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Presentacion

Los motores de cambio que afectan a los ecosistemas a nivel global en la
actualidad incluyen cambio climético, deposicion de nitrégeno atmosférico,
elevada concentracién de CO?, cambio en usos del suelo e invasiones biolégicas
(Sala 2000). En los ecosistemas mediterraneos son los cambios en usos del suelo y
el cambio climético los que tienen un mayor impacto (Sala 2000). Por ello, en la
presente tesis, se abordan los posibles efectos del cambio climatico y del cambio
en las actividades humanas en los ecosistemas de montafia mediterranea. Hemos
evaluado el efecto del clima y el efecto de las actividades antropicas en la
vegetacion de montafia separadamente y también la interaccion de estos dos
motores de cambio. Nos hemos centrado en el estudio del papel de las
interacciones entre plantas como mecanismo que articula la respuesta de los
ecosistemas al cambio. Especificamente hemos estudiado la interaccion entre dos
especies arbustivas del pirineo, Echinospartum horridum (Vahl.) Rothm y Buxus
sempervirens L. (Capitulo 1). Estas especies estan implicadas en el proceso de
revegetacion de tierras abandonadas. Hemos observado que la interaccion entre
ambas especies puede variar con las condiciones climaticas, y por tanto,
demostramos como el cambio climatico puede determinar el proceso de sucesion
secundaria del ecosistema tras el abandono mediante la modificacion de las
interacciones entre especies (Capitulo 3). El efecto directo de las actividades
humanas ha sido investigado en el contexto de conservacion de pastos, se han
evaluado posibles estrategias de control de la expansion del matorral en pastos
subalpinos abandonados del pirineo (Capitulo 2). El efecto del cambio climatico
se ha estudiado también en un roble del territorio sub-Mediterraneo, en el Pre-
Pirineo Central para evaluar la capacidad adaptativa de las especies al cambio
(Capitulo 4). A escala de comunidad se ha investigado el efecto del clima en el
patrén espacial de la vegetacion y las interacciones entre plantas (Capitulo 5). Los
resultados muestran que las interacciones entre plantas son un mecanismo
fundamental en el proceso de sucesion de la vegetacion y en la estructura de la

comunidad (patron espacial y diversidad), y que éstos pueden verse afectados por
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un cambio en las condiciones climéaticas. Ademas, observamos como el roble del
territorio sub-Mediterraneo es capaz de desarrollar una respuesta adaptativa a un
cambio en las condiciones climaticas. Es interesante tener en cuenta la capacidad
de adaptacion de las especies al cambio. Concluimos por tanto que las
interacciones entre especies que forman la base de procesos que estructuran la
vegetacion pueden verse afectadas por el cambio climéatico y las actividades

antropicas, asi como por la interaccion de estos dos motores de cambio.
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Introduction

Since humans are on Earth they have induced changes on ecosystems,
which have been specially accused in the last century. Our activities have
transformed land surface and its impacts might be accentuated by climate change.
The affected ecosystems provide for essential goods and services, which includes
regulating of soil erosion, purification of air and water, sustainable ways of rural
development, conservation of genetic resources, etc. Is therefore of vital
importance to respond the question of how ecosystems will respond to changes in

human pressure and climate.

Photo 1. El Collado de las Sabinas, at the Sierra Nevada National Park (by Nuche,
P.). Photo 2. El Cebollar, Ordesa and Monte Perdido National Park (by Nuche,
P.). Photo 3. Tella, Valle de Ainsa, Central Pyrenees (ceded by Fillat, F.).
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e Main drivers of change

The main drivers of global change on ecosystems include human land
uses, climate change, nitrogen deposition, elevated CO, atmospheric
concentration and biological invasions (Sala 2000). On Mediterranean ecosystems
are changes in human land uses and climate change the ones with a highest impact
(Sala 2000).

Climate change has occurred over the Earths’ history but the recent rate of

warming far exceeds that of any previous warming episode in the past 10,000
years (Sakun et al. 2012, Marcott et al. 2013) (Figure 1). The predicted trends are
an increase in global mean air temperature of 0.3-0.7 °C in the 21% century (IPCC
2013).
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Figure 1. a. Trends in surface temperawic from the Giss data set for 1901-2012.

White areas indicate missing data. Black plus signs (+) indicate gird boxes where
trends are significant. b. Global annual average land-surface air temperature
(LSAT) anomalies relative to the period 1961-1990 climatology from the latest
versions of four different data sets (Berkely, CRUTEM, GHCN and Giss). Source:
Chapter 2, IPCC 2013.
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Specifically, on the Mediterranean region climate models have predicted
increases in air temperature and frequency of drought events (Figure 2) (Giorgi
and Lionello 2008, Nogues-Bravo et al. 2008).

Temperature change (C, 2071-2100 minus 1961-1990),

MGME ensemble average, A1B scenario Precipitation change (%, 2071-2100 minus 1961-1990),

MGME ensemble average, A1B scenario

a)
Figure 2. a) Average change in surface air temperature. Units °C. b) Precipitation

change. Units % 1961-1990 value. DJF: December — January - February, MAM:
March — April — May, JJA: Jun — July — April, SON: September - October —

November. Source: Giorgi and Lionello 2008.

The effect of climate on species and on ecosystems has broadly studied
since the first ecologists were interested in how organism arrange through the
globe (Humboldt and Bonpland 1807, De Candolle 1855). In the last decades,
with the change of global climatic conditions, scientists were then interested in the
effect that this might cause on the functioning of species and ecosystems (Post
2013). The effects of climate change on ecosystems are diverse and could include:
1) the direct effect on species via physiological requirements, such as variation in
organism phenology, e.g.: short vegetative period can cause faster annual shoot
development (Montserrat-Marti et al. 2009), which might promote species
adaptive responses to climate, migration or otherwise species extinction (Jump
and Pefiuelas 2005); 2) the effect on a population processes such as survival or
recruitment (Batllori and Gutierrez 2008), i.e., the effect of climate on a species
have a consequence at population processes; and 3) also climate change can have
effects at community scale due to the directs effects on species and populations
have secondary indirect effects on the other coexisting species. For that reason
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changes in community structure, such as spatial patterns or patterns of
biodiversity could be affected by a change in climatic conditions (Bakkenes et al.
2002, Rietkerk et al. 2004, Thuiller et al. 2005).

Ecosystems over the world were used by humans to fuel supply (Foley et
al. 2005, Millennium Ecosystem Assessment 2005). Many areas were converted
to arable land or pastures for foraging animals (Goldewijk 2001; Ove et al. 2002,
Zomeni et al. 2008, Yan et al. 2008). Especially, the Mediterranean basin has been
constantly subjected to changes in land uses (Quezel and Barbero 1990, Houerou
1981). Productive lands were created mainly by deforestation (Barbero et al.
1990). During second half of the 20® century, this dynamics switched due to
socioeconomic changes (Margaris et al. 1996, Lasanta and Vicente-Serrano 2007).
Land abandonment together with the reduction of pastoral pressure caused a
significant change in the landscape, in particular on the revegetation of abandoned
lands (Margaris et al. 1996).

Given the high rate of climate change, is of vital importance to evaluate
how a change in climatic conditions would affect this reforestation processes and

the species involved.

Scientifics efforts during the recent decades were focused on the effects of
climate and humans as drivers of change on ecosystems (Barrio et al. 2013).
However, given the ecosystems complexity and the several direct and indirect
effects of each driver on species and processes, several drivers are seldom
investigated together and studies working on a specific driver are the norm. The
combined effect of these two drivers of change, change in human land uses and
climate change, might lead to complex and unexpected ecosystems responses. The
common features of all those process are interactions. Whatever it is the direct
effect that humans or climate has on ecological process, it would have secondary
and indirect effects on other ecosystem processes due to biological interactions. In
a broad sense interactions can be between organisms, such as plant-pollinator,
plant-plant, prey-predator; and interactions can also refer to interactions between
ecological processes, e.g.: interactions between drivers of ecological change.

10
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Ecosystems responses to climate and anthropogenic activities fail to be additive
and linear due to biotic interactions might have secondary indirect effects on

several species.

e Species interactions in plant communities

Species interactions in plant communities are the basis for most important
ecosystem properties and processes. Biotic interactions are involved in
evolutionary processes e.g. coevolution of pollinator-floral traits (Ehrlich et al.
1964, Rathcke 1983, Torpe et al. 2011), structuring food webs (Colwell et al.
2012), generating vegetation spatial patterns (Saiz and Alados 2012), demarcating
species range distribution (Wisz et al. 2012), and primary and secondary
succession (Connell and Slatyer 1977, Walker and Del Moral 2003).

At the coarsest level species interactions can be considered negative or
positive. Competition has gathered up scientific efforts over the last century
disregarding the importance of positive interactions ( Connell 1983), although the
relevance of positive interactions is now broadly recognized (Bruno et al. 2003).
Negative and positive interactions might operate simultaneously but there is a net
effect of the balance of both competition and facilitation, which can be either
positive or negative (Callaway et al. 2002). A positive interaction such as
facilitation occur when one species enhances the survivorship, growth or fitness of
another (Callaway 1997). There are several mechanisms in positive plant
interactions, such as attraction of shared pollinators (Ghazoul 2006), protection
from herbivores, especially from larger mammals (Jaksi¢ and Fuentes 1980,
Bullock 1991), beneficial exchange of soil microbial communities (Newman and
Ritz 1986), as well as an amelioration of local environment by increasing nutrient
availability (Jackson and Caldwell 1993), improving soil conditions and moisture
retention (Joffre and Rambal 1988), and protecting by extremely low temperatures

and harmful sun radiation (Callaway 2002). Based on the fact that harsh

11
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environmental conditions, might limit the acquisition of resources by plants, an
amelioration of severe environmental stress by neighbors might be likely to favor
growth or fitness (Callaway and Walker 1997, Brooker and Callaghan 1998).
Therefore, interactions between plants might vary under differing levels of stress.
Conceptual models have been developed to predict how these plant interactions
will vary along stress gradients). Stress gradient hypothesis (SGH) predicts that
the relative importance of positive to negative interactions inversely vary along
environmental stress gradients, being facilitation dominant under high levels of
environmental stress (Bertness and Callaway 1994, Callaway and Walker 1997,
Brooker and Callaghan 1998). This hypothesis has been tested in numerous
ecosystems, such as salt marshes (Bertness and Ewanchuk 2002), arid ecosystems
(Tielborger and Kadmon 2000, Maestre et al. 2005) and alpine ecosystems
(Choler et al. 2001, Callaway et al. 2002). Numerous field experiments supported
this hypothesis (Bertness and Shumway 1993, Maestre et al. 2003, He et al. 2013,
del Rio et al. 2014), but others did not (Tielbdédrger and Kadmon 2000, Pennings
et al. 2003, Maestre and Cortina 2004). These departures from theoretical
predictions are not surprising given that some factors were not taken into account
in the original SGH, such as the variability associated with species growth rate
and life-history stages and local adaptation to stress (Goldberg et al. 1999,
Hastwell and Facelli 2003, Tielbdédrger and Kadmon 2000, Pennings et al. 2003).
Therefore, progress in understanding the relationship between plant-plant
interactions and levels of environmental stress is needed. The effect of the
facilitative and competitive effects to neighboring plants can vary with plant size
or age (Figure 3), therefore in vegetation successional processes where species
turnover implies different species vital stages is a suitable context to evaluate
SGH.

12
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Increasing facilitation

Tncreasing competition

Figure 3. Conceptual model of the effects of size or density of nurse plant(s) and

physical stress gradients on the relative importance of facilitation and

competition. Source: modified from Walker and Del Moral (2003) and Callaway
and Walker (1997). Under high physical stress, increasing nurse plant size, age or
density increases the relative strength of facilitation, under more favorable

physical conditions, increasing nurse plant size increases the relative strength of
competition.

Drivers of global change, such as climate change and human lad uses, are
changing the environmental stress experienced by plant species, therefore plant

species interactions are bound to be affected too, which will ultimately affect all
ecosystems process where they take part.

e Secondary vegetation succession after land abandonment

Nowadays, several causes mainly related to human activities, including
changes in fire regimes (Sankaran et al. 2008, Collins and Callabrese 2012),
grazing intensification (Archer 1989, Van Auken et al. 2000) and land
abandonment (MacDonald et al. 2000, Lasanta et al. 2005) are leading to the

invasion of grasslands by woody species. This process is named woody

13
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encroachment and is ubiquitous around the globe (MacDonald et al. 2000, Van
Auken et al. 2000, Sankaran et al. 2008, Price and Morgan 2008, Brandt et al.
2013). Climatic variables such as changes in rainfall events (Fensham et al. 2005,
Sankaran et al. 2008) and enhanced temperatures (Callaway 2007) have also
shown to affect grasslands — woodlands dynamics. Therefore, woody expansion
might be affected by current climate change (Theurillat and Guisan 2001).

When first colonizing shrubs enter the grasslands vegetation succession
take place due to positive feedbacks and reversion to the prevalent grasslands is
not straightforward (Gunderson 2000, D'Odorico et al. 2010) (Figure 4).
Landscape changes at regional scale are reducing grasslands areas for the
broadening of woody systems which entail a loss of natural resources and
ecosystem services (Millennium Ecosystem Assessment 2005). This process is
determinant in mountainous ecosystems, which have reduced area with increasing
altitude. In addition, mountains hold more biodiversity than the global average
and have high levels of endemism (Korner 2003, WallisDeVries et al. 2002),
especially in the Mediterranean region where the Eurosiberian and Mediterranean

species coexist (Mayers 2000).

Forest

Shrubs and
Bushes small tress

Grasses herbaceous
and annuals  plants

Bare
rocks

Figure 4. Plant succession. Is the species change over time in an ecosystem after a
perturbation (Walker and del Moral 2003).

14
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Species interactions are crucial in succession because species turnover is
not simply the independent response of each species to abiotic changes in its
environment (Walker and Del Moral 2003). Biological interactions determine the
rate of succession and also it might affect the final outcome (Walker and Chapin
1987, Walker and Del Moral 2003). Plants selectively concentrate soil nutrients
and add organic matter when they decay, modify the microclimate (e.g. shading),
remove soil resources and impact their neighbors that often need the same limiting

resources. These effects will affect plant species turn over.

The importance of plant interactions vary during succession, where
facilitation tend to be more determinant at the initial successional phase and
competition at advanced successional phase (Figure 5). In addition, the relative
importance of both interactions, facilitation and competition, in the successional
processes can change with environmental stress (Figure 5), consequently, a
change in climatic conditions might affect the successional process by modifying

the intensity of species interactions.

Direct facilitation Competitive inhibition

High High -

Low + Low A

T T T T T T
Colonization Development Maturity Colonization Development Maturity

Figure 5. Importance of several processes to species change during three
generalized stages of succession (colonization, development and maturity) at two
levels of environmental stress (low stress, dotted lines; high stress, solid lines).
Source: Modification from Walker and Del Moral (2003).
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Mountainous ecosystems

Mountains include all regions above sea level 300 — 1000 meters (depending on
latitude) and with steep slope; excluding plateaus, mountains occupy about one
fifth of the terrestrial surface. Twenty percent (1.2 billion) of the world’s human
population lives in mountains or at their edges, and half of humankind depends in
one way or the other on mountain resources (largely water).

Mountains are characterized by high biodiversity because of the compression of
climatic life zones with altitude and small-scale habitat diversity caused by
different topoclimates, mountain regions are commonly more diverse than
lowlands and are thus of prime conservation value. They support about one
quarter of terrestrial biodiversity, with nearly half of the world’s biodiversity hot
spots concentrated in mountains.

Mountains are ecosystems extremely fragile because are subjected to both natural
and anthropogenic drivers of change. Mountain biota are adapted to relatively
narrow ranges of temperature (and hence altitude) and precipitation. Because of
the sloping terrain and the relatively thin soils, the recovery of mountain
ecosystems from disturbances is typically slow or does not occur.

Source: Millennium Ecosystem Assessment.

e Vegetation spatial pattern and plant interactions

The net outcome of plant interactions can be inferred from the species co-
occurrences in space and time (Tirado and Pugnaire 2005). If two species appear
together more than it could be expected by hazard then it is assumed that there
might be a beneficial effect and the interaction between both species is considered
positive, in the opposite way, if the two species appear segregated more than it
could be expected hazardously, then a negative interaction between the two

species is assumed (Kikvidze et al. 2005).

16
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The abundance of positive or negative plant interactions in a community
scale might vary under deferring environmental conditions, being positive
interactions more common under stressful environments. In addition, positive
plant interactions have been shown to favor plant diversity in stressful alpine
environments because nurse plants often create microenvironments where species
can establish (Cavieres et al. 2013). Following stress gradient hypothesis there
might be more positive plant interactions under high environmental stress, i.e.:
low temperatures at alpine ecosystems, therefore plant diversity might be favored

grace to plant interactions.

Vegetation spatial patterns can theoretically come-out from self-organizing
processes (Rietkerk et al. 2004) in which plant facilitation is one the main
mechanisms (Kéfi et al. 2007b). Therefore, changing environmental conditions
might affect the vegetation spatial pattern through the modification of the

abundance of positive and negative plant interactions at a community scale.

e Plant performance indicators: Developmental instability (DI)

Developmental stability is the ability of an organism to produce a specific
phenotype genetically determined under a certain environmental conditions
(Moller and Shykoff 1999). Developmental instability is therefore the disruption
of the correct development during ontogenesis produced by environmental stress.
Traditionally DI has been used as index of stress (Moller and Swadel 1997, Polak
2003), due to being correlated to several biotic and abiotic stressors, including
environmental factors such as interspecific competition (Komac and Alados,
2012), drought (Escos et al. 2000, Fair and Breshears 2005), high temperature
(Llorens et al. 2002), elevation (Hagen et al. 2008), and anthropogenic activities,
such as urbanization and pollution (Cuevas-Reyes et al. 2013, Velickovic and
Savic 2012, respectively). DI is based on the hypothesis that as stress increases
the ability of the plant developmental program to resist perturbations decreases

17
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(Freeman et al. 2004). Under stressful conditions the mechanisms that are
intended to insure the correct development are interrupted leading to
developmental errors (Freeman et al. 2003). For those reasons, DI can be used to
assess plant responses to a change in climatic conditions. DI can be used as well
as index of species interactions given that competition or the lack of facilitation
could suppose elevated stress for coexisting species.

The mechanisms of developmental stability are not well known yet.
Developmental instability has some advantages over other performance indices
such as growth, because gives information of the general state of the plant (Alados
et al. 2006). While growth, focus on the organism ability of producing biomass,
developmental instability inform about the environmental stress experienced by
the plant (Polak 2003) . On the contrary, DI might have also some disadvantages
too. DI is not expressed in every organism traits in a similar way. It depends upon
the type of environmental stress and also on the relation of trait to plant fitness
(Palmer 1994). Traits that are very important to organism fitness such as floral
symmetry, might not vary under stress conditions, are much canalized. The
opposite also occurs; traits that are not related at all to fitness might vary even
under no stressful conditions. In this work we used several indices of DI:
fluctuating asymmetry (FA), based on bilateral symmetry and translational
asymmetry (TA), based on allometric relationship on plant traits (Graham et al.
2010).

e Introduction to study area and species

In this thesis plant interactions are studied as mechanism in vegetation
succession of abandoned subalpine grasslands and the management strategies to
control shrub expansion at the Central Pyrenees, Spain (Figure 3). The first shrub
entering the abandoned subalpine grasslands is Echinospartum horridum (Vahl.)

Rothm and the following shrubs is Buxus sempervirens L. Plant interactions as

18
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mechanism of vegetation pattern formation were studied at community scale in
Sierra Nevada Mountain Range, Spain (Figure 3). The effect of a change in
climatic conditions was evaluated in Q. faginea, E. horridum and B. sempervirens
due to they are the mains actors of revegetation after land abandonment at the

Central Pyrenees. All study sites are showed in the following map (Figure 3).

Ordesa and Monte
Perdido National Park

iy !

Argis and Alcublerre 2 \
Mountain Ranges <, {

Sierra Nevada
National Park

=

Figure 6. Map and pictures of the study sites.

At the Central Pyrenees, woody areas were deforested to being converted
into productive lands over a wide range of altitude. At the peripheral mountain
ranges on the Pyrenees, i.e. the Pre-Pyrenees, mixed forests, mainly formed by
Quercus faginea Lam., were replaced by farming areas, especially for pastures
and cereal farming in the years XX (Lasanta-Martinez 1989). At the subalpine belt
similar process occurred, were original woodlands were replaced by farming
lands. During second half of the 20™ century, land use abandonment together with
the reduction of pastoral pressure caused the revegetation of those lands (Lasanta
and Vicente-Serrano 2007). At the Pre-Pyrenees, Q. faginea is now recolonizing
old farming areas due to decrease in human density and land use abandonment but
Q. faginea forests still have low extension (Kouba et al. 2010, Kouba and Alados
2014); and at high altitude at the subalpine belt at the Central Pyrenees, those

19
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lands are mainly colonized by E. horridum and B. sempervirens in calcicolous
locations (Benito Alonso 2010), other shrubs such Juniperus communis L.

colonizes preferentially the acid soils (Livinstone 1972).

The Mediterranean region is considered a hotspot of biodiversity (Meyers
et al. 2000). Populations of Q. faginea are as well of special value of conservation
because they host high plant diversity (Kouba et al. 2012, Maltez-Mouro et al.
2009, Rey Benayas et al. 2005). Q. faginea spread in the sub-Mediterranean
region between the Mediterranean climate and the Eurosiberian climate, hence
they might suffer the increased temperatures and drought events observed and
predicted for the Mediterranean region (Giorgi and Lionello 2008). Their ability
of occurs in this climate between Atlantic and Mediterranean might confer them

the ability of adapt to changing climate conditions.

Quercus faginea Lam. is a winter-deciduous Mediterranean oak widely
distributed in sub-Mediterranean areas of North Africa and the Iberian Peninsula,
being dominant in NE Spain (Loidi and Herrera 1990). It is usually found in sites
with base-rich soils with some precipitation during the summer period. Towards
the north it tends to hybridize or be replaced by similar taxa such as Q. cerrioides
Willk. and Costa and Q. humilis Miller. These three taxa co-exist in many sites in

the N Pre-Pyrenees at mid to high elevations (Atlas de Flora de Aragoén, 2005).

E. horridum and B. sempervirens coexistence is studied since many years
(Montserrat and Montserrat 1984) because they are engineering species that from
a mature ecosystem quite abundant in the Iberian Peninsula (Tena 2009),
harboring several herbaceous plant species (Montserrat and Montserrat-Marti
1984). E. horridum can be also considered a foundation species because it define
much of the structure of the ecosystem by creating local stable conditions for
other species and by modulating fundamental ecosystem processes (Ellison et al.
2005). For those reasons, is of great importance to evaluate the possible impacts

of current climate change on this ecosystem.

E. horridum is an evergreen thorny cushion plant (Palacio and Montserrat-

Marti 2006), that develops at the Pyrenees and southern France (Villar et al.

20



Effects of environmental conditions on Mediterranean mountain vegetation

1990). Is a strictly calcicolous (Aparicio et al. 2002) from relatively cold and
humid sites with a short vegetative period (Camarero et al. 2012). It spread
preferentially from 100 to 1700 meter a.s.l. although it can be found also from 390
to 2400 m a.s.l. (Marinas et al. 2004). E. horridum is usually located in south
facing slopes and stony soils where there is not a lot of water availability
(Montserrat and Montserrat-Marti 1984); water availability is not a limiting factor
for it (Palacio 2006). E. horridum is highly invasive on the southern slopes, where
it colonizes subalpine grasslands, one of the important ecosystems for plant
diversity (Benito Alonso 2010). The dense E. horridum crown host many species
of dry grasslands such as Arenaria grandiflora and many grasses, such as Bromus
erectus, Brachipodium pinnatum and Festuca rubra (Montserrat and Montserrat-
Marti 1984).

B. sempervirens is a broadleaf evergreen phanerophyte that can reach 5 m
height, broadly distributed in the Mediterranean region and central Europe
(Quézel and Médail 2003). In the Iberian Peninsula it spread preferentially from
400 meter a.s.l. to 1700 m a.s.l. (Tena 2009) although it can establish near the sea
level (Iparragirre et al. 1985) and up to 2000 m.a.s.l. at the Pyrenees (according to
P. Chouard in Lenoble and Boyer 1945).

Alpine vegetation in Sierra Nevada Mountain Range is subjected to two
types of environmental constraints, one is the low temperatures and harsh climate
with strong winds and high sun radiation characteristic of High Mountain and the
second is the characteristic drought of Mediterranean climate. Therefore plant
communities might respond to those combined stress effects in unexpected ways.
The vegetation typically forms a patchy system were cushion shrubs are compact
and prostrated. This morphology, also present in E. horridum, is characteristic of
low temperature environments (Kérner and Larcher 1998, Kérner 2003), which
appears to have evolved convergent across a wide range of plant families (Wang
et al. 2004). Its major advantage is the high moisture and nutrient storage capacity
(Agakhanyantz and Lopatin 1978, Ruthsatz 1978). Patchy vegetation occurs
because plants tend aggregate forming a mosaic of vegetation and bare ground.
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Objectives

The general objective of this thesis is to evaluate the main effects of global

change on mountainous vegetation, including changes in human land uses and

climatic change. | address the effect of human intervention on vegetation, the

effect of climate on vegetation and the combined effect of anthropogenic activities

and climate change.

Specifically, we addressed the following specific objectives and hypothesis:

1. Evaluate plant species interactions as mechanism of vegetation succession

of subalpine grasslands at the Central Pyrenees after land abandonment

and its variation under differing climates (Chapter 1). The following

hypothesis are considered:

H1.1: The net interaction between the two main shrubs
encroaching the subalpine grasslands, E. horridum and B.
sempervirens, will vary with the vital stage of B. sempervirens
(seedling, juveniles and adults).

H1.2: The interaction between B. sempervirens and E. horridum
vary with climatic conditions associated to the altitude (High site
vs Low site).

H1.3: E. horridum facilitation effect occurs through the
amelioration of physical environment (low temperatures) rather

than improving soil conditions (soil nutrient concentration).

2. Evaluate the possible management strategies (burning vs clearing) to

control E. horridum expansion into the abandoned subalpine grasslands at

the Central Pyrenees, and the role of the soil seed bank (Chapter 2).

H2.1: Prescribed burning might favor E. horridum seedling
establishment rather than clearing because fire favor seeds

germination of some Mediterranean shrubs species.

