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Resumen

SINTESIS

La transformacion del paisaje es un fendmeno global que afecta de forma intensa a la
biodiversidad de todos los ecosistemas. Delimitar y definir claramente los procesos
que forman parte de esa modificacion generalizada y conocer sus efectos sobre la
biodiversidad, debe ayudar a promover una actividad antrépica mas responsable y
mitigar sus dafiinas consecuencias. La pérdida y fragmentacion de habitats son los
procesos mas intensos de transformacion del paisaje, y su interacciéon con las
comunidades han demostrado ser muy evidentes y negativos. Asi el objetivo de esta
tesis doctoral consiste en conocer el efecto de ambos procesos sobre la ecologia y la
biologia de organismos epifitos de bosque mediterraneo. Para ello se definieron una
serie de variables descriptoras de un paisaje fragmentado, y se midié la respuesta ante

ellas de liguenes y musgos epifitos, tanto a nivel de comunidad como de especie.

En el capitulo 1 se analiza como y en qué medida se ven afectadas las
comunidades epifitas formadas por musgos y liquenes, por la fragmentacién de los
encinares mediterraneos. El objetivo de este estudio consiste en conocer si el tamafio
y la forma del fragmento de bosque remanente, asi como el tipo de matriz que lo rodea,
condicionan la riqueza y composicion de especies. Para resolverlo, se han
seleccionado 40 fragmentos de bosque de Quercus ilex subsp. ballota en Montes de
Toledo con similar cobertura arborea (>70%) y préximos entre si, de distintos tamafios
y formas, y rodeados por diferentes tipos de matriz. Se desarrollaron modelos lineales
generalizados (GLM) a escala de fragmento, y mixtos (GLMMs) a escala de parcela.
Como variables respuesta a ambos niveles se consideraron la riqueza, diversidad y
similitud de las comunidades epifitas, y la presencia y abundancia de las especies mas
representativas. Los resultados indican que el tamafio del fragmento, la forma y la
calidad de la matriz circundante son factores clave que afectan a la riqueza y
diversidad de organismos epifitos. Los fragmentos mas grandes y de forma mas
regular albergaron las comunidades mas ricas y diversas, posiblemente gracias a que

poseen un &rea central mas grande que favorece la entrada de especies tipicas de
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interior de bosque. Una matriz de alto contraste solo fue favorable en fragmentos
pequefios, hecho posiblemente relacionado con la facilitacion de la llegada de
propagulos de méas especies. La respuesta a nivel de especie fue altamente variable.
La estructura del paisaje proporciona un valioso poder explicativo de la pérdida de
riquezay diversidad de especies epifitas. La gestion forestal debe asegurar la retencion
de los bosques continuos mas grandes posibles. La estrategia de manejo de la matriz
dependera del tipo de enfoque conservacionista, ya que se observaron diferentes

efectos relacionados con la calidad de la matriz y el tamafio de los fragmentos.

En el capitulo 2 se compararon los resultados del capitulo 1 con otras
caracteristicas espacio-temporales de la estructura del paisaje. En un contexto global
de modificacion del paisaje, la estructura resultante de los hébitats remanentes sera
responsable de la configuracion de la riqueza de especies que albergan. Los procesos
de degradacion mas evidentes son la pérdida y fragmentacion del habitat, pero no es
facil demostrar sus efectos reales e independientes, ya que la mayoria de las veces se
producen de forma conjunta. Ademas, ain hay mucho por descubrir sobre la
interaccion entre la direccion y la intensidad de las trayectorias temporales del paisaje
con la biodiversidad. El esclarecimiento de todos estos factores nos permitira entender
cémo las comunidades se estructuran en paisajes antropizados, y esto puede ayudar a
una preservacion mas eficiente de las mismas. En este caso elegimos la riqueza de
epifitos como signo de la respuesta de la biodiversidad a la dinamica espacio-temporal
de la estructura de un paisaje en recuperacion, y seleccionamos 40 fragmentos de
bosque mediterraneo bien conservados en un contexto de alta pérdida de habitat (>
85%). Medimos los atributos mas relevantes a escala de fragmento y comparamos su
poder explicativo con la cantidad de habitat total circundante, su grado de
fragmentacién y su conectividad. Todas las variables se midieron a lo largo de un
marco temporal de 55 afios utilizando fotografias aéreas historicas. Entre todas las
variables historicas y actuales a escala de paisaje, solamente la conectividad méas
antigua tuvo impacto en la riqueza de especies. Ademas, la trayectoria del tamafio del

fragmento en los ultimos 29 afios y el tamafio actual, resultaron ser los mejores
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predictores. El efecto de una matriz de alto contraste fue consistente pero muy
pequefio. Estos resultados demuestran que no sélo la simple pérdida de hébitat, sino
junto su configuracion espacial, son significativos para explicar los patrones de
riqueza. La riqueza de epifitos muestra un desfase en relacion con la estructura del
paisaje actual, y la escala espacial en la que tiene lugar la dindmica del paisaje
determina la rapidez con gue se reorganiza la riqueza, en este caso porgue los epifitos
son organismos sésiles y con ciclos vitales largos. Teniendo en cuenta la dependencia
de los organismos epifitos en la conectividad y la cantidad suficiente de habitat de
buena calidad para estar presentes en los fragmentos de bosque, se prevé una
recuperacién de las comunidades epifitas en las prdximas décadas debido a la elevada

riqueza regional de especies y el reciente aumento de la superficie forestal.

En el capitulo 3 seleccionamos una especie amenazada para detectar como la
transformacidn del paisaje interfiere en la dispersion y el establecimiento, dos fases
criticas de su ciclo de vida. Pectenia plumbea (Lightf.) P.M. Jgrg. et al. es un
cianoliquen epifito que aparece de forma puntual y més o menos discontinua desde
los encinares del Atlas hasta los bosques del norte de Noruega. Su elevada sensibilidad
a la influencia antrépica solo le permite desarrollarse bajo las condiciones que
proporciona un bosque maduro con cierto grado de conservacion. En el centro de la
Peninsula Ibérica, donde ha sido catalogada como vulnerable, se distribuye en varias
decenas de poblaciones, distantes entre si y con un nimero de individuos que, en
ocasiones, no supera la decena. Partiendo de la existencia de un nimero elevado de
zonas préximas a las poblaciones, con un habitat a priori favorable para su desarrollo,
pero en las que el liquen est& ausente o0 es muy escaso, nos preguntamos acerca de las
posibles limitaciones a la dispersién o al establecimiento que pudiese tener esta
especie y que condicionase la expansion de sus poblaciones y la colonizacion de
nuevas areas. En primer lugar se modelizaron la presencia y la abundancia de la
especie en 400 parcelas de 50x50 m elegidas al azar en Montes de Toledo. Variables
ambientales como la altitud y la precipitacion, y de fragmentacion del habitat, como

la cantidad de &rea forestal y de borde, resultaron ser muy importantes para el
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desarrollo de la especie. Los modelos fueron validados internamente de forma exitosa
mediante diferentes aproximaciones (‘Area under the ROC curve’ para la presencia,
y ‘bootstrapped cross validation’ para la abundancia). Posteriormente fueron
extrapolados en 1200 parcelas del Parque Nacional de Cabafieros, seleccionadas al
azar, abarcando una mayor superficie (42000 Ha), para las que se obtuvo un valor
predicho de abundancia y de probabilidad de presencia. Los modelos fueron
comprobados en campo para poder testar si las predicciones se correspondian con la
realidad. Asumiendo como valor limite de probabilidad de aparicion 0.44, se
maximiza el acierto de las predicciones de presencia/ausencia en un valor muy alto
(87,3% de los casos). La correspondencia en las abundancias, es también alta (p de
Spearman=0,67) y significativa. Esto evidencia el elevado poder predictivo de los
modelos obtenidos, y que la especie ocupa en gran medida su habitat potencial. Por
tanto, a escala de paisaje, quedan descartados los problemas dispersivos de la especie,
y queda demostrado que la calidad del habitat es la que estd condicionando su
presencia y abundancia. Los requisitos que P. plumbea requiere para su presencia en
esta region son proporcionados Unicamente por unas pedreras caracteristicas cubiertas
de bosque, derivadas del manejo histérico del territorio, que reproducen localmente
unas condiciones microclimaticas propias de un ambiente oceanico. Este habitat es
escaso, pero P. plumbea ha colonizado con éxito todas estas areas dispersas en el

paisaje a través de su alta capacidad de dispersion.

En el capitulo 4 se estudié la germinacion de ascosporas y el patron de
asociacion con distintos fotobiontes en el cianoliquen Pectenia plumbea
(Pannariaceae, Peltigerales) en bosques templados y mediterraneos de la Peninsula
Ibérica, para detectar posibles limitaciones de establecimiento. Con el fin de
restablecer la simbiosis liquénica, las esporas del micobionte primero deben germinar
y luego asociarse con un fotobionte compatible. En primer lugar, se realizaron pruebas
de germinacion de todas las ascosporas obtenidas a partir de 500 apotecios. Ninguna
ascospora germinO tras dos meses de ensayo con 32 tratamientos diferentes.

Posteriormente se obtuvieron 192 aislamientos del fotobionte (Nostoc) a partir de 24
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talos. Mientras que el 82% de los aislamientos seguian vivos en el medio de
crecimiento después de seis meses, ninguno de ellos crecio significativamente ni
produjo la hormogonios con la capacidad de fundar nuevas colonias. Con el fin de
determinar la identidad del genotipo de los cianobiontes (Nostoc) obtuvimos
secuencias del intron tRNA™Y(UAA) de 30 talos de P. plumbea de una Unica
poblacién. También se secuencid el mismo intrén de los cianobiontes (Nostoc) de 41
ejemplares de otras especies de cianoliquenes del mismo habitat, y 58 colonias de
Nostoc de vida libre cultivadas a partir de muestras de corteza. Los resultados indican
gue P. plumbea comparte genotipos de Nostoc con otras dos especies de cianoliquenes
y constituyen la fuente mas abundante de fotobiontes compatibles. Sélo uno de ellos
se reproduce asexualmente a través de pequefios fragmentos de talo, y de este modo
puede considerarse como facilitador del establecimiento de P. plumbea dispersando

cianobiontes apropiados en nuevos habitats.
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SUMMARY

Landscape transformation is a global threat for the biodiversity of all ecosystems. The
clear delimitation and definition of both the processes behind of this generalized
change and their effects, should help to promote a more responsible human activity
and mitigate its harmful consequences on biodiversity. Habitat loss and fragmentation
are the most intense processes of landscape transformation, and their interaction with
communities has proven to be very evident and negative. Thus the objective of this
doctoral thesis is to know the effects of both processes on the ecology and biology of
epiphytic organisms of Mediterranean forest. In this regard, a series of descriptive
variables of a fragmented landscape was defined, and the response of epiphyte lichens

and mosses was measured, both at community and species level.

In chapter 1 we assessed the effect of forest fragment attributes on several
epiphyte community parameters. Mediterranean forests have been fragmented
intensively over time, thereby yielding small and isolated forest remnants. They host
a rich variety of epiphytes, which may be affected by landscape structure. Previous
studies have analyzed the influence of habitat quality on these epiphytic communities,
but there is little knowledge of the effects of other fragment features. We evaluated
the impacts of forest loss and fragmentation on epiphytic communities (lichens and
bryophytes) at plot and fragment scales after controlling the variation in forest
structure and management. We considered 40 fragments of dense oak forests in a
human-modified landscape. We quantified their spatial attributes (size, shape), the
guality of the surrounding matrix and the forest stand structure. We modeled
community traits, and the presence and abundance of species at fragment and plot
scales. Fragment size, shape, and the quality of the surrounding matrix were key
factors that affected epiphytic richness and diversity. Larger and more regularly
shaped fragments hosted the richest and most diverse communities, possibly offering
a larger core area and thus favoring the entry of typical forest species. A high-contrast

matrix was only favorable in small fragments, probably allowing the arrival of
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propagules. The species-level response was highly variable. Landscape structure
provides powerful explanations of the richness and diversity losses among epiphytes.
Forest management should ensure the retention of the largest possible continuous
forests. The management strategy of the matrix will depend on the conservation goal,
since we observed different effects related with quality and fragment size.

In chapter 2 the results of the chapter 1 were compared with other spatio-
temporal features of landscape structure. In a global context of landscape
modification, the resulting structure of remnant habitats will be responsible for the
configuration of the species richness that they host. The most evident processes of
degradation are habitat loss and fragmentation, but it has not been easy to demonstrate
their real and independent effects because mostly take place jointly. Furthermore, the
interaction of direction and intensity of the temporal trajectories of landscapes with
biodiversity is still scarcely known. The clarification of these drivers will let us to
understand how communities are structured in anthropized landscapes and would help
to preserve them more efficiently. We chose obligate epiphyte richness as a sign of
the biodiversity response to a dynamic spatio-temporal structure of a recovering
landscape, and selected 40 well-preserved Mediterranean forest fragments in a context
of high habitat loss (>85%). We measure the most relevant fragment-scale attributes,
and compare their explanatory power with the surrounding total habitat amount, its
fragmentation degree and connectivity. All the variables were measured along a 55-
years temporal frame utilizing historic orthophotos. Among all the historic and present
landscape-scale variables, only the earliest connectivity had impact on species
richness. Additionally, the trajectory of fragment size in the last 29 years and the
present size, resulted to be the best predictors. The effect of a high-contrast matrix
was consistent but very small. These results demonstrate that not only pure habitat
loss, but together with the spatial configuration of the landscape, are meaningful for
explaining richness patterns. The epiphyte richness shows a lag in relation to the
present landscape structure, and the spatial scale at which landscape dynamics

happens determines how fast the richness is organized, in this case because epiphytes
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are sessile and long-lived organisms. In view of the dependence of epiphytes on
connectivity and sufficient amount of good-quality habitat to occur along the
landscape, the diverse species regional pool and the recent increase in forest surface

ensure an amelioration of epiphyte communities in next decades.

In chapter 3 we selected a threatened species to detect how landscape
transformation interfere in two critical phases of its life cycle. Habitat loss and forest
fragmentation interfere in the dispersal and establishment of species. Furthermore,
populations growing far from the species optimal climate might undergo more
problems, because its weak equilibrium with the environment could be more easily
altered. The lichen Pectenia plumbea has oceanic climatic requirements, so in the
Mediterranean region needs the humidity provided by old-growth forests to thrive, but
most of this habitat has disappeared and the remnants are fragmented. In central Spain,
this species only occupies a small proportion of the existing forests, so we aimed to
determine whether this scattered distribution is due to limitations on dispersal or
establishment. We selected a Mediterranean fragmented forest surface in central
Spain, and extracted environmental variables from 400 plots. We modeled the
presence and abundance of P. plumbea and developed species distribution models
(SDMs) to detect all the suitable habitats inside the Cabafieros National Park area. P.
plumbea was present in most of the habitats predicted as good quality, and generally
absent from the poor quality zones (87.3% overall success). The abundance correlated
fairly well with that predicted by the SDM (67%). Both models show that P. plumbea
is linked to high temperature and precipitation. These requirements are only provided
in the region by specific forested stony slopes derived from the historical land
management, which reproduce oceanic conditions. This habitat is scarce but P.
plumbea has successfully tracked all of these scattered areas via its high dispersal

capacity.
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In chapter 4 we studied ascospore germination and photobiont association in
the cyanolichen Pectenia plumbea (Pannariaceae, Peltigerales) in temperate and
Mediterranean oak forests of Spain, to detect possible establishment limitations. In
order to reestablish the lichen symbiosis, fungal spores must first germinate and then
associate with a compatible photobiont. Germination tests were made with ascospores
from 500 apothecia. Not a single ascospore germinated within the two-month trial
(with 32 different treatments). Then 192 isolates of the Nostoc photobiont were
obtained from 24 thalli. While 82% of isolates were still alive after six months on the
growth medium, none of them had grown significantly nor produced motile
hormogonia. In order to determine the genotype identity of the Nostoc cyanobionts
we obtained tRNASY(UAA) intron sequences from 30 P. plumbea thalli from 1
population. We also sequenced Nostoc cyanobionts of 41 specimens of other
cyanolichen species from the same habitat and 58 Nostoc free-living colonies cultured
from bark samples. The results indicated that P. plumbea shares Nostoc genotypes
with two other cyanolichen species. Only one of them reproduces asexually via small
thallus fragments and is suspected to facilitate the establishment of P. plumbea by

dispersing appropriate cyanobionts into new habitats.
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ANTECEDENTES

Pérdida y fragmentacion del habitat

Estamos siendo testigos de una pérdida global acelerada de biodiversidad a
distintos niveles: genes, poblaciones, especies y comunidades. Este proceso ha sido
denominado como la sexta extincién en masa del planeta, debido a su magnitud y a la
velocidad con la que se produce (Ceballos et al. 2015). En este contexto resulta
necesario delimitar los factores de amenaza mas importantes y esclarecer sus efectos
sobre la biodiversidad, con el fin de desarrollar planes de conservacion efectivos que
maximicen los escasos recursos disponibles para ello. A parte de las razones éticas
gue nos impiden ser responsables de esta pérdida, la biodiversidad es responsable de
NUMerosos Servicios ecosistémicos necesarios para continuar con nuestros procesos
vitales, tales como el mantenimiento de la calidad del aire y del agua o la produccion
de alimentos (Worm et al. 2006, Nelson et al. 2009). Ademas, en la situacién actual
de cambio global, la preservacién de la biodiversidad supone un abanico de respuestas
ante la incertidumbre de la configuracion de los escenarios futuros, que garantizan el

cumplimiento de la funcion ecolégica (Hooper et al. 2015).

La principal causa de pérdida de biodiversidad es la destruccion vy
fragmentacién de habitats (Hanski 1998, Fahrig 2003, IUCN 2015). Ambos procesos
tienen un origen antrépico y suelen producirse simultaneamente, sin embargo analizar
sus efectos por separado resulta complejo (Harrison & Bruna 1999, Fahrig 2003) y su
estudio requiere el planteamiento de disefios experimentales especificos. La pérdida
de habitat es la simple reduccién de la cantidad de lugares habitables para una parte
concreta de la biodiversidad, e implica la desaparicion de especies y/o biodiversidad
en general (Bascompte & Rodriguez 2001), que puede aparecer con un desfase
temporal conocido como deuda de extincion (Tilman et al. 1994). Las poblaciones
resultantes en el habitat remanente ven reducidos sus tamafios poblacionales, lo que

puede derivar en su desaparicion por fendmenos de estocasticidad ambiental o
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empobrecimiento genético (Saunders et al. 1991). Asimismo, la distancia entre
poblaciones aumenta, y ese aislamiento disminuye el flujo genético y la probabilidad
de recolonizacion (Hanski 1998) (Fig. 1).

Disminucién de
tamafios

Pérdida de habitat poblacionales

Aumenta el
aislamiento
(limitaciones a la
dispersion)

Paisaje
continuo
(bosque)

3

* Contactoconla
matriz

* Disminucion del
tamario de los
fragmentos

Efecto borde

Fragmentacion
(configuracion espacial
de una misma cantidad

de habitat)

Habitat de peor
calidad (limitaciones
al establecimiento)

Figura 1 Modelo conceptual de la modificacion del paisaje por medio de los procesos de
pérdida de habitat y fragmentacion. En este caso se representan de forma
separada ambos procesos, aunque en la mayoria de los casos reales acontecen
de forma conjunta. Se especifican las consecuencias que son mas importantes
en cada proceso, aunque algunas de ellas también podrian aparecer en ambos.
En el caso de la fragmentacion también se representa el incremento de intensidad
de las consecuencias en funcion del grado de fragmentacion.

La fragmentacion, a diferencia de la pérdida de héabitat, es un proceso méas
complejo, sin conclusiones tan claras y contundentes sobre sus efectos en la
biodiversidad (Fahrig 2003), debido al mayor nimero de factores que intervienen. La

fragmentacién per se, concepto independiente a la pérdida de habitat, comprende
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(para una misma cantidad de héabitat) simplemente el grado de subdivision en
fragmentos mas pequefios del habitat remanente. Un paisaje mas fragmentado implica
una reduccion del tamafio de los fragmentos de habitat, mayor efecto borde y mayor
contacto del habitat remanente con la matriz circundante (Fig. 1).

El tamafio del fragmento fue originalmente postulado como un buen
predictor de la riqueza de especies (MacArthur & Wilson 1967), y esta idea a dia de
hoy se mantiene (Bender et al. 1998, Rybicki & Hanski 2013). Una razon puede ser
simplemente por puro azar, ya que una muestra mas grande contendra mas elementos
diferentes de entre todos los posibles (Coleman 1981). Por otro lado, siguiendo la
dindmica metapoblacional, un fragmento de habitat mas grande contendra
poblaciones con mayor nimero de individuos, y de este modo su probabilidad de
extincion se vera reducida (Hanski 1999). También ha sido demostrado que
superficies mayores contienen una mayor diversidad de habitats o heterogeneidad
ambiental (Gignac & Dale 2005), y esto redunda positivamente en el nimero de
especies (L6hmus et al. 2007). Otra posible explicacion se basa en la existencia de
una zona central en el fragmento (core area) con condiciones microclimaticas muy
diferentes a las del borde (Saunders et al. 1991). Como consecuencia, fragmentos mas
grandes permitirdn la existencia de una mayor core area, y albergardn mayor

diversidad de especies propias de un estado del paisaje previo a la alteracion.

La forma es otro atributo de los fragmentos de habitat que ha sido
considerado en este tipo de estudios. Los fragmentos mas irregulares exponen una
mayor cantidad de su superficie al exterior, por lo que experimentan una mayor
incidencia de las condiciones del borde, e interactlan en mayor medida con la matriz
circundante (Yamaura et al. 2008). Por otro lado, la irregularidad, al crear mayor
cantidad de borde, también es posible que confiera una superficie mayor que podria
favorecer la llegada de més propagulos o individuos migrantes (Lomolino 1990). Se
han demostrado efectos tanto positivos (Honnay et al. 1999) como negativos (Ewers
& Didham 2007, Cabrera-Guzman & Reynoso 2012) de la irregularidad de los
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fragmentos sobre la biodiversidad, por tanto, la respuesta parece variar en funcion del
tipo de paisaje o el grupo de organismos estudiado (Ewers & Didham 2007, Yamaura
et al 2008).

En los fragmentos de habitat, principalmente en bosques, se ha documentado
ampliamente un cambio mé&s o menos intenso y gradual en las condiciones
microclimaticas en relacion con la proximidad al borde (edge effect) (Berges et al.
2013). En el borde, el viento sopla méas rapido, disminuye la humedad, aumenta la
oscilacion térmica y la insolacion puede ser mayor dependiendo de la orientacion
(Saunders et al. 1991, Murcia 1995). Este cambio supone una merma de la calidad del
habitat hacia el margen del fragmento para las especies que necesitan las condiciones
de sombra, humedad y mayor estabilidad que proporciona un sistema forestal. El
efecto de borde puede penetrar hacia el interior del bosque desde unos pocos metros
hasta varias centenas en funcién de numerosos factores (Reino et al. 2009), pero
resulta evidente que, si el fragmento es muy pequefio, las condiciones de borde pueden

alcanzarlo en su totalidad impidiendo la existencia del core area.

Las condiciones biéticas y abidticas del fragmento pueden verse altamente
moduladas por la estructura de la matriz que le rodea. La matriz puede influir sobre
los fragmentos de habitat de tres maneras (Driscoll et al. 2013): modulando la
dispersion, modificando el entorno abi6tico del borde y proporcionando recursos a los
organismos del habitat original. Por ejemplo, una matriz agricola, pero
estructuralmente similar a la vegetacion nativa, puede ser utilizada por primates para
desplazarse y obtener alimento (Anderson et al. 2007). Igualmente, una plantacién de
pinos exaticos en torno a parches de bosque nativo, puede mitigar el efecto borde y
servir de hogar para un considerable nimero de epifitos forestales (Pharo &
Lindenmayer 2009). En una revision reciente, Prevedello & Vieira (2010) se
preguntaron si el tipo de matriz tiene importancia sobre la biodiversidad en paisajes
fragmentados, y concluyeron que de forma general, cuanto méas similar fuese la

estructura de la vegetacién de la matriz a la del fragmento, mayores serian los
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beneficios sobre la biodiversidad. De este modo resulta muy importante tener en
cuenta si la matriz se compone de vegetacion o no, de que tipo es y su fisonomia, y
analizar de qué forma puede influir sobre los organismos objeto de estudio, para
planificar adecuadamente estudios sobre fragmentacion y pérdida de habitat.

La mayoria de estudios sobre fragmentacion y pérdida de habitat han sido
enfocados hacia la toma de datos en un momento puntual, sin tener en cuenta la
dindmica espacio-temporal de la estructura del paisaje ni de las especies que lo
habitan. Esto no quiere decir que una imagen instantanea a una escala muy concreta
no sea Util ni valiosa, pero una aproximacion a diferentes escalas espaciales y que
incorpore datos de series histéricas proporciona una vision mas acertada de la realidad
(Ewers & Didham 2006), aunque esto no siempre es posible debido a la falta de
recursos, tiempo o datos. En primer lugar, la presencia de una especie en un
determinado lugar es afectada por multiples factores que operan a distintas escalas,
desde factores historicos, biogeograficos o evolutivos hasta las condiciones
microclimaticas inmediatas que rodean al organismo (Ellis 2012). Poniendo el foco
sobre la estructura y la calidad del paisaje, resulta interesante preguntarse qué parte
de responsabilidad tienen los cambios que se producen a diferentes escalas espaciales
y con qué intensidad son percibidos por las especies. En cuanto a la escala temporal,
algunos estudios muy originales han sido capaces de demostrar que los patrones de
riqueza observados en la actualidad a lo largo de paisajes fragmentados, respondian
mejor a configuraciones y composiciones pretéritas del habitat que a las encontradas
en el momento actual (Lindborg & Eriksson 2004, Helm et al. 2006, Ellis & Coppins
2007). Por tanto, la no obtencion de respuestas ante un andlisis de la estructura actual
del paisaje, no siempre demuestra que esa interaccidn no exista, sino que las especies
precisan de un intervalo temporal determinado para responder a los cambios (Tilman
et al. 1994). Esto resulta més evidente en especies con ciclos vitales lentos o con

capacidad de vivir muchos afios (Adriaens et al. 2006).
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Todas las caracteristicas del paisaje citadas hasta aqui han demostrado ser
responsables de la estructuracion de la biodiversidad en hébitats fragmentados, y para
ello han de influir en al menos una de todas las etapas de la vida de los organismos.
Para un organismo sésil, que carece de la capacidad de desplazarse por el paisaje, la
dispersion representa una fase crucial en su ciclo vital (Nathan & Muller-Landau
2000). En este caso la dispersion implica el desplazamiento en forma de propagulo,
ya sea en forma de semilla, espora o propagulo vegetativo, que depende de factores
externos al individuo para alcanzar nuevos habitats, como son el viento, el agua o los
animales (Nathan 2006). En un paisaje fragmentado las distancias a superar entre los
fragmentos de habitat son méas grandes, por lo que es posible que surjan limitaciones
a la presencia de las especies causadas por problemas dispersivos (Herben &
Sdderstrom 1992). Una vez que el propagulo es dispersado, este ha de establecerse,
y para ello necesita unas condiciones ambientales adecuadas. Como ya se ha
mencionado previamente, un paisaje fragmentado experimenta alteraciones de su
calidad ambiental, y como consecuencia, especies que necesitan las condiciones de
continuidad y estabilidad que les proporcionan paisajes no alterados, pueden sufrir
limitaciones al establecimiento. Asi, diversos estudios cientificos se cuestionan si la
causa de la ausencia de especies concretas en lugares determinados, puede deberse a
limitaciones a la dispersion o al establecimiento (Ackerman et al. 1996, Sillett et al.
2000, Benner & Vitousek 2007, Valdés & Garcia 2009, Giordani et al. 2015). Una
resolucion adecuada de esta cuestion puede suponer una solucidn eficaz para el disefio
de planes de manejo del paisaje, que contribuyan a mitigar los efectos negativos que

la pérdida y fragmentacion de habitat tiene sobre la biodiversidad.

Los organismos epifitos: liquenes y bridfitos

Los liquenes son organismos simbidticos, que tradicionalmente han sido descritos
como una asociacion formada exclusivamente por un hongo (micobionte) y uno o dos
organismos fotosintéticos (fotobionte), que pueden ser un alga verde y/o una

cianobacteria. Sin embargo, descubrimientos recientes han demostrado que otras
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formas de vida como bacterias (Aschenbrenner et al. 2016), levaduras (Spribille et al.
2016) u otros hongos (Millanes et al. 2016) también pueden formar parte de este

metaorganismo complejo.

La mayoria de estudios ecoldgicos y de conservacion han sido llevados a
cabo con grupos de organismos mas conspicuos tales como animales o plantas
(Prevedello & Vieira 2010, Medina et al. 2014). Sin embargo, los liquenes son un
componente muy importante de la biodiversidad, llegando a cubrir aproximadamente
el 8% de la superficie terrestre (Nash 2008) y dominando aquellos ecosistemas que
son muy frios, secos o0 pobres en nutrientes como para permitir el desarrollo de
comunidades vegetales (Asplund & Wardle 2016). Desempefian funciones necesarias
para la correcta actividad de los ecosistemas tales como fijar el suelo y evitar su
erosion (Mottershead & Lucas 2000), regular el intercambio de nutrientes entre el
suelo y la vegetacién (Concostrina-Zubiri et al. 2013), y ademas son responsables de
estructurar comunidades vegetales condicionando la germinacion de muchas especies
(Escudero et al. 2007). En sistemas forestales maduros y bien conservados, los
liguenes acumulan elevadas proporciones de la biomasa total que compone el
ecosistema (Ellis 2012), llegando a suponer hasta el 50% de la entrada de nitrégeno
(Denison 1973), gracias a las especies que poseen cianobacteria como fotobionte que
son capaces de fijar N, atmosférico. Ademas, los talos liquénicos sirven de refugio y

alimentacion a numerosos grupos de invertebrados (Gerson & Seaward 1977).

Los organismos epifitos (liquenes y bridfitos) dependen del sustrato que le
proporcionan los arboles para establecerse y completar su ciclo de vida. La
imposibilidad de crecer en otro tipo de sustrato implica que estas comunidades estan
fuertemente ligadas a los bosques y les convierte en un grupo idéneo para conocer los
efectos de la pérdida y fragmentacion de hébitat. Ademas, los epifitos dependen
intensamente de las condiciones ambientales del entorno inmediato en el que se
desarrollan y su valencia ecolégica suele ser muy estrecha. Esto se debe a que son

organismos poiquilohidricos (carecen de complejos sistemas de regulacion hidrica)
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(Larson 1979) y poiquilotermos (no son capaces de regular la temperatura corporal),
y su principal fuente de adquisicion de nutrientes es la atmdsfera (Nash 2008).
Ademas, el habitat de los liquenes con cianobacteria como fotobionte (cianoliquenes)
es aun mas restringido, ya que la humedad atmosférica no es suficiente para realizar
la fotosintesis y precisan agua liquida en sus tejidos para llevarla a cabo (Lange et al.
1986). Por todos estos motivos los organismos epifitos son altamente sensibles a
pequefios cambios ambientales y reflejan las alteraciones que se producen en los
bosques (Lesica et al. 1991, Johansson 2008, Aragén et al 2010).

Existen numerosos estudios interesantes sobre la relacion de los organismos
epifitos con la pérdida y fragmentacion de los bosques, que demuestran que éstos se
relacionan estrechamente con la estructura del paisaje y muestran una amplia
diversidad de respuestas (Pharo & Zartman 2007, Johansson 2008). Se ha demostrado
gue fragmentos de bosque mas grandes albergan un nimero significativamente mayor
de especies (Kruys & Jonsson 1997, Zartman 2003, Gignac & Dale 2005, Oliveira et
al. 2011, Cardos et al. 2016). Asimismo, ha sido confirmado que los organismos
epifitos son sensibles a la composicion de la matriz, ya que por ejemplo la dispersion
se ve limitada si los fragmentos de bosque nativo estan rodeados por plantaciones de
pinos (Johansson and Ehrlén 2003, Belinchon et al. 2009), a pesar del posible
beneficio de mitigacion del efecto borde que una matriz boscosa pudiese aportar
(Aragén et al. 2015). Los liquenes y briofitos también responden a distintos niveles al
efecto del borde que produce cambios microclimaticos en el margen de los bosques
(Esseen & Renhorn 1998, Kivistd & Kuusinen 2000, Coxson & Stevenson 2007). Sin
embargo, estudios en la region mediterranea muestran que generalmente la comunidad
no responde con una disminucion en la riqueza, sino que se produce un recambio de
especies dependiente de la distancia al borde (Belinchon et al. 2007, Brunialti et al.
2013) y de la orientacion del borde (Aragén et al. 2015). La escala espacial también
es un factor a tener cuenta, porque las comunidades de epifitos reciben la influencia
del ambiente desde distintos niveles (Ellis 2012, Medina et al. 2014). En este sentido,

algo muy interesante que aun debe ser explorado, es con que intensidad y a qué
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velocidad perciben la variabilidad ambiental estructurada a distintas escalas, ya que
existe poca evidencia al respecto. Como se ha mencionado anteriormente, los
organismos epifitos responden a los cambios en la estructura del paisaje por motivos
ambientales, pero lo hacen con lentitud (Ellis & Coppins 2007, Lébel et al. 2009,
Ruete et al. 2014), puesto que son organismos que pueden vivir varias décadas
(McCarthy 2003) y ademas suelen mostrar una capacidad dispersiva limitada (Sillett
et al. 2000, Walser 2004, Ockinger et al. 2005; Giordani et al. 2015). Muchas veces
dependen de excepcionales eventos dispersivos a larga distancia para colonizar
nuevos habitats (Mufioz et al. 2004, Lonnell et al. 2014, Barbé et al. 2016).

La reproduccién tiene muchas implicaciones en el modo en el que los
organismos epifitos se relacionan con un paisaje fragmentado. Tanto los bri6fitos
como los liquenes pueden reproducirse de forma sexual o asexual, pudiendo aparecer
ambos tipos de reproduccién tanto en especies diferentes como sobre el talo de un
mismo individuo. Cada tipo de reproduccién tiene unas caracteristicas diferentes que
proporciona a cada especie unas ventajas e inconvenientes para vivir en habitats
fragmentados (Lobel & Rydin 2010). La reproduccion sexual se lleva a cabo por
medio de esporas (Scheidegger & Werth 2009). Su reducido tamafio le permite
dispersarse a largas distancias, lo que supone una gran ventaja para superar
condiciones de aislamiento (Ruete et al. 2014). Sin embargo, su reducido tamafio
implica que la cantidad de recursos para utilizar en las etapas iniciales de la
germinacion sea mas baja, por lo que el rango de condiciones ambientales necesario
para establecerse sera mas estrecho (Wiklund & Rydin 2004). Ademas, la espora
liguénica solo dispersa al micobionte por lo que estd obligada a encontrar a un
fotobionte compatible para establecerse como un nuevo individuo (Rikkinen et al.
2002). El proceso de restablecimiento de la simbiosis puede llegar a condicionar
enormemente el éxito del establecimiento por la ausencia de fotobiontes compatibles
(Belinchon et al. 2015). Por otro lado, la reproduccion asexual en liquenes consiste en
la produccion de propagulos vegetativos que dispersan tanto al micobionte como al

fotobionte. Estos pueden ser de distintas formas y tamafios, pero su tamafio es muy
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superior al de las esporas. Por tanto, su capacidad dispersiva estd mas limitada, pero
la probabilidad de establecimiento aumenta considerablemente al no requerir
reestablecer la simbiosis (Lobel & Rydin 2010).

Tratar de descubrir el papel que tiene la dispersion o el establecimiento en
limitar la presencia de una especie en un paisaje fragmentado supone un reto para la
ecologia actualmente, y su resolucion puede ayudar a desarrollar medidas de manejo
eficaces para la conservacién de especies con areas de distribuciéon reducidas
(Scheidegger & Werth 2009). Por ejemplo, se pueden desarrollar modelos de habitat
gue nos permitan conocer el area de distribucion potencial de una especie.
Posteriormente, verificando si la especie ya ocupa 0 no su habitat potencial, se puede
inferir si sufre limitaciones a la dispersién, o si su ausencia de determinadas zonas se
debe a la baja calidad del habitat que dificulta su establecimiento (Verbyla & Litvaitis,
1989). Otra aproximacion interesante consiste en determinar la diversidad genética de
los fotobiontes con los que establecen la simbiosis las especies de liquenes con
reproduccion sexual. Al mismo tiempo, si se analiza genéticamente la disponibilidad
de fotobiontes compatibles que tengan la capacidad potencial de unirse a una espora
y producir la reliquenizacion, se pueden extraer conclusiones sobre como de limitante
puede ser este proceso. En este sentido, se ha propuesto la existencia de gremios de
especies liquénicas mediados por el fotobionte (Rikkinen et al 2002). En el estudio de
Rikkinen et al. (2002) se demuestra la existencia de dos gremios bien diferenciados,
que consisten en grupos cerrados de especies sin relacion filogenética, que se
establecen en simbiosis con un conjunto comin de cianobiontes relacionados
filogenéticamente (Nostoc). Dentro de cada gremio, a las especies con capacidad de
reproducirse asexualmente se las denomina especies centrales (core species), puesto
que dispersan al fotobionte en sus propagulos, mientras que las especies sexuales son
nombradas como periféricas (fringe species). En base a esto, las especies centrales
estarian poniendo a disposicidon de las periféricas numerosos fotobiontes compatibles
que, de otra manera, al dispersarse en lugares no adecuados, no podrian establecerse

y se perderian, lo que constituiria un caso de facilitacion entre liquenes. Igualmente,
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es posible que las especies periféricas sean suficientemente agresivas como para
sustraer el fotobionte de los propagulos dispersados, y en este caso el fenémeno de

facilitacién no serfa tan evidente.

El bosque mediterraneo

Los ecosistemas que rodean al mar Mediterraneo, comprendidos en el sur de Europa
y el norte de Africa, albergan una gran biodiversidad y un elevado nimero de especies
endémicas por razones biogeogréaficas, climaticas e histdricas, en comparacién con
otras regiones o biomas terrestres. Sirva como ejemplo el caso de las plantas, ya que
al ser un grupo muy estudiado se sabe que en la regién mediterranea coexisten unas
25000 especies (un 10% de todas las especies conocidas), de las que aproximadamente

un 60% solo pueden ser encontradas en la regién mediterranea (Sundseth 2010).

La region mediterranea fue una de las primeras en ser poblada por el ser
humano, y ha sido testigo del nacimiento y desaparicion de numerosas civilizaciones
(Blondel 2006). Por este motivo sus paisajes han sufrido intensas modificaciones
durante un extenso periodo de tiempo, que continda en la actualidad. Sus bosques
tienen una larga historia de manejo, destruccion y fragmentaciéon, ya que
tradicionalmente han proporcionado abundantes recursos para multiples propositos
(Thirgood 1981). Todo esto ha conducido al paisaje forestal fragmentado que
observamos hoy en dia, muchas veces completamente sustituido por sistemas
agricolas (Blondel & Aronson 1999) o plantaciones de coniferas (Mesa 2002). La
destruccion y la fragmentacion del habitat forestal es uno de los principales factores
de amenaza para los organismos epifitos de la Peninsula Ibérica (Martinez et al. 2003).
Ademés, los efectos del cambio climéatico ya son claramente visibles (Walther et al.
2002), y los modelos sobre el estado futuro del clima en esta region predicen fuertes
incrementos de temperatura, disminucion de las precipitaciones y un aumento de
estocasticidad climética superior a otras regiones (Giorgi & Lionello 2008), con

efectos claramente negativos sobre la biodiversidad (Sala et al. 2000). Todo esto
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convierte al bosque mediterrdneo en un hébitat apropiado para el estudio de los
organismos epifitos y su relaciébn con un paisaje altamente modificado, y las
respuestas obtenidas pueden ser aplicadas de forma inmediata para la conservacion de
una parte muy importante de la diversidad que albergan.

