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RESENA

Soy Ricardo Andrés Segovia Cortés. Naci el 10 de abril de 1983 en
Santiago de Chile. Estudié biologia en la Universidad de Concepcién entre los
afios 2002 y 2006. Ahi me encontré por primera vez con la investigacion
cientifica. Pasé por los laboratorios de Dr. Jorge Artigas, Dr. Ernesto Gianoli y
Dr. Pedro Victoriano.

El afio 2007 ingresé al programa de Magister en Ciencias mencion
Ecologia y Biologia Evolutiva de la Universidad de Chile, donde me integré al
equipo de investigacion liderado por el Dr. Felipe Hinojosa y la Dra. Fernanda
Pérez. En este espacio humano encontré libertad, respeto por las ideas y un
respaldo realmente fraterno que, a pesar de las dificultades que implican los
primeros pasos en el sistema cientifico, me permitieron alcanzar una relacion
de amor con la ciencia y su modo de vida. El afio 2009 ingresé al doctorado del
mismo programa y segui formando parte del mismo grupo de investigadores.

En este paso por la Universidad de Chile, también conoci a la Dra.
Carolina Villagran, quien ha ejercido una gran influencia sobre mi modo de
entender la historia natural de los organismos vivos y la ciencia como actividad
humana fundamental.

Ahora pretendo seguir creciendo como investigador cientifico y continuar
buscando explicaciones para los patrones biogeograficos del sur de
Sudamérica.
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RESUMEN

Los bosques del sur de Sudamérica presentan interesantes anomalias
biogeogréficas, incluyendo su gradiente Jatitudinal de riqueza de especies, con
concentracién de especies lefiosas en una estrecha banda latitudinal, y un
abrupto empobrecimiento de la riqueza tanto hacia el sur como hacia el norte
de esta regién. En general, los gradientes de riqueza de especies han sido
asociados con temperatura y disponibilidad de agua. Sin embargo, procesos
historicos y evolutivos también podrian haber contribuido a modelar estos
patrones actuales de diversidad, creando “anomalias” entre ambientes con
gradientes ecolbgicos comparables. En esta tesis nos enfocamos, por una parte,
en las influencias potenciales de las glaciaciones del Pleistoceno sobre [os
rangos de distribucion de dos especies representativas de dos tipos forestales
de los bosques del cono sur de Sudamérica, Myrceugenia planipes Y
Cryptocarya alba. Por otra parte, evaluamos cuantitativamente la influencia de
relativa de variables ambientales y de una variable histérica (extensién del area
glaciada durante el Ultimo Maximo Glacial) sobre el gradiente de diversidad de
especies forestales en Chile. Para esto, realizamos estudios de la distribuciéon
geografica de [a variabilidad genética y analisis de regresiones.

Los resultados de la filogeografla de M. planipes muestran evidencias de
contraccién de rango de distribucion, asociado probablemente con el impacto
de la tltima glaciacion, y una subsecuente expansion de rango, asociado al
incremento de la temperatura y retroceso de los hielos durante el tardiglacial.
Por su parte, la filogeografia de C. afba muesta evidencia de que esta especie

habria sufrido procesos de fragmentacién de su rango distribucional,




probablemente asociado al incremento dé la temperatura e intensificacion de la
aridez en Chile Central durante el Holoceno Temprano. lLos arboles de
regresién permitieron identificar a la Temperatura Anual y la Precipitacion Anual
como las variables que mas probablemente determinan el actual gradiente de
riqueza de especies en los bosques del sur de Chile. La cobertura de hielo
durante el Ultimo Maximo Glacial también presentd una importancia
relativamente alta, pero presenta colinealidad con las variables predictoras
contemporaneas. De este modo, la influencia de las glaciaciones sobre el
gradiente de riqueza de especies no pudo ser determinada, pero tampoco

puede ser descartada.




ABSTRACT

Southern South American forests show interesting biogeographic
anomalies, including their latitudinal species richness gradient, with a
concentration of woody species in a narrow latitudinal band and an abrupt
pauperization toward both southern and northern of this region. [n general,
species richness gradients are closely associated with temperature and water
availability. However, historical and evolutionary processes have also
contributed to shape current diversity patterns, creating diversity "anomalies"
among ecologically comparable environments. In this thesis we focused on the
potential influences of Pleistocene glaciations on the distributional range of two
key species, Myrceugenia planipes and Cryptocarya alba, and we quantified the
climatic and historical correlates of the tree diversity gradient in Chile. For this,
we carry out phylogeographic studies of genetic variability and regression
analyses.

The results of the phylogeography of Myrceugenia planipes shows a
contraction of its range associated with the last glaciation, from where it would
have subsequently expanded its range during the Holocene. In turn,
Cryptocarya alba underwent a process of fragmentation of its range, probably
associated with the increase of temperature and the intensification of aridity in
Central Chile during the early Holocene. Regression tree analysis identified
annual precipitation and annual temperature as the primary probable drivers of
this gradient. Ice cover during the Last Glacial Maximum was also identiﬁed as
an important variable, but the contemporary and historical predictors are

strongly collinear. The influence of recent Pleistocene glaciation remains
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Patrones generales de riqueza de especies y relevancia de refugios

pleistocénicos de la biota

El gradiente latitudinal de riqueza de especies, con disminucién
gradual desde el ecuador hacia los polos, ha sido por mucho tiempo un foco
de interés de investigacion en ecologia y biogeografia (Currie 1991,
Oberdorff 1995, Roy ef al. 1998). Se ha demostrado que este gradiente estad
altamente correlacionado con la variacién geogréafica de variables climaticas
contemporaneas, como temperatura y precipitacion anual (Wright ef al. 1993;
Francis & Currie 2003: Hawkins & Porter 2003; Hawkins et al. 2003). Los
mecanismos propuestos como explicacién para estas correlaciones pueden
ser clasificados en tres grupos principales: hipétesis neutrales (Hubbelt 2001),
hipotesis energéticas (Allen et al. 2002) e hipotesis histéricas (Wiens &
Donoghue 2004).

Dada las altas correlaciones entre variables climaticas
contemporaneas y el gradiente de riqueza de especies de un alto nlimero de
taxa, algunos autores sostienen que el patron de distribucion de la riqueza de
especies puede ser comprendido sin recurir a procesos histéricos o
evolutivos (Francis & Currie 2003). Sin embargo, esta posicién ha sido
criticada sobre la base de la colinearidad de procesos histéricos y factores
ambientales que determinarian el actual gradiente latitudinal de riqueza de
especies (Qian & Ricklefs 2004, Hawkins et al. 2011). Por otra parte, analisis
comparativos de patrones de diversidad local son consistentes con la idea de

que procesos evolutivos relevantes a escalas regionales (relacionados con




tasas de especiacion y extincion), como asimismo acontecimientos histéricos
(por ejemplo, cambios climaticos que afectan los rangos de distribucion de
plantas y animales), también podrian incidir sobre la generacion y
conservacion de los patrones actuales de riqueza de especies (Latham and
Ricklefs, 1993; McGlone, 1996; Qian and Ricklefs, 1999, 2000). Tales
eventos podrian explicar aparentes “anomalias” en la distribucion de la
riqueza en gradientes ambientales ecolégicamente comparables (Ricklefs et
al. 1999).

Tanto a escala global como regional, se han propuesto numerosas
hipétesis histéricas que han sido usadas para explicar los gradientes de
riqueza de especies (Graham et al. 2009, Wiens ef al. 2011, Lessard ef al.
2012; Condamine et al. 2012). Por ejemplo, los potenciales refugios de la
biota, definidos como la persistencia en areas climaticamente estables por
largo tiempo, han sido considerados importantes en [a generacion y
conservacion de los actuales gradientes de riqueza de especies (Prance,
1978). El rol de los cambios histérico-biogeogréficos asociados a las
glaciaciones del Plesitoceno, sobre los gradientes de riqueza, ha sido
evaluado con mdas frecuencia en el hemisferic norte (Hastings, 2003,
Hawkins ef al., 2003; Hawkins, 2004; Rodriguez, et al., 2006; Svenning ef al.,
2011). Por ejemplo, en zonas templadas de Europa se ha documentado que
los modelos que dan cuenta del gradiente de riqueza de especies arbéreas y
su relacion con el clima, se perfeccionan al incorporar, como legado histérico,
el tiempo de retroceso de los mantos de hielo glacial (Montoya ef al., 2007).

Un comportamiento similar tienen los patrones latitudinales de diversidad de




taxa de aves y mamiferos en Norteameérica (Hawkins and Porter, 2003).

En el Hemisferio Sur, aungue sobre la base de menos estudios, los
patrones regionales de distribucién de la riqueza de especies difieren
marcadamente de los encontrados en el Hemisferio Norte. Un ejemplo es la
evaluacion dei gradiente de rigueza de especies de aves en Australia, donde
se concluye que cambios biogeograficos y climaticos pasados, en este caso,
asociados a procesos de desertificacion, habrian influido en la configuracion
actual del patrén de diversidad continental (Hawkins ef al. 2005). Aun no se
ha propuesto una hipotesis general que dé cuenta de las caracteristicas
biogeograficas distintivas del Hemisferio Sur, sino que las diferencias han
sido consideradas “anomalias” regionales y usualmente han sido atribuidas a
cambios climaticos propios de cada region (e.g., Markgraf et al. 1995) y a la
peculiar historia filogenética de su biota (McGlone et al. 2010; Hinojosa et al.
2011).

Los bosques del sur de Chile y Argentina se extienden entre los
30°S y 55°S, actualmente aislados de otras formaciones forestales del
continente por mas de 1000 km de formaciones aridas y semiaridas (Armesto
of al., 1996; Villagran, 1993; 1995, Villagran & Hinojosa, 1997). Estos
bosques presentan un escenario biogeografico para el estudio y desarrollo
de modelos de diversidad aplicables al hemisferio sur. Esta region forestal
del cono sur exhibe un gradiente de incremento de las precipitaciones y
disminucién de la temperatura con la [atitud (Arroyo et al. 1993; Armesto ef
al., 1996). La zona se encuentra bajo la influencia del cinturén de los vientos

del oeste, sistema climatico responsable de la mayor parte de [as




precipitaciones a latitudes medias y altas en Chile. El limite norte de la
influencia de los vientos del oeste esta sujeto a una dinamica estacional,
controlada por el desplazamiento anual del Anticiclon Subtropical del Pacffico
Sur (Aceituno, 1990). Como consecuencia de esta dinamica, los bosques
distribuidos en la zona subtropical chilena, entre los 30° S y 38° S,
experimentan una marcada estacionalidad de las lluvias, con intensas
sequfas de verano y lluvias invernales (Clima Meditetraneo).

De acuerdo a Schmitiisen (1956), las principales formaciones vegetales de
la zona forestal subtropical de Chile corresponden, de norte a sur, a Espinal
Xérico, Bosque Esclerdfilo y Bosque Deciduo Maulino, que se distribuyen
aproximadamente entre 30°S 'y 18°S. Al sur de los 38°S, en la zona templada
y subantértica, con precipitaciones durante todo el afio (mas del 10% de la
lluvia anual se recibe en verano, Alaback 1991: Arroyo et al. 1993), se
distribuyen los Bosques Laurifolios, tipo Valdiviano, Nordpatagénico ¥
Subantartico deciduo y siempreverde.

