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Resumen

Una gran cantidad de investigaciones han evaluado elimpacto de la fragmentacion del bosque
sobre la diversidad taxondmica de plantas y la mayoria de los estudios mostraron un efecto
negativo. Sin embargo, la diversidad taxondmica es un pobre descriptor de la biodiversidad,
ya que considera a las especies como entidades homogéneas y no reconoce su historia
evolutiva. Mientras que la configuracion espacial del habitat es fuertemente ligada a la
funcionalidad y la estabilidad de los ecosistemas, se sabe poco acerca de cémo los cambios
en la configuracion espacial afectan la diversidad funcional. Por otra parte, la diversidad
filogenética es un predictor fiable de funcionamiento de los ecosistemas y puede ser util en la
biologia de la conservacidn para priorizar taxa y asignar los recursos disponibles de manera
mas eficiente. Sin embargo, no se conoce bien cémo la fragmentacion del bosque afectaala
diversidad filogenética.

En el primer capitulo del estudio, se evalud si la configuracidon espacial de los parches de
bosque predice la diversidad funcional de plantas en un bosque fragmentado. Cinco atributos
funcionales foliares (contenido de materia seca, dureza, drea foliar especifica, tamafo) se
midieron para 23 especies de plantas dominantes en 20 fragmentos de un bosque
naturalmente fragmentado en la Peninsula de Yucatan. Se calcularon métricas funcionales
multivariadas y por atributo, las cuales se correlacionaron con los descriptores de
configuracién espacial (tamafo de parche, medidas de aislamiento y forma). La forma de los
parches se correlaciond negativamente con las métricas de diversidad funcional multivariadas
y por atributo (contenido de materia seca y area foliar). Las medidas de aislamiento de los
parches también se correlacionaron negativamente con las métricas de diversidad funcional
por atributo (contenido de materia seca, dureza y area foliar). En otras palabras, un parche
con mayor complejidad de forma y grado de aislamiento, empobrece la variabilidad funcional.

En el segundo capitulo se analizé el efecto de la configuracidn espacial de parches (el tamafio
del parche, el grado de aislamiento y forma) sobre la diversidad filogenética en un bosque
natural fragmentado. El proceso de fragmentacién por lo general reduce el tamafio de los
fragmentos forestales, aumenta el aislamiento de parches y promueve la forma circular de
restos forestales, éste proceso puede reducir la diversidad filogenética de las plantas. Tres
métricas de diversidad filogenética y dos métricas de estructura filogenética se calcularon
para 19 parches de bosque. La relacidn entre las métricas de diversidad filogenética y algunos
descriptores de configuracion espacial de parche (tamafo, algunas medidas de aislamiento,
laformay elevacidn) se evaluaron con modelos de regresion lineal. Contrariamente a nuestras
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expectativas, cambios espaciales asociados a los procesos de fragmentacion (reduccién del
tamano del parche, el incremento del aislamiento y la complejidad de la forma del parche) no
tuvieron efecto consistentemente negativo en la diversidad filogenética. De hecho, se
encontrd lo contrario para algunas métricas; por ejemplo, los parches mas grandes son mas
filogenéticamente agrupado y parches mdas complicadas tenido emparejado media mayor
distancia filogenética. Llegamos a la conclusién de que la fragmentacion del bosque no tiene
efecto negativo en la diversidad filogenética.




Abstract

A large amount of research has evaluated the impact of forest fragmentation on plant
taxonomic diversity and most studies have shown a negative effect. However, taxonomic
diversity is a poor descriptor of biodiversity, since it regards species as homogeneous entities
and does not recognize its evolutionary history. While the spatial configuration of habitat is
strongly linked to the functionality and stability of ecosystems, little is known about how
changes in spatial configuration affect functional diversity. On the other hand, phylogenetic
diversity is a reliable predictor of ecosystem functioning and may be useful in conservation
biology to prioritize taxa and allocate available resources more efficiently. However, it is not
well known how forest fragmentation affects phylogenetic diversity.

In the first chapter of the study, we evaluated whether the spatial configuration of
forest patches predicts the functional diversity of plants in a fragmented forest. Five
functional foliar attributes (dry matter content, hardness, specific leaf area, size) were
measured for 23 dominant plant species in 20 fragments of a naturally fragmented forest in
the Yucatan Peninsula. Multivariate and attribute functional metrics were calculated, which
were correlated with the spatial configuration descriptors (patch size, insulation measures
and shape). The shape of the patches was negatively correlated with multivariate and
attribute functional diversity metrics (dry matter content and leaf area). Patch isolation
measures were also negatively correlated with attribute functional diversity metrics (dry
matter content, hardness and leaf area). In other words, a patch with greater complexity of
form and degree of isolation impoverishes functional variability.

In the second chapter the effect of the spatial configuration of patches (patch size,
degree of isolation and shape) on phylogenetic diversity in a fragmented natural forest was
analyzed. The fragmentation process usually reduces the size of forest fragments, increases
patch isolation, and promotes the circular shape of forest debris. This process can reduce the
phylogenetic diversity of plants. Three metrics of phylogenetic diversity and two metrics of
phylogenetic structure were calculated for 19 patches of forest. The relationship between
phylogenetic diversity metrics and some spatial patch configuration descriptors (size, some
insulation measures, shape and elevation) were evaluated using linear regression models.
Contrary to our expectations, spatial changes associated with fragmentation processes
(reduction of patch size, increased isolation and complexity of patch shape) did not have a
consistently negative effect on phylogenetic diversity. In fact, the opposite was found for
some metrics; For example, larger patches are more phylogenetically clustered and more
complicated patches had matched average longer phylogenetic distance. We conclude that
forest fragmentation has no negative effect on phylogenetic diversity.
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From Munguia y Montiel, 20014). Forest patches sampled (Sampled peten) are shown
in black. Patches not sampled are shown in gray (Peten). The small rectangle in the
insert at the bottom right indicates the position of the study area on the Yucatan

Peninsula. All bars represent 1 km.

Figure 3.2. Phylogenetic relationships of 47 plant species found during a vegetation surveyed

in 19 forest patches of the Yucatan. The scale bar represents 50 millions of years.
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.. Introduccion

1.1 La biodiversidad, su estudio y conservacion
El afio 2010 fue un punto de referencia para la ciencia y la politica de biodiversidad ya que se
designd por las Naciones Unidas como el "Afio Internacional de la Biodiversidad", con el
objetivo fundamental de aumentar la conciencia sobre la importancia de la misma para el
bienestar humano. Ademas, es en este afio que se cumplid el plazo para la meta de diversidad
bioldgica adoptada en 2002 por los signatarios de la Convencidn sobre Diversidad Bioldgica
(CBD) por "una reduccidn significativa del ritmo actual de pérdida de biodiversidad" (Faith et

al., 2010).

“La diversidad bioldgica - o biodiversidad - es el término dado a la variedad de la vida en la
Tierra. Es la variacidn dentro y entre todas las especies de plantas, animales y microorganismos

y los ecosistemas en los que viven e interactuan.”
World Wild Foundation, 2016.

El concepto de biodiversidad es fundamental si se considera la preocupacion actual
sobre el manejo y la sostenibilidad de los recursos para hacer frente al cambio global y en
sentido amplio se ha utilizado para incluir la variacion en los componentes biolégicos a
diferentes escalas, desde la variacién de los genes hasta la de los ecosistemas (Millenium
Ecosystem Assessment, 2005) incluyendo las interacciones entre sus diferentes componentes
(Figura 1.1) (Schiener, 2012). Es asi que los estudios actuales sobre biodiversidad se habian
concentrado en describir algunos de sus atributos — abundancia, filogenia y funcion- para la
generacion de propuestas y alternativas de preservacion (Mace y Baillie et al., 2008; Burchart,
2010; Cianciaruso, 2011; Schiener, 2012). Sin embargo, una postura mas integral e incluyente ha
sido adoptada en trabajos recientes para poder comprender cdmo se relacionan los
componentes que conforman la biodiversidad (Cadotte et al., 2009; Srivastava et al., 2012;

Thompson et al., 2015).




Para entender de qué manera la biodiversidad se ha integrado a lo largo del tiempo en
las unidades que llamamos comunidades ecoldgicas, es necesario definir dos conceptos
basicos que describen la variacion de los atributos de la biodiversidad como resultado de las
fuerzas evolutivas y la interaccion ecolégica y desempefo de cada especie dentro de su nicho
ecoldgico. El primer concepto es el de diversidad funcional que se refiere al valor, rango,
distribucion y abundancia relativa de los atributos funcionales de los organismos que
constituyen un ecosistema (Diaz et al.,, 2007). Estos son generalmente caracteristicas
morfoldgicas, fisioldgicas y/o fenoldgicas medibles a nivel individual, desde el nivel celular
hasta la del organismo entero, y que influyen en su crecimiento, reproduccién y supervivencia
y/o en los efectos de dicho organismo en el ecosistema (Lavorel y Garnier, 2002; Cornelissen
et al.,, 2003; Petchey y Gastén, 2006; Violle et al., 2007). Por otra parte, los atributos de un
caracter funcional, son los valores particulares del mismo en un lugar y tiempo determinado
(Lavorel et al., 1997; Violle et al., 2007). El segundo concepto es el de diversidad filogenética,
referido a la carga evolutiva resguardada en los linajes que componen una comunidad
bioldgica y que es el resultado de las multiples fuerzas evolutivas del pasado y permiten la
preservacion y la evolucién futura de dicha diversidad (Donoghue et al., 2009; Faith, 1992;

Faith et al., 2010).

La caracterizacion de la complejidad funcional de una comunidad contribuye a
entender las relaciones entre biodiversidad, factores abidticos y procesos ecosistémicos de
una manera que las clasificaciones taxondmicas y filogenéticas por si solas no lo hacen (Diaz
et al.,, 2002), sobre todo si tomamos en cuenta la sucesién ecoldgica como la principal causa
de la integracion de comunidades bioldgicas en un espacio y tiempo determinado. La
clasificacion en tipos funcionales de plantas (TFP) generalmente no cercanamente
emparentadas, constituidos por especies que desempefian de manera convergente, un papel
semejante en el funcionamiento del ecosistema, o que presentan respuestas similares a
factores ambientales de igual magnitud, ha demostrado ser util para la comprensién del
funcionamiento del ecosistema en su totalidad (Diaz y Cabido, 1997; Diaz et al., 2002; Duffy,
2002; Hooper et al., 2005; Pokorny et al., 2005; Formara y Tilman, 2009). Sin embargo es

importante entender que es el mismo proceso evolutivo, representado como una carga de
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diversidad filogenética, el que permite que las comunidades se integren con diferentes
opciones de diversidad funcional, sin embargo aun son pocos los estudios y metodologias
desarrolladas para interpretar el efecto conjunto de la historia evolutiva y la integracion

ecoldgica de las comunidades.

La diversidad filogenética puede entenderse de manera practica como la suma de
linajes evolutivos distintos que componen a una comunidad bioldgica, el efecto directo y
cuantificable del proceso de macroevolucidn sobre la integracion de los ecosistemas. Es
considerada la parte fundamental a conservar junto con la diversidad genética, pues de ellas
depende la evolucidn futura de las especies. Dicha diversidad es el resultado de procesos del
pasado y es el punto de partida para la evolucion de dichas comunidades mediante procesos
de diversificaciéon y adaptacion (Donoghue et al., 2009; Faith et al., 2010). Con el desarrollo
generado hasta el momento, el conocimiento de la diversidad filogenética es una herramienta
fundamental en biologia de la conservacion, pues permite priorizar taxa y regiones con la
finalidad de maximizar la cantidad de informacidn genética y evolutiva protegida y viable
(Brooks et al., 1992; Eguiarte et al., 1999; Faith et al., 2010). En términos practicos, se ha
cuantificado la posicidon y suma del largo de ramas de la filogenia de una comunidad de
organismos como una medida de la historia evolutiva contenida en dicha comunidad
asumiendo que valores altos de diversidad filogenética asegurarian valores altos de

biodiversidad futura (Faith, 1992; Faith et al., 2010).

La interpretacion de la diversidad evolutiva desde este enfoque puede generar
informacion importante sobre la manera en la que operan en conjunto la historia evolutiva y
la integracion ecoldgica de las comunidades. Por ejemplo, ha sido posible cuantificar si la
diversidad evolutiva permite un mejor funcionamiento ecoldgico, traducido a la productividad
de biomasa, diversidad funcional, mantenimiento de la riqueza de especies y términos

generales a la calidad de los servicios del ecosistema (Cadotte et al., 2008; Faith et al., 2010).
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Figura 1.1]. Componentes de la biodiversidad (Modificado de Thompson et al., 2015).

La biodiversidad —y sus componentes- se ve afectada por la degradacidn y destruccidon
del habitat (Haddad et al., 2015). La destruccidn lleva a la fragmentacidn, es decir, la divisién
de los habitats en partes (o fragmentos) mds pequefios y aislados los cuales estardn
separados por una matriz (Lindenmayer & Fischer, 2006). Aunque los ecdlogos coinciden en
que la destruccidn del habitat es perjudicial para el mantenimiento de la biodiversidad, no
estan de acuerdo en que la fragmentacidn sea responsable de ello. Por lo anterior, el impacto
de la fragmentacién natural y artificial (generalmente medido como tamafio del parche y su
grado de aislamiento) sobre la riqueza de especies ha sido el foco de numerosas

investigaciones (Figura 1.2) (ver Fharig, 2003; Haddad et al., 2015).

Debido a que una gran proporcién de la biodiversidad mundial se encuentra en paisajes
fragmentados, la proteccion de ésta depende, en gran medida, de su mantenimiento en los

paisajes espacialmente heterogéneos (Fahrig et al., 2013). En estudios relacionados con la
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fragmentacion, las evaluaciones de la biodiversidad se habian enfocado en el nimero de
especies y/o sus abundancias relativas, mismas que proporcionan poca informacién sobre los
cambios en las relaciones filogenéticas de las especies e individuos dentro de los ensambles
en ecosistemas fragmentados ya que se asume que todas las especies contribuyen de la
misma forma a la diversidad del habitat (Santos et al., 2010; Arroyo-Rodriguez et al., 2012). Por
el contrario, la descomposiciéon de la diversidad bioldgica en diferentes dimensiones y
componentes ha permitido identificar los factores que afectan a los conjuntos de especies en
paisajes fragmentados. En investigaciones recientes, se ha encontrado que pequefias areas,
ubicadas estratégicamente impactan de manera desproporcional la preservacion de linajes
evolutivos ademas de que grandes fragmentos de un paisaje promueven las dimensiones de
diversidad. Es por esto que se puede asegurar que, una dimension de la biodiversidad, no es

sustituto de la otra (Pollock et al, 2015).

Variable ~ Area Fragmento Matriz

Aio o (ha)
1980 1990 2000 2010 C0F s
Dinamica bioldgica de fragmentos de bosque (Brasil) 5 2 g
> v v 10 -28
>
Experimento de fragmentacion en Kansas (USA)
» JJJ 05 _g’ —
Experimento de fragmentacion en Wog Wog 4
- (Australia) Y
> s/ 34 _‘A

Experimento del Corredor SRS (USA)

»
4 JY 14 A
-
Fragmentacion de musgo
(UK, Canada)
> 7
Metatron (Francia) v J v 2x10 ok
» Arboles perennes de hoja ancha
1
Coniferas perennes 7/ 0.01
A .
P Arbustos/palmas/arboles pequefios Proyecto SAFE (Borneo)
i Pastos o musgos <
- J v 4 100 i -‘9
t Sucesionales t

Figura 1.2. Experimentos de fragmentacién en el mundo: todos los experimentos han estado funcionando
continuamente desde el tiempo indicado por el inicio de la flecha asociada (con la excepcidn del experimento
fragmentacion de musgo, lo que representa una serie de estudios a lo largo de casi dos décadas). Las variables

estudiadas en cada experimento se comprueban. El drea corresponde a los fragmentos mds grandes de los




experimentos. Los iconos en " Fragmento "y "Matriz " indican la comunidad dominante y su altura relativa,

con varios arboles que representan la sucesién. (Haddad et al., 2015).

La incorporacion de la historia evolutiva de las especies en los estudios ecoldgicos,
mejora la comprensidon de la composicion de las comunidades, el funcionamiento del
ecosistema y de las respuestas al cambio ambiental actual (Peralta et al., 2015). Es por esto
que, la identificacion de los determinantes bidticos y abidticos que dan forma a los patrones
de biodiversidad y composicion de los ensambles de especies, representa uno de los
problemas ecoldgicos mas desafiantes de nuestros tiempos (Zou et al., 2016). En sistemas
experimentales, se ha demostrado que los indices de biodiversidad basados en atributos o
filogenia pueden superar a la riqueza de especies como predictores de la funcién en los

ecosistemas (Thompson et al., 2015).

La mayoria de los paisajes altamente fragmentados son producto del desarrollo de las
actividades humanas. Sin embargo, existen paisajes fragmentados de origen natural y éstos
ofrecen un excelente modelo para estudiar los efectos de largo plazo (de hasta miles de afios
0 mas) del tamafio y el aislamiento de habitat isla sobre diferentes componentes de la
biodiversidad (Montiel et al., 2006; Hou y Lou, 2011) y, en algunos casos, permiten controlar
importantes factores de confusién (tipo de matriz, forma del parche y origen de la

fragmentacion (Montiel et al., 2006 y Montiel et al., 2008).

1.2 Reserva de la Biosfera de Los Petenes y el Corredor Biolégico Petenes-Celestun-El
Palmar

La Reserva de la Biosfera Los Petenes conforma una eco-regidn junto con las areas
naturales protegidas costeras de la Reserva de la Biosfera Ria Celesttin y El Palmar (Figura 1.3),
que contribuyen con su alta diversidad de flora y fauna asi como con la unicidad de algunos
de sus ecosistemas, particularmente los petenes y pastos marinos de mayor extension,

tamano y buen estado de conservacién en todo el pais.

En ésta reserva, se localizan los petenes que son pequefias “islas” de vegetacion
arbdrea con elementos de selva mediana perennifolia, subperennifolia y manglar (Figuras 1.4,

1.5), al parecer emergidas durante el mioceno y que se encuentran inmersas en medio de
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amplias zonas inundables de tipo pantanoso conocidas como “marismas” (Barrera, 1982;
Rico-Gray, 1982; Olmsted et al., 1983). Estas marismas estan constituidas en esencia de
pastizales y manglares enanos fuertemente influenciados por los movimientos de las aguas

del mar.
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Figura 1.3. Mapa de la Reserva de la Bigsfera Los Petenes (SEMARNATCAMP, 2015) y vista desde el mirador de la

Reserva.




