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SUMMARY 

Plant-plant interactions are a major mechanism governing plant communities 

and their responses to environmental changes. However, it remains unclear 

how phylogenetic similarity affects interactions and how they influence the 

resulting community structure. Thus, our aim with this Thesis was to clarify 

fundamental aspects of plant interaction, their dependence on phylogenetic 

similarity, and the consequences for the dynamics of communities. We 

wanted to test i) whether there are complementary effects of foundation 

species increasing species richness and phylogenetic diversity; ii) if 

phylogenetic similarity among species influences plant interactions; iii) how 

these interactions change along an environmental severity gradient; iv) 

whether phenotypic variability in a foundation species modulates species 

richness and phylogenetic diversity, and whether it affects  facilitation costs; 

and finally, under homogeneous environmental conditions, v) we expect 

ontogenetic shifts towards more negative species interactions for closely 

related species and towards less negative interactions for distantly related 

species. For these purposes we made various observations and experiments in 

the field supported by a series of physiological and functional analyses of 

plant communities. 

In the first chapter we analyzed the effects of seven potential 

facilitator species with contrasting morphologies on subordinate plant 

communities along an environmental gradient, linking their effects to 

conditions under their canopies. We were also interested in analyzing 

complementary effects of co-occurring shrub species to community-level 

species richness and phylogenetic diversity, and whether the effects of 

potential facilitator species differed along the gradient. For this, we used 

ecological and phylogenetic data of alpine plant communities along two 

altitudinal gradients on opposing aspects of the Sierra Nevada Mountains 

(Spain). Composition of subordinate communities was different among shrubs 
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and among sites and was correlated with relative humidity under shrubs along 

the environmental gradient, indicating the dependence of subordinate species 

on micro-environmental conditions created by the shrubs. Positive effects of 

shrubs on overall plant abundance and species richness prevailed in the most 

severe parts of the gradient while under relatively milder conditions shrub 

effects were mostly neutral or negative. In addition, we observed that such 

effects differed with shrub identity along the gradient. Thus, in sites where 

microhabitat differences were more extreme and where there was at least one 

shrub species showing a positive effect on richness and abundance, shrub 

species had complementary effects on other plant species, therefore promoting 

whole-community species richness and phylogenetic diversity. However, this 

complementary effect was absent at sites of low environmental severity where 

individual shrub species had non-significant or negative effects on species 

richness and/or overall abundance. 

In the second chapter we wanted to investigate factors that influence 

cushion-plant subordinate community depending on environmental 

conditions. The phylogenetic limiting similarity hypothesis states that closely 

related species tend to compete stronger than distantly related species, 

although evidence is inconclusive. We used ecological and phylogenetic data 

on alpine plant communities along an environmental severity gradient in 

Sierra Nevada to assess the importance of phylogenetic relatedness in 

affecting the interaction between cushion plants and the whole community, 

and how these interactions may affect community assemblage and diversity. 

We first measured species richness and individual biomass of species growing 

within and outside the nurse cushion species, Arenaria tetraquetra ssp. 

amabilis. We then assembled the phylogenetic tree of species present in both 

communities and calculated the phylogenetic distance between the cushion 

species and its beneficiary species, as well as the phylogenetic community 

structure. We also estimated changes in species richness at the local level due 

to cushions presence. The effects of cushions on closely related species 
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changed from negative to positive as environmental conditions became more 

severe, while the interaction with distantly related species did not change 

along the environmental gradient. Overall, we found environmental context-

dependence in patterns of phylogenetic similarity, as the interaction outcome 

between nurses and their close- and distantly-related species showed an 

opposite pattern with environmental severity. 

In the third chapter we wanted to further explore factors influencing 

the dynamics of plant subordinate communities. Foundation species with 

different phenotypes may modify the microhabitat differently, could differ in 

subordinate community composition, and consequently receive different 

feedbacks from this subordinate plant community. We explored whether tight 

and loose canopy types of the species Cytisus galianoi are associated with 

differences in microhabitat conditions and subordinate community 

composition. We also wanted to experimentally test reciprocal effects 

between the most frequent subordinate species, Festuca indigesta, and the 

foundation species trying to evidence phenotypic differences in the bi-

directional interaction. We performed an observational and a removal 

experiment in an alpine plant community in Sierra Nevada. Both C. galianoi 

phenotypes apparently did affect understory microhabitats differently and 

hosted differentiated subordinate communities. There were differences 

regarding community composition and biomass between the two phenotypes, 

as well as differences in the physiological status of subordinate species. The 

tight C. galianoi phenotype showed the highest facilitation effect and received 

a negative feedback. By contrast, the loose phenotype showed higher species 

richness, higher plant abundance, and more phylogenetic diversity than the 

tight phenotype, but no negative feedback. Our results suggest that negative 

feedback effects of the subordinate species on the tight phenotype might cause 

the phenotype change from tight to loose. 

For a more detailed study of plastic changes throughout the life cycle 

of plants, in the fourth chapter we wanted to highlight whether -and to what 
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extent- early stages and survival, as well as the sign and intensity of species 

interactions, varied with phylogenetic relatedness and how these interactions 

influenced the long-term dynamics of plant communities. We removed 

environmental heterogeneity but test competitive abilities outdoor. We 

analyzed interaction outcome between annual species growing in intraspecific 

interaction, and between closely-, medium- and distantly-related species 

across plant life stages in a semiarid community in SE Spain. Competition 

was less intense between distantly related species, which resulted in higher 

survival than close relatives and conspecifics. Moreover, we found a high 

variance in the interaction regarding number of leaves between conspecifics 

compared with the rest of relatives differing in degree of relatedness, 

suggesting that this trait responded plastically to competition. Ontogenetic 

changes in species interactions depend on their phylogenetic relatedness. 

Thus, our data highlights the need to incorporate multiple life stages when 

assessing factors contributing to individual survival and species coexistence. 

This information will be relevant to predict the effects of global 

change on plant communities in extreme environments particularly in alpine 

environments, which harbor unique communities allowing us to anticipate 

impacts and, therefore, helping to improve their management and 

conservation. 
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INTRODUCCIÓN 

Las interacciones planta-planta son una parte principal de los mecanismos que 

gobiernan la respuesta de las especies y comunidades vegetales a los cambios 

ambientales (Goldberg, 1996; Brooker, 2006), existiendo un balance entre las 

interacciones positivas o negativas. Si el balance neto es positivo la 

interacción es de facilitación, y si este es negativo, de competencia (Armas & 

Pugnaire, 2005). Aunque durante mucho tiempo la teoría ecológica y los 

modelos de interacción entre plantas han estado centrados en la competencia, 

hoy en día se reconoce la importancia ecológica de las interacciones positivas 

entre plantas (Pugnaire et al., 1996a; Lortie et al., 2004; Brooker & Callaway, 

2009), las cuales toman gran relevancia en zonas de ambientes extremos tales 

como los ecosistemas alpinos o los semiáridos (Pugnaire et al., 1996b; 

Callaway et al., 2002; Kikvidze et al., 2005; Tirado & Pugnaire, 2005; Armas 

et al., 2011; Butterfield et al., 2013; Cavieres et al., 2014). Sin embargo, aún 

no está claro el papel de las interacciones planta-planta bajo unas nuevas 

condiciones ambientales, ni cómo las interacciones se verán alteradas en 

respuesta a estos cambios (Brooker et al., 2008). En este contexto, es preciso 

esclarecer la relación entre las interacciones entre plantas y los gradientes 

ambientales, la importancia de la especificidad de esas interacciones y cuál es 

su influencia en el funcionamiento y estructura de las comunidades vegetales 

(Choler et al., 2001; Callaway & Howard, 2007). 

La facilitación entre plantas puede alterar profundamente la 

distribución de especies en una comunidad (Callaway et al., 2002; Kikvidze et 

al., 2005).  Bajo las extremas condiciones ambientales en zonas de alta 

montaña, son de especial interés las plantas nodriza caracterizadas por ser 

perennes y de forma pulvinular. Estas plantas facilitan el establecimiento y 

crecimiento de otras mediante el mejoramiento de las condiciones físicas bajo 

sus copas (Cavieres et al., 2005; Reid et al., 2010), siendo un mecanismo 

clave para aumentar la productividad del ecosistema (Callaway, 1995). En 



Introducción 

6 

 

ambientes extremos, varios estudios han señalado que protegen a la 

comunidad de plantas (i.e., subordinadas) de los altos niveles de irradiación y 

temperatura (Körner, 2003; Anthelme et al., 2014), contribuyen al aumento de 

la disponibilidad hídrica por acción de la sombra o del levantamiento 

hidráulico (Prieto et al., 2010) e incrementan la disponibilidad de nutrientes 

debido a la acumulación de materia orgánica (Rodríguez-Echeverría & Pérez-

Fernández, 2003). Por ejemplo, en varios de sus estudios, Badano & Cavieres 

(2006); Badano et al. (2006); Cavieres & Badano (2009) encontraron que el 

efecto de la facilitación  sobre la riqueza y diversidad de plantas subordinadas 

en comunidades de alta montaña en los Andes es muy importante. Esta 

facilitación se debía principalmente al aumento en la disponibilidad de agua y, 

sobre todo, debido al amortiguamiento de las temperaturas extremas bajo sus 

copas. La intensidad e importancia de esta facilitación varió dependiendo de 

la especie facilitadora y del clima local, pero muchas especies subordinadas se 

encontraron exclusivamente bajo las copas de estas plantas y no en zonas sin 

su protección. Por tanto, los efectos ecológicos de las plantas nodriza sobre el 

resto de la comunidad son importantes, y esa importancia puede verse 

incrementada en el futuro por el aumento de las temperaturas a nivel global y 

la disminución de la disponibilidad hídrica para las plantas debido a una 

disminución de las precipitaciones (Guisan & Theurillat, 2000; Engler et al., 

2011).  
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Fig. I1. Imagen de la planta nodriza Arenaria tetraquetra subsp. amabilis en la cara 

Norte del Parque Nacional de Sierra Nevada. Fotografía: C. Schöb. 

Los ecosistemas alpinos son zonas de estudio ecológico ideales por 

presentar gradientes altitudinales acusados que reproducen cambios similares 

a los que ocurren a lo largo de gradientes latitudinales, pero de forma más 

rápida y a una escala espacial menor; son refugios de flora y fauna relicta y 

son escenarios muy sensibles a cambios ambientales por los frágiles 

equilibrios entre los componentes del sistema. Por consiguiente, es 

fundamental estudiar cómo las interacciones planta-planta van a verse 

afectadas por estos cambios ambientales, o cómo se pueden mitigar estos 

cambios aumentando la resiliencia del ecosistema (Kikvidze et al., 2011). En 

este contexto, hemos de tener en cuenta que en el caso de las montañas secas 

con escasa precipitación, como Sierra Nevada, España, pueden existir dos 

gradientes opuestos de temperatura y humedad a lo largo del gradiente 

altitudinal (Schöb et al., 2013). Este gradiente cruzado puede generar un 

fenómeno de estrés hídrico en las plantas a altitudes bajas que no se ve en 

otros sistemas montañosos más húmedos (Callaway et al., 2002). En cambio, 

en las cotas altas de estas montañas secas, la temperatura en verano se 

suaviza, la nieve permanece más tiempo y el deshielo se produce más tarde, lo 
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que en conjunto proporciona una mayor disponibilidad de agua para las 

plantas (Cavieres et al., 2005).  

 

Figura I2. Gradiente opuesto de temperatura del aire y humedad del suelo de Sierra 

Nevada. 

De acuerdo con la hipótesis del gradiente de estrés (en inglés SHG; 

Bertness & Callaway, 1994), la frecuencia y la importancia del efecto 

facilitador de las plantas nodriza aumentarán con un incremento de la 

severidad ambiental. Esta hipótesis ha sido apoyada ampliamente (Armas et 

al., 2011; He et al., 2013; Pugnaire et al., 2015) aunque existe cierta 

controversia (Maestre et al., 2005; Michalet, 2006; Kawai, 2007; Maestre et 

al., 2009). Estos últimos ejemplos predicen que el resultado de las 

interacciones no siempre aumentará con la severidad ambiental, sino que 

podría disminuir en el extremo más severo dependiendo de la estrategia de las 

especies interactuantes (i.e., si son especies tolerantes al estrés o si son 

especies competidoras, sensu Grime (1977)) y de si el factor principal que 
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causa el estrés es un recurso o no (Maestre et al., 2009). Es necesario tener en 

cuenta que las interacciones planta-planta son altamente específicas 

(Callaway, 1998), lo cual induce a pensar que los diferentes rasgos ecológicos 

de las especies que interactúan (Choler et al., 2001; Gómez-Aparicio, 2009; 

Gross et al., 2009) o su similitud filogenética (Cavender-Bares et al., 2009; 

Valiente-Banuet & Verdú, 2013) son factores fundamentales que afectan al 

resultado de estas interacciones.  

Para entender los procesos que rigen la coexistencia de especies en la 

última década se ha desarrollado el uso de patrones de similitud filogenética 

entre especies (Webb et al., 2002; Pausas & Verdu, 2010). La filogenia de 

comunidades se inició como un enfoque útil debido a la complejidad del uso 

de rasgos funcionales (Ackerly, 1997; Cavender-Bares et al., 2009). 

Asumiendo que muchos rasgos ecológicos están conservados a lo largo de la 

evolución (Blomberg et al., 2003; Wiens & Graham, 2005; pero ver Mayfield 

& Levine, 2010), incluyendo aquellos que influyen en las interacciones entre 

especies (Violle et al., 2011), la dominancia de las interacciones competitivas 

en una comunidad producirá la coexistencia de especies con rasgos diferentes 

que permitan la segregación de nichos ecológicos y su coexistencia; por tanto, 

encontraremos un patrón filogenético más disperso (Webb et al., 2002). En 

cambio, si los filtros abióticos son de mayor importancia en una comunidad, 

se espera que el conjunto de especies que la formen se caracterice por una 

mayor similitud en sus rasgos ecológicos, que correspondería a adaptaciones 

morfológicas y fisiológicas a las condiciones ambientales y por tanto, en estas 

comunidades encontraremos un patrón filogenético más agregado (Verdú & 

Pausas, 2007). No obstante, la presencia de especies nodriza y la dominancia 

de la facilitación en una comunidad podría cambiar estos patrones 

filogenéticos siendo capaces de crear comunidades más diversas comparadas 

con las zonas de claro sin estas plantas nodriza (Butterfield et al., 2013). Bajo 

esta asunción de la conservación de rasgos a lo largo de la historia evolutiva 

se formuló la hipótesis de la similitud filogenética limitada (Darwin, 1859; 
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MacArthur & Levins, 1967), la cual parece confirmarse en la mayoría de 

casos estudiados (Valiente-Banuet et al., 2006; Valiente-Banuet & Verdú, 

2007, 2008, 2013; Castillo et al., 2010). De estos estudios se concluye que la 

relación evolutiva es clave modulando el resultado de la interacción entre 

especies. Sin embargo, como ha sido discutido anteriormente, hay que tener 

en cuenta la importancia de las condiciones ambientales para definir el 

resultado de estas interacciones. Además, aún hay resultados contradictorios 

(Cahill et al., 2008; Losos, 2008; Burns & Strauss, 2011; HilleRisLambers et 

al., 2012; Bennett et al., 2013; Godoy et al., 2014), lo que enfatiza la 

necesidad de realizar más estudios sobre cómo interactúan ambos factores. 

Estos trabajos ayudarían a mejorar nuestras interpretaciones sobre los 

procesos reinantes en el ensamblaje de una comunidad a partir del estudio de 

los patrones filogenéticos. 