Los maximos de riqueza de especies de los bosques se encuentran
en la interfase entre las zonas subtropical-mediterranea y templado-liuviosa
(36°S y 40°S, Villagran & Hinojosa 1997). El gradiente de riqueza de
especies de plantas vasculares muestra la mayor concentracion de taxa en
una restringida banda latitudinal. Asi, una proporcion de 66% a 77% de las
especies vasculares forestales se encuentra presente entre 36°S y 40°S,
decayendo abruptamente a proporciones entre 33% y 40% hacia norte y el
sur de esas latitudes, respectivamente (Fig. 1, Villagran 1998, Villagran and

Hinojosa, 1997). Este patron unimodal es una caracteristica distintiva que no




tiene equivalente en los bosques del Hemiferio Norte (Burns 2007), ni

tampoco en el resto de los bosques del Hemisferio Sur, en Nueva Zelanda y

Australia (Cabrera & Willink 1973, Huek 1966, M

arkgraf et al., 1995).
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mariposas, es la influencia de factores relacionados con las diferencias en
productividad primaria, pero modificado por factores histéricos de la misma
naturaleza que los propuestos para plantas vasculares (Samaniego &

Marquet 2009).

|
I
!
Refugios I}

La biogeografia histérica ha usado frecnhentemente el concepto de
“refugio” glacial para describir las contracciones | distribucionales que habria
sufrido la biota durante las fases frias del Pleisﬁoceno y su persistencia en
sonas relativamente menos afectadas por el clirjna glacial. En el hemisferio
norte, este concepto fue acufiado por Heusser (1955) para explicar registros
polinicos del oeste de Canada, que sugerfan la persistencia de vegetacién
en una zona intensamente afectada por [a expansion de los glaciares, y ha
sido muy importante en estudios palececolégicos posteriores en otras
regiones, basados en el analisis de polen yiofros proxi de localidades
situadas en latitudes altas, como es el caso del cono sur de Sudamérica
(Auer 1958). Desde la masificacion de los estudios filogeograficos usando
datos genéticos moleculares en la vltima década, el concepto de refugio ha
sido frecuentemente citado en una variedad c%e contextos (Jackson 20086,
Petit ef al. 2008, Hu et al. 2009, Nogués-Bravo 2009). Asi por ejemplo, en las
regiones templadas, el concepto se ha usado para explicar patrones
biogeogréficos actuales, tales como distribucion geogréfica de la riqueza de

especies, as/ como de rasgos Yy de adaptaciones locales de los taxa

(Dynesius and Jansson 2000, Davis and Shaw 2001, Hewitt 2004, Petit et al.
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2005). Asi también, el concepto de refugio ha sido utilizado para describir
cambios en la distribucion y patrones de diversidad de especies que habitan
en regiones tropicales (Keppel et al. 2012).

Reclentemente, se ha propuesto definir mas rigurosamente el
concepto de refugio, precisando asi su uso en una variedad de situaciones y
contextos biogeograficos (Fig. 2). Asf por ejemplo, Bennet & Provan (2010) lo
definen como un "cuello de botella temporal® en la distribucién espacial o
geografica de la biota de una regién. Por ofra parte, otros autores han
distinguido refugios localizados fuera del area de distribucién de un taxa
(refugio ex situ), desde donde las poblaciones expanden por procesos de
emigracion, y refugios localizados al interior del rango distribucion del taxa de
interés (refugio in situ) (Ashcroft 2010). Los refugios muy restringidos
espacialmente, yfo distribuidos en forma acotada, son considerados
microrefugios (Fig. 2c), mientras que distribuciones extensas comparables a
distribuciones modernas pueden considerarse macrorefugios (Fig. 2a, Rull
2009). El término “refugio criptico” también ha sido aplicado para
microrefugios, porque detectar su localizacién especifica desde el registro
fosil es muy improbable, pero su existencia puede ser postulada a traves de

estudios filogeograficos (Fig. 2b, Bennett 1988, Stewart and Lister 2001).
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Fig. 2 Diagrama que representa las respuestas de los taxa frente a cambios climaticos
glacial-interglaciales (tipos de Refugio), en términos de distribucion y abundancia. El color
azul (y azul palido) representa la distribucion glacial y el rojo la interglacial. a) Refugio
clasico (Macrorefugio), b) Refugio Criptico (baja abundancia, no necesariamente
continua), c¢) Mdultiples Refugios, d) Refugio Interglacial, e) Refugios separados en
poblaciones disyuntas, desde las cuales expande durante el interglacial, también

representa un modelo de fragmentacién de rango. Modificado de Provan & Bennet
(2008).

Sobre la base de las nuevas ideas de refugio climatico se han
propuesto mecanismos alternativos para la comprensién de las dinamicas
del rango de distribucion de las especies durante los procesos de cambio
climatico. Por ejemplo, varios estudios han propuesto que refugios cripticos a
altas latitudes, durante el periodo glacial, habrian sido mas comunes de lo
que previamente se pensaba (Willis et al. 2000; Provan and Bennett 2008;
Hu et al. 2009: Stewart et al. 2010, Stweart and Lister 2001). Los
microrefugios, o areas con un microclima excepcional en relaciéon con el
ambiente regional, habrian permitido la persistencia de pequefas
poblaciones, desde donde podrian haber recolonizado a medida que las

condiciones ambientales regionales (o globales) se tornaron favorables
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después de un periodo de estrés (Mosblech et al. 2011). La ocupacioén de
estos microrefugios estaria determinado por folerancias ecoldgicas de [as
especies (i.e. tolerancia al frio) y darfa cuenta de la rapida recolonizacion de
algunas especies arbdreas durante los cortos intervalos interglaciales
(Segovia et al 2012). De acuerdo a Rull (2009), los microrefugios son una
hipétesis alternativa a la dindmica a gran escala de confraccién de rangos de
algunas especies intolerantes al fric hacia latitudes bajas, y serfan una
“necesidad tedrica” para explicar algunas distribuciones actuales, teniendo
en cuenta las limitaciones en capacidad de dispersién de las especies en

periodos cortos de tiempo.

Patrones de riqueza de especies forestales y clima de Chile:

Perspectivas palinolégicas y filogeogréaficas

Para explicar la abrupta disminucion de la riqueza de especies de
plantas vasculares hacia el sur de los 40°S se ha sugerido un repetido
proceso de contraccién y expansion del rango de distribucion de las
principales comunidades laurifolias de bosques de la regién, Valdiviano,
Nordpatagonico y Subantértico, como respuesta a los cambios climaticos
asociados a los ciclos glacial-interglaciales del Pleistoceno (Villagréan, 2001;
Villagran et al. 2005). Este modelo, basado en registros palinoldgicos del
altimo ciclo glacial-postglacial procedentes principalmente de la Regidn de
Los Lagos y Chiloé (40°S — 43°S) (registros glaciales Taiquemd, Heusser &

Heusser, 2006; Rio Negro, Villagran 1988; Loncomilla, Villagran 1990,
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Abarztia ef al. 2004), muestra que los taxa mas termodfilos de los bosques
Bosque Laurifolios Valdiviano y Nordpatagénico habrian contraido sus
rangos hacia el norte de la region de Los Lagos durante las fases frias,
restringiéndose a zonas de baja a mediana altitud de la Cordillera de la
Costa, posiblemente al norte de los 40°S, desde donde habrian expandido
para ocupar su actual area durante el Holoceno. En contraste a estos tipos
de bosques, el modelo muestra que los taxa templado-frios de los bosgues
laurifolios Nordpatagénico y Subantartico (Coniferas, Tundras, bosques
caducifolios Subantarticos) habrian ocupado extensas areas adyacentes al
borde noroeste de las masas glaciares que cubrieron gran parte de la region,
al sur de Chiloé. Esta hipotesis se basa en abundantes registros de madera
subfasil de Pilgerodendron y Fitzroya, fechadas entre 40 y 50,000 arios, en
los sitios bajos de la costa nor-oriental de Chiloé y Seno del Reloncavi,
durante los interestadiales de la titima glaciacion (Roig ef al., 2001, Villagran
ef al. 2003). La abundante presencia de taxa indicadores de un mosaico de
tundras magallanicas (Donatia, Astelia, Lepidothamnus), Coniferas y
Nothofagus durante el Ultimo Maximo Gacial estd documentada en los
registros de Taiquemd, Rio Negro y Loncomilla, ya citados.

Por ofra parte, evidencias genéticas sugieren la existencia de
refugios cripticos para algunas especies de coniferas y Nothofagus,
especielmente del bosque Subantartico que no estuvieron restringidas a
regiones fuera del 4rea de influencia glacial (Marchelli et al. 1998; Premali,
1998, 2004; Marchelli & Gallo, 2006). Este modelo de scbrevivencia de

especies en altas |atitudes es consistente con lo propuesto por propuesto por
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Villagran et al. (2005), para explicar las curvas bimodales de riqueza de
especies de Britfitas de bosques frios, con maximos actuales en Magallanes
y Chiloé. Para algunas especies herbaceas de la patagonia argentina,
también se han propuesto refugios periglaciales, definidos como areas
ubicadas fuera de la linea de glaciares, pero que estdn afectados
directamente por ellos (Cosacov ef al,, 2010). Esta hipotesis es, sin embargo,
altamente improbable para los bosques Valdivianos y NordPatagénicos del
sur de Chile, donde los suelos fueron completamente denudados en gran
parte de! Llano Longitudinal, por la actividad glacio-fluvial, y en las cumbres
de 1a Cordillera de la Costa por procesos de solifluxion resultantes de las
bajas temperaturas (Veit 1994; Veit & Garleff 1988).

Por su parte, la escala espacial y femporal de los procesos histéricos
que han determinado la pérdida de especies de plantas vasculares hacia el
norte de la distribucion de los bosques del margen oeste de Sudamerica han
sido relativamente menos explorados. Los registros palinolégicos de Chile
centro-norte, en la zona subtropical situada al norte de 39°S (Registro Tagua
Tagua, Heusser, 1983, 1990) muestran una combinacion de taxa tales como
Nothofagus, coniferas y Poaceas, especiro que sugiere que imperaron
condiciones relativamente mas frias y himedas que las actuales durante la
titima glaciacién. En contraste, durante el Holoceno temprano a medio, las
condiciones climaticas en este intervalo latitudinal habrian sido caélidas y
secas (Lamy et al., 1999). Los registros palinologicos muestran una notable
pobreza de taxa, con dominancia de indicadores de extrema aridez,

principalmente herbaceas (Maldonado y Villagran, 2002; Villa-Martinez ef al.,
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2003). Un registro polinico de fundamental importancia por su ubicacién
(Purén, 38°S — 73°W — ~100 m.s.n.m) en zonas de bajas altitud de Ia
interfase mediterraneo-templada ha sido presentado por Abarzua ef al. (en
prep.). Este registro sugiere condiciones frias y hitmedas sobre la base de la
presencia de Araucaria y Nothofagus entre 26 y 18 Ka AP en el valle central
de Chile, consistente con el registro de Heusser (1983, 1990) mas al norte. A
partir de los 16 ka. se produce la expansién de Prumnopilys y Mirtaceas, y a
los 11 ka. se registra abundancia de Chenopodiaceas, indicando condiciones
mas célidas y secas que la actualidad. A partir de los 7 ka. y bajo
condiciones de mayor humedad se produce la expansidn al norte de
Eucryphia cordifolia, una especie del bosque Valdiviano. Taxa asociados al
bosque escleréfilo no aparecen en el registro sino hasta los dltimos mil afios
AP.

En la regién se han realizado escasos estudios filogeograficos,
aunque existe evidencia indirecta de los cambios postglaciales. Por ejemplo,
la distribucién de la variabilidad genética de Eucryphia cordifolia, muestra
empobrecimiento genético hacia el norte de su rango, en el sur de la region
mediterranea (~ entre 36° S y 40° 8). Dados los requerimientos ecologicos
de mayor humedad de E. cordifolia, la colonizacion del area mencionada
podria haber ocurrido después del periodo seco que caracterizd el Holoceno
Temprano, cuando se comenzaron a configurar las condiciones actuales de

humedad (Segovia et al, 2012).
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Conciliando la evidencia palinolégica y filogeografica

Para los taxa de los bosques laurifolios tipo Valdiviano y
Nordpatagénico del sur de Sudamérica, el concepto de refugio durante el
gltimo ciclo glacial es una hipétesis que daria cuenta de la concentracion de
la riqueza de especies vasculares forestales en la interfase mediterraneo-
templada (Fig. 1, Villagran, 2001). La reciente investigacion genética de una
serie de taxa forestales ha motivado aparentes controverstas en la
interpretacion de los refugios. Sin embargo, para evaluar la validez general
de las hipétesis en torno a la direccion y magnitud de los cambios areales de
los diferentes tipos de bosques en cuestion, es necesario tener en cuenta
algunas consideraciones previas. Como se trata de tipos de bosques
templado-lluviosos heterogéneos en su composicién floristica y drea de
distribucion (Villagran & Armesto 2005), parece necesario incorporar
distinciones en el comportamiento y los requerimientos ecologicos de los

taxa.

