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RESUMEN

La variacién geografica de las especies es una fuente inagotable de informacién que ayuda
a inferir los mecanismos evolutivos que subyacen a la estructura geogrifica de las
poblaciones. En evolucién, es interesante descubrir la ocurrencia de covariacién entre
caracteres de organismos que habitan un drea determinada y poner a prueba indirectamente
hipétesis sobre el papel de diferentes factores ecoldgicos o geogréficos en la formacion de
variacién de estos caracteres biolégicos entre poblaciones. Este es el tema de investigacién
tratado en el capitulo 1, donde nos planteamos la pregunta de si los patrones de variacion
morfoldgica geografica encontrados en el complejo de especies de Ternstroemia lineata,

presentan alguna relacion con los factores ambientales de los sitios donde se ubican.

Las poblaciones del complejo 7. lineata muestran una gran variacion en cuanto a los
caracteres morfoldgicos foliares a través de su intervalo distribucional. Los anélisis
permitieron definir nueve grupos morfologicamente homogéneos dentro del complejo y
definir sus distribuciones geograficas. Algunos de los grupos geograficos encontrados son
consistentes con el estatus taxondmico aceptado actualmente, pero otros no tienen una clara
asociacién con la circunscripcién taxondmica actual. Los resultados de este trabajo
muestran que existe una fuerte correlacion entre la morfologia de la hoja y variables

medioambientales.

La taxonomia de Ternstroemia en México es muy compleja y estd mal entendida.
De acuerdo con las revisiones de los especialistas del grupo existen en el pais un total de
ocho especies, aunque realmente no hay un consenso al respecto, ya que hay discusion sobre
el verdadero estatus de algunas de ellas por ejemplo estd el caso de 7. dentisepala. Por lo que
es necesario llevar a cabo estudios de diferente indole (genéticos, ecolégicos, morfoldgicos,
etc.) para poder delimitar a las especies mexicanas, que no se basen exclusivamente en la
mera descripcion de caracteres de morfologia externa, caracteres que son muy escasos en
los ejemplares de herbario. El tema de estudio presentado en el capitulo II es delimitar las
especies del complejo de Ternstroemia lineata utilizando métodos de agrupamiento
genéticos. Nuestra hipétesis es que el complejo 7. lineata estd formado por mds de tres

linajes, que son mds de las que tradicionalmente se aceptan.



Los resultados del trabajo de este capitulo muestran que el enfoque multiloci
empleado, a pesar de integrar evidencias de diferentes compartimentos genémicos (nucleo,
mitocondria y cloroplasto) no es suficientemente informativo para concluir sobre los limites
especificos del complejo. Por otra parte, esta aproximacion evidenciar la existencia de

linajes comunes a varias especies del complejo.

La aproximacion filogeogréfica, al emplear un mayor ndmero de individuos permite
vislumbrar escenarios histéricos comunes entre Ternstroemia lineata y T. dentisepala, sin
embargo, el umbral que define a la segunda como subespecie de la primera necesita el
empleo de otros marcadores que proporcionen una mayor informacion filogenética asi

como la puesta a prueba de escenarios demogréficos explicitos.

La formaciéon de grupos soportados de 7. impressa y T. chalicophila con los
métodos tanto filogenéticos como filogeograficos evidencian su estatus de especies.
Adicionalmente, el método filogeografico permitié determinar que 7. chalicophila se
compone tanto de linajes muy divergentes entre si mas linajes comunes en el complejo y no

de especies cripticas.

En el capitulo 3, el tema de estudio es caracterizar ambientalmente vy
morfologicamente las poblaciones de T. tepezapote s.s. (una especie mesoamericana con
problemas en su delimitacién taxondmica) de 7. tepezapote s.l. Una pregunta a responder
fue si existen rompimientos morfoldgicos entre y dentro de ellas basados en sus diferencias
ambientales. Se examino e identifico la segregacion ambiental de estas poblaciones basada
en sus nichos fundamentales delimitados utilizando técnicas multivariadas. El grado de
diferenciacion morfolégica en hojas, flores (sépalos) y frutos fueron cuantificados en el
grupo ambiental definido como 7. tepezapote s.1. a lo largo de su distribucién geogréfica en
Meéxico. Se identificaron tres grupos ambientales de las poblaciones mexicanas. El andlisis
morfomérico del fruto mostré6 una evidente discriminacién entre los tres grupos
ambientales. Resultados similares se obtuvieron de los andlisis morfoméricos de hojas y
flores (sépalos), aunque con menos significancia estadistica. El andlisis de la morfometria
del fruto detectd los cinco subgrupos ambientales previamente identificados. Los anélisis
morfoldgicos tradicionales produjeron resultados similares reforzando nuestros resultados.

Finalmente se concluye que solo las poblaciones del norte de Veracruz (Tecolutla, Chontla



y alrededores) de latitudes bajas podrian considerarse como Tenstroemia tepezapote S.S.
Algunas otras poblaciones necesitarian renombrarse, de ser necesario para reconsiderar

algunas de las primeras sinonimias propuestas como entidades taxondmicas validas.



ABSTRACT

The geographic variation of the species is an inexhaustible source of information that helps
to infer the evolutionary mechanisms that underlie the geographic structure of populations.
In evolution, it is interesting to discover the occurrence of covariation between characters
of organisms that inhabit a certain area and indirectly to test hypotheses about the role of
different ecological or geographical factors in the formation of variation of these biological
characters between populations. The latter is the objective of Chapter 1, where we test
whether the patterns of geographic variation found in the Ternstroemia lineata species
complex is somehow associated to the environmental factors of the sites where they are

located.

The populations of the 7. lineata complex show great variation in terms of foliar
morphological characters throughout their distribution interval. Our analyzes allowed to
define nine morphologically homogeneous groups within the complex and to define their
geographical distributions. Some of the geographic groups found are consistent with the
currently accepted taxonomic status (Kobuski, 1942; Bartholomew & McVaugh, 1997).
Other results of this work show a strong correlation between leaf morphology and

environmental variables.

The taxonomy of Ternstroemia in Mexico is very complex and poorly understood.
According to the reviews of the group's specialists (Kobuski 1942, Bartholomew 1988 and
Bartholomew and McVaugh 1997), there are eight species in the Mexico, although there is
really no consensus in this regard, since there is discussion about the true status of some of
them, such asT. dentisepala (Gonzalez-Villarreal 2001). Therefore, it is necessary to carry
out studies of different kinds to be able to separate the Mexican species, which are not
based exclusively on the mere description of the external morphological characters, which
are scarce in herbarium specimens. The objective of this study, which is presented in
Chapter II is to delimit Ternstroemia lineata complex species using genetic grouping
methods. Our hypothesis is that the 7. lineata complex is made up of more than three

lineages, which are more than those traditionally managed.

The results of this chapter showed that the multiloci approach used, despite integrating

evidence from different genomic compartments (nucleus, mitochondria, and chloroplast), is
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not informative enough to conclude on the specific limits of the complex. However, this

approach evidences the existence of common lineages among the species of the complex.

The phylogeographic approach, by employing a greater number of individuals, allowed to
glimpse common historical scenarios between T. lineata and T. dentisepala. However, the
threshold that defines the latter as a subspecies of the former requires the use of additional
markers that might provide a greater phylogenetic informativity as well as the testing of

explicit demographic scenarios.

The formation of supported groups of T. impressa and T. chalicophila using both
phylogenetic and phylogeographic methods demonstrate their species status. Additionally,
the phylogeographic method made it possible to determine that 7. chalicophila is made up
of two very divergent lineages instead of cryptic species. Additionally, intraespecific alleles

were also found.

In Chapter 3, the objective of the study is to characterize the populations of 7. fepezapote
s.s. (a Mesoamerican species with problems in its taxonomic delimitation) of 7. tepezapote
s.l. and we analyze if there are morphological breaks between and within them based on
their environmental differences. We examined and identified the environmental segregation
of these populations based on their defined fundamental niches using multivariate
techniques. The degree of morphological differentiation of leaves, flowers (sepals) and
fruits were quantified in the environmental group defined as 7. tepezapote s.l. throughout
its geographical distribution in Mexico. Three environmental groups of the Mexican
populations were identified. The morphometric analysis of the fruit showed an evident
discrimination among the three environmental groups. Similar results were obtained from
the morphometric analyzes of leaves and flowers (sepals), although with lesser statistical
significance. Fruit morphometry analysis detected the five previously identified
environmental subgroups. Morphological analyzes produced similar results supporting our
results. Finally, we conclude that only the populations of northern Veracruz (Tepetzintla,
Chontla and surroundings) of low latitudes could be considered as Tenstroemia tepezapote
s.s. Some other populations still require to be renamed, if necessary to reconsider some of

the first synonyms proposed as valid taxonomic entities.



INTRODUCCION GENERAL

Los patrones de variacion geografica son una fuente inagotable de informacion, la cual si se
interpreta correctamente, representa una herramienta eficaz para descubrir mecanismos
evolutivos que subyacen a la estructura geografica de las poblaciones. En evolucién, una
parte interesante de los andlisis de variacién geografica reside en descubrir la ocurrencia de
covariacién entre caracteres de organismos que habitan una 4rea determinada e
indirectamente para poner a prueba hipétesis sobre el papel de diferentes factores
ecologicos o geograficos en la formacion de variacion de estos caracteres bioldgicos entre
poblaciones (Donatella, et al., 1997). Los estudios de variacion geogrifica ayudan a
entender diferentes aspectos de la evolucion, por ejemplo, como actian las fuerzas micro-
evolutivas y los procesos de especiacion, asi como a entender mejor los conceptos de

especie, la naturaleza de las especies y a explicar la gran diversidad de especies.

Los estudios que integran descripciones cuantitativas de la variacion con la ecologia
molecular, la filogenética molecular, los estudios de campo y la evaluacién de hipoétesis
cuantitativas han permitido entender los factores causantes de la variacion geografica y su
relacion con la especiacion. Todo esto se ha facilitado en los ultimos tiempos gracias a una
amplia disponibilidad de nuevas técnicas en la investigacion, tales como la variacion en las
secuencias de DNA y los avances conceptuales en relacion con el papel de los factores

histéricos en la ecologia (Thorpe, 2002).

Los datos moleculares se han convertido en una fuente de caracteres importante para
establecer hipétesis filogenéticas, lo que ha llevado a un incremento explosivo en estudios

de sistemadtica y genética de poblaciones (Avise, 2000), enfocados en definir el estatus



taxondmico de especies o poblaciones de una especie, asumiendo que las especies
taxondmicas generalmente reflejan las entidades evolutivas cuyo origen deseamos explicar,
aunque esto no necesariamente es asi, ya que el nimero e identidad de especies
taxondmicas en un grupo depende del taxénomo quien las describe y las opiniones pueden
variar.Taxonomia del género TernstroemialLa familia que originalmente comprende a este
género fue reconocida por primera vez por Mirbel (1813), quien separd a sus elementos en
dos grupos: las Theaceae (Thea y Camellia) y Ternstroemieae (Ternstroemia y Freziera).
Don (1925) une a estos dos grupos dentro del nombre de Theaceae, aunque algunos autores

siguieron nombréandola Ternstroemiaceae.

Segiin Cronquist (1981) Theaceae estaba compuesta de cuatro subfamilias:
Ternstroemioideae, Bonnetioideae, Theoideae y Asteropeioideae, aunque Keng (1961)
sugiere que s6lo se compone de dos: Ternstroemioideae (que incluye las tribus
Ternstroemieae, Adinandrieae y Sladenieae), y Camellioideae (compuesta por las tribus
Stuartieae, Gordonieae y Camellieae). La subfamilia Ternstroemioideae se diferencia de las
demds por sus anteras elongadas, embrion generalmente curvo y fruto abayado o seco e

indehiscente.

A la luz de los recientes estudios moleculares, algunos taxones anteriormente
incluidos en Theaceae se transfirieron a otras familias y se segregé la familia
Ternstroemiaceae (APGII, 2003; Stevenson and Stevenson, 2004; Weitzman et al., 2004;

Schonenberger, 2005).

Estos estudios muestran que Theaceae s.l. no es un grupo monofilético y se ha

sugerido que Ternstroemiaceae s.s. comparte un ancestro comun con Penthaphylaceae y



Sladeniaceae, y que estas tres familias podrian considerarse como tales (Prince 2001; Luna-

Vega y Ochoterena, 2004; Ochoterena y Luna-Vega en prep).

Ternstroemiaceae s.s. puede reconocerse por sus flores solitarias, estambres con el
conectivo extendido en una pequeiia protrusion (excepto en Ternstroemia) y fruto abayado
(con excepcion de Balthasaria). Mientras que Theaceae s.s. comparte un ancestro comun
con Actinidiaceae-Roridulaceae-Serraceniaceae y Styracaceae-
Diapensiaceae+Symplocaceae. Theaceae s.s. puede reconocerse por sus vasos muy largos,

estomas del tipo paracitico y flores solitarias (Luna-Vega y Ochoterena 2004).

Hasta el momento, sigue existiendo controversia acerca del nombre correcto de la
familia en la cual se ubica Ternstroemia. De acuerdo con algunos autores el nombre
correcto es Penthaphylacaceae (Stevens 2008 onwards, APGIV; 2016), sin embargo, otros
consideran que el nombre correcto seria Ternstroemiaceae (Luna-Vega y Ochoterena

2004), debido al principio de prioridad en nomenclatura botanica.

El género Ternstroemia (nombre dedicado al boténico sueco Ternstroem (Conzatti,
1903) es el que posee un mayor numero de especies dentro de la familia, con
aproximadamente 130 especies que se distribuyen principalmente en las zonas tropicales de
ambos hemisferios, desde América del Sur a México, incluyendo a las Antillas y la region
Indomalaya hasta este de Asia y Nueva Guinea; una especie estd presente en Africa

Tropical.

El género Ternstroemia fue propuesto por primera vez por Mutis in Linnaeus f.,
Supplementum Plantarum, 39. 1781 (Kobuski, 1942). Otros nombres que han sido

acufiados a €l son Taonabo Aubl. (1775), Dupinia Scop. (1777), Hoferia Scop. (1777),



Tonabea Jussieu (1789), Amphania Banks (1821), Reinwardtia Korthals (1840), Llanosia
Blanco (1845), Erytrochiton Griff. (1846), Voelckeria Klotzsch et H. Karst. (1850),

Mokofua O. Kuntze (1891) y Adinandrella Exell (1927).

De acuerdo con el principio de prioridad el nombre valido seria Taonabo, el cual fue
utilizado por varios autores como Standley (1926); sin embargo, Ternstroemia fue aceptado
por el Congreso del Cédigo Internacional de Nomenclatura como "nomen conservandum"”,

rechazando asi a Taonabo como nombre valido.

Este género fue estudiado especialmente por Kobuski (1942, 1943, 1961, 1963) para
América, Africa y Asia, por Urban (1896) para las Antillas y por Wawra (1866) para Brasil.
El primer autor logr6 una excelente monografia del género (Kobuski, 1942).
Ternstroemia Mutis ex L.f, es un género sumamente heterogéneo desde el punto de vista
taxondmico, por lo que ha tenido un gran nimero de sinénimos (Luna-Vega y Villasefior,
1996). Se distribuye en los tropicos y subtropicos del mundo. Se calcula que este género
cuenta con 110-160 especies en total; 50-70 especies habitan en el Neotrépico (Weitzman
1995). Kobuski (1942) separ6 a las especies neotropicales en tres grupos geograficos: de
México a América Central, Las Antillas y América del Sur, todas ellas hermafroditas. De
acuerdo con Kobuski (1942) las especies de Sudamérica presentan caracteres que son
mucho mds claramente distintivos y consistentes para la delimitaciéon de especies, en
cambio las descripciones de muchas de las especies de México y América Central, estdn

basadas solo en un caracter extremadamente variable.

En un estudio areografico de las Ternstroemiaceae de México Luna-Vega et al.
(2004) proponen que en el pais existen aproximadamente ocho especies de este género,
cinco de ellas endémicas (v. gr. Ternstroemia dentisepala, T. huasteca, T. lineata subsp.
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lineata, T. oocarpa y T. sylvatica) y tres rebasan su frontera al sur hasta Honduras y Panama

(T. lineata subsp. chalicophila, T. seemannii y T. tepezapote).

En la mayoria de los casos, estas especies estdn geogrificamente bien localizadas,
T. dentisepala hacia la parte noroccidental del pais, T. huasteca y T. sylvatica con una
distribucién principal en la parte oriental, T. oocarpa y T. seemannii en el sur. Ternstroemia
lineata con dos subespecies tiene una distribucién mas amplia con T. lineata subsp. lineata
en la Faja Volcanica Transmexicana incluyendo Los Tuxtlas en Veracruz, en la Sierra
Madre del Sur y serranias chiapanecas y T. lineata subsp. chalicophila con una distribucién
en Chiapas, Guatemala y Honduras. Por su parte T. tepezapote tiene una distribucién
principalmente en la porcién oriental del pafs siguiendo hacia el sur hasta alcanzar
Nicaragua. El género en México presenta problemas taxondmicos principalmente en
cuanto a la delimitacién de sus especies, por ejemplo, Pool (2001) ha sugerido que T.
seamannii es un sinénimo de T. tepezapote, lo que a su vez ha generado problemas con la
identificacion de sus especies y consecuentemente no existe informacién confiable acerca

de los limites de distribucién de cada una de sus especies (Luna-Vega et al., 2004).

Objetivos

La covaracion entre caracteres de organismos que habitan una drea determinada, es un
fendmeno muy interesante desde un punto de vista evolutivo, ya que permite poner a
prueba hipdtesis como por ejemplo el papel que juegan los diferentes factores ecoldgicos o
geograficos en la formacion de la variacion y diversidad bioldgica y en cdmo surgen nuevas
especies. Entender ésto representa una gran ayuda para la sistemdtica de ciertos grupos de
organismos en los cuales resulta dificil la correcta delimitacion de sus especies sobre todo
en aquellas especies conocidas como cripticas. El estudio de la variacién, hoy dia no sélo se
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basa en la comparacién de caracteres morfologicos como tradicionalmente se venia
haciendo sino que utiliza todo tipo de evidencia, empleando informacion de distinta indole
(genéticos, ecoldgicos, morfoldgicos, etc.). Dos tipos de evidencias que recientemente se
utilizan como excelentes complementos de la morfologia es el andlisis de datos moleculares
(secuencias, microsatéllites, entre otros) y la informacién ambiental, cémo por ejemplo sus

nichos fundamentales.

Objetivo General

Analizar la variacion geografica en las entidades que conforman dos complejos de especies
del género Ternstroemia, con el propdsito de contribuir en la delimitacion de las entidades

taxondmicas que conforman cada complejo.

Objetivos particulares

a) Identificar patrones variaciéon de caracteres foliares en el complejo de especies de
Ternstroemia lineata y la relacién que presentan con los factores ambientales de los sitios

donde se distribuyen.

b) Delimitar las especies del complejo de Ternstroemia lineata utilizando métodos de

agrupamiento genéticos.

c¢) Caracterizar ambientalmente y morfologicamente las poblaciones de T. tepezapote s.s.
(una especie mesoamericana con problemas en su delimitacién taxondémica) de T.

tepezapote s.l.

Meétodos utilizados
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Para estudiar la variaciéon morfoldgica foliar se colectaron muestras de 270 individuos de
32 poblaciones, se midieron y analizaron nueve caracteres foliares utilizando un vernier .
Se realiz6 un anélisis de componentes principales utilizando el programa Statistica (Statsoft
Inc, 2009) para seleccionar los caracteres morfolégicos foliares con mds informacién y
varianza y a partir de los cuales se generaron mapas de interpolacion espacial utilizando la
extension Geostatistical Analyst (Johnston et al., 2001) del programa ArcGis (ESRI, 2011)
que se utilizaron para detectar dreas discretas delimitadas por zonas de cambios drasticos
(BioMedware, 2013) en los valores de las caracteristicas morfoldgicas. Con ésto se
identifico un patron general de la distribucion geografica en la variacion de las
caracteristicas foliares. Finalmente se realizaron andlisis de redundancias parciales
utilizando el programa estadistico R (R Core Team, 2018) y andlisis de regresion lineal
para correlacionar éstos patrones de distribucidon de los caracteres foliares con variables

medio ambientales.

Para realizar la delimitacion de especies dentro del complejo de Ternstroemia
lineata, se realiz6 un andlisis de agrupamiento genético utilizando técnicas filogenéticas y
filogeograficas. Para ello se recolectaron hojas de las especies pertenecientes al complejo
de 192 individuos (5 a 10 hojas por individuos) de 25 poblaciones localizadas a lo largo del
area de distribucion de las especies. Las hojas fueron colocadas en bolsas resellables con
silica gel y los ejemplares de referencia fueron secados y prensados para ejemplares de
herbario. El DNA se extrajo a partir de 50 hasta 100 mg de tejido foliar utilizando el
método CTAB con algunas modificaciones (Martinez-Gonzdlez et al., 2017) y se cuantific

con un Nanodrop 2000c (Thermo, EE. UU.).
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Para llevar a cabo los andlisis filogenéticos, se consideraron 18 individuos
representativos de cuatro especies del complejo. Se realizé la amplificacion de dos regiones
nucleares: el segundo intrén del gen de copia tnica LEAFY mediante los oligonucleétidos
LFY-F y LFY-R (Zhang et al., 2014), asi como toda la regién del espaciador transcrito
interno (ITS1, 5.8s e ITS2) usando los oligonucléotidos 17SE y 26SE (Sun et al., 1994). La
amplificacién del gen mitocondrial matR se llevé a cabo utilizando los oligonucle6tidos
matR3'R y matR5'F (Anderberg et al., 2002), mientras que el espaciador intergénico
plastidico trnL-trnF requirié los oligonucledtidos universales “e” y “f” (Taberlet, 1991).
Las amplificaciones se realizaron en un termociclador Multigene Optimax (Labnet
International, EUA) usando el kit de polimerasa Kapa3G (Kapa Biosystems, Sudéfrica) y
siguiendo las condiciones del fabricante, excepto por la temperatura de alineamiento (Tm),
que se determind para cada regiéon mediante una prueba de gradiente (LEAFY= 56 °C,
ITS= 60 °C, matR= 54 °C y trnL-trnF = 60 °C). Los amplificados fueron secuenciados por

Macrogen USA (EUA).