 

 

Figura I3. Esquema mostrando las relaciones entre los distintos factores que afectan al 

ensamblaje de la comunidad: los rasgos funcionales tienden a ser similares entre 

especies con un ancestro común. Para las plantas en particular, los rasgos fisiológicos 

y el ensamblaje de especies con rasgos variados influirán en los procesos 

ecosistémicos. Por tanto, estos rasgos serán un vínculo importante por el cual la 

historia evolutiva influye en los procesos ecológicos. Las interacciones bióticas dentro 

de las comunidades también influirán en los rasgos, provocando una 

retroalimentación entre los procesos ecológicos y evolutivos. Además, los factores 

abióticos modularán dichos rasgos reflejando así su origen geográfico a la vez que 

influirán directamente en los procesos ecosistémicos.  

Un punto importante a tener en cuenta es que, hasta la fecha, la 

mayoría de los estudios que se han centrado en facilitación, se han realizado 

utilizando solamente una única especie nodriza por comunidad a pesar de que 
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se sabe que en ambientes severos coexisten distintas especies de arbustos 

potencialmente facilitadores (Pugnaire et al., 2004). Debido a la variedad 

existente en la forma de las copas entre especies de arbustos (Aubert et al., 

2014), y sabiendo que las interacciones entre plantas van a depender de su 

morfología y de su estado fisiológico (Armas & Pugnaire, 2011; Schöb et al., 

2013; Bråthen & Ravolainen, 2015), dicha diversidad funcional podría influir 

en la capacidad de modificar su micro-hábitat y así, facilitar distintas 

comunidades de subordinadas. Los nichos ecológicos que crean las especies 

nodriza raramente serán idénticos, por lo que estas probablemente crearán 

comunidades únicas aumentando en conjunto la riqueza y la diversidad 

filogenética a nivel de toda la comunidad. A pesar de la gran importancia que 

tiene este efecto combinado de distintas especies nodriza, prácticamente no 

existen estudios sobre ello (pero ver Zhang et al., 2011; Amat et al., 2015), 

especialmente en zonas tan severas y vulnerables como las alpinas (Cavieres 

et al., 2007; Wang et al., 2008; Chu et al., 2009). Este efecto se conoce como 

complementariedad, i.e., el proceso por el cual una comunidad diversa de 

plantas nodriza aumenta más el rendimiento de una comunidad entera que el 

efecto producido por una única especie de nodriza (Huston, 1997). A través de 

la complementariedad, varias especies de nodriza generarán en conjunto un 

nicho mayor y crearán una mayor heterogeneidad ambiental que la originada 

por una única especie nodriza (Harper, 1977; Jones et al., 1994b; OdlingSmee 

et al., 1996). Esta posible no-redundancia entre especies nodriza y su efecto 

complementario podría ser crítico en el funcionamiento del ecosistema, 

incluso aumentando su productividad (Loreau & Hector, 2001; Cadotte, 

2013).  

Además de las diferencias morfológicas entre especies, las diferencias 

dentro de cada especie e incluso a lo largo del ciclo de vida la planta (i.e., 

ontogenia), también juegan un papel fundamental en la dinámica de las 

interacciones planta-planta (Armas & Pugnaire, 2005; Soliveres et al., 2010; 

Schöb et al., 2012; Trinder et al., 2012, 2013). Por ello, si en una misma 
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comunidad existen plantas nodriza de una misma especie con distintos 

fenotipos y difieren en la calidad de su micro-hábitat, el efecto facilitador 

también podría variar. Por ejemplo, Michalet et al. (2011), estudiando dos 

fenotipos de la planta nodriza Geum rosii en una comunidad alpina en 

Arizona, encontró que los fenotipos de copa “abierta” (i.e., escasa cobertura 

de ramas) tenían un mayor efecto facilitador sobre la comunidad de 

subordinadas que los fenotipos de copa “densa” (i.e., cobertura de ramas 

compacta). Es importante destacar que la fuente de variación fenotípica en 

estas plantas nodriza puede cambiar entre especies y entornos, y ser debida a 

la variabilidad genética, la plasticidad del medio o incluso, que sean distintos 

estados ontogénicos (Pugnaire et al., 1996b; Schöb et al., 2013; Al Hayek et 

al., 2014). Hasta la fecha pocos estudios han intentado cuantificar el impacto 

de las distintas fuentes de variación fenotípica sobre las interacciones entre 

plantas, a pesar de que los resultados serían de vital importancia para entender 

el contexto de dichas interacciones (Chen et al., 2015). Incluso a lo largo del 

ciclo de vida, las mismas condiciones ambientales que son beneficiosas para 

las plántulas pueden resultar negativas para plantas más adultas (Schupp, 

1995), lo que hace que la facilitación pueda cambiar a competencia a medida 

que las plantas avanzan en su desarrollo (Callaway & Walker, 1997; Armas & 

Pugnaire, 2005, 2009; Miriti, 2006; Schiffers & Tielbörger, 2006). La 

inmensa mayoría de los estudios que evalúan cambios ontogénicos en las 

interacciones planta-planta se centran en ventanas temporales concretas a lo 

largo del desarrollo de las especies facilitadas (Valiente-Banuet & Verdú, 

2008; Armas & Pugnaire, 2009). Sin embargo, estas aproximaciones no dan 

una visión global del tema, ya que, la interacción que observamos a largo 

plazo va a ser el resultado de la dinámica en las interacciones a corto-medio 

plazo; por lo tanto, el resultado de los estudios de interacciones podría 

depender en gran medida de la etapa vital de las  plantas estudiadas (Trinder 

et al., 2012), afectando incluso a la estructura de las comunidades en los 

procesos de sucesión cíclica (Armas et al., 2009).   
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El balance entre los procesos de facilitación, neutralidad y 

competencia a corto y largo plazo  es un determinante fundamental de la 

dinámica de las comunidades vegetales (Aguiar & Sala, 1999). Por tanto, un 

mayor conocimiento sobre la importancia relativa de las interacciones en la 

composición y estructura de las comunidades, así como un entendimiento de 

los condicionantes para que se de uno u otro signo en la interacción, son 

fundamentales para poder entender el ensamblaje de las especies, la dinámica 

y el funcionamiento de estos ecosistemas (Callaway, 2007; Brooker et al., 

2008; Pugnaire et al., 2011; Valiente-Banuet & Verdú, 2013; Soliveres et al., 

2014). Por  tanto, es primordial dar un enfoque que unifique los distintos 

factores que afectan a las interacciones entre plantas para dilucidar la 

importancia y el impacto sobre la dinámica de las comunidades.  
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JUSTIFICACIÓN E HIPÓTESIS 

Las interacciones planta-planta son una parte principal de los mecanismos que 

gobiernan la formación de comunidades vegetales y las respuestas a los 

cambios ambientales. Sin embargo, aún no está claro el papel que juega la 

similitud filogenética entre plantas. Así, con esta tesis doctoral pretendemos 

aclarar aspectos fundamentales relacionados con la interacción entre plantas 

dependiendo de la similitud filogenética entre ellas y sus consecuencias para 

la dinámica de comunidades. Pretendemos comprobar, i) si existen efectos 

complementarios del conjunto de plantas nodriza aumentando la riqueza de 

especies y la diversidad filogenética a nivel de toda la comunidad, ii) si la 

similitud filogenética influye en las interacciones entre las nodriza y la 

comunidad de plantas subordinadas, iii) como varían dichas interacciones a lo 

largo de un gradiente de severidad ambiental, iv) si la variación fenotípica en 

una especie nodriza modula la riqueza y diversidad filogenética bajo su copa y 

si hay diferencias en el coste de facilitación que sufren ambos fenotipos, y por 

último, v) si la competencia entre especies cercanas en la filogenia es el 

resultado de cambios en el signo de la interacción a lo largo del ciclo de vida 

de las plantas. Esta información será relevante de cara a realizar predicciones 

del efecto del cambio global en las comunidades de ambientes extremos. Estas 

zonas son excepcionales debido a la particularidad de albergar una diversidad 

única, permitiéndonos así anticipar las respuestas ante estos cambios y, por 

tanto, mejorar su gestión y conservación. 

Las hipótesis generales que nos planteamos para responder estos objetivos son 

las siguientes: 

1. Cada una de las especies nodriza albergará comunidades de plantas 

subordinadas únicas. Ello es debido a que el conjunto de las especie 

nodriza, tendrá efectos complementarios aumentando la riqueza y 

diversidad filogenética a nivel de toda la comunidad. 
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2. En los procesos de interacción entre plantas existe un efecto de la 

similitud filogenética entre especies dependiente del ambiente que 

modula la estructura de las comunidades de vegetales. 

3. La variación fenotípica en una especie nodriza modulará el resultado 

de las interacciones nodriza-subordinadas, afectando también a la 

riqueza y diversidad filogenética de la comunidad de subordinadas. A 

su vez, dicha comunidad podría conducir a cambios fenotípicos en las 

nodriza a través de un efecto de retroalimentación negativa. 

4. Las interacciones entre plantas modularán su respuesta a lo largo de 

su ciclo de vida dependiendo de la similitud filogenética entre ellas. 
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OBJETIVOS 

Determinar qué papel juega la similitud filogenética modulando las 

interacciones entre plantas y cuál es la estructura y composición de la 

comunidad resultante teniendo en cuenta la interdependencia con otros 

factores como el clima, la complementariedad entre especies de arbustos de 

una misma comunidad, los cambios fenotípicos y la ontogenia. 

Específicamente, los objetivos que se abordarán en los diferentes capítulos de 

esta tesis son:  

1. Analizar los efectos de siete especies de arbustos potencialmente 

facilitadores sobre la comunidad de plantas subordinadas a lo largo de 

un gradiente de severidad ambiental (Capítulo I).  

2. Estudiar cual es el efecto de la similitud filogenética en las 

interacciones entre plantas y cómo varía a lo largo de un gradiente 

ambiental (Capítulo II).  

3. Explorar como la variación fenotípica en una especie nodriza afecta a 

la comunidad de subordinadas y como dicha comunidad, por efectos 

de retroalimentación negativa, podría provocar cambios fenotípicos 

en la nodriza (Capítulo III). 

4. Estudiar cómo afecta la similitud filogenética entre plantas a la 

supervivencia y crecimiento de ellas, y determinar cómo varían las 

interacciones a lo largo del ciclo de vida de las plantas (Capítulo IV).  
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Abstract 

In alpine environments, facilitator species alter microhabitats by buffering 

temperature extremes and wind, and maintaining soil humidity and nutrient 

availability higher than bare ground habitats. These modulating effects of 

facilitator species in severe environments are critical for the persistence of 

species out of their optimal range and contribute to higher community 

richness and diversity. We analyzed the effects of seven potential facilitator 

species with contrasting morphologies on subordinate plant communities 

along an environmental gradient, linking such effects to microhabitat 

conditions under their canopies. We were also interested in analyzing the 

complementary effects of co-occurring shrub species to community level 

species richness and phylogenetic diversity, and whether the effects of 

potential facilitator species differed along the gradient. For this, we used 

ecological and phylogenetic data of alpine plant communities along two 

altitudinal gradients on opposing aspects of the Sierra Nevada Mountains 

(Spain). Shrub microhabitats buffered harsh abiotic conditions by decreasing 

maximum temperatures and increasing relative humidity with respect to open 

areas along the gradient. Composition of subordinate communities was also 

different among shrubs and among sites and was correlated with relative 

humidity along the environmental gradient indicating the dependence of 

subordinate species on the micro-environments created by the different shrub 

species. Positive effects of shrubs on overall plant abundance and species 

richness prevailed in the most severe parts of the gradient while under 

relatively milder conditions shrub effects were mostly neutral or negative. In 

addition, we observed that such effects differed with shrub identity along the 

gradient. Thus, in sites where microhabitat differences were most extreme and 

where there was at least one shrub species showing a positive effect on 

richness and abundance, shrub species had complementary effects on other 

plant species, therefore promoting whole community species richness and 
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phylogenetic diversity. However, this complementary effect was absent at 

sites of low environmental severity where individual shrub species had non-

significant or negative effects on species richness and/or overall abundance. 

Based on these results we can conclude that, under harsh environmental 

conditions, shrub effects on diversity were highest, and complementary 

among different species, resulting in a combined positive effect of the shrub 

community (i.e. all the shrub species present at a given site) that exceeded the 

effect of each individual shrub species alone.   
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Introduction 

The impact of species interactions on diversity patterns has been addressed in 

detail in stressful environments such as the alpine belt (Reid et al., 2010; 

Cavieres et al., 2014; Liczner & Lortie, 2014). In alpine environments, 

facilitator species -often cushions-, alter microhabitats by buffering 

temperature extremes and wind, and maintaining soil humidity and nutrient 

availability higher than bare ground habitats (Körner, 2003; Cavieres et al., 

2005; Anthelme et al., 2014). These modulating effects of facilitator species 

under stressful environments are critical for the persistence of species out of 

their optimal range and contribute to higher community richness (Badano & 

Cavieres, 2006; Schöb et al., 2012). This positive effect of facilitator species 

changes with abiotic conditions, usually turning from positive to negative 

between harsh and milder environments (Callaway et al., 2002). In addition, 

ontogeny of facilitator species (Soliveres et al., 2010), soil organisms (Van 

der Putten, 2009) and different morphologies within and among species may 

also affect the outcome of facilitator-beneficiary interactions (Michalet et al., 

2011; Schöb et al., 2012; Bråthen & Ravolainen, 2015). For example, canopy 

morphologies among cushion species vary widely from very compact to loose 

(Aubert et al., 2014). Variations in canopy morphology may influence their 

microhabitat in different ways and facilitate different species. Thus, different 

facilitator species fill a larger niche space and create higher environmental 

heterogeneity, increasing species richness at the whole community level.  

 Cushion morphology is not an easy metric due to the complex variety 

of traits involved; alternatively, a useful approach to account for species 

similarity is to use phylogenetic relationships (Ackerly, 1997; Cavender-Bares 

et al., 2009). Under the phylogenetic limiting similarity concept (Darwin, 

1859; MacArthur & Levins, 1967), functional traits shaping a phenotype are 

considered conserved along phylogenetic lineages (Blomberg et al., 2003; but 

see Mayfield & Levine, 2010) including those influencing species interactions 
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(Violle et al., 2011). Given that species sharing traits within close 

phylogenetic linages may have similar responses to the environment, severe 

environmental conditions are likely to sort species out, leading to 

communities with low species richness and low phylogenetic diversity 

(Cavender-Bares & Reich, 2012; Soliveres et al., 2012b). However, and due 

to the effect of facilitator species in buffering extreme conditions, facilitators 

increase species richness and phylogenetic diversity (Butterfield et al., 2013). 

Thus, diversity patterns would depend, on the one hand, on environmental 

severity and, on the other hand, on the effects of facilitator species (Valiente-

Banuet & Verdú, 2013; Pistón et al., 2015).  

Since different species may create different microhabitats which could 

be colonized by different species (Dı́az & Cabido, 2001), the occurrence of 

several facilitator species at a single site would likely increase community 

level diversity. However this issue has hardly been addressed (but see Zhang 

et al., 2011; Amat et al., 2015). Most reports on positive interactions 

concerned only one facilitator species per community, even though 

communities in stressful environments often include different potential 

facilitator species (Pugnaire et al., 2004) which will differ in the microhabitats 

and “potential” niches they create. We could then expect a complementary 

effect of several facilitator species on community level species richness, 

abundance and phylogenetic diversity.  

Our goal in this study was to analyze the effects of several potential 

facilitator species with contrasting morphologies on subordinate plant 

communities along an environmental gradient spanning the North and South 

aspects in a dry mountain, linking such effects to microhabitat conditions 

under the canopy of each shrub species. We were also interested in analyzing 

the contribution of co-occurring shrub species to community level species 

richness and phylogenetic diversity, and whether the effects of facilitator 

species differed along the gradient. For this purpose we selected in the Sierra 

Nevada Mountains, Spain, an environmental gradient characterized by 
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changes in temperature, water availability, and soil organic matter (Sánchez-

Marañón et al. 2002; Schöb et al. 2013), and recorded plant community 

composition beneath seven shrub species and in adjacent open areas in 6 sites 

at different elevations; three sites were placed in the northern aspect and 

another three in the southern aspect of the Sierra Nevada range. We expected 

that i) subordinate species community composition would change depending 

on shrub identity, being related to microclimatic conditions beneath them. 

