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RESUMEN

Larelacion entre la edad de los clados y su riqueza de especies es usada en biologia
evolutiva para distinguir entre procesos de diversificacion dependientes del tiempo y
dependientes de la ecologia. Lateoria sugiere que la falta de independencia estadistica
debido a una historia evolutiva compartida (estructura filogenética) en los datos de edad y
riqueza de los clados, €l tipo de edad (corona o troncal) usada para estimar larelaciony la
resolucion de la clasificacion taxondmica (nivel es taxondémicos mas inclusivos o altos —
e.g., O0rdenes— 0 menos inclusivos o bajos —e.g., géneros), pueden sesgar los valores
estimados de la correlacion edad-riqueza de especies (ARC, por sus siglas en inglés Age-
Richness Correlation). En estatesis se caracterizd el comportamiento dela ARC en
filogenias fechadas (cronogramas) empiricas y simuladas bajo diferentes procesos de
diversificacion, considerando la estructura filogenética de | os datos, edades coronay
troncales, y diferentes niveles taxondmicos, con el objetivo de determinar mejor la
capacidad de la ARC de informarnos sobre |os procesos de diversificacion. Primero, para
determinar la ARC en la naturaleza, se realizd una compilacion de cronogramas de
diferentes grupos de organismos (sistemas biol 6gicos) provenientes de estudios
publicados. Escogimos solo aquellos cronogramas obtenidos con métodos de reloj
molecular, cuyo muestreo de especies comprendieraa menos dos niveles taxondmicos
del sistema bioldgico en cuestion. Esto incluyd cronogramas a nivel de género de anfibios
(Lissamphibia), reptiles escamados (Squamata) y aves (Aves), y anivel de familiade
mamiferos (Mammalia). Paraampliar la muestra de cronogramas empiricos, se
reconstruyeron las relaciones filogenéticas de las familias de plantas con flor

(Angiospermage), asi como su edad con un método de metacalibracion (Apéndice 1). En



segundo lugar, se hizo unarevision de métodos de estimacion de parametros de
diversificacion (i.e., especiacion y extincion), con €l fin de aplicarlos alos cronogramas
empiricos y obtener un rango de valores de especiacion y extincion parala
implementacion de simulaciones. Para su estandarizacion, estos métodos se aplicaron en
diferentes sistemas biol 6gicos de estudio (Capitulos 1 y 2). Finalmente, se desarroll6 e
implementé un model o de nacimiento y muerte de dos estados para simular cronogramas
con eventos de origen de taxa superiores y unajerarquia taxonomica, con €l fin de
determinar la ARC esperada en model os de diversificacion dependiente del tiempo y de
laecologia, y asi establecer |as expectativas de comportamiento de la ARC en dos
hipétesis de diversificacion que en general se consideran alternativas. Las ARCs
empiricasy simuladas se estimaron usando edades coronay troncal en diferentes rangos
taxondmicos con métodos de estimacion de correlacion que no consideran estructura
filogenéticay con métodos que si latoman en cuenta. EI modelo propuesto reproduce de
manera general los patrones empiricos de ARC, a pesar de las particularidades de
clasificacion taxonomica inherentes a cada sistema biol 6gico. Las ARCs estimadas con
edades corona son positivas en todos |os escenarios de diversificacion considerados,
incluyendo procesos de diversificacion dependiente de la ecologia. Las ARCs estimadas
con edades troncal es solo son negativas en rangos taxondmicos bajos en modelos de
variacion de tasas de diversificacion entre clados, tanto dependientes de tiempo como de
la ecologia (Capitulo 3). Esto implica que solo las ARC troncales pueden distinguir entre
procesos de diversificacion de tasas constantes y variables entre clados, pero no pueden

usarse como evidencia de variacion en la diversificacion dependiente de la ecologia.



ABSTRACT

The relationship between clade age and species richness is used in evolutionary
biology studies to distinguish among time and ecologically dependent diversification
processes. Theory suggests that statistical non-independence of the data due to shared
evolutionary history (phylogenetic structure) in clade age and richness data, type of clade
age used to estimate the relationship (crown or stem) and resolution of taxonomic
classification (more inclusive ranks —e.g., orders— or lessinclusive —e.g., genera), might
bias age-richness correlation (ARC) estimates. In this dissertation, behavior of the ARC
was characterized with data from dated phylogenies (chronograms) of different biological
systems and from chronograms simulated under different diversification processes, taking
into account phylogenetic structure, crown or stem ages and different taxonomic ranks, to
determine ARC informative breadth on diversification processes. First, dated molecul ar
phylogenies sampling at least two different taxonomic levels were compiled from the
literature. To increase the number of sampled phylogenies, phylogenetic relationships
among flowering plant (Angiospermae) families were reconstructed and dated using a
metacalibration approach (Appendix 1). The final sample comprises chronograms of
amphibians (Lissamphibia), squamate reptiles (Squamata), and birds (Aves), sampled at a
generic level; and of mammals (Mammalia) and flowering plants, sampled at a familial
level. Then, areview of methods to estimate diversification parameters from dated
phylogenies was performed. The goal of this wasto apply them to the empirical
phylogenies to obtain real parameters to simulate phylogenies under different time and
ecologically dependent diversification scenarios, and determine ARC expectations. For

standardization, some of the methods were applied to different biological systems



(Chapters 1 and 2). Findly, atwo-state birth-death model to simulate chronograms
including the origin of higher taxa and a hierarchical taxonomy is developed and
implemented, to determine expected ARC behavior under two diversification hypotheses
that are generally considered alternative. Empirical and simulated ARCs were estimated
using crown and stem ages from different taxonomic ranks using methods that take
phylogenetic structure into account and methods that do not consider it. The simulation
model proposed here reproduces the general ARC trends from awide range of biological
systems despite the particularities of taxonomic practice within each. ARCs estimated
with crown ages are positive in al the scenarios studied, including ecologically
dependent processes. ARCs estimated with stem ages are only negative at lessinclusive
taxonomic ranks, in models of among-clade rate variation, both time- and ecologically
dependent (Chapter 3). These results suggest that only stem-ARCs can distinguish
between rate constancy and among-clade variation in rates, but they cannot evidence

ecologically dependent rate variation.



INTRODUCCION GENERAL

Lavariacion en nimero de especies (diversidad o riqueza) que se observa entre grupos de
organismos (sistemas biol 6gicos), entre comunidades 'y regiones, y alo largo del tiempo
geol6gico, es un patron que hainteresado alos naturalistas por mucho tiempo (Darwin
1859; Wallace 1878; Bokma et al. 2014). Entender las causas y determinar |0s procesos
que dan lugar alos patrones de variacion en la diversidad a diferentes escalas, alo largo
de gradientes temporales, filogenéticos, ecologicosy espaciales de diversidad, es uno de
los retos actuales de la biologia evolutiva.

A escalatemporal y filogenética, el nUmero de especies es resultado del proceso
evolutivo de diversificacion, € cual asu vez resulta de lainteraccion y del balance entre
la especiacion y la extincion. Independientemente de |os mecanismos que ocurren a nivel
poblacional —como la seleccion natural, la deriva génica, €l aislamiento reproductivo, por
mencionar algunos-y que hayan dado lugar a eventos particul ares de especiacion y
extincion, se sabe que el patron temporal de ocurrencia de estos eventos se puede
describir de manera general con un modelo aleatorio en el cual los eventos de especiacion
y extincion se acumulan exponencialmente alo largo del tiempo (Y ule 1925; Kendall
1948; Nee 2006). Esto nos permite estudiar patrones 'y procesos de diversificacion de
especies a una escala por arriba de los mecanismos que ocurren anivel poblacional, es

decir, a escala macroevolutiva.

Medidas de la diversificacion de especies
Para describir e proceso de diversificacion en general y lamaneraen que ladiversidad

varia a diferentes escal as en particular, una medida cominmente utilizada es la tasa de



diversificacion (r; Stanley 1975), que representa el cambio en diversidad por unidad de
tiempo (Sepkoski 1978), esto es, lavelocidad ala cual surgen nuevas especies que
sobreviviran hasta un determinado tiempo. Para estimar r se requieren minimamente dos
datos: lariqueza de especiesy el tiempo transcurrido (i.e., €l tiempo durante el que se
acumul 6 dicha riqueza de especies), €l cual puede ser considerado desde |a edad corona o
desde la edad troncal de un grupo (Fig. 1). S contamos con datos adicionales, como un
conocimiento detallado de la ocurrencia de eventos de aparicion y desaparicion de
especies, podemos calcular |as tasas de especiacion, lambda (A; Yule 1925) y de
extincion, mu (u; Kendal 1948), respectivamente (Sepkoski 1998). La relacion entre estos
parametros es. r = A — p (Stanley 1975). Otro parametro que nos informa sobre la
naturaleza del proceso de diversificacion es la proporcion entre latasa de extinciony la
de especiacion, u/ A (Nee et al. 19944), conocida como tasa de extincion relativa, epsilon
(e; Magallon y Sanderson 2001), que describe lavelocidad ala cual 1as especies son
reemplazadas por nuevas especies (tasa de recambio de especies; Alfaro et a. 2009).
Estos pardmetros de diversificacion parecen sencillos de estimar, sin embargo, los
procesos de especiacion y extincion son, salvo raras excepciones, desconocidos, y deben
ser inferidos. Ademas, la diversificacion de especies es un proceso que ocurre en una
escala de tiempo del orden de millones de afios en la mayoria de los organismos, 1o que
dificultalaimplementacion de experimentos de laboratorio para estudiarla. Una
alternativa parainvestigar los procesos de diversificacion ocurriendo a grandes escalas
temporales es laimplementacion de model os probabilisticos, los cuales permiten estimar

con incertidumbre estadistica diferentes parametros evol utivos potencialmente



implicados en el proceso de diversificacion, minimamente, |as tasas de especiacion y

extincion.

M étodos para reconstruir €l proceso de diversificacion

Tradicionamente, la diversificacion fue estudiada por pal eontdlogos en organismos
extintos o vivientes con un amplio registro fosil (Jepsen et al. 1949; Simpson 1953; Van
Vaen 1973; Gould y Eldredge 1977; Stanley 1985), con contadas excepciones (e.g.,

Y ule, 1925). Recientemente, la disponibilidad de filogenias moleculares, que
reconstruyen las relaciones filogenéticas de | as especies y que permiten estimar |a edad
de ocurrencia de |os eventos de divergencia, promovié el uso de model os probabilisticos
paralaimplementacion de métodos estadisticos robustos, como maxima verosimilitud
(ML) o estadistica Bayesiana, para estimar tasas de especiacion y extincion de
organismos vivientes con poco o nulo registro fésil (Hey 1992; Nee et al. 1992, 19943,
1994b; Harvey et a. 1994). Esto ampli6 considerablemente |a gama de sistemas

biol 6gicos para estudiar |os procesos de diversificacion, asi como € tipo y la profundidad
de las preguntas evolutivas que pudieron ser planteadas.

En los dltimos afios, |las herramientas para estudiar |os procesos de diversificacion
en filogenias se han afinado y aumentado en nimero (para unarevision, ver Morlon
2014). Usando métodos de gjuste de model os es posible evaluar una serie de hipotesis de
diversificacion alternativas y determinar cua es el que se gjusta mejor alos patrones de
diversidad que observamos. Con estos métodos se han podido evaluar diversas hipotesis
de variacion en la diversificacion asociada a caracteres morfol 6gicos (Maddison et al.

2007; Fitzjohn et al. 2009; Fitzjohn 2010; Magnuson-Ford y Otto 2012), a ladistribucién



geogréfica (Goldberg et al. 2011; Rolland et a. 2014), a condiciones paleoclimaticas
(e.g., latemperatura paleoambiental Condamine et al. 2013) y aladiversidad (Rabosky y

Lovette 2008a; Etienne et a. 2012), entre otros.

Causas primerias de la diversificacion: procesos de diversidad ilimitada vs. limitesa la
diversidad

L os modelos de diversificacion se pueden clasificar de manera general en dos categorias:
aquellos que predicen patrones en los que la diversidad de especies se acumula
ilimitadamente y aquellos que indican que ladiversidad es limitada (Fig. 2). Los modelos
de diversidad ilimitadaindican que solo el tiempo determinaladiversidad, y que las
diferencias en las tasas de diversificacion son intrinsecas a cada sistema biologico (Fig.
2a). Los modelos de diversidad limitada indican que, después de un periodo de aumento
en ladiversidad, éstallega aun estado de equilibrio en que la especiacion y la extincion
son aproximadamente iguales. El equilibrio puede ser momentaneo, para dar paso aun
decremento en ladiversidad (Fig. 2b); o duradero, manteniendo unadiversidad constante
por un tiempo indefinido (Fig. 2¢). En estos modelos |as tasas de diversificacion estan
determinadas por factores extrinsecos como la disponibilidad de nichos, €l areade
distribucion, o el nimero de especies. En la actualidad existe un debate sobre la
prevalencia de estos dos tipos de procesos en datos empiricos (Rabosky 2009; Wiens
2011; Cornell 2013), debate que es crucial resolver para poder abordar adecuadamente
otras preguntas de gran interés bioldgico, como larelacion entre ladiversificaciony la

evolucion morfol 6gica (Rabosky y Adams 2012).



Evidencias de procesos con diversidad ilimitada

En 1925, e matematico Y ule propuso e primer modelo de diversificacion usando las
distribuciones de frecuencia de nimero de especies vivientes y de tiempo de origen
(tomado del registro fésil) de géneros de escarabajos, lagartijas, serpientesy plantas con
flor. Yule (1925) determind que las especies surgen a azar y se acumulan
exponencialmente en &l tiempo. Esto tiene como consecuencia que la diversidad actual de
especies depende Unicamente del tiempo transcurrido, del niUmero inicial de especiesy
del parametro A —el cual no cambiaen el tiempo ni entre ling es dentro de un mismo
grupo, aunque si entre grupos (Y ule 1925). El modelo de Y ule (también [lamado de
nacimiento puro) es un caso particular del modelo de nacimiento y muerte (modelo BD
por sus siglas en inglés Birth-Death), que fue derivado afios mastarde, y gjemplificado
con el decaimiento de particulas en €l espacio y |os procesos epidémicos (Kendall 1948).
El modelo BD considera ademas de especiacion, alaextincion (Nee 2006). Este modelo
es la base de la mayoria de |os métodos que se han desarrollado para estudiar
diversificacion en los ultimos afios (Nee 2006).

El registro fésil también ha aportado evidencia de que la diversidad se acumula
sinlimitesalo largo del tiempo. Por g emplo, los datos fosiles de |os ultimos 540
millones de afios (myr) de vida en la Tierra parecen mostrar que la biodiversidad se ha
acumulado de manera constante, hasta hace 75 myr, cuando presenta un incremento
(Cornette y Lieberman 2004). Curvas de supervivencia basadas en €l registro fosil de
especies, generos y familias de organismos unicelulares y multicelulares dieron lugar ala
hipétesis de la Reina Roja, que explica que la extincion ocurre de manera aleatoriay

constante en el tiempo (Van Valen 1973). Mas adelante se probo que paraque la



extincion sea constante, la especiacion también deberia de serlo (Stenseth y Smith 1984),
lo que se ha confirmado en 101 filogenias moleculares anivel de especie de géneros de
plantas, animales y hongos (Venditti et al. 2010).

Para que ladiversidad seailimitada, |as tasas de especiacion y extincion no tienen
que ser constantes. La especiacion puede disminuir en el tiempo, y mientras no seaigual
o inferior alatasa de extincion (resultando en unatasa de diversificacion nulao
negativa), la diversidad seguira acumulandose (Morlon et a. 2011; Maruvka et al. 2013).
Usando métodos de coal escencia se encontro que de 289 filogenias muestreadas a nivel
de especie de clados de rangos taxondémicos bajos —casi en su totalidad géneros— de
anfibios, artrépodos, aves, mamiferos, moluscosy plantas con flor, aproximadamente el
80% se encuentran en proceso de seguir acumulando diversidad, de los cuales mas de la
mitad presentan cambios temporales en las tasas de especiacion y extincion, y € resto
presenta especiacion constante (Morlon et al. 2010). Estudios en filogenias de sistemas
bi ol 6gi cos pertenecientes a nivel es taxondmicos mas altos 0 mas inclusivos (clados de
angiospermas, vertebrados, mamiferosy aves), muestran que | as tasas de especiacion y
extincion también pueden cambiar entre lingjes dentro de un mismo grupo y que la
diversidad sigue en expansion (Magallon y Sanderson 2001; Alfaro et a. 2009; Stadler

2011; Jetz et al. 2012).

Evidencias de procesos con limites a la diversidad
En el registro fésil prevalecen patrones en los que la diversidad tiende aun limite, el cual
es particular a cada clado y se alcanza a diferentes ritmos (Raup et al. 1973; Gould et al.

1977; Sepkoski 1978; Foote 2007; Foote et al. 2007; Benton 2009). Estos patrones
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pueden ser explicados por una variante del modelo BD, el modelo de Moran,
originalmente desarrollado para estudiar procesos de genética de poblaciones (Moran
1958; Nee 2006; Crawford et al. 2014). En el modelo de Moran cada evento de extincién
es seguido de un evento de especiacion en cualquier lingje sobreviviente, por 1o que
también se conoce como “modelo de recambio”. Trasladado a un fenébmeno
macroevolutivo, este proceso comienza con unatasa de diversificacion positiva, en € que
ladiversidad se acumula exponencialmente. Una vez alcanzado el limite ala diversidad,
la tasa de extincion aumenta para hacerse equivalente o superior alatasa de especiacion,
resultando en unatasa de diversificacion nula o negativa, y en un estancamiento en la
diversidad (Raup et al. 1973; Gould et a. 1977; Sepkoski 1978; Sepkoski y Kendrick
1993). Laimplementacion de pruebas de gjuste de model os en filogenias moleculares, ha
revelado que una fraccion no tan insignificante de éstas (~23%) presenta evidencia de
tasas de diversificacion en equilibrio (Morlon et al. 2010).

L os model os dependientes de |a ecol ogia son variantes del modelo BD que
proponen que las tasas de diversificacion dependen de parametros ecol 6gicos como €l
area de distribucion, el nimero de nichos disponibles o el nUmero de especies existentes
en un determinado tiempo (Rabosky y Lovette 2008a; Rabosky 2009; Etienne et al.
2012). Estos model os se han gjustado con éxito a niveles taxondmicos bajos en filogenias
de los géneros Dendroica (aves Rabosky y Lovette 2008a; Etienne et al. 2012),
Plethodon (reptiles) y Heliconius (mariposas), y anivel taxondmico mas alto en la
familia de los cetaceos, en €l filo de los foraminiferos plancténicos (Etienne et al. 2012) y

enlaclase delasaves (Neeet a. 1992).
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Un problema con |as pruebas de g uste de model os es que no pueden asegurar que
el mejor model o encontrado sea el modelo verdadero, i.e., €l modelo que generd la
diversidad observada. Ademas, dada una serie de model os por evaluar, estas pruebas
necesariamente identifican al menos a uno (pueden identificar varios) de entre todos |os
model os considerados como el mejor. Si el model o verdadero no estéa en el conjunto de
model os evaluados, entonces el mejor model o nunca correspondera con el verdadero.
Una evidenciaindependiente de la filogenia son |os estadisticos sumarios o descriptivos,
los cuales nos pueden ayudar adistinguir entre hipotesis alternativas de diversificacion
cuando carecemos de filogenias, éstas son muy incompletas o los métodos de gjuste de
model os no son concluyentes. Para utilizar 10s estadisticos descriptivos, es hecesario
implementar simulaciones para determinar su comportamiento esperado bajo diferentes

model os de diversificacion.

Estadisticos descriptivos: un complemento de los métodos para reconstruir el proceso
de diversificacion

Uno de los primeros estadisticos descriptivos que fueron utilizados para describir
la naturaleza del proceso de diversificacion fue laforma de los clados, definida con el
centro de gravedad de |os patrones de diversidad observados en el registro fosil, el cual
sugirio que hay limites ala diversidad pero que estos no estan determinados ecol 6gica o
deterministicamente, sino que ocurren al azar (Gould et al. 1977). Mas recientemente,
otro estudio que utilizé estadisticos descriptivos como la riqueza maximadel clado, la
desviacion estandar de ladiversidad, y larelacion entre la edad y |a riqueza de especies

de los clados, mostraron en familias y subfamilias de serpientes que la extincion es el
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factor que limitaladiversidad (Pyrony Burbrink 2012). En este estudio se utilizo el
“modelo de vidamedia de los clados’ (modelo hL, por sus siglas en inglés halfLife of
clades), otra variante del modelo BD, que describe un proceso que empieza con unatasa
de diversificacion positiva que se mantiene hasta alcanzar un limite después del cual se
hace negativa. El proceso descrito por el modelo hL genera un patron muy similar a
descrito por el modelo utilizado en las simulaciones de Gould et al. (1977), e cual
muestra no solo lainterrupcién de la acumulacién de especies, sino una disminucion dela

diversidad (Pyrony Burbrink 2012; Fig. 2b).

Un estadistico descriptivo popular: larelacion entre la edad de los cladosy su riqueza
de especies
Lacorrelacion entre la edad de los clados y su riqueza de especies (ARC por sus siglasen
ingles Age-Richness Correlation) es un estadistico descriptivo particularmente Util para
estudiar la diversificacion, porque permite medir directamente el efecto del tiempo —
medido como la edad del clado— sobre la diversidad. Intuitivamente, una ARC positiva
indica que la edad de los clados determina su diversidad: lavariacion en laedad de los
clados explica las variaciones en la diversidad observadas entre clados. Una ARC no
significativa o negativaindica gque otros factores diferentes del tiempo explican los
patrones de diversidad. Por gjemplo, una ARC negativa puede surgir si diferencias en las
tasas de diversificacion, y no en el tiempo, determinan lavariacion en ladiversidad entre
clados (Ricklefsy Renner 1994; Magallon y Sanderson 2001).

Evidencia mas reciente afavor de la hipotesis de limites ala diversificacion
proviene de la ARC obtenida en grupos determinados filogenéticamente. |mplementando

simulaciones predictivas a posteriori (PAPS, por sus siglas en inglés Predictive A
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Posteriori Smulations), que usan parametros de diversificacion estimados de datos
empiricos parasimular ladiversidad y obtener valores esperados de estadisticos
descriptivos de interés bajo diferentes model os de diversificacion, se encontro que la
ARC debe ser inexistente o negativa bajo modelos de diversidad limitada y positiva bajo
model os de diversidad ilimitada (Rabosky 2009; Pyron y Burbrink 2012).

Estudios posteriores han encontrado que cuando las ARCs son estimadas
utilizando la edades troncales y una clasificacion taxondmica basada en distancia
temporal o genética, las ARCs pueden ser nulas 0 negativas en procesos de
diversificacion ilimitada (Stadler et al. 2014). En el mismo estudio no se detectd un
patron similar en ARCs estimadas con edades corona, revelando la existencia de un
conflicto entre los estimados de ARC obtenidos usando la edad corona (ARC corona) y
los obtenidos usando la edad troncal (ARC troncal). En este trabajo también fue sugerido
que sblo las ARC corona podian usarse como evidencia del proceso de diversificacion, ya
gue estas no estaban afectadas por |as clasificaciones taxonomicas. Sin embargo, esta

aseveracion no ha sido evaluada explicitamente.

¢Qué tan informativa sobre el proceso de diversificacion eslarelacion entrela edad de
los clados y la riqueza de especies?

Yaque € conflicto ARC corona/ ARC troncal se ha demostrado solamente en
ciertos tipos de delimitaciones taxonémicas poco implementadas, nos preguntamos si se
manifestara también en delimitaciones taxonomicas méas comunmente utilizadas, como la
clasificacion jerarquica por rangos taxondmicos, la cual se basa no solo en caracteristicas

descriptivas de los organismos sino también en lainformacion de sus relaciones
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filogenéticas. En este caso, diferentes rangos taxondmicos podrian afectar |0s estimados
de ARC de maneras distintas 0 incluso dar evidenciainconsistente sobre larelacion entre
laedad de los clados y su riqueza de especies en un mismo sistema bioldgico. De ser asi,
¢habra rangos taxondémicos mas informativos que otros? Por gjemplo, ¢podria el nivel de
género, gue ha sido descrito como un rango taxondmico natural (porque surge de
procesos evolutivos, Humphreys y Barraclough 2014), ser mas informativo que rangos
taxondmicos més inclusivos, como Ordenes?

Adicionalmente, se ha encontrado evidencia de que los datos de edad y riqueza de
especies podrian estar afectados por una historia evolutiva compartiday presentar
autocorrelacion (estructura filogenética; Pyron y Burbrink 2012; Rabosky et al. 2012), la
cual debe ser tomada en cuenta para evitar falsos positivos que, en el caso de las ARCs,
corresponden auna ARC positiva significativa cuando en realidad es inexistente o
negativa (Rabosky et al. 2012). Sin embargo, la presencia de estructura filogenéticaen
datos de edad y riqueza de especies no ha sido probada rigurosamente. Por una parte, la
estructura filogenética ha sido evaluada principa mente en filogenias provenientes del
arbol de tiempo de lavida (Hedges y Kumar 2009). Estos arboles estan construidos con
un método que genera arboles con politomias, las cuales son resueltas al azar, muy
probablemente alterando la sefia filogenética. Por otra parte, |0s pocos casos en |os que
la estructura filogenética de los datos de edad y riqueza de especies de |os clados ha sido
evaluada en arbol es obtenidos con métodos tradicionales, ésta ha sido estimada con el
método de contrastes filogenético independientes (Fel senstein 1985), método que podria
no ser adecuado para datos de edad y riqueza de especies (Agapow Yy Isaac 2002; | saac et

al. 2003). En este sentido, ¢Jos datos empiricos de edad de los clados y riqueza de
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especies estan estructurados filogenéticamente? Y, si es asi, ¢cOmo es afectadala ARC
por la estructurafilogenética?

En este contexto el Objetivo Principal de estatesises:
Establecer la condicion de larelacion entre le edad y lariqueza de especiesen la
naturalezay determinar el efecto de la estructura filogenética, €l tipo de edad (corona o
troncal) y la categoria taxonomica sobre ella.

L os Objetivos Particulares son:

1. Documentar larelacion entre la edad de los clados y su riqueza de especies,
usando datos provenientes de estudios empiricos, en un rango amplio de sistemas
biol 6gicos, evaluando estructura filogenética, y considerando los dos diferentes
tipos de edad y diferentes rangos taxonomicos.

2. Determinar los parametros de diversificacion (especiacion y extincion) que
generaron los patrones de diversidad en |os sistemas biol 6gicos de estudio
elegidos.

3. Desarrollar e implementar un model o de simulacion adecuado para establecer 1os
procesos de diversificacion que generaron las relaciones entre edad y riqueza de
los clados documentadas empiricamente, considerando estructura filogenética,
tipo de edad y rango taxonémico.

Para el primer objetivo particular, se realizo un estudio de fechamiento de las
familias de plantas con flor (Angiospermae) utilizando diferentes métodos de reloj
molecular, presentado en el Apéndice 1. Este trabajo representa el muestreo méas

exhaustivo de lingjes de plantas con flor hasta lafecha, y su realizacion amplié la muestra
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de sistemas biol 6gicos en los que se documentd de forma empiricalarelacion entre la
edad de los clados y la riqueza de especies.

Posteriormente, se realizo una serie de estudios en los que se analizé la dinamica de
diversificacion de diferentes sistemas biol6gicos. Laintencion de estos estudios era
estimar |os parametros empiricos de diversificacion de |os sistemas biol 6gicos para
implementar simulaciones utilizando |os parametros obtenidos de |os datos empiricos
(PAPS), y asi obtener distribuciones esperadas del estadistico descriptivo a evaluar -a
relacion entre la edad y lariqueza de |os clados (ARC)— que fueran directamente
comparables con los estimados empiricos de ARC. Al final no fue factible usar este
método de simulacion porque:

» actuamente, carecemos de métodos para estimar parametros de diversificacion de

algunos de |os model os que necesitdbamos evaluar (i.e., variacion de lastasas

entre clados con cambio dependiente de ecologiaalo largo del tiempo), y

» s0lo existe un método para estimar €l parametro de tasa de origen de taxa

superiores, el cual asume un model o de diversificacion de tasas constantes entre

cladosy en el tiempo (Maruvkaet a. 2013).

Adicionalmente, el error asociado alos valores estimados de parametros de
diversificacion podria obscurecer la determinacion de la causa principal de un desgjuste
entre las relaciones esperadas y las observadas. Por tal razon, se decidio usar un rango de
valores de diversificacion paraimplementar las simulaciones, y asi poder explorar el
comportamiento de las ARCs de manera general.

Algunos de los resultados de laimplementacion de estos andlisis de

diversificacion constituyen el primero y segundo capitulo de estatesis, en los cuales se
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estudio respectivamente la diversificacion de las familias de plantas con flor
(Angiospermae) y de una familia endémica de los desiertos norteamericanos, |os ocotillos
(Fouquieriaceae, Ericales). Estos capitulos quedan como un testimonio de |o que se puede
hacer con métodos de inferencia de modelos.

En el tercer capitulo se presentan |os resultados de |as rel aciones entre edad
(obtenida con métodos de reloj molecular) y riqueza de especies en diferentes rangos
taxondmicos de cinco sistemas biol dgicos (anfibios, reptiles escamados, mamiferos, aves
y plantas con flor), considerando la edad desde el tiempo troncal y desde el tiempo
corona—las cuales pueden ser sustancialmente distintas (Fig. 1)—y estimando las
correlaciones con métodos que toman en cuenta la estructura filogenéticay métodos que
no latoman en cuenta. En ese capitul o también se presentan |las relaciones edad-riqueza
simuladas con un modelo de origen jerarquico de taxa superiores propuesto en esta tesis,
y esperadas bajo diferentes model os de diversificacion de diversidad limitada e ilimitada.