Figura 1.4. Vegetacion de los petenes de la Peninsula de Yucatan: a) Matriz de Cladium jamaiscense en el Petén
Brujo, b) Ojo de agua rodeado por el helecho Acrostrichum aureumy Laguncularia racemosa en el Petén Hobo y

¢) Elementos de selva en el Petén Brujo chico.




Figura 1.5. El interior de un petén: a) drboles de Rhizophora mangle y b) ojo de agua.
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Los petenes estan distribuidos en todo el borde de la Peninsula de Yucatan, pero son
particularmente abundantes en la porcidon centro oriental de Quintana Roo y en el noroeste
del estado de Campeche (Durén, 1995). Las zonas donde se presentan, estan constituidas por
materiales sedimentarios de origen reciente y de naturaleza calcdrea. Los suelos son
organicos y profundos. Se caracterizan por ser jévenes —poco diferenciados en su morfologia-
y estar frecuentemente saturados de agua; presentan una capa superficial muy rica en materia
orgdnica que descansa sobre una capa de marga formada a partir de caliza (Gleason, 1972).
Estos ecosistemas conocidos como petenes sdlo se localizan en la Peninsula de Yucatan, en
Cuba y en la Peninsula de La Florida, por lo que esta regidn es considerada como un drea
biogeografica unica a nivel nacional que, desde febrero de 2004, se declaré6 como sitio
RAMSAR, reconociéndose su valor como un humedal de importancia internacional. La RBLP
queda comprendida dentro de las regiones prioritarias de México en todas las categorias
existentes: Regiones Prioritarias Terrestres (RPT Petenes Ria Celesttn, No. 145), Regiones
Marinas Prioritarias (RMP No. 60, Champotdn-El Palmar), Regiones Hidroldgicas Prioritarias
(RHP No. 102. Anillo de Cenotes), y Areas de Importancia para la Conservacién de las Aves

(AICAS, Los Petenes, Clave de la AICA SE-28) (CONANP-SEMARNAT, 1996).

Los petenes han sido objeto de diversos estudios donde se ha analizado la estructura
de la vegetacion y su composicidn floristica (Duran, 1987a y 1987b; Tun-Dzul, 1996) asi como
surelacion con los niveles de inundacién (Rico-Gray, 1982). Por otra parte, se ha caracterizado
la fragmentacidn del sitio (Mas & Correa, 2000; Munguia y Montiel, 2014) y en estudios mas
recientes, se han abordado sus efectos en la estructura de la biodiversidad y sus componentes
como la diversidad genética, taxondmica, funcional y filogenética (Montiel et al., 2006;
Munguia et al., 2014; Munguia y Montiel, 2014; Martinez et al., 2016). Debido a que los petenes
de la Peninsula de Yucatdn se derivan de procesos geomorfoldgicos y no de actividades
humanas, estos ofrecen un excelente sistema para de estudiar los ensambles de plantas -y
animales- presentes en ellos y documentar cdmo estas comunidades persisten en un habitat

naturalmente fragmentado (Montiel et al., 2006) (Figuras 1.6, 1.7).
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Figura 1.7. Especies encontradas en los petenes durante el estudio floristico de enero del 2013 a agosto de 2014:
a) Malvaviscus arboreus, b) Cladium jamaiscence, ¢) Rhizophora mangle, d) Lysiloma latisiliquum, e) Piscidia

piscipula, f) Manilkara zapota, g) Sabal yapa y h) Bravaisia tubiflora.
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1.3 Justificacion

El mantenimiento de la funcionalidad y la historia evolutiva de la biodiversidad en los
ecosistemas es de gran importancia pues de ellos depende su preservacion tal como la
conocemos y utilizamos. Sin embargo, los estudios del impacto de la fragmentacion sobre
estos dos componentes de la biodiversidad (diversidad funcional y filogenética) son recientes
y muy escasos. Ademas de que se desconoce la relacion entre ellos y hasta qué grado la
diversidad funcional esta influenciada por la historia filogenética de las especies. Resulta
importante por lo tanto incorporar el andlisis de diversidad a diferentes escalas (funcional y
evolutiva), para entender mejor cdmo la fragmentacién natural afecta a las comunidades
vegetales y esta podria ser utilizada a su vez para predecir el impacto de la fragmentacion
inducida por las actividades humanas tendria sobre la biodiversidad en comunidades

vegetales.

1.4 Hipotesis

La biodiversidad de ecosistemas naturalmente fragmentados puede ser estudiada desde su
componentes funcional y filogenético. Se espera que estos componentes estén determinados
por las variables de configuracion espacial, y a su vez que estas métricas, en ambos casos,

puedan ser utilizadas para la generacidn de estrategias de conservacion para el sitio.

1.5 Objetivos

El objetivo general fue evaluar cudl es el efecto de la configuracion espacial en dos
dimensiones de la diversidad en un ecosistema naturalmente fragmentado millones de afios
atrds para poder asi priorizar qué parches podrian ser conservados y disefiar asi las estrategias

de conservacidn pertinentes.
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1.

Evaluar si la configuracidon espacial de los parches de bosque predice la diversidad
funcional de las plantas en una selva tropical naturalmente fragmentada en la

Peninsula de Yucatan.
Evaluar si la configuracidon espacial de los parches de bosque predice la diversidad

filogenética de las plantas en una selva tropical naturalmente fragmentada en la

Peninsula de Yucatan.
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“Life is a rhythm
We are the beat
Everyone is playing it

Life is a dance
Get on your feet
Everyone is moving it

Open your heart

Open your ears
Open your eyes...”

Walla Music, ANNA RF
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2. Capitulo 1

2.1 DIVERSIDAD FUNCIONAL:

PATCH ISOLATION AND SHAPE PREDICT PLANT FUNCTIONAL DIVERSITY
IN ANATURALLY FRAGMENTED FOREST

Aceptado en: Journal of Plant Ecology

Se sabe que la diversidad taxondmica se puede predecir por la configuracidon espacial del
habitat, en particular, por su area y el grado de aislamiento. Sin embargo, la diversidad
taxondmica es un pobre predictor del funcionamiento de los ecosistemas. Mientras que la
configuracién espacial del habitat es fuertemente ligada a la funcionalidad y la estabilidad de
los ecosistemas, se sabe poco acerca de cdmo los cambios enla configuracion espacial afectan
la diversidad funcional. En este estudio se evalud si la configuracion espacial de los parches
de bosque predice la diversidad funcional de plantas en un bosque fragmentado.

Cinco atributos funcionales foliares (contenido de materia seca, dureza, area foliar
especifica, tamafio) se midieron para 23 especies de plantas dominantes en 20 fragmentos de
un bosque naturalmente fragmentado en la Peninsula de Yucatdn. Se calcularon métricas
funcionales multivariadas y por atributo, las cuales se correlacionaron con los descriptores de
configuracién espacial (tamafio de parche, medidas de aislamiento y forma).

La forma de los parches se correlacioné negativamente con las métricas de diversidad
funcional multivariadas y por atributo (contenido de materia seca y area foliar). Las medidas
de aislamiento de los parches también se correlacionaron negativamente con las métricas de
diversidad funcional por atributo (contenido de materia seca, durezay area foliar).

En otras palabras, un parche con mayor complejidad de forma y grado de aislamiento,
empobrece la variabilidad funcional.
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2.2 Abstract
Aims

It is known that taxonomic diversity can be predicted by the spatial configuration of the
habitat, in particular by its area and degree of isolation. However, taxonomic diversity is a
poor predictor of ecosystem functioning. While the spatial configuration of the habitat is
strongly linked to the functionality and stability of ecosystems, little is known about how
changes in the spatial configuration of the habitat affect functional diversity. In this study we
evaluated whether the spatial configuration of forest patches predicts the functional diversity
of plants in a fragmented forest.

Methods

Five functional leaf traits (leaf dry matter content, leaf punch force, specific leaf area, leaf size
and leaf thickness) were measured for 23 dominant plant species in 20 forest patches in a
naturally fragmented forest on the Yucatan Peninsula. Abundance-weighted multivariate and
by-trait metrics of functional diversity were calculated and correlated with some spatial
descriptors of forest patches (size, different isolation measures and shape).

Important findings

Patch shape was negatively correlated with multivariate and by-trait (leaf dry matter content
and leaf size) metrics of functional diversity. Patch isolation measures were also negatively
correlated with by-trait (leaf dry matter content, leaf punch force and leaf size metrics of
functional diversity. In other words, greater patch shape complexity and isolation degree
impoverish plant functional variability. This is the first report of the negative effects of patch
shape complexity and isolation on the functional diversity of plant communities in a forest
that has been fragmented for a long time.

Keywords: Forest fragmentation, functional diversity, habitat spatial configuration, petenes,
Yucatan
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2.3 Introduction

Functional diversity refers to the value, range distribution and relative abundance of the
functional traits of the organisms that make up a biotic community (Diaz et al. 2007). These
traits can be physical, biochemical, and phenological, among others, and are the measurable
characteristics of an organism that affect or are correlated with its fitness or the functions it
carries out in an ecosystem (Cadotte 2011). Functional traits reflect the action of ecological
refinement or natural selection under certain environmental filters and significantly affect the
fundamental properties of ecosystems within the framework imposed by the prevailing
abiotic conditions (Diaz et al. 2004; Lavorel & Garnier 2002). Functional diversity can help to
explain how organisms respond to different environmental conditions as well as natural and
anthropogenic disturbances, and predicts the impact of these on ecosystem function (Diaz et
al. 2004; Sonnier et al. 2014). The study of the functional diversity of a biotic community
highlights the relationship between biodiversity, abiotic factors and ecosystem processesin a
way that taxonomic diversity studies cannot (Diaz et al. 2002). Functional diversity may also
offer better guidance than taxonomic diversity to conservationists and restoration ecologists
because, in contrast to species loss, ecosystem functions can be effectively restored owing to
the functional redundancy exhibited by different species in plant communities (Piqueray et al.

2015; Rosenfeld 2002).

Ecologists have long been interested in how species occurrence can be predicted by
the spatial configuration of the habitat, and the Theory of Island Biogeography was one of
the first to suggest that taxonomic biodiversity (species richness) can be predicted by some
of the spatial properties of habitat, particularly size and degree of isolation (MacArthur and
Wilson 1963, MacArthur and Wilson 1967). Although formerly proposed for oceanic islands,
the authors also suggested that similar principles may apply to terrestrial ecosystems where
there are analogues of island size and isolation: patch size and isolation between patches or
with respect to continuous forest or any source of propagules (MacArthur & Wilson 1963;
MacArthur and Wilson 1967). Nowadays, a great deal of research has not only successfully
confirmed that patch size and isolation degree are reliable predictors of plant species richness

(and other measures of taxonomic diversity) in terrestrial ecosystems (Bender et al. 1998;
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Fahrig 2003; 2013; Liira et al. 2014; Munguia-Rosas et al. 2014) but has also identified that other
spatial variables of habitat, such as shape, are important predictors of taxonomic diversity
(Cousins & Aggemyr 2008; Sanctis et al. 2010; Galanes and Thomlinson 2008; Yamura et al.

2008).

Though frequently correlated with patch spatial configuration, taxonomic diversity
provides limited information about species because it considers species to be homogeneous
entities and does not reflect the functional role of species in the ecosystem (Swenson 2011;
Swenson 2014). Our knowledge about how the spatial configuration of a fragmented habitat
can affect components of biodiversity other than taxonomic diversity is still in its early infancy
(Sonnier et al. 2014; Swenson 2014). A couple of studies have found that functional diversity
tends to be lower in forest fragments than in adjacent continuous forest (Girdo et al. 2007;
Munguia-Rosas et al. 2014), but to our knowledge, only two studies (Sonnier et al. 2014; Ziter
et al. 2013) have recently looked at how the spatial configuration of forest fragments affects
plant functional diversity. Sonnier et al. (2014) found that patch isolation and age negatively
affect the functional diversity, while Ziter et al. (2013) found a positive effect of patch size on
functional dispersion. Although these results may suggest that in fragmented forests the
spatial configuration of patches predicts plant functional diversity and that the effects can
increase in the long term, the lack of additional studies makes it impossible to generalize. This
is a serious gap in our knowledge because we still do not know whether the previously
documented detrimental effects of habitat loss and isolation on species richness (Bender et
al. 1998, Duque et al. 2013; Fahrig 2003; Honnay et al. 1999; Liu and Slik 2014; Zhongling et al.
2007) translates into the loss of functional diversity, the loss of ecosystem productivity and

the stability associated with it (Diaz & Cabido, 2001; Loreau and De Mazancourt 2013).

In this study, we evaluated whether the spatial configuration of forest patches predicts
dominant functional diversity in a naturally fragmented tropical forest on the Yucatan
Peninsula. This forest is made up of naturally formed forest patches (locally known as petenes,
singular: peten) that are highly variable in their spatial configuration (Duran 1987a; Mas and

Correa 2000; Rico-Gray & Palacios-Rios 1996 ). Forest patches in the study area are surrounded
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by a matrix of contrasting vegetation in terms of composition and structure (Durdn 1987b;
Rico-Gray 1982). The environmental stressors that prevail in the matrix, such as higher solar
radiation, stronger winds, chronic flooding and salinity, may filter those species tolerant to
these stressors, not only in the habitat matrix but also, near the edges of forest patches (Rico-
Gray & Palacios-Rios 1996). Specifically, we tested whether the multivariate metrics of
functional diversity are predicted by patch size, isolation and shape. We predicted that patch
area is positively related to plant functional diversity, and the degree of patch isolation is
negatively related to plant functional diversity. As patch area increases, patches may have
greater habitat heterogeneity and may therefore offer more niche opportunities and a
greater diversity of ways to exploit the available resources (Boecklen 1986; Tews et al. 2004);
likely translating into greater functional diversity in larger patches. Isolation is more related
to patch colonization: well connected patches usually have a similar species composition and,
potentially, are similar in functional diversity owing to the high degree of propagule exchange
(Dupré & Ehrlén 2002; MacArthur and Wilson 1967). Isolated patches may have lower
functional diversity because fewer species have the traits that allow them to arrive and survive
in highly isolated patches (Sonnier et al. 2014). Patch shape determines the proportion of edge
habitat (i.e. edge perimeter increases with shape complexity), and plants near the edge
typically are subjected to greater environmental stress (Murcia 1995); therefore, we predicted
that patches with a more convoluted shape would have arelatively lower functional diversity.
Additionally, by-trait functional diversity metrics as well as the dominant trait values in each
patch were estimated using leaf metrics related to environmental and biotic stress, biomass
allocation and productivity. We expected shade-tolerant plant species that allocate more
biomass to tough, durable tissue and the protection of photosynthetic tissue (i.e. forest
interior-like species) to dominate large, well connected, nearly circular forest patches while
fast growing, shade-intolerant species, with high productivity (i.e. pioneer-like species) would

dominate small, isolated, convoluted forest patches.
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2.4 Materials and methods
Study area

The study area is the Petenes-Celestun-El Palmar Biological Corridor (19° 53" - 21°11' N, 90° 28' -
90° 17' W), located along the northwestern coast of the Yucatan Peninsula (Fig. 1). Its area is
approximately 240,000 ha (Costa-Lugo et al. 2010), its climate is tropical subhumid with
summer rains, precipitation is 1,000 to 1,200 mm y-1 and mean temperature is 26.1 to 27.8 °C
(Duran 1987a). The study was done on semi-evergreen tropical forest patches, sometimes
mixed with tall mangrove species (Barrera 1982; Rico-Gray 1982). These patches are more
abundant on the western part of the peninsula (Duran 1987a; Duran 1987b; Rico-Gray 1982)
where the size of patches is highly variable (= 0.4 - 1,077.0 ha) and the distance from one
patch to the next closest one ranges from 20 to 2,670 m (Mas and Correa 2000). The shape of
forest patches ranges from approximately circular (shape index =1) to amorphous (shape
index =~ 2.5) (Mas & Correa 2000). Two important characteristics of many patches that may
at least partially explain the greater plant diversity observed relative to the matrix are: (i)
Fresh water is available year-round via sinkholes and (ii), Patches have a higher elevation
relative to the matrix (Barrera 1982; Rico-Gray 1982). The forest patches grow on quaternary
geological formations that are about 1.7 my old (CONANP-SEMARNAT 1996; Munguia-Rosas
et al. 2014). Plant species richness in the patches tends to be relatively low (6-23 woody
species per patch) owing to moderate salinity levels and seasonal flooding, as well as the small
size of the patches (Durdn 1987b; Munguia-Rosas & Montiel 2014). Patch vegetation is
stratified and in each stratum three to five species are strongly dominant (Tun-Dzul 1996). In
the canopy, the most abundant species are Annona glabra L., different species of Ficus,
Manilkara zapota (L.), Metopium brownei (Jacg.), Swietenia macrophylla (King.), and Tabebuia
rosea (Bertol.) Bertero ex A.DC. The shrub layer is characterized by Acrostichum aureum (Fée)
C. Presl, Bravaisia berlandieriana (Nees) T.F. Daniel and Sabal yapa C. Wright ex Becc. Because
of frequent flooding, the understory is scarce or absent. There are patches are discrete units
with clearly identifiable edges because the vegetation of the forest patches and that of the

surrounding matrix are diametrically different in their species
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Figure 2.1. Map of study area (Petenes-Celestin-El Palmar Biological Corridor). Forest patches sampled (Sampled
peten) are shown in black. Patches not sampled are shown in gray (Peten). The white continuous area is the
terrestrial portion of the biological corridor dominated by a continuous semi-evergreen forest. The small
rectangle in the insert at the bottom right indicates the position of the study area on the Yucatan Peninsula. All

bars represent 1 km (Munguia & Montiel, 2014).
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composition and structure (Rico-Gray 1982). The matrix between patches is dominated by
shorter salt- and flood-tolerant species such as Acrostichum danaeifolium (Fée) C. Presl,
Cladium mariscus jamaicense (Crantz) Kik, and the mangroves Avicennia germinans,
Laguncularia racemosa and Rhizophora mangle (Rico-Gray 1982). A large majority of the plant
species that inhabit forest patches cannot tolerate the predominant abiotic conditions of the
matrix (Duradn 1987a; Durdn 1987b; Rico-Gray 1982). Patches that have a mixture of mangrove
species (mainly L. racemosa) and forest species (Duran 1987b; Tun-Dzul et al. 2011), especially
on moderately saline patches. Forest patches are discrete units with clearly identifiable edges
because the vegetation of the forest patches and that of the surrounding matrix are
diametrically different in their species composition and structure (Rico-Gray 1982). The matrix
between patches is dominated by shorter salt- and flood-tolerant species such as Acrostichum
danaeifolium (Fée) C. Presl, Cladium mariscus jamaicense (Crantz) Kiik, and the mangroves
Avicennia germinans, Laguncularia racemosa and Rhizophora mangle (Rico-Gray 1982). A large
majority of the plant species that inhabit forest patches cannot tolerate the predominant

abiotic conditions of the matrix (Duran 1987a; Duran 1987b; Rico-Gray 1982).
Data collection

A group of 20 patches of varying sizes, degrees of isolation and shape was selected (Fig. 1).
Selection was not random because of insurmountable limitations imposed by patch
accessibility, which was one of the main selection criteria. Only patches with an drea greater
than one hectare were selected because smaller patches are not permanent as they get totally
flooded during the rainy season. From January 2013 to August 2014, vascular plant species
were recorded in all 20 forest patches using belt transects. Epiphytes and lianas were not
recorded during the vegetation survey owing to the difficulties associated with assessing their
presence and abundance (e.g. the forest canopy reaches 26 m). Woody plants with a girth
greater than 5 cm (dbh =1.6 cm) and nonwoody plants taller than 20 cm were recorded in five
parallel transects (50 x 4 m each) per patch (total area sampled per patch = 0.1 ha). Following
the advice of previous studies (Arroyo-Rodriguez et al. 2008; Arroyo-Rodriguez et al. 2012;

Munguia-Rosas & Montiel 2014; Rosati et al. 2010), the area sampled was kept constant in all
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20 patches to reduce sample area effects. In each patch, the first transect was placed using a
random point and the remaining transects (4) were systematically placed 20 m apart. Plants
were identified with the help of field guides (Brokaw et al. 2011; Pennington & Sarukhan 2005)
and expert advice. An a posteriori evaluation of sampling provided evidence that it was
representative in all patches (i.e. the species accumulation curve reached an asymptote and

species representativeness was greater than 80% in all of the patches).