Although we expected species-specific effects of different shrubs on their 

subordinate plant community, we also expected a general trend along the 

gradient: individual shrubs would mostly have positive effects on plant 

community richness and plant abundance under relatively harsher 

environmental conditions while the net effect of shrubs would be neutral or 

competitive under milder environmental conditions as predicted by the stress 

gradient hypothesis (Bertness & Callaway 1994). At community level we 

expected ii) complementary effects of shrubs on community richness and 

phylogenetic diversity in stressful sites and no effects in relatively milder 

sites. 

Methods 

Field sites, species and data collection 

The field sites are located in the Sierra Nevada Mountains, Southeastern 

Spain. We selected three sites, each ca. 1 ha, on the northern aspect of the 

Veleta peak at 2315 m, 2720 m and 3240 m elevation, and three on the 

southern aspect of the Mulhacen peak at 2040 m, 2570 m, and 2900 m 

elevation. Both peaks are separated by a distance of 30 km approx. The 

bedrock is mica-schist, and determines the rounded and gentle hillside 

landscape (Delgado, 2001). 

Climate is dry continental Mediterranean with a hot and dry summer 

with means of 17 ºC and 5 mm rainfall in July and -2.5 ºC and 90 mm rainfall 
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in January (Pradollano (37º05’ N 03º23’ W); 2500 m elevation; 

http://pendientedemigracion.ucm.es). Mean annual temperature decreases 

about 0.61 °C/100 m at the North aspect and 0.59 ºC/100 m at the South 

aspect;  mean annual precipitation increases around 30 mm/100 m at the 

North aspect and 28 mm/100 m at the South aspect (Delgado et al., 1988) 

resulting in a crossed climatic gradient with elevation (Schöb et al. 2013).  

Plant communities in Sierra Nevada are characterized by a great 

diversity of species with a high level of endemism (Delgado, 2001). 

Subalpine-alpine shrubland communities (“piornales-enebrales”) are 

dominated by prostrate shrubs like Cytisus galianoi Talavera & P. E. Gibbs. 

(Fabaceae), Genista versicolor Boiss. (Fabaceae) or Hormathophylla spinosa 

(L.) P. Küpfer (Brassicaceae), and cushion-forming species like Arenaria 

tetraquetra ssp. amabilis (Bory) H. Lindb. fil. (Caryophyllaceae). Our 

analyses focused on seven species that dominated plant communities at our 

field sites, A. tetraquetra ssp. amabilis, Bupleurum spinosum Gouan 

(Apiaceae), C. galianoi, G. versicolor, H. spinosa, Juniperus communis ssp. 

nana Syme (Cupressaceae), and Plantago holosteum Scop. (Plantaginaceae). 

For simplicity we will refer to them as shrubs, although two of them, A. 

tetraquetra and P. holosteum are cushions. Regarding their morphology, and 

following the description of different canopy shapes by Aubert et al. (2014), 

A. tetraquetra shows a semi compact creeping canopy, B. spinosum and H. 

spinosa are thorny compact shrubs, C. galianoi and G. versicolor are radial 

hollow hemispherical shrubs, J. communis is a thorny-prostrated shrub and, P. 

holosteum is a tufted compact cushion. Shrubs and surrounding open areas 

were colonized by predominantly small perennial herbs and grasses (for the 

full list of species present at the sites see Table S4 in Supporting Information 

and Table S1 for a list with the number of shrub-dependent species).  

In July 2010, at the peak of the growing season, we selected 30 

individuals of each of the dominant shrub species present at each site and did 

a paired sampling beneath them and in nearby open areas; we recorded the 
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number of all plant species and the their number of individuals (number of 

shoots in the case of clonal species). For small cushions such as A. tetraquetra 

ssp. amabilis (mean ± 1 SE; 209 cm
2
 ± 12 cm

2
) and P. holosteum (190 cm

2 
± 

19 cm
2
) the sampling was done for the whole cushion canopy and paired with 

open plots of equal size. For B. spinosum (4’992 ± 506 cm
2
), C. galianoi 

(8’689 ± 684 cm
2
) and G. versicolor (10’641

 
± 834 cm

2
) we randomly placed 

one 625 cm
2
 quadrat per canopy paired with a similar area in the open. As G. 

versicolor was larger at the low North site, we used 1250 cm
2
 quadrats. For J. 

communis ssp. nana (115’582 ± 9’340 cm
2
) we sampled five randomly placed 

625 cm
2 

quadrats per cushion and an equal number of open area plots. For H. 

spinosa (1’573 ± 101 cm
2
) we sampled the whole canopy area and a 625 cm

2
 

quadrat in open areas.  

Micro-environmental conditions along the gradient 

We recorded air temperature and relative humidity (RH) at hourly intervals 

with iButtons (Maxim Integrated Products, Sunnyvale CA, USA). At each site 

three temperature sensors were randomly placed in the open and three into the 

canopy of C. galianoi, G. versicolor, H. spinosa and J. communis when the 

species were present. Sensors were placed 5 cm above ground and protected 

from direct solar radiation with a wooden cube. Using hourly values, we 

calculated the mean air temperature and RH for August 2010 (peak of the 

growing season at Sierra Nevada) and checked for differences between 

aspects (North and South), elevation (low, medium and high) and 

microhabitat (cushion vs. open areas) with a one-way factorial ANOVA. 

Temperature data were transformed with a power of two to meet the 

homogeneity of variances and normality assumptions. Post-hoc differences 

along the gradient were examined with Fisher’s LSD tests and significant 

differences among shrub species at each site were tested by separate contrasts 

within each site.  
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Sign and intensity of plant interactions 

To test which and whether shrub species had positive effects on the number of 

species and overall plant abundance (i.e., total number of individuals 

irrespective of the species) along the environmental gradient we measured the 

interaction outcome between each shrub species and the subordinate 

community at each site. Interaction outcome was measured as the relative 

change in species number and abundance beneath shrubs compared to open 

areas. We used the Relative Interaction Index (Armas et al., 2004) as RII = 

(Sshrub – Sopen)/( Sshrub + Sopen), where Sshrub and Sopen are the values of species 

richness and plant abundance of the subordinate community measured in the 

presence and absence of a dominant shrub. This index is positive when 

species richness or plant abundance is higher beneath shrubs than in open 

areas and negative when species richness or plant abundance is higher in open 

areas than below shrubs. Values of RII not differing from zero suggest that 

species richness and plant abundance are equal underneath shrubs and in open 

areas. We calculated the mean value of RII per site and shrub species and 

tested for differences among sites and among shrub species with general 

linear models. As our model was unbalanced and incomplete (not all shrub 

species were present at all sites), we re-parametrized the model using a single 

factor with 18 “Site × Species” levels and included plot as random effect 

(each of the quadrats randomly distributed in each site). We performed one-

sample t-tests to check whether RII values within each site and cushion 

species were different from zero (i.e., neutral interaction). We excluded H. 

spinosa from these analyses due to the differences in sampling areas between 

the shrub and its paired open areas. 

Assessing species diversity along the environmental gradient 

We tested for differences in community composition analyzing plant density 

(number of individuals of each subordinate species per cm
2
) of all understory 
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species associated to each shrub species and at each elevation by performing a 

Principal Coordinates Analysis (PCoA). For this analysis, we excluded 

species with a frequency below 5% in order to avoid rare species effects. We 

used Bray-Curtis distances and extracted 3 axes which explained a total of 

43% of the variance. To test if differences in plant density among shrub 

species were significant we used a multivariate mean comparisons test (gDGC 

test) based on cluster analysis, using a diagonal covariance matrix with a 

single linkage and a Monte Carlo simulation with 500 permutations (Valdano 

& Di Rienzo, 2007). Finally, to test the relationship between microhabitats 

(temperature and RH along the environmental gradient) and plant density (the 

site scores for axis 1, 2 and 3 extracted from PCoA analysis) we calculated 

Spearman’ rank correlation (rs).  

Community level species richness and phylogenetic diversity  

We assembled a phylogenetic tree with the 86 sampled species using 

Phylomatic3 (http://phylodiversity.net/phylomatic/). All families in our 

database matched family names of the angiosperm megatree (R20120829), 

based on the Angiosperm Phylogeny Group (Stevens 2001). Branch lengths 

were adjusted with the Bladj algorithm taking age estimates for the main 

nodes from Wikstrom et al. (2001) and distributing undated nodes evenly 

among nodes of known age as implemented in Phylocom 4.2 

(http://phylodiversity.net/phylocom/). 

To quantify the effect of all shrubs increasing all community level 

species richness and phylogenetic diversity we used rarefaction curves that 

allowed accounting for differences in sampling effort (i.e. different square 

sizes) among microhabitats (i.e. shrubs and open areas). With community 

level we refer to the whole community at each of the sites (i.e. all the species 

including all shrubs and species in open areas). In the case of species richness, 

we used the function specaccum with the random method (Oksanen et al., 

2013) to determine the number of species for a number of plots by adding the 
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plots in random order. For phylogenetic diversity, the total branch length of a 

phylogenetic tree, we used the function phylocurve 

(http://davidnipperess.blogspot.com.es/), which calculates expected 

phylogenetic diversity for every number of individual per branch and per 

sample, selected at random, and using sampling without replacement 

(Nipperess & Matsen, 2013). These two measurements provide different 

information, as species richness considers species as equally distinct from one 

another while phylogenetic diversity considers how much evolutionary history 

is behind the species in a community (Faith, 1992). Phylogenetic diversity 

represents individuals by their relative branch lengths without the need to 

establish absolute species identity (Nipperess & Matsen, 2013). Thus, 

different shrubs can increase species richness to a similar extent but may 

differ regarding their effect on phylogenetic diversity (i.e. if two shrub species 

equally increased the number of species compared to open areas but species 

within one of the shrub species were closer in the phylogenetic tree than 

species within the other shrub). To evaluate the effect of shrubs on species 

diversity or phylogenetic diversity we calculated for each variable two 

rarefaction curves per site; one including open areas only and one taking into 

account all shrubs along with open areas, and plotted them for each site. All 

statistical analyses were conducted in InfoStat v. 2014 

(http://www.infostat.com.ar/index.php) and R 3.0.2 (http://www.r-

project.org/). 

Results 

Mean temperature in summer was higher in the southern than in the northern 

aspect, decreasing by 30 ± 1.8% (mean ± 1SE) and 22 ± 1.5% from low to 

high elevation sites in the North and South aspects, respectively. Mean 

temperature beneath shrubs was 1 ± 0.3 ºC and 1.6 ± 0.4 ºC lower than in 

open areas in the North and South aspects, respectively. All along the 

gradient, temperatures were higher in open areas than beneath each shrub 

http://davidnipperess.blogspot.com.es/
http://www.r-project.org/
http://www.r-project.org/
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species, except in the highest sites where temperatures did not differ (14.6ºC 

and 14.5ºC for shrubs and open areas respectively in the North and 17.5ºC and 

18.3ºC in the South). Within sites, the most contrasted shrub effects on 

temperature were increases between 0.02ºC and 1.6ºC in the lowest South site 

(Fig. 1a, and Tables S2 and S3 for statistical results). 

Mean relative humidity in summer increased by 20.8 ± 2.5% and 5 ± 

0.9% from low to high elevation in the North and South aspects, respectively. 

Mean relative humidity beneath the shrubs was 7.5 ± 2.9% and 8.3 ± 2.4% 

higher than in open areas in the North and South aspects, respectively. 

Moreover, relative humidity was always higher beneath shrub species than in 

open areas all along the gradient except for H. spinosa at medium sites in both 

aspects. Within sites, the most contrasting shrub species differed on average 

from 1% to 10.3% at the low southern site (Fig. 1b and Table S2 and S3 for 

statistical results).  
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Fig. 1. Mean temperature and relative humidiy (RH) of the air beneath shrub species 

and open areas along the environmental gradient. Values are means ± 1SE. n = 3 for 

each species and site. L = Low elevation; M = Medium elevation; H = High elevation; 

Bu = Bupleurum spinosum; Cy = Cytisus galianoi; Ge = Genista versicolor; Ho = 

Hormathophylla spinosa; Ju = Juniperus communis ssp. nana; Op = open 

microhabitats. Asterisks indicate the results of the contrasts between each shrub 

species compared to open areas at each site: a=p<0.05, b=p<0.01, c=p<0.001 and ns not 

significant results.  

The net effect of shrubs on plant abundance (i.e., total number of 

individuals) and species richness changed in intensity and sign (RII) 

depending on shrub identity and environmental conditions. In general, we 

found positive and neutral effects at the most severe sites (i.e., highest and 

lowest elevations) and neutral to negative effects at mild environments 

(Intermediate sites; Fig. 2). In general, A. tetraquetra and C. galianoi had 

positive effects under harsh conditions and showed neutral or weak positive 

effects in mild environments. By contrast, G. versicolor and P. holosteum 

showed consistent neutral interactions all over the gradient while J. communis 

always had a negative effect. 
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Fig. 2. Relative interaction index (RII) of every shrub species on the abundance (i.e., 

total number of individuals over all species) (a) and on the species richness (b) of the 

subordinate plant species along the elevation gradient (n = 30 per shrub and site). 

Data are means ± 1SE. L = Low elevation; M = Medium elevation; H = High 

elevation; Ar = Arenaria tetraquetra ssp. amabilis; Bu = Bupleurum spinosum; Cy = 

Cytisus galianoi; Ge = Genista versicolor; Ho = Hormathophylla spinosa; Ju = 

Juniperus communis ssp. nana. Symbols with an asterisk represent RII values 

significantly different from 0; *p<0.05, **p<0.01, ***p<0.001. Significant 

differences (p < 0.001) of the interaction between site and shrub species shown by 
¥¥¥

.  

Community composition of subordinate species (i.e., number of 

individuals per species and cm
2
) differed among shrubs as shown by PCoA 

analysis (Fig. 3a) and post-hoc gDGC tests (Fig. 3b). Community composition 

was significantly different under the different shrub species in the same site, 

with some exceptions (e.g., C. galianoi and H. spinosa in the low site, S 

aspect; C. galianoi and G. versicolor at intermediate S site, and H. spinosa 

and J. communis at the high South site). Plant communities beneath shrub 

species changed among sites and between aspects, except for J. communis at 

the intermediate and low sites in the North.  The number of dependent 
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subordinate species under each shrub species was variable, ranging 1-13 

(Table S1). Subordinate communities changed with microhabitat conditions 

along the gradient. Axis 3 extracted from the PCoA analysis was positively 

correlated with RH; however, axis 1 and 2 from the PCoA did not correlate 

with any of the abiotic factors measured (i.e., temperature or RH, Table 1). 

 

Fig. 3. Differences in subordinate species composition (individuals per species and 

cm
2
) among sites and shrubs. Species with a frequency less than 5% were excluded 

(a) (n = 59). Multivariate mean comparisons (gDGCtest) testing differences in plant 

densities among shrubs along an environmental gradient based on cluster analysis. 

We used diagonal covariance matrix with a single linkage and Monte Carlo 

simulation with 500 permutations. The direction of the arrow indicates significant 

differences in the subordinate plant species density (p < 0.05) among each shrub (b). 

North aspect low in blue; North medium in orange; North high in red; South aspect 

low in green; South medium in black; South high in magenta. Ar: Arenaria 

tetraquetra ssp. amabilis; Bu: Bupleurum spinosum; Cy: Cytisus galianoi; Ge: 

Genista versicolor; Ho: Hormathophylla spinosa; Ju: Juniperus communis ssp. nana; 

Pl: Plantago holosteum. 