En la region mediterrdnea ha existido un interés menor por el estudio de los
organismos epifitos y su ecologia, si lo comparamos con el norte de Europa, donde
tradicionalmente ha habido méas grupos de trabajo dedicados a su estudio. Por tanto,
la mayoria de trabajos que muestran la relacion de especies y comunidades epifitas
con el ambiente han sido llevados a cabo en bosques de regiones templadas o boreales
(Larson 1979, Lesica et al. 1991, Kruys & Jonsson 1997, Esseen & Renhorn 1998,
Kivistd & Kuusinen 2000, Johansson & Ehrlén 2003, Gignac & Dale 2005, Ockinger
et al. 2005, Coxson & Stevenson 2007, Ellis & Coppins 2007, L6hmus et al. 2007,
Johansson 2008, Ldbel et al. 2009, Ellis 2012, Ruete et al. 2014). Sin embargo, el
clima de la region mediterranea es diferente, con inviernos mas suaves, menor
precipitacion y un largo periodo de sequia estival. Por tanto, sigue siendo necesario
llevar a cabo estudios en la region mediterranea ya que, a parte de las diferencias
climéticas con Europa del norte, aqui la luz no es tan limitante y si lo es la humedad
(Valladares et al. 2004). Esto puede traducirse en la obtencion de resultados con
diferentes matices en el funcionamiento de las especies. Por ejemplo, la fragmentacion
o el aclarado de un bosque, que supone un incremento en la cantidad de luz que llega
al interior del mismo, puede tener efectos positivos sobre especies de cianoliquenes
epifitos en el norte de Europa (Hazell & Gustafsson 1999, Hedends & Hedstrém
2007). Mientras, en la regién mediterranea, el aumento de la entrada de luz asociada
a un manejo forestal intenso, tiene efectos negativos sobre las mismas especies
(Aragbn et al. 2010).
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OBJETIVOS Y ESTRUCTURA DE LA TESIS

El objetivo general de la tesis consiste en determinar el efecto de la pérdida y
fragmentacién de hébitat sobre la diversidad de epifitos en bosques mediterraneos,
intentando separar la influencia de ambos efectos. También nos preguntamos qué
variables de un paisaje fragmentado permiten predecir los patrones de riqueza y
diversidad de las comunidades epifitas, y la presencia y la abundancia de las diferentes
especies, a distintas escalas espacio-temporales. Por otro lado, queremos concretar
cudl es la influencia de estos mismos procesos sobre la dispersion y el establecimiento
de un liquen amenazado, dos fases criticas en el ciclo vital de cualquier especie. La
intencion Gltima de este trabajo es desentrafiar el funcionamiento ecolégico de los
organismos epifitos en relacién con un paisaje alterado y dinamico, para que todo el
conocimiento generado pueda ser aplicado en el desarrollo de planes de manejo

efectivo para la conservacion de liquenes y briéfitos tipicos del bosgque mediterraneo.

De forma mas concreta, para alcanzar los objetivos generales propuestos, se

abordan los siguientes objetivos especificos a lo largo de los cuatro capitulos:

- Capitulo 1: Se analizan los efectos del tamafio y forma del fragmento, el tipo de
matriz circundante y las variables ambientales relacionadas con la calidad del
habitat, sobre la riqueza, diversidad, y similitud de las comunidades epifitas.
También se evalla el efecto de las mismas variables sobre las especies mas
representativas de la comunidad, para tratar de identificar aquellas especies que

son mas sensibles a estos procesos fragmentacion y pérdida de calidad del hébitat.

- Capitulo 2: Se estudia como y cuénto influye la estructura historica del paisaje
sobre la riqueza de especies epifitas que pueden ser encontradas en un fragmento
de bosque, y se compara su importancia relativa respecto a la estructura actual. La
influencia de la estructura del paisaje es abordada desde tres aproximaciones

diferentes, y se analiza su efecto a través de la cantidad total de habitat, el grado
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de fragmentacion y la conectividad. Ademés de la escala temporal, se compara la
importancia de los efectos de la estructura del paisaje sobre la comunidad a
distintas escalas espaciales: el paisaje inmediato que rodea al fragmento, el propio
fragmento y el interior del fragmento. Con toda la informacion obtenida se
pretende crear un modelo final con todas las variables analizadas que resulten
importantes a todas las escalas espacio-temporales, para explicar de la forma mas

fiable los patrones de riqueza de epifitos observados en la actualidad.

Capitulo 3: Se examinan las causas de la distribucién tan reducida y dispersa de
Pectenia plumbea en el centro de la Peninsula Ibérica, donde ha sido catalogada
como vulnerable. Tratamos de resolver si sufre limitaciones a la dispersion, es
decir, si sus esporas llegan o no a nuevos habitats, o bien limitaciones al
establecimiento, lo que supondria que sus esporas llegan a otros habitats pero no
son capaces de prosperar en ellos debido a limitaciones ambientales. Asimismo,
analizamos el efecto del clima, la topografia y la estructura del paisaje sobre la
abundancia de los diferentes estados reproductivos de la especie, para ver en qué

medida puede modular su limitada presencia a lo largo del paisaje.

Capitulo 4: En relacidn a la fase de establecimiento de P. plumbea, se evallan la
tasa de germinacion de las esporas y la capacidad del fotobionte (Nostoc) para
crecer y reproducirse en un estado de vida aposimbidtico (vida libre), para
comprender en qué medida puede encontrarse disponible para ser reliquenizado
por las esporas. También se analiza la diversidad genética del fotobionte de
Pectenia plumbea en distintos lugares de la Peninsula Ibérica para valorar en qué
grado puede asociarse con distintos linajes de Nostoc. Por ultimo, se escoge una
comunidad concreta de cianoliquenes, en la que se encuentra P. plumbea, para
estudiar la diversidad genética de fotobiontes (Nostoc) que alberga cada especie y
de la comunidad de cianobacterias de vida libre, con el fin de compararlas y
dilucidar donde se encuentra la fuente mas significativa de fotobiontes compatibles

de P. plumbea.
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METODOLOGIA GENERAL

En esta seccion se procede a describir la metodologia general empleada en la tesis
doctoral. Sin embargo, cada uno de los capitulos de los que consta este documento
contiene una metodologia méas detallada, con referencias concretas, para comprender

en profundidad como se ha llevado a cabo cada uno de los estudios.

Area de estudio

Casi la préactica totalidad del trabajo de campo ha sido llevado a cabo en el Parque
Nacional de Cabafieros (PNC) y su entorno, localizado en la regién mediterranea entre
las provincias de Toledo y Ciudad Real, en el centro de la Peninsula Ibérica (Fig. 2).
La Unica excepcion es la inclusion en el capitulo 4 de cuatro poblaciones de Pectenia
plumbea del noroeste peninsular (Asturias) y dos del sureste (Albacete y Ciudad
Real), adicionalmente a 3 poblaciones del PNC. Los detalles relativos a la localizacion
de cada area de estudio son descritos en cada capitulo, donde se incluyen las

coordenadas y su representacion espacial en una figura.

T
o sol, 100 Km jL
L 1

Figura 2 Situacién del Parque Nacional de Cabafieros en A) el suroeste de Europa y B)
en el centro de la Peninsula Ibérica entre las provincias de Toledo (al N) y
Ciudad Real (al S).
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El PNC es una zona de media montafia, con alturas comprendidas entre los
~600 ms. n. m. y los 1448 m que alcanza en el Rocigalgo su punto més alto. El clima
es mediterraneo continental subhtimedo, con una temperatura media anual de 13,2°C
y una precipitacion anual de 716 mm (AEMET 2011). En las zonas seleccionadas para
desarrollar los capitulos 1, 2 y 3, el paisaje esta formado por fragmentos de bosques
bien conservados, ubicados principalmente en las laderas mas inaccesibles y/o
improductivas (Fig. 3). Este bosque nativo fragmentado se encuentra rodeado por una
matriz compuesta por diferentes unidades del paisaje que ha experimentado distintos
grados de intervencién para el aprovechamiento humano: pedreras, cultivos, pastos,
matorral, dehesas u bosques con baja cobertura arbérea y plantaciones de pinos (Fig.
3).

A B

Figura 3 Ejemplos del paisaje fragmentado en el Parque Nacional de Cabafieros y su entorno.
A) Vista general de uno de los valles estudiados (capitulos 1y 2), con fragmentos
de encinar rodeados por cultivos y plantaciones de pinos; B) Fragmentos de encinar
en lugares de dificil acceso embebidos en una matriz principalmente arbustiva
(capitulos 1y 2); C) Bosque de melojo (Quercus pyrenaica) fragmentado de forma
natural por una ladera de piedras (capitulo 2), con vista general del valle al fondo;
y D) Zona de acceso a uno de los valles muestreados en el capitulo 3, donde se
aprecia una parte del bosque nativo fragmentado.
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En el capitulo 4 seleccionamos un total de nueve poblaciones de P. plumbea ubicadas
en distintos puntos de la Peninsula Ibérica con el fin de conocer la diversidad genética
de fotobiontes con los que se establece en simbiosis a lo largo de la regién. A parte de
las seis poblaciones mencionadas al inicio de esta seccion, también se incluyen tres
poblaciones localizadas dentro del PNC, que ademéas son empleadas en otros
experimentos y estudios observacionales desarrollados en este capitulo. La
localizacion de las poblaciones estudiadas se puede consultar en el capitulo 4 (Tabla
S1ly Fig. S1).

Especies objeto de estudio

En los capitulos 1y 2 se tiene en cuenta toda la comunidad de liquenes y briéfitos
epifitos que aparecen en la superficie de los troncos de encina (Quercus ilex subsp.
ballota (Desf.) Samp.) muestreados (Fig. 4A1 y 4Az2). Las comunidades de epifitos de
bosques mediterraneos son susceptibles de percibir perfectamente el paisaje binario
de bosque-matriz, porque muchas de las especies no pueden vivir fuera del habitat de
bosque maduro bien conservado. Ya ha sido constatado que en aquellos sistemas
forestales que experimentan algin régimen de manejo, la estructura del bosque
experimenta modificaciones. Este hecho implica que la composicién de la comunidad
de epifitos cambie enormemente (Burgaz et al. 1994, Belinchon et al. 2007, Aragén
et al. 2010, Matos et al. 2015), aunque algunas especies sean compartidas o puedan
aparecer de forma puntual en distintos tipos de sistemas (e. g. dehesas). Por tanto,
asumimos que la comunidad se encuentra aislada en fragmentos maduros y sin
manejo, aunque la matriz contenga alguna formacion boscosa con baja densidad de
arboles. Adicionalmente, en el capitulo 1 seleccionamos 40 especies que
consideramos representativas de la comunidad, para conocer como responden de
forma individualizada a la fragmentacion y pérdida de habitat. Solo pudimos escoger
entre las especies que mostraron valores de presencia y abundancia suficientes para
ser modeladas, y excluimos de este analisis algunas especies que muestran preferencia

por ambientes antropizados.
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En el capitulo 3 y 4 la especie objeto de estudio fue el liquen Pectenia
plumbea (Lightf.) P. M. Jarg., L. Lindblom, M. Wedin & S. Ekman. Presenta un talo
grisaceo placodioide generalmente circular que crece muy proximo al sustrato, aunque
puede ser desprendido con facilidad. Puede reproducirse sexualmente mediante
pequefias esporas [(18)-20-22-(25) x 6-10 um (Carballal et al. 2007)] producidas en
los apotecios rojizos (Fig. 4B1), o bien asexualmente con isidios (Fig. 4B2),
apareciendo en muy raras ocasiones ambos tipos de reproduccion sobre el mismo talo.
(imagen de un talo juvenil sin estructuras reproductoras en Fig. 4B3). Anteriormente,
esta especie estaba dividida en dos taxones diferentes en funcion del modo de
reproduccion (Degelia plumbea con apotecios y Degelia atlantica con isidios), sin
embargo, tras un andlisis genético exhaustivo (Otalora et al. 2016) se demostr6 que
ambos estados reproductivos pertenecen a la misma especie. En el area de estudio
abundan los talos con apotecios, y de forma mas ocasional pueden ser encontrados

ejemplares con isidios.

P. plumbea muestra una distribucion mas o menos continua a lo largo de la
costa atlantica de Europa, mientras que en el centro del continente sus poblaciones se
estan viendo mermadas o han desaparecido drasticamente a causa de la contaminacion
atmosférica (COSEWIC 2010). Al sur del continente, en la costa norte del
Mediterraneo, existen aun algunas poblaciones, pero estdn muy fragmentadas y
aisladas unas de otras (COSEWIC 2010, Martinez et al. 2014). La especie también
aparece en parte de la Macaronesia y puntualmente en el norte de Marruecos y la costa
este de Canada y EE.UU. (COSEWIC 2010). En el centro de la Peninsula Ibérica,
region que comprende el area de estudio, P. plumbea ha sido catalogada como
vulnerable, principalmente a causa de la pérdida de habitat y fragmentacion (Martinez
et al. 2003). Ademas, las poblaciones de esta zona cuentan con pocos individuos
(entre 2 y 413) (Martinez et al. 2014) y su diversidad genética es baja (Otélora et al.
2013). Esta especie es un cianoliquen, con Nostoc como fotobionte, y esta condicion
implica que requieren la presencia de agua liquida en sus tejidos para poder llevar a

cabo la fotosintesis (Lange et al. 1986). Ademas, un exceso de radiacion solar afecta
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Figura 4. Comunidades y especies objeto de estudio a lo largo de los cuatro capitulos que
componen la tesis doctoral. A1) y A2) Ejemplos de la comunidad de liquenes y briofitos epifitos
sobre tronco de encina (capitulos 1y 2). B) Talos de Pectenia plumbea (capitulos 3y 4) con
B1) apotecios o B2) isidios, y B3) talo juvenil sin estructuras reproductoras. C1) Muestra de la
comunidad de cianobacterias de vida libre creciendo en el laboratorio (capitulo 4), y C2) — Cs):
Nephroma laevigatum Ach., Fuscopannaria mediterranea (Tav.) P.M. Jgrg., Collema
furfuraceum (Arnold) Du Rietz y Dendriscocaulon umhausense (Auersw.) Degel. (especies
que conforman la comunidad de cianoliquenes analizada en el capitulo 4).
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de forma muy negativa a la retencion de agua en el talo y puede dafiar sus tejidos
(Gauslaa & Solhaug 1998). Por tanto, estas condiciones de elevada humedad y escasa
radiacion solar tan concretas que P. plumbea necesita, solo pueden ser proporcionadas
en la regién mediterranea por bosques maduros y bien conservados (Martinez et al.
2014).

Adicionalmente, en el capitulo 4, para revelar la disponibilidad de fotobiontes
compatibles, y su posible relacion con limitaciones al establecimiento de P. plumbea,
analizamos la diversidad genética de fotobiontes que alberga la especie. Asimismo,
incluimos en el estudio la comunidad de cianobacterias epifitas de vida libre, que
coexisten junto a una de las poblaciones de P. plumbea dentro del PNC, que esta
compuesta por un gran nimero y diversidad de colonias (Fig. 4C1). Sin embargo, solo
retuvimos para analisis genético las del género Nostoc, puesto que son las Unicas que
pueden ser potencialmente reliquenizadas por P. plumbea. En la misma localidad que
analizamos la diversidad de cianobacterias, también estudiamos la diversidad genética
de los fotobiontes de todos los cianoliquenes que forman la comunidad. En total cuatro

especies (Fig. 4C2-4Cs) a parte de P. plumbea.

Disefio experimental y toma de datos

En los capitulos 1y 2 se seleccionaron 40 fragmentos de encinar maduro en
el PNC y su entorno, con elevada cobertura arbdrea (> 70%) y en buen estado de
conservacion (Fig. 5A1 y 5A2), ya que estan sometidos a un régimen de manejo muy
escaso 0 nulo. Dentro de cada fragmento se ubicaron aleatoriamente entre 4 y 8
parcelas de 10x10 m en funcidén del tamafio del fragmento. Para conocer el niUmero
necesario de parcelas para obtener al menos el 90% de especies de cada fragmento, se
realizd una curva especies-area con datos de riqueza de especies, obtenidos en
muestreos anteriores en los bosques mas diversos de la zona de estudio. Dentro de
cada parcela se escogieron cuatro encinas con valores intermedios de diametro del

tronco a la altura del pecho (dbh). Se trat6 de minimizar la disparidad del dbh de los
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Figura 5. Aspecto de los bosques maduros y bien conservados donde se llevé a cabo la toma
de datos y muestras de la tesis doctoral. A1) y A2) Ejemplo del interior de dos de los fragmentos
muestreados en los capitulos 1y 2 que muestran la estructura del bosque. B1) Uno de los dos
valles (EI Chorro) muestreados en el capitulo 3 y B2) ejemplo de la estructura interior del
bosque. C1) Estructura interior de bosques bien conservados de Quercus pyrenaica y Q.
faginea en el SE peninsular (S* Madrona, Ciudad Real) y C2) de Q. robur en el NO (Asturias),
muestreados en el capitulo 4. D1) Imagen del interior del bosque de Gargantilla muestreado
en el capitulo 4, y D2) ejemplo de unos saludables ejemplares de P. plumbea en la misma
localidad, junto a otros liquenes.
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arboles muestreados, y finalmente conseguimos que todos los valores estuviesen
comprendidos entre 18 y 28 cm. Asi, se pretendio reducir la posible variabilidad
ambiental asociada a los grandes cambios de calidad de habitat que supone incluir
arboles de distintas edades (Aragén et al. 2010). En cada arbol se colocaron cuatro
cuadros de muestreo de 20 x 30 cm, considerando dos orientaciones (N y S) y dos
alturas (base y dbh), hasta un total de 2976. Dentro de cada cuadro se estimo
visualmente la abundancia (% de cobertura) de cada especie de liquen y briéfito, y
estos datos fueron empleados para calcular la riqueza de especies (total, y de liquenes
y briéfitos por separado), la diversidad y la similitud, tanto a nivel de parcela como

de fragmento.

En cuanto a las variables ambientales, a nivel de fragmento se cuantifico el
tamafio, la forma y el porcentaje de los distintos tipos de matriz en contacto con el
fragmento: A) plantaciones de pinos, B) alto contraste, compuesta por cultivos, pastos,
pedreras y matorrales, cuya estructura es muy diferente a la del bosque, y C) bajo
contraste, formada por arbolado disperso con una fisonomia algo mas parecida a la
del fragmento. Para ello se utilizaron fotografias aéreas tomadas en 2011, que fueron
analizadas con un sistema de informacion geogréafica. A nivel de parcela se midi6 la
orientacion, la pendiente, la altitud, el dbh medio de todos los arboles de la parcela, la

apertura del dosel arboreo y la cobertura de matorral.

Para el desarrollo del capitulo 2 se dispuso de fotografias aéreas de la misma
zona de estudio de los afios 1956 y 1982, adicionalmente a las imagenes de 2011 que
muestran el estado actual del paisaje (Fig. 6). En este caso también consideramos la
superficie adyacente que rodea a cada fragmento a una distancia de 1 km de su
perimetro (buffer), para conocer la estructura del paisaje en sus inmediaciones en los
tres afios considerados. Dentro de cada buffer medimos la superficie de cada
fragmento de bosque nativo de alta cobertura y su distancia al fragmento focal. Con
estos valores calculamos la cantidad total de hébitat remanente, su grado de

fragmentacion y la conectividad con el fragmento focal. Asimismo, cuantifico el
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tamafio de los fragmentos focales en los afios 1956 y 1982, para obtener el porcentaje
de cambio en superficie para todos los periodos posibles (1956-1982, 1982-2011 y
1956-2011).

Figura 6 Fotografias aéreas del mismo marco geografico tomadas en A) 2011 y B) 1956, en
las que se muestra la delimitacion (linea naranja) de uno de los 40 fragmentos focales
muestreados para los capitulos 1y 2, y el respectivo buffer de 1 km en torno a su
perimetro (el estado del fragmento focal en 1956 ha sido destacado en verde). Dentro
de cada buffer se muestra la digitalizacién de los fragmentos de bosque nativo de alta
cobertura en A) 2011 en azul y en B) 1956 en rojo.

En el capitulo 3 se seleccionaron dos valles separados ~30 km que albergaban
poblaciones de P. plumbea (Fig. 5B1) en bosque maduros y bien conservados (Fig.
5B2), y cuentan con distintos grados de fragmentacion del bosque rodeado por
diferentes tipos de matrices. En estos valles se ubicaron de forma aleatoria un total de
400 parcelas de 50x50 m (200 en cada valle). En cada parcela examinamos los troncos
de todos los arboles para contar el nimero total de individuos de P. plumbea, teniendo
en cuenta su estado reproductivo (apotecios, isidios o juvenil). De este modo, para
cada parcela, pudimos obtener la presencia/ausencia de la especie, su abundancia, y

la abundancia de cada uno de los estados reproductivos.
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En este caso consideramos, a nivel de parcela, diez variables ambientales
incluidas en tres categorias diferentes: a) pérdida de hébitat y fragmentacion (area de
bosque, cantidad de borde de bosque, area de matriz de alto contraste, rea de matriz
de contraste intermedio y densidad de fragmentos, obtenida tras la division del nimero
de fragmentos entre el &rea de bosque); b) clima (precipitacion y temperatura media
anuales); c¢) topografia (altitud, pendiente y orientacion medias). Para obtener las diez
variables utilizamos fotografias aéreas tomadas en 2013 y el modelo digital de
elevacién de la zona de estudio, ambos procesados con un sistema de informacion
geogréfica, y el modelo climético para la Peninsula Ibérica CLIMOEST (Sanchez—
Palomares et al. 1999). Posteriormente, analizamos que variables fueron importantes
a la hora de explicar la presencia y la abundancia de P. plumbea, y se construyeron
sus respectivos modelos predictivos que fueron aplicados en toda la superficie del
PNC. En toda esta area ubicamos 1200 parcelas de 50x50 m de forma aleatoria, para
las que se obtuvieron valores de prediccion de presencia y abundancia. Por ultimo,
escogimos 71 de las 1200 parcelas, cubriendo todo el rango de valores de prediccion
entre el 0 y el 1, y sobre el terreno verificamos en ellas el cumplimiento de las

predicciones de presencia y de abundancia.

En el capitulo 4 seleccionamos nueve poblaciones de P. plumbea en bosques
maduros y bien conservados de la Peninsula Ibérica: 2 en el sureste (Albacete y
Ciudad Real) (Fig. 5C1), 4 en el noroeste (Asturias) (Fig. 5C2) y 3 en el centro (Ciudad
Real) (Fig. 5D1). En cada poblacion escogemos entre 3 y 4 talos para analizar
genéticamente la identidad de sus fotobiontes para el gen tRNAMY UAA.
Posteriormente nos centramos en una de las poblaciones del centro (Gargantilla) (Fig.
5D1), y la muestreamos mas intensamente. Cabe destacar que en esta localidad la
especie no ha sido observada con isidios y solo se reproduce de forma sexual
(Martinez et al. 2014) (Fig. 5D2), por tanto, en principio todos los individuos han sido
generados a partir de esporas debiendo reestablecerse de nuevo con un fotobionte
compatible. En esta localidad establecimos una parcela de 15x15 m, y en ella

seleccionamos todos los arboles con presencia de P. plumbea. En cada uno de estos
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arboles establecimos dos pequefios cuadros de muestreo de 10x10 cm, uno en la base
y otro a la altura del pecho aproximadamente, en torno a un talo de P. plumbea,
siempre que éste estuviese presente. Dentro de cada cuadro recolectamos un trozo del
talo de P. plumbea, y de cualquier otra especie de cianoliquen que estuviese presente
(ver todas las especies muestreadas en la figura 4C2-4Cs), con el fin de revelar la
identidad genética del fotobionte que alberga cada talo para el gen tRNA™ UAA.
También recolectamos toda la superficie de corteza, bri6fitos y otros liquenes con alga
verde contenida dentro del cuadro, con el fin de analizar la comunidad de
cianobacterias alli presente. Toda esa superficie fue frotada sobre medios de cultivo
Z8 (sin nitrégeno) que es excluyente para cualquier organismo gue no sea una
cianobacteria. Tras dos meses de crecimiento los cultivos fueron examinados para
reconocer todas las colonias emergidas, seleccionando Unicamente las del género
Nostoc. De entre éstas, se recolectaron todas las colonias que cumplian con los
caracteres biol6gicos y morfoldgicos para ser simbiontes potenciales de P. plumbea,

y fueron identificadas genéticamente para el gen tRNA" UAA.

Para analizar la capacidad del fotobionte de P. plumbea de crecer y de fundar
nuevas colonias de forma aposimbio6tica (fuera de la simbiosis), escogimos entre 2 y
4 talos de cada una de las 9 poblaciones. De forma manual, de cada talo, se extrajeron
ocho pequefios aislamientos de la capa cianobacterial, que fueron depositados sobre
medio de cultivo Z8. Tras seis meses de crecimiento, todos los aislamientos fueron
revisados para observar la produccién de hormogonios con capacidad de fundar
nuevas colonias. Por otro lado, todos los aislamientos de las tres poblaciones del
centro peninsular fueron utilizados para medir el crecimiento. Estos fueron
fotografiados tanto en el momento de ser aislados como tras 50 dias de crecimiento.
Como control utilizamos dos especies de cianoliquenes (Peltigera canina (L.) Willd.
y Peltigera praetextata (Florke) Vain.), de las que fueron recolectados dos ejemplares
de cada especie, en cada una de las tres localidades. Los aislamientos control fueron

sometidas a las mismas condiciones de crecimiento y de medicién que los de P.
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plumbea. El tamafio inicial y final de todos los aislamientos fueron utilizados para
calcular la tasa de crecimiento relativo de cada uno de ellos.

Para examinar la capacidad de germinacién de las esporas de P. plumbea,
escogimos dos de las poblaciones del centro de la Peninsula Ibérica que presentan una
mayor abundancia de individuos de la especie en la regién. En total obtuvimos 250
apotecios provenientes de 25 individuos por poblacién. Los apotecios fueron lavados
y ubicados en placas Petri para permitir la descarga de esporas en los medios de
cultivo en las mejores condiciones de esterilidad posibles. Para testar la germinacion
se utilizaron cuatro medios (Agar, MYA, LBM y BBM) realizados con cuatro
preparaciones liquidas (agua destilada, extracto de corteza, extracto de cianoliquen y
ciclodextrina diluida) en todas las combinaciones posibles, hasta tener un total de 16
medios de cultivo diferentes. Ademas, se tuvo en cuenta el efecto de la luz sobre la
germinacion, con dos tratamientos diferentes: oscuridad total o 16 h de luz y 8h de
oscuridad. En este caso, apotecios de Xanthoria parietina fueron utilizados como
control. La posible germinacion de las esporas fue revisada hasta 60 dias después del

inicio del experimento.

Andlisis estadisticos

En el capitulo 1 utilizamos modelos lineales generalizados (GLMSs) para
analizar el efecto de las variables ambientales a nivel de fragmento, incluyendo la
interaccion entre el tamafio del fragmento y el porcentaje de matriz de alto contraste,
sobre la riqueza (total, y de liquenes y briofitos por separado), la diversidad y la
similitud de los fragmentos. Asimismo, también se emplearon GLMs para conocer el
efecto de las mismas variables ambientales sobre la presencia y la abundancia de las
40 especies seleccionadas. Por otro lado, empleamos modelos lineales generalizados
mixtos (GLMMs) para analizar la respuesta de las mismas variables dependientes (de

toda la comunidad y de las especies por separado), pero esta vez a nivel de parcela.
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En este caso se incluyeron como explicativas todas las variables medidas a nivel de

parcela junto a las de fragmento.

En el capitulo 2 solo consideramos como variable respuesta la riqueza total
de especies en cada fragmento. En primer lugar, analizamos mediante GLM como la
riqueza se ve influenciada por todas las variables ambientales a nivel de fragmento
del afio 2011, incluyendo la interaccion entre el tamafio y la matriz de alto contraste.
Adicionalmente incluimos una variable de heterogeneidad ambiental obtenida a través
del area de “convex hulls” derivada de un andlisis de componentes principales. Este
GLM permiti6 obtener un modelo simplificado (SM) compuesto Unicamente por las
variables significativas de entre todas las inicialmente incluidas. EI SM fue utilizado
para calcular la conectividad de cada fragmento (focal) con el habitat contenido dentro
del buffer para los afios 1956, 1982 y 2011. La conectividad fue definida por el area
de cada fragmento circundante y su distancia al fragmento focal. Para cada uno de los
afios se retuvo el valor de conectividad que hizo reducir al maximo la devianza
residual del modelo (SM + conectividad). Posteriormente, fueron afiadidas
separadamente y de una en una al SM, las tres variables a nivel de paisaje (cantidad
total de habitat remanente, su grado de fragmentacion y la conectividad con el
fragmento focal) en los tres afios considerados (1956, 1982 y 2011), y el porcentaje
de cambio de tamafio del fragmento en los tres periodos (1956-1982, 1982-2011 y
1956-2011), para testar su efecto significativo con un total de 12 GLMs. Por Gltimo,
se llevaron a cabo analisis de particion de la varianza para conocer el poder explicativo
de todas las variables que resultaron significativas a lo largo de todos los GLMs

realizados.

En el capitulo 3 empleamos GLMs para conocer el efecto de las variables
topograficas, climéaticas y de fragmentacion y pérdida de habitat, incluyendo la
interaccion entre el area de bosque y la cantidad de borde, sobre la presencia y la
abundancia de P. plumbea. La seleccién de modelos se llevé a cabo mediante AIC

(Akaike’s information criterion), y se obtuvo finalmente un modelo promedio de
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todos los equiprobables tanto para la presencia como para la abundancia. Para evaluar
la capacidad y fiabilidad de las predicciones a llevar a cabo con los modelos promedio,
utilizamos el método AUC (érea bajo la curva) para la presencia, y un método de
validacion cruzada para la abundancia. La evaluacion de la correspondencia entre las
predicciones de los modelos y la realidad, fue llevada a cabo mediante porcentaje para
la presencia, y con el coeficiente de correlacion de Spearman (p) para la abundancia.
El efecto de las variables ambientales sobre la abundancia de los tres estados

reproductivos de la especie (apotecios, isidios y juvenil) fue analizado con GLMs.

En el capitulo 4 se realizé una valoracién cuantitativa tras la comparacion de
la presencia de los distintos genotipos del gen tRNA™ entre la comunidad de
cianobacterias de vida libre y la comunidad de cianoliquenes. También se hizo una
valoracion cuantitativa de la produccién de hormogonios y de la germinacién de
esporas. En cuanto al crecimiento aposimbi6tico de los aislamientos del fotobionte de
P. plumbea, se compard su tasa de crecimiento relativo con el de los aislamientos de
las especies control mediante un analisis de la varianza (ANOVA), incluyendo la

localidad de recoleccion y la identidad de cada individuo como factores explicativos.

En los capitulos 1, 2 y 3 se calcularon los coeficientes de correlacion entre
parejas de variables de forma previa a su inclusién en un mismo modelo. En caso de
obtener un valor >0.7, una de las variables de cada pareja correlacionada dejaba de
ser considerada para su posterior analisis en los modelos. Todos los analisis
estadisticos relatados en esta seccion fueron llevados a cabo con el lenguaje y en el
entorno de programacion del software R (R Foundation for Statistical Computing,

Vienna, Austria).
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CONCLUSIONES

1. Los bosques mediterraneos fragmentados del Parque Nacional de Cabafieros y su
entorno albergan comunidades de epifitos ricas y diversas, que se ven afectadas
intensamente por los procesos de fragmentacion y pérdida de habitat.

2. El tamafio de fragmento de bosque demuestra ser un factor muy importante para
explicar la riqueza y diversidad de especies epifitas que pueden ser encontradas en
él. Un mayor tamafio implica un mayor nimero de especies, tanto de liquenes
como de bridfitos, y a la vez que sus abundancias presenten unos valores mas
equitativos evitando la dominancia de unas pocas especies. La trayectoria histérica
de la superficie del fragmento también ha de ser tenida en cuenta, ya que los
cambios muy intensos no son inmediatamente percibidos por la comunidad, y esto
acarrea un ligero desfase entre el nimero de especies que realmente estan presentes

en un fragmento y las que potencialmente puede albergar.

3. La forma de los fragmentos, entendida como la incidencia del efecto borde sobre
el area total del fragmento, no tiene efecto sobre la riqueza de especies. Sin
embargo, un fragmento mas irregular influye negativamente sobre la diversidad,
es decir, que favorece la dominancia de unas pocas especies, probablemente de

aquellas asociadas a un ambiente de borde de bosque.

4. La composicion de la matriz circundante condiciona la riqueza de especies
presentes en el fragmento. Una matriz de alto contraste hace incrementar el nimero
de especies en fragmentos pequefio carentes de una zona central de elevada calidad
ambiental, posiblemente a través de no dificultar la llegada de propagulos. Sin
embargo, en fragmentos mas grandes se produce el efecto contrario, que en este
caso hace evidente el empeoramiento de las condiciones microclimaticas en el

borde. Por otro lado, una matriz compuesta por pinos hace aumentar la riqueza de
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briofitos, puesto que su tronco puede ser usado eventualmente como sustrato y su

fisonomia puede mitigar el efecto borde.

. La heterogeneidad ambiental a nivel de parcela, proporcionada por mayores
valores de apertura del dosel arbdreo y cobertura de matorral, provocan un
aumento de la diversidad de especies. Sin embargo, la heterogeneidad a nivel de
fragmento, extraida a partir de la variabilidad encontrada en la altitud, orientacién,
tamafio del tronco de los arboles, apertura del dosel y cobertura de matorral, no

tienen influencia en la riqueza de especies.

. La estructura del paisaje inmediato que rodea al fragmento (1 km) tiene parte de
responsabilidad en el nimero de especies que alberga. La composicién por si sola,
medida a través de la cantidad total de habitat tanto histérico como presente, no
explica el patrén de riqueza, sino que su configuracion espacial también es
importante. El grado de fragmentacion del habitat historico y presente, como
medida de la estructura del paisaje, demuestra no ser valido para predecir la
riqueza. Sin embargo, la estructura del paisaje descrita a través de la conectividad
histérica (afio 1956) explica en parte los valores de riqueza de epifitos observados
en la actualidad. Lo conectividad presente no tiene efecto sobre la comunidad
actual, sin embargo la intensa regeneracion del bosque nativo observada en las
ltimas décadas, anticipa un posible incremento de especies por fragmento

dependiente de la conectividad.

. El liquen Pectenia plumbea, catalogado como vulnerable en el centro de la
Peninsula Ibérica no presenta limitaciones a la dispersion a escala de paisaje. La
especie ya ocupa todo su habitat potencial en el Parque Nacional de Cabafieros, y
no puede establecerse en mas localidades debido a una baja calidad de los bosques
existentes. La regeneracion de superficies forestales continuas sin régimen de
manejo, en los lugares mas térmicos y himedos, permitiria ampliar su area de

distribucion. Los dos estados reproductivos que presenta la especie le proporcionan
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una aptitud ecoldgica mas amplia, y favorecen que la especie pueda explotar una
mayor diversidad de ambientes, mitigando asi ligeramente los efectos de un paisaje
fragmentado.

. La identidad genética de los fotobiontes encontrados en P. plumbea es
parcialmente compartida entre todas las poblaciones, sin embargo la frecuencia
con la que aparecen los genotipos varia en funcion de la region geografica,

posiblemente en relacion con las condiciones climaticas.

. La identidad genética de los fotobiontes encontrada en una poblacion de P.
plumbea, es compartida con el resto de la comunidad de cianoliquenes de su mismo
gremio, y parcialmente por la comunidad de cianobacterias de vida libre. Sin
embargo P. plumbea muestra una preferencia muy clara por un Gnico genotipo de
fotobionte, y este solo puede ser dispersado por el liquen Dendriscocaulon
umhausense. Dado que las esporas de P. plumbea no son capaces de germinar por
si solas, ni el fotobionte de crecer ni multiplicarse, parece evidente que la presencia

de D. umhausense facilitaria el establecimiento de P. plumbea en nuevos habitats.
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Epiphyte communities in Mediterranean fragmented forests:
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Chapter 1: Fragmentation effects on Mediterranean epiphytes

ABSTRACT

Context: Mediterranean forests have been fragmented intensively over time, thereby
yielding small and isolated forest remnants. They host a rich variety of epiphytes,
which may be affected by landscape structure. Previous studies have analyzed the
influence of habitat quality on these epiphytic communities, but there is little

knowledge of the effects of other fragment features.

Objectives: We evaluated the impacts of forest loss and fragmentation on epiphytic
communities (lichens and bryophytes) at plot and fragment scales after controlling

the variation in forest structure and management.

Methods: We considered 40 fragments of dense oak forests in a human-modified
landscape. We quantified their spatial attributes (size, shape), the quality of the
surrounding matrix and the forest stand structure. We modeled community traits,

and the presence and abundance of species at fragment and plot scales.

Results: Fragment size, shape, and the quality of the surrounding matrix were key
factors that affected epiphytic richness and diversity. Larger and more regularly
shaped fragments hosted the richest and most diverse communities, possibly offering
a larger core area and thus favoring the entry of typical forest species. A high-
contrast matrix was only favorable in small fragments, probably allowing the arrival

of propagules. The species-level response was highly variable.

Conclusions: Landscape structure provides powerful explanations of the richness
and diversity losses among epiphytes. Forest management should ensure the
retention of the largest possible continuous forests. The management strategy of the
matrix will depend on the conservation goal, since we observed different effects

related with quality and fragment size.

Keywords habitat fragmentation - habitat loss - landscape structure - fragment shape

- species diversity - Mediterranean oak forest - species-area relationship - cyanolichens
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INTRODUCTION

Mediterranean forests have been intensively fragmented over time and large
proportions of the original landscapes have been transformed into croplands and
grasslands in order to satisfy human needs (Thirgood 1981; Scarascia-Mugnozza et al
2000). These fragmentation processes have yielded small and isolated forest remnants
in the human-modified landscape (Saunders et al 1991), thereby causing the decline
and disappearance of numerous species linked to these habitats (Fahrig 2003).

Forest fragmentation leads to changes in the core area, shape, and spatial
separation of fragments, where changes in the surrounding area of the forest fragments
(matrix) and human exploitation of the remnant fragments, such as selective clearing
and logging, have major effects on their habitat quality (Kupfer et al 2006).
Reductions in the core area due to fragmentation are associated with the loss of
habitats for species that require interior forest conditions (Harrison and Bruna 1999).
Fragments with irregular shapes undergo a greater incidence of the "edge effect"”
because the proportion of edge amount increases compared to more regular fragments
(Laurance and Yensen 1991). In addition, the spatial separation of the fragments
decreases the likely success of dispersal and reduces movements of organisms among
fragments (Hanski 1998). However, the effects on the abundance and distribution of
species due to changes in the size and shape of fragments might be mitigated or
exacerbated by differences in the composition, structure, and management of the
matrix (Murphy and Lovett-Doust 2004). For example, microclimatic variations that
cause the “edge effect” will be reduced if the matrix is structurally similar to the forest
fragment (Murcia 1995). The matrix quality might influence dispersal, resource
availability, and the abiotic environment (Driscoll et al 2013). Thus, the “hard
contrast” between matrix and forest fragments has been shown to be one of the main
causes of species loss (Fahrig 2001). The relevance of the matrix over habitat loss and
fragmentation processes has been summarized in a recent review (Prevedello and
Vieira 2010), which outlines that almost all the studies showed significant effects of

the matrix type. Also, the authors point out that the quality of the remnant habitat and
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the matrix can be enhanced if the matrix vegetation physiognomy is similar to the
fragment vegetation. However it should be noted that all these studies deal with non-
sessile organisms, which can move among fragments and could somehow use the

matrix.