The species that by abundance represent 90-94 % of the vascular plants for each of the
20 patches were selected for leaf functional trait sampling, since it is assumed that they are
responsible for the majority of ecosystem function (Grime 1998). In total, functional traits
were collected for 23 plant species. A list of the species sampled with their respective
abundance per forest patch is available as on-line supplementary material (Table 2.4). For each
species, five adult plants were selected that were well developed, had no significant signs of
herbivory, were visually free of pathogens and were located in well illuminated sites (except
shade-tolerant species). From each plant, five true leaves were collected at each site
(Cornelissen et al. 2003). The leaves were taken to the laboratory in well hydrated plastic bags
and processed within three days of being collected. For the leaves collected, five functional
traits were measured: leaf dry matter content (LDMC), leaf punch forcé (LPF), leaf size (LS),
specific leaf area (SLA) and leaf thickness (LT). All these variables were measured using a
standardized protocol for the collection of functional traits in plants (Cornelissen et al. 2003).
These functional leaf traits are related to environmental filters that can play an important role
as selective forces in a fragmented ecosystem where flooding and salinity may also be
important stressors. These functional traits are also indicative of the ecological strategy used

by plants to cope with prevailing environmental conditions (Poorter 2009; Wilson et al. 1999).

LDMC was obtained by dividing the weight of the leaves dried in an oven for 48 h at
60 °C by the fresh weight of the same leaf. LPF was obtained by measuring the force necessary
for a 1 mm cylinder to penetrate the leaf surface in the equatorial region, avoiding the main
rib. LS was determined as leaf area using a leaf area meter (LI-3000A, Li-COR-Inc., NE, USA).

SLA was calculated by dividing leaf area by the dry weight of the same leaf. LT was measured
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using a digital caliper (Mitutoyo, Absolute Digimatic, Tokyo, Japan) in the equatorial zone of
fresh leaves, avoiding the main rib and for compound leaves a leaflet from a true leaf was
measured the same way. Leaves with a high LDMC are more resistant to biotic damage
(Cornelissen et al. 2003; Pakeman 2014), flooding and salinity (Batriu et al. 2015). Additionally,
LDMC is inversely related to plant productivity (Cornelissen et al. 2003; Pakeman 2014). LPF is
a good indicator of the relative investment of carbon in the structural protection of
photosynthetic tissues. Leaves with high LPF are physically stronger and have more
protection against biotic and abiotic damage; LPF is also negatively correlated with litter
decomposition rate (Coley 1983; Cornelissen et al. 2003; Ricotta & Moretti 2011). LS has
important consequences for the energy of the leaf and water balance. It has been suggested
that leaf size decreases in response to heat, drought and other environmental stressors
(Cornelissen et al. 2003). SLA is positively correlated with growth rate and the rate of
photosynthesis; plants growing in highly illuminated places generally have a larger SLA
(Cornelissen et al. 2003). In coastal marshes, environmental stressors such as flooding and
salinity are positively correlated with SLA (Minden et al. 2012; Batriu et al. 2015). LT is positively
correlated with heat regulation and photosynthate content (Niinemets 2001). With this set of
functional traits at least two main ecological strategies of plants can be identified: (i) Plant
species that allocate more biomass to tough, durable tissue and the protection of
photosynthetic tissue (high LDMG, LPF, LS, low SLA and LT); typically, these are interior shade-
tolerant species inhabiting relatively undisturbed forest. And (ii), fast growing, shade-
intolerant species, with high productivity that inhabit highly illuminated habitats with
recurring disturbance (high SLA and LT, low LDMC, LPF, LS) (Poorter 2009).

Patch Spatial configuration

For the patches studied, the description of spatial configuration included area (ha), some
measures of isolation (distance to the nearest patch, distance to the continuous forest and a
connectivity index), patch shape (shape index) and elevation (of the patch center in m.a.s.l.).
These data were obtained from recent digital cartography (2011) available in Google Earth Pro

7.2. The basic information (areas and distances) needed to calculate patch spatial descriptors
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was obtained using Arcinfo 9.2 software. Since habitat isolation is a complex variable in
terrestrial ecosystems, it was assessed using different complementary isolation metrics
(Tischendorf et al. 2003): distance to the closest patch (from edge to edge in km), distance to
the continuous forest (edge to edge in km), along with a connectivity index based on area
weighted by the distance between a focal patch and the three patches closest to it. The
connectivity index increases as patch isolation decreases (all values > 0) (see Munguia-Rosas
and Montiel (2014) for the details of the calculation). Patch shape was measured with an index
of shape complexity (Shape Index = Perimeter/(2 v x area)) that is independent of area and
describes the deviation of each patch from circularity. The shape index of a circular patchis 1,
as patch shape complexity increases, the index becomes progressively > 1 (Laurance and
Yensen 1991; Mas & Correa 2000; Yamura et al. 2008). Some of the spatial data obtained from
the digital cartography (elevation, position and patch limits) were corroborated in the field
for 4 randomly selected patches, confirming that the spatial configuration data obtained from
the digital cartography for the patches were reliable. Mean patch size (+ 1 SE and range in
brackets) was 180.15 + 191.18 ha (1.65-2,472.88 ha), distance to nearest patch was 0.36 + 0.09
km (0.1-1.62 km), distance to the continuous forest was 14.88 + 4.12 km (0.1-89.98 km), patch
connectivity was 1,749 * 1,308.57 (10.85-24,000.01), elevation was 8.58+1.29 m a.s.l. (3-28 m

a.s.l.) and shape index was 1.26  0.06 (1.01-2.00).
Statistical analyses

Prior to calculating the metrics of functional diversity, a correlation matrix between all pairs
of functional traits was constructed. Only functional traits with weak (r < 0.2) or non-
significant correlations were used to calculate two multivariate metrics (details below). The
weak correlation suggests that each character contributes complementary information for
understanding the functionality of the community. Multivariate metrics were calculated
weighted by abundance (mean paired functional distance between species [MPFD] and mean
nearest functional distance between species [MNFD]). MPFD was also calculated as a by-trait
metric of functional diversity. Community means weighted by abundance (CWM) were also

calculated to assess the dominant trait value in each patch, which indicates the main
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functional strategy selected by environmental filters and is directly linked to the mass ratio
hypothesis that states that the characteristics of dominant species broadly determine
ecosystem processes (Grime 1998). Prior to calculating the multivariate and by-trait functional
diversity metrics, all functional traits were standardized (mean = 0 and SD= 1) while CWMs
were calculated using the original scale (Pla et al. 2012; Swenson 2014). The multivariate
metrics reflect functional diversity taking into account all functional traits together, while the
by-trait metric per functional trait gives a more precise idea of how spatial configuration
affects each functional trait and the identity of environmental filter or function associated

with it (Ricotta & Moretti 2011; Swenson 2014).

Using either all the traits (multivariate metrics: MPFD and MNFD) or a single trait (by-
trait metric: MPFD) a matrix of Euclidean functional distances among species was built. The
abundance weighted version of these metrics was used. In contrast to other variables used to
weight functional diversity metrics (such as biomass), plant abundance can be recorded in the
field quickly and with a high degree of accuracy. Abundance is also the most common
weighting variable, so, by using it, comparability with other studies is maximized. Following
the advice of Bello et al. (2016) the matrix diagonal was disregarded and distances between
pair of species were calculated without replacement. MPFD and MNFD give complementary
information, while MNFD indicates functional redundancy (i.e. the distance between species
that are functionally more similar in the community), MPFD indicates the average degree of
difference between species in the community (i.e. mean functional distance between the
species of a community) (Swenson 2014). CWM was calculated using the mean of the values
of a functional trait weighted by the abundance of each species in each patch (Pla et al. 2012).
To assess the relationship between multivariate and by-trait functional diversity metrics with
patch spatial configuration, multiple regression models were generated using multivariate
(MPFD and MNFD) or by-trait metrics (CMW and MPFD for each functional trait: LDMC, LPF,
LS, SLA, LT) as the response variables (a different model per metric) and the spatial
configuration descriptors of forest patches (patch size, distance to the nearest patch,
distance to the continuous forest, connectivity index, patch elevation and shape index) as the

explanatory variables. To improve linearity, patch size, distance to the nearest patch and
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distance to the continuous forest were log transformed. For each functional metric, a minimal
adequate model was obtained following the AIC criterion (Crawley 2013). Examination of the
residuals suggested a good fit to normality in all cases (Crawley 2013). All of the analyses were
runin R 2.14 (R Development Core Team, 2011). Multivariate and by-trait MPFD were calculated
using the Melodic package (Bello et al. 2016) and CWM and MNFD were calculated using a

modification of the script written by Swenson (2014).
2.5 Results
Multivariate metrics

After model simplification, the minimal adequate model for MPFD retained distance to the
nearest patch, patch connectivity, patch elevation and shape as predictors, while for MNFD
none of the variables considered in the complete model was retained in the minimal adequate

model (see supplementary material, Table 2.5).

Of the variables used in the minimal adequate models, patch shape significantly
predicted MPFD and the relationship between these variables was negative. Patch shape
explained more than 21% of the among-patch variance in MPFD (Table 1). Also, MPFD tended
to decrease as distance to the nearest patch increased; however, this relationship was only

marginally significant (P=0.07; Table 2.1).
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Table 2.1. Results of linear multiple regression run to assess the relationship between multivariate mean pairwise
functional distance (MPFD) and some descriptors of spatial configuration of forest patches (patch size [Size], a
connectivity index [Connectivity], patch elevation [Elevation] and a shape index [Shape]). The statistics, partial
regression coefficients (and standard error) and explained variance per source of variation are shown. Only the

explanatory variables included in the minimal adequate models are presented (see supplementary material,

Table 2.5).
Response Source of variation Statistics Coefficient (SE) Explained variance (%)
MPFD D Nearest P Fiis= 3.41+ -0.18 (0.12) 1.74
Connectivity Fis=2.71 0.00005 (0.00003) 9.21
Elevation Fi5=1.83 0.006(0.002) 6.25
Shape Fi5=6.38% -1.21(0.47) 21.74

*P < 0.05; +P=0.07

Metrics by trait
Community weighted means

After model simplification, the explanatory variables retained in the LDMC minimal adequate
model were: patch size, distance to the continuous forest and patch shape. The SLA minimal
adequate model included: patch size, distance to the continuous forest, distance to the
nearest patch, patch elevation and patch shape. For LPF, the minimal adequate model
included: patch size and shape. For LS, the explanatory variables in the minimal adequate
model were: distance to the continuous forest, patch connectivity, patch elevation and shape.
Finally, for LT, the variables included in minimal adequate model were: patch elevation and

connectivity (see supplementary material, Table 2.6).

Of the set of explanatory variables included in the minimal adequate models, shape
was negatively correlated to SLA and LS (Table 2.2). Shape also explained among-patch
variation in LDMC, but in this case, the coefficient was positive (Table 2.2). Variance explained

by shape was 23% for LDMC, 45% for SLA and 28% for LS (Table 2.2). Finally, distance to the
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continuous forest also explained a significant amount of among-patch variance in LS (25%),

and the relationship between these variables was negative (Table 2.2).

Table 2.2. Results of a linear multiple regression model run to assess the relationship between community

weighted means (CWM) for some functional leaf traits (leaf dry matter content [LDMC], leaf punch force [LPF],

specific leaf area [SLA], leaf size [LS] and leaf thickness [LT]) with some descriptors of spatial configuration of

forest patches (patch size [Size], a connectivity index [Connectivity], patch elevation [Elevation] and a shape

index [Shape]). A separate model was fitted per functional trait. The statistics, partial regression coefficients

(and standard error) and explained variance per source of variation are shown. Only the explanatory variables

included in the minimal adequate models are presented (see supplementary material, Table 2.6).

Trait Source of variation Statistics Coefficient (SE) Explained Variance (%)
LDMC Size F1,16 = 0.86 -0.19 (0.006) 3.18
D Continuous F1,16 = 3.86 -0.02 (0.01) 14.31
Shape F1,16 = 6.25% 0.12 (0.05) 23.18
LPF Size F1,17 = 0.55 -0.6 (0.03) 2.72
Shape F1,17=2.83 0.4 (0.26) 13.89
SLA Size F1,14=0.21 8.04(2.59) 0.74
D Continuous F1,14=0.76 4.56(3.36) 2.65
Elevation F1,14=0.001 -0.91(0.56) 0.03
D Nearest P F1,14=0.85 -4.75(2.44) 2.95
Shape F1,14=13.09%% -66.52(18.38) 45.26
LS D Continuous F1,15=9.79%* -4.1(1.67) 25.18
Connectivity F1,15=0.27 5.04(2.93) 0.70
Elevation F1,15=3.04 -7.93(2.52) 7.80
Shape F1,15=10.79%* -1.46 (4.47) 27.75
LT Connectivity F1,17=3.86 0.0004 (0.00002) 17.40
Elevation F1,177=1.33 0.004 (0.002) 6.00

*P < 0.05; **P < 0.001
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Mean paired functional distance

After model simplification, the explanatory variables retained in the minimal adequate model
for LDMC were: patch size, distance to the continuous forest, distance to the nearest patch,
patch elevation and shape. For LPF, the minimal adequate model included: patch connectivity
and elevation. The minimal adequate model for LS retained distance to the continuous forest,
distance to the nearest patch, patch connectivity, patch elevation and shape. For SLA and LT
none of the original set of explanatory variables was retained in the minimal adequate models

(see supplementary material, Table 2.6).

Of the variables retained in the minimal adequate models, shape was a significant
predictor of LDMC and LS (Table 2.3). Patch shape accounted for more than 30% of the
variance in these two functional traits (Table 2.3). Distance to the nearest patch (explained
variance: 15.6%), connectivity (explained variance: 24.7%) and distance to the continuous
forest (explained variance: 20%) were significant predictors of LDMC, LPF and LS, respectively
(Table 3). All of the statistically significant relationships described above had a negative

coefficient except the patch connectivity of LPF (Table 2.3).
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Table 2.3. Results of a linear multiple regression model run to assess the relationship between by-trait mean
pairwise functional distance (MPFD) for some functional leaf traits (leaf dry mater content [LDMC], leaf punch
force [LPF], specific leaf area [SLA], leaf size [LS] and leaf thickness [LT]) with some descriptors of spatial
configuration of forest patches (patch size [Size], a connectivity index [Connectivity], patch elevation [Elevation]
and a shape index [Shape]). A separate model was fitted for each functional trait. The statistics, partial
regression coefficients (and standard error) and explained variance per source of variation are shown. Only the

explanatory variables included in the minimal adequate models are presented (see supplementary material,

Table 2.6).

Trait Source of variation Statistics Coefficient (SE) Explained variance (%)
LDMC Size F1,14 = 0.07 0.11(0.04) 0.22
D Continuous F1,14 =1.18 0.13(0.06) 3.88
D Nearest P F1,14 = 4.77% -0.13(0.04) 15.64
Elevation F1,14 = 0.57 -0.01(0.01) 1.89
Shape F1,14 = 9.95%* -1.04(0.32) 32.62
LPF Connectivity F1,17 = 6.02% 0.0004(0.00002) 24.71
Elevation F1,17=1.31 -0.04(0.002) 5.41
LS D Continuous F1,14=10.64%*%* -0.22(0.17) 19.97
D Nearest P F1,14=0.11 -0.186(0.13) 0.21
Connectivity F1,14=3.74 0.00008 (0.00003) 7.12
Shape F1,14=21.01** -2.18 (0.47) 39.44

*P < 0.05; **P < 0.001

2.6 Discussion

In this study we tested the prediction that functional diversity decreases with patch isolation
and patch shape complexity because isolated and/or convoluted patches are more heavily
influenced by the stressful environmental conditions that prevail in the habitat matrix. We
also predicted a positive relationship between functional diversity and patch size because
larger patches usually have greater habitat heterogeneity and a smaller portion of their

habitat is in contact with the matrix. However, our results only partially supported these
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predictions. We found that as patch shape increases in complexity, multivariate (MPFD) and
by-trait (MPFD for LDMC and LS) functional diversity decrease. In fact, of all the independent
variables evaluated in this study, patch shape had the greatest explanatory value (22-34%).
Also, all spatial variables associated with patch isolation (distance to the nearest patch, the
inverse of connectivity and distance to the continuous forest) were negatively correlated with
some by-trait functional diversity metrics. That is, while nearly circular patches may sustain
plants with a wide variety of leaf sizes and leaf dry matter content, variability in these traits
was dramatically lower in convoluted patches. The shape with lowest edge:area ratio is the
circle and the amount of edge increases as patch shape becomes more complex; therefore,
environmental stressors associated with edge effect (increased irradiance, temperature,
flooding, salinity, herbivory) may be stronger in more convoluted patches (e.g. Murcia 1995).
We suggest that these environmental stressors filter plant species with small leaves and high
dry matter content and that are typically stress-tolerant (Cornelissen et al. 2003). To our
knowledge no previous study has addressed the effect of patch shape on functional diversity.
Contrary to the predictions, patch size did not explain among-patch variation in functional
diversity. Similarly, a previous study (Sonnier et al. 2014) reported a negative correlation
between functional diversity and isolation and no significant relationship between patch size
and functional diversity. Although Ziter et al. (2013) reported a correlation between patch size
and functional diversity, this trend was only significant for patches under intensive
management. It was hypothesized that patch area was correlated with environmental
heterogeneity and this, in turn, would allow for the occurrence of a wider variety of plant
functional strategies (i.e. greater functional diversity). Sonnier et al. (2014) tested this
hypothesis using structural equation models and found a direct, positive association between
patch area and heterogeneity. However, while heterogeneity has a direct and positive
correlation with species richness, there was no a direct link between heterogeneity and
functional diversity (Sonnier et al. 2014). The results of their study suggest that the effect of
the spatial configuration of habitat on functional diversity may be independent of its effect
on species richness. This notion is supported by a recent study in plant communities carried

out in a different ecological context (Li et al. 2015). Also, a previous study in the same area
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(Mungufa-Rosas & Montiel 2014) showed that other descriptors of patch spatial configuration
predict plant species richness. In the study drea patch size is a good predictor of species
richness (Munguia-Rosas & Montiel 2014) but, as evidenced in this study, patch size does not

predict plant functional diversity.