Shrubs increased community level species richness (Fig. 4) and 

phylogenetic diversity (Fig. 5) in three out of the four most environmentally 

extreme sites of the gradient (i.e., the low site in the northern aspect and low 

and high sites in the southern aspect). The highest contribution was recorded 

in the warmest site (Fig. 4f and 5f) and with the highest differences in abiotic 
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conditions (temperature and RH) beneath shrubs vs. open areas (Fig. 1). In 

this site, C. galianoi showed strong effects on the subordinate plant 

community whereas other shrub species had neutral effects (Fig. 3). 

Phylogenetic diversity paralleled species richness throughout. 

 

Fig. 4. Shrub contribution to community species richness at each site. (a) HN: 

Northern aspect high with two shrub species; (b) MN: Northern medium with four 

shrub species; (c) LN: Northern low with five shrub species; (d) HS: Southern aspect 

high with five shrub species; (e) MS: Southern medium with four shrub species; (f) 

LS: Southern low with four shrub species. Values are mean ± SD. Significant 

differences are indicated by non-overlapping error terms of the curves at the 

asymptote. 
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Fig. 5. Shrub contribution to community phylogenetic diversity (total branch length of 

the tree in Myr) for each site. (a) HN: Northern aspect high with two shrub species; 

(b) MN: Northern medium with four shrub species; (c) LN: Northern low with five 

shrub species; (d) HS: Southern aspect high with five shrub species; (e) MS: Southern 

medium with four shrub species; (f) LS: Southern low with four shrub species. 

Displayed values are mean rooted phylogenetic distance.  

Discussion 

Shrub microhabitats buffered harsh abiotic conditions by decreasing summer 

maximum temperatures and increasing RH with respect to open areas all 

along the gradient. Composition of subordinate communities differed among 

shrubs and sites, although occasionally some shrub species hosted similar 
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communities within a site. Differences in community composition among 

shrub species were related to relative humidity, suggesting a dependence of 

beneficiary species on micro-environments created by shrubs. Positive effects 

of shrubs on overall plant abundance and species richness were more evident 

in the most severe parts of the gradient, while under relatively milder 

conditions shrub effects were mostly neutral or negative. Such effects differed 

with shrub identity and elevation. In sites where microhabitat differences were 

most extreme (i.e. high North due to low temperatures or low South due to 

high temperatures and low relative humidity), the different shrub species had 

complementary effects on subordinate species richness resulting in increased 

whole-community species richness and phylogenetic diversity beyond the 

level of single-shrub effects. This complementarity was evident when at least 

one shrub species showed positive effects on species richness and abundance 

compared to open areas, and where environmental severity was greatest. 

However, complementary was absent at sites of low environmental severity 

and where individual shrub species had non-significant or negative effects on 

species richness and plant abundance.  

Differences in microhabitat conditions 

Shrubs can modify the microhabitat beneath their canopies influencing growth 

and survival of beneficiary species (Brooker & Callaway, 2009; Cavieres & 

Badano, 2009; Anthelme et al., 2014). For example, they can buffer 

temperature extremes under their canopies reducing summer heat shock, 

transpiration, and soil moisture evaporation and reducing winter frost damage 

(Körner, 2003). In our case not all shrub species within a site changed its 

microhabitat in the same way, suggesting that species with different canopy 

morphology created different microhabitats leading to differentiated 

communities of subordinate species. Molina-Montenegro et al. (2006) showed 

significant differences between microhabitat conditions of two cushion 

species (Azorella monantha and Laretia acaulis) in an alpine zone of Central 
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Chile but they did not evaluate their effects on understory plant communities; 

however, most studies performed in alpine systems that measured more than 

one cushion species did not distinguish their different effects on microhabitat 

conditions (Cavieres et al., 2007; Wang et al., 2008; Chu et al., 2009).  

Shrub effects on subordinate richness and overall abundance along the gradient 

Plant interaction intensity and sign are expected to change depending on 

abiotic conditions so that positive interactions would prevail at the most 

severe part of the gradient while negative interactions would prevail at the 

milder part as predicted by the stress gradient hypothesis (SGH; Bertness & 

Callaway, 1994). In fact, we found that positive effects of shrubs on plant 

diversity were stronger under harsh conditions than under mild conditions, 

where shrubs had neutral and/or negative effects. This was also the case along 

the North aspect of the Sierra Nevada mountains for A. tetraquetra where 

Schöb et al. (2013) found that species richness and abundance underneath 

these shrubs was highest at the most stressful sites. These results support the 

role of facilitation as expanding distribution range of beneficiary species 

(Armas et al., 2011; Butterfield et al., 2013; Valiente-Banuet & Verdú, 2013; 

Pistón et al., 2015).  

Shrubs showing positive effects on richness and plant abundance 

under harsh conditions changed their effect to neutral under milder conditions, 

while shrubs that showed neutral or negative effects on plant diversity never 

had positive effects (i.e., they were always non-facilitator species). In severe 

environments plant interactions are dependent on plant morphology (i.e., 

morphological traits) and physiological traits with high degree of specificity 

(Armas & Pugnaire, 2011; Schöb et al., 2013; Aubert et al., 2014). Thus, two 

shrub species with similar canopies may differ in allelopathic effects, such as 

J. communis in our field sites (Castro et al., 2005); others, however, may host 

plant symbionts (e.g., N-fixing bacteria), growth-promoting bacteria or 

mycorrhizas (Martínez, 2009; Rodríguez-Echeverría et al., 2013). Therefore, 
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niches of coexisting shrub species may be similar but rarely identical, and 

these species-specific differences could influence the resulting subordinate 

community under each shrub species.  

Differences in subordinate community composition among shrub species 

Community composition differed among shrub species along the gradient, 

with few exceptions. Beneath each shrub there was a variable but rather high 

number of subordinate species, stressing the importance of shrub identity on 

shaping subordinate community composition and assembly (Wardle & 

Zackrisson, 2005; Schöb et al., 2013; Bråthen & Ravolainen, 2015; Chen et 

al., 2015). Although shrub species may appear functionally redundant under 

certain environmental conditions, the microhabitats they create could actually 

differ. For example, C. galianoi and G. versicolor share similar morphology 

but the microclimate beneath their canopies was vastly different, influencing 

community composition of subordinate species. Therefore, finding 

complementarity i.e., the process by which the effect of a diverse community 

of shrubs increases the performance of whole plant community above that 

expected from the effect of each individual shrub species (Huston, 1997), was 

very likely in our sites. That means that assemblages of several shrub species 

fill larger niche space and create more environmental heterogeneity (Harper, 

1977; Jones et al., 1994a) than a single species, therefore deeply influencing 

whole-community species richness, phylogenetic diversity and ecosystem 

function (Loreau et al., 2001; Cadotte, 2013).  

Environmental context-dependence of complementarity effects 

The increase in species richness due to complementarity was parallel to an 

increase in phylogenetic diversity; i.e., shrubs hosting new species increased 

whole-community phylogenetic diversity. The highest contribution of shrubs 

to species richness and phylogenetic diversity was found in the low South site, 

the place with the most intense positive effects of shrubs.  
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The low species richness and phylogenetic diversity in open areas 

with high severity was likely consequence of non-random species loss. This 

process is expected if close relatives share similar adaptations (Webb et al., 

2002); for example, adaptation to high radiation and reduced water 

availability (Schöb et al. 2013). Shrubs could buffer species loss, resulting in 

richer communities with higher phylogenetic diversity. An exception of this 

was found at the high site of the northern aspect, where conditions were 

probably the most extreme and the presence of the shrubs did not ameliorate 

the severe microclimate.  

As environmental severity decreased, community richness and 

phylogenetic diversity under the shrub was similar to that of open areas. In 

other words, under benign conditions there was no positive complementarity 

effect of shrubs. This result is in accordance with the stress gradient 

hypothesis (Bertness & Callaway, 1994), suggesting that species interactions 

are neutral or negative where severity is milder; in fact, this is what we 

observed between shrub species and their subordinate community in two of 

our study sites (i.e., both at mid-elevations). Another plausible explanation is 

that. coexistence was stable at these sites following the spatial storage effect; 

this mechanism is the most feasible enabling coexistence in a heterogeneous 

environment buffering population growth rate (also called "source-sink 

dynamics"; Dias, 1996), thus preventing the exclusion of species inhabiting 

the whole community (Amarasekare, 2003; Sears & Chesson, 2007). 

Therefore, shrubs could act as source habitat for some species (i.e., those that 

show significantly higher fitness within shrubs than in opens) and as sinks for 

species that dominate open habitats (i.e., those that are less abundant in shrubs 

than in the open areas). In some places e.g., the highest plot in the South 

aspect, open areas could be acting as a sinks and A. tetraquetra and C. 

galianoi as source of species and phylogenetic diversity. However, to verify 

the presence of such source-sink dynamics in our study sites we would need 

to quantify the per capita growth rates of each subordinate species (Dias, 
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1996). Nevertheless, just by comparing species abundances beneath shrubs 

and in open areas in our study sites indications of such processes can be 

identified. As an example, for the 28 individuals of Coincya monensis found 

in shrubs at the low south site only two individuals were found in open areas 

(Table S4). This is a clear indication that shrubs may act as a source habitat 

for this species at this specific site and that spatial storage effects could be 

indeed be relevant in our study system. 

Conclusions 

Our study showed the importance of complementary effects among co-

occurring shrub species on species richness and phylogenetic diversity at 

whole-community level. This was likely due to the positive effect of shrubs 

on different subsets of subordinate plant species, allowing stress-sensitive 

species to survive in environments too harsh without specific nurse species 

protection. Thus, the effect of different shrubs species on plant community 

richness is not redundant as they may host unique communities, particularly 

under harsh environmental conditions. This highlights the importance of 

keeping shrub species, as their complementary effects may be critical to 

maintain biodiversity and ecosystem functions of this fragile ecosystem. 
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Appendix A. Supplementary data 

Aspect Elevation Shrubs No of shrub dependent species 

North High Ar 4 

North High Ho 3 

North Medium Ar 4 

North Medium Ho 3 

North Medium Ju 6 

North Medium Pl 1 

North Low Ar 2 

North Low Ge 8 

North Low Ho 5 

North Low Ju 6 

North Low Pl 2 

South High Ar 5 

South High Cy 3 

South High Ge 7 

South High Ho 6 

South High Ju 9 

South Medium Ar 2 

South Medium Cy 2 

South Medium Ge 1 

South Medium Ho 4 

South Low Bu 8 

South Low Cy 13 

South Low Ge 11 

South Low Ho 11 

 

Table A1. Number of subordinate species growing only beneath shrub species in each 

site. Ar: Arenaria tetraquetra ssp. amabilis; Bu: Bupleurum spinosum; Cy: Cytisus 

galianoi; Ge: Genista versicolor; Ho: Hormathophylla spinosa; Ju: Juniperus 

communis ssp. nana; Pl: Plantago holosteum. 
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Variable df p-value 

Temperature     

  Aspect 1 <0.0001 

  Elevation 2 <0.0001 

  Treatment 1 <0.0001 

  Aspect x Elevation 2 0.061 

  Aspect x Treatment 1 0.029 

  Elevation x Treatment 2 0.003 

  Aspect x Elevation x Treatment 2 0.779 

Relative humidity     

  Aspect 1 0.0003 

  Elevation 2 0.888 

  Treatment 1 <0.0001 

  Aspect x Elevation 2 <0.0001 

  Aspect x Treatment 1 0.299 

  Elevation x Treatment 2 0.106 

  Aspect x Elevation x Treatment 2 0.546 

 

Table A2. Statistical results of the factorial ANOVAs with temperature and relative 

humidity of air as response variables and mountain aspect (North vs. South), elevation 

(Low, Medium, High) and treatment (shrubs vs. open areas) as fixed factors. n = 3 per 

site and shrub species and open area. Statistically significant (p<0.05) results are 

shown in bold. 
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Site Contrast n p-value T (Cº) p-value RH (%) 

HN Ho vs. Op 3 0.793 0.002 

MN Ho vs. Ju 3 0.545 0.0004 

MN Ho vs. Op 3 0.046 0.343 

MN Ju vs. Op 3 0.011 <0.0001 

LN Ge vs. Ho 3 0.222 0.958 

LN Ge vs. Ju 3 0.214 0.287 

LN Ge vs. Op 3 0.275 0.0009 

LN Ho vs. Ju 3 0.978 0.311 

LN Ho vs. Op 3 0.019 0.0007 

LN Ju vs. Op 3 0.021 <0.0001 

HS Cy vs. Ho 3 0.351 0.651 

HS Cy vs. Ju 3 0.786 0.562 

HS Cy vs. Op 3 0.605 0.006 

HS Ho vs. Ju 3 0.508 0.305 

HS Ho vs. Op 3 0.151 0.018 

HS Ju vs. Op 3 0.434 0.001 

MS Cy vs. Ge 3 0.237 0.02 

MS Cy vs. Ho 3 0.078 0.091 

MS Cy vs. Op 3 0.022 0.001 

MS Ge vs. Ho 3 0.55 0.0002 

MS Ge vs. Op 3 0.0007 <0.0001 

MS Ho vs. Op 3 0.0001 0.107 

LS Bu vs. Cy 3 0.485 0.688 

LS Bu vs. Ge 3 0.007 0.0009 

LS Bu vs. Ho 3 0.71 0.609 

LS Bu vs. Op 3 0.002 0.0001 

LS Cy vs. Ge 3 0.042 0.0003 

LS Cy vs. Ho 3 0.752 0.374 

LS Cy vs. Op 3 0.0005 0.001 

LS Ge vs. Ho 3 0.02 0.004 

LS Ge vs. Op 3 <0.0001 <0.0001 

LS Ho vs. Op 3 0.001 <0.0001 

 