Un ejemplo paradigmatico es la aparente discrepancia entre los
datos paleobotanicos y filogeograficos acerca de los cambios glaciales y
tardiglaciales en la distribucién de Fitzroya cupressoides (Alerce) vy
Pilgerodendron uviferum, ambas Coniferas resistentes al frio. Por un lado,
estudios filogeograficos sugieren que el alerce ocupd maltiples refugios a
ambos lados de los Andes, acontecimiento interpretado como consecuencia
del ciima prevalente durante la edad glacial, aunque sin control temporal

(Premoli et al., 2000, 2003). Por otro lado, la evidencia paleobotanica y
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palinolégica muestra una notable expansién de ambas especie en el Valle
longitudinal de la Region de Los Lagos y Chiloé, especialmente durante el
interestadial correspondiente al estadio Isotopico Il en la misma region (60 a
40 mil afios atras), asociado a formaciones de Tundras y herbaceas, también
durante el dltimo maximo glacial, UMG, 21000 afios atras aprox. (Villagran
et al. 2003). La evidencia palinologica sugiere también que el rango de
distribucién de alerce y otras coniferas tolerantes al frio se habria contraido
hacia las cimas de cerros costeros y andinos, areas que ahora ocupa,
durante el Tardiglacial y Holoceno temprano (entre 14.000 y 7.000 afios atras
aprox.). De manera concominante, los bosques laurifolios nordpatagonico y
valdiviano se encontraban en proceso de expansion en los sitios bajos de la
regién, anteriormente ocupados por confferas y tundras (Villagran et al,
1998). Como el concepto refugio implica la contraccion del rango por efectos
climaticos, la interpretacién de mdiltiples refugios para el alerce seria
razonable, aunque, de acuerdo a evidencias palecbotanicas, los refugios
deberian retrotraerse al Tardiglacial y Holoceno, periodo de aumento de
temperaturas. En contraste, las pequefias poblaciones de alerce que aun
subsisten en el Valle Longitudinal deberian calificarse de “relictos glaciales”
del periodo en que la especie tuvo una paleodistribucion mas amplia en el
valle. Esta interpretacién es concordante con los estudios genéticos de Alnutt
y colaboradores (1999) que muestran mayor diversidad y divergencia
genética en una pequefia poblacion de alerce del Valle Longitudinal,

Astilleros, situada en el limite oeste de los glaciares durante el UMG.
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En la misma linea, la evidencia filogeografica ha sugerido multiples
refugios glaciales también para especies del género Nothofagus (Premoli,
1997; 2003 Marchelli et al., 1998; 2000; Premoli ef al., 2001, 2002), mientras
que los registros de polen muestran presencia del tipo polinico N. dombeyi
durante la Gltima glaciacién, en asociacion con las coniferas y las tundras. Es
preciso aclarar que las especies de Nothofagus no pueden ser distinguidas
polinicamente y el “tipo dombeyi” incluye practicamente a todas ellas, con
excepcion de N. obliqua y N. alpina. En los registros de polen de la Regidn
de Los Lagos y la Isla Grande de Chiloe, el tipo-dombeyi aumenta sus
abundancias hacia el Tardiglacial y en el Holoceno, en cambio, experimenta
una disminucion gradual (Villagran, 1991; Heusser et al., 1999; Villagran,
2001; Abarzua et al., 2004; Moreno, 2004). En este caso, los estudios
filogeograficos podrian enriquecer las interpretaciones si incorporan de
manera adecuada las evidencias procedentes de distintas series de
indicadores paleocambientales (proxy data) y si consideran las diferencias en
los requerimientos ecolégicos de los taxa de diferentes tipos de bosques,

especialmente en tolerancias a la sequia y al frio.

Hipétesis sobre los gradientes de riqueza de especies

Como se definio anteriormente, la “anomalia” que exhibe el gradiente
latitudinal de la riqueza de especies de lefiosas de la vegetacion de bosques
del cono sur de Sudamérica, respecto al patron general del hemisferio nortel,

ha sido explicada fundamentalmente como un legado de los cambios
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climaticos del Cuaternario. Esta interpretacion, sintetizada en la idea de
Refugio Climatico, como hipéiesis histérica, ha sido muy influyente en la
biogeografia de esta region. La prediccion fundamental que surge de esta
hipétesis es que la riqueza de especies seria menor en areas afectadas
directamente por los glaciares y sus efectos periglaciales asociados
(solifluxion, excorrentia y acumulacion de sedimentos glacio-fluviales}), en
relacion con areas que quedaron alejadas de estos efectos (Refugios). Sin
embargo, nuevos datos filogeograficos de la regién del cono sur de
Sudamérica incorporan hipétesis alternativas para explicar los procesos de
contraccion-expansion de los rangos de distribucion de los taxa. Entre estas,
la existencia de muiltiples microrefugios y refugios periglaciales. Estos
nuevos modelos no estarfan relacionados causalmente con el gradiente
actual de riqueza de especies. En esta tesis nos proponemos poner 2 prueba
ambas hipétesis, sin considerarlas excluyentes, usando una aproximacion
filogeografica basada en datos genéticos y también evaluando mediante
correlaciones multiples la influencia relativa del clima actual y el clima glacial

en los gradientes de riqueza.

En el cono sur de Sudamérica, los estudios filogeograficos se han
concentrado principalmente en especies tolerantes al frio (Premoli, 1997,
2003; Marchelli ef al., 1998; Allnutt et al., 1999; Premoli et al., 2000, 2001,
2002, 2003; Bekessy et al., 2002; Allnutt ef al., 2003). Por esta razon, esta
tesis se concentra en el estudio de especies con tolerancias ecoldgicas

contrastantes para examinar las hipotesis sobre refugios glaciales y
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microrefugios, tal como han side propuestas, como asimismo la relacion
entre posibles cambios de distribucion de los taxa seleccionados y el actual
gradiente de riqueza de especies. A través de esta investigacién, nos
interesa fundamentalmente generar predicciones que den cuenta de la
relacién entre patrones de distribucion actual de la diversidad genética, como
herencia de dinamicas historicas, y ! patrén actual de la distribucién de [a
riqueza de especies de diferentes tipos de bosques del margen suroeste de

Sudamérica.

Para abordar la problematica expuesta, en este proyecto nos

proponemos responder las siguientes preguntas:

i) El gradiente actual de especies forestales, con mayor concentracién de [a
riqueza en interfase mediterraneo-templada y disminucién hacia el norte y
hacia el sur, sestd influenciado por los cambios areales de las diferentes

comunidades de bosques durante las glaciaciones del Cuaternario?

ii) ¢De qué modo los cambios climaticos asociados a los ciclos glaciales
afectaron la distribucion de Myrceugenia planipes, una especie

representativa del Bosque Valdiviano, relativamente intolerante al frio?

iii) ¢De qué modo los cambios biogeogréaficos asociados al incremento de la
aridizacion de Chile centro-norte afectaron la distribucién de Cryplocarya
alba, una especie tipica del Bosque Esclerdfilo mediterraneo, relativamente

intolerante a las condiciones de sequia?
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HIPOTESIS

:De qué modo los cambios biogeograficos asociados al incremento de
la aridificacién de Chile Centro-Norte afectaron la distribucion de
Cryptocarya alba, una especie caracteristica del bosque Esclerdfilo

mediterraneo?

Si el empobrecimiento de especies hacia el norte del rango esta
ligado al incremento de la aridez en Chile centro norte, que data desde el
Terciario y se ha intensificado durante el Tardiglacial y Holoceno, entonces
se espera encontrar sefiales genéticas de fragmentacion del rango,
1principalmente hacia el norte de su distribucién, en Cryptocarya alba, una
especie caracteristica del bosque escleréfilo himedo (Armesto et al. 1978,
1997). Es decir, se espera obtener sefiales de cuello de botella poblacional.
La diversidad genética de cada poblacion deberia ser méas alta que lo

esperado por tamafio poblacional.

¢De qué modo los cambios biogeograficos asociados al Ultimo Maximo
Glacial afectaron la distribucién de Myrceugenia planipes, una especie

tipica del Bosque templado tipo Valdiviano?

St el empobrecimiento hacia el sur esta relacionado con los eventos

de contraccién glacial del bosque tipo Valdiviano y su posterior expansion
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postglacial hacia el area que actualmente ocupa, entonces el patron de
distribucion de Ia diversidad genética de Myrceugenia planipes, especie
intolerante a la sequia y al frio (Rodriguez et al. 1983) y caracteristica del
bosque Valdiviano (Villagran et al. 1991; Armesto ef al. 1996), tendria que
mostrar sefiales de colonizacién reciente en la parte sur de su rango de
distribucion. Es decir, sefiales de expansion demografica, concentracion de
la diversidad genética al norte de su rango y un gradiente de disminucion de

{a diversidad genética hacia el sur.

El patrén actual de pérdida de especies desde la interfase
mediterraneo-templada hacia el sur, gesta influenciado por cambios

biogeograficos asociados a los ciclos glaciales?

Si el gradiente de disminucion de la riqueza de especies lefiosas de
los bosques del sur de Sudamérica, desde la regién de concentracion de
especies entre 36° S y 40° S hacia el sur, corresponde a un legado de
contracciones areales asociadas a la UGltima glaciacion del Cuaternario;
entonces se espera encontrar una correlacion positiva entre el tiempo en que
el area de recolonizacién quedé disponible tras el retroceso de los glaciares

y la riqueza de especies.
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OBJETIVOS

Objetivo general

Evaluar la incidencia de cambios histérico-biogeograficos sobre el
patrén de concentracion de la riqueza de especies forestales en [a interfase
mediterraneo-templada (36° y 40° S) y su abrupto descenso tanto hacia el
norte como hacia sur, sobre la base de a) un analisis filogeografico de dos
especies caracteristicas de los bosques Valdiviane y Escleréfilo, con
requerimientos ecoldgicos contrastantes, b) un andlisis detallado del
gradiente de diversidad de especies de plantas lefiosas, asociadas a

distintos tipos de bosgues.

Objetivos especificos

1. Correlacionar el patrén latitudinal actual de riqueza de especies con
variables ambientales y con un modelo de reduccién del area forestal,
basado en el modelo de extension de los glaciares durante el Ultimo Maximo

Glacial de Holling & Schilling (1981).
2. Establecer el patron de distribucién espacial de la variabilidad genética de

Myrceugenia planipes, una especie higrofila intolerante a la sequia y a las

bajas temperaturas.
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3. Establecer el patron de distribucién espacial de la variabilidad genética de
Cryptocarya alba, una especie esclerofila con requerimientos ecolégicos

adaptados al clima estacional mediterraneo.

4, Interpretar la distribucién espacial de la variabilidad genética de ambas
especies investigadas en un contexto geografico, con vias a la interpretacion
del rol de los factores histérico-biogeograficos del patron distribucional

investigado.

5. Elaborar mapas individuales de distribucion geogréfica para cada una de

las especies lefiosas de los bosques de Chile.

6. Construir un modelo de la restriccion del area forestal durante la Gltima

glaciacion asociada a la presencia de glaciares y efectos periglaciales.