Lichens and bryophytes are suitable organisms to assess the forest loss and
fragmentation because they are highly sensitive to small environmental changes
(Kranner et al 2008; Pinho et al 2012), as their physiology is strongly coupled to the
humidity, solar radiation, and temperature conditions (Green et al 2008; Honegger
2009). They are important epiphytic organisms in Mediterranean forests (Coxson and
Nadkarni 1995), where the diversity and composition of these communities depend

on several environmental factors that operate at different scales (Ellis 2012).

Among the epiphytes, certain groups of shade species that require forest
interior conditions (e.g., some cyanolichens) are more sensitive to environmental
changes because they are highly dependent on water availability and they may
experience photoinhibition with excessive radiation (Lange et al 2004; Kranner et al
2008). If the core area is reduced due to habitat loss and fragmentation processes,
drastic changes in epiphytic composition associated to fragment size are expected. In
addition, most previous studies agree that epiphytic communities are greatly
influenced by the edge effect (Zartman and Nascimento 2006; Belinchén et al 2007;
Hauck et al 2014); thus, we should expect higher diversity of epiphytes in fragments

with a regular shape where the edge effect is lower.

Indeed, the consequences of the forest edge-effect on epiphytic lichens are
well known (e.g., Hilmo and Holien 2002; Steawart and Mallik 2006; Belinchon et al
2007; Brunialti et al 2013; Aragén et al 2015). By contrast, little is known about the
effects on epiphytes of other attributes of the landscape structure related to the forest
loss and fragmentation, such as the fragment size and the shape or type of the
surrounding matrix, which are poorly documented and still unclear. For example,
some studies have indicated that the matrix of coniferous forests may function as a

filter for dispersing propagules, affecting negatively the populations of certain species
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linked to deciduous trees (Johansson and Ehrlén 2003; Belinchon et al 2009).
Conversely, a matrix that comprises scattered deciduous trees might facilitate
dispersal of some epiphytes among fragments (L8hmus et al 2006).

To the best of our knowledge, previous studies of forest loss and/or
fragmentation heve mainly focused on the response of a single epiphytic species
(Johansson and Ehrlén 2003; Snall et al 2003; Belinchon et al 2009; Otélora et al
2011; L6bel et al 2012), or on specific spatial attributes of fragmentation (the forest
fragment size or edge effect) (Kivistd and Kuusinen 2000; Belinchoén et al 2007;
Oliveira et al 2011; Ldbel et al 2012). In addition, most studies focused on temperate
or boreal forests where the humidity is not as limiting as that in Mediterranean forests
(\Valladares et al 2004).

In a previous study of 306 Mediterranean oak forest fragments (Aragon et al
2010b), the variables related to forest structure at the plot scale (management, canopy
cover, and tree size) explained most of the variability in epiphytic communities,
whereas the variables related to the habitat loss and fragmentation process (i.e., the
size of fragments) did not have the expected importance (Aragon et al 2010b). It is
likely that the broad forest heterogeneity related to differences in management
intensity and the forest structure minimized the effects of the fragment size. Thus,
given these results, our main aim in the present study was to evaluate the impacts of
forest loss and fragmentation on epiphytic communities (lichens and bryophytes) at

plot and fragment scales after controlling the variation in forest structure.

We selected 40 fragments of dense oak forests with similar tree cover in a
human-modified landscape. We quantified several landscape structure attributes
(fragment size and shape, and the quality of the surrounding matrix) and forest stand
structure, which are known to affect epiphytic diversity (Gignac and Dale 2005; L6bel
et al 2006; Coxson and Stevenson 2007). We hypothesized that reductions in the
fragment size (i.e., loss of the core area and habitat heterogeneity), increases in

irregularity (i.e., increased edge effect), and a high contrast between the matrix and
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forests would have negative effects on the richness and diversity of epiphytic
bryophytes and lichens.

METHODS
Study site

The study was performed in Montes de Toledo, central Spain (4°28'W, 39°32'N) (Fig.
1), where the climate is subhumid continental Mediterranean with a mean annual
temperature of 13.2°C and annual precipitation of 716 mm. This area is characterized
by an intense drought period during the summer (AEMET 2011). The landscape
comprises Mediterranean forests fragments surrounded by different human-modified
matrices, including pine plantations, shrublands (Cistus ladanifer and Erica
australis), pastures, stony slopes, and crops (Perea and Perea 2008). Well-preserved
forest fragments are located on unproductive stony slopes, whereas cultivated open
woodlands are located in lowland areas. In the study area, forest loss and
fragmentation is attributable mainly to logging activities related to charcoal

production, cattle pastures, or farmlands (Perea and Perea 2008).

Experimental design and sampling

Orthophotos were taken in 2011 (provided by Centro Nacional de Informacion
Geografica) and used to select forest fragments with the following features: (1)
fragments dominated by holm oak (Quercus ilex subsp. ballota), thereby avoiding
possible changes in epiphytic communities related to different host tree species; and
(2) fragments with tree cover >70%, thereby ensuring their well preserved and mature
status, as well as minimizing the effects of differences in forest structure. Finally, we
selected 40 fragments with different sizes and shapes (Fig. 1), which were surrounded

by a wide range of matrices.
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Figure 1. Geographic location of the study site in southwest Europe. Panel A: the location of
the fragmented landscape in southwest Europe. Panel B: spatial relationships among the 40
fragments sampled. Panel C: enlargements of the 40 fragments surround the figure (all at the
same scale) to illustrate their sizes and shapes (their spatial relationships are not maintained).

We randomly established 10 x 10 m plots inside each fragment. A species-
area curve was calculated using EstimateS 8.2 (Colwell 2009) based on data obtained
in previous surveys (Aragon, unpublished data) to determine the effective number of
plots per fragment that would reliably obtain at least 90% of the species in each
fragment. Consequently, the number of plots ranged from 4-8, proportionally to the
fragment size. We selected four trees, always holm oaks, in each plot: two trees with
the greatest and lowest diameter at breast height (dbh), and two trees with the closest
dbh to the mean dbh in the plot, in order to capture all the variability in the epiphytic
community at the plot level (Belinchon et al 2007). The dbh of the selected trees
ranged between 18-28 cm to avoid community changes associated with younger and

older trees because the dbh is a very important factor for explaining the epiphytic
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community configuration (Aragon et al 2010b). In total, 744 trees (holm oaks) were
surveyed.

In order to determine the occurrence of epiphytic lichens and bryophytes, we
established four 20 x 30 cm grids on the bark of each selected tree: at breast height,
at the tree base, and on the north and south aspects (2976 grids in total). We estimated
the cover of each species (%) for every sample grid. For species identification we used
mainly Aragon et al (2001), Casas et al (2006, 2009) and Smith et al (2009). For the
nomenclature of the species we followed mainly Casas et al (2006, 2009) for
bryophytes, and MycoBank, Ekman et al (2014) and Otalora et al (2014) for lichens.
The total species richness was defined as the total number of species found at each
level considered (plot and fragment). We also calculated the mean estimated cover for
each species (% of the site area) in the four sites sampled on each tree, before
determining the total species cover per tree (as the percentage of the grids). The same
method was employed to determine the species cover at the plot and fragment levels.
Simpson’s diversity index was used as a measure of species diversity for a given
spatial unit (plot or fragment) using: 1/S= (3pi®), where pi is the proportion of
abundance for species (Feinsinger 2001). This index represents the number of species
in a community if the species are equally distributed. The Bray-Curtis similarity index
(Bray and Curtis 1957) was also calculated as an inverse measurement of the -
diversity, which is defined as the species turnover between the sample units in an
upper sample unit, i.e., between trees within a plot or plots within a fragment in the

present study.

Environmental variables

Environmental variables were considered at both the fragment and plot levels

(Supplementary material Table S1).
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At the fragment level, we quantified the fragment size (surface), shape, and
surrounding matrix. All of the forest fragments were digitized and their sizes were
measured using the GIS package ArcMap 10.0 (ESRI Inc, USA). We used the shape
index (SI), which was initially formulated by Patton (1975) and amended by Laurance
and Yensen (1991). Higher Sl values indicate greater irregularity in the fragments.
We considered three different surrounding matrices: (1) pine plantations (PM), which
could be unfavorable for dispersal of lichen propagules (Johansson and Ehrlén 2003;
Belinchon et al 2009); (2) a high-contrast matrix (HCM) that comprised crops, stony
slopes, or shrubland, which is unfavorable for microclimatic forest conditions (Fahrig
2001); and (3) a low-contrast matrix (LCM) that consisted in open forests, such as
dehesas (open woodlands with a very low tree density), which is less unfavorable for
dispersal and microclimatic forest conditions (Murcia 1995; Boudreault et al 2012).
Next, we estimated the percentage of the perimeter around each fragment covered by
PM, HCM, or LCM.

At the plot level, we measured the diameter of all trees to determine the mean
plot dbh, the number of trees, altitude (m.a.s.l.), slope (°), aspect (cosine transformed),
shrubland layer (%), and the canopy openness. Two hemispherical photographs were
used to quantify the canopy openness with a horizontally leveled digital camera
(Canon EOS 5D) aimed at the zenith, where we employed a fish-eye lens with a 180°
field of view (SIGMA 8mm F3.5 ex DG Fisheye). The photographs were analyzed
with Gap Light Analyzer v2.0 (GLA v2) (http://www.rem.sfu.ca/forestry/index.htm),
which estimates the canopy openness as a percentage. The value used comprised the

average of the two values per plot.

Data analysis

We modeled the effects of environmental variables on the community traits (total
species richness, lichen richness, bryophyte richness, inverse Simpson’s diversity

index, and Bray-Curtis similarity index) at the plot scale by fitting generalized linear
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mixed models (GLMMs) with the Laplace approximation (Bolker et al 2009). We also
tested the effects of the environmental variables on the abundance and presence of 40
species, which were selected based on their abundance and their representativeness in
epiphytic forest communities (nitrophilous species were not considered). This
modeling approach was selected because our data had an unbalanced and hierarchical
structure where plots were nested within fragments. A hierarchical data structure
implies that there is a correlation between data points at different scales. This
correlation inflates the degrees of freedom, thereby increasing the likelihood of a type
I error. To overcome these problems, we analyzed the data using a multilevel approach
that considered independent variables as explanatory (fixed factors) and fragments as
random factors by applying mixed modeling (Verbeke and Molenberghs 1997). To
avoid multicollinearity problems, the variable “number of trees per plot” was
excluded from the data analysis because it was correlated with the “mean plot dbh”

(Spearman’s coefficient > 0.7).

At the fragment level, we analyzed the environmental variables that might
affect the richness, diversity, and species similarity at the landscape scale. We also
analyzed the influence of these variables on the presence and abundance of each
selected species. Thus, we fitted generalized linear models (GLMs) (McCullagh and
Nelder 1989), where the predictive variables comprised the fragment size, shape,
percentages of HCM and PM, and the interaction between the fragment size and
HCM.

For each response variable, we assumed the most appropriate error
distribution, i.e., Gaussian, Poisson, quasi-Poisson, or binomial, and applied different
link functions, i.e., “identity”, “log”, “log”, and “logit”, respectively. The adequacy
of the models was confirmed by examining the residuals and the predicted values,
which were normally distributed, or approximately normally distributed in some
cases, but without clear patterns (Zuur et al 2009). The confidence levels (95%) of the
predictive environmental variables were obtained from the GLMs and GLMMs (Zuur

et al 2009). All of the analyses were conducted with the statistical software R v.2.15.2
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(R Core Team 2012) using the Ime4 package (Bates et al 2013) and the GLM function
(9Im[]).

RESULTS
Characterization of the forest fragments

The fragment size ranged between 1.5 and 97 ha, altitude varied between 680 and
1208 m.a.s.l., the tree density was 7—28 trees per plot, and the plot mean dbh was 13—
22.4 cm (Supplementary material Table S1). The Sl values were 1.16-4.07, which
corresponded to the highest values in the most irregular fragments. Both LCM and
HCM were equally dominant in the region, whereas PM represented only 10% of the

overall area sampled.

Community response

In total, 117 species were identified: 93 lichens, 20 mosses, and four liverworts
(Supplementary Appendix 1). The total number of species per fragment varied from
17-73 (Supplementary material Table S1), with an average of 43.01 (SD=+10.75).
The most common species were Cladonia fimbriata, Parmelia tiliacea, Phlyctis
argena, Physconia venusta, Homalothecioum sericeum and Hypnum cupressiforme,
which were present in all of the fragments and in over 150 plots (Supplementary
Appendix 1). By contrast, 11 species were present in only one plot (e.g., Micarea

prasina, Mycobilimbia parvilobulosa and Hedwigia ciliata).

The results obtained with the mixed models showed that fragment size and
the HCM levels were the most important factors that contributed to the epiphytic
communities (Table 1). The fragment size and the percentage of HCM had positive
effects on the total and lichen richness and diversity, whereas the interaction between

them had the opposite effect (Table 1). Species richness and diversity reached the
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Table 1. Summary of the generalized linear models at the fragment level and the generalized
linear mixed models at the plot level, which examined the effects of the environmental factors
on the community traits. Estimate: coefficient of the variable in the model; SE: standard error;
FS: fragment size; Sl: shape index; HCM: high-contrast matrix (%); PM: pine matrix (%); dbh
plot: the mean diameter at breast height of all the trees in a plot.

Response variables Plot level Fragment level

A) Total richness

Explanatory variables Estimate SE p Estimate SE p
FS 0.260  0.067 <0.001 0.545 0.099 <0.001
Sl -0.006 1.657  0.997 -0.650 2.243 0.772
HCM 0.109  0.039  0.005 0.162 0.054 0.003
PM 0.009 0.056 0.869 -0.045 0.078 0.565
FSXxHCM -0.004 0.002 0.029 -0.007 0.003 0.011
altitude -0.012 0.007  0.094
aspect -0.609 0.859 0.478
shrubland cover -0.010 0.018 0.558
canopy openness -0.003 0.047 0.944
dbh plot -0.130 0.118 0.271

B) Lichen richness

Explanatory variables Estimate  SE p Estimate SE p
FS 0.204  0.055 <0.001 0.471  0.082 <0.001
Sl -0.032 1.368 0.982 -0.413 1.854 0.824
HCM 0.071 0.032 0.026 0.130 0.044 0.003
PM -0.037 0.046 0.423 -0.084 0.065 0.192
FSXxHCM -0.003 0.002 0.041 -0.006 0.002 0.005
altitude -0.009 0.006 0.151
aspect -0.340 0.758 0.654
shrubland cover -0.005 0.016  0.740
canopy openness 0.009 0.042 0.828
dbh plot -0.122 0105 0.247

C) Bryophyte richness

Explanatory variables Estimate  SE p Estimate SE p
FS 0.055 0.019  0.004 0.074 0.026 0.004
Sl 0.022 0477 0.963 -0.237 0.585 0.686
HCM 0.038 0.011 0.001 0.033 0.014 0.020
PM 0.047 0.016 0.003 0.039 0.020 0.054
FSXxHCM -0.001 0.001 0.078 -0.001 0.001 0.349
altitude -0.003 0.002 0.212
aspect -0.147 0.333  0.659
shrubland cover -0.011  0.007 0.136
canopy openness -0.001 0.019 0.964
dbh plot -0.004 0.049 0.930
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Table 1. Continued.

D) Inverse Simpson Index (diversity)

Explanatory variables Estimate SE p Estimate  SE p
FS 0.093 0.026 <0.001 0.140 0.031 <0.001
Sl -0.601 0.663 0.365 -1.720  0.709  0.015
HCM 0.044 0.016 0.005 0.059  0.017 <0.001
PM 0.028 0.022 0.204 0.026  0.025 0.301
FSXxHCM -0.002 0.001 0.006 -0.003 0.001 0.001
altitude -0.003 0.003 0.344
aspect 0.550 0.451 0.222
shrubland cover 0.023 0.010 0.018
canopy openness 0.064 0.026 0.013
dbh plot 0.037 0.066 0.570
E) Bray-Curtis (similarity)
Explanatory variables Estimate SE p Estimate  SE p
FS -0.211 0.067 0.002 -0.179  0.059  0.003
Sl 0.062 1.681 0.970 -1.067 1.346  0.428
HCM -0.079 0.039 0.045 -0.087  0.032  0.007
PM -0.066 0.057 0.247 -0.058 0.047 0.217
FSxHCM 0.003 0.002 0.077 0.003 0.002 0.090
altitude -0.008 0.008 0.353
aspect -0.024 1.243 0.984
shrubland cover 0.000 0.028 0.986
canopy openness -0.039 0.073 0.590
dbh plot -0.013 0.185 0.943

highest values in the biggest fragments (Supplementary material Table S1), but
relatively high values were also recorded in small fragments mainly surrounded by
HCM (Figures 2 and 3). Conversely, the richness and diversity undergo a relatively
intense decrease in the biggest fragments when these are surrounded by a high
percentage of HCM (Figures 2 and 3). In the case of bryophyte richness, PM also had
a positive effect, as well as the fragment size and HCM amount (Table 1). The species
diversity also depended on the canopy openness and shrubland cover at the plot scale,
with which it had a positive relationship, whereas it had a negative relationship with
fragment shape at the fragment scale (Table 1). Furthermore, the similarity in the

species composition was higher in small fragments but lower in those surrounded by

higher percentages of HCM (Table 1).
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Figure 2. Distribution of species richness along the interaction between the fragment size and
the high-contrast matrix (HCM) percentage contacting each fragment.

Species response

Forest loss and fragmentation had negative effects on the presence and abundance of
several species. In general, the most demanding species (e.g., cyanolichens and
squamulose species) were favored by large and regular fragments. In contrast to our
hypothesis, HCM amount had positive effects on the abundance and presence of some
lichens and bryophytes (e.g., Lepraria incana, Nephroma laevigatum, and Fabronia
pusilla) (Tables 2, 3, and 4). At the fragment level (Table 2), FS was the most relevant
factor, exerting always a positive influence on the presence and abundance of a great
number of species, especially on cyanolichens (7 out of 11 cyanolichens studied).
Both kinds of matrices also had a remarkable influence over the species, but the HCM
always in a positive way. Fragment shape also performed the community by
determining the abundance and presence of 10 out of 40, negatively in most of the
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cases. At the plot level, it is noteworthy that the presence of species was mostly
affected by fragment scale variables (fragment size, shape and matrix) (Table 3),
whereas their abundances were largely modulated by variables at the plot scale
(=microclimate) (Table 4). In this sense, lichen and bryophyte species were greatly
affected in different ways by all the plot scale variables related to the forest structure
(canopy cover or mean tree diameter), altitude, and aspect (Tables 3 and 4). However,
after evaluating the positive or negative effects of coverage and tree diameter, we
found that the range of variation was very low (10-30% for canopy openness and 13—
22 cm for tree diameter) because we only considered mature forests with high
coverage. In addition, some species (e.g., Hypnum cupressiforme, Ochrolechia
balcanica) were only affected by the plot level variables, whereas others (Lepraria
incana and Pertusaria pertusa) were influenced only by fragment scale variables
(Tables 3 and 4).
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Figure 3. Distribution of species diversity along the interaction between the fragment size and
the high-contrast matrix (HCM) percentage contacting each fragment.
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Table 2. Summary of the generalized linear models at the fragment level based on the presence and abundance of 40 species. Only significant estimates
are shown. *: P<0.05; **: P<0.01; ***: P<0.001. FS: fragment size; Sl: shape index; HCM: high-contrast matrix (%); PM: pine matrix (%); +:
cyanolichens; e: liverworts.

Fragment level

Presence Abundance
FS Sl HCM PM FSXHCM FS Sl HCM PM FSXHCM

Lichens

Anaptychia ciliaris - - - - - - - - - -
Bacidia rubella - - - -0.113* - 0.094* - - - -
Cladonia coniocraea 0.092** - - - - 0.074* - - - -
Cladonia fimbriata - - - - -
+Collema furfuraceum - - - - - - - - - -
+Collema subflaccidum - - - - - - -2.043* - - -
+Collema subnigrescens - - - - - - -1.566** - -
+Degelia plumbea 0.130** - - - - 0.075*** - - -0.185* -
+Dendriscocaulon umhausense - - - -0.061* - 0.047* - - - R
+Fuscopannaria ignobilis - - - - - 0.048** - - - -
+Fuscopannaria mediterranea - - - - -
+Fuscopannaria olivacea 0.107* - - - - 0.096*** - - -0.119* -
Lepraria incana 0.112** - 0.037* 0.047* - 0.058**  -1.740* - 0.031* -
+Leptogium furfuraceum 0.208*  -6.993* - - - 0.280*** -7.821*** 0.161* - -0.004**
+Leptogium lichenoides - - - 0.076** - - - - - -
+Nephroma laevigatum - - 0.044* - - 0.028* - - - -
Normandina pulchella 0.072* - - - - 0.057* - - - -
Ochrolechia balcanica - - - - - - - - - -
Ochrolechia pallescens - - - -0.132* - - - - - -
Parmelia sulcata - - - -0.090** - - -1.420%%* - -0.037* -
Parmotrema chinense - 1.528* - - - - - - - -
Pertusaria albescens - -0.829** - -0.025% -
Pertusaria amara - - - - - 0.077**  -2.068* - - -
Pertusaria flavida - - - - - - -3.200%** - - -
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Table 2. Continued.

FS

Sl

HCM

PM

FSXHCM

FS

Sl

HCM PM

FSXHCM

Pertusaria hemisphaerica
Pertusaria pertusa
Phlyctis argena
Physconia venusta
Waynea adscendens
Waynea stoechadiana

Bryophytes

Antitrichia californica
Fabronia pusilla
*Frullania dilatata
Hypnum cupressiforme
Leucodon sciuroides
Orthotrichum affine
Orthotrichum diaphanum
Orthotrichum lyellii
Pterygynandrum filiforme
Ulota crispa

0.123*** -

0.133**

0.043*

0.058**

0.055**
0.062*

-0.109*

0.067*

-0.003**

-0.002*

0.033*

0.122%** -

0.046**

0.019* -
0.044*** -0.114**

0.045*** 0.035**

0.052***

-0.004%%*

-0.001*
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Table 3. Summary of the generalized linear mixed models at the plot level based on the presence of 40 species. Only significant estimates are shown.
*: P<0.05; **; P<0.01; ***: P<0.001. FS: fragment size; Sl: shape index; HCM: high-contrast matrix (%); PM: pine matrix (%); +: cyanolichens; «:
liverworts; canopy op: canopy openness; dbh plot: the mean diameter at breast height of all the trees in a plot.

Plot level presence

Fragment level predictors Plot level predictors

FS Sl HCM PM FSXHCM altitude  aspect  shrubland canopyop dbhplot
Lichens
Anaptychia ciliaris - - 0.034* - -0.002* - -1.455* - 0.164***  0.287**
Bacidia rubella 0.161** - - - - - - - - -
Cladonia coniocraea - - - - - - - - - -
Cladonia fimbriata - - - - - - 1.301* - - -
+Collema furfuraceum - - - - - - - -0.028 - -
+Collema subflaccidum 0.099*** - - - - - -1.950** - - 0.225*
+Collema subnigrescens - - - 0.044** - - -1.036* - - 0.129*
+Degelia plumbea 0.168* - - - - - - - - -
+Dendriscocaulon umhausense
+Fuscopannaria ignobilis 0.089* - - - - - - - - -
+Fuscopannaria mediterranea  0.087** - 0.050** - -0.002* -0.008* -1.186* - - -
+Fuscopannaria olivacea 0.075* - - - - - - - - -
Lepraria incana 0.039* - - - - - - - - -
+Leptogium furfuraceum
+Leptogium lichenoides - - - 0.093*** - - - 0.026* - -
+Nephroma laevigatum 0.147* - 0.054* - - - - - - -

Normandina pulchella 0.073* - - - - - - - - -
Ochrolechia balcanica - - - - - - - - - R
Ochrolechia pallescens - - - - - - - - - -
Parmelia sulcata - - - -0.048** - -0.005* - - - -
Parmotrema chinense - - - - - - - - - R
Pertusaria albescens - - - - - - - - - R
Pertusaria amara

Pertusaria flavida - - - - - -0.008* - - - -
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Table 3. Continued.

FS Sl HCM PM FSXHCM altitude  aspect shrubland canopy op dbh plot

Pertusaria hemisphaerica

Pertusaria pertusa 0.108*** - 0.032* -0.121* -0.003** - - - - -
Phlyctis argena

Physconia venusta

Waynea adscendens 0.193** - 0.119** - - - - - - -
Waynea stoechadiana 0.101* - - - - - - - - 0.438**

Bryophytes

Antitrichia californica 0.051* - - - -0.001* - - - - -
Fabronia pusilla - - 0.062*** (0.099*** - - - - - -
*Frullania dilatata - - - - - - - - - -
Hypnum cupressiforme -
Leucodon sciuroides 0.050* - - - - - - - - -
Orthotrichum affine - - - -
Orthotrichum diaphanum - - - 0.050* - - - - - -
Orthotrichum lyellii - - - - - - - - - -
Pterygynandrum filiforme - - 0.043*** - - -0.008** - - - -
Ulota crispa - - - - - - - - - -
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Table 4. Summary of the generalized linear mixed models at the plot level based on the abundance of 40 species. Only significant estimates are shown.
*: P<0.05; **; P<0.01; ***: P<0.001. FS: fragment size; Sl: shape index; HCM: high-contrast matrix (%); PM: pine matrix (%); +: cyanolichens; «:
liverworts; canopy op: canopy openness; dbh plot: the mean diameter at breast height of all the trees in a plot.

Plot level abundance

Fragment level predictors Plot level predictors
FS Sl HCM PM FSXHCM altitude aspect shrubland canopyop  dbh plot
Lichens
Anaptychia ciliaris - - - - - - -1.748*** - 0.247%** -
Bacidia rubella - - - - - - - - 0.033* 0.179***

Cladonia coniocraea - - - - - - - -0.132** -0.641**
- -0.001* - 0.576***  0.006*** - -

Cladonia fimbriata - - -

+Collema furfuraceum 0.050* - 0.030* - - -0.006*** - -0.007**  -0.024*** -
+Collema subflaccidum - - - - - -0.006* -0.434** - -0.046***  0.033*
+Collema subnigrescens - -2.457* - - - - -0.685*** - 0.058***  0.061***
+Degelia plumbea - - - - - 0.010*** - - - -

+D. umhausense - - - - - 0.008** -1.645%** - -0.083*** -
+Fuscopannaria ignobilis - - - - - - - - - 0.058***
+Fuscopannaria mediterranea - - - - - - 0.425***  -0.003* -0.024* -
+Fuscopannaria olivacea - - - - - 0.030***  -1.880*** - -0.224***  0.192***
Lepraria incana 0.064* - - 0.046* - - - - - -
+Leptogium furfuraceum - - - - - - -2.111* - 0.179***  0.280***
+Leptogium lichenoides - - - 0.098* - - -0.933*** - - 0.158***
+Nephroma laevigatum 0.072* - - - - -0.0017*  0.241*** - -0.003* -0.026***
Normandina pulchella - - - - - - 1.028** 0.043** - -0.210*
Ochrolechia balcanica - - - - - - -1.541%**  -0.022*%** - 0.195***
Ochrolechia pallescens - - - - - - -1.196* -0.039* 0.053** -

Parmelia sulcata - - - -0.060*** - - 0.380***  0.009***  0.048***  -0.067***
Parmotrema chinense - - - - - -0.021* - - - -0.715%**
Pertusaria albescens - - - -0.033* - 0.002** -0.111* 0.004#*** -

Pertusaria amara - - - - - - - -0.058***  0.056***  -0.049**
Pertusaria flavida - - - - - - 1.265*** - - -0.108***
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Table 4. Continued.

FS Sl HCM PM FSXHCM altitude aspect  shrubland canopy op dbh plot
Pertusaria hemisphaerica 0.060*** - 0.038*** - -0.001* -0.008*** -0.936*** - - -0.058***
Pertusaria pertusa 0.180** - 0.069* - -0.005* - - - - -
Phlyctis argena - - - - - -0.003*** -0.130*** -0.003*** - -0.019***
Physconia venusta - - - - - - 0.068**  0.003*** -0.007*** 0.007*
Waynea adscendens 0.119*%* - 0.086*** 0.079** -0.002* - - -0.014*** -0.012** -
Waynea stoechadiana - - - - - 0.030*** - - - 0.176***
Bryophytes
Antitrichia californica 0.033* - - - -0.001** -0.003*** -0.232*** -0.007*** -0.008*** (.021***
Fabronia pusilla - - 0.080** 0.084* - - -0.489***  0.021*** -0.018*** (.024*
*Frullania dilatata - - - - - -0.003*** -0.111** - -0.022%**  -0.047***

Hypnum cupressiforme - - - - - 0.004***  0.060* -0.003*** -0.013*** -
Leucodon sciuroides - - 0.038* - - -0.004*** 0.305** - - -
- 0.046* - -0.006*** 0.293** - 0.027***  -0.032*

Orthotrichum affine - -

Orthotrichum diaphanum - 1.433* - 0.056* - -0.012%** - - - -
Orthotrichum lyellii - 1.051** 0.015*  0.031** - -0.002*** - - - -
Pterygynandrum filiforme - - 0.040** - - -0.004**  0.288** - - -
Ulota crispa - - - - - - - - -0.089** -
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DISCUSSION

Our results demonstrate the influence of Mediterranean forest loss and fragmentation
on their epiphytic communities. The fragment size and shape, and the quality of the
surrounding matrix were key factors that affected epiphytic richness and diversity in
this fragmented landscape. Moreover, a high number of environmental factors
influenced the responses of specific species. Previous studies have determined the
importance of microhabitat characteristics for epiphytic communities (Gignac and
Dale 2005; Hylander and Hedderson 2007; Aragén et al 2010b; Oliveira et al 2011),
but after we minimized the variation in forest structure and management, the forest

loss and fragmentation process still had clear effects on epiphytic communities.

Large forest fragments had the highest epiphytic richness and diversity
(lichens and bryophytes), which might be related to the greater habitat availability and
heterogeneity, as well as the presence of a “core area” with a greater surface (Gignac
and Dale 2005; Jonsson and Jonsell 1999; L&hmus et al 2007). Our results are
consistent with those obtained in previous studies (Kruys and Jonsson 1997; Moen
and Jonsson 2003; Zartman 2003; Pharo et al 2004; Gignac and Dale 2005; Lobel et
al 2006; Alvarenga and Pérto 2007; Alvarenga et al 2009; Oliveira et al 2011), but
our study is the first to be conducted in Mediterranean climatic conditions. In a
previous study of 306 Mediterranean oak forest fragments covering a greater area than
in our study site, Aragon et al (2010b) detected a non-significant relationship between
fragment size and epiphyte communities, but only the variables related to forest
guality and management had significant effects. However, this study included a high
level of environmental heterogeneity, and thus the effect of forest loss and

fragmentation was probably obscured.

Moreover, some previous studies have shown that greater habitat availability
is associated with a higher number of species, simply by pure chance (Coleman 1981;
Coleman et al 1982; Carnicer et al 2007, 2008; Alexander et al 2011; Honkanen et al

2010; Kraft et al 2011). Random chance implies that more elements will be found in
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a larger area than a smaller area, so randomness might play an important role when

considering habitat size.

Higher species richness is also related to the presence of forest specialist
species in larger fragments, presumably due to their high water demands, sensitivity
to direct sunlight, and limited dispersal (Soderstrom 1988; Sillett et al 2000). Thus,
the surface of the “core area” might play an important role due to the lifestyles of these
organisms (poikilohydric and poikilothermic). Inside the core area, the environmental
conditions are optimal for the development of shaded species, which are highly
sensitive to excessive irradiation and they are also highly dependent on water
availability (Lange et al 1986; Gauslaa and Solhaug 1996; Gauslaa and Coxson 2011).
In general, a reduction of the core area in small fragments is associated with a loss of
habitat for species that require forest interior conditions (Baldwin and Bradfield 2005;
Crouzeilles et al 2014). In the present study, the abundance of species with higher
water demands and greater sensitivity to direct solar radiation (e.g., Collema
subflaccidum, Pectenia plumbea, Fuscopannaria ignobilis, F. olivacea and Leucodon
sciuroides) was much lower in smaller fragments that lacked a core area. Therefore,
the loss of higher humidity conditions and shade, which are linked to losses of the
forest “core area”, lead to the disappearance of Mediterranean forest specialists, as
well as an increase in the similarity of taxa that can be found in the different

environments within each fragment.

The species richness and similarity were not affected significantly by the
forest shape, but the epiphytic diversity was lower in more irregular fragments (Table
1). The fragment shape determines the perimeter/area relationship, and thus it can be
interpreted as the incidence of the edge effect (Didham and Ewers 2012). Previous
studies have demonstrated the relationships between more irregular fragments and
different groups of organisms. For example, more irregular fragments are associated
with lower amphibian and reptile richness (Cabrera-Guzman and Reynoso 2012), as
well as changes in the community composition of web-producing spiders (Baldissera

et al 2012), while several studies have demonstrated an association with the increased
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richness of understory herbs (Honnay et al 1999; De Sanctis et al 2010; Lomba et al
2011). However, the larger fragments in our landscape had higher irregularity values,
and thus although there was an edge effect, the large fragments facilitated the
existence of the core area. Thus, the negative effect of irregularity (forest edge) on
epiphytic communities could be mitigated by the fragment size due to the presence of

more shade and a more humid interior environment.

The negative effect of fragment irregularity on the species diversity appears
to act via the edge effect according to previous analyses of forest species (Yamaura et
al 2008). This was also the case for some interior forest lichens in the present study
(Table 2, 3, and 4; e.g., Collema subnigrescens, Lepraria incana, Leptogium
furfuraceum, and Pertusaria amara), which were negatively affected by the higher
edge effect in the more irregular fragments. Thus, the replacement of these typical
forest species by generalist species is to be expected in more irregular fragments. Few
studies have analyzed the relationship between epiphyte communities and forest
fragment shape but, in agreement with our results, previous studies of the edge effect
in Mediterranean epiphyte communities have highlighted the major influence of
microclimatic gradients perpendicular to the edge, which modify the diversity and
community composition, but not the richness (Belinchdn et al 2007; Brunialti et al
2013). Conversely, at the plot level, the diversity was not affected by the fragment
shape, but was additionally determined by two contrasting factors: the shrubland
cover, which breaks the wind flow and provides shady and humid conditions (Aragén
et al 2010a), and a higher canopy openness, which allows that more solar radiation
reaches the trunks and generates a higher water evaporation (Machado and Reich
1999). Regarding the wide heterogeneity of requirements of the whole community
(see Results section), the creation of different microhabitats by antagonistic conditions
inside the fragments could be a key factor for the increase of diversity at the plot level
(Jonsson and Jonsell 1999; Gignac and Dale 2005).

The amount of HCM surrounding the fragments clearly had a positive effect

on the total species richness, and on the richness of lichens and bryophytes separately

- 88 -



Chapter 1: Fragmentation effects on Mediterranean epiphytes

(Table 1). Similarly, the diversity and community similarity were also higher. In
contrast to our expectation and to the “matrix structural similarity” hypothesis
(Prevedello and Vieira 2010), the HCM appeared to have some beneficial effects on
the biodiversity parameters, but only in certain cases, because its interaction with

fragment size had the opposite effects on lichen richness and diversity.

The quality and spatial configuration of the matrix can enhance or mitigate
the effects of forest loss and fragmentation in a pre-existing community, as reported
previously (Murphy and Lovett-Doust 2004, Kupfer et al 2006). The matrix can
influence the inhabitants of a forest fragment in three ways: resource availability,
allowing or preventing dispersal of organisms, and modifying the microclimatic forest
conditions (Driscoll et al 2013). A HCM does not improve the resource availability
for epiphytic species because most are not capable of living there. In addition, this
type of matrix does not mitigate the harshness of the edge conditions because of its
structural configuration. Its structure lacks trees or even woody vegetation in most
cases, thereby modifying the characteristic temperature, humidity, and light
conditions in the forest core (Murcia 1995; Berges et al 2013; Driscoll et al 2013).
However, HCM that comprises crops, stone slopes, or shrubland can have a positive
effect on dispersal because these land types do not present a barrier that prevents the
arrival of new propagules. Previous studies by Johansson and Ehrlén (2003) and
Belinchon et al (2009) showed that pine plantations surrounding forest fragments act
as filters for lichen species, thereby hindering the establishment of new individuals.
Finally, the interaction between fragment size and HCM can be interpreted as a
beneficial effect of matrix, which is more important when the fragment size is small
because the core area is also much smaller, where this allows the arrival of new
propagules, thereby significantly enhancing the richness and diversity of these small
forest fragments (darkest areas in the upper left part of Figures 2 and 3). However,
when the forest fragments are larger, the core area size seems to play a more important
role than dispersal processes for lichens, whereas higher percentages of HCM has the
opposite effect by reducing the core area and negatively affecting the richness and

diversity of epiphytic communities (upper right area in Figures 2 and 3).
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This result strongly contrasts with the previous findings on the effect of matrix
on biodiversity patterns (Prevedello and Vieira 2010). This study showed general
acceptance of the “structural similarity hypothesis” for the majority of groups of
organisms, which means the more the structural contrast between the matrix and the
habitat fragments, the less the richness and diversity of the communities inhabiting
the fragment. But it has to be noted that this fact has been verified mostly in animals,
which are able to move by themselves along the landscape and choose the “less
unfavorable” matrix, while the forest epiphytes depend mostly on wind, and on the
structures present along the matrix, which modulate the wind flow, to reach new
localities. In the case of plants, a contrasting matrix has in general a negative effect
over forest species (Murphy and Lovett-Doust 2004), but the effect of different types
of matrix and its quality has been poorly explored (Jules and Shahani 2003; Prevedello
and Vieira 2010). In the few cases it was tested (Mesquita et al 1999; Nascimento et
al 2006), the structural similarity hypothesis was confirmed. For all those reasons, this
positive effect of a greater amount of HCM can be considered as very new and can
change the thinking about the matrix. It puts the dispersal process as a key factor
controlling the species richness and diversity in Mediterranean fragmented forests,
being modulated by the configuration of the matrix. Further studies are needed to go
more deeply in the knowledge of the process, in two ways: first, the same hypothesis
can be tested in other regions or with other groups of wind-dispersed organisms (e.g.
fungi or pteridophytes), and second, future studies should take into account dispersal
at landscape scale considering variables like fragment connectivity or total remnant

habitat amount around the fragments.

Moreover, the bryophyte richness increased in those forest fragments
surrounded by PM and HCM. The positive influence of PM could be related to two
different causes: firstly, PM could allow the establishment of propagules therein,
enlarging the effective size of the fragment; secondly, PM might increase the
structural forest complexity, providing any microclimatic advantage for bryophyte
species. It has been documented that, at least more than a half of the bryophyte species

recorded in this study, are able to grow on pine bark (Puche et al 2006). Similarly,
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Pharo et al (2004) and Pharo and Lindenmayer (2009) revealed how an exotic pine
plantation surrounding non-pine native forest fragments can host a high percentage of
native bryophyte flora. Moreover, the HCM increased the richness of bryophytes. The
contrasting environmental conditions at the edge of the fragment compared to those
inside the forest, likely increase the habitat heterogeneity inside the fragments, leading
to an increase of bryophyte species differing in ecological requirements (Baldwin and
Bradfield 2005; Gignac and Dale 2005).