Finalmente, se presenta una comparacion informal entre los patrones de ARC
esperados en |os diferentes model os evaluados y 10s observados en las filogenias

empiricas, y se discuten los resultados més rel evantes.
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D CladoN D CladoN
E E

Figura 1. Edad coronay edad troncal de un clado. (a) La edad troncal de un clado
(triangulo vacio) corresponde al tiempo del ultimo ancestro comun con su clado hermano.
Laedad corona (circulo solido) corresponde a la edad del Gltimo ancestro comun atodas
las especies vivientes de un clado. Dos clados hermanos, M y N en este caso, siempre
comparten la misma edad troncal pero no necesariamente la misma edad corona. (b) Estas

edades sirven para definir alos grupos troncal y corona respectivamente.
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(@) (b) (©)

Figura 2. Modelos de cambio en ladiversidad alo largo del tiempo. Ladiversidad puede
acumularse ilimitadamente (a) o tener un limite ala diversidad (b-c). Una vez a canzado

el limite, ladiversidad puede disminuir (b) o mantenerse constante (c).
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CAPITULO 1

CAMBIOS MACROEVOLUTIVOS EN LA DIVERSIFICACION

REVELAN UNA COMPLEJIDAD DE RUTAS HACIA LA

MEGADIVERSIDAD DE LAS ANGIOSPERMAS
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Macroevolutionary Diversification Shifts Revea Complex Routes to Angiosperm

Megadiversity
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Summary Paragraph

Angiosperms, the last major lineage of plantsto evolve, represent an
unprecedented evolutionary success. As they rose to become one of the megadiverse
groups of macroscopic eukaryotes, they forged modern ecosystems and promoted the
evolution of extant terrestrial biota. The unequal distribution of species among lineages
within angiosperms suggests that the process of diversification, which ultimately
determines species richness, has acted differentially through their evolution. Here we
investigate how angiosperms became megadiverse by identifying the placement of
exceptional radiations, combining a densely fossil-calibrated molecular-clock phylogeny*
with amodel that identifies diversification shifts among evolutionary lineages and

through time?. We find that angiosperm diversification shiftsinitiated after significant

phylogenetic differentiation and morphological elaboration had occurred; took place over
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100 million years (Ma) between the Early Cretaceous and the Neogene, and; are
phylogenetically dispersed. Angiosperm long-term diversification trgjectory is nearly
constant, but is underlain by increasing speciation and extinction, and results from
independent, temporally overlapping radiations and depletions in component lineages.
This unmitigated diversification tragjectory implies continued species accumulation, albeit
increasing turnover. We discovered that major lineages within angiosperms became
megadiverse through fundamentally different diversification modes, including clades
with an early diversification increase shared by its evolutionary descendants, to clades
encompassing several independent and unlinked radiations. The identified diversification
shifts and the macroevol utionary modes they reveal provide aframework to rigorously
investigate interactions among intrinsic attributes, biotic and physical variables that have
driven independent radiations, and that combined, underlie angiosperm's evolutionary
success.
Main Text

Flowering plants (Angiospermae) are an extraordinary evolutionary phenomenon.
They represent the most recent radiation of embryophytes, a lineage that occupied land at
least 470 million years ago (Mya)® and diverged from their closest living relatives 300-
350 Mya. Since their appearance in the fossil record, angiosperms diversified
exceptionally, surpassing all other plants not only in sheer species richness, but to
become ecologically predominant forming the structural and energetic basis of nearly all
extant terrestrial biomes. Through their evolution and ecological expansion, angiosperms
promoted the diversification of other plants’, animals’, fungi® and bacteria’. Human

nutrition, culture and well-being inextricably depend on angiosperms.

23



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

With ca. 280,000 species described and an estimated total of 300-350,000
species® ?, angiosperms are among the megadiverse groups of macroscopic eukaryotes.
This exceptional diversity is distributed unequally among evolutionary lines, some
including tens of thousands of species (e.g., orchids, composites) and others fewer than
ten (e.g., lotus, London planes), indicating that the process of diversification, the balance
between speciation and extinction which determines species richness'™ (hereafter
diversity), has acted differentially through angiosperm evolution.

Many studies have attempted to identify the factors that underlie angiosperm
exceptional megadiversity, including intrinsic attributes", ecological interactions®,
extrinsic opportunity™ or complex interactions among them™. Nevertheless, littleis
known about the diversification mechanisms that underlie the acquisition of angiosperm
megadiversity through time, and its unequal distribution among phylogenetic branches. A
long tradition considered that the myriad of angiosperm unique vegetative and
reproductive attributes made them competitively superior®. Studies based on current
phylogenetic understanding have shown that it is unlikely that increased phylogenetic
branching characterizes angiosperms as awhole'®. Different groups with unexpectedly
high or low diversity, given atime-homogeneous diversification rate, have been
identified"”; and diversification tests based on tree asymmetry or model selection have
found that diversification shifts do not always correspond to named taxonomic entities'®,
and that some occurred downstream major genomic duplications™.

The fossil record unequivocally documents an explosive angiosperm radiation in
the Early Cretaceous, shortly following the appearance between the Vaanginian and the

Hauterivian (140-130 Mya) of pollen grains with detailed microstructural attributes found
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only in some angiosperms®. Immediately younger sediments contain adrastically
increasing diversity of pollen types, and vegetative and reproductive remains representing
the earliest-diverging angiosperm branches” and their major evolutionary lineages® .

In this study we investigate the dynamics of angiosperm macroevolutionary
diversification using a molecular Bayesian phylogenetic tree in which ca. 90% of
angiosperm families are represented. This tree was dated with a relaxed molecul ar
clock* calibrated with 136 critically selected fossil-derived constraints, and a confidence
interval on the crown node age, derived from a quantitative pal eobiology method®. Using
this comprehensive time tree, we applied a method? that, through a Compound Poisson
Process, identifies major shifts in the rate of diversification among phylogenetic branches
and through time (see Methods). The identified macroevolutionary shifts inform about
the origins of angiosperm megadiversity and its long-term diversification traectory. For
the first time, we document the mechanisms underlying the acquisition of megadiversity,
and discover that different macroevolutionary modes predominate in distinct
phylogenetic regions.

The onset of angiosperm diversification into extant representatives in the Early
Cretaceous was soon followed by the differentiation of its main evolutionary lines,
including the Monocotlyedoneae (monocots) and Eudicotyledoneae (eudicots). During
their earliest evolution, each evolutionary line acquired distinctive morphological
groundplans. Monocots are characterized by a distinctive stem anatomy, 3-parted
flowers, and embryos with a single cotyledon. Eudicots are characterized by pollen grains
with three longitudinal apertures; and avast clade within them, Pentapetalae, is

characterized by 5-parted flowers with distinct calyx and corolla. The earliest major
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diversification shifts within angiosperms took place after its main evolutionary lines were
differentiated, and after the establishment of their respective morphological groundplans.
These shifts are associated to three clades that together contain the overwhelming
majority of angiosperm’s diversity, morphological variety, and ecological breadth. The
first and second shifts took place within Pentapetal ae, subtending Superasteridae®, and a
clade that includes Rosidae® plus Vitales (hereafter Rosidae+), which respectively
contain 40.4% and 29.5% of extant angiosperm diversity. The third shift took place
within monocots, subtending a clade that includes Dioscoreales, Pandanales, Liliales,
Asparagales, and the large Commelinidae”. This unnamed clade, here referred to as
Dioscoreidae, includes 21.7% of angiosperm diversity. These three diversification shifts
took place during the Early Cretaceous, between 123.7 and 119.8 Ma (Fig. 1). Most
subsequent major diversification shifts are nested within Superasteridae, Rosidaet or
Dioscoreidae; they lack any phylogenetic sorting, and took place between the
Cenomanian (L ate Cretaceous) and the Miocene (Neogene; Fig. 1, Extended Data
Figures 1-2, Extended Data Table 1). The temporal distribution and phylogenetic
placement of magjor diversification shifts indicates that angiosperm megadiversity cannot
be traced to afew radiations or to arestricted time interval, but rather, results from many
independent diversification increases through the temporal extent of its evolutionary
history and across its phylogenetic spectrum.

The temporal trajectory of angiosperm diversification lacks pronounced increases
or decreases (Fig. 2). During approximately the first half of their history, angiosperms
underwent a moderate diversification decrease, but their subsequent long-term trajectory

remained flat or increased slightly. Angiosperm speciation and extinction rates underwent
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early decreases, followed by increasing trends towards the present (Fig. 2). The observed
sustained diversification trajectory implies that angiosperm diversity will continue to
accumulate, but with a higher species turnover as a consequence of the incremental rates
of speciation and extinction. Lineages within angiosperms exhibit variable diversification
trajectories revealing independent radiations and depletions that overlap over different
extents of their duration, masking each other (Fig. 2).

We document for the first time that different phylogenetic regions within
angiosperms acquired megadiversity through fundamentally different macroevolutionary
mechanisms. Superasteridae, Rosidae+ and Dioscoreidae display distinct evolutionary
tendencies in their vegetative and reproductive morphology, and in their interactions with
the environment. We found that they also differ in the way in which they became
megadiverse. Each underwent an early diversification increase (Fig. 1), but with different
ultimate consequences on their respective extant diversity. In Dioscoreidae, the early
increase affected diversification patterns of its evolutionary descendants, and almost all
of itsdiversity (>80%) -- including emblematically rich groups such as orchids, palms
and bromeliads -- resulted from this ancestral (i.e., plesiomorphic) shift. Only one,
relatively late shift, uniquely characterizes Poaceae (grasses). In sharp contrast, the early
shift in Superasteridae played a marginal role generating the extant megadiversity of this
clade. Rather, ca. 75% of Superasteridae derives from five nested drastic increases, which
gave rise to Lamiidae pp, Dipsacales, Apiales pp, Asteraceae+ and Campanulaceae (Fig.
1). Without these five independent and derived (i.e., autapomorphic) increases,
Superasteridae would be arather small clade. In Rosidae+, megadiversity was acquired

by combining the contribution of an early plesiomorphic shift, which gave rise to 62% of
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138 thediversity in the clade, with four independent, nested autapomorphic radiations

139  corresponding to Fabaceae, Euphorbiaceae, Celastraceae and Malvaceae, which account
140  for theremainder of Rosidae+ diversity (Fig. 1).

141 Angiosperms are today the most prominent group of plantsin terrestrial biomes,
142 wherein addition to exceptional diversity, they display astounding morphological,

143 functional and ecological complexity and innovation. Y et, here we show that their

144  evolutionary expansion remains unmitigated. Our results cannot indicate if overall

145  angiosperm diversification is limited (e.g., by time, area, diversity or ecology?®), but

146 suggest that, if limits to angiosperm diversification exist, those bounds have not yet been
147 reached.

148 Our analyses detected few diversification decreases, but it seems unlikely that this
149  reflectsthe paucity of lineagesin decline. Rather, as the natural outcome of decreasing
150  diversification is extinction, lineages undergoing an evolutionary depletion persist

151 shortly. Detection of recent diversification decreasesis more likely, appearing as

152 depauperate lineages on their way to extinction. Plocospermataceae, the sister group to
153  theremainder of Lamiales, is a possible example. Lineages that underwent an ancient
154  diversification decrease but survive to the present are unexpected and difficult to

155  explain®. These lineages might be in decline from former megadiversity, and their

156 ultimate demise istaking longer, or they might have recovered after a drastic decrease.
157 Montiniaceaet+ (Figs. 1-2) is a possible example. Our diversification analysis provides
158  elementsto differentiate depauperate lineages that owe their low diversity to decreasing
159  diversification from former higher richness, from lineages that have maintained alow

160  diversification rate through their history.

28



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

The finding that the earliest increases in angiosperm diversification took place
after significant morphological elaboration which underlies the vegetative and
reproductive groundplans of monocots and pentapetal ous eudicots, but before their
increase in morphological and functional variety, and their ecological expansion, suggests
that angiosperm diversification is not a direct consequence of the numerous attributes that
collectively distinguish this group from other plants'®*’. Rather, the placement of the
earliest and subsequent major diversification shifts are congruent with a scenario of
incremental acquisition of complexity®, in which fundamental attributes, which represent
the basis of integrated structures and functions, evolved in phylogenetically early
branches, but did not lead directly to a substantial diversification increase. Nevertheless,
these early attributes were sine qua non precursors for subsequent evolution of complex
structures and functions, which possibly underwent a piecemeal integration on different
phylogenetic branches®, and more immediately underlie nested diversification increases.
Specifically, we propose that diversification increases subtending Superasteridae,
Rosidaet+ and Dioscoreidae responded to the evolutionary assembly of major groundplans
within angiosperms. In turn, each represented a fundamental precursor to the evolution of
more specialised structures and functions, canalised along different phylogenetic
branches, and which could have more immediately detonated nested radiations.

I dentifying the phylogenetic and temporal placement of macroevolutionary
diversification shifts considerably circumscribes the investigation of possible causes and
ultimate drivers of megadiversity, which most likely result from the combination of
intrinsic attributes, ecological functions and abiotic conditions. A further improved

understanding of angiosperm radiations, and of the variables and factors that drive them,
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184  should necessarily be based on a more precise phylogenetic location of incremental and
185  decremental diversification shifts, derived from a much denser taxonomic sampling, and

186 ideally, direct integration of fossil information.
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Figures and Figure Legends

Figure 1. Average diversification rate and major diversification shifts on angiosperm
phylogenetic tree. The phylorate plot (right) shows the mean, model-averaged
diversification rate at each 3 Mainterval on every branch of the time-calibrated
angiosperm phylogeny, model-averaged across all shift configurationsin the posterior
distribution estimated in the macroevolutionary diversification analysis® (cool colours =
low rates; warm colours = high rates). Circles around the phylorate plot indicate major
angiosperm groups (Ch = Chloranthales, Ce = Ceratophyllales). Diversification shifts
identified in >50% of the configurations in the posterior distribution are indicated as
black circles on the phylorate plot. These shifts correspond almost exactly to those found
in the configuration with highest posterior probability, and in the configuration that
maximizes the marginal probability of rate shifts along individual branches (see Extended
Data Figures 1-2). The temporal distribution of each shift (left), including its range (green

bar) and mean age (black circle), were summarized from the configurationsin the
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posterior probability. Collectively, rate shifts range from the Lower Cretaceous to the
Neogene. The three earliest shiftstook place in the Lower Cretaceous, subtending (A)
Superasteridae sensu Soltis et al. (2011)% (in Pentapetal ag, including Dilleniales,
Santalales, Berberidopsidales, Caryophyllales and Asteridae); (B) Rosidaet (in
Pentapetal ae, including Vitales and Rosidae); and (C) Dioscoreidae (in monocots,
including Dioscoreales, Liliales, Asparagales, and Commelinidae). Diversifications shifts
in the Upper Cretaceous subtend (D) Ranuculaceae+ (in eudicots, including

Ranuncul aceae, Berberidaceae and Menispermaceae; e.g., columbine, hellebores) with
median age in the Cenomanian; (E) Lamiidae pro parte (pp, in Superasteridae, including
Gentianales, Solanales, Boraginales and Lamiales; e.g., gentian, tomato, mint) with
median age in the Turonian; (F) Fabaceae (legumes, in Rosidaet) with median age in the
Coniacian; (G) Dipsacales (in Superasteridag; e.g., vaerian) and (H) Montiniaceaet (in
Superasteridae, including Montiniaceae, Sphenocleaceae and Hydroel aceae) with median
ages in the Campanian; and (1) Euphorbiaceae (spurges, in Rosidaet) and (J) Apiales pp
(in Superasteridae, including Pittosporaceae, Araliaceae, Myodocarpaceae and Apiaceae;
e.g., ivy, carrot) with median ages in the Maastrichtian. Paleogene diversifications
subtend (K) Asteraceaet (in Superasteridae, including Goodeniaceae, Calyceraceae and
Asteraceae; e.g., composites), and (L) Campanulaceae (in Superasteridae; e.g., lobelia)
with median ages in the Paleocene; and (M) Celastraceae (in Rosidaet; e.qg., staff vine),
(N) Poaceae (grasses, in Dioscoreidae), (O) Piperaceae (in Magnoliidae, e.g., black
pepper) and (P) Malvaceae (in Rosidaet; e.g., cotton), with median ages in the Eocene.

The last diversification shift took place during the Neogene, subtending (Q) core
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224  Lauraceae (in Magnoliidae; e.qg., laurel) with median age in the Miocene. Unless

225  otherwise indicated, clade names are based on Cantino et al. 2007?" and Stevens 2013,
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Figure 2. Diversification through time (DTT) plots. Each graph indicates the mean
diversification rate of a clade averaged across all samplesin the posterior distribution,
and the 95% highest posterior density. The bottom pannel shows the diversification
(black), speciation (brown) and extinction (gray) through time plots of angiosperms as a
whole. Angiosperm diversification underwent a slight early decrease, followed by a
nearly constant or very slightly increasing trajectory towards the present. Speciation and
extinction show initial decreases, followed by increasing trends towards the present. The
remaining pannels show DTT plots of clades (indicated in each pannel, defined in Figure
1) resulting from each of the diversification shiftsidentified in >50% of the
configurations in the posterior density of the macroevoultionary diversification analysis’,
in chronological sequence (oldest at the bottom). Collectively, these DTT plots show a
variety of increasing and decreasing trajectories that started at different times and mask
each other. Plotsin blue are nested in Superasteridag; red, in Rosidaet; green, in

Dioscoreidae; pink, in eudicots (outside Pentapetalae); and yellow, in Magnoliidae.

35



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

Methods
Taxonomic sampling, molecular data and phylogenetic analyses

The diversification study is based on a previously published, temporally-
calibrated phylogenetic tree of angiosperms'. The taxonomic sample includes 792
angiosperms; six gymnosperms representing Cycadophyta, Gnetophyta and Coniferae;
and afern belonging to Ophioglossaceae. The angiosperms belong to 374 families,
representing 87% of those recognized by the Angiosperm Phylogeny Website® in April
2013, and encompassing 99% of angiosperm total species-richness. The molecular data
are the concatenated sequences of three plastid protein-coding genes (atpB, rbcL and
matK) and two nuclear markers (18S and 26S nuclear ribosomal DNA), which together
form an alignment of 9089 base pairs (bp). We attempted to maximize data compl eteness
by including sequences of species of the same genus when sequences of the same species
were not available. When unavailable at the genus level, the sequence was left as missing
data. Separate alignments of the sequences of different markers were conducted with
MUSCLE v3.7%, followed by manual refinements with BIOEDIT v7.0.9.0% The
molecular data set is available in the DRY AD Digital Repository
(http://dx.doi.org/10._ /dryad. ).

Phylogenetic estimation was conducted with maximum likelihood (ML) in
RAXML v7.2.8%, The datawas divided into four partitions: first and second codon
positions of atpB plus rbcl; third codon positions of atpB plus rbcL; matK; and 18S plus
26S. Substitution parameters were estimated independently for each, using unlinked
GTRCAT models. Topological constraints were implemented to specify phylogenetic

relationships among major clades derived from an analysis based on alarger data
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matrix®. Trees were rooted by using the fern Ophioglossum as outgroup. One thousand
bootstrap replicates were implemented *.
Dating analyses

The ML phylogenetic tree was dated by combining a method derived from
quantitative pal eobiology to constrain the age of the angiosperm crown node®, with an
uncorrelated relaxed molecular clock to estimate dates within angiosperms®. Whereas the
angiosperm fossil record suggests the onset of arapid radiation of angiospermsin the
Lower Cretaceous, previous molecular clock studies provide contradictory estimates of
the age of their crown node'. The increasing diversity, abundance and geographical
distribution of angiosperm fossilsin Lower Cretaceous geological sequences, the order of
appearance of vegetative and reproductive morphological typesin the fossil record, and
the agreement between the order of appearance of major clades in stratigraphic sequences
and their branching position in molecular phylogenetic trees together indicate that, as a
whole, the fossil record provides reliable information about the timing of crown
angiosperm origin and diversification. Relaxed clocks are powerful tools to estimate
divergence times using molecular phylogenies, but, as with any model-based method,
model misspecification will derive in incorrect estimates. It has been shown that relaxed
clocks can substantially overestimate node ages when the amount of molecular
substitution rate heterogeneity is insufficiently accounted for®®*. A recent study
eval uating estimates of angiosperm Triassic (and older) ages® suggests that these ages
may be a consequence of complex interactions among substantial rate heterogeneity
around the onset the angiosperm crown group diversification, and the amount and choice

of sampled taxa.

37



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

Given the observed uncertain molecular estimates of crown angiosperm age, we
calculated a confidence interval on this age based on its fossil record®. To calculate this
confidence interval, we implemented a method that aims to date a molecular phylogenetic
tree with an absolute time scale extrapolated from a confidence interval of the age of the
lineage in the tree that has the most temporally-complete fossil record®. This method
consists of three steps: (1) identifying the calibration lineage, thisis, the phylogenetic
branch with the greatest overlap between its oldest fossil age and itslength in an
ultrametric tree estimated without fossil information; (2) calculating a confidence interval
that contains the true age of the calibration lineage; and (3) date the ultrametric tree with
an absolute time scale derived from the confidence interval calculated in the previous
step. Because our goal was to obtain an interval around the age of crown angiosperms,
we only applied the second step of this method. The minimal (youngest) limit of the
confidence interval is directly taken from the age of the oldest fossils of the lineage,
which, for angiosperms, are morphologically and ultrastructurally distinctive pollen
grains from Valanginian to Hauteriviain-age sediments (Early Cretaceous). We used the
age of the Valanginian-Hauterivian boundary (136 Ma™ * > *%) as the minimal age of the
interval (FA.). The maximal (oldest) limit of the interval (FA,) is calculated with

Equation 14 in Marshall, 2008,

_ FAcal

- nH/l_C !

where FA,, is the minimum age of theinterval (above), nisthe number of branchesin

FAc

the phylogenetic tree represented in the fossil record, H is the average number of fossil
localities from which each branch represented in the fossil record is known, and C isthe

desired level of confidence®. To calculate n, we pruned the phylogenetic tree estimated
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with RAXML (above) to leave a single terminal per angiosperm family, for atotal of 374
terminals. This tree was made ultrametric with the uncalibrated lognormal method in
BEAST v1.7.5%, assigning 100 time units to the angiosperm crown node. The BEAST
analysis consisted of four independent Markov chain Monte Carlo (MCMC) runsfor a
total of 65 x 10° steps, sampling one every 5000 steps. Convergence of the MCMCs was
evaluated with Tracer v1.5* and sampled trees and estimated parameters were
summarized with LogCombiner v1.7.5 and TreeAnnotator v1.7.5*. Through examination
the primary literature, we compiled afossil data base of angiosperm fossils, sorted by
their affinity to phylogenetically-recognized families. Using this data base — which
includes >3500 fossi| entries with geographical, geological and stratigraphical
information — we identified the angiosperm families that are reliably represented in the
fossil record. Asaresult, n = 123 branches in the ultrametric tree described above were
identified as being represented in the fossil record. The number of localities from which
each lineage represented in the fossil record is known is difficult to obtain, hence,
estimating H is not trivial. Assuming that each lineage represented in the fossil record is
known from asingle locality (H = 1) represents a conservative baseline for this
parameter®, as any higher magnitude for H would lead to younger age estimates for the
maximum age of the confidence interval. The interval was estimated at a 95% level of
confidence (C = 0.95). The calculated 95% confidence interval for crown angiosperm age
ranged from 136 to 139.35 Ma’.

Ages within angiosperms were estimated with the uncorrelated lognormal method
in BEAST v1.7.5*. The data were the alignment used in phylogenetic estimation (above)

divided into plastid and nuclear partitions. Unlinked GTR+I+G models, and independent
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uncorrelated relaxed clocks were applied to each partition. A Birth-Death model was
used as atree prior. The ML tree was made ultrametric with penalized likelihood® using
r8sv1.7.1* and TreePL*, and specified as starting tree. The root node, corresponding to
the seed plant crown node, was calibrated with a uniform distribution between 314 and
350 Ma, corresponding to the credibility interval of the age estimated for thisnodein a
previous analysis®™. A prior uniform distribution between 136 and 139.35 Mawas
assigned to the angiosperm crown node, corresponding to the 95% confidence interval
estimated for this node (above). The angiosperm fossil data base (above) was screened to
identify and select fossils that could provide reliable minimum ages within angiosperms.
One hundred and thirty six fossils were selected on the basis of reliable affinity to a
particular clade'. Assignment of fossils to nodes on the phylogenetic tree was derived
from morphological distinctive attributes, or, if available, their phylogenetic position. The
prior ages of the 136 calibrated nodes were obtained from lognormal distributionsin
which the mean was equal to the fossil age plus 10%, and a standard deviation of 1. The
calibration fossils, the attributes supporting clade affinity, their assignment to the stem or
the crown node of the clade, their stratigraphic position and age are discussed in detail in
the original dating study”, are available in the DRY AD digital repository
(http://dx.doi.org/10. _ /dryad. ). Theanalysis consisted of eight independent
MCMC runsfor atotal of 170 x 10° steps, sampling one every 5000. The initial 600 trees
from every run were excluded as burn-in. The outputs of the runs were analyzed with
Tracer v1.5*, and the estimated parameters were extracted with LogCombiner v1.7.5 and

TreeAnnotator v1.7.5%.
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Diversification Analyses

The macroevolutionary diversification dynamics of angiosperms were
investigated with the C++ programme Bayesian Analysis of Macroevolutionary Mixtures
(BAMM) v2.0%, which, through a compound Poisson Process implemented as areversible
jump Markov Chain Monte Carlo (rfMCMC), estimates major shifts in the rates of
speciation, extinction and diversification among the branches of a phylogenetic tree, and
through time. Post-run analyses were conducted with the R package BAMMtools v2.0%.

BAMM simulates a posterior distribution of shift configurations, each
corresponding to a particular combination of a number shifts (increases and decreasesin
diversification, speciation or extinction), and their phylogenetic and temporal placement
among the branches of the tree. Given the posterior sample of shift configurations derived
from the fMCMC, it is possible to eval uate those contained in the 95% credible set, the
one with the overall highest posterior probability (PP, i.e., the best configuration), the one
that maximizes the marginal probability of rate shifts along individual branches (i.e., the
MSC configuration), or obtain a phylorate plot in which the rate of speciation, extinction
or diversification averaged across al the configurations in the posterior distribution is
plotted on each time unit on each branch®. BAMM uses Bayes Factor as a robust
measure to distinguish between core and non-core shifts. Whereas non-core shifts are
expected given the prior distribution (which ultimately depends on branch lengths), core
shifts represent meaningful changesin the rate of speciation, extinction or diversification
that are independent of prior probability™.

The angiosperm dated tree described above was used as input phylogeny, in

which branch lengths correspond to absolute time in million-year units. BAMM was set
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to conduct a speciation-extinction analysis. Priors on rate parameters were scaled to our
dated tree using the setBAMMpriors function in BAMMtools. The exponential prior on
the rate parameter of the Poisson process (poissonRatePrior), which determines the
number and placement of shifts, was set to 0.2, following indications in BAMMtools
documentation, and after empirically noticing that a higher value (1.0, recommended for
<500 terminals) resulted in avery small number of shifts. The rate parameter of the
exponential priorsfor theinitial speciation and extinction values (lambdal nitPrior and
mulnitPrior) were both set to 2.35509851913498. The prior for the standard deviation of
the normal distribution (mean fixed at zero) of the speciation shift parameter for rate
regimes (lambdaShiftPrior) was set to 0.00825917607422974. Constant diversification
rate branch segments were made of 3 Ma by setting the seglL ength parameter at
0.02152148, given a crown node age of 139.3956 Ma. Rates were allowed to vary
through time (lambdalsTimeV ariablePrior = 1). The prior distribution of rate shifts was
simulated (simulatePriorShifts = 1), to alow estimation of Bayes Factors associated with
rate shifts.

Non-random incomplete taxon sampling of full angiosperm diversity was
accounted for by indicating that clade-specific sampling probabilities would be used, and
by specifying the sampled fraction of cladesin the tree. Most of the clades correspond to
angiosperm families recognized in the Angiosperm Phylogeny Websitein April, 20138,
with the total number of speciesin each family obtained from this same source. Families
not represented in the dated tree were accounted for by aggregating their species-richness
to that of their sister clade, according to relationships in the Angiosperm Phylogeny

Website. Following BAMMtools documentation, for each terminal in the tree, we
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specified the represented fraction of the clade to which it belongs by dividing the total
species-richness of the clade (i.e., afamily or afamily plus non-represented sister
families) by the number of terminals belonging to that clade. The backbone of the
phylogeny was fully sampled. The total species richness of cladesin thetree, their
composition and the sampling fraction, indicated on each terminal, are available in the
DRYAD Digital Repository (http://dx.doi.org/10.  /dryad. ).

The MCMC simulation consisted of 300 x 10° steps, in which one shift
configuration was sampled every 200,000 steps. The configurations sampled in theinitial
10% of the MCMC were discarded as burn-in, hence the total number of analysed
posterior samplesis 1,351. The input tree and control file, and output event data of the
BAMM analysis are available in the DRY AD Digital Repository
(http://dx.doi.org/10._ /dryad. ). The MCMC achieved convergence, and the
effective sample size was 904.24. The posterior 95% credible set contains 1,253
configurations. While each of them has alow PP, the PP of the best istwice as high as
that of the second-best (0.0059 and 0.0030, respectively; Extended Data Figure 3).

We calculated the phylorate plot (Fig. 1), and identified the best and the MSC
configurations (Extended Data Figures 1-2). We identified the shifts found in all the
configurations in the posterior distribution, and sorted them by their frequency of
occurrence. The frequency distribution of shifts among configurations has the shape of a
hollow curve, in which few shifts appear in many configurations, and the great magjority
appear in very few (Extended Data Figure 4). We chose to discuss those shifts that occur
in 50% or more of the configurations (shown in Fig. 1) because they correspond almost

exactly with those found in the best configuration and in the MSC configuration
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(Extended Data Figures 1-2); and because all are identified as core shifts according to

their associated Bayes Factor (Extended Data Figure 5). The total number of shifts

detected in the posterior set of configurationsis 1030, but only 17 occur in =50% of them

(Extended Data Table 2). For every branch in which a shift was detected we extracted the

age of the shift in all the configurationsin which it was detected, and obtained the mean,

minimal and maximal shift age (Fig. 1, Extended Data Tables 1, 2).
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Material Suplementario

Extended Data Table 1. Mgor rate shifts within angiosperms. Seventeen significant
diversification shifts detected in >50% of configurationsin the posterior distribution of
the macroevolutionary diversification analysis conducted with BAMM?*, in chronological
order. Angiosperms as awhole are also included (top row). The total diversity of each
cladeisindicated, as well as the frequency (%) with which it was detected among the
configurations in the posterior distribution. The mean age and temporal range of each
shift were obtained by extracting and summarizing individual ages from al the
configurations in which a given shift was detected. The mean speciation and extinction
rates for shift clades and for angiosperms as a whole, and their 95% highest posterior
density (HPD), were estimated with BAMM . Unless otherwise indicated, clade names are
according to Cantino et al. 2007*" or Stevens 2013%. Superasteridae isin the sense of
Soltis et a. 2011%°. Rosidae+ includes Rosidae and Vitales. The clade here named
Dioscoreidae includes Dioscoreal es, Pandanales, Liliales, Asparagales and
Commelinidae. Ranuncul aceaet+ includes Ranuncul aceae, Berberidaceae and
Menispermaceae. Lamiidae pp (pro parte) includes Gentianales, Solanales, Boraginales
and Lamiales. Montiniaceae+ includes Montiniaceae, Sphenocleaceae and Hydroleaceae.
Euphorbiaceae includes Rafflesiaceae. Apiaes pp includes Pittosporaceae, Araliaceae,
Myodocarpaceae and Apiaceae. Asteraceae+ includes Goodeniaceae, Calyceraceae and
Asteraceae. Celastraceae excludes Parnassia. Core Lauraceae corresponds to the clade

that includes Cinnamomum, Laurus, and Sassafras.

