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RESUMEN GENERAL

El género Quercus L. (encinos, robles) se caracteriza por tener una alta frecuencia de flujo
génico interespecifico, generando potencialmente procesos de hibridacion e introgresion (es
decir, incorporacion mediante hibridacion y retrocruzamiento de alelos de un hibrido F1 en
el acervo genético de una especie parental), siendo un proceso evolutivo clave para este
grupo. Particularmente, las zonas del centro-oeste y sur de México presentan una alta
diversidad de especies de encinos, coexistiendo en ciertas regiones geogréaficas desde dos
hasta siete especies de encinos: Estas regiones representan gradientes de diversidad de
encinos y zonas de alta actividad ecoldgica y evolutiva. Estudios previos han utilizado estos
gradientes de diversidad de especies de encinos para evaluar la estructura y diversidad
genética de especies focales de encinos, reportando una alta diversidad genética. Sin
embargo, poco se conoce de los efectos de esta variacion genética sobre la expresion y la
variacion fenotipica de las especies de encinos a nivel morfolégico, fisioldgico (i.e. defensa
quimica) o fenoldgico. Ademas, la diversidad de las comunidades de encinos puede
influenciar la estructura y composicion de los ensamblajes de artrépodos e insectos
fitéfagos asociados al dosel de estos. En este trabajo de tesis se determinaron los siguientes
objetivos: (i) los efectos de los cambios en la composicion y estructura de la comunidad de
encinos sobre la variacion genética y atributos funcionales foliares; (ii) los cambios en la
diversidad de artrépodos asociados al dosel de Q. laurina a lo largo de un gradiente de
diversidad de especies de encinos y (iii) los patrones de ataque y composicion de insectos
fitéfagos asociados al dosel de Q. laurina en el gradiente de diversidad de encinos. Dentro
del Eje Neovolcéanico Transversal de México, se seleccionaron cinco sitios de estudio, los
cuales representan un gradiente de diversidad de encinos y donde ocurre Q. laurina. Para

determinar los cambios en la estructura y diversidad genética de Q. laurina dentro del
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gradiente de diversidad de encinos, se utilizaron microsatélites de nucleo y cloroplasto. De
forma paralela, se cuantificaron siete atributos funcionales foliares para determinar la
variacion fenotipica de Q. laurina dentro del gradiente de diversidad de encinos y
determinar si esta variacion se debe a cambios en la estructura y diversidad genética de
Q.laurina a lo largo del gradiente de diversidad de encinos. Se encontraron bajos niveles de
diversidad genética de Q. laurina en el sitio de mayor riqueza de especies de encinos; lo
cual sugiere que no estan ocurriendo procesos de hibridacion e introgresion en este sitio. Es
posible que factores climéticos puedan ser las causas de la baja diversidad genética
detectada en Q. laurina debido a que estos pueden afectar potencialmente los patrones
fenoldgicos reproductivos. Por otra parte, se detectaron diferencias significativas en los
atributos funcionales foliares entre los sitios de estudio, teniendo mayor variacion en los
sitios de mayor riqueza de especies de encinos; asi como una asociacion significativa con
los factores climéticos, pero no con la estructura y diversidad genética de Q. laurina. Para
el segundo objetivo, se encontré una mayor abundancia y riqueza de artrépodos en los
sitios de mayor riqueza de especies de encinos rojos. Ademas, se encontraron diferencias
entre el ensamblaje de las comunidades de artropodos; teniendo los sitios de mayor riqueza
de especies de encinos una estructura y composicion de artrépodos del dosel totalmente
distinta a los sitios de menor riqueza de especies de encinos. Esto puede atribuirse al hecho
de las comunidades encinos representan una mayor disponibilidad de recursos y nichos para
ser colonizados por un mayor nimero de especies de artropodos (efectos bottom-up),
aumentando conforme hay mas especies de encinos. Este resultado concuerda con lo
propuesto por la “Hipdtesis de riqueza de especies de planta”, la cual plantea que
comunidades con mayor diversidad de especies de plantas representan zonas potenciales

para ser colonizadas por mas especies de insectos. Otra hipotesis que puede explicar estos
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resultados es "La hipétesis del enemigo natural™, la cual sugiere que la diversidad de
enemigos naturales, incrementa en comunidades con una gran diversidad de plantas debido
a la presencia de més presas potenciales y la disponibilidad de microambientes (efectos top-
down). Por ultimo, en el tercer objetivo, se encontrd una mayor abundancia y riqueza de
insectos fitofagos en los sitios de mayor riqueza de especies de encinos; asi como
diferencias en la composicion de la comunidad de insectos fitofagos entre los sitios de
estudios, donde el sitio de mayor riqueza de encinos presenta una comunidad de insectos
fitéfagos totalmente distinta al sitio de menor riqueza de encinos. Ademas, el gremio de los
insectos masticadores de hojas fue el que presenté una mayor abundancia en todos los sitios
de estudio; siendo particularmente méas abundante en los sitios de mayor riqueza de
especies de encinos (81.50%) en relacion con los sitios de menor riqueza de encinos
(47.63%); lo cual es consistente con la “Hipotesis de riqueza de especies de plantas”. En el
mismo sentido, los resultados indican mayores niveles de herbivoria y concentracion de
metabolitos secundarios asociados a defensa quimica, en los sitios de mayor riqueza de
encinos en comparacion con los sitios de menor riqueza. Esto es consistente con la idea de
que la diversidad de las comunidades de plantas es un factor clave que puede aumentar o
disminuir los porcentajes de herbivoria. Estos cambios en la comunidad de insectos
fitéfagos también pueden estar asociados a los cambios en la defensa quimica, asignando
mas recursos a la defensa quimica siendo la riqueza y abundancia de encinos un factor que

influye sobre los niveles de herbivoria y defensa quimica en las comunidades de encinos.

14



INTRODUCCION GENERAL

Los bosques templados mixtos se caracterizan por la ocurrencia de dos 0 mas
especies de arboles, los cuales presentan interacciones inter e intraespecificas entre ellas
(Bravo-Oviedo et al., 2014). Durante las ultimas décadas, se ha resaltado la importancia de
los bosques mixtos los cuales presentan niveles altos de productividad primaria (Chamagne
et al., 2016), mayor estabilidad frente a cambios ambientales y antropogénicos (Morin et al.
2014; Van der Plas et al., 2016; Jactel et al., 2017) y soportan una gran diversidad de
grupos de organismos (Tovar-Sanchez et al., 2013; Garcia-Guzman et al. 2017). Dentro de
los sistemas templados, el género Quercus (encinos) representa uno de los grupos de
plantas lefiosas con mayor grado de riqueza y abundancia en el hemisferio norte, con
alrededor de 500 especies en el mundo (Cavender-Bares, 2016); resaltando por una alta
frecuencia de hibridacion natural (Arnold 1997; 2006). Cuando dos especies pertenecientes
a la misma seccion de este género se encuentran en simpatria, con frecuencia ocurren
eventos de hibridacion (Tovar-Sanchez y Oyama 2004, Gonzélez-Rodriguez & Oyama
2005, Riodan et al., 2016), aunque presenten diferencias morfolégicas y fisiologicas muy
marcadas. Resultado de este proceso, es comun observar la ocurrencia de individuos
hibridos entre dos 0 méas especies cuando la fenologia de éstas se sobrepone en una misma
zona geogréfica (Curtu et al. 2007a, Hipp & Weber 2008). Por lo cual, la hibridacion se
puede definir como la reproduccién entre individuos de diferentes poblaciones de especies
que son distinguibles en al menos un caracter heredable (Arnold 1997; Soltis & Soltis
2009).

Como consecuencia de la hibridacién algunas poblaciones pueden presentar
fendmenos de introgresion (i. e. flujo de genes entre dos formas diferenciadas, como

producto repetido de eventos de hibridacion y retrocruzamiento) (Harrison & Larson,
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2014). Recientes estudios han encontrado que la hibridacién interespecifica puede influir de
forma considerable sobre la diversidad genética de las poblaciones involucradas (Arnold
2006), lo cual potencialmente puede dar lugar a la aparicion de nuevos caracteres
fenotipicos o atributos funcionales (i. e. biogquimicos, morfoldgicos, metabolitos de
defensa) (Rieseberg, Archer y Wayne, 1999; Violle 2007; Lavorel et al. 2007) teniendo
consecuencias en la adecuacion de las plantas (Caseys et al. 2015). Los atributos
funcionales se definen como caracteres observables o medibles (es decir, morfoldgicos,
fisiologicos y fenoldgicos) que influyen en el rendimiento o la aptitud de un organismo,
reflejando respuestas evolutivas a las condiciones ambientales. (Mclntyre et al. 1999;
Lavorel et al. 2007).

Por otra parte, se ha reportado que el dosel de los encinos soporta una gran
diversidad de artrépodos (Tovar- Sanchez and Oyama 2006a, Maldonado-L6pez et al.
2018). El habitat del dosel proporciona recursos alimenticios, refugio y sitios de
reproduccion, oviposicién y desarrollo para diversos gremios de artrépodos, como los
herbivoros (incluidos los grupos masticadores, chupadores, inductores de agallas y
minadores de hojas), depredadores, parasitoides y detritivoros, entre otros (Ulyshen, 2011;
Maldonado-L6pez et al. 2018); siendo lugares de una alta actividad ecoldgica. A escala
local, la diversidad de la comunidad de plantas es un factor determinante que incide en la
diversidad de artrépodos del dosel (Moreira et al. 2016). Por ejemplo, se ha registrado que
la diversidad de insectos herbivoros aumenta de comunidades con pocas especies de plantas
hasta comunidades de mayor diversidad de plantas (Cuevas-Reyes et al. 2004; Hertzog,
2017). Por lo cual, un incremento en la diversidad de recursos proporcionada por una alta
diversidad de herbivoros presentes en comunidades de plantas muy diversas aumenta la

diversidad de depredadores y otros niveles troficos y afecta la estructura comunitaria de
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artrépodos (Haddad et al. 2011; Moreira et al. 2016). En condiciones naturales, la calidad
nutricional de las plantas puede verse afectada por la diversidad de plantas circundantes,
influyendo en la biomasa, los atributos funcionales foliares (Kos et al., 2015) y en el
metabolismo secundario asociado a defensa vegetal (Moreira et al., 2014), afectando las
interacciones planta-insecto dentro de las comunidades de plantas. Por lo tanto, la
estructura de las comunidades de encinos también puede ser un factor clave que determine
la diversidad de artrépodos a lo largo de gradientes ecoldgicos (Haddad et al. 2011). El
presente estudio se enfoco en determinar los efectos de los cambios en la composicion y
estructura de la comunidad de encinos sobre la variacidn genética, atributos foliares
funcionales y la comunidad de artropodos del dosel de Quercus laurina; asi como evaluar si
algunos factores abidticos influyen sobre la variacién de atributos funcionales foliares y la
comunidad de artrépodos del dosel dentro de un gradiente de diversidad de especies de

encinos en México.

Sistema de estudio- En términos de nimero de especies y biomasa, el género
Quercus (Fagaceae) es uno de los componentes mas importantes de los bosques templados
para América del Norte (Cavender-Bares 2019). México es un importante centro de
diversificacion y endemismo de los encinos con alrededor de 170 especies, de las cuales
100 son endémicas (Valencia 2004; Hipp et al. 2020). Particularmente, las zonas del centro-
oeste y sur de México son muy ricas en especies de encinos pertenecientes a las secciones
Lobatae (encinos rojos) y Quercus (encinos blancos) (Torres-Miranda et al. 2013;
Rodriguez-Correa et al. 2015), donde pueden coexistir entre dos y seis especies a escala
local (McCauley et al. 2019). Estos gradientes de riqueza de especies de encinos se han

utilizado anteriormente para evaluar la estructura y diversidad genética de especies focales
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de encinos que se encuentran a lo largo de estos gradientes. (Valencia-Cuevas et al. 2015).
Sin embargo, el flujo de genes interespecifico en las comunidades de encinos es un
fendmeno complejo, que se ve afectado por diferentes factores, como las condiciones
ambientales locales (Lepais et al. 2009, Lagache et al. 2013), la ubicacion geogréfica de la
zona de hibridacion (Tovar-Sanchez and Oyama 2004), el establecimiento y sobrevivencia
de los hibridos, la estructura espacial de las especies de encinos (Salvini et al., 2009), la
proporcién de polen conespecifico y la densidad de individuos reproductivamente
disponibles (Lagache et al., 2013). Por lo tanto, estos gradientes de riqueza resultan ser
excelentes modelos para evaluar diferentes aspectos ecoldgicos, genéticos y funcionales de
las comunidades de especies de encinos. Sin embargo, poco se conoce sobre los efectos de
la hibridacidn entre especies de encinos sobre la expresién de los atributos funcionales
foliares. Por ejemplo, Himrane et al. (2004) realizaron un estudio en la especie con origen
hibrido Quercus subpyreneica (Q. faginea x Q. pubescens), en el que los hibridos
presentaron mayor area foliar y conductividad hidraulica especifica en comparacion con sus
progenitores; lo cual indica que estos atributos funcionales podrian tener un valor
adaptativo (Schwarzbach et al., 2001). Esto indica que ciertos atributos funcionales foliares
podrian verse afectados por los procesos de hibridacién presentes en los encinos.

Bajo este escenario de gradientes de diversidad de encinos, las comunidades de
artropodos asociados al dosel de encinos pueden verse afectadas; ocasionando cambios en
su estructura y composicion (Valencia-Cuevas et al. 2015; Maldonado-L6pez et al. 2018).
Dos posibles hipotesis que no son excluyentes entre si, pueden explicar estos cambios. La
primera se basa en la “Hipotesis de la riqueza de especies de plantas” (Fernades y
Price,1988), la cual propone que las comunidades con mayor diversidad de plantas

representan sitios potenciales para ser colonizados por un mayor nimero de especies de
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insectos fitofagos (“efectos bottom-up”) (Leroux y Loreau, 2015). La segunda se basa en
“La hipétesis del enemigo natural” (Root 1973), la cual propone que la diversidad de
depredadores y parasitoides (i.e enemigos naturales) aumenta en comunidades con una gran
diversidad de plantas ya que estas representan sitios con mas especies de presas y
microambientes potenciales (“efectos de top-down”) (Sobek et al. 2009).

En el mismo sentido, se ha reportado en la literatura que los arboles son
generalmente mas propensos a sufrir dafios por insectos fitéfagos cuando crecen en bosques
mono-especificos que cuando se asocian con otras especies de arboles (Castagneyrol et al.,
2014). Sin embargo, se ha reportado efectos neutrales de la diversidad de plantas sobre la
incidencia del dafio foliar causado por fitéfagos generalistas (Rosado-Sanchez et al., 2018)
e incluso un aumento en el dafio foliar a medida que aumenta la diversidad de arboles
(Schuldt et al., 2010). Por ejemplo, dos especies de plantas del mismo género tienden a
sustentar comunidades de insectos fit6fagos similares en comparacion con las que se
alimentan de especies de plantas de diferentes familias (Novotny et al., 2010). Por lo tanto,
la diversidad de plantas puede reducir o aumentar los niveles de herbivoria en las plantas
hospederas (Barbosa et al., 2009; Muiruri et al., 2019). Esto podria estar relacionado con
cambios en la calidad nutricional y defensa quimica de la planta hospedera como
consecuencia de los cambios de la composicion de la comunidad de plantas (Abbas et al.
2013). Esto puede ser el resultado de la competencia entre la planta focal y la comunidad de
plantas por la disponibilidad de recursos (e.g. luz, nutrientes del suelo, agua) (Kostenko et
al. 2017). Por lo tanto, en este estudio se analizaron los efectos de la diversidad de encinos
sobre aspectos genéticos y funcionales en una especie focal de encino (Quercus laurina)

que ocurre en un gradiente de diversidad de encinos; asi como la relacion entre la riqueza
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de especies de encinos y la diversidad de la comunidad de artropodos e insectos fitéfagos

asociados al dosel de Q. laurina.

Estructura y objetivos del estudio- La presente tesis esta conformada por tres
capitulos. El primer capitulo tiene como objetivos: i) determinar si existen cambios en la
diversidad genética poblacional de Q. laurina a lo largo de un gradiente de riqueza de
especies de encinos; y ii) evaluar si los cambios en la diversidad genética poblacional de Q.
laurina se correlacionan con variacion expresada en los atributos funcionales foliares.
Elegimos a Q. laurina porque tiene una amplia distribucién en México (Valencia 2004),
por lo que es factible encontrar comunidades con distinta diversidad de especies de encinos,
donde esta especie focal esta presente y es abundante. Nuestra hipétesis predice que un
aumento en el nimero de especies de encinos en la comunidad modificara los niveles de
diversidad genética como resultado de posibles eventos de flujo de génico, lo que resultara
en un aumento en la variacion de los atributos funcionales foliares en Q laurina.

En el segundo capitulo, evaluamos los cambios en la estructura y composicion de la
comunidad de artropodos del dosel asociados a Q. laurina a lo largo del gradiente de
riqueza de especies de encinos. Los objetivos para este capitulo fueron: i) Determinar si se
incrementa la diversidad de artropodos del dosel asociados a Q. laurina en las comunidades
con mayor diversidad de especies de encinos, y ii) Evaluar los cambios de la estructura 'y
composicion de los gremios de artropodos a lo largo del gradiente de riqueza de encinos

En el tercer capitulo se evaluaron los cambios en la estructura y composicion de
insectos fitéfagos asociados con el dosel de Q. laurina, asi como cambios en la defensa
quimica foliar y niveles de herbivoria a lo largo del gradiente de riqueza de encinos. Para

este capitulo los objetivos fueron: 1) Evaluar si el aumento en la diversidad de la
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comunidad de encinos resulta en un incremento de la diversidad de la comunidad de
insectos fitofagos asociados con el dosel de Q. laurina; y ii) Determinar si el incremento de
la comunidad de insectos fitdfagos genera mayores niveles de herbivoria, debido a una
mayor disponibilidad de recursos para los insectos fitéfagos y cambios en la concentracién

de compuestos quimicos secundarios en Q. laurina.
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Presentacion

El en primer capitulo de este trabajo de tesis fue: i) determinar si existen cambios en
la diversidad genética poblacional de Q. laurina a lo largo de un gradiente de riqueza de
especies de encinos; y ii) evaluar si los cambios en la diversidad genética poblacional de Q.
laurina se correlacionan con variacion expresada en los atributos funcionales foliares.
Nuestra hipotesis predice que un aumento en el nimero de especies de encinos en la
comunidad modificara los niveles de diversidad genética como resultado de posibles
eventos de flujo de génico, lo que resultara en un aumento en la variacion de los atributos
funcionales foliares en Q laurina. Se detectaron altos niveles de diversidad genética de Q.
laurina en los sitios de mayor diversidad de encinos de la misma seccion. Por otra parte, se
encontraron diferencias significativas en los atributos funcionales foliares de Q. laurina
entre los sitios de estudio, presentando mayor variacion en los sitios con mayor riqueza de
especies de encinos. Nuestros hallazgos concuerdan sugieren que un aumento en la
diversidad funcional de Q. laurina (e.g. area foliar especifica, area foliar y densidad foliar)

estd asociado con la riqueza de especies de encinos.
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Abstract

The ecological literature has documented the effects of plant hybridization on phenotypic variation, and dominant, inter-
mediate, or novel morphological, chemical and physiological traits in hybrids. It is important to understand the ecological
consequences of hybridization by evaluating their impact on phenotypic expression of functional traits. We evaluated the
relationship between genetic diversity of Quercus laurina and functional foliar traits along an oak diversity gradient. We
selected five study sites that represent an oak diversity gradient where Q. laurina is present. Using chloroplast and nuclear
microsatellites, we evaluated genetic diversity, measured functional foliar traits of Q. laurina in each site and assessed the
effects of local climate variables on the oak community and functional traits. We found a greater abundance of Q. laurina
in all study sites. We did not find a relationship between the number of accompanying red oak species and the population
genetic diversity in Q. laurina, but higher genetic diversity was found in all study sites in comparison with European oak
species. Sites with more oak species had more variation of foliar functional traits. Our results do not support the hypothesis
that predicts higher levels of genetic diversity of Q. laurina in communities with greater oak diversity from the same sec-
tion, but we demonstrated an increase in the foliar functional traits of Q. laurina associated with oak richness and climate
variables. We highlight the need to consider environmental and ecological variables linkages as regulatory mechanisms of
the phenotypic plasticity expressed in changes of some functional attributes of oaks.