Up to now, there has been a lack of agreement regarding the relationship between
patch size and functional diversity (Ziter et al. 2013; Sonnier et al. 2014; this study). While the
simplest explanation for this may be that the studies used different metrics of functional
diversity (functional dispersion (Ziter et al. 2013), functional richness (Sonnier et al. 2014) and
MPFD [this study]), we cannot rule out the possibility that different drivers of fragmentation
are also involved. Ziter et al. (2013) and Sonnier et al. (2014) studied forests fragmented by
different human activities. In contrast, we studied a naturally fragmented forest where
anthropogenic disturbance is limited but flooding and salinity are likely to be important
environmental filters. Different fragmentation drivers in different studies may, at least

partially, explain the observed variability in results among studies.

We also predicted that shade-tolerant plant species that allocate more biomass to
tough, durable tissue and the protection of photosynthetic tissue (i.e. plants with high LDMC,
LPF, LS, low SLA and LT) would dominate the larger, well connected, nearly circular forest
patches while fast growing, shade-intolerant species, with high productivity (high SLA and LT,
low LDMC, LPF, LS) would dominate smaller, isolated, convoluted forest patches. The results
only partially support our predictions. As predicted, the results for CWM show that dominant
plant species in more isolated patches and those with a more complex shape tend to have
smaller leaves, which is indicative of the more stressful environmental conditions in these
patches (Cornelissen et al. 2003). Contrary to our predictions it seems that dominant plants in
more irregularly shaped patches allocate more biomass to durable tissue and protection
against physical damage (high DMCand low LSA). Although previous studies have shown that
a bigger proportion of the species inhabiting convoluted patches are likely to have a pioneer-
like ecological strategy (i.e. high SLA and low LDMC) and allocate more resources to growth

than to protection (e.g. Laurance et al. 2006; Tabarelli et al. 2008), these studies were
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conducted in forests with human-driven fragmentation and an agricultural habitat matrix.
Therefore, it is possible that the peculiarities of the habitat matrix in our study system account
for our different results. High salt content and flooding in the matrix have been identified as
major environmental filters for plants in the study area (Rico-Gray and Palacios-Rios 1996),
and to cope with this, plants may use a strategy that differs from that used by plants in forest
remnants in an anthropogenic matrix where salinity is not an important environmental filter
(e.g. Laurance et al. 2006; Tabarelli et al. 2008). Flooding and salt-tolerant plants such as
mangroves and sedges, which frequently inhabit the patch edge in the study area, have a low
SLA (50-70 cm2 g-1) and a moderately high LDCM (0.3-0.4 g g-1). The fact that the frequency
of salt-tolerant plants increases with patch shape complexity (Spearman Rho= 0.52, S= 2023,
P=0.02) also supports the idea that flooding and salinity are important environmental filters
in the study area. Other study in coastal marshes has reported similar results (Minden & Kleyer
et al. 2011). Additionally, low SLA and high LDMC are correlated with biomass allocation to
durable tissues which may also help the plants to cope with the physical hazards typical of

forest edges (Poorter 2009).

Regarding the effect of patch isolation, our results suggest that distance to the
nearest patch and distance to the continuous forest reduced variability in LDMC and LS
respectively, while better connectivity increases variability in LPF. These functional traits are
associated with biotic and abiotic stressors (e.g. mechanical damage [LDMC, LPF], herbivory
[LPF], heat, solar radiation and water stress [LS]) (Cornelissen et al. 2003; Niinemets et al.
2007). Thus, we infer that environmental stress is harsher in the more isolated patches.
Sonnier et al. (2014) suggested that patch isolation affects functional diversity because it
filters out plant species with a limited colonization capacity (i.e. plants with heavy seeds or
those dispersed by abiotic vectors); however, in the study area, nearly 70% of plant species
are dispersed long distances by vertebrates or water regardless of the degree of isolation.
Therefore, mechanisms other than dispersal capacity may also explain the observed effect of
patch isolation on functional diversity. It is known that isolation degree may affect patch
microclimate and, indirectly, leaf functional traits (Kapos 1989). It is not difficult to think that

a forest patch closer to a continuous forest or next to one or more forest patches would have

e
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less stressful environmental conditions than a completely isolated patch (Pinto et al. 2010).
Contiguous patches may offer some shade to each other and reduce wind velocity and the
impact of flooding and salinity. The latter is also supported by an observed increase in the
frequency of salt- and flood-tolerant plants with patch isolation in the study area (i.e., the
frequency of salt- and flood-tolerant species is positively correlated with distance to the
nearest patch; Spearman Rho= 0.51, S= 651, P=0.02). Therefore, the harsher environmental
conditions prevailing in isolated patches may explain the reduced by-trait functional diversity

(Table 3) and the smaller leaf size observed in the plants of these patches (Table 2).

An important characteristic of the study system is the fact that this forest has been
fragmented for millions of years (Munguia-Rosas & Montiel 2014; Munguia-Rosas et al. 2014)
and this may help us understand the long term effects of changes in the spatial configuration
of forest remnants on functional diversity. Thus, our results suggest that negative effects
resulting from patch isolation and changes in patch shape on functional diversity will be
maintained in the long term as long as forest patches remain disconnected. On the other hand,
restoration strategies that promote patch connectivity and approximately circular forest
shapes may lead to the increased resilience of plants community functioning in fragmented

forests.

In conclusion, patch isolation and patch shape complexity have the potential to
individually reduce the functional variability of plant communities. As for the ecological
strategy of plants, it seems that the dominant plant species in more convoluted patches
allocate more biomass to durable tissue and protection against physical damage. Because
functional traits used in this study are correlated with important ecosystem functions (growth
rate, primary productivity and litter decomposition rate), patch spatial configuration may
affect not only functional diversity but also ecosystem functioning. The detrimental effects of
shape and degree of isolation on functional variability may be amplified in patches exhibiting
both conditions simultaneously, i.e. a convoluted shape and heavy isolation, because both
variables increase environmental stress (as suggested by the negative correlation of these

variables with leaf size). A non-additive effect of isolation and shape variables cannot be
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completely ruled out, but was not tested explicitly in this study because the degrees of

freedom were insufficient. It should therefore be tested explicitly in a future study.
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2.8 Supplementary material

Table 2.4. List of plant species from which functional traits were sampled. Abundance (frequency) of each species per forest patch is also shown. Together,

the species selected represented 90-94% of the individuals in a given patch.

Patches

Species 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Acrostichum aureum o o o o o o o 15 68 120 106 64 119 18 199 12 78 21 54 51
Avicennia germinans [¢] [¢] [¢] [¢] 73 4 29 o] o] 46 [¢] 5 [¢] [¢] [¢] [¢] [¢] 4 26 [¢]
Annona glabra o o o o o o o 13 10 3 o o o o o 38 16 o o] o]
Bursera simaruba 10 4 9 10 10 0o 17 0o 0o 0o 0o 0o o o o o o o 0o o
Bravaisia tubiflora 367 350 142 179 154 166 158 129 185 4 216 224 387 30 398 127 117 33 138 538
Cladium mariscus o] o] o] o] 76 o] o] o] o] o] o] o] [¢] 41 0 0 0 0 0 0
Cameraria latifolia 6 7 o 127 o o o o o o o o o] o] o] 5 o] o] o] 55
Erythroxylum bequaertii o o o o o o 6 o o o o o o o o o] o] o] o] 88
Ficus maxima o] o] o] [¢] [¢] o] o] o] 14 7 9 1 [¢] [¢] [¢] 6 1 o] 7 o]
Hymenocallis littoralis o o o o o o o o 7 6 o o o o o o o] 90 o0 o]
Hampea trilobata 25 7 o o o 5 1 o o o o o o o] o] o] 1 o] o] 12
Bonellia macrocarpa o o o o o o 1 o o o o o o] 3 o] 1 o] o] 1 o]
Lysiloma latisiliquum 4 o 3 o o o o o o o o o o] o] o] o] o] o] o] 9
Laguncularia racemosa o o o o o o o 8 o 50 58 8 39 o 82 8 10 17 16 o]
Malvaviscus arboreus o o o o o o o o o o 3 o o] o] o] o] o] 9 o] o]
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Patches

Species 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Metopium brownei 27 19 34 58 39 42 38 20 22 o o o o o] o] 3 o] 1 1 78
Manilkara zapota 49 13 14 17 63 53 32 54 48 o] 6 16 o] 29 [¢] 12 8 24 8 78
Pachira aquatica o o o o o o o o o o o o o o] o] o] o] o] o] 88
Piscidia piscipula 3 4 4 o o o o o o o o o o o o o o o o 62
Rhizophora mangle o o o o o o 39 18 o 58 o o o] 49 72 o] o] 85 49 o]
Swietenia macrophylla o 8 o o o o o o o o o o o o o 16 o] o] o] 7
Sabal yapa 143 31 37 43 16 28 20 101 54 0 36 69 84 46 0 161 47 3 0 275
Melicoccus oliviformis 4 o o o o o o o o o o o o] o] o] 2 o] o] o] o]
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Table 2.5. Linear models proposed to assess the influence of patch spatial configuration on multivariate
functional diversity metrics. The dependent variables (Response) were: the mean pairwise functional distance
between species (MPFD) and mean nearest functional distance between species (MNFD); thus, two separate
models were fitted. For each model, the initial complete model included the following independent variables:
patch size (size), distance to the continuous forest (D Continuous), distance to the nearest patch (D Nearest P),
a connectivity index (Connectivity), patch elevation (Elevation) and a shape index (Shape). Minimal adequate
models are in bold. Intermediate models during model simplification as well as the Akaike Information Criterion

(AIC) are shown. p = Model intercept.

Response Explanatory variables AIC

MPFD Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -22.09
Size+D Nearest P+Connectivity+Elevation+Shape -24.03
D Nearest P+Connectivity+Elevation+Shape -25.78

MNFD Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -33.33
D Continuous+D Nearest P+Connectivity+Elevation+Shape -35.29
D Nearest P+Connectivity+Elevation+Shape -37.21
Connectivity+Elevation+Shape -38.71
Elevation+Shape -39.28
Elevation -40.45
M -40.77
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Table 2.6. Linear models proposed to assess the influence of patch spatial configuration on a by-trait functional
diversity metric (mean pairwise functional diversity: MPFD) and a metric of dominant trait value in a community
(Community weighted mean: CWM). The dependent variables in each model were functional leaf traits (Trait):
leaf dry matter content (LDMC), leaf punch force (LPF), specific leaf area (SLA), leaf size (LS) and leaf thickness
(LT). MPFD and CWM were calculated per functional trait. In each model, an initial complete model included the
following independent variables: patch size (size), distance to the continuous forest (D Continuous), distance to
the nearest patch (D Nearest P), a connectivity index (Connectivity), and patch elevation (Elevation) and a shape
index (Shape). Minimal adequate models are in bold. Intermediate models during model simplification as well as

the corresponding Akaike Information Criterion (AIC) are shown. p = Model intercept.

Metric Trait Explanatory variables AlC
CWM LDMC  Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -130.1
Size+D Continuous+D Nearest P+Connectivity+Shape -131.9
Size+D Continuous+Connectivity+Shape -133.1
Size+D Continuous+Shape -134.2
SLA Size+D Continuous+D Nearest P+Connectivity +Elevation+Shape 95.5
Size+D Continuous+D Nearest P+Elevation+Shape 93.5
LPF Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -62.6
Size+D Continuous+D Nearest P+Connectivity+Shape -64.6
Size+D Continuous+Connectivity+Shape -66.2
Size+Connectivity+Shape -67.8
Size+Shape -68.5
LS Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape 254.7
Size+D Continuous+Connectivity+Elevation+Shape 252.7
D Continuous+Connectivity+Elevation+Shape 251.3
LT Size+D Continuous+D Nearest P+Connectivity+Elevation+Shap -117.2
D Continuous+D Nearest P+Connectivity+Elevation+Shape -119.2
D Continuous+Connectivity+Elevation+Shape -120.8
D Continuous+Elevation+Connectivity -121.6
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Elevation+Connectivity -122.2
MPFD LDMC  Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -66.06
Size+D Continuous+D Nearest P+Elevation+Shape -67.46

SLA Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -59.40
D Continuous+D Nearest P+Connectivity+Elevation+Shape -61.36

D Continuous+D Nearest P+Elevation+Shape -63.23

D Nearest P+Elevation+Shape -65.15

D Nearest P + Shape -66.62

Shape -68.21

p -69.79

LPF Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -33.61
Size+ D Continuous+D Nearest P+Connectivity+Elevation -35.61

Size+D Nearest P+Connectivity+Elevation -37.54

D Nearest P+Connectivity+Elevation -39.47
Connectivity+Elevation -39.98

LS Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -25.41
D Continuous+D Nearest P+Connectivity+Elevation+Shape -26.02

LT Size+D Continuous+D Nearest P+Connectivity+Elevation+Shape -37.13
Size+D Continuous+D Nearest P+Connectivity+Elevation -39.12

Size+ D Continuous+Connectivity+Elevation -41.12
Size+D Continuous+Elevation -42.96
Size+Elevation -44.96
Size -45.86

M -47.51
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“There is a real poetry in the real world.

Science is the poetry of reality.”

Richard Dawkins
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3. Capitulo 2

3.1 DIVERSIDAD FILOGENETICA:

PATCH SPATIAL CONFIGURATION EFFECTS ON PLANT PHYLOGENETIC
DIVERSITY IN A NATURALLY FRAGMENTED FOREST OF YUCATAN

Sometido en: Tropical Conservation and Ecology

Una gran cantidad de investigaciones han evaluado elimpacto de la fragmentacion del bosque
sobre la diversidad taxondmica de plantas y la mayoria de los estudios mostraron un efecto
negativo. Sin embargo, la diversidad taxondmica es un pobre descriptor de la biodiversidad,
ya que considera a las especies como entidades homogéneas y no reconoce su historia
evolutiva. Por el contrario, la diversidad filogenética es un predictor fiable de funcionamiento
de los ecosistemas y puede ser util en la biologia de la conservacidn para priorizar taxa y
asignar los recursos disponibles de manera mas eficiente. Sin embargo, no se conoce bien
cdmo la fragmentacion del bosque afecta a la diversidad filogenética.

En el presente trabajo se analizé el efecto de la configuracion espacial de parches (el
tamano del parche, el grado de aislamiento y forma) sobre la diversidad filogenética en un
bosque natural fragmentado. El proceso de fragmentacién por lo general reduce el tamafio
de los fragmentos forestales, aumenta el aislamiento de parches y promueve la forma circular
de restos forestales, éste proceso puede reducir la diversidad filogenética de las plantas.

Tres métricas de diversidad filogenética y dos métricas de estructura filogenética se
calcularon para 19 parches de bosque. La relacion entre las métricas de diversidad filogenética
y algunos descriptores de configuracién espacial de parche (tamafo, algunas medidas de
aislamiento, la forma y elevacién) se evaluaron con modelos de regresién lineal.

Contrariamente a nuestras expectativas, cambios espaciales asociados a los procesos
de fragmentacién (reduccion del tamano del parche, el incremento del aislamiento y la
complejidad de la forma del parche) no tuvieron efecto consistentemente negativo en la
diversidad filogenética. De hecho, se encontrd lo contrario para algunas métricas; por ejemplo,
los parches mas grandes son mas filogenéticamente agrupado y parches mas complicadas
tenido emparejado media mayor distancia filogenética. Llegamos a la conclusion de que la
fragmentacion del bosque no tiene efecto negativo en la diversidad filogenética.
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3.2 Abstract

A great deal of research has assessed the impact of forest fragmentation on plant taxonomic
diversity with most studies showing a negative effect. However, taxonomic diversity is a poor
descriptor of biodiversity because it consider species as homogeneous entities and do not
recognize its evolutionary history. In contrast, phylogenetic diversity is a reliable predictor of
ecosystem functioning and may be helpful in conservation biology to prioritize taxa and
allocated more efficiently available resources. However, it is poorly understood how forest
fragmentation affect phylogenetic diversity. In this paper we looked at the effect of patch
spatial configuration (patch size, isolation degree and shape) on phylogenetic diversity in a
naturally fragmented forest. The fragmentation processes usually reduces size of forest
patches, increases patch isolation and promotes convolute shape of forest remnants, we
predicted that this process may reduces plant phylogenetic diversity. Three metrics of
phylogenetic diversity and two metrics of phylogenetic structure were calculated for 19 forest
patches. The relationship between these metrics and some descriptors of patch spatial
configuration (size, some measures of isolation, shape and elevation) were assessed with
linear regression models. Contrary to our expectations, spatial changes associated with
fragmentation process (patch size reduction, increased isolation and patch shape complexity)
did not have a consistently negative effect on phylogenetic diversity. In fact, the opposite was
found for some metrics; for example, larger patches are more phylogenetically clustered and
more convoluted patches had larger mean paired phylogenetic distance. We conclude that

forest fragmentation has no negative effect on phylogenetic diversity.

Keywords: Forest fragmentation, habitat loss, habitat isolation, patch shape, phylogenetic

diversity.
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3.3 Introduction

Biodiversity conservation is particularly important in vulnerable ecosystems, especially in the
tropics where highly diverse biota coexists with massive rates of habitat loss (Achard et al.
2002; Martinez-Ramos, 2016). While biodiversity has become a popular term and most people
are in favor of biodiversity conservation worldwide, there is no complete consensus among
academics and conservationists on how biodiversity should be measured and how prioritize
conservation efforts when available resources are limited (Maclauirin & Sterelny, 2016).
Biodiversity assessment and how major biodiversity treats such as forest fragmentation affect
biodiversity has mostly focused on species richness as a meassure of biodiversity (e.g. Farigh,
2003). However, one assumption behind biodiversity metrics based on species richness is that
species are homogeneous entities and fail to account for the evolutionary history of species
which we already know is a good predictor of ecosystem processes and stability [Cadotte et

al. 2012; Flynn et al. 2011).