In relation to the species response, we found that, at the plot level, the species
presence is mainly determined by the fragment scale variables, and the fragment size
was the most important factor. While the determination of the species abundance
relied mostly on the plot scale variables, which are directly linked to the microclimatic
conditions inside the fragments. Then, the structure of the landscape seems to be
acting in first instance as a filter for the identity of the species inhabiting each
fragment. The structure of the landscape and the fragmentation pattern have already
been shown to be crucial for the composition of a wide range of species in the
ecosystems (Wright et al 1998; Echevarria et al 2007), which emphasizes again the
great consequences of the alteration of the landscape over the biodiversity.
Subsequently, the abundance is mostly defined by the microclimate, highlighting the
importance of the small scale climatic conditions for epiphytes (Gignac and Dale
2005, Belinchén et al 2007; Brunialti et al 2013), even though we searched to
minimize the range of variation of the forest structure variables (mainly canopy
openness and mean tree diameter). Thus, we can conclude that the epiphytes are able
to detect very small changes in their close environment, responding rapidly to the

anthropogenic activity.
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Implications for conservation

Our results demonstrate that the structure of the current landscape, resulting from the
loss and fragmentation of Mediterranean forests, provide powerful explanations of the
observed losses of epiphytic species richness and diversity. At present, studies are
required to facilitate the maintenance of the highest epiphyte diversity in natural
communities, thereby ensuring that the role of lichens and bryophytes in the
ecosystem functionality will be retained when faced with human-related
environmental change. The retention of the function of epiphytes demands the
maintenance of rich and diverse communities. This objective is only possible if
management strategies consider the quality of forest fragments as well as an adequate
forest landscape composition, thereby allowing the existence of large and regular
forest fragments. The matrix quality has been shown to be very important, and also
have to be taken into account when planning forest management. Our results show
that, if the conservation efforts are focused on epiphyte communities, the smallest
fragments should be surrounded by a HCM, which would prevent the lack of core area
by favoring the arrival of propagules, but taking into account that the empirical
evidence found this measure detrimental for the habitat suitability of the overall
biodiversity. Its application will depend on the local conservation goals. Future studies
must try to disentangle the causes behind this unexpected effect of a HCM. Further
analysis should also consider the isolation of fragments and the dispersal traits of
species, to be able to give more clear and specific answers, e.g., how the degree of
isolation modulates the threshold fragment size above which the sign of the impact of
the HCM changes.
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SUPPLEMENTARY MATERIAL

Table S1. Characterization of each fragment. The fragment numbers correspond to those in Fig. 1. The coordinates (Coord.) refer to the centroid
of the fragment. The high-contrast matrix (HCM), low-contrast matrix (LCM), and pine matrix (PM) values refer to the matrix perimeter
surrounding each fragment. The values of the other variables correspond to the means of the environmental factors based on all the plots in each
fragment. SI: shape index; Diversity index: inverse Simpson’s index; Similarity index: Bray-Curtis index; Mean plot dbh: mean diameter at breast
height of all the trees in a plot.

Fragment Coord. Coord. Size Perim. S| HCM LCM PM Altitude Aspect Sltgpe ig\rllétr) 0%22?122/5 Trees/ Mean plot S_pecies Li_chen Bryoph. Diversity Similarity
No. Nm) W(@m) (Ha) (Km) (%) (%) (%) (mas.l) © %) %) plot  dbh (cm) richness rich. rich. index index
1 4374836 388775 1443 299 222 3091 69.10 0.00 1080 SE 28 617 2701 13 15.57 23 17 6 6.12 61.52
2 4373416 388177 2.06 096 1.88 18.30 81.70 0.00 888 E 35 325 12.37 11 18.73 19 12 7 7.06 56.48
3 4372782 387926 298 153 249 0.00 6449 3551 865 SE 22 6.3 9.54 16 15.73 17 11 6 7.46 64.50
4 4373525 388498 890 195 1.85 57.83 4218 0.00 907 NW 23 508 8.91 10 18.41 33 26 7 9.21 54.97
5 4366066 378074 43.66 4.62 197 1272 7121 16.07 835 NE 20 367 2428 13 16.29 49 37 12 9.15 53.03
6 4363924 383825 21.62 350 212 7829 2171 0.00 883 NE 28 300 2949 18 15.05 44 34 10 9.09 50.26
7 4364980 383223 47.88 3.50 1.43 70.02 29.98 0.00 749 NE 26 25 30.89 15 15.12 37 24 13 5.36 54.05
8 4373023 368090 4.75 120 155 7221 27.79 0.00 679 NE 24 11.3 22.74 16 14.24 40 26 14 9.80 54.70
9 4376211 382333 246 093 168 3295 67.05 000 1208 SE 31 138  29.83 21 12.97 29 19 10 10.41 49.54
10 4372971 367676 13.83 3.30 250 2857 67.92 351 842 NE 18 12.4 17.26 7 18.94 39 28 11 8.38 48.94
11 4375092 386991 67.34 752 259 519 5896 3584 1121 NW 27 11.7 18.52 18 14.13 52 38 14 12.97 44.57
12 4372147 368378 2298 3.08 1.81 1123 7277 16.00 750 N 29 450  26.00 8 20.83 43 30 13 13.57 51.65
13 4373109 366164 6.44 105 1.16 000 100 0.00 846 NE 14 138  17.90 8 17.97 35 24 11 9.19 52.89
14 4373438 367066 73.26 5.46 1.80 2231 77.69 0.00 712 NE 25 234 27.77 10 20.64 73 59 14 19.57 44.76
15 4380455 357759 11.97 2.06 1.68 57.46 4255 0.00 790 NE 38 238  30.96 17 17.46 56 44 12 13.08 48.65
16 4379321 358529 96.94 7.96 228 27.37 72.63 0.00 918 W 26 150 2521 19 15.65 66 51 15 13.73 45.37
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Table S1. Continued.

Fragment Coord. Coord. Size Perim. S| HCM LCM PM Altitude Aspect Skgpe ig\r/itr) 0%22?]22/5 Trees/ Mean plot S_pecies Li_chen Bryoph. Diversity Similarity
No. N(m) W(m) (Ha) (Km) %) %) (%) (masl) © %) %) plot  dbh(cm) richness rich. rich. index index
17 4375900 378262 25.04 522 294 5828 4172 0.00 1089 S 19 21.3 23.48 7 19.25 45 33 12 8.83 49.34
18 4375960 382337 6.47 193 214 9084 916 000 1137 SE 32 6.3 27.22 22 13.37 46 34 12 7.29 47.20
19 4374125 387286 4.74 218 2.83 3505 40.04 2491 1180 SW 16 11.8 22.73 17 15.41 43 31 12 6.86 42.39
20 4374046 386883 13.88 3.38 256 358 8043 1598 1138 SW 22 100 19.89 23 13.90 37 28 9 7.20 49.32
21 4374193 388164 46.63 3.21 1.33 2448 7551 0.00 961 NE 30 41.7 28.94 17 13.23 53 40 13 12.61 45.36
22 4374218 366342 7.08 116 122 47.37 4549 7.14 832 NE 28 200 2298 7 22.38 35 26 9 9.89 57.37
23 4374349 366852 393 1.04 148 000 100 0.00 690 NW 31 100 2286 9 22.09 37 25 12 9.98 62.26
24 4386590 354540 11.85 239 196 2840 7159 0.00 976 SW 27 9.3 21.00 23 15.46 46 34 12 10.84 49.43
25 4387807 355270 24.02 7.06 4.07 1751 8250 0.00 919 NE 18 45 28.71 28 14.36 51 37 14 8.27 47.07
26 4388106 354450 28.13 3.68 196 63.94 36.05 0.00 869 N 32 8.8 18.08 13 17.72 46 34 12 11.28 45.03
27 4373761 391582 6.40 180 2.01 56.14 951 3435 1070 E 13 175 29.34 20 13.35 44 30 14 14.24 54.80
28 4378827 371314 59.78 6.53 238 56.06 43.94 0.00 863 W 18 0.8 25.11 24 15.79 53 39 14 13.68 51.20
29 4379443 354481 2528 243 137 10.04 89.97 0.00 817 W 20 100 20.32 18 12.99 57 44 13 14.49 50.55
30 4373081 389953 15.96 1.89 1.34 1866 25.63 5571 948 S 20 325 2581 19 14.60 42 27 15 14.87 42.43

31 4373276 390313 2359 291 1.69 6572 0.00 34.28 980 SwW 26 3838 22.09 19 13.61 39 26 13 11.87 48.41

32 4373308 390727 5.05 1.87 234 79.94 0.00 20.06 1016 S 24 5838 23.62 12 18.76 45 32 13 12.34 42.13
33 4373573 391033 7.19 2,01 212 7058 0.00 29.42 1054 S 25 26.3 20.58 19 14.74 42 29 13 11.69 51.92
34 4373708 391322 548 143 172 3952 397 56.52 1062 S 24 13.0 24.20 15 18.21 43 29 14 10.64 50.27
35 4392452 362136 6.39 139 155 74.85 25.15 0.00 941 N 27 18.8 25.42 22 14.54 42 30 12 11.91 4921
36 4388051 363898 2459 342 1.94 4647 5352 0.00 840 NE 29 13 22.70 19 16.90 47 34 13 8.44 50.35
37 4377850 392957 10.58 2.59 224 5.00 95.00 0.00 963 NW 13 19.4 16.30 7 20.22 44 32 12 9.31 53.67
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Table S1. Continued.

Shrub - Canopy Trees/ Mean plot Species Lichen

Fragment Coord. Coord. Size Perim. S| HCM LCM PM Altitude Aspect Skgpe cover openness _ ( Bryoph. Diversity Similarity
No. N(m) W(m) (Ha) (Km) (%) %) (%) (masl) © %) %) plot  dbh(cm) richness rich. rich. index index
38 4375830 381257 154 119 269 9149 851 0.00 1110 SE 27 17.0 12.91 13 16.46 40 28 12 14.89 50.18
39 4375644 381533 2.89 131 218 100.00 0.00 0.00 1077 W 24 38 27.69 26 15.75 49 36 13 1341 51.79
40 4375317 381406 3.24 137 214 9267 7.33 0.00 998 SW 24 9.0 27.61 17 16.83 42 30 12 13.72 48.27
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Appendix 1. List of species showing the number of plots and fragments where each was present (N =
117). The species are separated into lichens and bryophytes. + : cyanolichens; « : liverworts.

Species Plots (n)  Fragments (n)
Lichens

Agonimia tristicula (Nyl.) Zahlbr. 7 3
Amandinea punctata (Hoffm.) Coppins & Scheid. 1 1
Anaptychia ciliaris (L.) Korb. 24 16
+Arctomia fascicularis (L.) Otalora & Wedin 11 3
Bacidia circunspecta (Norrl. & Nyl.) Malme 3 1
Bacidia igniari (Nyl.) Oxner 5 4
Bacidia rosella (Pers.) De Not. 4 2
Bacidia rubella (Hoffm.) A. Massal. 23 8
Buellia disciformis (Fr.) Mudd 98 35
Caloplaca ferruginea (Huds.) Th. Fr. 20 10
Caloplaca holocarpa (Hoffm. ex Ach.) M. Wade 2 2
Candelaria concolor (Dickson) Stein 25 14
Candelariella vitellina (Hoffm.) Mall. Arg. 34 12
Catapyrenium psoromoides (Borrer) R. Sant. 2 1
Chromatochlamys muscorum (Fr.) H. Mayrh. & Poelt 1 1
Cladonia chlorophaea (Florke ex Sommerf.) Sprengel 4 2
Cladonia coniocraea (Florke) Sprengel 8 7
Cladonia fimbriata (L.) Fr. 166 40
+Collema furfuraceum (Arnold) Du Rietz 103 32
+Collema subflaccidum Degel. 37 14
+Collema subnigrescens Degel. 51 23
+Dendriscocaulon umhausense (Auersw.) Degel. 39 13
Diploschistes muscorum (Scop.) R. Sant. 6 6
Evernia prunastri (L.) Ach. 153 39
Flavoparmelia soredians (Nyl.) Hale 30 18
+Fuscopannaria mediterranea (Tav.) P.M. Jgrg. 131 34
+Fuscopannaria ignobilis (Anzi) P.M. Jarg. 34 13
+Fuscopannaria olivacea (P.M. Jgrg.) P.M. Jarg. 13 7
Hypogymnia physodes (L.) Nyl. 1 1
Hypogymnia tubulosa (Schaer.) Hav. 15 14
Lasallia pustulata (L.) Mérat 1 1
Lecanora chlarotera Nyl. 93 32
Lecanora pallida (Schreb.) Rabenh. 2 1
Lecanora varia (Hoffm.) Ach. 2 2
Lepraria incana (L.) Ach. 29 18
+Leptogium corniculatum (Hoffm.) Minks 7 1
+Leptogium furfuraceum (Harm.) Sierk

Melanelixia fuliginosa (Fr. ex Duby) O. Blanco et al. 71 28
Melanelixia glabra (Schaer.) O. Blanco et al. 167 39
Micarea prasina Fr. 1 1
Mycobilimbia hypnorum (Lib.) Kalb & Hafellner 5 2
Mycobilimbia parvilobulosa Sarrién, Aragon & Hafellner 1 1
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+Nephroma laevigatum Ach.

Normandina pulchella (Borrer) Nyl.

Ochrolechia balcanica Verseghy

Ochrolechia pallescens (L.) A. Massal.

Ochrolechia turneri (Sm.) Hasselrot

Parmelia saxatilis (L.) Ach.

Parmelia sulcata Taylor

Parmelina quercina (Willd.) Hale

Parmelina tiliacea (Hoffm.) Hale

Parmotrema chinense (Osbeck) Hale & Ahti

+Pectenia atlantica (Degel.) P.M. Jarg. et al.
+Pectenia plumbea (Lightf.) P.M. Jgrg.et al.

+Peltigera collina (Ach.) Schrad.

+Peltigera neckeri Hepp ex Mill. Arg.

Pertusaria albescens (Huds.) M. Choisy & Werner
Pertusaria amara (Ach.) Nyl.

Pertusaria coccodes (Ach.) Nyl.

Pertusaria flavida (DC.) J. R. Laundon

Pertusaria hemisphaerica (Flérke) Erichsen

Pertusaria ophthalmiza (Nyl.) Nyl.

Pertusaria pertusa (Weigel) Tuck.

Phaeophyscia orbicularis (Neck.) Moberg

Phlyctis argena (Spreng.) Flot.

Physcia adscendens (Fr.) H. Olivier

Physcia aipolia (Ehrh. ex Humb.) Furnr.

Physcia caesia (Hoffm.) Furnr.

Physcia semipinnata (J. F. Gmelin) Moberg

Physcia tenella (Scop.) DC.

Physconia distorta (With.) J. R. Laundon

Physconia enteroxantha (Nyl.) Poelt

Physconia grisea (Lam.) Poelt

Physconia perisidiosa (Erichsen) Moberg

Physconia servitii (Nadv.) Poelt

Physconia venusta (Ach.) Poelt

Pseudevernia furfuracea (L.) Zopf

Punctelia subrudecta (Nyl.) Krog

Ramalina calicaris (L.) Fr.

Ramalina farinacea (L.) Ach.

Ramalina fastigiata (Pers.) Ach.

Ramalina fraxinea (L.) Ach.

Rinodina capensis Hampe

+Scytinium aragonii (Otalora) Otélora, P.M. Jorg. & Wedin
+Scytinium fragrans (Sm.) Otélora, P.M. Jgrg. & Wedin
+Scytinium lichenoides (L.) Otélora, P.M. Jorg. & Wedin
+Scytinium subtile (Schrad.) Otélora, P.M. Jarg. & Wedin
+Scytinium teretiusculum (Wallr.) Otélora, P.M. Jgrg. & Wedin
Strangospora ochrophora (Nyl.) R. Anderson

Usnea subfloridana Stirt.

121
15
28
16

100
11
177
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13
28

150
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45
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Waynea adscendens Rico

Waynea stoechadiana (Abassi & CI. Roux) Cl. Roux & P. Clerc

Xanthoria parietina (L.) Th. Fr.

Bryophytes
Antitrichia californica Sull.

Antitrichia curtipendula Bridel

Fabronia pusilla Raddi

*Frullania dilatata (L.) Dumort.

Hedwigia ciliata (Hedw.) P. Beauv.
Homalothecium sericeum (Hedw.) Schimp.
Hypnum cupressiforme Hedw.

Leptodon smithii (Hedw.) F. Weber & D. Mohr
Leucodon sciuroides Schwaegrichen
*Metzgeria furcata (L.) Dumort.
Orthotrichum affine Schrader ex Bridel
Orthotrichum diaphanum Brid.
Orthotrichum lyellii Hook. & Taylor
Orthotrichum rogerii Brid.

Orthotrichum speciosum Goffinet et al.
Orthotrichum stramineum Hornschuch in Bridel
Orthotrichum tenellum Bruch ex Brid.
*Porella platyphylla (L.) Pfeiff.
Pterygynandrum filiforme Hedw.
Pterogonium gracile (Hedw.) Smith
*Radula complanata (L.) Dumort.
Syntrichia laevipila Brid.

Ulota crispa (Hedw.) Brid

Zygodon rupestris Schimp. ex Lor.

83
12

150

76
148

180
176

75

112

138
11
115

23
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Chapter 2: Epiphyte richness in a dynamic landscape

ABSTRACT

In a global context of landscape modification, the resulting structure of remnant
habitats will be responsible for the configuration of the species richness that they host.
The most evident processes of degradation are habitat loss and fragmentation, but it
has not been easy to demonstrate their real and independent effects because mostly
take place jointly. Furthermore, the interaction of direction and intensity of the
temporal trajectories of landscapes with biodiversity is still scarcely known. The
clarification of these drivers will let us to understand how communities are structured
in anthropized landscapes and would help to preserve them more efficiently. We chose
obligate epiphyte richness as a sign of the biodiversity response to a dynamic spatio-
temporal structure of a recovering landscape, and selected 40 well-preserved
Mediterranean forest fragments in a context of high habitat loss (>85%). We measure
the most relevant fragment-scale attributes, and compare their explanatory power with
the surrounding total habitat amount, its fragmentation degree and connectivity. All
the variables were measured along a 55-years temporal frame utilizing historic
orthophotos. Among all the historic and present landscape-scale variables, only the
earliest connectivity had impact on species richness. Additionally, the trajectory of
fragment size in the last 29 years and the present size, resulted to be the best predictors.
The effect of a high-contrast matrix was consistent but very small. These results
demonstrate that not only pure habitat loss, but together with the spatial configuration
of the landscape, are meaningful for explaining richness patterns. The epiphyte
richness shows a lag in relation to the present landscape structure, and the spatial scale
at which landscape dynamics happens determines how fast the richness is organized,
in this case because epiphytes are sessile and long-lived organisms. In view of the
dependence of epiphytes on connectivity and sufficient amount of good-quality
habitat to occur along the landscape, the diverse species regional pool and the recent
increase in forest surface ensure an amelioration of epiphyte communities in next
decades.
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INTRODUCTION

A process of continuous landscape transformation is causing the most rapid decline
of biodiversity ever documented (Ceballos et al 2015). The consequent landscape
structure of habitats will determine the persistence of species over the long-term.
Given that remnant habitats become isolated within the landscape, research efforts
targeted to the preservation of species-rich communities should focus on
metacommunity dynamics, in which species richness is considered in the context of
fragmented habitat, rather than focusing on ecological processes that are particularly

relevant to pristine and continuous landscapes.

Landscape modification includes the simultaneous processes of habitat loss
and fragmentation. There is intense debate about the independent and joint effects on
species richness of loss or fragmentation (Bender et al. 1998, Harrison & Bruna 1999,
Fahrig 2003, 2013, Koper et al. 2007, Hanski 2015), but there is a general agree that
their effects should be separately considered to create effective conservation policy
(Harrison & Bruna 1999, Fahrig 2003, Didham et al. 2012). Studies on habitat loss,
regardless of spatial attributes in the landscape, have shown consistent detrimental
effects on biodiversity (Bascompte & Rodriguez 2001, Tscharntke et al. 2012).
Studies on habitat fragmentation per se, which consider the unique effect of spatial
habitat configuration (controlling for the amount of habitat), have produced mixed
results (Fahrig 2003, Bailey et al. 2010). Both habitat loss and fragmentation are
shown to become effective when extant habitat is reduced by 65-80% (Bascompte &
Rodriguez 2001, Fahrig 2001, Flather and Bevers 2002, With 2016). However,
attempts at this type of quantification lack a consensus of overwhelming evidence,
and ecological generalisations are difficult to apply owing to the high response

variability among different species groups (Swift & Hannon 2010).

Hypothetically, for species that occur in discrete types of habitat, the total
habitat amount at a landscape scale, as an inverse measure of habitat loss, will be the
best predictor for the number of species per unit area (Fahrig 2013). If this hypothesis

is confirmed, then the unique effect of fragmentation per se would be negligible, with
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a community unaffected by the relationship of habitat edge to interior, or dispersal
constraints imposed by inter-fragment distances. Conversely, there is alternative
support to suggest that the spatial configuration of remnant habitat has a strong effect
on communities (With 2016) additional to the actual process of habitat loss (Bender
et al 1998, Hanski 2015).

The spatial configuration of the landscape can be defined by the aggregation
or over-dispersion among habitat remnants (i.e. fragmentation per se). However, it is
very difficult to isolate these effects independently of habitat loss, and only
manipulative experiments that control for the amount of habitat can identify robust
conclusions (Haddad et al. 2015). In the case of real-world observation, the landscape
often cannot be purposefully modified at experimental landscape-scales and proxy
approaches should be considered. A possible solution is to measure the spatial
configuration for a given amount of habitat, asking whether there are additive effects
of fragmentation, over and above the effects of habitat loss. The existence of a
fragmentation effect would imply for example the impact of edge effects relative to
interior, which is a main cause of declining species richness caused by fragmentation
(Murcia 1995, Harrison and Bruna 1999).

An alternative integrative approach, is to use connectivity to examine the
effect of spatial configuration on species richness. Connectivity is defined by the
distance among habitat fragments (landscape configuration), that restricts dispersal,
but also accounting for the size of habitat fragments (landscape composition), because
larger fragments act as the source of more propagules for more species. Connectivity
is integrated in this way by Hanski’s Incidence Function Model (hereafter IFM)
(1994), which relates configuration and composition by using the scaling parameter
a. The IFM is a negative exponential model, where « is a constant describing how
dispersal rates decline with increasing distance. In the case of the community in a
focal habitat fragment, o also determines a weighting value to describe how the
surrounding habitat at a predefined scale explains species richness as a function of
distance (Snéll et al. 2003, Lobel et al. 2009). By testing the importance of
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connectivity for fragmented landscapes, the role of the dispersal can be confirmed or
refuted.

Additionally, at a smaller scale, below the effect of landscape structure,
fragment attributes (i. e. size, shape, type of contact matrix and habitat heterogeneity
inside the fragment) strongly affect species richness (Gignac & Dale 2005, Yamaura
et al. 2008, Honkanen et al. 2010, Prevedello and Vieira 2010). These fragment-scale
effects need to be integrated with landscape-scale factors (habitat connectivity), to
account for their contribution in species richness patterns (Bailey et al. 2010).
Furthermore, there is an important temporal dimension to the effect of habitat loss and
fragmentation, though this remains obscured by a significant challenge in collecting
and analyzing long-term time-series data (Ewers & Didham 2006). Nevertheless,
landscapes are dynamic, with habitat fragments regenerating or being lost over time,
with important implications for species ecology (del Castillo 2015). Studies that are
based on a ‘snap-shot’ of landscape status can extract valuable conclusions, but a
longer-term time-series perspective will add very useful information related to
ecosystem trends with important consequences for conservation planning (Lindborg
& Eriksson 2004). This includes the effect of extinction debt (Tilman et al. 1994),
which demonstrates that species do not respond to habitat loss immediately, but might
disappear only very gradually. An interesting corollary would be an opposite effect,

in which there is a lag in recolonization following the process of habitat recovery.

Epiphytes provide a perfect model system to test the effects of landscape
structure at different spatio-temporal scales. Their ecological dynamics are strongly
linked to the connectivity of forest fragments (Snéll et al. 2003) with epiphyte richness
related at landscape-scale to habitat extent (Ellis & Coppins 2007a), fragmentation
(Lobel et al. 2006) and connectivity (Virtanen & Oksanen 2007), as well as including
the fragment-scale factors of habitat quality (Aragén et al. 2010), matrix quality
(Aragon et al. 2015; Cardos et al. 2016) and fragment size (Gignac & Dale 2005).
These previous studies have showed how epiphytes interact with human-modified

landscapes, but less emphasis has been placed on partitioning these effects to
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understand their relative importance for epiphytic diversity. Likewise, epiphyte
distribution patterns may appear to be explained by previously more continuous and
connected historic landscapes (Snéll et al. 2004, Lobel et al. 2009, Johansson et al.
2013, Ruete et al. 2014), but no study to date has addressed how they will respond to

habitat restoration and the landscape scales at which this restoration is most effective.

In a previous study with the same epiphyte model system (Cardoés et al. 2016),
there was shown to be an effect of fragment size on species richness, with the two
most plausible explanations being the positive role of habitat heterogeneity or the
existence of relatively more forest interior in larger fragments (weaker edge effects).
In order to verify these possibilities, in this study we consider habitat heterogeneity
within each forest fragment as a fragment-scale predictor of epiphyte richness.
Furthermore, Cardos et al. (2016) also found a counterintuitive positive effect of low
guality matrix on fragment richness, which was explained in facilitating the landscape
dispersal of propagules. Here we wanted to corroborate the magnitude of this effect,
by contrasting this predictor with other landscape attributes over different spatio-
temporal scales. The ability of the IFM to describe the distribution of species across
habitat fragments is so effective that the inclusion of habitat characteristics (fragment-
scale) or the structure of the matrix (landscape-scale) is thought not to substantially

improve its explanatory power (Moilanen & Hanski 1998).

We aimed to quantify the explanatory power for epiphyte species richness
attributable to the structure of the landscape: its composition at fragment and
landscape scales (what and how much) and its spatial configuration (where), along a
time-series of 55 years that includes a period of substantial habitat loss (> 85%)
impacting the richness of Mediterranean epiphytes. For that purpose, we selected 40
fragments varying in size, structural characteristics and environmental heterogeneity,
of which we also know their structure in the past and of the surrounding landscape,
thanks to historic aerial photographs. Finally, our goal was to create a statistical model
which includes the variables that best explain epiphyte richness, applying not only the

known fragment-scale predictors (Cardos et al. 2016), but a more integrative analysis
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of the entire landscape, based around information from different spatio-temporal
scales. We hypothesized that all the components of the landscape structure, measured

in time and space, will have a potential role in determining epiphyte richness.

METHODS
Study site

The study was carried out in the Montes de Toledo range (4°28°W, 39°32’N), in
central Spain. The landscape is composed of two main elements: well-preserved and
unmanaged Mediterranean forests, which are located in the most inaccessible and/or
unproductive sites, and a matrix transformed by human activity (crops, shrublands
and open woodlands) that surrounds the surviving forest fragments (Perea and Perea
2008). The forests represent suitable habitat for Mediterranean epiphyte communities,
while the matrix can be considered uninhabitable since the great majority of epiphytes
do not occur there. This relationship of epiphyte communities with the fragmented
landscape has been demonstrated previously (see Cardés et al 2016 for more details

of the studied system).

Mediterranean landscapes have a long history of resource extraction and
transformation, and their forests have traditionally provided the needs of human
society and industry in a densely populated region (Thirgood 1981). The origin of the
existing forest structure in the study landscape can be traced to the thirteenth century,
when timber was extracted for charcoal production and forests were substituted by
crops (Lancha et al 1997). Forest cover reached its low-point in the landscape between
the nineteenth and the beginning of the twentieth century, but more efficient
agricultural practices and the use of alternative energy sources then slowed forest
destruction (L6pez et al 2007). Thereafter, land use was progressively switching to
agricultural smallholdings of low production, supported by hunting activities (Galante
and Marcos-Garcia, 2013). In 1995 a large proportion of the study area was declared

a National Park, and reforestation strategies have allowed the recovery of native
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forests over several decades (MAGRAMA 2014). The remnant forest fragments thus
represent a patchwork of habitat ‘islands’ of different age (some ancient, some

younger), connected to varying degrees within a dynamically changing landscape.

Data collection

For a detailed description of the experimental design and measurement of the variables
see Cardés et al (2016). In 2011 we selected 40 forest fragments with high tree cover
(>70 %), and which were not affected by an active management regime. The
fragments were almost or entirely monospecifically composed of holm oak (Quercus
ilex subsp. ballota). Within each fragment we randomly located between 4 and 8 plots
(10 x 10 m), depending on the fragment size, in order to record at least 90 % of the
species on the basis of a species-area curve previously developed for this landscape
(Aragén, unpublished data). Inside each plot four holm oak trees were selected to be
representative of the overall trunk size diversity. On each tree trunk we positioned
four 20 x 30 cm survey grids (2 aspects x 2 heights), and recorded epiphytes in these.
Finally, we obtained an estimate for the total epiphytic richness of a forest fragment,
as the sum total of the different lichen and bryophyte species that occurred in all the
fragment’s survey grids. This nested sampling method detected epiphyte richness at
four scales (grid, tree, plot and fragment), with a plot level measurement of
environmental variables used to examine the relationship between the epiphytic

richness and fragment-scale environmental heterogeneity.

Environmental variables measured at the plot level (fragment-scale) were: the
mean diameter at breast height (dbh) of all trees, altitude (m.a.s.l.), aspect (cosine
transformed), shrubland layer (%), and the canopy openness (%). Additionally, we
separately considered the dbh of each tree sampled for epiphytes. Landscape-scale
variables were extracted with ArcGis v.10.2.2 (ESRI, Redlands, CA, USA) for three
different years (1956, 1982 and 2011), from orthophotos provided by Centro Nacional
de Informacion Geografica, Spain (1982 and 2011), and Centro Cartogréfico del
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Ejército del Aire, Spain (1956). In the orthophotos of 1956 (lower quality, black-and-
white), it was sometimes difficult to distinguish each different type of forest and
matrix category. Current orthophotos were therefore transformed to create low-quality
black and white images, with the purpose of understanding how to accurately digitize
the different landscape categories from 1956. For each of the 40 selected forest
fragments and for the year 2011, we quantified the fragment size (Ha), fragment shape
(following the index by Laurance and Yensen 1991) and the percentage of contact for
each category of matrix, classified as follows: (1) high-contrast matrix (HCM),
composed of crops, stony slopes or shrublands, with strong structural differences
compared to the forest fragment, and producing a distinct boundary in the forest
microclimate; (2) low-contrast matrix (LCM), composed of open woodlands, that
allow for a more gradual change in microclimate in the transition to the forest; and (3)
pine plantations (PM), with similar physiognomy to native forests but which are
mostly inhospitable for the lichen flora. For the years 1956 and 1982 we quantified
the fragment size, which was used to calculate a shift in fragment size (%) over three
possible time-series comparisons: 1956—1982, 1982—-2011 and 1956—2011.

To test for the influence of the surrounding landscape on epiphyte richness,
we established a 1-km buffer around the perimeter of each of the 40 forest fragments.
The resulting buffer area is proportional to the fragment size, that allowing us to test
the habitat amount hypothesis (Fahrig 2013), which is based on the richness per unit
area (species density). We chose the relatively small scale of 1 km because it has been
shown to have a role in determining biodiversity patterns of a target site, in opposition
to analysis at larger scales (Lindborg and Eriksson 2004, Ellis and Coppins 2007a,b).
To create the buffer, we used the fragment size in 2011, and then applied the same
buffer for the other years (1956 and 1982) so as to maintain comparable woodland
extents over the time. Within each buffer we digitized all the forest fragments with
the same tree cover as the focal fragment (>70%), avoiding open woodlands with low
tree density. We also considered not only holm oak monospecific forests, but also
fragments that were mixed or monospecific of Quercus pyrenaica, the other dominant

and forest-forming tree species in the landscape. Epiphyte community structure in
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these complimentary forests may vary because of slight differences in bark
characteristics or other factors, but the species composition is potentially the same
(Belinchon et al 2007), and for that reason they are better considered as suitable when
measuring landscape habitat availability. We quantified the total surface of any
surrounding fragment, even if only a small proportion was included inside the buffer,
because it is the contiguous fragment size that is important in explaining epiphyte
species richness (Cardds et al. 2016). Every extant fragment wholly or partly within
the buffer was weighted to reflect its possible influence as a propagule source on the
focal fragment. In order to know the possible effect on epiphytic richness of the
current (2011) and historic (1956 and 1982) total habitat amount, habitat
fragmentation and habitat connectivity, we created one descriptive variable for each
of these three factors. The surface of all the surrounding and focal fragments was
summed to obtain the total habitat amount (Ha). The number of forest fragments was
divided by the total habitat amount, to give the fragment density (a measure of habitat
fragmentation), weighting the total habitat amount by the degree to which it is
fragmented. The habitat connectivity was calculated using the equation provided by
Hanski (1999, see Statistical Analysis, below), which weights the size of every
surrounding fragment within the buffer by the distance to the focal fragment.
Additionally, we quantified the percentage of remnant habitat, as a mere landscape
descriptor, by dividing the total habitat amount by the total surveyed area within the
buffers (in this case contiguous forest area but falling outside of the buffer was not

considered).

Statistical analysis

To test the effect of a focal fragment’s habitat heterogeneity on epiphyte species
richness, we created a variable that summarized the environmental gradients. We
generated a data matrix with all the environmental variables measured at both plot and
tree-scale (mean plot dbh, altitude, aspect, shrubland layer, canopy openness and dbh

of surveyed tree). These variables were summarized using principal components
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analysis (PCA), and from six resulting axes, the first two were retained in having
explained more than 50% of latent variability with the greatest explanatory power.
We then plotted PCA tree scores in a two-dimensional graph using the area (convex
hull) of a polygon that was delimited by the sampled trees as the measure of each

fragment’s habitat heterogeneity.

We tested the effect of the present (2011) fragment- and landscape-scale
variables (fragment size, shape, habitat heterogeneity, percentages of HCM and PM,
and the interaction between the fragment size and HCM) on epiphyte species richness,
using an initial generalized linear model (GLM, McCullagh and Nelder 1989). The
species richness was normally distributed so we assumed a Gaussian error distribution
and an identity link function. A starting model was reduced by stepwise variable
elimination, based on the probability of the slope parameters (Zuur et al. 2009). We
thus obtained the simplified model (SM) that best explained the response variable

using variables relating to the condition of the fragment in the present-day landscape.

The SM was then used to test the additional important of landscape-scale
connectivity for each focal fragment, with its surrounding forest fragments for the
years 1956, 1982 and 2011. The connectivity was defined as: ). exp(—ad;)A;, where
Aj is the area of the jth fragment located at a distance d; (perimeter-perimeter) from
the focal fragment, for j = 1 to n surrounding fragments within the buffer (Hanski
1999). The parameter a controls the distance-decay of propagules from source to sink
in the negative exponential model. In the case of past landscape structures, for which
species richness patterns are unknown, a can only be interpreted as the degree of
importance of surrounding habitat when explaining the richness of a focal fragment
as a function of its isolation. This means that for a greater value of a, the epiphyte
community will be highly affected by small changes in the surrounding extent and
configuration of habitat. The value of « for each of the three years had to be estimated
for the data, and for that purpose we modelled the species richness by adding to the
SM a connectivity estimate for each year separately. We let o range from 0.001-2,

broadly covering the values observed for epiphytes in the previous literature (Snall et
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al 2003; Lobel et al 2009), and finally we selected the value that minimized the
unexplained deviance of the expanded SM-connectivity model (Supplementary
Material Figure S1). The optimized values of a were used to quantify the connectivity
of every focal fragment with its surrounding habitat. The original SM’s were thus
expanded with optimized connectivity values, using the probability for the slope
parameter to estimate significance (Zuur et al 2009).

The same procedure, adding a single variable separately to each SM, was used
to test for a significant effect on species richness of (i) total habitat amount and (ii)
habitat fragmentation, over each of the three time-periods, and (iii) for the shift in
fragment size during the three time periods, obtaining thereby twelve expanded SMs.
As previously, the significance of the variable used to expand the SM was based on
the probability of the slope parameter. The expanded models in which the variable
added to the SM resulted in significance at a P-value < 0.05 were examined using
hierarchical partitioning of the variance (Chevan and Sutherland 1991). This allowed
us to quantify the independent contribution of each explanatory variable to the total
deviance explained by the model, and its unique importance in explaining epiphyte
species richness. We used a final model composed of the SM plus the variables that
had a significant effect when tested in the set of expanded SMs. The SM (the simplest)
and the final model (SM plus additional significant variables) were each subject to
hierarchical partitioning of variance, to observe the change in explanatory power of
the models, and of the variables themselves, with the progressive addition of other
significant effects. All the statistical analyses were conducted with the software R
v.3.2.2 (R Core Team 2015).

RESULTS

A total of 117 epiphyte species (lichens, mosses and liverworts) were sampled from
the 40 fragments surveyed. The size range of focal fragments was similar among each

of the three time-periods (Table 1). The mean shift in focal fragment size was 55.26
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% for the period 1956-1982, 209.19 % for 19822011 and 110.59 % for the whole
period (1956-2011). For results of the variables measured in 2011, at tree (surveyed
tree dbh), plot (mean plot dbh, altitude, aspect, shrubland layer and canopy openness)
and fragment-scale (size, shape, HCM, LCM and PM), see Cardos et al (2016). The
PCA values of habitat heterogeneity ranged from 0.1 to 4.1 (mean + SD: 1.4 £ 1.0).

Table 1 Values of landscape-scale parameters that describe all the factors covered in this
study, for the three considered time-periods. The habitat connectivity is
expressed as the mean per focal fragment. To obtain details on calculations of
the a confidence limits see Supplementary Material Fig. S1.

1956 1982 2011

Fragment (focal) size range (Ha) 0-85.36 0.14-83.23 1.54-96.94
Total habitat amount (Ha) 1417 2279 2949
Remnant habitat (%) 6.6 10.6 13.7
Habitat fragmentation

Number of fragments 269 304 297

Fragment density 0.19 0.13 0.10
Habitat connectivity 0.0002 0.8688 0.6005

a 0.419 0.065 0.113

(95% confidence limits) (0.343-0.487) (0.051-0.082) (0.100-0.126)

In relation to the surrounding landscape, the total suitable (forest) habitat for
the epiphyte community has doubled in the last 55 years (Table 1). The lowest number
of forest fragments was found for the earliest time-period (1956), and since then the
landscape has experienced a net regeneration of forest. Measures of habitat
fragmentation have steadily decreased, i.e. the density of fragments as a function of
the total habitat has diminished, which implies that extant fragments have increased
in size. Habitat connectivity reached a maximum in 1982, corresponding to a stage
with an intermediate amount of forest habitat. The habitat connectivity was lower in
1956 than in the other time-periods (Table 1).
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Figure 1 Importance of the surrounding habitat in explaining species richness in the
focal fragment, as a function of the distance, for the three time-periods. The
negative exponential curve for the year 2011 can be also interpreted as the
dispersal function of the epiphyte metacommunity in the present landscape,
and its importance quantifies the probability value of a dispersal event.

The values of a showed an inverse pattern related to connectivity (Table 1),
which implies that the importance of the surrounding habitat on the species richness
of the focal fragment decreased more rapidly with increasing distance in the earliest
(also the less connected) landscape (Fig.1). The value of a = 0.113 for the current

landscape shapes the dispersal kernel for understanding the metacommunity in the
year 2011.

After stepwise selection to identify an optimum model for predicting epiphyte
species richness in the current landscape (2011), the SM included fragment size, HCM
and their interaction. The variable heterogeneity was not retained in the SM, and its

effect on species richness appeared neutral. The set of expanded models (Table 2)
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additional effect on species richness (Table 2).

bold are statistically significant (P < 0.05).

showed that habitat connectivity in 1956 significantly increased the explanation of
species richness, while a greater shift in fragment size for the period 1982-2011
resulted in a significantly lower number of species. Neither historic (1956 and 1982)

nor present (2011) total habitat amount and habitat fragmentation showed any

Table 2 Expanded models. Values of the slope (£ standard error) and significance, of
the explanatory variables in each time-period, that expanded consecutively on
the simplified generalized linear model (SM) of species richness. Values in

Estimate SE P

Total habitat amount

1956 4194 x 10  6.457 x 10 0.949

1982 -0.005 0.021 0.777

2011 0.005 0.009 0.574
Habitat fragmentation

1956 6.461 5.653 0.261

1982 19494 9955 0.058

2011 3160 12677 0.805
Habitat connectivity

1956 2953.7 1351.2 0.036

1982 -0.906 0.709 0.210

2011 1241 1068 0.253
Shift in fragment size

1956-1982 -0.019 0.011 0.080

1982-2011 —0.005 0.001  <0.001

19562011 -0.017 0.009 0.051

The final model was therefore composed of the three variables of the SM
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(fragment size, HCM and their interaction) together with habitat connectivity in 1956
and shift in fragment size from 1982-2011 (Table 3). All the variables of the final
model exerted a significant effect on species richness when considered together in a
single model (Table 3). The fragment size (2011), the HCM (2011) and the habitat

connectivity (1956) increased epiphyte species richness, while the shift in fragment
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size (1982—2011) had a negative effect on richness. The interaction between the
fragment size and the HCM also had a negative effect, demonstrating that as the

fragment size increases, the influence of HCM becomes negative.