Clade Diversity | Freq. Shift Mean Age Speciation (95% Extinction (95%
(%) (max-min) HPD) HPD)
in Ma
Angiospermae 276,776 0.1505 0.0886
(0.1205-0.1840) (0.0564-0.1253)
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Superasteridae | 111,758 | 56.81 | 123.16 0.1696 0.1000
(123.73-122.58) (0.1275-0.2338) (0.0541-0.1699)
Rosi dae+ 81,498 | 73.11 | 121.88 0.1760 0.1087
(122.40-121.29) (0.1172-0.2549) (0.0422-0.1946)
Dioscoreidae | 59,994 | 77.48 | 121.68 0.1432 0.0715
(123.52-119.77) (0.0937-0.2269) (0.0155-0.1620)
Ranunculaceae+ | 3,668 91.85 | 94.25 0.2381 0.1639
(98.19-89.94) (0.0969-0.5086) (0.0114-0.4473)
Lamiidae pp 50,437 | 98.07 | 91.24 0.2673 0.1588 (0.0277-
(92.68-89.75) (0.1458-0.5000) 0.3990)
Fabaceae 19,500 | 83.33 | 88.34 0.3975 0.2955
(92.14-84.77) (0.1711-0.8193) (0.0529-0.7279)
Dipsacales 1,090 9141 | 76.93 0.2902 0.2073
(81.84-70.95) (0.1245-0.5880) (0.0228-0.5317)
Montiniaceae+ | 19 99.26 | 75.50 0.0689 0.0503
(79.24-72.05) (0.0194-0.2136) (0.0030-0.2020)
Euphorbiaceae | 5,755 79.56 | 69.03 0.3997 0.2873
(74.21-61.92) (0.1573-0.8410) (0.0224-0.7589)
Apiales pp 5,449 94.30 | 66.91 0.4160 0.2998
(70.53-63.39) (0.2036-0.7967) (0.0695-0.6955)
Asteraceae+ 24090 | 9548 | 61.97 0.5597 0.4001
(68.26-57.05) (0.2642-0.9485) (0.0945-0.7999)
Campanulacese | 2,380 98.30 | 57.56 0.3273 0.2077
(76.02-45.59) (0.1346-0.6959) (0.2077-0.5945)
Celastraceae 1,349 57.48 | 55.83 0.3442 0.2497
(68.52-42.86) (0.1146-0.8192) (0.0323-0.7420)
Poaceae 11,337 | 84.67 | 50.07 0.7178 (0.1061- 0.5784
(58.57-39.79) 1.4618) (0.0239-1.3169)
Piperaceae 3,615 62.07 | 48.06 0.1826 0.0878 (0.0056-
(65.41-39.35) (0.0363- 0.5210) 0.4033)
Malvaceae 4,225 67.19 | 43.94 0.4245 0.2813 (0.0225-
(59.74-33.31) (0.1161- 0.9868) 0.8370)
Core Lauraceae | 2,500 7215 | 14.65 0.2549 0.1288

(79.98-10.02)

(0.0495- 0.6172)

(0.0119-0.4744)
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Extended Data Table 2. Rate shifts present in >10% of sampled configurations. Rate

shifts found in =10% of configurations in the posterior distribution, including the mean,

minimum and maximum age of each shift. The frequency indicates the number of treesin

which the shift was detected (PP freq), out of atotal of 1351 sampled configurations, and

the percentage that these configurations represent (% configurations). The total number

of shifts detected in all sampled configurationsis 1,030, but only 33 (shown) are found in

>10% of the trees, and only 17 (shaded) are found in =50% of the trees. Unless otherwise

indicated, clade names are according to Cantino et al. (2007)?” and Stevens (2013)2.

Superasteridae isin the sense of Soltis et al. (2011)*. Rosidae+ includes Rosidae and

Vitales. The clade here named Dioscoreidae includes Dioscoreal es, Pandanales, Liliales,

Asparagales and Commelinidae. Ranunculaceae+ includes Ranuncul aceae, Berberidaceae

and Menispermaceae. Lamiidae pro parte (pp) includes Gentianales, Solanales,

Boraginales and Lamiales. Montiniaceae+ includes Montiniaceae, Sphenocleaceae and

Hydroleaceae. Euphorbiaceae includes Rafflesiaceae (unsampled). Apiales pp includes

Pittosporaceae, Araliaceae, Myodocarpaceae and Apiaceae. Asteraceae+ includes

Goodeniaceae, Calyceraceae and Asteraceae. Celastraceae excludes Parnassia. Core

L auraceae corresponds to the clade that includes Cinnamomum, Laurus, and Sassafras.

Node Shift Clade Mean Min Max PP %
Number Age Age Age Freq | Configurations
1289 Montiniaceae+ 75.50 7205 |79.24 1340 [99.26
1220 Campanulaceae 57.56 4559 |76.02 1327 |98.30
1243 Lamiidae pp 91.24 89.75 |92.68 1324 | 98.07
1194 Asteraceae+ 61.97 57.05 |68.26 1289 |95.48
1159 Apiaespp 66.91 63.38 |70.53 1273 | 94.30
1418 Ranuncul aceae+ 94.25 89.94 |98.19 1240 |91.85
1128 Dipsacales 76.93 7095 |81.84 1234 9141
1450 Poaceae 50.07 39.79 |58.57 1143 | 84.67
1007 Fabaceae 88.34 84.77 |92.14 1125 [83.33
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821 Euphorbiaceae 69.03 61.92 |7421 |1074 |79.56
1439 Dioscoreidae 121.68 |119.77 |123.52 [1046 |77.48
806 Rosidae+ 121.88 [121.29 |122.40 |987 73.11
1542 Core Lauraceae 14.65 10.02 [79.98 |974 72.15
1045 Malvaceae 43.94 3331 |59.74 |907 67.19
1564 Piperaceae 48.06 39.35 |6541 |838 62.07
956 Celastraceae 55.83 4286 |6852 |776 57.48
1117 Superasteridae 123.16 |122.58 |123.73 |767 56.81
1098 Crassulaceae 74.20 60.69 |95.37 |613 45.41
466 Plocospermataceae 38.91 2.64 76.90 503 37.26
1484 Asparagales pp 84.81 80.70 |88.94 |432 32.00
1502 Orchidaceae 74.92 59.96 |108.17 |421 31.19
1303 Ericales 108.08 | 10359 |112.34 (380 28.15
796 M esangiospermae 136.78 | 135.92 |137.69 |296 21.93
807 Rosidae 120.04 |11859 [121.26 |269 19.93
822 Euphorbiaceae minus 59.56 57.13 |61.86 |269 19.93
Neoscotechinia
794 All angiosperms except 139.18 | 138.97 [139.39 |248 18.37
Amborella
1476 Arecales 64.03 4942 |97.68 |197 14.59
792 Amborellaceae 52.12 4.09 138.31 |172 12.74
1008 Fabaceae pp 81.19 7796 |84.76 |171 12.67
1118 Santalales-Asteridae 12195 |121.39 |122.58 |168 12.44
1379 Amaranthaceae 51.23 4374 |63.82 |150 1111
462 Tetrachondraceae 31.94 2.07 66.51 |138 10.22
1323 Ebenaceae-Primulaceae 90.38 87.00 |94.34 |135 10.00
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Extended Data Figure 1. Best rate shift configuration. Rate shift configuration with

maximum a posteriori (MAP) probability, corresponding to the overall best set of rate
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shifts. It includes 18 rate shifts. Seventeen of these shifts, (A-Q; white letters inside black
circles), are those detected in >50% of configurations in the posterior distribution (Figs.
1-2; Extended Data Table 1). An additional shift (R; black letter inside awhite circle)
was found in <50% of configurations in the posterior distribution. Branch colours
indicate diversification rate (cold colours= low rates; warm colours=high rates). Shift
clade are as follows: (A) Superasteridae® (including Dilleniales, Santalales,
Berberidopsidales, Caryophyllales and Asteridag); (B) Rosidaet (including Vitales and
Rosidae); (C) Dioscoreidae (including Dioscoreales, Liliales, Asparagales, and
Commelinidae); (D) Ranuculaceae+ (including Ranunculaceae, Berberidaceae and
Menispermaceae); (E) Lamiidae pro parte (pp, including Gentianales, Solanales,
Boraginales and Lamiales); (F) Fabaceage; (G) Dipsacales; (H) Montiniaceaet+ (including
Montiniaceae, Sphenocleaceae and Hydroleaceage); (1) Euphorbiaceae; (J) Apiaes pp
(including Pittosporaceae, Araliaceae, Myodocarpaceae and Apiaceae); (K) Asteraceae+
(including Goodeniaceae, Calyceraceae and Asteraceae); (L) Campanulaceae; (M)
Celastraceae; (N) Poaceae; (O) Piperaceae; (P) Malvaceae; (Q) core Lauraceae; and (R)
Crassulaceae. Unless otherwise indicated, clade names are based on Cantino et al. 2007

and Stevens 20138,
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Extended Data Figure 2. Maximum shift credibility (MSC) configuration. Rate shift

configuration that maximizes the marginal probability of rate shifts along individual
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branches. This configuration contains seventeen shifts. Sixteen of these shifts (A-L, N-Q;
white lettersin black circles) are found in >50% of configurations in the posterior
distribution. One shift (R; black letter inside awhite circle) was found in <50% of
configurations in the posterior distribution. Branch colours indicate diversification rate
(cold colours= low rates; warm colours=high rates). Shift clade are asfollows: (A)
Superasteridae® (including Dilleniales, Santalales, Berberidopsidales, Caryophyllales and
Asteridae); (B) Rosidaet (including Vitales and Rosidae); (C) Dioscoreidae (including
Dioscoreales, Liliales, Asparagales, and Commelinidag); (D) Ranuculaceaet (including
Ranuncul aceae, Berberidaceae and Menispermaceae); (E) Lamiidae pro parte (pp,
including Gentianal es, Solanales, Boraginales and Lamiales); (F) Fabaceae; (G)
Dipsacales; (H) Montiniaceaet+ (including Montiniaceae, Sphenocleaceae and
Hydroelaceae); (1) Euphorbiaceae; (J) Apiales pp (including Pittosporaceae, Araliaceae,
Myodocarpaceae and Apiaceae); (K) Asteraceae+ (including Goodeniaceae,
Calyceraceae and Asteraceae); (L) Campanulaceae; (N) Poaceage; (O) Piperaceae; (P)
Malvaceae; (Q) core Lauraceae; and (R) Crassulaceae. Unless otherwise indicated, clade

names are based on Cantino et al. 2007%" and Stevens 20138,
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Extended Data Figure 3. Nine best shift configurations. The macroevoutionary
diversification analysis conducted with BAMM simulated a posterior distribution of shift

configurations, each corresponding to a particular combination of number, phylogenetic
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placement and temporal placement of diversification shifts. The 95% credible set of the
posterior distribution of angiosperm diversification shifts contains 1253 distinct
configurations. The nine configurations with the highest posterior probability are shown,
including their associated posterior probability (f). In each configuration, red circles
indicate diversification acceleration, and blue circles indicate diversification decreases.
The diameter of the circleis proportional to the marginal probability that a shift occurs on
that specific branch. Branch colours indicate diversification rate (cold colours= low rates;
warm colours=high rates). The posterior probability of the best configuration (top left) is

approximately twice as high as that of the second-best configuration (top center).
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Extended Data Figure 4. Frequency distribution of shiftsin configurations. The
frequency distribution of shiftsin all configurations has the shape of a hollow curve, in
which few shifts appear in many configurations, and the great majority appear in very
few. The total number of shifts detected in the posterior set of configurationsis 1013, but

only 17 occur in =50% of them (Extended Data Table 1).
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Extended Data Figure 5. Bayes Factor tree. Phylogenetic tree with branch lengths
proportional to Bayes Factor associated with a rate shift on that branch. Bayes Factors

provide a measure of the occurrence of a rate shift on a particular branch that is
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independent of prior rate shift probabilities. Named or numbered clades are subtended by
branches with high Bayes Factors: (1) all angiosperms except Amborella; (2)

M esangiospermae; (3) Superasteridae excluding Dilleniales; (4) Rosidae. Note that
branches subtending Lamiidae pp and Montiniaceae+ were graphically shortened to fit

the page.

63



CAPITULO 2
DIVERSIFICACION DE FOUQUIERIA (FOUQUIERIACEAE,

ERICALES) EN LOS DESIERTOS NORTEAMERICANOS
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Summary

- Arid biomes are particularly prominent in the Neotropics providing some of its most
emblematic landscapes and a substantial part of its species diversity. To understand the
evolutionary processes underlying speciation in Mexican Deserts, we studied the
diversification of Fouquieria, which includes eleven species, al endemic to the warm
deserts and dry subtropical regions of North America.

- Using a phylogeny from plastid DNA sequences with samples of individuals from
populations of all recognized Fouquieria species, we estimate divergence times, test for
heterogeneity in temporal diversification, geographical structure, and conduct ancestral
area reconstruction.

- Fouquieria is an ancient lineage that diverged from Polemoniaceae ca. 86 Ma. A Mio-
Pliocene diversification of Fouquieria, associated with Neogene orogenesis underlying
the early development of regional desertsis strongly supported.

- Tests of temporal diversification heterogeneity indicate that during most of its
evolutionary history, Fouquieria maintained a negative diversification rate involving
higher extinction than speciation. Explanations for the lack of fossil record during this
period are discussed.

- From the late Miocene onwards, Fouquieria underwent substantial diversification
change, involving high speciation decreasing to the present and negligible extinction,
which is congruent with the scant fossil record. Geographic phylogenetic structure and
the pattern of most sister species inhabiting different desert nuclei suggest that isolation

by distance could be the main driver of speciation.
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Introduction
Arid biomes, from dry xerophytic scrubs to seasonally dry forests, are particularly
prominent in North America, providing some of its most emblematic landscapes and a
substantial part of its species diversity. North American regional deserts have a complex
biogeographic history. It isthought they have been modelled by the influence of several
vicariant events that have affected the assembly and diversification of the xerophytic
biota (Findley, 1969; Hubbard, 1973; Morafka, 1977; Ortega-Gutiérrez & Guerrero-
Garcia, 1982; Murphy, 1983; Grismer, 1994; Riddle, 1995; Upton & Murphy, 1997;
Murphy & Aguirre Leon, 2002; Riddle & Hafner, 2006; Hafner & Riddle, 2011). Given
their actual distribution, biotic composition, endemism and the underlying dynamic
climatic and geological history, North American deserts provide an excellent system to
test hypotheses about macroevolutionary processes and biogeographical patterns that
characterize the biological diversity that inhabit them.

Mexico accounts for two of the warm desert regions recognized by Shreve (1942)
— the Sonoran Desert and the Chihuahuan Desert — the latter including associated regions,
mainly in the Mesquital Valley in the state of Hidalgo, and in the Tehuacan-Cuicatlan
Valley in the states of Puebla and Oaxaca. Also, several semidesert relicts designed as
arid tropical scrub by Leopold (1950) occur in the states of Jalisco, Guerrero, Michoacan,
Morelos, Puebla and Oaxaca. Mexican deserts are characterized by a high number of
endemic plant and animal species (e.g., Rzedowski, 1993; Krings, 2000; Hernandez et
al., 2001; McCain 2003; Hafner & Riddle, 2005, 2011; Riddle & Hafner, 2006; Wilson &

Pitts, 2010a; Hernandez & GoOmez-Hinostrosa, 2011; Sosa & De-Nova, 2012).
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There has been profound interest in understanding how North American deserts
originated. Axelrod (1979, 1983) suggested these biomes developed in local dry sites
during the Tertiary aridification trend, drawing species preadapted to aridity from boreal
shrub-steppes, Great Plain grasslands, Mexican highlands, Sinaloan thornscrub, and
Cdlifornian chaparral. According to the fossil record, taxa preadapted to arid conditions
existed in floras as old as the Middle Eocene (e.g., Green River Flora of Colorado and
Utah), and are abundant in the late Miocene Mint Canyon Flora (Graham, 2010). As arid
conditions expanded after the middle of the Miocene, these older elements could
represent areservoir from which the tropical dry forest and desert vegetation were
assembled (eg. Bursera: De-Novaet al., 2012; Tiquilia: Moore & Jansen, 2006;
Leucophyllum: Gandara & Sosa, 2014; Cactaceae: Hernandez et al., 2014).

Graham (2010) indicates that the modern version of the North America dry
vegetation appeared primarily approximately around the Miocene-Pliocene boundary,
and became modernized during the dry intervals of the Quaternary period. The author
also considered that, to trace the origin of the Mexican dry vegetation, the following are
important factors: 1) the availability of lineages preadapted to seasonally dry
environments; 2) the spread of these environments beginning at approximately the end of
the early Miocene; 3) continentality, promoted by the lowering sealevels and rising
landmasses; 4) rain shadows, promoted by the orogeny that augments trends toward
stationally dry climates; and 5) increasing edaphic aridity through generation of coarse
soils.

Vicariant analyses (e.g., Riddle & Hafner, 2006; Wilson & Pitts, 2010b; Hafner &

Riddle, 2011) trace the biotic history of North American deserts to the late Miocene or
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Pliocene, associated to tectonic events that provided physical conditions for the
development of regional deserts (e.g., mountain and plateau uplifting, rifting along major
fault systems). Alternatively, North American desert biota may derive from Pleistocene
climatic oscillations that caused disunct desert refugia during pluvial periods. Full
regional deserts apparently formed during interglacial periods, but with different times of
area reduction and separation. Thus, sister taxa that occupy different regional deserts
might share common ancestry at one of at least two different ages, each defined by a
qualitatively different set of potential isolating processes: either older, in late Miocene to
late Pliocene vicariant events, in response to Neogene orogenesis; or more recently, in
Pleistocene vicariance and dispersion events, associated to Quaternary climate cycles.
Here we study the diversification of Fouquieria, the sole genus in Fouquieriaceae
(Ericales), which includes eleven species, all endemic to the warm deserts and dry
subtropical regions of North America (Henrikson, 1972). Only Fouquieria splendensis
broadly distributed, occupying the Peninsular Baja Californian, Sonoran, and Chihuahuan
Deserts. Four species have arelatively wide distribution but are restricted to asingle
regional desert: F. diguetii and F. columnarisin the Peninsular Baja California Desert, F.
macdougalii in the Sonoran Desert, and F. formosa broadly distributed in the semidesert
relicts in Southwestern Mexico. Six species are narrow endemics:. F. burragei, found in a
few restricted sites of the Peninsular Baja California Desert; F. fasciculata found in the
drier parts of the state of Hidalgo; F. leonilae, and F. ochoterenae in some of the relictual
semidesertsin SW Mexico in the states of Guerrero, Morelos, and Puebla; F. purpusii
restricted to the driest portion of the Tehuacan-Cuicatlan Desert; and the gypsophilic F.

shrevei, in afew localities of the Chihuahuan Desert in Coahuila
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Previous phylogenetic studies revealed that family Fouquieriaceae is sister to
Polemoniaceae (Bremer et al., 2002; Schénenberger et al., 2005, 2010; Sytsmaet al.,
2006). Relationships inside the family were analysed by Schultheis and Baldwin (1999)
using the ribosomal DNA (rDNA) intergenic transcribed spacer (ITS) region, but they did
not find enough variation, and the estimated phylogeny was incompletely resolved.

Our study addresses severa questions relating to the diversification and
biogeographic history of the genus Fouquieria. We combine extensive sampling, which
is analysed to estimate arobust hypothesis of phylogenetic relationships among the
speciesin Fouquieria. To document the diversification process of Fouquieria, we
estimated the speciation and extinction dynamics of the lineage since its separation from
Polemoniaceae to the present. In addition, we conducted ancestral area reconstruction and
we evaluated geographic phylogenetic structure.

We investigate whether the diversification underlying the living species of
Fouquieria is arecent radiation, or a process that extends over along time. In particular,
we contrast the hypotheses of a) a Mio-Pliocene diversification associated with Neogene
orogenesis related to the early development of regional deserts, vs. b) Pleistocene
diversification promoting vicariance and dispersion associated to Quaternary climate

cycles.

Materials and Methods

Taxaand Data
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We collected 79 samples that represent the 11 species of Fouquieria throughout their
distributions, mainly in Mexico. We used representatives of genera Camellia (Theaceae),
Ilex (Aquifoliaceae), and Vaccinum (Ericaceae) within Ericales as outgroup.

Data for phylogenetic analyses are the plastid DNA sequences of the ndhF-rpl 32
intergenic spacer, rpl14-rps8-infA-rpl36 region, rpl32-trnL intergenic spacer, and the

3 rpsle-5'trnK intergenic spacer. DNA was extracted from leaf tissue using the DNeasy
Plant Mini Kit (Qiagen, Vaencia, California, USA). Polymerase chain reaction (PCR)
and sequencing followed Shaw et al. (2007). Previously published and newly generated
sequences were combined (see Supporting Information, Table S1). Sequence alignments
are available in TreeBase (http://purl.org/phyl o/treebase/phylows/study/TB2: S1954672x-

access-code=88aefbe25cef 3fdac73142b51fal2613& format=html).

Phylogenetic Analyses

The sequences of each locus were aligned with MUSCLE (Edgar, 2004), and
subsequently adjusted by eye using Se-Al v.2.0all Carbon (Rambaut, 2002). The best-fit
substitution model for each locus was identified with the Akaike Information Criterion
(AIC) implemented in Model Test v3.06 (Posada & Crandall, 1998).

Maximum likelihood analyses were performed in RAXML v.7.0.4 (Stamatakis, 2006).
We implemented an independent general time reversible model (GTR) and agamma
distribution to account for among-site rate variation for each data partition, and 1,000
nonparametric bootstrap replicates to assess nodal support. We set 25 rate categories for
the gamma distribution for each locus in the single locus analyses and for each partition

in the concatenated matrix analyses because an exploratory analysisin RAXML showed
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this number of categories lead to improved likelihood values. The ML tree was selected
from the set of resulting trees on each search. We considered those nodes with >70%

bootstrap support as being strongly supported (Hillis & Bull, 1993; Felsenstein, 2004).

Divergence Time Estimation

Estimation of divergence times among Fouquieria species was done in two steps. First,
the age of steem and crown group in Fouquieria was estimated by using a phylogenetic
tree derived from ML analysis of plastid DNA sequences (atpB, matK, and rbcL regions),
and 18S and 26S nuclear ribosomal DNA for 83 species representing the main order-level
clades within eudicots, with special emphasis on Ericales. Ceratophyllum
(Ceratophyllaceae) was used as outgroup (Table S2). The crown node of Fouquieria was
sampled by including Fouquieria columnaris, F. fasciculata, and F. splendens. Eudicot
clades were constrained with fossil-derived minimum ages, and the tree was calibrated
using the earliest fossil occurrence of tricolpate pollen grains (Hughes & McDougall,
1990; Doyle & Hotton, 1991) to constrain the eudicot stem node. Ages were estimated
with the uncorrelated lognormal relaxed clock availablein BEAST v1.4.8 (Drummond &
Rambaut, 2007).

In the second step, the credibility interval of the Fouquieria crown node estimated
in the first analysis was implemented as a prior for the root height of the Fouquieria
phylogram (see above), and used to estimate divergence times within Fouquieria. Two
internal nodes were constrained with fossil-derived minimum ages. First, a megafossil
assignable to Fouquieria splendens from the Late Miocene Mint Canyon California

formation (Graham, 2010), was used to assign a 5.4 Maminimum age to a clade that
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includes the woody species of Fouquieria (F. burragei, F. diguetii, F. formosa, F.
leonilae, F. macdougalii, F. ochoterenae, F. shrevel, and F. splendens), which we
hereafter refer to as the woody clade. Second, Van Devender (1990a, 1990b) and Van
Devender et a. (1994) recognized plant fragments of F. columnarisin Quaternary (ca.
2.6 Ma) packrat middens, which we use to assign a minimum age to the stem node of this

Species.

Diversification Rate Analyses

We investigated Fouquieria’ s long-term diversification dynamics using a likelihood-
based model-fitting method from an R package for Phylogenetic Analyses of
DiversificAtion (RPANDA; Morlon et al., 2011, 2016), which simultaneously
accommodates undersampling of extant taxa, declining or increasing diversification rate
variation through time and among groups and potential periods of negative
diversification, i.e., when extinction events are more common than speciation ones. The
method can evaluate diversification dynamics of an entire phylogenetic tree, of a priori
selected clades, or of paraphyletic groups. Nevertheless, the method is not designed to
automatically identify significant diversification rate changes among clades. To facilitate
thisanalysis, it is necessary to obtain independent evidence of clades that might have
undergone important diversification rate shifts. To accomplish this, we used the Birth-
Death Likelihood method (BDL ; Rabosky, 2006a) and Bayesian Analysis of
Macroevolutionary Mixtures software (BAMM; Rabosky, 2014, 2016).

BDL isalikelihood method that can identify significant diversification shifts through a

lineage' s evolution. It selects among temporally constant or variable models, and models
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that include or exclude extinction (i.e., birth-death or pure birth). It estimates the
likelihood of arate change through time, and provides estimates of diversification rates
during each period. We conducted this test on al Fouquieria, thisis, from the separation
of Fouquieria’s stem lineage from its extant sister group, Polemoniaceae, 85.48 Ma, to
the present. We selected the best-fitting model among several that differ by (1) being
rate-constant or rate-variable through time; (2) allowing one or two temporal rate
changes; and (3) encompassing extinction or not (Rabosky 2006a, 2006b). Model
selection is based on the difference in AIC scores between the best-fitting rate-constant

and rate-variable models (AAICy.). Thistest was conducted using yuleSim to determine

the significance of the observed AAICy. statistic by simulating 1,000 trees with the same
number of taxa as in the input tree and the speciation rate obtained under the pure-birth
model. The BDL method was implemented with LASER v2.3 (Rabosky, 2006b), using a
lineage through time (LTT) plot of Fouquieria species mean ages derived from the dated
phylogeny obtained with BEAST.

BAMM uses a compound Poisson process (implemented through areversible jump
Markov Chain Monte Carlo, rjiMCMC) to identify significant diversification (speciation
and extinction) shifts among branches in a phylogenetic tree and along each branch
through time. It generates a credible set of shift configurations, each representing a
particular number of shiftsin the tree on particular phylogenetic branches. A phylorate
plot shows diversification rate values averaged across all the configurationsin the
posterior distribution for each time unit along each branch of the phylogeny. To
distinguish between significant and negligible shifts, BAMM estimates the marginal odds

ratio of arate shift on each branch. We ran 10 million generationsin BAMM 2.5.0
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(Rabosky, 2016). Priors were obtained by implementing the setBAMM priors function in
the BAMMtools v2.5.0 package (Rabosky, 2016) as follows: expectedNumberOf Shifts =
1.0; lambdal nitPrior = 10.0291415949617; lambdaShiftPrior = 0.0134676466318751;
and mulnitPrior = 10.0291415949617. We repeated the analysis by doubling the prior on
the expected number of shifts, but the results were equal. The phylogenetic tree was the
Fouquieria chronogram modified to include a single terminal per species, and inserting a
branch for Polemoniaceae, with the divergence time between the two families estimated
in the eudicot-wide analysisin BEAST (above). Polemoniaceae species-richness was
obtained from The Plant List (http://www.theplantlist.org/). The sampling probability of
each Fouquieria species was specified as 1, and for Polemoniaceae, 1/455. The

seglL ength parameter was adjusted so that each unit time was 3 Ma.

Considering the diversification rate shifts detected by BDL and BAMM (see Results), we
implemented the birth-death models from RPANDA using the fit_bd function (Morlon et
al. 2016) to estimate long-term diversification dynamics, and particularly to evaluate the
presence of extinction along Fouquieria’s stem lineage. We conducted two RPANDA
analyses. one applied to all Fouquieria and another applied only to its crown group. In
both analyses, we evaluated a diversification dynamics shift associated to the woody
clade (see Results) and compared four different diversification dynamics: (1) constant
speciation and extinction, (2) variable speciation and constant extinction, (3) constant
speciation and variable extinction, and (4) variable speciation and extinction, considering
linear and exponential variation in rates in variable models. with the second order

(corrected) Akaike information criterion (AlCc) for small sample sizes (Burnham &
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Anderson, 2002). All analyses were performed in R (R Core Development Team, 2011),

with scripts provided by F. Condamine (CNRS, France).

Ancestral Area Reconstruction

The geographical distribution range of Fouquieria was divided in six areas. (1) Sonoran
Desert, (2) Bgja California Peninsular Desert, (3) Chihuahuan Desert, (4) Hidalguense
Desert, (5) Tehuacan-Cuicatlan Desert and (6) Southwestern semidesert relicts. To infer
ancestral areas, the Bayesian Binary MCMC (BBM) analysis approach was followed
(implemented in Reconstruct Ancestral Statesin Phylogenies[RASP 2.1]; Yu et al.,
2014) using the 20,000 post-burn-in trees from the Bayesian inference analyses run in
BEAST to estimate the >0.50 posterior probability of each node. The number of areas
was kept at 5.

The possible ancestral ranges at each node were estimated on the chronogram
derived from the maximum clade credibility tree estimated with the uncorrelated
lognormal method in BEAST. Four MCMC chains were run simultaneously for 5 million
generations and the reconstructed state was sampled every 1,000 generations. The JC + G

(Jukes-Cantor + Gamma) model was fixed in BBM analysis with anull root distribution.

Geographic Phylogenetic Structure
The degree of geographic structure in the phylogeny was estimated using the isolation by
distance approach, taken from population genetics (e.g., Grefen et al., 2004), but applied

to clades, asin Schrire et al. (2009). The isolation by distance hypothesis predicts a
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positive relationship between geographic and phylogenetic distances when other
ecological determinants do not structure genetic variation.

The geographical structure of the Fouquieria phylogeny was quantified using a
Mantel regression approach with Euclidean geographical distances between pairwise
comparisons of terminal taxa as the predictor variable and phylogenetic distance

measured as the branch lengthsin the ML phylogram as the response variable.

Results

Sequence Characteristics and Phylogeny Estimation

The combined molecular dataset consisted of the concatenated sequences of four
molecular markers (4,157 aligned nucleotide positions) of 79 individuals belonging to the
eleven recognized species of Fouquieria.

We identified ten well-supported phylogroups within Fouquieria (Fig.1,
Supporting Information Fig. S1), nine of them corresponding to Fouquieria columnaris,
F. fasciculata, F. formosa, F. leonilae, F. macdougalii, F. ochoterenae, F. purpusii, F.
shrevel, and F. splendens and the remaining one corresponding to alineage that included
individuals from the putative species F. diguetii and F. burragei, with unresolved
relationships among them. In the resulting phylogenetic tree, the earliest-diverging
branch leads to F. columnaris and the second branch, to the sister pair F. fasciculata and
F. purpusii. We refer to these branches as the “ early succulent grade”. Then, thereisa
woody clade that contains F. burragei, F. diguetii, F. formosa, F. leonilae, F.

macdougalii, F. ochoterenae, F. shrevei, and F. splendens (Fig.1).
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Divergence Times Estimation

The uncorrelated lognormal dating analyses in BEAST based on plastid and nuclear
sequences for a representative sample of eudicot lineages resulted in an effective sample
size (ESS) >300 for all estimated parameters indicating adequate estimations. The mean
age of the split between extant Fouquieria and its sister lineage Polemoniaceaeis
estimated as 85.48 Ma, with a 95% highest posterior density (HPD) ranging from 72.74
to 94.95 Ma (Supporting Information Fig. S2, Table S3). The mean age for the crown
Fouquieria was substantially younger, estimated as 6.61 Ma (95% HPD 2.96-11.38;
Supporting Information Fig. S2, Table S3).

The credibility interval on the age of crown Fouquieria estimated in the previous analysis
was then used to calibrate the same node in the subsequent species-level analysis, using it
as auniform distribution with hard bounds. The ESS of estimated parameters from the
combined MCMCs of the uncorrelated lognormal dating analyses for the Fouquieria
species-level tree are >300. The mean age of crown Fouquieria was estimated as 7.21 Ma
(95% HPD 9.58-5.12; Fig. 1, Supporting Information Fig. S3, Table $4). A summary of
estimated ages of the species and major clades within Fouquieriais availablein Table 1.