23



Effects of environmental conditions on Mediterranean mountain vegetation

ii. H2.2: E. horridum removal treatment, burning vs clearing, would
differently affect the soil seed bank species richness, diversity and
dynamics.

iii.  H2.3: Burning might alter the soil conditions (nutrients
concentration and texture) more than clearing.

o Appendix 4 Chapter 2. Monitor the vegetation recovery and evaluate
the role of plant species interactions on vegetation recovery after a fire
perturbation in an E. horridum community (a preliminary study).

iv.  H2.4: Species abundance would increase during succession.

v. H2.5: Plant interactions, specially positive interactions, would play

a determinant role in vegetation recovery

3. Improve our understanding of how climate might affect ecosystem
dynamics through it direct effect on population process and it indirect
effect on species interactions (Chapter 3).

i. H3.1: Plant interactions are a fundamental mechanism in
vegetation succession of subalpine grasslands.

ii. H3.2: Plant interactions play a determinant role mediating the
vegetation succession dynamics under a climate change.

iii.  H3.3: Global warming might accelerate B. sempervirens
expansion, which might lead to a dominance of B. sempervirens
over E. horridum. Under low temperatures, B. sempervirens
expansion would be slowed-down and B. sempervirens and E.

horridum might coexist.

4. Estimate the variation of developmental instability (DI) in a Mediterranean
oak (Q. faginea) at the Central Pre-Pyrenees along an altitudinal gradient
(xeric, mesic and cold sites) in two climatically contrasting years (wet vs
dry conditions); and assess the relationship between biomass production
(shoot length) and DI (Chapter 4).

i.  H4.1: DI can be an index of species adaptation, i.e. individuals that
are adapted to environmental stress (living in the xeric site) might

have low DI values under stressful conditions (dry year).
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H4.2: Under stressful environmental conditions energy allocation
might be invested in maintain correct development (low DI values)
rather than in biomass production, i.e. there is trade-of between

maintenance of correct development and growth.

5. Investigate the relationship between biotic interactions and plant

community structure (plant spatial pattern and diversity) in Mediterranean

alpine ecosystems, and to disentangle how biotic interactions and plant

community structure change in response to environmental conditions
(Chapter 5).

H5.1: There is a positive relationship between positive interactions
and community structure (plant spatial aggregation and plant
diversity).

H5.2: There might be more positive interactions under high levels
of environmental stress, i.e. at north slopes than at south slopes due
to low temperatures, which might lead to high plant diversity under
stressful conditions; and in acid soils than in basic, due to harsh

soil condition.

The present thesis is organized in chapters that correspond to original

research articles that are published or are going to be published in indexed

journals. For that reason they are written in English and each one have the

appropriate structure with an introduction, material and methods, results and

discussion.

The main structure of the thesis is summarized in the following figure:
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Species
Populations

4, Developmental instability as an
index of adaptation to drought
stress in a Mediterranean oak

Pair-wise
interactions

| * Effect of climate change i | * Effect of human activities |

* Combined effect of climate
change and land abandonment

1. Shrubs interactions driving vegetation
succession of subalpine grasslands under
two climatic conditions

Community
scale

5. Plant interactions at
community level and vegetation
spatial pattern in response to
environmental conditions

2. Evaluation of prescribed fire and clear-cut
on Echinospartum horridum demography and
soil seed bank. It is a desirable strategy to
control its expansion into the grasslands?

3. Plant species interactions mediate the
response of vegetation succession to
climate change

Figure 7. Scheme of the main chapters of the present thesis, the scale at which
they operate and the drivers of ecosystems change that they address, climate
change and human land use change.

26



Effects of environmental conditions on Mediterranean mountain vegetation

e Qutline of the thesis

Plant species do not live isolated in the ecosystem, every element of an
ecosystem is contact and interacts with the others (Tylianakis et al. 2008).
Therefore, | focus on plant species interactions as main mechanism that articulate
the response of ecosystems to those drivers of change. | wonder how the direct
effect of an ecosystem driver on a single species would affect other coexisting
species, and therefore would have secondary effects on the whole community
dynamics. In addition, the interaction between ecosystems drivers, in this case
land abandonment and climate change, might modify vegetation dynamics. For
that reason we monitored the response of two coexisting shrub species to a change
in climatic conditions after land abandonment (Chapter 1). However, plant
behavior in one or two years of study is not enough for predicting future
community dynamics, especially when working with shrubs, therefore we used
ecological modelling that allow to generate and test theories and hypotheses
which are not possible with short term experiments (Park et al. 2015) (Chapter 3).
We addressed as well possible strategies to face the consequences of these drivers
of change, specifically on subalpine ecosystem. Grasslands conservation was
assessed by means of investigating the possible strategies to control the expansion
of the main colonizing subalpine shrub (Chapter 2). The effect of climate change
was evaluated in a Mediterranean oak which is also involved in the natural
vegetation processes after land abandonment at the Pyrenees (Chapter 4), and at a
community scale in Sierra Nevada Mountain range (Chapter 5).
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Chapter 1

Shrub interactions driving vegetation succession of subalpine

grasslands under two climatic conditions

Paloma Nuche and Concepcién L. Alados

Manuscript in revision in Journal of Plant Ecology.
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Abstract

Introduction and Aims: The abandonment of agronomic practices in subalpine
systems has led to shrub encroachment, which transformed grasslands into
woodlands. The competitive and facilitative interactions among incoming shrub
species might influence vegetation succession and might be affected by climate
change. This study aimed to identify the nature of shrub species interactions
between an early colonizer and a secondary succession shrub in the successional

encroachment process and whether it differs between climates.

Methods: The interactions between the two main encroaching shrub species in the
Central Pyrenees (Spain), Buxus sempervirens and Echinospartum horridum, were
studied at the actual upper limit of altitudinal range of B. sempervirens where
coexist with E. horridum (High site) and in a milder location at lower elevation
(Low site). In the studied areas, E. horridum is the first shrub species that
encroaches upon the abandoned grasslands and B. sempervirens enters the system
after E. horridum has become established. A neighbor-removal experiment was
used to assess the bidirectional interactions between E. horridum and B.
sempervirens, and whether those interactions differed among the life stage of B.
sempervirens (seedlings, juveniles, and adults), at the two study sites. Survival,
annual crown growth and developmental instability (i.e., error in development
caused by stress) (DI) were the performance indices used to quantify plant
responses. Differences of mean air temperatures and soil nutrient amelioration
were evaluated as possible mechanism of the facilitative effect of E. horridum on

B. sempervirens.

Results and conclusions: E. horridum enhanced the survival of B. sempervirens
seedlings under its crown, however, B. sempervirens adults outcompeted E.
horridum. Therefore, the invasion of the grasslands by E. horridum facilitated the
settlement and expansion of B. sempervirens and, hence, has promoted vegetation
succession at the Pyrenees. In addition, climatic differences associated with
elevation affected shrub interactions. Under low temperatures at the upper limit of
altitudinal range of B. sempervirens, the presence of E. horridum enhanced the
growth of B. sempervirens juveniles and at low elevation, under a milder climate,

B. sempervirens exerted a high degree of competition toward E. horridum. An
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increase in temperatures associated to climate change would benefit B.
sempervirens juveniles growth which might affect the successional process
because it would increase their competitive ability when B. sempervirens

juveniles become adults.

Key words: plant interactions; vegetation succession; climate change, subalpine

ecosystems; developmental instability.
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Introduction

The abandonment of agricultural practices in subalpine ecosystems is
leading to shrub encroachment process that transforms grasslands into woodlands
(McDonald et al. 2000, Gellrich et al. 2007, Gartzia et al. 2014). The interactions
between the incoming shrubs species might influence the vegetation succession.
Connell and Slatyer (1977) proposed three possible models to address autogenic
succession. The first model included facilitation by 'early colonist' to the benefit
of 'late succession species', which, once established, outcompete the former. The
second and the third models included no interaction and competition by the ‘early
colonist' species to the 'late succession’ ones, respectively. In addition, plant-plant
interactions are a crucial component of the response of plant communities to
climate change (Theurillat & Guisan 2001, Brooker 2006). However, studies in
alpine ecosystems remain scarce (Anthelme et al., 2014), particularly in the
context of succession (Barrio et al., 2013). To predict vegetation succession after
land abandonment and identify the impacts of climate change, studies that assess
species interactions under different climatic conditions are needed.

Positive interactions such as facilitation occur when one species enhances
the survivorship, growth or fitness of another (Callaway 2007). The Stress
Gradient Hypothesis (SGH) posits that positive interactions are common under
high levels of environmental stress (Bertness and Callaway 1994; Callway and
Walker 1997). The amelioration of the local microclimate by neighbors is one of
the main direct mechanisms involved in positive plant-plant interactions
(Callaway 2007). Low temperatures limit plant growth in alpine and subalpine
ecosystems (Kdorner 2003) and cushion plants can act as nurse plants by creating a
favorable the microenvironment under its crown (Cavieres et al., 2007). Global
warming is expected to reduce temperature stress in alpine ecosystems (IPCC,
2013) and therefore reduce the positive effect of nurse plants as per the SGH. In a
similar way, competitive interactions are expected to increase in alpine
ecosystems following SGH. To date, however, evaluations of the SGH have been
contradictory for various reasons, such as differences in species life-histories
(Maestre 2009), variation on the performance variable used (Goldberg et al. 1999,
Hastwell & Facelli 2003), and site-specific effects (Michalet et al., 2014).
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The aim of our study was to investigate shrubs interaction between an
‘early colonist' and a 'late succession' shrub, at various life stages of the ‘late
succession’ species, as mechanism in vegetation succession of abandoned
subalpine grasslands. We investigated the interaction between the two main
shrubs species that have established in the semi-natural grasslands at the Central
Pyrenees (Spain), Echinospartum horridum (Vahl) Rothm (an ‘early colonist’)
and Buxus sempervirens L. (a ‘late succession colonist’), and whether climatic
conditions might affect their interaction. Specifically, we aimed (1) assess the
balance of interaction (competition vs. facilitation) between the two species at the
life stages of B. sempervirens (seedling, juvenile and adult), (2) assess shrubs
interactions at two locations which differ in environmental conditions: at the
actual upper limit of altitudinal range of B. sempervirens (High site) and at a low
elevation with a milder climate (Low site), and (3) evaluate the microclimate
amelioration and soil nutrient amelioration as mechanism of interaction because
E. horridum is a cushion-shaped leguminous N-fixing specie. To investigate the
bidirectional interactions between those two shrubs we performed a reciprocal
neighbor-removal experiment, at the two study sites, for B. sempervirens adults,
juveniles and seedlings. We hypothesize that E. horridum promotes shrub
encroachment because it enhances the survivorship of B. sempervirens seedlings,
which, when they mature might outcompete E. horridum. We hypothesize as well
that facilitation would predominate under stressful conditions for the facilitated
seedlings and juveniles of B. sempervirens (at the High site) and that competition
of B. sempervirens adults towards E. horridum would be more intense under less

stressful conditions (at the Low site).

To evaluate plant response we used two common performance indicators,
survival and growth (annual crown growth), and an integrative index of stress,
Developmental Instability (DI). DI is an index of stress (Mgller and Swadel 1997,
Polak 2003, Beasley et al. 2013) because it is correlated with several abiotic
stressors, including environmental factors such as drought and high temperature
(Alados et al. 2001, Nuche et al 2014), as well as biotic stressors such as intra-
specific competition (Komac and Alados 2012) and inter-specific competition and
facilitation (Alados et al., 2006, Zvereva & Kozlov 2006). Under stress less

energy is available for the correct functioning of organisms and the mechanisms
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intended to insure the proper development might be compromised, which leads to
developmental errors (Freeman et al. 2003). In this study we used two indices of
DI, fluctuating asymmetry (FA) and translational asymmetry (TA). Fluctuating
asymmetry is the asymmetry of bilateral structures and translational asymmetry is
the asymmetry in the allometric relationships among organisms’ traits (Graham et
al. 2010).

2. Materials and Methods
Study area and plant species

The study area included two sampling sites: at the upper limit of altitudinal
range of B. sempervirens (High site at 1800 m) and at a milder location at lower
elevation (Low site at 1400 m.a.s.l.) at the periphery of Ordesa and Monte Perdido
National Park (PNOMP), in the Central Pyrenees, Spain (Table 1). The climate is
Mediterranean mountainous and characterized by an equinoctial precipitation
regime, cold winters and a short vegetative period. The average annual
precipitation is 1758 mm (from the closet meteorological station ‘“Refugio de
Goriz”). Vegetation is a dense shrubland dominated by monospecific patches of
E. horridum and scattered individuals of B. sempervirens. Echinospartum
horridum is a thorny cushion chamaephyte endemic to the sub-Mediterranean
territory of the Pyrenees. Buxus sempervirens is a broadleaf evergreen
phanerophyte (up to 5 m high) widely distributed in the Mediterranean region and
central Europe (Quézel and Médail 2003).

Field work and laboratory procedures

To quantify the effects of E. horridum on the life stages B. sempervirens,
36 units of coexisting adult E. horridum — adult B. sempervirens, 36 units of adult
E. horridum — juvenile B. sempervirens and 36 units of adult E. horridum —
seedling B. sempervirens were selected along two transects that were 10 m apart,
at each study site (High and Low). Adult E. horridum were removed on half of the

replicates (E. removal treatment, which had 9 replicates per vital stage on each
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transect; and Control, which had 9 replicates per vital stage on each transect, at
each study site) (see Appendix B). B. sempervirens seedling were considered
individuals smaller than 5 cm tall that were entirely below an E. horridum crown;
juveniles were individuals between 20 and 90 cm tall growing inside a E.
horridum but that had part of its crown out of it, and adults were individuals taller
than 1m tall. None seedling showed evidence of grazing herbivores. To test the
hypothesis of the competitive effect of B. sempervirens on E. horridum, 36 units
of coexisting adult B. sempervirens - adult E. horridum and 36 units of coexisting
juvenile B. sempervirens - adult E. horridum were selected along the former two
transects, at each study site. On half of the units B. sempervirens adults were
removed from the E. horridum neighborhood (B. removal treatment, which
included 9 replicates per transect, and the Control, which had 9 replicates per
transect, at each study site). The experiment was established in August 2010 and
vegetation was surveyed at that time (before manipulations) and in August 2011.
The survival and height of B. sempervirens seedlings, the crown size and DI of B.
sempervirens juveniles and adults in the Control and in the E. removal treatment,
and the crown size and DI of E. horridum adults in the Control and in the B.
removal treatment were recorded. Mortality was only accounted when the
seedling was found dead. Annual crown growth was quantified as the increase in
crown size between the two years of study. Crown size was estimated based on
the longest crown diameter and the diameter perpendicular to it. The crown height
of B. sempervirens was also recorded. To quantify DI, we collected three annual
shoots from each B. sempervirens juvenile and adult (in Control and E. removal
treatment) and three annual spines from each E. horridum adult (in Control and B.
removal treatment). An electronic caliper (resolution 0.01 mm) was used to
measure the shoot length and the internode length from the base to the top of each
shoot, to quantify translational asymmetry in B. sempervirens, and from the base
to the thorny apex of opposite spines, which was used to calculate the fluctuating

asymmetry in E. horridum (see Appendix C).

To test the hypothesis that E. horridum increases soil nutrient availability,
soil samples were collected at the base of each B. sempervirens monitored: 9
replicates per vital stage and transect, at each treatment (Control and E. removal)

and at each study site (High and Low). Soil samples were collected with a soil

35



Effects of environmental conditions on Mediterranean mountain vegetation

collector of 20cm in deep. The concentration (%) of the following nutrients were
quantified in the soil samples: nitrogen (N), total carbon (C), organic carbon
(Corg), organic matter (MO); pH and electrical conductivity (CE) were also
quantified. After polishing soils samples, nitrogen and total carbon was quantified
using an elemental analyzer, Variomax Elementar (DUMAS procedure); organic
carbon was quantified with dichromate (Heanes 1984). Organic matter was
quantified by incineration (at 550°C). After sieve soil samples (2 mm mesh)

texture was quantified (Malvern Mastersizer 2000).

Local environmental conditions

To assess the variation in the meteorological conditions within the
elevation range, and to assess the crown effect of E. horridum within its local
environment, we installed 4 air temperature and relative humidity sensors at the
soil surface, under E. horridum crown (Control) and outside E. horridum crown
(E. removal treatment) at each study site (a total of 8 sensors at each study site)
(Table 1). Daily air temperature and relative humidity (£ 0.5°C ) was recorded
every 30 min from May 2011 to May 2013 using a Hobo U-23 pro v2 data logger
(Onset Computer Co., Bourne, MA, USA). Photosinthetic Photon Flux (PPF, solar
radiation from 400 to 700 nm) was measured in a clear sky day in August 2011
with a portable quantum meter (Apogee Instruments Inc., Logan, UT, USA) in
Control and in E. removal treatment, in 15 E. horridum individuals as replicas at

each study site.

Statistical analyses

Local environmental conditions

Temperature

To test for differences between local climate conditions under and outside
E. horridum crown and between study sites, mean temperatures from data
collected in the field were analyzed using linear mixed models (LMM). The

growing season usually starts with snowmelt in April, and, even though growth
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can continue until the next winter, we focused on the period April - Jun as the
most important period for plant growth. To test for differences in the local climate
between study sites a linear mixed model (LMM) that had mean temperature
(Apr-June) of the E. removal treatment as response variable. The factor Site,
which accounted for differences between study sites (High vs. Low) were
included as fixed factor. To test for differences in microclimate under and outside
E. horridum crown, a linear mixed model with mean temperature (Apr-June) as
response variable and Treatment as fixed factor (Control vs. E. removal) was
performed at each study site, High and Low, separately. The factor Transect,
which represented the replicates at Site level, and Year and Date because of

temporal auto-correlation, were included as random factors in former models.

Solar radiation

To test for differences in solar radiation between study sites a general
linear model (GLM) with the factor Site (High site vs. Low site) was performed
with data of the E. removal treatment. The effect of the E. removal treatment in
sun radiation was evaluated at each study site, High and Low, separately, with a
GLM that included Treatment (Control vs. E. removal) as fixed factor.

Soil nutrients

To test for differences in soil nutrient content between study sites, a linear
mixed model (LMM) was performed for each nutrient based on the data from the
Control treatment. The factor Site was included in the model as fixed factor and
Transect as random factor.

To test for differences in soil nutrient concentration between treatments
(Control and E. removal) a linear mixed model was performed for each nutrient:
nitrogen (%N), total carbon (%C), organic carbon (%C.org) and organic matter
(%MO), pH and electrical conductivity (CE), for each vital stage (B. sempervirens
juveniles and adults), at each study site (High and Low). The factor Treatment
was included in the model as a fixed factor and Transect was included as random

factor.

Seedling survival
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To quantify the survival probability of B. sempervirens seedlings at each
study site and in Control and E. removal treatment, a generalized linear mixed
model (GLMM) with binomial distribution was used. The response variable
'seedling survival' had a value of 1 if the seedling survived from 2010 to 2011 and
a value of O if the seedling was found dead in 2011. The factor Site, which
accounted for variation between sites, and the factor Treatment, which accounted
for the effect of the neighbor-removal experiment, were included as fixed factors.
Transect, which represented the replicates at Site level, was included as random
factor, and the variable 'seedling height' was included as a covariable. To test the
effect of the variable 'seedling height' on the probability of seedling survival under
different stressful conditions combination of the site and exposure, a generalized
linear mixed model (binomial distribution) with seedling survival as response
variable, seedling height as covariable and Transect as random factor was
analyzed for each combination of Site and Treatment (High site - Control, High

site - E. removal, Low site - Control and Low site - E. removal).

Annual Crown growth

Based on the assumption that E. horridum individuals are ellipsoidal, the
crown size of E. horridum was estimated with the area of ellipse based on the

longest diameter, D, and its perpendicular, d:

*

N | T
N |

Areayp = * T 1)

The crown size of B. sempervirens was calculated based on cylinder
volume (Azmi et al., 1991, Robles et al., 2002) with the longest diameter, D, its
perpendicular, d, and the height, h:

2
Volumeg = 1 * (@) * h (2)

The annual crown growth of the two shrub species was calculated as

follows:

(Crown Size — Crown Sizezg10)
annual crown growth = 20117 2010} (3)
Crown Sizezp10
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Cylinder volume and ellipse area were used for calculating crown size for
each species B. sempervirens and E. horridum respectively, due to species specific
crown shape.

To test the effect of elevation on B. sempervirens (juveniles and adults)
and on E. horridum performance a linear mixed model (LMM) that included
annual crown growth as the response variable was performed for each study
species. Site and Transect were included as fixed and random factors,
respectively. To test the effect of E. horridum on B. sempervirens (juveniles and
adults) performance and the effect of B. sempervirens adults on E. horridum
performance, a linear mixed model that included annual crown growth as the
response variable was performed for each study site (High and Low) and each
study specie. Treatment and Transect were included as fixed and random factor,
respectively. We expected that adult and juvenile B. sempervirens would differ
their response to climatic conditions and in the degree of interaction with E.

horridum; therefore, each life stage was evaluated individually.

Developmental Instability (DI)

Fluctuating Asymmetry (FA) was measured in E. horridum spines based
on the random departure from bilateral symmetry (Palmer and Strobeck 1986). To
assess the relationship between asymmetry and size we tested the correlation
between absolute fluctuating asymmetry, |L-R|, and the sum of both spines, (L+R),
which was highly significant (r=0.18, p<0.0001); therefore, the raw data were
transformed using logarithm, |InL; — InR;| (Palmer and Strobeck 2003). To deal
with half normal distribution, we applied the Box-Cox transformation (following
Swaddle et al. 1994, Graham et al. 1998, and Freeman et al. 2004). We used FA as

an index of developmental instability. High FA value indicates high DI.
FA=(In L, —In R,|+0.00005)"* (4)

To test the effect of altitude on E. horridum DI, we used data from E.
horridum individuals that coexisted with B. sempervirens juveniles in a linear
mixed model (LMM) that included FA as the response variable. Site was included

as fixed factor and Transect, Individual and Shoot as random factors. To test the
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effect of B. sempervirens adults on E. horridum DI a linear mixed model that had
FA as the response variable, Treatment as fixed factor and Transect and Individual

as random factors was performed, at each study site.

Translational Asymmetry (TA) was estimated in B. sempervirens shoots

based on the error in the following curve-fitting equation:
L(N )=kN2e™" 5)

where L is the internode length, N is the internode order (measured from the
bottom to the top, see Appendix A), e is the natural base, and k, a, and b are the
fitted parameters (Alados et al. 1998, 2006, Freeman et al. 2004, Tan-Kirstanto et
al. 2003). Curve-fitting accuracy was calculated after log-log linearization and
posterior linear regression adjustments of each sample. (1 - R? the coefficient of
determination) was used as a TA index, a measure of the degree of developmental
instability. High TA value indicates high DI.

To test the effect of elevation on B. sempervirens DI, a linear mixed model
(LMM) that had TA as the response variable, Site as fixed factor and Transect,
Individual and Shoot as random factors was performed. To test the effect of E.
horridum on B. sempervirens DI a linear mixed model that had TA as the
response variable, Treatment as fixed factor and Transect and Individual as
random factors was performed, at each study site. We expected that adult and
juvenile B. sempervirens would differ in their response to elevation and in the
degree of interaction with E. horridum; therefore, each life stage was evaluated
individually. ‘Annual shoot length’ was included as covariable in every model to

avoid a size effect.

Models were selected based on Akaike Information Criterion (AIC) (Zuur
et al., 2009). The parameter estimations were made using the Restricted
Maximum-Likelihood Estimation Method (REML) in the nmle package (Pinheiro
et al, 2014) for the R 2.15.3 software (R Development Core Team), with the
probability of statistical significance set to 0.05 (type I).
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Results

Local environmental conditions

Temperature

Mean temperatures were lower at the High site than at the Low site during
period months (Apr-Jun) (Table 1, Table 2). In that period (Apr-Jun) at both sites,
mean air temperatures were lower outside E. horridum crowns (E. removal
treatment) than they were under E. horridum crowns (Control) (Table 1, Table 2).
The lowest temperatures occurred were at the High site in the E. removal
treatment (Table 1).

Solar radiation

Levels of solar radiation were highest at the High site (Table 1, Table 2). In
addition, the presence of E. horridum crowns diminish significantly the irradiance
levels beneath them at both sites (Table 1, Table 2).

Soil nutrients

The soil nutrients concentrations did not differ significantly between study
sites: Nitrogen (F133=1.24, p=0.27), organic carbon (F;33=0.590, p=0.44), total
carbon (F133=0.079, p=0.77), C/N (F133=0.0048, p=0.94), MO (F133=0.12,
p=0.72), pH (F133=0.36, p=0.54), CE (F133=0.13, p=0.71).

At the High site, soil nutrient concentrations, pH and electrical conductivity
did not differ significantly between treatments (Control vs. E. removal); however,
at the Low site, all nutrients concentrations were significantly lower in the E.

removal treatment than they were in Control (Table 3, Fig. 3).

B. sempervirens response to E. horridum removal

B. sempervirens Seedling Survival

The survival of B. sempervirens seedlings was significantly higher under

E. horridum crown (Control) than it was outside (in E. removal treatment)
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(z=8.03, p=0.02; Fig. 3). Seedling survival did not differ significantly between
sites (z=0.27, p=0.52). Seedling height and survival were positively correlated
(z=8.93, p=0.002). At the High site in E. removal treatment seedling height had a
significant positive effect on seedling survival (z=2.033, p=0.04). In the E.
removal treatment at the Low site, the effect was marginal (z=1.875, p=0.06). In
the Controls at the High and Low sites seedling height and seedling survival there
were not significantly correlated (z=0.573, p=0.56; 2z=0.970, p=0.33,

respectively).
Annual Crown Growth of B. sempervirens juveniles and adults

Annual crown growth of juvenile B. sempervirens did not differ
significantly between Sites (F1=0.7737, p=0.47). At the High site juveniles'
annual crown growth was significantly higher in Control than in the E. removal
treatment, and a similar but non-significant trend was apparent at the Low site
(Table 4; Fig. 4).

Annual crown growth of adult B. sempervirens did not differ significantly
between sites (F163=0.6925, p=0.49), and was not affected by the removal of E.
horridum (F133=2.109, p=0.15 at the High site, and F;33=0.4945, p=0.48 at the
Low site).