A partir de las secuencias se realizaron las siguientes particiones: el intron LEAFY
completo, la regioén ITS se consideré como espaciador 1, gen ribosomal 5.8S y espaciador
2, el gen mitocondrial se dividié en las regiones 3’ y 5', mientras que el espaciador
plastidico trnL-trnF también se mantuvo integro como una sola particioén. Las particiones se
analizaron en JModeltest 2.1.10 (Darriba et al., 2012) para determinar sus respectivos
modelos de evolucién molecular. Todas las particiones se concatenaron formando una
supermatriz de 2959 pb y se analizaron mediante el algoritmo de Médxima Verosimilitud en
el programa RAXML-NG (Kozlov et al., 2019) usando modelos de evolucién molecular

individuales para cada particion.
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Para los andlisis filogeogréficos el alineamiento de las secuencias se realizd
mediante el software Geneious (Biomatters Ltd, Nueva Zelanda) usando el alineamiento
automatico refinado manualmente. Las bases ambiguas se codificaron siguiendo el cédigo
de nomenclatura para bases nitrogenadas de la Unién Internacional de Quimica Pura y
Aplicada (Cornish-Bowden, 1985). Los haplotipos de las secuencias con sitios heterécigos
se reconstruyeron mediante el algoritmo PHASE (Stephens et al., 2001) en el programa
DnaSP 5.10.01 (Librado y Rozas, 2009) que adicionalmente se empled para los calculos de
los indices de fijaciéon para diversidad genética ordenada y no ordenada (Nst y Gst,
respectivamente). La red de haplotipos se contruyé mediante el software PopART (Leigh y
Bryant, 2015) usando el método TCS (Clement et al., 2000). La visualizacion espacial de

las frecuencias haplotipicas se realizé mediante ArcGIS 10.5 (ESRI, 2011).

Para analizar la circunscripcion de Tersntroemia tepezapote sensu stricta (s.s.) a
partir de todos lo especimenes que en algin momento se han identificado cémo ésta
especie, se realizaron andlisis de agrupamientos basados en caracteres morfolégicos y
caracteristicas ambientales. Para lo cual inicialmente se elabor6 una base de datos con 660
registros de ejemplares de Ternstroemia tepezapote sensu lato (s.l.) distribuidos en México
y Centro América utilizando coémo fuente los herbarios (MEXU, ENCB, XAL, IEB,
FCME, MO, ZEA, SERBO, OAX, F y GH), consultas de bases de datos en linea [Global
Biodiversity  Information  Facility = (GBIF), http://www.gbif.org/;  Tropicos®,
http://www.tropicos.org/; Red Mundial de Informacién sobre Biodiversidad (REMIB),
http://www.conabio.gob.mx/remib/doctos/remib_esp.html] y de colectas realizadas en

campo.
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Para analizar las diferencias ambientales entre las poblaciones de T. tepezapote, se
obtuvieron los datos climdticos a partir de las 19 variables bioclimaticas disponibles en la
base de datos de WorldClim (Hijmans et al. 2006; http://www.worldclim.org/), a partir de
los cuales se realiz6é un andlisis de componentes principales (PCA) utilizando el programa
estadisticos R, y una andlisis de discriminantes (DA) para probar la significancia estadistica

de los grupos utilizando el programa SPPS (x)

Para reconocer las discontinuidades morfoldgicas entre las poblaciones basadas en
las hipétesis de divergencia ambiental, se seleccionaron y fotografiaron al menos tres
ejemplares de herbario para cada grupo ambiental reconocido (74 especimenes en total).
Desafortunadamente se utilizaron sélo ejemplares mexicanos debido a que no tuvimos
disponibles ejemplares de Centro América. Para cada ejemplar se digitalizaron fotografias
de hojas, sépalos y frutos utilizando el programa TPS Dig (Rohlf 2010). Con esta
informacion, utilizamos dos diferentes dos diferentes metodologias para realizar los anélisis
de diferenciacion morfoldgica, el primero se basé en un andlisis de morfometria
geometrica, en el cual se asignaron directamente landmarks a las hojas, flores (sépalos) y
frutos, y el segundo andlisis morfolégico se basé en la morfometria tradicional, utilizando
datos de la distancia entre pares de landmarks seleccionados, seis caracteres morfolégicos

cuantitativos y dos cualitativos.

Finalmente, para identificar las variables morfolégicas y ambientales més ttiles para
la discriminacién de los grupos, realizamos correlaciones multiples entre las funciones
discriminantes y las ocho variables ambientales. Igualmente se incluyé la latitud, longitud
como variables adicionales. De la misma manera investigamos la correlacién entre las

funciones discriminantes y las variables morfoldgicas.
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Morphological variation of leaf traits in the Ternstroemia lineata species complex

(Ericales: Penthaphylacaceae) in response to geographic and climatic variation.
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ABSTRACT

Variation in leaf morphology is correlated with environmental variables, such as
precipitation, temperature and soil composition. Several studies have pointed out
that individual plasticity can largely explain the foliar phenotypic differences observed
in populations due to climatic change and have suggested that the environment
plays an important role in the evolution of plant species by selecting for phenotypic
variation. Thus, the study of foliar morphology in plant populations can help us
identify the environmental factors that have potentially influenced the process of
species diversification. In this study, we analyzed morphological variation in the leaf
traits of the Ternstroemia lineata species complex (Penthaphylacaceae) and its relation
to climatic variables across the species distribution area to identify the patterns of
morphological differentiation within this species complex. Based on the collected
leaves of 270 individuals from 32 populations, we analyzed nine foliar traits using
spatial interpolation models and multivariate statistics. A principal component analysis
identified three main morphological traits (leaf length and two leaf shape variables)
that were used to generate interpolated surface maps to detect discrete areas delimited
by zones of rapid change in the values of the morphological traits. We identified
a mosaic coarse-grain pattern of geographical distribution in the variation of foliar
traits. According to the interpolation maps, we could define nine morphological
groups and their geographic distributions. Longer leaves, spatulate leaves and the
largest foliar area were located in sites with lower precipitation and higher seasonality
of precipitation following a northwest—southeast direction and following significant
latitudinal and longitudinal gradients. According to the phenogram of the relationships
of the nine morphological groups based on morphological similarity, the putative
species and subspecies of the T. lineata species complex did not show a clear pattern of
differentiation. In this study, we found a complex pattern of differentiation with some
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isolated populations and some other contiguous populations differentiated by different
traits. Further genetic and systematic studies are needed to clarify the evolutionary
relationships in this species complex.

Subjects Biogeography, Ecology, Plant Science, Taxonomy, Population Biology

Keywords Morphological variation, Ternstroemia, Leaf traits, Geographical variation, Species
complex

INTRODUCTION

Intraspecific variation is one of the main sources of information for recognizing
evolutionary patterns. Identifying the causes of intraspecific variation is essential to
understanding the evolutionary processes that maintain diversity and promote speciation
(Futuyma, 1998). In plants, variation occurs in populations of species that are separated
in space, encompassing both the genotype and phenotype (Thorpe, 2002). The causes of
phenotypic variation among individuals across the geographical distribution range of a
species can be broadly divided into current environmental conditions within particular
habitats and historical processes and phylogenesis (Thorpe, 1987; Peppe et al., 2011). Plant
populations of the same species growing under different environmental conditions respond
to different selection pressures, producing genetic and phenotypic divergence between
populations (Ramsey, Cairns ¢ Vaughton, 1994; Fenster ¢ Stengien, 2001; Albarrdn-Lara et
al., 2019).

Plants have developed particular adaptations to the surrounding local climate that allow
them to be better fitted to their environment (Chevin, Lande ¢~ Mace, 2010; Valladares et
al., 2014). The leaf is the structure in which changes in morphology in response to their
environment are more readily acquired by plants (Malhado et al., 2009a; Yang et al., 2015)
because leaves are the organs that perform essential functions, such as photosynthesis
and regulation of water content (Givnish, 1979; Wright et al., 2004; Adams ¢ Ichiro, 2018;
Tsukaya, 2018).

Latitudinal and altitudinal variations in leaf size and shape are the result of plastic
and adaptive responses of plants to varying environmental conditions, with differences in
plant physiological responses also present among populations (Rico-Gray ¢ Palacios-Rios,
1996; Niinemets, 2001; Uribe-Salas et al., 2008; Frenne et al., 2013; Moles et al., 2014). The
correlation between the shape and size of leaves and the surrounding habitat has been
interpreted as the result of an evolutionary response of plants to varying environmental
conditions (Givnish, 1987; Westoby et al., 2002; Peppe et al., 2011). For instance, leaf size has
been shown to decrease with increasing altitude because of the differences in precipitation
and with the decrease of soil nutrient content (McDonald et al., 2003; Nicotra et al., 2011).
Additionally, smaller leaves appear to be better adapted to dry environments because the
smaller size reduces the hydraulic vulnerability of leaves and makes the plants more tolerant
to drought (Scoffoni et al., 2011). Light intensity also plays a key role in the adjustment
of leaf size and shape in later stages of development, promoting the expansion of the leaf
petiole and inhibiting the growth of the leaf blade (Tsukaya, 2005).
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Several environmental factors have been shown to play key roles in the evolution of
plant species by selecting for phenotypic variation (Pfennig et al., 2010), especially variation
related to leaf traits. Thus, the study of foliar morphology in plant populations can help
us to identify the environmental factors that have potentially influenced the process of
species diversification and phenotypic variability (Aschcroft, French ¢ Chisholm, 2011).
The relationships of leaf variation with environmental variables have been focused on
the global (Ordoriez et al., 2009; Yang et al., 2015; Wright et al., 2017), regional (e.g., North
America) (Royer et al., 2008) and local (e.g., South Australia, Amazonia and Bolivia) (Sokal,
Crovello & Unnasch, 1986; Wright ¢ Ladiges, 1997; Gregory-Wodzicki, 2000; Malhado et al.,
2009a; Malhado et al., 2009b; Guerin, Wen ¢ Lowe, 2012) scales. However, similar patterns
are not always identifiable across spatial scales, and in some cases, contrasting trends can
be found (Malhado et al., 2009b; Wright et al., 2017). Studies on how plants respond to
environmental variables within regions with a high degree of spatial heterogeneity could be
useful for understanding the differential response of plants to climatic gradients (Moeller
¢ Merild, 2004). In turn, this knowledge would allow us to know the degree and direction
of evolutionary divergence between populations.

The genus Ternstroemia (Penthaphylacaceae, order Ericales) is a group of plants that is
poorly understood taxonomically, with the total number of species accepted in the genus
varying from 90-110 species (Stevens, 2001; Weitzman, Dressler ¢ Stevens, 2004; Xiang,
2007) to over 160 species (Weitzman, 1995). The genus is distributed from Sri Lanka to
SE and E Asia and exists in tropical and subtropical America and in Africa (two species)
(Weitzman, Dressler ¢» Stevens, 2004). In Mexico and Central America, Ternstroemia can be
found in regions with a great variety of climates and habitats, ranging from 50 m to more
than 3,000 m (Luna-Vega, Alcantara-Ayala ¢ Contreras-Medina, 2004). One of the most
widely distributed and common species of Ternstroemia in Mexico is Ternstroemia lineata.
In particular, the taxonomic circumscription of T. lineata has been difficult and thus is
considered a species complex composed of several taxa: T. lineata subsp. chalicophila (Loes.)
B.M. Barthol., T. dentisepala B.M. Barthol., T. lineata subsp. lineata and T. impressa Lundell.
The T. lineata species complex is distributed exclusively in Mesoamerica and is restricted
to cloudy conditions at elevations ranging from 1,400 to 3,140 m in habitats characterized
by high precipitation (>1,000 mm annually), such as cloud forests and mixed humid
forests (Alcdntara-Ayala, Luna-Vega & Veldzquez, 2002; Luna-Vega, Alcdntara-Ayala &
Contreras-Medina, 2004). In Mexico and Guatemala, these types of forests occur within
a relatively narrow altitudinal zone under humid, temperate climates with continuously
foggy conditions. However, different forest patches show local climatic variations that
generate heterogeneity in floristic composition. Accordingly, individuals in the T. lineata
species complex show great variation in leaf shape and size among populations (Kobuski,
1942; Bartholomew & McVaugh, 1997; Gonzdlez-Villarreal, 2001).

In this study, we used the Ternstroemia lineata complex as a model to test how climates
influence foliar morphology in forest species under environments with high humidity but
great geographic heterogeneity. We analyzed how leaf morphology of the T. lineata species
complex vary in relation to climate variables across its geographic distribution to detect
which environmental variables have influenced the leaf morphological differentiation in
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this species complex. We also tested the degree of leaf morphological differentiation among
the putative species and subspecies complex of T. lineata.

MATERIALS & METHODS

Taxon sampling and morphological trait analysis

We collected leaves of 270 individuals (8—10 mature leaves per individual) from 32
populations located throughout the distribution range of the species (Fig. 1). A field
permit of scientific collection (Official number SGPA/DGVS/12770/16) was issued by the
Secretaria de Medio Ambiente y Recursos Naturales, of Mexico. Leaf samples were pressed
and dried for further measurements in the lab and for herbarium specimens. For each
specimen, we measured nine foliar traits: 1. total length including lamina and petiole (TL);
2. lamina length (LL); 3. maximum width of the lamina (MW); 4. petiole length (PL); 5.
distance from the base to the maximum width of the lamina (DW); 6. petiole diameter
(PD); 7. angle of the lamina apex (ALA); 8. ratio between MW and LL (WLR); and 9. ratio
between DW and LL (DWLR) (Fig. 2A). All variables (except ALA) were measured using
a Mitutoyo® Vernier caliper (0.05 mm resolution) and are recorded in mm. For ALA, we
used a Jeppesen PJ-1 Rotating Azimuth Plotter.

Variation of morphological traits

We performed a principal component analysis (PCA) with the nine traits using the software
Statistica (Statsoft Inc, 2009) to group the variables according to their variability and to
select those with the higher values per component to account for most of the morphological
variation among individuals (Table 1). With the selected morphological traits (TL, WLR
and DWLR), interpolated surface maps were generated in a geographic information system
(GIS) (ESRI, 2011) using the Geostatistical Analyst extension (Johnston et al., 2001). The
traits DWLR and WLR are descriptors of leaf shape. DWLR refers to the degree to which
a leaf is spatulate or elliptical, and WLR is indirect evidence of the foliar area (Nautival et
al., 19905 Cittadini & Peri, 2006; Singh, 2007), where high values indicate small foliar areas
and low values indicate large areas.

Finally, the interpolated maps were clipped with a map of the selected hydrographic
basins of Mexico (INEGI, INE ¢ CONAGUA, 2007) based on the presence of T. lineata
complex records and the altitudinal range obtained from the herbarium specimens and
field collections to eliminate the interpolation areas outside the known distribution of the
T. lineata complex.

We used an empirical Bayesian kriging method, which is based on a semivariogram
estimated from the spatial structure of the data (Oliver ¢ Webster, 1990; Kidd ¢ Ritchie,
20065 Brito et al., 2008). This kriging method is a geostatistical tool that generates an
estimated surface from a set of dispersed points with Z values. The method is based on
statistical models that consider the spatial autocorrelation among data points and provide
a measure of precision of the predicted values. We considered the mean error, the square
root of the quadratic mean error, the mean standard error, and the square root of the
quadratic mean error to evaluate the efficiency of the interpolation (Johnston et al., 2001).
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Figure 1 Location of the sampled populations of the T. lineata complex. Distribution of the Tern-
stroemia lineata species complex in the main mountain systems of Mexico (sensu INEGI, 2001) and north-
ern Central America (sensu Marshall, 2007).
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Geographical areas of morphological homogeneity
The three interpolated maps were used to detect discrete areas delimited by zones of rapid
change in the values of morphological traits because the variation inside the area is lower
than that among the areas. For this method, we used a boundary delineation method with
the BoundarySeer software (settings used: crisp boundary type, top 20% in boundary in
threshold(s), thresholds 90 deg. vector-to-vector and 30 deg. vector-to-line gradient angle).
Different boundaries are zones of rapid change, and for detection, wombling methods are
used, which estimate the average amount of change in the variable across the space. The
locations that have high values of change are referred to as boundaries (BioMedware, 2013).
Each map generated by the boundary analysis was vectorized, and all were intersected in
a single map using ArcGIS Ver. 10.0 (ESRI, 2011). The resulting polygons represented areas
of geographical coincidence of the distribution of the three morphological traits: those
polygons where the presence of T. lineata complex was not corroborated were eliminated
based on the records of biodiversity information systems (REMIB, GBIF, specimens of
herbaria). To reduce the number of polygons and group them into homogeneous areas,
a cluster analysis was carried out based on the mean values of each of the morphological
traits present in each polygon. This analysis was performed using NTSYSpc ver 2.11
(Rohlf, 2000) with a taxonomic distance coefficient and the UPGMA algorithm, and group
formation was taken at a value of 0.88. Finally, the resulting groups were evaluated using
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Figure 2 Nine foliar traits and Principal Component Analysis (PCA) of this variables. Foliar measure-
ments and PCA analysis of the morphological variables. (A) The nine foliar traits measured in each in-
dividual: (1) total leaf length (including lamina and petiole, TL); (2) lamina length (LL); (3) maximum
width of the lamina (MW); (4) petiole length (PL); (5) distance from the base to the maximum width of
the lamina (DW); (6) petiole diameter (PD); (7) angle of the lamina apex (ALA); (8) ratio between MW
and LL (WLR); (9) ratio between DW and LL (DWLR). (B-C) We plotted the PCA values of the morpho-
logical variables: first component vs. second component (B) and second component vs. third component
(C) we show two sets of variables with maximum correlation: LL-TL-DW and ALA-WLR. The number (B
and C) corresponds to species of T. lineata complex, 1. T. lineta ssp. chalicopila, 2. T. dentisepala, 3. T. lin-
eata ssp. lineata and 4. T. impressa.

Full-size & DOI: 10.7717/peer;j.8307/fig-2

discriminant analysis to identify their differences (Table 2). Finally, the distributions of the
values of each of the three variables within each group were represented using boxplots.
Discriminant analysis and boxplot were carried out using SPSS Statistics ver. 19 software
(IBM Corp. Released, 2010).

Relationship of morphological traits with climate and geography

To evaluate the relationship of the morphological traits with the climate across the
range of the distribution of this species complex, we used the average values of each
polygon, considering 19 bioclimatic variables (Hijmans et al., 2005) (Table 1) and three
geographical variables. Values were obtained through a zonal analysis in the GIS. We used
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Table 1 Climatic variables used in the redundancy analysis.

Abbreviations Climatic variable names
BIO1* Annual Mean Temperature
BIO2 Mean Diurnal Range (Mean of monthly (max temp - min
temp)
BIO3 Isothermality (BIO2/BIO7) (* 100)
BIO4* Temperature Seasonality (standard deviation *100)
BIO5 Max Temperature of the Warmest Month
BIO6 Min Temperature of the Coldest Month
BIO7 Temperature Annual Range (BIO5-BIO6)
BIOS Mean Temperature of the Wettest Quarter
BIO9 Mean Temperature of the Driest Quarter
BIO10 Mean Temperature of the Warmest Quarter
BIO11 Mean Temperature of the Coldest Quarter
BIO12 Annual Precipitation
BIO13* Precipitation of the Wettest Month
BIO14" Precipitation of the Driest Month
BIO15* Precipitation Seasonality (Coefficient of Variation)
BIO16 Precipitation of the Wettest Quarter
BIO17 Precipitation of the Driest Quarter
BIO18 Precipitation of the Warmest Quarter
BIO19* Precipitation of the Coldest Quarter
Notes.

2Climatic variables with VIF > 10.

Table 2 Principal Component Analysis of nine morphological variables of the T. lineata species com-
plex. Variables: (1) total length of leaf (includes lamina and petiole, TL); (2) lamina length (LL); (3) max-
imum width of the lamina (MW); (4) petiole length (PL); (5) distance from the base to the maximum
width of the lamina (DW); (6) petiole diameter (PD); (7) angle of the lamina apex (ALA); (8) ratio be-
tween MW and LL (WLR); and (9) ratio between DW and LL (DWLR).

Contributions Cy C, Cs Cy Cs

PL 0.041737 0.000777 0.161636 0.726383 0.016466
PD 0.054816 0.186583 0.009767 0.068551 0.258501
MW 0.189874 0.083223 0.015169 0.012927 0.000201
TL 0.244426 0.029179 0.002038 0.001309 0.011538
LL 0.239342 0.032236 0.000070 0.018755 0.016813
DwW 0.228145 0.028064 0.052958 0.000150 0.001161
WLR 0.000166 0.379410 0.026536 0.000723 0.038457
DWLR 0.000956 0.000000 0.663112 0.148503 0.081381
ALA 0.000538 0.260529 0.068714 0.022698 0.575481
% ACUMULATED VARIANCE 41.83 66.15 79.71 94.04 99.59

the redundancy analysis (RDA) implemented in the package ‘vegan’ (Oksanen et al., 2018)

in R 3.5.1 software (R Core Team, 2018) to determine the combination of environmental

and geographical variables that better explain the morphological variation. This analysis was
carried out as follows: first, all the bioclimatic variables (BIO01 to BIO19) were included,
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and an iterative analysis was carried out so that the variables showing high collinearity were
eliminated according to their values of variance inflation factor (VIF). Then, to evaluate the
effects of climate and geography on leaf trait variation, we performed RDA analysis in three
phases: (a) an analysis that includes both climatic and geographical variables (RDAfull); (b)
a partial RDA analysis including only bioclimatic variables without collinearity (pRDA1);
and finally, (c) a partial RDA analysis including only geographical variables (pRDA2).