Phylogenetic diversity (PD), understood as the evolutionary history contained in a
biotic community (Faith, 1992), may be a more informative metric of biodiversity because it
is highly suggestive of major ecological process structuring biotic communities (Cadotte et
al. 2008; Faith et al., 2010; Webb et al. 2010), it is a reliable proxy of biodiversity option value
(Faith, 1992) and may provide a useful tool for conservationists to prioritize taxa (i.e. identify
most prolific lineages or those with highest extinction proneness) (Faith, 1992; Faith et al.
2010; Brooks et al., 1992; Eguiarte et al. 1999; Honorio-Coronado et al. 2015; Vane-Wright et
al. 1991; Winter et al. 2013). Despite of the relevance of PD may have in fundamental and
applied fields of Ecology, it was only until recently that ecologists have started looking at the
effects of human - driven disturbance on PD (e.g. Ribeiro et al. 2016). Some studies have
tested the prediction that anthropogenic disturbance (agriculture (Dinnage, 2009), grazing
(Dianese, 2015), human chronic disturbance (Ribeiro et al. 2016), land use intensification
(Egorov, 2015) logging (Tamoya et al. 2015) impoverishes plant phylogenetic diversity (i.e.
increases phylogenetic clustering), being the underlying mechanism that functional traits

associated to plant vulnerability to disturbance (e.g. large - seeded, emergent, shade -
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tolerant, hardwood, vertebrate - pollinated species (Laurance et al. 2006; Lopes et al., 2009;
Silva & Tabarelli, 2009)) are phylogenetically conserved and disturbance may act as an
environmental filter (Webb et al. 2002; Cavender et al. 2004; Letcher, 2010). As a result, plant
communities in more disturbed habitat exhibit greater phylogenetic clustering. Although this
prediction is frequently supported by data, most studies have fail to explicitly test the
suggested mechanism [e.g. Ribeiro et al. 2010; Tamoya et al., 2015; but see Egorov et al. 2015).
Just a few studies have recently addressed the impact of forest fragmentation on PD of plant
communities in the tropics (Andrade et al. 2015; Arroyo et al., 2012; Santos et al. 2010). In
contrast to other human - driven disturbances, forest fragmentation seems to have a mixed
effect on PD. While a study has supported the prediction that forest fragmentation
(measured as forest cover) produces a phylogenetic impoverishment of the plant community
(Andrade et al. 2015), other studies have found no evidence of fragmentation - induced
(patch size, forest cover) phylogenetic clustering in tropical plant communities (Arroyo et al.,
2012; Santos et al. 2010). Actually some authors have challenged the idea that environmental
filters associated with forest fragmentation operate on phylogenetically conserve functional
traits (Arroyo et al., 2012). Some other authors have also suggested that the period of time
(from decades to just a few decades) elapsed since fragmentation process began has not
been long enough to see a negative effect on plant communities, in part due to the large

longevity of some tropical tree species (Santos et al. 2010; Santos et al. 2012).

In this study, we evaluated whether patch spatial configuration (size, shape and
isolation degree) predict plant phylogenetic diversity in a naturally fragmented forest of the
Yucatan. This forest is composed of natural vegetation patches which naturally differ in terms
of size, degree of isolation and shape [Mas & Correa, 2010; Montiel et al. 2006; Munguia-
Rosas & Montiel, 2014). Forest patches — locally known as petenes (singular peten)- are
discrete and well - established units with clearly identifiable edges (Duran, 1987; Rico - Gray,
1982). Vegetation of petenes is taller, species richer and structurally more complex than
surrounding habitat matrix that is dominated by salinity/flood - tolerant species (Munguia-

Rosas & Montiel, 2014; Duran, 1987; Rico-Gray, 1982). This forest represents an excellent
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opportunity to study long - term effects of spatial changes of the habitat associated to a
fragmentation process on PD owing that it has been fragmented for a geological time

(Montiel et al. 2006; Munguia-Rosas & Montiel, 2014; Munguia-Rosas et al. 2014).

Our prediction was that patches exhibiting spatial variables associated with a harsher
environment (reduced area, isolation and convolute shape) will have lower PD if plant traits
that confer tolerance to inhabit harsh environments are phylogenetically conserved. Patch
area is positively related with environmental heterogeneity; therefore, smaller patches may
represent a more restrictive niche for areduced number of potentially closer species (Sonnier
et al. 2014). Patch isolation may filter plant species with long - distance dispersion capacity
(i.e. zoochorus seed dispersal, a phylogenetically conserved trait (Rezende et al. 2007).
Finally, because patch edge: area ratio increases with shape complexity and it is known that
the amount of edge is positively related with environmental stress (Murcia, 1995). Therefore,
possibly stress - tolerant plant (like early succession plant species which are typically closely

related) may be filtered in more convoluted patches (Letcher, 2010, Tabarelli et al. 2009).

3.4 Methods
Study area

The study was conducted in the Petenes-Celestun-El Palmar biological corridor (19°53'- 21°11'
N, 90°28'- 90° 17' W), located along the northwestern coast of the Yucatan Peninsula (Fig 1).
Its area is approximately 240,000 ha (Costa-Lugo et al. 2010) and climate is tropical subhumid
with summer rains. Precipitation ranges from 1,000 to 1,200 mm y-1 and temperature from

26.1t027.8 °C(Duran, 1987).

The study was conducted on patches of semi-evergreen tropical forest. These forest
patches are surrounded by a flooded matrix of shorter and less diverse vegetation, tolerant
to high salinity and dominated by sedges and short mangroves (Rico-Gray & Palacios-Rios,
1996). The patches are more abundant on the western part of the peninsula (Duran, 1995)

where the study was conducted, but the forest turns continuous toward continent interior.

e
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The distance from one patch to the nearest patch ranges from 20 to 2,670 m (Mas & Correa,
2000. Patch shape varies from nearly circular to amorphous (shape index goes from =~ 1.00
to 2.49 Mas & Correa, 2000) (Figure 2.1). Most forest patches have a source of fresh water
year round via sinkholes that continually supply fresh water and have relative higher
elevation, these two characteristics may at least partially explain the presence of these forest
patches in the study area [Duran, 1987 - Rico-Gray, 1982, Barrera, 1982). The forest patches
grow on quaternary geological formations that are about 1.7 My old (CONANP - SEMARNAT.

2006).

The vegetation of forest patches has identifiable strata or layers where from three to
five plant species are strongly dominant (Tun - Dzul, 1996). In the canopy layer, the most
frequent species are Annona glabra L., three different species of Ficus, Laguncularia racemosa
(L.) C.F. Gaertn., Manilkara zapota (L.)P. Royen, Metopium brownei (Jacq.)Urb., Rhizophora
mangle L., Swietenia macrophylla King and Tabebuia rosea (Bertol.) Bertero ex A.DC. The
shrub layer is characterized by Acrostichum aureum L., Bravaisia berlandieriana (Nees) T.F.
Daniel and Sabal yapa C. Wright ex Becc. Because of continuous flooding the herbaceous
layer is scarce or absent. There are some patches that have a mixture of mangrove species
(mainly L. racemosa) with forest species potentially due to moderate saline soil (Tun-Dzul et
al. 2011). The matrix between patches is dominated by flood/salt - tolerant species such as
Acrostichum danaeifolium Langsd. & Fisch., Cladium mariscus (L.) Pohl, and the mangroves

Avicennia germinans (L.) L., L. racemosa and R. mangle L. (Rico-Gray, 1982).
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Figure 3.1. Map of study area (Petenes-Celestin-El Palmar Biological Corridor; white polygon; From Munguia y
Montiel, 20014). Forest patches sampled (Sampled peten) are shown in black. Patches not sampled are shown
in gray (Peten). The small rectangle in the insert at the bottom right indicates the position of the study area on

the Yucatan Peninsula. All bars represent 1 km.
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Plant sampling

A group of 19 patches of variable size (1.6 - 320 ha), isolation degree (distance to the nearest
patch: 0.03 - 1.6 km, distance to the continuous forest: 4 - 9 km) and shape (shape index:
0.26 - 1.62) was chosen (Fig. 1). Patch selection was not random because of insurmountable
limitations related to accessibility. Only accessible patches and with an area greater than one
hectare were selected because smaller patches are not permanent as they get totally flooded
during the rainy season. From January 2013 to August 2014 we recorded vascular plant
speciesin all 19 forest patches using a sampling protocol modified from Gentry (Gentry, 1982).
In short, plant sampling was conducted using 54 x 4 m belt transects. In each patch five
transect were placed, the first transect was placed using a random GPS point previously
located in digital cartography and the remaining transects were placed systematically
(parallel and 20 m apart), total sampled area per patch was 0.1 ha. Following the experience
of previous studies (Arroyo-Rodriguez et al. 2010, Munguia & Montiel, 2014, Arroyo-
Rodriguez et al. 2010 - Rosati et al. 2010), the area sampled was kept constant in all 19
patches to reduce sample area effects. Only plants with a girth greater than 5 cm (dbh =1.6
c¢m) and non - woody plants taller than 20 cm were sampled. Epiphytes and lianas were not
recorded during the vegetation survey owing to the difficulties associated with assessing
their presence and abundance (i.e. the forest canopy reaches about 26 m). Plants were
identified with the help of field guides (Brokaw, 2011; Pennington & Sarukhan, 2015) as well
as expert advice (see Acknowledgements). An a posteriori evaluation of sampling provided
evidence that it was representative in all patches (i.e. the species accumulation curve reached

an asymptote and species representativeness was greater than 80% in all of the patches).
Spatial configuration of patches

Most recent digital cartography (years 2009 and 2011) available for the study area in Google
Earth pro 7.2 was used to calculate patch size (measured in hectares), distance to the
continuous forest (edge to edge in kilometers), distance (edge to edge) to the nearest patch
(Km), patch perimeter (Km), patch central elevation (m a.s.l.) with the help of Arcinfo 9.2.

This task was facilitated by the fact that edges of forest parches are easily discriminated from
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surrounding matrix in the cartography. With part of this information a shape index (SI) was
calculated with the following expression where, p is the perimeter of the focal patchand S'is
the size of focal patch. This index describes the complexity of the patch shape relative to
perfect circular shape. Sl is equal to 1if the patch is nearly circular and increases with patch
complexity (convolute shape).

Some spatial data (patch elevation and distance to the nearest patch) were validate
in the field with the help of a GPS for some patches (4) which suggesting that data obtained

from digital cartography are accurate.
Phylogeny and phylogenetic diversity metrics

A phylogeny of 47 plant species was built by matching a list of species obtained from our
vegetation survey (see the Plant sampling subsection) with up - to - date family and genus
names, and tip labels of a provided megatree (Honorio-Coronado et al., 2015; Webb &
Donoghue, 2005), using the PHYLOMATIC function of PHYLOCOM 4.2 (Webb et al. 2008) and
the dated tree from Davies et al. (2004) for seed plants. Two fern species found in sampled
communities were excluded because these would contribute disproportionately to
phylogenetic diversity metrics owing to the low relatedness to the majority of species, as
recommended by other authors (Honorio-Coronado et al. 2015; Arroyo-Rodriguez et al. 2012).
The ultrametric phylogeny with branch lengths in millions of years was obtained using the
bladj option in PHYLOCOM. That function fixes the ages of root node and other nodes based
on Wikstrém et al. (Wikstrom et al. 2001). Visualization and exporting trees were performed

in FigTree v.1.4.2. Final phylogenetic tree used to PD metrics calculation is shown in Figure 3.2.
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Time calibrated phylogenetic tree and the abundance of each species (frequency)
were used to calculate some metrics of phylogenetic diversity per forest patch. We
calculated the phylogenetic diversity sensu stricto (PDss) as total branch length of the
phylogeny of all species occurring in a given patch (Faith, 1992), the mean pairwise
phylogenetic distance (MPD) between species and the mean nearest taxon distance (MNTD)
(Webb et al. 2002, Webb, 2000). MPD summarizes the average distance among pairs of
species drawn at random from a sample (considering conspecifics) while MNTD summarized
the average distance to the closest non - conspecific relative and quantifies terminal
clustering (Webb, 2000). Also, the inverse of standardized effect sizes of MPD and MNTD,
better known as net relatedness index (NRI) and nearest taxon index (NTI) respectively,
were calculated (Webb et al. 2002, Webb, 2000). NTI and NRI are calculated in analogous
manner, using the following expression: NTI/NRI = — (Ns—Nr)/or where Ns is the average (NRI)
or average nearest taxon (NTI) distance in a given patch, Nr is the average nearest taxon
distance obtained from a set of randomized samples (999 permutations), and or is the
standard deviation from the randomized set (Web et al. 2002; Webb, 2000). Positive values
of NRI and NTI indicate terminal and familial phylogenetic clustering respectively, while
negative values suggest phylogenetic overdispersion (Webb et al. 2000). While PDss match
perfectly with the concept of phylogenetic diversity, it is influenced by species richness, that
is not the case for pairwise phylogenetic distances (MPD and MNTD) (Bello et al. 2016). NRI
and NTI are not proper metrics of phylogenetic diversity but metrics of phylogenetic
structure (i.e. phylogenetic evenness vs. clustering) (Andrade et al. 2015) and represent to
what extent the phylogeny deviate from a random assembly of species in a community
(Kembel et al. 2010). The metrics were calculated with the PICANTE library (Kembel et al.

2010) for R 3.2 software (R Development Core Team, 2015).
Statistical analyses

To assess the relationship between phylogenetic diversity metrics and patch spatial
configuration we used multiple regression models. In these models, phylogenetic diversity

metrics (PDss, MPD, MNTD, NRI, and NTI) were the response variables (a different model per
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PD metric), and the spatial configuration descriptors of forest patches (patch size, distance
to continuous forest, distance to the nearest patch, patch perimeter, patch central elevation,
and patch shape index) were the explanatory variables. To improve linearity, patch size,
distance to the nearest patch and patch shape index were log transformed. For each PD, a
minimal adequate model was obtained following the AIC criterion to optimize degrees of
freedom (Crawley, 2013). Examination of residual suggested good fit to normality in all cases

(Crawley, 2013). All analyses performed were run in R 3.2 (R Development Core Team, 2015).

3.5 Results
Species richness and major clades

Forty seven plant species were recorded in the 19 forest patches sampled, these species
belong to 25 plant families: Acanthaceae (2 species), Anacardiaceae (1), Annonaceae (1),
Apocynaceae (1), Arecaceae (2), Bignoniaceae (1), Bromeliaceae (2), Burseraceae (1),
Brassicaceae (2), Combretaceae (3), Ebenaceae (2), Erythroxylaceae (2), Euphorbiaceae (2),
Fabaceae (5), Malpighiaceae (1), Malvaceae (3), Meliaceae (1), Menispermaceae (1),
Moraceae (7), Nyctaginaceae (1), Polygonaceae (1), Rhizophoraceae (1), Sapindaceae (2),
Sapotaceae (1), Theophrastaceae (1). The patches included mainly eudicots and a just a few
species of magnolids (only one species in some patches) and monocots (only 1 - 2 species in
some patches). Species richness per patch ranged from 5 to 20 species. Regarding the

number of families, it ranged from 5 to 17 plant families (Table 3.1).
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Table 3.1. Per-patch plant species richness (SR), number of species in major plant clades (Magnolids, Monocts,

Eudicots) and number of plant families represented in each patch (Families).

Patch SR Magnolids Monocots Eudictos Families
1 5 1 0 4 5
2 16 1 2 13 13
3 8 1 1 6 8
4 13 1 2 10 12
5 13 0 1 12 12
6 16 0 1 15 15
7 17 1 1 15 17
8 13 0 1 12 10
9 9 0 Y 9 9
10 16 o] 1 15 14
1 20 1 1 18 17
12 14 0 1 13 12
13 9 1 1 7 9
14 17 1 2 14 13
15 8 1 0 7 7
16 7 o 1 6 7
17 8 0 1 7 7
18 17 0 1 16 15

19 1 1 1 9 1

Relationship between patch spatial configuration and phylogenetic diversity

Patch size averaged: 85.89 + 19.7 ha (hereafter mean values + 1SE), patch perimeter: 4.41 +
1.82 km, patch central elevation: 8.57 + 0.89 m a.s.l., distance to the continuous forest: 14.88
+ 4.27 km, distance to the nearest patch: 0.35 + 0.09 km, and patch shape index: 1.25 * 0.06.

Minimal adequate models for PDss and MNTD retained patch size and patch elevation
as predictors, while the minimal adequate model for MPD retained patch size and the shape

index. NRI minimal adequate model include patch size, distances to the continuous forest
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and patch perimeter. Finally, minimal adequate model for NTI only have the intercept (Table

3.2).

Table 3.2. Model simplification procedure for five phylogenetic diversity metrics (phylogenetic diversity sensu
stricto [PDss], mean paired distance (MPD), mean nearest taxon distance [MNTD], net relatedness index (NRI),
and nearest taxon index [NTI]). For each metric, initial complete model included patch size (Size), distance to
the continuous forest (D continuous F), distance to the nearest patch (D nearest), patch central elevation
(Elevation), patch shape (Shape) and perimeter (Perimeter). For each model, the Akaike Information Criterion

is shown (AIC). Minimal adequate models are in bolds.

Response Explanatory variables AIC
PDss Size + D continuous F + D Nearest + Elevation + Shape + Perimeter 218.32
Size + D continuous F + D Nearest + Elevation + Shape 216.32
Size + D continuous F+ D Nearest + Elevation 214.78
Size + D Nearest + Elevation 214.51
Size + Elevation 214.21
MPD Size + D continuous F + D Nearest + Elevation + Shape + Perimeter 127.27
Size + D continuous F + D Nearest + Shape + Perimeter 125.3
Size + D continuous F + D Nearest + Shape 123.34
Size + D Nearest + Shape 121.38
Size + Shape 120.08
MNTD Size + D continuous F + D Nearest + Elevation + Shape + Perimeter 151.66
Size + D continuous F + D Nearest + Elevation + Perimeter 149.67
Size + D continuous F + Elevation + Perimeter 147.7
Size + Elevation + Perimeter 145.81
Size + Elevation 143.98
NRI Size + D continuous F + D Nearest + Elevation + Shape + Perimeter 13.8
Size + D continuous F + D Nearest + Elevation + Perimeter 15.79
Size + D continuous F + D Nearest + Perimeter 17.76
Size + D continuous F + Perimeter 17.06
NTI Size + D continuous F + D Nearest + Elevation + Shape + Perimeter 7.82
Size + D continuous F + D Nearest + Elevation + Shape 5.84
Size + D Nearest + Elevation + Shape 4.06
D Nearest + Elevation + Shape 2.41
D Nearest + Elevation 0.49
D Nearest -1.26
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Intercept -2.69

u=Intercept.