Keywords Oak species richness - Genetic diversity - Functional plant traits - Q. laurina

Introduction

The natural hybridization and introgression are important
sources of evolutionary novelty in plant species, mainly
because the recombination among parental species genomes
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results in a wide array of new genotypes upon which natural
selection can act (Soltis and Soltis 2009). Several studies
have documented the effects of plant hybridization on phe-
notypic variation and dominant, intermediate, transgressive
or novel patterns of morphological, chemical and physi-
ological traits (Arnold 1997, 2006; Whitham et al. 2012;
Rieseberg et al. 1993, 1999). However, a critical aspect that
has not been frequently assessed formally is the effect of
plant hybridization and introgression (i.e. incorporation
via hybridization and backcrossing of alleles from one F1
hybrids into the gene pool of one parental specie) (Harrison
and Larson 2014) on the degree of functional trait variabil-
ity. These processes can be shaped by climate factors in dif-
ferent ways: (i) limiting genetic exchange by abiotic selec-
tion between plant species that come into contact through
environmental gradients (Gailing et al. 2012; Alberto et al.
2013; Riordan et al. 2016); (ii) favoring hybrid plants in
areas of the environmental gradient under particular cir-
cumstances (i.e. selective environment in favor of hybrids)
(Mallet 2005; Petit and Excoffier 2009) and (iii) promot-
ing genetic exchange between plant species due to the pres-
ence of a strong environmental gradient where the greatest
genetic exchange occurs in areas of intermediate climate,
while the least genetic exchange is present at the extremes
of the climatic gradient (Burge et al. 2019). In addition,
genetic exchange also may be restricted by the presence of
geographic or reproductive barriers, creating isolation by
geographic distance (Ortego et al. 2015). Functional traits
are defined as observable or measurable traits (i.e. morpho-
logical, physiological and phenological) that influence per-
formance or fitness, which reflect evolutionary responses
to environmental conditions (MclIntyre et al. 1999; Lavorel
et al. 2007). Therefore, it can be hypothesized that hybridi-
zation via the introgression should have an impact on both
the population genetic diversity and the degree of functional
trait variability of hybridizing populations (Cornelissen et al.
2003, 2004; Himrane 2002; Caseys et al. 2015). Addition-
ally, some studies have documented that climate variables
(i.e. temperature, precipitation) can modulate the responses
of foliar functional traits of the oaks (Ramirez-Valiente et al.
2009; Arenas-Navarro et al. 2020a,b). Therefore, some of
the relevant ecological and evolutionary consequences
of hybridization and introgression cannot be understood
without the evaluation of their impact on the phenotypic
expression of the functional traits at both the individual and
population level, which can be expressed as coefficients of
variation (i.e. degree and the dispersion pattern around the
mean) (Schwarzbach et al. 2001; Violle et al. 2007; Jung
etal. 2010).

The genus Quercus is characterized by a high frequency
of natural hybridization. When two species belonging
to the same section of this genus are sympatric, hybridi-
zation events may occur, even if they are very different

@ Springer

morphologically and physiologically (Tovar-Sanchez
and Oyama 2004; Gonzdlez-Rodriguez et al. 2004, 2005;
Gonzalez-Rodriguez and Oyama 2005, Aldrich and Cav-
ender-Bares 2011, Curtu et al. 2007a, b, ¢, Viscosi et al.
2012; Riodan et al. 2016). As a result of this process, it is
common to observe the occurrence of hybrid individuals
between two or more species when the flowering phenology
overlaps in the same geographic zone (Curtu et al. 2007a, b,
¢, Hipp and Weber 2008). However, interspecific gene flow
in oak communities is a complex phenomenon, which has
been reported to be affected by several factors such as local
environmental conditions (Williams and Ehleringer 2000,
Williams et al. 2001, Lepais et al. 2009, Lagache et al. 2013,
Valbuena-Carabana et al. 2007), geographical location of
the hybridization zone (Tovar-Sanchez and Oyama 2004),
the establishment of hybrid individuals and their survival,
the spatial structure of oak species (Salvini et al. 2009), the
proportion of conspecific pollen and the density of reproduc-
tively available individuals (Lagache et al. 2013).

Mexico is an important center of oak diversification and
endemism (Hipp et al. 2018) with about 170 species, of
which 100 are endemic (Valencia 2004; Hipp et al. 2020).
Particularly, zones of central-western and southern Mexico
are very rich in Lobatae (red oaks) and Quercus (white
oaks) sections (Torres-Miranda et al. 2013; Rodriguez-
Correa et al. 2015), where can co-occur between two and
six species at the local scale (Cavender-Bares et al. 2018;
McCauley et al. 2019). These species richness gradients in
oak communities have been previously used to assess genetic
diversity and structure in focal species that occur along the
gradient (Valencia-Cuevas et al. 2014) as well as hybridi-
zation patterns (Valencia-Cuevas et al. 2015). Therefore,
these richness gradients are excellent models to evaluate
different ecological, genetic and functional aspects of oak
species communities. However, the effects of hybridization
among oak species on functional traits and their effects on
the fitness of hybrids are not well known (Ehleringer and
Smedley 1989; Williams and Ehleringer 2000). For example,
in one of the few studies so far conducted, Himrane et al.
(2004) found that the hybrid species Quercus subpyreneica
(Q. faginea x Q. pubescens) presented greater leaf area and
specific hydraulic conductivity compared with their parent
species. Also, few studies have analyzed the relationship
between genetic variation and foliar functional trait vari-
ability in communities with different richness of oak species.

Previously, it has been reported that Q. laurina hybridizes
with several other Lobatae section species (red oaks) (Valen-
cia 1994; Gonzélez-Rodriguez et al. 2004, 2005; Gonzélez-
Rodriguez and Oyama 2005; Valencia-Cuevas et al. 2015;
Ramos-Ortiz et al. 2015). The aims of this study were: (1)
to determine if there are changes in the genetic population
diversity of Q. laurina along a gradient of oak species rich-
ness; and (2) evaluate if changes in the population genetic
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diversity of Q. laurina correlate with variations in functional
foliar attributes. Our hypothesis predicts that an increase in
the number of oak species in the community will modify the
levels of genetic diversity as a result of possible gene flow
events, which will result in an increase in the variability of
functional foliar traits in Q laurina.

Material and methods
Study system and sample collection

The genus Quercus has two main sections according to its
abundance and species richness, the Quercus (white oaks)
and Lobatae (red oaks) sections (Valencia 2004). Quercus
laurina Humboldt et Bonpland is a species of Mexican oak
that is grouped in the section Lobatae of the genus (Nixon
1993). It is a tree between 10 and 30 m in height with a
trunk diameter of 50 cm or more. Leaves are coriaceous,
lanceolate or elliptic-oblanceolate, with a green and lustrous
surface. The fruit is an ovoid acorn from 15 to 20 mm long
and 15 to 17 mm in diameter (Arizaga 2009). The species is
distributed at altitudes between 2440 and 3065 m in mixed
oak forest or in pine-oak forest along the Sierra Madre del
Sur and the Trans-Mexican Volcanic Belt (TMBYV) (Valencia
1994).

For this study, five sites with presence of Q. laurina but
with different richness of other oak species were selected
(Table 1). Collection sites were located in the central-west
portion of the TMBYV, in the states of Michoacan and Jalisco.
To describe the structure and richness of the oak communi-
ties, three independent transects of 100 x40 m were ran-
domly placed at each site, with at least 500 m of separa-
tion between each other. Within each transect, the species
identity of all oak trees with a diameter at breast height
(DBH)> 10 cm was determined and the number of individu-
als per species was counted. From these data, species rich-
ness of oaks (SR), species richness of the Lobatae section

Table 1 The diversity of the oak community per study site

(SRy), species richness of the Quercus section (SRy), the
Shannon diversity index (H), Shannon diversity index of
the Lobatae section (H’), Shannon diversity index of the
Quercus section (H’ ), density of all oak species individu-
als (Dg), density of individuals in the Lobatae section (D, )
and the density of individuals in the Quercus section (Dy)
were calculated. For the genetic and foliar functional traits
analyses, the number of individuals of Q. laurina sampled in
each study site was the following: Tequila Volcano (N =29),
Los Azufres (N=29), Indaparapeo (N=30), Carindapaz
(N=29) and Cerro Burro (N=29). Each individual sampled
was separated by at least 30 m from each other (Fig. 1). Of
each individual, 10-15 young intact leaves were collected
for genetic analysis and three branches exposed to the sun
with mature leaves fully extended for the quantification of
functional traits.

Genetic analysis

The leaves were placed on ice immediately since collec-
tion and afterwards stored in the laboratory at —80 °C. DNA
extraction was performed from 100 mg of leaf tissue using
the protocol of Lefort and Douglas (1999). To evaluate the
patterns of genetic diversity in the five sampled populations,
we used both nuclear and chloroplast DNA microsatellites
(nSSRs and cpSSRs, respectively). Seven nSSRs previously
characterized in Q. rubra (Aldrich et al. 2002) were chosen
on the basis of reproducibility and polymorphism assessed
in preliminary trials: quru-GA-OIO1, quru-GA-OMOS, quru-
GA-OMO7, quru-GA-IC08, quru-GA-2F05, quru-GA-2M04
and quru-GA-IF07) as well as three cpSSRs: cmcs6, cmes7
and udtl.All primers were multiplexed in single PCR reac-
tions using the QIAGEN Multiplex PCR kit (QIAGEN).
The final volume of each reaction was 5 L, containing 1
uL of Multiplex PCR Master Mix, 2 mM of each primer,
deionized water, and 20 ng of DNA. The thermal cycling
program was run on the Applied Biosystems thermal cycler.
The program consisted of one cycle at 95 °C for 15 min and

Study sites SR H’ SR, H; SRy, Hy Dy D; D, Altitude (masl) AP(mm) AMT(C) TWQ(°C) TCQ(°C)
Tequila Volcano 4 1.08 3 094 1 0 930 890 40 2734 849 12.4 139 11.6
Los Azufres 3 095 2 047 1 0 485 275 210 2875 1118 14.9 19.2 173
Indaparapeo 3 0.74 2 049 1 0 415 380 35 2710 717 17.9 12.7 103
Carindapaz 3 0.44 2 021 1 0 470 445 25 2343 1425 11.9 15.6 15.1
Cerro Burro 2 0.17 1 0 1 0 465 445 20 3084 1034 15.1 15:7 14.7

The total density of individuals is given in individuals per hectare (Ind/Ha)

Table shows species richness of oaks (SR), species richness of Lobatae section (SR, ), species richness of Quercus section (SRQ). the Shannon
diversity index (H), Shannon diversity index of the Lobatae section (H’| ), Shannon diversity index of the Quercus section (H’). density of all
oak species individuals (Ds), density of individuals in the Lobatae section (D) and the density of individuals in the Quercus section (D), alti-
tude, annual precipitation (AP), annual mean temperature (AMT), mean temperature of the warmest quarter and mean temperature of the coldest

quarter per site along the gradient of oak diversity
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Fig.1 Geographical distribution map of the study sites, which are
located in the states of Michoacéin and Jalisco in the central-western
part of the Trans-Mexican Volcanic Belt (TMBV). The Tequila Vol-

then 40 cycles, each with denaturation at 95 °C for 30 s,
annealing at 55 °C for 90 s, and extension at 72 °C for 60 s. A
final extension at 60 °C for 30 min was included. Multiplex
PCR products were diluted 1:1 in deionized water and run
in an ABI-PRISM 3100-Avant sequencer with the GeneS-
can-500 LIZ size standard included (Applied Biosystems).
DNA fragment final sizing was performed using Peak Scan-
ner software, version 1.0 (Applied Biosystems) (Sebastiani
et al. 2004; Deguilloux et al. 2003; Ramos-Ortiz et al. 2016).

Plant functional traits analysis

We analyzed the following plant functional traits: diam-
eter at breast height (DBH), chlorophyll content (Chl),
leaf area (LA), leaf dry weight (LDW), leaf thickness
(LT), specific leaf area (SLA) and leaf density (LD). The
diameter at breast height (DBH) was measured in the

Q Springer

cano site is represented by the pentagon, Carindapaz by the rhombus,
Indaparapeo by the triangle, Los azufres by the star and Cerro Burro
by the circle

field for each individual. The content of chlorophyll was
measured in three leaves per individual using a portable
chlorophyll meter SPAD 502 (Minolta). To determine leaf
area (cm?), leaf dry weight (g), leaf thickness (mm), spe-
cific leaf area (cm® g_') and leaf density (g cm™), we
collected three branches per individual and placed them
in botanical presses; then, we selected 30 complete leaves
without apparent damage by insect herbivores and they
were placed in an oven to dry. Dry weight was obtained by
weighing the leaves on an analytical balance. Leaf thick-
ness was obtained with a Vernier caliper. To measure the
leaf area, a digital analysis of the scanned leaves was per-
formed using the ImageJ program (Schneider et al. 2012).
The specific leaf area was obtained by dividing the leaf
area (cm?) between the dry weight (g), and the leaf density
was obtained by dividing the specific leaf area (cm® g~')
between the thickness (mm).
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Statistical analysis

We performed a generalized linear model (GLM) analysis
using a Poisson error distribution and a log link function
to determine the differences in the abundance of oak spe-
cies, as well the differences between the two oak sections in
the study sites along the gradient of species richness. The
study sites were used as the independent variable and the
total abundance of oaks and abundance per section as the
response variables (SAS, Stokes et al. 2000).

Multivariate analyses were used to evaluate the differ-
ences in the oak community composition between the five
study sites. The five communities of oak species were
ordered by non-metric multidimensional scaling (NMDS)
using an abundance similitude matrix and the Bray—Curtis
index as a distance metric. Later, a nonparametric permuta-
tion procedure (ANOSIM) was used to check whether oaks
species composition differed among the five study sites.
Again, the ANOSIM was based on a binary matrix of oak
species occurrence in each study site, using the Bray—Curtis
index as a distance metric and 5000 permutations (Hammer
etal. 2001). Pairwise ANOSIMs were performed between all
pairs of sites as a post hoc test. These analyses were devel-
oped using PAST software (Hammer et al. 2001).

The patterns of genetic diversity in the study sites were
assessed by estimating the mean number for the nSSR data
set of alleles per locus (N,), mean of the effective number
of alleles (V,), mean observed heterozygosity (Hg), mean
expected heterozygosity (Hg), mean fixation index (F), and
their respective standard errors with GenAlEx 6.5 (Peakall
and Smouse 2012). For the cpSSRs data set we calculated
the number of haplotypes in each population (A), the number
of private haplotypes (P), the effective number of haplotypes
(Npe)- the rarefacted haplotypic richness (R,), the haplotype
diversity (hg), and the mean genetic distance between indi-
viduals (D*2_sh) with the Haplotype Analysis program ver-
sion 1.05 (Eliades and Eliades 2009).

For the functional traits measured, the average and the
coefficient of variation (CV; defined as the ratio of the stand-
ard deviation to the mean) (Albert et al. 2011; Wellstein
et al. 2013) as a relative measure of phenotypic variability
were obtained for each population for all the functional traits
measured. The significant differences among populations for
each functional trait were evaluated through a one-way anal-
yses of variance (ANOVA), using average values of individ-
ual trees. A stepwise canonical discriminant analysis (CDA)
using individual tree averages for each functional trait was
performed to determine which functional traits had the high-
est variation among the five study sites. These analyses were
made with the JMP 9 program (SAS Institute 2005).

We also assessed the climatic variables that may potential
have an influence on the variability of functional characters
and on genetic variation. Climatic data were obtained for

each of the 19 bioclimatic variables available in WorldClim
(http://worldclim.org/version2) for each study site and sub-
sequently eliminated redundant variables on the basis of the
results of a paired correlation analysis. (The criterion was to
eliminate one variable from each pair with r>0.80 retain-
ing the more general variable.) The variables selected were
mean annual temperature (MAT), mean annual precipitation
(MAP), mean temperature of the warmest quarter (TWQ)
and mean temperature of the coldest quarter (TCQ).

We used Spearman’s correlation (rg) to determine if there
is a relationship between the richness and diversity of oak
species in the local communities, with the values of the CV
of the functional characters measured by population, the
measures of genetic diversity based on nSSRs and cpSSRs,
and the four selected climatic variables. These analyses were
made with the JMP 9 program (SAS Institute 2005).

Finally, to evaluate the effects of the oak community
on genetic variation, we conducted a redundancy analysis
(RDA) using the data matrix obtained from the oak commu-
nity of the five study sites and the data matrix of the genetic
variation of the five populations studied of Q. laurina. To
determine the effects of the genetic variation and climatic
variables on each foliar functional trait, we performed three
different redundancy analyses. The first was a full model
(FRDA model) that included the genetic variation matrix
of Q. laurina, the climatic variables of each study site and
the foliar functional traits of Q. laurina. The second RDA
model only included the matrix of the climatic variables
and the foliar functional traits of Q. laurina of the five study
sites. Finally, the third RDA model only included the data
matrices of the genetic variation and the foliar functional
traits of Q. laurina of all study sites. For all genetic variation
analyses performed, we first transformed the genotypes of
each single-locus into allelic variables assigning a score of
0, 0.5 and 1, depending on whether the individual presented
homozygous or heterozygous alleles at that locus (Westfall
and Conkle 1992). RDA is an ordering method multivari-
ate used to evaluate loci and predictors of genetic variables
simultaneously such as phenotype traits and environment
variables (Riordan et al. 2016).

Results
Composition of the oak community

Along the diversity gradient, five oaks species were found,
three belonging to the Lobatae section (Q. laurina, Q. cras-
sifolia and Q. calophylla) and 2 belonging to the section
Quercus (Q. obtusata and Q. rugosa). Significant differ-
ences were found in the abundance of oak species between
the study sites (x2=409.9, df=4, P=0.0001), as well as
between the oak sections (,(2= 358.3, df=1, P=0.0001).
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The study sites with lowest diversity levels of oaks were
Cerro Burro and Carindapaz, and the sites with the high-
est diversity levels were Indaparapeo, Los Azufres and the
Tequila Volcano (Table 1). The results of the similarity of
oak community showed that NMDS ordination explained
84% of the variance between sampling points (axis 1 =70%
and axis 2= 14%), where each point is a two-dimensional
representation of the composition of oak species based
on global NMDS. The composition of oak species var-
ied between the study sites (ANOSIM r=0.47, n=15,
P =0.0001) (Fig. 2). The results of post hoc pairwise ANO-
SIM tests showed differences in the oak species composition

Fig.2 Non-metric dimensional 0.2
scaling (NMDS) ordinations
illustrating similarity of oak
species composition between
the study sites along oak
diversity gradient. Each point is 0.0
a two-dimensional (axis 1 and

0.1

between all study sites. Particularly, Tequila Volcano and
Cerro Burro had totally different assemblages in comparison
with the other three study sites (P <0.05).