Table A3. A priori contrasts analyzing differences in temperature and relative 

humidity (RH) among species at each site. LN: Northern aspect low; MN: Northern 

medium; HN: Northern high; LS: Southern aspect low; MS: Southern medium; HS: 
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Southern high. Bu = Bupleurum spinosum; Cy = Cytisus galianoi; Ge = Genista 

versicolor; Ho = Hormathophylla spinosa; Ju = Juniperus communis ssp. nana; Op = 

open microhabitats. Significant results (p<0.05) are in bold. N is the number of 

sensors per shrub species and site. 
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 HN MN LN HS MS LS 

 sh op sh op sh op sh op sh op sh op 

Acinos alpinus 0 0 0 0 7 1 0 0 0 0 0 0 

Agrostis nevadensis 0 0 1 20 0 0 0 0 88 26 2 0 

Alyssum montanum 0 0 0 0 123 124 0 0 0 0 0 0 

Alyssum nevadense 0 0 0 0 0 0 2 1 0 1 0 2 

Andryala ragusina 0 0 0 0 0 0 0 0 0 0 7 0 

Anthyllis vulneraria 0 0 3 12 0 0 1 0 0 0 0 0 

Arenaria grandiflora 0 0 0 0 0 0 71 108 8 4 2 0 

Arenaria pungens 0 0 0 0 0 0 8 0 3 3 0 0 

Arenaria tetraquetra 8 12 13 24 40 62 0 0 0 1 0 0 

Armeria filicaulis 0 0 0 0 21 12 0 0 0 0 0 0 

Artemisia absinthium 0 0 0 0 1 2 0 0 0 0 0 0 

Artemisia chamaemelifolia 0 0 0 0 0 0 0 0 0 0 4 3 

Asperula aristata 0 0 0 0 8 2 14 10 2 0 4 0 

Asterolinum sp. 0 0 0 0 19 16 0 0 0 0 0 0 

Avena sp. 0 0 1 0 0 0 0 0 0 0 0 0 

Avenella flexuosa 3 1 53 14 133 108 75 11 3 2 2 11 

Avenula bromoides 0 0 0 0 0 0 0 6 0 0 18 1 

Avenula laevis 0 0 1 0 3 4 5 0 0 0 0 0 

Biscutella glacialis 3 3 5 8 23 11 0 0 8 3 0 0 

Bromus tectorum 0 0 0 0 11 14 0 0 0 0 11 96 
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 HN MN LN HS MS LS 

 sh op sh op sh op sh op sh op sh op 

Bupleurum spinosum 0 0 0 0 0 0 0 0 0 0 22 6 

Campanula lusitanica 0 0 0 0 0 0 29 4 0 0 5 4 

Carduus carlinoides 6 9 0 0 0 0 0 0 0 0 6 3 

Centaurea sp. 0 0 0 0 2 0 0 0 0 0 9 0 

Cerastium gibraltaricum 0 0 0 0 5 5 0 0 0 0 10 9 

Chaenorhinum glareosum 8 13 0 0 0 0 0 0 0 0 0 0 

Coincya monensis 0 0 0 0 28 2 0 0 0 0 0 0 

Cuscuta triumvirati 0 0 0 0 0 0 7 0 2 0 5 0 

Cytisus galianoi 0 0 0 0 12 0 96 36 19 7 20 13 

Dactylis glomerata 0 0 4 1 0 0 0 0 0 0 0 0 

Dianthus brachyanthus 0 0 8 23 16 15 0 5 0 0 10 4 

Draba hispanica 0 0 4 24 5 11 0 0 0 0 0 0 

Erigeron frigidus 1 5 0 0 0 0 0 0 0 1 0 0 

Eryngium bourgatii 0 2 0 0 1 0 0 0 0 0 6 19 

Erodium cheilanthifolium 0 0 0 0 0 0 1 0 13 18 0 0 

Erophila verna 0 0 0 1 1 4 0 1 1 55 0 0 

Eryngium glaciale 10 7 2 0 2 3 14 9 1 0 0 0 

Erysimum nevadense 0 0 14 11 2 0 0 5 34 23 0 0 

Euphorbia nevadensis 0 0 0 0 21 12 11 2 1 1 5 0 

Euphorbia nicaeensis 0 0 0 0 0 0 0 0 0 0 18 0 
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 HN MN LN HS MS LS 

 sh op sh op sh op sh op sh op sh op 

Euphrasia willkommii 1 1 8 204 0 0 0 0 1 0 0 0 

Festuca sp. 0 0 0 0 0 0 0 0 0 0 1 0 

Festuca clementei 9 2 47 5 0 0 0 0 0 0 0 0 

Festuca indigesta 0 0 187 530 230 249 69 155 121 162 194 201 

Festuca pseudeskia 0 0 0 0 0 0 0 0 0 0 5 1 

Galium nevadense 0 0 2 8 0 0 0 0 0 0 0 0 

Galium pyrenaicum 90 44 17 3 0 0 157 114 0 0 0 0 

Genista versicolor 0 0 0 0 0 0 0 0 0 0 14 11 

Herniaria boissieri 2 2 0 31 2 0 0 0 0 0 0 5 

Hormathophylla spinosa 1 0 8 15 11 9 25 14 0 0 16 2 

Jasione amethystina 56 9 132 73 0 0 107 30 10 2 0 0 

Jasione crispa 21 34 28 31 0 0 1 21 1 0 6 1 

Jurinea humilis 1 0 1 2 9 15 0 0 7 4 8 17 

Koeleria vallesiana 0 0 0 0 16 0 0 0 0 0 0 0 

Leontodon boryi 10 0 10 18 4 4 3 8 14 4 1 2 

Leucanthemopsis pectinata 0 0 3 2 0 0 0 0 0 0 0 0 

Linaria aeruginea 0 0 4 28 0 0 2 3 0 1 0 0 

Lilium sp 0 0 0 0 0 0 1 0 0 0 0 0 

Lotus corniculatus 0 0 209 58 0 0 7 0 0 0 0 0 

Minuartia funkii 0 0 0 0 15 165 0 0 0 0 0 0 
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 HN MN LN HS MS LS 

 sh op sh op sh op sh op sh op sh op 

Nevadensia purpurea 8 11 21 25 0 0 156 154 20 3 0 0 

Ononis sp. 0 0 1 1 0 0 0 0 0 0 4 2 

Ononis spinosa 0 0 0 0 0 0 0 5 0 0 15 0 

Paronychia polygonifolia 0 0 0 10 0 0 0 0 0 0 0 0 

Pilosella sp. 0 0 12 121 210 248 33 11 33 62 12 0 

Pimpinella procumbens 0 0 28 23 0 0 0 0 0 0 0 0 

Plantago holosteum 0 0 19 26 10 35 1 0 1 2 0 0 

Poa ligulata 0 0 118 356 55 106 0 0 71 177 0 4 

Ranunculus acetosellifolius 0 0 0 0 0 0 1 1 1 1 0 0 

Rumex angiocarpus 0 0 2 37 38 110 0 0 1 3 0 0 

Sanguisorba verrucosa 0 0 0 0 0 0 0 0 0 0 18 1 

Scabiosa sp. 0 0 0 0 3 0 0 0 0 0 0 0 

Sedum amplexicaule 0 0 119 795 230 346 0 0 0 0 0 3 

Sedum gypsicola 0 0 0 0 0 2 0 0 0 0 0 0 

Sempervivum minutum 0 0 13 35 0 0 0 0 0 0 0 0 

Senecio boissieri 0 0 1 4 1 4 4 9 22 27 0 0 

Sesamoides purpurascens 0 0 2 0 0 0 1 8 0 0 0 0 

Sideritis glacialis 0 0 2 9 0 0 8 8 0 0 0 0 

Silene boryi 0 0 5 20 98 94 10 29 0 1 0 0 

Silene sp. 0 0 0 0 0 0 0 11 0 0 0 0 



Complementarity among shrub species along an environmental gradient 

 

50 

 

 HN MN LN HS MS LS 

 sh op sh op sh op sh op sh op sh op 

Tamarix sp. 0 0 0 0 0 5 0 0 0 0 0 0 

Teucrium sp. 0 0 0 0 43 13 1 2 0 0 3 2 

Thlaspi nevadense 0 0 0 0 0 0 33 0 0 0 0 0 

Thymus serpylloides 0 0 101 167 0 0 94 112 25 15 59 12 

Trisetum glaciale 57 15 1 2 0 0 0 0 0 0 0 0 

Viola crassiuscula 0 0 0 0 0 0 2 1 0 0 0 0 

 

Table A4. Species list and the number of individuals below shrubs and in open areas for each subordinate species at each site. LN: Northern 

aspect low; MN: Northern medium; HN: Northern high; LS: Southern aspect low; MS: Southern medium; HS: Southern high. sh: plants 

growing beneath shrubs; op: plants growing in open areas. 
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Abstract 

Determining which drivers lead to a specific species assemblage is a central 

issue in community ecology. Although many processes are involved, plant-

plant interactions are among the most important. The phylogenetic limiting 

similarity hypothesis states that closely related species tend to compete 

stronger than distantly related species, although evidence is inconclusive. We 

used ecological and phylogenetic data on alpine plant communities along an 

environmental severity gradient to assess the importance of phylogenetic 

relatedness in affecting the interaction between cushion plants and the whole 

community, and how these interactions may affect community assemblage 

and diversity. We first measured species richness and individual biomass of 

species growing within and outside the nurse cushion species, Arenaria 

tetraquetra. We then assembled the phylogenetic tree of species present in 

both communities and calculated the phylogenetic distance between the 

cushion species and its beneficiary species, as well as the phylogenetic 

community structure. We also estimated changes in species richness at the 

local level due to the presence of cushions. The effects of cushions on closely 

related species changed from negative to positive as environmental conditions 

became more severe, while the interaction with distantly related species did 

not change along the environmental gradient. Overall, we found an 

environmental context-dependence in patterns of phylogenetic similarity, as 

the interaction outcome between nurses and their close and distantly-related 

species showed an opposite pattern with environmental severity.  
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Introduction  

Finding out which mechanisms interact at different spatial scales leading to a 

given species assemblage is a central issue in community ecology. These 

mechanisms can be separated relative to the spatial scale into external and 

internal filters, and involve processes acting at regional scale (i.e., beyond 

single communities) as well as processes within local communities (Ricklefs, 

2010; Violle et al., 2012). External filters include factors such as climate, 

which sort species out from the regional pool and are important determinants 

of plant community composition (Gaston, 2000). Similarly, internal filters 

such as microscale environmental heterogeneity (Fibich et al., 2013) or plant-

plant interactions (Armas et al., 2011) can affect community composition and 

structure. These filters are not independent; for instance, the outcome of plant-

plant interaction varies depending on external filters such as climatic 

conditions (He et al., 2013). Internal filters may interact with each other as 

well, e.g. when small-scale environmental heterogeneity affects plant-plant 

interactions (Choler et al., 2001). Therefore, an approach unifying different 

drivers, including external and internal filters, is needed to disentangle their 

relative importance and impact on community assembly. 

The integration of phylogenetic information in community analyses 

has proved to be a powerful tool in understanding changes in species 

composition. Closely related species tend to share similar trait values, hence 

may have similar requirements and affect their microenvironment in similar 

ways; as a consequence, competition is stronger between them than with 

distantly related species (Violle et al., 2011). This idea was formalized as the 

phylogenetic limiting similarity hypothesis (PLSH;  MacArthur & Levins, 

1967) and assumes that ecological traits influencing species competition are 

conserved along phylogenetic lineages (Blomberg et al., 2003; Wiens & 

Graham, 2005). However, evidence supporting this hypothesis is inconclusive 

(Cahill et al., 2008; Mayfield & Levine, 2010).  
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The species pool under mild environmental conditions is larger and 

shows  wider range of ecological niche space than under severe conditions 

(Grime & Pierce, 2012). Opposite, under harsh environmental conditions 

external filters (e.g., climate) will severely restrict the species pool, favouring 

only the presence of species adapted to such demanding conditions (Choler, 

2005). Assuming that species strategies are phylogenetically conserved 

(Blomberg et al., 2003; but see Mayfield & Levine, 2010), the outcome of 

plant-plant interactions under mild environmental conditions could render 

communities phylogenetically diverse, including closely related species. 

Hence, at the local scale closely related species can show strong competition, 

following PLSH predictions. By contrast, under harsh environmental 

conditions the species pool is reduced and it could be expected that species 

will be more phylogenetically related (Webb et al., 2002) as the environment 

selects for a given suite of traits.  

Under harsh environmental conditions nurse plant species allow for 

the presence of many other species in the community (Callaway 2007). In 

alpine environments, a particular case of nurses are cushion plants, which 

usually ameliorate environmental conditions and facilitate growth and 

survival of other species (beneficiaries) within them (Badano & Cavieres, 

2006; Cavieres & Badano, 2009). These nurse species can create communities 

more phylogenetically diverse than communities in open habitats (Butterfield 

et al., 2013). However, environmental severity restricts the species pool, 

selecting for species sharing similar traits and more phylogenetically related 

(Soliveres et al., 2012a). This leads to a paradox between competition 

intensity among phylogenetically related species and environmental severity 

that needs more exploration. 

To test how plant-plant interactions and phylogenetic relatedness 

affect each other and how they change along a severity gradient, we analysed 

the phylogenetic relationships between cushions on other species in three sites 

along an elevation gradient in the alpine belt of the Sierra Nevada Mountains, 
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Spain. This gradient reflects an increase in environmental severity with 

elevation characterized by changes in temperature, water availability, and soil 

nutrients (Sánchez-Marañón et al., 2002; Schöb et al., 2013). We used 

biomass data to assess interaction outcome for resources and to test the PLSH; 

and richness as a consequence of plant interactions on presence and survival. 

Specifically, we expected that a) the effects of cushion species on its closely-

related beneficiary species would vary from very negative to neutral as 

environmental severity increased; however, the outcome of the interaction of 

the nurse with its distantly-related beneficiary species would change from 

neutral to very positive with increasing environmental severity; b) 

phylogenetic diversity would change along the gradient, from a community 

mostly characterized by distantly related species in the less severe 

environment to one made up by closely related species in the most severe 

environment; and c) the contribution of cushions to phylogenetic diversity and 

species richness would make communities within cushions more diverse than 

in open areas. 

Methods 

Field sites, species and data collection 

The study was conducted on the north-western slope of the Sierra Nevada 

Mountains, Spain. We selected three field sites at 2720 m (37°05’ N, 03°23’ 

W), 3000 m (37º04’ N, 03º22’ W) and 3240 m elevation (37°03’ N, 03°22’ 

W) encompassing an important gradient in temperature and precipitation 

(Delgado et al., 1988; Schöb et al., 2013). In this mountain system, and in the 

range of altitudes where the field sites are located, environmental severity 

increases with elevation due to decreasing temperature and soil quality, while 

soil water availability may not be limiting (Schöb et al. 2013a).  

Overall, climate is continental Mediterranean with a hot and rather 

dry summer. Mean annual rainfall at the closest met station (Pradollano; 2500 
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m elevation) is 690 mm, and mean annual temperature is 3.9 °C (Worldwide 

Bioclimatic Classification System 1996-2009). Above 3200 m prevail plant 

communities with perennial herbaceous species such as Erigeron frigidus, 

Festuca clementei, Linaria glacialis, and Viola crassiuscula, including a high 

number of endemic species. Shrublands prevail below 3000 m, with Genista 

versicolor, Hormathophylla spinosa, Juniperus communis ssp. hemisphaerica, 

Sideritis glacialis, and Thymus serpylloides being the dominant species 

(Valle, 2003). Livestock pressure within our study areas was not high due to 

its regulation as a National Park (Decreto 238/2011, de 12 de julio). 

The dominant cushion species occurring at all three field sites was 

Arenaria tetraquetra ssp. amabilis (Bory) H. Lindb. fil. (Caryophyllaceae), a 

perennial shrub ranging 10-300 cm
2
 in area that often acts as nurse for other 

species (Schöb et al., 2012; Schöb et al., 2013). To assess the contribution of 

Arenaria cushions to community structure, we sampled one hundred 50x50 

cm quadrats randomly distributed in each site, identified all species and 

recorded the number of individuals per species growing in cushions and in the 

open for each plot. In general, there was at least one cushion plant (mean area 

of 180 cm
2
 ± 6.17 cm

2
) within each quadrat except a few quadrats without any 

cushion, i.e. only open areas.  

To evaluate the intensity of plant-plant interactions depending on their 

phylogenetic relatedness we collected aboveground mass of 20 mature 

individuals of each of the most common species (14, 12 and 9 species at the 

low, medium and high sites, respectively; see Appendix 1 in Supporting 

Information), 10 growing inside Arenaria cushions and 10 from open areas. 

Sampling was paired, collecting one individual from within the cushion and 

another from an adjacent open area. We selected individuals from open areas 

more than 35 cm away from Arenaria cushions in order to avoid any potential 

interactions with cushions. Samples were oven-dried at 70 ºC for 48 h and 

weighed.  
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Effect of cushions on species biomass  

We measured the interaction outcome between Arenaria and each of the other 

target species as the relative change in biomass of individuals growing within 

Arenaria compared to those growing in open areas. We used the Relative 

Interaction Index (Armas et al., 2004) as RII = (Bcushion – Bopen)/(Bcushion + 

Bopen), where B is the biomass of individuals of the target species growing 

within Arenaria (Bcushion) or in open areas (Bopen). This index has positive 

values when Arenaria facilitates other species (i.e., the biomass of the 

individual growing within Arenaria is greater than the one growing in open 

areas) and is negative when the net effect of Arenaria is competitive. Zero RII 

values suggest that negative and positive effects of Arenaria on target species 

are equal. We calculated the mean value of RII per site (Fig. 1a) and tested 

whether RII depended on phylogenetic relatedness (Fig. 1b). For this, we 

assembled a phylogenetic tree for all the species recorded at our three sites 

(57 sp) using Phylomatic3 (http://phylodiversity.net/phylomatic/). All families 

in our dataset matched the family names of Angiosperms megatree used in 

Phylomatic (R20120829), that reflects the consensus of the Group (2009). 