We also conducted linear Pearson correlation analyses between the three morphological
traits selected after the PCA and the bioclimatic variables without collinearity after an
iterative analysis. We included geographic variables such as latitude, longitude and altitude
in these linear correlation analyses to detect patterns of leaf morphological variation
through latitudinal, longitudinal or altitudinal gradients.

RESULTS

Leaf morphological variation and interpolation maps

The principal component analysis of the morphological traits showed that the first three
components explained 79.71% of the accumulated variance (41.83%, 24.32% and 13.56%).
For the first component, the higher loading values were associated with leaf length (TL and
LL) and width (DW and MW), and the second and third components were associated with
leaf shape (WLR and DWLR, respectively) (Table 2). The relation among the components
showed two sets of variables with maximum correlation associated with the leaf length and
width (LL, TL and DW) and the lamina angle and leaf shape (ALA and WLR) (Figs. 2B
and 20).

For the three variables identified as important for each component (TL, WLR and
DWLR), we obtained the interpolated surface maps (Figs. 3A—3C). We identified a coarse-
grain geographical mosaic distribution in the variation of these foliar traits. The longest
leaves occurred in southern Mexico (Sierra Madre del Sur), and the plants with the shortest
leaves were mainly located in the southernmost region of the distribution (Sierra Norte
y Los Altos de Chiapas and Sierra Madre de Chiapas and Cuchumatanes) and a small
area in the western part of the Eje Neovolcdnico (Fig. 3A). Plants with spatulate leaves
(higher values of DWLR) were mainly located in the western part of the Eje Neovolcdnico
and in the southernmost part of the Sierra Madre de Chiapas and Cuchumatanes. Plants
with elliptical leaves (lower values of DWLR) were located mainly in the Sierra Madre del
Sur and Sierra del Norte y Altos de Chiapas (Fig. 3B). The regions with plants with the
largest foliar area (low values of WLR) were mainly located in the Sierra Madre del Sur, Eje
Neovolcanico and Sierra Madre Occidental. The highest WLR values (smaller foliar area)
are located in Sierra Madre de Chiapas and Cuchumatanes (Fig. 3C).

Geographical areas of morphological homogeneity and the
morphological delimitation of the T. lineata species complex

The boundary analyses and the vectorization of the boundary maps produced 228 polygons
for the TL map, 395 polygons for the DWLR, and 270 for the WLR (Figs. 3D-3F). The
intersection of these three maps and the subsequent elimination of polygons, using only
the records of presence of the T. lineata complex, produced a single map with 108 polygons
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Figure 3 The interpolated surface maps. Interpolation maps for (A) total leaf length (TL), (B) ratio
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Boundary detection analyses based on the interpolated surface maps of the three leaf traits (TL, DWLR,
WLR, respectively).

Full-size Gl DOI: 10.7717/peer;j.8307/fig-3

(Fig. 4A). The cluster analysis with the average values of the three morphological traits
in these 108 polygons generated nine clusters (morphological groups) (Fig. 4B). The
discriminant analysis showed significant differences among these nine clusters (Table 3)
with the eigenvalues of the first two functions discriminated by 92.7% with small Wilks’
lambda values, which confirms the high variability among these groups. Finally, the
percentage error among the groups was minimal (0.9%) (Fig. 5A). Figure 5B shows the
differences of the three morphological traits among the nine morphological groups.

The nine morphological groups have some correspondence with the species and
subspecies of the T. lineata species complex. T. lineata subsp. lineata were formed by the
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ables (see Figs. 3D—3F) after the boundary analysis and the vectorization of the boundary maps using only
the records of presence of the T. lineata complex (green dots). (B) Phenogram resulted from a cluster
analysis of the 108 polygons.
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populations of group 1 but also by populations of groups 3, 7 and 9 and some populations of
group 4 (in allopatry) and other populations of groups 4 and 5 (in parapatry). Populations
of group 2 belong to T. dentisepala, which is distributed in Nayarit state (northwest
Mexico), populations of group 6 belong to T. lineata subsp. chalicophila (Chiapas state in
southern Mexico) and populations of group 8 belong to T. impressa, which is distributed
in Guatemala (Fig. 5C). However, according to the phenogram of the relationships of the
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Table 3 The discriminant analysis showing significant differences among the nine clusters. (A) Eigen-
values of the functions show that the first two functions discriminate by 92.7%. (B) Wilks Lambda values
and Chi-square, p =0.05.

Function Eigenvalue % of variance Cumulative % Canonical correlation

(A) Eigenvalue

1 10.251° 60.3 60.3 955

2 5.506" 32.4 92.7 920

3 1.249° 7.3 100.0 .745

Test of functions Wilks’ Lambda Chi-square df Sig

(B) Wilks’ Lambda

1to3 0.006 515.478 24 .000

2to3 0.068 271.010 14 .000

3 0.445 81.858 6 .000
Notes.

We used the three first canonical discriminant functions in the analysis.

nine morphological groups based on morphological similarity, the putative species and
subspecies did not show clear patterns of differentiation. For example, the morphological
similarity within morphological group 2 (T. dentisepala) was higher and was also higher
within the morphological groups of T. lineata subsp. lineata (groups 1, 3 and 4). Group 5
was an interesting case because the populations of this group were distributed parapatrically
and differentiated from the main cluster of T. lineata subsp. lineata. Populations of the
morphological groups 6, 7, 8 and 9 were geographically isolated and differentiated in
different clusters, and plants of group 8 that were distributed in Guatemala were described
as T. impressa (Fig. 5C).

Relationship of geography and climate to morphological traits
We selected six bioclimatic variables (BIO01, BIO04, BIO13, BIO14, BIO15 and BIO19)
based on an iterative analysis. The results of the full redundancy analysis (F = 10.037,
p < 0.001, N =999 permutations), including geographic and bioclimatic variables,
explained 47.79% of leaf variation (p < 0.001) with two significant axes RD1 and RD2;
the first axis explained 83.72% of the variance, and the second axis explained 13.61%.
The most significant variables for the first axis were precipitation of the driest month
(BIO14, p < 0.001), precipitation seasonality (BIO15, p < 0.043), precipitation of the
coldest quarter (BIO19, p < 0.007) and longitude (p < 0.001); for the second axis, the most
significant variables were latitude (p < 0.001), precipitation of the wettest month (BIO13,
p < 0.024), temperature seasonality (BIO04, p < 0.014) and annual mean temperature
(BIOO1, p < 0.001). The most important morphological variables were total leaf length (TL)
and width-length ratio (WLR). The first axis of the full RDA separated those populations
mainly located in the south in Sierra del Norte y Los Altos de Chiapas and Sierra Madre de
Chiapas and the populations of the Sierra Madre del Sur (in the state of Oaxaca) and the
most western area of the Eje Neovodlcanico (state of Nayarit) (Fig. 6).

The analysis of leaf trait variation indicated that climate had a higher impact than
geography. The percentage of the variance explained only by climate was 31.08%, the
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percentage explained by geography was 13.38% and the join effect, geography—climate,
explained 2.38%.

The partial redundancy analysis using climate as control of geography (pRDA1) was
significant only in its first axis (p < 0.001), explaining 87.26% of the variation, with
precipitation of the coldest quarter (BIO19, p < 0.009) as the most important variable.
The partial redundancy analysis using geography as a control climate (pRDA2) was only
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significant in its first axis (p < 0.001), which explains 99.45% of the variation, with latitude
being the variable of greater importance (p < 0.001) (Fig. 6).

Relationship between morphological traits and environmental and
geographic variables

After the principal component analysis defined TL, WRL and DWLR as the morphological
traits that explain most of the variance in the T. lineata species complex and the iterative
analysis selected the climatic variables without collinearity, we conducted linear correlations
between both groups of variables. Total leaf length (TL) was positively correlated with
annual mean temperature (BIOO01) (r =0.30; p < 0.01) and precipitation seasonality
(BIO15) (r =0.48; p < 0.01) and negatively correlated with the precipitation of the
driest month (BIO14) (r = —0.53; p < 0.01), precipitation of the wettest month (BIO13)
(r=—0.13; p < 0.01) and precipitation of the coldest quarter (BIO19) (r =0.45; p < 0.01)
(Fig. 7).

The ratio between the maximum width of the lamina (MW) and leaf length (LL)
(WRL) as a descriptor of leaf shape was positively correlated with the precipitation of the
wettest month (BIO13) (r =0.39; p < 0.01) and precipitation of the driest month (BIO14)
(r =0.31; p < 0.01) and was negatively correlated with temperature seasonality (BIO04)
(r =—0.27; p < 0.01) and precipitation seasonality (BIO15) (r = —0.37; p < 0.01) (Fig. 8).

The ratio between the distance from the base to the maximum width of the lamina
(DW) and leaf length (LL) (DWLR) was positively correlated with temperature seasonality
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(BIO04) (r =0.40; p < 0.01) and precipitation seasonality (BIO15) (r =0.25; p < 0.05)
and negatively correlated with the precipitation of the wettest month (BIO13) (r = —0.21;
p < 0.05), precipitation of the driest month (BIO14) (r =0.32; p < 0.01) and precipitation
of the driest quarter (r = —0.41; p < 0.01) (Fig. 9).

Additionally, TL and DWLR were positively correlated with latitude (r = 0.20; p < 0.05;
r =0.22; p < 0.05, respectively) and negatively correlated with longitude (r = —0.30;
p < 0.05; r = —0.24; p < 0.05, respectively), but WLR was negatively correlated with
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latitude (r = —0.53; P < 0.01) and positively correlated with longitude (r =0.49; p < 0.01).
The three morphological traits were not correlated with altitude (TL: r = —0.12; p > 0.05;
WLR: r = —0.08; p > 0.05; DWLR: r = —0.14; p > 0.05) (Fig. 10).

DISCUSSION

Here, we analyzed leaf morphology in the T. lineata species complex, a group of plants
characteristic of the humid forests of Mesoamerica. To detect the role of environmental
factors in morphological population differentiation, we studied the general geographic
trends in leaf morphology and their relationships with climatic variables such as
temperature and precipitation. The populations of the T. lineata species complex show great
levels of variation in leaf morphology throughout their distribution range. Accordingly,
our analyses allowed us to define nine morphologically homogenous groups within the
complex and to define their geographic distributions. In general, the pattern we uncovered
is a patchy mosaic geographic distribution with some groups of populations having

a continuous distribution along the central and southern mountains of Mexico (Eje
Neovolcanico, Sierra Madre del Sur). However, we also detected some morphological
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Full-size & DOLI: 10.7717/peerj.8307/fig-9

groups that are distributed parapatrically and others that are isolated at the northern and
southern edges of the distribution range of the species complex. Although some groups are
consistent with the present-day accepted taxonomic status (Kobuski, 1942; Bartholomew
& McVaugh, 1997), such as the populations identified as T. dentisepala in the north and
T. impressa in the south, other groups do not have a clear association with the currently
accepted taxonomic circumscription.
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Since the 19th century, biogeographers have found that wet tropics harbor plants with
larger leaves than those observed in temperate regions, suggesting that small leaves are
more frequently found at high latitudes and elevations. Recently, some authors (e.g.,
Jones, 2014; Michaletz et al., 2016; Wright et al., 2017) have attempted to explain the global
climatic drivers of leaf size and shape. In general, morphological variation in plants follows
changes in environmental variables along latitudinal, longitudinal and altitudinal gradients
at different geographic scales (Rico-Gray ¢ Palacios-Rios, 1996; Niinemets, 2001; Chalcoff,
Ezcurra & Aizen, 2008; Uribe-Salas et al., 2008; Frenne et al., 2013; Moles et al., 2014). In
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particular, complex leaf morphology in the T. lineata species showed clear patterns of
latitudinal and longitudinal variation, but no patterns in morphology were detected
across altitude. However, we uncovered strong correlations between leaf morphology
and environmental variables. More specifically, leaf area showed a close association with
environmental variables, where leaves with lower surface area were found in regions
with higher precipitation throughout the year (i.e., high precipitation during the wettest
and driest months), whereas leaves with higher surface area were found in regions with
pronounced temperature and precipitation seasonality. Interestingly, this pattern does not
follow the general trend observed in plants at a global scale, in which smaller leaves tend
to occur in drier sites (Wright et al., 2017).

Variation in leaf shape along environmental gradients has been tied to the response of
plant populations to environmental factors (Givnish, 1987; Malhado et al., 2009a; Malhado
et al., 2009b; Werger ¢ Ellenbroek, 1978). Accordingly, longer leaves in T. lineata were
found in regions with higher temperatures and with strong precipitation seasonality,
whereas the shortest leaves were found in regions with higher levels of rainfall. In general,
longer, narrower and more spatulate leaves were located in regions with lower precipitation
and higher precipitation seasonality, following a northwest—southeast direction. However,
populations of the T. lineata species complex also show differentiation in leaf shape (i.e.,
narrow spatulate vs elliptical and obovate leaves) within similar mixed cloud forest habitats
but still followed significant latitudinal and longitudinal gradients.

The relationship we observed between the length and the surface area of leaves with
precipitation seasonality is difficult to explain. Traditionally, a reduction in leaf size has
been reported for many species as aridity increases, which represents an adaptive advantage
because small leaves have low evapotranspiration (Chalcoff, Ezcurra & Aizen, 2008). In
contrast, our results show that individuals of the T. lineata complex with the longest leaves
and with the largest leaf areas are found in regions with the lowest extreme rainfall. We
believe that the pattern we are observing is due to the habitats in which these plants live.
These habitats are characterized by high levels of humidity in the form of cloud, which
is more persistent precisely in the driest and coldest periods of the year. In this case,
the constant presence of cloud tends to form a thin layer of water on the surface of the
leaf, which reduces transpiration and therefore growth (Leigh, 1975; Lightbody, 1985). In
addition, this water film reflects sunlight, causing a reduction in photosynthetic activity
and therefore affecting the growth rate of the leaves (Lightbody, 1985).

The adaptive value of having more spatulate or elliptical leaves with respect to varying
environments is also difficult to explain. Recently, Kidner ¢~ Umbreen (2010) argued that
leaf shape is extremely variable between and within species, with great levels of variation in
leaf shape among populations and individual plants. The shape of the leaf has been related
to the capacity to capture light within distinct habitats and to the regulation of water
balance and temperature. In this case, a detailed study of microclimatic variation among
populations and analyses of leaf vascular patterns are needed to determine the factors that
drive the variation of leaf shape in the T. lineata complex.

Variation in leaf traits is due to phenotypic plasticity in response to environmental
gradients, and the observed morphological variation is frequently strongly associated
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with climate (Givnish, 1987; Westoby et al., 2002; Gratani, 2014). In this context, the
recognition of geographical and morphological groups along the distribution range of
the T. lineata species complex helped us identify regions where environmental variation
mirrored the observed morphological variation across populations. There is a clear mosaic-
type geographical pattern of variation in some foliar traits, but there is also evidence of
correspondence between environmental gradients and leaf size and shape. These results
indicate that environmental factors play a relevant role in the observed variation in foliar
traits in the T. lineata species complex. However, this trait variation is clustered within
discrete groups of populations, which are well differentiated geographically. Interestingly,
the observed patterns suggest that several groups of populations are morphologically
differentiated as a result of geographic isolation. However, there is evidence of significant
differentiation in leaf morphology among geographically contiguous populations,
suggesting that factors other than climate might influence variation in leaf morphology in
Ternstroemia.

CONCLUSIONS

We analyzed the relationship between environmental variables and variation in leaf
morphology among populations throughout the distribution range of the T. lineata species
complex in Mexico and Guatemala. We found that the effect of climate varies among
populations and different morphological trends lead to varying patterns of geographic
differentiation. The results indicate that converging leaf morphologies can be observed
among individuals from different populations, which appears to be a parallel response
to similar environmental factors rather than to geographical proximity. Although the
climate-morphology association may eventually lead to adaptive evolution in this species
complex, the observed patterns should be corroborated with analyses of genetic structure
among populations.

The combination of multivariate statistical and geographic analyses of leaf morphology
allowed us to establish variability patterns that are a fundamental first step to understanding
the process of population differentiation in this group of closely related species. In turn,
the integration of genetic data with morphological variation in vegetative and reproductive
structures can lead to a better understanding of the reproductive barriers and the processes
of species formation in these species. Our research highlights the key role of the environment
in molding morphological variation among plant populations at the local and regional
scales. Last, a formal taxonomic treatment that includes morphological traits of the leaf,
flowers and fruits, together with molecular markers, is needed to evaluate the degree of
differentiation among species and subspecies of the T. lineata complex.
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INTRODUCCION

Actualmente el género Ternstroemia se ubica dentro de la familia Penthaphylacaceae (APG
III, 2009; APG IV, 2016). Cuenta con aproximadamente 90-110 especies (Stevens, 2001;
Weitzman et al.,, 2004; Xiang, 2007) que se distribuyen principalmente en las zonas
tropicales de ambos hemisferios, desde Sri Lanka hasta el sureste y este de Asia y los

tropicos y subtrépicos de América, pocas en Africa (dos especies) (Weitzman et al., 2004 ).

Este género ha sido estudiado especialmente por Kobuski (1942, 1943, 1961, 1963)
para América, Africa y Asia; por Urban (1896) para las Antillas; Wawra (1866) para Brasil;
y Xiang (2007) para China. El primer autor logré una excelente monografia del género.
Kobuski (1942) observo que existe mayor abundancia de especies en el Hemisferio Sur con
caracteres que permiten su clara delimitacion especifica, mientras que las especies
Mesoamericanas son poco divergentes, por lo que muchas veces se han separado con base

en un solo carécter, lo que le llevo a pensar que han derivado de un ancestro muy reciente.

Existen pocos trabajos taxondmicos del género Ternstroemia en México (y los que
hay son muy viejos), y segun el autor, se reconocen diferentes nimeros de especies de
Ternstroemia para el pais, por ejemplo, Rose and Collins (1903-1905) reconocieron siete
especies bajo el nombre de Taonabo, Standley (1926) aceptd seis y una especie dudosa
también bajo Taonabo, y Kobuski (1942) cit6 seis, una dudosa y tres exclusiones bajo el

nombre de Ternstroemia.

Tomando como base la clasificacién de Kobuski (1942), autor que realiza el trabajo
a nivel nacional mds completo, los trabajos de Rose and Collins (1903-1905) y Standley

(1926) soélo incluirian cuatro especies aceptadas por €1, ya que las demds serian sinénimos.
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En afios recientes, se describieron dos nuevas especies para México por Bartholomew
(1988). Poco después se llevd a cabo la tipificacion de T. lineata por Bartholomew y
McVaugh (1997), en la cual se recombinaron y corrigieron los nombres de 7. pringlei y T.
chalicophila, quedando como T. lineata subsp. lineata y T. lineata subsp. chalicophila
respectivamente. De esta forma, se puede decir que existen para México un total de ocho

especies.

En un estudio areogréfico de las Ternstroemiaceae de México, Luna-Vega et al.
(2004) sustentaron que en el pais existen aproximadamente ocho especies de este género,
cinco de ellas endémicas (v. gr. Ternstroemia dentisepala, T. huasteca, T. lineata subsp.
lineata, T.oocarpa y T. sylvatica) y tres rebasan su frontera al sur hasta Honduras y Panama

(T. lineata subsp. chalicophila, T. seemannii 'y T. tepezapote).

La taxonomia del género en México es muy compleja y estd poco entendida. Por lo
anterior, es necesario llevar a cabo estudios de diferente indole para poder separar a las
especies mexicanas, que no se basen exclusivamente en la mera descripciéon de los
caracteres de morfologia externa, los cuales son muy escasos en los ejemplares de herbario.
Con base en un estudio previo acerca del efecto del cambio climético en Ternstroemia
lineata (Luna-Vega et al., 2012), pudimos comprobar la dificultad que presenta delimitar
plenamente a esta especie de otras especies afines lo cual nos llevé a pensar en la existencia
de un complejo de especies al que denominamos complejo de especies de T. lineata
(Alcantara et al., 2020) formado por las dos subespecies de T. lineata. T. lineata subsp.
lineata 'y T.lineata subsp. chalicophila, ademdas de Ternstroemia dentisepala y

Ternstroemia impressa.
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El presente estudio del complejo representa un buen modelo para poder entender los
patrones de variacion geografica mediante estudios de DNA para delimitar a los linajes

integrantes del mismo.

De acuerdo con Sites y Marshall (2003), existen varios métodos empleados en el
andlisis de los datos moleculares que van desde andlisis filogenéticos, andlisis
multivariados, andlisis de subdivisién de poblaciones empleando el estadistico F' de Wright
(y sus andlogos), andlisis de agregacion de poblaciones, patrones de bandas especificas a

especies y métodos basados en agrupamientos de marcadores genéticos.

Los analisis filogenéticos se basan en el principio de que existe una correspondencia
entre el arbol de genes y el drbol de especies, sin embargo, la evolucion reticulada y la
hibridacién son procesos evolutivos que representan problemas para este supuesto
(Edwards, 2009). Dentro de los andlisis multivariados, el analisis de componentes
principales es uno de los mas utilizados, ya que hace posible agrupar individuos con base
en la informacion de mdltiples caracteres, que incluso pueden ser tanto morfolégicos como
moleculares al mismo tiempo. Los grupos derivados de estos andlisis pueden ser asignados
a diferentes especies, aunque este tipo de andlisis con frecuencia se utiliza s6lo para

caracteres morfoldgicos (Sites y Marshall, 2003).