Genetic diversity of Q. laurina along the diversity
gradient of oak species

The seven nSSRs revealed high levels of genetic diversity for
Q. laurina in all study sites (Table 2). N, ranged from 10.42
to 12.42, with population Carindapaz showing the highest
value and Tequila the lowest (Table 2), and N, ranged from
5.87 to 8.07, with a similar pattern to N,,. High H, (ranging

axis 2) representation of oaks 2
species composition on global, E -0.1
non-metric multidimensional Z
scaling (NMDS)

0.2

-0.3

-0.4

0.5 0.4 2.3 -0.2 0.1 0.0 0.1 0.2 0.3
NDMS |
Table 2 Measures of genetic diversity based on SSRs
Study sites
(a) Nuclear SSRs
N, N, H, o F
Tequila Volcano 10.42 (0.36) 5.87 (0.69) 0.55 (0.07) 0.81(0.01) 0.32 (0.10)
Los Azufres 11.42(0.97) 6.32 (0.95) 0.51 (0.06) 0.81 (0.03) 0.36 (0.07)
Indaparapeo 10.57 (1.41) 6.07 (0.55) 0.60 (0.04) 0.82 (0.02) 0.27 (0.02)
Carindapaz 12.42 (1.25) 8.07 (1.15) 0.54 (0.07) 0.86 (0.01) 0.36 (0.08)
Cerro Burro 11.57 (241) 7.13 (1.70) 0.52 (0.07) 0.81 (0.03) 0.36 (0.07)
(b) Chloroplast SSRs
A P N_e R_h He D"2_sh

Tequila Volcano 1 0 1 0 0 0
Los Azufres 9 6 8 8 0.95 097
Indaparapeo 6 4 3.18 3.44 0.71 0.14
Carindapaz 2 1 1.55 1 0.38 0.51
Cerro Burro 3 1 1.21 1.14 0.18 0.14

Table shows (a): mean number of different alleles (N,), mean effective number of alleles (N,). observed heterozygosity (H,). expected heterozy-
gosity (Hy), fixation index (F): and chloroplast haplotype diversity (b): number of haplotypes (A), number of private haplotypes (P), effective
number of haplotypes (N_e); haplotypic richness (R_h), haplotype diversity (H_e), mean genetic distance between individuals (D*2_sh). Stand-

ard error in parenthesis
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from 0.51 to 0.60) and H; (ranging from 0.81 to 0.86) val-
ues were observed. Positive F values suggest a deficiency
of heterozygotes probably related to the presence of null
alleles previously observed in this species (Ramos-Ortiz
etal. 2015).

According to cpSSRs, we identified 15 different haplo-
types in all study sites. Of these, 9 haplotypes were detected
in Los Azufres, 6 in Indaparapeo, 3 in Cerro Burro, 2 in
Carindapaz and only one haplotype was identified in the
Tequila Volcano. Finally, only three haplotypes were shared
among the all study sites (Table 2).

Functional foliar traits along diversity gradient
of oaks

The ANOVA test showed significant differences in the
functional traits among the study sites (Table 3). The

functional traits that showed significant differences were
LA, LDW, SLA, LD and Chl (Table 3). In the five study
sites, the plant functional traits that showed higher CV
were LD, SLA, LDW and LA, while LT and Chl showed
lower variation (Table 4). Among the five populations,
the one from Tequila Volcano showed the higher CV for
LD (94.32%), SLA (64.05%), LDW (49.42%) and LT
(28.56%). The stepwise canonical discriminant analysis
indicated that the variable that contribute more impor-
tantly to differentiate populations was LD, followed by
LDW, SLA, LA, Chl and LT. The two first canonical
discriminant functions allowed highly significant dis-
crimination among populations (Wilks’ lambda=0.13;
P=0.0001) and explained 80.26% and 14.04% of the vari-
ation, respectively (Fig. 3). In particular, oak trees in the
Tequila Volcano were more associated with the values of

Table 3 Comparison of foliar functional traits between study sites according to ANOVA test. Equal letters represent equal means between popu-

lations
Response variables Tequila Volcano Los Azufres Indaparapeo Carindapaz Cerro Burro
(a) Mean+SE
Leaf area 1226 +0.41W 10.75+0.69 22.85+1.05® 13.04 £0.61 17.15+1.02©
Leaf dry weight 0.30+0.01 0.16+0.01Y 0.16+0.007® 0.29+0.09" 0.27+0.01€
Foliar thickness 0.60+0.01 0.41+0.01Y 0.43+0.05" 0.52+0.07% 0.61+0.07*
Specific leaf area 50.02+3.32% 73.24+1.75® 172.21 11379 70.99 +1.68® 66.43 +1.56*
Leaf density 142,72 +14.39™ 185.95+6.79% 545.12+5545® 173.33£941% 139.83 +£6.19
Chlorophyll Content 42.34+0.55" 40.27+£0.5748) 38.77+0.50® 40.54 £0.5448) 41.92 +£043™
Source Response variables F df P
(b) One-way ANOVA tests between-subjects effects
Sites Leaf area 36.1549 4 <0.0001*

Leaf dry weight 29.9014 4 <0.0001*

Leaf thickness 2.7642 4 <0.0303*

Specific leaf area 68.1107 4 <0.0001*

Leaf density 38.3666 4 <0.0001*

Chlorophyll Content 6.8227 4 <0.0001*

The units for each functional attribute are: leaf area (LA) (cm?), leaf dry weight (LDW) (mg), leaf thickness (LT) (mm), specific leaf area (SLA)
(cm? g™') and leaf density (LD) (g cm™), chlorophyll content (SPAD units)

Table 4 Coefficients of

e : Study sites LDW I LA SLA LD Chl DBH

variation (CV) of foliar

functional traits between study Tequila Volcano 49.42 28.57 3895 64.05 94.42 7.15 7536

Altes Los Azufres 4593 19.22 2.16 28.36 38.32 7.12 47.92
Indaparapeo 4657 18.47 4438 61.76 81.83 7.12 36.78
Carindapaz 41.07 24.85 37.87 36.21 72.16 7.20 70.18
Cerro Burro 45383 26.20 4332 29.78 40.91 5.45 53.69

Values are given in percentages.

The abbreviations for each trait are the following: LA leaf area, LDW leaf dry weight, LT leaf thickness,
SLA specific leaf area, LD leaf density, chlorophyll content (SPAD units) and diameter at breast height

(DBH) (cm)
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Fig.3 Canonical discrimi- 124
nant analysis (CDA) of the
functional traits of Q. laurina
between study sites along the 11
oak diversity gradient. Each

point is an individual two-

dimensional representation (axis 104
1 and axis 2) of the individuals
of Q. laurina present at each
study sites, where Tequila Vol-
cano is represented by crosses,
Los Azufres by asterisks, Inda-
parapeo by circles, Carindapaz
by gray dots and Cerro Burro by
diamonds

Canonical2

LD, while oak trees in Indaparapeo and Cerro Burro were
more associated with the values of SLA and LDW.

Correlations between genetic diversity, foliar
functional traits and the structure of the oak
community

We found significant relationships between the commu-
nity structure of oaks and the measures of genetic diver-
sity. Particularly, for the nSSR data set, Na and Ne showed
a significant negative correlation with H'L (rg=—0.90;
P =0.03, in both cases) and a positive correlation with DQ
(rg=0.90; P=0.03). For the cpSSRs A,N_e, H_e, and R_h
showed a negative correlation with the density of oak indi-
viduals belonging to the Lobatae section (DL) (rg=—0.97;
P =0.004). For the CV of foliar functional traits and the oak
community structure, Spearman’s correlations showed sig-
nificant positive relationships between the CV of LDW and
H’L (rg=0.90; P=0.03) and a negative correlation between
the CV of LDW and DQ (rg=-0.90; P=0.03). The CV
of LDW was also negatively correlated with the measure-
ments of genetic diversity Na and Ne (r¢=—1.0; P=0.001).
Similarly, the CV of LT presented a negative correlation
with N_e and H_e (rg=—-0.90; P=0.03) (Table 5). On the
contrary, the CV of SLA and LD were positively correlated
with Hg, (r¢=0.90; P=0.03) (Table 5).

For the case of climatic variables, we observed posi-
tive correlations between the CV of LA with MAT, TWQ
and TCQ (rg=0.90; P=0.03). We only detected a negative

@ Springer
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Canonical 1

correlation between total density of oak individuals (DS)
and TCQ (rg=-0.90; P=0.03) (Table 5). The measures of
genetic diversity were not correlated with climatic variables.

Effects of oak community on genetic variation of Q.
laurina

According to the redundancy analysis, we did not find a sig-
nificant association between the oak community parameters
and the genetic variation of Q. laurina along the oak diver-
sity gradient (RDA; R®,;=2.6%, P=0.28).

Effects of genetic variation of Q. laurina and climate
variables on foliar functional traits

The full RDA model that included both climate variables
and the genetic variation showed a significant association
only between climatic variables and foliar functional traits
(RDA; Rzadj=75%. P =0.0001). Of the total climate vari-
ables analyzed (N=19), only four were significantly associ-
ated with all foliar functional traits (i.e. mean annual tem-
perature, mean annual precipitation, mean temperature of
the warmest quarter and mean temperature of the coldest
quarter). The second RDA model (only climate variables)
exhibited that the climate variables and foliar functional
traits had a significant association along oak diversity gradi-
ent (RDA; Rzadj=73%, P =0.0001). Particularly, the mean
annual precipitation (MAP) was significantly associated with
leaf thickness (LT) and leaf density (LD) in the Indaparapeo
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site. For Tequila Volcano, mean annual temperature (MAT)
and mean temperature of the warmest quarter (TWQ) were
significantly associated with leaf dry weight (LDW) and
chlorophyll content. Mean temperature of the coldest quar-
ter (TCQ) was significantly associated with specific leaf area
(SLA) and leaf area (LA) in Carindapaz, Cerro Burro and
Los Azufres (Fig. 4a). Finally, the third RDA model (only
the genetic diversity) did not detect a significant association
between the genetic diversity and foliar functional traits of

Fig.4 Redundancy analysis (A)
(RDA) of genetic diversity,

Q. laurina along oak diversity gradient (RDA; Rzadj =0.28%,
P=0.12) (Fig. 4b).

climatic variables on foliar
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Discussion

Relationship between the oak community structure
and the genetic diversity of Q. laurina

Oaks represent one of the groups of woody plants with the
highest degree of richness and abundance in the North-
ern Hemisphere (Cavender-Bares 2016). In our study, we
observed oak communities with species richness ranging
from two to four oak species coexisting at the stand level.
In terms of the number of species in the Lobatae section,
we observed the coexistence of Q. laurina with either one
or two other red oaks (Q. crassifolia and Q. calophylla). In
addition, in all study sites, the individual trees belonging
to the Lobatae section were dominant in relation to the
abundance of the individuals of section Quercus, except
in Los Azufres site, where a high number of individuals of
Q. rugosa were observed. In particular, Q. laurina was the
dominant species; representing on average 88% of the indi-
viduals present in the study sites. Occasional hybridization
between Q. laurina and Q. crassifolia has been previously
described (Valencia 1994). On the contrary, we are not
aware of reports of morphological indications of intro-
gression between Q. calophylla and the other two species.

We found high levels of genetic diversity for Q. laurina
in all study sites. The number of alleles per locus (¥,) and
the number of effectives alleles per locus (N,) ranged from
10.42 to 12.42 and from 5.87 to 8.07, respectively. These
values are similar and even higher than those reported by
Ramos-Ortiz et al. (2015) for a hybridization zone between
Q. laurina x Q. affinis. In the case of heterozygosity lev-
els, we found high H, (ranging from 0.51 to 0.60) and Hg
values (ranging from 0.81 to 0.86). Particularly, the Carin-
dapaz site was the one with the highest levels of genetic
diversity. In contrast, the site with the greatest richness
and abundance of oak species (Tequila Volcano) was the
site that presented the lowest levels of genetic diversity.
These results do not support our hypothesis that predicts
higher levels of genetic diversity of Q. laurina in sites
with greater occurrence of oak species from the same
section. This fact suggests that in the Tequila Volcano,
hybridization and introgression processes are not happen-
ing. It is possible that climate factors could be the causes
of the low genetic diversity detected in Q. laurina in the
Tequila Volcano due these factors can potentially affect
the reproductive phenological patterns generating interspe-
cific reproductive asynchrony (Zeng et al. 2011; Kim et al.
2018). For example, Soularue and Kremer (2014) found
that climatic variables directly affected the reproductive
phenological patterns in Quercus petrea along an altitu-
dinal gradient, causing a temporary asynchrony in flower
production, which in turn, reduced the genetic diversity.

An alternative explanation of this result is the fact that in
this study site, the relative abundance of each oak species
was very low in comparison with the abundance of Q.
laurina. Some studies have shown that the differences in
the local abundance or occurrence frequency of each oak
species and local environmental conditions may determine
hybridization rates between different taxa and even reduce
hybridization (Lepais et al. 2009).

In the case of the cpDNA, we identified in total 15 differ-
ent haplotypes and 12 private haplotypes. Only three hap-
lotypes were present in the five study sites. In the Azufres
site, two other red oak species occurred together with Q.
laurina, and we found higher haplotype diversity in this spe-
cies, with nine haplotypes in total and six private haplotypes.
In contrast, the population with less haplotypes was the
Tequila Volcano with only one, which was shared with other
populations. These results might be suggesting that cpDNA
haplotype diversity could be influenced by the number of
sympatric red oak species occurring with Q. laurina, since
it has been shown that the introgression of cpDNA occurs
frequently in oaks, even without any sign of introgression at
morphological or nuclear markers (Dumolin-Lapegue et al.
1999; Belahbib et al. 2001; Ramos-Ortiz et al. 2015).

Functional foliar traits and genetic diversity of Q.
laurina

The adjustment of functional foliar traits of plants allows
them to achieve greater reproductive success (Sandquist
and Ehleringer 1997; Violle, 2014). It has been docu-
mented that functional traits such as specific leaf area,
leaf thickness, stomatal density and pigment content, can
vary in space (Korner and Cochrane 1985; Reich et al.
1997, Filella and Penuelas 1999), and over time (Ehler-
inger 1982; Abrams et al. 1994; Wagner 2004) as result
of changes in environmental conditions (e.g. temperature,
precipitation, incidence of light and humidity, and genetic
factors (e.g. gene flow, hybridization and introgression
(Violle et al. 2007). In our study, we found significant
differences in functional traits among sites. The traits
that showed significant differences among the sites were
LA, LDW, SLA, LD and Chl. The coefficient of variation
(CV) of some of these functional foliar traits, such as SLA,
LD, LA, LT and LDW showed higher levels in sites with
more oak species richness. In particular, specific leaf area
(SLA), leaf area (LA) and leaf density (LD) are part of the
leaf economic spectrum (LES) traits associated with leaf
lifespan, resource acquisition, and nutrient use (Wright
et al. 2004; Reich, 2014). This agrees with some studies
that have shown that plant communities with high diversity
have a greater functional diversity or greater coefficients
of variation in some functional traits, which in turn, favors
the access of more resources for plants (i.e. nutrients,
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water, pollinators and symbiotic interactions) (Tilman
1999; Maherali and Klironomos 2007; Fornara and Til-
man 2008). Therefore, the differences between plants in
functional traits and/or the presence of higher coefficients
of variation represent the way in which they acquire, pro-
cess and invest their resources affecting the composition,
structure, diversity and functioning of ecosystems (Loreau
etal. 2001; Diaz et al. 2004). Our findings agree with this
idea and suggest that an increase in functional diversity
of Q. laurina (i.e. specific leaf area, leaf area and leaf
density) is associated with oak species richness.

For the case of climatic variables, we found that the var-
iation of leaf area had a significant relationship with TMA,
TWQ and TCQ. We only detected a negative relationship
between oak individuals’ density (DS) and the mean tem-
perature of coldest quarter (TCQ). This indicated that the
variation in temperature can be an important abiotic factor
that affects leaf area suggesting the presence of phenotypic
plasticity in Q. laurina. It has been proposed that brevi-
deciduous oaks such as Q. laurina are characterized by
having small leaves with low specific leaf area to avoid
water loss and increase the photoprotection against high
temperatures and reduce the drought stress in the sum-
mer months (Cavenderes-Bares et al. 2018). Our results
in accord with this idea because along of environmental
gradient, leaves of Q. laurina had a great variation associ-
ated with differences in temperature between study sites,
and in sites with higher temperature the individuals of Q.
laurina presented smaller leaves. Finally, the RDA analy-
sis showed a significant association of the foliar functional
traits with climatic variables along the oak diversity gradi-
ent. This is accord with Ramirez-Valiente et al. (2009) that
detected a relationship between foliar functional traits and
water availability and temperature among populations of
Quercus suber along a climatic gradient.

Our findings support the idea that the variation of foliar
functional traits of Q. laurina could be more related to
both environmental (i.e. temperature and precipitation)
and ecological factors (community structure of oak spe-
cies). Additionally, our results do not support the hypoth-
esis that predicts higher levels of genetic diversity of Q.
laurina in communities with greater occurrence of oak
species from the same section. This fact could be related to
the differences detected in the climate variables along the
oak diversity gradient that potentially reduce the genetic
exchange between oak species, being more evident in the
Tequila Volcano. We highlight the need to consider envi-
ronmental and ecological variables linkages as a regula-
tory mechanism of the phenotypic plasticity expressed
in changes of foliar functional attributes of oaks that can
affect individual tree performance and demographic traits
of populations.
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Presentacion

En este segundo capitulo, evaluamos los cambios en la estructura y composicion de
la comunidad de artrépodos del dosel asociados a Q. laurina a lo largo del gradiente de
riqueza de especies de encinos. Los objetivos para este capitulo fueron: i) Determinar si se
incrementa la diversidad de artropodos del dosel asociados a Q. laurina en las comunidades
con mayor diversidad de especies de encinos, y ii) Evaluar los cambios de la estructura y
composicion de los gremios de artropodos a lo largo del gradiente de riqueza de encinos.
Encontramos que los sitios con mayor diversidad de encinos presentaron la mayor riqueza,
abundancia, asi como diferencias en la composicion de la comunidad de artrépodos, en
comparacion con los sitios de menor diversidad de encinos. Los resultados de este estudio
son consistentes con la premisa de que, para los bosques templados, las comunidades de
arboles representan un elemento clave para dar forma a la estructura fisica ambiental; razén
por la que se ha sugerido que la diversidad de especies de arboles podria influir en un

aumento en la riqueza y abundancia de artrépodos del dosel.
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Abstract

Central-west and south of Mexico are particularly rich in oak species, coexisting from two to six species and generating
gradients of oak diversity that could potentially affect community structure of canopy arthropods. We evaluated changes in
canopy arthropod diversity of the Quercus laurina along a gradient of oak diversity in the central-west portion of the Trans-
Mexican Volcanic Belt. Five study sites that represent an oak diversity gradient and, where Q. laurina is also widespread
were selected. At each site, five mature trees of Q. laurina were randomly selected to collect canopy arthropods using fogging
techniques. We assessed the effects of local climate variables on the oak community and the canopy arthropod diversity.
We collected 7479 arthropods representing 1154 morphospecies grouped into 15 different orders. Differences in arthropod
diversity, abundance and guild composition between oak communities were detected. The general pattern showed a highest
richness and abundance of arthropods in Tequila volcano, which represented the site with the greatest diversity of oaks. A
significant positive relationship between arthropod abundance and oak species diversity was found. Arthropod guild com-
position differed along the gradient of oak diversity. Local environmental variables were related with oak community, but
did not explained canopy arthropod diversity. At the local scale, plant species richness is the main factor that determines
the canopy arthropod abundance and richness of Q. laurina, aftecting the structure and composition of arthropod guilds.
We highlight the importance of conserving oak species because they represent key elements of temperate forest that harbor
high arthropod diversity.