Branch lengths were adjusted with the Phylocom Bladj algorithm 

(http://phylodiversity.net/phylocom/) by computing age estimates for major 

nodes in our tree (Wikstrom et al., 2001) and distributing undated nodes 

evenly between those of known ages (see Appendix 2). We then obtained 

phylogenetic distances (PD) among Arenaria and the other species using the 

function cophenetic.phylo (picante library; Kembel et al., 2010) which 

calculates distances between pairs of tips in our phylogenetic tree using 

branch length. To test for changes in RII with elevation we used one-way 

ANOVA; we then used a second model with elevation and phylogenetic 

distance between Arenaria and each target species. As the second model was 

unbalanced and incomplete, we re-parametrized it in a single factor with 12 

“Elevation x PD” levels. We performed one-sample t-tests to check whether 
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RII values within each site and phylogenetic distance were different from zero 

(i.e., neutral interaction). Post-hoc differences were examined with LSD 

Fisher’s tests corrected by Bonferroni for multiple-comparisons. 

Contribution of cushions to phylogenetic diversity 

We assessed the effect of cushions on phylogenetic community structure at 

each site by considering all samples in the site (open + cushion) as compared 

to open areas within plots (open), the latter being a reflection of the intensity 

of environmental filtering. We calculated two metrics of phylogenetic 

community diversity per plot, the mean phylogenetic distance (MPD) and 

mean nearest phylogenetic taxon distance (MNTD) (picante library; Kembel 

et al., 2010). Both range 0 to infinity; small values represent communities 

composed of species closely related and large values represent communities 

with species distantly related. MNTD is typically used to test PLSH as it is 

sensitive to co-occurrence patterns among closely related species. However, 

MNTD contains much less information than MPD, which reflects the 

phylogenetic diversity of taxa over the whole pool of species (Webb, 2000). 

Plots with less than two species were excluded from the analyses as they were 

uninformative. MPD and MNTD were calculated by weighting species 

abundance; abundance data were log-transformed to minimize the effect of 

particularly abundant species (Butterfield et al. 2013). We preferred observed 

over the expected phylogenetic distances (i.e., NRI and NTI) as we use 

phylogenetic distances as a factor to explain the intensity of plant-plant 

interactions. As such, absolute distances between species seem more 

appropriate than their deviations from a random pattern. To check for changes 

in MPD and MNTD along the severity gradient and among microhabitats, we 

used linear mixed models. Elevation and microhabitat (cushion+open vs. 

open) and their interactions were included as fixed factors. We included plot 

(each of the one hundred 50x50cm quadrats randomly distributed in each site) 

as a random effect. 
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Contribution of cushions to species richness 

We calculated a third diversity metric, total species richness, to relate patterns 

of change with MPD, MNTD at each site and along the environmental 

gradient. Total species richness was calculated at plot level due to differences 

in area between Arenaria cushions and open areas. To test the relationship 

between total species richness per plot and elevation we used generalized 

linear models with a Poisson error structure and the log link-function. In 

addition, to quantify the effect of cushions on species richness at the 

community level we used rarefaction curves, from which we estimated 

community-level species richness (Stotal) and species richness without 

cushions (Sopen) per site following Cavieres et al. (2014) (see Appendix 3). To 

assess the magnitude of change in species richness at community level due to 

the presence of cushion species, we calculated the proportion of increase in 

non-cushion species richness (ISR) as: 

ISR = (Stotal – Sopen) / Stotal 

Rarefaction analyses were performed with the software EstimateS v. 9.1 

(http://viceroy.eeb.uconn.edu/estimates/). Statistical analyses were conducted 

in R 3.0.2 (http://www.r-project.org/) using for linear models the interface 

implemented in InfoStat-Statistical Software (Di Rienzo et al. 2013).  

Results 

Overall, the net effect of Arenaria on the biomass of other species changed in 

intensity  and sign (RII) along the gradient, showing facilitation at the most 

severe site (i.e., highest elevation) and neutral effects in other points of the 

gradient (Fig 1a). Taking into account phylogenetic relatedness, the RII of 

species closely related to Arenaria (≤105.6 Myr) increased with 

environmental severity but in general, it did not change for medium (≥422.2 

Myr) and distantly related species (≥512.5 Myr). However, there was an 

exception at the least severe site (i.e., lowest elevation), where species 

http://viceroy.eeb.uconn.edu/estimates/
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intermediately related to Arenaria (475 Myr) were facilitated by the cushion 

(Fig 1b).  

 

Fig. 1. Relative interaction index (RII) between Arenaria and selected beneficiary 

species along the elevation gradient (a) (n=318). RII values as a function of 

phylogenetic distance (b). Data are means ± 1SE. Symbols with an asterisk represent 

RII values significantly different from 0. Significant differences (p < 0.05) along the 

elevation gradient and the interaction between the gradient and phylogenetic distances 

shownd by 
*
.  

Data showed that MPD decreased and MNTD increased with 

environmental severity (Fig. 2a,b). Specifically, both indices increased from 

mid to high elevation, while total species richness remained steady (Fig. 

2a,b,c). At each elevation, MPD was always higher in cushion+open than in 

open areas (Fig. 2a), while MNTD did not vary between cushion+open nor in 

the open (Fig. 2b).  

Total species richness decreased as environmental severity increased, 

but there were no significant differences between mid and high elevations 

(Fig 2c). Total species richness positively correlated with MPD and 

negatively with MNTD (r = 0.71 and r = -0.32 respectively, p < 0.0001). 

There was a significant effect of cushions on species richness at mid and high 

elevations but not at low elevation (Appendix S3).  
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Fig. 2. Mean phylogenetic distance (a) (MPD; n=589), mean nearest taxon distance 

(b) (MNTD; n=587) in communities along an environmental gradient; total species 

richness per plot (c) at the three sites (n=589). Data are means ± 1SE. Letters 

represent differences among factors. In each panel are included the fixed factors and 

their significance (linear mixed models for MPD and MNTD, and GLMM for total 

species richness), where * and *** indicate p<0.05 and p<0.0001, respectively. 
ns

 

indicates non-significant differences.  

Discussion 

Our data suggest a relationship between phylogenetic relatedness and the 

outcome of plant-plant interactions along a severity gradient. Specifically, the 

effect of nurses on their closely related species varied from positive to 

negative as the environment became less severe while with more distantly-
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related species it remained mostly neutral. At the site level, MPD and MNTD 

varied with environmental conditions, with nurses increasing mean 

phylogenetic distance compared to open areas. Thus, we found a remarkable 

context-dependent effect of phylogeny on plant-plant interactions. 

Relationship between phylogenetic relatedness and plant-plant interactions 

Plant-plant interaction intensity and sign are expected to change depending on 

abiotic conditions; following predictions of the stress gradient hypothesis 

(Bertness & Callaway, 1994) we expected a prevalence of positive 

interactions in the severe part of the gradient and negative interactions in the 

milder part. Indeed, we found that facilitation prevailed at the most severe site 

among closely related species, suggesting that cushions produced an 

expansion of the realized niche of stress-sensitive species, allowing them to 

survive in environments too harsh without nurse protection (Butterfield et al., 

2013; Valiente-Banuet & Verdú, 2013). Thus, the interaction effects of nurses 

on their closely related species varied from positive to negative as the 

environment became less severe while with more distantly-related species it 

remained, in general, neutral, with the exception of intermediately-related 

species that were facilitated at the less severe site. This data agree with 

Butterfield et al. (2013), who found that cushions facilitated certain lineages 

(in our case, those closely related to Arenaria) as environmental severity 

increased, but excluded other lineages (in our case, medium-related species) 

when environmental severity was highest.  

Our results partially support the phylogenetic limiting similarity 

hypothesis (MacArthur & Levins, 1967; Violle et al., 2011), as at the less 

severe site (i.e., low elevation) closely-related species competed with 

Arenaria. However, when environmental conditions became more severe (i.e., 

intermediate and high elevation sites) competition became less important in 

shaping plant interactions. Hence, the observed competition between Arenaria 
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and closely-related species disappeared at medium environmental severity and 

turned to facilitation at high environmental severity.  

There is a controversy regarding phylogenetic relatedness and the 

outcome of plant interactions. Bennett and Cahill (2013) suggested that, 

should niche conservatism be common, the response of related species to 

environmental conditions should be similar. Although some studies support 

existence of the relationship between phylogenetic relatedness and 

interactions (Castillo et al., 2010; Soliveres et al., 2012b; Verdú et al., 2012), 

other studies found no relationship (Cahill et al., 2008; Fritschie et al., 2014). 

In our alpine environment phylogenetic relatedness plays a clear role in the 

outcome of plant interactions but its effect is context-dependent.  

The influence of interactions on community assemblage 

Phylogenetic diversity was characterized by a predominance of distantly 

related species (high MPD) in communities at high and low severity sites and 

by closely related species at intermediate environmental severity. MNTD 

changed within species closely related from more distantly related to each 

other (higher MNTD) in communities at the most severe site to more closely 

related species in communities at the less severe site. Changes along the 

severity gradient could be consequence of the positive correlation between 

MPD with total species richness while this relationship was negative for 

MNTD. Thus, higher species richness increased the probability of having 

higher phylogenetic diversity in the community, which in turn increased the 

probability of higher MPD and lower MNTD.  

Nevertheless, significant increases in MPD and MNTD at the high 

elevation site suggest that closely-related species to each other are replaced by 

distantly-related species. Despite the similar number of species at the most 

severe sites, from mid- to high-elevation sites phylogenetic distance changed 

significantly (33.7 Myr for MPD and 70.5 Myr for MNTD), reflecting that 

cushions increasingly facilitate closely-related linages and exclude medium-
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related lineages at high elevations. Changes in phylogenetic diversity, most 

likely due to environmental filtering caused by climatic severity, did not occur 

across entire lineages (Arroyo-Rodríguez et al., 2012) (e.g., in our case 

Arenaria serpyllifolia and Paronychia sp. disappeared from 3000 m to 3200 

m but not the entire clade of Caryophyllaceae); thus, at least at these two sites, 

environmental conditions appear very important for shaping phylogenetic 

community structure and may also result in different trait distribution patterns 

(Cavender-Bares & Reich, 2012; Purschke et al., 2013).  

Mean phylogenetic distance was always smaller in communities from 

open areas than in whole communities, while there were no differences for 

MNTD in any of the three sites. MPD may be more sensitive to the outcome 

of plant interactions as traits might be conserved within relatively older nodes 

(i.e., among families); MNTD, by contrast, considers a narrower phylogenetic 

scale and might not capture relevant trait information when analysing the 

effects of plant competition on phylogenetic diversity. Therefore, a smaller 

MPD in open-area communities suggest that harsher environmental conditions 

promote stronger habitat filtering, leading to a large decrease in species 

abundance and creating communities with species more related than in less 

severe sites (Webb et al., 2002). In such conditions, cushion plants may 

provide suitable habitats for these species that are less abundant or extinct in 

open areas, allowing them to survive in such an extreme environment while 

they almost disappear in harsh open areas (Butterfield et al., 2013).  

Conclusion 

Overall, when environmental conditions were relatively mild (i.e., at low 

elevation) we found partial support for the phylogenetic limiting similarity 

hypothesis; the interaction effects of nurses on their closely related species 

varied from positive to negative as the environment became less severe, while 

with more distantly-related species it remained, in general, neutral. Thus, 

under severe conditions (i.e., high elevation), facilitation became more 
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frequent and intense, favouring the growth of closely related species, which 

suggest that under such conditions closely-related species –i.e., sharing 

similar traits- cope better with environmental severity, and facilitation prevails 

over disadvantages of competition. Thus, there is an environmental context-

dependence effect of phylogenetic relatedness which influences plant-plant 

interactions and shapes plant community structure. 
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Appendix B. Supplementary data 

Elevation (m) PD (Myr) Species n 

2720 105.6 Dianthus brachyanthus 12 

2720 475 Eryngium glaciale 20 

2720 512.5 Euphorbia nevadensis 24 

2720 475 Euphrasia willkommii 16 

2720 475 Galium nevadense 34 

2720 105.6 Herniaria boissieri 20 

2720 475 Jasione amethystina 18 

2720 475 Linaria aeruginea 13 

2720 512.5 Lotus corniculatus 22 

2720 105.6 Paronychia polygonifolia 24 

2720 475 Plantago holosteum 20 

2720 512.5 Sedum amplexicaule 31 

2720 475 Sideritis glacialis 6 

2720 105.6 Silene boryi 20 

3000 475 Eryngium glaciale 18 

3000 475 Galium nevadense 16 

3000 105.6 Herniaria boissieri 19 

3000 475 Jasione amethystina 24 

3000 475 Linaria aeruginea 8 

3000 475 Logfia arvensis 22 

3000 512.5 Lotus corniculatus 20 

3000 587.5 Luzula spicata 20 

3000 105.6 Paronychia argentea 13 

3000 105.6 Paronychia polygonifolia 27 

3000 422.2 Polygonum aviculare 15 

3000 105.6 Silene boryi 3 

3240 512.5 Biscutella glacialis 6 

3240 475 Eryngium glaciale 20 

3240 475 Euphrasia willkommii 16 

3240 475 Galium nevadense 20 

3240 105.6 Herniaria boissieri 19 

3240 475 Jasione amethystina 21 

3240 587.5 Luzula spicata 20 
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Elevation (m) PD (Myr) Species n 

3240 512.5 Nevadensia purpurea 18 

3240 587.5 Trisetum glaciale 20 

 

Appendix B1. Species list and their phylogenetic distances (PD) to the cushion 

forming Arenaria tetraquetra ssp. amabilis and the elevation at which they are found. 

n refers to the number of biomass samples taken at each elevation.  
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Appendix B2. Phylogenetic tree of the regional species pool. The cushion plant 

Arenaria tetraquetra is highlighted in blue. 
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Appendix B3. Species accumulation curves for each site. Solid symbols correspond to 

species in the whole community and clear symbols to open areas. Note that the scale 

of the Y axis at 3240 m is from 0 to 25. 
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Abstract 

The impact of species interactions on diversity patterns has been addressed in 

detail in stressful environments, such as the alpine, where foundation species 

create new habitats for other species contributing to higher species richness 

and phylogenetic diversity. Foundation species with different phenotypes 

might modify the microhabitat differently, could differ in their subordinate 

community composition, and consequently receive different feedbacks from 

this subordinate plant community. We explored whether tight and loose 

canopy types of Cytisus galianoi are associated with differences in the 

microhabitat conditions and the subordinate community composition. We also 

wanted to experimentally test reciprocal effects between the most frequent 

subordinate species, Festuca indigesta, and the foundation species trying to 

evidence differences in the bi-directional interaction depending on the 

phenotype. For this, we performed an observational and a removal experiment 

in an alpine plant community in the Sierra Nevada Mountains (Spain). Both 

C. galianoi phenotypes apparently did not affect understory microhabitats 

differently, but hosted differentiated subordinate communities. There were 

differences regarding community composition and biomass between the two 

phenotypes, as well as differences in the physiological status of subordinate 

species. The tight phenotype of C. galianoi showed facilitation and received a 

negative feedback. In contrast, the loose phenotype showed higher species 

richness, higher plant abundance, and more phylogenetic diversity than the 

tight phenotype, but no negative feedback. Our results suggest that the 

negative feedback effects of the subordinate species on the tight phenotype 

might cause the phenotype change from tight to loose phenotype. Eventually, 

negative feedbacks may lead to the demise of the facilitator in a process 

which highlights the relevance of the subordinate community acting as driver 

of change. 
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Introduction 

Plant-plant interactions are major processes affecting the structure of plant 

communities (Goldberg, 1996; Brooker et al., 2008), and are dependent on 

environmental conditions, ontogeny, and functional strategies of interacting 

species (Armas & Pugnaire, 2005; Michalet, 2007; Sthultz et al., 2007; 

Ashton et al., 2010; Soliveres et al., 2011; Schöb et al., 2013). The impact of 

species interactions on diversity patterns has been addressed in detail in 

stressful environments, such as the alpine (Reid et al., 2010; Cavieres et al., 

2014; Le Bagousse-Pinguet et al., 2014; Liczner & Lortie, 2014). In these 

environments, ‘niche-constructing species’ or ‘foundation species’ create new 

habitats for other species (Jones et al., 1994a; OdlingSmee et al., 1996; 

Ellison et al., 2005; Cavieres & Badano, 2009) contributing to increase 

species richness and phylogenetic diversity (Badano & Cavieres, 2006; Pistón 

et al., 2015; Pugnaire et al., 2015). Foundation species buffer temperature 

extremes or maintain resource levels above that of bare ground habitats (Jones 

et al., 1994a) and their effects are species-specific (Proffitt et al., 2005; Al 

Hayek et al., 2014; Bråthen & Ravolainen, 2015). Overall, variability of 

foundation species represents a mechanism that explains the relationship 

between traits and community dynamics (Adler et al., 2013).  