Los métodos que basados en el andlisis de subdivision de poblaciones toman en
cuenta como se distribuye la diversidad genética entre los individuos. Si la mayoria de la
diversidad genética entre dos poblaciones es precisamente entre poblaciones, esto apoya el
hecho de que las dos poblaciones estdn compuestas de individuos de diferentes especies.
Estos resultados deben ser tomados como informacién adicional, ya que por si solos no
deberian ser una prueba vélida y confiable para delimitar especies. El andlisis de agregacion
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de poblaciones se basa en el criterio de fijacion de caracteres alternos en diferentes sistemas

poblacionales (Davis y Nixon, 1992).

El método de patrones de bandas especie-especificas estd basado en la existencia de
alelos exclusivos dentro de un linaje o en las diferencias en las frecuencias alélicas entre
linajes. El uso de alelos exclusivos para delimitar especies se basa en las mismas
suposiciones que el cédigo de barras (Miller, 2007). Los métodos de agrupamiento basados
en genotipos multiloci fueron por algin tiempo muy empleados en los estudios de
delimitacion de especies. Basdndose en sus genotipos multiloci, los individuos se agrupan
en diferentes grupos cada uno caracterizado por un conjunto de frecuencias alélicas en cada

locus (Pritchard et al., 2000; Corander et al., 2003; Francois et al., 2006).

En los ultimos afios se ha incrementado dristicamente el uso de marcadores
moleculares como una herramienta para delimitar especies. En un principio se ha utilizado
DNA nuclear, mitocondrial y de cloroplasto, sin embargo, en tiempos recientes se ha visto
que el genoma mitocondrial es insuficientemente polimoérfico entre los individuos para ser
informativo. Los genomas nuclear y de cloroplasto son mas comtinmente empleados en los
andlisis de delimitacion de especies (Duminil et al., 2002, 2009), aunque con limitantes
principales como una baja transferibilidad de oligonucleétidos y una relativa baja
diversidad nucleotidica (Small et al., 1999, Shaw et al., 2005, 2007), respectivamente. Asi
como repetidos eventos de transferencia horizontal que ocultan la sefal filogenética

(Richardson y Palmer, 2007)

La premisa bésica al usar marcadores moleculares para delimitar especies es que el
“arbol de especies” puede ser inferido de los “arboles de genes” (Maddison, 1997). En otras
palabras, la historia evolutiva de una especie se deduce de la historia evolutiva de uno o
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varios fragmentos de ADN. Sin embargo, en la realidad esto no es tan fécil sobre todo si
tomamos en cuenta que en el proceso evolutivo se puede presentar evolucion reticulada,
duplicacién de genes e introgresiéon (Edwards, 2009), entre muchos otros procesos que
pueden provocar que la historia evolutiva de cada una de las regiones gendmicas nos pueda
dar una informacion (sefial) diferente. Por ello es recomendable utilizar tantos loci como
sea posible y que estos pertenezcan a diferentes compartimentos regiones del genoma, es
decir, nucleares y organelares, asi como separadores intergénicos € intrones. Aunque
algunos de estos estudios que utilizan una combinacion de diferentes marcadores han
demostrado que existe una fuerte correlacion entre las caracteristicas morfoldgicas y los
marcadores nucleares, ademas de que en general los marcadores citopldsmicos, en

particular el cpDNA, resultan poco efectivos para delimitar especies (Duminil et al., 2012).

Se ha observado que los marcadores de organelos que se heredan por via materna
(DNA de cloroplasto [cpDNA] o DNA mitocondrial [mtDNAY]), que se dispersan sélo por
semilla pueden ser mds frecuentemente introgresados y por tanto de un valor taxonémico
mads limitado que los marcadores nucleares (Petit y Excoffier, 2009), excepto en coniferas
donde se ha observado que los limites de especies son mds congruentes con los patrones de

variacion del cpDNA que con los patrones de variacion del mtDNA (Du et al., 2009).

También es necesario sefialar que generalizar el patron matrilineal de herencia para
los organelos puede llevar a conclusiones erréneas en los numerosos casos donde existen
excepciones a dicho mecanismo (Greiner et al., 2015), por lo que es recomendable realizar

andlisis exploratorios considerando informacién de diversos compartimientos gendmicos.

No hay estudios de hibridacion de especies de este género en México, por lo cual no
puede saberse que tan frecuente es, sin embargo, se ha propuesto la presencia de
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hibridacién entre las especies T. lineata subsp. lineata y T. dentisepala (Gonzélez-
Villarreal, 2001). Ademas, estd documentada la presencia de transferencia horizontal de
genes en especies del género Ternstroemia, como una forma de introgresiéon (Hao et al.,

2010).

El objetivo de este estudio es delimitar las especies de complejo de Ternstroemia
lineata utilizando métodos basados en DNA, como una filogenia multiloci y un analisis
filogreogéfico basado en DNA nuclear ribosomal. Nuestra hipétesis es que el complejo 7.
lineata estd formado por més de tres especies, que son mds de las que tradicionalmente se

aceptan en la actualidad.

MATERIALES Y METODOS

Colecta de muestras

Se recolectaron hojas de las especies pertenecientes al complejo de 192 individuos (5 a 10
hojas por individuos) de 25 poblaciones localizadas a lo largo del drea de distribucion de
las especies (Figura 1). Para su colecta se utiliz6 el permiso de colecta cientifica
(SGPA/DGVS/12770/16), emitido por la Secretaria de Medio Ambiente y Recursos
Naturales de México. Las hojas fueron colocadas en bolsas resellables con silica gel y los

ejemplares de referencia fueron secados y prensados para ejemplares de herbario.
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Figura 1. Distribucion de las tres especies y una subespecie del complejo.

Métodos moleculares

El DNA se obtuvo a partir de 50 hasta 100 mg de tejido foliar. El DNA genémico se extrajo
utilizando el método CTAB con algunas modificaciones (Martinez-Gonzélez et al., 2017) y
se cuantificé con un Nanodrop 2000c (Thermo, EE. UU.). Se prepararon diluciones de cada

muestra a 20 ng para amplificar los genes.

Para llevar a cabo los andlisis filogenéticos, se consideraron 18 individuos
representativos de cuatro especies del complejo. Se realizé la amplificacion de dos regiones
nucleares: el segundo intrén del gen de copia unica LEAFY mediante los oligonucle6tidos
LFY-F y LFY-R (Zhang et al., 2014), asi como toda la region del espaciador transcrito

interno (ITS1, 5.8s e ITS2) usando los oligonucléotidos 17SE y 26SE (Sun et al., 1994). La
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amplificacién del gen mitocondrial matR se llevé a cabo utilizando los oligonucleétidos
matR3'R y matR5'F (Anderberg et al., 2002), mientras que el espaciador intergénico
plastidico trnL-trnF requirid los oligonucleotidos universales “e” y “f” (Taberlet, 1991).
Las amplificaciones se realizaron en un termociclador Multigene Optimax (Labnet
International, EUA) usando el kit de polimerasa Kapa3G (Kapa Biosystems, Sudéfrica) y
siguiendo las condiciones del fabricante, excepto por la temperatura de alineamiento (7m),
que se determiné para cada region mediante una prueba de gradiente (LEAFY= 56 °C, ITS=
60 °C, matR= 54 °C y trnL-trnF = 60 °C). Los amplificados fueron secuenciados por

Macrogen USA (EUA).

Andlisis filogenéticos

A partir de las secuencias se realizaron las siguientes particiones: el intron LEAFY
completo, la region ITS se consideré como espaciador 1, gen ribosomal 5.8S y espaciador
2, el gen mitocondrial se dividié en las regiones 3’ y 5', mientras que el espaciador
plastidico trnL-trnF también se mantuvo integro como una sola particién. Las particiones
se analizaron en JModeltest 2.1.10 (Darriba et al., 2012) para determinar sus respectivos

modelos de evolucién molecular (Tabla 1).

Todas las particiones se concatenaron formando una supermatriz de 2959 pb y se
analizaron mediante el algoritmo de Maxima Verosimilitud en el programa RAXML-NG
(Kozlov et al., 2019) usando modelos de evolucién molecular individuales para cada

particion.
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Meétodos filogeograficos

El alineamiento de las secuencias se realiz0 mediante el software Geneious (Biomatters
Ltd, Nueva Zelanda) usando el alineamiento automético refinado manualmente. Las bases
ambiguas se codificaron siguiendo el c6digo de nomenclatura para bases nitrogenadas de la
Unioén Internacional de Quimica Pura y Aplicada (Cornish-Bowden, 1985). Los haplotipos
de las secuencias con sitios heterécigos se reconstruyeron mediante el algoritmo PHASE
(Stephens et al., 2001) en el programa DnaSP 5.10.01 (Librado y Rozas, 2009) que
adicionalmente se empleé para los cdlculos de los indices de fijacion para diversidad
genética ordenada y no ordenada (Ng y Gy, respectivamente). La red de haplotipos se
contruyé mediante el software PopART (Leigh y Bryant, 2015) usando el método TCS
(Clement et al., 2000). La visualizacion espacial de las frecuencias haplotipicas se realiz6

mediante ArcGIS 10.5 (ESRI, 1998).

RESULTADOS

Andlisis filogenéticos

Secuencias

El intron LEAFY amplific6 una region de alrededor de 490 pb que, si bien fue visible en la
electroforesis, solo proporciond secuencias legibles en ocho individuos. Adicionalmente su
talla es relativamente pequefia comparada con la talla reportada en Theaceae (Zhang et al.,
2014). Su identidad como parte del gen LEAFY fue comprobada mediante la herramienta
BLAST, sin embargo, el producto corresponde en su mayor parte al extremo 5’ del exén 2,

lo que sugiere que la talla reducida es producto de una gran delecién con respecto a otras
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especies del orden Ericales, mientras que su baja diversidad puede ser debida a que la
mayor parte de la secuencia corresponde a una regién codificante. La regién nuclear
ribosomal completa de los espaciadores transcritos internos 1 y 2 asi como el gen ribosomal
5.85 (ITS) se constituyé de 380 pb, 299 pb y 160 pb (839 pb en total), respectivamente,
obteniéndose completa para 13 individuos y con una variacién total del 20.57%,
constituyendo la regién mds variable en este trabajo. El gen mitocondrial matR, a pesar de
constituir la region mds grande (1231 pb considerando ambas partes) posee la menor
variacion, presentando apenas un sitio variable en la regién 3'. El espaciador plastidico
trnT-trnL, por su parte, present6 un 5.01% de sitios variables, que en una secuencia corta de
399 pb constituyen 20 sitios variables. Por lo tanto, las regiones de utilidad filogenética se

reducen a esta ultima mas la region ribosomal completa.

Filogenias

Las filogenias basadas en solo el espaciador plastidico trnT-trnL recuperé a un individuo de
T. dentisepala (FP2) y otro de T. lineata (OAA7071) como taxones hermanos, y
estrechamente relacionados con un par de individuos de T. ineata ssp. chalicophila
(OAA6974, OAAG6978). A su vez, todos ellos estdn relacionados con otra especie de
Pentaphylacaceae de origen asiatico: Eurya acuminata. Dicha relacion estd completamente
soportada (BS = 100). El segundo grupo soportado contiene una serie de individuos
pertenecientes a las cuatro especies del complejo. Sin embargo, las relaciones al interior de

dicho grupo no estan soportadas (Figura 2, izquierda).
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En cuanto al 4rbol basado en el ITS (Figura 2, derecha) se recupera fuertemente la
hermandad entre un individuo de T.lineata subsp. chalicophila (OAA6974) con Eurya
acuminata (BS=100). Por otra parte, se muestran altamente soportadas (BS=90) las
relaciones entre individuos de 7. lineata subsp. lineata (OAA6858 y V1) y T. dentisepala
(FP2, FP3 y FP4). Otro grupo con alto soporte (BS=94) contiene a la mayoria de individuos
de T. impressa (OAA6914, 6915 y 6917) y un individuo de T.lineata subsp. chalicophila
(OAA6973). Con respecto a la filogenia basada en cloroplasto los datos nucleares son
incongruentes con las solas excepciones de la relacion T.lineata subsp. chalicophila
(OAA6974) con Eurya acuminata (BS=100), asi como la tendencia de agrupamiento por

parte de los individuos OAA6914, 6915y 6917 de T. impressa.

Tabla 1: Estadisticas de resumen de las secuencias empleadas.

Marcado Talla Model
r Origen Tipo n (pb) V (%) Pi (%) n 0
0.0039 TPM3
LEAFY  nuclear copia uUnica 8 490 6 (1.22%) 0(0%) 2 uf
nuclear espaciador 1 53 0.0356
ITS1 ribosomal intergénico 4 380 (13.94%) 8R2.1%) 2 TN93
nuclear 1 0.0008
5.8S ribosomal gen ribosomal 4 160 1(0.63%) 0(0%) 6 IC
nuclear espaciador 1 98 41 0.0384 TPM3
1TS2 ribosomal intergénico 4 299 (32.76%) (13.71%) 6 uf
1 152 49
Todo ITS 4 839 (20.57%) (6.63%)
0.0006
matR 3"  mitocondrial gen mitocondrial 8 645 1(0.16%) 0(0%) 1 JC
matR 5" mitocondrial gen mitocondrial 8 586 0(0) 0(0%) 0 HKY
espaciador 1 0.0247
trnL-trnF  cloroplasto intergénico 5 399 20 (5.01%) 19 @4.7%) 6 HKY

n= nimero de secuencias, V= nimero de sitios variables, Pi= Sitios parsimoniosamente informativos, m=
diversidad nucleotidica
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Figura 2. Filogenia del complejo de especies de Ternstroemia lineata obtenida mediante el

algoritmo de Mdxima Verosimilitud basado en el espaciador plastidico trnL-trnF (izq.) y la

regiéon del espaciador transcrito interno (ITS) (der.). Los nimeros sobre las ramas

representan los valores de soporte calculados mediante bootstrap.

En cuanto al andlisis concatenado, predomina la sefal filogenética del cloroplasto,

especificamente en el mantenimiento del grupo T.lineata subsp. chalicophila (OAA6974,

OAAG6978) + Eurya acuminata (BS=91), asi como la existencia de un gran grupo dentro del

cual no se definen relaciones claras entre las cuatro especies del complejo, con excepcion

del grupo de T. impressa (OAA6914, 6915 y 6917) (Figura 3).
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Figura 3. Filogenia del complejo de especies de Ternstroemia lineata obtenida mediante el
algoritmo de Maxima Verosimilitud basado en la concatenacién del espaciador plastidico
trnL-trnF, la region del espaciador transcrito interno (ITS), el gen nuclear de copia unica
LEAFY y el gen mitocondrial matR. Los numeros sobre las ramas representan los valores de

soporte calculados mediante bootstrap.
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Andlisis filogeografico

Estimadores basicos de diversidad

A partir de 700 pb de toda la regioén del ITS, se obtuvieron un total de 306 secuencias,
distribuidas entre T.lineata subsp. chalicophila (34), T. dentisepala (32), T. impressa (24) y
T. lineata subsp. lineata (216), dichas secuencias se clasificaron en 38 haplotipos. La
especie con mayor diversidad haplotipica (Hd) fue T. lineata subsp. chalicophila
(Hd=0.84), seguida de T. dentisepala (Hd=0.61) y T. lineata subsp. lineata (Hd=0.51),
mientras que 7. impressa se caracterizO por su baja diversidad (Hd=0.34). Otros
estimadores de diversidad como diversidad nucleotidica (), mantienen dicho patrén (Tabla

2).

Tabla 2: Parametros de diversidad haplotipica

T.lineata subsp. T. T. T. lineata subsp.
Estimador chalicophila dentisepala  impressa lineata
Numero de secuencias 34 32 24 216
Sitios segregantes 25 9 1 25
Haplotipos 14 10 2 25
Diversidad haplotipica
(Hd) 0.89 0.61 0.34 0.51
Diversidad nucleotidica
(m) 0.00654 0.00154 0.00049 0.00213

Indices de diferenciacion filogeogréfica

En cuanto a los valores de diferenciacion globales, estimados a través de los indices de
fijacion para alelos ordenados (Ny) fue de 0.46 y no ordenados (Gy) fue de 0.16. De manera

especifica, la especie que mostré los mayores niveles de diferenciacion fue 7. impressa
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(N«=0.82, G«=0.34), con respecto a T. dentisepala y N«=0.76/ G5=0.18 con respecto a T.
lineata subsp. lineata), T.lineata subsp. chalicophila mantiene niveles de diferenciacion
altos y mds o menos comparables con respecto a las otras tres especies del complejo (N
=0.2-0.37, GST=0.06- 0.17), mientras que 7. lineata subsp. lineata y T. dentisepala

presentan baja diferenciacion (Ng =0.05, Gst =0.01) (Tabla 3).

Tabla 3: Indices de fijacién pareados estimados como andlogos del Fst de Wright para

Alelos ordenados (Nst, arriba de la diagonal) y No ordenados (Gst, debajo de la diagonal).

Ternstroemia

lineata subsp. T. lineata subsp.
Especie lineata T. impressa T. dentisepala chalicophila
T. lineata - 0.76 0.05 0.2
T. impressa 0.18 - 0.82 0.37
T. dentisepala  0.01 0.34 - 0.29
T. chalicophila 0.05 0.17 0.06 -

Red de haplotipos y distribucion espacial

La red de haplotipos muestra un patrén principal de estrella, (Figura 4) cuyo haplotipo
central (haplotipo 2) se encuentra predominantemente en Ternstroemia lineata subsp.
lineata aunque es compartido en menor frecuencia con 7. lineata subsp. chalicophila y T.
dentisepala. Por otra parte, T. dentisepala se caracteriza por la presencia de haplotipos
unicos a un paso mutacional del haplotipo central (haplotipos 30, 32 y 34) asi como
haplotipos también privados pero sin afinidad clara (31 y 33). T. lineata subsp. chalicophila
se caracteriza por poseer un gran numero de haplotipos privados, tales como 20, 26, 27, 28,

29, 38 y 39; adicionalmente los haplotipos 29 y 26 que son altamente divergentes con
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respecto al haplotipo 8 al estar separados de éste por 10 y 12 pasos mutacionales,
respectivamente, son a su vez fases de los haplotipos 20 y 28 ubicados en zonas distantes
de la red. El caso de T. impressa se caracteriza una alta estructura filogeografica, traducida
como la presencia de solo dos haplotipos (17 y 18) a un paso mutacional entre si y
compartidos principalmente con 7. lineata subsp. chalicophila. En cuanto a la distribucién
espacial de los haplotipos, la figura 5 muestra una bipolaridad en la diversidad: mientras el
centro del pafs, principalmente asociado con las poblaciones de Ternstroemia lineata subsp.
lineata del Faja Volcéanica Transmexicana se caracteriza por la predominancia del haplotipo
2 y haplotipos derivados (mediante un paso mutacional), a tal grado que cuatro poblaciones
de dicha regiéon presentan exclusivamente dicho haplotipo. Hacia la Sierra Madre
Occidental, donde se encuentran 7. dentisepala y Ternstroemia lineata subsp. lineata se
observa un aumento subito de diversidad haplotipica. Mientras que hacia el este del Istmo
de Tehuatepec, donde de manera regional coinciden Ternstroemia lineata subsp. lineata, T.
impressa y T. lineata subsp. chalicophila el aumento de diversidad haplotipica es ain

mayor.
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Figura 4. Red de haplotipos obtenida mediante el algoritmo TCS indicando la distribucién

de los mismos entre las especies.
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Figura 5. Distribucion de los haplotipos totales a lo largo de toda la distribucion del

complejo.

DISCUSION

Limitantes de los métodos filogenéticos para delimitar especies en el complejo de

Ternstroemia lineata.

Si bien los métodos tradicionales de delimitacion de especies se basaban mayormente en
hipétesis filogenéticas cuyo principal criterio delimitador era la monofilia reciproca (Sites y
Marshall, 2004), existen al menos tres fendmenos que impiden que dicha condicién se
cumpla: duplicacién de genes, transferencia horizontal y coalescencia profunda (Edwards,
2009). En el caso particular de las plantas el escenario se complica debido a que la mayoria

de los marcadores empleados en tratamientos filogenéticos proceden de marcadores
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plastidicos, los cuales presentan una baja diversidad (Small et al., 2004; Ilut y Doyle, 2012)
y un alto grado de coalescencia profunda (persistencia de haplotipos compartidos entre

especies) (Jakob y Blattner, 2006).

La filogenia basada en el espaciador plastidico trnT-trnL, sugiere que a) existe una
baja diversidad nucleotidica interespecifica, visible en el gran clado que contiene de manera
polifilética a las cuatro especies del complejo y que b) el grupo divergente de 7. lineata ssp.
chalicophila y Eurya acuminata representa un escenario de coalescencia profunda, en el
cual T. lineata subsp. chalicophila conserva tanto variantes plastidicas muy antiguas como

variantes compartidas o relacionadas con el resto de las especies del complejo.

En el caso de los marcadores nucleares, si bien los marcadores de copia unica se
consideran una alternativa en cuanto a variabilidad y tiempos de coalescencia (Small et al.,
2004; Shaw et al., 2005, 2007), en este caso el marcador LEAFY mostré un tasa de
transferibilidad muy baja (pocos amplificados legibles) y, al corresponder a una region
codificante, presenté apenas un 1.22% de sitios variables lo cual es sumamente inferior al
reportado en Theaceae (30.63%) porZhang et al., (2014) y es, insuficiente para
proporcionar informatividad filogenética. Adicionalmente, la escasa legibilidad de los
electroferogramas de este marcador no debe descartar la existencia de duplicaciones o

multicopias.

