ... 
meuht:lWC'Cfuhe ~",;dllawniir 9'(huriCft,p'I1}·cb~l.ud ~ 

~r::lb_1 (higH,¡n;\;, hb.:k d-nl b r (be p-c:-romce d Qwfa.J ~o::its. 
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Onc.W~l' ANCNA Cmlpui"lll: lhr: "',¡)un al" fle fi"'f:CIim~Dc \'..uHr.s wifl "", ~ InHumc:e m 1M 
Prcdction al" fle DKlrhllioll of 0<1&: Sfecif,s bdWftllIlip;h-~ Lo .... smmiil)· /WU5 

M_ 

Am meu'l lempeuture 
OprirruJotoiJ • ..,.- 1'.23 

""'. 'DlIiily~ " ... Temper.uure _ .-
O~lo.Jiab.,.~ 1" .72 
J..ow-:ruiDll iirr :UeU 11:.99 

Tempel'llue am ~ .. 
OprirruJoWIWI.,. .ue.a 1''''' 
l .a-,o. IhIiDlliily ~ I'SO 

Am p-«ipiI:uioo 
O~!;iI' iIi<r - 112"-2' 
J..ow-:r;¡j¡DlI ii:, :UeU 1!iJ3B.U; 

p'edpil~ojoo ¡;e_m, 
OprirruJoWlWliily .ue.a "Xl 
l .a-,o. IhIiDlliily ~ !lOXl 

S~. I.t B pa'i'lihle tIm a commnZion of ~ IInd othe:r InlIÍtI 

h:..s 10 mme ex:tent Wl.uenced th.e di!itr:ibution o f both Sec::Don., . 

~ ded o f the T I Z 11 hmner u ~ I~ Ji.¡ttibutlon WlIS 

111.0 tqlOl"ted by T On"eII· Mi rattb. el 111. (10 l .l) ClDn5idcrins oa.I y 
red 031: (:ec:tion l...oNtoJl.') Rps::ie. Howe.'Cf. it B 111.0 tnIrI: th2t 
SOIl."IC role. m 1oca11lcU¡ution cannot be mscardGI sm tN: 
nidlC com)W"i.nn testlI ind:icatd 5ipUfiant n:ichc divcrFflCC 
IIrnrq thespeciclSnM1ps1lut con.ort"ituted thc UC:, _ both5ida 
o f thcl1. 

C"oeo1oP01IIy 5pGkms. thc TI hu ~CI"a1 cmud:c:rir;tit:s tho.t 
~d expI!llin thc abo\-e-menti~ }Qt:tems. h B forrned ~ 
two t=mni,. IUb¡mw~ oí Clmpz 01I1e!! thc CenlTllll De­
prelli:ion ~ thc I~f.: C~tll PI ... Both am"eIpond ID al19s 
from01o I OOOmzl(~q1.Ú;¡¡ ·ViLJr.II\ClII 1 99.l).n.eTl is 

cmr .. ctdzd by a ~ m..1IfF m eb.Jon ~ C2ntr .. 1 
IInd ~a MeJ!:i (:O tb cm rqmsen.t 11 lm-nCf for th.e di!· 
persal o f 03k ~e. epecially c:omidcr.ins mm -t dispersal 
is b'8~), mediued by !fiIV..,.. 5mbrl)', by ~lItingtropical 
cctI5)'!1tcm\ fmm t.h.o!.e with b4.hcr Narctic intlUoeKZ, thc TI 
rqmsentlJ IIn in:1JlOfUnt tumo"Cf poin.t for thc mstribution 
o f spcde. Intcr~ly, thB zrc.l hz¡ bcz:n repatcd m ~cr .. l 
ph)'loseusrapbic: sudie :iIrI aa aJ"c.l Sepillutms di fbent h:..plo­
t)'pe I __ IP andlor i~ s- fIow :n chfferen.t penod! 
(Qmdz el al lO l.l and r~ tM9:i."I. 

AC Md NOllh TlM 

AJtboush zrezo; o f ~ o f 11 ~h number o f specie 
a.re not preent ID thc c.lstI-.tth J the T I., thcre zre two other 
m:.jo:r sps::ies tuJnovcr po:Dts ~ the AC !Ind th.e north o f thc 
TlM ,¡Ioc::mted inOUapa!andCrtUtemak'.lbeeloc::;.tion.'i rq­
retl51t sltes ~ ~ aIUIJl'DlIJti(D of ~ ~ ~ sectXJn 
d\,;lt~ IiWUfiantJ)' IInd the Imt 10 the di!ltrihution o f OCs 
formed by~esth2t c:routh.roouFthell.. AptW"ently,~cr .. 1 
specicI ~ it 4t.rough che: T I. hut noIlIIl o f d!cm CXMú:fiued 
thci, ~, .. tinn SlI'llthwa:rd, rc.IdUns thci, louthcm.ln-.s at tN: 
Mot.1gw¡ -I)olodUc: S)'!t'::m. Thc rqpon bctwccn thcTl llndthc 
Mot.1gw¡ -PoIndUc: Ii)'!ltem B a tranc:ndou.od)' hcteroscncotrl 
aJ"c.l, as the port:ion. witJm the MexX:an territory B dc.ucter'-