Developmental Instability in B. sempervirens

Developmental instability of juvenile and adult of B. sempervirens did not
significantly differ between the High and Low sites (F;135=3.34, p=0.21 and
F1210=0.384, p=0.59, respectively) or between treatments (High site: F; 10s=0.632,
p=0.43; Low site: F1105=0.0299, p=0.86 for adults; see for juveniles Table 4).

E. horridum response to B. sempervirens removal

E. horridum Annual Crown Growth

E. horridum had a non-significant tendency of having higher annual crown
growth at the High site than at the Low site in individuals that were coexisting
with B. sempervirens juveniles (F; 32,=3.44, p=0.07, Fig. 5a).
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At the Low site, the growth rate of E. horridum was significantly higher in
B. removal treatment than it was in the Control (Table 4, Fig. 5b), and a similar

but non-significant trend was apparent at the High site.

Developmental Instability in E. horridum

Developmental instability of E. horridum that were coexisting with B.
sempervirens juveniles did not differ between the High and the Low sites
(F1,178=6.15, p=0.13, Fig. 4a).

At High site developmental instability of E. horridum was marginally
higher if they were coexisting with B. sempervirens adults in Control than if they
were in the B. removal treatment (Table 4; Fig. 5c¢), and a similar but non-

significant trend was apparent at the Low site.

Discussion

E. horridum enhanced the survival of B. sempervirens seedlings under its
crown, and thus, it had a facilitative effect on the establishment of B.
sempervirens seedlings. However, B. sempervirens that survive to maturity
outcompeted E. horridum. The invasion of the grasslands by E. horridum
facilitated the settlement and expansion of B. sempervirens and, hence, has
promoted vegetation succession at the Pyrenees. In addition, climate differences
associated with elevation affected facilitation and competitive interactions. In the
low-temperature climate at the actual upper limit of the elevational range of B.
sempervirens, E. horridum had a facilitative effect in increasing the growth of
juvenile B. sempervirens beneath its crown. At the lower elevation, where climate
was milder, adult B. sempervirens applied higher degree of competition towards
E. horridum. An increase in temperatures associated with climate change would
benefit the growth of juvenile B. sempervirens, which it might affect the
successional process by increasing their competitive ability once those juveniles
become adults.

The microclimate created by E. horridum was more important to the
survival of B. sempervirens seedlings than was climate associated with the

elevation. B. sempervirens survival was similar at both altitudes, therefore,
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seedling facilitation under warming temperatures fail to be reduced, as also
reported by other authors (Cavieres and Sierra-Almeida, 2012). The microhabitat
created by E. horridum crowns, where mean air temperatures and air humidity are
higher, and levels of irradiance are lower than outside the crown, enhanced the
survival of B. sempervirens seedlings. The cushion-like morphology of E.
horridum, with short stature and compact form, acts as an efficient heat trap
(Kdrner & De Moraes 1979) which also reduces loss of soil moisture (Cavieres et
al. 2007). In addition, B. sempervirens is a shade-tolerant species that grows in the
understory of dense forests (Garcia-Plazaola 2008). That shade-tolerance trait
probably makes the seedlings sensitive to high irradiance and allows them to
develop under E. horridum crown. Despite its shade tolerance, B. sempervirens
also occurs in areas that are exposed to high irradiance (Garcia-Plazaola 2008),
such as the tree line ecotone in our study site. Hormaetxe et al. (2005)
demonstrated that in B. sempervirens leaves exposed to sun, pools of a-
tocopherol, a photoprotective molecule, increased with leaf age. That might
explain why seedling height increased the survival provability of B. sempervirens
seedlings if they were not covered by E. horridum crown at the High site, which
indicated that small seedlings are most vulnerable under the harsh conditions
combination of high altitude and exposure.

The multiple effects that E. horridum exerts on its microenvironment
prevented us to identifying the primary specific factor that dictates seedling
survival; nevertheless, the net effect that E. horridum has on the survival of B.
sempervirens seedling is manifest. The facilitation effect of E. horridum towards
B. sempervirens seedlings is a mechanism in vegetation succession although its
effects do not seem to vary with climatic conditions. In our study, however, there
is still a 38% (on average between High and Low sites) of seedlings that did not
have the protection of E. horridum survived, which suggests that the presence of
E. horridum might accelerate the expansion rate of B. sempervirens, although B.
sempervirens expansion might not be limited to stands in which E. horridum is
not present.

Low temperatures negatively affected the growth of B. sempervirens
juveniles at the High site, which was at the actual upper limit of altitudinal range
of the species in the Lomar Valley, Central Pyrenees. The removal of E. horridum

left juveniles exposed to lower temperatures than at the Low site during growing
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period (April-June), consequently the annual crown growth of juvenile B.
sempervirens at the High site was reduced. At the highest elevation under low
temperatures, E. horridum facilitated juvenile B. sempervirens, which can be
explained by SGH. A decrease in air temperature diminishes rates of
photosynthesis (Berry & Bjorkman, 1980, Sendall et al., 2015) and therefore C
fixation and growth. An increase in rates of photosynthesis are not limited by
water availability under E. horridum crown due to air humidity is higher than it is
outside its crown. The milder climate at the Low site did not reduced juveniles
growth after E. horridum was removed despite a reduction in soil nutrient
concentrations. An increase of air temperatures is one of the main mechanisms by
which nurse plants facilitate other plant species in alpine environments (Arroyo et
al. 2003, Cavieres et al. 2007), which can be explained by the hypothesis that
facilitation in alpine and subalpine ecosystems is principally originated by stresses
that are not directly related to resource availability (Maestre et al., 2009,
Anthelme et al. 2014).

In the Central Pyrenees, the developmental instability of B. sempervirens
adults and juveniles did not vary significantly across the altitudinal gradient of
study, which suggests that despite the lower temperatures of the High site B.
sempervirens would be able to withstand high altitude environmental conditions.
At the Pyrenees, the subalpine grasslands replaced the native forest to be used for
agricultural activities during the last 500 years (Montserrat and Fillat 1990).
Therefore, even though B. sempervirens juveniles have reduced growth when they
are not facilitated by E. horridum the actual upper limit of B. sempervirens
altitudinal range might not be its climatic limit.

The neighbor-removal experiment in our study showed that B.
sempervirens outcompeted E. horridum at the Low site, where E. horridum had
the lowest performance (reduced growth and high DI). E. horridum has narrow
and v-shaped leaves, which is typical of plant species that live in cold
environments (Korner 2003). The disadvantage of that morphotype is the poor
light-harvesting potential caused by low leaf area (Kérner & De Moraes 1979),
which might be the reason why E. horridum was outcompeted by B.
sempervirens, a taller shrub which creates a dense shade, especially at the Low

site, where irradiance levels were lower. We do not know, however, the role that
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phenolic compounds of B. sempervirens leaves might play in this competitive
interaction.

Developmental instability measurements did not show a significant effect
in the neighbor removal treatment in B. sempervirens juveniles either in adults.
This could be explained because the effect of E. horridum to B. sempervirens
adults was not strong, as also observed in annual crown growth indicator. The DI
effect observed in B. removal treatment in E. horridum probably would have been
more apparent later, when the effect of the removal treatment would have
persisted longer (Zvereva & Kozlov 2006). However, the large samples sizes
needed for DI analyses prevented us from documenting DI in several consecutive
years. The effect of the B. removal in E. horridum DI was more significant at the
High site than it was at the Low site, whereas the effect on E. horridum annual
crown growth was strongest at the Low site. This difference might be because the
effect of the B. removal was obscured by the higher DI at the Low site.

Climate associated to elevation influenced the effect that E. horridum has
had on soil nutrient availability. At the High site, the removal of E. horridum did
not affect soil nutrient concentrations, however, at the Low site, the removal of E.
horridum did significantly reduced the concentration of soil nutrients. The
removal of E. horridum might have diminished the input that it could have
provided to the soil through N fixation and litter deposition. At the Low site,
where the temperatures were highest, nutrient cycling might have been accelerated
(Bier et al., 2008) and, consequently, soil nutrient concentration reduced.

We conclude that E. horridum promotes shrub encroachment by favoring
the survival of secondary successional species such as B. sempervirens. We would
expect the competitive displacement (sensu Walter & Del Moral 2003) of E.
horridum by B. sempervirens in the valley of the study area. In addition, rising
temperatures associated to climate change can have a beneficial effect on B.
sempervirens juveniles growth and increase the competitive ability of B.
sempervirens, which would increase the negative effect to E. horridum, and might

accelerate the rate of succession.
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Table 1. Annual and April to June average of daily mean temperatures (°C), annual and warm months (April to September) daily mean air

relative humidity (%), and solar radiation in Control and in E. removal treatment at each study site (High and Low) in the Central Pyrenees,

Spain.

Air Temperature (°C)

Air Relative Humidity (%0)

Solar radiation (umol - m™ - s)

Annual mean April — Jun mean
Control E. removal
High site
7.38 11.86 £ 0.22 9.74+0.11
(1800 m.a.s.l)
Low site
8.43 13.27 £ 0.19 11.16 £0.14
(1400 m.as.l)

Annual mean Apr-Sep mean
Control E. removal Control E. removal
71.32 76.88 71.32 8.4 +222 1746 + 64.29
75.61 79.87 75.61 2.2+0.54 1238.8 +47.00
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Table 2. F and p values of the linear mixed models for environmental variables:

mean temperature (°C) (Apr-Jun) and solar radiation (WEms™). Differences

between sites were tested for the E. removal treatment, and differences between

treatments (Control vs. E. removal) were tested at each study site, High and Low,

in the Central Pyrenees, Spain.

Response . F value
I
variable Fixed factor @) p value
. 41.14 (2,
Site 387) <0.0001
Mean Treatment High site 149.67 (1, <0.0001
temperature 7279)
(Control vs.
E. removal) Low site 74021 (L, <0.0001
' 6774) '
. 19.79 (2,
Site 32) <0.0001
Sc_)la_r Treatment High site 72955 (1, <0.0001
radiation 28)
(Control vs. 692 (1
E. removal) Low site 28) ' <0.0001
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Table 3. F and p values of the linear mixed models for studied soil nutrients:
nitrogen, organic carbon, total carbon, C/N, organic matter, pH and electrical
conductivity (CE), for B. sempervirens adults and juveniles, at each study site,

High and Low, in the Central Pyrenees, Spain. Statistically significant differences

are in bold.
B. S‘Jelzr:/réiri\llégens B. sempervirens Adults
Site Fixed Response E E
factor variable value p value p
(df) value (df) value
. Treatment 0 0.313 1.249
High % N (1,32) 0.579 (1.,29) 0.272
(Control 0
wE WS WE e EE owg
removal) g ' '
0.227 1.446
0,
% C total (1.31) 0.637 (1,29) 0.238
0.046 2.073
CIN (1,31) 0.830 (1,29) 0.160
0.374
MO (1,32) 0.544
0.532 0.212
pH (1.32) 0.470 (1.29) 0.650
0.464 2.865
CE (1,32) 0.500 (1,29) 0.106
Treatment 0 4.464 18.815
Low % N (1,31) 0.042 (1.29) <0.001
(Control %C 10.759 0,002 6.841 0013
rem.ovél) organic (1,31) ' (1,32) ‘
7.228 16.690
0,
% C total (1,31) 0.011 (1,29) <0.001
9.174 6.121
CIN (1.32) 0.004 (1.31) 0.019
4.973
MO (1.32) 0.032
1.860 3.256
pH (1,32) 0.182 (1.28) 0.081
0.889 0.879
CE (1,32) 0.353 (1,28) 0.356
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Table 4. F and p values of the linear mixed models of species interaction
indicators, annual crown growth and developmental instability (DI). Differences
between treatments (Control vs. E. removal / B. removal) at each study site (High
and Low) was evaluated, for B. sempervirens juveniles, and E. horridum.

Statistically significant differences are in bold.

E. horridum

B. sempervirens . .
P (coexisting with B.

Response Fixed Site Juveniles sempervirens adults)
variable factor = F
value va?ue value vaFI)ue
(d.f) (d.f)
Treatment . 8.00 1.515
High . 2271
Annual (Control '9 (1,33) 0.0079 (1,33) 0
Crown vs 0.621 6.481
Growth Removal) Low (1.33) 0.4362 (1,31) 0.0161
Treatment . 0.275 3.886
N (Control High (1.61) 0.6038 (164) 0.050
VS. 1.488 0.768
Removal) Low (174) 0.2317 (167) 0.3839
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Figure 1. Monthly mean temperature (°C) under E. horridum crown (Control) (a)
and outside E. horridum crown (E. removal treatment) (b), at each study site

(High and Low), within an elevation range in the Central Pyrenees, Spain.
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Figure 2. Concentration (%) of soil nutrients: nitrogen, total carbon (Total C),
organic carbon (Organic C), organic matter (MO) and ration carbon/nitrogen
(C/N), under E. horridum crown (Control) and where E. horridum had been
removed (E. removal) form B. sempervirens juveniles neighborhood, at each
study site, High (a) and Low (b), within an elevation range at the Central

Pyrenees, Spain. *p<0.05, **p<0.01.
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Figure 3. Seedlings survival (%) of B. sempervirens beneath the E. horridum
crown (Control) and those grown where E. horridum have been removed (E.
removal), at each study site (High and Low) within an elevation range in the

Central Pyrenees, Spain.
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Figure 4. Annual crown growth of juvenile B. sempervirens under E. horridum
crown (Control) and where E. horridum had been removed (E. removal), at each
study site (High and Low) within an elevation range at the Central Pyrenees,
Spain.
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Figure 5. (a) Annual crown growth and developmental instability (DI) of E.
horridum that coexisted with juveniles B. sempervirens (Control), (b) E. horridum
annual crown growth when coexisting with adults B. sempervirens (Control) and
when B. sempervirens adults had been removed (B. removal), and (c) E. horridum
developmental instability (FA) in Control and B. removal treatment, at each study

site (High and Low) within an elevation range at the Central Pyrenees, Spain.
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Chapter 2

Effects of prescribed burning and clearcutting on Echinospartum
horridum demography and soil seed bank. Are they appropriate for

controlling the expansion of E. horridum into grasslands?

Paloma Nuche, Benjamin Komac, Maite Gartzia, Ramon Reiné and Concepcion

L. Alados
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Abstract

Aims: The subalpine grasslands ecosystems have some of the highest biodiversity
in Europe and are high-value natural resources. Those grasslands have been under
threat because of the abandonment of traditional agro-pastoral activities and
consequent invasion of woody species. At the Central Pyrenees (Spain) a variety
of management strategies are carried out to stop the expansion of the highly
encroaching shrub Echinospartum horridum, however, how these managements
affect the recovery of subalpine grasslands is poorly understood.

Methods: This study evaluated controlled fires and mechanical removal of aerial
vegetation as management procedures for controlling the expansion of E.
horridum into subalpine grasslands at the Central Pyrenees, and the role of the soil
seed bank. E. horridum demography (germination and survival) was monitored
annually for three years; and the soil seed bank and the soil properties were
monitored in two trials, in two E. horridum stands where the vegetation was
previously removed by (1) fire (Burnt treatment), or by (2) mechanical removal
(Clear-cut treatment); an undisturbed E. horridum stand was also monitored as the
Control.

Results: The Burnt treatment favored germination and survival of E. horridum
seedlings, Clear-cut treatment seems to be a better option because E. horridum
seedlings fared worse (fewer germination and lower probability of survival) than
did those in Burnt treatment. Both management treatments increased the seed
density in the soil compared to Control, E. horridum removal favor that seeds that
arrived by dispersion became established in the soil. The soil seed bank in the
Burnt treatment had higher seed abundance, higher seed diversity and was more
dynamic than was the Clear-cut treatment because burning entails a deeper soil
perturbation. However, fire entails the loss of soil nutrients.

Conclusions: Both treatments favored the formation of a soil seed bank comprised
herbs and grasses typical from subalpine grasslands; however, the soil seed bank
would have limited capacity on its own to recover the former subalpine grassland
because of the low species richness and the low seed abundance. We would
recommend an integrated strategy that includes traditional shepherding, which

favor seed dispersion.
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Key words: subalpine grasslands, shrub encroachment, conservation management,

soil seed bank.
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1. Introduction

The abandonment of traditional agro-pastoral activities in the subalpine
grasslands ecosystems has brought to the invasions of woody species, a process
called shrub encroachment (McDonald et al. 2000, Sabatini et al. 2003, Lasanta-
Martinez et al, 2005), which had led to loss of biodiversity and ecosystem services
(Harrison et al. 2010, Ratajczak et al. 2012, Hooftman and Bullock 2012).
Consequently, there has been a general interest in conservation these species-rich
grasslands. In Europe, mountainous grasslands below the potential tree line were
created by the removal of woody species and were maintained grace to the
traditional practices such as livestock grazing and woody plant removal by fire or
clearing (Montserrat and Fillat 1990, Mather and Fairbairn 2000, Savulescu and
Mihai 2011, When et al. 2011). To revert woody encroachment similar traditional
procedures should be used. The success of the management treatment would
depend on the reproductive biology of the shrubs involved, e.g. clearcutting will
not remove a resprouting shrub species completely nor will burning remove
pyrophytes. In addition, the soil seed bank is vital to the reproductive success of a
plant species and can be an important source for re-establishing aboveground
vegetation (Leck 1989), whether it is desirable grasslands or undesirable
shrubland. Therefore, the soil seed bank influences the restoration and persistence
of grasslands.

The soil seed bank can contribute to the recovery of plant communities
through seedling recruitment from germinated seeds that were produced by the
local vegetation, from nearby locations, and even seeds from former plant
communities that may be still present in the soil (Matus et al. 2003, Bossuyt and
Honnay 2008). Shrub management treatments affect the soil seed bank in different
ways: it can favor the germination of seeds already presents in the soil (Rivas et
al. 2006), and it can favor the recharge of the soil seed bank given that the soil
might be more accessible to seeds after the perturbation (Fernandez et al. 2013).
The removal of shrubs can favor the establishment of various species into the soil
seed bank, which might be desirable grasses and herbs that are characteristic of
the subalpine grasslands, could be undesirable ruderal species, which often appear
in disturbed habitats (Grime 1974), or the shrub species that is being removed
from the area (Potts et al. 2010). Abundance, diversity and temporal dynamics of

the soil seed bank can be differently modified by burning or clearing. The removal
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of aerial vegetation through clearcutting can increase the amount of sunlight reach
the soil surface, which can affect the soil seed bank. The effect of fire on the soil
seed bank depends on the species germination cues (Leck 1989). Burning can
affect abiotic factors involved in germination signaling, e.g. soil thermal and
moisture regimes (Kenny 2000, Thomas et al. 2003); besides, the heat may
destroy seeds or favor seeds germination depending on the species and on the
temperature (de Luis 2005).

At the Central Pyrenees 24% of the subalpine grasslands were transformed to
woody species under 2100 m.a.s.l. between 1980’s and 2000’s (Gartzia et al.
2014). The main shrub entering the calcareous grasslands is Echinospartum
horridum (Vahl) Rothm. Two strategies to stop E. horridum expansion were
considered based on traditional management practices: burning and clearing.
Although information on different aspects of the environmental effects of burning
and clearing has been reported in recent years (Ferndndez et al. 2015), the
consequences of both management strategies need to be evaluated as optimal
strategy to stop E. horridum expansion.

The main objective was to evaluate prescribed burning and mechanical
removal of aerial vegetation as management procedures for controlling the
expansion of E. horridum in subalpine grasslands in the Central Pyrenees (Spain),
and their effect on the soil seed bank. Specifically we investigated the capacity of
E. horridum to recover following a perturbation (fire or mechanical removal) and
the effects of E. horridum removal on the soil seed bank and soil properties. E.
horridum demography (annual germination and survival), the soil seed bank and
the soil properties were monitored in two E. horridum stands where vegetation
was previously removed by (1) fire (Burnt treatment) or (2) aerial vegetation
mechanical removal (Clear-cut treatment). Two trials, in 2009 and in 2011,
followed the changes in the soil seed bank and the soil properties after E.
horridum had been removed. The seedling emergence method was used to
identify and quantify species composition of the seed bank. We hypothesized that
(1) burning will favor E. horridum germination because fire can break seed
dormancy in some Mediterranean shrubs species (Rivas et al. 2006); and (2) that
burning will have a greater effect on the soil seed bank and the soil properties than

will clearcutting because the former causes the most perturbation.

59



Effects of environmental conditions on Mediterranean mountain vegetation

2. Methods

2.1 The study area and plant species

The study area was near Torla village at the periphery area of Ordesa and
Monte Perdido National Park, in the Central Pyrenees, Spain. The study area was
a subalpine grassland at 1700 m.a.s.l. that had been encroached upon by
Echinospartum horridum (Vahl) Rothm, a thorny cushion endemic to the
Pyrenees which occurred as dense monospecific patches that harbored some herbs
and graminoids. E. horridum flowers in mid-July and seeds maturation and
explosive seed dehiscence occurs in early September, the seeds remain in the soil
throughout autumn and winter and the peak germination occurs in mid-May. The
climate is Mediterranean mountainous characterized by an equinoctial
precipitation regime. The average annual precipitation is 1758 mm, and daily
maximum and minimum average temperatures are 8.7° C and 1.5° C, respectively

(from the closet meteorological station “Refugio de Goriz” at 2200 m.a.s.l.).

2.2 Field work and laboratory procedures
Management procedures

To monitor the effect of fire, in autumn 2008, 10 ha of E. horridum
community were burnt by the EPRIF (Team for the Integral Prevention of Forest
Fires, from the Ministry of Agriculture, Food and Environment) (Burnt
treatment). At the same time, the aerial biomass of E. horridum was removed
manually on a nearby 50 m? area (Clear-cut treatment). A stand of E. horridum

was left untouched and served as the Control.

Soil properties

To test the hypothesis that management treatments might affect soil
properties, six soil samples were collected in Burnt treatment, Clear-cut treatment
and in Control in 2009 the year following the management treatment and in 2012
three years after the treatments. Particle size (% of sands, silts and clays), soil
nutrients (% of nitrogen, carbon and organic matter), pH and electrical
conductivity (EC) were quantified. Soil samples were collected using a 20-cm-
deep soil collector. After polishing soils samples, nitrogen and total carbon was
quantified using an elemental analyzer, Variomax Elementar (DUMAS

procedure). Organic carbon content was quantified using dichromate (Heanes
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1984). Organic matter was quantified by incineration (at 550°C). Particle sizes
were quantified after the soil samples had been sieved (2 mm mesh) (Malvern
Mastersizer 2000).

E. horridum demography

To evaluate the E. horridum capacity for re-colonization after the
application management treatments, the number of seedlings that germinated
annually and their survival were monitored in 10 square plots (1 m x 1 m) in mid-
May each year (2009, 2010, 2011) following management treatment until the year
when seedlings were no longer discernible, in the Burnt, Clear-cut and Control

areas.

Soil seed bank of E. horridum community

To study the soil seed bank of E. horridum community, 240 soil samples
were collected in mid-June in two years, the first in the spring following the
application management treatment in 2009, and the second in 2011. Based on a
random stratified sampling design, four sampling units (Replica I) were assigned
randomly within each treatment (Burnt and Clear-cut and Control), and 5 soil
cores (Replica Il) were collected at each sampling unit (20 sampling points per
treatment). At each sampling point, soil cores (4-cm radius) were extracted from
two depths: Deep I: 0-5 cm and Deep IlI: 5-10 cm. To quantify the soil seed bank,
we used the Seedling Emergence Method (Ter Heerdt et al. 1996). Soil samples
were washed over a 0.2-mm mesh sieve and the resulting concentrated samples
were uniformly extended on pot previously filled with compost (Ter Heerdt et al.
1996). To avoid seed burial and germination within the compost, a thin nylon net
(0.2mm mesh) was placed between samples and compost. Samples were kept in a
germination chamber for four months under a controlled night (10 h at 15 -C) and
day (14 h at 25 -C; 5-8 Klux, luminous flux area™) cycles. Emerged seedlings
were identified and removed from the sample (Bekker et al. 1997). Samples were
watered every three days and, during the last month, to induce germination, 1 g/l
of gibberellic acid (GA3) was added to the irrigation water (Ikuma and Thimann
1960, Evans et al. 1996).

2.3 Statistical analysis
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2.3.1 Soil properties

To test whether management treatments affected to the soil properties a
General Linear Model (GLM) was performed for each nutrient (N, C, C/N and
OM) (after arc-sin transformation of the data to fit a Gaussian distribution), pH
and electrical conductivity in 2009 and 2012, individually. Soil texture was
quantified in 2012, only, therefore, a model for each component: sand (particles
between 1000-50 micron), silt (particles between 50-2 micron) and clays
(particles <2 micron), based on the data from 2012. Treatment, which accounted
for the differences between management treatments (Burnt treatment, Clear-cut
and Control), was included as fixed factor. Tukey test were used to identify

significant differences between factor levels.

2.3.2 E. horridum demography

To identify significant effects of the management treatment on E.
horridum seedling emergence, a Generalized Linear Mixed Model (GLMM) that
included number of germinated seedling as the response variable, Treatment as
fixed factor, and the ten plots in the random factor was performed at each study
year (2009, 2010 and 2011), individually. A Poisson distribution was used to
model distribution of the residuals due to number of seedling emerged is a count.

To identify significant effects of the management treatments on E.
horridum seedling probability of survival a GLMM that included proportion of
seedling that survived from 2009 to 2010 as the response variable, Treatment as
fixed factor and plot as random factor was performed. A binomial distribution was
used given that the response variable is a proportion (success/fail). A similar
model was performed to estimate the probability of survival of two year seedling,
and the response variable was proportion of seedling that survived from 2009 to
2011.

2.3.3 Soil seed bank of E. horridum community

To test whether the management treatments affected total seed abundance,
differences between Burnt, Clear-cut and Control were quantified at two depth (0-
5 cm and 5-10 cm) in each year (2009 and 2011), individually. Zero inflated
Poisson models (ZIP) (Zeileis et al., 2008, Zuur et al., 2009) were used given the
high proportion of 0 values. Total number of soil seeds was the response variable
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and Treatment was a fixed factor. To test whether soil seed abundance varied
significantly with time-since-fire/clearing, differences between years (2009 and
2011) were tested at each treatment, Burnt, Clear-cut and Control, for each depth
(0-5 cm and 5-10 cm), individually. A Zero inflated Poisson model (ZIP) that
included number of soil seeds as response variable and Year as fixed factor was
performed. ZIP models were performed with the pscl package (Jackman 2015) in
R 3.2.0 software.