CAPITULO 1
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Abstract

Southern South American forests show interesting biogeographic
anomalies, including their richness gradient, with at concentration of woody
species richness in a narrow latitudinal band and an abrupt pauperization both
south and north of this region. How past biogeographic changes have
influenced these blogeographic patterns could be evaluated by studying the
responses of its component species, both in the Mediterranean Forest and the
Temperate Forest. In this study we used intergenic cpDNA to explore the
genetic diversity and geographic structure of 13 populations of Crypltocarya alba
and 17 of Myrceugenia planipes. The results indicate that Myrceugenia planipes
underwent a contraction of its range associated with the [ast glaciation, and
would have subsequently expanded its range during the Holocene. In turn,
Cryptocarya alba underwent a process of fragmentation of its range, probably
associated with the increase of temperature and intensification of aridity in

Central Chile during the early Holocene.
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INTRODUCTION

Present-day patterns of temperate species richness have been shaped
by strong Quaternary climatic oscillations (McGlone, 1996; Qian and Ricklefs,
1999; Ricklefs et al., 1999; Qian and Ricklefs, 2000). Southern South American
forests show interesting biogeographic anomalies, including their richness

'gradient, with a concentration of woody species richness in a narrow latitudinal
band and an abrupt pauperization both south and north of this region (Villagran
et al. 1993, 1998; Markgraf et al. 1995; Villagran 1995; Villagran and Hinojosa
1997). This pattern has been explained by the influence of Quatermnary climate
dynamics over the distributional ranges of these forests (Villagran 1993, 1995,

Markgraf et al. 1995; Villagran and Hinojosa 1997; Villagran et al. 1998).

At present, the region of these forests exhibits a gradient of increasing
rainfall and temperature decrease with latitude (Armesto et al., 1996), explained
by the influence of the climatic belt of westerly winds, the system responsible for
most of the subtropical rainfall west of the Andes. The northern boundary of the
westerly winds is subject to seasonal dynamics, controlled by the annual shift of
the South Pacific subtropical anticyclone (Aceituno, 1990). As a result of this
dynamic, forests distributed in the subtropical zone, between 30°S and 38°S,
are associated with a marked influence of seasonal rainfall with summer drought
(Mediterranean climate). The main vegetation units in this area are: Xeric

Espinal, and Sclerophyllous, and Deciduous Forests. In the temperate zone,
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southern of 38°S, with rainfall throughout the year, the main units correspond to

Valdivian, North Patagonian and Subantarctic Forest (Schmithusen, 1956).

In general, the response of the biota in high latitudes to the expansion of
ice sheets during the cc;ld phases of glacial cycles has been associated with
regions where modern elements may have survived glacial periods with greatly
reduced abundance and distribution, the so-called glacial refugia (Hewitt, 2000;
Willis and Whittaker, 2002; Bennett and Provan, 2008). In southern South
America, the pattern of species richness concentration has been atiributed to
the repetitive role of the west Coastal Range as a glacial refugium (Villagran,
2001; Villagran and Hinojosa, 1997). This hypothesis is supported by
geomorphologic data showing that this area remained unglaciated during the
Last Glacial Maximum (LGM) (Veit, 1994; Veit and Garleff, 1996), dated
between 28 and 16 kyr BP (Denton ef al. 1999; Kaplan et al. 2008), as well as
by palynological evidence, which indicates that many species responded to
glaciations by contracting their ranges to suitable refugia in mid and low
elevations of the Coastal Range (Villagran, 1991). However, this historical
process would not explain the pauperization of species distributed to the north

of these forests.

The processes that determine the loss of species towards the north of the
distribution of these forests have been even less explored. For north—central
Chile (north of 39°S) conditions cooler and wetter than today have been
described for the last glaciation, represented mainly by Nothofagus, conifers

and Poaceae (Heusser, 1983, 1990). In contrast, hot and dry conditions are
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proposed for the early and mid Holocene (Lamy et al. 1989). Under these
conditions the species richness and forest cover decreased, and semiarid -
herbaceous vegetation dominated the landscape (Maldonado and Villagran,
2002; Villa-Martinez et al. 2003). In this region, phylogeographic studies show a
northward reduction in genetic diversity (that would reflect range contraction
during warmer periods), which has been detected only in some species that
reach semiarid latitudes in the present. For example, in D. winferi, which is
distributed discontinuously from semiarid central Chile to the subantartic forest
(30-55°8), genetic diversity increases southwards (Jara-Arancio et al. 2012).
Genetic depletion to the north of its range is also obsreved in Eucryphia
cordifolia, a thermophillous species of the temperate forest (Segovia, 2012). In
contrast, in Aextoxicon punctatum, which is distributed from 30-43°S, genetic
diversity tends to remain constant over most of its range, decreasing south of
40°S (Nufiez-Avila & Armesto et al. 2008). These results suggest that A.
punctatum was less affected by Holocene drier episodes than D. winteri and E.
cordifolia, and accordingly, ecophysiological data suggest that A. punctatum is
more tolerant to drought conditions than the other two species (Salgado et al.

2013; Figueroa ef al, 2010).

in this study, we used cpDNA sequences to explore the genetic diversity
and geographic structure of populations of two species, Myrceugenia planipes,
a characteristic species of Temperate Rainforest, and Cryptocarya alba, a
typical species of Sclerophyllous forest. M. planipes, with a current distribution
between 36° S and 47° S (Fig. 1) (Rodriguez et al. 1983), is sensitive to low

temperatures and, therefore, an ideal model to study the distributional changes
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associated with LGM. Cryptocarya alba, which is currently distributed between
32°8 and 39°S (Fig. 1) (Rodriguez et al. 1983) is a sclerophyllous species
relatively sensitive to drought (Armesto and Martinez, 1978; Fuentes et al.
1984) that could be a good model to understand the responses of
Mediterranean forest to increased aridity in North Chile during LGM. If the
current populations of M. planipes were derived post glaciation from coastal
areas, southern and Andean populations should be genetically similar to coastal
populations, i.e. M. pfanipes populations should show genetic structure across
its distributional range. Furthermore, if this is the case, within-population genetic
diversity should be lower in Andean and southern populations than in coastal
populations, and it should decrease with latitude because of founder effects. For
its part, Iif current populations of C. alba were linked to increasing aridity in north
central Chile, which dates from the Tertiary and has been intensified during the
Quaternary, we should expect to find genetic structure associated to signals of
range fragmentation, that is, signals of multiple population bottlenecks. The
genetic diversity of each population should be higher than expected by

population size.

Materials and Methods

Sampling and DNA extraction—We sampled 237 individuals of Cryptocarya
alba from 17 populations and 160 individuals of Myrceugenia planipes from 13
populations between 32°S and 45°S in Coastal Range, Longitudinal Valley,

Andes Range, and Isla Grande de Chiloé (Fig. 1, Table 1). We collected foliar
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tissue from six to fifteen individuals per population. Selected trees were at least
50 m apart to avoid sampling from clones or closely related individuals. Total
genomic DNA was isolated from silica-dried foliar tissue with the DNAeasy Plant

Mini Kit from QIAGEN (Valencia, California, USA).

Chloroplast DNA—We screened six individuals from three populations in both
species to test polymorphism in several cpDNA regions, including the intergenic
spacers trT-tmF (Taberlet ef al. 1991),tmD-trnT, trnC-tmD (Demesure et al.
1995), tmG-trnS (Wakasugi ef al. 1994), orf184-petA, tmS-trmR (Grivet et al.
2001), trnV-ndhC, trmQ-rps186, ndhF-rpI32R , trL-rpI32F (Shaw ef al. 2007). We
selected the intergenic spacer trD-tmT for Cryplocarya afba and trn'L-rp132 for
Myrceugenia planipes because of their higher levels of polymorphism.
Polymerase chain reactions (PCR) were carried out in 25-uL reaction volumes
containing 7 UL of DNA template, 1 mMof dNTP mix, 0.5 U of Taq polymerase,
1X reaction buffer supplied with the enzyme, 0.1 um of each primer, and 5 pg
bovine serum albumin. Amplifications were carried out using the following
conditions: 94 °C (4 min), 30 cycles of 94°C (45 s), 50°C (45 s), 72°C (3 min),
and a final extension at 72°C for 10 min. The fragments were purified and

sequenced at the Macrogen sequencing center (Seoul, South Korea).
Genetic data analyses

The cpDNA sequences were edited and aligned with the program Bioedit
v. 7.0.9 (Hall, 1999). Two multibase indels were found and were coded as
binary characters. The method of parsimony was employed to evaluate the

relationships among haplotypes and to construct a haplotype network (TCS
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1.21; Clement et al. 2000)}. In the analysis, both site mutations and indels were
hypothesized to be equally likely to evolve, and each indel was assumed to
have originated independently from other indels. The following index of genetic
diversity were estimated for each population and also for each region separately
using the program DNASp v. § (Librado and Rozas, 2009): number of
haplotypes (K}, haplotype diversity (H), and nucleotide diversity (7). To examine
possible founder effects and explore the distribution of genetic diversity peaks,
we analyzed the variation of within-population genetic diversity with latitude
using linear and nonlinear regression models. We subdivided the populations of
each species in three regions (Cryptocarya afba: Northwest, South — Coastal
Range, South — Andean Range; Myrceugenia planipes: North — Coastal Range,
North — Andean Range, and South). Then we compared the within-population
genetic parameters among groups. In addition, we tested for evidence of
expansion and contraction by calculating Tajima’s D and Fu and Li's F statistics

T

using the program DNASPp v. 5 (Librado and Rozas, 2009).

Estimation of genetic structure— Genetic differentiation by cpDNA among
populations was evaluated using the Gsr and Nsr coefiicients (Pons and Petit,
1995, 1996). Both coefficients estimate the ratio between the mean within-
population genetic diversity (U s and hS) and total genetic diversity (uT and hT),
but whereas Nsr takes into account the genetic distances between haplotypes
(ordered alleles), Gsr ignores them (unordered alleles). A ftest of 1000
permutations was used to evaluate whether Nsr was significantly greater than
Gsr. A greater Nsr means that more closely related haplotypes occur in the

same population, indicating phylogeographic structure (Pons and Petit, 1996), A
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permutation test was conducted in the program PERMUT (Pons and Petit, 1996;
Burban et al. 1999). To visualize spatial patterns of genetic distances over the
study area, a genetic landscape shape was constructed with the program
Alleles in Space, version 1.0 (Miller, 2005). This procedure uses a Delaunay
triangulation connectivity network based on each sampling location and assigns
a genetic distance at the geographic midpoint of each sample pair. Genetic
distances are then interpolated uniformly across the entire geographic sampling
area, and a 3-dimensional surface plot is constructed, with the surface heights
representing genetic distance. Analysis was performed with a grid size of 50 x

50 and a range of interpolation parameters (a = 0.1 — 3.0).

Genetic differentiation among populations was also explored with a
spatial analysis of molecular variance implemented in the program SAMOVA
v.1.0 (Dupanloup ef al 2002). This method defines partitions of local
populations, maximizing the proportion of genetic variance explained by
differenices between groups of populations (Fcr coefficient of the analysis of
molecular variance, AMOVA, Excoffier et al. 1992). Analyses were performed
with 2-5 groups, and the significance of Fer was tested for each partition in the

program Arlequin, using AMOVA (Excoffier ef al. 1992).

Results

The tnD-trnT alignment for Cryfocarya alba was 628 bp in length and
the trnl-rpl32 for Myrceugenia planipes was 650 bp. C. alba shows seven

haplotypes with five substitutions and two indels of six and seven bp.