SE • • 
3m.34 <.00 1 

-as _l. 
"'-" <-00 1 

_1 
_ll 

191.0. 
"'" 1 _0' 

_2 

""-" <-001 
1.1. 12 
lH. 

t(} .9.8 <.00 1 
_12 
_8 

:Ud by di!CDII.t:Duou.'i sieJTZ mnd aserie Di trzL'i'~ str.l~ht 
rivcrs, tr:ibumr"Íeoi of thelüo GllInde de OU!I)Ys ~qui3,­
V¡n~ 119.3', wf:i~ theCruZemlllmn portion B ddinaI by 
th.e B."toni,. ~ry ~ the: North Am~a plAe IInd 

the Glribbmn ¡'bte :n ('"otUo~lII:a, a r~ wt WflSBIS of 11 

compla li)'5tem o f WI!IIN01Ie f~nw duot sCJW"* blod:s wii!. 
oontrutingScoJnsj01l fc.ltu:res (Ottcp"()lnf5On el al 2008). 

ND 

Volcani,. adivity m:tOUthem Nicarll!tü B b'Bdr a produc:t 
o f thc :ntc:r .. ct:ion el ~ C:aribhc:m Pbtc wlth thc C.()()1)5 f'Jllte. 
i\vtic:ulzrly, thc NO is dur .. acrizd by acmln o f Q!atcnu:ry 
"d~, ,cant YOlcmic: activity, YOJcmi~tX !led:imam, 
the presenoe o f Lah MllIQp:lI :;pcJ Lal.:e Na1llgIQ. and bc:ms 
~ by a dBoonmuous sr~p o f promi~ bub 
(Ar~ IInd Hods!lOD 2000 •. 'Iñeoie e\'entlJ, lIIalK vrith thc for~ 
m;abcnof theCordjlb-ade ~(::iIrI~ inC«miI Ro ~.6 Ma), 
Ied ID :mpabnt d:mllllr: dc.DF ~d)' :n Costa Ri~ 
V .. n yk de vr"Íeoi el al 2007). which m;ay ke moldsl the 
dBtribution ~ of the ~ s~ (CiIV~-IbJel el IIL 
2011). 'IñB i5 ¡w-tX:u.lJrl)' tnI<I: f(1" ~ th..tc::on.-ultutethe OC 
~ whic:h are Ji.¡tr:ibu1ed :n thc Coea:a Ranmount:zins zW a ­

hibltc:d a wdI~feta\tUtc:d sroup m thc a::01oP01I SJ»CC wii!. 
laJ1Cdtothc LiCsdi5ln1mted tothc nonhof thc ND tfi&. s). 

n.e JIGIb o f YOlClrn: aaivity m tbc rqpon wuld uo h.ave 
le!! to cmntFI in the di:'ltn'bution o f spcdes and b"ored thc 
Bobtion. o f JDPUI:atiOll5. Ii~e, vomnc: activ..,. m..,. be 
ckterm~ a ~~nt D..rrm to di~J o f sp¡cie tht l;Ire 
dBtrihuted tIuoush the 1DDlIIlQ:D r~es. 'IñB c:ze is ¡grtic:­

ubrl)' ds.r fo.:r thc NO, whX:h ~ no( onJy ~c:mnic: ae:­
tiv..,. but UD a s~rulicant dc.~ in eb~ dut Im:lts the 
dBtrihution o f th.e psaIornmnr ~~ :n the ITXJoUnm~ 
11mB. Bzedon thCr au.ly5is of tul ~ distributian, Torre­
Miri1lWb el 111. (201.3, 111., sugettaI trut h!: NO 1tUo)' be 
pbyed a,oIe:ilrl.no n-.pcl"l2n.t lurric:r. Our reuJts md:icatc duot 
thc ND h:..s 111.0 h:..d an cffcd on thc Ji.¡tn'bution o f thc whitc 
o.ab and onthcdi,'Cf"SifiG.tion o f tbc pU'I as a wbole. ln thc 
ClZIe o f other lroloshI SnM1ps, JÑlylOfF1dlt: and ¡m)'losco­
!, .. phk a~)'!It:'I m.ve reported: thi~ zrc.l as a rrqjor fc.Iture de-
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ter"m:inq,FJd:ic;:gn¡J lq~ :¡mte:r115(Crtrtia-'rez:-C ... .n:::D 
aOO Vlizqu;e:,:-Domingu;e:,: 20 1.3). 