Implications forinsect conservation Our findings confirm that at the local scale, plant species richness is the main factor that
determines the arthropod diversity associated with the canopy of Quercus laurina, affecting trophic levels and the composi-
tion of arthropod guilds. Therefore, the oak species diversity in temperate forests is a key factor to harbor and preserving the
diversity of canopy arthropods in temperate ecosystems.

Keywords Biotic interactions - Canopy arthropods - Oak diversity - Bottom-up effects - Top-down effects

Introduction

Tree canopies perhaps maintain the largest portion of arthro-
pod diversity, which in total with terrestrial arthropods vary
from 5 to 12 million species (Stork et al. 2008; Hamilton
et al. 2013), of which 20 to 25% are canopy exclusive (Stork
2018). The canopy habitat provides food resources, shelter
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and sites for reproduction, oviposition and development
for diverse arthropod guilds, such as herbivores (including
chewing, sucking, gall-inducing and leat-mining groups),
predators, parasitoids and detritivores, among others (Uly-
shen 2011; Maldonado-Lopez et al. 2018).

Different factors could be associated with arthropod
diversity on tree canopies. Environmental factors such as
temperature, humidity, light incidence and wind speed, as
well as aspects of the structure and composition of plant
communities, including species richness, plant density and
age, have been proposed as drivers of canopy arthropod
diversity at different spatial scales (Tal et al. 2008; Ulyshen
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2011). Additionally, the physical structure of tree canopies,
comprising forest height, vertical foliage complexity and
the abundance of tree cavities and other structural aspects
that may enhance habitat heterogeneity, has been proposed
as one of the main factors that explain arthropod diversity
(Basset et al. 2003; Ulyshen 2011).

At the local scale, plant diversity is a determinant factor
that influences canopy arthropod diversity (Moreira et al.
2016). For example, the diversity of herbivorous insects
increases from communities with few plant species to more
diverse communities (Cuevas-Reyes et al. 2004; Ulyshen
et al. 2011; Hertzog 2017). This pattern is due to the fact that
a more diverse plant community represents a higher number
of resources and niches to be used and colonized by herbivo-
rous arthropod species (Cuevas-Reyes et al. 2004; Schmidl
et al. 2008). Similarly, a greater diversity of resources pro-
vided by a high herbivore diversity present in highly diverse
plant communities increases the diversity of predators and
other trophic levels, affecting the whole community struc-
ture of arthropods (Randlkofer et al. 2010; Haddad et al.
2011; Moreira et al. 2016;). Therefore, the structure of plant
communities can be a key factor that determines arthropod
diversity along ecological gradients (Haddad et al. 2011).

Two possible hypothesis that are not mutually exclusive
can explain these patterns. The first is based on “the natural
enemy hypothesis” (Root 1973) that proposes that the diver-
sity of predators and parasitoids (natural enemies) increases
in communities with a great diversity of plants because these
represent sites with more potential prey species and microen-
vironments, stressing the importance of “top-down effects”
(Wilby and Thomas 2002; Sobek et al. 2009). This hypothe-
sis implies an indirect mechanism in the interaction between
plants and herbivorous insects, according to which the pres-
ence of their natural enemies such as spiders, ants, wasps,
ground-beetles, etc., exerts a top-down control on herbivore
abundance (Pearce et al. 2003). For example, Sobek et al.
(2009) showed an increase in herbivorous insects and preda-
tor arthropod diversity as the diversity of trees increases in a
temperate forest. The second, called “the resource speciali-
zation hypothesis” (Novotny et al. 2002) predicts a greater
abundance of specialized arthropods in communities with
a greater diversity of plants, with herbivore insect diversity
being modulated by the diversity and quality of plants, thus
giving preponderance to bottom-up effects (Cook-Patton
etal. 2011; Leroux and Loreau 2015).

One of the most important components of temperate
forests in the Northern Hemisphere, both in terms of spe-
cies number and biomass, is the genus Quercus (Fagaceae)
(Cavender-Bares 2019). This genus represents a large and
ecologically diverse group of woody plants with temperate
origin (Hipp et al. 2020). Oaks are also known to support
a great diversity of organismal groups, such as ectomycor-
rhizal fungi (Garcia-Guzman et al. 2017), epiphytic plants
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(Maclean et al. 2017) and canopy arthropods (Tovar-Sanchez
and Oyama 2006a, b; Valencia 2015; Maldonado-Lépez
et al. 2018). Several areas in central-western and southern
Mexico are particularly rich in oak species, particularly of
the Lobatae (red oaks) and Quercus (white oaks) sections
(Torres-Miranda et al. 2013; Rodriguez-Correa et al. 2015),
where between two and up to six species can occur in sym-
patry at the local scale, with species of the two sections
often coexisting (Cavender-Bares et al., 2018; McCauley
et al. 2019). Thus, oak community diversity gradients are an
excellent model to evaluate the changes in canopy arthropod
diversity (Root 1973; Sobek et al. 2009). To our knowledge,
the existence of this relationship has not been tested in tree
canopies in temperate forests and neither along a gradient
of tree diversity. Therefore, in this study we evaluated the
changes in the structure and composition of canopy arthro-
pods associated to a focal species (Quercus laurina) along
a gradient of diversity along oak communities. We chose
Q. laurina because it has a wide distribution in Mexico
(Valencia 2004), making it feasible to find communities
with varying oak species diversity where this focal species
is present and abundant. The specific questions addressed
were: (i) Does canopy arthropod diversity associated to Q.
laurina increase in communities with a greater diversity of
oak species? and (ii) How do the structure and composi-
tion of arthropod guilds vary along the oak species diversity
gradient?

Materials and methods
Study species

Quercus laurina Humb et Bonpl belongs to the section
Lobatae (red oaks) of the genus Quercus and is endemic spe-
cies of oak for Mexico (Valencia 2004). It is a tree that grows
up to 30 m, has coriaceous, lanceolate or elliptic-oblanceo-
late leaves, with a green and lustrous surface; the fruit is an
ovoid acorn, with an average size of 15 to 20 mm long and
15 to 17 mm in diameter. It is distributed between 2440 and
3065 m.a.s.l. and occurs in mixed oak and pine-oak forests,
in the Sierra Madre del Sur and the Trans-Mexican Volcanic
Belt (TMBYV) (Valencia 1994).

Oak diversity gradient

Field work was performed in five sites in the central-west
portion of the Trans-Mexican Volcanic Belt in which the
diversity and composition of oak communities has been
previously analyzed (McCauley et al. 2019) and represent
an oak diversity gradient with the presence of Q. laurina
in all cases (Fig. 1). However, for this study, the oak com-
munities were described again because it was not possible
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Fig.1 Geographical distribution map of the study sites, which are
located in the states of Michoacdn and Jalisco, in the central-western
zone of the Trans-Mexican Volcanic Belt (TMBYV). The Tequila Vol-

to locate precisely the same transects previously analyzed.
Therefore, at each site we sampled three independent tran-
sects of 100x40 m with at least 500 m of separation from
each other. Within each transect, we recorded the number of
individuals with a diameter at breast height (DBH)>10cm
of each of the oak species present. From the summed data
of the three transects per site, we calculated the oak species
richness (OSR) Shannon diversity index (H’), as well as the
total density of oak individuals (TDOI; trees per hectare,
including all species), the density of individuals belonging
to the Lobatae section (DILS) and the density of individu-
als belonging to the Quercus section (DIQS). All sites were
almost pure oak stands (i.e. with oaks representing at least
90% of the trees), with moderate levels of anthropogenic
disturbance. None of the sites was within a natural protected
area.

cano site is represented by the square, Carindapaz by the triangle,
Indaparapeo by the circle, Los Azufres by the cross and Cerro Burro
by the rhombus

Canopy arthropod diversity

Sampling of canopy arthropods was performed at the end
of the rainy season (September) of 2014. At each site, five
mature medium-sized trees (DBH 30-40 cm) of Q. laurina
were randomly selected to collect canopy arthropods using
fogging techniques (Erwin and Geraci 2009). We chose
these size class of trees because larger trees are more dif-
ficult to sample with this technique. Fogging was applied in
all trees in the morning between 05:00 and 6:00 A.M. Each
tree was nebulized for a period of 10 min using a Swingfog
SN-50 Thermal Fogger to disperse a mix of synergized pyre-
thrins (30 g/1) and piperonyl butoxide (150 g/1). We placed 8
funnel-shaped trays of 1m? under the crown of each fogged
tree, and after 50 min, we performed the first arthropod col-
lection using ropes to shake the canopy (Marques et al. 2006;
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Barringer et al. 2019). After 2 h of the first collection, a sec-
ond collection was performed to collect further arthropods.
Arthropods were stored in 95% ethanol and transported to
the Agroecology Laboratory of Universidad Michoacana de
San Nicolas de Hidalgo (UMSNH) for taxonomic identifica-
tion. Arthropods were identified to family level with the aid
of one of the coauthors (ELB) a specialist taxonomist and
using specialized texts. Additionally, each arthropod indi-
vidual was assigned to a trophic guild (phytophages, preda-
tors, detritivores-saprophages, parasitoids, hematophages,
mycophages) (Triplehorn and Johnson 2005; Ubick et al.
2017). Arthropod abundance and species richness were esti-
mated using morphospecies criteria, which are recognized
as taxonomic units (Majer et al. 2000; Stiegel and Mantilla-
Contreras 2018).

Statistical analysis
Oak community composition

To determine the differences in the abundance of oak spe-
cies and abundance per oak taxonomic section (Lobatae vs
Quercus) between study sites along the diversity gradient,
we performed generalized linear models (GLM) analyses
respectively, using a Poisson error distribution and a log
link function. Study sites were used as the independent vari-
able and the total abundance of oaks and oak abundance per
taxonomic section were considered as the response variables
(SAS, Stokes et al. 2000).

Canopy arthropod composition

Canopy arthropod abundance and species richness were
compared between study sites using a GLM analysis with a
Poisson error distribution and a log link function. The study
sites were used as the independent variable and arthropod
abundance and species richness as the response variables.
Furthermore, we performed a logistic regression analysis
with the CATMOD procedure (SAS 2000) that is a general
procedure for modelling categorical data, to evaluate the dif-
ferences in the frequency of arthropod orders between study
sites. The frequency of arthropod orders was considered as
the response variable and study sites as independent vari-
able. Because the distribution of the dependent variable did
not follow a normal distribution, we used a Poisson distribu-
tion with a logarithmic link function (Stokes et al. 2000).

The Pielou-evenness index was used at the order level to
calculated arthropod diversity in each study site. This meas-
ure of equitability compares the observed Shannon—Wiener
index against the distribution of individuals between the
observed species which would maximize diversity (Magur-
ran 1988; Wan et al. 2014).
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The richness of the canopy arthropod families of each
study site was obtained by rarefaction curves using the
program EstimateS 9.1.0 (Colwell 2013). The scale of the
independent variable (X) was represented by the number
of estimated individuals of arthropods in the canopy. For
the application of the rarefaction method, a data set was
standardized and compared using the number of individuals
as the sampling effort (Gotelli and Colwell 2001). A 95%
confidence intervals (CI) were used in each rarefaction curve
to determine if the differences in richness between localities
was a result of true richness or due to abundance.

To determine the influence of the sites and the param-
eters of the oak community on the canopy arthropod diver-
sity, as well on the diversity of each guild, we perform
multiple GLMs analyses. In the first two GLMs analyses,
the response variables were the abundance and richness of
canopy arthropods, while the explanatory variables were the
study sites and the following parameters of the oak commu-
nity: (i) oak species richness (OSR), total density of all oak
species (TDOS), density of oaks Lobatae section (DOLS)
and density of oaks Quercus section (DOQS). For the GLMs
analyses of the diversity of arthropod guilds, the abundance
and richness of each guild (i.e. phytophagous, predators,
detritivorous-saprophagous and parasitoids) were consid-
ered as the response variables. The study sites and the same
parameters of the oak community used for the first GLMs
were considered as the explanatory variables. The myco-
phagous and hematophagous guilds were excluded from the
analyses because they presented a very low abundance and
richness in each study site. In addition, Shannon's diversity
index also was excluded from the models and did not show
significant effects on any of the GLMs performed. For all
GLMs a Poisson error distribution and a logarithmic link
function were used (Stokes et al. 2000).

A principal component analysis on correlations was car-
ried out on the parameters of oak community and the abun-
dance and richness of canopy arthropod at the five study
sites along the gradient. The purpose of this analysis was to
create a multidimensional representation of the parameters
of the oak community of the study sites and their probably
correlation with the abundance and richness of arthropods
along the gradient.

Multivariate analyses were used to evaluate differences
in arthropod composition between the five study sites. Thus,
the five communities of arthropods were ordered by non-
metric multidimensional scaling (NMDS) using an abun-
dance similitude matrix and the Bray—Curtis index as a
distance metric. Afterwards, a non-parametric permutation
procedure (ANOSIM) was used to check whether arthro-
pod species composition differed among the five study sites.
Again, the ANOSIM was based on a binary matrix arthropod
species occurrence in each study site, using the Bray—Curtis
index as a distance metric and 5000 permutations (Hammer
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etal. 2001). Pairwise ANOSIMs were performed between all
pairs of sites as a post-hoc test. These analyses were devel-
oped using PAST software (Hammer et al. 2001).

Relationships between local climate variables, oak
community and canopy arthropod diversity

We also assessed the effects of climate variables on the com-
position of the oak community and the canopy arthropod
community of Q. laurina between all study sites. Climatic
data were obtained for each of the 19 bioclimatic variables
available in WorldClim (http://worldclim.org/version2) for
each study site, and then, we eliminated redundant variables
on the basis of the results of a paired correlation analysis
(the criterion was to eliminate one variable from each pair
with R> 0.80 retaining the more general variable). The
variables selected were mean annual temperature (MAT),
mean annual precipitation (MAP), mean temperature of
the warmest quarter (TWQ) and mean temperature of the
coldest quarter (TCQ). Hence, we performed a canonical
correspondence analysis (CCA) to determine whether there
is any correlation between climate variables and the oak
community composition and the canopy arthropod commu-
nity in the study sites. CCA has proved a valuable tool for
exploring species-environment correlations (Jin et al. 2016).

[ Q. callyophyla

M Q. laurina

35.5%

Fig.2 Frequency of oak species present in the five study sites along
the oak diversity gradient. The frequency of oak species per site is
given in percentage and they appear from highest to lowest oak spe-

[ 0. crassifolia

For this analysis, we used the statistical package PAST 3.23
(Hammer et al. 2001).

Results
Composition of the oak community

In total, we found five oak species in the study sites, three
grouped in the Lobatae section (Q. laurina, Q. crassifo-
lia and Q. calophylla) and two in the Quercus section
(Q. obtusata and Q. rugosa). Quercus laurina was the
most abundant species at all sites, representing from 50%
of the individuals in the Tequila Volcano and to 95% in
Cerro Burro. The second most abundant species was Q.
rugosa which was present in four sites, while Q. calo-
phylla was found in three sites and finally Q. crassifolia
in two sites (Fig. 2). The Tequila Volcano presented the
highest oak species abundance and richness, followed by
Los Azufres, Indaparapeo, Carindapaz and Cerro Burro
(Table 1). The oak community with the highest density
(930 trees/ha considering all species) was also Tequila
Volcano, and then Los Azufres, Cerro Burro, Indaparapeo
and Carindapaz (Table 2). In all sites, species belonging

Q. obtusata Q. rugosa

cies richness, being: a Volcano Tequila, b Los Azufres, ¢ Indapara-
peo, d Carindapaz and e Cerro Burro
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to the Lobatae section were more abundant, ranging from
96% of the individuals (Tequila Volcano) to 75% (Los
Azufres) (Table 2).

We found significant differences in the abundance of
oaks species between the study sites (x>=409.9, df =4,
P =0.0001), as well as between the oak taxonomic sec-
tions (x>=358.3, df=1, P=0.0001) (Fig. 2).

Arthropod community along the oak diversity
gradient

We collected a total of 7479 arthropods associated to Q.
laurina in all study sites, distributed as follows: 3408 in
Tequila Volcano, 1393 in Los Azufres, 1120 in Indapara-
peo, 747 in Carindapaz and 811 in Cerro Burro. These
arthropods were separated into a total of 1154 morphos-
pecies (Online Appendix 1) which grouped in 15 orders
(Fig. 3). In general, the frequency of arthropod orders

Table 1 The community composition of oak species, geographical characteristics along the oak species diversity gradient

Study sites H’ TDOS DOLS DOQS Latitude Longitude MAT (°C) Altitude (masl) AP (mm)
Tequila Volcano 4 1.1 930 890 40 20.79 —103.84 124 2734 849
Los Azufres 3 0.9 435 325 110 19.79 —100.68 149 2875 1118
Indaparapeo 3 0.7 405 370 35 19.67 —100.85 17.9 2710 717
Carindapaz 3 0.4 370 345 25 19.69 —100.91 11.9 2343 1425
Cerro burro 2 0.2 415 395 20 19.44 —101.51 15.1 3084 1034

Oak species richness (OSR), Shannon diversity index (H?), total density of all oak species (TDOS), density of oaks Lobatae section (DOLS),
density of oaks Quercus section (DOQS), mean annual temperature (MAT), altitude and annual precipitation (AP). The total density of individu-

als is given in individuals per hectare (Ind/Ha)

Table 2 Composition and

R 3 Study sites Lobatae section Quercus section Total

density of oak species of each

taxonomic section present Q. laurina Q. callophyla Q. crassifolia Q. rugosa Q. obtusata

at each study site along the

diversity gradient. The density Tequila Volcano 465 330 95 0 40 930

of individuals is given in Los Azufres 275 50 0 110 0 435

individuals per hectare (Ind/Ha) Indaparapeo 345 25 0 35 0 405
Carindapaz 315 0 30 25 0 370
Cerro Burro 395 0 0 20 0 415
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Tequila Volcano Los Azufres
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Fig.3 Differences in the frequency of the arthropod orders associated to canopy of Q. laurina along the oak diversity gradient. Blattodea, Neu-
roptera Orthoptera and Pseudoscorpionida orders were present at a very low frequency only in a one particular study site
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was different between study sites (x2=35.1; d.f.=4;
P <0.0001) (Fig. 3). Per site, the number of arthropod
orders found varied between 12 (Tequila Volcano) and 9
(Carindapaz) (Fig. 3). The most abundant order (in terms
of number of individuals) at all study sites was Coleop-
tera, followed by Psocoptera and Hemiptera. Particularly,
Tequila Volcano, which was the site with higher oak spe-
cies richness had a higher frequency of the Coleoptera
(26.1%), Hymenoptera (14.7%) and Araneae (12.5%),
while the site with lowest richness of oaks (i.e. Cerro
Burro) had 30.6% of Coleoptera, 19.4% of Psocoptera and
(12.1%) of Hemiptera (Fig. 3).