The average of mean ages of Fouquieria speciesis 4.38 Ma (SD = 1.58).

Diversification Rate Analyses

The BDL analysis rejected the null hypothesis of temporally homogeneous diversification
rates for all Fouquieria (AA1Ck. = 16.3600, P = 0.006, Table 2). The yule3rate model
was identified as having the best fit to the data (A1C = 30.2867), including two

diversification rate shifts and no extinction (Table 2). According to the scenario
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suggested by the yule3rate model, Fouquieria started to diversify ca. 85.48 Myr ago, with
aninitial low rate (r, = 0.0063 spp. Myr™). A diversification shift took place at ts, = 7.21
Ma, increasing to a substantially higher rate (r, = 0.3332 spp. Myr™), followed by athird
shift at ts, = 3.03 Ma, decreasing to alower rate (r, = 0.0304 spp. Myr™) (Table 2, Fig.
2a,b).

The 95% credibility interval of the posterior distribution of the BAMM analysis contains
asingle shift configuration. This configuration includes zero significant diversification
dynamics shifts, but a strong temporal increase in the rate of speciation (and of
diversification) immediately before the Fouquieria crown group, and a gradual increase
in the rate of extinction along the stem lineage, which abruptly decreases to a moderate
rate immediately before the crown group (Fig. 2¢c). According to BAMM, Fouquieria’s
stem lineage and its crown group Fouquieria are thus characterized by different
diversification rates (Fig. 2c).

To encompass the diversification changes detected by BDL and BAMM through
Fouquieria’s evolution, we implemented two RPANDA analyses to investigate the
diversification dynamics of Fouquieria: one including Fouquieria's stem lineage (all
Fouquieria analyses) and another only from its crown group (crown Fouquieria
analyses). In each analysis, we compared the case in which no change in diversification
dynamics was allowed with the case in which we allowed distinct diversification
dynamics for the stem lineage plus the early succulent grade (i.e., F. columnaris, F.
fasciculata and F. purpusii), and for the woody clade in the all Fouquieria analysis, and
for the early succulent grade, and for the woody clade in the crown Fouquieria analysis.

Models with a shift in diversification dynamics in the woody clade (Fig. 3) are supported
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against models with no changes in diversification along Fouquieria’s evolutionary
history (Supporting Information Fig. S4) with AICc and ML (Table 3, Supporting
Information Table S5)

All and crown Fouquieria analyses indicates different diversification dynamics between
the stem lineage and the crown group (Tables 3 and 4; Fig. 3aand 3b; Supporting
Information Fig. $4). Diversification rate estimates for Fouquieria’s stem lineage only
would be desirable. However, the scarcity of data from this period of Fouquieria’'s
evolution does not allow RPANDA (or other methods that we know of) to appropriately
infer its diversification dynamics. Nevertheless, we consider that the RPANDA all
Fouquieria analysis provides an adequate proxy of Fouquieria's stem lineage
diversification dynamics (Fig. 3c; Supporting Information Fig. $4a).

The best diversification models estimated for the full evolutionary history of
Fouquieria are constant speciation rate (lambda, A= 0.22) and linearly decreasing
extinction rate (mu at the origin of the stem lineage, p= 2.7 and mu at present, p,= 0.01)
with associated linearly increasing diversification (r at the origin, r,=-2.6 and r at present,
r,=-0.001) for the stem lineage plus the early succulent grade (Fig. 3c; Supporting
Information Table S5); exponentially decreasing speciation (lambda at the origin, A= 3.2
and lambda at present, A= 0.014) and constant extinction that is very close to zero (mu,
u= 1.1e-8) with associated exponentially decreasing diversification for the woody clade
(Fig. 3e; Supporting Information Table S6).

For crown Fouquieria, the best diversification models are exponentially decreasing
speciation (A,= 0.19, A,= 0.042) and constant extinction that is very close to zero (mu, p=

1.0e-9) with associated exponentially decreasing diversification for the early succulent
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grade (Fig. 3d; Supporting Information Table S7) and the same diversification dynamics
obtained in the all Fouquieria analysis for the woody clade, albeit with different absolute

rate magnitudes (Fig. 3e; Supporting Information Table S6).

Ancestral Area Reconstruction

Results of the Bayesian Binary Analysis MCMC (BBM) suggest that vicariance played a
substantial role in the biogeographic history of Fouquieria (Fig. 1). The BBM analysis
indicates the Bgja California Peninsular Desert as the ancestral areafor Fouquieria as a
whole (P = 0.99), which isretained in F. columnaris (P = 0.99). Aninitial vicariance
event at 6.6 Mais estimated to have separated the clade that includes F. fasciculata plus
F. purpusii, which occupy continental deserts, from the woody clade, which retained an
ancestral Peninsular Desert distribution with moderate probability (P = 0.50).

A second vicariance event is estimated at ca. 3.37 Ma, separating F. purpusii and F.
fasciculata, which occupy the Tehuacan-Cuicatlan Desert and the Hidalguense Desert,
respectively. The woody clade retained a Bagja California Peninsular Desert distribution
until ca. 4.79 Ma, after which several vicariance events took place, presumably
underlying speciation. Within the woody clade, the lineage including F. burragei and F.
diguetii preserved a Baja California Peninsular Desert distribution (P = 0.99), but its
sister group, which includes F. leonilae and F. ochoterenae, occupied the SW semidesert
relicts at ca. 4.02 Ma. The lineage that includes F. formosa, F. macdougalii, F. shrevei
and F. splendens occupied continental deserts at 4.27 Ma, with highest probability of
initial occupation of the SW relict deserts (P = 0.99), and F. formosa retaining this

distribution (P = 0.61).
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A subsequent vicariance event is estimated at 3.56 Ma, separating F. macdougalii, which
occupies the Sonoran Desert, from a clade with an ancestral distribution in the
Chihuahuan Desert (P = 0.68) including F. shrevei and F. splendens. The latter species

underwent dispersal to the Sonoran, Baja California Peninsular, and Hidalguense Deserts.

Geographic Phylogenetic Structure

The Mantel regression found a positive relationship between geographical distance and
clade ages (r = 0.4746, R = 0.2252; p = 0.001; Fig. 3). Theisolation by distance
hypothesisis corroborated by a positive relationship between geographic and

phylogenetic distances.

Discussion
Time and Mode of Diversification
The origin of Fouquieria is here estimated in the late Cretaceous (Coniacian; 85.48 Ma).
This ancient age agrees with previous results that estimated origin of the main lineages of
Ericalesin the Mid-Late Cretaceous (Bremer et al., 2004; Sytsmaet al., 2006). However,
the diversification of their extant species occurred much later, at the end of Miocene, ca.
7.21 Ma (9.58-5.12, 95% HPD; Fig. 1, Fig. 2, Fig. S2). The lineagesin the early
succulent grade, which includes insect-pollinated species, diverged between 7.21 and
6.60 Ma. The woody clade started to diversify at the end of the Miocene, ca. 6.6 myr ago.
It includes mostly hummingbird-pollinated species (Henrickson, 1972).

According to our results, Fouquieria is an ancient lineage possibly preadapted to

seasonally dry environments that underwent a maximum speciation burst starting
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approximately during the transition between the Miocene and the Pliocene. BDL analyses
detected a drastic diversification rate shift at ca. 7.2 Ma (Messinian, late Miocene), from
avery low stem rate of 0.006 sp myr™ to a higher rate of 0.333 sp myr™. Concordantly,
the BAMM analysisindicated a strong speciation (and diversification) increase shortly
before Fouquieria’s crown radiation, at ca. 7.35 Ma. This agrees with hypotheses that
some of the lineages in North American deserts diversified as early asthe late Miocene to
Pliocene, and not during the Pleistocene (Riddle & Hafner, 2006; Wilson & Pitts, 2010b;
Hafner & Riddle, 2011). Long-term diversification dynamics estimated with RPANDA
suggest that extinction also played a significant role in Fouquieria’ s evolution, with a
very high rate at the onset of the process. A possible explanation for the lack of fossil
record in Fouquieria previous to the late Miocene is the low probability of fossil

preservation in dry environments, where the lineage occurred.

Neogene Vicariant Speciation

Our results suggest that vicariance in the Neogene was the primary driver of speciation
among lineages in Fouquieria, rather than an isolation event in the Pleistocene.
According to Wilson and Pitts (2010b), paleobiological evidence suggests that Neogene
uplift events created arain-shadow effect over most of western North America, therefore
leading to the formation of the different desert regions, representing the major driving
factor in the diversification of aunique North American arid-adapted biota. Divergence
time estimates, ancestral area reconstructions, and geographic phylogenetic structure, al
are consistent with a scenario in which Neogene orogenesis played an important role in

Fouquieria diversification, along with tectonic events related to the early development of
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regional deserts (e.g., mountain and plateau uplifting, rifting along major fault systems).
The northern extension of the Gulf of Californiaknown as the Bouse Sea or Bouse
Embayment, during Miocene-Pliocene (~8-4 Ma) created a barrier isolating the Baja
Cdlifornia peninsula and the westernmost part of southern California from the remainder
of the Sonoran Desert (Metzger, 1968; Lucchitta, 1972; Blair, 1978; Eberly and Stanley,
1978; Boehm, 1984; Ingle, 1987; Buising, 1990; McDougal et a., 1999; Carrefio and
Helenes, 2002). The elevation in the central and south Mexico changed the Sierra Madre
Occidental and formed the Trans-Mexican Volcanic Belt during Oligocene-Miocene,
events that separated the central-north part of Mexico (Ferrari et al., 1999; Cevalloset al.,
2012), and promoted the differentiation of Chihuahuan Desert and the SW semidesert
relicts. Speciation in Fouquieria seems to follow the intricate history associated to the
main desert areas in Mexico.

BBM analyses point to the Baja California Peninsular Desert as the ancestral area of the
genus Fouquieria during the late Miocene 7.21 Ma. Numerous lines of evidence now
support the evolutionary differentiation of the Peninsular from the Sonoran Desert and
further indicate that the Peninsular Desert underwent an independent evolutionary
trajectory before the separation of the Sonoran and Chihuahuan Deserts (Hafner &
Riddle, 2011). The Baja California peninsula was formerly connected to the Mexican
mainland, and is generally accepted to have split from the mainland around 6 myr ago
(Oskin & Stock, 2003a, 2003b, 2003c; Wilson & Pitts, 2010b). It islikely that several
extant species belonging to lineages that currently occupy the southern Baja California
Peninsula are relicts of populations that occupied the former distribution before the

separation of the Peninsular region from the Mexican mainland 7-10 myr ago, including
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plants (Roberts, 1989), reptiles (Murphy, 1983; Grismer, 2002; Murphy & Aguirre-Leon,
2002), birds (Cody, 1983; Cody & Velarde, 2002), insects (Truxal, 1960), spiders
(Chamberlin, 1924), and scorpions (Williams, 1980; Gantenbein et al., 2001; Sissom &
Hendrixson, 2005).

The ancestral Fouquieria could represent an ancient element preadapted to aridity
derived from the California chaparral and other communities, as postulated by Axelrod
(1979, 1983), as the possible Tertiary vegetation from which North American deserts
originated. Thefirst vicariant event in Fouquieria took place during the Late Miocene
(6.6 Ma), when the aridification trend reached its peak (5-8 Ma), resulting from
decreasing precipitation (e.g., Wilson & PFitts, 2010b). The vicariance event that separated
the succulent F. fasciculata plus F. purpusii clade from the woody clade could be
associated with the secondary uplift of the Sierra Madre Occidental, which took place
between the Late Miocene and the Early Pliocene. It has been widely documented that
this orogenesis drove the divergence of several taxain rodents (Riddle & Hafner, 2006;
Hafner & Riddle, 2011; Bell et al., 2012), reptiles (Jaeger et al., 2005; Bryson et al.,
2011, 2012b; Anderson & Greenbaum, 2012; Bryson & Riddle, 2012), and plants (Moore
& Jansen, 2006; Reberning et al., 2010; Loeraet al., 2012; Gandara & Sosa, 2014).
Three major vicariant events in Fouquieria seem to be associated with the second
volcanic episode in the Late Miocene (7.5-3 Ma), promoting speciation of sister lineages,
north and south of the Trans-Mexican Volcanic Belt, namely, (1) F. formosa in the SW
semidesert relicts, diverging at 4.27 Mafrom the northern clade containing F.
macdougalii, F. shrevei and F. splendens; (2) F. fasciculata, in the Hidalguense Desert,

diverging at 3.37 Mafrom the southern F. purpusii in the Tehuacan-Cuicatlan Desert;
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and (3) the clade formed by the narrow endemics F. ochoterenae and F. leonilae, from
SW semidesert relicts, diverging at 4.02 Mafrom the northern clade of F. diguetii and F.
burragei in the Baja California Peninsular Desert. Recently, an increasing number
biogeographic and phylogeographic studies of taxa that are co-distributed both south and
north of the Trans-Mexican Volcanic Belt have identified similar spatio-temporal
divergence patterns, suggesting that this mountain chain has been an important barrier
influencing the diversification of several lineages of fish (Hulsey et al., 2004), reptiles
(Bryson, 2011a, 20123, 2012b, 2012c), and plants (Sosa et al., 2009; Ruiz-Sanchez et al .,
2012; Ruiz-Sanchez & Specht, 2013; Gandara & Sosa, 2014).

The final vicariant event took place during the middle Pliocene at 3.56 Ma, when
Fouquieria macdougalii, which actually occupies the Sonoran Desert, diverged from the
clade formed by F. shrevei and F. splendens, distributed in the Chihuahuan Desert.

An interesting speciation event that apparently does not imply vicariance underlies the
separation between Fouquieria shrevei and F. splendens during the late Pliocene (3.03
Ma) in the Chihuahuan Desert, forming a sympatric sister pair. It has been recently
argued that F. shrevei, as a narrow endemic, underwent intense genetic drift and reduced
gene flow, in which differentiating populations followed the island pattern of gypsum
deposits in the Chihuahuan Desert (Aguirre-Liguori et al., 2014), suggesting that some
narrowly endemic species of Fouquieria result from edaphic adaptation. The current
distribution of F. splendens, as the only broadly distributed species, implies dispersal
processes from an ancestral distribution in the Chihuahuan Desert, to the Peninsular (0.78
Ma), Hidalguense (1.21 Ma), and Sonoran (0.78 Ma) Deserts. These dispersals could be

associated to the pluvia and inter-pluvial cycles of the Middle Pleistocene. During the
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pluvial periods, the xeric flora of the Chihuahuan Desert contracted and remained in
southern refugia, while its area was covered by paleolakes, and expanded during the
inter-pluvial periods (Van Devender, 1990a; Riddle & Hafner, 2006; Hafner & Riddle,
2011).

Regardless of age, a high degree of phylogenetic geographic structure with sister species
tending to occupy the same nucleus of distribution isindicative of highly limited
historical dispersal between distribution nuclei (Pennington et al., 2006; Pennington et
al., 2009). The high levels of geographic phylogenetic structure found (Fig. 4) also agree
with the previously argued ideas, where isolation by distance is a strong driver of genetic
variation structure, indicating high levels of dispersal limitation in most Fouquieria

Species.

Conclusions

A Mio-Pliocene diversification in Fouquieria associated with Neogene orogenesis during
the early development of regional desertsis strongly supported. Our results show that
Fouquieria is an ancient lineage preadapted to seasonally dry environments, having a
maximum burst of diversification during the Pliocene.

The reconstructed evolutionary history of Fouquieria indicates that it underwent very
limited diversification until the Late Miocene, involving very low extinction. This pattern
agrees with the scant fossil record during this time. The processesimplied in the floristic
assembly of the desertsin North America could have accelerated its diversification
during the Neogene, resulting in the distribution of sister clades on different desert areas,

severa of which are separated by the Trans-Mexican Vol canic Belt.
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Geographic phylogenetic structure shows isolation by distance as the main driver
structuring the genetic variation in the species. Ancestral area reconstruction shows the
Peninsular Desert as the ancestral area for Fouquieria, and a vicariant-dispersal history

where most restricted or endemic species are older than widespread species.
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Table 1. Summary of estimated ages for phylogroups and major clades within

Fouquieria.

Stem group mean age (95% Crown group mean age (95%

HPD) HPD)
Fouquieria 85.48 (94.95-72.74) 7.21 (9.58-5.13)
F. columnaris 7.21 (9.58-5.13) 2.51 (3.82-1.36)
F. fasciculata 3.37 (4.97-2.00) 2.98 (4.44-1.66)
F. purpusii 3.37 (4.97-2.00) 2.53(3.78-1.43)
Woody clade 6.6 (8.68-4.77) 4.79 (5.89-4.06)
F. burragei-F.
diguetii 4.02 (5.41-2.67) 2.84 (4.16-1.66)
F. splendens 3.03 (4.23-1.80) 2.03(3.12-1.01)
F. leonilae 2.58 (3.89-1.38) 1.95 (3.14-0.87)
F. ochoterenae 2.58 (3.89-1.38) 1.82 (2.92-0.80)
F. shrevel 3.03(4.23-1.80) 1.29 (2.20-0.48)
F. formosa 4.27 (5.61-3.01) 1.1(2.43-0.12)
F. macdougalii 3.56 (4.82-2.31) 1.05 (2.20-0-14)

Table 2. Results of fitting five birth-death models with the BDL method for stem group in

Fouquieria with constant net diversification rates“r” or variable at atime “st”, and

including an extinction fraction “a” or not. AAIC isthe differencein AIC scores

between each model and the overall best-fit model. Best model selected by AIC and ML

in bold.
Description | * Rate-constant | Rate- Rate-variable | Rate-variable Rate-
of model Pure Birth, constant Pure Birth, Birth-Death, variable
a=0 Birth-Death, | a=0 a=0 Pure Birth,
a=0 a=0
Parameters | r=0.04 r=2.01, r1=0.01, r1=293e® s |r1=0.01,
in model a=0.99 st = 6.60, = 3.36, st1=7.21,
r2=0.13 r2=240e° a |r2=0.33,
=1 st2 = 3.02,
r3=0.03
Log-
likelihood -22.32 -16.17 -16.70 -11.76 -10.14
AlC 46.65 36.34 39.40 31.52 30.28
AAICxc p=0.006
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Table 3. Diversification dynamics of all Fouquieria identified with RPANDA evaluating

1 shift in diversification dynamicsin the woody clade. N is the number of parametersin

the model; Bconsis constant speciation; Dlinis linear variable extinction; Bexp is

exponential variable speciation; Dcons is constant extinction and DAICc is the difference

in corrected Akaike Information Criterion (AlCc).

All Fouquieria Best N | Log- AICc | DAICc
Model likelihood
No Bcons 3 | -23.662 57.323 | 6.174
shifts Dlin
1 shift | Stem lineage + succulent Bcons 6 |-16.774 51.149 | 0
grade Dlin
Woody clade Bexp
Dcons

Table 4. Diversification dynamics of crown Fouquieria identified with RPANDA

evaluating 1 shift in diversification dynamicsin the woody clade. N is the number of

parameters in the model; Bconsis constant speciation; Dlin islinear variable extinction;

Bexp is exponential variable speciation; Dcons is constant extinction and DAICc isthe

difference in corrected Akaike Information Criterion (AlCc).

Crown group Best Model | N | Log-likelihood | AlCc DAICc
Fouquieria

No shifts BconsDcons | 2 | -20.583 46.880 |0

1 shift Succulent grade | Bexp Dcons | 6 | -14.012 47.661 | 0.781
Woody clade Bexp Dcons
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834

835  Figure 1. Fouquieria chronogram resulting from the dating analyses in BEAST and
836  results of the biogeographic analyses with BMM in RASP. Pie charts show the
837  probability values of the ancestral areas reconstructed at each node. “V” indicates

838  Vicariance events.
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840  Figure 2. Fouquieriadiversification dynamics. a) Fouquieria chronogram resulting from
841  thetwo BEAST analyses. Bars upon nodes represent the 95% highest posterior density
842  (HPD) intervals. b) Best model inferred by BDL. c) Best diversification dynamics

843  configuration inferred by BAMM.
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Figure 3. Fouquieria diversification dynamicsinferred by RPANDA. a) All Fouquieria

analysis best model. b) Crown group Fouquieria analysis best model. ¢) Rate variation

through time according to the best model inferred for the stem lineage + succulent grade.

d) Rate variation through time according to the best model inferred for the succulent

grade. €) Rate variation through time according to the best model inferred for the woody

clade.
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Mantel r = 0.4746, Mantel R2 = 0.2252 (p = 0.001)

0.1

0.08

0.06

Phylogenetic distance

0.04 1

0 1 2 3 4 5 6

851 Geographic distance - log10(Euclidean)

852  Figure 4. The relationship between geographical and phylogenetic distancein
853  Fouquieria. Phylogenetic distance was measured with the GTR+I+G nucleotide

854  substitution model through the branch lengths in the ML phylogram.
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Material Suplementario

Supporting Information Table S1. List of species and GenBank accessions in

Fouquieria analyses.

Individual rpl14-rps8-infA-
Species Id. rpl32-trnL  rpsl6-trnK  ndhF-rpl32  rpl36
Fouquieria burragei bur01 KX516875 KX516950 KX517088 KX517089
bur02 KX516876 KX516951 KX517087 KX517090
bur03 KX516877 KX516952 KX517086 KX517091
bur04 KX516878 KX516953 KX517085 KX517092
bur05 KX516879 KX516954 KX517084 KX517093
bur06 KX516880 KX516955 KX517083 KX517094
Fouquieria
columnaris col37 KX516881 KX516956 KX517082 KX517095
col38 KX516882 KX516957 KX517081 KX517096
col40 KX516883 KX516958 - KX517097
col4l KX516884 KX516959 KX517080 KX517098
col42 KX516885 KX516960 KX517079 KX517099
col43 KX516886 KX516961 KX517078 KX517100
col51 KX516887 KX516962 KX517077 KX517101
col58 KX516888 KX516963 KX517076 KX517102
col59 KX516889 KX516964 KX517075 KX517103
col60 KX516890 KX516965 - KX517104
col6l - KX516966 KX517074 KX517105
col62 KX516891 KX516967 KX517073 KX517106
col63 KX516892 KX516968 KX517072 KX517107
Fouquieria diguetii dig01 KX516893 KX516969 KX517071 KX517108
dig03 KX516894 KX516970 KX517070 KX517109
dig05 KX516895 - KX517069 KX517110
dig08 KX516896 KX516971 KX517068 KX517111
dig09 KX516897 KX516972 KX517067 KX517112
digl2 KX516898 KX516973 KX517066 KX517113
digl3 KX516899 KX516974 KX517065 KX517114
Fouquieria fasciculata fame01 KX516900 KX516975 KX517064 KX517115
fame02 KX516901 KX516976 - KX517116
fame03 KX516902 KX516977 KX517063 KX517117
fame04 KX516903 KX516978 KX517062 KX517118
fame05 KX516904 KX516979 KX517061 KX517119
fapl01 KX516905 KX516980 KX517060 KX517120
fapl02 KX516906 KX516981 - KX517121
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fapl03 KX516907 KX516982 - KX517122
fapl04 KX516908 KX516983 KX517059 KX517123
fapll KX516909 KX516984 KX517058 KX517124
fasc02 KX516910 KX516985 KX517057 KX517125
fasp02 KX516911 KX516986 KX517056 KX517126
fasp03 KX516912 KX516987 KX517055 -
fasp04 KX516913 KX516988 KX517054 KX517127
Fouquieria formosa form03 KX516914 KX516989 - KX517128
formJB - KX516990 KX517053 KX517129
Fouquieria leonilae leo01 KX516915 KX516991 KX517052 KX517130
lec02 KX516916 KX516992 KX517051 KX517131
leo03 KX516948 KX516993 KX517050 KX517132
leo04 KX516949 KX516994 KX517049 KX517133
lec05 KX516917 KX516995 - KX517134
Fouquieria
macdougalii mac03 KX516918 KX516996 KX517048 KX517135
mac05 - - - KX517136
macJB - - - KX517137
Fouquieria
ochoterenae och01 KX516919 KX516997 - KX517138
och02 KX516920 KX516998 KX517047 -
och04 KX516921 KX516999 KX517046 KX517139
och06 KX516922 KX517000 - KX517140
och07 KX516923 KX517001 KX517045 -
och08 KX516924 KX517002 - KX517141
Fouquieria purpusii purO1A KX516925 KX517003 KX517044 KX517142
purO3A KX516926 KX517004 KX517043 KX517143
purO4A KX516927 KX517005 KX517042 KX517144
purO5A KX516928 KX517006 KX517041 KX517145
purO7A KX516929 KX517007 KX517040 KX517146
pur08B KX516930 KX517008 KX517039 KX517147
pur09B KX516931 KX517009 KX517038 KX517148
purl2B KX516932 KX517010 - KX517149
purl3B KX516933 KX517011 - KX517150
purl5C KX516934 KX517012 KX517037 KX517151
purl6C KX516935 KX517013 KX517036 KX517152
purl9C KX516936 KX517014 KX517035 KX517153
pur21C KX516937 KX517015 KX517034 KX517154
pur25C KX516938 KX517016 KX517033 KX517155
Fougquieria shrevei shrOl KX516939 KX517017 KX517032 KX517156
shr02 KX516940 KX517018 KX517031 KX517157
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shr03 KX516941 KX517019 KX517030 KX517158
shr05 KX516942 KX517020 KX517029 KX517159
Fouquieria splendens  spl02 KX516943 KX517021 KX517028 KX517160
spl03 KX516944 KX517022 KX517027 KX517161
spl05 KX516945 KX517023 KX517026 KX517162
splPCR0O5 KX516946 KX517024 - KX517163
splPCRO7 KX516947 KX517025 - KX517164
FR849983. FR849978.
Ilex paraguariensis 1 - 1 -
KC143082. KC143082. KC143082.
Camellia sinensis 1 1 1 KC143082.1
JQ248601. JQ248601. JQ248601.
\accinium macrocar pon 1 1 1 JQ248601.1
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Supporting Information Table S2. List of species and GenBank accessions for Ericales

in Eudicots.
Species rbcL atpB matK 18s 265
Acorus gramineus D28866.1 AF197616.1 DQ182341.1 AF197584.1 AF036490.1
Actinidia spp. L01882.2 AJ235382.2 U61324.1 AF419792.1 AY727964.1
Ailanthus altissima U02726 AF035895 EF489111 AF206842 -
Alangium spp. L11209.2 AJ235386.2 U96880.1 AF206843.1 AY260009.1
Altingia spp. AF206732.1  AF092103.1 AF304520.1 U42552.1 AF479208.1
Anagallis spp. M88343.1 AJ235390.2 AJ581446.1 AF206845.1 AF479149.1
Androsace spp. AF395004.1 AF213775.1 AY647535.1 AF206847.1 AF479150.1
Arbutus spp. L12597 AF266738 U61345 AF206853 DQ067894
Barringtonia spp. EU980812.1  AJ235407.2 DQ924095.1 AY289647.1 AY727949.1
Buxus sempervirens DQ182333.1 AF092110.1 AF543728.1 X16599.1 AF389243.1
Camellia sinensis AF380037.1 AY725933.1 AF380077.1 AB120309.1 AY727975.1
AY042564. 1,
Carica papaya M95671.1 AF035901.1 45775521 Uu42514.1 AF479145. 1
Catalpa spp. L11679.1 HQ384724 HQ384519 AF107579 -
Ceratophyllum
demersum D89473.1 AJ235430.2 AF543732.1 U42517.1 AY095456.1
Cercis canadensis U74188 DQ401328 EU361912 - -
Clavija AF213818 AJ235437 JQ588865.1 AJ235998 AF479151
Clethra spp. AF421089.1  AF420966.1 AB697681.1 AF419793.1 AY 727968
Clusia gundlachii 275673 AY 788209 EF135520 AY 674584 -
Cobaea scandens Z783143.1 AJ235440.2  L48568.1 L49277.1 AY727944.1
Couroupita 780181 AJ236224 - AJ235993 AY 727950
Cyrilla racemiflora L01900.2 AJ235449.2  AF380080.1 U43294.1 AY727969.1
Datisca spp. L21939.1 AJ235450.2 ABO016467.1 AF008952.1 AY968411
Davidsonia spp. AF291934.1  AF209574.1 U92846.1 AF206897.1 AY935812.1
Diospyros spp. EU980774.1 DQ923957.1 DQ924064.1 U43295.1 AY727957.1
Dipelta AJ420876 GQ983629 20530893 GQ983567 GQ983584
Dipsacus spp. L13864.1 AF209577.1 22795882 U43150.1 AF479231.1
Drosera spp. L01909.2 AY096110.1 AY096122 U42532.1 AF389248.1
Enkianthus
campanulatus L12616.2 AF420968.1 U61344.2 AF419802.1 AY727970.1
Euclea crispa EU980789.1 DQ923966.1 DQ924073.1 GU476413.1 -
Eucnide spp. Ul17874.1 AJ236227.1 AF503315.1 AJ235988.1 AY260031.1
Euptelea polyandra L12645.2 AF528850.1 DQ401348.1 L75831.1 AF389249.1
Eurya spp. AF089714.1  AF420969.1 AF380081.1 AJ235995.1 AY727953.1
Fagus spp. AY263936.1 AY147105.1 ABO046507.1 AF206910.1 AY935813.1
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Fendlera rupicola AF206766.1  AJ236234.1 AY254063.1 AJ235986.1 AY260041.1
Fouquieria
columnaris AY725861.1 AY725923.1 EU628508.1 AF003961.1 AF479159.1
Fouquieria
fasciculata AY725862.1 AY725924.1 - - AY727940.1
Fouquieria splendens  L11675.1 - EU628509.1 L 49280 -
Galax spp. 780184.1 AY725936.1 L 48576.1 L49281.1 AY727983.1
Gilia spp. 783144.1 AJ236220.1 1.34198.1 DQ080013.1 AF479155. 1
Gossypium spp. X15886.1 AJ233063.1 AF403561 U42827.1 -
Gunnera spp. AF093724.1  AF093374.1 AY042596.1 U43787.1 AF389250.1
Halesia spp. 780190.1 DQ923988.1 DQ924097.1 L49284.1 AY727981.1
Helianthus annuus AF097517.1 AJ236205.1 DQ383815.1 AF107577.1 AF479183.1
GQ248140. 1, AF161010.
Ilex spp. GQ997347.1  GQ997300.1 EF590403 1 AF479203. 1
I mpatiens spp. AB043508.1 AY725922.1 AJ429280.1 L49285.1 AF479154.1
| pomoea spp. AY100963.1 AY100754.1 AJ429355.1 U38310.1 AF146016. 1
Itea spp. AF190435.1  AF093383.1 EF456732.1 U42545.1 AF479216.1
AY 263952.
Juglans spp. AY263932.1 1 AF118036 AF206943.1 AF479105.1
Lamium spp. AB266225 AJ236165 AJ429332 L 49287 -
Leea guineensis AJ235783.1  AJ235520.2 AF274621.1 AF206951.1 AF274653.1
Lissocarpa benthamii  EU980793.1  DQ923969.1 DQ924077.1 - AY727956.1
Maesa spp. 780203 AF213781 AJ429288.1 - AY 727959
Manilkara zapota AF213793.1 AJ235528.1 DQ924092.1 L49288.1 AY727946.1
Marcgravia spp. 783148.1 AJ235529.1 AJ429289.1 - AY727937.1
Meni spermum spp. FJ026493.1 AF093384.1 GU266604.1 L75834.1 AF389257.1
Norantea spp. JQ625952.1  AF420978.1 JQ626401.1 - AY727938.1
Nyssa spp. L11228.2 AJ235545.2 U96886.1 U52032.1 AF297545. 1
Parnassia spp. AY 935729 AJ235552.2  AY935908 - AF036496.1
Petrophile spp. U79181.1 AF060401.1 EU169655.1 AF293761.1 DQ008610.1
Phlox spp. AF206809.1 AJ236221.1 L34203.1 L49293.1 AF148281.1
Phytolacca
americana M62567.1 AF528855.1 DQ401362.1 AF094557.1 HQB843459.1
Pisum sativum FN435842.1  X03852.1 AY386961.1 U43011.1 -
Platanus occidentalis AF081073.1  AF528858.1 AF543747.1 U42794.1 AF274662.1
Pol emonium spp. L11687.1 AY725925.1 AJ429292.1 L49294.1 AY727941.1
Polygonum spp. AF297127.1  AJ235569.2 EF438020 AF206996.1 AF479085.1
Populus spp. M58392.1 AF209658.1 AB038186.1 AF206999.1 AF479118.1
Primula spp. AF213801.1 AF213785.1 AY647489.1 L49295.1 AY727960.1
Quintinia spp. AF299092 AJ318983 AJ429366 GQ983576  GQ9Y83590
Rhamnus spp. AJ390070.1  AJ235579.2 AY257533.1 AJ235979.1 JF317393.1
Rhododendron spp. L01949.2 AY725932.1 EU087361.1 AF419807.1 AY727973.1
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Roridula gorgonias L01950.2 AJ236180.1 AJ429294.1 AF207010.1 AY727965.1
Sarracenia spp. L01952.2 AJ235594.2 JQ218257.1 U42804.1 JQ519380.1
Sadenia spp. AF320784.1  AF420988.1 AJ429297.1 AF320782.1 -

Soanea spp. AF022131.1  AJ235603.2 AY935938.1 U42826.1 AY935812.1
Spathiphyllum

wallisii AJ235807.1  AJ235606.2 209417664 AF207023.1 AY(095473.1
Sellaria media AF206823.1  AF209680.1 AY 936299 AF207027.1 AF479084.1
Styrax spp. 780189.1 AJ235615.2 DQ924099.1 L49296.1 AF479156.1
Symplocos spp. AY725865.1 AY725934.1 AY336340.1 U43297.1 AY727978.1
Terminalia spp. U26338 AF209686 GU135057 AF207037 AF479147
Ternstroemia spp. 780199.1 AJ235623.2 AJ429304.1 AF207039.1 AF479153.1
Tetramerista spp. 780199.1 AJ235623.2 AJ429304.1 AF207039.1 AF479153.1
Vaccinium spp. AF421107.1  AF420987.1 AF419716.1 L49297.2 AY727974.1
Vitis spp. DQ424856 DQ424856  DQ424856 AF207053.1 AF479207.1
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Supporting Information Table S3. Polemoniceae-Fouquieraceae and crown Fouquieria

divergence dates credibility intervals from the first BEAST analysis.