Co.5la R/IC,sn M OOIU.dIH and PI 

~ 5IM1th.Bn borde!- o f Wb Rica lepl"~ the southem­
m05l b;r,rrie:r to t:h.e mi(v!lll:ion oJ ~enu.'i Q unru's i nto ~ Ca­
lornh:hm Ande! . 'J1úo¡ r~on hu kn. o;¡¡l: s~ dh'd'Uy smd 
111.011 Iow nmnlzr of ~ny ~ ~ liS in&­
cata! by ~ ENMs . This 1119 B l:nown liS Boa dd Toro 
(lxMuwbry between ('.mt:.to Rlca IInd I):a:narm.).w dd".!.es tU 
end of tN: ItlIlWltil:NJu.s rq-aon IR! wdIlR! the st:art o f tN: ~~ 
mzrnan. lowbnd,,¡. 6nca del Toro ilI lIilo ~ud IR! an. 1m· 
port.1nt lI:r'e.I tht hzI inJlllCnCCd thc 0J.Tl't:Rt diRn'butina. ~ 
tem.'i o f 1e\'d'aI ~ o f amph¡'bicu: (CNwfmd et al 2005; 

!iIID6eta12OOll,. f:m]]y, intM [}¡ulen resion(honler hetwec:n 
P lllUllDlIlIIM CDlomlm), the ast mpom.nt JUlnt of o;¡¡k spe;:ie 
turnm'd' _ i ~t:Jli,ed.. L\aI c;:on..gdmng tht CostII Ron smd 
PoalUllD-aan. mountllm show a 5Jmlll nmnlzr of o..Ii: s~, 
tU O .. rim rq1onlsc:rudal m order to ~M~ dBt:ribu­
boa of the ~1L'i Q unrM's m thc Neotropla . lm IDJ"bnt fad5 
sum liS its ta:aLt pogiaal orlsin, l:mdscape het.crugen:ity, di­
m:abC;:ClDfU:riZltll (pIIrtic:u.b tI y betwe.mthc C2!:i bheat and I):aafic 
llopa), and pmldmitr lO the Ande.an rq-aon IhoWd !uve de­
tcrmined thc aTr¡"·~J of thc w&1II inlO the (',olombillln Anda, 
whcrcQ. hKmholJIM is lIl:cy dcmcnt o f tbcmont:lncCClOtl)'5tcm1 
betwe.m fKlO an.d. 3,SOO m liS fMdo2006; ~ndo.-M 2001). 

Thilll ~tud)' B thc M tto IlUIyu:thc dunge m thc oa spe;:ie 
c:om)lQ'lition th.:rou&bout tU NemopD . e found iut t-hc:ft: 

III~ cLfkren.t rqions tlat lu \'e 1II.:tcd IIIS Igl"'!ler.! to spcCl!5 cm­
pc:r.ull, inJl~ the c:om)lQ'lition of fmea: OlII1IDIIJÚtics by 
~mi~ thc R1JIIbcr of spe::ie tht c:olonUaI XM11:hWllrd!lll"eZ\ 
anl pro1».bl)' n.p..~ ~tion proc:reol'lC!l IIIS will 1hc 
EN M!II 111.0 5UptIOIta! tU role o f dee bMrier.! by ind:ica~ 
tmt .... C!lll"eac inCcntr~ Amera c:ould potaJtially lurbor iI 
qher numhcr o f speOc. du:n B IIdWiDy 0!J.:.Erw:d. 1ñc:se l».r­
ncr.l!lll"c tbc Ti, tbc MobIg\a-I>olodU:: syn~:m, the ND, ilnd thc 
PI. Ac:aml:ins lo thc EN MlI, tbcw: llfez¡ II~ rq:ion:li with low 
cliuutic mitllbility fm o;¡¡l:lpeOc. tIut al .. dcMcthc honfen o f 
thc~!DTI iI.Je;I~ identifim. 

e tbd: L l.eId:ia-CahoC%, t:;. 7.a~alü, an.d. 1- A. 
~v .. " dc forGIS ~J IIISsi!llt:lna:. L FdT_i rm.de val\able 
COft'Imcntll to Wnp:ro' 'e the rm.nU!lCl'ipt. H . Rod:rl!tliCZ'""Úlorn:a e~ 
p<eW~tlunk.CONAC,TlCVI.V.hob"lUpjm=j"), 
thc f>OIISJIMJO en C:icflciu 8iolOs:ica~ UNA M., I>GlJ'~UNAM 
fol' prov1dq ~ an.d. b dJita to dc\dop sr .. dl101tc.t:ud:a 
at UN AM . 'J1úo¡ !lll"t::icle CIlCJIbtu.teI 11 JMrt:ial fuJfilknmt o f the 
!r.tdu:o.te pmp-..n m Biolos:ioal St:ic:lloOe'l o f úNAM. e!lll"c 
!I'.ortcfu] for tbc fin;n:jal !uppon ¡novKW by tbc Red u.tlno­
IIImcri(::lm!l de Sotinh-Andrrw . Mellon ~ ~~nt 
2010-20 11 ~to H. ~-COJTe!ll 111M DGAPA-PAPIIT 
!ant ["'-.OtOI5 (00 K. Oy~). We al., dnow~e ~~nt 
OS ~¡:: OE.8 · 11 46.3iO fol' JMrt:ial funtling support. H. 
Rodt~'IJIC%-C..on-ea IISJadccr: llÍcd:uDumcnte a 1- KodríSJlC%, 
A. Ccmea y T. Rodt~~ por :ni IIJIO)'O inc:ond:ic:ion:.l dut~ntc 
el cbilfro.llo de e te CIt\IJWo. 
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