To identify the type of soil seed bank that predominated in each
management treatment (Burnt, Clear-cut and the Control), each plant species was
classified as either transient (T), short term persistent (STP) and long term
persistent (LTP), based on its relative abundance at two soil depths (following
Thompson et al., 1997). T: the species had been present in the original vegetation
before management treatment application but did not appeared in the seed bank or
appeared only in the upper layer (0-5cm), STP: seeds are most abundant in the
upper layer (0-5 cm) but they also occur in the deep layer (5-10 cm), LTP: seeds
are most abundant in deep layer (5-10 cm). To test whether the occurrences of the
types of seed bank (T, STP and LTP) varied significantly with time-since-
fire/clearing, the differences between years (2009 and 2011) were analyzed at
each management treatment (Control, Burnt and Clear-cut), individually. A
GLMM was performed for each seed bank type (T, STP and LTP), that included
seed bank type was the response variable, Year was the fixed factor, Replica | was
the random factor, and Poisson distribution was used for the distribution of the
residuals. Models were selected based on Akaike Information Criterion (AIC)
(Zuur et al., 2009). The parameter estimations were made using the Restricted
Maximum-Likelihood Estimation Method (REML) in the nmle package (Pinheiro
et al. 2014), of R 3.2.0 software.

Shannon Diversity Index was calculated for each collected soil sample
using the function diversity form the package vegan (Oksanen et al. 2015) in R
3.2.0. To test whether soil seed bank diversity was affected by management
treatments, differences between Burnt, Clear-cut and Control were evaluated for
each study year, 2009 and 2011, individually. A GLMM was performed that had
Shannon Diversity Index as the response variable, Treatment as a fixed factor and
Replica | as random factor. Pairwise comparison between treatments were made

with Tukey test for mixed models in multcomp package (Hothorn et al. 2008) of R
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3.2.0 software. To test whether soil seed bank diversity varies with time-since-
fire/clearing, differences between years (2009 and 2011) were evaluated at each
treatment, Burnt, Clear-cut and Control, individually. A GLMM was performed
that had Shannon Index as response variable, Year as a fixed factor and Replica |
as random factor. To quantify soil seed bank dynamics at each soil depth, the
previous models were performed again but separately for each soil depth (0-5 cm

vs. 5-10 cm), individually.

All the statistical analyses were performed in R 3.2.0 (R Development Core

Team) software and the probability for statistical significance set to 0.05 (type 1).

3. Results

3.1 The effect of fire on soil properties

In 2009, the year following prescribed burning and clearcutting, soil
nutrient concentration in management treatments tending to be lower than they
were in the Control site, however, three years after in 2012 the differences were
significant (Table 1, Figure 1). The Burnt treatment had lower soil nutrients
concentration than did the Control site and the Clear-cut treatment, and the
concentrations in the latter two were similar (Figure 1).

In both years (2009 and 2012), the pH in the Clear-cut treatment was
significantly lower than it was in the Control site, however the Burnt treatment did
not differ significantly from the Control site (Table 1 and 2). In 2009 electrical
conductivity of the soil was significantly lower in the Burnt treatment than in was
in the Control site and Clear-cut treatment. In 2012, that difference was more
pronounced and, in Clear-cut treatment, EC was significantly lower than it was in
the Control site (Table 1 and 2).

Particle size was affected by fire: in Burnt treatment the proportion of the
soils that was sand was significantly lower and the proportions of the soil that
were clay and silt were significantly higher than they were in the Control site and

in Clear-cut treatment which had similar proportions (Table 1, Figure 2).
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3.2. E. horridum demography

In each year, the number of E. horridum germinated seedling was higher at
the Burnt treatment than it was in the Control site (2009: z=17.32; 2010: z=13.73;
2011: z=10.50, p<0.0001 for each one), and also higher at the Clear-cut treatment
than in Control site (2009: z=15.65; 2010: z=11.35; 2011: z=8.24, p<0.0001 for
each one) (Figure 3a).

The survival of the first-year seedling E. horridum was significantly lower
in the Clear-cut treatment than it was in the Control site (z=-3.49, p<0.001), but
the probability of survival in the Brunt treatment was similar to those in the
Control site (z=-1.24, p=0.22). The survival of the two-year-old seedlings was
significantly higher in the Burnt treatment than it was in the Control site (z=2.03,
p=0.042), but the probability of survival in Clear-cut treatment was similar to
those in the Control site (z=0.514, p=0.61) (Figure 3b).

3.3 Effect of fire on E. horridum community soil seed bank
Soil seed bank composition

There was a total of 29 plant species forming the soil seed bank in E.
horridum community and management treatments (Burnt and Clear-cut) and a
total of 735 emerged seedlings (Figure 4 and Appendix 1). Species richness was
highest in the Burnt treatment, with 23 species, and lower in the Clear-cut
treatment, with only 16 species, and in the Control site, with 18 species (Figure 4,
Appendix 1). At both management treatments species richness increased from
2009 to 2011, from 16 to 19 in the Burnt treatment and from 8 to 13 in the Clear-
cut treatment. In the Control site, however, species richness (13 species) did not
vary between years (Appendix 1). Linum catharticum (40.31%) and Echium
vulgare was (13.75%) was the dominant species in the soil seed bank in the Burnt
treatment (Figure 4). In the Clear-cut treatment the dominant species was
Paronychia kapela (63.3%) and Arenaria grandiflora (25%) (Figure 4). In
Control site, L. catharticum (32.45%) and Euphorbia cyparisas (13.24%) were the
most abundant species (Figure 4).
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Seed abundance

Seed density in the soil was higher in the Burnt treatment and in the Clear-
cut treatment than in the Control site, being the highest in the Burnt treatment in
2011 (Table 3).

In the first 5 cm of the soil, the total number of seeds differed among
treatments at each year (Figure 5a). In 2009, Clear-cut treatment had more seeds
than did Control site (z=2.31, p=0.021), but an amount similar to that of the Burnt
treatment (z=0.864, p=0.38); the Burnt treatment and the Control site had similar
number of seeds (z=-1.59, p=0.11). In 2011, however, the Burnt treatment had
more seeds than did the Clear-cut treatment (z=-2.76, p=0.006) or the Control site
(z=7.25, p<0.0001); the Clear-cut treatment had more seeds than did the Control
site (z=4.914, p<0.0001) (Figure 5a). Total seed number increased significantly
from 2009 to 2011 at the two types of treatments (z=-2.218, p=0.02 and z=2.898,
p=0.003, in the Burnt and in the Clear-cut, respectively), but not at the Control
site (z=0.656, p=0.51).

In 5-10 cm below the soil surface, the total number of seeds differed
significantly between treatments in each year (Figure 5b). In 2009, the Burnt
treatment had fewer seeds than did the Control (z=-5.17, p<0.0001) or the Clear-
cut treatment (F=4.14, p<0.0001), and the number of seeds in the Clear-cut
treatment and in the Control were similar (z=-1.09, p=0.27). In 2011, however, the
Burnt treatment and the Clear-cut treatment had more seeds than did the Control
site (z=2.67, p=0.007; and z=2.89, p=0.004, respectively), and the Burnt and
Clear-cut treatments had a similar number of seeds (z=0.40, p=0.68). Total seed
number increased from 2009 to 2011 at each management treatment (z=6.57,
p<0.0001 and z=2.75, p=0.006, Burnt and Clear-cut respectively), but not in
Control site (z=-0.956, p=0.33).

Type of soil seed bank

At the Burnt treatment the number of T species decreased significantly
(z=-2.63, p=0.008) and STP species significantly increased (z=6.42, p<0.0001)
between 2009 and 2011. The number of LTP species did not differ significantly
between years (z=-1.34, p=0.17) (Figure 6a).

Changes in the Clear-cut treatment were similar to those in the Burnt

treatment; however, the differences between years were not statistically
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significant for T, STP or LTP (z=-1.79, p=0.07, z=1.19, p=0.23, and z=-0.505,
p=0.61, respectively) (Figure 6Db).

In the Control site the numbers of T and LTP species were similar between
years (z=-0.448, p=0.65 and z=-1.346, p=0.17, respectively); however, the
number of STP species increased significantly between 2009 and 2011 (z=2.98.
p=0.002) (Figure 6c¢).

Soil seed bank diversity

In 2009, seed diversity did not differ significantly between the treatments
and Control site, but, in 2011, soil seed bank diversity was significantly higher in
the Burnt treatment than it was in the Clear-cut treatment and in the Control site,
which had similar diversity (Table 1, Figure 7).

In the Burnt treatment seed bank diversity increased significantly between
2009 and 2011 (F=42.03, p<0.001); however, in the Clear-cut treatment and in the
Control site diversity did not differ significantly between years (F=0.0094,
p=0.93, and F=2.13, p=0.19, respectively) (Figure 7).

The same patterns in soil seed diversity were apparent at both soil depths
(0-5 vs. 5-10 cm) (result did not shown).

4. Discussion

In the Central Pyrenees, Spain, prescribed burning favored the germination
and survival of E. horridum seedlings; therefore, burning alone would be an
ineffective management procedure for stopping the expansion of E. horridum into
subalpine grasslands. Clearcutting appears to be a better option because E.
horridum seedlings performed worse in the Clear-cut treatment, where the number
of seeds that germinated and probability of survival were lower than they were in
the Burnt treatment. In addition, prescribed burning altered soil properties
substantially, but clearcutting had a modest effect on soil quality. The Burnt
treatment had a more abundant, diverse and more dynamic soil seed bank than
Clear-cut treatment, and harbored seeds of several species of well-preserved
grasslands; however, the soil seed bank is still quite poor to enable self-recovery

of the former grassland vegetation.
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The high density of adult E. horridum in the undisturbed E. horridum stand
(Control) might have inhibited seed germination and survival. In the Clear-cut
treatment, the removal of aerial vegetation allowed sunlight to reach the soil,
which promoted E. horridum seedlings germination. In addition to the increase in
sunlight that reached the soil after vegetation removal, as in the Clear-cut
treatment, the high E. horridum seedling establishment in the Burnt treatment
might have been because burning helped to break E. horridum seeds dormancy.
Fire can modify the seed germination response via physical and chemical signals
involved in germination (de Luis et al. 2005, Rivas et al. 2006). Thermal shocks
can scarify the coat of the seeds making it permeable (Keely 1987) and smoke
might act as a chemical signal interacting with seed germination inhibitors (Tieu
et al. 1999, Flematti et al. 2011, Tormo et al. 2014). In our study, the number of
seedlings germinated annually decreased with time in both treatments, which
might have been because the soil became more saturated and there is less space
available. In addition, the soil seed bank of E. horridum might have been
depleted; however, E. horridum seeds occurred in the first 5 cm of the soil and the
year following the treatment application, which, by definition, would indicate that
E. horridum formed transient seed banks, i.e. E. horridum seeds did not persist in
the soil more than one year. Probably, some of the E. horridum seeds arrived by
dispersal. In addition, it appears that E. horridum seeds have highly specific
requirements and the standard conditions in the germination chamber might not
have met those requirements. More research on the germination cues and seed rain
of E. horridum seeds is needed. A study on another species from the same genre,
E. algibicium seeds occurred in the deep soil layer (5-10 cm) (Aparicio and
Guisande, 1997); however, soil seed persistence of a specie can differ among
locations (Saatkamp et al. 2014) and in several species both persistent and
transient soil seed bank have been documented (Thompson et al. 1997, Kleyer et
al. 2008).

In our study, average seed density was similar to those in Mediterranean
shrublands (Leck et al. 1989). As in our study, others have found that the density
of soil seeds increased after burning and clearing (Fernandez et al. 2013). After
such big scale perturbations there is an empty niche to be colonized and therefore
the soil seed bank can be recharged; however, the Clear-cut and Burnt treatments

differed in the timing of seed recharge. In the short-term, Clear-cut treatment
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recharged the uppermost soil layer, but not the deep soil because the mechanical
removal of aerial vegetation did not alter the soil structure. The deep soil layer
was recharged later, after the seeds had had more time to become buried. After the
Burnt treatment, even with the possibility of some seed mortality (Auld and
Denham, 2006), fire might have promoted seeds germination because in the upper
soil layer, ten of 14 species, and in the deep soil layer, four of six species were
present in the aerial vegetation that established after the Burnt treatment
(unpublished data). Burning favored soil seed germination on the short term,
which was followed by a large soil seed bank recharge because burning altered
soil structure. Both management treatments had long-term effects and the seeds
can enter the soil several years after the perturbations. That pattern was more
apparent in the upper soil layer because is the most accessible to seeds. During
primary succession seed density and species richness of the soil seed bank
increase as the new species invade and reach maturity (Walker and Del Moral
2003); however, as vegetation succession progress, the number of buried seeds
decreases (Donelan and Thompson 1980) and usually the highest diversity occurs
at intermediate levels of perturbation (Wilson 1990). In our study the high
abundance and diversity observed three years after E. horridum removal might
represent an intermediate snapshot during succession and it might decrease as
succession proceeds.

The first seeds that reached the soil of the management treatments formed
transient seed banks that subsequently became buried and formed persistent seed
banks. That process was most acute in the Burnt treatment because burning causes
a greater perturbation than clearcutting; however, species that formed a long-term
persistent seed bank did not exhibit much variation, these species needs more time
to arrive and to get buried in the soil (Bekker et al. 2000). Interestingly, the soil
seed bank of an E. horridum mature community is also dynamic. Although the
seed abundance and diversity remained constant, the type of soil seed bank varies
among years, which might be because the fruit sets of the other species in the
community might vary annually because of environmental (Hedhly 2011, Hayes
et al. 2012) or genetic factors (Kelly et al. 2002).

In our study, the diversity of the soil seed bank was lower than the average
diversity in grasslands vegetation (Monteiro et al. 2013). This is typical from soil

seed banks that usually are highly specialized where few species are dominant
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(Leck et al. 1989), which leads to a highly successful vegetation recovery after
perturbation, because the dominant species are the first species in germinating,
and creates a suitable habitat for the germination of the species that follow
(Walker and Del Moral 2003). Burning increased seed bank diversity and species
richness, but clearcutting did not, thus, the burned area was more prone to
colonization by seeds than was clear-cut area. Is therefore prescribed burning a
suitable procedure for recovering the subalpine grasslands? It would also depend
on species composition of the soil seed bank. Linum catharticum the predominant
species in the soil seed bank in the Burnt treatment and in the Control site, is a
biennial herb that forms abundant soil seed banks because the seeds needs light to
germinate (Milber 1994) (in Burnt treatment L. catharticum was abundant in
2011, but not in 2009, Appendix 1). The Burnt treatment favored C. bonus-
henricus, E. vulgare, G. pinetorum-pumilum, H. perforatum, P. kapela, P.
saxifraga, R. mediterraneus, Taraxacum sp. and T. praecox (present in Burnt
treatment but absent in Control soil seed banks). Some of those species are typical
of well-preserved natural grasslands, e.g. T. praecox (Fillat et al. 2008), but
others, such as E. vulgare, which was the second species more abundant on the
soil seed bank, are typical from disturbed areas. All of those were transient
species when entered the system, and the seeds of five of nine species became
buried and formed a persistent soil seed bank after two years. In addition, all of
the species except C. fontanum were present in the aerial vegetation of Burnt
treatment (unpublished data); therefore Burnt treatment can favor the germination
of some species from the soil seed bank that can contribute to the recovery of the
previous abandoned grasslands. In Clear-cut treatment, P. kapela and A.
grandiflora, which are typical from well-preserved subalpine grasslands (Fillat et
al. 2008), were predominant species in the soil seed bank. Clearcutting favored E.
vulgare, F. rubra, G. pinetorum-pumilum, P. kapela and P. vulgaris (present in
Clear-cut treatment but absent in Control soil seed banks). In 2009, four of those
five species were transient species, and by 2011, F. rubra, G. pinetorum-pumilum
and P. vulgaris had formed a long-term persistent seed bank. E. vulgare is ruderal
specie that is typical from disturbed habitats; however F. rubra, G. pinetorum-
pumilum, P. kapela and P. vulgaris are typical from well-preserved natural
grasslands (Fillat et al. 2008). Thus, Clear-cut treatment, as well as Burnt

treatment, can favor the establishment in the soil seed bank of some of the species
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that are typical of the subalpine grasslands; however, the low seed abundance and
species richness would make difficult grassland restoration exclusively from the
soil seed bank.

The collateral effects of E. horridum removal are important. Specifically, the
proper management of soil resources is essential to vegetation restoration (Walker
and Del Moral 2003). Burning has a significant long-term impact on the soil
properties (Certini 2005). Soil nitrogen, carbon, organic matter and the size of soil
particles decreased especially in the mid to long-term (three years after the Burnt
treatment). Leaching, water erosion, infiltration and volatilization can reduce soil
nutrients concentrations (Gimeno-Garcia et al. 2000, Certini 2005) after
perturbation. Natural changes in soil humidity and soil temperature dictate soil
structure (Horn and Smucker 2005) and fire might alter soil structure by
drastically modifying these two variables. In addition, partial organic matter
combustion with fire might degrade soil particles (Mataix-Solera et al. 2011,
Albalasmeh et al 2013). Others factors such as weather and soil characteristics can
influence the extent of the effect of fire on the soil (Certini 2005); thus, the effect
of burning on E. horridum stands might not be the same everywhere. The clear-
cut treatment did not have a significant effect on soil structure and nutrient
concentration because the mechanical removal of E. horridum did not alter the
soil; however, the decomposition of E. horridum spines or roots can reduce soil
pH (Paul et al. 2001). The effects of those soil modifications on grassland
recovery are unknown and should be investigated (Basto et al. 2013).

We conclude that the low abundance and low species richness of the soil seed
bank in the two management treatments and the rapid regeneration rate of E.
horridum would not allow for the recovery of the subalpine grassland from the
soil seed bank alone. Livestock grazing on E. horridum seedlings can help to
minimize its establishment. In addition, an optimal protocol should include
traditional shepherding between grasslands, which can promote phoretic dispersal
of plant species (Fischer et al. 1996, Wagner et al. 2013) and increase the soil seed
bank recharge in the soils of the management treatments. The peak in E. horridum
seedling establishment takes place the year following the management treatment,
therefore, E. horridum removal should better occur before annual seeds are

released.
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Year Fixed factor Response variable F value (d.f.) p value
Treatment
2009 (Control , Burnt, Clear-cut) %N 179 (2,15 0.20
% C total 1.44 (2,15) 0.27
CIN 0.81 (2,15) 0.46
oM 1.60 (2,15) 0.23
pH 53.86 (2,15) <0.0001
EC 3.62 (2,15) 0.052
Shannon 1.38 (2,57) 0.30
Treatment
2012 (Control , Burnt, Clear-cut) %N 11.59 (2,15) <0.0001
% C total 11.21 (2,15) <0.001
CIN 1.73 (2,15) 0.21
oM 9.05 (2,15) <0.0001
pH 19.29 (2,15) <0.0001
EC 16.63 (2,15) <0.0001
Sand 7.09 (2,15) 0.0068
Silt 5.24 (2,15) 0.019
Clay 7.15 (2,15) 0.0066
Shannon 6.88 (2,57) 0.015

Table 1. F and p values for each general linear model (GLM) of each soil nutrient

investigated: nitrogen (%N), total carbon (C total), ratio Carbon/Nitrogen (C/N), organic

matter (OM), physicochemical properties: pH and electrical conductivity (EC), and

general linear mixed model (GLMM) for Shannon diversity index. Differences between

treatments (Control, Burnt and Clear-cut) were investigated at each study year (2009 and

2012), separately.
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2009 2012
Control Clear-cut Burnt Control Clear-cut Burnt
pH 7.19+0.15 5.59 +0.16 7.42 +0.09 6.63 +0.13 5.70 +0.12 6.79 £ 0.15
EC 0.18 +0.03 0.13+0.01 0.09 +0.02 0.15+0.02 0.08 + 0.006 0.08 +£0.008

Table 2. Mean and standard error (se) of physicochemical soil properties of pH

and electrical conductivity (EC), at each treatment (Control, Clear-cut and Burnt)

and each study year (2009 and 2012), at a E. horridum community at the central

Pyrenees, Spain.
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Seed density (mean seed number/m? + se)

Control Clear-cut Burnt
2009 2880.07 £ 921.82 4988.69 + 1173.43 2725.78 + 877.48
2011 4834.40 + 684.33 8485.91 + 2210.98 13371.73 + 4614.52

Table 3. Density of seeds (mean seed number of seeds/m” + se) on the soil seed
bank at each management treatment (Clear-cut and Brunt) and in Control, at each
year of study, 2009, the year following the management treatment application,
and in 2011.
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Figure 1. Soil nutrient concentrations: % nitrogen (N), % total carbon (C) and %
organic matter (OM), in management treatments (Burnt, Clear-cut and Control),
in an E. horridum community, at the Central Pyrenees, Spain, (a) the year after the
application of the management treatment (2009), and (b) three years after the
management treatment (2012). Different letters show differences between factor
levels. *** p<0.001.
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Figure 2. Proportions (%) of sands, silts and clays in the soils of management

treatments (Burnt, Clear-cut and Control), in an E. horridum community, at the

Central Pyrenees, Spain, in 2012, four years after management treatments.

Different letters show differences between factor levels. *p<0.05, **p<0.01
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Figure 3. a) Number of E. horridum seedling germinated and b) survival
probability of E. horridum seedlings in three years (2009, 2010 and 2011) after

the application of management treatments (Brunt, Clear-cut, and Control) in 2008,

in the Central Pyrenees, Spain. Different letters show differences between factor
levels. *p<0.05, ***p<0.001
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Figure 4. Number of seeds (logarithmic scale) of each species present in the soil

seed bank at each treatment (Burnt, Clear-cut and Control). Species with very low

abundance (<2seeds) were not represented.
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Figure 5. Total seed number of the soil seed bank in each management treatment
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(Burnt, Clear-cut and Control), in 2009 and in 2011, one and two years after
management treatment application respectively, and at each soil depth (0-5 cm
and 5-10 cm), in an E. horridum community in the Central Pyrenees, Spain.
Different letters show differences between factor levels. *** p< 0.0001.
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Figure 6. Mean abundance of species forming a type of seed bank (T: transient,
STP: short term persistent, or LTP: long term persistent) at each management
treatment, a) Burnt, b) Clear-cut and c) Control, and each study year, 2009 and
2011, one and two years after management treatment application respectively, at

the Central Pyrenees, Spain. *** p< 0.001.
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Figure 7. Shannon diversity index of the soil seed bank at each management
treatment (Burnt, Clear-cut and Control), in two years (2009 and 2011), one and
two years after management treatment application respectively, in an E. horridum
community in the Central Pyrenees, Spain. Different letters means significant

differences based on Tukey test. ***p< 0.0001.
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Chapter 3

Plant species interactions mediate the response of vegetation

succession to climate change

Paloma Nuche, Concepcion L. Alados and Sonia Kéfi
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Abstract

Woody encroachment and forest re-growth are secondary succession processes
that are nowadays occurring worldwide mainly due to abandonment of traditional
land uses. The interactions between the involved woody species determine the
succession processes and speed. Given the ongoing climate change and its effect
on the intensity of species interactions, an impact of climate change on the
vegetation succession is expected. This study evaluated the impact of climate
change on the vegetation succession through the modification of plant-plant
interactions and recruitment, using a combination of modeling and field data from
abandoned subalpine grasslands at the Pyrenees. We developed a cellular
automata model to describe the vegetation dynamics of the ecosystem dominated
by two shrub species: Echinospartum horridum (Vahl.) Rothm (an ‘early
colonist’) and Buxus sempervirens L. (a ‘late succession colonist’). Field data
showed that inter-species interactions, as well as the establishment rate of B.
sempervirens seedlings, vary with climatic conditions. We simulated the effect of
a change in climatic conditions on the system dynamics by modifying the
intensity of inter-specific interactions and seedling establishment as observed in
field experiments. We focused on two possible climatic scenarios: a low
temperature scenario, which would be the climatic conditions found at the upper
limit of B. sempervirens distribution, and a high temperature scenario simulating
global warming. Under low temperatures the vegetation succession rate would be
slowed-down due to low B. sempervirens competitive ability and low B.
sempervirens seedlings establishment; despite the high facilitation intensity
towards B. sempervirens seedlings; and therefore both study species might
coexist. Higher temperatures would speed-up the vegetation succession rate given
the higher competitive ability of B. sempervirens and the higher B. sempervirens
seedling establishment under high temperatures, despite the low value of seedling
facilitation; therefore species coexistence is not possible and B. sempervirens
would displace E. horridum. We conclude that plant interaction should be taken
into account when evaluating the potential impact of climate change on

ecosystems dynamics.
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Key words: vegetation succession, plant interactions, climate change, cellular

automata.
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1. Introduction

Predicting how ongoing climate change will affect ecosystems is one of
the most pressing challenges of ecology today. Predictions have typically focused
on the direct effects of climate change on single species (Davis et al. 1998,
Thuiller et al. 2005). Yet interactions between species can largely influence how
climate change may impact ecosystems (Gilman et al. 2010). The interactions
between the species present in a given community largely determine the
community composition and its temporal dynamics (Connell and Slatyer 1977,
Walker and Del Moral 2003). The prediction of the effect of changes in
environmental conditions on ecological communities is however non-trivial
because the species interactions themselves can vary with environmental
conditions (Callaway and Walker 1997, Tylianakis et al. 2008).

Climatic conditions might affect plant communities in two ways: directly,
by affecting key processes of population dynamics (e.g. recruitment; Slot et al.
2005, Coop and Givnish 2008, Batllori and Gutierrez 2008) and indirectly through
the modification of plant species interactions (Callaway and Walker 1997,
Tylianakis et al. 2008). For example, in a terrestrial ecosystem along an altitudinal
gradient, two species whose altitudinal range partly overlaps can locally coexist
and thereby interact. An increase in temperature could favor the establishment of
the species growing at lower altitude (Castanha et al. 2013), and also increase its
competitive ability (Choler et al. 2001), which could lead to a reduction of the

other species abundance or even to an eventually local extinction.

At the upper limit of species altitudinal range at alpine and subalpine
ecosystems low temperatures usually limit seed establishment (Coop and Givnish
2008, Batllori and Gutierrez 2008), and seedlings are frequently facilitated by
adult plants because protect them from low temperatures and frost (Kdérner 2003,
Cavieres et al. 2007). A direct effect of climate warming on recruitment and an
indirect effect on seedling facilitation might affect community dynamics at high

elevations.