Polemoniaceae,

Divergence I Crown Fouquieria
Fouquieriaceae
node 111 112
height 95% HPD_MIN 72.74 2.97
height 95% HPD_MAX 94.95 11.38
length_range_ MIN 1.45 42.5
length_range. MAX 36.81 95.18
length_95%_ HPD_MIN 2.68 65.16
length_95%_ HPD_MAX 21.25 89.87
matK.rate 95% HPD_MIN 0 0
matK.rate 95% HPD_MAX 0 0
height_range MIN 57 2.08
height_range MAX 99.57 21.21
nuclear.rate_range_ MIN 0 0
nuclear.rate_range. MAX 0 0
rbcLatpB.rate 0 0
height_median 85.42 6.55
height 84.76 6.87
matK.rate_range_ MIN 0 0
matK.rate_range_ MAX 0 0
rbcLatpB.rate_median 0 0
rbcLatpB.rate 95% HPD MIN O 0
rbcLatpB.rate 95% HPD MAX O 0
matK.rate_median 0 0
nuclear.rate_95% HPD MIN 0 0
nuclear.rate_ 95% HPD MAX 0 0
length 10.94 77.95
nuclear.rate 0 0
matK.rate 0 0
length_median 10.09 78.51
rbcLatpB.rate_range MIN 0 0
rbcLatpB.rate_range. MAX 0 0
nuclear.rate_median 0 0
posterior 0.99 1
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Supporting Information Table S4. Fouquieria main phylogroups divergence dates credibility intervals from the second BEAST

analysis.
F.
F. F. Crown F. F. F. diguetti + F.leonilae,
. Crown . . .
Divergence Fouquieria columnaris, fasci culat{i_, woody formosa, splendens, macdoug_aln, F. _ F.
85 F.purpusii clade 116 117 F. shrevel burragei, ochoterenae
140

node 84 85 86 113 114 116 117 127 140
ndhFrpl32.rate 0 0 0 0 0 0 0 0 0
height 95% HPD_MIN 4.18 3.55 0.88 1.44 1.21 0.9 0.75 1.04 0.49
height 95% HPD_MAX 11.37 10.22 4.62 6.07 5.49 4.55 4.05 5.18 3.01
length_range MIN 78.66 0 0.83 0.07 0 0 0 0 0.02
length_range MAX 95.1 5.69 9.91 1061 4 4.04 2.87 4.59 5.76
length_95% HPD_MIN 85.56 0 1.71 0.81 0 0.01 0 0 0.11
length_95% HPD_MAX 93.26 219 7.18 5.44 1.14 1.36 1.19 1.63 2.72
height_range MIN 2.34 1.86 0.51 0.98 0.77 04 0.35 0.49 0.26
height_range MAX 17.9 11.38 8.23 9.61 8.78 8.46 6.5 9.48 7.52
rpslétrnK.rate median 0.01 0 0 0 0 0.01 0 0 0
rpl14rpl36.rate 0 0 0 0 0.01 0 0.01 0 0
rpl32trnL.rate 0 0 0 0 0 0 0 0 0
rpl32trnL.rate 95% HPD_MIN 0 0 0 0 0 0 0 0 0
rpl32trnL.rate 95% HPD_MAX 0 0 0 0 0 0 0 0 0
ndhFrpl32.rate 95% HPD_MIN 0 0 0 0 0 0 0 0 0
ndhFrpl32.rate 95% HPD_MAX 0 0 0 0.01 0 0.01 0.01 0 0.01
rpll4rpl36.rate range MIN 0 0 0 0 0 0 0 0 0
rpl14rpl36.rate range MAX 0.05 0.26 0.01 0.02 0.56 0.12 0.5 0.54 0.06
rpl14rpl36.rate 95% HPD_MIN 0 0 0 0 0 0 0 0 0
rpl14rpl36.rate 95% HPD_MAX 0.01 0.01 0 0 0.02 0.01 0.02 0.01 0.01
rpl32trnL.rate range MIN 0 0 0 0 0 0 0 0 0
rpl32trnL.rate range MAX 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
rpsl6trnK.rate range MIN 0 0 0 0 0 0 0 0 0
rpsl6trnK.rate range MAX 19 0.08 0.03 0.04 0.2 1.27 0.29 0.36 0.05
height_median 7.35 6.73 2.28 3.27 2.98 2.37 2.09 2.62 141
height 7.46 6.77 25 3.46 3.14 253 2.23 2.82 1.56
ndhFrpl32.rate median 0 0 0 0 0 0 0 0 0
rpl14rpl36.rate_ median 0 0 0 0 0 0 0 0 0
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ndhFrpl32.rate range MIN 0 0 0 0 0 0 0 0 0
ndhFrpl32.rate range MAX 0.01 0.05 0.01 0.04 0.09 0.08 0.06 0.09 0.06
rpslétrnK.rate 0.01 0 0 0 0 0.01 0 0.01 0
length 89.54 0.87 4.36 2.97 0.42 0.56 0.45 0.6 1.28
rpl32trnL.rate median 0 0 0 0 0 0 0 0 0
length_median 89.64 0.7 4.23 2.81 0.31 0.45 0.35 0.46 1.13
rpslétrnK.rate 95% HPD_MIN 0O 0 0 0 0 0 0 0 0
rpslétrnK.rate 95% HPD_MAX 0.04 0.01 0.01 0.01 0.01 0.04 0.01 0.02 0.01
posterior 1 0.6 1 1 0.82 0.95 0.71 0.94 1
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Supporting Information Figure S1. Best ML tree for Fouquieria using ndhF-rpl32,
rpl14-rps8-infA-rpl 36, rpl32-trnL, and rpsl6-trnK regions.Number bellow branches
indicates ML Bootstrap Support. Bold lines indicates PP > 0.95, calculated with Bayesian

inference (two runs with 10 million generations).
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Supporting Information Figure S2. Timing of stem and crown Fouquieria divergence.
Chronogram derived from the maximum clade credibility tree estimated with the
uncorrelated lognormal method in the first BEAST analysis. Bars upon nodes represent

the 95% highest posterior density (HPD) intervals.

118



relevant nodes for subsequent analyses

N N N N
dr & Ed 39 %

[ Upper I Paleocene I Eocene I Oligocene I Miocene

[ Cretaceous | Paleogene [ Neogene

Supporting Information Figure S3. Timing of divergence of crown Fouquieria and its
main lineages. Chronogram derived from the maximum clade credibility tree estimated
with the uncorrelated lognormal method in the second BEAST analysis. Bars upon nodes

represent the 95% highest posterior density (HPD) intervals.
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Supporting Information Figure $S4. Diversification dynamics results from the two

RPANDA analyses when no changes among clades were allowed. a) All Fouquieria best

model. b) Crown Fouquieria best model.
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CAPITULO 3

DESCUBRIENDO LA DINAMICA DE DIVERSIFICACION DE TAXA

SUPERIORES CON DATOSDE EDAD Y RIQUEZA DE ESPECIESDE

LOSCLADOS
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Abstract. — The relationship between clade age and species richness has been
increasingly used in macroevolutionary studies as evidence for ecologically versus time-
dependent diversification processes. However, theory suggests that phylogenetic structure,
age type (crown or stem age) and taxonomic delimitation can affect estimates of the age-
richness correlation (ARC) considerably. We currently lack an integrative understanding
of how these different factors affect ARCs, which in turn, obscures further interpretations.
To assessits informative breadth, we characterise ARC behaviour with simulated and
empirical phylogenies, considering phylogenetic structure and both crown and stem ages.
First, we develop atwo-state birth-death model to simulate phylogenies including the
origin of higher taxa and a hierarchical taxonomy to determine ARC expectations under
ecologically and time-dependent diversification processes. Then, we estimate ARCs
across various taxonomic ranks of extant amphibians, squamate reptiles, mammals, birds
and flowering plants. We find that our model reproduces the general ARC trends of a
wide range of biological systems despite the particularities of taxonomic practice within
each, suggesting that the model is adequate to establish aframework of ARC null
expectations for different diversification processes when taxa are defined with a
hierarchical taxonomy. ARCs estimated with crown ages were positivein al the
scenarios we studied, including ecologically dependent processes. Negative ARCs were
only found at less inclusive taxonomic ranks, when considering stem age, and when rates
varied among clades. This was the case both in ecologically and time-dependent
processes. Together, our results warn against direct interpretations of single ARC
estimates and advocate for a more integrative use of ARCs across age types and

taxonomic ranks in diversification studies.
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Key words: Birth-Death models; Crown age; Diversity dependence; Extinction;
Phylogenetic structure; Speciation; Stem age; Taxonomy; Time dependence; Tree

simulations.

Acronyms:

ARC: Age-richness correlation

crown-ARC: Correlation between crown age and richness
stem-ARC: Correlation between stem age and richness
PGLS: Phylogenetic generalized |least squares

ML: Maximum Likelihood
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\: speciation rate

Ao initial speciation rate
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w: extinction rate
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Explaining the causes of the heterogeneous distribution in species numbers
(richness) among taxa, communities and regions, and across time, is a fascinating and
long-standing problem in evolutionary biology (Darwin 1859; Wallace 1878; Bokma et al.
2014). While many factors have been postulated to explain the heterogeneous distribution
of richness we observe in nature, species richnessis ultimately the result of the interplay
between speciation and extinction, i.e., the diversification process. Diversification
processes can be represented by various models (Morlon 2014), including the classical
‘time-dependent’ and the ‘ecologically dependent’ models. In time-dependent processes,
the rate at which new species are generated (speciation rate, A) and the rate at which
species become extinct (extinction rate, ) vary as afunction of time. These models
predict that richness is either expanding unbounded through time and space (Y ule 1925;
Neeet a. 1992) or that it is controlled by increasesin p (Raup et a. 1973; Pyron and
Burbrink 2012) or by decreasesin A through time (Morlon et a. 2011). In ecologically
dependent processes, the speciation and extinction rates vary according to ecological
factors such as the number of species alive at a given time (diversity-dependent process).
In these models, richness is expected to be bounded by a macroevolutionary carrying
capacity or by extrinsic ecological factors (Mittelbach et al. 2007; Rabosky 2009).

To evaluate different diversification dynamics one can use empirical phylogenetic
and/or taxonomic data and apply a maximum likelihood or Bayesian approach to
determine the diversification model that best explains the data (e.g., Hey 1992; Nee et al.
1992; Rabosky 2006a, 2014; Alfaro et a. 2009; Morlon et a. 2010, 2011; Etienne et al.
2011). When phylogenetic data are not available or phylogenies are incomplete, it is

possible to use summary statistics—such as the maximum clade richness or the

125



88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

SANCHEZ-REYES ET AL.- DIVERSIFICATION IN HIERARCHICALY ORGANIZED TAXA

correlation between clade age and species richness (the Age-Richness Correlation,
ARC)— to distinguish among alternative hypotheses of diversification (Ricklefs and
Renner 1994; Ricklefs et al. 2007; Rabosky 2009; Pyron and Burbrink 2012). The ARC
is particularly useful because it allows direct evaluation of the effect of time —measured
as clade age— on species richness. Intuitively, a positive relationship should indicate that
clade age determines richness distribution patterns. A non-significant or negative
relationship indicates that other factors explain these patterns. For example, a negative
ARC could ariseif differences in diversification rates rather than time explain the
heterogeneous distribution of richness among taxa (Ricklefs and Renner 1994; Magallon
and Sanderson 2001).

Evaluations of previous intuitions with simulations have indicated that ARCs are
negative when richness is bounded (by ecological factors, Rabosky 2009, 2010; or by
extinction, Pyron and Burbrink 2012). A more recent study has shown that when ARCs
are estimated using the stem age of clades (stem-ARCs), ataxonomic classification based
on time can aso generate null or negative ARCs in diversification processes of
unbounded richness (Stadler et al. 2014). This was not observed with ARCs estimated
using the crown age of clades (crown-ARCs), revealing a conflict between ARCs
estimated using crown or stem ages within the same diversification process. Accordingly,
it was suggested that only crown-ARCs could be informative about the underlying
diversification process (Stadler et al. 2014), with positive rel ationships expected from
processes of unbounded richness and null or negative relationships expected from

processes of bounded richness. However, this has not been explicitly evaluated.
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Since the crown-ARC/stem-ARC conflict seems to arise only in some types of
taxonomic delimitation (Stadler et al. 2014), it is natural to wonder if different taxonomic
ranks could affect ARC estimations differently or even provide inconsistent evidence
about the relationship between the age and richness of clades. If thisis the case, can a
particular taxonomic rank inform us better than others about the true ARC? For example,
could the genus level, which has been considered to be more natural than other
taxonomic ranks (Humphreys and Barraclough 2014), be more informative than more
inclusive ranks, such as orders or families? Thus, accounting for the hierarchical nature
of taxonomy is fundamental to determine the informative potential of ARCsin
diversification studies. In thiswork, we first develop and implement a two-state birth-
death model based on Rabosky et al. (2012), to simulate phylogenies incorporating the
origin of higher taxa as the process of hierarchical emergence of attributes (any
morphological, ecological, etc. trait inherited to all the descendants of a species) that can
be used to assign monophyletic named groups (i.e., taxa) to nested categories (i.e., ranks)
in a hierarchical arrangement equivalent to common taxonomical practice. To assess the
informative breadth of the smulated ARC trends, we characterise empirical ARCs from
different taxonomic ranks (ranging from more inclusive —e.g., orders—to lessinclusive —
e.g. genera) obtained from extant amphibians (Lissamphibia), birds (Aves), mammals
(Mammalia), squamate reptiles (Squamata) and flowering plants (Angiospermae), using
stem and crown ages. We find that our model reproduces the empirical ARC trends,
suggesting that it captures relevant features of taxonomic practice that might be affecting
ARCsin the biological systems analysed. This allows us to establish crown- and stem-

ARC expectationsin different ecologically and time-dependent diversification models
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when richness is categorized into nested taxonomic ranks and when phylogenetic
structureis considered. We discuss the validity of current ARC interpretations and ways
forward in the study of diversification processes using the relationship between clade age
and richness.
MATERIALSAND METHODS
Expected Diversification Processes: Modelling a Hierarchical Taxonomy

As an approximation to modelling a hierarchical taxonomy, we extended the
birth-death model implemented by Rabosky et al. (2012) to allow a hierarchical origin of
taxa. The model incorporates an origination rate parameter (®) that controls the
frequency at which higher taxa arise. Briefly, the process starts with a branch that
represents a single species. This branch can speciate through cladogenesis and generate
two branches with rate 4; it can go extinct with rate u; or it can undergo an origination
event with rate @, and become a higher taxon. The origin of a higher taxon is not a
branching event; it should be understood as an event such as the acquisition (or 1oss) of a
distinctive attribute (sensu lato, e.g., morphology, function) that is inherited by all the
descendants of the branch on which it occurred. Because each origination event occurs
only once during the process, the associated distinctive properties would correspond to
synapomorphies of the resulting clade, which are used to identify clade membership. The
first node descending from the branch on which the origination event occurs represents
the crown node of the higher taxon. Descending branches have the same three
possihilities: they can speciate, go extinct or become a higher taxon of the next rank. The
first origination event to occur along alineage will correspond to the most inclusive taxon,

belonging to the highest rank (i.e., first rank); the next event to occur within that lineage
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will delimit groups of second-highest rank (i.e., second rank), and so on (Fig. 1).
Therefore, small-numbered ranks correspond to highly inclusive taxa closer to the root of
the tree, such as classes and orders, whereas ranks with high numbers correspond to least
inclusive taxa, closer to thetips of the tree, such asfamilies and genera.

Two or more origination events can occur by chance on the same branch, but this
will not change its rank; rather, the rank level of any given branch is determined by the
number of branches towards the root of the tree that have undergone origination events
(Fig. 1). Our model does not simulate morphological change, and branch lengths are
neither proportional to any measure of morphological distance (e.g., distinctiveness) nor
to the number of origination events that occur on the same branch. Speciation and
extinction probabilities can be constant or variable among clades by introducing the
parameter a as the probability of adiversification rate shift occurring on any given
branch. The timing of highertaxon origination events are drawn from an exponential
distribution with parameter f =4 + u + @ + a. The probability of each type of event is
proportional to 3. Origination probability is constant in all models evaluated in this study,
but it could be modified to vary through time, and in a diversity-dependent manner.
Simulations

We conducted tree simulations under the general model described above by
developing R code available in the package RPANDA (Morlon et a. 2016). Tree
simulations were run for 50 time units or until 5000 extant tips were reached. Initial A
values for each model were set to generate large trees ( > 500 extant tips; Supplementary
Table S1 available on Dryad at http://dx.doi.org/10.5061/dryad.2b7d5). Since small trees

could still be generated by chance, we ran simulations until 500 large trees were obtained
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for each diversification model described below. Analyses were performed on large trees
only.

Asanull model of atime-dependent process with unbounded richness, we first
considered constant rates of speciation and extinction through time and among clades.
We evaluated the effect of extinction by constraining p to be a constant proportion of A at
any point in time, so that we could explore the effect of different turnover regimes. absent
(u=0), low (u = 0.24), moderate (u = 0.51) and high turnover (u = 0.91). To assess the
effect of ahierarchical taxonomy, we considered three different origination rate regimes.
low (@ = 0.51), moderate (@ = 1) and high origination (@ = 1.31). When origination rate
islow, few higher taxa arise and diversity is partitioned among few taxonomic ranks. As
origination rate increases, eventually exceeding speciation rate, more higher taxa arise
and diversity becomes more partitioned, generally among less inclusive taxonomic ranks.
An example can be extracted from flowering plants. Order Malvales (e.g., cotton,
chocolate) and order Piperales (e.g., black pepper) have roughly similar species richness
(~6000 and ~4000, respectively). However, Malvales includes a much higher number of
families and genera (10 and 338, respectively) than Piperales (4 and 17, respectively).
Thisindicates that similar speciesrichnessis partitioned in alarger number of higher taxa
in Malvales than in Piperales, suggesting a higher rate of origin of ecological,
morphological, etc. descriptive attributes in the former group than in the latter.

Next, we allowed speciation and extinction rates to vary among clades with arate
shift probability of @ = 0.05 and an initial A class (Supplementary Table S1 available on
Dryad). Given arate shift event occurring on arandomly chosen branch, anew A class

was drawn from a gamma distribution with shape parameter k = 0.1, generating a
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distribution of new A classesthat are generally small but that can occasionally take high
values.

Asthe null model of an ecologically dependent process with bounded richness,
we implemented linear diversity-dependent change in speciation rate, allowing carrying
capacity (K) and initial speciation rate () to shift among cladeswith a probability of a =
0.01. The process starts with agiven initial value of K and A, (Supplementary Table S1
available on Dryad). Speciation rate decreases following the equation described by Nee et
al. (1992) and used by Rabosky (2006b) and Rabosky and L ovette (2008), in which the
speciation rate at any point in time (A,) is bounded by the number of species at that time
(Np and by K:

A =2 (L-N,/K)
Given arate shift event, arandomly chosen branch is assigned new K and A, classes
drawn uniformly from the intervals (50, 500) and (€°®, 1), respectively. This branch and
its descendants no longer belong to the initial K and A, classes and will continue to
evolve under the new class until another shift event occurs.

In both models of among-clade rate variation, we implemented ® values that
resulted in approximately the same number of ranks generated in the constant-rates
models under high origination (Supplementary Table S1 available on Dryad). The effect
of extinction was evaluated with the same four turnover regimes described above.
Empirical Diversification Processes: Age and Richness Data from Extant Taxa

We selected published molecular dating studies of various biological systems
from which we could gather data on stem and crown ages from more than 80% of taxa

within at least two different taxonomic ranks. The final data set comprised a dated tree
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sampling >80% amphibian species (De Lisle and Rowe 2015); a dated tree encompassing
>85% sguamate genera (Pyron and Burbrink 2014); amammal family-level dated tree
generated with a supermatrix approach (Meredith et al. 2011); a maximum clade
credibility tree obtained with TreeAnnotator (Rambaut and Drummond 2007) from a
species-level dating study of birds (Hackett backbone; Jetz et al. 2012); and a family-
level dated tree encompassing >87% flowering plant families (Magallon et al. 2015).

Richness counts were obtained following the taxonomy from the specialized
databases of the Amphibian Species of the World 6.0 (Frost 2015); The Reptile Database
(Uetz and Josek 1995); The Mammals Species of the World, 3 edition (Wilson and
Reeder 2005); and the Angiosperm Phylogeny Website (Stevens 2001). Richness counts
of bird taxa were obtained following the master taxonomy from the Jetz et al. (2012)
study, available in their electronic supplementary material.
ARC Estimation

To accurately estimate correl ations between richness and any biological attribute
within a phylogenetic framework and to avoid false positive ARC estimates (Rabosky et
al. 2012), non-independence (autocorrelation or phylogenetic structure) of the data must
be assessed and corrected. As anull model for the presence of phylogenetic structure,
most tests use a Brownian motion model of association of normally distributed characters
(or Brownian motion scaled to alink function if characters follow adistribution different
from a Gaussian; Hadfield and Nakagawa 2010). This model is used to account for
variation and covariation between characters, which are then used to estimate variance-
corrected contrasts at each node as the average of derived character values (Felsenstein

1985). Idedlly, the nature of the distribution of age and richness data should be taken into
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account. However, the methods usually applied to ARC estimation assume a normal
distribution of characters. Concerns have also been raised about how contrasts are
estimated, which might be unsuitable for species-richness data (Agapow & Isaac 2002;
Isaac et al. 2003). These concerns have promoted the development of alternative methods
(see Agapow & Isaac 2002), that, nonethel ess, seem to present other problems
(Freckleton et al. 2008). For the objectives of this study and for comparative purposes
with previous research (e.g., Rabosky 2009; Rabosky et a. 2012; Stadler et al. 2014,
Hedges et al. 2015), we selected two approaches that have been commonly used in recent
years to estimate age-richness relationships. First, to account for phylogenetic structure
we employed Pagel's (1999) lambda (A) test within a phylogenetic generalized |east
squares (PGLS) framework (Freckleton et al. 2002), performed with the pgls function in
the R package CAPER (Orme et al. 2013). Briefly, A is estimated with maximum
likelihood (ML) and 95% confidence intervals are obtained to infer the model that best
explains covariation between clade age and |og-transformed richness data (i.e., residuals
of the relationship of log-transformed richness regressed on clade age). A A value of O
indicates phylogenetic independence of the data (residuals are randomly distributed
across the phylogeny) while avalue of 1 indicates that traits covary following a Brownian
motion model and that there is phylogenetic structure (residuals are more similar among
closely related lineages). A can also take intermediate values, indicating a weak
phylogenetic structure explained by a different, unknown model of character association
(Freckleton et al. 2002) or by a non-Gaussian character distribution (Hadfield and
Nakagawa 2010). This makesthe A test particularly useful to detect phylogenetic

structure in characters that might not behave following Brownian motion. Second, we
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estimated ARCs with the Spearman’ s rank test, a method that does not account for
phylogenetic structure, using the cor.test function in the R base package STATS (R Core
Team 2014).

ARCs were estimated with these two methods at all taxonomic ranks available
from the simulated and empirical phylogenies. PGL S analyses were performed using
higher-level phylogenies. To produce these, the original phylogenies were pruned to
leave only one representative per taxon at the corresponding taxonomic rank. Except for
flowering plants and mammal orders and families, non-monophyletic taxa were found in
the empirical data sets. To evaluate the effect of non-monophyletic taxa, we estimated
ARCsincluding and excluding them.

RESULTS
Expected ARC Patterns

Analyses of data on age and richness simulated with the model of hierarchical
taxonomy show that ARCs vary across taxonomic ranks (Figs. 2 and 3). Thiswas
detected with both PGLS and Spearman’ s rank test. ARC variation across simulated
ranks seems to be controlled mainly by origination and extinction rate parameters. In
constant rate models, age and richness data appear to lack phylogenetic structure, since A
were null with crown and stem ages and across all simulated ranks (Supplementary Fig.
S1 available on Dryad). Accordingly, ARCs display very similar trends with PGL S and
Spearman’ s test. In general, ARC values decrease as taxonomic rank becomes less
inclusive. Decrease in ARCs is more pronounced when either origination or extinction
rates are moderate to high (Figs. 2a and 3a). When estimated with PGL S and when

extinction is moderate to high (Fig. 2a), ARCs can increase in high taxonomic ranks and
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subsequently decrease. ARCs tend to stabilize and become almost equal across lower
taxonomic ranks. ARC stabilization is reached more slowly as extinction increases (Figs.
2a and 3a; Supplementary Fig S2 available on Dryad). Under the constant rate models,
crown- and stem-ARCs are always positive.

When rates are allowed to vary among clades, A take arange of intermediate
values up to 1 among higher simulated ranks. A values decrease until they are null at
lower simulated ranks (Supplementary Fig. S1 available on Dryad). Despite the presence
of phylogenetic structure at higher simulated ranks, PGLS and Spearman’s ARC
estimates display the same general trends. We observe that both crown- and stem-ARCs
decrease with taxonomic rank. However, crown-ARCs remain non-negative across
taxonomic ranks, even in the model of diversity-dependent decrease in rates (Figs. 2b and
3b). In contrast, stem-ARCs are positive at high taxonomic ranks but take negative values
at low taxonomic ranks, when extinction is moderate to high, in both models of among-
clade rate variation (Figs. 2b and 3b).

Empirical ARC Trends

Empirical ARCs resulting from the analyses including and excluding non-
monophyletic taxawere very similar (Supplementary Tables S2 and S3 available on
Dryad). Here, we only present and discuss results from the analyses including non-
monophyletic taxa (Figs. 4 and 5). Pagel’s (1999) test applied to empirical age and
richness data reveal s different degrees of phylogenetic structure among biological
systems (Supplementary Fig. S3 and Supplementary Table $4 available on Dryad). Low
to amost null A estimates that are significantly different from 1 indicate that age and

richness covary independently of phylogeny. This was observed in stem age-richness data
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of amphibian families and subfamilies, squamate infraorders, superfamilies and genera,
and flowering plant orders and families. It was also observed in crown age-richness data
of amphibian subfamilies and of squamate infraorders and superfamilies. Squamate
families and crown age-richness data of squamate genera also have aimost null A, albeit
not significantly different from 1 and with large confidence intervals, preventing to
confidently assess phylogenetic independence in these data sets. This was also the case
for mammal superorders and orders, and for bird orders. In contrast, A estimates are
significantly different from 0 in amphibian genera and in bird families and genera,
revealing the presence of phylogenetic structure at lower taxonomic ranks in these groups.
Since A was also significantly different from 1 in these data sets, it indicates that a
Brownian motion model does not account for the detected phylogenetic autocorrelation,
and that a different character association model should explain phylogenetic structure.
Thisisalso the case for crown age-richness data of flowering plant families. Crown age-
richness data of flowering plant orders and stem age-richness data of mammal families
display high and intermediate A estimates, respectively, suggesting the presence of some
degree of phylogenetic structure in these data. However, the test was not significantly
different from 0 and confidence intervals were wide, preventing to confidently assert the
presence of phylogenetic structure. Intermediate levels of phylogenetic structure can also
occur when character distributions are non-Gaussian (Hadfield and Nakagawa 2010). A
Brownian motion model of character association was only detected in the amphibial
families crown age-richness data set.

Despite the presence of phylogenetic structure, PGL S and Spearman’ s test

provide very similar ARC estimates, both in terms of the sign of the correlation and the
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significance of the test (Figs. 4 and 5). Considering only the sign of ARC estimates, the
empirical relationship between age and richness across taxonomic ranks holds within the
same age typein all biological systems studied, except for mammal stem-ARCs
estimated with Spearman’ s test, which are negative within superorders and families but
positive within orders (Fig. 5b). The significance of the correlation test is also consistent
across taxonomic ranks in amphibians, flowering plants, mammal stem-ARCs and
squamate and bird crown-ARCs. In mammal crown-ARCs and squamate and bird stem-
ARCs significance is achieved at lower taxonomic ranks, but not always so at higher
ranks (Fig. 5).