Shannon’s diversity index values per site at the order level
were 2.14, 2.13, 2.11, 1.78 and 1.93 for Tequila Volcano,
Los Azufres, Indaparapeo, Carindapaz and Cerro Burro,
respectively. All study sites had low values of evenness in
the abundance of orders according to Pielou-evenness index,
which ranged from J=0.77 in Carindapaz to J=0.88 in
Tequila Volcano. The rarefaction analysis showed that the
richness of arthropod families was significantly higher in
the Volcano Tequila, followed of Indaparapeo, Los Azufres,
Cerro Burro and Carindapaz (Fig. 4).

Arthropod abundance (measured as the mean number of
individual arthropods per tree) associated to the canopy of
Q. laurina was significantly different along the oak diversity
gradient (X2= 274.1; d.f. =4, P<0.0001) (Fig. 5a). Trees
of Q. laurina in Tequila Volcano harbored higher arthropod
abundance (681.6+ 13.6) in comparison with trees of Los
Azufres (348 +5.24), Indaparapeo (224 + 18.5), Carindapaz
(149.4 +6.72) and Cerro Burro (162.2+19.32) (Fig. 4a).
Similarly, the mean richness of arthropod morphospecies
per tree was greater in the Tequila Volcano (65.6+7.62)
than in Los Azufres (53 +5.1) and Indaparapeo (51.2+9.67
SE) and lower in Carindapaz (28.2 +3.8) and Cerro Burro
(34.4+5.3) (x*=72.9; d.f.=4, P <0.0001) (Fig. 5b).

Fig.4 Rarefaction curves of
canopy arthropods of Q. laurina
for each of the sites along the
oak diversity gradient. The sites
were rarefied considering the
number of individuals observed
(white circles) to allow a valid
comparison of arthropod family
richness between the study sites

Number of arthopods families

O Tequila Volcano A\ Los Azufres

In total, we recorded six different guilds distributed as
follows, in terms of the total number of individual arthro-
pods in each guild: phytophages (55.5%), detritivores-sap-
rophages (16.5%), predators (14.5%), parasitoids (12.6%),
hematophages (0.5%), and microphages (0.5%). The rela-
tive abundance of these arthropod guilds also differed sig-
nificantly among the study sites. Phytophages represented
a higher proportion of the arthropod community at Tequila
Volcano (51.7%) and a lower proportion at Los Azufres
(37.3%), while the other sites showed intermediate values
(X2=269‘31? d.f.=4, P<0.0001) (Fig. 6a). In contrast,
predators were more abundant in Indaparapeo (26.7%) and
least abundant in the Tequila Volcano (11.1%), with inter-
mediate values in the other three sites (X2=5.51; df.=4,
P <0.018). In turn, parasitoids showed a higher relative
abundance in Los Azufres and Cerro Burro (around 19%),
while they were least abundant in Indaparapeo (6.9%). The
frequency of detritivores varied less across sites, being
between 18.7 and 21.6%.

In terms of the number of morphospecies, the higher pro-
portion corresponded to the phytophagous guild (37.6% of
the total), while 26.5, 17.9, 17.12, 1 and 0.4% of the mor-
phospecies corresponded to detritivorous-saprophagous,
predators, parasitoids, hematophagous and mycophagous,
respectively. The proportion of morphospecies belonging to
each guild also varied among sites. Phytophagous morphos-
pecies represented 44.9% of the total in Tequila Volcano,
while they represented 30.7% in Los Azufres, with inter-
mediate values in the other three sites (X2=435.69; df.=4,
P <0.0001). Significant differences were also observed
for predators (x*>=32.25; d.f. =4, P <0.018), parasitoids
(X2 =63.65;d.f.=4, P<0.0001) and detritivorous-sapropha-
gous (x2=63.65; d.f.=4, P<0.0001) (Fig. 6b).

The GLM models indicated that parameters of the oak
community and the study sites had significant effects on the

QO Indaparapeo X Carindapaz < Cerro Burro
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Fig.5 Diversity patterns of canopy arthropods species of Q. laurina
along the oak diversity gradient. a Differences in arthropod abun-
dance between study sites; b Comparison of arthropod richness. Dif-

canopy arthropod abundance and richness, as well on the
diversity of arthropod guilds associated to the canopy of Q.
laurina. The parameters of oak community OSR (F=2197;
d.f.=22; P<0.0001), TDOS (F=304.78; d.f.=21;
P <0.0001), DOLS (F=180.75; d.f.=20; P <0.0001),
DOQS (F=33.02; d.f.=19; P<0.0001) had significant
effects on the arthropod abundance and richness; as well
the study sites (F=31.05; d.f.=18; P <0.0001) (Table 3).
For the case of arthropod guilds, the phytophagous abun-
dance was affected only by three parameters of the oak
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Indaparapeo

Carindapaz Cerro Burro

ferent letters indicate statistically significant differences according to
LSMeans test (P <0.05)

community: OSR (F=182.43; d.f.=22; P<0.0001), TDOS
(F=734.16; d.f.=21; P<0.0001) and DOLS (F=227.53;
d.f.=20; P <0.0001). The phytophagous richness was influ-
enced for OSR (F=12.14; d.f. =22; P<0.0001), TDOS
(F=26.91; d.f.=21; P<0.0001) and DOQS (F=6.61;
d.f.=19; P<0.0001) (Table 3). The predator abundance
was significant influenced for two parameters of the oak
community: OSR (F=26.76; d.f.=22; P <0.0001) and
DOLS (F=43.37; d.f. =20; P <0.0001). We did not find
significant effects on the richness of predators (Table 3).
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Fig.6 Diversity patterns of arthropod guilds associated to canopies of Q. laurina. a Abundance of arthropod guilds, b species richness of arthro-
pod guilds. Common letters identify means that were not significantly different according to LSMeans test (P < 0.05)

We found a similar pattern for the abundance of detriti-
vores—saprophagous and parasitoids. The abundance of the
detritivores—saprophagous was significant affected by OSR
(F=64.45;d.f.=22; P<0.0001) and TDOS (F=118.75;
d.f.=20; P<0.0001). The parasitoids abundance was influ-
enced by OSR (F=349.66; d.f.=22; P <0.0001), TDOS
(F=256.44; d.f.=21; P<0.0001) and DOLS (F=19.45;
d.f.=20; P <0.0001) (Table 3).

In turn, the principal components analysis revealed that
the PC1 was positively correlated with parameters of the
oak community as OSR, TDOI, DILS and arthropods abun-
dance. The sites of Tequila Volcano and Indaparapeo were

high on PC1. PC2 was positively correlated with DIQS, H'
and the richness of arthropods. The site of Los Azufres was
high on PC2; and for the other sites we did not find a clear
correlation between the oak community and the abundance
and richness of arthropods (Fig. 7).

The results of the similarity of arthropod commu-
nity showed that NMDS ordination explained 62% of the
variance between sampling points (axis 1=52% and axis
2=10%), where each point is a two-dimensional representa-
tion of the composition of arthropod species in a single tree
based on global NMDS. The composition of arthropod spe-
cies associated to Q. laurina varied between the study sites
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Table 3 Results of the GLMs for the parameters of oak community tivorous-Saprophagous and parasitoids associated to the canopy of Q.
and study sites on the arthropod abundance, arthropod species rich- laurina along the oak diversity gradient
ness and abundance and richness of phytophagous, predators, detri-

Response variables Explanatory Deviance Residual DF Residual deviance F P
variables
Arthropod abundance OSR 2197.6 22 643.2 2197.6 <0.001
TDOS 304.7 21 338.4 304.7 <0.001
DOLS 180.7 20 157.7 180.8 <0.001
DOQS 33.0 19 124.7 33.0 <0.001
Sites 31.0 18 93.7 31.1 <0.001
Arthropod richness OSR 7.7 22 152.4 7.74 <0.001
TDOS 214 21 130.9 214 <0.001
DOLS 5.7 20 125.3 57 <0.001
DOQS 11.2 19 114.1 11.2 <0.001
Sites 232 18 90.9 232 <0.001
Phytophagous abundance OSR 182.4 22 2405.7 1824 <0.001
TDOS 734.2 21 1671.6 7342 <0.001
DOLS 2215 20 1444.0 2275 <0.001
DOQS 0.78 19 1443.2 0.82 0.3
Sites 178.4 18 1138.2 160.3 <0.001
Phytophagous richness OSR 12.1 22 79.6 12.1 <0.001
TDOS 26.9 21 527 269 <0.001
DOLS 21 20 50.5 2.18 0.13
DOQS 6.6 19 439 6.61 <0.001
Sites 435.7 18 63.9 4357 <0.001
Predators abundance OSR 26.8 22 2015 268 <0.001
TDOS 1.9 21 199.5 1.9 0.15
DOLS 433 20 156.2 433 <0.001
DOQS 3.6 19 152.6 3.6 0.05
Sites 25.7 18 1269 25.7 <0.001
Predators Richness OSR 0.97 2 458 0.93 0.32
TDOS 039 21 450 0.44 0.52
DOLS 32 20 422 32 0.07
DOQS 23 19 399 234 0.12
Sites 323 18 639 322 <0.001
Detritivorous-Saprophagous abundance OSR 64.7 2 221.7 64.6 <0.001
TDOS 118.8 21 102.9 118.8 <0.001
DOLS 29 20 100.1 29 0.09
DOQS 0.95 19 99.1 0.92 0.32
Sites 6.7 18 92.0 6.7 <0.001
Detritivorous-Saprophagous richness OSR 14 22 53.2 1.5 0.22
TDOS 0.002 21 532 0.002 0.98
DOLS 14 20 51.8 14 0.24
DOQS 2.6 19 49.1 2.6 0.10
Sites 11.7 18 37.40 1.7 <0.001
Parasitoids abundance OSR 349.8 22 377.6 349.9 <0.001
TDOS 256.4 21 121.2 256.4 <0.001
DOLS 19.4 20 101.7 19.5 <0.001
DOQS 0.44 19 101.3 0.44 0.50
Sites 14.6 18 86.7 145 <0.001
Parasitoids richness OSR 22 22 544 22 0.13
TDOS 4.8 21 49.6 4.8 0.02
DOLS 0.22 20 493 0.22 0.63
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Table 3 (continued)

Response variables Explanatory Deviance Residual DF Residual deviance F P
variables
DOQS 0.41 19 489 041 0.52
Sites 139 18 35.0 19.9 <0.001

The parameters of the oak community are: Oak species richness (OSR), total density of all oak species (TDOS), density of oaks Lobatae section

(DOLS) and density of oaks Quercus section (DOQS)

Fig.7 Principal component 4 —
analysis of the parameters of
the oak community and the
abundance (AA) and rich-
ness (AR) of arthropods in the
canopies of Q. laurina at the 5
five sites presents along the
oak’s diversity gradient. Vectors
show the strength and direction
of the relationship between the
parameters of the oak commu-
nity and axes. The parameters
of the oak community are: Oak
species richness (OSR), Shan-
non diversity index (H'), total
density of all oak individuals
(TDOI), density of individuals -2 -

Los Azufres

Carindapaz

Volcano Tequila

in the Lobatae section (DILS), poLs
density of individuals in the
Quercus section (DIQS) 3
-4
T T T T T T T T
-4 -3 -2 -1 0 1 2 3 4

0.04 -0.03 -0.02 -0.01 0.0 0.01 0.02 0.03
NMDS 1

Fig.8 Non-metric multidimensional scaling (NMDS) ordinations
illustrating similarity of arthropod taxonomic composition between
the study sites along the oak diversity gradient. Each point is a two-
dimensional (axis 1 and axis 2) representation of arthropod species
composition on an individual tree based on global, non-metric multi-
dimensional scaling (NMDS)

(ANOSIM r=0.52, n=25, P<0.001) (Fig. 8). The results of
post-hoc pairwise ANOSIM tests showed different compo-
sition of arthropod species between all study sites. Particu-
larly, Tequila Volcano and Cerro Burro had totally different

PC1 (72.2%)

assemblages in comparison with the other three study sites
(P <0.05). Moreover, the arthropod species composition of
Carindapaz also differed from Los Azufres (P <0.05).

Local climate variables, oak community and canopy
arthropod diversity

Canonical correspondence analyses (CCA) between climate
variables and the oak community composition along the oak
diversity gradient showed significant correlations in the Per-
mutation test of all canonical axes (Trace=0.22, P=0.004).
The first two axes explained 85.15% (axis 1 =65.41% and axis
2=19.74%) of the spatial variation of the oak community rela-
tive to climate variables, where MAP, TCQ and TWQ had
a strong correlation with the oak community composition.
Particularly, Tequila Volcano, Los Azufres and Indaparapeo
showed a greater correlation between climatic variables and
the composition of the oak community.

The results of the canonical correspondence analysis (CCA)
between the climate variables and arthropod community did
not show significant correlations in the Permutation test of all
canonical axes (Trace=0.1294, P=0.34). This indicates that
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the composition of the canopy arthropod community associ-
ated to Q. laurina was not influenced by local environmental
variables of each study site.

Discussion

Oaks represent one of the most diverse groups of woody
plants in the Northern Hemisphere, with Mexico being
a center of oak diversity and endemism (Cavender-Bares
2016). Our results agree with this idea, since at the local
scale, we detected a diversity gradient of four species,
ranging from localities with only two species to localities
with oak species coexisting. In terms of the number of spe-
cies of the Lobatae section, we observed the coexistence
of Q. laurina with up to two other species of red oaks,
such as Q. crassifolia and Q. calophylla. In general, we
found a greater abundance of oaks from the Lobatae sec-
tion, with Q. laurina being the dominant species with an
average 88% of the individuals present in the study sites.
In addition, we found correlations between climatic vari-
ables (MAP, TCQ and TWQ) and oak community compo-
sition in study sites with greater richness and abundance of
oaks. These results can be explained by the high climatic
variation present along the Sierra Madre del Sur and the
Trans-Mexican Volcanic Belt (Currie and Francis 2004).
Some environmental variables such as temperature, pre-
cipitation, habitat heterogeneity, and past climate change
have been proposed as the drivers of contemporary species
richness patterns of oaks (Hipp et al. 2019). Since Mexico
is a diversity center for the genus Quercus, the coexistence
among different species is expected, and particularly, the
co-occurrence of the two main sections seem to be the
norm rather than the exception (Rodriguez-Correa et al.
2015; Cavender-Bares et al. 2018; McCauley et al. 2019).

In total, we detected 1154 morphospecies of arthropods
grouped in 15 orders associated to the canopy of Q. lau-
rina. The abundance and richness of the arthropod com-
munity associated to Q. laurina was different along the
gradient of diversity of oak species. Trees of Q. laurina
that occurred in the site with highest oak species diversity
(i.e. Tequila volcano) had the highest richness and abun-
dance of arthropods. Additionally, the NMDS showed dif-
ferences in the composition of the arthropod community
along the oak diversity gradient, agreeing with the fact
that Tequila Volcano had a significantly different composi-
tion of the arthropod community compared with the other
study sites. Two hypotheses that are not mutually exclu-
sive can explain our results. “The plant species richness
hypothesis” (Fernandes and Price 1988) that proposes that
communities with greater plant diversity represent more
potential sites to be colonized by a greater number of
insect species (“bottom-up effects™) (Hertzog 2017). Some
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studies have shown that plant diversity is a factor that con-
tributes to the maintenance of herbivorous insect diversity
(Haddad et al. 2011). A meta-analysis, involving 52 inde-
pendent comparisons, confirmed that diversity of herbivo-
rous insects increases with a greater diversity of plants
(i.e. 18 correlations derived from galling herbivores and 34
from non-galling herbivores) (Aradjo 2013). In our case,
oak communities represent to arthropods a higher resource
and niches availability to be colonized by a greater number
of species (bottom-up forces: plants-herbivores), where
species richness of arthropods in the canopy of Q. laurina
increases as more oak species are available. Additionally,
it has been proposed that plant diversity is a key driver
for increasing herbivory by insects because heterospecific
neighbors can decrease a plant resistance (i.e. associative
resistance) or increase herbivory susceptibility (i.e. asso-
ciative susceptibility), increasing the likelihood of focal
plants being attacked by herbivorous insects. (Root 1973;
Tahvanainen and Root 1972; White and Whitham 2000).
This fact has been confirmed by meta-analyses suggest-
ing that associative resistance is the most common pattern
in forest ecosystems communities (Jactel & Brockerhoff
2007; Castagneyrol et al. 2014, 2017). In either of the two
ideas raised, our results support the “plant species richness
hypothesis” (Fernandes and Price 1988) where an increase
in the richness of oak species generates a greater diversity
of arthropods in the canopy of Q. laurina.

A second hypothesis “The natural enemy hypothesis”
(Root 1973) suggests that the diversity of natural enemies
(i.e. predators and parasitoids) increases in communities
with a great plant diversity because of the presence of more
potential prey and availability of microenvironments (“‘top-
down effects”) (Wilby and Thomas 2002; Sobek et al. 2009).
This hypothesis implies an indirect mechanism between
plants and herbivorous insects, where the presence of natu-
ral enemies exerts a top-down control on herbivore abun-
dance (Pearce et al. 2003). Therefore, a greater diversity
of resources provided by a high herbivore diversity present
in highly diverse oak community can increase the diver-
sity of predators (bottom-up forces: arthropod-arthropod)
affecting the community structure of arthropods (Randlkofer
et al. 2010; Haddad et al. 2011; Moreira et al. 2016; Hertzog
2017).

Another important result is the fact that trees of Q. lau-
rina growing in Tequila Volcano harbored higher abundance
and species richness of phytophages, predators and parasi-
toids. Similar results have been shown in other ecological
studies supporting the idea that communities with high plant
diversity can represent more availability of resources, niches
and microenvironments to be colonized by more arthro-
pod guilds (Sobek et al. 2009; Hertzog 2017). However,
the great diversity of predators and parasitoids registered
in the most diverse oak community also can suggests that
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natural enemies can be regulating arthropod diversity (top-
down forces). Some studies suggest that top-down forces in
communities increase with resource availability to primary
producers (Root 1973; Boyer et al. 2003). Therefore, we
propose that our results can be explained by a combination
of both factors, where bottom-up forces will set the stage
for top-down forces to act. For example, plant diversity can
increase the abundance of herbivores through greater avail-
ability and/or quality of food, niches, microenvironments
and shelter, which in turn will determine the abundance
and diversity of predators, affecting the predation pressure
(Forkner and Hunter 2000). The role of top-down and bot-
tom-up forces in terrestrial communities has been a subject
of debate in the ecological literature (Schmitz et al. 2000;
Halaj and Wise 2001). Particularly, in oak communities,
some studies have suggested bottom-up forces as the main
regulatory mechanism of the distribution and abundance of
herbivorous insects through leaf nutritional quality and phe-
nology (Feeny 1970; Schultz and Baldwin 1982; West 1985;
Faeth and Bultman 1986; Rossiter et al. 1988). However,
more recent studies suggest that bottom-up and top-down
forces interact together by molding and structuring arthro-
pod communities (Forkner and Hunter 2000; Castagneyrol
etal. 2014, 2017). For example, a meta-analysis including
172 studies showed that top-down forces were stronger than
bottom-up forces to control herbivorous insects, where,
chewing, sucking and gall-making herbivores were more
affected by top-down than bottom-up forces, and parasitoids
and predators had equally strong top-down effects on insect
herbivores (Vidal and Murphy 2018).

Additionally, the presence of geographic barriers such
as mountainous terrains that are characteristic of the Trans-
Mexican Volcanic Belt (TMBV), also could be affecting the
canopy arthropod community, limiting their distribution
and reducing the arthropod migration between localities
(Novotny and Weiblen 2005; Arriaga-Jiménez et al. 2018).
Furthermore, given that some arthropod groups exhibit high
levels of intraspecific aggregation as a result of oviposition
behavior, it is possible to expect a limited spatial dispersion
between communities (Caballero et al. 2011), mainly in the
Tequila volcano, which was the locality most separated from
the other study sites and with highest arthropod diversity.