36

Myrceugenia planipes shows four haplotypes with only one substitution and
three indels of six, seven and ten bp. Three haplotypes from C. alba (denoted
H1, H4 and H7) were present in high frequency: H1 in 12 of 13 localities (Fig. 2);
H4 was detected in all northemn localities and H7 in 4 out of 5 from the southern
Coastal Range and Chiloé. The other four haplotypes (denoted H2, H3, H5, H8)
were present in fewer than 20% of the tofal individuals and were found
principally in the northern localities and in the Andean localitiy CA8 of C.afba.
For its part, one haplotype from M. planipes (H1) was present in all localities
(Fig. 2). The other three haplotypes (denoted H2, H3 and H4) were present in
fewer than 10% of the total individuals and were found principally In the northern
localities. H4 is the single haplotype present in only one locality, rectricted to

Coastal Range in 40°S.

The haplotype network of each species (Fig. 2) suggested that the wide-
spread haplotypes (H1 in Cryptocarya alba, and H1 in Myrceugenia planipes)
could be the ancient hapolotypes, due to the high number of connections
observed. In C. alba there is some geographically restricted haplotypes. For
example, haplotype H4 is restricted to northern Coastal range (CA1, CA2, CA3,
CAd4 populations). Haplotypes H3 and H5 are restricted to two (CA2 and CA3) of
this four populations in the northern Coastal range. Haplotypes (H3 and H5) are
separated only by one mutational step from H4 (the principal haplotype of
northern populations). C. alba has another population with restricted and
diferenciated haplotypes. Haplotypes H6 and H2 are restricted to CAS8
population and are separated only by one mutational step from H1 (the

ancestral haplotype). For its part, M. planipes shows a more simple pattern. All




37

haplotypes are restricted to northern populations in its distributional range and

the infrequent haplotype H4 is restricted to population MP8 in the Coastal range.

The number of haplotypes per population (K), haplotype diversity (H),
and nucleotide diversity (i) varied substantially among populations (Table 1).
The highest levels of diversity in Cryptocarya aftha were found in two regions:
northemn localities and CA8 (‘Rucalhue”), a southern Andean population.
Significant quadratic correlations between number of haplotypes, haplotypic
diversity and nucleotidic diversity and latitude were detected (N = 13, r? = 0.647,
P <0.001 for K; r* = 0.521 , P < 0.001 for H; 1 = 0.519, P < 0,001 for 00 Fig. 3).
This tendency shows two principal peaks of genetic diversity throughout the
latitudinal range. On the other hand, the highest levels of genetic diversity in M,
planipes were found in the Coastal Range near 40°S. Also, linear correlations
show a significant tendency to the decrease towards the south (N = 17, r = -
0.558, P = 0.02; r = -0.595, P = 0.012 for H; r = -0.559, P = 0.019 for © Fig. 3).
No significant difference between geographic groups of populations was found
for any genetic diversity measure in C. alba (N = 17, F = 0.44 for K; F = 3.09 for
H, and F = 2.88 for m; Table 2). Whereas in M. planipes significant difference
was found only in number of haplotypes (F = 6,38, P = 0,01). This is related to
the abrupt decline in genetic diversity of M. planipes towards south. Values of
Tajima's D (C. alba = -0,48639, P = not significant; and M. pfanipes = -1,48595,
P = not significant) and Fu and Li's F (C. alba = -2,04671, P = not significant
and M. planipes = 0,17072) did not differ significantly from zero: thus, the

hypothesis of neutral variation was not rejected.




38

The coefficients of differentiation Gs7 and Nsy were significantly different
from zero for Crypfocarya alba (Gsr =0.21, Ngr=0.28, p<0.001), but not for
Myrceugenia planipes (Nsr =0.13, Gsr =0.13). Also, only in C. alba the
permutation test showed that Nsr was significantly greater than Ggr (P = 0.04),
suggesting the existence of phylogeographic structure. SAMOVA analysis was
congruent with these results, and shows a clear geographic grouping of C. alba
populations, but not of M. planipes populations. In the case of C. alba, SAMOVA
identified three groups (F. = 0.67673): the northernmost populations, CA1, CA2
and CA3 comprise one group; the coastal southern populations, CA9, CA10,
CA12, conformed another group; and the remaining populations comprise the
third group. At increasing values of K (from 4 to 8), each new delimited group
was comprised by a single population. In the case of M. planipes, the plateau for
Fa value was found at K = 3, but in this case, delimited groups were comprised
by a single population, MP6 (the most diverse) and MPS8 (the most
differentiated). Genetic landscape analysis was congruent with these results
and showed a hight genetic distance among C. alba populations and a tendency
to reduction towards southern latitudes, and no Iatitudinal tendencies in M.

planipes.

Discussion

The sclerophilous species Crypfocarya alba and the mesothermic

species Myrceugenia planipes showed relatively low levels of genetic diversity
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and population differentiation in the chloroplast genome (Table 1) compared
with other temperate trees more tolerant to cold conditions, such as Podocarpus
nubigena (Quiroga and Premoli, 2010), N. alpina (Marchelli ef al. 1998;
Marchelli and Gallo, 2008), and Fitzroya cupresoides (Allnutt et al. 1999:
Premoli ef al. 2000; Premoli et al. 2003), and also with thermophilous species
such as Colliguaja odorifera (Bull-Herefiu et al. 2005) Aextoxicon punctatum

(Nufez-Avila et al. 2008) and Eucryphia cordifolia (Segovia et al. 2012).

The concentration of rare haplotypes and the relatively high levels of
genetic diversity found in Costal Range around 39 - 40°S (Fig. 2) suggest that
Myrceugenia planipes populations contracted to these Ilatitudes during glacial
periods. The coastal areas located between 36—40°S were previously proposed
by Villagran and Hinojosa (1997) as glacial refugia on the basis of the presence
of Quaternary nitisols (Veit, 1994; Veit and Garleff, 1996) and endemism with
narrow distributions. Accordingly, we found high levels of genetic diversity in
southern Coastal Range (MP6 and MP8, Fig. 2, Table 3). Considering all
populations, this region presented all haplotypes detected for M. planipes. MP8
shows the non-shared haplotype H4, ie. it is highly differentiated. This
differentiation between nearby localities agrees with the predictions for glacial
refugia in mountain regions by Hewitt (1999), who proposed that altitudinal
migrations induced by glacial — interglacial changes might have been rather
slow and therefore may have promoted population divergence at a regional
scale. In fact, Cordillera Pelada and Cordillera del Sarao (Sarao Oeste) are
particularly steep and reach altitudes higher than 1000 m.a.s.l, with presence of

conifers and Magellanic moorlands in the top of the hills. The complex
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topography of south Coastal Range probably restricted gene flow between

nearby localities.

We detected a decrease in within-population genetic diversity in
Myrceugenia planipes populations to northern Coastal Range (Table 1, Fig. 2),
as predicted by a series of founder effects in which successive population
bottlenecks during range expansion reduce diversity (Hewitt, 1996; Comps et al.
2001; Petit et al. 2002). This resulf is consistent with the scenario proposed by
Villagran (1994), who suggested a southward contraction of the Valdivian
Rainforest during Mid and Late Holocene (between approximately 10 000 and
6000 yr BP), when conditions were drier than today, followed by a re-expansion
northward that probably started about 3000 yr BP, when modemn climatic
conditions were established. However, we detected no significant Fu and Li's F
nor Tajima’s D indices that would indicate expansion. It is possible that the
genetic footprint of postcolonization expansion was eroded by the posterior
contraction that M. planipes could be experienced during the Mid-Holocene.
Indeed, the fossil record shows a rapid expansion of Temperate Rainforest in
northern Patagonia (40~ 42°S) during the Holocene between 10000 and 8000 yr
BP, but it also shows a significant reduction in pollen abundance after 6200 yr

BP (Abarzta ef al. 2004; Moreno, 2004).

Cryptocarya alba populations show two regions with concentration of rare
haplotypes (Fig. 2): northwest coastal localities (CA2 and CA3) and one locality
in the Andean Range (CAS8). Also, genetic diversity in C. alba is distributed in

several peaks througthout its distributional range (Fig. 3). Also, the analysis of
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differences in genetic diversity among population groups shows no significant
differences between geographic regions (Table 2). These results support the
hypothesis that sclerophyllous forests species suffer fragmentation of their
populations in response to the arid pulses of the Quaternary. Probably, current
areas holding the greatest genetic diversity were microrefugia where individuals
of C. alba found sufficient water availability to survive the hot and dry periods of
early Holocene. The lack of significance of Fu and Li ' s F and Tajima's D
indices also could indicate long-lasting persistence in multiple refugia in a range

fragmentation scenario.

The differentiation coefficients Gsr and Nsr were significantly higher than
zero only for C. alba, but not for M. planipes. Accordingly, SAMOVA analysis
show a clear geographic grouping of populations only for C. alba. These results
are consistent with the hypothesis of fragmentation in response to pulses of
aridity of mediterranean species during the Pleistocene (Villagran 1995:
Villagran ef al. 1998), and also with the single contraction process to the coast
and low-latitude of species in South-Central Chile. Landscape analyses showed

that high levels of differentiation are distributed across the entire range (Fig. 4).

Overall, the lack of phylogeographic structure and the concentration of
genetic diversity in the north of the latitudinal range of Myrceugenia planipes,
and the prominent structure and multiple areas of genetic concentration in
Cryptocarya alba, suggest that different processes would have affected forest
species during the Quaternary climatic oscillations. While M. planipes presented

a process of contraction of its range during phases of glaciar advance, C. alha
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presented fragmentation of its range during warm and dry periods of the
Holocene. Our results highlight the importance of studying species with different
ecological tolerances to explain individual responses to climatic changes {

Stewart, 2008 ; Stewart ef al. 2010, Segovia et al. 2012).
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Figure 1. Present distribution of Cryptocarya alba and Myrceugenia planipes.
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Cryptocarya alba Myrceugenia planipes
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Figure 2. Geographic distribution and genealogical relationships of the seven
cpDNA haplotypes found in Cryptocarya alba and four cpDNA haplotypes found
in Myrceugenia planipes. Pie charts reflect the frequency of occurrence of each
haplotype in each locality. Haplotype colors correspond to those shown in the
network. Pie chart sizes are proportional to the number of individuals analyzed
in each population. Statistical parsimony network linking the haplotypes for each
species. Circle sizes are proportional to haplotype frequencies. Each line

represents one mutational step.
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Figure 3. Latitudinal variation in the number of haplotypes (K), Haplotipic

diversity (H) and Nucleotidic diversity for Cryptocarya alba and Myrceugenia

planipes population. A linear and nonlinear regression function were adjusted.
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Figure 4. Genetic landscape of Cryptocarya alba and Myrceugenia planipes.
The landscape is standardized with a grid of 50 x 50 cells, comprising the
geographic range covering all localities collected. The peaks and depressions of

the surface indicate the magnitude of genetic distance.
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Table 1. Geographic location, altitude (Alt), sample size (n) and measurements
of genetic diversity of 13 population of Cryptocarya alba and 17 populations of
Myrceugenia planipes in Chile. The index of cpDNA diversity are; K = number of
haplotypes; H = haplotype diversity; r= nucleotide diversity.
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Mean within-population diversity Total diversity
Individuals Populations K H b H hig
Cryptocarya alba
0,00046 0,440
Northwest 53 4 2(0,82) 0,273 (0,251) {0,00044) (0,056) 0.,00073
South — Costal 1,8 0,00067 0,082
Range 48 5 (0,45) 0,418 (0,236) {0,00038) (0,054) 0.,00013
South — Andean 0,501
Range 55 4 1,5{(1) 0,06 (0,121) _ 0,0001 {0,0002) {0,021} 0.00081
Myrceugenia planipes
North — Coastal 0,314
Range 62 5 2(0,71) 0,298 (0,203) 0,0015 (0,00182 {0,072) 0.00219
North — Andean 14 0,081
Range 73 5 (0,55) 0,0762(0,112) 0,0002 (0,0003) (0,044) 0.00036
South 79 7 1(0) 0 0 4] 0