Similar to ARC patterns simulated with the model of hierarchical taxonomy
proposed here (Figs. 2 and 3), empirical ARC estimates tend to decrease at lower
taxonomic ranks (Fig. 4). The only exceptions appear in amphibians and in stem-ARCs
from flowering plants and mammals, in which we detect a moderate increase at lower
ranks. In these three groups, ARC estimates obtained with stem and crown ages are
decoupled: crown-ARCs are positive while stem-ARCs are negative. In birds and
squamates, stem-ARCs are weaker than crown-ARCs, but both are always positive, and
in most cases, significant. In amphibians, ARC estimates are almost equal with both age
types and across taxonomic ranks, being positive but not significantly different from 0.
DiscussioN

Simulations represent a fundamental tool to provide expectations from null
models for hypothesis testing at macroevolutionary timescales. A good simulation
framework must incorporate all elements potentially affecting the behaviour of the

parameters used to describe the null model of interest in order to allow usto reach
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accurate interpretations. In diversification studies, taxonomy appears to be an element
that must be considered to understand comprehensively biodiversity patterns and
processes. Paleobiologists have investigated the effect and validity of using higher taxato
study biodiversity patternsin the fossil record, with encouraging results (e.g., Raup et al.
1973; Wagner 1995; Robeck et al. 2000; Soul and Friedman 2015). In the study of the
relationship between age and richness of extant clades, some forms of taxonomic
delimitation have been demonstrated to affect ARC estimates (Stadler et al. 2014).
However, the different implementations of taxonomic criteria have hampered the
establishment of anull taxonomic model applicable to different organisms (Stadler et al.
2014). The model of hierarchical origin of higher taxa developed here reproduces
different ARC trends observed in common taxonomic ranks of awide variety of
biological systems, appearing as a potential good tool to study the expected behaviour of
ARCs under alternative diversification scenarios.

When diversification rates are constant through time and among clades, timeis
the only factor expected to explain variation in species richness (Rabosky 2009; Stadler
et a. 2014). Our ssimulation framework is consistent with this expectation (Figs. 2a and
3a): the relationship between age and richness of cladesis positive when timeis
considered since crown or stem age in constant rates diversification models. Nevertheless,
we observe that stem-ARCs are weaker than crown-ARCs. The differencein ARC
estimates generated by the use of crown or stem ages cannot be explained by unusually
long stem branches generated by extinction (Pyron and Burbrink 2012), since it also
arisesin the absence of extinction (Figs. 2aand 3a). Hence, the simple fact that stem

ages are older than crown ages should be weakening stem-ARCs compared to crown-
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ARCs. Furthermore, the strength of the relationship between time and richness varies
with taxonomic rank, weakening as rank becomes less inclusive. ARC variation across
taxonomic ranks has not been documented before and is difficult to explain. It might be
related to the presence of monotypic taxa, which are usually represented in more than one
taxonomic rank. If monotypic taxa appear early in the tree, they could affect the age and
richness variance structure of less inclusive ranks. More tests are needed to evaluate if
monotypic taxa can effectively weaken the relationship between age and richness across
taxonomic ranks.

When diversification rates vary among clades but are constant through time,
richness is positively correlated with crown ages but negatively or not correlated with
stem ages, only with certain forms of taxonomic delimitation (Stadler et al. 2014). In our
simulations, less inclusive taxonomic ranks display this ARC pattern (Figs. 2b and 3b,
top row), which also emergesin diversity-dependent diversification processes (Figs. 2b
and 3b, bottom row). Hence, earlier work reporting positive relationships between crown
age and richness should not necessarily be interpreted as time explaining richness
patterns (Stephens and Wiens 2003; Wiens et a. 2006; McPeek and Brown 2007;
Escudero and Hipp 2013), since ecologically dependent processes can generate that
relationship too. Positive crown-ARCs and null or negative stem-ARCs have been
obtained using PGL S among tribes of sedges (Escudero and Hipp 2013) and families and
genera of mammals and birds (Hedges et al. 2015), and have been interpreted as evidence
for time dependency and rate constancy. Of the simple models considered in this study,

those that allowed among-clade varying rates (either constant through time or varying in
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adiversity-dependent manner) and a high extinction are the only ones producing ARC
patterns consistent with the ones observed in those groups.

We note that stem-ARCs previously reported in Rabosky et al. (2012) for birds
differ from the ones obtained here. This might be a consequence of the use of different
dated phylogenies in each study, which differ in topology and in dating methodol ogy,
likely resulting in differencesin estimated clade ages. The effect of phylogenetic
uncertainty and of error in age estimation on descriptive statistics of the diversification
process is an important issue that should be addressed in future work. Our simulated
ARCs show theideal case in which we know clade ages precisely. In this context, our
results suggest that stem-ARCs are more useful than crown-ARCsto revea
characteristics of the underlying diversification process. Considering both crown and
stem ages to estimate correlations might prove useful to reveal the presence of extinction.
However, neither crown- nor stem-ARCs can be used to distinguish between bounded
and unbounded diversity scenarios, as previously proposed (Rabosky 2009; Pyron and
Burbrink 2012; Rabosky et a. 2012).

Phylogenetic structure is another factor that has been posited to affect ARC
behaviour (Rabosky et al. 2012). When we assume Brownian evolution (A = 1;
Supplementary Fig. $4 available on Dryad) to estimate ARCs applying PGL S to data
with no phylogenetic structure, correlations appear overestimated as compared to those
obtained using the phylogenetic structure model inferred from the data (ML A values;
Fig. 2; Supplementary Fig. S1 available on Dryad) and using a method that does not
account for phylogenetic structure (Spearman’ stest; Fig. 3). A similar bias appearsin the

complementary case when richness evolves with a high degree of phylogenetic structure
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and a non-phylogenetic method is used to estimate ARCs (Rabosky et al. 2012). This
raises the need for more work to correctly account for phylogenetic structure before
attempting to estimate correlations. For the moment, the results presented here suggest
that when phylogenetic structure is weak, non-phylogenetic methods are as effective and
valid as PGL S to estimate ARCs.

The models of among-clade variation reproduce to some degree the empirical
lineage-through-time plots of the biological systems presented here (Supplementary Figs.
S5 and S6 available on Dryad). In the models of rate variation among clades, we also
detect some negative values of Pybus and Harvey (2000) gamma statistic (Supplementary
Fig. S7 available on Dryad). However, the distribution of simulated gamma values tends
towards null or positive estimates, showing that our model does not reproduce all
properties of real phylogenies. The simulations also produced more taxonomic ranks than
those generally established by common taxonomic practice, preventing the establishment
of aformal correspondence between empirical and simulated taxonomic ranks. Since we
aimed to generate compl ete trees (including extinct branches; Nee et al. 1992), smulation
of very large trees (with > 5 000 extant tips) required substantial computational resources,
hindering simulations with certain parameter values (e.g., high diversification rate).
Hence, we only used a small range of parameter values not estimated from the empirical
data to conduct the simulations. To implement aformal comparison between observed
and expected properties of higher taxa, our model needs to be computationally optimised
to perform predictive a posteriori simulations using parameters estimated from empirical
data. At present, there are many methods to estimate speciation and extinction rates

(Morlon 2014), but there are very few methods to estimate origination rate from extant
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taxa. A framework to estimate origination rate in a constant birth-death scenario has been
developed (Maruvkaet al. 2013), and it could be extended to accomodate diversification
rate variation. It is also important to highlight that we only considered a model of
constant origination through time, which implies that more origination events occur as
species number increases, resulting in more higher taxa accumul ating towards the present.
However, it is unknown if we should expect something similar in real higher taxa and if it
is not the case, how it can affect ARCs. Simulated clde richnesss frequency distributions
(Supplementary Fig. S8 available on Dryad) are in some ways similar to the empirical
ones (Supplementary Fig. S9 available on Dryad). Given the apparent sensitivity of the
results to the origination rate parameter, exploration of the effect of different forms of
highertaxon accumulation —such as protracted or diversity-dependent origination— should
be evaluated.

In the last decade, the correlation between age and species richness of higher taxa
has extensively and increasingly been used to explore the effect of time versus ecological
effects on the heterogeneous distribution of species among taxa and regions. Overall,
these studies have reported contradictory conclusions regarding the relationship between
age and richness (e.g., McPeek and Brown 2007; Rabosky et al. 2012; Hedges et al.
2015). In this study, we show that the conflict probably comes from the fact that ARCs
have been estimated using different taxonomic ranks, age types and correlation
estimation methods. Moreover, previous interpretations have relied on ARCs estimated
from one taxonomic rank only. In the study of the latitudinal diversity gradients, it has
been observed that ecologically and time-dependent diversification models cannot be

differentiated with a simple estimate of the relationship between age and richness of
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clades (Hurlbert and Stegen 2014), conforming to our concerns. ARCs should be used
with caution as supporting evidence in diversification analyses. Whenever possible, we
encourage researchers to estimate ARCs considering different taxonomic ranks available
in their data sets, and to carefully analyse their trends. A null or negative ARC should not
be taken as evidence in favour of diversification processes that bound species
accumulation, since processes of unbounded diversity can generate such relationships
between age and richness as well. However, it can be used to document among-clade rate
variability in general. It isimportant to note that we only considered few diversification
models from the wide variety available in the literature. The evaluation of other models
such as diversification limited by area or by extinction might change ARC interpretations.
Moreover, ARC patterns described here might not hold for subgroups evolving within a
general diversification process. For example, Passerine birds have consistently portrayed
negative ARCs (Ricklefs 2006; Rabosky 2009), differing from the ARC patterns
portrayed by the whole class reported here and elsewhere (Stadler et a. 2014). Finally,
we emphasi ze the importance of incorporating a higher-taxon origination parameter in
simulation frameworks, as it appears to have arelevant effect on the behaviour of
descriptive statistics of diversification dynamics, whose importance for the study of
richness patterns should not be neglected.

SUPPLEMENTARY MATERIAL

Supplementary material, including empirical and simulated data on age and richness and
online-only figures and tables, is available in the Dryad digital repository at

http://dx.doi.org/10.5061/dryad.2b7d5.
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FIGURE 1. Example tree simulated with the model of hierarchical origin of higher taxa
proposed in here. Highertaxon origination events (X) can occur at any branch. The node
descending from the higher-taxon origination event deepest in the tree corresponds to the
crown node of a 1st rank higher taxon (filled circles). The node subtending the branch
where the origination event occurred represents the stem node of the higher taxon (open
triangles). Nodes in which any of the two daughter branches went extinct cannot define
higher taxa (empty circle). To preserve monophyly, a clade that lacks origination events,
but is sister to a higher taxon, is defined as a higher taxon of the samerank asits sister, as
exemplified by taxon 2.2 (asterisks). Clades with fewer origination events are assigned to
all lessinclusive taxonomic ranks generated during the simulation, as exemplified by
taxon 1.1 (filled diamonds). This a posteriori highertaxon delimitation guarantees the

inclusion of al lineages of acladein al ranks.
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FIGURE 2. Expected relationship between clade age and species richness inferred with

phylogenetic generalized least squares (PGLS). X-axis numbers denote simulated

taxonomic ranks, from the most to the least inclusive. At each simulated taxonomic rank,

ARCs are estimated using crown ages (crown-ARCs) and stem ages (stem-ARCs). A

solid line across distributions connects crown-ARC modes of each rank while a dashed

line connects stem-ARC modes. PGL S was applied to data simulated under models of
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constant speciation and extinction rates (a) and of among-clade variation in speciation
and extinction (b) with no rate change through time (b — top row), and with diversity-

dependent rate variation (b — bottom row). Different extinction (increasing p from left to

right) and origination rates (increasing @ from bottom to top in (a); for (b) we only show

results obtained with a high origination) were considered. To facilitate comparisons,
results are shown for the six ranks displaying the most extreme ARC values of each

model. The horizontal grey line indicates a correlation of zero.
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FIGURE 3. Expected relationship between clade age and species richness inferred with

Spearman’ s rank test. X-axis numbers denote simulated taxonomic ranks, from the most

to the least inclusive. At each simulated taxonomic rank, ARCs are estimated using

crown ages (crown-ARCs) and stem ages (stem-ARCs). A solid line across distributions

connects crown-ARC modes of each rank while a dashed line connects stem-ARC

modes. Spearman’ stest was applied to data simulated under models of constant
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speciation and extinction rates (a) and of among-clade variation in speciation and
extinction (b) with no rate change through time (b — top row), and with diversity-

dependent rate variation (b — bottom row). Different extinction (increasing p from left to

right) and origination rates (increasing @ from bottom to top in (a); for (b) we only show

results obtained with a high origination) were considered. To facilitate comparisons,
results are shown for the six ranks displaying the most extreme ARC values of each

model. The horizontal grey line indicates a correlation of zero.
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697  between crown age and richness (solid) and between stem age and richness (dashed).
698  Organismal silhouettes are available from www.phylopic.org. Materia is presented
699  unmodified. Mammal material was provided by Sarah Werning under a CC by 3.0 license

700  (creativecommons.org/licenses/by/3.0).
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taxonomic ranks of amphibians, scaled reptiles, mammals, birds and flowering plants, as
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estimated with @) phylogenetic generalized least squares (PGLS) and b) Spearman’s rank
test. A horizonta grey lineisdrawn at 8 (or o) = 0; + significant correlation (p < 0.05).
Exact values are shown in Supplementary Table S2 available on Dryad. Organismal
silhouettes are available from www.phylopic.org. Material is presented unmodified.
Mammal material was provided by Sarah Werning under a CC by 3.0 license

(creativecommons.org/licenses/by/3.0).
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Material Suplementario

Los datos de riqueza 'y edad de clados empiricosy simulados usados en los andlisis
presentados en este Capitulo 3, asi como las tablasy figuras suplementarias que se
presentan a continuacion, se encuentran disponibles en el repositorio digital Dryad

http://dx.doi.org/10.5061/dryad.2b7d5
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SUPPLEMENTARY TABLES
Sanchez-ReyesL.L., Morlon H., Magallon S. 2016. Uncovering higher-taxon

diversification dynamics from clade age and species-richness data. Systematic Biology.

TABLE S1. Parameter values used to simulate trees under the diversification models

evaluated in this study.

Diversification Extinction rate Origination rate Speciation rate (A; initial
Model (1) regime® (®) regime” speciation rate Ao)
Low A=0.125
absent Moderate A=0.13
High A=0.16
Low A=0.3
low Moderate A=0.3
Constant High A=0.3
rates Low A=0.6
moderate Moderate A=0.6
High A=0.6
Low A=0.8
high Moderate A=0.8
High A=0.8
Among-clade absent ® =0.65 A =0.1
rate change & low é =0.65 A =0.1
constant rates moderate ® =0.65 A =0.1
through time high ® =0.65 AN =15
Among-clade absent ® =0.65 Ao =0.25
rate change & low ® =0.65 A =0.2
diversity-dependent moderate ® =0.65 Ao =0.3
decrease high ® =0.65 A=5

a) Extinction rate regimes correspond to [1 =0 (absent), 0 =0.2* A (low), 00 =0.5*A
(moderate) and [1 =0.9* A (high).
b) Origination rate regimes correspond to [1 =0.5*A (low), O = A (moderate) and [

=1.3* (high).
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TABLE S2. Summary of ARC estimates resulting from the analyses of data sets including non-monophyletic taxa.

Biological Taxonomic Mea_n agein Mygs PGLS B Spearman’s p
(min, max, sd) (p value) (p value)
Rank
System (df® crown, crown stem* crown stem* crown stem*
df ? stem*)
Family 45.75 72.23 0.024 -0.011 0.061 -0.205
(65,67) (2.97,119.9,27.2) | (19.87,174.4,39.5) (0.009) (0.024) (0.621) (0.091)
Amphibians Subfamily 36.74 58.8 0.002 -0.013 -0.011 -0.253
(97,100) (2.97,119.9,24.2) | (12.11,174.4,37.1) (0.764) (0.001) (0.912) (0.010)
Genus 15.82 27.03 0.009 0.002 0.107 -0.059
(292,433) (0.293,78.66,13.9) | (1.979,154.9,24.6) (0.085) (0.365) (0.067) (0.260)
Infraorder 79.31 81.43 0.041 0.035 0.811 0.281
(15,18) (27.21,166.6,42.2) | (65.63,174.1,42.9) (4.6e-4) (0.006) (7.74e-5) (0.87)
Squamates Superfamily 62.6 91.81 0.048 0.021 0.737 0.281
(33,36) (16.74,131.1,27.4) | (56.35,174.1,30.0) (7.77e-7) (0.053) (4.54e-7) (0.087)
Family 53.52 81.56 0.05 0.059 0.579 0.061
(57,62) (16.74,110.1,22.1) | (42.62,174.1,26.8) (3.55e-7) (0.564) (1.56e-6) (0.63)
Genus 25.27 37 0.033 0.014 0.482 0.262
(498,690) (0.585,80.4,14.7) | (5.036,174.1,19.9) (<2.2e-16) (2.64e-13) (<2.2e-16) (2.63e-12)
Superorder 74.26 122.2 0.113 -0.028 0.679 -0.764
(5,5) (46.73,89.86,14.4) | (80.21,215.6,54.8) (0.075) (0.102) (0.09) (0.061)
Mammals Order 55.51 79.99 0.09 -0.007 0.739 0.32
(14,23) (30.38,74.25,13.8) | (61.41,215.6,29.3) (0.007) (0.624) (0.001) (0.119)
Family 39.41 -0.007 -0.066
(NA,117) NA (13.01,89.86,17.6) NA (0.391) NA (0.477)
Order 48.84 70.34 0.076 0.073 0.738 0.31
(35,35) (8.58,78.4,19.3) (40.11,82.9,10.1) (5.83e-8) (0.02) (1.87e-7) (0.062)
Birds Family 31.28 44.15 0.048 0.02 0.367 0.031
(171,171) (2.307,71.42,14.2) | (14.76,82.9,17.0) (3.47e-10) (0.017) (6.71e-7) (0.682)
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Genus 10.4 16.45 0.06 0.016 0.51 0.202
(1232,1232) | (0.159,57.91,8.0) | (0.822,77.02,11.0) (<2.2e-16) (4.3e-11) (<2.2e-16) (8.42e-13)
Angiosperms Order 86.35 109.8 0.047 -0.023 0.264 0.227
(57,63) (9.08,128.9,26.2) | (69.35,139,17.8) (1.7e-4) (0.219) (0.043) (0.079)
Family 47.2 73.13 0.023 -0.005 0.16 -0.046
(165,355) | (6.253,126.2,21.1) | (22.02,134.6,23.2) (0.004) (0.349) (0.039) (0.39)

(*) monotypic lineages excluded from the analyses
(a) df = Degrees of freedom (N-2)

(b) min = minimum age, max = maximum age, sd = standard deviation
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TABLE S3. Summary of ARC estimates resulting from the analyses of data sets excluding non-monophyletic taxa.

Biological Taxonomic Mea_n agein Mygs PGLS B Spearman’s p
(min, max, sd) (p value) (p value)
Rank
System (df® crown, crown stem* crown stem* crown stem*
df ? stem*)
Family 45.54 73.59 0.019 -0.013 -0.0008 -0.256
(60,62) (2.97,119.9,27.4) | (19.87,174.4,40.1) (0.055) (0.011) (0.996) (0.042)
Amphibians Subfamily 36.98 59.44 -0.008 -0.013 -0.032 -0.271
(89,92) (2.97,119.9,24.3) | (12.11,174.4,38.1) (0.193) (0.0007) (0.762) (0.008)
Genus 15.46 27.08 0.011 -0.002 0.092 -0.057
(244,316) (0.293,78.66,14.3) | (1.979,154.9,25.1) (0.056) (0.419) (0.152) (0.312)
Infraorder 61.55 94.11 0.055 0.035 0.799 0.102
(10,13) (27.21,146.4,32.1) | (65.63,174.1,38.1) (8.7e-4) (0.02) (0.002) (0.712)
Squamates Superfamily 60.11 90.12 0.052 0.018 0.723 0.235
(31,34) (16.74,110.1,25.3) | (56.35,174.1,28.5) (6.06e-7) (0.131) (1.98e-6) (0.168)
Family 53.62 82.45 0.044 0.010 0.590 0.076
(57,62) (16.74,110.1,22.5) | (42.62,174.1,26.8) (1.01e-6) (0.222) (1.37e-6) (0.573)
Genus 22.92 36.07 0.039 0.012 0.473 0.254
(498,690) (0.585,80.4,13.0) (5.036,11.1,18.9) (<2.2e-16) (1.77e-9) (<2.2e-16) (2.05e-7)
Superorder 71.66 1115 0.154 -0.036 0.886 -0.794
(5,5) (46.73,83.31,13.9) | (81.21,215.6,51.4) (0.032) (0.097) (0.018) (0.090)
Order
Mammals - - - - - -
Family i i ) ) ) )
Order 48.02 70.03 0.079 0.073 0.753 0.304
(35,35) (8.58,77.45,18.9) (40.11,82.9,10.1) (5.92e-8) (0.025) (1.18e-7) (0.072)
Birds Family 28.80 45.28 0.042 0.013 0.439 0.126
(171,171) (2.307,71.42,14.4) | (14.76,82.9,18.4) (6.97e-7) (0.069) (5.37e-7) (0.169)
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Genus 9.12 15.84 0.045 0.013 0.505 0.186
(1232,1232) | (0.159,55.09,7.1) | (0.822,77.02,10.8) (<2.2e-16) (1.34e-7) (<2.2e-16) (3.22e-9)
. Order
Angiosperms - - - - - -
Family i i i ) ) i

(*) monotypic lineages excluded from the analyses
(a) df = Degrees of freedom (N-2)
(b) min = minimum age, max = maximum age, sd = standard deviation

(-) taxonomic ranks without non-monophyletic taxa in the analysed data sets.
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TABLE $4. Phylogenetic structure of covariation between age and richness data, estimated with Pagels’ (1999) lambda test.

Significantly different

Significantly different

Biological Taxonomic Pagel’s (1999) lambda ML from O from 1 (various
estimate logLikelihood (phylogenetically explanations. see main
System Rank [95% CI] structured in some P |
way) text)
crown stem* crown stem* crown | stem* crown | stem*
- . 0.882 0 ) ) yes no no yes
Amphibians Family [0.475,1] [0, 0.650] 120.973 128554 |\, _0.0006 p=1 p=0.115 | p=0.0002
yes yes
. 0.220 le-6 no no _ _ )
Subfamily [0, 0.695] [0,0.215] -176.009 -177.656 b = 0.254 p=1 p= 17.27e- p= 1.019e
0.413 0.144 yes yes yes yes
Genus | 19102, 0.716] | [0.014,0.306] | 437401 | 552526 | p= 55-839' 0 =0012 0=0 D=0
yes
0.000001 0.000001 no no - yes
Squamates Infraorder [0,0.912] [0,0.755] -30.48887 -34.56699 p=1 p=1 0.83_09 p = 0.0110
Superfamily | 0000001 0.0492 -56.81650 | -68.23715 no no i;e:s yes
[0,0.859] ‘ ' ' p=1 p =0.866 0.0242 p =0.0134
. 0.000001 0.000001 no no no no
Family [0,1] 0,1] -17.28827 -20.21616 p=1 p=1 0=0094 | p=00711
0.000001 0.000001 no no no yes
Genus [0,1] [0,0.749] | 393969 | 4680911 | p=1 | p=0107 | p=0.0211
no
0.000001 0.000001 no no no
Mammals Superorder -12.76832 -13.14386 =
P [0,1] [0,1] p=1 p=1 0.8883 p = 0.0905
0.000001 0.000001 no no no no
Order [0,1] 0,1] -28.25410 -52.41119 p=1 p=1 b =0.199 0 =0117
Family NA 0.486 NA -207.6775 NA no NA yes
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| p=0.508 | | p=1.01e-4 |
0.000001 0.000001 o o no o
Birds Order [0,1] [0,1] -60.91298 | -73.77465 o) o) = 0007
P= P= 0.0748 | P7Y
yes yes yes
. 0.750 0.723 _ N o ) yes
Family 0.404.0.979] | [0.206.0.082) | 2919804 | -308.9319 | p= 56376 p= 9433e p= 22.68e b = 0.0207
Genus 0.344 0.0512 -1382.543 | -1510.098 -y1e$8e- —yge Zze- <y232e- yes
[0.205,0.488] : ' : p=- p =2 P=z2. p<22e-16
15 4 16
; 1 0.000001 . ) no no no yes
Angiosperms Order 0.1] [0, 0.963] 129.4544 134.4796 p=0111 p=1 p=1 p = 0.0463
yes yes
. 0.503 0.000001 yes no
Family -355.5117 | -355.7116 | __ X p= p=
[0.0871,0.917] | [0,0.606] p = 0.0145 p=1 0b141 | 0.000371

(*) monotypic lineages excluded from the analyses

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
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diversification dynamics from clade age and species-richness data. Systematic Biology.
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FIGURE S1. Expected phylogenetic structure of covariation between clade age and

richness, as estimated with Pagel's (1999) lambda (A) test. X-axis numbers denote
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simulated taxonomic ranks, from the most to the least inclusive. At each simulated
taxonomic rank, A is estimated using crown ages (green) and stem ages (brown). Data
was simulated under models of constant speciation and extinction rates (a) and of among-
clade variation in speciation and extinction (b) with no rate change through time (b — top
row) and with diversity-dependent rate variation (b — bottom row). Different extinction
(increasing p from left to right) and origination rates (increasing from bottom to top in &
for b we only show results obtained with a high origination) were considered. To
facilitate comparisons, results are shown for six ranks displaying the most extreme values

of A of each moddl.
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FIGURE S2. Expected relationship between clade age and species richness inferred with
Spearman’ s rank test in all simulated taxonomic ranks. X-axis numbers denote simulated
taxonomic ranks, from the most to the least inclusive. Distributions show crown age-
richness correlations (crown-ARCs) in green and stem age-richness correl ations (stem-

ARCs) in brown. ARCs are estimated with data simulated under models of constant

speciation and extinction rates, different values of extinction (increasing u from left to

right) and a high origination rate. To estimate correlations, at least three clades are
needed. Correspondingly, taxonomic ranks shown are represented by at |east three clades

in each simulated tree. Lines across distributions connect ARC modes of each rank.
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FIGURE S3. Empirical phylogenetic structure of covariation between clade age and

richness, as estimated with Pagel's (1999) lambda (A) test evaluated at different
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taxonomic ranks of amphibians, scaled reptiles, mammals, birds, and flowering plants.
Organismal silhouettes are available from www.phylopic.org. Material is presented

unmodified. Mammal material was provided by Sarah Werning under a CC by 3.0 license

(creativecommons.org/licenses/by/3.0).
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FIGURE $4. Expected relationship between clade age and species richness inferred with

phylogenetic generalized least squares (PGL S) when assuming complete phylogenetic
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ARCs) in green, and stem age-richness correlations (stem-ARCs) in brown. ARCs are

estimated across different taxonomic ranks simulated under models of constant speciation
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and extinction rates (a) and of among-clade variation in speciation and extinction (b) with
no rate change through time (b — top row), and with diversity-dependent rate variation (b
— bottom row). X-axis numbers denote simulated taxonomic ranks, from the most to the
least inclusive. Data shown were simulated with different extinction (increasing p from
left to right) and origination rates (increasing from bottom to top in &; for b we only show
results obtained with a high origination). To facilitate comparisons, results are shown for
the six ranks displaying the most extreme ARC values from each model. Lines across

plots connect ARC modes of each rank.
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FIGURE Sb. Expected lineage through time (LTT) plots obtained from trees simulated

under diversification models of (@) constant speciation and extinction, and (b) among-

clade variation in speciation and extinction with no change in rates through time (b —

upper row), and with density-dependent change in rates (b — bottom row). Data shown

were simulated with different extinction (increasing p from left to right) and origination
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rates (increasing from bottom to top in a; for b we only show results obtained with a high

origination).

2 a 6 8

log (extant species)
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FIGURE S6. Empirical lineage through time (LTT) plots from dated phylogenies of
amphibians, scaled reptiles, and birds used to extract clade age and richness data.
Organismal silhouettes are available from www.phylopic.org. Material is presented

unmodified.
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(increasing p from left to right) and origination rates (increasing from bottom to top in &

for b we only show results obtained with a high origination) were considered.
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FIGURE S9. (a) Logarithmic (natural) clade richness frequency distributions and (b)
logarithmic (natural) rank ordered clade richness of higher taxa from different taxonomic

ranks of amphibians, scaled reptiles, mammals, birds, and flowering plants. Organismal
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SUPPLEMENTARY MATERIAL
SANCHEZ-REYES ET AL.— DIVERSIFICATION IN HIERARCHICALLY ORGANIZED TAXA

silhouettes are available from www.phylopic.org. Material is presented unmodified.
Mammal material was provided by Sarah Werning under a CC by 3.0 license

(creativecommons.org/licenses/by/3.0).
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DISCUSION GENERAL

El modelo de origen jerérquico de taxa superiores propuesto en este trabajo (Fig. 1,
Capitulo 3) permitié la caracterizacion de larelacion entre la edad de los clados y su
riqueza de especies (la ARC), un estadistico descriptivo cominmente utilizado para
distinguir entre diferentes hipétesis en estudios de diversificacion anivel macroevolutivo.
Esta caracterizaciOn aparece como clave para determinar lamaneraen quelaARC se
puede usar para complementar |os resultados de métodos de gjuste de model os de
diversificacion (Figs. 1y 2, Capitulo 1). Los métodos de gjuste de modelos con ML y
estadistica Bayesiana permiten reconstruir €l proceso de diversificacion con gran detalle
usando diferentes tipos de datos, tomados de filogenias fechadas y/o del registro fosil, y
pueden ser aplicados en una variedad de sistemas biolgicos. Sin embargo, distinguir
entre model os alternativos puede ser complicado y lafalta de modelos generales dificulta
la evaluacion de hipotesis alternativos de diversificacion en un mismo grupo de datos

(Figs. 2y 3, Capitulo 2).

Utilidad de la relacién entre la edad de los clados y su riqueza de especies para estudiar
el proceso de diversificacion

Se sabe que, aln proviniendo del mismo proceso de diversificacion, existe una
discrepancia entre larelacion de la edad corona de los clados y su riqueza de especies
(ARC corona) y larelacion de la edad troncal de los mismos clados con su riqueza de
especies (ARC troncal), cuando los clados son delimitados por distanciatemporal o
genética (Stadler et al. 2014), como es el caso de laclasificacion delasavesde Sibley y

Ahlquist (1990), la cual esta basada en datos de hibridaciéon ADN-ADN. Los resultados
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principales de esta tesis muestran que la diferencia entre ARC coronay troncal también
puede surgir en unaclasificacion similar alaimplementada en |a practica taxondmica
comun, en la que los clados estan delimitados jerarquicamente, de acuerdo a
caracteristicas descriptivas y, en ultimos afios, en base ainformacion de sus relaciones
filogenéticas (Figs. 2y 3, Capitulo 3).