PDss was only positively related to size which explained 29.38 % of variance of this metric
(Table 3.3, Fig. 3A). MPD was positively related to patch shape, this variable explained 28.87 %
of among - patch variance in MPD (Table 3.3; Fig. 3B). MNTD was positively related to patch
elevation which explained 18.29 % of variance in this metric (Table 3.3; Fig. 3C). NRI was
positively related to size and distance to the continuous forest, these variables explained
21.13 and 21.10 % of among - patch variance in NRI (Table 3.3; Fig. 4AB). However, when a
highly evident outlayer was eliminated, the coefficient of the relationship between NRI and
distance to the continuous forest turned non significant (p > 0.05). Remaining explanatory
variables in minimal adequate models were not statistically significant predictors of PD

metrics (Table 3.3).

Table 3.3. Results of linear regression models to assess the effects of patch spatial configuration (patch size
[Size], distance to the continuous forest [D continuous F], patch elevation [Elevation], patch shape (Shape] and
patch perimeter [perimeter]) on phylogenetic diversity metrics (phylogenetic diversity sensu stricto [PDss],
mean paired distance (MPD), mean nearest taxon distance [MNTD], net relatedness index (NRI), and nearest
taxon index [NTI]. Only the statistics for the variables included in the minimal adequate model (see Table 2) are

shown. Patch size and patch shape were logtransformed to improve linearity.

Response Source of Statistics Coefficient Explained variance
variation (SE) (%)
PDss Size F16=7.92% 106.86 (164.25) 29.38
Elevation F216=3.04 -28.55 (16.36) 11.28
MPD Size Fy16=2.35 -15.15 (4.85) 0.09
Shape Fi16=7.44% 136.38 (49.98) 28.87
MNTD Size Fa16=4.39" -13.68 (5.31) 17.62
Elevation F116=4.56* 5.50 (2.57) 18.29
NRI Size F315=6.31% 0.31(0.12) 21.13
D Continuous F F35=6.30% 0.01(0.007) 21.10
Perimeter F315=2.26 - 0.04 (0.02) 7.56
*P<0.05
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Figure 3. Relationships between (A) phylogenetic diversity sensustricto (PDss) and patch size, (B) mean
pairwise distance (MPD) and forest shape, (C) mean nearest distance (MNTD) and patch elevation. Data are

from 19 forest patches of the Yucatan Peninsula.
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Figure 4. Relationships between Net relatedness Index (NTI) with patch size (A) and with distance to the

continuous forest (Km). Data are from 19 forest patches of the Yucatan Peninsula.

In the past few years ecologists have stressed the importance PD may have in fundamental
Ecology as well as its value as a tool for biodiversity conservation (Faith et al. 2010; Faith,
2016; Lean et al. 2016). Owing its correlation with ecosystem functioning and biodiversity

option value, it is crucial to understand how human - driven disturbances affect PD. A major
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treat for global biodiversity is forest fragmentation; however, its effect on PD is poorly
documented and few available studies have shown contrasting results. Additionally, some
authors have highlighted that long - term studies may improve our understanding about
how forest fragmentation affect PD. Therefore, we conducted a study in a naturally
fragmented forest where the forest has been fragmented for a geological time. Even so, we
did not see a consistent negative effect of forest fragmentation (habitat loss measured as
patch size and habitat isolation) on different PD metrics as expected. According to our results,
patch size is positively correlated with PDss and NRI. That means that, as expected, the
phylogeny of plant communities inhabiting larger patches tend to have larger total branch
length. However, this trend is contradictory with NRI (a metric of phylogenetic community
structure) which suggest that phylogenetic clustering increases with patch size. An
important consequence of fragmentation is patch isolation; however, isolation degree does
not seem to have any significant effect on PD. Significant effects of patch shape and
elevation on PD were observed but only for one metric each and the direction of such effects
were opposite to our predictions. We suggest that, in contrast to the general belief, changes
in spatial configuration of patches typically associated with a fragmentation process have no

negative effects on phylogenetic diversity in the log - term.

Patch size has long been identified as a reliable predictor of taxonomic diversity in
fragmented forests (e.g. Munguia-Rosas & Montiel, 2014; Bender et al. 1998). However, its
relevance in predicting other major components of biodiversity such as phylogenetic
diversity (Swenson, 2014) has been poorly documented and the few available studies have
shown mixing results (Andrade et al. 2015; Arroyo et al. 2012, Santos et al. 2010). Although we
found that patch size predicts PDss and NRI, it seems to be contradictory. This results implies
that larger forest patches contain a larger evolutionary history (i.e. the phylogeny of plant
communities in larger patches have larger total branch length) but, at the same time, plant
lineages inhabiting larger forest patches are phylogenetically clustered. We think that the
positive association between patch size and PDss may be artificial. It is known that PDss may
be heavily correlated with species richness (Honorio-Coronado et al. 2015) and that was the

case for our data set (r=0.97, p<0.05). It is no difficult to think that as species richness
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increases, the phylogeny of the community will have more branches and this would increases
PDss. In fact, in a previous study, our research group found the patch size is positively
correlated with species richness in the study area (Munguia-Rosas & Montiel, 2014). Thus, it
is likely that observed positive association between patch size and PDss is due to among -
patch variation in species richness. On the other hand, NRI is a more reliable metric of PD
because it is not influenced by species richness given that this is an standardized effect size
of the mean phylogenetic dissimilarities (MPD) (Honorio-Coronado et al. 2015; Swenson,
2014). However, depicted pattern (NRI and patch size are positively correlated) is contrary to
our original expectation: phylogenetic overdispersion (i.e. negative values of NRI) increases
with patch size. Although contrary to the general idea that disturbances increase
phylogenetic clustering, the opposite (i.e. increment of PD with disturbance) is also plausible.
In the study area habitat matrix is dominated by flood - and salt - tolerant plant species,
these environmental variables (flooding and salinity) are recognized as two major stressors
for plants inhabiting the forest patches (Rico-Gray & Palacios-Rios, 1996). We predicted that
small patches would be more affected by these stressors because a large proportion of its
area is in contact with the matrix. However, plant species tolerant to these stressors are not
closely related because functional traits that allow its permanence in flooded and saline
habitats are ecologically convergent, with no or very low phylogenetic signal. A well known
example of this are mangrove species, small patches can be dominated by A. germinans
(Acanthaceae) and L. racemosa (Combretaceae), both tolerant to high salinity and flood but
phylogenetically distant. Other studies also support the notion that functional traits
associated with plant vulnerability to forest disturbances has low phylogenetic signal
(Arroyo-Rodriguez, et al. 2012).

As suggested by the statistical analysis, patch isolation (measured as distance to the
continuous forest) was initially proposed as a significant predictor of NRI (Table 3); however,
a graphic analysis of this relationship (Fig. 4B) suggested that this relationship was artificial
given that the regression line suggested by the model was drawn between a cluster of
patches and a outlier (see Fig 4B), this suspicion was confirmed after reanalyzing the data set

without the mentioned outlier. Interestingly, we have found in previous studies that patch
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isolation degree has a negative effect on taxonomic diversity (Munguia & Montiel, 2014) of
plants in the study area, which suggest that at least some PD metrics may provide
independent information regarding the effect of forest fragmentation on biodiversity owing
that PD metrics (different from PDss) may not correlated with species richness.

Also, contrary to the expectation, the results suggest that patch complexity is
positively correlated with phylogenetic diversity measured as MPD -a PD metric poorly
influenced by species richness (Bello et al. 2016). Although contrary to the expectation, this
result is also plausible if species with tolerance to environmental stressors associated with
more convoluted shape are phylogenetically distant. Patches with convoluted shape could
have a greater edge: area ratio and therefore these patches have a greater proportion of
habitat in contact with environmental stressors such as flood and high salinity. We have
already mentioned some examples of largely unrelated species with convergent adaptation
to cope with these stressors (e.g. mangroves). We also acknowledge that the slope in this
relationship is low (see Figure 3B) and patch shape did not affect any other PD metric, which
suggest that observed effect of patch shape on PD is not strong.

A positive association between patch elevation and MNTD was found. Although
elevation is not associated with a forest fragmentation process, in the study area it is highly
relevant because patches with higher elevation are less influenced by environmental
stressors associated with the matrix and this result supports this notion. A similar pattern has
been seen in previous studies with a different taxonomic group (Zou et al. 2016).

In conclusion, in a naturally fragmented ecosystem habitat loss (measured as patch
size), isolation degree and convolute shape did not have the expected negative effect on
phylogenetic diversity. On the contrary, small, convoluted shaped patches are suitable
habitat for phylogenetic distant species but with ecologically convergent strategies to cope
with environment stress prevailing in these patches. As a result patches with this spatial
configuration (isolated and convoluted shape) may exhibit moderately larger phylogenetic
diversity. Our study is added to previous studies suggesting that forest fragmentation has a
weak effect on phylogenetic diversity in tropical plant communities (Egorov et al. 2015;

Arroyo-Rodriguez et al. 2012).
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Implications for conservation

In recent years ecologist and conservationist have turned to phylogenic diversity because it
is correlated with some ecosystem processes and biodiversity option value, the later is
particularly relevant because none of other major component of biodiversity (i.e. taxonomic
or functional diversity) are suggestive of future uses of biodiversity (Faith et al. 2010). The
finding of our study and previous ones conducted in tropical plant communities are, in some
sense, optimistic because it seems that PD is relatively resilient to long - term forest
fragmentation. However, we also warn take this result with caution because of the limited
number of studies and because although changes in spatial configuration associated to a
fragmentation process may have not a strong negative effect on PD, forest remnants are
simultaneously facing other chronic disturbances that previous studies have documented
affect negatively PD. Therefore, if the practitioners are interested in conserving plant PD,

chronic disturbances should have a larger priority in management strategies.
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“El bosque estd en llamas y mientras todos los animales huyen para salvar su

pellejo, un colibrirecoge una y otra vez agua del rio para verterla sobre el fuego.

-¢Es que acaso crees que con ese pico tan pequeno vas a apagar el incendio? -le

pregunta el ledn.

2

- Ya sé que no puedo solo —responde el pajarito- pero estoy haciendo mi parte.

Parabola del colibri.
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4. Discusion general y conclusiones

Una de las tareas centrales en Biologia es cuantificar la biodiversidad y cdmo esta varia
geograficamente (Myers et al., 2000). Dilucidar y comprender los patrones de la diversidad es
particularmente importante en los trépicos debido a su elevada riqueza de especies y la
creciente necesidad de desarrollar y aplicar estrategias efectivas de conservacién para hacer
frente a la alteracién de los hébitats alrededor de todo el mundo (Honorio-Coronado et al.,
2015). A pesar de la apremiante necesidad de comprender lo anterior, el estudio de la
configuracion espacial y su relacién con los componentes de la biodiversidad se habia
abordado de forma individual en diversos estudios (e.j., Diaz & Cabido, 1997; Diaz et al., 2002;
Duffy, 2002; Lavorel & Garnier, 2002; Cornelissen et al., 2003; Hooper et al., 2005; Pokorny et
al., 2005; Petchey & Gastdn, 2006; Violle et al., 2007; Formara & Tilman, 2009), pero en la
actualidad se sabe que es preciso conocer cudl es el efecto de las diferentes variables
espaciales en los factores abidticos que propician la conformaciéon de las comunidades
bioldgicas en los ecosistemas y cdmo éste influye en cada una de las dimensiones de la
diversidad (Santos et al., 2010; Arroyo-Rodriguez et al., 2012; Cadotte et al., 2012; Munguia-
Rosas et al., 2014; Sonnier & Jamoneau, 2014; Haddad et al., 2015; Kraft et al., 2015; Peralta et
al., 2015; Thompson et al., 2015).

La destruccion y degradacion de los ecosistemas naturales es la primera causa de la
reduccidén de la diversidad global (Pereira et al., 2010; Rands et al., 2010). La destruccién del
habitat, normalmente termina en fragmentacién, la division del habitat en pequefios
fragmentos mds pequefios y aislados, separados por una matriz producto de Ia
transformacion por actividades humanas. La pérdida de drea, el incremento en el aislamiento
y la exposicion al uso de suelo en los bordes de fragmentos, a largo plazo cambia la estructura
y funcién de los fragmentos remanentes de un ecosistema (Lindenmayer et al., 2006).

Ademas de la pérdida de habitat, el proceso de fragmentacion de habitat deriva en
otros tres efectos: aumento del nimero de parches, disminucidn de tamafio de los parches, y
aumento el aislamiento de los parches. Las medidas de fragmentacion van mas alld la cantidad

de habitat y se derivan generalmente de estas u otras medidas fuertemente relacionadas (por
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ejemplo, la cantidad de borde). Hay por lo menos 40 de estas medidas de fragmentacion
(McGarigal et al., 2002; Farigh, 2003). En esta investigacidn, se consideraron los siguientes
descriptores de la configuracidon espacial de los parches producidos por el proceso de
fragmentacién natural: tamafio, perimetro, indice de forma y elevacién, ademas de las
variables de aislamiento: distancia al parche mas cercano, distancia al bosque continuo e

indice de conectividad.

4.1 El efecto de la fragmentacion natural en la diversidad funcional

Los resultados de esta investigacidn sugieren concretamente que un parche a pesar de contar
con tamafno adecuado, pero que se encuentre aislado o con una forma compleja puede llegar
a empobrecer su diversidad funcional vegetal. Eso representa un riesgo para el ecosistema,
pues las funciones que las plantas lefiosas realizan, representan uno de los factores
principales de productividad primaria. En los petenes, que son ecosistemas dinamicos donde
los miembros de las comunidades vegetales se encargan de cumplir con funciones especificas,
la pérdida de este componente de la biodiversidad puede tener un efecto irreversible,
afectando el desempefio de los linajes presentes en ellos y por tanto el equilibrio ecosistémico

cuando las actividades antrdpicas aceleran dicha pérdida.

4.1.1 Filtros ambientales y la diversidad funciona de plantas en los petenes

Se sabe que los factores abidticos en los ecosistemas son los responsables de dar forma a la
distribucion de las especies presentes en ellos. Entonces, la regulacion intrinseca de los
ecosistemas depende de las piezas bioldgicas que lo componen, y estas a su vez estan
determinadas por filtros histdricos (largo plazo) y fisicoquimicos (dindmica rdpida). Estas
piezas cumplen una funcidn determinada en los procesos del flujo de la materia y energia, y la
diversidad de esas funciones (diversidad funcional-DF son el reflejo de esta complejidad y, en
general, de la dindmica espacio temporal de un ecosistema (Ovalle & Riss, 2014).

A pesar de los muchos estudios que abordan el tema de fragmentacién y su efecto en

la riqueza de especies poco se sabe sobre los efectos que éste proceso tiene en otros
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componentes de la biodiversidad. La fragmentacidon puede afectar la diversidad funcional
directamente (por ejemplo, mediante la promocidén de atributos asociados a la dispersién a
largas distancias cuando aislamiento fragmento aumenta) o indirectamente (por ejemplo, por
la disminucidn de la riqueza de especies, y por lo tanto la diversidad de atributos, cuando el

area del fragmento disminuye) (Sonnier et al., 2014).

Las interacciones entre las medidas de la fragmentacion no son ampliamente
reconocidas en la literatura actual. La mayoria de los investigadores no separan los efectos de
la pérdida de habitat de los efectos configuracionales de la fragmentacidon. Esto conduce a
conclusiones ambiguas con respecto a los efectos de la configuracién del habitat en la
biodiversidad (e.j., Summerville y Crist 2001, Swenson & Franklin 2000). También es comtn en
los estudios de fragmentacion informar de los efectos individuales de las medidas de
fragmentacion sin informar de las relaciones entre ellos, y esto a su vez dificulta la

interpretacion de los resultados (Farigh, 2003).

Los resultados de este trabajo evidencian que los atributos de configuracién espacial
son buenos predictores de la diversidad funcional e indican que la estructura y diversidad
funcional de las comunidades de plantas que habitan los petenes varian en funcién de los
filtros ambientales relacionados con las condiciones de luz y agua. Los filtros abidticos, son
indicadores de respuestas a corto plazo y tienen una alta relevancia ecoldgica. El aumento
observado en la complejidad de los parches estudiados conlleva a un decremento en las
métricas de diversidad funcional multivariadas (MPFD) y por atributo (MPFD para contenido
de materia seca y drea foliar) de las comunidades de plantas presentes en ellos. La pérdida de
diversidad funcional genera profundas alteraciones de funciones ecofisioldgicas que
disminuyen la capacidad de regulacién y recuperacién propia de los ecosistemas (Ovalle & Riss,

2014).

4.1.2 Atributos funcionales mas afectados por los filtros ambientales
Se observd que los atributos mas afectados por los filtros ambientales, particularmente la

complejidad de la forma de los parches, fueron el contenido de materia seca y el tamafio de
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hoja. Se sabe que las hojas son el principal érgano fotosintético en los arboles. Por ser
altamente sensitivas, estan continuamente sujetas a las diferentes condiciones ambientales,
asi como a ciclos fenoldgicos y ritmos de crecimiento (Gonzalez—Rodriguez & Oyama, 2005;
Nikolic et al., 2006). Generalmente hay relaciones consistentes entre varios atributos foliares
y los factores ambientales (especialmente el agua, la temperatura y la disponibilidad de
nutrimentos), una de las relaciones mas cominmente observadas es la reduccién en el
tamano de la Iamina conforme decrece la precipitacion pluvial, se considera que las hojas
estrechas son una adaptacidn al calor, a la insolacién y a un ambiente seco (Halloy & Mark,
1996).