The abandonment of traditional land uses is leading to secondary
succession processes such as woody encroachment and forest re-growth in many
areas around the globe (MacDonald et al. 2000, Rudel et al. 2000, Mdller and
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Zeller 2002). This is particularly true in many mountainous ecosystems which are
transforming from grasslands to woodlands. An increase in mean air temperature
of 2.2 — 5.2 Celsius degrees is predicted to occur in Mediterranean mountains in
the 21% century (Nogués-Bravo et al. 2008). The combination of ongoing
secondary succession and important climate change make those regions
particularly interesting to decipher how climate change affects species, species

interactions and therefore community dynamics and functioning.

This study will explore vegetation succession in abandoned subalpine
grasslands under the two main drivers of environmental change land use and
climate change (Sala 2000), using a combination modeling and data analysis from
field experiments performed in Ordesa and Monte Perdido National Park, Central
Pyrenees, Spain. Our general objective was to improve our fundamental
understanding of how climate might affect ecosystem dynamics through effects on
both species processes, recruitment and species interactions. More specifically we
aimed to simulate the effect of a change in climatic conditions on the system
dynamics by the modification of the intensity of shrubs interactions and seedling

establishment.

Ecological modelling has been widely used to understand ecosystem
dynamics and generate and test theories and hypotheses (Park et al. 2015), which
couldn’t be possible by experiments on the short term. Here we developed a
spatially explicit gird based model whose parameter values were obtained from
field experiments. The model includes the two main shrubs entering the subalpine
grasslands: Echinospartum horridum (Vahl) Rothm (an ‘early colonist’) and
Buxus sempervirens L. (a ‘late succession colonist’), at two vital stages of B.

sempervirens, seedlings and adults.

At the Central Pyrenees the mean annual temperature has raised over the
period 1882 — 1970 of 0.83°C (Bucher and Dessens 1991) and a marked increase
in temperature, 2.8 - 4°C, is predicted by the end of 21% century, where the
southern slopes and highest mountainous areas are the most sensitive to a
temperature increase (LOpez-Moreno et al. 2008). The higher rate of woody
encroachment of grasslands at the Central Pyrenees was at 1000 — 1600 meters

a.s.l. (Gartzia et al., 2014), representing the actual B. sempervirens upper limit.
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Therefore, current global warming might modify the rate of vegetation succession
of abandoned grasslands at 1000-1600 m.a.s.l., and eventually might favour the

upslope migration of B. sempervirens.

We based our model design on a field data experiment, which
demonstrated that E. horridum facilitates the survival of seedlings of B.
sempervirens, and once B. sempervirens became adult over-competes E. horridum
(Nuche and Alados in rev). Previous field data showed that higher temperatures
enhanced B. sempervirens seedling establishment and B. sempervirens
competitive ability, and lower temperatures enhanced E. horridum facilitation
towards B. sempervirens seedlings (Nuche and Alados in rev). Therefore we
hypothesize that vegetation succession could be accelerated under high
temperatures given that competitive ability of B. sempervirens adults towards E.
horridum will increase and that B. sempervirens seedling establishment would
also be enhanced, although the low facilitation towards B. sempervirens seedlings
might counteract this tendency. Under low temperatures vegetation succession is
expected to slow-down due to the low B. sempervirens seedling establishment and
low competitive ability of B. sempervirens, however, it could be compensated
with an increase in the facilitative effect of E. horridum towards B. sempervirens

seedlings.

The main questions of the study are 1) are plant-plant interactions a
fundamental mechanism in vegetation succession at the Pyrenees?, 2) do plant-
plant interactions play a determinant role in mediating the response of plant
communities to climate change?, 3) would global warming accelerate the
vegetation succession rate?, 4) would low temperatures at the upper limit of
altitudinal range slow-down vegetation succession rate? and, therefore 5) allow
for both study shrubs coexistence rather than under high temperatures derived

from current global warming at lower locations?
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2. Methodology

2.1 Study system

The experimental study was conducted at the abandoned subalpine
grasslands of Ordesa-Monte Perdido National Park, at the Lomar Valley, Central
Pyrenees, Spain. The climate is Mediterranean mountainous. At the closet weather
station ‘Refugio de Goriz’ (2.215 m a.s.l.) the average annual rainfall was 1728
mm between 1981 and 2006. The mean annual temperature for that period was =5
°C, with daily temperatures between 25 °C and -21 °C. There are two dominant
plant species, which we present hereafter: Echinospartum horridum (Vahl.)
Rothm and Buxus sempervirens L.

Echinospartum horridum (Vahl.) Rothm, a calcicolous chamaephyte
thorny cushion endemic of the Spanish Pyrenees and the southern France, is
among the most highly invasive shrub that encroaches these grasslands. It
reproduces both sexually, by seeds, and asexually. Asexual reproduction occurs
through clonal propagation of decumbent branches, with root at nodes along the
stems. New rooted stems can break off and become independent clonal fragments,
which permits the plant to maintain and increase its cover, suppressing the
establishment of other species and leading to the formation of monospecific
patches. At the interior of these patches E. horridum have a lower growth rate and
a higher crown death rate than plants at the edges of the patches (Komac, 2010). It
spread preferentially from 1000 to 1700 meter a.s.l. although it can be found also
from 390 to 2400 m a.s.l. (Marinas et al., 2004).

Buxus sempervirens L. is a broadleaf evergreen phanerophyte (up to 5 m
high) widely distributed in the Mediterranean region and central Europe (Quézel
and Médail 2003, Domenico et al. 2012). B. sempervirens have only sexual
reproduction, although several secondary stems can develop from the stump. In
the Iberian Peninsula it preferentially spread from 400 meter a.s.l. to 1700 m.a.s.l.
(Tena 2009), although it can establish at very low altitude near the sea-level
(Iparragirre et al. 1985) and up to 2000 m.a.s.l. at the Pyrenees (according to P.
Chouard in Lenoble and Broyer, 1945).

The main mechanism in our study system is that E. horridum enhance the
survival of B. sempervirens seedlings under its canopy, but as B. sempervirens

seedlings grow, they over-compete the E. horridum nurse plant (Nuche and
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Alados, in rev). In a previous experiment we found that the intensity of the
interactions between those two species as well as the number of B. sempervirens

seedlings recruited varied with temperature conditions.

2.2 General model structure

The model presented in this paper is a spatially-explicit grid-based model
describing E. horridum - B. sempervirens dynamics based on our knowledge on
demography, dispersion and species interactions from previous field data and field
experiments (Nuche and Alados, in rev). We studied the interactions between E.
horridum and B. sempervirens at two vital stages of B. sempervirens, seedling and
adults.

The model is a two dimensional lattice of cells in which each cell has 8
nearest-neighbors and can be in one of the following five states: occupied by an E.
horridum (S), occupied by a B. sempervirens seedling (Bs), occupied by a B.
sempervirens adult (Ba), occupied by an E. horridum with a B. sempervirens
seedling under its crown (BsS), or empty (E) (Figure 1).

The main processes occurring in the model are the following. E. horridum
can spread locally by clonal expansion or by seed dispersal around the mother
plant; seeds can germinate if they fall in an empty cell. B. sempervirens (adults)
spread part of their seeds globally throughout the lattice and part of them locally
in the nearest neighborhood. B. sempervirens seeds can establish on an empty cell
or if the cell is occupied by an E. horridum. In that latter case, the cell becomes
occupied by both B. sempervirens seedling — E. horridum (so-called BsS cells).
BsS cells have the following possible transitions: 1. to become B. sempervirens
seedling cell (Bs) if E. horridum dies; 2. to become E. horridum cell (S) if B.
sempervirens seedling dies; and 3. to become B. sempervirens adult cell (Ba) if B.
sempervirens seedling matures, in which case E. horridum would be displaced by
the adult B. sempervirens (Figure 1). This is how vegetation succession is
included in the model. In our model, B. sempervirens seed rain and germination
are subsumed in establishment, as done in others models (Zeng 2006). B.
sempervirens adults compete with the neighboring E. horridum cells (Nuche and

Alados, in rev).
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2.3 Transition between states

2.3.1 Colonization of empty cell

In the model, an empty cell can be colonized by E. horridum and B.
sempervirens seedlings. The transition rate of an empty cell to a E. horridum (S),

WE s is denoted by:

Wgs = ((1 - CIS|E) * es; + 1751) * (s|E 1)

The first term in the equation is reproduction by seeds, where es; is seed
establishment rate on an empty cell and, (1 — q5|E) is the probability of a E.
horridum cell to be at the edge of a patch, because E. horridum seeds can only
colonize empty cells at the edge of a patch (Komac et al. 2012). The second term
of the equation reflects vegetative reproduction, where vs; is the expansion rate of
shrubs into neighboring empty cells. The two terms of the equation are multiplied
by the probability that a neighboring cell is empty qgz because shrub dispersal is

local.

The transition rate of an empty cell to a B. sempervirens seedling (Bs), Wggs is

denoted by:

Wgp, = (eb * qg e * (1—6)+ eb* &« pBa) * sb (2)

The first term of the equation reflects local reproduction, where eb is the
seed establishment rate in a empty cell (seed production + recruitment), multiplied
by the probability that an neighboring cell is empty, gg_ |z, and the proportion of
seeds dispersed locally, (1 —&). The second term of the equation reflects the
global dispersion, where the establishment rate of B. sempervirens seedlings
through the lattice is multiplied by the global density of B. sempervirens adults,
pg,. and the proportion of seeds globally dispersed, 8. sb is the early survival rate
of the seedling within the first year when it is alone in the cell (i.e. without the
nursing effect of an adults E. horridum).
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2.3.2 Shrub encroachment
The establishment of B. sempervirens seedlings is enhanced if the cell is

already occupied with an adult E. horridum:
Ws pss = (eb * qpp * (1—6)+ ebx &+ pBa) * (sb + fs) (3)

The transition is the same as the transition Wegs transition (equation 2), but
including the facilitation term fs which reflects the enhanced survival of B.

sempervirens seedlings because of the facilitation effect from E. horridum.

2.3.3 Mortality

After the death of an E. horridum and of a B. sempervirens (adult or
seedling) the cells becomes empty. The mortality of E. horridum (S), Wsg, is

calculated as:

Ws g = (ds + ¢ * ggs + Cp * CIBa|S) (4)

where d; is the basal mortality rate of adult plants; c; is additional mortality due
to competition among neighboring E. horridum plants. Indeed, plants living in the
interior of monospecific patches have a lower growth rate and higher crown death
rate than plants at the edges of the patches (Komac et al. 2012); c, is the
additional mortality due to intensity of competition between neighboring adults B.

sempervirens and E. horridum.

The mortality of B. sempervirens adults (Ba) is a density-independent rate,

dg,:
WBa,E = dBa 5)
The mortality of B. sempervirens seedlings (Bs) is a density-independent
rate, dg_.
WBS,E = dBS (6)
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2.3.4 Maturation of B. sempervirens

B. sempervirens seedlings mature at a constant rate and thereby become adults:
Wg. g, = m (7)
where m is such that on average B. sempervirens seedlings become adult after 1/m

years.

2.4 Estimation of parameter values

The parameter values of the model were estimated using data on E.
horridum and B. sempervirens longevity, growth, demography, dispersal and
seedling production. We also used data from field experiments to estimate the
interaction intensity between the two shrub species for both B. sempervirens
seedlings and adults. We used data from a previous study (Komac et al. 2012,
Komac et al. 2013) and from two abandoned and shrub-encroached grasslands
that differed in the time when they were abandoned in Ordesa and Monte Perdido
National Park, Spain (Nuche and Alados, in rev, and additional data in Appendix).
This allowed us to validate the model (Appendix 3).

E. horridum reproduce both sexually and clonally. The clonal spreading
rate of E. horridum in empty sites, vs; was estimated by the difference in crown
growth between two consecutive years (Table 1). The seedling establishment
rate of E. horridum in empty sites, es; was calculated as the number of seedlings
divided by the number of adults E. horridum per m? (Table 1). Intra-specific
competition of E. horridum, c;, was calculated as E. horridum mortality rate in
the center of a patch minus E. horridum mortality rate at the edge of a patch
(Table 1).

B. sempervirens reproduce only sexually. To estimate the establishment
rate of B. sempervirens seedlings, eb, the number of seedlings established per
mother plant and per year were accounted during 7 consecutive years (from 2007
to 2014); eb was calculated as the average of seedlings established / 8 neighboring
cells. The frequency distribution of seedlings dispersion (kernel) was recorded in
2007, where all seedlings in a circumference of 2 meters radius around a B.

sempervirens target and their distance to the target were recorded. That allowed us
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to estimate the fraction of local vs. global dispersion of B. sempervirens. Global
dispersion, ¢, was calculated as the mean number of seedlings between 1 and 2
meters from the B. sempervirens mother plant (Table 1). Our estimation of mean
maximum distance of B. sempervirens dispersion agrees with Debussche and
Leppart 1992. Survival rate of B. sempervirens seedlings in the first year, sp, is
the probability of survival outside E. horridum crown, and was the percentage of
seedlings that survived without the protection of E. horridum in one year (Table
1). Mediterranean resprouter shrubs, such as B. sempervirens, reach maturity, m,
and thus are able to produce seeds on average 9.1 years old (Pausas et al. 2004)
(Table 1).

The mortality rate of E. horridum (ds) and B. sempervirens adults (dsa),
was calculated as the inverse of their lifespan. The average age of an E. horridum
adult plant at the edge of a patch was 35.6 yr (n=10 plants); therefore the mortality
rate in the absence of competition was 1/35.6 ind yr'. Parameters of E. horridum
shrub are deeper explained in Komac et al., 2013. Mortality rate of B.
sempervirens was calculated as the inverse of the average age of the more
abundant age class, 1/45 ind yr'. The mortality rate of B. sempervirens
seedlings, dgs, was estimated as the annual probability of survival during the first
10 years since after 10 years the plant is assumed to be an adult. In the field, the
survival of B. sempervirens seedling was monitored annually from 2008 to 2012
(N=36). The average mortality rate was estimated as 0.62 which was the
percentage of seedling that survived five years divided by five (Table 1).

In the field, the abundance of B. sempervirens seedlings ranging from 1
year old to 10 year old was quantified; the annual mortality rate was estimated as
1 minus the root square of the number of seedlings of 10 years old divided by the
number of seedlings on 1 year old (Table 1).

The interaction between study shrubs have been evaluated using a previous
neighbor removal experiment (Nuche and Alados. in rev). The facilitation
intensity, fs, of E. horridum to B. sempervirens seedlings is calculated as the
probability of survival under E. horridum minus the provability of survival
outside E. horridum crown (Table 1). Competition intensity of B. sempervirens
adults to E. horridum, c,, was calculated as the mortality rate of E. horridum
when coexisting with B. sempervirens (Control) minus the mortality rate of E.

horridum when B. sempervirens adults were removed from its neighborhood (B.
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removal) (Table 1). E. horridum mortality in the neighbor removal experiment is
calculated as the inverse of the lifespan; the lifespan is estimated from the
relationship between crown size and age of E. horridum of a previous study
(Komac et al. 2012). The higher E. horridum mortality rate in B. removal
compared to ds could be due to the location of our study, which is at a lower
altitude than the study of Komac et al. 2012.

2.5 Model Simulations

Simulations were run on 200*200 lattices with periodic boundary
conditions and a stochastic asynchronous update (Ingerson and Buvel, 1984)
using MATLAB 7.8. Each cell was assumed to be around 1 meter because
averaged crown size (diameter) of E. horridum plants > 15 years and of B.
sempervirens adults was ~ 1 meter (Komac et al. 2012, Komac et al. 2013,
Marinas, 2004, Nuche and Alados in rev). One time step was assumed to be a
year. Random initial conditions were used for the simulations. Test with different
initial conditions were performed and similar results were achieved. Each
simulation was run until stationary state was reached. Model validation was

performed (Appendix 3).

2.5.1 The role of plant interactions on vegetation succession

To investigate the role of plant interactions on vegetation succession
several simulations were performed with different combination of values of the
parameters that account for species interactions, fs, E. horridum facilitation
towards B. sempervirens seedlings, and c2, B. sempervirens adults’ competition
towards E. horridum. The range of values for fs parameter was from 0, when the
protection of E. horridum towards B. sempervirens seedlings does not lead to an
increase in seedling survival (no facilitation), to 1, when the protection of E.
horridum leads to 100% of B. sempervirens survival underneath its crown
(facilitation is maximum). The range for c2 was from 0, when B. sempervirens
adult do not increase the probability of dying of E. horridum, to 1. The initial
conditions were set to a very low abundance of B. sempervirens adults and E.
horridum, i.e. 0.001 % each, no B. sempervirens seedlings, and the rest of cells

were in state empty.
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For each combination of parameters, logistic regressions were fit for B.
sempervirens adults progression (Ba % cover) and the time step at which the
inflexion point was achieved was recorded as indicator of vegetation succession
rate. The carrying capacity (i.e. the maximum value of Ba cover reached at the
end of the simulation) and the steepness of the curve (the exponential growth of
the logistic curve) were also recorded as indicator of the B. sempervirens

expansion.

2.5.2 The effect of temperature on vegetation succession

To investigate how temperature might affect vegetation succession, we
used data of seven years of monitoring B. sempervirens establishment (Appendix
1); and from two sites which differed in temperature conditions (hereafter referred
to as High Temp and Low Temp, respectively for high and low temperature
conditions) (Nuche and Alados in rev). The variation of the intensity of
interactions with temperature was estimated quantifying the intensity of
interaction at each study site (High and Low sites, Nuche and Alados in rev). With
previous information two temperature scenarios were simulated in the present
study: a low temperature scenario and a high temperature scenario. The low
temperature scenario represent the climatic conditions found by B. sempervirens
at its actual upper limit of altitudinal range (High study site at 1600 m.a.s.l.,
Nuche and Alados in rev); and the high temperature scenario represent the current
global warming in locations of B. sempervirens - E. horridum ecosystem at a mid-
altitude (Low study site at 1200 m.a.s.l., Nuche and Alados in rev).

Intensity of E. horridum facilitation towards B. sempervirens juveniles
showed an important variation with temperature, in the model was applied
towards the B. sempervirens seedlings, fs. Under low temperatures the facilitation
intensity of E. horridum towards B. sempervirens juveniles was 1.86 times higher
than under high temperatures, calculated as the intensity of facilitation at the High
site divided by the intensity of facilitation at the Low site. The intensity of
facilitation at each site was estimated as the growth of B. sempervirens juveniles
when E. horridum was removed from its neighborhood (E. removal treatment)
minus the growth of B. sempervirens saplings when coexisting with E. horridum
(in Control) divided by the growth of B. sempervirens juveniles in Control (Nuche

and Alados in rev). Under high temperatures the intensity of competition of B.
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sempervirens adults towards E. horridum was 2.3 times higher, calculated as the
intensity of competition in Low site divided by the intensity of competition in
High site. The intensity of competition at each site was estimated as the growth of
E. horridum when B. sempervirens was removed from its neighborhood (B.
removal treatment) minus the growth of E. horridum when coexisting with B.
sempervirens (in Control) divided by the growth of E. horridum in Control
(Nuche and Alados in rev).

High site has an annual mean air temperature of 7.38 °C and Low site
8.43°C (Nuche and Alados in rev). Therefore the variation in the intensity of plant
interactions corresponds to a change in 1.05 °C.

With these data, we could estimate the range of variation of the parameters
(eb, fs, and c2) as previously explained for each of the two temperature
conditions. We thereby modeled here climate indirectly by its known effects on
the interspecific interactions and recruitment in the study system.

In the Low Temp scenario the competition ability of B. sempervirens
towards E. horridum, c2, was set to a low value (c2=0.1) and the role of the
intensity of facilitation (fs) and the variation in recruitment (eb) was evaluated.
The range values for eb was from 0, to 0.8, because is a low number of B.
sempervirens seedlings per m? quantified in the field during 7 years of monitoring
(Appendix 2).

In the High Temp scenario E. horridum facilitation towards B.
sempervirens seedlings, fs, was set to a low value (fs=0.2), and the role of the
intensity of competition of B. sempervirens adults towards E. horridum and the

variation in recruitment were investigated.
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3. Results

3.1.  Therole of plant interactions on the system dynamics,

Independent of the precise combination of parameter values chosen and of
the initial proportions of B. sempervirens adults (Ba) and E. horridum (S) in the
lattice, the Ba cover increases in time during the simulations, while
simultaneously the cover of S decreases until eventually disappears/goes extinct.

The invasion of Ba in the system accelerates when the competition
intensity from Ba to S (i.e. the parameter, c2) and the facilitation from S to Bs (i.e.
the parameter fs) increase. This means that for strong interspecies interactions, the
number of iterations needed to reach the inflexion point of the Ba growth curve
decreases (Figure 2e). In other terms, increasing the intensity of inter-species
interactions, c2 and fs, speeds-up vegetation succession, that is Ba invasion.

Simulations showed that an increase in ¢2 would compensate a decrease of fs
(Figure 2e, 6 vs. 7). Ba expansion is much accelerated with an increase in fs than
with the same increase in c2 (Figure 2e, 3 vs. 4 and 6 vs. 8). However, as
competition changes with temperature (2.3 times) more than facilitation (1.86
times) an increase in temperature (e.g. 1.05°C) would accelerate the Ba expansion

(taking the rest of the parameters constant) (Figure 2e, 5 vs. 7).

3.2. Vegetation succession in the low vs. high temperature scenario,

We now investigate how the speed of the vegetation succession varies under
two different temperature scenarios including both shrubs interactions and B.
sempervirens establishment.

Consistently with Figure 2, in Low Temp scenario a low c2 and eb values
would lead to a decrease in Ba expansion rate despite high values of fs; and High
Temp scenario, with high c2 and eb values would speed-up Ba expansion rate
despite the low fs value (Figure 3e; 1117 vs. Figure 4d; 1\V?).

At the Low Temp scenario, in the case where the Ba recruitment (eb) was low
(inferior to 0.22), a minimum fs threshold was required to allow for Ba expansion,
otherwise its population collapsed (Figure 3 a-d).

At the High Temp scenario, B. sempervirens expansion rate is accelerated

until a c2 threshold value beyond which the Ba expansion rate does not depend on
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competition anymore, and is also independent of the recruitment value, eb (Figure
4a and b). The carrying capacity did not vary with the competition parameter c2
except at low values of eb.
3.3. Coexistence
Figure 5 shows that in the Low Temp scenario, the coexistence between B.
sempervirens and E. horridum is possible under several combinations of
parameter, eb and fs, values. However, in the High Temp scenario B.
sempervirens colonizes up to 80% of the matrix and E. horridum almost

disappear.

4. Discussion

The model built in this study successfully described the dynamics of the
vegetation succession of subalpine grasslands at the Pyrenees, where the
expansion of B. sempervirens leads to the progressive displacement of E.
horridum. In addition, species interactions have been shown to be a fundamental
mechanism on vegetation succession of abandoned subalpine grasslands at the
Pyrenees. When species interactions were set to 0, the system dynamics were
extremely low; this indicates that species interactions are a fundamental
mechanism in species turnover. In the absence of a change in climatic conditions,
the vegetation succession of grasslands takes place due to the abandoned
agricultural activities at the 1200-1600 m. a.s.l., where the lack of grazing lets the
seedlings of the woody species establish and develop (Rousset and Lepart 2002,
Borchard et al. 2011).

Higher intensity (i.e. higher parameter values) of competition and facilitation
gave rise to higher vegetation succession rate. Therefore, environmental
conditions that lead to higher intensities of these plant-plant interactions are
bound to speed-up vegetation succession (Walker and del Moral 2003, Dullinger
et al. 2003, Batllori and Gutiérrez 2008). Do we expect to find in nature certain
environmental conditions that would favor both facilitation and competition in our
study system at the same time? A previous experiment showed that competition
ability of B. sempervirens increased under higher temperatures and the intensity of
E. horridum facilitation towards B. sempervirens seedling decreased (Nuche and
Alados in rev). B. sempervirens population has two strategies to expand on E.
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horridum stands, 1. being facilitated by E. horridum or 2. out-competing E.
horridum, which could encompass a wide range of environmental conditions. The
simulations showed that B. sempervirens expansion is much accelerated with an
increase in facilitation than with the same increase in competition, which would
mean that facilitation is a better strategy to B. sempervirens expansion, facilitation
IS more important in vegetation succession than competition. Facilitation would
therefore mediate vegetation succession response to climate change more than
competition. However, facilitation and competition did not vary with temperature
to the same extent, competition have a greater variation than facilitation with the
same change in temperature. Therefore competition would play a major role than
facilitation in mediating the vegetation responses to climate change in our study
system. For that reason vegetation succession is expected to be accelerated under
higher temperatures and slowed-down under low temperatures.

In a scenario of global warming, higher temperatures are expected to increase
the ability of adults’ B. sempervirens to outcompete E. horridum and B.
sempervirens seedling establishment, which would speed-up the vegetation
succession at the Pyrenees even with very low seedling facilitation (low fs value).
However, there is an intensity of competition from B. sempervirens adults towards
E. horridum beyond which competition does not affect vegetation succession rate
anymore, meaning that there is an upper limit in the increase of vegetation
succession imposed by climate change. One possible explanation is that
competitive effect is local and is applied only to the E. horridum individuals that
are in the neighborhood of B. sempervirens adults. In addition, a high value of
competition would lead in theory to a lower carrying capacity of B. sempervirens
adults when the number of seedling establishment is not too high. This indicates
that there is a trade-off between the local dispersion and the necessity of B.
sempervirens seedlings to establish under an E. horridum versus the competitive
effect that B. sempervirens adults apply towards the E. horridum of their
neighborhood. When the competitive effect that B. sempervirens applied to E.
horridum is high, the B. sempervirens seedlings do not establish so well because
the facilitative effect is nullified. Even though B. sempervirens eventually displace
E. horridum, they need E. horridum for the establishment of their seedlings. This
could be a mechanism for both species coexistence. However, a high value of

competitive ability and a low value of seedling establishment is not expected to
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occur at the same time because both increase with temperature, except on non-
mast years. Masting is synchronous highly variable seed production among years
by a plant population (Kelly 1994). Whether mast seeding results from weather
conditions or is an evolved reproductive strategy is still under debate (Kelly et al.
2002). Lé&zaro et al. 2006 showed that another species of the same genre, B.
balearica, had a masting behavior in island populations (in Balearic Islands)
rather than in the mainland, partially related to rainfall events. However, in our
study we did not find important inter-annual variability on recruitment (Appendix
2). Therefore, masting behavior might not be observable at recruitment phase or
B. sempervirens might not behave as masting specie in our study sites. A detailed
study on B. sempervirens reproductive biology is required, especially on the
relationship of its masting behavior and climate.