Our results show significant differences in the composi-
tion of the arthropod community associated with the canopy
of Q. laurina along the gradient of diversity of oak spe-
cies. The sites with more diversity of oak species presented
higher levels of arthropod abundance and richness, thus a
greater presence of arthropod guilds (phytophages, preda-
tors, parasitoids) and a greater presence of adult arthropods
and nymphs. These results are consistent with the prem-
ise that for habitats in temperate forests, tree communities
are a key element for shaping the environmental physical
structure; reason that has been suggested that tree species

diversity could influence an increase in richness and abun-
dance of canopy arthropod (Lassau et al. 2005; Affeld 2008;
Moreira et al. 2016). This fact is consistent with the absence
of significant relationships between environmental variables
(i.e. temperature, precipitation) and the canopy arthropod
community in all study sites, suggesting that the differences
in the oak community structure between localities are the
main factor that is modulating the community of arthropods
associated to the canopy of Q. laurina along the oak diver-
sity gradient.

Finally, one little discussed factor in the ecological lit-
erature that potentially affect the insect abundance on a tree
is the problem associated with the assignment of arthropod
species to guilds (Stork 1987). It has been shown that the
incorrect assignment of the food guilds of only a few insect
species can result in important differences in the composi-
tion and diversity of the arthropod communities of the can-
opy (Stork 2018). For example, for many groups of canopy
insects, the larval and adult stages have the same feeding
habits. However, in some groups of hymenopterans, the lar-
vae act as parasites and the adults may feed on honey, nectar,
or not feed, which affects the estimates of insect diversity
patterns (Stork 1987).

In conclusion, our study showed changes in arthropod
diversity of the canopy of Q. laurina along an oak species
diversity gradient. We detected differences in arthropod
diversity, abundance and guild composition between oak
communities. The general pattern showed higher arthropod
diversity in Tequila volcano, which represented the site with
the greatest diversity of oaks. Our findings confirm that at
the local scale, plant species richness is the main factor that
determines the arthropod diversity associated to canopy of
Q. laurina, affecting trophic levels and the structure and
composition of arthropod guilds. Mexico is the main center
of richness, diversification and endemism of oaks in the
northern hemisphere. Thus, we highlight the importance of
conserving oak species because they represent key elements
of temperate forest that harbor high diversity of animals.
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Presentacion

El tercer capitulo comprende evaluar los cambios en la estructura y composicion de
insectos fitéfagos asociados con el dosel de Q. laurina, asi como cambios en la defensa
quimica foliar y niveles de herbivoria a lo largo del gradiente de riqueza de encinos. Para
este capitulo los objetivos fueron: 1) Evaluar si el aumento en la diversidad de la
comunidad de encinos resulta en un incremento de la diversidad de la comunidad de
insectos fitéfagos asociados con el dosel de Q. laurina; y ii) Determinar si el incremento de
la comunidad de insectos fitéfagos genera mayores niveles de herbivoria, debido a una
mayor disponibilidad de recursos para los insectos fitofagos y cambios en la concentracién
de compuestos quimicos secundarios en Q. laurina. Los resultados indican mayor
abundancia y riqueza de insectos fitofagos, mayor porcentaje de herbivoria por insectos
fitéfagos y las concentraciones mas altas de metabolitos asociados a defensa vegetal se
encontraron en los sitios con mayor diversidad de especies de encinos. En nuestro caso, las
comunidades de encino representan para los insectos fitéfagos una mayor disponibilidad de
recursos y nichos para ser localizados y colonizados por un mayor nimero de insectos

fitéfagos.
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Abstract

The role of tree diversity on the composition of the canopy insect herbivore community in
temperate forests has received little attention. Some areas in central-western and southern
Mexico are particularly rich in oak species, where between two and up to six species can
co-occur at the local level. We evaluated whether more diverse oak species communities
harbor a greater canopy insect herbivore diversity and produce higher rates of herbivory
through changes in foliar secondary metabolites on Quercus laurina along oak diversity
gradient. Five study sites that represent a gradient of oak diversity and, where Q. laurina is
also widespread were selected. Five mature Q. laurina trees were randomly selected per
site to collect canopy insect herbivores using fogging techniques. Foliar secondary
metabolites and herbivory were measured collecting leaves from different canopy strata.
We also assessed the effects of local climate variables on the canopy phytophagous
community of Q. laurina along oak diversity gradient. We found a total of 3,693 insect
herbivores associated to Q. laurina trees along the oak diversity gradient. The general
pattern showed higher insect herbivore diversity in Tequila volcano, which represented the
site with the greatest diversity of oaks. We also detected a increment of the herbivory levels
in more diverse oak communities, as well significant relationships between chemical
defense and the composition of the insect herbivore community, but not with environmental
variables. Our findings indicate that on a local scale, oak diversity is the main factor
determining the diversity of insect herbivores; as well the herbivory levels and foliar
chemical composition of Q. laurina trees. We highlight the importance of conservation of
oak communities, because they represent key elements of temperate forest that harbor high
diversity of phytophagous insects and drives the plant-insect interactions.

Key words: Phytophagous insect assemblages, oak richness, bottom-up effects, secondary
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Introduction

Mixed temperate forests are characterized by the co-occurrence of two or more tree species
that are immediate neighbours and maintain inter- and intraspecific interactions between
them (Bravo-Oviedo et al., 2014), resulting in an important source of ecological services
due to their high primary productivity (Chamagne et al., 2016; Jactel et al., 2018), stability
against environmental and anthropogenic changes (Morin et al., 2014; Van der Plas et al.,
2016) and resistance to abiotic (i.e. drought and fire) and biotic stressors (i.e. insect
herbivores and pathogens) (Jactel et al., 2017). Consequently, it has been suggested that
tree diversity is an important factor that confers resistance and resilience to forest in
relation to the incidence of insect herbivores (Bauhus et al., 2017). For example, mixed
species forests have low herbivoy levels by insects compared to monospecific forests,
according to a meta-analyses of planted and natural forests and biodiversity-ecosystem
functioning experiments (Jactel & Brockerhoff, 2007 Castagneyrol et al., 2014).
Additionally, it has been corroborated that trees are generally more prone to suffering
higher levels of damage by insect herbivores when grow in monospecific stands than when
are associated with other tree species (Vehvildinen et al., 2007; Castagneyrol et al., 2014;).
Conversely, other studies have shown neutral effects of plant diversity on the incidence of
generalist insect herbivores that cause foliar damage (Rosado-Sanchez et al., 2018) and
even an increase in foliar damage as tree diversity increases (Novotny et al., 2010) in the
case of host plant species of the same genus that tend to support similar insect herbivore
communities compared to insect communities that feed on host plant species of different
taxa (@degaard et al., 2005). Thus, plant diversity can reduce or increase the insect
herbivore diversity and the herbivory levels on their host plants (Barbosa et al., 2009;

Muiruri el al., 2019).
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In this way, the vegetation complexity and characteristics of neighboring plants can
greatly influence the interactions among insect herbivores and the focal host plant, affecting
host plant selection and plant suceptibility (Plath et al., 2012; Kostenko et al., 2017). This
fact is known as associative effects (Root 1973, Barbosa et al., 2009) which involve direct
and indirect interactions between nearby plants according of two distinct hypotheses: 1)
“The associational resistance hypothesis” (ARH) that proposes that the increase of plant
diversity generates heterespecific neighborhoods of plant species that can reduce the
damage by specialist insect herbivores on a particular plant species (Field et al., 2020). This
prediction is based in which a focal plant and its morphological, nutritional quality, and
chemical defense characteristics may experience associative resistance against insect
herbivores when growing in a neighborhood in close proximity to other plant species
(Coley & Barone, 1996; Plath et al., 2012), and ii) “The associated susceptibility
hypothesis” (ASH) that state that an increase in plant diversity increases the damage by
generalist insect herbivores due to a wider range of food resources availability to insects in
more diverse plant communities (Unsicker et al., 2008; Plath et al., 2011). Associative
susceptibility can also occur in the case when a focal plant is less preferred by insects
herbivores, but growing in close proximity and surrounded by a extremely preferred host
plants, which favors the incidence of generalist insect herbivores after depletion of the
preferred host plant (White & Whitham, 2000).

Under natural conditions, plant nutritional quality and chemical defenses may be
influenced by the diversity of the neighboring plant community as result of competition
between the host plant and its neighbours for the availability of resources (i.e. light, soil
nutrients, water) (Abbas et al., 2013; Kos et al., 2015; Moreira et al., 2014; Kostenko et al.

2017). For example, Mraja et al., (2011) documented that the catalpol concentrations (a
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iridoid glycoside associated to herbivory defense) increased as the plant species richness
was higher in the experimental grassland plots of Plantago lanceolata. Some theories
predict that the concentration of plant secondary metabolites can be influenced by the
diversity of the plant community. For example, “The growth-defense trade-off hypothesis”
(Coley et al., 1985; Endara & Coley, 2010; Eisenhauer et al., 2009), that states that plants
will allocate more resources for defense in more diverse plant communities, where a greater
plant diversity increases the competition for nutrients, water and light, reducing growth of
the focal plants and the levels of herbivore attack.

In the Northern Hemisphere, oak (Quercus spp.) forests host rich communities of
canopy arthropods compared to other kind of forests (Valencia-Cuevas et al., 2015;
Maldonado-Lopez et al., 2018). High arthropod diversity often results in a complex
community structure of herbivores, predators and parasites (Mitchell et al., 2019; Sierzega
& Eichholz, 2019). Mexico is an important center of oak diversification and endemism
(Hipp et al., 2018) with a total number of species close to 170 and 100 endemics (Valencia
2004; Hipp et al., 2018). Furthermore, a wide range of oak communities with different
species diversity and composition can be found (Torres-Miranda et al., 2013; Rodriguez-
Correa et al., 2015). Some areas in central-western and southern Mexico are particularly
rich in oak species, where between two and up to six species can co-occur at the local level.
These diversity gradients are an excellent model to evaluate different ecological aspects of
oak communities such as canopy arthropods composition. Our main objective was to
evaluate whether more diverse oak species communities harbor a greater canopy insect
herbivore diversity and produce higher rates of herbivory on the focal plant Quercus
laurina along the oak diversity gradient. The specific questions addressed were: 1) Does the

oak diversity gradient increase the diversity of the canopy insect herbivore community in

65

Page 8 of 61



Page 9 of 61

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

150

Entomologia Experimentalis et Applicata

0. laurina? 2) Are Q. laurina chemical defense compounds and herbivory levels affected
by oak diversity ? and 3) Is there a relationship between leaf chemical defense, herbivory

levels and the insect herbivore diversity of Q. laurina along oak diversity gradient?

Material and methods

Study system

Quercus laurina Humb et Bonpl is an endemic oak species from México which belongs to
the section Lobatae (red oaks) of the genus Quercus (Nixon, 1993). It is a tree with a height
between 10 and 30 m that occurs in mixed oak and pine forests in the Sierra Madre del Sur
and the Trans-Mexican Volcanic Belt (TMBV) (Valencia, 1994). The leaves are
coriaceous, lanceolate or elliptic-oblanceolate, with a green and lustrous surface and its
fruit is an ovoid acorn, with an average size of 15 to 20 mm long and 15 to 17 mm in
diameter (Arizaga 2009). Based on data from a previous study (Vaca-Sanchez et al., 2021),
we selected five study sites which represent a gradient of oak diversity and where Q.
laurina 1s present in all sites. The study sites are located in the central-western portion of
the Trans-Mexican Volcanic Belt: 1) Tequila Volcano, 2) Los Azuftres, 3) Indaparapeo, 4)
Carindapaz and 5) Cerro Burro (Table 1). A full characterization of oak community

composition is given in Supplementary Materials (Appendix 1).

Canopy insect herbivores sampling

Sampling of canopy insect herbivores was performed at the end of the rainy season
(September) of 2014. In each study site, five mature medium-sized trees (DBH 30-40 cm)
of Q. laurina were randomly selected to collect canopy phytophagous insects using fogging

techniques (Erwin & Geraci, 2009). We chose these size class of trees because larger trees

8
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are more difficult to sample with this technique. Fogging was applied in all trees during the
morning, between 05:00 and 6:00 A.M. Each tree was nebulized for a period of 10 minutes
using a Swingfog SN-50 Thermal Fogger to disperse a mix of synergized pyrethrins (30
g/1) and piperonyl butoxide (150 g/1). Under each tree canopy, we place 8 funnel-shaped
trays of 1m? each one under tree canopy, and after 50 minutes, we performed the first insect
collection (Barringer et al., 2019). The remaining insects were captured using ropes to
shake the canopy after 2 h from the first insect collection (Marques et al. 2006). The insect
herbivores collected were stored in 70% ethanol and transported to the Agroecology
Laboratory of Universidad Michoacana de San Nicolas de Hidalgo, for taxonomic
identification. Insect herbivores were separated and identified to the family level, and were
assigned to feeding group: (i) exophagous (i.e. leaf-chewing and sap-sucking) and
endophagous insects (i.e. leaf-miners and gall-inducing insects) (Triplehorn et al., 2005,
Ubick et al., 2017). Abundance and species richness was estimated using morphospecies
criteria (recognizable taxonomic units) (Majer et al., 2000; Stiegel & Mantilla-Contreras,

2018).

Foliar chemical analysis

For the quantification of the secondary metabolites, in the same adult trees of Q.
laurina selected to analyze the canopy insect herbivores, we collected 30 intact leaves and
immediately stored in liquid nitrogen. The chemical metabolites quantified were: total
soluble phenols, total flavonoids, proanthocyanidins and galotannines. The total content of
soluble phenolics was estimated using a modification of the Folin—Ciocalteau method
(Torres et al., 1987; Maldonado-Lopez et al., 2015 ). In the case of flavonoids, the samples

were extracted with 80% ethanol. 0.1 ml of supernatant was diluted in 0.9 ml 80% ethanol.
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A 0.5 ml aliquot was placed in a tube, and 0.3 ml NaNO, (1:20) were added. After 5 min, 3
ml AICL; (1:10) was added. Six min later, the solution was mixed and the absorbance was
measured at 510 nm (Zhuang et al., 1992; Maldonado-Ldpez et al., 2015). The content of
total flavonoids was calculated from a standard curve of quercitin.

For tannin quantification samples were extracted with 70 % aqueous acetone,
allowed to stand for 1 h at room temperature with continuous stirring and centrifuged for 10
min at 3000 rpm. The acetone extract was reduced to the aqueous phase, and then frozen
and lyophilized. 0.1 % ascorbic acid was used as conservative (Hagerman 1987;
Maldonado-Lopez et al., 2015). To quantify gallotannins, a modification of the method by
Inoue and Hagerman (1988) was used. One ml of the samples suspended in 0.2N H,SO4
were placed in a 2 ml tube and dissolved in 1 ml 1 M H,SO,. The samples were hydrolyzed
for 4h at 100°C. A 0.1 ml aliquot of the hydrolysate was mixed with 0.3 ml of 0.667 %
methanlicthodanine solution and 0.2 ml of 0.5 M KOH solution. After 2.5 min, the mixture
was diluted to 5 ml with distilled water. The absorbance at 520 nm was read. The rhodanine
assay was standardized with gallic acid) (Cuevas-Reyes et al., 2017). Soluble
proanthocyanidins (PAS) were measured using a modification of the method of Watterson
and Butler (1983). Samples were resuspended in 50 % methanol. 0.1 ml of extract and 0.6
ml of water were added to 6 ml 1-butanol/concentrated HCI (95:5, v/v). After mixing, the
tubes were placed in a bath for 50 min at 95 C. The absorbance at 555 nm was measured.
The standard curve was prepared with known concentrations of (+) catechin hydrate

(Maldonado-Lopez et al., 2015).

Herbivory measurements

To determine the herbivory levels by leaf-chewing insects, ten adult trees of Q. laurina
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were selected in each study site (five trees not previously sampled and the same five used
for the analysis of the canopy insect herbivores). We used a stratified sampling in the
canopy of the each tree , collecting three branches at each canopy stratum (lower, medium
and high). From each branch, 10 leaves were randomly selected (N= 30 leaves per
individual and N= 300 leaves per site). We took a digital image of each leaf to calculate the
total leaf area and the leaf area removed by insect herbivores using the program ImageJ
1.51;87 (https ://image j.nih.gov/ij/) (Aguilar-Peralta et al. 2020). The percentage of leaf
area removed by leaf-chewing insects was calculated for each leaf by (leaf area
consumed/total leaf area) * 100. Herbivory data was transformed as arc-sine square root to

meet normality (Cuevas-Reyes et al., 2018a).

Statistical analysis
Canopy insect herbivores composition analysis

Canopy insect herbivore abundance and species richness were compared between
study sites using a GLM analysis with a Poisson error distribution and a log link function.
The study sites were used as the independent variable and insect herbivore abundance and
species richness was considered as the response variables. Furthermore, to evaluate the
differences in the frequency of the insect herbivore orders between study sites, we
performed a logistic regression analysis using the CATMOD procedure (SAS 2008), that is
a general procedure for modelling categorical data. The frequency of insect herbivore
orders was considered as the response variable and the study sites as independent variable.
Because the distribution of the dependent variable data did not follow a normal distribution,
a Poisson distribution with a logarithmic link function was used (Stokes et al. 2000). A

Pielou-evenness index was used at the insect herbivore order level to estimate
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phytophagous diversity in each study site. This measure of equitability compares the
observed Shannon-Wiener index against the distribution of individuals between the
observed species which would maximize diversity (Wan et al., 2014).The richness of the
canopy insect herbivore families of each study site was obtained by rarefaction curves
using the program EstimateS 9.1.0 (Colwell 2013). The scale of the independent variable (X
axis) was represented by the number of estimated individuals of insect herbivores in the
canopy. For the application of the rarefaction method, a data set was standardized and
compared using the number of individuals as the sampling effort (Gotelli & Colwell, 2001).
A 95% confidence intervals (CI) were used in each rarefaction curve to determine if the
differences in richness between localities was a result of true richness or due to abundance.
A GLM analysis was applied to determine the differences in canopy insect
herbivore abundance and species richness between study sites for each trophic guilds
groups of phytophagous insects. A Poisson error distribution and a log link function were
used (Stokes et al., 2000). Multivariate analyses were used to evaluate differences in
phytophagous composition between the five study sites. Thus, the five communities of
phytophagous insects were ordered by non-metric multidimensional scaling (NMDS) using
an abundance similitude matrix and the Bray-Curtis index as a distance metric. After, a
non-parametric permutation procedure (ANOSIM) was used to check whether
phytophagous insect species composition differed among the five study sites. The
ANOSIM was based on a binary matrix insect species occurrence in each study site, using
the Bray-Curtis index as a distance metric and 5000 permutations (Hammer et al., 2001).

Pairwise ANOSIMs were performed between all pairs of sites as a post-hoc test.

Foliar secondary metabolites and herbivory levels analysis
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To analyze the differences in secondary metabolites concentration as well the
herbivory levels between study sites along the oak diversity gradient, we performed a one-
way analysis of variance (One-way ANOVA) respectively using the average values of each
tree. Study sites were considered as explanatory variable and the secondary metabolites
concentration was considered as the response variable. A LSMeans test was used for post-
comparison between study sites (SAS, Stokes et al. 2000). In adittion, a series of analyses
of covariance (ANCOVA tests) were performed to evaluate whether secondary compounds
covariate with the herbivory in all study sites (Maldonado-Lopez et al. 2014). In the model,
study sites were considered as explanatory variable, herbivory as response variable and
total phenols, flavonoids, PAS and gallotanins as covariates (JMP statistical software

version 15.1.0) (SAS Institute Inc., Cary, NC, USA).