Table 3 The final model with current and past fragment- and landscape-scale variables
that improve the explanation of the observed species richness. This was derived
by con-joining the simplified model (SM) of the present landscape (fragment
size, HCM and the interaction) with two statistically-significant variables related
to the past landscape that accounted for unexplained deviance in the SM. Values
in bold are statistically significant (P < 0.05). HCM = high-contrast matrix.

Estimate SE P
Intercept 32.9 2.303 <0.001
Fragment size (2011) 0.510 0.076 <0.001
HCM (2011) 0.113 0.043 0.013
Fragment size x HCM (2011) —0.006 0.002 0.002
Habitat connectivity (1956) 2822.9 1150.2 0.019
Shift in fragment size (1982-2011) —-0.005 0.001 <0.001

Variance partitioning analysis showed that the final model with added
variables was able to explain a greater percentage of the variance in species richness
than the SM (71% vs. 53.15%) (Fig. 2). The independent addition to the SM of
significant variables relating to the historic landscape improved its explanatory power.
The fragment size in 2011 had the strongest effect in all cases, while the HCM only
explained a very small part of the unique variance (< 0.20% in the four models). Both
the habitat connectivity in 1956 and the shift in fragment size in 1982-2011 were
important, as implied in the expanded models, but the latter had approximately four
times the explanatory power of the former (16.8% vs. 4.7% in the final model). In the
final model, both historic variables together explained half of the variance compared
to fragment size in 2011 (21.6% vs 43.7%). Finally, the variables related to forest
fragment (fragment size in 2011 and shift in fragment size in 1982—-2011) appear more
important in explaining observed species richness than the forest structure of the

surrounding landscape, i.e. habitat connectivity in 1956 (60.5% vs. 4.7%).
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Figure 2 Percentage of variation of the response variable (species richness) uniquely
explained by each independent variable in the best-fitting models. The first bar
represents the simplified model (SM), composed of the variables fragment size
and HCM in 2011 (the interaction is not considered in this analysis). The second
and third bars represent the SM and the addition of, respectively, the habitat
connectivity (HC) in 1956 and the shift in fragment size (SFS) for the period
1982-2011. The fourth bar includes the SM and both past variables HC and SFS.
In the four models, the contribution of the HCM is very small (< 0.20%), and its
light grey band is almost imperceptible. ‘Shared’ refers to the variance that
cannot be attributable exclusively to one variable. HCM = high-contrast matrix

DISCUSSION

This study on epiphyte communities in relation with the structure of a highly
fragmented landscape over a period of 55 years in a context of habitat recovery,
demonstrates that the species richness is explained by the shift in fragment size in the

last 29 years and the historic connectivity with the surrounding landscape 55 years
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ago, in addition to the fragment size and surrounding matrix. However, the fragment
shape, habitat heterogeneity and the historic and present habitat amount and
fragmentation in the surrounding landscape did not have any effect on the species
richness. The results also show that the fragment-scale effects have much greater
impact on the species richness, and is perceived faster (0—29 years), than the

landscape-scale habitat structure (55 years).

Fragment-scale effects

Fragment effects are mainly composed by the fragment size and its shift in size in the
last 29 years (because the effect of the HCM, albeit consistent, is very small). The
fragment size positive effects on species richness have been largely demonstrated for
different groups of organisms (Bender et al. 1998, Hanski 1999, Fahrig 2003, Ewers
& Didham 2006, Munguia-Rosas & Montiel 2014). A main argument to explain this
pattern based on metapopulation dynamics is that larger fragments sustain larger
populations, which are farther from stochastic extinction events (Hanski 1999, Fahrig
2003, Ewers & Didham 2006). In the case of epiphytes, it also seems to be an indirect
positive relationship between fragment size and species richness through habitat
heterogeneity (Gignac & Dale 2005). This was also suggested in a previous work on
the same study system (Cardds et al. 2016) together with the existence of a forest ‘core
area’ with very different properties than the edge that would allow the occurrence of
a large number of typical forest species. In our analysis we obtained no effect of
habitat heterogeneity, consequently the incidence of the ‘core area’ effect and the

metapopulation dynamics seem to operate in this community.

In the case of the matrix surrounding the fragments, the HCM contributed to
an increase in the number of species in the smaller fragments, while the effect became
negative as the fragment size increased. We discard any positive effect of the HCM
in relation with an amelioration of forest microclimate (Murcia 1995, Prevedello &

Vieira 2010). The positive influence opposes to the generally accepted ‘structural
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similarity’ hypothesis (Prevedello & Vieira 2010), which means that a more
contrasting ecotone between the habitat fragment and the matrix will reduce the
number of species (Aragon et al. 2015). For epiphytes, it was already suggested that
in this positive effect on small fragments lacking a significant core area, could be
hypothetically based on the non-hampering of dispersal processes (Johansson et al.
2014, Cardos et al. 2016). Interestingly we have found a positive influence of the
connectivity with the surrounding landscape of 55 years ago, which necessarily
demonstrates the importance of dispersal in configuring this metacommunity.
However, the structure of the matrix was recorded at the present day, so a direct
relationship with dispersal is not attributable. It could be that the current structure of
the matrix is a reflect of the stage of the past matrix, but it is improbable since the
dynamics of the matrix is presumably much faster than the forest (Eriksson 1996).
The most plausible explanation with the data available is that the HCM interacts with
the surrounding landscape at a different scale than that considered here, e.g. long-
distance dispersal events are highly responsible of the configuration of the epiphyte
communities (Lonnell et al. 2014, Gjerde et al. 2015, Barbé et al. 2016).

The shift in size of the forest fragments in the last 29 years had a strong effect
on species richness. The analysis showed that larger increments return a significantly
lower number of species. This counterintuitive result obviously does not mean that
the regeneration of forest area led to a decrease in richness, but it is related with a lag
in the recolonization. Firstly, to consider this possibility we have to verify that the
fragments are not saturated (Partel et al 1996), which is that the number of species in
the forest fragments is far below the species regional pool. Along surveys we recorded
117 epiphyte species, while the richest fragment hosted 73 species (Cardos et al.
2016), so there are still a large number of species that could colonize the fragments.
Furthermore, this strong relationship is enhanced by the smaller fragments, which
have the lower richness values but in turn have the possibility to experience larger
proportional growth. Thus the effect of this variable is related with the lack of species
in those fragments that grew in size, and there is therefore a lag (~29 years) between

the habitat recovery and the proportional increase in species number, that could be
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working as an inverse extinction debt (Tilman et al. 1994). For better understanding
one might think that contrarily, if the response had been neutral or positive, we could
maintain that the community showed a quick response to the forest dynamics because

the shift in fragment size is imperceptible or even is followed by a fast recolonization.

Landscape-scale effects

The epiphyte community richness is modulated by the structure of the landscape
through the connectivity of the forest fragment with the surrounding landscape more
than half century ago, but neither the total habitat amount (landscape composition)
nor the degree of fragmentation of the remaining habitat along all the historical period

had any effect.

This results demonstrate that the landscape composition by itself is not
sufficient to understand the richness patterns in fragmented habitats, but its
configuration also has a very important role. The ‘habitat amount hypothesis’ (Fahrig
2013) proposed that the effect of the total habitat amount around a sampling point is
so strong that would override the degree of subdivision or the distance among
fragments. However recent studies reject the hypothesis and show that the landscape
configuration matters (Evju & Sverdrup-Thygeson 2016, Haddad et al. 2016). The
functioning of animal communities seems to be different, mainly owed to their
movement capacity, and the total habitat amount regardless its configuration exerts a
positive influence because they show less dispersal constraints at the landscape scale
in which these studies are carried out (Radford & Bennet 2007, Ryberg & Fitzgerald
2016). For this reason, the hypothesis should be different for sessile organisms, and
the spatial configuration of the landscape has to be included in the models. The
configuration of the landscape produces e.g. a larger proportion of edge habitats in
more subdivided forests. Likewise, the spatial pattern of fragments determines the
dispersal distances that a propagule has to overcome to colonize new habitats. In the

case of epiphytes, as well as for other sessile organisms like plants, it has been shown
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that the configuration of the landscape is very important because of reasons of habitat
quality (Aragon et al. 2015, Cardos et al. 2016) or dispersal limitations (Snéll et al.
2003, Ockinger et al. 2005).

In order to test the effect of habitat quality, (i. e. the edge-core area proportion)
through the subdivision degree of the surrounding habitat, we weighted the total
habitat amount by the number of fragments. With this variable we are not actually
testing the effects of fragmentation per se (Fahrig 2003), but it is a measure of the
additive effects of habitat fragmentation to habitat loss, because we cannot modify the
studied system to fix the habitat amount across replicates with that purpose. This
landscape is in a stage of great habitat loss, because the forest surface is always below
20% of remaining habitat during the whole period of 55 years considered (most of the
surface within the buffers can be potentially occupied by native forests). It has been
suggested (Andrén 1994, Fahrig 1998, 2001, With 2016) that below the threshold of
20-30% remaining habitat, the effects of fragmentation would appear more intense,
however we did not find this effect. In situations of low habitat availability, the
number of species close to the extinction threshold increases because the population
sizes are smaller (Bascompte & Rodriguez 2001, Fahrig 2001). It is possible that the
strong effect of fragment size found here could be caused by this situation, but
definitely we cannot corroborate this interaction at landscape scale. Either way, more
habitat subdivision implies the degradation of more habitat at the fragment edge, and
edge effects have been shown to exert a strong effect on epiphyte communities
(Belinchon et al. 2007, Brunialti et al. 2013, Aragén et al. 2015, Cardos et al. 2016).
However, this studies do not report a richness decrease, but changes in community

composition as well as diversity (evenness).

Epiphyte richness was only affected at the landscape scale by habitat
connectivity in 1956, which demonstrates a lag in the community response to a
dynamic landscape structure. The connectivity is composed by two landscape
elements (Hanski 1999, Hanski 2015): the size of habitat remnants (composition) and

the distance to the focal fragment (configuration). When larger fragments, which have
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been probed to contain a greater number of species, are closer, which reduce dispersal
constraints, the focal fragment experiences a significant increase in the number of
species. This approach to understand the effect of the landscape structure on richness
patterns derived from metacommunity dynamics has received large support (Moilanen
& Hanski 1998, Snall et al. 2003, Lindborg & Eriksson 2004, Lébel et al. 2006,
Virtanen & Oksanen 2007, Lébel et al. 2009, Johansson et al. 2013, Ruete et al. 2014).
Metacommunity system functioning (following the IFM, Hanski 1994) is simple:
larger habitat units sustain more species with populations more numerous that reduce
the probability of extinction events, and shorter distances promotes the arrival of more
propagules of more species increasing the rescue effect. The effect of isolation at
landscape scale is important for plants (Munguia-Rosas & Montiel 2014) as well as
for epiphytes (Snéll et al. 2003, Ruete et al. 2014) and animals (Moilanen & Hanski
1998, Bailey et al. 2010), although not all the animal metacommunities are shaped by
these parameters (Bailey et al. 2010, Ryberg & Fitzgerald 2016). The main reason
could be that not all the organisms perceive the discrete boundaries of habitat
fragments as sessile specialists do, but is also reasonable that metacommunities are
better explained by preterit connectivities than present ones because of a lag in the
response, as we have found here and in other studies (Lindborg & Eriksson 2004, Ellis
and Coppins 2007a,b, Johansson et al. 2013). Epiphyte traits like being long-lived
organisms with dispersal constraints may be the cause of the delayed response to
landscape modifications if compared with e.g. short-lived plants, which do not show
this pattern (Adriaens et al. 2006). In view of our results, it is then possible that future
richness patterns reflect the current connectivity, which means that lengthy expecting
periods (e. g. several decades) could be necessary to yield the benefits of forest

restoration or to attend the consequences of habitat loss.

In relation with the effects of isolation on epiphytes, we have found the
expected dispersal kernel for this type of propagule-dispersed organisms. The value
of a obtained for the current landscape (o = 0.113 in 2011) is comparable to values
found for spore dispersing mosses (—0.87 <a < 0.12, Snéll et al. 2003), the lichen

Lobaria pulmonaria (o = 0.01, Gu et al. 2001) or mosses dispersed by stoloniferous

-128 -



Chapter 2: Epiphyte richness in a dynamic landscape

branchlets (o = 0.60, Lobel et al. 2009). The epiphyte community studied by us is
composed by species dispersing mainly by isidia (N = 18), soredia (N = 33) and spores
(N = 66), in decreasing order of propagule size. This variety of dispersing modes
prevent us from extracting reliable conclusions other than the community is dispersing
at distances in agreement with the available data. Hence, given the large species pool
present in the region, there is an interesting potential of species exchange among
habitat fragments with increasing landscape connectivity. The current and historic
values of «a also give the measure of the importance of the surrounding habitat in
relation with distance in explaining the richness within focal fragments. Thus, larger
values indicate that the explanatory power of the nearby fragments decreases very fast
already at short distances. This implies that in the landscape of 1956, the interchange
of species among fragments was the lowest, so there was a higher level of species
heterogeneity (turnover) at minor scales, and for that reason small changes in
connectivity produced significant responses in species richness. Due the slow
response of the epiphyte community richness that is structured by the historic
connectivity, in addition to the subsequent increase of forest surface connectivity in
the following years, it is expectable that the recently created forest surfaces increase
in epiphyte species density in the forthcoming decades. It means that the 40 fragments
surveyed can potentially host a higher number of species than those recorded in 2011,

even maintaining their area constant.
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SUPPLEMENTARY MATERIAL

Figure S1 Variation of deviance for the regression model (SM + habitat connectivity)
in A) 1956, B) 1982 and C) 2011, along the range of « values (0.001-2) selected based
on the previous literature in epiphyte dispersal. The vertical line within the plot
indicates the o value that minimize the deviance (this value was afterwards used to
calculate the habitat connectivity in each year), and the horizontal line represents the
critical deviance value corresponding to a P = 0.05 level in a Chi-square distribution.
The cut-off points between the blue line and the horizontal line are then the values of
the 95% confidence limits of a.
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Chapter 3: Dispersal vs. establishment limitations in Pectenia plumbea

ABSTRACT

Premise of the study: Habitat loss and forest fragmentation interfere in the dispersal
and establishment of species. Furthermore, populations growing far from the species
optimal climate might undergo more problems, because its weak equilibrium with the
environment could be more easily altered. The lichen Pectenia plumbea has oceanic
climatic requirements, so in the Mediterranean region needs the humidity provided by
old-growth forests to thrive, but most of this habitat has disappeared and the remnants
are fragmented. In central Spain, this species only occupies a small proportion of the
existing forests, so we aimed to determine whether this scattered distribution is due to
limitations on dispersal or establishment.

Methods: We selected a Mediterranean fragmented forest surface in central Spain,
and extracted environmental variables from 400 plots. We modeled the presence and
abundance of P. plumbea and developed species distribution models (SDMs) to detect

all the suitable habitats inside the Cabaferos National Park area.

Key results: P. plumbea was present in most of the habitats predicted as good quality,
and generally absent from the poor quality zones (87.3% overall success). The
abundance correlated fairly well with that predicted by the SDM (67%). Both models
show that P. plumbea is linked to high temperature and precipitation.

Conclusions: These requirements are only provided in the region by specific forested
stony slopes derived from the historical land management, which reproduce oceanic
conditions. This habitat is scarce but P. plumbea has successfully tracked all of these

scattered areas via its high dispersal capacity.
Keywords: dispersal; epiphyte cyanolichen; edge effect; establishment;

fragmentation; habitat loss; lichen reproductive stages; Pectenia plumbea; predictive

modeling; species distribution models (SDMs)
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INTRODUCTION

Habitat loss and fragmentation are two of the most important of the anthropogenic
factors that are causing worldwide species decline (Young and Clarke, 2000). These
factors can destroy or modify the species habitat, thereby transforming continuous
distribution ranges into patchy distribution patterns. Habitat loss might decrease the
number of individuals, increase the extinction probability of every subpopulation and
hinder recolonization (Hanski, 1994). The effects of habitat loss and fragmentation on
the distribution of a species depend on the ability of the species to spread in the
available habitat (Gaston, 2003). The colonization of new areas depends on two key
steps during the life cycle of sessile organisms (Nathan et al., 2008): dispersal where
it is assumed that a propagule can travel distances between suitable existing habitats,
and establishment where a dispersed propagule must form a new viable individual.
Both of these steps are harder to complete under conditions with habitat loss and
fragmentation (Herben and Sodestrém, 1992). Fragmentation-derived environmental
factors, such as the edge effect (Murcia, 1995), matrix type (Aragén et al., 2015), and
distance among fragments (Ockinger et al., 2005), play very important roles in the
success of dispersal and establishment processes. It is assumed that a larger and less
subdivided habitat will be more desirable for an organism inhabiting a previously

continuous landscape (Hanski, 1994; Ewers and Didham, 2006).

Strong evidence suggests that the dispersal of lichens and other spore-
dispersed organisms is limited at local scales (Armstrong, 1990; Walser et al., 2001;
Ockinger et al., 2005; Giordani et al., 2015) mainly because of the rapid decline in the
number of propagules that are dispersed with distance (Tapper, 1976; Walser et al.,
2001; Werth et al., 2006). Limitations persist at larger scales (Edman et al., 2004;
Palice and Printzen, 2004) but it has been shown that lichens can reach all of the
existing suitable habitats if sufficient time is allowed (Lattman et al., 2009; Gjerde et
al., 2015).

The process of establishment is governed by multiple factors. Symbiotic

organisms such as lichens require a fungal partner (mycobiont) and an
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algal/cyanobacterial partner (photobiont) (Honneger, 1998). This complex structure
clearly requires a sophisticated reproduction process. Sexual reproduction generates
fungal spores, which are considered useful for long-distance dispersal (Werth et al.,
2006; Lonnell et al., 2014), but they need to find a compatible photobiont in order to
resynthesize the symbiosis (Honneger, 1998). In lichenized fungi, asexual
reproduction occurs via different vegetative propagules such as soredia, isidia, or
thallus fragments. Studies have shown the advantage of this type of reproduction
because both of the symbionts are dispersed together, which increases the likelihood
of successful establishment (Dietrich and Scheidegger, 1997; Lobel and Rydin, 2010),
although the range of dispersion is smaller (Tapper, 1976; Armstrong, 1990; L&bel et
al., 2009). Finally, the production of a new individual will depend on the environment,
which can filter the likelihood of establishment at different scales (Schei et al., 2012),
i.e., microhabitat (solar radiation and humidity regime; Lange et al., 1988; Gauslaa
and Solhaug, 1998), local (topography, habitat size and quality; Belinchdn et al., 2009;
Bassler et al., 2015), and regional scales (climate; Ellis et al., 2007; Merinero et al.,
2014).

The epiphytic lichen Pectenia plumbea (Lightf.) P.M. Jarg. et al. has an
oceanic distribution throughout Europe, ranging among the Macaronesian islands to
Scandinavia and the Mediterranean basin, as well as occurring in adjacent areas of
Africa. COSEWIC (2010) indicated that there has been a drastic decline in P. plumbea
throughout Europe because of air pollution. There are still considerable populations
along the northern side of the Mediterranean basin, but there are large distances from
each other (COSEWIC, 2010; Martinez et al., 2014). The occurrence of P. plumbea
is highly restricted in the Mediterranean region of Central Spain, where Martinez et
al. (2014) found only 15 populations in five different areas and most of them were
separated by hundreds of kilometers. Furthermore, the population sizes were very low,
where seven populations comprised less than 15 individuals and other four had less
than 100. In a study of threatened species in central Spain, Martinez et al. (2003)
suggested that this scattered distribution is due mainly to habitat loss and forest

fragmentation, and thus P. plumbea was catalogued as a vulnerable species.
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In central Spain, P. plumbea individuals usually produce sexual reproductive
structures (apothecia), whereas individuals with asexual propagules (isidia) are found
more rarely (Otalora et al., 2013; Martinez et al., 2014). Traditionally, the
reproductive mode of this species has been used as a key character and the asexual
individuals were treated as a different taxon, but based on a deep genetic analysis,
Otalora et al. (under review, 2016) confirmed that both reproductive stages belong to
the same species. This species is a cyanolichen where Nostoc is the photobiont, which
implies that it is dependent on liquid water for photosynthesis (Lange et al., 1988).
Moreover, excess light has a strong negative effect on the water economy of the thalli,
with greater effects in juvenile individuals (Gauslaa and Solhaug, 1998). In the
Mediterranean region, which is characterized by an intense summer drought and high
levels of solar radiation, the water and shade requirements of P. plumbea can only be
satisfied in continuous and well-preserved forests. Tree characteristics such as the
trunk diameter, inclination, and roughness are known to be important determinants of
the performance of this species at fine scales in Mediterranean forests (Martinez et al.,
2014). In addition, Otélora et al. (2013) showed that P. plumbea exhibits low
selectivity for its photobiont, which should promote the establishment of spores.
However, little is known about the effects of different variables at the landscape scale
relative to habitat loss and fragmentation, topography, or climate, but they could filter

the occurrence of species and modulate the abundance or reproductive capacity.

Given that P. plumbea is a species with sexual and asexual reproduction,
which implies a high capacity for long-distance and local dispersal, and it lacks high
photobiont selectivity, then it is not obvious why its distribution area is highly
restricted and the populations are so small. Thus, in this study, the main aim is to
determine whether the scarce and fragmented occurrence of P. plumbea in the center
of the Iberian Peninsula is due to dispersal or establishment limitations. We try to
determine whether the propagules failed to reach all of the available habitat, or if the
forests where P. plumbea is not present lack sufficient quality to harbor this species.
This objective requires the development of a potential habitat occupancy analysis,

which can be implemented using a species distribution model (SDM) (Williams et al.,
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2009). SDMs are employed to predict where the species might be located throughout
a geographical domain as a function of its habitat preferences. Thus, by confirming
the certainty of the SDM predictions in the field, we can assess whether the species is
already occupying the entire suitable habitat. Previous studies lack validations of
model predictions using an independent data set (Kubicek et al., 2015), even when
this procedure has provided highly reliable ecological answers (Verbyla and Litvaitis,
1989). In addition, SDMs have rarely been developed using abundance data (Potts and
Elith, 2006; Johnston et al., 2015), although they may provide valuable information
that could help to interpret intricate patterns (Howard et al., 2014), e.g., the abundance
pattern could contradict or support the occurrence pattern (Schei et al., 2012). Thus,
we hypothesize that if P. plumbea occurs mostly in the areas predicted as good quality
zones, then dispersal limitations may be ignored and thus establishment limitations
can be assumed due to low habitat quality. By contrast, we could infer dispersal
problems if a high proportion of habitat is predicted as good and the species is not
present. In addition, we assess the effects of habitat loss and fragmentation on the
observed presence and abundance patterns by analyzing the influence of the
environmental variables derived from these processes, as well as climate and
topography. We also model the habitat preferences for the three different reproductive
stages (juvenile, asexual and sexual) of the study species, searching for
complementary information regarding limitations throughout the life cycle relative to

the environmental factors.

METHODS
Study site

This study was conducted in an area located at the southern side of the Montes de
Toledo mountain range (~41.000 Ha) in the center of the Iberian Peninsula (4°21' to
4°23'W and 35 to 39°N) (Fig. 1). Most of the study area is included in the Cabarieros

National Park. The climate is subhumid continental Mediterranean with a mean
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annual temperature of 13.7°C and annual precipitation of 669 mm (Sanchez-
Palomares et al., 1999), which is characterized by a ca three-month drought period
during the summer. The landscape comprises medium-sized mountains (650-1400 m
a.s.l.) occupied by fragmented Mediterranean forests. All of the forest fragments are
surrounded by human-modified matrices, mainly shrubland (Cistus ladanifer and
Erica australis) and pasture, as well as crops, stony slopes, and pine plantations to a
lesser extent (Perea and Perea, 2008). The main drivers of fragmentation in this area
are charcoal production, logging activities, livestock grazing, and farming (Perea and
Perea, 2008). P. plumbea usually occurs in monospecific or mixed Mediterranean
forests of Quercus ilex subsp. ballota and Quercus pyrenaica, which are characterized
by a non-management regime and they are located mainly on the most inaccessible
slopes.

History of the study site

The Montes de Toledo received their name because they were owned by the City of
Toledo from 1246 to 1835. In their “Order of Use” which was compiled in the
sixteenth century to ensure the conservation of natural resources, activities related to
agriculture, livestock, beekeeping, charcoal, firewood, and timber were regulated in
order to ensure the conservation of forests (L6opez et al., 2007). In addition, a strict tax
system was imposed on residents and this coupled with the difficulty of obtaining
benefits from the terrain led to a decrease in the population in the region. Thus, many
villages disappeared between the thirteenth and nineteenth centuries. In 1835, the
farms fell into the hands of large land-owners, which is still the case at present in the
Montes de Toledo (Lépez et al., 2007). More recently, Cabafieros National Park was
established in 1995. Traditional activities such as cork manufacture and beekeeping
continue in some parts of the National Park, where they are coordinated with nature

conservation practices (Lopez et al., 2007).

The landscape of Cabafieros National Park exhibits great contrasts and it is

structured into the following two large units, which are highly representative of the
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Montes de Toledo area (Jiménez, 2004). (1) The lowland area is a great plain of
approximately 8,000 ha located in the southeast. In the 1960s, parts of the forests and
shrubland covering the lowland area were removed to grow cereal crops, which
generated the current landscape comprising wooded grassland, where some areas
preserve the original vegetation. (2) The mountainous area occupies the remaining
area to the north, center, and west of the park, where the altitude ranges from 650 to
1448 m a.s.l.

One of the most important habitats in the Cabafieros landscape is located in
the mountainous area, where the stony slopes comprise quartzite rock fragments
(Aragoén et al., 2006). These colluvial deposits occurred during cold climate periods
in the Quaternary Era due to tectonic movements and environmental factors, such as
ice-thaw cycles, water erosion, and strong temperature oscillations (Sanchez, 1991).
Most of the stony slopes are virtually devoid of any vegetation cover because of their
mobility and the absence of the necessary elements required to support soil formation
(Lancha et al., 1997; Mufioz, 1997). However, on some gentle slopes, the quartzites
are wrapped in a sandy-clay matrix, which supports the mountain vegetation. These
stony areas are covered by Mediterranean oak forests, including Quercus ilex subsp.

ballota, Q. faginea, and Q. pyrenaica (Aragon et al., 2006).

Data collection

We selected two nearby valleys (30 km apart) covering an area of ca 840 ha: one
inside the National Park limits and the other outside (modeled area in Fig. 1), which
contained a great variety of natural and non-managed forests surrounded by different
types of matrices. We randomly selected 400 plots (50 x 50 m) with 200 in each
valley, and during the summer of 2013, each plot was visited to record the presence
and total number of P. plumbea individuals. Every trunk was carefully examined
inside the plot up to 2 m above the ground (Martinez et al., 2014). Finally, we
determined the presence of P. plumbea (0 or 1) and the total abundance of individuals

per plot. The reproductive stage of every individual was also recorded, so we could
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determine the abundance of sexual, asexual, and juvenile individuals per plot. We
considered individuals as juveniles if they lacked any reproductive structure.

[] National Park limits

1232 Cinereous Vulture nesting area
@® modeled areas
* 400 modeled plots

1200 prediction plots

71 testing plots

Fig. 1 Spatial locations of the three types of sample plots and modeled valleys throughout the
study area located in central Spain.

At the plot level, the habitat was characterized by recording variables related
to the landscape (forest loss and fragmentation), climate, and topography. The
landscape variables were obtained from orthophotos produced in 2013 (provided by
CNIG, Spain) using ArcGis v.10.2.2 (ESRI, Redlands, CA, USA). Climatic variables
were taken from a climate model of the Iberian Peninsula (CLIMOEST; Sanchez-
Palomares et al., 1999). Topographic variables were derived from a LIDAR digital
elevation model of the Iberian Peninsula (pixel resolution =5 m; CNIG, Spain 2009).
Finally, 10 explanatory variables in three categories were extracted at the plot level
(Table 1), as follows. A) Habitat loss and fragmentation: (1) forest area (m?) as an

inverse measure of habitat loss; (2) forest edge (m) as the incidence of the edge effect;
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(3) fragment density obtained from the quotient between the number of forest
fragments and the forest area as an indicator of habitat subdivision; (4) area (m?) of
the high contrast matrix, i.e., pastures or stony slopes, with an unfavorable forest
fragment microclimate (Ewers and Didham, 2006); (5) area (m?) of the intermediate
contrast matrix, i.e., shrubland, with less unfavorable microclimatic forest conditions
(Murcia, 1995). B) Climate: (6) annual precipitation (mm); (7) mean annual
temperature (°C). C) Topography: (8) mean altitude (m a.s.l.); (9) mean slope (°); (10)

mean aspect (cosine transformed).

Table 1. Values of the environmental variables (mean £ SD, minimum, and maximum)
measured in the 400 modeled plots. The values of the response variables are also shown (values
for the three sexual stages are expressed as the number of individuals). The mean presence is
the percentage of plots in which Pectenia plumbea is present. HCM, high contrast matrix;
ICM, intermediate contrast matrix; Fragment density units: number of forest fragmentsem.

Explanatory variable Mean + SD Minimum  Maximum
Forest area (m?) 1183.09 + 810.46 0.00 2500.00
Forest edge (m) 153.23 +87.00 0.00 380.14
Fragment density 0.01+£0.01 0.00 0.12
HCM (m?) 463.51 + 641.68 0.00 2500.00
ICM (m?) 842.02 + 841.13 0.00 2500.00
Precipitation (mm) 707.65 + 43.84 622.00 805.00
Temperature (°C) 12.01+£0.83 10.30 13.80
Altitude (m.a.s.l.) 1045.23 + 130.18 754.12 1305.58
Slope (°) 23.37+4.81 6.64 37.91
Aspect (°) 179.60 £ 104.70 10.82 348.35
Response variable

Presence 0.47 0 1
Abundance 49.86 + 167.72 0 1609
Sexual 36.41 + 132.59 0 1357
Asexual 3.07+£14.03 0 204
Juvenile 10.38 + 32.82 0 321
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Modeling the presence and abundance of P. plumbea

We used a generalized linear model (McCullagh and Nelder, 1989) to model the
presence of P. plumbea with a binomial error distribution and a “logit” link function.
Overdispersion was detected when modeling the abundance (total, sexual, asexual,
and juvenile individuals), so we used negative binomial generalized linear models to
correct for overdispersion in all cases (Zuur et al., 2009) by using a “log” link function
because our abundance data were counts. The residuals were normalized and no

patterns were observed in the fitness of the predicted vs. real values (Zuur et al., 2009).

Before modeling, all of the plots without forest area (N = 26) were removed from the
dataset due to their inability to host P. plumbea. Moreover, three plots considered as
outliers were not included and thus modeling was performed based on 371 of the 400
plots selected originally. In addition, all of the explanatory variables were analyzed to
search for correlations. To avoid multicollinearity (Zuur et al., 2009) and problems
with model averaging, the area of the intermediate contrast matrix was omitted from
the explanatory variables because of its high correlation with forest area (Spearman’s
p > 0.7; P <0.0001). To model the abundances of the three reproductive stages, the
total abundance was treated as an explanatory variable when it had a strong correlation
with the response variable (Spearman’s p > 0.7; P < 0.0001), and it was included first
in the models. Thus, the final models of the reproductive stages explained the
abundance of sexual, asexual, and juvenile individuals independently of the effect of
the total abundance. Total abundance was included in models of the abundance of

juvenile and sexual individuals, but not asexual individuals.

Model selection was performed using Akaike’s information criterion
corrected for small sample size (AIC.) (Burnham and Anderson, 2002). AIC. values
were calculated for all of the models constructed from all possible combinations of
the explanatory variables, including only one interaction (“forest area” x “forest
edge”). Only the models with the smallest values within a range of AAIC. < 2 were
retained, and it was assumed that they were equiprobable in terms of explanatory

power (Burnham and Anderson, 2002). R? values were calculated for each model
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included in every set of equiprobable models in order to estimate the explanatory
power according to the variability of the response variable. Akaike weights (w;) were
also used to interpret the relative likelihood of every model. No best model (w; > 0.9)
appeared to explain any of the response variables, so we determined the model average
for every set of models and the estimates were averaged using the Akaike weights
(Arnold, 2010). Only variables that had estimates with 95% confidence intervals that
did not contain zero were used to make predictions, and they were considered for
further analysis (Arnold, 2010; Galipaud et al., 2014). All of the analyses were
conducted using the statistical software R v.3.2.2 (R Core Team, 2015) and model
selection was performed with the additional package “MuMIn” v.1.15.1 (Barton,
2015).

Model in-sample evaluation and in situ testing

First, we tested the predictive ability of the presence and abundance models, but not
the models of the reproductive stages. To test the predictive performance of the
presence model, we calculated the area under the curve (AUC) of the receiver operator
characteristic, which is used widely as a measure of the discriminatory power of
SDMs (Lobo et al., 2008). The AUC internally verified the predictions made with the
same data used to construct the model. The sensitivity (true positive rate) was then
plotted against 1-specificity (false positive rate) for all of the possible probability
thresholds (Fielding and Bell, 1997). Thus, a higher AUC in the graph indicated the
greater accuracy of the predictive model, where a value of 1 denotes the best
performance possible with no prediction errors, whereas 0.5 do not differ from a
random guess. We used a bootstrapped cross-validation technique to test the reliability
of the abundance model (Efron and Tibshirani, 1997). We separated the data set into
two parts: 80% of the original 400 plots were sampled randomly and used to build the
model, and the remaining 20% were then used to make predictions with the model
obtained. This process was repeated 100 times and the predicted values were

compared with the observed values in each iteration, thereby obtaining a bootstrapped
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estimate of the model’s predictive accuracy. The goodness of fit was assessed using
Spearman’s rank correlation coefficient (p) (Potts and Elith, 2006). The correlation
was considered to be weak for 0 < p < 0.25, fair for 0.25 < p < 0.5, moderate for 0.50
< p <0.75, and strong for p > 0.75 (Colton, 1974).

Predicted abundance
0
]1-2
]2-5
]5-15
B 15 - 50
I 50 - 100
I 100 - 200
I 200 - 1000
I 1000 - 2000
I 2000 - 4468

Predicted presence probability

— High: 0,987
Low: 0

15 Kilometers

Fig. 2 Distribution models of (a) the presence probability and (b) the predicted abundance of
Pectenia plumbea in Cabafieros National Park based on the habitat suitability model.

Predictions were made for the whole of Cabafieros National Park (40.828 ha),
where we randomly established 1200 plots (50 x 50 m) in the region (Fig. 1) and
extracted the same variables used to model the presence and abundance of the species.
Thus, by substituting the real values of the variables in the averaged models, we
obtained predicted values for the presence probability and abundance in every plot.
For the averaged presence model, an inverse logistic transformation was applied: p =
e¥/1+e", where Y is the linear predictor obtained from the model, in order to transform
the predictions from the logit scale to the probability scale (Gibson et al., 2004). Using
these values, we obtained two corresponding maps for the predicted presence

probability and abundance (Fig. 2), where the gaps among plots were filled with
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intermediate averaged values from the records obtained. Interpolation was performed
using the Kriging technique for spatial data with a spherical semivariogram model in
ArcGis v.10.2.2 (ESRI, Redlands, CA, USA).

To address the main question in this study, we had to verify the
correspondence between the predictions made for the 1200 plots and reality. Clearly,
it was not possible to visit all of them due to logistic reasons, so we initially aimed to
survey 80 plots, which corresponded to 20% of those selected to validate in-sample
the abundance model. Thus, due to an excess of zeros in the predictions obtained, we
established three cut-off values for the presence probability (0.2, 0.5, and 0.8), and
randomly selected plots inside each rank: 0-0.2: 20 plots, 0.2-0.5: 18, 0.5-0.8: 18,
and 0.8-1: 15. One of the two zones with intermediate and high predicted probabilities
and abundances in the National Park (Fig. 2) was an area where entry was prohibited
because it was a nesting site for the cinereous vulture (Fig. 1), so it had to be excluded.
Finally, we visited 71 plots due to logistic reasons and a lack of high probability (p >
0.8) plots. Every tree was examined inside each plot to determine the presence of P.
plumbea and to estimate its abundance per plot. Again, we used Spearman’s rank
correlation coefficient (p) to test the similarity between the predicted and observed
abundance values (Potts and Elith, 2006). In the presence of P. plumbea, the amount

of similarity was treated as a percentage.

RESULTS
Environmental variables

The 400 modeled plots comprised a wide range of different environmental conditions,
which represented the heterogeneity of the study area (Table 1). For example, in terms
of the topographic and climate variables, there were very high variations in altitude
(754 to 1305 m a.s.l.), slope (6% to more than 37%), annual precipitation (622 to 805
mm), and mean annual temperature (10.3°C to 13.8°C). For the habitat loss and

fragmentation variables (Table 1), the study area also exhibited high variability,
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including plots with forest area, high contrast matrix, and intermediate contrast matrix
ranging from 0% to 100% (2500 m?) of the total cover. The number of forest
fragments varied from 1-9 per plot. The environmental range considered for modeling
was generally covered by the 1200 prediction plots (Table 2).

Presence and abundance of P. plumbea

P. plumbea was present in 188 out of the 400 initially selected plots and 19943
individuals were recorded in total. The abundance per plot was highly variable,

ranging from zero individuals to over 1600 in one plot (Table 1).

The model selection process (Table 3) showed that both the presence and
abundance of P. plumbea were explained by very similar models, with reasonably
good explanatory power (R? = 0.41 and 0.52, respectively). According to model
averaging (Table 4), the species presence and abundance increased with temperature,
precipitation, and altitude. The forest area and edge also had positive effects, but the
negative effect of the interaction between them showed that the edge effect became
undesirable as the amount of habitat increased. In addition, the abundance was
positively influenced by increases in the slope. Excluding the forest edge, the variables
included in the models with direct relationships with the fragmentation process did

not influence the presence and abundance of P. plumbea.

We used the AUC to evaluate the predictive power of the models where the
value was 0.878, and thus a priori, we would be correct 87.8% of the time when
validating the species presence/absence in a prediction plot. The sensitivity (true
positive rate) was 79.46%, and the specificity (true negative rate) was 79.57% with a
standard cut-off value of 0.5. The reliability of the predictions made by the abundance
model was 72.6% (p = 0.726) according to the correspondence between the observed

and in-sample predicted values.

Maps of the predicted presence and abundance throughout the National Park
(Fig. 2) showed that most of the area contained low quality habitat for P. plumbea

(presence probability < 0.1), and only 15 out of 1200 prediction plots had recorded
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presence probabilities > 0.8. Two zones were predicted with favorable habitats for P.
plumbea: (1) the northwestern area, with a very high presence probability close to one
and the highest predicted abundance values; and (2) the mid-eastern area of the park,
with a medium to high presence probability and intermediate predicted abundance

values.

Field validations of the predictions yielded a success rate of 80.3% for
presence using a cut-off value of 0.5. However, the cut-off value that maximized the
success (87.3%) was 0.44 (Appendix S1), which was very similar to the success rate
predicted by the AUC. The validation of the abundance predictions yielded a
correlation of p = 0.67 (Appendix S2), which was very similar to the rate predicted
by the cross-validation technique, although smaller. The presence and abundance
model predictions agreed, but it should be noted that the field observations of the

abundance had a weaker fit with the predicted values.