At the upper-limit of altitudinal range, B. sempervirens would be exposed to
low temperatures which limit seedling establishment and adults’ competitive
ability. Despite the fact that an increase in the intensity of facilitation of E.
horridum towards B. sempervirens seedlings compensate for a decrease in the
number of seedling established, vegetation succession rate is slowed-down due to
the lower competition ability of adult B. sempervirens.

Low summer temperatures limit seed establishment by diminishing adults
flower and fruit production (Hedhly 2011), B. sempervirens flower bud formation
and fruit set takes place in July and August (Milla et al. 2012). B. sempervirens
seedling establishment lower than 0.11 seedling m?, 1 seedling in 9 m? would
disrupt the expansion of B. sempervirens. B. sempervirens is therefore expected to
be able to migrate upslope until low temperatures limit its seeds production under
a value of 9 seedlings per m?. Infer a temperature value for this isotherm would be
very simplistic because the relationship between fruit production and temperature
might not be linear and might also depend on other environmental or genetic
parameters (Lazaro et al. 2006). If seedling establishment is between 1 seedlings
5-9 m™ the intensity of facilitation would determine the expansion or the collapse
of B. sempervirens population. Therefore, under extremely low temperatures the
presence of E. horridum is needed for the establishment of B. sempervirens.

In the low temperature scenario B. sempervirens and E. horridum coexist
under certain combination of parameter values (mainly low eb values, see Figure

5). In nature, the community dominated by B. sempervirens and E. horridum have
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been described as a mature and stable community, named Berberidion p.p. (Tena
2009). It would be adaptive for B. sempervirens to not exert a very high
competitive displacement towards E. horridum given that is needed for B.
sempervirens seedling survival, especially under harsh climatic conditions under
low temperatures. Contrary, in the high temperature scenario, B. sempervirens
dominates and E. horridum abundance is lower than 10% due to the high values
of competition and establishment of B. sempervirens.

If current global mean air temperature increases as predicted by climate
change, the low temperatures at the actual upper limit of B. sempervirens
altitudinal range will not limit B. sempervirens recruitment and competition
ability towards E. horridum anymore. A B. sempervirens upslope migration could
therefore been expected (Dullinger et al. 2003).

Camarero et al. 2004 demonstrated in Pinus uncinata at its upper altitudinal
limit at the Central Pyrenees that an increase of spring-summer temperatures is
positively related with seedling establishment but negatively related with advance
in tree line, resulting in an increase of tree density rather than an upward
migration of the tree line position. They explained these results because higher
temperatures could suppose drought stress in Mediterranean mountains. B.
sempervirens is a species of the sub Mediterranean territory, locations with a
Mediterranean climate but not very dry either hot, B. sempervirens prefers the
climate of mid mountain with certain humidity (Lenoble and Broyer, 1945).
Therefore, it could be possible that the lack of water would limit the upslope
migration of B. sempervirens under climate change. However, the presence of E.
horridum might counteract the lack of water resources given that humidity is
higher underneath its crown (Nuche et al in rev, Cavieres et al 2007). We
unknown if there might be other abiotic factors that varies with altitude, such as
sun radiation or poor soil conditions, which might limit B. sempervirens upslope
migration.

Although several studies have suggested the importance of plant interactions
in mediating ecosystem responses to climate change (Walther 2010, Van der
Putten 2012), the majority of studies on the upper limit of altitudinal distribution
of woody species have focused on the effect of climate on one single species
(Camarero et al. 2004, Danby et al. 2007) and have therefore disregarded the

importance of species interactions.
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Here we showed how shrub-shrub interactions are a fundamental process to
understand the dynamics of this ecotone. Taking into account plant-plant
interactions on the upper limit of altitudinal range of shrubs, which might be
highly sensitive to a change in climatic conditions and where several species
usually coexist, makes taking into account species interactions fundamental.

It is noteworthy that we here only considered the dominant species of the
system. However, other species could come into the system continuing the
vegetation succession, such as Pinus sylvestris, which would alter the balance of
interaction between B. sempervirens and E. horridum. Besides, we did not take
into account the variation in E. horridum performance with climatic conditions.
Komac et al. (2013) showed that E. horridum vegetative growth was also favored
by higher temperatures, but this study was conducted on a higher and therefore
colder location than the experiments of the present study where performed.

We conclude that plant interactions are a key mechanism in vegetation
succession, and that a change in climatic conditions can modify the vegetation
succession process by the modification of these plant interactions. Therefore plant
interaction should be taken into account when evaluating the potential impact of
climate change on ecosystems dynamics.
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Transition type  Symbol Interpretation Estimation from field data Value Source
ds Mortality rate of E. 1/(life span) 1/35.6=0.028 Komac et al. in
horridum rev
Komac et al.,
2013
Mortality dga Mortality rate of B. 1/(life span) 1/45 =0.02 Unpublished
sempervirens adults data
dss Mortality rate of B. Provability of survival the 0.6/5=0.155~0.2 Appendix 3
sempervirens seedlings  first 5 years / number of
years
VS1 Vegetative reproduction  (D2-D1)/D1, with D1 and D2 0.109 Komac et al.,
. rate of E. horridum on the crown diameters of E. 2013
Vegetative - . . .
. empty sites horridum in two consecutive
reproduction ) L
years; calculated in high
slope
es; Establishment rate of E.  seedlings/number of adult E.  0.38 Komac et al.
horridum seedlings on horridum on high slopes m™ 2013
empty sites
eb Establishment rate of B.  Average number of seedlings  1.32 Unpublished
Seed sempervirens seedlings  in the first meter near a B. data
establishment on empty sites sempervirens adult / m?
S Early survival of B. Probability of survival inthe 0.2 Nuche et al. in
sempervirens seedlings  first year rev
without facilitation of
E. horridum
Global ) Dispersion of B. Num seedlings farther than1  0.48/8 = 0.06 Nuche et al. in
dispersion sempervirens seedlings ~ meter to the mother plant per rev
P throughout the lattice mother plant
C1 E. horridum intra- E. horridum mortality rate in ~ 0.0015 Komac et al.,
specific competition the center of a patch-E. 2013
horridum mortality rate at the
edge of a patch
. C2 Competition intensity (E. horridum mortality rate in  0.105-0.085=0.20  Nuche et al. in
Species . .
Interaction of B. sempervirens Control - E. horridum rev
adults on E. horridum mortality rate in B. removal)
fs Early survival of B. %B. sempervirens seedling 0.8-0.2=0.6 Nuche et al. in
sempervirens seedlings  survival under E. horridum - rev
when facilitated by E. %B. sempervirens seedling
horridum survival outside E. horridum
B. sempervirens m Maturation rate of B. Time to achieve sexual 10 Pausas et al.
Maturity sempervirens seedling maturity 2004

Table 1. Model parameters, their meaning and values.
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Low Temperature scenario  High Temperature scenario

eb [0:0.8] [0.7:3]
fs [0:08] 0.2
c2 0.1 [0:1]

Table 2. Parameter values and range of parameter values under the two

temperature scenarios.
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WS‘BSST Wass,s

©
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WBa‘% W
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Figure 1. Conceptual model showing the possible states of de model: cell
occupied by E. horridum (S), B. sempervirens seedlings (Bs), by both E. horridum
and B. seedling (BsS), by B. sempervirens adults (Ba), or empty (E). W, are the
rates of transition between the states. Their mathematical expressions are given in

the text.
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Cover (%)
B. sempervirens adults
cover (%)

0 20 40 6 68 10 120 140 160 180 20 0.1¢
Iterations E 0

0 100 200 300 400 500 600 700 800 900
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Figure 2. a) Cover (%, number of occupied cells) of each state: S, E. horridum,
Ba, B. sempervirens adults, and Bs, B. sempervirens seedlings, through model
progression. Three snapshots of the lattice through model progression B) in 60
iteration, C) in 100 iteration, D) in 140 iteration. E) Logistic regression of adults
B. sempervirens through model progression under different combination of
parameter values, 1: ¢2=0, fs=0; 2: ¢2=0.14, fs=0.14; 3: c¢2=1, fs=0; 4: c2=0, fs=1;
5: ¢2=0.1, fs=0.28; 6: ¢2=0.85, fs=0.14; 7: ¢2=0.28, fs=0.28; 8: c2=0.14, fs=0.85;
9: ¢2=0.85, fs=0.85, 10: c2=1, fs=1. All other parameter values are set to values
indicated in the methods (Table 1).
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Figure 3. Low temperature scenario (c2=0.1). A) Time step when inflexion point
is achieved in the logistic fit of B. sempervirens (Ba) progression. B) Carrying
capacity and C) steepness of the curve, for several simulations with different
combination of parameter values, eb, B. sempervirens seedling establishment and
fs, E. horridum facilitation towards B. sempervirens seedlings. D) State diagram,
black, there is Ba final cover, white, there is not Ba at the end of the simulation.
E) Logistic regression of adults B. sempervirens through model progression, when
1: fs=0 and eb=0.3, 2: fs=0.25 and eb=0.2, 3: fs=0 and eb=0.4, 4: fs=0.125 and
eb=0.3, 5: fs=1 and eb=0.2, 6: fs=0 and eb=0.8, 7: fs=1 and eb=0.8. All other

parameter values are set to values indicated in the methods (Table 1).
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Figure 4. High temperature scenario (fs=0.2). A) Time step when the inflexion
point is achieved, B) the carrying capacity and C) the steepness of the curve of the
logistic regression of B. sempervirens adults cover through the simulation at each
combination of parameter values, c2: competition effect of B. sempervirens adults
on E. horridum and eb, number of B. sempervirens seedling established. D)
Logistic regression of adults B. sempervirens through model progression, when 1.
c2=0 and eb=0.7; 1I: c2=1 and eb=0.7; 11I: c2=0 and eb=3, IV: c2=1 and eb=3. All

other parameter values are set to values indicated in the methods (Table 1).
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Abstract

The change in environmental conditions influences not only species abundance,
but also the interaction among plant species. It has important implications on
ecosystem performance and dynamic, high relevant in the perspective of actual
climate change. In particular, the importance of positive interactions preventing
the loss of diversity is very important in harsh environments, as the alpine
Mediterranean ecosystems, which are under the pressure of cold temperatures and
the water shortage in determinant periods of the year. This make particularly
relevant to investigate the relationship between environmental conditions and
plant community interactions and its influence on plant community structure
(species diversity and vegetation spatial patterns). We compared sites that differed
in soil properties and climatic conditions to disentangle how biotic interactions
and plant community structure change in response to environmental conditions.
We compared North and South oriented slopes in two environments (Acid vs
Basic soils). According with theory we observed higher number of positive
interactions and higher vegetation aggregation in the most stressful colder
habitats. This in turn resulted in higher species diversity. A clear positive
relationship was observed between the positive interaction balance and the
vegetation aggregation patterns as predicted. Under the expected global warming
scenario we predict the breakage of plant-plant association that can be assessed by
the reduction of vegetation aggregation patterns and the loss of species diversity.
These effects are more evident in the poor soil nutrients acid soils than in the

richer basic soils.

Keywords: alpine, diversity, facilitation, spatial patterns, Sierra Nevada
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1. Introduction

In recent decades, climate warming and increased frequency of extreme events
(Stocker et al. 2013), have led to an increasing interest to the study of the effects
of global change on vegetation composition and species diversity (Guisan et al.
1995, Chapin 11l et al. 2000, Theurillat and Guisan 2001). This is particularly
important for arctic and alpine ecosystems, where recent studies have reported
important changes in plant composition, biomass and diversity (Klein et al. 2004,
Walker et al. 2006, Elmendorf et al. 2012). Nevertheless, the intensity and
direction of change can differ among species and regions (Clavel et al. 2011,
Elmendorf et al. 2012, Jiménez-Alfaro et al. 2014, Rosbakh et al. 2014). While at
high elevations plant species richness has increased in recent decades due to
climate warming (Stockli et al. 2011, Venn et al. 2012, Wipf et al. 2013), at low
elevations in subalpine belts this effect is less evident and can even revert (Vittoz
et al. 2009, Rosbakh et al. 2014). One of the mechanisms involved on this change
in arctic and alpine communities referred to the reduction of specialist species and
homogenization of species distribution (Jurasinski and Kreyling 2007, Clavel et
al. 2011, Ross et al. 2012), as more generalist species are able to invade upper
zones. This would result in the loss of not only species diversity but also
functional diversity which could ultimately drive to changes in the processes

operating in the whole ecosystem (Tilman et al. 1997).

The change in the organisms interactions in response to climate change has
received less attention despite some authors have hypothesized that species
interactions can dramatically alter species responses to climate change (Tylianakis
et al. 2008, Gilman et al. 2010, Adler et al. 2012) influencing the abundance of
competitors and the intensity and direction of competition, of relevant influence
on the response of plant community dynamic to climate change (Farrer et al.
2014). The importance of positive interactions preventing the loss of diversity
have been reported in several studies (Hacker and Gaines 1997, Michalet et al.
2006, Le Bagousse-Pinguet et al. 2014) particularly in harsh environments
(Cavieres et al. 2014).
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Stress gradient hypothesis predicts an increasing frequency, intensity and
importance of positive interactions with increasing levels of abiotic stress and
disturbances (Bertness and Callaway 1994, Brooker and Callaghan 1998)
although under extreme stress conditions positive interactions may decline
(Maestre et al. 2005, Michalet et al. 2006, Smit et al. 2007). Further studies have
suggested that the life history of the interacting species and the nature of the stress
can change the sign of this relationship (Michalet et al. 2006, Maestre et al. 2009,
Malkinson and Tielbdrger 2010). Thus, this relation is not always linear along an
environmental stress gradient, and some authors proposed a modification of SGH
predicting the increase of the importance of positive plant-plant interactions only
until moderate level of stress (Holmgren and Scheffer 2010). In addition, it has
been argued that the discrepancy between studies can be based on either unrelated
stress factors acting at the same time, or species-specific interactions (Soliveres et
al. 2015). In any case, most of the studies on plant-plant interactions concentrate
on interactions between selected pairs of species rather than interactions at the
whole community level (see (Soliveres et al. 2015) for review), but see (Saiz and
Alados 2012), despite we need to know the response of the community to
environmental pressures to forecast scenarios of global change and to determine
the importance of positive and negative plant interaction on the diversity and

structure of plant communities (Hacker and Gaines 1997).

Vegetation spatial patterns are related with the direction and strength of
plant interactions, which lead to processes of niche differentiation and /or
construction, and ultimately enhance the coexistence of more species than would
be expected from a random distribution (Kikvidze et al. 2005). Few studies have
addressed explicitly the relative importance of plant-plant interactions on spatial
patterns, but see (Kikvidze et al. 2005, Mitchell et al. 2009, Maestre et al. 2010).
Theoretical investigations revealed that vegetation spatial patterns emerge in
response to self-organizing processes (Rietkerk et al. 2004) where plant
facilitation is one of their leading mechanisms (Kéfi et al. 2007b), while in field

studies this relationship is assumed.

122



Effects of environmental conditions on Mediterranean mountain vegetation

The aim of this work was (1) to investigate the relationship between biotic
interactions and plant community structure (plant spatial pattern and diversity) in
Mediterranean alpine ecosystems, and (2) to disentangle how biotic interactions

and plant community structure change in response to environmental conditions.

We conducted an observational study in a dry, high mountain system in
southeast Spain and compared North and South oriented slopes in two
environments (Acid vs Basic soils). We measured T? and soil properties in each
site to assess the environmental conditions of each study site. We used north and
south slopes as a proxy of climate warming, as higher temperatures are reached in
south slopes in comparisons with north slopes (Zhou et al. 2013). Although many
studies have used altitudinal gradient as a surrogated of climate change (Korner
2007), north-south orientations provide important climatic variation that have
been also used to simulate long term effect of contrasting environmental
conditions (Escos et al. 2000, Alados et al. 2001, Sternberg and Shoshany 2001,
Pueyo et al. 2007). The effect of soil pH on species richness is a well-known
phenomenon (Ellenberg 1988). In Mediterranean ecosystems, acid soils are less
diverse than basic soils (Ojeda et al. 1996, Ozkan et al. 2009) probably due to the
low soil nutrients observed in acid soils (Ozkan et al. 2006),which may influence
the resilience of the plant community to climate change (i.e. more diverse
communities have been presented as being more resilient to environmental
changes (Walker 1995, EImqvist et al. 2003)).

We hypothesize that (H1) it exists a positive relationship between the
predominance of positive interactions and vegetation spatial aggregation. (H2)
Positive interactions are a mechanism to maintain high diversity in plant
communities under stress. Thus, in stressing conditions by low temperatures
(north slopes), positive biotic interactions (and thus, plant spatial aggregation) will
predominate, maintaining high diversity in the plant community. On the contrary,

under more benign temperatures (south slopes) negative biotic interactions will
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predominate. The effect of stress by low temperatures on biotic interactions and
plant community structure will be evaluated under two contrasting environments,
acidic and basic soils. We expect that (H3) nutrient-poor acidic soils will present a
stressful environment by itself, with smaller species pool than nutrient-rich basic

soils, and reinforcing the effect of low temperatures on plant community.

2. Material and Methods

2.1 Study Area

The study was conducted in the Sierra Nevada National Park, south-
eastern Spain. The study area consisted of three locations, and within each
location two sites with different exposition (north-south) were selected (location
A north 37°06°N, 2° 58°W, 2270 m a.s.l. altitude; location A south 37° 05°N, 2°
58’W, 2275 m a.s.l.; location B north 37°06°N, 3° 24°W, 2279 m a.s.l.; location B
south 37°06°N, 3°24°W, 2299 m a.s.l.; location C north 37°07N, 3°25W, 2180 m
a.s.l., and location C south 37°07N, 3°25W, 2172 m a.s.l.). The distance between
paired North-South sites in each location was c. 0.5-1 km. Average mean T2 in the
closet meteorological station (37° 09’ N, 3° 15° W) between 2009 and 2014 (both
included) is 7.74 °C, and total annual precipitation is 538.09 mm
(www.magrama.gob.es/es/red-parques-nacionales/red-seguimiento/datos-

seguimiento.aspx).

Soil substrate is siliceous in location A and B and it is basic material in
location C. Basic outcrop at high elevation is scarce as a natural output of
mountain formation genesis, location C is the only one around 2100 m available

in Sierra Nevada mountain range.

Vegetation is a dwarfland matorral dominated by cushion plants as
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Erinacea anthyllis Link, Genista versicolor Boiss, Juniperus communis L. and
Astragalus nevadensis Boiss, and herbaceous as Cerastium boissieri Gren.,

Festuca indigesta Boiss and Hieracium castellanum Boiss. & Reut.

2.2 Data collection and analysis

To monitor the environmental conditions four air temperature probes were
installed at each site (two probes at each slope) at 1m of height. Daily air
temperature was recorded every hour from Jun 2012 to July 2014 using a Hobo U-
23 pro v2 data logger (Onset Computer Co., Bourne, MA, USA). We calculated
mean, maximum and minimum daily temperatures for each month separately. We
compared average maximum daily temperatures as well as April (starting of
vegetation growth peak after the winter break) maximum daily temperatures

among the study sites.

We collected 36 soil samples from the upper 15 cm of soil in July 2012
close to the studied transects (6 samples per site). Soil samples were dried in the
laboratory and passed through a 2 mm sieve. The soil pH, organic matter content
(OM), total carbon (% Total C) and nitrogen (% N), and the C/N relationship were
quantified for each sample. After polishing soil samples, total carbon and nitrogen
was quantified using an elemental analyzer, Variomas Elementar (DUMAS
procedure); organic carbon was quantified with dichromate (Heanes 1984).
Organic matter was quantified by multiply % organic Carbon by the factor Van
Bemmelen 1.724 (Heanes 1984), which assume that OM has 58 % of organic C.

We sampled 24 transects of 500 m each, eight per each location (four at
north slope site and four at south slope site) at the peak of the vegetation growing

season, in July 2011. We used the point-intercept method (every 20 cm) (Goodall
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1952) to record the presence of individual plants along the 500-m transects.

Species diversity was measured by Shannon index, H’ (Shannon 1948),

N
H'= z p; In 1 , Where, p; is the probability of the frequency of the i-th species,

i=1 pi
and N is the number of species. In our case p; represent the probability of the

occurrence of the species in the 500-m transect.

We employed Detrended Fluctuation Analysis (DFA) (Peng et al. 1992) to
characterize the vegetation spatial pattern from presence/absence data of 500 m
transects. A number of studies have applied DFA to spatial and temporal
sequences (for reviews see Rutherford et al. 2004, Asher et al. 2009). The
analytical protocol is described in Peng et al. (1992, 1995), and its application to
vegetation spatial data in Alados et al (1999). The following description follows

that from the above studies.

In order to analyze transect data via DFA, we first extracted 2050 points

length vegetation sequences at 20 cm intervals. We transformed these data into a
binary sequence [z(i)], in which the species or vegetation under examination was
denoted 1 and its absence (lag) was denoted -1. We generated a random walk from
these binary sequences by integrating the sequence series [y(s)] such that y(s) =
N=1z(i). The entire sequence was divided into non-overlapping boxes of length
n, and a least squares regression line was then fit to the data within each box
[yn(S)]. If yn(s) is the regression estimate for yn(s) at each box size n, then the
average fluctuation [F(n)] of yn(s) about yn(s) at each box size follows the

modified root mean-square equation F(n) = \/% Z?’z LOm(s) = §5(s))?
We repeated this procedure for all time scales (box sizes), which were the
nearest integers to 22, 22°, 2% ...2°. The resultant relationship fit the power-law
F(n)~n*

where a=0.5 represents a non-correlated, random sequence (white noise), and

a#0.5 represents a long-range correlation of the plant distribution sequence, which
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is said to have ‘memory’, i.e. what happens in one step depends on what appears
in previous consecutive steps across a long sequence. The parameter is equivalent
to the Hurst exponent (Hausdorff et al. 1997), although it is a superior method for
quantifying long range autocorrelations (Hu et al. 2001). Theoretically, it is
unaffected by the magnitude of fluctuations but is affected by the sequential
ordering of the fluctuations.

With the same 500-m transects, we estimated the number of positive and
negative associations among the matrix of co-occurring species for each transect
by comparing the probability of observed and expected pair of species at the
upper and lower limit of the 95% confidence intervals of the Poisson distribution
(Saiz and Alados 2012). We considered that two species were co-occurring when
they appeared at the same sampling point along the transect. We assumed that
recurrent local co-occurrences reflect plant interactions and not only plants that
share habitat requirements (Saiz and Alados 2012, Soliveres and Maestre 2014).
We computed the number of positive, K+ and negative, K- associations between
pairs of species on each transect. We assumed that two species that appeared
together more often than expected benefit from the association, while when they
segregate more than expected, interference can be assumed (Tilman and Kareiva
1997, Tirado and Pugnaire 2005). We computed the interaction balance (K+ -K-
)/(K+ + K-) since it is a symmetrical estimate around zero widely used in ecology
literature (Armas et al. 2004). The mechanisms and consequences of the overall
net competition balance of interactions is better understood if we decompose their
competition and facilitation components (Callaway and Walker 1997, Michalet et
al. 2014). We then calculated the number of positive (K+) and negative (K-)
associations divided by the number of species (S) in the transect to control the

influence of species richness in association frequency.

We performed General Lineal Model (GLM) comparing North vs South
slopes and Site (Acid vs Basic soil sites) for each soil and vegetation variables.
Soil variables included, soil nutrients (nitrogen (%N), total carbon (%C total),
Carbon/Nitrogen ratio (C/N), organic matter (MO)) and pH. Vegetation variables
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included vegetation structure (% bare soil, species richness, and vegetation spatial
patterns (Alpha-DFA)), plant-plant interactions (standardized number of positive
(K+/S), and negative (K-/S) associations, and ratio of positive to negative
associations ((K+ - K-)/(K+ + K-)). Linear regression was used to test relations
between pair of variables. Variables used as percentages were converted to its
angular transformation. All the statistical analyses were performed with R (R Core
Team 2013).

3. Results

3.1 Effect of environmental conditions (slope and soil type) on air temperature

and soil nutrient content

The results of average maximum daily T2 (Table 1), as well as April
maximum daily T2 is higher in South oriented slope than in North oriented slope
at the Acid and Basic sites. Soil analyses revealed that pH vary significantly
between Acid and Basic sites and between slopes, being higher in North than in
South slopes (Table 1).

Percentage of Organic Matter, percentage of total C, percentage of N, and
C/N ratio varied significantly with soil acidity and orientation. Means + se values
presented in Table 1 back transformed showed that basic soils are richer in soil
nutrients than acid soils and South slopes soils are richer than North slopes. The
C/N ratio only differed significantly between Acid and Basic soils (Table 1), but

not difference was observed between North and South slopes.

3.2 Relationship between biotic interaction and plant community structure (plant

spatial pattern and diversity)
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We observed the ratio of positive to negative associations was positively
related with vegetation spatial patterns, Alpha-DFA, although only marginally
significant (Fy, 2 = 3.64, P = 0.06) (Fig. 1). Separated analyses for positive and
negative associations revealed a significant effect of the number of positive
associations on Alpha-DFA (F1 22 = 5.09, P < 0.05); rather than between number
of negative associations and Alpha-DFA (F1 2, =0.07, n.s.) (Fig. 1).

The relation between species richness and the ratio of positive to negative
associations was positive and statistically significant (Fy », = 19.03, P < 0.001, R?
= 0.46), as also was the relation between Shannon index and the ratio of positive
to negative associations (Fy 2, = 5.95, P < 0.05, R? = 0.21) (Fig. 2).

Species richness and Shannon index increased significantly with Alpha-
DFA (F1, 22=4.34, P <0.05, R? = 0.35; F1, 2= 9.74, P <0.01, R? = 0.31; for species
richness and Shannon index respectively) (Fig. 3). We also observed a positive
relationship between percent of bare soil and Alpha-DFA (F; 22 = 16.87, P <
0.001, R? =0.43), (Fig. 3).