Table 2. Mean within-population diversity and total diversity in three delimited
geographic regions. K = number of haplotypes; H = haplotypic diversity, m=
nucleotide diversity. Standard deviations are indicated in parentheses.
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Absfract  Broad-scale richness gradients are closely associated with
temperature and water availability. However, historical and evolutionary
processes have also confributed to shape current diversity patterns. In this
paper we focus on the potential influences of Pleistocene glaciation and
phylogenetic niche conservatism (the fendency for traits to be maintained during
diversification) on the tree diversity gradient in Chile, and we quantify its primary
climatic correlates. Tree species richness is greatest at mid latitudes,
particularly in the Andes and Coastal ranges, and decreases abrupfly to the
south and north. Regression tree analysis identified annual precipitation and
annual temperature as the primary probable drivers of this gradient. Ice cover
during the Last Glacial Maximum was aiso identified as an “important” variable,
but the contemporary and historical predictors are strongly -collinear.
Geographically weighted regression indicated that the relationships between
richness and environmental variables vary regionally: the relationship between
tree richness and precipitation is stronger in north-central Chile, whereas tree
richness and temperature is most strongly associated in south-central Chile. By
assigning each species the age of the family to which it belongs and averaging
all species in each geographical unit, we also found that species from the oldest
families are distributed mainly in mid to high latitudes and species from younger
families are distributed mainly at lower latitudes. This pattern is closely
associated with annual precipitation. Thus, the ecological component of tree
richness follows contemporary climatic gradients of both energy and water, but

the aridification of the Atacama Desert was an important driver over evolutionary




61

time. The influence of recent Pleistocene glaciation remains unresolved but it

cannot be discounted.
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INTRODUCTION

Broad-scale species richness gradients are closely associated with
contemporary climate, primarily temperature and water availability (Wright ef al.
1993, Hawkins and Porter 2003; Hawkins ef al. 2003). This relationship,
however, is not stationary: temperature tends to drive diversity gradients at high
latitudes, whereas precipitation is more important at low latitudes (Hawlfins et al.
2003). Some authors claim that the richness of species assemblages can be
understood without recourse to historical or evolutionary processes (Francis and
Currie 2003). However, this position has been criticized because ecological and
evolutionary processes generating correlations between climate and taxon
richness can be strongly collinear (Qian and Ricklefs 2004; Hawkins et al.
2011). Besides, regional effects in comparisons of local diversity are consistent
with the idea that regional evolutionary processes and historical events may
also influence species richness, creating diversity “"anomalies” among

ecologically comparable environments (Ricklefs et al. 1999).

One prominent historical hypothesis is related to distributional changes
associated with Quaternary glaciations (Currie 1991; Montoya et al. 2007). The
expectation is that species richness in areas that were covered by ice during the
last glacial period (ca. 21 kya) will be lower than in areas that were not covered
by ice, due to recolonization lags by some taxa. Recent support for this
hypothesis has been reported for northern North American mammals and birds
(Hawkins and Porter 2003); southern South American mammals and butterflies

(Samaniego and Marquet 2008); and Holarctic trees (Montoya et al. 2007),
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although historical effects are expected to be relatively small compared to those

of current climate.

A hypothesis that appeals to an evolutionary mechanism, phylogenetic
niche conservatism, is becoming increasingly invoked to explain global diversity.
gradients based on their phylogenetic structures (Hawkins et al. 2008; Wiens et
al. 2010). For example, Hawkins et al. (2011) found that the spatial pattern of
average ages of arboreal angiosperm families is fully consistent with the
Tropical Conservatism Hypothesis (TCH, Wiens and Donoghue 2004). That is,
the age of the families is positively correlated with the diversity gradient equator-
poles. Assuming a tropical origin for angiosperms (Crane and Lidgard 1989),
and that, at biogeographic scales, the evolution of cold tolerance represents the
key innovation that permitted only a limited number of clades to persist in
temperate zones after the global cooling initiated at the end of the Eocene
(Latham and Ricklefs 1993; Ricklefs 2005; Donoghue 2008), older clades
should be located in lower latitudes and younger clades in higher lafitudes
(Wiens and Donoghue 2004, Ricklefs 2006). Although this pattern has been
described on a global scale, it appears to be clearer in the northem hemisphere
than in the southern hemisphere. Apparently, the southern temperate forests
presented similar or even older average ages than the tropical regions of the
same continent (see Hawkins et al. 2011). Spatial structure in clade sorting and
radiations due to historical patterns of climate change can at least partially
underlie correlations between richness and current climate, however, a more

detailed analysis of the characteristics of each region may show anomalous
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relationships between attributes that could explain the evolutionary history of

their associated biota.

In this paper we focus the analysis of plant diversity on the Pacific margin
of southern South America (between 18°S and 55°3), encompassing a diversity
of climate and vegetation formations. The presence of the Atacama Desert in
the north of Chile generates a strongly non-linear latitudinal climatic gradient
with respect to energy and water, very cold and wet to the south, relatively warm
and wet in the mid-latitudes, and hot and dry in the tropics (Di Castri and Hajek
1979, Luebert and Pliscoff 2006). Thus, trees are dense enough to form closed
canopy forest only from mid latitudes to the south (30°S to 55°S). Due to the
climatic structure of Chile (and of southern South America in general), its forests
represent a biogeographic “island”, separated from other forest formations by
more than 1000 km of arid and semiarid zones (Villagréan 1993a, 1995; Armesto
et al. 1996; Villagran and Hinojosa 1997; Hinojosa et al. 2006). These forests
were, however, continuous with other Neotropical forests before the
development of the arid diagonal of South America (Garleff et al. 1991; Villagran
and Hinojosa 1997; Abraham 2000). The interruptions in the distribution of these
forests date back to the Plio-Pleistocene transition, resulting from the strong rain
shadow effect produced by the Andean uplift (Villagran; 1993a, 1995; Villagran
and Hinojosa 1997). Due to their prolonged isolation, these forests are
characterized by a high proportion (32%) of endemic genera (Arroyo ef al. 1995;
Villagran and Hinojosa 1997; Hinojosa et al. 2006). Further, the emergence of
arid and semiérid climates in this region have triggered a set of evolutionary

processes to adapt to these new conditions (Arroyo et al. 1995).
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Southern South American forests are composed of a mixture of
paleofloras with variable origins and histories (Schmithiisen 1956; Villagran and
Hinojosa 1997). Fossii records indicate that during the Paleocene this region
supported a widespread tropical flora (Hinojosa and Villagran 1997). Then, a
flora preadapted to cool temperate conditions, which was widely distributed in
Gondwana (Poole ef al. 2003), joined in this area during the mid-Eocene,
associated with a northward displacement of vegetational belts (Hinojosa
2005a; Hinojosa et al. 2006). During the late Eocene and early Miocene, a
mixed paleoflora, with similar proportions of Neotropical, Australasian and
Australantarctic elements, established in response to colder and drier conditions
arising from Antarctic glaciation and the drop of global temperature (Zachos et
al. 2001; Hinojosa 2005h). At present, one third of the woody genera in southern
South America are related to ancient paleofloras that occupied southern South
America in pre-Quaternary times (Villagran and Hinojosa 1997; Wardle et al.

2001; Hinojosa et al. 2006).

In general, the vegetation of the southern hemisphere has a number of
features that differentiate it from those of equivalent latitudes in the northern
hemisphere, and their distinctiveness is usually attributed to a historical legacy
associated with differing climatic (Markgraf ef al. 1995) and phylogenetic
histories (McGlone et al. 2010; Hinojosa et al. 2011). For example, southern
South American forests show interesting biogeographic anomalies, including
their richness gradient, with the concentration of woody species richness
between 36°S and 40°S and an abrupt pauperization both south and north of

this region (Villagran 1993b, 1995; Markgraf ef al. 1995, Villagran and Hinojosa
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1997 Villagran et al. 1998). This pattern has been explained by the influence of
Quaternary climate dynamics over the distributional ranges of these forests,
both by the impact of the drop in temperature and the presence of piedmont
glaciers to the south (Villagran 1993b; Markgraf et al. 1995; Villagran and
Hinojosa 1997), and the fragmentation in response to pulses of aridity to the
north (Villagran 1995, Villagran et al. 1998). Other anomalous patterns have
also been described, such as a high incidence of entire margin leaves (Hinojosa
et al. 2011), and plant-animal mutualisms (Armesto and Rozzi 1989; Aizen and
Ezcurra 2008). These anomalies have been explained as historical legacies

associated with the persistence of lineages of Neotropical origins.

[n this study we assess geographical patterns in tree species richness
{total and distinguished by phytogeographic affinities) and family ages in order
to understand how the current biogeographic patterns of this region represent
the influence of current climate and historical or evolutionary legacies, both from
Quaternary and pre-Quaternary periods. Specifically, we ask: (1) Do the
environmental correlates of species richness vary spatially across the climatic
structure of Chile? (2) Have Pleistocene glaciations affected the tree richness
gradients? (3) Is the species richness gradient associated with the history of
successions of paleofloras with different origins during the pre Quaternary? (4)
Is the diversity gradient correlated with the age of the families? Particularly, we
expect that, as has been shown globally, rainfall should be the most influential
variable on the gradient of species richness in lower latifudes, and that
temperature should gain influence to the south. Secondly, we expect that if the

forests experienced areal contractions in response to the climate changes of ice
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ages, then a historical variable as the extent of glaciers during the LGM should
correlate positively with the loss of species richness in the affected area. Also,
because deserts are relatively new, and these forests show a mixed floristic
composition, we expect an anomalous pattern in this region with respect to the
global distribution of family ages, i.e., newer families in the deserts, and more

ancient families in the central areas, which have the highest species richness.

METHODS
Data

Species richness— The geographic richness pattern was derived from the 102
tree species (>2 m tall) recognized by FLORA ARBOREA (Rodriguez et al.
1983). A GIS database was constructed using the collection points registered in
the Herbarium of University of Concepcién (CONC) and the records of the
Laboratory of Paleoecology of the University of Chile. The geographic
distribution of each species was represented by the minimum area polygon that
best fitted the disiribution of collection points. Species richness was then
calculated using a grid with a 50 by 50 km grain for analysis. Only cells that had
at least 75 % of their area within Chile were used for analysis. A finer grain of 10

x 10 km was used for mapping.
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Genus phytogeographic affifiation— Each genus was grouped according to its
biogeographic affiliation. Thus, species richness was calculated for each of the
groups as classified by Hinojosa (2005b, 2006): Endemic, Tropical (the sum of
Neotropical and Pantropical genera) and Austral (the sum of Austral-Antarctic
and Australasian genera). These affiliations are defined by Hinojosa et al.
(20086) as following: (1) Austral-Antarctic — temperate elements (AA): genera
with disjunct distributions at mid and high latitudes of the southern hemisphere,
including New Zealand, Tasmania, south-east and southern Australia, and
southern South America (e.g. Eucryphia, Laurelig). (2) Australasian tropical
elements (AU): genera distributed in southern hemisphere areas, occasionally
extending their range into tropical regions of the Americas. (3) Neotropical
elements (N): genera with disjunct distributions in southern South American
forests and montane forests of the eastern Andes (NW Argentina, Bolivia and
Peru) and/or the Aflantic coast of southern Brazil, sometimes exiending to
Central America (e.g. Azara, Myrceugenia). (4) Pantropical elements (P):
genera occurring in the circumtropical belt, incorporating South America, Indo-
Malaysia, Africa and Madagascar (e.g. Prosopis, Cryptocarya). Some of these
genera are absent from tropical Australasia. (5) Endemic elements (E): genera
presently restricted to Chilean subtropical and temperate forests, south of 30°S.

Widespread elements were not included in the classification.

Families average ages— Family ages were obtained from a dated version of the
megatree of Davies et al. {2004) (available at

hitp:/Awww.phylodiversity.net/phylomatic/davies_dated.new; accessed March,
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2012). Each species was assigned the age of its family, and ages were

averaged across all species in each grid cell.