 The different microhabitats created by foundation species could be 

colonized by subsidiary species (Dı́az & Cabido, 2001) increasing 

community-level diversity (Amat et al., 2015; Chen et al., 2015). In addition, 

foundation species with different phenotypes modify the microhabitat 

differently and differ in environmental effects. The source of variation may 

vary among species and environments and be caused by genetic variability, 

environmental plasticity, or ontogeny. For instance, niche construction by the 

compact cushion Arenaria tetraquetra increased species richness and plant 

abundance at high elevations but not at low elevations, in the Sierra Nevada 

Mountains (Spain), where loose cushions of A. tetraquetra could not help 
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with the most limiting factor, water availability (Schöb et al., 2013). Similar 

to Michalet et al. (2011) who, comparing two phenotypes of the cushion 

species Geum rosii in an alpine community in Arizona, found that loose 

cushions had a strong facilitative effect while tight cushions had lower density 

of beneficiary species. 

So far, most studies addressing intraspecific differences in facilitation 

focused on trait differences of the benefactor species (Callaway et al., 1991; 

Crutsinger et al., 2010; Michalet et al., 2011; Al Hayek et al., 2014; Al Hayek 

et al., 2015). Plastic responses of foundation species to changing 

environmental conditions (Schöb et al., 2013) or to ontogeny of woody 

species (Pugnaire et al., 1996b; Lozano, 2014) have been documented in 

relation to facilitation. Therefore, drivers of phenotypic variability can 

influence interactions between neighbors. However, only few studies actually 

tried to quantify the impact of different sources of phenotypic variation on 

plant-plant interactions, even though such knowledge would be crucial to 

understand their context-dependence (Chen et al., 2015).  

Different phenotypes varying in facilitation intensity may also receive 

different feedbacks from the beneficiary community. Phenotypes showing 

stronger facilitation effects get stronger negative feedbacks (Michalet et al., 

2011; Schöb et al., 2014a), most likely due to resource competition 

(Callaway, 2007; Schöb et al. 2014c). In such cases, we would expect 

evolutionary trait divergence. There is still little knowledge on how the 

interaction with beneficiaries affects facilitator species, although negative 

feedbacks would lead to deteriorating symptoms of facilitators when its 

facilitation effect increases. 

In the Sierra Nevada Mountains, Spain we observed strong 

morphological differences in Cytisus galianoi shrubs, showing either loose or 

tight canopies. Field observations suggested that tight canopies may be 

younger than loose ones, and the change from tight to loose is expected to 

affect understory microhabitats regarding direct radiation and temperature. 
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We wanted to explore whether canopy type and microhabitat shifts (Jones et 

al., 2006) influence community composition (Badano et al., 2010; Jones et 

al., 2010). The microhabitat associated to the tight canopy was expected to be 

most different to bare ground while loose canopies were expected to be in 

between. We also wanted to experimentally test reciprocal effects between the 

most frequent subordinate species, Festuca indigesta, and the facilitator 

species trying to evidence the link between plant traits and feedback effects. 

We hypothesized that i) there would be differences in Festuca indigesta 

physiological status between individuals associated to the two phenotypes of 

the foundation species Cytisus galianoi; that ii) facilitation intensity will be 

higher under tight canopies; and iii) the cost of facilitation would depend on 

facilitation intensity, thus being higher under tight than under loose canopies. 

Methods 

Field site and species  

The field site was in the southern slope of the Sierra Nevada Mountains, SE 

Spain, at 2570 m elevation (36º56’N, 3º18’W). Climate is subalpine 

Mediterranean with hot, dry summers and cold winters. Mean annual rainfall 

at the closest met station (Pradollano 37º05’ N 03º23’ W; 2500 m elevation) is 

690 mm, and mean annual temperature is 3.9 °C.  

Our model species, Cytisus galianoi Talavera & P. E. Gibbs 

(Fabaceae), is found on siliceous soils between 1600 and 3000 m elevation 

and covers 54.3% of surface soil in the field site. It is frequently associated to 

Festuca indigesta and other perennial herbs and shrubs. Its highly branched 

stems reach up to 20-40 cm high and serve as main photosynthesizing organs 

(cladodes) because leaves are very few and tiny.  

Festuca indigesta Boiss. (Poaceae) is a tussock grass common in our 

field site frequently found associated to C. galianoi canopies, where 2-3 
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individuals are typically found in the understory (Pistón, 2015). It grows 

between 1900 and 2800 m elevation and may reach a maximum size of 40 cm.  

Observational study 

To check for differences between “tight” and “loose” C. galianoi phenotypes 

we assessed microhabitat conditions, measured plant functional traits, and 

determined the subordinate plant community in each phenotype. In summer 

2011 we selected 50 individuals of each phenotype and did a paired sampling 

with 50 nearby open areas of the same size, recording the number of 

individuals of each plant species (number of shoots in clonal species).  

We determined the soil surface covered by each shrub as the area of 

an ellipse by measuring the largest diameter and its perpendicular; we also 

assessed canopy density (i.e. the percent surface area covered by green 

branches), maximum canopy height, stem density (as the number of stems in 

one randomly-placed 400 cm
2
 quadrat per shrub), and terminal branch length, 

measured between the stem and branch tip. These functional traits were likely 

dependent on plant physiological status (Milla et al., 2008) and were expected 

to influence microhabitat conditions in the understory (Crutsinger et al., 

2010). 

We randomly selected 10 shrubs per phenotype and measured mean 

leaf area, specific leaf area (SLA), leaf dry matter content (LDMC), and 

relative water content (RWC); following Cornelissen et al. (2003), we 

selected mature and healthy leaves which were fully rehydrated before 

determining leaf area and saturated mass. Dry mass was measured after 72 h 

in the oven at 70 °C. Relative water content (RWC) measurements were 

performed on one branch per individual (n = 10) under cloudless conditions. 

Fresh branch mass was determined immediately after sampling in the field, 

saturated mass was measured after 30 h of rehydration in the dark, and dry 

mass was measured after 72 h at 70 °C.  
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To characterize the microhabitat in each phenotype, we measured soil 

convexity (semi quantitative scale with 5 levels) and soil depth under the 

shrub with a penetrometer at four random locations within the canopy.  

To test whether community composition differed between phenotypes 

and with open areas (microhabitat, hereafter) we first performed a 

Correspondence Analysis (CA) excluding species with a frequency below 5% 

(n = 12) to avoid undesirable statistical effects; then, we identified groups of 

species in each microhabitat using cluster analysis and the Ward’s method on 

the ordination axes species scores.  

To test for differences in phylogenetic diversity among microhabitats, 

we used a phylogenetic tree (Pistón et al. 2015/Chapter 1) assembled 

Phylomatic3 (http://phylodiversity.net/phylomatic/) and adjusted branch 

lengths with the Bladj algorithm in Phylocom 4.2. We first pruned the tree 

using the drop.tip() function (Paradis et al., 2004) and then calculated 

phylogenetic diversity with the pd() function (Kembel et al., 2010). 

Phylogenetic diversity considers how much evolutionary history is behind the 

species in a community (Faith, 1992) and is measured as mean branch length 

(in Myr) per sample unit including all species found in the community.  

Canopy removal experiment 

To quantify differences in the facilitation effect of both phenotypes we 

selected F. indigesta, a species naturally occurring beneath both phenotypes 

and in the open. In mid-July 2011 we randomly selected 20 tight and 20 loose 

shrubs and removed a circular area 25 cm in diameter of C. galianoi canopy 

around F. indigesta individuals. Another 20 F. indigesta individuals with 

intact canopies acted as control and all were compared to 20 F. indigesta 

individuals growing in open areas. In all F. indigesta individuals we measured 

maximum photochemical efficiency of photosystem II (Fv/Fm) with a 

saturation pulse fluorometer (Mini-PAM; Walz, Effeltrich, Germany) in 30 

min dark-adapted plants. Measurements were carried out on healthy 
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undamaged leaves of similar appearance. Fv/Fm indicates how efficiently 

radiation is being processed by the plant. We also measured plant height, 

lateral spread (largest diameter) and number of leaves per plant. After one 

year, we measured survival and aboveground biomass of F. indigesta 

individuals, and repeated Fv/Fm, height and lateral spread measures. The 

increase in height and lateral spread during one year was calculated as (final 

value-initial value) / (initial value).  

To test for differences in the effect of each phenotype on biomass and 

on leaf increment of F. indigesta, we used the Relative Interaction Index (RII) 

(Armas et al., 2004) calculated as RII = (Xwith C. galianoi – Xin open areas)/( Xwith C. 

galianoi + Xin open areas), where Xwith C. galianoi and Xin open areas are the values of F. 

indigesta measured in the presence and absence of C. galianoi, respectively. 

We calculated three different indices for biomass and leaf increment: 

- RIICanopy: the difference in performance between control and removed 

patches, quantifying the effect of the shrub’s canopy. 

- RIISoil: the difference in performance between canopy-removed and open 

areas, quantifying the effect of the shrub’s soil.  

- RIICytisus: the difference in performance between control shrubs and open 

areas, quantifying the combined effect of canopy and soil on F. indigesta 

performance.  

RII is positive when biomass or the relative leaf increment is higher in 

the shrub than in open areas and negative in the opposite case. Zero RII values 

suggest that biomass or relative leaf increment is equal in both microsites.  

Beneficiary removal experiment 

We assessed facilitation costs for C. galianoi by selecting 20 shrubs of each 

phenotype and removing one (out of 2-3) F. indigesta individuals growing 

within each shrub and selected another 20 shrubs of each phenotype as a 

control. On each C. galianoi individual we measured Fv/Fm as above, but on 

green branches instead of leaves, since branches are the main photosynthetic 
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tissue for this species. We recorded the number of flowers in 20 cm x 20 cm 

quadrats placed in the C. galianoi canopy with F. indigesta in the center. 

Terminal branch dry mass was measured as the dry mass of the segment 

between the main stem and branch tip for five randomly selected branches per 

shrub. 

Statistical analysis 

To test for differences in cushion traits and microhabitat conditions between 

phenotypes we used GLM; in case of differences in convexity we used a 

contingency table analysis, with “Microhabitat” and “Convexity” as class 

criteria. 

To test for differences in scores on CA axis 1 and 2 we used one-way 

ANOVA with “microhabitat” as independent variable. In order to assess 

microhabitat requirements of subordinate species, we calculated the 

cumulative abundance of species of each cluster group and then conducted a 

one-way ANOVA with microhabitat as independent variable (Fig. S1a); in 

case of species richness we used one-way ANOVA with microhabitat as 

independent variable (Fig. S1b).  

To check for differences in phylogenetic diversity we used a GLM to 

test for differences among microhabitats as independent variable (tight, loose 

and open areas) (Fig. S2).  

To check for differences in Fv/Fm and growth rates we used GLM. 

Fixed factors were microhabitat type and canopy removal (with or without 

canopy removed). The model was incomplete because open areas has only 

one “level” of F. indigesta plants that also acted as control for those in both 

phenotypes. Thus, we re-parametrized all fixed factors into a single one with 

five “Microhabitat x Canopy removal” levels which we called “Patch”. In 

case of survival we used a generalized linear model with a Binomial 

distribution and “Patch” as independent variable (R package stats). Post-hoc 

differences among patches were examined with Fisher’s LSD tests. 
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To analyze RII indices we used a GLM with “Phenotype” (tight and 

loose) and “Mechanism” (canopy, soil and Cytisus) as independent variables. 

Additionally, we used one-sample t-tests to assess whether RII values were 

significantly different from zero.  

For the cost of facilitation, we compared data using “Phenotype” 

(tight and loose) and “Removal of Festuca” (removal and control) as 

independent variables. Fv/Fm was analyzed with a GLM using the function 

lm() (R package stats); for number of flowers we used a GLM  with a Poisson 

distribution with the function glm() (R package stats), and for terminal branch 

mass we used a GLMM with square-root transformed branch mass data as 

dependent variable and shrub identity as a random blocking factor using the 

function lme() (R package nlme). We used the glht() function (R package 

multcomp) for multiple comparisons of factor levels for each model. All 

analyses were conducted in InfoStat v. 2013 (Di Rienzo et al., 2013) and R v 

3.0.2 (R-CoreTeam, 2013). 

Results 

We found highly significant differences in functional traits between the two 

phenotypes of C. galianoi; specifically, the tight phenotype had a canopy ca. 

38% denser, 43% taller, 17% greater stem density, 25% longer terminal 

branches, and 39% larger leaf area than the loose phenotype (Table 1). There 

were no significant differences regarding SLA, LDMC or RWC. Microhabitat 

conditions (soil depth and convexity) did not differ between phenotypes 

(Table 1).  
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Phenotype Phenotype effect 

Shrub traits Tight Loose p-value 

Surface (cm
2
) 100.2 ± 19.5 100.7 ± 13.5 0.982 

Cover (%) 90.0 ± 0.7 55.5 ± 1.8 <0.0001 

Height (cm) 16.0 ± 0.45 9.0 ± 0.4 <0.0001 

Stem density (per 400 cm
2
) 140.2 ± 4.9 115.4 ± 3.8 <0.0001 

Terminal branch length 

(cm) 4.8 ± 0.25 3.6 ± 0.1 <0.0001 

Leaf area (mm
2
) 10.6 ± 1.1 6.5 ± 1.1 0.017 

SLA (m
2
 kg

-1
) 17.3 ± 0.9 16.9 ± 0.9 0.753 

LDMC (g kg
-1

) 212.1 ± 18.6 210.5 ± 17.6 0.951 

RWC 0.68 ± 0.02 0.67 ± 0.03 0.662 

    Microhabitat       

Convexity index class 3 with a 30% class 2 with a 35% 0.069 

Penetration depth (cm) 7.6 ± 0.3 8.3 ± 0.2 0.067 

 

Table 1. Functional traits and microhabitat measurements (mean ± 1SE, n = 10) of 

tight and loose phenotypes of the shrub Cytisus galianoi in the Sierra Nevada 

mountains, Spain. For convexity we used ranks (1 = very convex, 2 = convex, 3 = 

flat, 4 = concave, 5 = very concave) and estimated the highest frequency (shown as 

percentage). Significant differences of GLM (p-values) between the two phenotypes 

are shown in bold.  

The CA ordination revealed significant differences in species composition 

among microhabitats (Fig. 1a). The first axis was related to differences in 

community composition in the tight phenotype versus the other microhabitats. 

The second axis was related to differences between phenotypes. Three groups 

of subordinate species, characteristic for each of the three microhabitats, were 

identified with CA conducted on species scores (Fig. 1b). Group A included 

species of the tight phenotype with two herbs and the shrub G. versicolor. 