La region de ADN nuclear ribosomal ITS, que presenté la mayor variabilidad, asi
como grupos bien soportados (7. lineata subsp. lineata + T. dentisepala y un grupo discreto
de T. impressa + T. lineata subsp. chalicophila) ain muestra ausencia de monofilia
reciproca total, limitando su utilidad para delimitar especies con métodos filogenéticos. No
obstante, su nivel de variacion es adecuado para analizar la distribucion espacial de los
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linajes mediante técnicas filogeograficas. Adicionalmente, la coincidencia entre la alta
divergencia de algunos individuos de 7. lineata subsp. chalicophila tanto con los datos
nucleares como plastidicos sugieren la presencia de especies cripticas (Bickford et al.,

2007; Carstens y Satler, 2013).

Filogeografia

Andlisis filogeografico

Los valores globales de diferenciacion muestran valores altos entre las especies,
adicionalmente los indices calculados a partir de alelos ordenados (Nst) fue mucho mayor
que el basado en alelos y no ordenados (Gsr), lo cual es indicativo de estructura
filogeografica. Es decir, la prevalencia de haplotipos no sigue un patrén aleatorio sino que
estd asociada con la relacion entre los mismos y su coexistencia en el espacio geografico

(Pons y Pétit, 1996).

De manera especifica, la baja diferenciacion entre 7. lineata subsp. lineata y T.
dentisepala, asi como la presencia de haplotipos compartidos entre ambas, pero también de
haplotipos privados para la segunda sugieren conexiones histéricas que deben reevaluarse
mediante escenarios de flujo génico, es decir, mediante una aproximacién basada en
genética de poblaciones usando como hipétesis de trabajo la posicion de T. dentisepala

como una subpoblacion de 7. lineata subsp. lineata.

A pesar de tener un bajo ndmero muestral, 7. lineata subsp. chalicophila muestra
haplotipos privados en posiciones muy distantes de la red, estos haplotipos representan

fases, es decir, alelos reconstruidos a partir de las secuencias heterécigas de un solo
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individuo y constituye la primera evidencia de que el pool genético de esta especie atraveséd
por un escenario peripatrico temprano que aislaria haplotipos no cercanamente relacionados
que actualmente coexisten, a diferencia de los resultados filogenéticos en los cuales se
podria interpretar como cripticismo. El caso particular de 7. lineata subsp. chalicophila
requiere una aproximacion histérico-demografica que considere las variaciones de hébitat
de los bosques templados durante el pasado (Ramirez-Barahona y Eguiarte, 2013) asi como
la evaluacion del papel del flujo génico reciente (principalmente con 7. impressa) contra
coalescencia profunda mediante métodos como la computaciéon bayesiana aproximada

(Beaumont et al., 2002).

La especie T. impressa, por su parte, mantiene los mayores niveles de estructura
filogeografica dados principalmente por la retencién de dos haplotipos en una distribucién
reducida lo cual permite diferenciarse del resto de las especies del complejo. Esta evidencia
es congruente con los tratamientos filogenéticos en los cuales se recuperaba el grupo de T.

impressa.

CONCLUSIONES

El enfoque multiloci empleado, a pesar de integrar evidencias de diferentes compartimentos
gendmicos (nucleo, mitocondria y cloroplasto) no es suficientemente informativo para
concluir sobre los limites especificos del complejo. Por otra parte, esta aproximacion

evidencia la existencia de linajes comunes a varias especies del complejo.

La aproximacion filogeogréfica, al emplear un mayor ndmero de individuos permite

vislumbrar escenarios histéricos comunes entre 7. lineata subsp. lineata y T. dentisepala,
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sin embargo, el umbral que define a la segunda como subespecie de la primera necesita el
empleo de otros marcadores que proporcionen una mayor informatividad filogenética asi

como la puesta a prueba de escenarios demogréficos explicitos.

La formacién de grupos soportados de T. impressa y T. lineata subsp. chalicophila
con los métodos tanto filogenéticos como filogeograficos evidencian su estatus de especies.
Adicionalmente, el método filogeografico permitié determinar que 7. lineata subsp.
chalicophila se compone tanto de linajes muy divergentes entre si mds linajes comunes en

el complejo y no de especies cripticas.
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Abstract: The aim of this study was to characterize environmentally and morphologically
the populations of 7. tepezapote s.s. (a Mesoamerican species with problematic taxonomic
delimitation) from 7. tepezapote s.I. and to examine if there are morphological breaks
among and within them based in their environmental differences. We tested and identified
the environmental segregation of these populations based on their fundamental niches
through multivariate ordination methods. The degree of morphological differentiation in
leaves, flowers (sepals) and fruits was quantified in each environmental group defined as 7.
tepezapote s.l. along its geographic distribution in Mexico. Three Mexican environmental
groups of populations were identified. The analyses of fruit morphometry showed an
evident discrimination among the three environmental groups. Similar results were
obtained from the analyses of leaves and flowers (sepals) morphometry but with less
statistical power. The analysis of fruit morphometry detected the five environmental sub-
groups previously identified. Similar results were obtained with the morphological analyses
strengthening our results. We conclude that only the populations from northern Veracruz
(Tepetzintla, Chontla and vicinities) from low altitudes should be considered as
Ternstroemia tepezapote s.s. These populations need to be renamed, so it is necessary to

reconsider some of the earlier proposed synonymies as valid taxonomic entities.

Key words: multivariate analyses, geometric morphometry, morphological analysis,

fundamental niche, environmental characterization.
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Introduction

The concept of ecological niche has been widely used in ecology to assess the divergence
among populations and species in both evolutionary ecology (Schulter 2000; Nosil and
Sandoval 2008) and ecological biogeography (Contreras-Medina et al. 2010; Luna-Vega et
al. 2012). Species are sets of organisms sharing morphological discontinuous exclusive
characters (without character overlapping with other species) (Dai et al. 2020). These sets
of organisms are circumscribed to certain population in the geographic space (Mayr 1942;
Zapata and Jiménez 2012). The morphological characters are essential in species
delimitation, but some processes as cryptic and plastic phenotypes can difficult the limits

among them (Hong-Wa and Besnard 2013).

Phenotypic variation is a consequence of the environmental heterogeneity found in
the areas of distribution of the species, as a response to changes in their habitat. Plasticity
refers to the phenotypic and functional diversity caused by the environment, generating
variation within and among the populations of one species (Pfennig et al. 2010). Phenotypic
plasticity promotes the population divergence across an adaptative landscape, which in turn
promotes the emergence of new traits that lead to speciation and sometimes to evolutionary
radiations (Schluter 2000; Ackerman and Doebelli 2004; Diniz-Filho et al. 2010; Pfennig et
al. 2010). The loss of plasticity is the result of the phenotypes fixation in different
environments in the populations of one species, which in turn causes its morphological and

evolutionary divergence (Pfennig et al. 2010).

Zapata and Jiménez (2012) proposed that a clear delimitation of populations
circumscribed to different species can only be done when there is not an overlap in

phenotypic variation between populations. In this case, it is possible to recognize a discrete
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phenotype. However, the morphological discontinuities between populations should not be
an exclusive consequence of environmental differences along latitude or altitude gradients
(Zapata and Jiménez 2012). These discontinuities may also be explained through
geographical isolation by distance between populations in similar environments (de
Queiroz 2007). Nosil and Sandoval (2008) argued that populations occupying different
environments drive phenotypic divergence and/or speciation, but the evolutionary
divergence may precede through stages as polymorphism, population differentiation,

ecotype and race formation and speciation.

Gravilet and Losos (2009) identified some processes involved in speciation from the
combined analyses of ecological niches and morphological variation: a) a rapid
morphological divergence occurring before the adaptative radiation process, that gradually
is reduced across the time; b) the initial divergence seems to be associated to the macro-
habitat of the species, followed by the differentiation involved to the micro-habitat of the
species. In this case, a macro-habitat is defined at a global scale by the plant communities
or life zones; on the other hand, the micro-habitat is understood as the environmental
heterogeneity within a community in a smaller scale (Morris 1987; Stevens and Tello

2009); c) population divergence is favored in taxa with wide distributional ranges.

The geometric morphometry is a powerful tool to delimit plant entities difficult to
define taxonomically, this method allowed to recognize the form how an important features
in the characterization of taxonomical entities as species, subspecies and varieties (Moller
et al. 2007; Peruzzi and Passalacquia 2008; de la Estrella et al. 2009; Kaplan and Marhold
2012; Silva et al. 2012; Viscosi et al. 2012; Hong-Wa and Besnard 2013). Most of these

studies focused in the differentiation of leaf shape, but some of them considered the
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analysis of other kind of characters (as flower and fruit attributes), allowing to strengthen

the hypotheses of morphological divergence.

The genus Ternstroemia Mutis ex L.f. comprises approximately 130 species
distributed mainly in tropical regions, including the Neotropics, Southeast Asia and tropical
Africa (Stevens 2001). Urban (1896) and Wawra (1886) undertook the first taxonomic
studies on species from the Antilles and Brazil. Kobuski (1942, 1943, 1961, 1963)
published detailed monographs on Ternstroemia species from America, Africa and Asia.
Kobuski (1942) observed that South American species have a conspicuous morphological
divergence between them, which allowed the delimitation of species. On the contrary, this
author noticed a lack of morphological differentiation between Mesoamerican species,
which has led to many species being recognized based on single morphological traits. In
most cases, these traits (e.g., bracteoles, caduceus petals) show extreme variability and are
commonly not observable in herbarium specimens which make them unrecognizable
(Kobuski 1942; Gonzdlez-Villarreal 2001) and often misidentified. Moreover, Standley
(1920-1926) proposed that Mexican Ternstroemia is a complex of closely related species
that are the result of recent events of divergence (Kobuski 1942). These problems caused
doubts on the taxonomic validity of Ternstroemia species currently recognized for Mexico

and Central America.

In their study of Pentaphylacaceae (= Ternstroemiaceae), Luna-Vega et al. (2004)
recognized eight species for Mexico, five of them endemic species with a restricted
distribution [Ternstroemia dentisepala B.M. Barthol., T. huasteca B.M. Barthol., T. lineata
DC. ssp. lineata, T. oocarpa (Rose) Melch. y T. sylvatica Schltdl. & Cham.]. The other

three species are considered widespread, with a distribution reaching Central America [T7.
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lineata DC. ssp. chalicophila (Loes.) B.M. Barthol., T. seemannii Triana & Planch. and T.
tepezapote Schltdl. & Cham.]. The most widespread of these species is 7. tepezapote,

which is found throughout Mesoamerica, from Mexico to Panama.

Ternstroemia tepezapote has been considered one of the most controversial and
complex species. This has been reflected in the vast number of synonyms assigned to this
species (Kobuski 1942; Robyns 1967; Pool 2001; tropicos.org 2010). Kobuski (1942) listed
nine synonyms (i.e., Mokof tepezapote (Schltdl. & Cham.) Kuntze, Taonabo tepezapote
Szyszyt., T. oocarpa Rose, T. sphaerocarpa Rose, Ternstroemia hemsleyi Hochr., T.
hemsleyi var. dentobracteata Hochr., T. oocarpa, T. seleriana Loes. and T. sphaerocarpa
Melch.), whereas the Missouri Botanical Garden’s online database (Tropicos) has listed 13
synonyms (i.e., Mokofua seemannii (Triana & Planch.) Kuntze, M. tepezapote, Taonabo
oocarpa, T. seemannii, T. tepezapote, Ternstroemia hemsleyi, T. hemsleyi var.
dentobracteata, T. impressa Lundell, T. oocarpa, T. peduncularis DC., T. seemanni, T.
seleriana and T. sphaerocarpa). In this study, we only considered as T. tepezapote s.s. to
those populations described from northern Veracruz (Tepetzintla, Chontla and vicinities),
and T. tepezapote s.l. to the rest of them (occurring in the main montane systems and

lowlands of the Atlantic coast, see Figure 1).

It is possible to propose and test hypotheses to delimit problematic species and their
morphological differentiation gathering environmental data throughout its entire
distribution (Peterson et al. 2011; Hong-Wa and Besnard 2013). In this respect, the
objective of this study was to characterize environmental and morphologically the
populations of T. tepezapote s.s. from T. tepezapote s.l. to examine if there are

morphological breaks among and within them based in their environmental differences.
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For it, all populations were analyzed to test the environmental segregation based on
their fundamental niches. We used multivariate ordination methods to identify groups of
populations based on environmental data. Once defined the environmental segregation, the
degree of morphological differentiation was quantified within each environmental group
defined as T. tepezapote s.l. along its geographic distribution in Mexico. All the foliar,
floral and fruit morphological evidence was integrated to characterize each group of
individuals with morphological discontinuities. We estimated the phenotypic variation of
morphological traits of the leaves, flowers and fruits using morphometry analyses
(traditional and geometric). With this procedure we confirmed if there is congruence
between environmental and morphological divergence of populations, allowing us to
characterize T. tepezapote s.s. from the groups of T. tepezapote s.l. Finally, we evaluated
the effect of latitudinal and altitudinal gradients over the populations, as well as the
influence of precipitation and temperature in the phenotypic variation of the populations
(Luna-Vega et al. 2012). To accomplish this, we performed multiple correlation tests
among the morphological and morphometric variables with the environmental variables

used in the analyses.

Materials and methods

Geographical and environmental data

We compiled an initial database of 660 herbarium specimens of Ternstroemia tepezapote,
which included specimens once considered as 7. tepezapote based on morphology (e.g.,

specimens identified as 7. huasteca, T. oocarpa and T. seemannii). The database was
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compiled from field specimens, herbaria (MEXU, ENCB, XAL, IEB, FCME, MO, ZEA,
SERBO, OAX, F and GH) and online databases [Global Biodiversity Information Facility

(GBIF), http://www.gbif.org/; Tropicos®, http://www.tropicos.org/; Red Mundial de

Informacion sobre Biodiversidad (REMIB),

http://www.conabio.gob.mx/remib/doctos/remib_esp.html]. After depurating the initial

database and gathering geographical references for all specimens, we obtained a final
database consisting of 556 records in the following physiographic provinces throughout
Mexico and Central America: Sierra Madre Oriental (SMO), Sierra Norte de Oaxaca
(SNO), Sierra Madre del Sur (SMS), Serranias Transistmicas (STI), Planicie Costera del
Golfo (PCG), Planicie Costera del Pacifico (PCP), Petén (PET) and Cordillera de

Talamanca (TAL) (Figure 1).

To analyze environmental differences among populations of 7. tepezapote, we
extracted climatic data for each presence record. We used data for 19 climatic variables
with a 0.08° resolution available through the WorldClim database (Hijmans et al. 2006;

http://www.worldclim.org/).

Environmental divergence

A Principal Component Analysis (PCA) was performed with a matrix of 556 records (from
Mexico and Central America) and 19 environmental variables using the MASS package in
R. To minimize co-linearity, we identified and dismissed variables with high correlation
coefficients, keeping eight environmental variables: mean annual temperature (BIO 01);

isothermality (BIO 03); temperature seasonality (BIO 04); mean diurnal range (BIO 07);
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minimum temperature of the coldest quarter (BIO 11); annual precipitation (BIO 12);
precipitation seasonality (BIO15); and precipitation of the driest quarter (BIO 17). In order
to identify groups of localities within environmental space, we conducted a second PCA on
the eight selected variables. Subsequently, a Discriminant Analysis (DA) was used to test
the statistical significance of group differences and to identify those variables associated

with the environmental differentiation of populations.

For groups composed of at least ten geographic localities, we conducted
independent PCAs for each group to increase the resolution of the spatial aggregation
patterns. In addition, we used the eigenvectors for the first three components to perform an
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) based on the Euclidean
distances between pairs of localities. The sub-groups identified in both analyses were
considered to be environmentally distinct. A DA was used to identify the variables
responsible for the discrimination between groups and sub-groups. Finally, the ranges of

environmental tolerances were defined for each group and sub-group.

Morphological discontinuities

We used a similar procedure to the one proposed by Zapata and Jiménez (2012) to
recognize the morphological discontinuities among the populations based on the
environmental divergence hypotheses mentioned above. This procedure allowed the
recognition of different groups supported with different morphological and environmental
traits within 7. fepezapote. For this, we selected and photographed at least three herbarium

specimens for each group recognized by environmental differences (74 specimens) inside

83



T. tepezapote s.1.. Unfortunately, only Mexican specimens were analyzed, because Central
American ones were not available. For each selected specimen we digitized photographs of

leaves, sepals and fruits using the software TPS Dig (Rohlf 2010).

We used two different methodologies to undertake the morphological differentiation
analysis, following the proposals of Viscosi et al. (2012), Innangi and Izzo (2015) and
Mijnsbrugge (2015): 1) a geometric morphometry analysis to directly assign the landmarks
of leaves, flowers (sepals) and fruits and 2) a morphological analysis (traditional
morphometry), using the distance between two pair of selected landmarks, apex and base of
leaves, flowers (sepals) and fruits, as well as other qualitative characters (i.e. impression of

leaf veins or leaf margin).

Geometric morphometry

We digitized 364 leaf photographs from 74 populations and identified 37 landmarks (Figure
2a). For the flowers (sepals), we digitized 208 photographs, identified 13 landmarks (Figure
2b). Finally, we digitized 88 fruit photographs and identified 19 landmarks (Figure 2c).
With this information, we conducted PCAs on the covariance matrices of the symmetric
and asymmetric harmonic coefficients using the software Morphol ver 1.06 (Klingenberg
2011). The morphometric variation inside each subgroup was evaluated through additional
PCAs. Notwithstanding, these analyses do not have the power to differentiate the groups
when the phenotypic plasticity is too high. At this point, Viscosi and Fortini (2011)
proposed that Canonical Variance Analysis (CVA) should help to find morphological

differences among groups of populations. We undertook a CVA to increase the power of
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morphological discrimination. At the same time, we quantified the level of correct
assignment of organisms within each group of populations ecologically identified through

its morphology using cross-validation test.

Morphological analysis ( = traditional morphometry)

We obtained three morphological matrices (leaves, sepals (flowers) and fruits) based on: a)
the distance between some pairs of landmarks, b) the angle formed among them, and c)
qualitative characters. With this, it was possible to generate three new matrices composed

of 29 variables of leaves, 12 variables of flowers (sepals) and 15 variables of fruits.

Independent PCAs were performed with each morphological matrices using the
MASS package in R to identify and remove highly correlated (with 1> >80%)
morphological variables. We compiled a database of 27 morphological traits (Table 1) to
perform the morphological analyses, using 15 leaf traits, seven floral traits and five fruit

traits, which are listed below.

Leaf traits: 1. mean length of the leaf lamina (MLL), 2. angle of the lamina apex
(ALA), 3. mean angle of the lamina base (MAL), 4. distance from the base to the maximum
width of the lamina (DBM), 5. petiole length (PL), 6. total leaf length (including lamina
and petiole, TLL), 7. width of the base (WB), 8. 1/4 lamina width (LW1), 9. 2/4 lamina
width (LW?2), 10. 3/4 lamina width (LW3), 11. maximum width of the lamina (MWL), 12.
lamina length/maximum width ratio (LWR), 13. lamina/petiole length ratio (LPR).
Additionally, two qualitative leaf traits were considered: 14. leaf margin -entire or crenate-

(LM) and 15. adaxial vein impression -impressed or not impressed- (AV]).
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Sepals traits: 1. mean length of the sepal (MLS), 2. angle of the sepal apex (ASA),
3. angle of the sepal base (ASB), 4. pedicel length (PDL), 5. basal width of the pedicel
(BWP), 6. width at 1/5 of the sepal length (WS1) and 7. width at 3/5 of the sepal length

(WS2).

Fruit traits: 1. mean length of the fruit (MLF), 2. angle of the fruit apex (AFA), 3.
angle of the fruit base (AFB), 4. width at 4/9 of the fruit length (WF1) and 5. width at 2/9

of the fruit length (WF2).

Finally, DAs were conducted to test if the identified groups in the environmental
PCA could also be recognized with morphological variables. The variation inside each
group was evaluated through additional PCAs. These analyses allowed us to identify which
variables are the most important for characterizing the morphological discontinuities among

populations.

Environmental influence on morphological divergence

Zapata and Jiménez (2012) proposed that morphological divergence between populations
might be the result of geographical gradients (e.g., latitude, altitude), and not necessarily
associated with environmental variables. The isolation by distance should be an important
factor influencing the population divergence, notwithstanding the populations could be
environmentally similar. The analyses of the delimitation of taxonomic entities should be
performed based on parallel patterns of morphological and environmental divergence
between populations. In this respect, we investigated how the morphological and

environmental variables correlated with the corresponding discriminant functions from the
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DAs. In order to propose a robust taxonomic separation of groups within 7. tepezapote, we
tested whether environmental exclusion can explain the observed morphological
divergence. We conducted multiple correlations between the environmental discriminant
functions, the morphological discriminant functions and the morphometric canonical

COITCSpOIldel’lCGS.

Finally, we identified morphological and environmental variables most useful for
group discrimination. We carried out multiple correlations between the discriminant
functions and the eight environmental variables. We included latitude, longitude and
altitude as additional variables. In the same way, we investigated the correlation between
the discriminant functions and the morphological variables (14 foliar traits, seven floral

traits and five fruit traits).