En el caso de las variables de aislamiento, también se observé un efecto negativo en
las métricas de diversidad funcional por atributo, particularmente en el contenido de materia
seca, dureza de hoja y tamafio de hoja. Lo anterior se explica debido a que las condiciones de
limitacion de agua inducen en las plantas respuestas que afectan aspectos morfoldgicos,
fisioldgicos y metabdlicos. Entonces, la variabilidad funcional en las plantas dominantes se ve
reducida sobre todo cuando se analizan las métricas por caracter. Todos estos cambios se
inducen como parte de una respuesta adaptativa, de tal forma que aquellas especies que
se han seleccionado en ambientes limitantes en agua inducen estas respuestas
rapidamente y, por tanto, disminuyen su velocidad de crecimiento, su transpiracidon, su
eficiencia fotosintética; reorganizan la distribucidn de sus nutrientes, dandole prioridad a la
formacion de las semillas para garantizar su reproduccidon y consecuente descendencia,
todo ello para disminuir su gasto energético ante estas situaciones desfavorables y
reservarse para mejores condiciones y, en el peor de los casos, al menos garantizar la
permanencia de la especie (Covarrubias, 2007). Nuestros resultados muestran que las
comunidades de plantas presentes en el paisaje fragmentado destinan mdas biomasa para la
formacion de tejido mas resistente y la proteccion a los posibles dafios fisicos que pudieran
afrontar en su entorno.

Las plantas a lo largo de su desarrollo experimentan algun grado de estrés por déficit
hidrico. En los sistemas naturales, un déficit de agua puede ser el resultado de bajas

precipitaciones, baja capacidad de retencion de agua del suelo, excesiva salinidad,
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temperaturas extremas frias o calientes, baja presion de vapor atmosférica o una
combinacién de estos factores (Nilsen & Orcutt, 1996). Aunque el area foliar es importante,
pues de ella depende la fotosintesis, una rapida expansion foliar puede afectar negativamente

la adaptacion a la poca disponibilidad de agua (Moreno, 2009).

4.1.3 Variacion de la diversidad funcional en los petenes

La variacion observada en la diversidad funcional es el resultado del efecto que la forma de
los parches tiene en este componente de la diversidad. Es decir, aquellos parches con formas
mds complejas (irregulares) donde el efecto de borde aumenta a la par de los factores
estresantes como la radiacidn, temperatura y la incidencia de patédgenos presentaron una
menor diversidad funcional que aquellos parches con formas mas circulares.

Es posible que los parches estudiados estén funcionando como unidades
independientes ya que cada uno enfrenta condiciones estresantes particulares debido a la
diversidad de formas y por consiguiente, al efecto de borde el cual sabemos puede tener
diferentes grados de complejidad, el grado de aislamiento y el tamafio del mismo fragmento.
Los resultados sugieren que las comunidades de plantas presentan estrategias especificas
que les permiten responder antes las condiciones ambientales, siendo muchas de ellas
tipicamente tolerantes al estrés, lo cual pudo permitirles colonizar inicialmente los distintos

fragmentos en que habitan.

4.2 El efecto de la fragmentacion natural en la diversidad filogenética

Por su parte, la exploracion del componente de diversidad filogenética en los ecosistemas
naturalmente fragmentados nos indican que los cambios espaciales asociados con el proceso
de fragmentaciéon (reduccidon del tamafo de parche, incremento en el aislamiento y
complejidad en la forma del parche), no tienen un efecto consistentemente negativo en la

diversidad filogenética como cabria esperarse, sino positivo.

89



4.2.1 El componente evolutivo de la integracion ecolégica

Los resultados de este estudio sugieren que, en el caso del paisaje fragmentado, los cambios
y variacion en la configuraciéon espacial no tienen efectos negativos en la diversidad
filogenética a largo plazo, lo cual se ha observado en otras investigaciones donde no se
encontraron diferencias en la diversidad filogenética a pesar del proceso de fragmentacién y
las variables espaciales implicadas en él y donde se concluye que la diversidad filogenética

presente amortigua su impacto (Santos et al., 2010; Arroyo et al., 2012; Andrade et al., 2015).

La estabilidad del ecosistema en ambientes variables depende de la diversidad de la
forma y funcidn de las especies que lo constituyen (Cadotte et al., 2012). Es por esto que el
desarrollo en el uso de la informacidn filogenética reconoce que el patrén de las ramas en un
arbol filogenético refleja la acumulacién fenotipica, genética, conductual y/o las diferencias
fenoldgicas entre los linajes evolutivos (Harvey & Pagel, 1991). Estas diferencias acumuladas
pueden describir a su vez, explicar o predecir procesos bioldgicos o ecoldégicos (Tucker et al.,
2016).

El incremento en el uso de la informacidn evolutiva por parte de los ecdlogos se debe
alanecesidad de comprender los patrones en su distribucién y abundancia (Webb et al., 2002;
Mouquet et al.,, 2012). Los enfoques filogenéticos han tenido grandes beneficios para
relacionar informacién fenotipica con eventos evolutivos del pasado (Cadotte et al., 2010;
Srivastava et al., 2012), lo cual, combinados con informacién de la ecologia contemporénea,
proveen evidencias acerca de los mecanismos que dirigen la estructura de una comunidad

(Cavender-Bares et al., 2009; Mouquet et al., 2012).

4.2.2 El efecto amortiguador de los linajes cercanamente emparentados

Contrario a lo que se esperaba, los resultados sugieren que la complejidad del parche esta
positivamente correlacionada con la diversidad filogenética medida como la distancia media
filogenética, una métricamente pobremente influenciada por lariqueza de especies. También,
al contrario de lo esperado, los hallazgos de nuestra investigacion indican que lo anterior es

posible si las especies tolerantes al estrés son filogenéticamente distantes. Los parches con
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formas complejas tienen, como ya se ha mencionado, un mayor borde que los expone a un
mayor contacto con los factores estresantes como la inundacidn y la salinidad. Entonces, las
plantas lejanamente emparentadas que los habitan tienen adaptaciones convergentes que les

permiten persistir en con esos agentes estresantes (por ejemplo, los mangles).

4.2.3 indices de diversidad filogenética como criterios de conservacion

De acuerdo a los hallazgos de este estudio, se considera que la relacidn positiva entre el
tamano del parche y Ia PDss puede ser artificial ya que sabe que dicha métrica estd relacionada
con la riqueza de especies. No es dificil pensar que a medida que aumenta la riqueza de
especies, la filogenia de la comunidad tendra mas ramas y esto aumentaria los valores de PDss.
De hecho, en un estudio previo, nuestro grupo de investigacion encontré que el tamafo del
parche esta positivamente correlacionado con la riqueza de especies en el drea de estudio.
Por otro lado, NRI es una métrica mas confiable que la PD, ya que no esta influenciada por la
riqueza de especies debido a que es un estandarizado del efecto del tamafio de la media
filogenética de disimilitud (MPD) (Honorio-Coronado et al., 2015; Vane-Wright et al., 1991). Sin
embargo, el patréon representado (NRI y el tamafio del parche se correlacionan
positivamente) fue contrario a nuestras expectativas originales: donde la sobredispersién
filogenética (es decir, los valores negativos de NRI) aumenta con el tamafo del parche. A
pesar de que la idea general es que las perturbaciones aumentan la agrupacion filogenética,
también es posible un escenario opuesto. Por lo anterior, las métricas filogenéticas si podrian
ser usadas como un criterio de alerta para fines de conservacion siempre y cuando se les
considere en conjunto para responder a las interrogantes de cada sitio bajo estudio, y asi

poder tomar las decisiones mas pertinentes.

4.3 Un nuevo enfoque para el estudio de la biodiversidad y su conservaciéon ante los

escenarios actuales de vulnerabilidad ecosistémica

Aunque la linea de investigacion seguida dentro de este proyecto de tesis es relativamente

reciente y aln se encuentra en un proceso inicial dentro del nuevo paradigma para la
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conservacion de los ecosistemas, diferentes autores han enfatizado la necesidad de contar
con mayores estudios que integren ademas de la riqueza de especies y sus patrones de
cambio taxondmico, el componente evolutivo que los integra como el mecanismo causal de
tal variacidon. Asi mismo, este componente evolutivo se traduce en la manera en la que las
diferentes especies que integran el ecosistema se desempefian y cubren sus distintas

funciones.

Es por esto que la diversidad funcional de un ecosistema naturalmente fragmentado
cuando se analiza desde un marco evolutivo nos permite responder hipdtesis concretas sobre
el valor del proceso evolutivo y la sucesién ecoldgica al seleccionar los gradientes de
biodiversidad que observamos como comunidades ecoldgicas en un tiempo y espacio
determinado. Esta nueva visién se vislumbra como el nuevo paradigma de conservacion a

largo plazo.

Los resultados observados sobre el efecto que la configuracion espacial de los parches
estudiados tiene en las métricas de diversidad funcional y diversidad filogenética, evidencian
que la respuesta de dichas métricas es distinta en ambos casos. Entonces, ;qué esta
ocurriendo? Si la diversidad funcional se ve empobrecida por las variables de la fragmentacion
y aislamiento de los parches, entonces se podria plantear que las comunidades que habitan
en los petenes, destinan recursos a funciones muy particulares como la proteccién de las
estructuras fotosintéticas que, obligadamente, les permitirian cumplir con las funciones
metabdlicas basicas y competir por recursos con el resto de linajes presentes en cada parche.
Por otra parte, la diversidad filogenética no parece verse afectada negativamente por las

mismas variables de configuracion espacial y aislamiento.

Lo anterior, da pauta para aseverar que el proceso evolutivo por el cual se
conformaron las comunidades de plantas en los parches analizados ha sido favorecido por el
tiempo y que el proceso de fragmentacién natural ha permitido que los linajes presentes se
encuentren en equilibrio. La aseveracién anterior, podria ser robustecida si se contara con
estudios evolutivos y también funcionales del sitio en una escala de tiempo mas amplia,

aunque podria inferirse con los estudios floristicos previos en el mismo sitio. Sin embargo,
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surgen interrogantes relacionadas con el papel que estan desempefiando aquellos linajes que
no son dominantes y por consiguiente, responsables del mayor porcentaje de la funcidn. Es
decir, ;qué esta sucediendo con aquellas especies raras? ;Son ellas las encargadas, a menor
escala, de otras funciones ecosistémicas? (Es asi como se conserva el equilibrio de la

diversidad filogenética en este paisaje naturalmente fragmentado?

Aunque las variables que afectan las diversidades funcional y filogenética no son las
mismas, la informacion en ambos casos permitiria identificar lo que puede ocurrir en paisajes
naturalmente fragmentados y asi se podrian establecer las estrategias de conservacion mas
pertinentes. Ademds, conocer cdmo se estan comportando los componentes funcional y
evolutivo, aportaria indicios acerca de la etapa del proceso de conformacién en que se
encuentran las comunidades y eso también podria explicar si el comportamiento de los

componentes mencionados es ciclico.

Los estudios recientes que se basan en atributos funcionales y filogenia tienen un
mayor poder informativo y predictivo de la funcién de las plantas en los ecosistemas que
aquellos que sdlo se basan en la riqueza de especies (Thompson et al., 2015; Pollock et al.,
2015). Los hallazgos para bosques tropicales fragmentados son nuevos y esperanzadores
ademas de tener implicaciones directas para la ecologia y conservacion de los mismos. El
mantenimiento de la diversidad filogenética en paisajes altamente fragmentados sugiere que
la funcidn de los ecosistemas y la estabilidad pueden mantenerse a pesar de la pérdida de un
numero de especies de drboles (Arroyo-Rodriguez et al., 2012) sin embargo, la extirpacion de
especies en los bordes de los fragmentos podria tener un efecto negativo en la diversidad
filogenética de los parches (Santos et al., 2010). Ademas, diversos estudios han evidenciado
que el mantenimiento de la diversidad filogenética tiene implicaciones en las funciones

ecosistemas y a su vez influirén en el equilibrio de estos (Prescott et al., 2016).

Estos novedosos estudios también han mostrado que tanto las dreas pequefas con
ubicacion estratégica como los grandes fragmentos de un paisaje, pueden promover las
distintas dimensiones de la biodiversidad y que el estudio de una dimensién por si misma no

es sustituto de otra (Arroyo-Rodriguez et al., 2012; Pollock et al., 2015).
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Por otra parte, las investigaciones se han dirigido al efecto de los factores estresantes
en los paisajes fragmentados y su efecto en los componentes de la diversidad, por ejemplo, la
temperaturay la evapotranspiracion potencial tienen efecto en la diversidad filogenética alfa,
observandose sobredispersidon filogenética en bajas temperaturas y agrupamiento
filogenético en altas temperaturas. Asi mismo, la diversidad filogenética beta aumenta entre
dos sitios con un incremento en la diferencia de temperatura (Gonzélez-Caro et al., 2016).
Aunado a la temperatura, los niveles de inundacién y por consiguiente, la exposicidn niveles
elevados de salinidad y su efecto en algunos sitios fragmentados, también han sido
documentados y la respuesta ha sido la agrupacion filogenética de las comunidades que los

habitan (Gonzdlez-Caro et al., 2016).

Se han encontrado interesantes relaciones entre la elevacion y su efecto en la
diversidad funcional, filogenética y estructura taxondmica (Dainese et al. 2014), la cual
muestra sobredispersidn a bajas altitudes y agrupamiento en gradientes mas elevados
(Gonzélez-Hernandez, 2016) lo cual se veria reflejado en las funciones de las comunidades que
los habitan y por tanto, en el funcionamiento ecosistémico. La afectacion en la diversidad
filogenética tendria como resultado una limitada capacidad del ecosistema para hacer frente
a las perturbaciones (Ribeiro et al., 2016). Por otra parte, los dafios de la fragmentacion a la

diversidad funcional de plantas también han sido documentados (Sonnier, 2014).

Aun cuando, los ecosistemas fragmentados pudieran encontrar una ruta para
amortiguar el impacto que la fragmentacion, se ha observado que el mantenimiento de todas
las dimensiones de la diversidad es de vital importancia si se pretende conservar ecosistemas

filogenética y funcionalmente sanos.

4.3.1 Priorizacion de los fragmentos de la Reserva de la Biosfera de Los Petenes a través de
nuevas métricas de diversidad y propuestas para fortalecer los criterios de conservacion del

Corredor Bioldgico Petenes-Celestun-Palmar

De acuerdo al Programa de Manejo y Conservacion de la Reserva de la Biosfera de Los Petenes

presentado en el afio 2006 (CONANP-SEMARNAT, 2006), se aborda la problemética en dicha
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areay pararesolverla, se plantean subprogramas destinados a conocer, aprovechary procurar
sus recursos. Los subprogramas del Plan de Manejo que se mencionan a continuacion, fueron
elegidos ya que se considerd que los resultados obtenidos en el analisis de las diversidades
funcional y filogenética de este trabajo, podrian fortalecer las estrategias y actividades

propuestas.

En el Subprograma de Manejo de la Reserva de la Biosfera Los Petenes se planted
como objetivo lograr un manejo adecuado y el uso sustentable de los sistemas y recursos
naturales que la constituyen, a través del establecimiento de acciones y mecanismos
necesarios para garantizar la compatibilidad entre la conservacién y el beneficio de las
comunidades dependientes de éstos (CONANP-SEMARNAT, 2006). Este Subprograma y sus
respectivos componentes podrian ser fortalecidos con los resultados obtenidos en esta

investigacion.

En el caso de la RBLP su valor se da per se y como parte de la ecorregion Petenes-
Celestun-El Palmar, tanto en el ambito terrestre como marino. Por estos antecedentes y por
lo que vendra a futuro ante el cambio climatico mundial, se considera importante y pertinente
explorar la factibilidad de desarrollar programas y proyectos que precisen, en primera
instancia, los servicios ambientales de los diferentes ecosistemas de la RBLP (CONANP-

SEMARNAT, 2006).

Por otra parte el Subprograma de Restauracion hace referencia a los fendmenos
naturales y actividades antropogénicas como las agropecuarias, forestales y de cazailegal que
han inducido el deterioro o pérdida de mas de 15,000 ha de vegetacidn natural en un lapso de
15 afos. Un ejemplo son las zonas de manglar tipo cuenca ubicadas en la porcidon norte de la
RBLP, que se encuentran en proceso de deterioro al no tener pasos de agua que mantengan
el flujo natural de escurrimiento, necesario para alimentar a la vegetacién circundante, como
consecuencia de la construccion inadecuada de vias de comunicacién. Buena parte de la
vegetacidon que conforma el habitat de una gran variedad de especies de flora y fauna en la
region se ha perdido afio con afio debido a incendios provocados, como en el 2004 cuando se

perdieron cerca de mil hectdreas. Dicho Subprograma, tiene como objetivo Realizar
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actividades tendientes a la recuperacion y restablecimiento de las condiciones propicias para
la evolucidn y la continuidad de los procesos naturales y mantenimiento de la cobertura
vegetal en dreas impactadas prioritarias (por su valor en cuanto a la conectividad e integridad
del paisaje o por su valor como hdbitat critico de la biodiversidad) (CONANP-SEMARNAT,
2006). Los componentes de este subprograma podrian verse fortalecidos con los resultados

obtenidos en este trabajo.

Después de revisar la informacion que se incluye en los Subprogramas de Manejo y
Restauracidn, respectivamente, se considera pertinente proponer a los actores involucrados
con el conocimiento, estudio, manejo y conservacién del Area Natural Protegida y los sitios
del Corredor Bioldgico al que pertenece, un estudio mas profundo de las dos dimensiones de
la biodiversidad que se analizaron en este trabajo asi como el efecto de la fragmentacion
natural y las caracteristicas de configuracidn espacial que las afectan para poder asi tener
informacion mas completa de lo que se debe priorizar en cuanto al tema de manejo y

conservacion se refiere.

Las nuevas formas de cuantificar la biodiversidad en regiones aun conservadas
permiten generar referentes de su grado de conservaciéon que pueden impactar directamente
en las politicas y estrategias de manejo de las ANPs. La diversidad funcional permite conocer
las estrategias ecoldgicas de los organismos que conforman las comunidades de plantas (y
animales) que viven en los fragmentos que conforman el sitio de estudio. La diversidad
filogenética permite conocer el proceso evolutivo mediante el cual se ensamblaron los linajes

presentes en las comunidades estudiadas.

A partir de los resultados presentados en esta tesis es posible generar una lista de
prioridad de los fragmentos analizados con base en los mejores descriptores tanto de la

diversidad funcional como la filogenética.
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Cuadro 4.1. Priorizacion de los fragmentos analizados de acuerdo a las variables de configuracién espacial
(Tamano de parche, indice de dorma y distancia al continente) y las métricas de diversidad filogenética que se
vieron afectadas (PDss: diversidad filogenética, MPD: distancia media entre pares, MNTD: distancia media al

taxdn mds cercano y NRI: indice de relacidn neta.