Relationships between the oak community parameters and the insect herbivore community
Based on multiple regression models, we used ordinary least squares (OLS) between the
oak community parameters and the insect herbivore community to test the effects the oak
community (i.e. oak species richness, Shannon diversity index (H), total density of all oak
species, density of oaks Lobatae section and density of oaks Quercus section) over the
abundance and richness of insect herbivores, as well on the foliar secondary metabolites
along the oak diversity gradient. OLS is a commonly used analysis to minimize the
distances in the observed responses with those predicted in the linear approximations.

(Bystriakova et al., 2018).

Relationships between local climate variables, leaf secondary metabolites and the insect

herbivore community
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We assessed both the effects of local climate variables and the leaf secondary metabolites
on the canopy insect herbivore community associated to Q. laurina along oak diversity
gradient. First, a canonical correspondence analysis (CCA) was performed to determine
whether there is any correlation between the local climate variables and the canopy insect
herbivore community in each study site. The climatic data was obtained for each of the 19
bioclimatic variables available in WorldClim (http://worldclim.org/version2). The climatic
data was downloaded at a spatial resolution of 30 arc seconds from the WorldClim dataset
(Global Climate Data, http://www.worldclim.org/) (Hijmans, Cameron, Parra, Jones, &
Jarvis, 2005) for each study site. We eliminated the redundant variables on the basis of the
results of a paired correlation analysis (the criterion was to eliminate one variable from
each pair with R > 0.80 retaining the more general variable). The variables selected were
mean annual temperature (MAT), mean annual precipitation (MAP), mean temperature of
the warmest quarter (TWQ) and mean temperature of the coldest quarter (TCQ). Second, a
CCA was performed to determine the relationships between foliar secondary metabolites
and the insect herbivore community along the oak diversity gradient. For this, we used the
statistical package PAST 3.23 (Hammer et al, 2001). CCA has proved valuable tool for

exploring species-environment correlations (Jin et al., 2016).

Results
Insect herbivore community along the oak diversity gradient

We registered a total of 3,693 insect herbivores associated to Q. laurina individuals
growing along the oak diversity gradient distributed as follows: 1,909 in Tequila Volcano,
223 in Los Azufres, 544 in Indaparapeo, 488 in Carindapaz and 529 in Cerro Burro. All

insect herbivores were separated in 485 different morphospecies grouped in 7 orders
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(Figure 2) (For more details, see Appendix 1). Overall, the frequency of insect herbivore
orders was different between study sites (y? =928.38; d.f. =4; P < 0.0001). The most
frequent orders in all study sites was Coleoptera, followed by Hemiptera and Lepidoptera.
Particularly, Tequila Volcano, which was the site with higher oak species richness had a
higher frequency of the Coleoptera (58.87%), Lepidoptera (16.34%), Hymenoptera (
6.75%) and Thysanoptera (5.76 %), while the site with lowest richness of oaks (i.e. Cerro
Burro) had 36.95 % of Coleoptera, 8.55 % of Lepidoptera and (2.92%) of Hymenoptera
(Figure 1).

Shannon’s diversity index values per site at the order level were for Tequila
Volcano =2.41, Los Azufres = 2.19, Indaparapeo = 2.21, Carindapaz = 2.32 and Cerro
Burro =2.03. All study sites differed in the evenness of the abundance of orders according
to Pielou-evenness index, which ranged from J = 0.62 in Tequila Volcano to J = 0.93 in
Cerro Burro. The rarefaction analysis showed that the richness of the insect herbivore
families was significantly higher in the Volcano Tequila, followed by Indaparapeo, Cerro
Burro, Carindapaz and Los Azufres (Figure 2).

Insect herbivore abundance (measured as the mean number of insect herbivores per
tree) associated to the canopy of Q. laurina was different along the oak diversity gradient
(x?=799.03; d.f. =4, P < 0.0001). Trees of Q. laurina in the Tequila Volcano harbored
higher insect herbivore abundance (381.8 + 1.73) in comparison with trees growing in Los
Azufres (55.75 + 0.30), Indaparapeo (108.8 +0.63), Carindapaz (97.7 + 1.40) and Cerro
Burro (105.8 + 1.22). Similarly, the mean richness of morphospecies of insect herbivores
per tree was greater in the Tequila Volcano (60.8 + 2.62) than in Los Azufres (32 = 1.03)

and Indaparapeo (43.6+ 5.67 SE) and lower in Carindapaz (27.4 + 3.8) and Cerro Burro
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(29.2+1.3) (¥’ =104.5;df. =4, P<0.0001).

Overall, the insect herbivore guilds were represented as follows: leaf-chewing
(69.72 %), sap-sucking (14.02 %), gall-inducing (9.72 %) and leaf-miners (6.52 %) (For
more details, see Appendix 2). The abundance of insect herbivore guilds differed
significantly between the study sites (x° = 460.04; d.f. =4, P < 0.0001). Leaf-chewing
insects had the higher abundance along the oak diversity gradient in the Tequila Volcano
(311.2 +2.33) followed by Indaparapeo (85.8 + 0.89) while the lowest abundance was
detected in the site with less oak diversity (Los Azufres) (28.25+0.38). Gall-Inducing
insects were the second most abundant guild in Tequila Volcano (38.6 = 2.24). Contrary,
Cerro Burro had the higher abundance of the sap-sucking insects in comparison with the
other study sites (32 = 6.84; d.f. = 4, P < 0.018) (Figure 3a).

The proportion of morphospecies belonging to each insect herbivore guild also
varied among study sites. Leaf-chewing morphospecies represented 71.05% in the Tequila
Volcano, while they represented 33.57% in Carindapaz, with intermediate values in the
other three sites (x> = 102.78; d.f. = 4, P <0.0001). Significant differences were also
observed for leaf-miner insects (2= 8.95; d.f. =4, P <0.008), gall-inducing insects (%2 =
6.71; d.f. =4, P <0.0009) and sap-sucking insects (y° = 20.13; d.f. =4, P < 0.0001) (Figure
3b).

The results of the similarity of insect herbivores community showed that NMDS
ordination explained 90.5 % of the variance between sampling points (axis 1 =90 % and
axis 2= 0.5 %), where each point is a two-dimensional representation of the composition of
insect herbivore species in a single tree based on global NMDS. The composition of insect

herbivores associated to Q. laurina varied between the study sites (ANOSIM » = 0.28, n=
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24, P< 0.002) (Figure 4). The results of post-hoc pairwise ANOSIM tests showed different
composition of insect herbivore species between all study sites. Particularly, the Tequila
Volcano and Carindpaz had totally different assemblages in comparison with the other

three study sites (P < 0.05).

Chemical composition and foliar herbivory levels

We found statistically significant differences in the leaf secondary metabolites
concentration between individuals of Q. laurina along the oak diversity gradient: total
phenols concentration (F = 2.70; d.f = 4; P < 0.04), flavonoids (F = 5.17; d.f=4; P <
0.001; proanthocyanidins (PAS) (F = 3.50; d.f=4; P < 0.01) and gallotanins (¥ = 2.84; d.f
=4; P < 0.03) (Table 2). A general pattern was detected, Q. laurina trees growing in the
site with the greatest oak species richness (i.e. Tequila volcano) had higher total phenols
concentration, flavonoids, proanthocyanidins (PAS) and gallotanins concentration in
comparison with Q. laurina individuals occurring in sites with less oak diversity (see Table
2).

The One-way ANOVA test for herbivory showed that the amount of leaf area
consumed by leaf-chewing insects differed significantly between the five study sites (¥ =
3.71; d.f=4; P <0.01). Along the oak diversity gradient, Q. laurina trees growing in
theTequila volcano had higher herbivory levels in comparison to the other study sites
(Figure 5). Aditionally, a significant effects of gallotanins and PAS on herbivory levels
were detected (Table 3). Contrary, according to ANCOVA test, no significant effects of
total phenols and flavonoids on herbivory was found (Table 3).

Our results indicated that the abundance and species richness of insect herbivores

associated to the canopy of Q. laurina were significantly correlated to the oak community
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parameters. In particular, we found significant positive relationships between insect
herbivores abundance and the oak species richness (R°=0.32, F= 3.20, P< 0.03) and
Shannon diversity index (H’) (R?=0.38, F= 2.26, P<0.03), as well as with the total density
of oak individuals (R?=0.66, F= 5.37, P<0.001) and the density of oak individuals of the
Lobatae section (R? =0.65, F= 5.48, P<0.001) (Table 4). For the case of the insect
herbivore richness, we found a significant relationship with the Shannon diversity index (R’
=0.31, F=2.47, P<0.02) as well with the density of oak individuals of the Lobatae section
(R’=0.65, F=5.48, P<0.001) (Table 4).

Foliar secondary metabolites showed significant relationships with some oak
community parameters: 1) the total phenols concentration were negative related with the
oak species richness (R’=0.24, F=2.66, P< 0.01), the total density of oak individuals (R’
=0.28, F=2.94, P<0.001) as well with the density of oak individuals of the Lobatae section
(R’=0.44, F=3.54, P<0.001). Similarly, gallotanins concentration were positively related
with four oak community parameters, except the density of oaks of the Quercus section (see
Table 4). In contrast, a positive relationship was detected between proanthocyanidins and
the total density of oak individuals (R?=0.28, F=2.21, P<0.03).

Finally, the Canonical correspondence analyses (CCA) between foliar chemical
defense (i.e. secondary metabolites) and the insect herbivore community along the oak
diversity gradient showed significant correlations according to the Permutation test of all
canonical axes (Trace = 0.11, P= 0.01). The first two axes explained 89.84% (axis 1=
79.13% and axis 2= 10.71%) of the spatial variation of the insect herbivore community
relative to secondary metabolites, where total phenols, flavonoids, proanthocyanidins
(PAS) and gallotannis had a strong correlation with the insect herbivore composition.

Particularly, the insect herbivore community of the Tequila Volcano was more influenced
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by the flavonoids, proanthocyanidins (PAS) and gallotannis; being the leaf-chewing insects
the most influenced by the presence of these secondary metabolites(Figure 6a). Contrary,
the Canonical correspondence analysis (CCA) between local climatic variables and the
msect herbivore community along the oak diversity gradient did not show significant
correlations according to the Permutation test that included all canonical axes (Trace =
0.1494, P= 0.5). This result indicates that the composition of the phytophagous insect
community associated to Q. laurina was not influenced by local environmental variables

present in the studys sites, (Figure 6b).

Discussion

Plant diversity effects on chemical defense composition and its potential links with
insect herbivore community might be regulate plant-insect interactions along the plant
communities (Koricheva et al., 2017, Ebeling et al., 2019). Our study is one of the firsts to
analyze the effects of the oak diversity on both leaf chemical defenses and the assembling
of insect herbivore community. Overall, we found 485 different morphospecies of insect
herbivores grouped in 7 orders that were associated to the canopy of Q. laurina along oak
diversity gradient. Aditionally, we detected that insect herbivore species composition was
different along the oak diversity gradient, as well as a greater insect herbivore species
diversity on trees growing in sites with higher oak diversity such as the Volcano Tequila.
These results can be explained by “The plant species richness hypothesis” proposed by
Fernandes and Price (1988), that suggest that communities with greater plant diversity
represent potential resources and niches available to be colonized by a greater number of
insect herbivore species (“bottom-up effects”) (Ebeling et al.2018). Our results agree with

others studies at the local scale that have shown a positive relationship between plant
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species richness and herbivores insect richness (Novotny et al., 2002; Cuevas-Reyes et al.,
2004). Similarly, a greater diversity of insect herbivores present in highly diverse plant
communities can increase the higher trophic levels as predators, affecting the community
structure of arthropods (Haddad et al., 2011; Moreira et al., 2016; Randlkofer et al., 2018).
Therefore, plant diversity can be a key factor that determine the arthropod diversity along
diversity gradients (Knops et al., 1999; Haddad et al., 2011). We also found that the
abundance and richness of insect herbivores of the canopy of Q. laurina were significantly
correlated to some parameters of the oak community such as the abundance and the oak
species richness, Shannon diversity index, as well as with the total density of oaks and the
density of oak individuals of the Lobatae section. These results confirm the fact that the oak
communities with higher species richness represent to insect herbivores a higher resources
and niches availability to be colonized by a greater number of insects, where species
richness of insect herbivores of the canopy of Q. laurina increases as more oak species are
available. Our results accord with a meta-analysis involving 52 independent comparison
(i.e 18 correlations derived from gall-inducing insects and 34 from non-galling herbivores)
(Aratjo 2013), confirming that insect herbivore diversity increase as the diversity of plants
increases.

In the same way, our results showed that the herbivory levels by leaf-chewing
insects were higher in the Tequila volcano, that was the site with highest diversity of oak
species. This result can be explained by the higher abundance of leaf-chewing insects
registered in sites with highest oak diversity and that belonging to families of generalist
insects (i.e. Pyrallidae, Lymantridae, Geometridae, Arctiidae). This fact is consistent with
the idea that plant diversity is a key factor that may increase the plant susceptibility to

insect herbivore attack according to the associative susceptibility hypothesis (ASH) (Brown
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and Ewel 1987; Barbosa et al. 2009) that propose an increase in plant diversity increases
the damage by generalist insect herbivores due to a wider range of food resources
availability to insects in more diverse plant communities (Unsicker et al., 2008; Plath et al.,
2011). An alternative explanation is that Q. laurina trees were less preferred by this
generalist insect herbivores, but growing in close proximity and surrounded by a extremely
preferred host plants (other oak species), which favors the incidence of generalist insect
herbivores after depletion of the preferred host plant (Unsicker et al., 2008; Karban et al.,
2010; Castagneyrol et al., 2014; Welti et al., 2017). For example, Castagneyrol et al. (2014)
found that phylogenetic distance between the focal plant and alternative host plant species
that occur in the same neighborhood is a important factor that determinate de percentages
of foliar damage caused by generalist insect herbivores, where more related host plants are
more likely to share functional traits involved in host recognition and exploitation by
insects (Gomez et al., 2010; Wiens et al., 2010) and therefore, are more prone to share the
same herbivores (@degaard et al., 2005; Weiblen et al., 2006).

In the other hand, it has been also proposed that the changes in foliar chemical
composition affects the insect herbivore community to be the direct link between plants and
insect herbivores (Zunjarrao et al., 2019). In our study, the foliar secondary metabolites
concentration varied along the oak diversity gradient, where Q. laurina trees growing in
sites with the highest diversity of oaks (i.e. Tequila Volcano and Los Azufres) had higher
concentration of total phenols, flavonoids, PAS and gallotannins in comparison with less
diverse oak sites such as Cerro Burro and Carindapaz. Aditionally, we detected three
significant relationships between the oak community parameters and foliar secondary
metabolites: proanthocyanidins and gallotanins concentration showed a positive

relationship with the oak diversity, as well the total phenols concentration had a negative
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relationship to oak diversity. These results can be explained by “The growth-defense trade-
off hypothesis” (Eisenhauer et al., 2009) state that plants will allocate more resources for
chemical defense in more diverse plant communities, due greater plant diversity increases
the competition for nutrients, water and light reducing plant growth. In our case, it is
possible that some compounds such as total phenols and flavonoids may be more associated
with other physiological functions such as leaf photoprotection and not act as a efectively
defenses against generalist herbivores because individuals of Q. laurina that occurred in
sites of greater oak diversity had higher levels of herbivory and higher concentration of this
secondary metabolites (Barbehenn et al., 2011). For example, Rosado-Sanchez et al. (2018)
showed a negative effects of the tree diversity on total phenols and phenolic compounds in
Swietenia macrophylla and Tabebuia rosea between two types of conditions (i.e
monoculture vs polyculture).

Another important result is the relationship detected between secondary metabolites
concentration and the insect herbivory community along the oak diversity gradient. We
detected that total phenols, flavonoids, PAS and Gallotannis concentration had a strong
correlation with the insect herbovore composition; particularly with the leaf-chewing insect
guild. This relationship could be explain by "The hypothesis of the specialist-generalist
dilemma" (Van der Meijden 1996) that proposes that the concentration of secondary plant
compounds in a plant depends on the proportion of generalist and specialists herbivorous.
In our case, the different proportion of generalist phytophagous (i.e. leaf-chewing insects)
between the study sites may be indirecting driven by changes in concentration of chemical
compounds associated with the defense against generalist herbivores, as a consecuences of
changes in the diversity of oaks along the diversity gradient. This result match with Moreira

et al. 2014, which reported increased production of anti-herbivores, such as phenolic
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compounds (i.e. total phenols) chemical defense and changes in herbivory levels on
Swietenia macrophylla in sites with highest plant diversity

In conclusion, our study showed changes in insect herbivore diversity of the canopy
of Q. laurina along the oak diversity gradient. The general pattern showed higher insect
herbivore diversity in the Tequila volcano, which represented the site with the greatest
diversity of oaks. Also, we detected a increment of the herbivory levels in more diverse oak
communities, as well a changes in the composition of the insect herbivore community. Our
findings confirm that at the local scale, oak species richness is the main factor that
determines the phytophagous insects diversity associated to canopy of Q. laurina, as well
the herbivory levels and foliar chemical composition of Q. laurina. We highlight the
relevance of conserving oak species, because they are key elements of temperate forest in
the North Hemisphere that harbor high diversity of insect herbivores and are important for

the maintenance of biotic interactions in this ecosystems.
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774

775  Table 1. Geographical characteristics and community composition of oak species along the diversity gradient. Geographical

776 coordinates, Annual Temperature (AT), Annual Precipitation (AP), Oak species richness (OSR), Shannon diversity index (H”), total
777  density of all oak species (TDOS), density of oaks Lobatae section (DOLS), density of oaks Quercus section (DOQS), per site. The

778  total density of individuals is given in individuals per hectare (Ind/Ha).