Results

Environmental differentiation

Ternstroemia tepezapote occurs in tropical (evergreen and deciduous), cloud, oak and
mixed pine-oak forests. Ternstroemia tepezapote has a wide altitudinal range from 0O to
2800 m in elevation (Table 2). Five environmental groups of populations were identified,
three in Mexico and two in Central America (Figure 3a). The first two principal
components explain 70.8% of the variance among populations (PC1 40.2%, PC2 30.6%).
The first group (group 1) is the most widespread, occupying areas within the temperate
forests of the Sierra Madre Oriental, the Sierra Madre del Sur and the Serranias

Transistmicas. The second group (group 2) is restricted to tropical evergreen lowland
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forests in northern Veracruz (PCG), corresponding to the area where 7. tepezapote was
originally described. The third group (group 3) is distributed throughout the lowland
evergreen and deciduous tropical forests of the PCG, from central Veracruz to northern
Guatemala, and includes most of the populations from Honduras. The fourth group (group
4) is located throughout the semi-deciduous disturbed forests and pine savannas of
Nicaragua, Costa Rica and Panama (PCP). Lastly, the fifth group (group 5) is a small group
distributed in the oak forests of the TAL in Costa Rica and Panama. Seven environmental
variables are involved in the discrimination between these five groups of populations. The
first discriminant function explained 63% of the variance (Wilk’s A = 0.022, %> = 2055.99,
d.f. = 28, p< 0.001) and showed a strong positive association with the mean annual

temperature and a negative association with the precipitation seasonality.

Particularly, for the two most widespread Mexican groups (1 and 3) we were able to
identify several subgroups with additional PCAs. For the temperate group 1, the first three
components explained 81.5% of the variance. From these we identified five sub-groups
(Figure 3b): 1.1) populations from cloud forests and oak forests of the Sierra Madre
Oriental (1600-2000 m); 1.2) populations from cloud forests and tropical evergreen forests
of the Sierra Norte de Oaxaca and the Macizo Central de Oaxaca from the Sierra Madre del
Sur (1400-2500 m); 1.3) populations from tropical evergreen forests of Oaxaca and Chiapas
from Sierra Madre del Sur and Serranias Transistmicas (500-1200 m); 1.4) populations
from cloud forests, oak forests and mixed pine-oak forests of the Sierra Madre del Sur, the
Sierra Madre de Chiapas and highlands of Guatemala and Honduras from the Serranias
Transistmicas (900-2000 m); 1.5) populations from cloud forests and mixed pine-oak

forests of the Chiapas highlands and the Cordillera Volcéanica highlands in Guatemala from
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the Serranias Transistmicas (1500-3000 m). The DA detected six variables that correctly
assigned 95.3% of the populations. The first discriminant function explained 74.3% of the
variance (Wilk’s A = 0.026, ¥2 = 721.09, d.f. = 20, p< 0.001) and was positively associated

with isothermality and negatively associated with temperature seasonality.

For the tropical group 3, the first three principal components explained 79.8% of the
variance. We identified four sub-groups (Figure 3c): 3.1) populations located in central
Veracruz and the Sierra de los Tuxtlas (500-2200 m).; 3.2) populations mainly distributed
throughout the PCG and the PET (0-500 m); 3.3) populations from the region of Uxpanapa,
Veracruz (PCG), at altitudes near sea level; 3.4) populations distributed in the Lacandona
region in Mexico, Belice and Honduras from PCG (0-400 m). The DA detected seven
variables that were useful for the correct assignment of 98.4% of the populations. The first
discriminant function explained 63.5% of the variance (Wilk’s A = 0.03, 42 = 424.6, d.f. =
24, p< 0.001) and was positively associated with isothermality and negatively associated

with temperature seasonality.

Morphological differentiation

Geometrical morphometry. The PCA obtained from the morphometric analyses did not
clearly separate the three environmental groups identified in Mexico. Despite this, we
observed that the first component did not allow separating the three Mexican environmental
groups, whereas the second component only allowed separating a temperate group from the
tropical ones. The third principal component was useful to distinguish the tropical

population in northern Veracruz from the rest of the tropical populations along the Planicie
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Costera del Golfo. Similar results were obtained with the PCAs performed with floral and
fruit morphometry. Accordingly, the independent PCAs for the tropical and temperate

groups did not identify the observed environmental subgroups.

The Canonical Variance Analyses (CVAs) allowed us to identify morphometric
differences between groups of populations. Morphometric variation among the three
environmental groups and subgroups is shown in Figure 5. For foliar morphometry, the first
canonical variable distinguished between the temperate (group 1) and the tropical groups
(groups 2 and 3). The second canonical variable allowed separating the individuals from the
group 2 and group 3. Similar results were obtained from the analyses of floral
morphometry. However, the proportion of correct assignment of populations was moderate
for foliar (66.67%) and low for floral morphometry (57.72%). On the other hand, the
analyses of fruit morphometry allowed for an evident discrimination among the three
environmental groups (Figure 4a). This analysis resulted in a moderate proportion of
correct assignment of populations (74.37%). The DAs showed the discrimination between
the temperate group and populations from northern Veracruz, with a moderate to high

proportion of correct assignment for leaf (69.38%) flower (65.57%) and fruit (82.5%).

Group 1 was divided into four sub-groups based on foliar and floral morphometry.
The analysis of fruit morphometry detected the five environmental sub-groups previously
identified (Figure 4b). However, the morphometric analyses showed a moderate proportion
of correct assignment (leaf: 63.1%; flower: 66.1%; fruit: 60.4%). The cross-validation is
low in the discrimination of sub-groups 1.1 and 1.5 (<60%), whereas the rest of the
populations had a moderate discrimination (70%). In the case of the tropical group, the

CVAs based on foliar and fruit morphometry distinguished between two sub-groups:
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montane populations at mid-elevations (500-1200 m) and coastal populations at low
elevations. The variance in floral morphometry was not useful for the discrimination
between groups (Figure 4c). The proportion of correct assignment of populations was
moderate for foliar (66.67%) and low for fruit morphometry (57.72%), and low for floral
morphometry (51.7%). The tropical sub-group 3 presented moderate proportion of correct

assignment for foliar (76.6%) and fruit morphometry (66.1%).

Morphological analysis. The three main environmental groups of 7. tepezapote s.l. in
Mexico were also identified based on leaf morphology (Figure 4a). Seven foliar traits are
involved in the differentiation between groups: leaf margin (LM); angle of the lamina apex
(ALA); 3/4 lamina width (LW3); mean angle of the lamina base (MAL); distance from the
base to the maximum width of the lamina (DBM); adaxial vein impression (AVI);
lamina/petiole length ratio (LPR). The DA resulted in a moderate correct assignment of
70.4% of populations, with leaf margin (LM) being the most useful trait for group

discrimination.

The temperate populations (group 1) were divided using leaf morphology into five
sub-groups, which correspond with the environmental sub-groups. Four foliar traits are
involved in the discrimination between sub-groups: angle of the lamina apex (ALA);
petiole length (PL); adaxial vein impression (AVI); and lamina/petiole length ratio (LPR).
However, the DA resulted in a low correct assignment of 54.5% due to overlap between
sub-groups 1.3, 1.4 and 1.5. On the other hand, the tropical populations (group 3) were
divided into three sub-groups. Six foliar traits are involved in the differentiation between
sub-groups: type of leaf margin (LM); adaxial vein impression (AVI); mean angle of the

lamina base (MAL); width of the base (WB); distance from the base to the maximum width
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of the lamina (DBM); maximum width of the lamina (MWL). The DA resulted in a
moderate proportion of correct assignments (71.8%). However, the environmental sub-

groups 3.2 and 3.4 could not be differentiated using leaf morphology.

The analyses of floral (sepals) morphology allowed the discrimination of two of the
three environmental groups occurring in Mexico: the temperate group (group 1) and the
tropical group that includes the group of northern Veracruz (groups 2 and 3). The DA
resulted in moderate proportion of correct assignment (76.5%), with the width at 3/5 of the
sepal length (WS2) and the basal width of the pedicel (BWP) being the most useful traits
for group discrimination (Figure 4a). Regarding the temperate group, the analysis allowed
the separation of the five environmental sub-groups based on two traits (Figure 4b): mean
length of the sepal (MLS) and pedicel length (PDL). The DA between these two sub-groups
showed moderate levels of correct assignment (60.8%), which results from the overlap of
sub-groups 1.1, 1.3 and 1.5. For the tropical group, the four environmental sub-groups were
discriminated based on three floral traits (Figure 4c): mean length of the sepal (MLS);
pedicel length (PDL) and width at 3/5 of the sepal length (LW1). These sub-groups also
show moderate levels of correct assignment (67.2%) because of the overlap of sub-groups

3.2,3.3 and 3.4.

Fruit morphology allowed the discrimination of the three environmental groups
(Figure 4a) based on two traits: angle of the fruit apex (AFA) and width at 4/9 of the fruit
length (WF1). The DA showed a moderate proportion of correct assignment (69.3%) due to
problems in the discrimination between the tropical group 3 and group 2. Five sub-groups
were distinguished within the temperate group (Figure 4b) based on the same two fruit

traits. However, these five sub-groups showed a moderate proportion of correct assignment
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(60.6%) because of the overlap between sub-groups 1.1 and 1.4, and between sub-groups
1.2 and 1.3. For the tropical group, only two environmental groups could be discriminated
(Figure 4c) based on the mean length of the fruit (MLF). Furthermore, the DA showed a

lowest proportion of correct assignment (45.8%).

Environmental, morphological and morphometric differentiation

The correlation analyses showed a close relationship between climatic variables and the
discrimination power of the environmental analyses. The most important environmental
variables for group discrimination were isothermality, temperature seasonality, minimum
temperature of the coldest quarter and precipitation seasonality (Table 3). The analyses
showed a clear environmental separation between the temperate and tropical groups (Figure
6). Populations from northern Veracruz are located in areas with a mean annual temperature
and precipitation seasonality similar to other tropical populations. However, these northern
populations showed reduced isothermality and increased temperature seasonality (Figure
6). For each of the two main environmental groups of populations, the temperature
variables were the most relevant for sub-group discrimination. For the tropical group,
precipitation seasonality was also important for the segregation of sub-groups of

populations.

The correlation analyses allowed for the identification of the most important
morphological variables for group discrimination. The morphological distinction between
groups was achieved using different foliar variables. The three main groups differ in their

foliar morphology, particularly in the leaf margin and the adaxial vein impression.

93



However, the angle of the apex and base of the lamina were important for the separation of
the tropical and temperate groups (Table 4). The morphological distinction between
temperate sub-groups was based on the angle of the apex, the lamina length/maximum
width ratio and the length of the petiole. For the tropical sub-groups, the most important

variables were leaf margin, 2/4 lamina width and the angle of the base of the lamina.

The floral traits, particularly the width at 3/5 of the sepal length, were also useful for
the differentiation between the temperate and tropical groups. However, the populations
form northern Veracruz could not be distinguished based on floral morphology. The
differentiation of temperate sub-groups was achieved mainly by the length of the sepals and
the length of pedicel (Figure 4, Table 4). For the tropical sub-groups, the most important
variables were the width of the sepals and the length of the pedicel, which explains the
weak differentiation among sub-groups. Regarding fruit morphology, the temperate and
tropical groups could be differentiated by the length and width of the fruits. For the
temperate sub-groups, the angle of the apex and the length of the fruits explained the
morphological differentiation (Figure 6, Table 4). For the tropical group, the length of the

fruit was the only variable associated to the differentiation between sub-groups.

The correlation analyses showed that (Table 5): 1) the discriminative power of the
environmental analyses was highly correlated to the discrimination of the three main
Mexican groups based on foliar morphology; 2) in all cases, the correlation between the
morphological and morphometric analyses was high ; 3) the correlation between the
environmental and floral discrimination was high, except for the tropical subgroups; 4)
there was a high correlation between the morphological and morphometric discrimination

based on floral traits; 5) the discriminative power of the environmental analyses was highly
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correlated to the discrimination of the three main Mexican groups based on fruit
morphology; 6) there was a high correlation between the discrimination of groups based on

fruit morphology and morphometry.

Discussion

Previous taxonomic studies of Ternstroemia in Mexico have suggested that 7. tepezapote
has a wide geographical distribution, inhabiting different types of tropical and temperate
forests from sea level up to 3000 m (e.g., Standley, 1920-1926; Rose and Collins, 1903-
1905; Kobuski 1942, 1943; Luna-Vega et al. 2004). The ambiguous taxonomic delimitation
of this species has been mainly attributed to a great phenotypic variation and a high
environmental tolerance. In this study, we found that within the distributional range of T.
tepezapote in Mexico, there are three main groups mainly defined by differences in mean
annual temperature and rain seasonality, as well as other factors such as temperature

seasonality and isothermality.

Environmental and morphological differentiation

Based on morphological and environmental evidences, in this study we propose the
existence of eight different morphological entities (morphotypes) that was earlier identified
as T. tepezapote. A morphotype is defined in this study as the group of organisms sharing
environmental and morphological traits. As we said above, only the tropical populations

located in northern Veracruz (on the vicinities of Chiconquiaco) corresponds to the original
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description of the species (7. tepezapote s.s.). Other five morphotypes correspond to
temperate populations and two to tropical morphological entities. There is a sharp

morphological differentiation between the temperate and tropical morphotypes.

There is a clear break between the temperate morphotypes. The characterization of
each entity includes characters of the shape of the leaf, fruit, and in some cases of the
flower (sepals). Added to this, the effect of isolation by distance plays a central role, since
three of these entities are clearly allopatric to the rest. In the case of the mountain systems
in northern Chiapas, there are two entities morphologically different and geographically
close, occurring at different vegetation types and elevations. In the case of the temperate
morphotypes, isolation by distance is not the unique factor explaining their morphological

divergence.

In the case of the tropical environmental groups, there is an overlap in the morpho-
space in three of the four originally groups proposed, so we could only recognize two
morphotypes. The effect of isolation is not completely obvious, since some populations
located at different sites are morphologically similar. It is necessary to state that the three
original entities live in areas geographically close without significant geographical barriers.
The correlation analyzes performed show that there is a significant correlation of the PCA
eigenvectors with the precipitation gradients, so we can assume that adaptative processes
are still emerging in these entities, and that the recorded variation can be explained
consistently with environmental precipitation gradients, and even with temperature.
However, we must consider that qualitative characteristics, such as impressed veins in the

upper part of the leaf (allowing having a larger exposition surface to absorb nutrients from
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the environment) could help discriminate the populations near Uxpanapa (Veracruz) from

the rest.

Based on biogeographical evidences, we can suggest some differentiation
hypotheses of the populations associated with 7. tepezapote in Central America, that should
be subject to morphological and morphometrical analyses. The Cuchumatanes populations
may consist of a common entity with those present in the Altos de Chiapas, while the
populations of the Pacific slopes of the volcanic mountains of Guatemala should form a
continuum with those of the Sierra Madre de Chiapas. Moreover, those populations
inhabiting the mountains of Honduras could form an independent entity, as well as the
populations located in the Cordillera de Talamanca in Costa Rica. The tropical populations
of the coastal plain of the Atlantic and Pacific extending from Nicaragua to Panama would

form a separate group.

Ternstroemia tepezapote s.s.

Ternstroemia tepezapote was originally described from specimens collected in northern
Veracruz at altitudes of 50-100 m. The group of populations of northern Veracruz can be
considered the morphological and ecological representatives of the nomenclatural type of
the species. In northern Veracruz, there is a low isothermality and a high temperature
seasonality than in the rest of the tropical lowlands (Figure 6). This lowland tropical group

is here considered as 7. tepezapote s.s. (Figure 7a).

The morphological differences between T. tepezapote s.s. and the rest of the tropical

populations are: the type of leaf margin (crenate) and the adaxial vein impression, possibly
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to enlarge the exposition surface of the leaves to guarantee their water and light absorption.
Foliar morphometry clearly separates T. tepezapote s.s. from the temperate group, but not
from the tropical group. However, the leaves of T. tepezapote s.s. are elliptic and slenderer
than the leaves observed in rest of the tropical populations. Furthermore, the angles of the
apex and base of the lamina are more acute in 7. tepezapote s.s. (60-80°) than in the rest of
the tropical group (40-55°). The discrimination between T. fepezapote s.s. and the tropical
group was difficult to assess for the tropical populations of lowland areas in the north of
Chiconquiaco, Veracruz. In this area, individuals have a crenate leaf margin and a
conspicuous vein impression, which means that these individuals might belong to
populations of 7. tepezapote s.s. The floral morphology analyses showed clear differences
between 7. tepezapote s.s. and the temperate groups, but not so clear with the tropical ones,
but 7. tepezapote s.s. have slightly longer sepals with a more acute apex. The analyses of
fruit morphology showed a similar pattern of differentiation between T. tepezapote s.s. and
the temperate group. However, there is clear morphometric differentiation between T.
tepezapote s.s. and the tropical group, mainly resulting from differences in the fruit apex
and other characters discussed above. As with foliar morphology, the discrimination
between T. tepezapote s.s. and the tropical group was also difficult to assess for the tropical

populations in the north of Chiconquiaco, Veracruz.

Temperate group morphotypes

Four out of five environmental groups could be identified using morphological and
morphometric analyses of leaf, flower (sepals) and fruit (Figure 7b). Individuals from sub-
group 1.1 are located in the Sierra Madre Oriental (1600-2000 m) and are characterized by
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elliptic and slender leaves with an acute apex (50-70°), vaguely noticeable vein impressions
and long petioles (> 7 mm). The flowers have ovoid sepals with a length of 8-10 mm, acute
apices and long pedicels (> 40 mm). The fruits have an elongated (6-10 mm width) and
very acute apex. This sub-group corresponds to populations sometimes described as 7.
huasteca B.M. Barthol. (Bartholomew 1988). The morphotype refers to misidentified

herbarium specimens that were corrected in Herbaria as 7. huasteca.

Populations from sub-group 1.2 are distributed along the Sierra Norte de Oaxaca
(1400-2500 m) and are characterized by individuals with slightly obovate leaves with acute
apices (55-120°) and short petioles (4-6 mm) (Figure 7b). These individuals have flowers
with semi-circular small sepals (5-8 mm), obtuse apices and pedicels with a length of 20-35
mm. The fruits are round and have a short apex (12-15 mm in width). The morphology of
individuals from this sub-group resembles that of individuals described as T. hemsleyi
Hochr. (Hochreutiner 1917), suggesting the existence of a different species, that should be

validated with complementary studies, such as genetic and molecular ones.

Populations from sub-group 1.3 are located throughout the ecotone between humid
montane forests and evergreen tropical forests of Oaxaca and Chiapas, at an altitude of 500-
1200 m (Figure 7b). This sub-group is characterized by widely obovate leaves with obtuse
apices (110-150°), cuneate bases, imperceptible vein impressions and long petioles (6-10
mm). The flowers have ovoid sepals with acute apices (10-12 mm) and short pedicels (15-
18 mm). The fruits are ovoid, with short apices and a width of 15-22 mm. The morphology
of individuals from this sub-group resembles the morphology of specimens described as 7.
oocarpa (Rose) Melch. (Melchior 1935). The morphology of T. oocarpa also resembles,

albeit partially, that of populations of sub-group 1.4. This sub-group is distributed in cloud
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forests and oak forests of the Sierra Madre de Chiapas (900-2000 m). The members of this
sub-group are characterized by having slightly obovate leaves (Figure 7b) with acute to
obtuse apices (80-135°), imperceptible vein impressions and long petioles (6-11 mm). The
flowers have widely elliptical sepals, elongated (7-11 mm), obtuse apices and short pedicels
(10-18 mm). The fruits are piriform with elongated and acute apices and a width of 15-23

mim.

Finally, sub-group 1.5 is localized throughout mixed pine-oak forests and cloud
forests of the Chiapas highlands, at an altitude of 1500-3000 m. These individuals have
obovate leaves, slightly spatulate, with acute to obtuse apices (110-130°) and long petioles
(5-10 mm). The flowers have circular and big sepals (12-25 mm), obtuse apices and
pedicels with a length 11-23 mm. The fruits are rounded with a slightly elongated apex and
a width of 20-30 mm. The members belonging to this sub-group can also be partially

identified as 7. oocarpa.

Tropical group morphotypes

The tropical sub-groups have a low morphological differentiation. Populations of sub-group
3.1 are distributed in Chiconquiaco, Veracruz, at an elevation of 0-1200 m. The
morphological and morphometric analyses show that this sub-group is different from the
rest of the tropical populations. However, if we consider qualitative foliar traits, individuals
below 500 m, which have a crenate margin, belong to 7. fepezapote s.s., whereas

individuals located at an altitude of 800-1200 m belong to the temperate group. In this
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respect, individuals from this sub-group were the most difficult to be differentiated using

the discriminant analyses.

No evident morphological or morphometric differences could be detected between
environmental sub-groups 3.2 and 3.3, which are localized throughout the Planicie Costera
del Golfo and the Lacandona region respectively, at altitudes of 50 to 700 m. These two
environmental sub-groups form a unique morphological group characterized by elliptic
leaves with acute apices (50-70°), no apparent vein impressions and entire margins. The
flowers have widely elliptical sepals, with a length of 5.8-9.5 mm, acute apices and pedicels
with a length of 10-30 mm. The fruits are piriform and have elongated and acute apices.
The morphology of individuals from these two sub-groups corresponds to that of specimens

described as T. seemannii Triana & Planch. (Triana and Planchon 1862).

Finally, subgroup 3.4 is localized in the region of Uxpanapa, Veracruz, at an altitude
near sea level. This subgroup is composed by individuals with weak foliar differentiation
and minimal differences in floral and fruit morphology. The leaves are obovate with an
acute apex (50-70°), conspicuous vein impressions and entire margins. Individuals from
this sub-group partially resemble specimens described as 7. seemannii, located in different

localities from subgroups 3.2 and 3.3.