Environmental data— Six climatic variables expected to potentially influence
tree diversity were extracted from the 30 arc second database in WorldClim
(Hijmans et al. 2005). Annual Mean Temperature; Minimum Temperature of
Coldest Month; Annual Precipitation; Precipitation Seasonality (Coefficient of
Variation in Monthly Precipitation); Precipitation of Warmest Quarter; and cell
Range in Temperature (the highest Annual Temperature pixel — the [owest
Annual Temperature pixel in each cell). To explore possible glacial influences
on the richness gradient, cells under ice at the Last Glacial Maximum (LGM, 21
kya) were registered based on the model put forward by Holling and Schilling

(1981). A total of 33% cells would have been covered by ice.

Analytical protocols

We combined two analytical approaches to evaluate climatic and
historical influences on tree richness patterns. First, spatial heterogeneity in the
relationships between tree richness and climate variables (non-stationarity) was
quantified with geographically weighted regressions (GWR, Fotheringham et al.
2002). For all models a Gaussian function was assumed for the decay of the
weight with distance, with a fixed bandwidth obtained using the AlC-based
optimization algorithm (Bumham and Anderson 2002) included in SAM 4.0
(Rangel et al. 2010). Because of the exireme non-stationarity of the

relationships among predictors and response variables identified by the GWR’s
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(see below), neither OLS regression nor spatially explicit autoregression would

be informative and so were not used.

Regression trees (Breiman ef al. 1984) were generated for species
richness and average family age patterns to evaluate the detailed structure of
the data. Regression trees are well suited for data that contains both continuous
and categorical predictors and complex response surfaces. They also work well
for spatially structured data and can explicitly partition trans-scalar relationships
between environmental variables and ecological response variables. Because
all possible alternative variable splits are evaluated at each branch of the tree,
the relative contributions of collinear predictors can be quantified using variable
importance values. The tree was pruned using v-fold cross validation, and we
reported variance improvement (the sum of variances explained across the
entire tree by each variable), variable importance (the degree of masking of
collinear predictors), and cross-validated relative error (a metric of model fit).

The trees were generated using CART v. 6.6 (Salford Systems, San Diego, CA).

RESULTS
Geographic patterns

Tree species richness is greatest at mid-latitudes, particularly in mid-
altitudes of the Andes and coastal ranges, and decreases abruptly to the south
and north (Fig. 1a). The distribution of species richness calculated for the

biogeographic affinity groups is similar to the general pattern, that is, most
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species near the centre of the country and few to the north and to the south
(Fig. 2). Furthermore, this pattern indicates that the Tropical flora is the only
element present in the Atacama Desert, with a tendency to be distributed mainly
in north-central Chile, while Austral flora shows a tendency to be distributed
mainly in south-central Chile (Fig. 2). In contrast, the gradient of average family
age is monotonic, with older average ages in the south and younger ages in the

north (Fig. 1b).

Species richness and current environmental variables

Relation between species richness is non stationary with climate (Fig. 3a,
3b). The correlation between tree richness and temperaiure (measured by the
local regression coefficient) is most strongly positive in south-central Chile (Fig.
3a). This is associated with the drop in tree species richness from the centre of
diversity to the south. In the rest of Chile the relationship between temperature
and richness is weakly negative. The relationship between tree richness and
precipitation is strongest in north-central Chile (Fig. 3b). As with temperature,
this precipitation gradient represents a drop in diversity from the ceniral richness
peak, but towards north rather than south. The steep rainfall gradient from the
central region to the Atacama Desert accounts for this. In the rest of Chile the
relationship between precipitation and richness is close to zero or weakly

negative in the extreme narth and south.
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Richness and glacial influence

The environmental regression tree for species richness had 26 terminal
branches and identified annual precipitation as having the most explanatory
power, with ice cover at the LGM ranking second (Fig. 4). The model had a
relatively low error rate of <8%. Although the final tree was dominated by
precipitation, the variable importance values indicated that the “effect” of annual
temperature on tree richness was the strongest across all alternative splits in
the tree, whereas LGM ice cover had a moderate importance. Thus, the
contemporary and historical predictors are substantially collinear, making it
difficult to evaluate unambiguously relationships between species richness and
past vs. present environmental drivers or the dominant contemporary variable.
On the other hand, cell .range in temperature—our measure of the strength of
climatic gradients up the sides of the mountains— was essentially absent from
our best model and had by far the lowest variable importance, indicating that the
richness gradient across the entire country is dominated by macroscale climatic
gradients rather than mesoscale gradients associated with the Andean and

Coastal ranges.

Average family age and current environmental variables

The regression tree for average age was substantially simpler than the

regression tree for species, with 10 terminal branches (Fig. 5), indicating that
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the data contained less structure than the richness regression tree across a
wide range of scales. Mode! fit was also weaker than in the richness tree
(relative error ca. 23%). Annual precipitation dominated the optimal free and
was clearly identified as the strongest predictor of average age of families
among all alternative splits. As with the GWR's of richness, average age has a
highly localized positive relationship with climate, with a strong local relationship
with precipitation only in the Atacama Desert (Fig. 3c). This is consistent with

the spatial pattern of age (Fig. 1b).

DISCUSSION

Tree specles richness is concentrated in the interface of the
Mediterranean subtropical and temperate wet regions (36° S and 40° S),
particularly in mid-altitudes of the Andes and Coastal ranges, and decreases
abruptly to the south and north. This pattern has been previously described and
has been considered a legacy of Quaternary glacial oscillations and the
development of the Arid Diagonal of South America (Villagran 1993b, 1995;
Markgraf et al. 1995; Villagran and Hinojosa 1997, Villagrén et al. 1998). A
similar pattern, previously reported for mammals and butterflies, has been found
to be strongly correlated with environmental variables (Samaniego and Marquet

2009; Hawkins 2010).

Annual temperature was the most important explanatory variable over the
tree richness gradient of Chile based on the regression tree, but other variables,

including annual precipitation, were also important; and the relationship between
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each variable and the gradient changed with latitude (Fig. 3a, 3b). In northern
Chile, where the Tropical elements of the flora tend to dominate (Fig. 2c;
Schmithiisen 1956), changes in diversity were associated primarily with the
rainfall gradient (see Fig 5b); whereas south of the richness centre, where the
Austral elements (taxa with Australasian and Antartic distributions, Hinojosa
2005b, Hinojosa et al. 2006) of the flora tend to dominate (Fig. 2b; Schmithlisen
1956), changes in diversity were associated primarily with annual temperature
(Fig 5a). The latitudinal differences in diversity—environment relationships could
reflect the biogeographic history of the region and the evolutionary responses of
the species, but a latifudinal shift from temperature-driven diversity gradients at
high latitudes to rainfall-driven diversity gradients at low latitudes has been

hypothesized to be a global phenomenon (Hawkins et al. 2003).

lce cover in the Last Glacial Maximum was the unique historical variable
incorporated in our analysis, but covariation with current temperature gradients
(the coldest areas during the Pleistocene remain the coldest areas today),
makes it difficult to evaluate it unambiguously. This variable did enter the
regression tree for richness where annual precipitation is high (at high latitudes),
but current annual temperature still explained more variation over all competing
splits {Fig 3). Patterns of southwards richness pauperization in southern South
America (Villagréan and Hinojosa 1997) as well as in other southern hemisphere
forests (Markgraf ef al. 1995), have been attributed to the repeated process of
range contraction and expansion in response to the glacial-interglacial cycles of
ihe Pleistocene. In the case of Chile, pollen records from the Lake District and

Chiloé (40°S—43°S) (Villagran 1988; 1990; Heusser and Heusser 2008) and
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phylogeographic studies (Segovia ef al. 2012) show that the thermophilous taxa
of the Temperate Rainforest contracted their ranges during cold phases,
restricting themselves to areas of low to medium altitude of the Coastal range
north of 40°S, whereas cold tolerant species were able to survive near the ice
line and even further south (Mathiasen & Premoli 2010, Villagran et al. 1998).
Therefore, distributional changes assoclated with the LGM may not be sufficient
to explain the contemporary gradient. Perhaps this hypothesis should be
extended to repeated distributional changes associated with multiple Quaternary
glacial cycles, but evaluating this would require an assessment of the extinction

rates in the region during this period.

We found that the pattern of distribution of average ages in southern
South America (defined at the family level) opposes the pattern described at the
global scale (Hawkins et al. 2011). That is, trees from older families are
distributed mainly in high latitudes; while trees from younger families are
distributed mainly towards lower latitudes (see Fig 1b). This average age pattern
did not follow the bell-shaped pattern of species richness, inconsistent with the
TCH hypothesis, where the distribution of older families is expected to correlate
with the richest areas. This could be explained by the extratropical origins of
part of the flora (20% of Austral elements, Villagran and Hinojosa 1997). When
South America and Antarctica were connected during late Cretaceous, the area
became a centre of floral diversification, with taxa often originating there before
spreading to other southern areas (Hill 1994; Mildenhall 1980; Markgraf ef al.
1995, 1996), a fact that would account for previous adaptations to cold in these

lineages. These extratropical floras persisted in South America with
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diversification and extinction rates lower than in the rest of the southern
hemisphere, because this region showed more moderated climatic changes

after the separation of Antarctica (Markgraf et al. 1995).

An alternative explanation for the pattern of average ages of families can
be associated to the relatively recent development of extreme aridity in the
tropics and the establishment of the Arid Diagonal of South America during the
Neogene (between 15 and 10 Myr) (Hinojosa and Villagran 1997). Hawkins et
al. (2011) found that angiosperm families in the wet tropics were older, as
expected by tropical niche conservatism hypothesis, but that deserts were
occupied globally by species of younger families. Aridification and the
establishment of the South American arid diagonal would have promoted
evolutionary processes in situ associated with adaptation to aridity (Axeirod
1979; Arroyo et al. 1995). Meanwhile, the emergence of a Mediterranean
climate in response fo a trend to drier climates from Oligocene onwards
progressively produced an essentially modem-looking flora with numerous arid
and semi-arid sclerophyllous species evolving from the tropical-subtropical pool
of taxa (Arroyo et al. 1995, Markgraf et al. 1995, 1996), which could be also
contributing to the gradient of average family ages. There could be bias in using
an arbitrary classification criterion, as the family rank, as well as in assigning
ages to the origins of these families. However, this bias should be relatively low,
since the definition of the clades and their relative ages are derived from a

single phylogenetic megatree.




In sum, the contemporary species richness gradient for Chilean trees
shares a number of commonalities with those of other regions, with strong
associations of diversity and contemporary climatic gradients. The shift in the
relative influences of temperature and rainfall on richness moving from high to
low latitudes found in other parts of the world would also occur in the Southern
Hemisphere. Besides, Pleistocene glaciations may have left a lingering
influence on the contemporary tree richness gradient, as has been suggested
for Northern Hemisphere forests. On the other hand, some aspects of Chilean
tree richness may be unique to the region, including the tendency for species
from older clades to dominate extra-tropical forests, and a flora comprising a
complex mix of cool Austral, tropical and endemic elements with different
origins. 1t is necessary to conduct quantitative comparisons to assess whether
the age pattern found in Chile is repeated in the rest of the southern temperate
forests, which would represent a Gondwanic legacy. But it is clear that to
understand current distribution patterns we need to take into account the origins

and evolution of the lineages that form these forests.
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Fig. 1. a) Pattern of tree species richness in a 10x10 km grid. b) Spatial

distribution of mean family age.
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Fig. 2. Pattern of tree species richness grouped by generic biogeographic
affiliations in a 50x50 km grid: a) Endemic. b) Austral (Austral-Antarctic and

Australasian). ¢) Tropical (Neotropical and Pantropical).
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a) Annual temperature - b) Annual precipitation-  ¢) Annual precipitation-
richness richness mean age
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Fig. 3. Standardized regression coefficients from geographically weighted
regressions (GWR) of: a) tree richness and annual temperature; b) tree richness

and annual precipitation; c) average family age and annual precipitation.
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Esta tesis abroda la incidencia de los cambios biogeograficos
asociados a las glaciaciones del Cuaternario en el patrén latitudianal de la
riqueza de especies de plantas vasculares en la vegetacion forestal de Chile
y su impronta en la filogeografia de dos taxa representativos de los hosques
templado Valdiviano y escleréfilos de la region, Myrceugenia planipes y

Cryptocarya alba.