3.2 Effect of environmental conditions on biotic interactions and plant community

structure (plant spatial patterns and diversity)

In general, the Basic site presented more number of positive associations
(1.72+ 0.20) than Acid site (1.34+ 0.14) (Table 2), and the North sites presented
more number of positive associations (1.66 +£0.18) than South sites (1.27+0.15),
although at a significant level of P = 0.1 (Table 2). A significant interaction
between orientation and soil type was present for the ratio of positive to negative
associations as well as for negative interactions (Table 2). Separated analyses for
Acid and Basic soil showed that the ratio of positive to negative associations was
significantly larger in Basic soils in North oriented slopes in comparison with
South slopes, Fig 4, (F1 6= 14.20, P < 0.001). We did not observe any significant
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differences between North and South slopes in Acid soils (F;, 14 = 0.03, n.s.).
Plant-plant positive association showed the same trends than plant interaction
balance but it was only marginally significant (Table 2, Fig. 4). Negative plant
associations was significantly larger in Basic and South slope in comparison with
North slope (F1, 6 = 31.52 P < 0.001), however was larger in Acid and North slope
than in South slope (F1, 14=4.88, P < 0.05).

Vegetation spatial aggregation (Alpha-DFA) was higher in Basic rather
than in Acid soils, and in North rather than South slopes (Table 2, Fig. 5).

Basic soil showed larger diversity (Shannon index) than Acid soils, although only
a marginal difference was observed for species richness. Shannon diversity index
also increased in North slopes in comparison with South slopes. Not significant

interaction effects between soil and orientation was observed in any case.

4. Discussion

Comparisons among the mechanisms of vegetation pattern formation of alpine
habitat dominated by cushion plants under contrasting conditions of insolation and
T2 (North vs South slopes) and soil nutrients conditions (Acid vs Basic soils)
revealed the importance of plant interaction in pattern formation. Acid soils
showed lower concentrations of OM, C and N than Basic soils. Nitrogen is
considered the most limiting to alpine plant productivity since it depends on
biological activity that in turn depends on soil temperature (Bliss 1971) and its
concentration is positively correlated with soil organic matter (OM) (Korner
2003). We also observed in this study a lower concentration in soil OM as well as
C and N when obtained from North oriented slopes, where also averaged
temperatures were lower. Comparisons of the rate of litter decomposition and
associated microbial parameters along an altitudinal gradient in the Alps revealed
higher rate of decomposition at higher temperatures (Schinner 1982). C/N
concentrations observed in this study, between 9 and 14, was similar to the

observed in grasslands in Bavarian Alps at 2000 m (Korner 2003). C/N ratio
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present lower values in Basic and more productive soils in this study in
concordance with the lower values observed in the most productive sites reported
in other studies (Rehder 1970). Other studies also revealed poor soil nutrients in

Acid soils in Mediterranean ecosystems (Ozkan et al. 2006).

Vegetation spatial patterns measured by Alpha-DFA increased in the colder
North, with lower mean maximum T° in April (the starting of the growing season)
than in the warmer South slopes. According with the SGH we should expect
higher number of positive interactions in the most stressful habitats (Bertness and
Callaway 1994), and consequently we should expect higher Alpha-DFA in North
slopes, as we did. Conversely, we observed that the ratio of positive to negative
associations was higher in North than in South slopes, whereas negative plant-
plant association was higher in Basic and South slopes, where competition for
water is more important. Thus, under harshest environments, facilitation
ameliorate the range of conditions of facilitated plants (Bruno et al. 2003),
enlarging the realized niche of species (Hacker and Gaines 1997), resulting in a
high ecosystem performance, higher diversity and richness (Cavieres and Badano
2009). The North-South difference in the ratio of positive to negative interactions
was larger in Basic than Acid soils, supporting the hypothesis that facilitation can
be more important under relatively more benign conditions than in the most

stressful environments (Holmgren and Scheffer 2010, Soliveres et al. 2011).

Other studies also observed that colder temperatures of north slopes showed
more positive interactions and higher aggregated distribution (Kikvidze et al.
2005) supporting the hypothesis that abiotic stress as temperature are drivers of
species interactions (Callaway et al. 2002, Michalet et al. 2014) and that
interactions in turn drive spatial patterns (Haase 2001). In alpine environments,
greater facilitation is observed at higher elevations (Callaway et al. 2002, Cavieres
et al. 2002, Michalet et al. 2014) where cushion plants promote nutrient
availability (Yang et al. 2010, Anthelme et al. 2012). For example, in Sierra
Nevada the cushion Chamaephyte Arenaria tetraqueta under higher stress at the
high end of the elevation gradient increased facilitation effect but not at the low
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end (Schob et al. 2013).

South oriented slopes, present higher insolation and desiccation than north
slopes (Isard 1986) resulting in lower water balance under similar conditions of
precipitation and run-off. In particular in Mediterranean regions, drought periods
induce soil desiccation and reduce nutrients availability for plants (Mooney et al.
1965, Reverter et al. 2010), enhanced in south slopes where temperature are
higher. In agreement with these, we observed lower plant diversity in South
slopes in comparison with North slopes. Previous studies have also reported that
as degradation increases, spatial vegetation patterns and species distributions
became randomly distributed (Alados et al. 2003, Alados et al. 2004) plant
community association patterns become simplified (Saiz and Alados 2014), and
vegetation composition becomes increasingly similar over time (Ross et al. 2012).

Vegetation patchiness emerge in response to self-organizing processes
(Rietkerk and van de Koppel 2008) being plant-plant interactions one of its most
important drivers, as facilitative interactions between neighbors can lead to patch
nucleation and coalescence (Yarranton and Morrison 1974, Kéfi et al. 2007a,
Cutler et al. 2008). Consistent with the theory, we observed a positive relationship
between the ratio of positive to negative interactions with the vegetation
aggregation as predicted. We also observed that species richness increases in sites
with aggregated spatial distribution (Kikvidze et al. 2005, Alados et al. 2006,
Pueyo et al. 2013), in spite of the increase of bare soil, confirming the hypothesis
that vegetation patchiness is a better indicator of ecosystem degradation than

percent of bare soil (KEéfi et al. 2007a).

We expect that under global warming the dwarfland vegetation of
Mediterranean mountains lead to reduction of species diversity, and the loss of
self-organizing vegetation processes as plant-plant facilitation that enhance
ecosystem performance, being this effects more pronounced in the most frequent
acid substrate than in the basic soils.
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Table 1. Mean and standard error and GLM (General Lineal Model) comparing North vs

South slopes and Site (Acid vs Basic soil sites) for climate (average maximum daily

temperature as well as April maximum daily T?), soil nutrients (nitrogen (%N), total

carbon (%C total),

Carbon/Nitrogen

ratio (C/N),

organic matter

(MO)),

and

physicochemical properties (pH), at the Sierra Nevada National Park, Spain * P < 0.5, **

P <0.01, *** P <0.001

Acid N Acid S Basi N Basi S
Climate
Mean max T@ April 13.54+6.55 18.40+8.94 12.3948.55 14.92+7.92
Mean max annual T2 14.65+9.69 19.26+10.15 16.77+10.90 17.68+9.97
Soil
pH 5.54+0.03 4.97+0.03 7.61+0.12 7.19+0.31
OM (%) 5.38+0.51 6.14+0.33 5.62+1.46 9.05+1.49
C total (%) 3.09+0.34 3.86+0.25 3.61+0.94 6.41+0.90
N (%) 0.26+0.03 0.31 +0.02 0.39+0.08 0.57+0.09
CI/IN 12.27+0.83 11.52+0.50 8.25+0.63 9.17+0.52
GLM
Response variable Slope Site Interaction
F F F
df
Climate
Mean max T@ April 20.94*** 0.64 0.90
1,296
Mean max annual T2 104.58*** 16.66*** 81.40***
1,4471
Soil
pH 27.39** 409.21%** 0.45 1,32
OM (%) 10.65 ** 7.60** 4.75* 1,32
C total (%) 17.62 ** 16.44** 5.29* 1,32
N (%) 11.32 ** 40.02** 2.43 1,32
C/N 0.03 26.31** 1.80 1,32
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Table 2. GLM (General Lineal Model) comparing North vs South slopes and Site (Acid

vs Basic soil sites) for plant-plant interactions (standardized number of positive (K+/S),

and negative (K-/S) interactions, and ratio of positive to negative interactions (K" - K’

)(K* + K)), vegetation structure (Alpha-DFA, percentage of bare soil), species richness
(Shannon index), at the Sierra Nevada National Park, Spain * P < 0.5, ** P <0.01, *** P

<0.001

Response variable Slope Site Interaction
F F F

df

Interaction
K*/S 291 2.39 0.30
1,20
K'/S 0.67 6.03* 27.22%*
1,20
(K" - K)/(K" + K) 3.12 0.10 4.77*
1,20

Vegetation
Alpha DFA 6.78 * 34.67 ** 1.15
1,20
Bare soil 0.80 15.24 ** 0.02
1,20
Richness 5.27* 3.36 0.27
1,20
Shannon 9.16 ** 11.90 ** 0.65
1,20
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Figure 1. Relationship between vegetation spatial aggregation (Alpha-DFA) and
the abundance of species interactions, positive (K+/S), negative, (K-/S) and the

ratio of positive to negative interactions.
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Discussion

At the Central Pyrenees, subalpine grasslands are abandoned and
consequently woody encroachment occurs (Figure 1). The first shrubs breaking
the grasslands structure is E. horridum and the second shrub species that enter the
ecosystem is B. sempervirens (Figure 1). Interactions between E. horridum and B.
sempervirens are crucial for the vegetation succession, were E. horridum
facilitates B. sempervirens seedlings and juveniles, but once they growth old B.
sempervirens adults outcompete E. horridum (Chapter 1, Figure 1). In addition,
the intensity of interaction between E. horridum and B. sempervirens juveniles
and adults vary with climate conditions (Chapter 1, Figure 1), therefore climate
change can have an effect on vegetation succession after land abandonment by
modifying interaction between shrubs. Under cold conditions, the expansion rate
of B. sempervirens will be slow mainly due to its low competitive ability and
performance under low temperatures; therefore the two shrubs species can coexist.
Under warmer temperatures, B. sempervirens expansion would be fast due to its
high competitive ability and performance under warm temperatures; thus B.
sempervirens dominate over E. horridum, which could eventually disappear
(Chapter 3, Figure 1). Management treatments (burning and clearcutting) were
applied to control E. horridum expansion and to revert the shrubland to a
grassland ecosystem. After such perturbations, the role of the soil seed bank in
vegetation recovery is determinant, the species germination rates and seedling
survival are crucial to the establishment of the next plant community (Chapter 2,
Figure 1). If E. horridum is removed only once, the E. horridum community will
establish again with a dominance of E. horridum (80% of cover) after six years
(Appendix 4 Chapter 2, Figure 1).

Plant interactions were a mechanism for alpine plant community structure
in Sierra Nevada (Chapter 5). Positive interactions promoted vegetation spatial
aggregation, which supported high plant diversity, especially under stressful low

temperatures (Chapter 5). Therefore, current climate change might affect alpine
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plant community structure, i.e. diversity and spatial patterns, by the modification
of plant species interactions (Figure 2). The Mediterranean oak showed an
adaptive strategy to face climatic stress (Chapter 4); however, the adaptive

capacity of organisms to climatic stress would depend on the pace of climate

change.
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Figure 1. Diagram showing the main processes studied at the Central Pyrenees.
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Figure 2. Diagram showing main studied processes. A change in climatic
conditions can modify the intensity or predominance of plant interactions, which
would in turn affect the ecosystem processes where they take part.

e Species interactions and vegetation succession

Shrubs interactions have shown to be a fundamental mechanism on
vegetation succession at the Central Pyrenees after land abandonment, where E.
horridum enhanced the survival of B. sempervirens seedlings under its crown, but
when they grow older, B. sempervirens adults outcompeted E. horridum (H1.1)
(Chapter 1). Interspecific facilitation has been broadly evidenced in alpine
communities, where stress and physical disturbance are strong limiting factors for
plant survival and growth (Choler et al. 2001, Callaway et al. 2002, Cavieres et al.
2006). Associations between seedlings of one species and sheltering adults of
another species have been broadly referred as the ‘‘nurse plant syndrome’’
(Turner et al. 1966, Franco and Nobel 1989, Acufia-Rodriguez et al. 2006). Many
studies suggest that the positive effects of benefactors are strong when
beneficiaries are young and small, and when the beneficiaries grow older and
larger, competitive interactions might dominate (Archer et al. 1988, Walker and
Vitousek 1991, Chapin et al. 1994, Le Roux et al. 2013, St. Clair et al. 213) (see

Figure 3 and 5 in the General Introduction). Both types of interactions, facilitation
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and competition, favored B. sempervirens expansion on E. horridum stand,
therefore plant interactions have a determinant role on the vegetation succession
of subalpine grasslands. Connell and Slatyer (1977) described the facilitation by
the ‘early colonist’ to the benefit of the ‘late successional species’, which, once
established, outcompete the former, as a model describing autogenic succession
(only mediated by internal vegetation processes, sensu Tansely 1935). In addition,
climatic conditions associated to the altitude affected competitive and facilitative
interactions (H1.2). B. sempervirens juveniles were facilitated by E. horridum
under the low temperatures at the High site and B. sempervirens adults applied a
higher competitive effect toward E. horridum at the Low site where the climate
was milder. The effect that E. horridum might have on soil nutrient concentration
due to it is a N-fixing leguminous species with high litter release was not the
mechanism of facilitation, which supports the hypothesis that in alpine
ecosystems facilitation is related to physical stress and not to resource availability
(H1.3). In this context, evaluating the effect of a variation in temperature
conditions on shrubs interactions and the secondary effects that can have on
vegetation succession can help to understand how climate change might be
coupled with human impact on ecosystems. The cellular automata model built in
Chapter 3 describe the main dynamics of this ecosystem, which is vegetation
succession, i.e. B. sempervirens expansion in E. horridum stands. The model
allowed evaluating the effect of a change in climatic conditions on vegetation
succession based on field data in two ways: directly, by affecting key processes of
population dynamics (e.g. recruitment) and indirectly through the modification of
plant species interactions. Plant interactions have been shown to be a fundamental
mechanism on vegetation succession because when the parameters that account
for plant interactions were set to 0 the succession was extremely low (H3.1). In
addition, simulations showed that climate change can have an effect on vegetation
succession through the modification of plant species interactions (H3.2).
Specifically, under low temperatures B. sempervirens expansion rate would be
slowed down due to low B. sempervirens competitive ability and low B.
sempervirens seedling establishment, despite the high facilitation intensity of E.
horridum towards B. sempervirens seedlings (H3.3). These low values of
establishment and competition under low temperatures would favor the

coexistence of both study shrubs because B. sempervirens would not be able to
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displace E. horridum very much. The low temperatures would be found by B.
sempervirens at its upper limit of altitudinal range where it coexist with E.
horridum (Figure 3b). On the other hand, high temperatures derived from current
global warming would speed-up vegetation succession rate given the high
competitive ability of B. sempervirens and the high B. sempervirens seedling
establishment under warm temperatures, despite the low seedling facilitation
intensity (H3.3). Under high temperatures E. horridum would be faster displaced
by B. sempervirens than under low temperatures, thus both shrubs coexistence
might not be possible. Nevertheless, other plant species might come into this
shrubland altering the balance of interaction between E. horridum and B.
sempervirens, e.g. Pinus sylvestris. In Ordesa valley at the Central Pyrenees
Dolezal et al. (2004) showed how B. sempervirens differently affected the
seedling establishment and spatial structure of tree species (Fagus sylvatica and
Abies alba), therefore B. sempervirens can also favor vegetation succession of

abandoned grasslands and determine the future canopy composition.

We quantified shrub interactions intensity (sensu Welden and Slauson (1986),
Brooker et al. 2005) as a reduction of the growth of species A as a consequence of
the presence of species B (and vice versa), being A and B E. horridum and B.
sempervirens respectively. We then evaluated the relative importance of
competition and facilitation on ecosystem dynamics (rather than on species sensu
Welden and Slauson 1986, Brooker et al. 2005) with cellular automata model.
Simulations showed that facilitation have a greater effect on vegetation succession
than competition because a variation in facilitation parameter caused a bigger
variation in B. sempervirens expansion rate than the same change in competition
parameter. However, facilitation and competition do not vary to the same extent
with the same change in temperature. Competition varied more than facilitation
with a change in temperature (Chapter 1), therefore, under a change in climatic
conditions, competition will have higher impact on vegetation succession than

facilitation (Chapter 3) (see Figure 5 in the General Introduction).

146



Effects of environmental conditions on Mediterranean mountain vegetation

Warming temperatures might climb the upper limit of altitudinal range for B.
sempervirens; however other environmental factors that varies with altitude could
counterbalance the positive effect of temperature on B. sempervirens. Several
studies showed already an upslope migration of plant species (Pefiuelas and
Boada 2003, Lenoir et al. 2009, Jump et al. 2012, Pauli et al. 1996), but other
studies did not (Camarero and Gutierrez 2004). In Mediterranean mountains the
lack of water associated to the increased temperatures in Mediterranean mountains
can limit seedling establishment (Pauli et al 2012). However, the presence of E.
horridum might counteract the lack of water resources given that E. horridum
retains soil humidity (Chapter 1 and Cavieres et al. 2007).

Several studies showed that the outcome of plant-plant interactions change
with vital stage (Chapin et al. 1994, Pugnaire et al. 1996a). In our study the
reciprocal neighbor removal allows to conclude that the interactions effectively
vary with plant vital stage because B. sempervirens seedlings are facilitated by E.
horridum and B. sempervirens adults outcompete E. horridum. Most of the studies
focus on the single effect of one species to another and reciprocal interactions are
rarely investigated (Bronstein 2009). In our study, the assessment of the reciprocal
interaction is required to reproduce ecosystem dynamics, i.e.: succession, the
ultimate effect on ecosystem dynamics that the facilitative effect of E. horridum
towards B. sempervirens seedlings would have when seedlings become adults.
Three types of facilitation can be considered regarding the effect that the
facilitated species have on the facilitator: 1. antagonistic (+/-), the facilitator
species receives a negative interaction back from the facilitated, 2. neutral (+/0),
when there is no effect, named commensalism, and 3. positive (+/+), if the
facilitated exert a positive effect to the facilitator, named mutualism (Callaway
2007). E. horridum — B. sempervirens interaction is a relationship of antagonistic
facilitation. E. horridum facilitation cost is to be displaced by B. sempervirens,
and the extent of E. horridum displacement would depend on climatic conditions.
The climatic conditions that favor B. sempervirens fitness (growth and
reproduction), i.e. warmer temperatures, would lead to a greater displacement of
E. horridum and an eventually local extinction, as shown by our cellular automata

model (Chapter 3). Interestingly, although B. sempervirens outcompete E.
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horridum, it is required to B. sempervirens expansion and when the competitive

effect of B. sempervirens adults is very high B. sempervirens colonization decline.

Several studies accounted for reciprocal species interactions in alpine
ecosystems also showing negative effects of the facilitated species to their
facilitators nurse plants (Michalet et al. 2011, Craston et al. 2012, Schob et al.
2014a). Those studies evaluated the evolutionary potential of facilitation, but less

studies focus on the importance of the costs of facilitation as successional driver.

Facilitative interactions range from more specific to generalist (Bronstein
2009). Benefits may only be conferred by individuals that exhibit certain
morphological traits, architectures or sizes. Some of these traits have been well
documented in nurse plants; however, the traits of the facilitated plants have
received less attention (Bronstein 2009). The possibility of a species to receive the
facilitative effect of a nurse plant might depend on some specific trait. For
instance the shade tolerance trait of B. sempervirens allows them to establish
underneath E. horridum. Although it has been described a negative effect of the
nurse plants to the underneath facilitative plants due to light interception (Franco
and Noble 1989), the net effect was facilitative in B. sempervirens seedlings.
Other strictly heliophilous species might not be capable of establishing underneath
a nurse plant, e.g. the seedlings of dominant heliophilous shrubs are prevented
from establishing, the germination of E. horridum seeds was very low in a mature
E. horridum community (Chapter 2). Plant functional traits of the nurse as well as
the facilitative plant have been shown to be fundamental in plant-plant
interactions (Soliveres et al. 2014) and determinant in vegetation succession
(Noble and Stayler 1980).
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e Management solutions to consequences of land abandonment at the

Pyrenees

Once E. horridum enter the abandoned subalpine grasslands secondary
succession takes place (Chapter 1 and 3, Figure 1). A quarter of the subalpine
grasslands has already disappeared (Gartzia et al. 2014). Therefore, is of high
importance to improve our knowledge about minimizing E. horridum expansion

to conserve the high value subalpine grasslands.

Prescribed burning and clearcutting were used to remove E. horridum
individuals that formed high dense monospecific patches and assess the vegetation
recovery and the E. horridum regeneration after the perturbation (Chapter 2,
Figure 1). E. horridum regenerated better after prescribed burning than after
clearcutting, with higher germination rates and higher seedling survival
probability (H2.1) (Chapter 2). Thus, clearcutting appeared to be a better
management treatment than burning. Both management treatments, burning and
clearcutting, increased seed density of the soil seed bank compared to an intact E.
horridum community; thus E. horridum removal favored the establishment in the
soil of seeds coming by dispersion (H2.2). In addition, prescribed burning had a
more diverse and more dynamics soil seed bank than clearcutting because burning
caused more soil perturbation (H2.2). Both treatments, burning and clearcutting,
favored the formation of a soil seed bank composed by herbs and grasses typical
from subalpine grasslands; however, the soil seed bank would have little utility on
its own to recover the subalpine grasslands given the low species richness and the
low seed abundance. Burning had negative effects in the soil which includes
diminution of the nutrients content and soil particle size (H2.3), which could lead
to the loss of soil resources and therefore hindering subalpine grasslands
restoration. Although burning favored the soil seed bank more than clearcutting,
E. horridum regenerated better in burning than in clearcutting, and burning also
compromise soil resources. In addition, vegetation recovery after prescribed

burning (Appendix 3 of Chapter 2) showed how E. horridum cover progressively
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increased (H2.4) reaching 80% in 5 years. The removal of E. horridum once
would not be enough to recover the subalpine grassland. Komac et al. (2013)
showed that to control E. horridum expansion, removal treatments should be
periodic. Prescribed burning and clearcutting were evaluated as management
procedures to remove E. horridum and to allow subalpine grassland recovering
because those were the traditional human practices used in the past to remove
shrubs at those grasslands. Nowadays, E. horridum forms big monospecific
patches that might occupy a whole hillslope, whereas in the past isolated
individuals spread in the grassland stand, which probably were more easily
removed and entailed smaller soil perturbation. In addition, the precise traditional
procedure is not well known either; for instance, the better moment to remove E.
horridum along the year, autumn vs. spring, is also unknown. We observed that E.
horridum reach maturity and therefore is capable of producing flowers at the age
of four years (personal observation and Montserrat and Montserrat 1984).
Therefore, four years after E. horridum removal, its established seedlings from the
seed bank, would have become adults and would overrun the soil again. To
recover subalpine grassland herbs and grasses typical of those Pyrenean subalpine
grasslands have to establish precisely in the period when E. horridum is removed
before it establish again. Here is when the soil seed bank plays a determinant role.
Many authors agree that restoration based only on the soil seed bank is possible at
locations that were not degraded more than five years ago because of seed
senescence (Bossuyt and Honnay 2008). An integrated strategy that includes
traditional shepherding to favor seed dispersion by animals would favor the
establishment of those grasses and herbs typical of subalpine grasslands (Wagner
etal. 2013).

e Plant performance indicators of abiotic and biotic stress: DI vs.
growth

Several indices of species performance were used to assess the species

responses to climatic conditions and biotic interactions (Chapter 1 and 4).

150



Effects of environmental conditions on Mediterranean mountain vegetation

Common indices such as plant size and growth (annual crown growth, annual
shoot length, branch biomass), were applied together with a holistic index,

developmental instability (DI).

The Mediterranean oak Quercus faginea (Chapter 4) showed an adaptive
response to climatic stress (H4.1) by means of reducing its investment in biomass
production towards the maintenance of a correct development (H4.2). The
individuals at the xeric site showed a lower DI value after a drought year than the
individuals at the mesic and cold sites, and they were also smaller. Deviations
from perfect symmetry in a population that is on average symmetric may be the
outcome of energy dissipation and diversion (Parsons 2005). Stress diverts energy
from production to maintenance (Odum 1985). Q. faginea generated an adaptive
response to water shortage and hence it might be able to adapt to rising
temperatures and decreased precipitation predicted for the Mediterranean region
(Nogués-Bravo et al. 2008) if the pace of environmental change is slow enough
(Kozlowski 2002).

Although non-significant, growth and DI varied with climatic conditions
associated to altitude in E. horridum and B. sempervirens juveniles and adults
(Appendix 4 Chapter 1). B. sempervirens had a non-significant tendency of
having higher DI upwards and E. horridum downwards. B. sempervirens
altitudinal range distribution is lower in altitude than altitudinal range of E.
horridum in the study valley (Figure 3), being the High study site B. sempervirens
upper limit of altitudinal range and the Low study site was close to E. horridum
lower limit of altitude in the study valley (Figure 3). In mountainous ecosystems
altitudinal distribution of plant species is arranged at least in part by climatic
conditions associated to altitude (Korner 2003). However, at their limit of
altitudinal climate optimum, plants might not be able to adapt due to physiological
and morphological constraints and might present some degree of developmental

error and limited growth.
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E. horridum
(i
&"&0
Both species overlap

B. sempervirens

Figure 3. Schematic distribution of the two study species E. horridum (yellow)
and B. sempervirens (light green) in the Lomar Valley, near Fanlo village at the
periphery area of the Ordesa and Monte Perdido National Park, at the Central
Pyrenees, Spain.