Conclusions

Our morphometrical and environmental results allow to suggest that only the populations
from northern Veracruz (Tepetzintla, Chontla and vicinities), inhabiting at lower altitudes,

should be considered as Ternstroemia tepezapote s.s. The other populations from temperate
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and tropical localities inhabiting different places in central and southern Mexico do not
match with the type species. These populations need to be renamed, so it is necessary to
reconsider some of the earlier proposed synonymies as valid taxonomic entities. This is the
case of T. hemsleyi, T. oocarpa, T. seemannii and T. sphaerocarpa, taxonomic entities that
were grouped in 7. fepezapote s.l.. On the other hand, 7. huasteca has been sometimes
misidentified as 7. tepezapote, but never considered as a synonymy of this latter species.
We consider that temperate populations are more morphologically dissimilar between each
other, meanwhile the tropical populations have a higher phenotypic plasticity and a lower
morphological differentiation. We consider that the tropical populations are more
taxonomically problematic because their differentiation is less evident, so it is mandatory to

undertake genetic and phylogeographic researches.
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Figure legends

Figure 1. Geographical distribution of Ternstroemia tepezapote in Mexico and Central
America. Red dots represent the localities gathered from data sources. The main
biogeographic provinces are shown in bold: Sierra Madre Oriental (SMO), Sierra Norte de
Oaxaca (SNO), Sierra Madre del Sur (SMS), Serranias Transistmicas (STI), Planicie
Costera del Golfo (PCG), Planicie Costera del Pacifico (PCP), Petén (PET) ande Cordillera
de Talamanca (TAL) (Figure 1). The grey areas correspond to region highlighted in the
text: northern Veracruz (NVE), Chiconquiaco (CHI), Los Tuxtlas (TUX), Chiapas
highlands (HLC), Macizo Central de Oaxaca (MCO), Uxpanapa (UXP) and Sierra Madre

de Chiapas (SMC).

Figure 2. Morphological traits measured and morphometric landmarks identified for a)
leaves, b) sepals and c) fruits from the selected specimens of Ternstroemia tepezapote from
populations in Mexico. Foliar traits: mean length of the leaf lamina (MLL); angle of the
lamina apex (ALA); mean angle of the lamina base (MAL); distance from the base to the
maximum width of the lamina (DBM); petiole length (PL); total leaf length (including
lamina and petiole, TLL); width of the base (WB); 1/4 lamina width (LW1); 2/4 lamina
width (LW2); 3/4 lamina width (LW3); maximum width of the lamina (MWL); lamina
length/maximum width ratio (LWR); lamina/petiole length ratio (LPR). Floral traits: mean
length of the sepal (MLS); angle of the sepal apex (ASA); angle of the sepal base (ASB);
pedicel length (PDL); basal width of the pedicel (BWP); width at 1/5 of the sepal length

(WS1); width at 3/5 of the sepal length (WS2). Fruit traits: mean length of the fruit (MLF);
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angle of the fruit apex (AFA); angle of the fruit base (AFB); width at 4/9 of the fruit length

(WF1); width at 2/9 of the fruit length (WF2).

Figure 3. Geographical distribution of the groups and sub-groups identified through the
environmental analyses of populations of Ternstroemia tepezapote in Mexico and Central

America. a) Main groups; b) temperate sub-groups; c) tropical sub-groups.

Figure 4. Ordination plots showing the morphological differentiation of groups and sub-
groups of populations of Ternstroemia tepezapote in Mexico and Central America. a) Main
groups; b) temperate sub-groups; c) tropical sub-groups. DF: discriminant functions for the
analyses of morphological traits. CV: canonical correspondences for the morphometric

analyses.

Figure 5. Variation in foliar, floral and fruit morphometry between groups and sub-groups
of populations of Ternstroemia tepezapote in Mexico and Central America. a) Foliar
morphometry; b) floral morphometry; c) fruit morphometry. The mean leaf, sepal and fruit
shape are given for each group and sub-group identified. Group 1: temperate populations.

Group 2: populations of northern Veracruz. Group 3: tropical populations.

Figure 6. Environmental and morphological variance within groups and sub-groups of
populations of Ternstroemia tepezapote in Mexico and Central America. a) Main groups; b)

temperate sub-groups; c) tropical sub-groups.

Figure 7. Geographical distribution of the groups and sub-groups of populations of
Ternstroemia tepezapote in Mexico and the corresponding foliar, floral and fruit

morphometry. a) Main groups; b) temperate sub-groups; c¢) tropical sub-groups.
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Table 1. List of leaf, flower and fruit traits used in the analyses of morphological

differentiation between populations of Ternstroemia tepezapote in Mexico and Central

America.
Morphological trait
Leaf
MLL mean length of the leaf lamina
ALA angle of the lamina apex
MAL mean angle of the lamina base
DBM distance from the base to the maximum width of the lamina
PL petiole length
TLL total leaf length
WB width of the base
LWI1 1/4 lamina width
LwW2 2/4 lamina width
LW3 3/4 lamina width
MWL maximum width of the lamina
LWR lamina length/maximum width ratio
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LPR

LM

AVI

Flower (sepals)

MLS

ASA

ASB

PDL

BWP

WS1

WS2

Fruit

MLF

AFA

AFB

lamina/petiole length ratio

leaf margin (entire, crenate)

adaxial vein impression (impressed, not impressed)

mean length of the sepal

angle of the sepal apex

angle of the sepal base

pedicel length

basal width of the pedicel

width at 1/5 of the sepal length

width at 3/5 of the sepal length

mean length of the fruit

angle of the fruit apex

angle of the fruit base
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WF1 width at 4/9 of the fruit length

WF2 width at 2/9 of the fruit length

Table 2. Altitudinal range of different species associated with Ternstroemia tepezapote in

Mexico and Central America. Altitude is given in meters above sea level.

Altitude (m)

Ternstroemia hemsleyi 1800-2000
Ternstroemia huasteca 1000-2200
Ternstroemia impressa 2600-2800
Ternstroemia oocarpa 1000-1200
Ternstroemia seemanni 0-800
Ternstroemia seleriana 2400-2800
Ternstroemia sphaerocarpa 1800-2400
Ternstroemia tepezapote 0-2800
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Table 3. Correlation between the first two functions of the Discriminant Analysis (DA)
and the eight environmental variables used in the study of differentiation between
populations of Ternstroemia tepezapote in Mexico and Central America. Bold numbers
indicate the highest correlation coefficients. DF: discriminant function. Environmental
variables: mean annual temperature (BIO O01); isothermality (BIO 03); temperature
seasonality (BIO 04); mean diurnal range (BIO 07); minimum temperature of the coldest
quarter (BIO 11); annual precipitation (BIO 12); precipitation seasonality (BIO15);

precipitation of the driest quarter (BIO 17).

Temperate sub-

Groups of populations  groups Tropical subgroups
Environmental
variables DF 1 DF2 DF1 DF2 DF1 DF 2
BIO 01 -755™ 3917 756" 6357 .386™
BIO 03 493" -.832" 788" -388" 771"
BIO 04 -313 926" -838" 504" -.858"
BIO 07 466 7227 22287 3177 -.6617  .339™
BIO 11 -.699" 2077 4937 697 812 3097
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BIO 12

BIO 15

BIO 17

Altitude

Longitude

Latitud

-.495™

.820™

-.686"

.849*

-350™

-4917

220"

-.854"

931™

409"

-.600™

-209™

439"

-730*

-370" 2647

660"

-.546"

7407 -5417

740%

-.785"

6747

309"

-841"

-.298™

210"
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Table 4. Correlation between the first two functions of the Discriminant Analysis and the
morphological traits used in the study of differentiation between populations of
Ternstroemia tepezapote in Mexico and Central America. Bold numbers indicate the
highest correlation coefficients. DF: discriminant function. See Table 1 for details on the

morphological traits.

Groups of populations  Temperate sub-groups  Tropical sub-groups

Morphological traits ~ DF 1 DF 2 DF 1 DF 2 DF 1 DF 2
Leaf

ALA -503"  .633" .693™ -.410™

MAL - 427 386 -.246" -2127 .649™
MLL 2217 -.589™ 429™ 558" 219"
WB -.280" .509™ 600
LWI1 -1447 3457 614" -418™ 2437
LW2 -3917 688" - 416"

An(09 -152% 2577 .739* -.343"

PL -.6417 3887 823" 2227
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DBM

MWL

LPR

LWR

LM

AVI

Flower

ASA

ASB

MLS

WS1

WS2

PDL

BWP

180

1677

806"

433"

594"

663"

568"

762

249

904"

-.494™

-.369™

1977

-.184™

5157

2817

245"

4227

428"

498"

647

- 427

118

485"

697

-.405*

-.492*

5637

.846™

5777

6617

-.614™

4617

-.285™

4617

534

538"

789

418"

2417

-.395™

235"

6707 -243™

576"

5857

896

603"

851% 392"

951™

3417



Fruit

AFA

AFB

MLF

WE2

WF1

604"

759%

476"

868"

995

312"

739*

496"

.889*

-.525"

547

4577

670

6227

5617

1.000™

6417

1.000™

4817

679"
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Table 5. Correlation between the first two functions of the Discriminant Analyses for
environmental variables and morphological traits, and the canonical correspondences for
the geometric morphometry used in the study of differentiation between populations of
Ternstroemia tepezapote in Mexico and Central America. Bold numbers indicate the
highest correlation coefficients. EDF: environmental discriminant function. TDEF:

morphological traits discriminant function. CVMS: morphometric canonical

correspondences.
Discriminant functions and canonical correspondences
TDF1 TDF2 PCMS1 PCMS2 CVMS1 CVMS2
Leaf
Groups of -380 272" 2727 482
populations EDF 1
EDF2 .549™ 183" 223" -173% -.230™
TDF 1 503 -.500" -.233"
TDF 2 -.391* -191% 5317
Temperate 643 -.300 - 4177 -.499™ -.324™
sub-groups EDF 1
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Tropical

sub-groups

Flower

Groups

populations

Temperate

of

EDF 2

TDF 1

TDF 2

EDF 1

EDF 2

TDF 1

TDF 2

EDF 1

EDF 2

TDF 1

TDF 2

EDF 1

621"

-.370*

442

-191*

538"

121

-.523" -377"

498"

264

-179* 238"

368" -377%
181

-295™

-.349*

340"

-.239"

-.485™

403"

557

-.208"

-317*

3817

-291*

-.348"

4617

-273*



sub-groups

Tropical

sub-groups

Fruit

Groups

populations

of

EDF 2

TDF 1

TDF 2

EDF 1

EDF 2

TDF 1

TDF 2

EDF 1

EDF 2

TDF 1

TDF 2

389"

-378™

122

-.460°"

-.245"

-.284™

382"

-.678"

-.5817

-.454"

- 420"

405"

-.590™

3517

-.629™

-427

328"

383"



Temperate

sub-groups

Tropical

sub-groups

EDF 1

EDF 2

TDF 1

TDF 2

EDF 1

EDF 2

TDF 1

TDF 2

-.387"

-.821*

578"

497"

-.556"

-.462"
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Figure 1. Geographical distribution of Ternstroemia tepezapote in Mexico and Central
America. Red dots represent the localities gathered from data sources. The main
biogeographic provinces are shown in bold: Sierra Madre Oriental (SMO), Sierra Norte de
Oaxaca (SNO), Sierra Madre del Sur (SMS), Serranias Transistmicas (STI), Planicie
Costera del Golfo (PCG), Planicie Costera del Pacifico (PCP), Petén (PET) ande Cordillera
de Talamanca (TAL) (Figure 1). The grey areas correspond to region highlighted in the
text: northern Veracruz (NVE), Chiconquiaco (CHI), Los Tuxtlas (TUX), Chiapas
highlands (HLC), Macizo Central de Oaxaca (MCO), Uxpanapa (UXP) and Sierra Madre

de Chiapas (SMC). 215x166mm (300 x 300 DPI)
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Figure 2. Morphological traits measured and morphometric landmarks identified for a)
leaves, b) sepals and c) fruits from the selected specimens of Ternstroemia tepezapote from
populations in Mexico. Foliar traits: mean length of the leaf lamina (MLL); angle of the
lamina apex (ALA); mean angle of the lamina base (MAL); distance from the base to the
maximum width of the lamina (DBM); petiole length (PL); total leaf length (including
lamina and petiole, TLL); width of the base (WB); 1/4 lamina width (LW1); 2/4 lamina

width (LW2); 3/4 lamina width (LW3); maximum width of the lamina (MWL); lamina
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length/maximum width ratio (LWR); lamina/petiole length ratio (LPR). Floral traits: mean
length of the sepal (MLS); angle of the sepal apex (ASA); angle of the sepal base (ASB);
pedicel length (PDL); basal width of the pedicel (BWP); width at 1/5 of the sepal length
(WS1); width at 3/5 of the sepal length (WS2). Fruit traits: mean length of the fruit (MLF);
angle of the fruit apex (AFA); angle of the fruit base (AFB); width at 4/9 of the fruit length

(WF1); width at 2/9 of the fruit length (WF2). 150x159mm (600 x 600 DPI)
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Figure 3. Geographical distribution of the groups and sub-groups identified through the
environmental analyses of populations of Ternstroemia tepezapote in Mexico and Central
America. a) Main groups; b) temperate sub-groups; c¢) tropical sub-groups. 171x207mm

(600 x 600 DPI)
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Figure 4. Ordination plots showing the morphological differentiation of groups and sub-
groups of populations of Ternstroemia tepezapote in Mexico and Central America. a) Main
groups; b) temperate sub-groups; c) tropical sub-groups. DF: discriminant functions for the
analyses of morphological traits. CV: canonical correspondences for the morphometric

analyses. 140x80mm (600 x 600 DPI)
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Figure 5. Variation in foliar, floral and fruit morphometry between groups and sub-groups
of populations of Ternstroemia tepezapote in Mexico and Central America. a) Foliar
morphometry; b) floral morphometry; c) fruit morphometry. The mean leaf, sepal and fruit

shape are given for each group and sub-group identified. Group 1: temperate populations.
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Group 2: populations of northern Veracruz. Group 3: tropical populations. 178x205mm

(600 x 600 DPI)
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Figure 6. Environmental and morphological variance within groups and sub-groups of
populations of Ternstroemia tepezapote in Mexico and Central America. a) Main groups; b)

temperate sub-groups; c) tropical sub-groups. 142x84mm (600 x 600 DPI)
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Figure 7. Geographical distribution of the groups and sub-groups of populations of

Ternstroemia tepezapote in Mexico and the corresponding foliar, floral and fruit
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morphometry. a) Main groups; b) temperate subgroups; c) tropical sub-groups.

241x512mm (600 x 600 DPI).
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DISCUSION GENERAL Y CONCLUSIONES

En el capitulo 1 se analiz6 la morfologia de la hoja de Ternstroemia lineata, linaje
perteneciente a un grupo de plantas caracteristicas de los bosques humedos de
Mesoamerica. Para determinar el papel que juegan los factores medioambientales en la
diferenciacién morfolégica de sus poblaciones, estudiamos las tendencias geogréficas
generales de la morfologia de la hoja y su relacién con las principales variables climéticas,

principalmente temperatura y precipitacion.

Las poblaciones del complejo 7. lineata muestran una gran variacion en cuanto a los
caracteres morfoldgicos foliares a través de su intervalo distribucional. Dado lo anterior,
nuestros andlisis permitieron definir nueve grupos morfologicamente homogéneos dentro
del complejo y definir sus distribuciones geograficas. El patrén que encontramos es que 7.
lineata presenta un mosaico de distribucion geogréfica en parches, en las que algunos
grupos de poblaciones tienen una distribucion continua a través de la Faja Volcanica
Transmexicana y la Sierra Madre del Sur. No obstante, también detectamos algunos grupos
morfologicos que se distribuyen parapdtricamente y otros que estdn aislados en las zonas

mads nortefias y surefias de la distribucion del complejo.

Algunos de los grupos geograficos encontrados son consistentes con el estatus
taxondmico aceptado actualmente (Kobuski, 1942; Bartholomew & McVaugh, 1997); tal es
el caso de las poblaciones identificadas como 7. dentisepala del noroccidente de México y
de T. impressa del sureste mexicano. Algunos otros grupos no tienen una clara asociacioén

con la circunscripcion taxondmica actual.
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A partir del siglo XIX, los bidlogos notaron que en el trépico himedo son comunes
las plantas con hojas mds grandes que aquellas encontradas en regiones templadas, donde
se mds comunes las hojas pequefias, principalmente a latitudes y elevaciones mayores.
Algunos autores (e.g., Jones, 2014; Michaletz, et al. 2016; Wright, et al. 2017) han
intentado explicar los eventos climdticos globales que desencadenan la forma y tamafo de
la hoja. De manera general, se ha visto que la variacién morfoldégica en las plantas depende
de los cambios de las variables medioambientales a lo largo de gradientes latitudinales,
longitudinales y altitudinales a diferentes escalas geogréficas (Rico-Gray & Palacios-Rios,
1996; Niinemets 2001; Chalcoff, Ezcurra & Aizen, 2008; Uribe-Salas et al., 2008; Frenne

et al., 2013; Moles et al., 2014).

La morfologia de la hoja del complejo 7. lineata mostré claros patrones de
variacion por diferencias latitudinales y longitudinales, pero no por diferencias
altitudinales. En nuestro estudio encontramos una fuerte correlacién entre la morfologia de
la hoja y variables medioambientales. De manera especifica, el drea de la hoja mostré una
relacion cercana con variables medioambientales, donde las hojas con menor drea se
encontraban en regiones con mayor precipitacion durante el afio (i.e., alta precipitacion
durante los meses mds himedos y secos). Por otro lado, las hojas con una drea mayor
fueron encontradas en regiones con una estacionalidad pronunciada de temperatura y
precipitacion. Es interesante que el patréon encontrado en nuestro estudio no sigue la
tendencia general observada a escalas globales, en donde las hojas més pequefas tienden a

ser mds frecuentes en sitios secos (Wright et al., 2017).

La variacion en la forma de la hoja a través de gradientes medioambientales ha sido

explicada como respuesta de las poblaciones de plantas a los factores medioambientales
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(Givinsh, 1987; Malhado et al. 2009a; Malhado et al. 2009b; Werger & Ellenbroek, 1978).
De manera general, las hojas mds largas, delgadas y espatuladas fueron encontradas en
regiones con una precipitacion mds baja y una alta estacionalidad de la precipitacion,
siguiendo un patrén noroeste-sureste. Sin embargo, las poblaciones del complejo 7. lineata
también mostraron diferenciacion en la forma de la hoja (v.gr. de forma delgada espatulada
vs. eliptica y obovada) en bosques himedos de montafia similares, pero siempre siguiendo

un gradiente latitudinal y longitudinal.

La relacién entre la longitud y la superficie de la hoja con respecto a la
estacionalidad de la precipitacion fue dificil de explicar en nuestro estudio., lo cual
representa una ventaja adaptativa, debido a que las hojas mds pequefias tienen una
evapotranspiracion menor (Chalcoff, Ezcurra & Aizen, 2008). Nuestros resultados no
arrojan este mismo resultado, ya que las hojas mds largas y con un drea mayor fueron
encontradas en aquellas regiones con escasa lluvia. Nosotros sugerimos que el patrén
observado se debe al tipo de habitat en los que estas plantas crecen, caracterizado por altos
niveles de humedad en forma de nubes, que son mas persistentes en los periodos mas secos
y frios del afio. La constante presencia de nubes tiende a formar una capa delgada de agua
en la superficie de la hoja, que reduce la transpiracién y por lo tanto el crecimiento (Leigh,
1975, Lightbody, 1985). Ademads, esta capa de agua refleja la luz del sol, provocando una
reduccion de la actividad fotosintética y por lo tanto afectando la tasa de crecimiento de las

hojas (Lightbody, 1985).

También es dificil de explicar el valor adaptativo de tener hojas espatuladas o
elipticas en diferentes ambientes. Recientemente, Kidner & Umbreen (2010) observaron

que la forma de la hoja es extremadamente variable entre las especies y atin en la misma
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especie, con grandes variaciones entre las poblaciones y las plantas individuales. La forma
de la hoja estd relacionada con la capacidad de captura de luz y en la regulacién del balance
de agua y temperatura. Consideramos que se requieren estudios detallados sobre la
variacién microclimatica entre las poblaciones y andlisis de los patrones vasculares de la
hoja para determinar los factores que desencadenan la variacion de la forma de la hoja del

complejo 7. lineata.

La variacién en los caracteres de la hoja se debe a la plasticidad fenotipica en
respuesta a gradientes ambientales; la variacion morfoldgica estd fuertemente asociada al
clima (Givnish, 1987; Westoby et al., 2002; Gratani 2014). El reconocimiento de grupos
morfolégicos y geogrificos a lo largo de la distribuciéon del complejo 7. lineata nos
permitié identificar regiones donde existe variacion morfolégica debida a diferentes
condiciones medioambientales. Pudimos observar un patrén en mosaico de algunas
caracteristicas foliares, y una correspondencia entre gradientes ambientales y forma y
tamafio de la hoja. Estos resultados dejan ver que los factores medioambientales juegan un
papel relevante en la variacion de las caracteristicas foliares del complejo T. lineata. Esta
variacién se agrupa dentro de grupos discretos bien diferenciados geograficamente. Los
patrones observados sugieren que muchos grupos de poblaciones estdn morfolégicamente
diferenciados como resultado de un aislamiento geogréifico. Pero no debe descartarse que
exista una diferenciacién significativa en caracteres de la hoja entre poblaciones
geograficamente cercanas, lo que sugiere que existen otros factores ademads del clima que

pueden influir en la variacion de la morfologia de la hoja de las especies del complejo.