Ante la pregunta ¢De qué modo los cambios biogeograficos
asociados al incremento de la aridizacion de Chile Centro-Norte afectaron la
distribucién de Crypfocarya alba, una especie caracteristica del bosque
esclerdfilo mediterraneo?, abordado en el Capitulo 1 de esta tesis, los
resultados del andlisis genético muestran que Cryfocarya alba presenta un
patron de distribucién de la diversidad genética y concenfracién de
haplotipos raros en dos regiones, a saber: las localidades ubicadas al
noroeste de su rango de distribucién, y una localidad andina, ubicada en el
sur de su rango geografico. En ofras palabras, la diversidad genética es
maxima en ambos extremos del eje de la Diagonal Arida que marca
actualmente el limite norte de la formacién de bosque escleréfilo en Chile
central, indicando dos areas de diferenciacion de poblaciones. Ademas, los
analisis de estructuracion genética muestran que existen al tres grupos
genéticos diferenciados dentro del rango de distribucién de la especie
escleréfila, Este patron se ajusta a la hipétesis de fragmentacién del rango
de las especies forestales mas afectadas por la sequia en Chile Centro-

Norte, eventos probablemente asociados a los pulsos de aridez que
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afectaron la region durante los interglaciales, especialmente durante el
periodo con altas temperaturas y sequia intensa del Holoceno Temprano.
Por ofra parte, la intensificacién de los vientos del oeste documentada para
el UMG (Caviedes 1972; Heusser 1989) y la altura de los Andes de Chile
Central (mas de 5000 metros) habria incrementado el efecto orogréafico
sobre Ia lluvia y favorecido una zonificacion marcada de la vegetacion en el
sentido longitudinal, ademas de restriccién de las especles arbdreas a las

quebradas.

De igual modo, y ante la pregunta ¢De qué modo los cambios
biogeograficos asociados al Ultimo Maximo Glacial afectaron la distribucion
de Myrceugenia planipes, una especie tipica del Bosque templado tipo
Valdiviano? Los resultados del analisis filogeografico en Myrceugenia
planipes muestran un patrén de distribucion de la variabilidad genética y
concentracion de haplotipos en zonas costeras, al norte de su rango de
distribucion actual. Asimismo, los andlisis de estructuracion genética
muestran que no habrian grupos genéticos diferenciados entre las
poblaciones de M. Planipes estudiadas en un amplio rango geogréfico. Esto
se ajusta a los esperado bajo un escenario de contraccion pasada del
bosque tipo Valdiviano hacia zonas que no habrian sido afectadas por la
influencia del ultimo ciclo glacial. El patrén filogeogréfico descrito para M.
planipes es consistente con lo encontrado en Eucryphia cordifolia, otro taxa
intolerante el frio y a la sequia perteneciente al Bosque Valdiviano (Segovia

et al. 2012).
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Los resultados de esta tesis destacan la importancia de ampliar los
estudios filogeograficos e incluir especies con diferentes tolerancias
ecofisiclégicas para entender respuestas individuales a los cambio en el
clima pasado (Stewart 2008, Stewart ef al. 2010). Esta distincién permite
identificar la influencia de las dinamicas distribucionales del Cuaternario
sobre la composicion de las comunidades boscosas — Y de los patrones
biogeograficos que de esta relacién se deriven- comparabdo entre diferentes
regiones climaticas (Marske et al. 2013). En este sentido, la evaluacion de
hipotesis de refugios glaciales, mediante analisis filogeograficos de especies
definidas de acuerdo a sus tolerancias ecolégicas, permitira comprender la
influencia de los procesos histéricos sobre los patrones biogeograficos
presentes, y conciliar propuestas aparentemente  contrastantes

(microrefugios vs.contracciones de distribucion glaciat).

El Capitulo 2 aborda el problema del patrén actual de pérdida de
diversidad de especies desde la interfase mediterraneo-templada hacia el
sur, y si esta ha sido influenciado por cambios biogeograficos asociados a
los ciclos climaticos glaciales. Los resultados de las relaciones del patrén
Jatitudinal aciual de riqueza de especies forestales con distintas variables
climaticas muestran una estrecha correlacion. Las variables ambientales
mas importantes obtenidas con el andlisis de arbol de regresiones son la
temperatura anual y la precipitacién anual. Es muy dificil separar la
influencia relativa de estas variables, porque ambas operan

concertadamente en un escenario caracterizado por un gradiente de
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incremento latitudinal de las precipitaciones y disminucién de la temperatura

(Armesto et al. 1996).

1 o5 resultados de! modelo de reduccién del area forestal, basado en
la incorporacién de la extensiém de cobertura de hielo durante el Ultimo
Maximo Glacial (UMG) como Unica variable histdrica en el analisis, reveld
que la covariacidon que presenta esta cobertura con todas las variables
predictoras asociadas a temperatura dificulta su evaluacién. De todos
modos, la cobertura de hielo presenta una influencia importante cuando la
precipitacion anual es alta (es decir, en altas latitudes donde la acumulacién
de hielo es mayor y mas permanente). Aun asi, resulta dificil explicar
mediante un simple proceso de contraccion de rangos de un conjunto de
especies arbdreas, el gradiente actual de reduccién de diversidad hacia el
sur. Los patrones de pauperizacion en el sur de América del Sur (Villagran e
Hinojosa 1997), asi como en ofros hosques del hemisferio sur (Markgraf ef
al. 1995), se han atribuido al repetido proceso de contraccion y expansion
rangos en respuesta a los ciclos glaciales del Pleistoceno. En el caso de
Chile, los registros de polen de los Lagos ¥ Chiloé (40 ° S-43 ° S) (Villagran
1988; 1990; Heusser y Heusser 2008) y evidencia proveniente de estudios
filogeograficos (Segovia et al 2012) muestran que los taxa termdfilos del
Bosque laurifolio valdiviano efectivamente habrian reducido sus rangos a
latitudes bajas durante las fases frias, limitandose a las zonas de baja a
media altura de la Cordillera de la Costa, en torno a los 40°S. En contraste,

las especies tolerantes al frio habrian sido capaces de sobrevivir cerca de la
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linea de hielo e incluso mas al sur en un sistema de microrefugios
(Mathiasen y Premoli 2010, Villagran et. al 1998), como lo hacen hasta hoy,
en torno a los hielos de Aysén y Tierra del Fuego, especies como
Nothofagus y Pilgerodendron. Probablemente, para evaluar con mayor
propiedad 1a hipétesis de la influencia de los cambios distribucionales de
cada taxa sobre el gradiente de riqueza de especies, sea necesario extender
el efecto de la cobertura de hielo sobre los rangos de distribucién a una
escala temporal mayor, es decir, a los multiples ciclos glaciales del
Cuaternario. Esto requiere ofro despliegue metodologico que permita
Incorporar las tasas de extincion y especiacién asociadas a estos cambios

ambientales.

Un aspecto adicional abordado en este dltimo capitulo muestra que el
patrén de distribucién espacial de la antiguedad de los clados, incorporado
en el segundo capitulo, muestran que Ia distribucién espacial de las edades
promedio de las angiospermas arbéreas del sur de Sudamérica (definido a
nivel de familia) no est4 correlacionada con el gradiente de riqueza de
especies y presenta un patrén opuesto a lo predicho por la hipétesis de
conservatismo de nicho tropical (Hawkins ef al. 2011). Esto es, los arboles
de familias antiguas estan distribuidos preferentemente hacia altas [atitudes,
en zonas de baja riqueza de especies, mientras que arboles de familias
jovenes estan distribuidos preferentemente hacia latitudes medias y bajas.
Este patron anomalo de edad promedio de los ensambles forestales en

Sudamérica podria ser explicado por el origen extratropical de gran parte de
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la flora de los bosques de} Cono Sur (Villagran & Hinojosa 1997). La
paleoflora Gondwanica Occidental que poblé la regién durante el paledgenc
presenta una alta singularidad, en relacidon con paleofloras tropicales
observadas en el registro fosil (Jaramillo & Cérdenas 2013) Ella ha sido
caracterizada en dos unidades paleobiogeograficas: las floras Gondwanicas
y Subtrépical Gondwanica (Hinojosa 2005, Hinojosa et al. 2006). Un aspecto
adicional abordado en este ultimo capitulo muestra que el patrdn de
distribucion espacial de la antiguedad de los clados muestran que la
distribucion espacial de las edades promedio de las angiospermas arbéreas
del sur de Sudamérica (definido a nivel de familia) no esta correlacionado
con el gradiente de riqueza de especies ¥y presenta un patrén opuesto a lo
predicho por la hipétesis denominada ‘conservatismo de nicho tropical
(Hawkins ef al. 2011), acufiada para explicar partrones de edad folgenética
en el hemisferio norte. Esto es, los arboles de familias antiguas estan
distribuidos preferentemente hacia altas latitudes, en zonas de baja riqueza
de especies, mientras que arboles de familias jovenes estan distribuidos
preferentemente hacia latitudes medias y bajas, en la zona de transicion
templado-mediterranea. Este patrén de edad promedio de los ensambles
forestales en Sudamérica podria ser explicado por el origen extratropical de
gran parte de la flora de los bosques del Cono Sur (Villagran & Hinojosa
1997). La paleoflora Gondwanica-Antartica Occidental que pobld la regién
durante el paleégeno presenta una alta singularidad, en relacion con

paleofloras tropicales observadas en i registro fosil (Jaramillo & Cardenas
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2013) Ella ha sido caracterizada en dos unidades paleobiogeogréficas: las
floras Gondwanicas y Subtrépical Gondwanica (Hinojosa 2005, Hinojosa et

al. 2008).

Los registros paleoboténicos del Hemisferio sur muestran que,
durante el Cretacico Tardio, la region occidental del Gondwana habria sido
un centro de diversificacion floral, con taxa otiginandose y dispersando a
ofras areas del sur (Mildenhall 1980; Hill 1994; Markgraf ef al. 1985, 1996).
Luego del desmembramiento del Gondwana, y como consecuencia de los
cambios climaticos del Cenozoico, esta flora de origen extratropical habria
persistido en los continentes en formacién y se habria integrado a la biota
que conforma los bosques templados de Sudamérica, Nueva Zelanda,
Australia, Nueva Guinea, Nueva Caledonia y Tasmania. Este hecho podria
dar cuenta de las pre-adaptaciones de los linajes que evolucionaron en esta
region y explicar los patrones biogeogréficos actuales, pese a que la biota
asociada a cada una de estas regiones habria experimentado historias
independientes de diversificacién y extincion asociadas a la magnitud de los
cambios ambientales. Por ejemplo, la biota de Australia y Nueva Zelanda
habria presentado tasas de extincion (Markgraf et a/ 1995) e inmigracion
mayores (Armesto & McGlone in prep.) que las de Sudamerica, debido a
que la migracién de esas masas de tierra hacia latitudes fropicales habria

sido mas drastica (Markgraf ef al 1995).

En este sentido, a modo de proyeccién de la investigacion, resultaria

interesante un analisis comparativo de los patrones biogeogeogréficos de la
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biota del hemisferio sur y su relacion con las dinamicas distribucionales de
sus taxa componentes. Este estudio permitirfa comprender la naturaleza de
la impronta biogeografica del origen y evolucion extratropical de parte de la
biota que actualmente compone bosques templados de Sudamérica, Nueva

Zelanda, Australia, Nueva Guinea, Nueva Caledonia y Tasmania.
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