Reproductive stages

In total, 14563 individuals exhibited sexual reproduction (= apothecia), 1228
exhibited asexual reproduction (= isidia), and 4152 were in the juvenile stage, which
corresponded to a ratio of ~12:1:3.5 (Table 1).

Both sets of models for the sexual and juvenile stages had high explanatory
power (R? = 0.75 and 0.67 respectively), but that for the abundance of the asexual
stage was low (R? = 0.18) (Table 3). For the model-averaged estimates (Table 5), the
abundance of the sexual stage was positively affected by forest area, temperature,
precipitation, altitude, and slope, with a negative influence only for the interaction
between forest area and edge. The asexual stage was favored by the altitude, forest
area, and edge, but the interaction between these two variables had a negative effect.
Finally, the only negative factor for juveniles was a northern aspect, whereas

temperature, precipitation, and altitude favored their abundance.
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Table 2 Values of the environmental variables (mean + SD, minimum, and maximum) extracted from the 1200 prediction plots ranked by presence
probability ranges. Probability values were obtained after extrapolating the real values of the variables in the presence model. Only variables with
statistical relevance after model averaging are shown.

Presence probability 0<P<044 0.44<P<0.80 0.80<P<1

Mean £ SD Min. Max. Mean £ SD Min. Max. Mean £ SD Min. Max.
Forest area (m?) 230.46 £ 431.51 0.00 2500.00 1279.94 £ 694.12 153.56 2500.00 1497.92 £ 563.76 163.40 2500.00
Forest edge (m) 150.96 + 77.10 0.00 437.78 198.98 + 79.37 0.00 385.91 172.62 + 93.08 0.00 323.84
Temperature (°C) 13.98 +0.71 9.70  15.10 12,50 £ 0.95 10.20 13.80 11.99 £ 0.75 10.30 13.10
Precipitation (mm) 635.90 £54.94 537.00 860.00 739.6 + 50.3 655.00 832.00 791.30+£30.71  739.00 866.00
Altitude (m.a.s.l.) 784.09 £130.84 537.51 1391.76 1025.65 +£ 138.20 817.60 1319.48 1144.05+112.64 956.01 1406.04
Slope (°) 11.56 + 7.92 0.47  38.33 22.67+5.44 940 34.72 23.13+5.64 1230 29.78
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Table 3 Best fit models for each of the response variables (a—e) after AlC.-based model selection. Only models where AAIC. < 2 are presented and
they are considered to be equiprobable. Response variables relative to sexual stages (c—¢) as the abundances in each stage. R%: percentage of variance
explained, AIC.: relative goodness of fit, wi: Akaike weight (relative importance). FA: forest area, E: forest edge, FD: fragment density, HCM: high
contrast matrix, Temp: mean annual temperature, Prec: annual precipitation, Alt: altitude, Asp: aspect. *The total abundance was included in the
analysis of the (c) and (e) response variables because of statistical issues.
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Explanatory variable

Habitat loss and fragmentation Climatic Topographic
FA - E FAXE FD HCM Temp Prec Alt  Slope Asp Abun* R? AIC. AAIC: wi
Response variable
a) Presence X X X X X X X - 0415 3319 0 0.32
X X X X X X - 0.410 3329 1.02 0.19
X X X X X X X X - 0416 3334 151 0.15
X X X X X X X X - 0.415 3338 191 0.12
b) Abundance  x X X X X X X - 0522 2146 O 0.49
X X X X X X X X 0.524 2147 0.93 0.31
X X X X X X X X - 0.523 2148 1.78 0.20
c) Sexual X X X X X X 0.742 1581 O 0.27
X X X X X X X X 0.748 1581 0.14 0.25
X X X X X X X X X 0.749 1582 1.28 0.14
X X X X X X X 0.743 1582 1.66 0.12
X X X X X 0.737 1582 1.70 0.11
X X X X X X X 0.743 1583 1.85 0.11
d) Asexual X X X X - 0.175 7268 O 0.32
X X X X X 0.178 7282 1.35 0.16
X X X X X - 0.177 7286 1.74 0.14
X X X X X - 0.176 7287 1.84 0.13
X X X X X 0.176 728.7 1.86 0.13
X X X X X X - 0.185 728.8 1.98 0.12
e) Juvenile X X X X X X 0.672 1204 O 0.56
X X X X X X X 0.673 1206 1.83 0.22
X X X X X X X X 0.677 1206 1.84 0.22
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Table 4 Model-averaged estimates of the best fit models for the presence and abundance of Pectenia plumbea. Statistics include the standard errors
(SE) and 95% confidence intervals. Bold indicates the estimates with confidence intervals that did not include zero. FA: forest area, E: forest edge,
FD: fragment density, HCM: high contrast matrix, Temp: mean annual temperature, Prec: annual precipitation, Alt: altitude.

Presence Abundance

Estimate SE Upper 95% Lower 95% Estimate SE Upper 95% Lower 95%
Intercept -50.645 7.282 —36.446 —64.845 -64.019 4.061 -56.100 —71.938
FA 0.003 431 x 10 3.60 x 103 1.91x 1073 2.69 x 1073 291 x10* 3.26 x 1073 2.12 x 1073
E 0.015 0.004 0.023 0.006 0.014 0.003 0.020 0.008
FAXE —6.27x10°% 272x10°6 976 x107 -1.16x10°° —6.13x 10°° 1.90 x 108 9.84 x 108 2.41 x10°8
FD —-15.098 36.190 55.472 —85.669 —-25.086 23.170 20.096 —70.267
HCM 2.27 x 10 2.95x 10 8.01 x 10 -3.48 x10* 1.32 x10* 2.15x10* 5.51 x 10* -2.87 x 10
Temp 1.430 0.249 1.915 0.945 1.900 0.154 2.201 1.599
Prec 0.025 0.005 0.035 0.014 0.035 0.003 0.041 0.029
Alt 0.010 0.002 0.013 0.006 0.012 0.001 0.014 0.010
Slope 0.059 0.034 0.125 —0.008 0.060 0.025 0.109 0.011
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Table 5 Model-averaged estimates of the best fit models for the three sexual stages of P. plumbea. Statistics include the standard errors (SE) and 95%
confidence intervals. Bold indicates the estimates with confidence intervals that did not include zero. FA: forest area, E: forest edge, FD: fragment
density, Temp: mean annual temperature, Prec: annual precipitation, Alt: altitude, Asp: Aspect. Abun*: The total abundance was included in the

analysis because of statistical issues.

Sexual Asexual Juvenile
Estimate SE Unper Lower Estimate SE Upper Lower Estimate SE Upper Lower
95% 95% 95% 95% 95% 95%

Intercept  —26.506 3.144 -20.375 -32.637 -9.103 16.590 23.247 —41.454 -31.378 3.303 —24.937 -37.819
FA 0.001 2.96x10™* 0.001 7.52x10°° 0.003 0.001 0.004 0.002 4.73x10™ 2.44x10“  0.001 -2.83x10°®
E 0.005 0.003 0.011 -0.002 0.022 0.007 0.035 0.010 0.005 0.003 0.010 -0.001
FAxE —-3.10x10°® 1.47x10°® -2.37x10°®  -596x10°®  -1.12x10°° 3.81x10°% -3.76x10°® -1.86x10°  -2.56x10°® 1.53x10° 4.28x107 -5.55x10°
FD -28.598 30.220 30.331 -87.527 - - - - - - - -
Temp 0.964 0.110 1.179 0.749 -0.832 0.997 1.112 -2.775 1.149 0.118 1.379 0.919
Prec 0.015 0.002 0.019 0.010 -0.011 0.020 0.029 -0.051 0.019 0.002 0.024 0.015
Alt 0.005 0.001 0.006 0.003 0.010 0.002 0.013 0.006 0.004 0.001 0.006 0.003
Slope 0.035 0.018 0.071 3.60x10™* 0.024 0.044 0.110 -0.061 0.011 0.018 0.046 -0.025
Asp - - - - 0.271 0.360 0.973 -0.431 -0.296 0.129 -0.045 -0.547
Abun* 0.005 3.61x10* 0.005 0.004 0.004 3.49x10“ 0.005 0.003
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DISCUSSION

Our results indicate that the scarce presence and abundance of P. plumbea in the center
of the Iberian Peninsula depends on human factors related mainly to habitat loss, as
well as a specific combination of environmental conditions that favor the growth of
P. plumbea. This species is a cyanolichen with an oceanic world distribution, but it
can live in the middle of the Spanish Mediterranean region, which is an area
dominated by a severe summer drought and very distant from the oceanic conditions
characterized by a narrow annual temperature range and more constant humidity
throughout the year. Thus, in our study area, P. plumbea needs to grow in locations
with warmer temperatures and higher annual precipitation. In the Montes de Toledo
range, this combination of characteristics is found in the mid-slopes and higher zones
of the deep valleys with steep slopes, where the forests grow on stony ground. Stony
slopes are mainly a good thermal insulator and they also reduce water loss by direct
evaporation from the ground because the discontinuities among the loose stones act
as air chambers to prevent the ground water from rising via capillarity (Sanchez,
1991). Moreover, during the winter and colder months of the autumn and spring, the
mean temperature in the valley bottoms is often lower than that in the mid-slopes and
sometimes even at the tops of the mountains because cold air accumulates in the valley
bottoms during the night (typical of thermal inversion) (Anquetin et al., 1998; Leukauf
etal., 2015).

In addition, due to the long history of land use in this area, the best-preserved
forests are situated on the steeper slopes of the mountains because these areas have
always been treated as unproductive land (Galante and Marcos-Garcia, 2013). These
forests are located in the steeper areas of the mountains and they have not been
subjected to any type of exploitation for hundreds of years. Therefore, P. plumbea is
more abundant in areas with steep slopes and high altitudes in deep valleys, where
greater forest continuity occurs at a spatio-temporal scale. P. plumbea requires low
light conditions and liquid water for photosynthesis (Lange et al., 1988; Gauslaa and
Solhaug, 1998), which are found in well-preserved forests in the Mediterranean region

(Martinez et al., 2014). Thus, the positive effects of the slope and altitude on the
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presence and abundance of P. plumbea demonstrate the importance of forest stability
for P. plumbea. This indicates that the inaccessibility of forest stands and
environmental continuity under stressful climatic conditions in the Mediterranean
region could provide the environmental quality required for colonization by P.

plumbea.

We also showed that P. plumbea is not limited by dispersal because it could
colonize most (87.3%) of the good quality forests predicted by the SDM in the vast
area studied. The abundance predictions were similar to the presence predictions, but
the match between the predicted and real abundance values was weaker (67%
correspondence). Abundance is usually more difficult to predict (Howard et al., 2014)
because it includes more variance than the presence alone (0 or 1), and more factors
generally affect its final value. Variables related to habitat fragmentation (number of
fragments or different types of matrix) did not affect the presence and abundance of
P. plumbea, except the forest edge had a positive effect. This may be related to the
high ability of P. plumbea to disperse among forest fragments and pass through
different matrices, which is associated with its high capacity to reproduce via sexual
spores. Ascospores are much smaller than asexual isidia, and thus they can travel
much further on wind currents (Norros et al., 2014; Ruete et al., 2014). The production
of a large amount of spores is also related to the effective colonization of suitable
scattered substrata over long distances throughout the landscape (Lonnell et al., 2014).
This may also apply to P. plumbea, which can produce apothecia from a relatively
small thallus size (Martinez et al., 2014). Clearly, the colonization process is easier
when the connectivity is higher (Snéll et al., 2005) and the exposure period of forests
to colonization is longer (Gjerde et al., 2015). However, with low habitat availability
over space and time, the particular traits of species may allow them to overcome these
problems, so their occurrence may depend almost exclusively on the amount and

quality of forests.

Thus, based on the habitat occupancy pattern of P. plumbea, we elucidated its
establishment limitations and confirmed that they are due mainly to a lack of

environmental quality in the non-colonized forests. We assumed that the propagules
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are dispersed throughout the landscape and that they have sufficient germination
capacity to colonize all of the medium and high quality forests. Previously, it was
demonstrated that P. plumbea exhibits low photobiont selectivity (Otalora et al.,
2013), which should facilitate the establishment of the dispersed spores. However, the
low presence detected in the study region can only be due to problems during
establishment, as found for other lichen species that are not limited by dispersal
(Lattman et al., 2009; Gjerde et al., 2015). Given the restricted environmental
requirements identified for P. plumbea in this study, small changes in the
environmental conditions might hinder the critical phases during establishment, i.e.,
spore germination or finding a compatible photobiont strain, which requires further

study.

The analysis of fragmentation per se (sensu Fahrig, 2003), i.e., the exclusive
effects of habitat fragmentation after controlling for effects caused purely by habitat
loss, generally had no influence on the presence and abundance of P. plumbea. In
practice, it is rather difficult to elucidate the effects of both processes separately (see
Didham et al., 2012 for examples and possible solutions). We included forest area in
the models as an inverse measure of habitat loss to control for this effect and we
included variables related to the edge effect, habitat subdivision, and matrix quality in
order to determine the actual response of P. plumbea to the fragmentation process.
Habitat subdivision (measured as the fragment density) and matrix quality had no
effects on the performance of P. plumbea throughout the landscape. Thus, our results
are in agreement with the habitat amount hypothesis (Fahrig, 2013), which
emphasizes the importance of the habitat amount rather than its spatial configuration
in the landscape. We also determined a positive effect of the forest edge amount on
the presence and abundance of P. plumbea, but a negative interaction between the
edge and forest area. Thus, in a situation with a critically low habitat amount, the edge
provides an advantage, and we suggest that it could act by facilitating the movement
of propagules from/to forest. A more open landscape is thought to facilitate long-
distance dispersal events for typical forest species (Nathan et al., 2008), as well as

presenting a larger landing surface to increase the probability of capturing a dispersed
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propagule (Lomolino, 1990). However, when the habitat amount increases, any
positive effect of the edge is diluted by the greater benefits provided by the forest core
area, as demonstrated in Mediterranean epiphyte communities (Cardos et al., 2016).

Studying dispersal by tracking single spores is logistically difficult at present.
However, producing SDMs and assessing their suitability using an independent data
set is a reliable method for examining dispersal limitations in any species. SDMs are
useful if they are robust (Guisan and Thuiller, 2005), which means that they must
explain a high proportion of the variance found when considering the habitat
occupancy of a species. In our study, excluding the abundance of asexual individuals
(R? = 0.18), all of the models accounted for a high percentage of the variance (0.41 <
R? < 0.75), which allowed us to extract reliable conclusions from the study system.
The most critical feature of our method was selecting a cut-off point that differed from
the standard value of 0.5 in order to assess whether a prediction should be accepted as
presence or absence. Jiménez-Valverde and Lobo (2007) recommended not setting a
threshold that might lack biological meaning, so we preferred to choose a cut-off point
that maximized success (0.44). Thus, this was the most meaningful value for this
species, model, and territory, and it must be reconsidered when predicting the
presence of this species in new regions close to the study area when conducting future

conservation studies of P. plumbea.

Reproductive stages

The three reproductive stages of P. plumbea were affected differently by the
environmental factors, which may be an advantage for exploiting different niches and
the successful colonization of scarce habitats. The abundance of the sexual and
asexual stages was favored by a greater amount of forest because the optimal
conditions for reproduction by P. plumbea are found inside forests (Martinez et al.,
2014) and obviously the number of reproductive individuals will increase when more
habitat is available. In addition, sexual individuals were more frequent with a

favorable climate and steeper slope, where both factors are connected to the
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requirement for environmental stability. Sexual apothecia take a longer time to appear
for the first time than asexual isidia in juvenile individuals (Lobel et al., 2009;
Martinez et al., 2014), which could explain the demand for continuity. This is not the
case for asexual individuals, so they were not affected by the climate or slope, and
they only preferred forest edges. It is possible that the production of isidia may be
preferred in a more unfavorable environment when growing close to the forest edge.
Asexual propagules are large and thus they disperse less well, but they have the
benefits of carrying the photobiont and a larger quantity of resources, which allows
them to establish much more easily in adverse conditions (Lébel and Rydin, 2010).
Matos et al. (2015) found that epiphyte species with isidia were more frequent in the
most arid part of a gradient in the Iberian Peninsula. Moreover, Martinez et al. (2012)
detected a higher frequency and abundance of isidia in Lobaria pulmonaria
individuals on tree trunk portions closer to the canopy where the radiation and
temperature were higher but the humidity was lower. The forest edge satisfies these
requirements better, so this may explain why the more adverse forest edge
environment favored the presence of asexual P. plumbea individuals. The abundance
of juvenile individuals was only affected by abiotic factors, rather than the forest area
or edge. In epiphytic lichens, the juvenile stage is more susceptible to environmental
conditions, even very small changes (Ott, 1987), so it is assumed that even the forest
cover could not mitigate the unfavorable climatic conditions in our study. Moreover,
counterintuitively, the juveniles were more numerous in southern oriented plots, and
thus development to the subsequent mature stages may have been prevented by the

drier and sunnier south-facing plots decreasing the growth rate.

Conclusions

Based on the results of this study, the most plausible explanation for the habitat
occupation pattern of P. plumbea in Cabafieros National Park is attributable to the
period of forest stability during recent decades, without the creation or destruction of

large forest areas. This may have allowed P. plumbea to reach the balanced occupation
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level recorded throughout the entire available habitat in this study. However, P.
plumbea is a cyanolichen with an oceanic distribution and it is in a critical condition
in the center of the Iberian Peninsula despite its lack of dispersal limitations. Its
presence in an adverse area depends on its ability to find a narrow environmental
equilibrium with warm temperatures, high precipitation, and low continental
conditions. These requirements only occur in the dense and well-preserved forests
located in the mid-slopes of the deep valleys in the Mediterranean mountain ranges,
and all of these areas can be tracked throughout the landscape due it dispersal ability

via spores.
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SUPPLEMENTARY MATERIAL

Appendix S1. Real (= observed) versus predicted presence of Pectenia plumbea in Cabafieros
National Park, 0.5 and 0.44 cut-off probability values are marked by dashed and solid lines,
respectively (n = 71 plots).
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Appendix S2. Real (= observed) versus predicted abundance values of Pectenia plumbea in
Cabafieros National Park (n = 71 plots).
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Chapter 4: Photobiont selectivity patterns in Pectenia plumbea

ABSTRACT

To detect possible establishment limitations, we studied ascospore germination and
photobiont association in the cyanolichen Pectenia plumbea (Pannariaceae,
Peltigerales) in temperate and Mediterranean oak forests of Spain. In order to
reestablish the lichen symbiosis, fungal spores must first germinate and then associate
with a compatible photobiont. Germination tests were made with ascospores from 500
apothecia. Not a single ascospore germinated within the two-month trial (with 32
different treatments). Then 192 isolates of the Nostoc photobiont were obtained from
24 thalli. While 82% of isolates were still alive after six months on the growth
medium, none of them had grown significantly nor produced motile hormogonia. In
order to determine the genotype identity of the Nostoc cyanobionts we obtained
tRNAMY(UAA) intron sequences from 30 P. plumbea thalli from 1 population. We
also sequenced Nostoc cyanobionts of 41 specimens of other cyanolichen species from
the same habitat and 58 Nostoc free-living colonies cultured from bark samples. The
results indicated that P. plumbea shares Nostoc genotypes with two other cyanolichen
species. Only one of them reproduces asexually via small thallus fragments and is
suspected to facilitate the establishment of P. plumbea by dispersing appropriate

cyanobionts into new habitats.
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INTRODUCTION

Lichens are symbiotic consortia composed of one primary fungal partner (mycobiont)
and one or more photosynthetic partners (photobionts), either cyanobacteria or green
algae or sometimes both. Also many other fungal and/or bacterial symbionts can take
part in the symbiotic consortium (U’Ren et al. 2012; Werth et al. 2013;
Aschenbrenner et al. 2016; Spribille et al., 2016). In sexually reproducing lichens the
associations between different symbionts must be reestablished after reproduction.
Thus, each germinating fungal spore must associate with a compatible photobiont in
order to initiate thallus morphogenesis. This is not the case in symbiotically
reproducing lichens, which can disperse all partners of the symbiosis into new habitats
within specialized vegetative propagules.

In some cyanolichen species, the mycobiont only associates with one specific
cyanobacterial genotype. In most cases, the mycobionts are more promiscuous but
generally still only rely on a rather restricted pool of closely related photobionts, some
of which may be shared by several other mycobiont species. Lichen photobionts are
usually much less selective, with individual photobiont genotypes commonly

associating with several fungal taxa (see Rikkinen 2013 for detailed review).

Rikkinen et al. (2002) proposed that cyanolichen mycobionts that share the
same photobiont may commonly obtain compatible photobionts from each other thus
forming photobiont-mediated guilds. Within such ecological communities, all fungal
species are horizontally linked by shared photobiont specificity, but can have different
roles in function of their reproductive strategy (Rikkinen, 2003; Belinchon et al.,
2015; Cornejo & Scheidegger, 2016). Some lichens may function as ‘core species’ by
producing large quantities of symbiotic propagules with photobionts that are
potentially available also to ‘fringe species’, which only produce fungal spores and do
not disperse photobionts themselves (Rikkinen et al., 2002; Rikkinen 2003). Core
species have the potential to effectively modulate the occurrence of fringe species

(Belinchon et al., 2015), and their facilitative role is expected to be especially
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important in cases where the photobionts are not able to establish free-living
populations. While a wide diversity of free-living cyanobacteria occurs in terrestrial
habitats, most free-living forms do not establish symbiotic associations with lichen-
forming fungi (Rikkinen et al., 2002; Hedenas et al., 2007; Rikkinen & Virtanen,
2008; Rikkinen, 2013).

Pectenia plumbea (Lightf.) P.M. Jarg.et al. is an oceanic cyanolichen species
with a continuous but very scattered range along Europe. In the Atlantic coast the
species is more frequent, although lastly has declined drastically due to human
activity, while in the southern margin there are still good populations but they are very
distanced from each other (COSEWIC 2010). In central Spain, the species has been
listed as vulnerable due to loss and fragmentation of habitat during the past decades
(Martinez et al., 2003). Most Spanish populations are small (Martinez et al., 2014)
and exhibit low genetic diversity (Otélora et al., 2013), and the lichen has not been
found from many seemingly suitable forest habitats prospected during recent field
surveys. Reasons for this absence are not well understood as the lichen produces
ascospores which should have a high dispersal ability — and the mycobiont is not

believed to be extremely restricted in its cyanobiont choice (Otélora et al., 2013).

Based on high reciprocal genetic differentiation and low genetic diversity of
Pectenia plumbea in central Spain, Otélora et al. (2013) suggested that the long
distance dispersal of the lichen might be limited. Still, the abundant production of
ascospores suggests that the mycobiont should be able to effectively reach suitable
habitats within the forest landscape (Cardds et al. in review), and that the lichen might
rather experience difficulties in ascospore germination and/or finding a compatible
photobiont. Ascospores of most cyanolichens do not readily germinate under
laboratory conditions (Crittenden et al., 1995; McDonald et al., 2013), and may
require the presence of compatible photobionts to induce germination and further

growth.
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The cyanobionts of Pectenia plumbea belong to a monophyletic lineage of
Nostoc found in all cyanolichens of the Nephroma guild (Rikkinen et al. 2002; Myllys
et al., 2007; Kaasalainen et al. 2015). Although widespread in Nephroma guild
cyanolichens these cyanobionts have not been observed to establish free-living
populations (Rikkinen, 2013). Attempts to bring them into pure culture have been
unsuccessful (Jordan & Rickson, 1971; Kardish et al., 1989), and the cyanobionts do
not appear to produce hormogonia, i.e., short, small-celled filaments that move by
gliding, are attracted to certain sugars, and can play a central role in the establishment
of many cyanobacterial symbioses (Adams et al. 2013; Rikkinen 2016).

In this study we determine cyanobiont diversity of Pectenia plumbea and
several associated epiphytic cyanolichen species in the Iberian Peninsula and focus on
two critical phases of the lichen life cycle: ascospore germination and photobiont
recruitment. We analyze A) photobiont diversity of nine Pectenia populations in
different parts of Spain, B) photobiont diversity of other epiphytic cyanolichen species
sharing the same habitat, C) germination of Pectenia ascospores, and D) diversity and
growth of Nostoc cyanobionts isolated from Pectenia thalli and their epiphytic
substrates. The study is done to identify the factors that most likely limit the

establishment of the threatened lichen species in the Spanish forest landscape.

MATERIAL AND METHODS
Study sites

Nine Spanish forest sites with Pectenia plumbea populations were studied, four (I-
IV) in the northwestern part, three (V-VII) in the central part, and two (VII1-IX) in
the southeastern part of the country (Supplementary Fig. S1). All studied forests are
unmanaged and have a closed canopy of native old-growth trees (Otélora et al. 2013,
Martinez et al. 2014, Otélora et al. 2015, Cardds et al. 2016).
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Diversity and growth of lichen-symbiotic and free-living cyanobacteria

To determine the overall level of cyanobacterial diversity in Pectenia plumbea in the
Iberian Peninsula we first sampled 3—4 Pectenia thalli collected from each of the nine
forest sites (Table S1). After this we sampled intensively on one 15x15 m study plot
established at site V (Gargantilla) in Central Spain (Fig. S1). The study plot had 21
standing trees, 17 of which had Pectenia plumbea and/or other epiphytic cyanolichens
growing on the trunk. Two 10x10 cm grids were placed on each tree: one at breast
height (130 cm) and the second close to the trunk base, but avoiding the lowermost
section with terricolous lichens and bryophytes. One specimen of each cyanolichen
species present on each grid was collected for DNA analysis, adding up to a total of
71 cyanolichen specimens from 31 grids on 17 trees (Table 1). After sampling we
checked that the sampling had indeed captured all epiphytic cyanolichen species
present on the study plot and its immediate surroundings.

To determine cyanobacterial diversity in the substrates of the epiphytic
cyanolichens we isolated cyanobacteria into culture from substrate samples collected
from each of the 42 grids. A mixed sample of exposed bark, epiphytic bryophytes,
and/or green algal lichens was collected from each grid. Cyanobacteria within the
substrate were brought into culture by touching the sterile surface of solid growth
medium (nitrogen-free Z8) with small pieces of substrate. The cultures from each grid
were incubated at room temperature and indirect daylight for 68 days. The emerged
cyanobacterial colonies were first classified according to shape, size, and color under
the dissecting microscope. Only colonies corresponding to Nostoc (with non-branched
isopolar trichomes, spherical or cylindrical cells, and heterocysts) were studied
further. From these colonies, 17 isolates that had not produced hormogonia but rather
formed dark green, pearl-shaped colonies (‘Nostoc punctiforme’) were first selected
for DNA extraction. After this, DNA was extracted from 41 other colonies that

represented other Nostoc-like colony morphologies that had developed on the plates.
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Table 1. Genetic identity (tRNA UAA intron) of the symbiotic Nostoc from all the lichen
species of the community at site V (Gargantilla). Files represent the place on each tree (base
or bole) where the specimen of each species (columns) was sampled. The underlined species
reproduce sexually, and the not underlined reproduce asexually (the photobiont is dispersed
within the propagule). The abbreviated species are: Pectenia plumbea, Nephroma laevigatum,
Fuscopannaria mediterranea, Collema furfuraceum and Dendriscocaulon umhausense. The
short dash represents that the species was not present at that sample unit.

Genotype legend: 0 Al, A A2, O A3, < Bl

P. plumbea N. laevigatum F. mediterranea C. furfuraceum D.umhausense

Treel Base A O - - -
Bole A O - -
Tree 2 Base - - - -
Bole
Tree 3 Base
Bole
Tree 4 Base
Bole
Tree 5 Base
Bole
Tree 6 Base
Bole
Tree 7 Base
Bole
Tree 8 Base
Bole
Tree 9 Base
Bole
Tree 10 Base
Bole
Tree 11 Base
Bole
Tree 12 Base
Bole
Tree 13 Base
Bole
Tree 14 Base
Bole
Tree 15 Base
Bole
Tree 16 Base
Bole
Tree 17 Base
Bole

>
(ONON
>

N N S
N 2N 2 I e
O+ O + v

1 O 1
+ O

2 2N el ull SN S S = S S A 1
>POP - pOP  POP ' O | 4
O O v v v v O
S T R T S RIS SR
. . > . A

-177 -



Chapter 4: Photobiont selectivity patterns in Pectenia plumbea

To determine photobiont growth, we again used the wider geographic
sampling and collected 24 fresh Pectenia plumbea thalli from the nine populations
(2—4 specimens per population). In the laboratory cyanobacterial photobionts were
isolated after carefully removing the upper cortex of the dry lichen specimens with a
sterile needle. From each thallus, eight minute fragments of the photobiont layer
(0.01-0.04 mm?) were placed separately on petri dishes with nitrogen-free Z8
medium. The isolates were kept at room temperature under indirect daylight and
periodically checked for photobiont growth and/or production hormogonia during the
following six months. To document growth, all cyanobacterial isolates from studied
sites V, VI, and VII (16 isolates obtained from two Pectenia thalli from each site)
were photographed on the day of isolation and again after 50 days of culture. As a
growth control we repeated the same isolation procedure for two terricolous
cyanolichen species, Peltigera canina (L.) Willd. and Peltigera praetextata (FIorke)
Vain., collected from localities V, VI and VII. The eight cyanobacterial isolates from
six specimens of each Peltigera species were placed into the same growth conditions

as those from Pectenia isolates.

The initial and final size of the photobiont isolates was quantified using
ImageJ v.1.49 (Rasband, 1997-2015), and the relative area growth rate (RAGR) was
calculated using: RAGR (mm? cm?2day?) = In (A¢/ Aj) / At x 100, where A¢is the
final area, Aithe initial area and At is the experiment duration (Evans, 1972). To
determine the statistical significance of differences in the RAGR between
cyanobacterial isolates from P. plumbea and the Peltigera species, we used ANOVA

and included collection site and lichen thallus as explanatory factors.

Germination of fungal ascospores

To determine ascospore germination we obtained fresh ascospores from two Pectenia
plumbea populations (VI and VII) in central Spain. These sites have the greatest

abundance of the species of all known localities in the Mediterranean region (Martinez
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et al., 2014). From each population, small thallus pieces including apothecia were
collected from 25 lichen thalli. A total of 500 apothecia (10 from each lichen
specimen) were cleaned and washed following Yoshimura et al. (2002). Seven
apothecia per petri dish were attached with petroleum jelly to the lid under sterile
conditions. The distance from the apothecial surface to the culture medium was 1-2
mm. The petri dishes were then inverted, and stored in the dark at 20°C, and apothecia
were let to discharge ascospores upwards to the medium.

We used four different media for the germination experiments: Agar, MYA,
LBM, and BBM (YYoshimura et al., 2002), and each medium was used to make four
different liquid preparations as follows. A) Preparation with bark extract of bark
collected from the same tree on which the lichen specimen had grown. The extract
was prepared following the protocol of Stocker-Worgotter & Turk (1991), but
substituting the 500 g soil with 250 g bark. B) Preparation with lichen extract made
by crushing and boiling Pectenia plumbea thallus fragments. The concentration of
Nostoc cells in the extract was adjusted to 0.2 g I, which was previously found to
promote ascospore germination in some cyanolichens (Scott, 1964). C) Preparation
with the absorbent cyclodextrin (10 g 1), which was previously found to induce
ascospore germination in some cyanolichens (Denison, 2003). D) Preparation with

distilled water as control.

The quantity of discharged ascospores was registered every 24 h. After 72 h
no new discharges occurred and the lids with apothecia were replaced by sterile lids.
All ascospore cultures were kept in sterile conditions at 18-21° C, and the dishes were
checked every 72 h for 60 days for any evidence of spore germination. The possible
effect of light on germination was studied by exposing the cultures to two contrasting
light regimes: half of the plates were kept in total darkness and the other half exposed
to normal daylight cycle (16 h photoperiod, 100 umol photons m? s?). As a
germination control, we placed four Xanthoria parietina (L.) Th. Fr. apothecia on four
different petri dishes and exposed them to the same growth conditions as the dishes

with Pectenia apothecia.
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Molecular data

We used the cyanobacterial intron (trnL) disrupting the tRNAX UAA gene for
determining genetic diversity of cyanobacteria in lichen thalli and cyanobacterial
cultures (Paulsrud & Lindblad 1998; Costa et al. 2002; Olsson et al. 2012; Kaasalainen
et al. 2015).

DNA from cyanolichen specimens was extracted using GeneJETTM genomic
purification kit (Fermentas, Helsinki). The trnL genes from lichen specimens were
amplified using the primers tRNALeu outF and outR (Paulsrud & Lindblad 1998).
PCR amplifications were performed using Master Mix (Qiagen) in a 50 pl volume,
containing 4 pl of diluted genomic DNA, 1 ul of each primer (50 uM), 10x buffer, 10
mM dNTPs (Fermentas, Helsinki), 20 mg/ml BSA (Fermentas, Helsinki), and 2U/ul
Dynazyme Il (Fermentas, Helsinki). Amplifications were performed as follows: initial
denaturation at 94°C for 3 min, followed by 4 cycles of 94°C for 30 sec, 55°C for 30
sec, 72°C for 2 min, followed by 26 cycles of 94°C for 30 sec, 60°C for 30 sec, and
72°C for 2 min, with final extension of at 72°C for 10 min. The PCR products were
purified using GeneJetTM PCR Purification Kit (Fermentas, Helsinki). After
sequencing the chromatograms of all sequences were checked using EbioX (version
1.5.1) and aligned by MAFFT (version 7).

The trnL genes from cyanobacterial cultures were amplified as described in
Paulsrud & Lindblad (1998). PCR amplifications were performed using Master Mix
(Qiagen) in a 25 pl volume, containing 3 pl of diluted genomic DNA, 1 pl of each
primer (10 uM), and 20 pl of distilled water. Amplifications were performed using
the program described in Schultz et al. (2015). The PCR products were purified using
Exo-sap-IT (USB Corporation, Santa Clara, California, USA). The purified PCR
products were sequenced using the same amplification primers. The sequences from
cyanobacterial cultures were assembled and edited using Sequencher v. 4.10.1.

(Genes Codes Corporation, Ann Arboar).
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-39.77 kcal/mol

-33.10 kcal/mol -32.25 kcal/mol

-50.82 kcal/mol

-38.75 kcal/mol

Figure 1. Folding of the ‘Nephroma guild’-type P6b regions for the genotypes A1-A6. The
genotypes A5 and A6 differ in one nucleotide but the folding yielded is identical. The genotype
A4 was only found as free-living. The nucleotide sequences were folded with NUPACK at
20°C, and below each stable structure is indicated the Gibbs free energy (AG).

RESULTS
Cyanobacterial diversity in cyanolichens

A total of 6 cyanobacterial tRNA (UAA) intron sequences were obtained (Fig. 1)
from 101 epiphytic cyanolichen thalli collected from the nine study sites (Tables 1 &
2). The length of the sequences was 350-380 bp, and a comparison with sequences
previously deposited in GenBank identified those amplified from Nostoc photobionts

of various cyanolichens as the most similar sequences, thus confirming the generic
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identity of the lichen cyanobionts. The sequences obtained from the 60 Pectenia
plumbea specimens from the nine forest sites represented five closely related Nostoc
genotypes (Tables 1 & 2). They all had a Nephroma-type Class | repeat motif in the
P6b region, and two of the genotypes (Al, A3) have been previously found from other
Nephroma guild cyanolichens (Kaasalainen et al. 2015). The sequences obtained from
71 cyanolichen specimens from the sample plot in Central Spain (Gargantilla)
included four Nostoc genotypes (Table 1 & Fig. 2). The cyanobionts of all Pectenia
thalli belonged to only three Nostoc genotypes (A1-A3), two of which were also
found in the regional sampling across the Iberian Peninsula. One of these genotypes
(the most abundant A2) was also found in all Dendriscocaulon umhausense specimens
analyzed, other (A3) in all the Fuscopannaria mediterranea, and the three (A1-A3)
were also found in all the Nephroma laevigatum specimens analyzed (Table 1). The
cyanobionts of the six Collema furfuraceum specimens belonged to a distinct Nostoc
genotype (B1) that had a Collema-type Class | repeat motif in the P6b region (Table
1 & Fig. 2). Sequence identical cyanobionts have previously been found from some

Collema guild cyanolichens (Kaasalainen et al. 2015).

Diversity of cultured cyanobacteria

A total of 58 cyanobacterial tRNA™ (UAA) intron sequences were obtained from the
cyanobacterial isolates that developed from cultured substrate samples (Fig. 2 & Table
S2). Only three of these (one isolate with Nostoc genotype A2 and two with A3) were
sequence identical to the Nostoc genotypes that were identified from thalli of Pectenia
and other Nephroma guild cyanolichens. Six cultured isolates were sequence identical
to the Nostoc cyanobiont of Collema furfuraceum. The remaining 49 isolates
represented 22 different genotypes (Fig. 2) of Nostoc or other nostocalean
cyanobacteria mostly previously unknown, and none of which have been reported to
occur as photobionts in epiphytic cyanolichens (Table S2), with the exception of one
isolate with the Nephroma-type genotype A4. They had either Class Il or Collema-

type Class | repeat motifs in the P6b region and were distantly related to the

-182 -



Chapter 4: Photobiont selectivity patterns in Pectenia plumbea

monophyletic group of Nostoc genotypes that occurs in all Nephroma guild
cyanolichens (Kaasalainen et al. 2015).

Table 2. Genetic identity (tRNA UAA intron) of the symbiotic Nostoc from 3-4
Pectenia plumbea thalli sampled in each studied site, to document the overall
photobiont diversity in the Spanish populations. Files are the different studied
populations and columns represent the different thalli sampled at each site.

Genotype legend: 0 Al, A A2, & A5, ¢ A6

Pectenia plumbea thallus #

Population Locality name 1 2 3 4
Northwest
I Muniellos O O ¢ -
I Moal O @ o -
I Monasterio de Hermo O O ¢ -
v Rebollar O O O -
Center
\% Gargantilla O A A A
\ El Chorro A A A A
Vil Navas de Estena A A A A
Southeast
Vil Sierra Madrona A A ¢ -
IX Sierra de Alcaraz O O O -

Ascospore discharge and germination

In Pectenia plumbea 34.82% of all apothecia discharged ascospores into the culture
medium. The mean production of spores per apothecium was: 29.21 (SD + 30.15, min
= 1, max = 135). While spore discharge occurred in all but two treatments and 30
different treatments could be tested, none of the 1461 studied spores germinated
during 60 days of culture. Each of the Xanthoria parietina apothecia that were used
as control discharged 100-200 spores. Over 95% of these spores had germinated after

the first seven days of culture.
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Figure 2. Frequency with which each cyanobacterial genotype has been found, as (A)
symbiotic (i. e. within a lichen), and (B) as free-living. The capital letter beside the name of
each “Class repeat motif” match with that used in Results section to group all the genotypes
of the same class. All the genotypes correspond to Nostoc, except B5-B12 in the graphic B.
Genotype #, refers only to the nomenclature used in the study, i. e., genotypes within different
classes are distinct, in spite of having the same color.
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Photobiont growth and reproduction

All 192 Nostoc cultures isolated from Pectenia plumbea thalli were alive after the first
50 days of culture, but none of them had produced hormogonia (Fig. S2). Their mean
growth rate (RAGR + SD) was 0.685 + 0.696 mm? cmday™. The growth rates of
Nostoc cyanobionts isolated from Peltigera canina and P. praetextata (controls) were
4515 + 2.623 and 2.777 + 1.390 mm? cm? day?, respectively. The observed
difference in the growth of Nostoc cyanobionts isolated from Pectenia plumbea and
the two Peltigera species was statistically significant (F=278.07, P<0.001,
R%4j=0.82). The rapid growth of Peltigera cyanobionts was attributed to the abundant
production of hormogonia (Fig. S2), which was observed in 57.14% of their isolates.
After 6 months of culture, most Nostoc isolates from Pectenia plumbea remained alive
(a few had succumbed to fungal contamination), but none of them had still produced

hormogonia.