En el capitulo 2 podemos observar que hay ciertas limitantes de los métodos

filogenéticos para delimitar especies en el complejo de Ternstroemia lineata.
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Si bien los métodos tradicionales de delimitacion de especies se basaban
mayormente en hipdétesis filogenéticas cuyo principal criterio delimitador era la monofilia
reciproca (Sites y Marshall, 2004), existen al menos tres fenémenos que impiden que dicha
condicién se cumpla: duplicacién de genes, transferencia horizontal y coalescencia
profunda (Edwards, 2009). En el caso particular de las plantas el escenario se complica
debido a que la mayoria de los marcadores empleados en tratamientos filogenéticos
proceden de marcadores plastidicos, los cuales presentan una baja diversidad (Small et al.,
2004; Ilut y Doyle, 2012) y un alto grado de coalescencia profunda (persistencia de

haplotipos compartidos entre especies) (Jakob y Blattner, 2006).

La filogenia basada en el espaciador plastidico trnT-trnL, sugiere que a) existe una
baja diversidad nucleotidica interespecifica, visible en el gran clado que contiene de manera
polifilética a las cuatro especies del complejo y que b) el grupo divergente de T.
chalicophila y Eurya acuminata represente un escenario de coalescencia profunda, en el
cual 7. chalicophila conserva tanto variantes plastidicas muy antiguas como variantes

compartidas o relacionadas con el resto de las especies del complejo.

En el caso de los marcadores nucleares, si bien los marcadores de copia Unica se
consideran una alternativa en cuanto a variabilidad y tiempos de coalescencia (Small et al.,
2004; Shaw et al., 2005, 2007), en este caso el marcador LEAFY mostré un tasa de
transferibilidad muy baja (pocos amplificados legibles) y, al corresponder a una region
codificante, presenté apenas un 1.22% de sitios variables lo cual es sumamente inferior al
reportado en Theaceae (30.63%) Zhang et al., 2014 y por lo tanto, insuficiente para

proporcionar informatividad filogenética. Adicionalmente, la escasa legibilidad de los
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electroferogramas de este marcador no debe descartar la existencia de duplicaciones o

multicopias.

La regién de ADN nuclear ribosomal /TS, que presentd la mayor variabilidad, asi
como grupos bien soportados (7. lineata + T. dentisepala y un grupo discreto de T.
impressa + T. chalicophila) ain muestra ausencia de monofilia reciproca total, limitando su
utilidad para delimitar especies con métodos filogenéticos. No obstante, su nivel de
variacion es adecuado para analizar la distribucion espacial de los linajes mediante técnicas
filogeograficas. Adicionalmente, la coincidencia entre la alta divergencia de algunos
individuos de T. chalicophila tanto con los datos nucleares como plastidicos sugieren la

presencia de especies cripticas (Bickford et al., 2007; Carstens y Satler, 2013).

Los andlisis filogeografico muestran que los valores globales de diferenciacion son
valores altos entre las especies, adicionalmente los indices calculados a partir de alelos
ordenados (Ns7) fue mucho mayor que el basado en alelos y no ordenados (Gsr), lo cual es
indicativo de estructura filogeogréfica. Es decir, la prevalencia de haplotipos no sigue un
patrén aleatorio sino que estd asociada con la relacién entre los mismos y su coexistencia

en el espacio geogréfico (Pons y Pétit, 1996).

De manera especifica, la baja diferenciacion entre 7. lineata y T. dentisepala, asi
como la presencia de haplotipos compartidos entre ambas, pero también de haplotipos
privados para la segunda sugieren conexiones histdricas que deben reevaluarse mediante
escenarios de flujo génico, es decir, mediante una aproximacién basada en genética de
poblaciones usando como hipétesis de trabajo la posicion de T. dentisepala como una

subpoblacion de T. lineata.
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A pesar de tener un bajo nimero muestral, 7. chalicophila muestra haplotipos
privados en posiciones muy distantes de la red, estos haplotipos representan fases, es decir,
alelos reconstruidos a partir de las secuencias heterdcigas de un solo individuo y constituye
la primera evidencia de que el pool genético de esta especie atravesd por un escenario
peripatrico temprano que aislaria haplotipos no cercanamente relacionados que actualmente
coexisten, a diferencia de los resultados filogenéticos en los cuales se podria interpretar
como cripticismo. El caso particular de 7. chalicophila requiere una aproximacion
historico-demogréfica que considere las variaciones de habitat de los bosques templados
durante el pasado (Ramirez-Barahona y Eguirate, 2013) asi como la evaluacién del papel
del flujo génico reciente (principalmente con 7. impressa) contra coalescencia profunda

mediante métodos como la computacion bayesiana aproximada (Beaumont et al., 2002).

La especie T. impressa, por su parte, mantiene los mayores niveles de estructura
filogeografica dados principalmente por la retencién de dos haplotipos en una distribucién
reducida lo cual permite diferenciarse del resto de las especies del complejo. Esta evidencia

es congruente con los tratamientos filogenéticos en los cuales se recuperaba el grupo de 7.

impressa.

El capitulo 3 versa sobre la distribucion de Ternstroemia tepezapote, especie que ha
sido considerada como altamente variable y con una distribucién muy amplia en el pais. Se
ha dicho que esta especie habita en diferentes tipos de vegetacion, tanto tropicales como
templados, desde el nivel del mar hasta los 3000 msnm (e.g., Standley, 1920-1926; Rose
and Collins, 1903-1905; Kobuski 1942, 1943; Luna-Vega et al. 2004). La delimitacién
taxondmica de esta especie ha sido ambigua y se debe a que se cree que la especie tiene una
variacion fenotipica muy grande y una alta tolerancia ambiental. En este estudio,
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encontramos que dentro del intervalo distribuciéon en México de T. tepezapote, existen
varios grupos principales que dependen de diferencias en la temperatura media anual y la
estacionalidad de la lluvia, asi como de otros factores como la estacionalidad de la

temperatura e isotermalidad.

En este estudio encontramos ocho entidades morfoldgicas diferentes (morfotipos) de
T. tepezapote basados en evidencias ambientales y morfoldgicas (ver clave taxondémica al
final). Para los fines de este manuscrito, se define a un morfotipo como el grupo de

organismos que comparte caracteres morfologicos y ambientales.

Las poblaciones tropicales localizadas en el norte de Veracruz, en las cercanias de
Chiconquiaco, son las unicas que encajan en la descripcion original de la especie (T.
tepezapote s.s.). Ademds de éste, encontramos cinco morfotipos templados y dos mads
tropicales. Podemos decir que existen diferencias contundentes entre los morfotipos

templados y tropicales.

Los cinco morfotipos templados son claramente diferentes en cuanto a la forma de
la hoja, fruto y en algunos casos en la flor (sépalos). Podemos decir que, en la mayoria de
los casos, estas diferencias se deben a su separacion en distancia geogréafica, ya que tres de
estos morfotipos son claramente alopétricos al resto. En el caso de los sistemas montafiosos
del norte de Chiapas, existen dos morfotipos morfolégicamente diferentes pero cercanos
geograficamente, pero que habitan en diferentes tipos de vegetacion y elevacién. Por lo
anterior, podemos decir que el que los morfotipos estén alejados unos de otros no es el

unico factor que explique su divergencia morfoldgica.
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En cuanto a los morfotipos tropicales, observamos que existe un sobrelapamiento en
el morfo-espacio de tres de los cuatro grupos propuestos originalmente, por lo que sélo
pudimos reconocer dos morfotipos tropicales. En este caso, el efecto del aislamiento no es
necesariamente obvio, ya que existen poblaciones localizadas en diferentes sitios que son
morfolégicamente similares. Pudimos reconocer tres entidades originales que habitan en

zonas geogrificamente cercanas sin que existieran barreras geogréficas evidentes.

Los andlisis de correlacion llevados a cabo mostraron que existe una correlacion
significativa de los eigenvectores del PCA con los gradients de precipitacion, por lo que
podemos asumir que algunos procesos adaptativos siguen ocurriendo en estas entidades, y
que la variacion registrada puede ser consistentemente explicada con gradientes de
precipitacion medioambiental o hasta con temperatura. Ademds, tenemos que considerar
que algunas caracteristicas cualitativas, como el caso de las venas de la hoja impresas en el
haz (permitiendo una una mayor superficie de exposicién para absorber nutrientes del
medioambiente) podrian ayudar a separar a las poblaciones de Uxpanapa (Veracruz) de las

demads poblaciones.

Ternstroemia tepezapote s.s.

Ternstroemia tepezapote fue descrita originalmente a partir de especimenes recolectados en
el norte de Veracruz a altitudes de 50-100 m. El grupo de poblaciones del norte de
Veracruz puede considerarse como representante morfoldgico y ecoldgico del tipo
nomenclatural de la especie. Las poblaciones del norte de Veracruz se caracterizan por
presentarse en sitios con una baja isotermalidad y una alta temperatura estacional, con

respecto al resto de las poblaciones de tierras bajas tropicales (Figura 6), por lo que estas
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poblaciones de tierras bajas son consideradas en nuestro estudio como 7. tepezapote s.s.

(Figura 7a).

Las diferencias morfoldgicas entre 7. tepezapote s.s. y el resto de las poblaciones
tropicales son: el tipo de margen de la hoja (crenado) y la impresién de la vena adaxial,
posiblemente para agrandar la superficie de exposicion de las hojas garantizando su
absorcién de agua y luz. La morfometria foliar separa claramente 7. fepezapote s.s. del
grupo templado, pero no del grupo tropical. Sin embargo, las hojas de T. tepezapote s.s. son
elipticas y mds delgadas que las hojas observadas en el resto de las poblaciones tropicales.
Ademais, los dngulos del dpice y la base de la ldmina son mds agudos en T. tepezapote s.s.
(60-80 °) que en el resto del grupo tropical (40-55 °). La separacion entre 7. tepezapote s.s.
y el grupo tropical no fue f4cil. No obstante, observamos diferencias entre 7. tepezapote s.s.
y las poblaciones que constituyen el grupo tropical, principalmente en cuanto al dpice del

fruto.

Caracteristicas de los morfotipos del grupo templado

Se pudieron identificar cuatro de los cinco grupos ambientales utilizando anélisis
morfologicos y morfométricos de hojas, flores (sépalos) y frutos (Figura 7b). Los
individuos del subgrupo 1.1 se encuentran en la Sierra Madre Oriental (1600-2000 m) y se
caracterizan por tener hojas elipticas y delgadas con un dpice agudo (50-70 °), venas poco
impresas y peciolos largos (> 7 mm). Las flores tienen sépalos ovoides con una longitud de
8-10 mm, 4pices agudos y pedicelos largos (> 40 mm). Los frutos tienen un dpice alargado
(6-10 mm de ancho) y muy agudo. Este subgrupo corresponde a las poblaciones descritas

como 7. huasteca B.M. Barthol. (Bartholomew 1988). El morfotipo pertenece a

142



especimenes de herbario mal identificados que fueron corregidos en los herbarios como 7.

huasteca.

Las poblaciones del subgrupo 1.2 se distribuyen a lo largo de la Sierra Norte de
Oaxaca (1400-2500 m) y sus miembros se caracterizan por tener hojas ligeramente
obovadas con &pices agudos (55-120 °) y peciolos cortos (4-6 mm) (Figura 7b). Estos
individuos tienen flores con sépalos semicirculares pequefios (5-8 mm), dpices obtusos y
pedicelos con una longitud de 20-35 mm. Los frutos son redondos y tienen un dpice corto
(12-15 mm de ancho). La morfologia de los individuos de este subgrupo se asemeja a la de
los individuos descritos como 7. hemsleyi Hochr. (Hochreutiner 1917), lo que sugiere la
existencia de una especie diferente que deberia validarse con estudios complementarios,

como los genéticos y moleculares.

Las poblaciones del subgrupo 1.3 habitan el ecotono entre los bosques humedos de
montafia y el bosque tropical perennifolio de Oaxaca y Chiapas, a una altitud de 500-1200
m (Figura 7b). Este subgrupo se caracteriza por tener hojas ampliamente obovadas con
apices obtusos (110-150 °), bases cuneadas, con venas imperceptibles y peciolos largos (6-
10 mm). Las flores tienen sépalos obovadas con dpices agudos (10-12 mm) y pedicelos
cortos (15-18 mm). Los frutos son obovadas, con dpices cortos, con una anchura de 15-22
mm. Los individuos de este subgrupo tienen una morfologia semejante a la de los
especimenes descritos como 7. oocarpa (Rose) Melch. (Melchior, 1935). La morfologia de
T. oocarpa también se asemeja, aunque parcialmente, a la de las poblaciones del subgrupo
1.4. Este subgrupo se distribuye en bosques himedos de montafia y bosques de Quercus de
la Sierra Madre de Chiapas (900-2000 m). Los miembros de este subgrupo se caracterizan

por tener hojas ligeramente obovadas (Figura 7b) con dpices agudos a obtusos (80-135 °),
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venas imperceptibles y peciolos largos (6-11 mm). Las flores tienen sépalos ampliamente
elipticos, alargados (7-11 mm), dpices obtusos y pedicelos cortos (10-18 mm). Los frutos

son piriformes con dpices alargados y agudos, con una anchura de 15-23 mm.

Finalmente, el subgrupo 1.5 se localiza en los bosques de Pinus-Quercus mixtos y
bosques himedos de montafia de las tierras altas de Chiapas, a una altitud de 1500-3000
msnm. Los miembros de este subgrupo tienen hojas obovadas, ligeramente espatuladas, con
apices agudos a obtusos (110-130 °) y peciolos largos (5-10 mm). Las flores tienen sépalos
circulares y grandes (12-25 mm), dpices obtusos y pedicelos con una longitud de 11-23
mm. Los frutos son redondos con un dpice ligeramente alargado y un ancho de 20-30 mm.
Los miembros que pertenecen a este subgrupo también pueden identificarse parcialmente

como T. oocarpa.

Caracteristicas de los morfotipos del grupo tropical

Los subgrupos tropicales tienen una menor diferenciacion morfoldgica, a diferencia de los
templados. Las poblaciones del subgrupo 3.1 se distribuyen en Chiconquiaco, Veracruz, a
una elevacion de 0-1200 msnm. Los andlisis morfolégicos y morfométricos muestran que
este subgrupo es diferente del resto de las poblaciones tropicales. Sin embargo, si
consideramos los rasgos foliares cualitativos, los individuos que habitan en altitudes de
menos 500 msnm y que tienen un margen crenado pertenecen a 7. tepezapote s.s., mientras
que los individuos ubicados a una altitud de 800-1200 msnm pertenecen al grupo templado.
Por lo anterior, los individuos de este subgrupo fueron los mds dificiles de diferenciar

utilizando analisis discriminantes.
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No se pudieron detectar diferencias morfolégicas o morfométricas evidentes entre
los subgrupos ambientales 3.2 y 3.3, que se localizan en todo el Planicie Costera del Golfo
y la regién Lacandona, respectivamente, a altitudes de 50 a 700 m. Estos dos subgrupos
ambientales forman un grupo morfoldgico Unico caracterizado por presentar hojas elipticas
con dpices agudos (50-70 °), con venas poco aparentes y mdargenes enteros. Las flores
tienen sépalos ampliamente elipticos, con una longitud de 5.8-9.5 mm, dpices agudos y
pedicelos con una longitud de 10-30 mm. Los frutos son piriformes y tienen dapices
alargados y agudos. La morfologia de los individuos de estos dos subgrupos corresponde a
la de los especimenes descritos como 7. seemannii Triana y Planch. (Triana y Planchon

1862).

Finalmente, el subgrupo 3.4 se localiza en la regién de Uxpanapa, Veracruz, a una
altitud cercana al nivel del mar. Este subgrupo estd compuesto por individuos con poca
diferenciacion foliar y diferencias minimas en la morfologia floral y del fruto con respecto
a los demds subgrupos. Las hojas son obovadas con un 4pice agudo (50-70 °), con venas
impresas conspicuas y margenes enteros. Los individuos de este subgrupo se asemejan un
tanto a los especimenes descritos como 7. seemannii, ubicados en diferentes localidades de

los subgrupos 3.2 y 3.3.
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Concluyendo podemos resumir que en el capitulo 1 analizamos la relacién entre las
variables medioambientales y la variacién en la morfologia foliar entre varias poblaciones
de T. lineata distribuidas en México y Guatemala. Pudimos observar que el efecto del clima
es diferente en las diferentes poblaciones, lo que ha causado que existan diferentes patrones
de diferenciacion geografica. Nuestros resultados muestran que existen morfologias foliares
convergentes entre los individuos de diferentes poblaciones, como una respuesta a factores
medioambientales similares mas que a proximidad geografica. Es importante que se
corroboren los patrones encontrados con andlisis de estructura genética entre las

poblaciones.

El haber llevado a cabo diferentes andlisis estadisticos multivariados y anélisis
geograficos de morfologia foliar permitié establecer patrones de variabilidad, que son un
paso fundamental para entender el proceso de diferenciacién de las poblaciones de las
entidades de este complejo de especies, resultados que pueden ser extrapolados a otras
especies relacionadas ambientalmente. No obstante, es importante incluir datos genéticos
con la variacion morfoldgica para entender mejor las barreras reproductivas y otros

Procesos.

En este estudio se resalta el papel clave que tiene el ambiente para moldear la
variaciéon morfoldgica en las diferentes poblaciones de un complejo de especies a nivel
local y regional. No obstante, consideramos que es necesario un estudio taxonémico formal
que englobe tanto los caracteres morfoldgicos de la hoja, flores y frutos, ademds de incluir
marcadores moleculares para evaluar el grado de diferenciacién entre las especies y

subespecies del complejo 7. lineata.
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Del capitulo 2 se concluye que el enfoque multiloci empleado, a pesar de integrar
evidencias de diferentes compartimientos gendmicos (nicleo, mitocondria y cloroplasto) no
es suficientemente informativo para concluir sobre los limites especificos del complejo. Por
otra parte, esta aproximacion evidencia la existencia de linajes comunes a varias especies

del complejo.

La aproximacion filogeogréfica, al emplear un mayor nimero de individuos permite
vislumbrar escenarios histéricos comunes entre 7. lineata y T. dentisepala, sin embargo, el
umbral que define a la segunda como subespecie de la primera necesita el empleo de otros
marcadores que proporcionen una mayor informatividad filogenética asi como la puesta a

prueba de escenarios demograficos explicitos.

La formaciéon de grupos soportados de 7. impressa y T. chalicophila con los
métodos tanto filogenéticos como filogeograficos evidencian su estatus de especies.
Adicionalmente, el método filogeografico permitié determinar que 7. chalicophila se
compone tanto de linajes muy divergentes entre si mas linajes comunes en el complejo y no

de especies cripticas.

Del capitulo 3 podemos concluir que a partir de nuestros resultados morfométricos y
ambientales, que sélo las poblaciones del norte de Veracruz (Tepetzintla, Chontla y
alrededores) que habitan en altitudes mds bajas, pertenecen a Ternstroemia tepezapote ss.
Las otras poblaciones de localidades templadas y tropicales que habitan en diferentes
lugares en el centro y el sur de México no coinciden con la especie tipo. Es necesario
renombrar a los miembros de estas poblaciones, por lo que es indispensable reconsiderar

algunas de las sinonimias propuestas anteriormente como entidades taxondmicas validas.
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Este es el caso de T. hemsleyi, T. oocarpa, y T. seemannii, entidades taxondémicas que se

agruparon en 7. tepezapote sl. (Ver clave taxonémica).

T. huasteca a veces se ha identificado erroneamente como 7. tepezapote, pero nunca
ha sido considerada como una sinonimia de esta dltima entidad. Las poblaciones templadas
son mds diferentes morfolégicamente entre si, mientras que las poblaciones tropicales
tienen una mayor plasticidad fenotipica y una menor diferenciaciéon morfoldgica.
Consideramos que las poblaciones tropicales son mds problemadticas taxondmicamente
porque su diferenciacion es menos evidente, por lo que es necesario realizar investigaciones

genéticas y filogeograficas.
Clave taxonémica

A continuacion se presenta una clave artificial para separar los diferentes grupos mexicanos
que resultaron del andlisis y que permite distinguir claramente a Ternstroemia tepezapote
sensu stricta del resto de las especies que en algin momento han sido identificadas como T.

tepezapote (Ternstroemia tepezapote sensu lacto).

1.Hojas elipticas a ligeramente obovadas, delgadas con dpice agudo
2.Peciolos cortos de 4 a 6 mm de largo............... Grupo 1.2 — Ternstroemia hemsleyi
2.Peciolos largos de mds de 7 mm de largo
3. Sépalos ovoides, pedicelos largos de mas de 40 mm de largo.... Grupo 1.1 -
Ternstroemia husteca
3. Sépalos ampliamente elipticos, pedicelos de 10 a 30 mm de largo...... Grupos (3.2
y 3.3)..... Ternstroemia seemannii en parte
1.Hojas obovadas a ampliamente obovadas, delgadas o gruesas, apice agudo u obtuso
2. Hojas obovadas, gruesas a delgadas

3. Hojas delgadas, venas impresas en el haz, habitan por debajo de los 100 m de
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altitud

4.Borde la hojaentero............................ Grupo 3.4 - Terntroemia seemannii
en parte

4.Borde de la hoja crenado ...................... Grupo 3.1 - Ternstroemia tepezapote
S.S.

3. Hojas gruesas, venas no impresas en el haz, habitan de los 900 a los 3000 m
4. Sépalos ampliamente elipticos, de 7 a 11 mm de largo........ Grupo 1.4 —
Ternstroemia oocarpa en parte
4. Sépalos circulares, de 12 a 25 mm de largo................ Grupo 1.5 —
Ternstroemia oocarpa en parte
2. Hojas ampliamente obovadas, siempre gruesas................ Grupo 1.3 —

Ternstroemia oocarpa en parte
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