Trade-off theory predicts that a change in one trait might be associated to a
detrimental change in another (Stearns 1989), negative correlations between
organisms traits might occur, especially under stressful conditions or low
productive environments (Biere 1995). The trade-off found in Q. faginea between
the maintenance of correct development (low DI) and biomass production (low
growth) under high environmental stress conditions could be a problem when
both, DI and growth, are used as indices of species performance to evaluate
species interactions. Neighbor removal could suppose an increment or a decrease
on environmental stress given that the mechanism by which plant species interact
with neighbors mainly occurs through the modification of the local environment,
e.g. competing for a limiting soil resource or increasing soil fertility (Callaway
2007). The performance indicator used to evaluate the response of the plant to the
neighbor removal is therefore decisive given that traits might not respond to stress
in the same way. Discrepancies on plant interactions theory have arisen derived
from the performance variable used (Goldberg et al. 1999, Hastwell and Facelli
2003). If, for instance, survival is used instead of growth as species interactions
index, the effect of the neighbor removal might not be detected given that growth
IS @ more sensitive measure. Trade-offs between organism traits that appear only
under high levels of environmental stress might lead to confusion when evaluating
plant-plant interactions along environmental gradients. In my opinion it has not

been paid much attention of the implications of the physiological trade-offs on the
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plant interaction theory, especially, on how those trade-offs might vary along
environmental gradients when attempting to evaluate stress gradient hypothesis.
Holmgren et al. (2012) demonstrated how the trade-off between being adapted to
light or shade makes drought more harmful at intermediate levels of light
conditions, and therefore, facilitation is more important at intermediate levels of
stress along a stress gradient. Leaf size and shoot length are frequently used as
indices of plant vigor (James et al. 1994, Yasur and Rani 2013, Weijer et al. 2013)
because they are easy to measure. However, growth not always represent better
condition, for instance, animal tumor and plant galls have an enhanced grow
resulting from a process of higher stress (Tracy et al. 1995). DI could be a suitable
index of species interactions which might inform, together with growth, the global

strategy of the plant.

DI was an index of species interactions (Chapter 1), specifically
competition, in E. horridum because DI was higher when coexisting with B.
sempervirens adults than when they were removed from its neighborhood. Other
studies applied fluctuating asymmetry as index of intraspecific competition
(Rettig et al. 1997, Komac and Alados 2012), but to our knowledge DI was never
used as index of interspecific interactions. Komac and Alados (2012) also found a
trade-off between developmental stability (DS) and biomass production in E.
horridum. However, in our study, there is no apparent trade-off between biomass
production and DS in E. horridum, i.e. growth and DI have similar pattern along
in the two study sites (High vs Low) and in the neighbor removal treatment
(Control vs B. removal), being at the Low site and in Control when coexisting
with B. sempervirens adults where E. horridum had lower annual growth and high

DI, which indicates that this situation is more stressful for it.
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e Plant interactions and Vegetation spatial pattern

Positive interactions were a mechanism of vegetation spatial aggregation
(H5.1) in Sierra Nevada (Chapter 5), confirming therefore the theoretical
predictions (Rietkerk et al. 2004, Kéfi et al. 2007b). Plant diversity and species
richness were also favored by positive interactions (H5.1) (Cavieres et al. 2002,
Le Bagousse-Pinguet et al. 2014, Michalet et al. 2015a), suggesting that
facilitative interactions increase the realized niche of species (Michalet et al.
2006). North slopes with a lower soil nutrients concentration (OM, C and N) and
averaged lower temperatures, also had higher ratio of positive to negative
associations, higher plant diversity and higher plant spatial aggregation than South
slopes (H6.2). The dominance of positive interactions under low temperatures at
alpine systems has been widely documented (Callaway et al. 2002, He et al.
2013). Alpine cushions usually act as nurse plant systems (Cranston et al. 2012,
Reid et al. 2010) where their facilitative effects are commonly manifest as a
higher density and diversity of species within the compact cushion canopy
compared with open areas (Cavieres et al. 2013). Kikvidze et al. 2005 showed that
under warm climates, such as at South slopes at our study sites, the vegetation
spatial aggregation is lower, with no dominance of positive or negative
interactions (competition might be counterbalanced with facilitation) and
therefore the species diversity is also lower. Rising temperatures derived from
current climate change might favor that north slopes climate resembles south
slopes climate leading therefore to a lower rich and diverse alpine plant

community.

e Evaluation of Stress Gradient Hypothesis (SGH) (H7.1)

The fathers of SGH considered ‘environmental stress’ at an ecosystem level
based on Grime (1979) concept of stress, i.e. they quantified environmental
harshness based on the ecosystem primary production (Callaway and Walker

1997). Ecosystems with low primary production, such as alpine ecosystems or
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deserts, were considered stressful environments. However, other authors (Kdérner
2004) argued that stress is suffered by individual organisms and therefore ‘stress’
is not a quality of an ecosystem and therefore cannot be estimated at ecosystem
level, precisely because organism became adapted to the environmental stress
were they evolved and developed. If we take the first view, SGH is confirmed in
our study because facilitation is found at high altitude in a high stressful climate
and competition is found at low altitude in a less stressful climate. We found more
intense facilitation under high environmental stress for the facilitated species, B.
sempervirens juveniles, and more intense competition under lower level of stress
for B. sempervirens (adults); which meet the SGH. However, if we take the
second view, individual stress level view, SGH would work for B. sempervirens,
i.e. B. sempervirens is facilitated under higher levels of environmental stress for
B. sempervirens (at the High site), but not for E. horridum. At the Low site, which
is a high level of environmental stress for E. horridum, it was not facilitated, it
was indeed outcompeted. Some authors have proposed a refinement of the SGH
which take into account the life history of interacting species (Maestre 2009,
Malkinson and Tielborger 2010, Soliveres et al. 2011). In alpine ecosystems the
general conceptual model is that stressful conditions rises with altitude (Kérner
2003), however plant species have evolved for being adapted to their
environment, therefore such climatic conditions might not be stressful for
inhabiting organisms. Environmental stress at ecosystem level (Grime 1979)
should be used to assess responses at an ecosystem level rather at an individual
level (Korner 2004), for that reason, evaluating the effects of climate change at a
community scale might shed light in the complex interactions between ecosystems

and stress gradients.

Our study at plant community scale at the Sierra Nevada Mountain Range
showed that positive interactions were more abundant at the North slopes than at
the South slopes in basic soils. Low temperatures of the north slopes favored the
abundance of positive plant interactions in the alpine plant community. Acid soils
have lower nutrient content than basic soils, in addition, low soil pH limit the
plants adsorption of some micronutrients, which is an important cause of stress

(Harter 1983). Positive plant interactions were less abundant on acid soils than on
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basic soils despite acid soils are highly stressful for plant. There are two types of
stresses that might affect the outcome of plant-plant interactions, resource or non-
resource related stress. Temperature act as a non-resource related stress and
positive interactions tend to be more easily detected than when the stress is related
to a resource, such as water shortage or low nutrient availability. When is a
resource related stress, facilitative interactions are more difficult to be detected
given that might be counterbalanced with competitive interactions for the limiting
resources. Therefore, at the community scale, there were more positive
interactions on the “medium-stress” level in basic soils at North slopes than in the
highly stressful acid soils. This result supports the hypothesis that facilitation
would be dominant under intermediate stress levels (Homlgren and Scheffer 2010,
Holmgren et al. 2012). Facilitation might promote diversity at intermediate
environmental severity levels by expanding the realized niche of stress-intolerant
competitive species into harsh physical conditions (Hacker and Gaines 1997,
Michalet et al. 2006). However, if environmental conditions become extremely
severe, i.e. acid soils in our study sites, the positive effects of the benefactors

might decrease (Kitzberger et al. 2000) and plant diversity is therefore reduced.

e What to do next? Short and long-term perspectives

In order to assess the impacts of drivers of environmental change, such as
climate change and change in land uses, on ecosystem, deeper research is needed.
In the present thesis we evaluated the effect of environmental conditions
associated to the altitude as a surrogate of a change in climatic conditions. The use
of altitudinal gradients on ecology is quite widespread because a climatic
variation in space substitutes a climatic variation in time. It has been successful
and useful in many studies (Callaway et al. 2002, Serrano-Ortiz et al. 2015), as
also in the present work. Altitudinal gradients have however some limitations
given that several environmental variables vary with altitude, which make
difficult to decipher the effect of each one on the object of study. The main abiotic
variable that varies with altitude is temperature, however, other variables, such as

wind, sun radiation, relative soil or air humidity, might have important effects too.
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Field experiments that try to isolate each variable, for instance, the use of open-
top chambers, or irrigation water exclusion, might be helpful. In addition, long-
term field experiments with more than two years of monitoring would be desirable
given that the study species are shrubs or trees with slow growth. Unfortunately,
PhD grants and research projects are relatively short to make possible the
monitoring of the vegetation for a long time. For that reason, north vs. south
slopes were also used to assess the effect that a change in climatic conditions

might have on a plant community on the long-term.

In addition, future research directions bring me to the deepening on the E.
horridum — B. sempervirens studied system. An important factor to consider when
evaluating the effect of climatic conditions in alpine and subalpine ecosystems is
the role of the snow pack. Snow pack can isolate underneath vegetation and
maintain winter temperatures around O degrees therefore protecting plant from
freezing. Snow might also have indirect effects on shrubs interactions by the
melting water, especially in a Mediterranean mountain with frequent droughts.
Thus, investigating the effect that snow layer might have on the interaction
between the studied shrubs, E. horridum and B. sempervirens can shed light on
effects of climate change on secondary vegetation succession after land
abandonment at the Pyrenees. Another effect that it has not been investigated in
detail is the effect of land abandonment on soil erosion, which is indeed quite
controversy (Caviezel et al. 2014). The effect that E. horridum might have on soil
dynamics (formation/erosion) after it has invaded the abandoned subalpine
grasslands should be investigated. E. horridum increase soil nutrients
concentrations (Chapter 1 and Palacio, S personal communication), especially
nitrogen and carbon, because is an N-fixing leguminous that indeed produces a
great amount on organic matter which might improve soil quality favoring
therefore following successional species; however its role on soil formation and/or
erosion is relatively unknown. Caviezel et al. (2014) explains how plants with
thick roots such as shrubs and trees might favor the loss of the fine soil material
that is more easily retained by the fines roots of herbs and grasses. In addition, the
assessment of the effects of E. horridum removal (prescribed burning and

clearcutting) on soil erosion is of vital importance to vegetation recovery. We
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have seen in Chapter 2 that E. horridum removal only once is not enough to
recover the subalpine grassland, and periodic treatments (Komac et al. 2013)
together with livestock grazing would be necessary. The assessment of the effect
of periodic burnings on soil quality is determinant given that the negative effects

of burning on soil might be multiplicative.

On the other hand, plants not only interact through the aboveground biomass
but also through roots and microbe interactions in the belowground. To assess the
belowground processes that might take part in shrubs interactions, a better
understanding of the differential effect of E. horridum on soil nutrient
concentration under different temperatures (High site vs. Low site in Chapter 1)
would be necessary. This pattern probably respond to low temperatures slow-

down decomposition rates.

The role of plant interactions has shown to be central on successional
dynamics and plant community structure. Evaluating the role of plant interactions
in primary succession after a perturbation, such as prescribed burning or
clearcutting (Chapter 2), can help to understand this process. In addition, the
recent developed methodology of species networks (Saiz 2014) can shed light in

understanding successional processes.

Finally, it would be very useful to predict the time necessary to B.
sempervirens expansion into E. horridum stands. In the cellular automata model
which describes E. horridum - B. sempervirens dynamics (Chapter 3) we focused
on the effect of climate on B. sempervirens expansion, highlighting the role of
plant interactions. Isolating the effect of single parameters on the dynamics allow
to understand its role on the ecosystem, but if we would like to make precise
predictions of the rate of vegetation succession more detailed information is
needed. Incorporate information about the effect that climate can have on E.
horridum in the model would allow to evaluate the combined response of both

study shrubs to climatic conditions. However, very complete models makes them
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also very complex models, limitations in ecological models usually arise for the
needs of simplification in order to be able understand model results.
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Main Conclusions

1. Plant interactions are a mechanism for vegetation succession of abandoned
subalpine grasslands (Chapter 1 and 3) and a mechanism for vegetation

pattern formation and plant diversity at alpine vegetation (Chapter 5).

2. Climatic conditions associated to the altitude (High vs Low) and to the
slope orientation (North vs. South) affected the plant interactions intensity
(Chapter 1) and abundance (Chapter 5), respectively. Therefore, species
interactions must be taken into account when evaluating the potential

impact of climate change on ecosystems.

3. At the Central Pyrenees, Echinospartum horridum and Buxus
sempervirens encroaches abandoned subalpine grasslands leading to
secondary vegetation succession. E. horridum (“early colonist”) - B.
sempervirens (“late colonist”) interaction vary with vital stage of the B.
sempervirens, i.e. B. sempervirens seedling are facilitated by E. horridum,
but once they become adults, outcompete E. horridum. This is the
mechanism for vegetation secondary succession of abandoned subalpine
grasslands at the Central Pyrenees (Chapter 1). The cellular automata
model built in Chapter 3 that describes the dynamics of the system, i.e. B.
sempervirens expansion in E. horridum stand, showed that when there are
not interactions between shrubs, the dynamics is extremely low, indicating

that shrubs interactions are fundamental in vegetation succession.

4. Climatic conditions associated to the altitude affected the intensity of E.
horridum - B. sempervirens interaction: the competitive effect of B.
sempervirens adults towards E. horridum is more intense at lower
elevation (i.e. under warmer temperatures), and the facilitative effect of E.
horridum towards B. sempervirens juveniles is more intense at higher

elevation (i.e. under colder temperatures) (Chapter 1).
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5 A change in climatic conditions can have an effect on secondary
succession of subalpine grasslands by the modification of shrubs
interactions and by its direct effects on B. sempervirens recruitment
(Chapter 3). B. sempervirens expansion would be accelerated under
warming conditions derived from current climate change which would
favor the displacement of E. horridum. Low temperatures, found at the
upper limit of B. sempervirens altitudinal range, would slow down
vegetation succession rate and therefore B. sempervirens and E. horridum

coexistence would be possible (Chapter 3).

6. E. horridum removal only once will not allow to recovery the previous
subalpine grassland because burning favored E. horridum seedlings
germination and survival (Chapter 2). Burning favored E. horridum
establishment, while also favored a more diverse and species rich soil seed
bank, than clearing (Chapter 2). However, the low species abundance at
the soil seed bank would not make possible the recovery of previous
grasslands on its own. A frequency of E. horridum removal is then
required and we would recommend an integrated strategy that includes
traditional sheepherding to favor soil seed bank recharge.

1. Developmental instability can be used as an indicator of environmental
stress, and it can indicate a degree of adaptiveness of the species to the
specific environmental conditions (Chapter 4). In addition, developmental

instability can be an index of pair species interactions (Chapter 1).

8. Positive plant interactions favored plant spatial aggregation and plant
diversity in Sierra Nevada, Spain (Chapter 5), especially under stressful
conditions by low temperatures. Environmental stressful conditions
derived from a related-resource stress, i.e. acid soils with lower nutrient
content than basic soils, have less abundance of positive plant interactions

than more nutrient rich but cold site on basic soil-north slopes.
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Appendices

Appendix of the Chapter 1

Appendix 1. Study site at the ‘Lomar Valley’ in the periphery area of Ordesa and
Monte Perdido National Park (PNOM), at the Pyrenees, Spain. Light green are E.
horridum and dark green are B. sempervirens.
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Appendix 2. The study species and neighbor-removal experiment at the study
sites. a) Coexisting adult B. sempervirens and E. horridum; b) E. horridum where
coexisting B. sempervirens had been removed; c) Adult B. sempervirens where
coexisting E. horridum had been removed; d) Juvenile B. sempervirens emerging
from E. horridum crown; e) B. sempervirens seedling in which surrounding E.
horridum had been removed.
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b)

Appendix 3. a) Spines of E. horridum and b) annual shoot of B. sempervirens.
Spines were measured from the base to the apex, A-B for left side and C-D for
right side to calculate fluctuating asymmetry. The lengths of all internodes on the
shoots were measured (11, 12, 13, etc) to calculate translational asymmetry.

B. sempervirens adults

B. sempervirens juveniles

DI DI
Annual Growth Annual Growth
(1-R?) (1-R?)
High site
0.1284 £ 0.0087 0.0365 £ 0.03 0.1338 £ 0.0128
(1200 m.as.) (see Figure 4
Low site Chapter 2)
0.1111 £0.0108 0.1336 + 0.04 0.0894 + 0.0104
(1200 m.a.s.l)

Appendix 4. Average annual growth and DI (xSE) in Control plots for B.
sempervirens adults and juveniles at each study site, High and Low sites, at the
Central Pyrenees (Spain).
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Appendix of the Chapter 2

Appendix 1. Distribution of the soil seeds of the species found at each
management treatment (Burnt, Clear-cut and Control), study year (2009 and 2011)
and depth (I, 0-5 cm, and Il 5-10 cm). T: transient, STP: short term persistent,
LTP: long term persistent. Type of soil seed bank in Thomson et al. 1997 and
Kleyer et al. 2008 data bases, and in Navarra et al. 2011.

Control Burnt Clear-cut
Thomson et al.
2009 2011 2009 2011 2009 2011 Total | 1997 and Kleyer et
al. 2008
Type Type Type Type Type Type
A(_:hlllea_l LTp 0 T T 0 T 1 T 0 T 3 Transient and
millefolium persistent
Agrostis T 3 | st STP | 16 | STP | 44 | sTP | 22 | sTP 91 Transient and
capillaris persistent
: Other Arenaria sp.
Arenaria st | 9 | st sTP | 35 | st | 1 | sTP | 1 T 58 | with persistent soil
grandiflora seed bank
Campanula Transient and
o T 1 TP T T T T 1 )
rotundifolia S 0 0 0 persistent
Cerastium Transient and
fontanum LTP 2 LTP T 0 T 0 T 6 STP 9 persistent
Chaenorhinum LTP | 8 | sTP T 7 | stp | o0 T 1 LTP 19 Transient and
minus persistent
Chenopodium
bonus- T 0 T T 10 STP 0 T 0 T 10 Transient
henricus
Echinospartu T 0 T T 0 T 0 T 0 T 3
m horridum
Echium T 0 T T 3% | sTP | 0 T 2 T 46 Transient
vulgare
Erucas@_rurr} T 0 T LTP 0 T 0 T 0 T 2 E. gallicum transient
nasturtiifolium and persistent
; E. campestre
Eryngium st | 13| sTP T 2 | st | o T 0 T 21 | transient soil seed
bourgatii
bank
Euphorbia sp. STP 15 STP STP 10 | STP 0 T 2 STP 45 Persistent
Festuca rubra T 0 T T ol T o | T 1| vue 1 Transient and
persistent
Galium G. pumilum
pinetorum- T 0 T T 3 STP 1 T 1 LTP 5 transient and
pumilum persistent
. Transient and
Galium verum STP 0 T T 1 LTP 0 T 0 T 4 persistent
Hypericum T 0 T T 0 T 0 T 0 T 1 Transient and
perforatum persistent
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Control Burnt Clear-cut
Thomson et al.
Tot 1997 and
2009 2011 2009 2011 2009 2011 al Kleyer et al.
2008
Type Type Type Type Type Type
Linum 2| stp | 27| st | 5 | stP |24 | sTP | 2 | LTP | o sTP | 180 | Transientand
catharticum persistent
Paronychia 0 T 0 T @ T 1 | LTP | 45 | sTP | 123 | stp | 183 | Navamaetal
kapela 2011
Pimpinella 0 T 0 T 0 T 1 T 0 T 0 T 1 | Transientand
saxifraga persistent
Plantago 0 T 1 T 0 T 1 LTP 0 T 3 T 5 Transient and
lanceolata persistent
Potentilla Transient and
neumaniana 5 LTP 3 STP 2 STP 1 T 3 T 1 LTP 15 persistent
Prunella Transient and
vulgaris 0 T 0 T 0 T 0 T 0 T ! LTP ! persistent
Other
i Rhinanthus sp.
Rh'd”,"t’mthus 0 T 0 T 0 T 1 T 0 T 0 T 1 with transient
mediterraneus and persistent
soil seed banks
Sa}ngmsorba 0 T 6 sTP L T 6 sTP 0 T 1 T 14 Transient and
minor per5|stent
Taraxacum sp 0 T 0 T 1 T 0 T 0 T 0 T 1 Transient and
' persistent
Teucrium Transient and
1 T TP T TP T T 1 )
chamaedrys 6 S 0 3 S 0 0 0 persistent
Thymus 0 T 0 T 0 T 2 | stP | 0 T 0 T o | Transientand
praecox persistent
Umbelliferae 1 T 0 - 0 - 0 T 0 T 0 T 1 Transient and
sp_ perS|stent
Veronica 0 T 1| wp [ 1| e | 6| stP| 2| sP| oo T 10 | [Transientand
arvensis persistent
Total 56 95 54 266 99 165
Total 151 320 264 735
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Appendix 2. The study area at the periphery of Ordesa and Monte Perdido
National Park, near Torla, Central Pyrenees (Spain) and the progression following
the Brunt treatment. A) Burning in November 2008 (by Komac, B). B) After Burn
treatment in 2009 (by Komac, B), C) in 2012 (by Nuche, P.), and D) in 2015 (by
Nuche, P.). Note that the burnt treatment is progressively greened.

169




Effects of environmental conditions on Mediterranean mountain vegetation

Appendix 3. The study sites, Burnt and Clear-cut treatments in August 2015. A)
At the Burnt treatment, with a cover of 90% of E. horridum, B) a detail of the
temperature and humidity sensor, C) Clear-cut mainly dominated by grasses
(mostly Brachypodium pinnatum), D) plot in Clear-cut treatment, note de different
species composition, in the plot there is a dominance of species ruderal such as
Eryngium vulgare, Carlina acaulis and Ononis spinosa. E) and F) E. horridum
individuals in Clear-cut treatments, note the small size and low compact crown
surrounded by grasses. All the pictures were taken by Nuche, P.
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Appendix 4.

Objective: In order to evaluate if prescribed burning can be a desirable
strategy to remove the highly invasive shrub Echinospartum horridum Valh and
recover the subalpine grasslands, the vegetation recovery of E. horridum burnt
stands were monitored annually in Torla (the same study site of Chapter 2) in the

Central Pyrenees, Spain.

Methods: The prescribed burning was performed in autumn 2008 in an E.
horridum community. Vegetation recovery was monitored annually until E.
horridum recolonized again the area, in 2014, hence six years of monitoring were
conducted. Monitoring was performed every year in mid-July when vegetation
was fully developed.

Three transects were sampled each year (2008-2014). The point-intercept
method was used, each transect had 250 m length and every 10 centimeters every
species was recorded (Godall 1952).

Several indices were calculated as indicators of ecosystem evolution after
burning. Species richness (number of species), diversity (Shannon and Evenness),
percentage of bare soil, E. horridum cover, plant positive and negative

interactions, the ratio between positive to negative plant interactions.

Results: The percentage of bare ground was high the year following
prescribed burning and it progressively diminishes, meanwhile, E. horridum cover
increased (Figure 1). Species richness and Shannon index showed to be the
highest at intermediate years (Figure 2). Species richness experiment a slightly
increase the last two years, which might show how the mature E. horridum stand

after the fire perturbation is also rich in species.
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Figure 1. A) Bare ground percentage and B) cover of E. horridum (%) each year
after prescribed burning at Torla, in the Central Pyrenees (Spain).
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Figure 2. A) Species richness and B) Shannon index in each year after prescribed
burning at Torla, in the Central Pyrenees (Spain).
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Appendix of the Chapter 3
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Appendix 1. B. sempervirens adults annual crown growth (cm?) in relation to
mean temperature of the spring period (April-June) and the number of B.
sempervirens established in relation to mean temperature of the summer period
(July and August). R? is the coefficient of determination of a linear model for
annual crown growth, and D is the deviance of a generalized mixed model for
number of seedling (Poisson family distribution).
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Appendix 2. Average number of B. sempervirens seedling per m® established
yearly at the study sites, in the Central Pyrenees, Spain.
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Appendix 3. Methods: Model validation

Model validation was made with field data. Two grasslands locations which differ
in the time when they were abandoned and thus when the shrub colonization
started, called for the purposes of the study "Old Stand", for the stand which was
abandoned firstly, and "Young Stand" for the stand which was abandoned
afterwards, were used for model validation. They differ in 35 years approximately
(calculated by average B. sempervirens age in each stand from dendrochronology
analyses, unpublished data). At present, we can observe two moments through the
evolution of the system by comparing both sites, which allow validating the
model. By setting the starting conditions of the model to the "Young Stand"
conditions and running the model for 35 time steps (1 time step =1 year) we
would expect to observe in the model the same trend found in "OIld Stand". To
start the model validation a matrix with self-organized E. horridum obtained from
a former cellular automata model (Komac et al. 2013) and a very few cover of B.
sempervirens adults (0.01%) (Appendix 3.2 a) was run during the number of
iterations needed to achieve the cover of the “Young Stand” (Appendix 3.2 b),
0.23% for B. sempervirens adults and 0.66% for E. horridum (Appendix 3.1 and
Appendix 3.2 ¢). This “Young Stand Matrix” was run for 35 iterations simulating
the vegetation succession process (Appendix 3.2 d). The tendency of the evolution
of the species in the model reflects the observed trend in the field and at the end of
the simulation (Appendix 3.2 e) the abundance of B. sempervirens and E.
horridum was similar to their abundances in the field in the “Old Stand”
(Appendix 3.1).

Field Cover (%0)

Field Cover (%0) Model Cover (%0)
Re-scaled up
"Young "Old "Young "Old Initial Final
Stand" Stand" Stand" Stand" Conditions conditions
B. sempervirens 0.148 0.314 0.24 0.57 0.23 0.49
E. horridum 0.449 0.229 0.74 0.42 0.66 0.44
Empty 0.008 0.002 0.01 0.01 0.11 0.06
Total 0.606 0.545 1 1 1 1

Appendix 3.1. % cover of study species, E. horridum, B. sempervirens, and
Empty sites, in the field, at "Young Stand" and "Old Stand".
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Initial Matrix “Young Stand” Matrix “Old Stand” Matrix

Validation process
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Appendix 3.2. Cellular automata model with 200 * 200 cells: a) Initial matrix,
validation process starting conditions. b) Coverage (% of cells occupied by each
state) E. horridum, B. sempervirens seedling and adults, at each iteration in the
progression from the matrix (a) to the matrix (c). ¢) Matrix with 23% coverage of
B. sempervirens after 1000 iterations. d) Coverage (% of cells occupied by each
state) E. horridum, B. sempervirens seedlings and adults at each iteration in the
progression from the matrix (c) to the matrix and (e). ) Final matrix. Dark green
cells represent B. sempervirens adult (Ba), light green cells represent B.
sempervirens seedling (Bs), orange cells represent E. horridum (S), and white
cells represent empty space capable of being colonized (E).
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