No. Petén Tamano indice de Distancia al PDss MPD MNTD NRI
(Ha) forma continente
(Km)
1 Petit 1.653 1.114 11.52 1053.06 204.4 221.49  -1.59
2 Zapote 1.735 1.135 6.64 1191.83  201.85  223.83  -1.25
3 Celestun 3.443 1.146 6.03 1266.44 179.07 129.78 -1.878
4 BrujoChico 4.011 1.07 12.6 909.92 163.57  162.95  -1.61
5 Brujo 4.754 1.081 11.57 1364.94 190.37 103.02 -1.269
6 Hobo 7.475 1.056 6.82 1193.35  141.23 118.18 0.121
7 Bombas 7-475 1.037 12.9 597.29  120.03  207.4 -0.957
8 Sisal 12.45 1.255 3.82 835.39 162.76 158.64  -0.538
9 Tenabo 18.185 1.178 19.28 838.38 165 177.25 -0.547
10 Ultimo 26.27 1.323 89.98 1462.28 171.42 168.78 0.673
" Islota 27.04 1.01 13.96 988.25 155.88  209.4 -0.643
12 Teatro 30.749 1.105 7 816.62 109.29 218.44 -0.884
13 Curva 37.672 1.237 16.63 1193.48 172.29  125.6 0.141
14 JainaEnmedio  43.198 1.295 12.33 1419.86  110.38 88.12 0.299
15 Remate 63.511 1.238 6.51 1507.81  142.06 84.86 -1.142
16 OjoAgua 121.41 1.455 12.88 1212.13 168.33  113.9 0.506
17 Mensura 218.626 1.297 10.5 1846.01 168.95  194.73 -0.64
18 dOjo 320.457 1.861 14.33 1577.54  175.83 113.82 -0.808
19 Grande 2472.822  1.997 7.55 1533.61  154.67 102.97 -0.442

La historia evolutiva contenida asegura también funciones ecosistémicas adecuadas
debido a que, los resultados de este trabajo revelan que existe convergencia de estrategias
ecoldgicas en aquellos parches de tamafio pequefio y forma mas circular contienen especies

filogenéticamente mas distantes.
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4.3.2 Aportes o propuestas para fortalecer los criterios y actividades de los subprogramas del

Plan de Manejo y Conservacion de la Reserva de la Biosfera de Los Petenes y el Corredor

Biolégico Petenes-Celestun-Palmar

El Plan de Manejo de RBLP estd organizado de forma tal que se atienden diferentes

compenentes. Los resultados de esta tesis, tienen impacto directo en el Subprogramas de

Manejo y Restauracion.

Cuadro 4.2. Actividades y acciones de los diferentes componentes relacionados a los Subprogramas de Manejo

y Restauracién incluidos en el Plan de Manejo de La Reserva de la Biosfera Los Petenes (CONANP-SEMARNAT,

2006).

Subprograma Componente Actividades y acciones Plazo

Manejo Componente Armonizar las politicas publicas de conservacién de la M
demanejoyuso naturalezay zonas arqueoldgicas
sustentable de Fomentar estudios de vegetacion y capacidad de carga
ecosistemas turistica en los ecosistemas
insulares insulares de la RBLP
Componente Reducir el impacto negativo en los ecosistemas y recursos P
manejo y uso forestales
sustentable de Realizar acciones de reforestacién con especies nativas
ecosistemas
terrestres y
recursos
forestales
Componente Manejo sustentable de la vida silvestre M
manejo y uso Evaluarlasituaciénytendencias de los principales habitats
sustentable de (en cuanto a calidad y situacién
vida silvestre de unidad o fragmentacion)

Incorporar criterios de manejo adaptativo en el L
aprovechamiento de las especies

Componente Gestionar financiamiento para proyectos que identifiquen CyM

mantenimiento
de servicios

ambientales

los servicios ambientales

generados por los ecosistemas
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Restauracion = Componente Aplicar acciones de restauracion, rehabilitacién y/o C
conectividad e recuperacién de los ecosistemas que presenten
integridad del algtn deterioro
paisaje Generar un proyecto que enliste e identifique en un mapa,
las superficies con algin grado
de deterioro dentro de la RBL
Componente Conocer el estado actual y las tendencias de las principales My P
recuperacion especies de flora y fauna de interés
de especies  prioritario en la NOM-059-SEMARNAT-2001y sus habitats
prioritarias Apoyar estudios del impacto a los hébitats de las especies
de interés prioritario
Componente Restauracion y reforestacion de habitat en la RBLP P

reforestacion y
restauracion de

ecosistemas

Apoyar lareforestacion de dreas perturbadas de la zona de
amortiguamiento con especies
silvestres nativas (guano, zacocom, botoncillo, canché,

caobay cedro) P

Las acciones a desarrollar estan consideradas de acuerdo con los siguientes plazos: C = Corto plazo (0 a 24

meses); M = Mediano plazo (25 a 48 meses); L = Largo plazo (49 a 60 meses), y P = Permanente (todo el tiempo).

Se propone que entre las actividades y acciones (siguiendo el modelo propuesto en el Plan de

Manejo de la RBLP), se anexe lo siguiente:

Cuadro 4.3. Actividades y acciones de los diferentes propuestas para incluir en los componentes de los

Subprogramas de Manejo y Restauracién incluidos en el Plan de Manejo de La Reserva de |la Biosfera Los Petenes.

Subprograma Actividades y acciones Plazo
Restauracion Evaluacion de la configuracién espacial de los petenes C
Registrar las variables de configuracion espacial de todos los
petenes que conforman el Corredor Bioldgico Petenes-Celestun-
Palmar por medio de cartografia satelital.
Manejo Evaluacion de los indices de diversidad funcional M

Muestreos de atributos funcionales en las comunidades de flora y

fauna presentes en los sitios y cdlculo de los indices de diversidad

funcional pertinentes.
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Manejo Evaluacion de los indices de diversidad filogenética
Muestreos de las especies de flora y fauna para el cdlculo de los M
indices de diversidad filogenética pertinentes.
Restauracion y Priorizacién de los sitios a conservar L
manejo

Empleo de los resultados en la evaluacién de la configuracién
espacial, indices de diversidad funcional y diversidad filogenética

para dirigir los esfuerzos de conservacidn.

Las acciones a desarrollar estan consideradas de acuerdo con los siguientes plazos: C = Corto plazo (0 a 24

meses); M = Mediano plazo (25 a 48 meses); L = Largo plazo (49 a 60 meses), y P = Permanente (todo el tiempo).

4.4 Per

1.

spectivas

EL estudio de cdmo se han comportado la diversidad funcional y la diversidad
filogenética en los petenes analizados en una escala de tiempo mas amplia permitiria
conocer como se conformaron las comunidades de plantas que los habitan
actualmente y cémo podrian ser las comunidades que los habiten en un futuro mas
lejano.

Entender de qué manera se integran diferentes combinaciones de linajes en los
petenes puede ayudar a generar futuras propuestas de restauracidn ecoldgica en las
areas perturbadas por el ser humano en la zona de estudio, que generen estabilidad
ecosistémica maximizando la diversidad funcional implicada.

El estudio detallado de los petenes mas pequefios permitiria conocer cdmo las
comunidades vegetales hacen frente al proceso de fragmentacién y si en lugar de
funcionar como unidades “aisladas” sean las partes clave del equilibrio, al menos

filogenético, del ecosistema completo.

4.5 Conclusiones

Lo observado en este estudio provee evidencia de que la diversidad funcional y filogenética

respon

de los

den de forma distinta al efecto de las variables de configuracidn espacial y aislamiento

parches en un paisaje naturalmente fragmentado. Mientras que la primera se ve
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empobrecida, la segunda no parece tener una relaciéon negativa lo cual determinaria la
capacidad de los linajes de hacer frente a los distintos eventos relacionados con la
fragmentacion y el aislamiento, y continuar asi con la funcidén ecosistémica adoptando
estrategias de proteccion donde las estructuras fotosintéticas se vean particularmente
favorecidas. Aunque existen bases tedricas para entender el funcionamiento del ecosistema
por medio de mediciones meramente taxondmicas, es cierto que el andlisis de las métricas de
diversidad funcional y filogenética permiten incrementar y complementar lo que conocemos

acerca de los distintos ecosistemas fragmentados y su funcionamiento.

101



4.6 Referencias

10.

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity
hotspots for conservation priorities. Nature 403, 853-858.

Honorio-Coronado EN, Dexter KG, Pennington RT, Chave J, Lewis SL, Alexiades MN,
Alvarez E, Alves de Oliveira A, Amaral IL, Araujo-Murakami A, Arets EJMM, Aymard, GA,
Baraloto C, Bonal D, Brienen R, Cerdn C, Cornejo-Valverde F, Di Fiore A, Farfan-Rios W,
Feldpausch TR, Higuchi N, Huamantupa-Chuquimaco |, Laurance SG, Laurance WF,
Ldpez-Gonzalez G, Marimon BS, Marimon-Junior BH, Monteagudo-Mendoza A, Neill D,
Palacios- Cuenca W, Pefiuela Mora MC, Pitman NCA, Prieto A, Quesada CA, Ramirez-
Angulo H, Rudas A, Ruschel AR, Salinas Revilla N, Salomao RP, Segalin de Andrade A,
Silman MR, Spironello W, ter Steege H, Terborgh T, Toledo M, Valenzuela Gamarra L,
Vieira ICG, Vilanova-Torre E, Vos V, Phillips OL (2015) Phylogenetic diversity of
Amazonian tree communities. Diversity and Distributions 21: 1295-1307.

Diaz S, Cabido M (1997) Plant functional types and ecosystem function in relation to
global change. Journal of Vegetation Science 8: 463-474.

Diaz S, Gurvich D, Pérez H, Cabido M (2002) ;Quién necesita tipos funcionales de
plantas? Boletin de la Sociedad Argentina de Botdnica 37: 135-140.

Duffy JE (2002) Biodiversity and ecosystem function: the consumer connection. Oikos
99: 201-219.

Lavorel S, Garnier E (2002) Predicting changes in community composition and
ecosystem functioning from plant traits: revisiting the Holy Grail. Functional Ecology 16:
545-556.

Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich DE, Reich PB, ter
Steege H, Morgan HD, van der Heiden MGA, Pausas JG, Poorter H (2003) A handbook
of protocols for standardized and easy measurement of plant functional traits
worldwide. Australian Journal of Botany 51: 335-380.

Hooper DUF, Chapin S, Ewel JJ, Hector A, Inchausti P, Lavorel S, Lawton JH, Lodge DM,
Loreau M, Naeem S, Schmid B, Setald H, Symstad AJ, Vandermeer J, Wardle DA (2005)
Effects of biodiversity on ecosystem functioning: a consensus of current knowledge.
Ecological Monographs 75: 3-35.

Pokorny ML, Sheley RL, Zabinski CA, Richard E, Engel RE, Svejcar TJ, Borkowski JJ
(2005) Plant Functional Group Diversity as a Mechanism for Invasion Resistance.
Restoration Ecology 13: 448-459.

Petchey OL, Gaston KJ (2006) Functional diversity: back to basics and looking forward.
Ecology Letters 9: 741-758.

102



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Violle, C, Navas M, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E (2007) Let the
concept of trait be functional. Oikos 116: 882-892.

Fornara, DA, Tilman D (2009) Ecological mechanisms associated with the positive
diversity—productivity relationship in an N-limited grassland. Ecology 90: 408-418.
Santos B, Arroyo-Rodriguez V, Moreno CE, Tabarelli M (2010) Edge-related loss of tree
phylogenetic diversity in the severely fragmented Brazilian Atlantic forest. PLoS ONE 5:
12625.

Arroyo-Rodriguez V, Cabender-Bares J, Escobar F, Melo FPL, Tabarelli M, Santos BA

(2012) Maintenance of tree phylogenetic diversity in highly fragmented rain forest.
Journal of Ecology 100: 702-711.

Cadotte MW, Dinnage R, Tilman D (2012) Phylogenetic diversity promoted ecosystem
stability. Ecology 93: S223-5233.

Munguia-Rosas MA, Jurado-Dzib SG, Mezeta-Cob C, Montiel S, Rojas A, Pech-Canché
JM (2014) Continuous forest has greater taxonomic, functional and phylogenetic plant
diversity than an adjacent naturally fragmented forest. Journal of Tropical Ecology
30:323-333.

Sonnier G, Jamoneau A, Decocq G (2014) Evidence for a direct negative effect of
habitat fragmentation on forest herb functional diversity. Landscape Ecology 29: 857-
866.

Haddad et al. (2015) Habitat fragmentation and its lasting impact on Earth’s
ecosystems. Science 1(2): 1500052

Kraft NJB, Adler PB, Godoy O, James EC, Fuller S, Levine JM (2014) Community
assembly, coexistence and the environmental filtering metaphor. Functional
Ecology 29: 592-599.

Peralta G, Frost CM, Didham RK, Varsani Ay Tylianakis JM (2015) Phylogenetic diversity
and co-evolutionary signals among trophic levels change across a habitat edge. Journal
of Animal Ecology 84: 364-372.

Thompson PL, Davies TJ, Gonzdlez A (2015) Ecosystem functions across trophic levels
are linked to functional and phylogenetic diversity. PLoS ONE 10(2): e0117595.
doi:10.1371/journal.pone.0117595

Pereira HM, Leadley PW, Proenca V et al (2010). Scenarios for Global Biodiversity in the
21st Century. Science 330: 1496-1501.

Rands MRW, Adams WM, Bennun L, Butchart SHM, Clements A, Coomes D, Entwistle
|, Hodge I, Kapos V, Scharlemann JPW, Sutherland WJ, Vira B (2010) Biodiversity
conservation: challenges beyond 2010. Science 329: 1298-1303.
doi: 10.1126/science.1189138

e
103




24.

25,

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37-

38.

Lindenmayer DB, Franklin JF, Fischer J (2006) General management principles and a
checklist of strategies to guide forest biodiversity conservation. Biological Conservation
131: 433-445.

McGarigal K, Cushman SA (2002) Comparative evaluation of experimental approaches
to the study of habitat fragmentation effects. Ecology Applications 12: 335-45

Fahrig L (2003) Effects of habitat fragmentation on biodiversity. Annual Review Ecology
Evolution Systematics 34: 487-515.

Ovalle H & Riss W (2014) Filtros ambientales y la variabilidad en la diversidad funcional
en rios de zonas bajas. VI Congreso Nacional de Limnologia, At Universidad Auténoma
de México.

Somerville CR (2001) An early Arabidopsis demonstration. Resolving a few issues
concerning photorespiration. Plant Physiology 125:20-24.

Swenson JJ, Franklin J (2000) The effects of future urban development on habitat
fragmentation in the Santa Monica Mountains. Landscape Ecology 15: 713-730.
Gonzdlez-Rodriguez A, Oyama K (2005) Leaf morphometric variation in Quercus
affinis and Q. laurina (Fagaceae), two hybridizing Mexican red oaks. Botanical Journal
of Linnean Society 147: 427-435.

Nikolic NP, Krstic BD, Pajevic SP, Orlovic SS (2006) Variability of leaf characteristics in
different pedunculate oak genotypes (Quercus robur L.).Proceedingsfor Natural
Sciences 110: 95 —105. doi: 10.2298/ZMSPN0611095N

Halloy SRP & Mark AF (1996) Comparative leaf morphology spectra of plant
communities in New Zealand, the Andes and the European Alps. Journal of the Royal
Society of New Zealand 26: 41-78.

Covarrubias AA (2007) Sobrevivir al estrés: cdmo responden las plantas a la falta de
agua. Biotecnologia 14: 253-262

Nilsen, ET, Orcutt, DM (1996) The physiology of plants under stress: abiotic factors.
John Wiley & Sons, New York, USA. 689 p.

Moreno Respuesta de las plantas al estrés por déficit hidrico, Una revision. Agronomia
Colombiana 27: 179-191.

Andrade ER, Jardim JG, Santos BA, Melo FPL, Talora DC, Faria D, Cazetta E (2015)
Effects of habitat loss on taxonomic and phylogenetic diversity of understory
Rubiaceae in Atlantic forest landscapes. Forest Ecology and Management 349:73-84.
Harvey PH, Pagel MD (1991) The comparative method in evolutionary biology Oxford
University Press, Oxford.

Tucker CM, Cadotte MW, Caravalho SB, Davies TJ, Ferrier S, Fritz SA, Grenyer R, Helmus
MR, Jin LS, Mooers AO, Pavoine S, Purschke O, Redding DW, Rosauer DF, Winter M,

104



39-

40.

41.

42.

43.

44.

45.

46.

47

48.

Mazel F (2016) A guide to phylogenetic metrics for conservation, community ecology
and macroecology. Biological reviews DOI: 10.1111/brv.12252

Webb CO (2002) Exploring the phylogenetic structure of ecological communities: an
example for rain forest trees. American. Naturalist 156: 145-155.

Mouquet N, Devictor V, Meynard CN, Munoz F, Bersier LF, Chave J et al (2012)
Ecophylogenetics: advances and perspectives. Biological Reviews 87: 769-785.Cadotte
MW, et al. (2010) Phylogenetic diversity metrics for ecological communities:
integrating species richness, abundance and evolutionary history. Ecology Letters. 13:
96-105.

Srivastava DS, Cadotte MW, MacDonald AAM, Marushia RG, Mirotchnick N (2012)
Phylogenetic diversity and the functioning of ecosystems. Ecology Letters, 15, 637-6438.
Cavender-Bares J, Wilczek A (2003) Integrating micro- and macroevolutionary
processes in community ecology. Ecology 84: 592-597.

Vane-Wright RI, CJ Humphries & PH Williams (1991) What to protect?-Systematics and
the agony of choice. Biological Conservation 55: 235-254.

Pollock LJ, Rosauer DF, Thornhill AH, Kujala H, Crisp MD, Miller JT, McCarthy MA (2015)
Phylogenetic diversity meets conservation policy: small areas are key to preserving
eucalypt lineages. Philosophical Transactions B 370:
20140007.http://dx.doi.org/10.1098/rstb.2014.0007

Prescott GW, Gilroy JJ, Haugaasen T, Medina-Uribe CA, Foster WA, Edwards DP (2016)
Managing Neotropical oil palm expansion to retain phylogenetic diversity. Journal of
Applied Ecology DOI: 10.1111/1365-2664.12571

Gonzdlez-Caro S. et al. (2014) Phylogenetic alpha and beta diversity in tropical tree
assemblages along regional scale environmental gradients in Northwest South
America. Journal of Plant Ecology 7, 145-153.

Dianese M, Leps$ J & Bello F (2015) Different effects of elevation, habitat fragmentation
and grazing management on the functional, phylogenetic and taxonomic structure of
mountain grasslands. Perspectives in Plant Ecology, Evolution and Systematics 17: 44-53.
Ribeiro EMS, Santos B, Arroyo-Rodriguez V, Tabarelli M, Souza G & Leal IR (2016)
Phylogenetic impoverishment of plant communities following chronic human
disturbances in the Brazilian Caatinga. Ecology 97: 1583-1592.

105