779 Study sites Latitude Longitude AT (°O) AP (mm) OSR H> TDOS DOLS 1IDQS
780 Tequila Volcano  20.79 -103.84 124 849 4 1.1 930 890 40
781 Los Azufres 19.79 -100.68 14.9 1118 3 09 435 325 110
782 Indaparapeo 19.67 -100.85 17.9 717 3 0.7 405 370 35
783 Carindapaz 19.69 -10091 11.9 1425 3 04 370 345 25
784 Cerro burro 19.44 -101.51 15.1 1034 2 0.2 415 395 20
785

786
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Table 2. Differences in the foliar secondary metabolites concentration between Q. laurina individuals growing along the oak diversity

gradiente according to One-way ANOVA test. Different letters indicate the means statistically different according to LSMeans test

(P< 0.05). The abbreviation PAS corresponds to Proanthocyanidins.
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(a) Mean = SE

Response variables Tequila Volcano Los Azufres Indaparapeo Carindapaz Cerro Burro
Total phenols (mg g™) 10.61+0.15@ 9.65+0.19® 8.12+0.16© 7.13£0.15@ 7.42+0.18@
Flavonoids (mg g™") 1.38+0.05@ 0.78+0.07® 0.89+0.08® 0.70+0.05© 0.60+0.06(
PAS (mgg™ 4.44+0.12® 3.62+0.15® 1.83+0.10© 3.61£0.14® 2.94+0.12(@
Gallotannins (mg g™) 3.51+0.10®@ 2.93+0.14® 2.25+0.09® 2.38+0.10® 1.99+0.08(
(b) One-way ANOVA tests between-subjects effects
Source Response variables F df P
Sites Total phenols (mg g1) 2.7001 4 <0.0403*

Flavonoids (mg g™1) 5.1704 4 <0.0001*

PAS (mg g™ 3.5051 4 <0.0001"

Gallotannins (mg g™) 2.8487 4 <0.0001"

37

95



Page 39 of 61

794

795

796

Entomologia Experimentalis et Applicata

Table 3. Results of analyses of covariance (ANCOVA tests) that show the effects of site,

herbivory and secondary metabolites

Response variable Explanatory variable Covariate df F P

Herbivory Sites  mmeeemeeee 4 696 0.001*
Total phenols 1 0.37 0.54
Flavonoids 1 025 0.63
PAS 1 487 0.01%*
Gallotannis 1 312 0.02*

* Significant values
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797  Table 4. OLS regression testing on the effect community composition of oak species on the abundance and richness of canopy
798  insect herbivores and foliar secondary metabolites along the oak diversity gradient. The parameters of oak community are: Oak species
799  richness (OSR), Shannon diversity index (H’), total density of all oak species (TDOS), density of oaks Lobatae section (DOLS),
800  density of oaks Quercus section (DOQS).
Insect herbivore community Leaf secondary metabolites
Abundance Richness Total phenols Flavonoids PAS Gallotannins
Variables
response df P F df: P F df. P F df P F df P F df P
OSR
320 4 0.003(+) 195 4 0.06 -2.66 4 0.01(-) 127 4 020 140 4 0.17 255 4 0.01(H)
H’
226 4 0.03(+) 1.17 4 0.17 -.143 4 0.16 084 4 040 164 4 0.11 235 4 0.02(+)
TDOS
537 4 0.001(+) 247 4 0.02(+) -294 4 0.01(-) 108 4 029 221 4 0.03(+) 272 4 0.01(H)
DOLS
548 4 0.001(+) 266 4 0.01(+) -354 4 0.01(-) 108 4 029 149 4 0.15 215 4 0.04(+)
DOQS
1.33 4 0.19 092 4 0.36 032 4 0.75 029 4 0.77 104 4 0.30 073 4 0.47
801
802
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Legends to figures

Figure 1. Differences in the frequency of insect herbivore orders associated to the canopy
of Q. laurina along oak diversity gradient.

Figure 2. Rarefaction curves of canopy arthropods of Q. laurina for each of the study sites
along the oak diversity gradient. The data were rarefied considering the number of
individuals observed (white circles) to allow a valid comparison of arthropod family
richness between the study sites.

Figure 3. Diversity patterns of trophic guilds of insect herbivores associated to canopy of
Q. laurina. A) Canopy insect herbivore abundance guilds. B) Species richness of insect
herbivore guilds. Common letters identify means that were similar according to LSMeans
test (P < 0.05).

Figure 4. Non-metric dimensional scaling (NMDS) ordinations illustrating similarity of
phytophagous insects taxonomic composition between the study sites along oak diversity
gradient. Each point is a two-dimensional (axis 1 and axis 2) representation of
phytophagous insects species composition on an individual tree based on global, non-
metric multidimensional scaling (NMDS).

Figure 5. Herbivory levels in Q. laurina trees at each of the study sites along the oak
diversity gradient. Common letters identify means that were similar according to LSMeans
test (P <0.05).

Figure 6. Canonical correspondence analyses (CCA) between climatic variables, foliar
chemical defense (secondary metabolites) and the phytophagous insect community along
the oak diversity gradient. A) Biplot showing the result of CCA foliar chemical defense
and the phytophagous insect community. B) Biplot showing the result of CCA for climatic

variables Mean Annual Temperature (MAT), Mean Annual Precipitation (MAP), mean
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temperature of the warmest quarter (TWQ) and mean temperature of the coldest quarter
(TCQ) and phytophagous insect community. Each point is a two-dimensional (axis 1 and

axis 2) representation of phytophagous insects composition on an individual tree
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Figure 1.
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Figure 2.
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Figure 3.

a)

Abundance of insect herbivores
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Figure 6.
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DISCUSION GENERAL

Los encinos representan uno de los grupos de plantas lefiosas de mayor diversidad
en el hemisferio norte (Cavender-Bares, 2016). En este trabajo de tesis se detectaron
comunidades de encinos con una riqueza de especies que vario entre dos y cuatro especies
de encinos coexistiendo. En cuanto al nimero de especies en la seccion Lobatae,
observamos la coexistencia de Q. laurina con uno o dos especies de encinos rojos (Q.
crassifolia y Q. calophylla). El sitio de mayor riqueza y abundancia de encinos fue el
Volcéan de Tequila. Ademas, en todos los sitios de estudio, los individuos pertenecientes a
la seccion Lobatae fueron dominantes en relacion a los individuos de encinos de la seccion
Quercus. De forma interesante, Q. laurina fue siempre la especie dominante en todos los
sitios de estudio; representando en promedio el 88% de los individuos encontrados en todos
los sitios de estudio. Se detectaron altos niveles de diversidad genética para Q. laurina en
todos los sitios de estudio; oscilando el nimero de alelos por locus (Na) y el nimero de
alelos efectivos por locus (Ne) entre 10.42 y 12.42 y entre 5.87 y 8.07, respectivamente
entre los sitios de estudio. Estos valores son similares y superiores a los reportados por
Ramos-Ortiz et al. (2016) para una zona de hibridacion entre Q. laurina x Q. affinis. En el
caso de los niveles de heterocigosidad, encontramos valores altos de Ho (rango de 0.51 a
0.60) y He (rango de 0.81 a 0.86). El sitio de Carindapaz, el cual present6 una baja riqueza
y abundancia de especies de encinos tuvo los niveles mas altos de diversidad genética. En
contraste, el sitio de mayor riqueza y abundancia de especies de encino (i.e. Volcan de
Tequila) fue el sitio que presento los niveles méas bajos de diversidad genética. En el caso
del cpDNA, se presento el mismo patron de diversidad que con los marcadores de nucleo,
identificando en total 15 haplotipos diferentes y 12 haplotipos privados. En el sitio Los

Azufres, se encontraron dos especies de encino rojo, ademas de Q. laurina, siendo el sitio
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de mayor diversidad de haplotipos (i.e. nueve haplotipos en total y seis haplotipos
privados). En cambio, la poblacién con menos haplotipos fue el VVolcan Tequila con solo
uno, el cual fue compartido con otras poblaciones. Lo anterior no apoya nuestra hipotesis
planteada que predice mayores niveles de diversidad genética de Q. laurina en sitios con
mayor presencia de especies de encinos de la misma seccidn. Esto sugiere que para este
sitio no estan ocurriendo procesos de hibridacion e introgresion. Esto podria atribuirse a
factores climaticos, los cuales pueden ser las causas de la baja diversidad genética detectada
en el Volcan Tequila; debido a que los factores climéaticos potencialmente pueden incidir
sobre los patrones fenoldgicos reproductivos (Zeng et al. 2011; Kim et al. 2018). Una
explicacion alternativa a este patron podria deberse a la baja abundancia relativa de cada
especie de encino en comparacion con la abundancia de Q. laurina. Algunos estudios han
demostrado que las diferencias en la abundancia local de cada especie de encino y las
condiciones ambientales locales pueden determinar las tasas de hibridacién entre diferentes
taxones y reducir la hibridacion (Dumolin-Lapegue et al. 1999; Lepais et al. 2009; Ramos-
Ortiz et al. 2016).

Por otra parte, se encontraron diferencias significativas en los atributos funcionales
foliares de Q. laurina entre los sitios de estudio. Los atributos funcionales foliares que
mostraron diferencias significativas entre los sitios fueron el area foliar, el peso seco foliar,
el area foliar especifica, la densidad foliar y el contenido de clorofila. Ademas de presentar
mayor variacion en los sitios con mayor riqueza de especies de encinos. En particular, el
area foliar especifica, el area foliar y la densidad foliar estan asociados con la adquisicion y
uso de recursos (Reich, 2014). Se ha documentado que el area foliar especifica, el grosor de
la hoja, la densidad estomatica y el contenido de clorofila, pueden variar en el espacio y a

lo largo del tiempo (Filella y Pefiuelas 1999; Wagner et al., 2004); resultado de cambios en
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las condiciones ambientales (e.g. temperatura, precipitacién, incidencia de luz) y por
factores genéticos (e.g. flujo de genes, hibridacion e introgresion) (Violle et al. 2007). Esto
concuerda con algunos estudios que han demostrado que las comunidades de plantas mas
diversas tienen una mayor diversidad funcional o mayores coeficientes de variacion en
algunos atributos funcionales; favoreciendo el acceso a mas recursos como nutrientes, agua
y luz (Maherali y Klironomos 2007; Fornara y Tilman 2008). Nuestros hallazgos
concuerdan con esta idea y sugieren que un aumento en la diversidad funcional de Q.
laurina (e.g. &rea foliar especifica, area foliar y densidad foliar) esté asociado con la
riqueza de especies de encinos. Para el caso de las variables climéticas, se encontré una
asociacion significativa de los atributos funcionales foliares con variables climéticas; pero
no con la diversidad genética de Q. laurina a lo largo del gradiente de diversidad de
encinos. Este resultado apoya la idea de que la variacion de los atributos funcionales
foliares de Q. laurina podria estar mas relacionada con factores ambientales (temperatura y
precipitacion) y ecoldgicos (estructura de la comunidad de encinos) y no a factores
genéticos.

En cuanto a la comunidad de artrépodos asociados al dosel de Q. laurina se
colectaron un total de 7,479 de artrépodos agrupados en 15 6rdenes. Se encontr6 que los
sitios con mayor diversidad de encinos presentaron la mayor riqueza, abundancia, asi como
diferencias en la composicién de la comunidad de artrépodos, en comparacion con los sitios
de menor diversidad de encinos. Estos resultados apoyan “La hipotesis de la riqueza de
especies de plantas” (Fernandes y Price 1988), la cual propone que comunidades de plantas
mas diversas representan sitios potenciales para ser colonizados por mas especies de
insectos (efectos botton-up) (Hertzog, 2017). En este estudio, las comunidades de encinos

mas diversas representan para los artropodos sitios de una mayor disponibilidad de recursos
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y nichos para ser colonizados por un mayor nimero de especies donde la riqueza de
especies de artropodos en el dosel de Q. laurina aumenta a medida que aumenta el nimero
de especies y el nimero de especies disponibles de encinos. De forma similar, para el
Volcén Tequila se encontrdé una mayor abundancia y riqueza de especies de fitdfagos,
depredadores y parasitoides. Esta mayor diversidad de depredadores y parasitoides
encontrados en los sitios con mayor diversidad de encinos sugiere que los enemigos
naturales podrian estar regulando la diversidad de la comunidad de artropodos del dosel.
Este resultado concuerda con lo predicho por “La hipotesis del enemigo natural” (Root
1973), que sugiere que la diversidad de enemigos naturales (e.g. depredadores y
parasitoides) aumenta en comunidades con una gran diversidad de plantas debido a la
presencia de mas presas potenciales y disponibilidad de microambientes (efectos top-down)
(Sobek et al. 2009). Por ejemplo, la diversidad de plantas puede incrementar la abundancia
de herbivoros a través de una mayor disponibilidad y/o calidad de alimentos, nichos,
microambientes y refugio, lo que a su vez determinara la diversidad de depredadores
(Forkner y Hunter 2000). Particularmente, en las comunidades de encinos; algunos estudios
han sugerido a los efectos bottom-up como el principal mecanismo regulador de la
distribucién y abundancia de insectos herbivoros, debido a cambios en la calidad
nutricional de las hojas y en los patrones fenoldgicos (Feeny 1970, Faeth y Bultman 1986,
Rossiter et al. 1988). Adicionalmente, la presencia de barreras geograficas como cadenas
montafiosas que son caracteristicos del Eje Neovolcanico Transversal, también podria estar
afectando a la comunidad de artropodos del dosel, limitando su distribucion y reduciendo la
migracion de artrépodos entre localidades (Novotny & Weiblen 2005; Arriaga-Jiménez et
al.2018).

Los resultados de este estudio son consistentes con la premisa de que, para los
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bosques templados, las comunidades de arboles representan un elemento clave para dar
forma a la estructura fisica ambiental; razon por la que se ha sugerido que la diversidad de
especies de arboles podria influir en un aumento en la riqueza y abundancia de artrépodos
del dosel (Affeld 2008; Moreira et al. 2016). Este hecho es consistente con la ausencia de
relaciones significativas entre las variables ambientales (e.g. temperatura, precipitacion)
con la comunidad de artrépodos del dosel en todos los sitios de estudio, lo que sugiere que
las diferencias en la estructura de la comunidad de encinos entre localidades son el factor
principal que estd modulando los cambios en la comunidad de artropodos asociados al
dosel de Q. laurina a lo largo del gradiente de diversidad de encinos.

Finalmente, en este estudio analizamos los efectos de la diversidad de especies
encinos sobre los patrones de herbivoria, defensa quimica y la comunidad de insectos
fitéfagos asociados al dosel de Q. laurina. Se ha propuesto que la diversidad de plantas es
un factor clave que puede aumentar la herbivoria por insectos; donde comunidades de
plantas mas diversas (i.e. mayor presencia de plantas hetero-especificas) pueden disminuir
la resistencia de una planta (i.e. resistencia asociativa) o aumentar la susceptibilidad a la
herbivoria (i.e. susceptibilidad asociativa), aumentando la probabilidad de que las plantas
sean atacadas por insectos herbivoros. (Root, 1973; White y Whitham, 2000).

Nuestros resultados muestran que el porcentaje de herbivoria por insectos fitdfagos
fue mayor en los sitios con mayor diversidad de especies de encinos. A lo largo del
gradiente de diversidad, el sitio del VVolcan Tequila presento los mayores niveles de
herbivoria. Esto es consistente con la idea de que la diversidad de plantas es un factor clave
que puede aumentar o disminuir los porcentajes de herbivoria por insectos en las plantas
(i.e. susceptibilidad asociativa). En nuestro estudio, los niveles de herbivoria podrian ser el

resultado de la mayor proporcion de insectos masticadores de hojas, los cuales en gran

110



parte pertenecen a familias de insectos generalistas; donde los sitios con mayor diversidad
de encinos, representan zonas con mas recursos y disponibilidad de nichos para ser
ubicados y colonizados. Estos resultados pueden ser resultado del recambio de insectos
masticadores entre diferentes especies de encinos, debido a la alimentacion por insecto
fitéfagos generalistas de una mezcla de diferentes especies de plantas (Unsicker et al.
2008; Karban et al. 2010).

Se ha propuesto que la modificacion de la composicion quimica foliar y sus efectos
sobre la comunidad de insectos fitéfagos, es el vinculo indirecto entre las interacciones
planta-herbivoro (Zunjarrao et al. 2019). En nuestro estudio, la composicién quimica foliar
asociada a defensa quimica fue diferente entre los sitios de estudio; donde las
concentraciones mas altas de metabolitos asociados a defensa vegetal fueron mayores en
individuos de sitios con mayor diversidad de encinos. Encontramos tres relaciones
significativas entre la comunidad de encinos y tres metabolitos de defensa, donde las
proantocianidinas (PAS) y galotaninos mostraron una relacion positiva con la diversidad
de encinos y los fenoles totales mostraron una relacién negativa con la diversidad de
encinos. Este efecto de la comunidad del encinos se podria explicar por “ La Hipo6tesis de
compensacion entre crecimiento y defensa” (Eisenhauer et al. 2009), donde establece que
las plantas asignaran mas recursos para la defensa quimica en comunidades de plantas méas
diversas, debido al incremento de la competencia por nutrientes, agua y luz, reduciendo el
crecimiento de plantas. Esto podria explicar la relacion encontrada entre la de diversidad
de encinos y las proantocianidinas (PAS) y los galotaninos asociados a defensa quimica.
De forma contraria, los fenoles pueden estar mas asociados a otras funciones fisioldgicas,
como la fotoproteccion y no actuar como defensa contra los fitofagos generalistas

(Barbehenn et al. 2011; Castagneyrol et al. 2014). De forma similar, se detecto una fuerte
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relacién entre la concentracién de fenoles totales, flavonoides, PAS y galotaninos con la
composicion de insectos fitéfagos; particularmente con el gremio de los masticadores de
hojas. Esta relacion podria explicarse por "La hipétesis del dilema especialista-generalista™
(Van der Meijden 1996), la cual propone que la concentracion de las defensas quimicas en
una planta depende de la proporcién de herbivoros generalistas y especialistas.

En total encontramos 3,693 de insectos fitdfagos agrupados en 7 6rdenes asociados
al dosel de Q.laurina, presentando mayor abundancia y riqueza de insectos fitofagos los
sitios de mayor diversidad de encinos. Este resultado es similar a lo encontrado con la
comunidad de artrépodos en general; reforzando para este caso de estudio “La hipdtesis de
riqueza de especies de plantas” (Fernades y Price 1988). En el caso de los gremios de
insectos fit6fagos, el gremio masticador de hojas present6 la mayor proporcion dentro de la
comunidad de insectos fitéfagos en el Volcan Tequila (81,50%) y una menor proporcion en
Cerro Burro (47,63%). En contraste, los insectos chupadores de savia fueron mas
abundantes en Cerro Burro (33,45%) y menos abundantes en el VVolcan Tequila (5,08%).
En nuestro caso, las comunidades de encino representan para los insectos fitdfagos una
mayor disponibilidad de recursos y nichos para ser localizados y colonizados por un mayor
namero de insectos fitofagos (Gomez, Verdl & Perfectti 2010). El hecho de que los
masticadores de hojas sean el gremio de mayor abundancia y riqueza en los sitios con
mayor diversidad de encinos, podria explicar los mayores niveles de herbivoria en estos
sitios. Castagneyrol et al. (2014) encontro que la distancia filogenética entre las especies
hospederas es un factor que determina los porcentajes de dafio foliar causado por insectos
fitofagos; donde las plantas mas relacionadas filogenéticamente tienen una mayor
probabilidad de compartir atributos funcionales involucrados en el reconocimiento y

explotacion de recursos por parte de los insectos fitéfagos hacia la planta hospedera ,
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siendo propensos a compartir especies de insectos fitéfagos (ddegaard, Diserud & @stbye
2005; Wiens et al.2010).

Nosotros concluimos que los cambios en la diversidad de especies de encinos son
un factor que influye sobre la variacion de los atributos funcionales foliares, estando mas
asociados a factores tanto ambientales (e.g. temperatura, precipitacién) como ecol6gicos
(estructura de la comunidad de encinos). Ademas, nuestros resultados no apoyan la
hipotesis que predice mayores niveles de diversidad genética en comunidades con mayor
ocurrencia de especies de encino de la misma seccion. Este hecho podria estar relacionado
con las diferencias detectadas en las variables climaticas a lo largo del gradiente de
diversidad de encino. En el mismo sentido, la diversidad de artrépodos del dosel y de
insectos fitofagos a lo largo de un gradiente de diversidad de especies de encinos fue en el
Volcan Tequila, el cual represento el sitio con mayor diversidad de encinos. Nuestros
hallazgos confirman que, a escala local, la riqueza de especies de encinos es el principal
factor que determina la diversidad de artrépodos asociada al dosel de los encinos,
afectando los niveles troficos y la estructura y composicion de los gremios de artrépodos
asociados a Quercus laurina. México es el principal centro de riqueza, diversificacion y
endemismo de encinos en el hemisferio norte. Por lo cual, destacamos la importancia de la
conservacion de las especies de encino ya que estas representan elementos clave de los
bosques templados, albergando una alta diversidad de especies y siendo zonas de alta

actividad ecoldgica.
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