La existencia de estas diferencias entre ARCs coronay troncales en rangos
taxondmicos como oOrdenes, familiasy géneros, se corroboro en ARCs de cinco sistemas
biol 6gicos distintos. anfibios, reptiles escamados, mamiferos, avesy angiospermas (Figs.
4y 5, Capitulo 3). Los datos simulados y empiricos muestran también que las ARCs no
solo varian dependiendo de la edad usada para estimarlas, sino del rango taxonémico
utilizado (Figs. 2-4, Capitulo 3). A pesar de lavariacion registradaen laARC, los
resultados de las simulaciones permitieron establecer patrones generales en su
comportamiento y sefialar aspectos del proceso de diversificacion sobre los cuales la

ARC puede ser informativa.

Informatividad de la diferencia entre ARC corona y ARC troncal

En todos los model os de diversificacion evaluados, las ARC troncales son 1) mas débiles
que las ARC corona, es decir, con valores inferiores, mas cercanos a0 —la ausencia de
correlacion—, 0 2) opuestas alas ARC corona, siendo negativas en algunos casos (Figs. 2
y 3, Capitulo 3). Ladiferencia entre ARCs coronay ARCs troncales se observaincluso
cuando no se considera extincion o cuando ésta es muy baja, sugiriendo que la
discrepancia no puede ser explicada unicamente por la presencia de ramas troncales
inusual mente largas generadas por €l proceso de extincion, como habia sido propuesto
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(Pyrony Burbrink 2012). Es posible que el simple hecho de que las edades troncales sean
mas vigjas que las edades corona pueda estar debilitando los estimados de ARCs
troncales en comparacion con los de ARCs corona. Cabe notar que esto no implica
necesariamente que la extincidn no tenga ningun efecto sobre las ARC. De hecho, los
resultados de las simulaciones parecen mostrar que la extincién puede afectar tanto la
ARC corona—haciéndola més positiva— como la ARC troncal —haciéndola mas débil o
negativa (Fig. 3, Capitulo 3). Ladiferencia entre ARCs coronay troncales se hace mas
pronunciada en presencia de extincion (Figs. 2'y 3, Capitulo 3), por lo que larelacion de
ambos tipos de ARC podriallevar alguna sefial del proceso de extincion. Para usar la
relacion ARC corona/ ARC troncal para cuantificar el proceso de extincion se tendria que
optimizar el modelo de origen jerarquico de taxa superiores aqui propuesto para que los

taxa simulados correspondieran con |os observados.

Informatividad de la diferencia de la ARC entre rangos taxonomicos

Otro resultado relevante de este estudio es que las ARCs, tanto corona como troncales,
varian con el rango taxonémico. La pendiente de ambos tipos de ARC disminuye hacia
rangos taxonomicos menos inclusivos, pero las ARCs corona nunca llegan a ser
negativas. En contraste, las ARCs troncales si pueden ser negativas en rangos
taxonomicos menos inclusivos. Esto solo ocurre en model os de tasas variables entre
clados, tanto de tasas constantes en el tiempo como variables dependientes de la
diversidad (Figs. 2b 'y 3b, Capitulo 3), indicando que una ARC troncal negativa es
evidencia de que hay un proceso en el que las tasas varian entre clados, ya sea con
diversidad ilimitada o con limites ecol 6gicos a la diversidad.
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La variacion entre rangos taxondmicos en la ARC de datos empiricos es en
general menos pronunciada que la obtenida con las simulaciones, ya que, en lamayoria
de los casos, las ARCs mantienen el mismo signo entre rangos taxondmicos (Figs. 4y 5,
Capitulo 3). En los sistemas biol gicos en los que hay evidenciade que las ARCs
troncal es son negativas (anfibios, mamiferosy plantas con flor), estas aparecen en todos
los rangos taxondmicos considerados en cada grupo, incluyendo rangos que
consideramos mas inclusivos, como ordenes. Dado que el modelo de simulacion
implementado no esté optimizado para corresponder exactamente con |os rangos
taxondmicos de | os sistemas bi ol 6gicos de estudio, una posible explicacion a esto es que
los clados que estan asignados formal mente a un rango taxondmico en estos sistemas
biol 6gicos en realidad son equivalentes a los rangos menos inclusivos resultantes de las
simulaciones. Los clados simulados de rangos més inclusivos podrian corresponder con
clados que no estan asignados formalmente a ningun rango taxonémico. Tomando un
gjemplo de las plantas con flor, esto corresponderia a clados determinados por laAPG 111
como Magndlidas, Monocotiledéneas, y Rosidas y Astéridas dentro de Eudicotileddneas,
los cuales son clados mas inclusivos que érdenes, pero no estan asignados formalmente a
ningun rango taxondémico (Bremer et al. 2009). Un siguiente paso de investigacion seria
estimar en diferentes sistemas bioldgicos las ARCs con este tipo de clados que no
corresponden a rangos taxonomicos formales, para determinar si el modelo describe
adecuadamente el comportamiento de estos datos.

Independientemente del signo de las correlaciones, en |os sistemas biol 6gicos en
los que se pudieron estimar las ARCs desde el nivel de género hasta el rango taxondmico
mas inclusivo de cada grupo (en anfibios, reptiles escamados y aves), las correlaciones
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parecen ser significativas mas frecuentemente en rangos menos inclusivos, como en
génerosy familias (Fig. 5, Capitulo 3). Una prueba estadisticamente significativa en
rangos menos inclusivos puede ser explicado por el efecto del tamario de muestra (Royall
1986). Yaque el nimero de clados en rangos menos inclusivos siempre es mayor que €l
de rangos mas inclusivos, por azar, es mas probable que los rangos més inclusivos
resulten en relaciones no significativas, aln cuando el tiempo si esté relacionado con la

riqueza de especies a este nivel, ya sea negativa o positivamente.

Conclusiones sobre la informatividad de la ARC

A pesar de lavariacion entre rangos taxondmicosy entre edades coronay troncal, 1os
resultados de las simulaciones muestran que cuando las tasas de diversificacion son
constantes en €l tiempo y entre clados, el tiempo es un factor que siempre se relaciona
positivamente con la variacion en la diversidad, corroborando resultados de estudios
previos (Rabosky 2009; Stadler et al. 2014). Ademas, los resultados aqui presentados
extienden esta idea, mostrando que larelacién entre la edad de los cladosy lariqueza de
especies también puede ser positiva en model os de variacion en las tasas y model os de
diversidad limitada (Figs. 2 y 3, Capitulo 3). Una ARC positiva se consideraba
frecuentemente como evidencia de procesos en los que el tiempo es la principal
explicacion de los patrones de riqueza. Sin embargo, este resultado sugiere que laARC
no debe ser utilizada como evidencia del efecto del tiempo parala especiacion (Stephens
y Wiens 2003) ni como evidencia de procesos de diversidad ilimitada (Hedges et al.
2015). Ademés, plantea dos preguntas relevantes: i) ¢por qué las correl aciones siempre
son positivas en edades corona?y ii) ¢por qué las ARCs siempre son positivas en rangos
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mas inclusivos? Dado que todos |os procesos de diversificacion tienen una primera fase
de expansion, una posible respuesta a la primera pregunta es que el grupo corona siempre
representa esta primera parte de los procesos, mientras que la edad troncal incluye otra
parte de la historiade los clados. En €l caso de |los clados mas inclusivos, es facil
imaginar como su diversidad es resultante de varios “ subprocesos’ de diversificacion,
cada uno con su propiatasa de diversificacion, las cuales por azar pueden tomar valores
similares y también val ores completamente opuestos. A gran escalatemporal, la sumadel
efecto de estas tasas contrastantes podria “ anularse” o “enmascararse”, como se detecta
en el estudio de diversificacion de las plantas con flor (Fig. 2, Capitulo 1) y en el delos
ocotillos (Fig. 3, Capitulo 2) generando un patrén de diversidad semejante a producido
por un proceso de tasas constantes. Esto también explicaria porqué estudios de
diversificacion que evalUan la distribucion de la diversidad en grupos muy inclusivos,
frecuentemente encuentran evidencia de constancia en los parametros de diversificacion

(Van Vaen 1973; McPeek y Brown 2007; Hedges et al. 2015).

Estudiar la relacion entre la edad de los clados y su riqueza de especies en un contexto
filogenético

Hay evidenciaen laliteratura de que los datos de riqueza de especies y edad presentan
estructura filogenéticala cual produce falsos positivos en las ARCs cuando no es tomada
en cuenta, indicando que € tiempo esta relacionado con la diversidad cuando en realidad
no lo esta (Rabosky et al. 2012). En este trabajo, |os datos empiricosy simulados de
riqueza de especies y de edad de |os clados de diferentes rangos taxondmicos, asi como
los de edades coronay troncal, muestran diferentes grados de estructurafilogenéticay, en
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la mayoria de los casos, no es detectada (Figs. S1y S3, Capitulo 3). Aun cuando la
estructura filogenética no fue simulada explicitamente en este trabajo, ésta es observada
en los modelos de variacion de las tasas entre clados (Fig. S1b, Capitulo 2). Ademas, la
estructura filogenética aparece mas frecuentemente en rangos taxondmicos mas
inclusivosy su influencia se va perdiendo en rangos menos inclusivos (Fig. S1b, Capitulo
2). Estos resultados sugieren que los model os de nacimiento y muerte de tasas variables
tienen el potencial de generar una sefia filogenética en los datos de edad y riqueza de
especies, por o que un modelo de movimiento Browniano no seria adecuado para
detectar dicha sefial en este tipo de datos.

A pesar de la presencia de estructura filogenética, |as correlaciones estimadas con
el método de minimos cuadrados filogenéticos (PGLYS) y las estimadas con la prueba de
Spearman que no toma en cuenta la sefial filogenética son muy similares (Figs. 2y 3,
Capitulo 3). Ademas, cuando se supone movimiento Browniano con el método de PGLS
(lambda (A) de Pagel (1999) =1, Fig. $4, Capitulo 3), las ARCs aparecen sobrestimadas
en comparacion alas obtenidas cuando se usa la estructura filogenética inferida de los
datos (A estimada con ML ; Fig. 2, Capitulo 3) y alas obtenidas con el método de
Spearman que no considera estructura filogenética (Fig. 3, Capitulo 3). Esto muestra que
el uso de un model o de asociacion de caracteres inadecuado para los datos de edad y
riqueza de especies puede resultar en estimados de ARC erréneos, como se ha observado
en otros caracteres (Price 1997). Asi, los métodos que suponen movimiento Browniano,
como los contrastes independientes filogenéticos (Fel senstein 1985; Pagel 1992), pueden

resultar en falsos positivos al usarse para estimar las ARCs.
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La estructura filogenética de |os datos de edad y riqueza provenientes de estudios
empiricos concuerda con |os patrones obtenidos en las simulaciones (Fig. S3, Capitulo 3).
En general, los rangos taxondmicos mas inclusivos no presentan evidencia de estructura
filogenética mientras que los rangos menos inclusivos muestran algun grado de sefia
filogenética, diferente de movimiento Browniano. Una excepcién notable la constituyen
los datos de edad corona de familias de anfibios, en los que se encontré evidencia de
movimiento Browniano, y los reptiles escamados, en |os que no se detectd estructura
filogenética en ningun rango taxonémico (Fig. S3y Tabla $4, Capitulo 3).

Lasimilitud entre los patrones de estructura filogenética simulados y los
observados refuerzalaidea de que laedad y la riqueza de especies en la naturaleza no
deben ser evaluados con model os que suponen movimiento Browniano, y realzan la
necesidad de investigar afondo e incluso desarrollar nuevos métodos que sean adecuados
para detectar estructurafilogenética en datos de edad y riqueza de especies con €l fin de
tomarla en cuenta correctamente antes de evaluar la existencia de correlaciones. Mientras
tanto, métodos que no corrigen estructura filogenética, como la prueba de Spearman 'y
métodos que si latoman en cuenta, como el estadistico A parecen ser de utilidad. En
especia este Ultimo, ya que permite evaluar model os de asociacion de caracteres
diferentes del modelo de movimiento Browniano y corregir la presencia de estructura

filogenética con estos model os alternativos.
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Larelacion entre la edad de los clados y la riqueza de especies como complemento de
métodos para reconstruir el proceso de diversificacion

De acuerdo a los resultados de estatesis, la ARC es un estadistico descriptivo menos
informativo de lo que se esperaba, ya gque solo permite distinguir model os de variacion en
las tasas entre clados. Estos model os se relacionan conceptualmente con el modelo de
innovaciones clave expuesto por Simpson (1953). Ambos model os de tasas variables
asumen que lainvasion de un nuevo espacio adaptativo (el cambio en latasa) depende de
lainteraccion entre caracteristicas intrinsecas de |os organismos y factores extrinsecos del
ambiente, es decir, que ocurre al azar. La manera en que estos nuevos espaci s seran
invadidos es sustancialmente diferente en ambos model os explorados aqui. EI modelo de
tasas constantes indica que el [lenado del nuevo espacio no tiene limites. El de denso-
dependenciaindica que €l llenado del espacio adaptativo depende de caracteristicas
extrinsecas, ecologicas. Sin embargo, la ARC no permite distinguir entre esos dos
procesos. Por o tanto, para poder diferenciarlos se requerira de laimplementacion de
otros métodos y maés estudios sobre |os estadisticos descriptivos. El estadistico beta (Shao
y Sokal 1998) —que describe la simetria de los arboles filogenéticos-y €l estadistico
gamma (Pybusy Harvey 2000) —que describe la temporalidad de |os eventos de
divergencia— han sido usados con éxito pararevelar procesos ecol 6gicos en datos
simulados (Gascuel et a. 2015). Sin embargo, el estadistico gamma parece estar afectado
por la presencia de extincion (Rabosky y Lovette 2008b) y por € nivel taxondmico de
muestreo de los arboles (Cusimano y Renner 2010), por lo que evauar €
comportamiento de estos estadisticos bajo el modelo de origen jerérquico de taxa
superiores para determinar su informatividad podria ser importante.
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En este sentido, |os métodos de gjuste de model os pueden proveernos de
informacion mas detallada. Por ejemplo, en los ocotillos se observo que latasa de
diversificacion esta disminuyendo (Fig. 3, Capitulo 2), lo que podriaindicar que el grupo
ha llegado a un limite. En contraste, las angiospermas como un todo, no muestran
evidencia de que hayan alcanzado un limite aladiversidad (Fig. 2, Capitulo 1). Aun con
su gran nivel de detalle, estos métodos no siempre son |o suficientemente satisfactorios,
principalmente porque no consideran todos los model os posibles en la evaluacion. Un
avance importante seria desarrollar un marco general de andlisis con maxima
verosimilitud o estadistica Bayesiana, que considere todos |os modelos de diversificacion
posibles para permitir directamente su comparacion. Por g emplo, Matzke (2013, 2014)
ha desarrollado recientemente un marco general de ML para evaluar model os
biogeogréficos, mostrando que efectivamente el mecanismo de evento fundador el cual —
s bien siempre se habia considerado como un mecanismo fundamental parala
especiacion (Mayr 1954; Carson y Templeton 1984)— nunca se habia evaluado
formalmente con métodos de inferencia de modelos, es e que explicala especiacion en
unagran cantidad de clados islefios.

Un elemento igualmente valioso, que va asociado a uso de estadisticos
descriptivos, son las simulaciones. Para la correcta implementacion de estadisticos
descriptivos del proceso de diversificacion, las simulaciones son necesarias porque
proporcionan rangos de val ores esperados bajo diferentes model os nulos, los cuales son
la base para contrastar hipétesis alternativas de diversificacion (Raup et al. 1973). Un
método de simulacion adecuado debe usar model os en |os que |os elementos esenciales —
de importancia para el fenOmeno de estudio— estén bien representados (Wooley y Lin
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2005). Durante muchos afos se ignoro €l efecto de la clasificacion taxondmicaen las
ARCs, lo cual hallevado ainterpretaciones incorrectas de los datos, como se discute en
el Capitulo 3. Asi, en el contexto particular de este trabagjo, es importante incluir en las
simulaciones todos |os elementos que afecten el comportamiento de los estadisticos
descriptivos de interés para que la interpretacion de resultados y las inferencias que se

hacen a partir de ellos sea adecuada.

Per spectivas
L as simulaciones implementadas aqui permitieron llegar a conclusiones que pueden estar
af ectadas también por otros factores como la incertidumbre filogenéticay los errores en
el fechamiento, por 1o que el comportamiento de la ARC en relacion a estos factores debe
de ser evaluado explicitamente en estudios futuros. Ademas, las diferencias en las
distribuciones simuladas de la ARC entre |os diferentes model os no fue evaluada de
manera formal. Aungue no es una practica comun en estudios de simulacién, seria
importante determinar si estas diferencias son estadisticamente significativas. En este
sentido, una extension clave seria poder comparar formalmente las ARCs empiricas con
las simuladas, en un marco de simulaciones predictivas a posteriori (PAPS). Para esto, es
necesario desarrollar una funcion de verosimilitud del modelo de origen jerarquico de
taxa superiores, para poder estimar el parametro de origen en diferentes grupos, y
extenderlo para permitir variacion en las tasas entre clados y denso-dependientemente.
Finalmente, seriarelativamente facil desarrollar un método para detectar
estructura filogenética que usara un modelo acorde a la naturaleza de los datos de edad y
riqueza de especies. Esto seria particularmente Util, ya que una practica muy comun es
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evaluar el efecto de variables ambientales (e.g., &rea, temperatura) o intrinsecas de los
organismos (e.g., tamafio corporal, dieta) sobre la diversidad usando métodos de
correlacion que asumen movimiento Browniano para corregir la estructura filogenética de
los datos. Asi, desarrollar un método que considere adecuadamente la estructura de
varianza de | os datos de riqueza seria un aporte significativo al area de investigacion de la

biologia comparada.
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CONCLUSIONES GENERALES

(1) En este estudio se muestra gque las contradicciones en ARCs reportadas en estudios
previos probablemente se deben, cuando menos en parte, alafalta de criterios
homogeéneos en |la metodologia de estimacion de las ARC.

(2) Las ARCs deben ser usadas con cautela en los estudios de diversificacion. Cuando sea
posible, deben usarse varios estimados de ARC a diferentes niveles taxondmicosy
analizar los patrones cuidadosamente.

(3) Una ARC nula o negativa no es evidencia de diversificacion limitada, ya que procesos
de diversificacion ilimitada también generan ese tipo de ARCs. Una ARC nula o negativa
es evidencia de variacion de las tasas entre clados.

(4) Una ARC positiva no es evidencia de constancia de tasas, ya que procesos de cambio
en lastasas entre clados y de variacion dependiente de la diversidad también presentan
relaciones positivas entre la edad y lariqueza de especies.

(5) Cuando la estructura filogenética es débil en los datos de edad y riqueza de especies,
los métodos no filogenéticos para estimacion de correl aciones pueden ser tan vaidosy
efectivos como el método de PGL Sy alin mejores que métodos que asumen una
estructura de movimiento Browniano en la evolucion de los caracteres para estimar la
ARC.

(6) Los métodos de simulacion son una herramienta aliada en los estudios de
diversificacion, y en un escenario ideal deben deincluir todos los factores que

potencialmente afecten los pardmetros de estudio.
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Summary

e The establishment of modern terrestrial life is indissociable from angiosperm evolution.
While available molecular clock estimates of angiosperm age range from the Paleozoic to the
Late Cretaceous, the fossil record is consistent with angiosperm diversification in the Early
Cretaceous.

e The time-frame of angiosperm evolution is here estimated using a sample representing
87% of families and sequences of five plastid and nuclear markers, implementing penalized
likelihood and Bayesian relaxed clocks. A literature-based review of the palaeontological
record yielded calibrations for 137 phylogenetic nodes. The angiosperm crown age was
bound within a confidence interval calculated with a method that considers the fossil record
of the group.

e An Early Cretaceous crown angiosperm age was estimated with high confidence. Magnolii-
dae, Monocotyledoneae and Eudicotyledoneae diversified synchronously 135-130 million yr
ago (Ma); Pentapetalae is 126-121 Ma; and Rosidae (123-115Ma) preceded Asteridae
(119-110 Ma). Family stem ages are continuously distributed between c. 140 and 20 Ma.

e This time-frame documents an early phylogenetic proliferation that led to the establishment
of major angiosperm lineages, and the origin of over half of extant families, in the Cretaceous.
While substantial amounts of angiosperm morphological and functional diversity have deep

evolutionary roots, extant species richness was probably acquired later.

Introduction

Life on Earth today is critically linked to flowering plants (angio-
sperms). Angiosperms are primary producers and fundamental
structural components in modern terrestrial ecosystems, and con-
tribute vast diversity in terms of species richness and functional
innovations. Many biological lineages have flourished in associa-
tion with angiosperms, or the biomes they created, depending on
them for food, shelter, or symbiotic partnering (e.g. Wikstrom &
Kenrick, 2001; Schneider eral, 2004; McKenna etal, 2009;
Cardinal & Danforth, 2013). An understanding of the evolution-
ary establishment of modern terrestrial biomes is indissociable
from angiosperm origin, diversification and rise to ecological
predominance.

The timing of angiosperm diversification is among the classic
questions in evolutionary biology (Friedman, 2009). Several
clements to investigate it effectively have recently become avail-
able. Increasingly powerful relaxed clock methods have been
incorporated into the general toolbox of modern phylogenetic
biology (e.g. Baum & Smith, 2013). The ubiquitous application
of relaxed clocks to all major branches of the tree of life (e.g.
Hunt ez al., 2007; Hibbett & Matheny, 2009; Jetz etal., 2012;
Wahlberg etal, 2013; Ericson etal, 2014) has highlighted

© 2015 The Authors
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critical issues that affect the accuracy of age estimation. The cru-
cial relevance of independent calibrations in relaxed clock analy-
ses has been recognized (e.g. Aris-Brosou & Yang, 2003; Smith
eral., 2006; Yang & Rannala, 2006; Donoghue & Benton, 2007;
Ho, 2007; Rannala & Yang, 2007; Wilkinson ezal., 2011), and
also that relaxed clock models may insufficiently capture the
degree of molecular variation in empirical phylogenies, leading to
incorrect estimation of absolute rates and divergence times (e.g.
Dornburg etal., 2012; Wertheim et al., 2012). Simultaneously,
promising new avenues are being developed, for example,
renewed implementations of local clocks (e.g. Drummond &
Suchard, 2010; Ronquist ezal, 2012a), and highly parametric
approaches to implement prior distributions (e.g. Heath, 2012).
On another front, significant fossil findings — including struc-
turally preserved reproductive organs from Early Cretaceous sedi-
ments (Heimhofer et al., 2007; Friis et al., 2011) — document the
minimum time of lineage origin and morphological evolution.
These findings are especially relevant in the context of the
increasingly solid molecular-based picture of angiosperm rela-
tionships at all phylogenetic levels (e.g. Soltis ezal., 2011), and
the as yet few, but increasing numbers of studies explicitly inves-
tigating their phylogenetic relationships (e.g. Doyle & Endress,
2000, 2010; Magallon, 2007; Martinez-Milldn eral., 2009;
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Sauquet ez al., 2012). Currently available methods allow one to
estimate the phylogenetic position of fossils using maximum like-
lihood (ML) and Bayesian approaches, and to include fossils as
terminals in phylogenetic dating analyses (Pyron, 2011; Ronquist
etal., 2012b).

Relaxed clock analyses applied to angiosperms have combined
these methodological and palacontological advances. However,

New
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most of them lack a firm temporal constraint on the onset of
extant angiosperm diversification and, consequently, provide dif-
ferent estimates of the age of angiosperms as a whole (Fig. 1) and
of the clades within them. Molecular clock estimates of crown
angiosperm age range between 300 Ma or older (e.g. Ramshaw
etral., 1972; Brandl ezal, 1992; Magallon, 2010) and 86 Ma
(Sanderson & Doyle, 2001), with many recent estimates lying
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Fig. 1 Molecular and fossil-based estimates of angiosperm age. Blue bars indicate the stratigraphic interval from which the oldest fossil belonging to
angiosperm orders and major clades is known, obtained by selecting the oldest representative fossil in Supporting Information Methods S1. Orders and
major clades with oldest Tertiary fossils are not shown. The name of the order or major clade is shown next to each bar. Red dots and bars indicate the age
and/or range of angiosperm crown age estimated in molecular clock studies. The numbers next to each red bar or dot correspond to estimates in published
analyses indicated below. While the fossil record is consistent with an onset of angiosperm crown diversification in the Early Cretaceous, molecular
estimates provide a generally older, but disparate picture of the age of the angiosperm crown group. 1, Ramshaw et al. (1972); 2, Martin et al. (1989); 3,
Wolfe etal. (1989); 4, Brand| et al. (1992). Maize-wheat divergence calibration. 5, Brandl et al. (1992). Bryophyte-tracheophyte divergence calibration. 6,
Brandl et al. (1992). Plant-animal divergence calibration. 7, Martin et al. (1993); method of Li & Graur (1991); 8, Martin et al. (1993); method of Li &
Tanimura (1987); 9, Laroche et al. (1995). Maize-wheat divergence calibration. 10, Laroche et al. (1995). Vicieae—Phaseolinae divergence calibration. 11,
Goremykin et al. (1997); 12, Sanderson (1997); 13, Sanderson & Doyle (2001). 18S. 14, Sanderson & Doyle (2001). rbcL 1st+2nd. 15, Sanderson & Doyle
(2001). rbcl 3rd. 16, Sanderson & Doyle (2001). rbcL all. 17, Soltis et al. (2002). Calibration 12: Dicksonia/Plagiogyria/Cyathea. 18, Soltis et al. (2002).
Calibration 19: Angiopteris/Marattia. 19, Soltis et al. (2002). Calibration 25: gymnosperms. 20, Soltis et al. (2002). Calibration 29: lycopsids at 377.4. 21,
Soltis et al. (2002). Calibration 19: lycopsids at 400. 22, Schneider et al. (2004); 23, Bell et al. (2005). MD with three minimum age constraints. 24, Bell
etal. (2005). BLs estimated separately for each data partition. 25, Bell et al. (2005). Penalized likelihood (PL) with three minimum age constraints. 26,
Magallén & Sanderson (2005). Four genes, 1st+2nd. 27, Magallén & Sanderson (2005). Four genes, 3rd. 28, Magallén & Sanderson (2005). Four genes,
all. 29, Moore et al. (2007). Unconstrained. 30. Moore et al. (2007). One hundred and twenty-five million years ago (Ma) minimum age to stem eudicots.
31, Moore et al. (2007). One hundred and twenty-five Ma minimum age to crown eudicots. 32, Magallén & Castillo (2009). Unconstrained. 33, Magallon
(2010). PLBP. 34, Magallon (2010). PLFB. 35, Magallon (2010). MD. 36, Magallén (2010). Uncorrelated lognormal (UCLN). 37, Smith et al. (2010). With
eudicot calibration. 38, Smith et al. (2010). Without eudicot calibration. 39, Clarke et al. (2011). Embryophyta at 509 Ma. 40, Clarke et al. (2011).
Embryophyta at 1042 Ma. 41, Magallén et al. (2013). UCLN atpB, psaA, psbB and rbcL. 42, Magallon et al. (2013). UCLN matK. 43, Magallon et al.
(2013). UCLN all genes.
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between ¢. 190 and 150 Ma (e.g. Magallén, 2010; Smith eral.,
2010; Clarke ez al., 2011; Magallon et al., 2013; Fig. 1).

The fossil record is consistent with an onset of angiosperm
crown diversification in the Early Cretaceous, as shown by the
increasing diversity and abundance of angiosperms in local out-
crops and at a global level; increasing morphological complexity
of leaves, pollen and flowers in agreement with expectations
based on plant morphology; and congruence between the appear-
ance of lineages in stratigraphic sequences and the branching
order in molecular phylogenies (Doyle, 2012; Magallon, 2014).
The fossil record is consistent with a proliferation of angiosperm
lineages during the Cretaceous (145.5-65.5 million yr ago (Ma)),
as indicated by the first stratigraphic occurrence of 35 orders and
major clades during this period (Fig. 1; Supporting Information
Methods S1). The observed distribution of the angiosperm fossil
record as a whole may provide consistent landmarks to aid
relaxed clock estimations, and for calculation of the age of the
group as a whole.

The goal of this study is to estimate a time-frame of angio-
sperm evolution, including the origin and diversification of its
major clades. It is based on a comprehensive sample of nearly 800
placeholders for 87% of angiosperm families, and the sequences
of five molecular markers from the plastid and nuclear genomes.
Divergence times were estimated with penalized likelihood and
an uncorrelated Bayesian method. Two factors set this study apart
from previous attempts. First, relaxed clock analyses incorporate
a large number of fossil-derived age calibrations across the angio-
sperms, which provide landmarks for molecular rates and mini-
mum ages across the tree. The phylogenetic assignment and age
of each calibrating fossil are critically justified. Secondly, a confi-
dence interval on the age of the angiosperm crown node, calcu-
lated with a method that considers the overall fossil record of the
group (Marshall, 2008), was introduced in relaxed clock analyses.
The resulting time-trees provide a solid framework for investigat-
ing angiosperm evolution. We discuss technical aspects, including
the differential reliability of estimated family stem and crown
ages; and biological implications, including the timing of angio-
sperm crown diversification and the origin of its major clades.
The obtained time-frame documents profuse phylogenetic
branching early in angiosperm history leading to the establish-
ment of clades that contain major proportions of extant diversity,
and, particularly, the carly rise of many angiosperm families.

Materials and Methods

Taxonomic sample, molecular data and phylogenetic
analyses

Phylogenetic, dating and diversification analyses were based on a
data set including 792 angiosperm, six gymnosperm and one fern
species. The gymnosperms belong to six families representing
Cycadophyta, Ginkgophyta, Gnetophyta and Coniferae (sensu
Cantino etal., 2007). The angiosperms belong to 374 family-
level clades corresponding to 87% of those recognized on the
Angiosperm Phylogeny Website in April 2013 (Stevens, 2013).
The represented families encompass 99% of angiosperm species.

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

All angiosperm orders (plus four families unassigned at order
level) are represented.

The data are the nucleotide sequences of three protein-coding
plastid genes (aB, rbeL and matK), and two nuclear markers
(18S and 26S nuclear ribosomal DNA). Sequences were obtained
through searches in GenBank, aiming to represent all angiosperm
families with a complete sample of the five molecular markers. As
first choice, species for which the five markers were available were
selected. When one or more markers were unavailable, the miss-
ing markers were sampled from different species within the same
genus. Markers that were unavailable at the genus level were left
as missing data. Sequences of each marker were aligned with
MUSCLE v3.7 (Edgar, 2004) followed by manual refinements using
BioEDpIT v7.0.9.0 (Hall, 1999). The sampled species, represented
families and orders, and GenBank accessions are listed in Table
S1. The molecular data set is available in the DRYAD Digital
Repository (http://doi.org/10.5061/dryad.k4227).

Phylogenetic analyses were conducted with maximum likeli-
hood (ML) using RAXML v7.2.8. (Stamatakis, 2006a), imple-
menting a GTRCAT model with 1000 bootstrap replicates
(Stamatakis, 2006b, 2008). Substitution parameters were esti-
mated independently for four data partitions: first plus second
codon positions of azpB plus rbeL; third codon positions of apB
plus 76cL; matK; and 18S plus 26S. The fern Ophioglossum was
specified as the outgroup. A topological constraint specifying
relationships among major angiosperm clades according to a
recent angiosperm-wide phylogenetic analysis based on a larger
molecular data set (Soltis ezal., 2011) was implemented. Subse-
quently, a RAXML analysis to obtain 100 bootstrap trees with
optimized branch lengths and model parameters was conducted
with the same data partitions and constraints as above, but imple-
menting the GTRGAMMA model.