DISCUSSION

With all the evidence collected in this study in relation to key phases of the lichens
life cycle, we have obtained revealing insights to understand why and how
constraining may be the steps for a cyanolichen spore to establish as a new thallus,

since it is dispersed.

After dispersal, the spore first must germinate to reestablish the symbiosis
with the cyanobacterial partner. We have found no evidence of spore germination
under any of the 32 culture conditions tested. Firstly, the spores were discharged
properly in a fairly normal amount (Crittenden et al., 1995). To carry out the
germination experiments we selected the most abundant (Martinez et al., 2014) and
genetically diverse (Otélora et al., 2013) populations of all known in the
Mediterranean region, in order to discard possible inbreeding problems that could

interfere with the germination, but the spores have been completely unable to
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germinate. In general, attempts to germinate cyanolichen spores have been rather
unproductive (Crittenden et al., 1995; McDonald et al., 2013). The germ tube seldom
appears, but in these cases the growth is not maintained (Crittenden et al., 1995;
Sangvichien et al., 2011). In Peltigera spp. the germination triggers when the
photobiont is added to the spores (Scott, 1964), and even in some cases the symbiosis
has been successfully reestablished with this technique (Ahmadjian, 1989; Stocker-
Worgotter & Tirk, 1991). Conversely, as we have shown here, the lack of
reproduction and the slow growth of the photobiont of the Nephroma guild
cyanolichens like P. plumbea, make difficult to achieve it in laboratory conditions. In
our case it is impossible to assume that all the P. plumbea spores are inviable, what
suggests that P. plumbea requires the presence of compatible photobionts in sufficient

amount in its habitat to be found by the spores and begin the germination process.

The P. plumbea photobiont (Nostoc) was attempted to be isolated and grown
for two reasons: to be added to the spores to observe their germination capacity, and
to know the own ability of the photobiont to spread as free-living, which should be
directly linked with its availability in the community. The photobiont isolates showed
a positive RAGR and were able to survive after the long period of culture, however
none of them produced any sign of reproduction. The Peltigera isolates used as control
also mostly survived but conversely produced hormogonia. There are no similar
studies to compare the RAGR recorded, but it is significantly much less than the
expected for a symbiotic Nostoc, if we take the Nostoc isolates of Peltigera as a
reference. The cause behind such a slow growth, and the lack of reproduction to found
new colonies, seem to be a process of genome erosion that prevent to some symbiotic
cyanobacteria to have a “normal lifestyle” (Ran et al., 2010). This phenomenon has
led along the evolution of the symbiosis, to generate Nostoc strains that have lost
autonomous growth and other capabilities for an aposymbiotic way of life. This is in
accordance with the great phenotypical changes that Nostoc cells experience in lichen
symbiosis, respect to their free-living relatives (Honegger, 1991; Rikkinen, 2002;
Sarma, 2013). The failure to complete a whole life cycle, necessarily impede to these

symbiotic Nostoc strains to spread out of the symbiosis. Consequently, they cannot
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constitute a quantitatively significant source of photobionts for the establishment of
the P. plumbea spores, nor of other lichen species that also house a Nephroma guild
Nostoc.

An adequate quantity of compatible photobionts, that would enable the
establishment of new thalli, should however be located somewhere in the community.
This is the first study to reveal at a genetic level the composition of a free-living
cyanobacterial community, in order to be compared with the lichen-symbiotic Nostoc,
to obtain conclusions on the hypothesis about facilitation in lichens. Among the huge
amount of free-living colonies, we did not expect to find symbiotic strains, thus our
sampling effort was focused on collecting all the seemingly Nephroma guild colonies
for genetic identification. Finally, even with this highly selective method, only three
out of the hundreds of colonies appeared on the culture plates, were symbiotic strains
(i. e. found also within a lichen). Based on the dependence of lichen establishment on
the density of propagules dispersed (Dettki et al., 2000), and similarly to the results
in relation to the photobiont growth, this extremely small representation of Nostoc
colonies available to be found by a spore, cannot produce the establishment of a great
number of new thalli, and presumably might not be enough for the long-term
persistence of the lichen population. These three colonies could come from some
Nostoc cells escaped from any cyanolichen thallus wound, but to do so it is required
a motile phase (hormogonia) (Boissiére et al., 1987), which is lacking in Nephroma
guild Nostoc. The most probable origin could be on the degradation of the fungal
partner of a dispersed asexual propagule (in our community F. mediterranea or D.
umhausense) or a small thallus fragment (P. plumbea or N. laevigatum, along with the
other two) of other cyanolichens (Rikkinen et al., 2002; Nelsen & Gargas, 2008;
Wornik & Grube, 2010). Once this type of colonies establishes aposimbiotically they
could remain as an epiphyte for long periods, thanks to the gelatinous sheath
surrounding the colonies, that confer a great desiccation tolerance and minimize the
damage produced by the UV radiation (Potts, 1996). The other 55 free-living colonies
sampled corresponded to one ‘Nephroma-type’ Nostoc that was not found as symbiont

in this community, 29 ‘Collema-type Nostoc (9 Nostoc and 20 to other cyanobacterial
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genera), and 25 ‘Peltigera-type’, that can be summarized in 23 different genotypes.
These results evidence that tree bark hosts a great hidden cyanobacterial diversity, and
therefore studies about lichen photobiont diversity (Hedenas et al., 2007) and lichen
facilitation (Svensson et al., 2016), should identify the colonies at a genetic level to
quantify the real availability of compatible strains, to avoid drawing unclear

conclusions.

The most plausible source of compatible photobionts should be finally found
within the lichen community, once we revealed great differences in genetic
composition between the symbiotic and free-living Nostoc. Firstly, cyanolichens are
too selective with the photobiont at a community scale, because in spite of all the
diversity registered (18 different Nostoc genotypes), only 4 different genotypes were
encountered within all the four cyanolichen species. Grouping the genotypes in
function of the Class repeat motif of the P6b region of the trnL, we can appreciate
different selectivity pattern within each guild. The lichen community is composed by
four Nephroma guild species, and they basically exploit what is available, excluding
the genotype A4 that could not be located as symbiotic. The case of C. furfuraceum,
and hence of the Collema guild, is different because it uses only one Nostoc genotype
in spite of the enormous diversity thriving in its surroundings, so it can be considered
as very highly selective (Beck et al., 2002). This results underscore the importance of
taking into account the photobiont-mediated guilds when talking about mycobiont-
cyanobiont association patterns, and gives support to a high selectivity in lichen

symbiosis at a community scale (Myllys et al., 2007; Fedrowitz et al., 2011).

Regarding species selectivity individually, we found different patterns in
function of the reproductive mode. The species reproducing sexually (N. laevigatum
and P. plumbea) are promiscuous in their cyanobiont choice, and both can utilize the
same three Nostoc genotypes. The other three asexual species (F. mediterranea, C.
furfuraceum and D. umhausense), showed no evidence of photobiont switch or
horizontal transmission, since each of them harbored their own photobiont. A lower

selectivity in sexual species could constitute an adaptive trait to enable the
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establishment (Wirtz et al., 2003; Fedrowitz et al., 2011), since they need to
reencounter the photobiont in each generation. Although it could merely be a
consequence of an obligate random recombination. The sexual species showed a clear
preference for one genotype (A2, 87% and 71% of cases respectively), which
demonstrates that one out of all the possible combinations is conferring to the
symbiotic consortium the best performance in this habitat (Werth & Sork, 2014). It is
possible that symbiotic combinations with the less frequent Nostoc genotypes (Al or
A3) might even constitute a temporal solution, until the most adequate strain can be
acquired (Ott, 1987; Beck et al., 1998). Interestingly, the genotype A2 is only
dispersed and supplied by D. umhausense, which is a species much less abundant
regionally (see the Online Appendix 1 in Cardos et al., 2016), and locally (personal
observation), than F. mediterranea, which uniquely disperses the genotype AL.
Presumably, the number of propagules dispersed with the genotype Al is greater than
A2, nevertheless, sexual species actively seek to associate with A2 in spite of its lower
availability. This demonstrates that the role of D. umhausense seems to be crucial for
the establishment of the sexual species and hence for the configuration of the
cyanolichen community. The influence of D. umhausense on N. laevigatum should be
lower because it is more able to steal cyanobionts from F. mediterranea propagules
than P. plumbea (with only one thallus with genotype A3), that would promote the
establishment of a greater number of thalli. The greater dependence of P. plumbea (a
vulnerable species) on the propagules of only one species, which in turn is a species
regionally rare, could be behind its threat status. Thus, P. plumbea could be
exclusively dependent on the occurrence of D. umhausense regionally, that can be
treated as a pioneer for sexual species, to colonize new habitats in central Spain.
Looking for additional evidence to support this idea, we revised the data obtained
from 588 plots prospected during previous abundance surveys in the Spanish
Mediterranean region (Aragén, unpublished results) and D. umhausense occurred in
111 out of the 588 plots. P. plumbea occurred only in 26, but the most illustrative is

that in 25 out of those 26 D. umhausense was also present (Table S3), which
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demonstrates that the occurrence of the first is linked to the asexually reproducing
cyanolichen.

Thus, the photobiont-mediated lichen guilds receive an important support
with all this evidence. In this case the establishment of the two “fringe species” is
quantitatively dependent on the propagules produced by a unique “core species”, that
distributes its photobiont (Nostoc) strain effectively via its asexual propagules (isidia).
The “core species” also takes advantage of this situation because a proportion of the
dispersed photobionts do not disappear at all. In opposition to species competition, it
constitutes a clear case of lichen facilitation. Here we have focused on one species (P.
plumbea) for logistic reasons, but all the conclusions can be also extrapolated to the
cyanolichen species from the Nephroma guild, because the available empirical
evidence points in the same direction (no spore germination and no photobiont
reproduction). In the case of the Peltigera guild, whose Nostoc strains indeed present
a normal growth and reproduction, these conclusions are not applicable. In view of
the possible strong influence of facilitation on lichen communities, future research as

well as conservation studies, should consider the influence of this phenomenon.
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SUPPLEMENTARY MATERIAL

Figure S1. A) Location of the nine studied Pectenia plumbea populations in Spain
(southwestern Europe). B) Location of the study plot at site V (Gargantilla) where the
cyanolichen and free-living cyanobacterial communities were sampled intensively (plot side
=15 m). C) Image inside the Arbutus unedo forest at site V. D) Detail of an Arbutus unedo
trunk at site V, showing the great development of some Pectenia plumbea thalli surrounded
by the typical epiphyte lichen community.
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Figure S2. A-D) Representative examples of the growth of the cyanobacterial photobionts
isolated from lichen thalli. Left picture was taken at the beginning of the experiment just after
the isolation, and right picture was taken 50 days after the isolation. The photobionts were
isolated from Pectenia plumbea (A and B), Peltigera canina (C) and Peltigera praetextata
(D). It is noticeable the scarce growth in A) and B) and the enormous growth and production
of hormogonia in C) and D). E) and F) Detail at different scale of the profuse production of

hormogonia in Peltigera canina. Scale bar in all pictures = 5 mm.
=i Qaser
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Table S1. Collecting localities and the experiments in which each Pectenia plumbea population took part.

Pop. No. Locality name Host tree Coord. N (m) Coord. W (m) Experiments
Northwest

I Muniellos, Asturias C. avellana 4767227 688741 1,4
I Moal, Asturias Q. robur 4768894 690894 1.4
Il Monasterio de Hermo, Asturias F. excelsior 4761881 698987 1,4
v Rebollar, Asturias F. excelsior mixed 4768471 692074 1,4
Center

\% Gargantilla, Ciudad Real, Cabafieros National Park A. unedo 4367010 363513 1,2,3,4
Vi El Chorro, Ciudad Real, Cabafieros National Park Q. ilex spp. ballota 4379334 358474 1,3,4,5
Vil Navas de Estena, Ciudad Real, Cabafieros National Park Q. ilex spp. ballota 4373385 367094 1,3,4,5
Southeast

VIl Sierra Madrona, Ciudad Real, Natural Park Q. pyrenaica 4256065 389760 1,4
IX Sierra de Alcaraz, Albacete, Natural Park Q. ilex spp. ballota 4256629 549190 1,4

Coordinates correspond to the system ETRS89.

Experiments: 1: Overall level of cyanobacterial diversity in Pectenia plumbea; 2: Free-living and symbiotic cyanobacterial diversity in a cyanolichen

community; 3: Quantification of photobiont growth; 4: Production of hormogonia by photobionts; 5: Ascospore discharge and germination
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Table S2. Nucleotide sequence of the P6b region of the tRNA (UAA) intron of all the different Nostoc and cyanobacterial genotypes identified in
the study, classified by the type of repeat motif. Colors highlight insertions, deletions or substitutions: fuchsia was chosen for insertions or deletions
of groups of nucleotides; yellow, green, and blue indicates two, three or four different alternatives, respectively, for the same nucleotide position.

Nephroma-type Class | repeat motif

Nostoc genotype Al CAAAAGTT TTAGATT TGCGATT TTAGATT TGCGATT AATCTTC AATCCAA AATTCAA AATCTAA AATCCAA AATTGAG

Nostoc genotype A2 CAAAAGTT TTAGATT TGCGATT TTAGATT TGCGATT AATCTTC AATCCAA AATTCAA AATCTAA HEEEEEE AATTGAG

Nostoc genotype A3 CAAAAGTT TTAGATT TGCGATT TTAGATT TGCGATT AATCTTC AATCCAA AATTCAA AATCITAA AATCCAA AATTGAG
Nostoc genotype A4 CAAAAGTT TTAGATT TGCGATT TTAGATT TGCGATT AATGTTC AATCCAA AATTCAA AATCITAA AATCCAA AATTGAG
GTTCGCGCAGCGTCTCGTAGA

Nostoc genotype A5 CAAAAATT TTAGATT TGCGATT TTAGATT TGCGATT hﬁTCTTC AATCCAA AATTCAA AATCTAA AATCCAA AATTGAG
Nostoc genotype A6 CAAAAATT TTAGATT TGCGATT TTAGATT TGCGATT hﬁTCTTC AATCCAA AATTCAA AATCTAA AATCCAA AATTCAG
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Collema-type Class | repeat motif

Nostoc genotype B1

Nostoc genotype B2

Nostoc genotype B3

Nostoc genotype B4

Cyano genotype B5

Cyano genotype B6

Cyano genotype B7

Cyano genotype B8

Cyano genotype B9

Cyano genotype B10

Cyano genotype B11

Cyano genotype B12

GAAAAAAGT CCTGAGT CATGAGT GTTGAGT GCTGAGT AAATTTAA AACTCAT AACTCCT AACTCCT AACTCATT AACTGTTC
GAAAAAAGT CCTGAGT CATGAGT GTTGAGT GCTGAAT AAATTTAA AACTCAT AACTCCT AACTCCT AACTCATT AACTGTTC
GAAGAAAGT CCTGAGT CATGAGT GTTGAGT GCTGAGT AAATTTAA AACTCTT AACTCCT AACTCCT AACTCCT- AACTGTTC
GAAGAAAGT CITGAGT CATGAGT GTTGAGT GCTGAGT AAATTTAA AACTCTT AACTCCT AACTCCT AACTCCT- AACTGTTC
GAAGAAAGT AGTAAGT GCTGAGT CATGAGT CCTGAGT AAATTAAA AACTCAT AACTCCT AACTCCT AACTCCT- AAAAATTC
GAAGAAAGT AGTAAGT GCTGAGT [GATGAGT CCTGAGT AAATTAAA AACTCAT AACTCAT HEEEEEE AACTCCT- AAAAATTC
GAAAAAAGT CGTGAGT GCTGAGT GGCCAGT [TGTGAGT AAAT-TAA AACTCTT AACTCTT AACTCCT AACTCCT- AACTATTC
GAAAAAAGT CGTGAGT AATGAGT ACTGAGT ACTGAGT AAATTAAA A-CTCET AACTCTT AACTCCT AACTCCT- AACTATTC

GAAAAAAGT CGTGAGT AATGAGT ACTGAGT ACTGAGT AAATTAAA A-CTCET AACTCCT ACACTCCT AACTCCT- AACTATTC

GATAAGAGT GCTGAGT GCTGAGT GATGAGT GATGAGT TAAAAGTT AACTCET AACTTCT ACTTTGT -TCTCCT- AACTETTC
GAAGAAAGT ICTGAGT BGTGAGT HEEEEEE GGTGAGT AAACCAAA AACTCET AACTCCT HEEEEEE AACTCITT AACBAATC

CAAA- AATG ICCGAGT CATGAGT GTTGAGT GCTCAAA AAATTTAA AACTCAT AACTCCT AACTCCT AACTCATT AACTGTGC
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Peltigera-type Class Il repeat motif

Nostoc genotype C1

Nostoc genotype C2

Nostoc genotype C3

Nostoc genotype C4

Nostoc genotype C5

Nostoc genotype C6

Nostoc genotype C7

Nostoc genotype C8

Nostoc genotype C9

Nostoc genotype C10

CAAAAATT TTAGATT TGTGATT TTAGATT TGCGATT AGTCTTC AATCCAA HEEEEE B AATCCAA AATTGCG
CAAAAATT TTAGATT TGCGATT TTAGATT TACGATT AGTCTTC AATCCAA AATTCAA HEEEEE BN AATTGAG

CAGAAATT TTAGATT TGCGATT TTAGATT TACGATT AGTCTTC AATCCAA AATTCAA AATCTAA AATCAAA AATTGAG

CAAAAATT TTAGATT TGTGATT TTAGATT TACGATT AGTCTTC AATCCAA AATCCAA AATC!TAA AATCCAA AATTGCG
CAAAAATT TTAGATT TGCGATT TTAGATT TGCGATT AGTCTTA & AATTCAA AATCITAA AATCCGG AATTGAG
C

CAAAAATT TTAGATT TGTGATT HEEEEE BB AGTGTTC AATCCAA AATCCAA AATﬁTAA AATCCAA AATTGCG

T

CAAAAATT TTATATT TGCGATT HEEEEE BEEEEE AGTCTTE AAACCAA AATTCTA AATlCITAA AATCCAA AATTGAG
GTTCGACTGACCG

CAAAAATT TTAGATT TGTGATT HEEEEE BEEEEE AGTGTT AATCCAA AATTCAA AATCITAA AATCCAA AATTGAG
G

CAAAA-TT TGAGATT TGCGﬁTT TGAGATT TGCGATTAGTCTTC AATCCAA AATCCAA AATCITAA AATCCAA AATTGCG
CAAAA-TT iIAGATT TGCGGITT TGAGATT TGCGATT AGTCTTC AATCCAA AATCCAA AATCITAA AATCCAA AATTGCG
TGAAGTC
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Table S3. Summary of a previous survey (Aragén, unpublished results) of 588 plots along the Spanish Mediterranean region, that shows the 26 plots
where Pectenia plumbea was present. The values of abundance of Pectenia plumbea and Dendriscocaulon umhausense are expressed in the percentage
of surface occupied in the sample grids. Phorophyte is the tree species were the lichen inventory was carried out.

Phorophyte Forest fragment code Plot number  P. plumbea abundance D. umhausense abundance
Quercus pyrenaica AY-15 1 15 13
Quercus pyrenaica MT-01 1 5 15
Quercus pyrenaica MT-01 2 4 15
Quercus pyrenaica MT-08 1 2 0
Quercus pyrenaica SM-01 1 5 13
Quercus pyrenaica SM-04 1 6 11
Quercus pyrenaica SM-06 1 8 9
Quercus pyrenaica SM-06 2 9 12
Quercus pyrenaica SM-09 1 5

Quercus pyrenaica SM-10 1 8

Quercus pyrenaica SB-01 1 7 10
Quercus pyrenaica SC-1 1 2 2
Quercus pyrenaica SC-2 1 1

Quercus faginea subsp. broteroi SM-11 1 2

Quercus faginea subsp. broteroi SM-15 1 5

Quercus faginea subsp. broteroi SM-19 1 7 13
Quercus faginea subsp. broteroi MT-19 1 9 12
Quercus faginea subsp. broteroi MT-21 1 7 14
Quercus faginea subsp. broteroi MT-21 2 9 12
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Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
Quercus ilex subsp. ballota
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DISCUSION GENERAL

Nuestros resultados demuestran la influencia de la pérdida y fragmentacion del bosque
mediterraneo en sus comunidades epifitas. EI tamafio y forma de los fragmentos, y la calidad
de la matriz circundante fueron factores clave que afectaron a la riqueza y diversidad de
especies epifitas en este paisaje fragmentado. Ademas, un gran numero de factores
ambientales influyeron en las respuestas de las especies individualmente. Estudios
anteriores han determinado la importancia de las caracteristicas microclimaticas para las
comunidades epifitas (Gignac & Dale 2005, Hylander & Hedderson 2007, Aragon et al.
2010, Oliveira etal. 2011), pero después de minimizar la variacién en la estructura y manejo
forestal, el proceso de fragmentacion mostr6 de forma clara sus efectos en las comunidades
epifitas.

Los fragmentos forestales mas grandes tuvieron la mayor riqueza y diversidad de
especies epifitas (liquenes y bridfitos), lo que podria estar relacionado con la mayor
disponibilidad y heterogeneidad de habitat, asi como la presencia de un "area central” con
mayor superficie (Gignac & Dale 2005; Jonsson & Jonsell 1999, Ldhmus et al
2007). Nuestros resultados son consistentes con los obtenidos en estudios previos (Kruys &
Jonsson 1997, Moar & Jonsson 2003, Zartman 2003, Pharo et al 2004, Gignac & Dale 2005
Lobel et al. 2006 Alvarenga & Porto 2007 Alvarenga et al. 2009 Oliveira et al. 2011), pero
nuestro estudio es el primero en ser realizado en condiciones climéaticas mediterraneas. En
un estudio previo de 306 fragmentos de encinar cubriendo un &rea mayor que en nuestro
sitio de estudio, Aragon et al. (2010) detectaron una relacion no significativa entre el tamafio
de fragmento y las comunidades de epifitos, y solo las variables relacionadas con la calidad
y manejo del bosque tuvieron efectos significativos. Sin embargo, este estudio incluyé un
alto nivel de heterogeneidad ambiental, y por lo tanto el efecto de la pérdida de bosque y la
fragmentacion probablemente quedé ocultado.

Por otra parte, algunos estudios previos han demostrado que una mayor
disponibilidad de habitat esta asociada con un mayor nimero de especies, simplemente por
pura casualidad (Coleman et al. 1982, Carnicer et al. 2007, Honkanen et al. 2010, Alexander
et al. 2011, Kraft et al. 2011). La probabilidad aleatoria implica que se encontrardn méas
elementos en un area mayor que en un area mas pequefia, por lo que la aleatoriedad podria
desempefiar un papel importante al considerar el tamafio del habitat.
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Una mayor riqueza de especies también estd relacionada con la presencia de
especies forestales especialistas en fragmentos méas grandes, presumiblemente debido a sus
altos requerimientos hidricos y elevada sensibilidad a la luz directa del sol (S6derstrom
1988; Sillett et al. 2000). Por lo tanto, la superficie del "area central” podria desempefiar un
papel importante debido a los estilos de vida de estos organismos (poiquilohidricos y
poiquilotermos). Dentro del area central, las condiciones ambientales son 6ptimas para el
desarrollo de especies de sombra, que son altamente sensibles a la irradiacion excesiva y
también son altamente dependientes de la disponibilidad de agua (Lange et al. 1986,
Gauslaa & Coxson 2011). En general, una reduccion del area central en fragmentos
pequefios se asocia con una pérdida de habitat para especies que requieren condiciones
interiores del bosque (Baldwin & Bradfield 2005; Crouzeilles et al. 2014). En el presente
estudio, la abundancia de especies con mayores demandas de agua y una mayor sensibilidad
a la radiacion solar directa (por ejemplo, Collema subflaccidum, Pectenia
plumbea, Fuscopannaria ignobilis, F. olivacea y Leucodon sciuroides) fue mucho menor
en fragmentos mas pequefios, que carecen de esta area central. Por lo tanto, la pérdida de
condiciones de humedad y sombra, que estan ligadas a las pérdidas del "area central” del
bosque, lleva a la desaparicién de especialistas forestales, asi como a un aumento en la
similitud de taxones que pueden encontrarse en los diferentes ambientes dentro de cada
fragmento.

La riqueza y similitud de especies no fueron afectadas significativamente por la
forma del fragmento, pero la diversidad fue menor en fragmentos mas irregulares. La forma
del fragmento determina la relacion perimetro/area, y por lo tanto puede interpretarse como
la incidencia del efecto de borde (Didham & Ewers 2012). Estudios previos han demostrado
la relacion entre fragmentos mas irregulares y diferentes grupos de organismos. Por
ejemplo, fragmentos mas irregulares estan asociados con una menor riqueza de anfibios y
reptiles (Cabrera-Guzman & Reynoso 2012), asi como cambios en la composicion en la
comunidad de las arafias productoras de telas (Baldissera et al. 2012), mientras que varios
estudios han demostrado una asociacion con el aumento de la riqueza de plantas de
sotobosque (Honnay et al. 1999, De Sanctis et al. 2010, Lomba et al. 2011). Sin embargo,
los fragmentos mas grandes en nuestro paisaje tuvieron valores més altos de irregularidad
y, aunque habia un efecto de borde, los fragmentos grandes facilitaron la existencia del “area
central”. Por lo tanto, el efecto negativo de la irregularidad (borde del bosque) en las
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comunidades epifitas podria ser mitigado por el tamafio del fragmento debido a la presencia
de méas sombra y un ambiente interior mas himedo.

El efecto negativo de la irregularidad del fragmento sobre la diversidad de especies
parece actuar a traves del efecto de borde segun andlisis previos en especies forestales
(Yamaura et al. 2008). Este fue también el caso de algunos liquenes de interior de bosque
en el presente estudio (por ejemplo, Collema subnigrescens, Lepraria incana, Leptogium
furfuraceum, y Pertusaria amara), que se vieron afectados negativamente por el mayor
efecto de borde en los fragmentos més irregulares. Por lo tanto, la sustitucion de estas
especies forestales tipicas por especies generalistas, es esperable en fragmentos mas
irregulares. Pocos estudios han analizado la relacion entre las comunidades de epifitos y la
forma de los fragmentos forestales, pero de acuerdo con nuestros resultados, estudios
previos del efecto de borde en las comunidades de epifitos mediterraneas han puesto de
manifiesto una gran influencia de gradientes microclimaticos perpendiculares al borde que
modifican la diversidad y la composicién de la comunidad, pero no la riqueza (Belinchén
et al. 2007, Brunialti et al. 2013). Por el contrario, a nivel de la parcela, la diversidad no fue
afectada por la forma del fragmento, sino que fue determinada adicionalmente por dos
factores contrastantes: la cubierta de matorral, que rompe el flujo del viento y proporciona
condiciones sombreadas y humedas (Aragén et al. 2010), y una mayor apertura del dosel,
lo que permite que mas radiacion solar alcance los troncos y genere una mayor evaporacion
de agua (Machado & Reich 1999). En cuanto a la amplia heterogeneidad en los
requerimientos de toda la comunidad, la creacion de diferentes microhabitats por
condiciones antagOnicas dentro de los fragmentos, podria ser un factor clave para el
aumento de la diversidad a nivel de parcela (Jonsson & Jonsell 1999; Gignac & Dale 2005).

La cantidad de matriz de alto contraste (HCM) que rodea los fragmentos claramente
tuvo un efecto positivo en la riqueza total de especies y en la riqueza de liquenes y briéfitos
por separado. Igualmente, la diversidad y la similitud de la comunidad también fueron
mayores. En contraste con nuestra expectativa y con la hipétesis de la "similitud estructural
de lamatriz" (Prevedello & Vieira 2010), la HCM parece tener algunos efectos beneficiosos
sobre los parametros de biodiversidad, pero sélo en ciertos casos, porque su interaccion con
el tamafio del fragmento tuvo efectos opuestos sobre la riqueza y diversidad de liquenes.
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La calidad y la configuracion espacial de la matriz pueden mejorar o mitigar los
efectos de la pérdida y fragmentacion de los bosques en una comunidad preexistente, tal
como ya ha sido documentado (Murphy & Lovett-Doust 2004, Kupfer et al. 2006). La
matriz puede influir en los organismos existentes en un fragmento forestal de tres maneras:
disponibilidad de recursos, permitiendo o dificultando la dispersion de organismos, y
modificando las condiciones microclimaticas del bosque (Driscoll et al. 2013). Una HCM
no mejora la disponibilidad de recursos para las especies epifitas porque la mayoria no son
capaces de vivir alli. Ademas, este tipo de matriz no mitiga la dureza de las condiciones de
borde debido a su configuracién estructural. Su estructura carece de arboles o incluso de
vegetacion lefiosa en la mayoria de los casos, modificando asi la temperatura, la humedad
y las condiciones de luz en el nucleo forestal (Berges et al. 2013, Driscoll et al. 2013). Sin
embargo, la HCM que comprende cultivos, pedreras o matorrales puede tener un efecto
positivo en la dispersion, porque estas unidades del paisaje no presentan una barrera que
impida la llegada de nuevos propagulos. Los estudios previos de Johansson & Ehrlén (2003)
y Belinchén et al. (2009) mostraron que las plantaciones de pinos que rodean a los
fragmentos forestales, actian como filtros para algunas especies de liquenes, lo que dificulta
el establecimiento de nuevos individuos. Finalmente, la interaccién entre tamafo de
fragmento y HCM puede ser interpretada como un efecto beneficioso de la matriz, el cual
es mas importante cuando el tamafio del fragmento es pequefio debido a que el area central
es también mucho menor, y esto permite la llegada de nuevos propagulos aumentando la
riqueza y diversidad de los fragmentos forestales mas pequefios. Sin embargo, cuando los
fragmentos del bosque son mas grandes, el tamafio del area central parece desempefiar un
papel mas importante que los procesos de dispersion de los liquenes, ya que porcentajes
mayores de HCM tienen el efecto opuesto al reducir el area central y afectar negativamente
la riqueza y diversidad de las comunidades epifitas.

Este resultado contrasta en gran medida con los hallazgos previos sobre el efecto de
la matriz sobre los patrones de biodiversidad (Prevedello & Vieira 2010). Este estudio
demostro una aceptacion general de la "hipétesis de la similitud estructural” para la mayoria
de los grupos de organismos, lo que significa que cuanto mas grande el contraste estructural
entre la matriz y los fragmentos de hébitat, menor es la riqueza y la diversidad de las
comunidades que habitan el fragmento. Pero hay que sefialar que este hecho se ha verificado
principalmente en animales, que son capaces de moverse por si mismos por el paisaje y
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elegir la matriz "menos desfavorable”, mientras que los epifitos forestales dependen
principalmente del viento y de las estructuras presentes a lo largo la matriz, que modula el
flujo del viento, para llegar a nuevas localidades. En el caso de las plantas, una matriz de
alto contraste tiene en general un efecto negativo sobre las especies forestales (Murphy &
Lovett-Doust, 2004), pero el efecto de diferentes tipos de matriz y su calidad ha sido poco
explorado (Jules & Shahani 2003; Vieira 2010). En los pocos casos que se comprobd
(Mesquita et al. 1999, Nascimento et al. 2006), se confirmo la hipétesis de similitud
estructural. Por todas estas razones, este efecto positivo de una mayor cantidad de HCM
puede ser considerado como novedoso y puede cambiar el pensamiento sobre la
matriz. Pone el proceso de dispersion como un factor clave para controlar la riqueza y
diversidad de especies en los bosques mediterraneos fragmentados, viéndose modulado por
la configuracion de la matriz. Se necesitan mas estudios para profundizar en el conocimiento
del proceso, de dos maneras: en primer lugar, se puede probar la misma hipotesis en otras
regiones o con otros grupos de organismos dispersados por el viento (por ejemplo, hongos
0 pteridofitos) y, en segundo lugar, futuros estudios deben tener en cuenta la dispersion a
escala de paisaje, considerando variables como la conectividad de los fragmentos o la
cantidad total de hébitat remanente alrededor de los fragmentos.

Por otra parte, la riqueza de brio6fitos aument6 en los fragmentos rodeados por una
matriz de pinos (PM) y HCM. La influencia positiva de la PM podria estar relacionada con
dos causas diferentes: en primer lugar, la PM podria permitir el establecimiento de
propagulos en la misma, aumentando el tamafio efectivo del fragmento; en segundo lugar,
la PM podria aumentar la complejidad del estructural bosque, proporcionando ventajas
microclimaticas para las especies de briéfitos. Se ha documentado que, al menos mas de la
mitad de las especies de bridfitos registradas en este estudio, son capaces de crecer en la
corteza de pino (Puche et al 2006). De manera similar, Pharo et al. (2004) y Pharo &
Lindenmayer (2009) revelaron como una plantacion de pinos exoticos que rodea fragmentos
de bosque nativo que no era pinar, puede albergar un alto porcentaje de flora nativa de
briéfitos. Ademas, la HCM aument6 la riqueza de briofitos. Las condiciones ambientales
contrastantes en el borde del fragmento comparadas con las del interior del bosque,
probablemente aumentan la heterogeneidad del habitat dentro de los fragmentos, lo que
conduce a un aumento de las especies de briofitos que difieren en los requisitos ecoldgicos
(Baldwin & Bradfield 2005; Gignac & Dale 2005).
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En relacidn con la respuesta a nivel especie, se encontro que, a nivel de parcela, la
presencia de especies estd determina principalmente por las variables a escala de
fragmentos, y el tamafio de fragmento fue el factor mas importante. Si bien la modulacién
de la abundancia de las especies se basd principalmente en las variables a escala de la
parcela, las cuales estan directamente relacionadas con las condiciones microclimaticas
dentro de los fragmentos. Entonces, la estructura del paisaje parece actuar en primera
instancia como un filtro para la identidad de las especies que habitan cada fragmento. La
estructura del paisaje y el patron de fragmentacion ya han demostrado ser cruciales para la
composicion de una amplia gama de especies en diferentes ecosistemas (Wright et al. 1998,
Echevarria et al. 2007), que enfatiza nuevamente las grandes consecuencias de la alteracion
del paisaje sobre la biodiversidad. Posteriormente, la abundancia aparece definida
principalmente por el microclima, destacando la importancia de las condiciones climéticas
a pequefia escala para los epifitos (Gignac & Dale 2005, Belinchon et al. 2007, Brunialti et
al. 2013), incluso a pesar de que buscamos minimizar el rango de variacion de las variables
relacionadas con la estructura forestal (principalmente la apertura del dosel y el diametro
medio del arbol). Asi, podemos concluir que las epifitos son capaces de detectar cambios
muy pequefios en su entorno cercano, respondiendo rapidamente a la actividad
antropogénica.

Los resultados del capitulo 2 sobre las comunidades de epifitos en relacion con la
estructura de un paisaje altamente fragmentado durante un periodo de 55 afios, en un
contexto de recuperacion del hébitat, demuestran que la riqueza de especies se explica por
el cambio en el tamafio de los fragmentos en los Gltimos 29 afios, y la conectividad histérica
con el paisaje circundante hace 55 afios, ademas del tamafio del fragmento y la matriz
circundante. Sin embargo, la forma del fragmento, la heterogeneidad del habitat, la cantidad
de habitat historica y actual y la fragmentacion en el paisaje circundante no tuvieron ningun
efecto sobre la riqueza de especies. Los resultados también muestran que los efectos a escala
de fragmento tienen un impacto mucho mayor en la riqueza de especies, y se perciben méas
rapido (0-29 afios) que la estructura del habitat a escala del paisaje (55 afios).

Los efectos a escala de fragmento se componen principalmente del tamafio del
fragmento y su cambio de tamafio en los ultimos 29 afios (debido a que el efecto de la HCM,
aunque consistente, es muy pequefio). Los efectos positivos del tamafio de los fragmentos
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sobre la riqueza de especies se han demostrado en gran medida para diferentes grupos de
organismos (Bender y col., 1998, Hanski 1999, Fahrig 2003, Ewers & Didham 2006,
Munguia-Rosas & Montiel 2014). Un argumento principal para explicar este patron basado
en la dindmica metapoblacional es que los fragmentos més grandes sostienen poblaciones
mas grandes, que se veran menos afectadas por eventos estocasticos de extincion (Hanski
1999, Fahrig 2003, Ewers & Didham 2006). En el caso de los epifitos, también parece
existir una relacion positiva indirecta entre el tamafio del fragmento y la riqueza de especies
a traves de la heterogeneidad del habitat (Gignac & Dale 2005). Esta relacion también fue
sugerida en un trabajo previo sobre el mismo sistema de estudio (Cardés et al. 2016), junto
con la existencia de un 'area central' del bosque, con caracteristicas muy diferentes al borde,
gue permitiria la aparicion de un gran nimero especies tipicas de bosque. En nuestro andlisis
no se obtuvo ningun efecto de la heterogeneidad del habitat, por lo tanto, la incidencia del
efecto del "area central" y la dindmica metapoblacional parecen operar en esta comunidad.

En el caso de la matriz que rodea los fragmentos, la HCM contribuyé a un aumento
en el nimero de especies en los fragmentos mas pequefios, mientras que el efecto se hizo
negativo a medida que aumentaba el tamafio del fragmento. Descartamos cualquier efecto
positivo de la HCM en relaciéon con una mejora del microclima forestal (Murcia 1995,
Prevedello & Vieira 2010). La influencia positiva se opone a la hipdtesis de "similitud
estructural” con gran aceptacion (Prevedello & Vieira 2010), lo que significa que una
transicion mas contrastante entre el fragmento de hébitat y la matriz reducira el nimero de
especies (Aragon et al., 2015). En el caso de los epifitos, ya se ha sugerido que este efecto
positivo sobre fragmentos pequefios que carecen de un area central significativa, podria
estar hipotéticamente basado en la no obstaculizacion de los procesos de dispersion
(Johansson et al. 2014, Cardos et al., 2016). Curiosamente, hemos encontrado una influencia
positiva de la conectividad con el paisaje circundante de hace 55 afios, lo que demuestra
necesariamente la importancia de la dispersion en la configuracion de esta
metacomunidad. Sin embargo, la estructura de la matriz fue registrada en la actualidad, por
lo que no podemos atribuirle una relaciéon directa con la dispersion. Puede ser que la
estructura actual de la matriz sea un reflejo su estado pasado, pero es improbable, ya que la
dindmica de la matriz es presumiblemente mucho mas répida que la del bosque (Eriksson
1996). La explicacion mas plausible con los datos disponibles es que la HCM interactta con
el paisaje circundante a una escala diferente a la considerada aqui, ya que, por ejemplo, los
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eventos de dispersion a larga distancia son altamente responsables de la configuracion de
las comunidades de epifitos (Lonnell et al. 2014, Gjerde et al. 2015, Barbé et al. 2016).

El cambio en el tamafio de los fragmentos de bosque en los Gltimos 29 afios tuvo un
fuerte efecto sobre la riqueza de especies. Nuestro analisis mostré que los incrementos mas
grandes devuelven un ndmero significativamente menor de especies. Este resultado
contraintuitivo no significa obviamente que la regeneracion del area forestal conlleve una
disminucién de la riqueza, sino que se relaciona con un retraso en la recolonizacion. En
primer lugar, para considerar esta posibilidad debemos comprobar que los fragmentos no
estan saturados (Partel et al. 1996), es decir, que el numero de especies en los fragmentos
forestales estd muy por debajo del nivel regional de la especie. A lo largo de los muestreos
se registraron 117 especies de epifitos, mientras que el fragmento mas rico contenia 73
especies (Cardds et al. 2016), por lo que todavia hay un gran nimero de especies que podrian
colonizar los fragmentos. Ademas, esta fuerte relacion se ve reforzada por los fragmentos
mas pequefios, que tienen los valores de riqueza mas bajos, pero a su vez tienen la
posibilidad de experimentar un mayor crecimiento proporcional. Por lo tanto, el efecto de
esta variable esta relacionado con la falta de especies en los fragmentos que crecieron en
tamafio, y por lo tanto hay un retraso (~ 29 afios) entre la recuperacion del habitat y el
aumento proporcional del nimero de especies, que podria funcionar como una deuda de
extincion inversa (Tilman et al. 1994). Para una mejor comprension se podria pensar que Si
la respuesta hubiera sido neutra o positiva, podriamos afirmar que la comunidad mostr6 una
respuesta rapida a la dinamica del bosque porque el cambio en el tamafio del fragmento es
imperceptible, o incluso es seguido por una rapida recolonizacion.