Fossil calibrations

To obtain temporal calibrations for relaxed clock analyses, we
conducted an intensive literature-based search of angiosperm fos-
sils. Several search approaches were combined, including review-
ing the palacobotanical articles published during the last 20 yr,
and extracting records from palaeofloristic works (e.g. Collinson,
1983; Knobloch & Mai, 1986) or from palacobotanical compila-
tons (e.g. Manchester, 1999; Martinez-Millan, 2010; Friis ez al.,
2011) from which primary references were traced. We assembled
a large data set in which fossils were grouped by their presumed
affinity with angiosperm family-level or order-level clades, by
combining the taxonomic assignment of the authors of the palae-
obotanical description and our current knowledge of angiosperm
phylogenetic relationships (Stevens, 2013). This data set includes
over 3500 entries.

From this large data set, we selected fossils that could reliably
represent the oldest record of angiosperm clades down to family
(or lower) level. Accurate clade recognition was favoured over
older ages (Sauquet ezal, 2012) by selecting only those fossils
that could be identified as members of a clade with certainty. We
gave preference to fossils of flowers, fruits and seeds over vegeta-
tive remains or pollen. In several instances we relegated the
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putative oldest fossil of a clade because it was a vegetative struc-
ture of insecure affinity in favour of the oldest reproductive struc-
ture of the same clade. We also preferred whole-plant
reconstructions and structurally preserved fossils over compres-
sion/impression remains.

To identify the relationship of selected fossils with the taxa in
the tree and postulate calibration nodes, we combined intuitive,
apomorphy-based and phylogenetic approaches. We relied as
much as possible on the description and illustrations, and on
the discussion of their taxonomic assignment in original publi-
cations. When available, we gave preference to a phylogenetic
result (e.g. Doyle & Endress, 2010) over intuitive or apomor-
phy-based assignments. The absolute age assigned to each fossil
was equal to the uppermost boundary of the narrowest strati-
graphic interval to which the fossil could be assigned. Ages of
stratigraphic boundaries were obtained from Walker & Geiss-
man (2009). The assignment of each fossil to a particular node,
as well as the absolute minimum age calibration, are discussed
in detail in Methods S1.

Confidence interval on angiosperm age

A confidence interval that contains the true age of the angio-
sperm crown node was calculated with a method that considers
the number of branches in a phylogenetic tree that are repre-
sented in the fossil record (Marshall, 2008). This method derives
from quantitative palacobiology approaches to calculate confi-
dence intervals that contain the true time of origin and extinction
of lincages based on local or global stratigraphic sequences
(Strauss & Sadler, 1989; Marshall, 1990, 1994, 1997). The goal
of Marshall’s (2008) method is to date a molecular phylogenetic
tree by using an absolute time-scale extrapolated from a confi-
dence interval that contains the true age of the lineage in the tree
that has the most temporally complete fossil record (i.e. the cali-
bration lineage). In brief, the method has three components. The
first is to identify the calibration lineage, which is achieved by
finding the branch with the greatest overlap between the age of
its oldest fossil and its node-to-tip length in an ultrametric tree
estimated without any reference to the fossil record. The second
step is to calculate a confidence interval that contains the true age
of the calibration lineage. This calculation only requires the
number of branches in the tree that are represented in the fossil
record, the average number of fossil localities from which each
branch represented in the fossil record is known, and the age of
the oldest fossil of the lincage. The third step is to date the ultra-
metric tree by directly transforming its branch lengths into time
by using the confidence interval of the calibration lineage as an
absolute time-scale.

Because our aim is to calculate a confidence interval that
contains the true age of crown angiosperms, we only imple-
mented the second step of Marshall’s (2008) method in the
angiosperms as a whole. In a collateral study, described in
Methods S2, we conducted step 1 and identified the calibra-
ton lincage of the angiosperms. This application of the
method is justifiable because our intention is to estimate the
maximal age of angiosperms, and not to temporally calibrate

New Phytologist (2015)
www.newphytologist.com

New
Phytologist

an ultrametric tree (C. R. Marshall, pers. comm.). The mini-
mum (i.e. youngest) age of the confidence interval is directly
given by the oldest known fossil(s) of the lineage. We consider
angiosperm pollen grains from Valanginian to Hauterivian sed-
iments (Early Cretaceous; Hughes & McDougall, 1987;
Hughes ezal., 1991; Brenner, 1996) as the oldest fossils of the
angiosperm crown group on the basis of their morphological
and ultrastructural attributes; the increasing abundance, diver-
sity and geographical distribution of angiosperm fossils starting
in immediately younger sediments; and the congruence in
morphological evolution and sequence of lineage appearance
between the fossil record and expectations derived from mor-
phological studies and molecular phylogenies, respectively
(Methods S1). We used the Valanginian—Hauterivian bound-
ary, corresponding to 136 Ma (Walker & Geissman, 2009), as
the minimum age.

The maximum (i.e. oldest) age of the confidence interval is cal-

culated with eqn 14 from Marshall (2008):

F Aca]
FA. = ———.
nH/l _ C
FA_ is the maximum age of the confidence interval; FA_, is
the age of the oldest fossil of the lincage (corresponding to the
minimum age of the interval), in this case, 136 Ma; 7 is the
number of branches in the phylogenetic tree represented in the
fossil record; H is the average number of fossil localities from
which each branch represented in the fossil record is known;
and Cis the desired confidence level associated with the inter-
val. To calculate 7, we used a tree in which each angiosperm
family included in the main phylogenetic and dating analyses
was represented by a single terminal (Methods S2). Based on
the fossils used to calibrate internal nodes in the main dating
analyses (Methods S1), we counted the number of branches in
the family-level angiosperm tree represented in the fossil record.
The average number of fossil localities from which each branch
in the tree represented in the fossil record is known (H) is diffi-
cult to calculate. We chose to consider =1, implying that
cach branch with a fossil record is known from a single local-
ity. Because the maximum age of the confidence interval
decreases as H increases (Marshall, 2008), assuming =1 is a
conservative approach that will bias the maximum age of angio-
sperms towards older ages. FA. was calculated with confidence
levels (C) of 0.5, 0.95 and 0.99. The calculated confidence
interval was then implemented as a constraint in relaxed clock
analyses.

Relaxed clock analyses

Dating analyses were conducted with two relaxed clock methods:
penalized likelihood (PL; Sanderson, 2002) and the uncorrelated
lognormal (UCLN) Bayesian method available in BEAST (Drum-
mond et al., 2006). Penalized likelihood analyses were conducted
combining the softwares r8s (Sanderson, 1997, 2004) and TREE-
PL (Smith & O’Meara, 2012). PL analyses were based on the
ML phylogram obtained with RAXML after excluding the
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outgroup (Ophioglossum); hence the seed plant crown node
became the new root. To identify the appropriate level of rate
heterogeneity in the phylogram, a data-driven cross-validation
was conducted with TREEPL. The cross-validation tested nine
smoothing values (1) separated by one order of magnitude, start-
ing at 1 x 1077, The age of the root was fixed at 330 Ma, based
on previous estimates for crown seed plants (Magallon eral.,
2013). The angiosperm crown node was bracketed between 136
and 140 Ma (see the section ‘Confidence interval on angiosperm
age’), and 136 nodes within angiosperms were constrained with
fossil-derived minimum ages (see the Materials and Methods sec-
tion, and Methods S1).

Penalized likelihood age estimation was conducted with
TREEPL and with R8s on the ML phylogram. The identified
optimal smoothing value, the root node calibration, the bracket
on crown angiosperm age (136-139.35Ma in R8s; sce the
Results section), and the 136 minimum age constraints were
implemented as indicated above. One hundred ML bootstrap
phylograms were also dated with R8s, using the optimal
smoothing magnitude identified with TREEPL. Age statistics of
internal nodes were summarized with TREEANNOTATOR v1.7.5
(Drummond et al., 2006).

Bayesian age estimation was conducted with the UCLN
model in BEAST v1.7.5 (Drummond ezal, 2006). The data
were the nucleotide sequences of the five molecular markers
used in phylogeny estimation concatenated in a single align-
ment, including only seed plants. Data were partitioned into
plastid (a#pB, rbecL and matK) and nuclear components (185
and 26S nrDNA). Nucleotide substitution was under a
GTR+I+I" model, allowing independent estimation of parame-
ters for each partition. Independent uncorrelated relaxed clock
models were allowed between partitions, and the tree prior was
under a Birth-Death model. The root was calibrated with a
uniform distribution between 314 and 350 Ma, corresponding
to the credibility interval (95% highest posterior density
(HPD)) of the age of this node estimated in an independent
study (Magallén ezal., 2013). The angiosperm root node was
calibrated with a uniform distribution between 136 and
139.35 Ma (see the Results section). The prior ages of 136
nodes within angiosperms were obtained from lognormal dis-
tributions with mean equal to the fossil age plus 10%, to place
the bulk of the distribution at ages older than the fossil, and a
standard deviation of 1 (Methods S1). We considered assigning
different standard deviation magnitudes depending on our con-
fidence on each calibration, but, because we were unable to
rigorously quantify our perception, we decided to assign the
same magnitude to all. The chronogram obtained in the r8s
analysis on the ML tree was used as a starting tree, and estima-
tors of tree topology were unselected. Eight independent
Markov Chain Monte Carlo (MCMC) runs of different
lengths, but under the same estimation conditions, were con-
ducted, for a total of 170 x 10° generations. Each MCMC
was sampled every 5000 steps. The initial 600 trees sampled in
each run were removed as burn-in and, in all cases, the post-
burn-in trees were in the stable part of the chain. Analyses
were conducted in the CIPRES Science Gateway (Miller ez al.,
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2010). Log outputs of the BEAST analyses were jointly evaluated
with TRACER v1.5 (Rambaut & Drummond, 2009). Effective
sample sizes of estimated parameters were in most cases > 200,
and always >100. As a consequence of usage restrictions in
CIPRES, we were unable to conduct further BEAST analyses.
Files containing the sampled trees of each MCMC run were
combined using LOGCOMBINER v1.7.5, annotated using TRE-
EANNOTATOR v1.7.5 (Drummond ez al, 2006), and visualized
using FIGTREE v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/).

Results

Molecular data set and phylogenetic tree

The concatenated alignment of nucleotide sequences of the five
molecular markers (cp atpB, rbel and matK; nu 18S and 26S) is
9089 base pairs long. From the total number of five markers for
799 taxa, 432 are missing; hence the molecular data set is 89%
complete. The ML tree is consistent with current understanding
of angiosperm relationships and most branches are supported
with bootstrap values >95%. Phylogenetic relationships are
shown in Figs 2 and 3.

Fossil calibrations

Based on the large data set of angiosperm fossils, 151 fossils that
can reliably indicate the oldest occurrence of angiosperm clades
down to family (sometimes lower) level were selected. Because of
sister group relationships or sampling density, 20 nodes were
cach calibrated by two fossils; and two nodes by three fossils of
the same age. In total, 136 internal nodes were calibrated with
fossil-derived minimum ages (calibrations 2—-137; Methods S1).
An additional record, corresponding to the oldest remains of an-
giosperms, was used as the minimum bound of the confidence
interval on crown angiosperm age (calibration 1; Methods S1).
Of the selected fossils, eight provide calibrations for genera, seven
for intrafamilial clades, 112 for families, seven for clades between
families and orders, 12 for orders, and five for clades above the
order level (Stevens, 2013). Twenty calibrations were assigned to
nodes based on phylogenetic results, and the rest were placed
intuitively or based on apomorphies. Except in one case
(Martinez-Millan ez al., 2009), the phylogenetic position of fos-
sils matched previous intuitive assignments. Detailed discussions
of the 137 fossil-based calibrations, including formal names,
authors and references, stratigraphic ranges or radiometric dates,
justification of node assignment, and absolute age, are provided
in Methods S1.

Confidence interval on angiosperm age

The confidence interval of angiosperm crown age was calculated
considering the fossil record of the entire group (Marshall,
2008) in the context of a family-level tree. The number of
branches represented in the fossil record (%) is 123. The
minimum bound of the confidence interval (FA,) is given by
the age of the oldest fossil of the clade, that is, 136 Ma (Hughes
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Fig. 2 Angiosperm time-tree estimated using the uncorrelated lognormal method in seast, with terminals collapsed to represent orders. Numbers next to
nodes indicate the median age, and blue bars correspond to the 95% highest posterior density (HPD).

& McDougall, 1987; Hughes eral, 1991; Brenner, 1996;
Methods S1). The maximum bound of the confidence interval
(FAD), calculated with confidence levels (C) of 0.5, 0.95 and Stem and crown ages of 14 major angiosperm clades and 62
0.99, is 136.77, 139.35 and 141.19 Ma, respectively. Hence, the  orders, and stem ages of 374 families are provided in Table S2.

Relaxed clock analyses

95% confidence interval of angiosperm age is between 136 and ~ Fig. 2 shows the UNCL time-tree at the level of angiosperm
139.35 Ma. orders, and Fig. 3(a—e) shows the family-level UNCL angiosperm
New Phytologist (2015) © 2015 The Authors
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Fig. 3 Angiosperm time-tree estimated using the uncorrelated lognormal method in seast, with terminals collapsed to represent families. Numbers next to
nodes indicate the median age, and blue bars correspond to the 95% highest posterior density (HPD). (a) Amborellales to Poales (Monocotyledoneae). (b)
Ceratophyllales to Ericaceae (Asteridae, Eudicotyledoneae). (c) Garryidae to Campanulidae (Asteridae, Eudicotyledoneae). (d) Saxifragales to Brassicales
(Malvidae, Rosidae, Eudicotyledoneae). (e) Zygophyllales to Malpighiales (Fabidae, Rosidae, Eudicotyledoneae). Ages of nodes are provided in Supporting
Information Table S2.
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Fig. 3 Continued

time-tree. The full dated trees in NEXUS format are available in
the DRYAD Digital Repository (http://doi.org/10.5061/
dryad k4227). Ages estimated with PL tend to be older than
those estimated with the UCLN method (Table S2). As expected,
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associated errors on ages are narrower in the PL time-tree (i.c.
average range of values in bootstrap ML trees =9.25 Ma) than in
the UNCL time-tree (i.e. average magnitude of 95%
HPD =27.03 Ma).
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Discussion

Estimated dates

The dates obtained depend on the correctness of relationships
and branch lengths estimated in phylogenetic and dating analy-
ses. Estimates of some family crown ages are probably too young
for the following reasons. (1) The taxonomic sample may not
represent the crown node of each family. The crown age of a
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clade can only be estimated if at least one member of each of the
two sister branches derived from the deepest phylogenetic split in
the clade is included. Although we aimed to sample representa-
tives from both sides of the deepest split of each family, this was
not consistently achieved because of insufficient knowledge of
intrafamilial phylogenetic relationships, or unavailability of
molecular markers for the required taxa. (2) Fossils selected as
calibrations may not be the oldest fossil members of a clade. To
calibrate, we sclected fossils with greater chances of correctly
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Fig. 3 Continued

reflecting clade membership over fossils whose membership in
the clade is equivocal, thus favouring ‘safe but late” over ‘early but
risky” fossils (Sauquet ez 4l., 2012). Consequently, the minimum
ages provided by some calibrations may be too young. (3) The
assignment of calibrations to nodes on the tree was done conser-
vatively. Most assignments were based on the presence of an apo-
morphy, or intuitive criteria (Sauquet ez 4/, 2012). In these cases,
a fossil was assigned to a more inclusive clade that could securely
contain it (e.g. a stem group) than to a less inclusive clade where

New Phytologist (2015)
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its membership was dubious (e.g. a crown group). Consequently,
minimum ages that are too young (thus uninformative) might
have been applied to stem nodes, rather than minimum ages that
are too old (thus incorrect and misguiding) to crown nodes. The
taxonomic sample in this study represents angiosperm major
clades and their relationships; hence the factors mentioned above
are unlikely to affect age estimation at deeper phylogenetic levels.

Because previous molecular estimates have provided disparate
estimates of angiosperm age (Fig. 1), we implemented a
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confidence interval on the age of the angiosperm crown node.
The minimum age of the interval can be obtained from the oldest
fossils of the group, but the maximum age is difficult to obtain.
Marshall’s (2008) method allows calculation of the maximum
age by quantifying the density of the fossil record of the group as
a whole. Marshall’s method has one caveat — reliance on a single
calibration lineage, albeit selected from the complete fossil record
of the group — and relies on several assumptions: that the affinity
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and absolute age of fossils are known with certainty; that the
topology and relative branch lengths of the uncalibrated, ultra-
metric tree are accurate; that fossilization is random; and that the
value of H (eqn 14) is close to the true average number of fossil
localities from which each lineage represented in the fossil record
is known (Marshall, 2008). However, only the last two assump-
tions are relevant to calculating the confidence interval around
the true age of a lincage.
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Nonrandom fossilization and, specifically, a lower fossilization
probability early in the history of a lineage may underestimate its
true time of origin. However, only if all the lineages within the
group suffer similarly from a long period of dramatically
decreased initial preservation potential will the method fail to
bracket the true time of origin (Marshall, 2008). We considered
reticulate semitectate pollen grains with columellate sexine from
the Valanginian—Hauterivian (Hughes & McDougall, 1987;
Brenner, 1996) as belonging, or being close, to the angiosperm
crown group, based on their morphological attributes (Doyle,
2012) and, importantly, because their stratigraphic appearance is
followed by a continuous and increasingly dense and diverse
angiosperm record in immediately younger sediments (Fig. 1).
Nevertheless, the possibility of a cryptic pre-Cretaceous angio-
sperm history has been discussed (e.g. Axelrod, 1952, 1970). Spe-
cifically, angiosperm-like pollen grains similar to those from
Early Cretaceous sediments have been reported from the Middle
Triassic Germanic Basin and other pre-Cretaceous localities
(Hochuli & Feist-Burkhardt, 2013). These Triassic pollen grains
resemble the Retimonocolpites morphotypes, known from late
Hauterivian and younger sediments (Phases 1-4 of Hughes,
1994), and not the Clavatipollenites morphotypes, to which some
of the early Hauterivian angiosperm pollen grains belong (Phase
0 of Hughes, 1994; Hochuli & Feist-Burkhardt, 2013). We agree
with Hochuli & Feist-Burkhardt (2013, p. 11) in interpreting
the pre-Cretaceous angiosperm-like pollen grains as possible
angiosperm stem relatives, based on morphological differences
from the earliest Early Cretaceous pollen grains, and a 100 Myr
gap in the fossil record before the angiosperm radiation.

If the true average number of fossil localities from which each
lineage with a fossil record is known is much larger than the value
of H (Marshall, 2008), the calculated maximum bound of the con-
fidence interval will substantially overestimate the true age of the
lineage. We considered H= 1, which, in the case of angiosperms, is
a strong underestimate. Any value //> 1 would have resulted in a
younger maximum bound of the confidence interval of angio-
sperm age. The angiosperm age interval was therefore calculated
under two biases with opposite effects. It is unknown if the
potential underestimation caused by nonrandom fossilization and
the overestimation caused by assuming /7= 1 cancel each other.

We emphasize that the relaxed clock-estimated ages are
strongly contingent on the confidence interval placed on the age
of the angiosperm crown node. Preliminary analyses conducted
under the same conditions as described in the UCLN analysis
above, but excluding the confidence interval on the angiosperm
crown node, estimated a substantially older age for the angio-
sperm crown node (219.9 Ma; 160.0-255.8 95% HPD; results
available from the authors). Interestingly, internal nodes were not
much older than when the confidence interval was used.

Origin of major angiosperm clades

The estimated time-trees indicate the timing of phylogenetic
branching that gave rise to major angiosperm clades, and provide
a reliable basis for understanding the onset and dynamics of accu-
mulation of different components of extant angiosperm diversity.
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PL-estimated ages are typically older than UCLN ages, but their
associated intervals are overlapping, and provide congruent time-
frames of the stem ages of families. The following discussion is
based on 95% HPDs for crown ages obtained in the UCLN
analysis. Mesangiospermae — which contains the vast majority of
angiosperm diversity (c. 99.96% of extant species richness) —
began to diversify between 137 and 135 Ma, soon after the crown
diversification of angiosperms. The clades that include most
angiosperm diversity started to diversify almost simultaneously:
Magnoliidae (3.61% of extant richness) between 134.1 and
130.2 Ma; Monocotyledoneae (monocots; 23.32% of extant
richness) between 134.7 and 131.6 Ma; and Eudicotyledoneae
(eudicots; 73% of extant richness) between 133.4 and 129.7 Ma.

The finding that crown eudicots are approximately contempo-
raneous with crown Magnoliidae and monocots is a noteworthy
difference from most previous molecular clock studies (e.g. Soltis
etal., 2002; Bell etal, 2005, 2010; Magallon & Sanderson,
2005; Magallén & Castillo, 2009; Magallon et al., 2013), where
they were estimated to be younger. Eudicots are morphologically
characterized by tricolpate pollen (or derived from this condition;
Walker & Walker, 1984; Donoghue & Doyle, 1989), which
probably evolved on the stem lineage of this clade. Tricolpate
pollen grains are morphologically distinctive, can easily become
preserved as fossils, and unequivocally indicate membership to a
single clade, thus providing an exceptionally good calibration.
Tricolpate pollen has been previously used to calibrate eudicots
with a fixed or maximum age of ¢. 125 Ma, derived from the Bar-
remian—early Aptian age of its oldest fossils (Doyle etal., 1977;
Hughes & McDougall, 1990; Doyle & Hotton, 1991). While
we recognize the superior potential of tricolpate pollen grains for
calibration, here we treated them in the same way as any other
fossil used for calibration, and applied their oldest stratigraphic
age as a minimum constraint on the eudicot stem node. The
eudicots are here estimated as being nearly contemporaneous
with Magnoliidae and monocots; therefore, the major compo-
nents of angiosperm extant diversity began to diversify by the
Hauterivian, between 136 and 130 Ma.

Within eudicots, Pentapetalac (70.7% of extant angiosperm
richness), characterized by flowers with a five-part organization
and distinct calyx and corolla, began to diversify between 126.5
and 120.9 Ma. A very large proportion of species diversity within
Pentapetalae is contained in two large clades, Rosidae and Asteri-
dae (29.15% and 35.16% of extant angiosperm richness, respec-
tively), both of which are important components of modern
terrestrial biomes. The initial diversification of Rosidae took
place between 122.7 and 115.4 Ma, and apparently preceded that
of Asteridae, which is estimated to have taken place between
118.8 and 110.4 Ma. Nevertheless, there is a substantial overlap
between the two.

Current phylogenetic reconstructions (e.g. Wang ezal., 2009;
Soltis etal., 2011; but see Qiu eral, 2010 and Zhang ezal.,
2012) indicate that Rosidae consists of a pair of sister clades,
Malvidae and Fabidae (10.68% and 18.47% of extant richness,
respectively). The onset of Malvidae diversification is estimated
to have occurred between 121.7 and 113.2Ma, and Fabidae
began to diversify between 120.9 and 113.3 Ma. The crown
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diversifications of Fabidae and Malvidae took place almost simul-
taneously, soon after their differentiation within Rosidae.

Asteridae contains a ‘core asterid’ clade consisting of the sister
pair Garryidae (18.29% of extant richness) and Campanulidae
(12.37% of extant richness). The diversifications of Garryidae
and Campanulidae took place almost simultaneously, between
111.7 and 93.4 Ma, and 112.6 and 93.9 Ma, respectively. Hence,
the two major clades within Rosidae and within Asteridae each
diversified synchronously, but the first pair did so ¢. 10 Myr ear-
lier than the second pair.

The estimated time-frame indicates an early proliferation of
major clades in angiosperm history (Figs2, 3). The major lin-
cages Magnoliidae, Monocotyledoneac and Eudicotlyledoneae
had originated and started to diversify by the Hauterivian. By the
Aptian, the clades that contain a substantial proportion of extant
angiosperm species richness, and are major components of extant
biomes, had started to radiate: Malvidae and Fabidae in the early
Aptian, and Garryidae and Campanulidae in the late Aptian, all
during the Early Cretaceous.

The early rise of extant angiosperm families

According to the UNCL time-tree, angiosperm families origi-
nated between the Valanginian (Early Cretaceous) and the Mio-
cene (Tertiary), but in the PL time-tree the range is shorter: from
the Hauterivian to the Middle Eocene (Tertiary). Considering
the oldest and youngest families in the UCLN and PL time-trees,
their respective average number of family origins per Myr is 3.18
and 3.96. The number of family origins per Myr calculated in
10-Myr sliding windows indicates the highest rates between 100
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and 60 Myr for PL, and between 90 and 50 Myr for UCLN
(Fig. 4a).

Plots of UCLN and PL stem ages sorted from oldest to youn-
gest (Fig. 4b,c) show a continuous origin of families from the
Early Cretaceous (Hauterivian) to the Tertiary (early Miocene
according to UCLN, and Middle Eocene according to PL), with
fewer family origins immediately after the onset of angiosperm
diversification (between ¢. 140 and 100 Ma), and as the present is
approached (between ¢ 55 and 20 Ma in UCLN, and 60—40 Ma
in PL). The time between ¢. 100 and 5040 Ma shows the high-
est accumulation (Fig. 4b,c). These findings are congruent with
the number of family origins per Myr in 10-Myr windows
(Fig. 4a), which show lower rates at the beginning and end of the
range and higher rates in the middle. The UCLN and PL time-
trees show that the number of Cretaceous family origins substan-
tially exceeds the Tertiary number (62.9% and 82.3%, respec-
tively), showing that well over half of extant families have deep
evolutionary roots.

Do families originate? The evolutionary significance of clades
above the species level is currently being investigated (e.g. Barrac-
lough, 2010; Humphreys & Barraclough, 2014). Processes that
influence the generation of new species have been shown to be rel-
evant above the species level, and to lead to higher evolutionarily
significant units (Humphreys & Barraclough, 2014). Here, we
consider that the origin of a family corresponds to a speciation
event in which at least one of the descendants has acquired (or will
acquire through its evolutionary trajectory) some type of distinc-
tiveness (genetic, phenotypic, functional, or ecological) that (in
hindsight) will allow taxonomists to postulate that species or its
descendants as a family. Distinctiveness may be associated with
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the phylogenetic differentiation and early stem evolution of the
lineage, involving the establishment of new niches. Species rich-
ness (including the crown group) would be acquired subsequently.
This implies that an adaptive radiation took place early within an-
giosperms, leading to the establishment of the major morphologi-
cal and functional attributes that characterize its major lineages.
The rapid construction of morphospace early in evolutionary radi-
ations has been documented (Erwin, 2007). Alternatively, distinc-
tiveness may be associated with the acquisition of species richness
within a lineage, possibly associated with the diversification of its
crown group. This scenario implies independent radiations in sep-
arate angiosperm lineages, possibly taking place at different times.
These alternatives are not mutually exclusive, specifically consider-
ing an early adaptive radiation within angiosperms involving phy-
logenetic branching associated with large-level differentiation, and
subsequent differentiation within separate lineages involving the
generation of species richness.

The lineages that contain a very substantial amount of today’s
angiosperm species richness and their morphological, functional,
ecological and genetic diversity were distinct very early in angio-
sperm history. Nevertheless, because of sampling density, the
time-trees cannot show the time of acquisition of species richness.
Species richness may be dissociated from the proliferation of major
phylogenetic branches. Species that exist in the present (i.e. crown
groups) may have originated soon after the differentiation of the
family that contains them (short fuse) or substantially postdate it
(long fuse), including the possibility that extant species originated
recently.

The period in which most family origins are concentrated
roughly corresponds to the onset of the Late Cretaceous to the
end of the Middle Eocene. We note that this period was a time of
pronounced tectonic and geological activity, and high global tem-
peratures (Zachos eral., 2001; Willis & McElwain, 2002). Is
there a link between these global events and the increased origin
of angjosperm families? Some studies have discussed the possible
relationship between high environmental energy and high species
richness (Davies ez al., 2004; Jansson & Davies, 2008). However,
as previously discussed, the origin of a major clade (e.g. a family)
implies differences from the increase in speciation, namely, the
association with some type of substantial distinctiveness that will
allow taxonomists to recognize that lincage as evolutionarily
cohesive. There is no conclusive evidence of a relationship
between the time of global tectonic change and high tempera-
tures and the major concentration of family origins, and it is not
clear what (if any) are the links between higher temperatures and
enhanced morphological and functional evolution.

Conclusions

A large number of fossil-derived calibrations and a confidence
interval on angiosperm age have been combined in relaxed clock
analyses to provide a time-frame of angiosperm evolution. The
maximum age of the onset of diversification of angiosperms into
their living diversity has been calculated with high confidence to
lie in the Early Cretaceous. This estimate was obtained in the
context of a bias to estimate an old maximum age, derived from a
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strong underestimation of the average number of fossil localities
from which each angiosperm family is known. An independent
evaluation of the numerically estimated maximum angiosperm
age provided here could be conducted with a recently available
method that integrates the fossil record of the group in the con-
text of a birth—death process (Heath ez al., 2014).

Why many molecular clocks have estimated substantially older
ages for the angiosperm crown node (Fig. 1) requires to be inves-
tigated. Whereas relaxed clocks rely on increasingly powerful
models to estimate divergence times, it has been shown that
under complex estimation conditions or molecular model mis-
specification, absolute molecular rates and divergence times may
be erroncously estimated (e.g. Jansa ezal, 2006; Hugall eral.,
2007; Lepage et al., 2007; Brandley ezal., 2011). Relaxed clocks
have been found to underestimate the magnitude of rate hetero-
geneity in trees with extensive rate variation (e.g. Wertheim ez al,
2012), or a single parametric distribution has been found to be
insufficient to capture the variation in molecular rates found in
some empirical trees (e.g. Dornburg ez al., 2012), in both cases
leading to age overestimation.

This study documents the carly rise of angiosperm phyloge-
netic diversity, including the early origin of more than half of
extant angiosperm families. The estimated time-trees represent a
solid framework for further investigating angiosperm evolution,
for example, the rate of morphological and molecular change,
biogeographical history, diversification dynamics, ancestral char-
acter reconstruction and state-dependent diversification; as well
as coevolution with other biological lineages, correlations
between diversification and the physical environment, and the
evolution of modern terrestrial biomes. Nevertheless, many ques-
tions about the processes involved in early angiosperm evolution
remain. To name only a few: What is the relationship between
the detected early phylogenetic proliferation and the acquisition
of distinctive (e.g. phenotypic or ecological) attributes? What is
the relationship between the early rise of angiosperm major
clades, including numerous families, and the acquisition of spe-
cies richness, particularly extant species richness? Is there a rela-
tionship between global high temperatures and the origin of
major angiosperm clades? If so, how do high temperatures influ-
ence the rates of phylogenetic branching and the evolution of
phenotypic and functional attributes?
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Material Suplementario
Lastablas y métodos suplementarios, y |os datos generados en este Apéndice 1, se
encuentran disponibles respectivamente en laversion en linea del articulo

http://onlinelibrary.wiley.com/wol 1/doi/10.1111/nph.13264/suppinfo, y en el repositorio

digital Dryad http://datadryad.org/resource/doi:10.5061/dryad.k4227/4.
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