La riqueza de la comunidad epifita es modulada por la estructura del paisaje a través
de la conectividad del fragmento forestal con el paisaje circundante hace mas de medio
siglo, pero ni la cantidad total de habitat (composicion del paisaje) ni el grado de
fragmentacion del habitat circundante, a lo largo de todo el periodo histérico analizado tuvo
algun efecto.

Estos resultados demuestran que la composicion paisajistica por si sola no es
suficiente para comprender los patrones de riqueza en habitats fragmentados, sino que su
configuracion también tiene un papel muy importante. La "hipotesis de la cantidad de
habitat" (Fahrig 2013) propone que el efecto de la cantidad total de habitat alrededor de un
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punto de muestreo es tan fuerte que anularia el grado de subdivision o la distancia entre
fragmentos. Sin embargo, estudios recientes rechazan la hipdtesis y muestran que la
configuracion del paisaje es importante (Evju & Sverdrup-Thygeson 2016, Haddad et al.
2016). El funcionamiento de las comunidades animales parece ser diferente, debido
principalmente a su capacidad de movimiento, y la cantidad total de hébitat,
independientemente de su configuracion, ejerce una influencia positiva porque los animales
muestran menos restricciones dispersivas a escala del paisaje en que se realizan estos
estudios (Radford & Bennet 2007, Ryberg & Fitzgerald 2016). Por esta razén, la hipétesis
debe ser diferente para los organismos sésiles, y la configuracion espacial del paisaje debe
ser incluida en los modelos. La configuracién del paisaje produce, por ejemplo, una mayor
proporcion de habitats de borde en bosques mas subdivididos. Del mismo modo, el patrén
espacial de fragmentos determina las distancias de dispersién que un propagulo tiene que
superar para colonizar nuevos habitats. En el caso de los epifitos, asi como de otros
organismos sésiles como las plantas, se ha demostrado que la configuracion del paisaje es
muy importante por razones de calidad del hébitat (Aragon et al. 2015, Cardds et al. 2016)
o limitaciones a la dispersion (Snll et al. 2003, Ockinger et al. 2005).

Para probar el efecto de la calidad del habitat (es decir, la proporcién de area de
borde/ area central) a través del grado de subdivision del habitat circundante, ponderamos
la cantidad total de habitat por el nimero de fragmentos. Con esta variable no estamos en
realidad testando los efectos de la fragmentacién per se (Fahrig 2003), sino que en realidad
es una medida de los efectos aditivos de la fragmentacion de habitat sobre la pérdida de
habitat, ya que no podemos modificar el sistema estudiado para fijar la cantidad de habitat
en distintas réplicas con ese propdsito. Este paisaje se encuentra en un estado de gran
pérdida de habitat, ya que la superficie del bosque esta siempre por debajo del 20% durante
todo el periodo de 55 afios considerado (la mayor parte de la superficie dentro de los buffer
podria ser potencialmente ocupada por bosques nativos). Se ha sugerido (Andrén 1994,
Fahrig 1998, 2001, With 2016) que por debajo del umbral del 20-30% de habitat remanente,
los efectos de la fragmentacion aparecen méas intensamente, sin embargo no encontramos
este efecto. En situaciones de baja disponibilidad de habitat, el nimero de especies cercanas
al umbral de extincion aumenta debido a que los tamafios de poblacion son menores
(Bascompte & Rodriguez 2001, Fahrig 2001). Es posible que el fuerte efecto del tamafio de
fragmento encontrado aqui pueda ser causado por este fenémenop, pero definitivamente no
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podemos corroborar esta interaccién a escala de paisaje. De cualquier manera, mas
subdivision del habitat implica la degradacion de méas hébitat en el borde del fragmento y
se ha demostrado que las condiciones del borde ejercen un fuerte efecto en las comunidades
de epifitos (Belinchon et al. 2007, Brunialti et al. Aragon et al. 2015, Cardos et al. 2016). Sin
embargo, estos estudios no documentan una disminucion de la riqueza, sino cambios en la
composicion de la comunidad, asi como la diversidad (equitatividad).

La riqueza de epifitos sélo se vio afectada a escala del paisaje por la conectividad
del habitat en 1956, lo que demuestra un retraso en la respuesta de la comunidad a los
cambios en la estructura de un paisaje dindmico. La conectividad esta compuesta por dos
elementos del paisaje (Hanski 1999, Hanski 2015): el tamafio de los fragmentos de héabitat
(composicién) y la distancia al fragmento focal (configuracién). Cuando los fragmentos
mas grandes, que se ha demostrado que contienen un mayor nimero de especies, estan mas
cerca, las restricciones a la dispersion se reducen y el fragmento focal experimenta un
aumento significativo en el nimero de especies. Este enfoque para entender el efecto de la
estructura del paisaje sobre los patrones de riqueza, derivados de la dindmica de la
metacomunidad, ha recibido gran apoyo (Moilanen & Hanski 1998, Lindberg & Eriksson
2004, Lébel et al. 2006, Virtanen & Oksanen 2007, Lobel et al. 2009, Johansson et al. 2013,
Ruete et al. 2014). El funcionamiento del sistema de metacomunidades (siguiendo el IFM,
Hanski 1994) es simple: unidades de habitat mas grandes sostienen mas especies con
poblaciones mas numerosas, lo que reduce la probabilidad de eventos de extincion, y a su
vez distancias mas cortas promueven la llegada de mas propagulos de mas especies
aumentando el efecto rescate. El efecto del aislamiento a escala del paisaje es importante
para las plantas (Munguia-Rosas & Montiel 2014), asi como para los organismos epifitos
(Snall et al. 2003, Ruete et al. 2014) y los animales (Moilanen & Hanski 1998, Bailey et al.
2010), aunque no todas las metacomunidades animales son moldeadas por estos parametros
(Bailey et al. 2010, Ryberg & Fitzgerald 2016). La razdn principal podria ser que no todos
los organismos perciben los limites discretos de los fragmentos de habitat como si lo hacen
los especialistas sesiles, pero también es razonable que las metacomunidades se expliquen
mejor por las conectividades pretéritas que las presentes, debido a un retraso en la respuesta,
como si hemos encontrado en este trabajo, y en otros estudios (Lindborg & Eriksson 2004,
Ellis & Coppins 2007, Johansson et al. 2013). Algunas caracteristicas de los organismos
epifitos como tener largos ciclos de vida y presentar restricciones a la dispersion, pueden
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ser la causa de la respuesta tardia a las modificaciones del paisaje si se comparan con, por
ejemplo, las plantas de vida corta, que no muestran este patron (Adriaens et al. 2006). En
vista de nuestros resultados, es posible que los patrones de riqueza futuros reflejen la
conectividad actual, lo que significa que podrian requerirse largos periodos de espera (por
ejemplo, varias décadas) para observar los beneficios de la restauracion forestal o para
asumir las consecuencias de la pérdida del habitat.

En relacién con los efectos del aislamiento sobre las especies epifitas, se ha
encontrado el kernel de dispersién esperado para este tipo de organismos dispersados por
propagulos. El valor de a obtenido para el paisaje actual ( o« =0.113 en 2011) es comparable
a los valores encontrados para la dispersion de esporas de musgos (-0.87 < a <0.12, Snall
et al. 2003), el liquen Lobaria pulmonaria (o = 0.01, Gu et al. 2001) o0 musgos dispersados
por ramificaciones estoloniferas (= 0.60, Lobel et al. 2009). La comunidad de epifitos
estudiada por nosotros estd compuesta por especies que se dispersan principalmente por
isidios (N = 18), soredios (N = 33) y esporas (N = 66), en orden decreciente de tamafio del
propagulo. Esta variedad de modos de dispersion nos impide extraer conclusiones fiables
mas alld de que la comunidad se esta dispersando a distancias acordes con los datos
disponibles. Por lo tanto, dada el tamafio del pool de especies presentes en la region, existe
un interesante potencial de intercambio de especies entre fragmentos de habitat al
incrementar la conectividad paisajistica. Los valores actuales e histéricos de o también dan
la medida de la importancia del habitat circundante en relacién con la distancia, para
explicar la riqueza dentro de los fragmentos focales. Asi, valores mas grandes indican que
el poder explicativo de los fragmentos cercanos disminuye muy rapido, incluso a distancias
cortas. Esto implica que en el paisaje de 1956 el intercambio de especies entre los
fragmentos fue el mas bajo, por lo que hubo un mayor nivel de heterogeneidad de las
especies a escalas menores y por ello pequefios cambios en la conectividad produjeron
respuestas significativas en la riqueza de especies. Debido a la lenta respuesta de la riqueza
de la comunidad de epifitos, que esta estructurada por la conectividad historica, ademas del
subsiguiente aumento de la conectividad de la superficie forestal en los afios siguientes, es
de esperar que las superficies forestales recién aparecidas aumenten la densidad de especies
epifitas en las préximas décadas. Esto significa que los 40 fragmentos estudiados pueden
potencialmente albergar un mayor nimero de especies que las registradas en 2011,
manteniendo incluso su &rea constante.
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Nuestros resultados indican que la escasa presencia y abundancia de P. plumbea en
el centro de la Peninsula Ibérica depende de factores humanos relacionados principalmente
con la pérdida de hébitat, asi como una combinacién especifica de condiciones ambientales
gue favorecen el crecimiento de P. plumbea. Esta especie es un cianoliquen con una
distribucion mundial oceéanica, pero puede vivir en medio de la regién mediterraneo
espafiola, que es un &rea dominada por una fuerte sequia estival y muy distante de las
condiciones oceénicas caracterizadas por unestrecho rango de temperatura anual y
humedad constante durante todo el afio. Por lo tanto, en nuestra area de estudio, P.
plumbea necesita crecer en lugares con temperaturas mas célidas y una mayor precipitacion
anual. En la cordillera de los Montes de Toledo, esta combinacién de caracteristicas se
encuentra en las zonas mas altas de media pendiente de los valles mas profundos, donde los
bosques crecen en terreno pedregoso. Las pendientes pedregosas son principalmente un
buen aislante térmico y también reducen la pérdida de agua por evaporacion directa del
suelo, porque las discontinuidades entre las piedras sueltas actian como cdmaras de aire
para evitar que el agua subterranea salga por capilaridad (Sanchez, 1991). Por otra parte,
durante los meses de invierno y los més frio del otofio, la temperatura media en los fondos
de los valles es a menudo mas baja que en las laderas, y a veces incluso mas que en las
cumbres de las montafias, porque el aire frio se acumula en los fondos del valle durante la
noche (tipico fenémeno de inversion térmica) (Anquetin et al., 1998, Leukauf et al., 2015).

Ademas, debido a la larga historia de uso de la tierra en esta zona, los bosques mejor
conservados estan situados en las laderas mas escarpadas de las montafias debido a que estas
areas siempre han sido consideradas tierras improductivas (Galante & Marcos-Garcia,
2013). Estos bosques se encuentran en las zonas mas escarpadas de las montafias y no han
sido sometidos a ningun tipo de explotacion durante cientos de afios. Por lo tanto, P.
plumbea es mas abundante en zonas con pendientes pronunciadas y las zonas altas de los
valles profundos, en los que se produce una mayor continuidad de bosque en una escala
espacio-temporal. P. plumbea requiere condiciones de poca luz y agua liquida para la
fotosintesis (Lange et al., 1988; Gauslaa & Solhaug, 1998) (Martinez et al., 2014),
condiciones que se encuentran en los bosques bien conservados en de la region
mediterranea. Por lo tanto, los efectos positivos de la pendiente y la altitud en la presencia
y abundancia de P. plumbea demuestran la importancia de la estabilidad del bosque. Esto
indica que la inaccesibilidad de las masas forestales y la continuidad ambiental, en
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condiciones climaticas estresantes en la region mediterranea, puede proporcionar la calidad
ambiental requerida para la colonizacion de P. plumbea.

También se demuestra que P. plumbea no presenta limitaciones a la dispersion, ya
gue ha podido colonizar la mayoria (87,3%) de los bosques de buena calidad predichos por
el SDM en la gran superficie estudiada. Las predicciones de abundancia fueron similares a
las predicciones de presencia, pero la coincidencia entre los valores de abundancia
predichos y reales fue méas débil (67% de correspondencia). La abundancia suele ser mas
dificil de predecir (Howard et al., 2014) porque incluye mas varianza que la presencia sola
(0 o 1), y su valor final es generalmente afectado por mas factores. Las variables
relacionadas con la fragmentacion del habitat (nimero de fragmentos o diferentes tipos de
matriz) no afect6 a la presencia ni la abundancia de P. plumbea, excepto el borde del bosque
gue tuvo un efecto positivo. Esto puede estar relacionado con la alta capacidad de P.
plumbea para dispersarse entre los fragmentos de bosque y pasar a través de diferentes
matrices, 1o que se asocia con su alta capacidad de reproducirse por medio de esporas
sexuales. Las ascosporas son mucho mas pequefios que los isidios asexuales, y por lo tanto
pueden viajar mucho mas lejos con las corrientes de aire (Norros et al., 2014; Ruete et al.,
2014). La produccién de una gran cantidad de esporas también esta relacionada con la
colonizacidn eficaz de sustratos adecuados ubicados a largas distancias a través del paisaje
(Lonnell et al., 2014). Esto también puede aplicarse a P. plumbea, que puede producir
apotecios desde tamafios relativamente pequefios del talo (Martinez et al., 2014). Es
evidente que el proceso de colonizacién es mas facil cuando la conectividad es mas alta
(Snall et al., 2005) y el periodo de exposicion de los bosques a la colonizacidn es mas largo
(Gjerde et al., 2015). Sin embargo, con condiciones de baja disponibilidad de habitat en el
espacio y el tiempo, rasgos particulares de las especies pueden permitirles superar estos
problemas, por lo que su presencia puede depender casi exclusivamente de la cantidad y
calidad de los bosques.

Por lo tanto, basados en el patron de ocupacién del habitat de P. plumbea, hemos
dilucidado la presencia de limitaciones durante su establecimiento y hemos confirmado que
principalmente se deben a la falta de calidad ambiental en los bosques no
colonizados. Asumimos que los propagulos se dispersan por todo el paisaje y que cuentan
con suficiente capacidad de germinacion para colonizar todos los bosques de media y alta

-217 -



Discusion general

calidad. Previamente, se demostré que P. plumbea exhibe baja selectividad por el
fotobionte (Otéalora et al., 2013), lo que deberia facilitar el establecimiento de las esporas
dispersas. Sin embargo, la baja presencia detectada en la region de estudio sélo puede ser
debido a problemas durante el establecimiento, tal como se encuentra para otras especies de
liqguenes que no estan limitadas por la dispersion (Lattman et al., 2009; Gjerde et al.,
2015). Teniendo en cuenta los restringidos requisitos medioambientales que hemos
identificado para P. plumbeaen este estudio, pequefios cambios en las condiciones
ambientales podrian obstaculizar las fases mas criticas durante el establecimiento, que
pueden ser la germinacion de esporas o la blsqueda de fotobiontes compatibles, lo que
requiere un mayor estudio.

El anélisis de la fragmentacion per se (sensu Fahrig, 2003), es decir, los efectos
exclusivos de la fragmentacion del habitat, tras de controlar los efectos causados por pura
pérdida de habitat, por lo general no tuvieron ninguna influencia sobre la presencia y
abundancia de P. plumbea. En la préctica, es dificil dilucidar los efectos de ambos procesos
por separado (ver Didham et al., 2012 para ejemplos y posibles soluciones). Se incluyé la
superficie forestal en los modelos como una medida inversa de la pérdida de habitat para el
control de este efecto y se incluyeron variables relacionadas con el efecto de borde, la
subdivision del habitat, y la calidad de la matriz, con el fin de determinar la respuesta real
de P. plumbea al proceso de fragmentacion. La subdivisién del habitat (medida como la
densidad fragmentos) y la calidad de la matriz, no tuvieron ningun efecto sobre la situacion
de P. plumbea en todo el paisaje. Por lo tanto, nuestros resultados estan de acuerdo con la
“hipotesis de la cantidad de habitat” (Fahrig, 2013), que hace hincapié en la importancia de
la cantidad total de habitat en lugar de su configuracion espacial en el paisaje. También se
determind un efecto positivo de la cantidad de borde de bosque sobre la presencia y la
abundancia de P. plumbea, pero una interaccion negativa entre el borde y la superficie
forestal. Por lo tanto, en una situacion con una cantidad excesivamente baja de habitat, el
borde proporciona una ventaja, y sugerimos que puede consistir en facilitar la llegada de
propégulos desde/hasta el bosque. Un paisaje méas abierto posiblemente facilita los eventos
de dispersion a larga distancia para las especies tipicas de bosque (Nathan et al., 2008),
ademas de presentar una mayor superficie de aterrizaje que aumentar la probabilidad de
capturar un propagulo dispersado (Lomolino, 1990). Sin embargo, cuando aumenta la
cantidad de hébitat, cualquier efecto positivo del borde se diluye entre los mayores
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beneficios proporcionados por un érea forestal mayor, como se demuestra en las
comunidades de epifitos mediterraneos (Cardos et al., 2016).

El estudio de la dispersion mediante el seguimiento de las esporas de forma
individual es en la actualidad logisticamente dificil. Sin embargo, la produccién de modelos
de distribucién y evaluar su idoneidad mediante un conjunto de datos independiente, es un
método fiable para examinar las limitaciones a la dispersion de cualquier especie. Los
modelos de distribucion de especies (SDM) son Utiles si son robustos (Guisan & Thuiller,
2005), lo que significa que deben explicar una alta proporcién de la varianza encontrada,
cuando se considera la ocupacién del habitat de una especie. En nuestro estudio, con
excepcion de la abundancia de individuos asexuales (R?= 0.18), todos los modelos
explicaron un alto porcentaje de la varianza (0.41 < R% <0.75), lo que nos permitié extraer
conclusiones fiables a partir del sistema estudiado. El paso mas critico en nuestro método,
consistio en seleccionar un punto de corte que diferia del valor estandar de 0.5, con el fin
de evaluar si una prediccion debe ser aceptada como presencia 0 ausencia. Jiménez-
Valverde & Lobo (2007) recomiendan no establecer un umbral que pueda carecer de
significado bioldgico, por lo que proponen elegir un punto de corte que maximice el éxito
(0.44). Por lo tanto, este fue el valor mas significativo para esta especie, el modelo y el
territorio, y debe ser considerado de nuevo a la hora de predecir la presencia de esta especie
en nuevas regiones cercanas a la zona de estudio, cuando se realizan estudios futuros de
conservacion de P. plumbea.

Los tres estados reproductivos de P. plumbea se vieron afectados de manera
diferente por los factores ambientales, 1o que puede constituir una ventaja a la hora de
explotar diferentes nichos y de la colonizacién exitosa de un habitat escaso. La abundancia
de los estados asexual y sexual se vio favorecida por una mayor cantidad de bosque, debido
a que las condiciones dptimas para la reproduccion de P. plumbea se encuentran dentro de
los bosques (Martinez et al., 2014), y obviamente, el nimero de individuos reproductivos
aumentara cuanto mas habitat esté disponible. Ademas, los individuos sexuales fueron mas
frecuentes con un clima favorable y pendiente mas pronunciada, ya que ambos factores
estan conectados a los requerimientos de estabilidad ambiental. Los apotecios sexuales
necesitan tiempos mayores para aparecer por primera vez en individuos juveniles que los
isidios asexuales (LObel et al, 2009; Martinez et al., 2014), lo que podria explicar la
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demanda de continuidad. Este no es el caso de los individuos asexuales, por lo que no se
vieron afectados por el clima o la pendiente, y s6lo se vieron afectados positivamente por
el borde del bosque. Es posible que la produccidn de isidios se vea favorecida al crecer cerca
del borde del bosque. Los propagulos asexuales son grandes y por lo tanto se dispersan peor,
pero tienen la ventaja de transportar al fotobionte en su interior y poseer una mayor cantidad
de recursos, lo que les permite establecerse con mucha mas facilidad en condiciones
adversas (Lobel & Rydin, 2010). Matos et al. (2015) encontraron que las especies epifitas
con isidios eran mas frecuentes en la parte més arida de un gradiente climatico en la
Peninsula Ibérica. Por otra parte, Martinez et al. (2012) detectaron una mayor frecuencia y
abundancia de isidios en individuos de Lobaria pulmonaria ubicados en las partes del
tronco cercanas a la copa, donde la radiacién y la temperatura son mayores pero la humedad
es inferior. El borde del bosque satisface mejor estos requisitos, asi que esto puede explicar
por qué el entorno méas adverso de borde de bosque favorecid la presencia de individuos
asexuales de P. plumbea. La abundancia de individuos juveniles solamente se ve afectado
por factores abidticos, en lugar del area de bosque o el borde. En liquenes epifitos, la etapa
juvenil es la mas susceptible a las condiciones ambientales, incluso a cambios muy
pequefios (Ott, 1987), por lo que se supone que incluso la cubierta forestal no puede mitigar
unas condiciones climaticas desfavorables. Por otra parte, contraintuitivamente, los
juveniles fueron mas numerosos en parcelas orientadas al sur, y de este modo el desarrollo
de los estados maduros posteriores puede verse dificultado en las parcelas mas secas y
soleadas orientadas al sur, porque la tasa de crecimiento se ve disminuida.

Con todas las pruebas recogidas en el capitulo 4 en relacién con las fases clave del
ciclo de vida de los liquenes, hemos obtenido ideas reveladoras para entender por qué y
coémo de restrictivos pueden ser los pasos para que una espora de cianoliquen pueda
establecerse como un nuevo talo, una vez que finaliza el proceso dispersivo.

Después de la dispersion, la espora primero debe germinar para restablecer la
simbiosis con un compafiero fotosintético. No hemos encontrado ni un evento de
germinacion en las esporas estudiadas en cualquiera de las 32 condiciones de cultivo
ensayados. En primer lugar, las esporas fueron descargadas adecuadamente, en una cantidad
normal (Crittenden et al., 1995). Para llevar a cabo los experimentos de germinacion se
seleccionaron las poblaciones mas abundantes (Martinez et al., 2014) y genéticamente
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diversas (Otalora et al., 2013) de todas las conocidas en la regién del Mediterraneo, con el
fin de descartar posibles problemas de endogamia que pudiesen interferir con la
germinacion, pero las esporas han sido totalmente incapaces de germinar. En general, los
intentos de germinar esporas de cianoliquen han sido méas bien improductivos (Crittenden et
al., 1995; McDonald et al., 2013). A veces aparece el tubo germinal, pero en estos casos el
crecimiento no se mantiene (Crittendenet al.,, 1995; Sangvichien et al.,
2011). En Peltigera spp. la germinacion se dispara cuando el fotobionte es afiadido a las
esporas (Scott, 1964), e incluso en algunos casos la simbiosis se ha restablecido con éxito
con esta técnica (Ahmadjian, 1989; Stocker-Worgotter & Tirk, 1991). Por el contrario,
como hemos demostrado aqui, la falta de reproduccion y el lento crecimiento de la
fotobionte de los cianoliquenes del gremio Nephroma, como P. plumbea, hacen dificil de
lograr su germinacién en condiciones de laboratorio. En nuestro caso, es imposible suponer
que todas las esporas de P. plumbea son inviables, lo que sugiere que P. plumbea requiere
la presencia de fotobiontes compatibles en cantidad suficiente en su hébitat, para ser
encontrados por las esporas y comenzar el proceso de germinacion.

El fotobionte de P. plumbea (Nostoc) se trat6 aislar y hacer crecido por dos razones:
para ser afladido a las esporas y observar su capacidad de germinacién, y conocer la propia
capacidad del fotobionte de propagarse en vida libre, lo que debe estar directamente
relacionado con su disponibilidad en la comunidad. Los aislamientos mostraron una tasa de
crecimiento relativo (RAGR) positiva y fueron capaces de sobrevivir tras el largo periodo
cultivo, sin embargo ninguno de ellos produjo ningin signo de reproduccién. Los
aislamientos de Peltigera utilizados como control también fueron capaces de sobrevivir,
pero por el contrario si produjeron hormogonios. No existen estudios similares para
comparar la RAGR registrada, pero es significativamente mucho menor que la esperada
para un Nostoc simbionte, si tomamos el Nostoc aislado de Peltigera como referencia. La
causa de un crecimiento tan lento y la falta de reproduccién para fundar nuevas colonias,
parece ser un proceso de erosion del genoma que impide que algunas cianobacterias
simbidticas tengan una "vida normal™ (Ran et al., 2010). Este fendmeno ha llevado a lo largo
de la evolucion de la simbiosis, a generar linajes de Nostoc que han perdido el crecimiento
autébnomo y otras capacidades para un modo de vida aposimbidtico. Esto se relaciona con
los grandes cambios fenotipicos que las células Nostoc experimenta en simbiosis, respecto
a sus parientes de vida libre (Honegger, 1991; Rikkinen, 2002; Sarma, 2013). Si no son
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capaces de completar un ciclo de vida entero, necesariamente esto impide que los linajes
simbidticos de Nostoc puedan propagarse fuera de la simbiosis. En consecuencia, no
pueden constituir una fuente cuantitativamente significativa de fotobiontes para el
establecimiento de las esporas P. plumbea, ni de otras especies de liquenes que también
albergan Nostoc del gremio Nephroma.

Sin embargo, una cantidad adecuada de fotobiontes compatibles, que permitirian la
creacion de nuevos talos, debe estar ubicada en algun lugar la comunidad. Este es el primer
estudio que revela a nivel genético la composicion de una comunidad de cianobacterias de
vida libre, con el fin de ser comparada con el Nostoc en simbiosis con liquenes, para obtener
conclusiones sobre la hipotesis sobre la facilitacion en liquenes. Entre la gran cantidad de
colonias de vida libre, no esperdbamos encontrar linajes simbidticos, asi nuestro esfuerzo
de muestreo se centrd en la recopilacién de todas las colonias aparentemente del gremio
Nephroma para su identificacion genética. Finalmente, incluso con este método altamente
selectivo, s6lo tres de los cientos de colonias que aparecieron en las placas de cultivo, eran
cepas simbidticas (es decir, encontradas también dentro de un liquen). En base a la
dependencia del establecimiento del liquen en la densidad de propagulos dispersados
(Dettki et al., 2000), y de manera similar a los resultados en relacion con el crecimiento del
fotobionte, estd pequefia representacion de colonias de Nostoc disponibles para ser
encontradas por una espora, no puede producir el establecimiento de un gran nimero de
nuevos talos, y presumiblemente podria no ser suficiente para la persistencia a largo plazo
de la poblacion del liguen. Estas tres colonias podrian provenir de algunas células de
Nostoc escapadas de cualquier herida del talo de un cianoliquen, pero para ello se requiere
una fase con movilidad autbnoma (hormogonios) (Boissiére et al., 1987), que esta ausente
en Nostoc del gremio Nephroma. El origen mas probable podria estar en la degradacion
del micobionte de un propdgulo asexual dispersado (en nuestra comunidad F.
mediterranea o D. umhausense) o un fragmento pequefio de talo (P. plumbea o N.
laevigatum, junto con los otros dos) de otros cianoliquenes (Rikkinen et al., 2002; Nelsen
& Gargas, 2008; Wornik & Grube, 2010). Una vez que este tipo de colonias se establece
aposimbidticamente, podria permanecer como epifita por largos periodos, gracias a la
envoltura gelatinosa que rodea a las colonias, que le confieren una gran tolerancia a la
desecacion y minimizan el dafio producido por la radiacién UV (Potts, 1996). Las otras 54
colonias encontradas en vida libre, correspondieron a un Nostoc del gremio Nephroma que
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no se encontr6 como simbionte en esta comunidad, 25 Nostoc del gremio Collema, y 29
colonias del gremio Peltigera (9 Nostoc y 20 de otros géneros de cianobacterias), que se
pueden resumir en 22 genotipos diferentes. Estos resultados evidencian que la corteza de
los &rboles alberga una gran diversidad oculta de cianobacterias, y por lo tanto los estudios
sobre diversidad de fotobiontes de liquenes (Hedenés et al., 2007), y la facilitacion entre
liqguenes (Svensson et al., 2016), debe identificar las colonias a nivel genético para
cuantificar la disponibilidad real de linajes compatibles, para evitar llegar a conclusiones
confusas.

La fuente més plausible de fotobiontes compatibles debe estar finalmente dentro de
la comunidad de cianoliquenes, una vez que se revelaron las grandes diferencias en la
composicion genética entre los Nostoc simbiéticos y de vida libre. En primer lugar, los
cianoliguenes son demasiado selectivo con el fotobionte a escala comunitaria, porgque a
pesar de toda la diversidad registrada (18 genotipos diferentes de Nostoc), s6lo 4 genotipos
diferentes se encontraron dentro de todas las cuatro especies de cianoliquen. La agrupacion
de los genotipos en funcion de la repeticion de motivos de la region P6b del trnL, permitié
apreciar diferente patron de selectividad dentro de cada gremio. La comunidad liquénica
estd compuesta por cuatro especies del gremio Nephroma, quienes basicamente explotan lo
gue esta disponible, excluyendo el genotipo A4 que no pudo ser ubicado como
simbidtico. El caso de C. furfuraceum, y por lo tanto del gremio de Collema, es diferente,
ya que utiliza s6lo un genotipo de Nostoc a pesar de la enorme diversidad que prospera en
su entorno, por lo que se puede considerar como muy altamente selectivo (Beck et al.,
2002). Estos resultados subrayan la importancia de tener en cuenta los gremios mediada
fotobionte cuando se habla de patrones de asociacién micobionte-cianobionte, y supone una
prueba de la alta selectividad que existe en simbiosis liquénica a escala de comunidad
(Myllys et al., 2007; Fedrowitz et al., 2011).

En cuanto a la selectividad de especies individualmente, encontramos diferentes
patrones en funcién del modo de reproduccidn. Las especies que se reproducen sexualmente
(N. laevigatum y P. plumbea) son promiscuos en su eleccion cianobionte, y ambos pueden
utilizar los mismos tres genotipos de Nostoc. Las otras tres especies asexuales (F.
Mediterranea, C. furfuraceum y D. umhausense), ho mostraron evidencia de intercambio
de fotobiontes o transmisién horizontal, ya que cada uno de ellos albergaba su propio
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fotobionte. Una menor selectividad en especies sexuales podria constituir un rasgo de
adaptacion para permitir el establecimiento (Wirtz et al., 2003; Fedrowitz et al., 2011), ya
que necesitan reencontrar el fotobionte en cada generacion. Aunque podria simplemente ser
una consecuencia de una recombinacion aleatoria obligada. Las especies sexuales
mostraron una clara preferencia por un genotipo (A2, el 87% y el 71% de los casos,
respectivamente), lo que demuestra que uno de entre todas las posibles combinaciones esta
confiriendo al consorcio simbidtico el mejor rendimiento en este habitat (Werth & Sork,
2014). Es posible que las combinaciones simbioticas con los genotipos de Nostoc menos
frecuentes (Al o A3), incluso podrian constituir una solucién temporal, hasta que la cepa
mas adecuada pueda ser adquirido (Ott, 1987; Beck et al., 1998). Curiosamente, el genotipo
A2 solamente se dispersa y es puesto a disposicion por D. umhausense, que es una especie
mucho menos abundante regionalmente (véase el Apéndice 1 en Cardos et al., 2016), y
localmente (observacion personal), que F. mediterranea, que dispersa de forma exclusiva
el genotipo Al. Presumiblemente, el nimero de propéagulos dispersados con el genotipo Al
es mayor que A2, sin embargo, las especies sexuales buscar activamente asociarse con A2
a pesar de su menor disponibilidad. Esto demuestra que el papel de D. umhausense parece
ser crucial para el establecimiento de las especies sexuales y por lo tanto para la
configuracion de la comunidad de cianoliquenes. La influencia de D. umhausense sobre N.
laevigatum debe ser menor, porque este es capaz de robar cianobiontes de propagulos de F.
mediterranea con mayor facilidad que P. plumbea (con s6lo un talo con genotipo A3), que
promoveria el establecimiento de un mayor nimero de talos. La mayor dependencia de P.
plumbea (una especie vulnerable) sobre los propagulos de una sola especie, que a su vez es
una especie regionalmente rara, podria estar detras de su estado de amenaza. Por lo tanto, P.
plumbea podria depender exclusivamente de la presencia de D. umhausense a escala
regional, que a su vez puede ser considerado como pionero de especies sexuales para
colonizar nuevos habitats en el centro de Espafia. En busqueda de evidencia adicional para
apoyar esta idea, hemos revisado los datos obtenidos a partir de 588 parcelas prospectadas
durante estudios anteriores sobre la abundancia de especies en la region mediterranea
espafiola (resultados no publicados) y D. umhausense estuvo presente en 111 de las 588
parcelas. P. plumbea estuvo presente sélo en 26, pero la mas ilustrativo es que en 25 de esas
26, D. umhausense también estaba presente, lo que demuestra que la aparicion de la primera
esta vinculada a la aparicion del liquen con reproduccion asexual.
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Por lo tanto, los gremios liquénicos mediados por fotobionte reciben un apoyo
importante con toda esta evidencia. En este caso, el establecimiento de las dos especies
"periféricas" depende cuantitativamente de los propagulos producidos por una Unica especie
"central”, que distribuye sus fotobiontes (Nostoc) de manera eficaz a través de sus
propagulos asexuales (isidios). Las especies “centrales” también se aprovechan de esta
situacion debido a que una proporcion de los fotobiontes dispersados no desaparecen del
todo. En oposicion a la competencia de especies, esto constituye un claro caso de la
facilitacion entre liquenes. Aqui nos hemos centrado en una especie (P. plumbea) por
razones logisticas, pero todas las conclusiones también se pueden extrapolar a las especies
de cianoliquenes del gremio Nephroma, debido a que toda la evidencia empirica disponible
apunta en la misma direccion. En el caso del gremio Peltigera, cuyos linajes de Nostoc
presentan un crecimiento y reproduccién normales, estas conclusiones no son aplicables. En
vista a la posible influencia de la facilitacion en comunidades de liquenes, futuras
investigaciones y estudios de conservacion, deben tener en cuenta la influencia de este
fendmeno.

Implicaciones para la gestion forestal y la Conservacion de Organismos epifitos

Nuestros resultados demuestran que la estructura del paisaje actual, resultante de la
pérdida y la fragmentacion de los bosques mediterraneos, proporcionan explicaciones
fiables sobre las pérdidas observadas de la riqueza y la diversidad de especies epifitas. En
la actualidad, se requieren estudios para facilitar el mantenimiento de la mayor diversidad
de epifitas en las comunidades naturales, asegurando con ello que el papel de liquenes y
briéfitos en la funcionalidad del ecosistema sea mantenido, cuando se produzcan cambios
ambientales de origen antrdpico. La retencion de la funcion de los epifitos exige el
mantenimiento de las comunidades mas ricas y diversas. Este objetivo sélo es posible si las
estrategias de gestion consideran la calidad de los fragmentos de bosque, asi como una
composicion adecuada del paisaje forestal, permitiendo de este modo la existencia de
fragmentos grandes y regulares de bosque. La calidad de la matriz se ha demostrado que es
muy importante, y también tienen que ha de ser tenida en cuenta en la planificacion de la
gestion forestal. Nuestros resultados muestran que, si los esfuerzos de conservacion se
centran en las comunidades de epifitos, los fragmentos mas pequefios deben estar rodeados

por una HCM, lo que impediria la existencia de un “area central” de alta calidad, pero
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favoreceria la llegada de propagulos. Pero teniendo en cuenta que la evidencia empirica
encontro esta medida perjudicial para la adecuacion del habitat de la biodiversidad en
general, su aplicacion dependeré de los objetivos de conservacion locales. Estudios futuros
deben tratar de desentrafar las causas detras de este efecto positivo e inesperado de la
HCM. Un andlisis mas detallado también debe tener en cuenta el aislamiento de los
fragmentos y las caracteristicas de dispersion de las especies, para ser capaces de dar
respuestas mas claras y especificas. Por ejemplo, seria interesante averiguar como el grado
de aislamiento modula el tamafio umbral de los fragmentos por encima del cual el signo del
impacto de la HCM cambia.
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CONCLUSIONS

1. Mediterranean fragmented forests of the Cabafieros National Park and its
surroundings, harbor rich and diverse epiphytes communities, which are strongly

affected by habitat loss and fragmentation processes.

2. Fragment size is a very important factor that explain the richness and diversity of
epiphyte species. A larger size implies a greater number of species, of both lichens
and bryophytes, with a more even distribution of their abundances. An intense shift
in fragment size is not immediately perceived by the community, and this leads to
a slight lag between the number of species actually present in a fragment and those
that can be potentially housed.

3. Fragment shape, as the edge-effect incidence of the on the total area of the
fragment, has no effect on species richness. However, a more irregular fragment
has a negative influence on diversity, which means that favors the dominance of a

few species, probably associated to the forest edge microclimate.

4. The composition of the surrounding matrix conditions the species richness of a
fragment. A high-contrast matrix increases the number of species in small
fragments lacking a core area with high environmental quality, possibly not
hindering the arrival of propagules. However, in larger fragments, it exerts the
opposite effect, which means that the microclimatic conditions get worse at the
edge. On the other hand, a pine matrix increases the richness of bryophytes, since
its trunk can be used eventually as substrate and its physiognomy could mitigate

edge effects.
5. Environmental heterogeneity at the plot level, provided by higher values of tree

canopy openness and shrubland cover, lead to an increase in species diversity.

However, heterogeneity at the fragment level, extracted from the variability found
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in altitude, orientation, tree trunk size, canopy openness and shrubland cover, have

no influence on species richness.

. The structure of the immediate landscape that surrounds the fragment (1 km), is
partially responsible for the number of species that occur in a forest fragment.
Landscape composition by itself, measured through both historical and present
total habitat amount, does not explain richness patterns, but its spatial
configuration is also important. Fragmentation degree of the historical and present
habitat, as a measure of landscape structure, is not valid for predicting richness.
However, landscape structure described through historical connectivity (year
1956), partly explains the epiphyte richness observed in the present. The present
connectivity has no effect on the community, however the intense regeneration of
the native forest observed in the last decades, forecast a possible increase of species

in more connected fragments.

. The lichen Pectenia plumbea, catalogued as vulnerable in the center of the Iberian
Peninsula, does not present dispersal limitations at landscape scale. The species
already occupies all the potential habitat in the Cabafieros National Park, and
cannot establish in more forests due to a low habitat quality. The regeneration of
continuous forests without a management regime, in the warmer and more humid
localities, would allow to extend the distribution area. The two reproductive stages
provide the species a broader ecological suitability and helps to exploit a greater
environment diversity, which slightly mitigates the effects of landscape

fragmentation.

. Genetic identity of the photobionts found in P. plumbea is partially shared among
all populations, however the frequency with which the genotypes appear varies

according to the geographical region, possibly in relation to climatic conditions.

. Genetic identity of the photobionts found in a P. plumbea population is shared with

the rest of the cyanolichen community of the same guild, and partly by the free-
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living cyanobacterial community. However, P. plumbea shows a very clear
preference for a single photobiont genotype, which can only be dispersed by the
lichen Dendriscocaulon umhausense. Since P. plumbea spores are not able to
germinate by themselves, nor the photobiont to grow or multiply, it is quite clear
that the presence of D. umhausense would facilitate the establishment of P.

plumbea in new habitats.
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