Group B included species of the loose phenotype, which were most abundant 

(Fig. S1a) and with the highest species richness (Fig. S1b), being therefore the 

most phylogenetically diverse group (Fig. S2). It included a mix of tall (e.g., 

Festuca indigesta and Armeria filicaulis) and short (e.g., Jurinea humilis and 
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Senecio boissieri) herb species. Group C included species characteristic of 

open areas with only two short herb species.  

 

Figure 1. CA diagrams of microhabitats (for loose and tight phenotypes and open 

areas n = 50). Panel (a) shows mean scores (± SE) of species composition for each 

microhabitat and panel (b) mean scores (± SE) for three species groups identified by 

the cluster analysis (see text for details). Microhabitat scores differed significantly 

along the first (p < 0.001) and two (p < 0.05) ordination axes. Different letters above 

indicate significant difference between microhabitats. 

Festuca indigesta showed 21% higher Fv/Fm values in the intact 

canopy of the tight phenotype than in the other patches, resulting in the only 

significant difference among sites (Fig. 2a). There was ca. 60% decrease in F. 

indigesta height in the removal treatments compared with intact canopies and 

open areas (Fig. S3a). There were no significant differences among patches in 

lateral spread (Fig. S3b). Festuca indigesta survival was 100% in control 

canopies and 75% in altered canopies of the tight phenotype, but there were 
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no differences in the loose phenotype or between phenotypes with canopies 

removed and open areas (Fig. 2b).  

 

Figure 2. Photosynthetic efficiency of photosystem II (Fv/Fm) of Festuca indigesta 

leaves (a), and survival (b), in five different patches, tight and loose canopies intact, 

tight and loose canopies removed, and open areas. Different letters indicate significant 

differences in Fv/Fm  (p < 0.001) and survival (p < 0.05). Values are mean ± 1SE; 

n=20. 

Regarding biomass (Fig. 3a) and leaf growth (Fig. 3b) the canopy 

effect was positive in both phenotypes whereas the soil effect was neutral and 

negative, respectively. There were significant differences for both biomass 

and leaf growth among mechanisms (p = 0.01 and p < 0.0001, respectively) 

but not between phenotypes (p = 0.93 and p = 0.55, respectively) and their 

interaction (p = 0.17 and p = 0.70, respectively). 



Differences in facilitation and its feedbacks effects 

88 

 

 

Figure 3. Relative differences (RII) in biomass (a) and leaf growth (b) of Festuca 

indigesta individuals growing within tight and loose phenotypes of Cytisus galiaoni. 

“Canopy” quantifies the effect of the C. galianoi canopy on the grass; “Cytisus” 

quantifies the net effect (canopy + soil) of the shrub on the grass; “Soil” quantifies the 

effect of the soil beneath the shrub on the grass. There were significant differences for 

both, biomass and leaf growth among mechanism (p = 0.01 and p < 0.0001, 

respectively) but not between phenotypes (p = 0.93 and p = 0.55, respectively) or 

their interaction (p = 0.17 and p = 0.70, respectively). Differences of RII from 0 (one 

sample t-tests) are indicated by (*) < 0.1, * < 0.05, ** < 0.01, *** <0.001; positive bar 

values indicate facilitation and negative values indicate competition. Values are 

means + SE; n=20. 

Cytisus galianoi tended to have lower Fv/Fm when Festuca was 

removed than control plants, and the loose phenotype tended to have lower 

Fv/Fm than the tight phenotype (Fig. 4a). There was a significant interaction 

“Phenotype x Removal of Festuca” regarding flower number, showing that 

Festuca removal increased the number of flowers in the tight phenotype but 

not in the loose (Fig. 4b). Finally, mean terminal branch of C. galianoi was 
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significantly heavier in the tight than in the loose phenotype and tended to 

increase after F. indigesta removal (Fig. 4c). 

 

Figure 4. Cytisus galianoi traits in control plants and in plants where one Festuca 

indigesta individual was removed. Measurements are photosynthetic efficiency of 

photosystem II (Fv/Fm; a), flower density (b), and terminal branch mass (c). 

Significant effects of phenotype (loose or tight), Removal of Festuca and their 

interaction are shown on the lower left part of panels when significant indicated by 

(*) p <0.1, ** p <0.01, and *** p < 0.001. Different letters indicate significant 

differences between treatments. Values are mean ± 1SE; n=20. 
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Discussion  

The foundation species, Cytisus galianoi, has tight and loose canopy 

phenotypes which apparently do not affect understory microhabitats 

differently, but host clearly differentiated subordinate plant communities. 

There were differences regarding community composition and biomass 

between the two phenotypes, as well as physiological effects on subordinate 

species. The tight phenotype showed facilitation; however, this positive effect 

also had a negative feedback on C. galianoi. This negative feedback may 

actually be behind C. galianoi canopy change from tight to loose, as it means 

reducing facilitation costs. The plant community hosted by the loose 

phenotype showed higher species richness, higher plant abundance, and more 

phylogenetic diversity than the tight phenotype. Eventually, negative 

feedbacks may lead to the demise of the facilitator individual in a process 

which highlights the relevance of the subordinate community acting as driver 

of change. 

Functional traits, environment and community composition 

Facilitator species modify microhabitats beneath their canopies influencing 

growth and survival of beneficiary species (Brooker & Callaway 2009; 

Cavieres & Badano 2009; Anthelme et al. 2014). For example, they can 

buffer temperature extremes, reducing summer heat shock, transpiration, and 

soil moisture evaporation, as well as preventing frost damage (Körner, 2003). 

Canopy functional traits may be proxies for microhabitat changes (Schöb et 

al., 2012) and serve as indicators of plant interaction outcome. In our case, 

both C. galianoi phenotypes showed differences in functional traits such as 

height, stem density, or terminal branch length, and we assume that such 

variation led to differences in subordinate community composition. Similar to 

Michalet et al. (2011), our results showed that beneath loose phenotypes 

thrived a dense community with higher species richness than under the tight 
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phenotype. Such microhabitat differences, and parallel changes in subordinate 

communities could be due to ontogeny (Pugnaire et al., 1996c; Lozano, 

2014), genotypic variability (Crutsinger et al., 2010; Al Hayek et al., 2014) or 

plasticity (Schöb et al., 2013), which increase community diversity through 

niche complementarity (Jones et al., 1994a).  

Reciprocal effects  

Many mechanisms with which shrubs promote the establishment of other 

plants have been linked to plant age and canopy size (Pugnaire et al., 1996c; 

Callaway, 2007) which affect soil chemical and physical properties 

underneath, increasing fertility compared to open areas (Pugnaire et al., 

2004). We found that the strongest facilitation effect of C. galianoi on F. 

indigesta was linked to canopy type (the tight phenotype). However, 

understory soil had a negative effect on leaf growth and a neutral effect on 

biomass, whereas the net balance of both, soil and canopy (i.e., the overall 

Cytisus effect) had only a positive effect in the loose phenotype. In addition, 

F. indigesta individuals growing within tight phenotypes showed higher 

Fv/Fm, which can indirectly be linked to higher photosynthetic rates and daily 

carbon gain (Monje & Bugbee, 1998; but see Baker, 2008). Canopies buffered 

temperature and increased relative humidity compared to open areas (7.83 ± 

0.47% decrease in temperature and 16.04 ± 0.76% increase in relative 

humidity; Pistón et al. Chapter 1) which resulted in higher F. indigesta 

growth. The lower abundance and species richness under the tight phenotype 

could be related to the shading effect of the canopy.  

Cost of facilitation  

Reciprocal interactions have been rather overlooked in facilitation studies so 

far (but see e.g., Pugnaire et al., 1996c; Schöb et al., 2014a; Schöb et al., 

2014b). The facilitation concept has an unidirectional origin (Bertness & 

Callaway, 1994) but plant-plant interactions are bi-directional. Where the 
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beneficiary species neither harm or benefit the facilitator, the interaction 

would be neutral (Rodríguez-Echeverría et al., 2012; Martínez-García et al., 

2013); however, if the cost of hosting other species outweighs facilitator 

benefits, we can expect either niche divergence or, ultimately, the demise of 

the facilitator (Fig. 5) (Aguiar & Sala, 1999; Bronstein, 2009). In our case, we 

found weak feedback effects between facilitator and facilitated species, 

although there was a general trend to negative effects of F. indigesta on C. 

galianoi due to competition and a benefit on Fv/Fm in the loose phenotype. 

Decreased terminal branch mass was also likely a consequence of competition 

for resources (Pugnaire et al., 2011), whereas increased Fv/Fm might be a 

consequence of shading and improved soil water balance (Monje & Bugbee, 

1998). Schöb et al. (2014c), analyzing reciprocal effects between Arenaria 

tetraquetra and subordinate species found a facilitator cost for hosting 

beneficiaries, which increased with increasing beneficiary cover. These data 

suggest that costs and benefits of facilitator species are not only species-

specific, but depend on traits of both facilitator and facilitated species. 

 

Figure 5. Diagram showing the possible dynamics between the two Cytisus galianoi 

phenotypes (modified from Aguiar & Sala, 1999). As the shrub grows (building 

phase) promotes both seed accumulation and seedling establishment. As grasses are 

established, competition between the grasses overshadows facilitation by the shrub. 

The shrub begins to collapse (degenerative phase) and canopy protection disappears. 

When the shrub dies, the remnant grass individuals form the scattered-subordinate 

community.  
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Conclusion 

Our data highlight the importance of plant interactions for trait selection in 

facilitator-facilitated species, and stress the relevance of feedback effects of 

the subordinate community as driver of change in cushion morphology and, 

ultimately, leading to complementarity effects at the whole community level. 
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Appendix C. Supplementary material.  

 

 

Figure C1. Plant abundance (a) and species richness (b) in subordinate communities 

growing within the tight and loose phenotypes of Cytisus galianoi shrubs and in open 

areas. In panel (a) abundance is split into three groups identified in the cluster analysis 

on species scores (Fig. 1). Different letters show differences among microhabitats 

(tight, loose, open) within each group (a) or variable (b). Values are means ± SE; 

n=50. 
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Figure C2. Phylogenetic diversity (Myr) within tight and loose (solid dots) 

phenotypes of Cytisus galianoi and open areas (clear dot). Different letters indicate 

significant differences among microhabitats (p < 0.001). Values are mean ± 1SE; 

n=50. 

 

 
 

Figure C3. Growth rate (final value - initial value) / (initial value) of Festuca 

indigesta based on height (a) and lateral spread (b) in five patches. Different letters 

indicate significant differences among patches (p < 0.05). Values are mean ± 1SE; 

n=20. 
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Abstract 

Patterns of relatedness among species have been used to infer processes 

governing species assemblages. Although abiotic processes alter the trait 

distribution of both community and species, empirical tests of the effects of 

biotic interactions on plant trait variation remain uncommon. Ultimately, the 

sign and intensity of species interactions may shift over the lifetime of a plant 

and these ontogenetic shifts appear to be context-dependent. Thus, we wanted 

to evidence how interaction intensity changes with phylogenetic relatedness, 

from early stages to survival and reproduction. For this purpose we created an 

environmentally uniform outdoor field site in southeastern Spain in order to 

avoid confounding effects and analyzed the outcome of plant interactions 

between annual species growing with conspecifics, close-, medium- and 

distantly-related species. We found that competition was less intense between 

distant relatives than between species with increasing degree of relatedness. 

As a consequence, there was higher survival and number of flowers in far- 

than close- related species or the intraspecific treatment. We found a high 

variance difference in intraspecific interaction and the other treatments 

regarding no. of leaves, showing this trait responded plastically to 

competition. Plastic responses were apparent across life stages but for the first 

and last stages, which highlights the need to incorporate multiple life stages 

when assessing the factors contributing to individual survival and species 

coexistence.  
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Introduction 

A primary goal of ecology is to understand processes such as interactions 

governing species coexistence. Interactions are dependent on trait differences 

between species (Albert et al., 2010a; Albert et al., 2010b; Jung et al., 2010), 

which have been shown to covary with phylogenetic similarity (Cavender-

Bares et al., 2009; Pellissier et al., 2013; Yang et al., 2014). Patterns of 

relatedness among species thus have been used to infer processes governing 

species assemblages (Webb et al., 2002; Silvertown et al., 2006; Prinzing et 

al., 2008). Two opposing forces affect coexistence: abiotic conditions, which 

cause trait clustering due to habitat affinities of closely related species 

(Soliveres et al., 2012a; Pistón et al., 2015) and biotic interactions such as 

competition, which is strongest at small spatial scales preventing close 

relatives from co-occurring and lead to trait overdispersion (Webb et al., 

2002). However, some studies pointed out the possibility that when 

competition is an important assembly process it may differentially exclude 

distantly related species (Chesson, 2000; Mayfield & Levine, 2010; Godoy et 

al., 2014). Thus, although abiotic filtering alters both community- and 

species-level trait distribution, empirical tests of the effects of biotic 

interactions on plant trait variation remain uncommon (Burns & Strauss, 

2012). 

Ecological traits are conserved along phylogenetic lineages leading to 

niche conservatism (Blomberg et al., 2003; Wiens & Graham, 2005). But in 

the analysis of community assembly, either important traits could be 

overlooked or uninformative traits be included in the study, thus reducing our 

ability to explain patterns of species coexistence. Limitations of trait-based 

measures were the reason for using phylogenetic approaches; it is assumed 

that the phylogeny may represent unmeasured traits better than a limited 

number of measured traits (Helmus et al., 2007; Mouquet et al., 2012). 

Moreover, different traits may show differing amounts of conservatism and 
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convergence/divergence along phylogenies (Blomberg et al., 2003; Cavender-

Bares et al., 2006). Thus, phylogenies and measured traits may represent 

different aspects of a species’ ecology and it is advisable to use both 

approximations to address species coexistence (Cadotte et al., 2013). 

Using phylogenetic distance among competitors may be a good 

predictor of plant success under competition (Webb et al., 2006; Castillo et 

al., 2010). Ultimately, sign and intensity of species interactions may shift over 

the lifetime of a plant (Gonzalez et al., 2010; Uriarte et al., 2010; Lebrija-

Trejos et al., 2013; Zhu et al., 2015), these ontogenetic shifts being context-

dependent (Schiffers & Tielbörger, 2006; le Roux et al., 2013). Therefore, 

attempts to explain species coexistence must integrate species interactions 

across all life stages (Comita & Hubbell, 2009; Trinder et al., 2012; Trinder et 

al., 2013). This changing scenario may explain why different studies report 

contradictory shifts in a phylogenetic context, because the outcome of studies 

may depend on the life stage of target species (Webb et al., 2006; Swenson et 

al., 2007; Buckley et al., 2010; Zhu et al., 2015).  

Here we wanted to address how ontogenetic shifts in species 

interactions vary with relatedness of the interacting species. In other words, 

we wanted to quantify changes in the intensity of species interactions with 

phylogenetic relatedness from early stages to survival and reproduction. For 

this purpose we created an environmentally uniform outdoor field site in 

southeastern Spain in order to avoid confounding effects and analyzed the 

outcome of plant interactions between annual species growing with 

conspecifics and closely, mid- and distantly-related species. We hypothesized 

that under the same environmental conditions, ontogenetic shifts towards 

negative interactions would occur among closely related species, in contrast to 

distantly-related species which shift towards positive interactions. 
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Methods 

Field site, species and experimental setup 

The experiment was conducted between December 2011 and April 2012 in 

the Rambla del Saltador valley, on the southern slope of the Sierra de Filabres 

range in Almería, Spain (37º08’N 2º22’W, 630 m altitude). The Rambla del 

Saltador valley has a semiarid climate with a pronounced dry season from 

May to September with almost no rain. Mean annual temperature is 17.9 ºC 

and mean annual precipitation is 235 mm, mild winter temperatures (mean 

minimum temperature of 4.1ºC) and hot summers (average maximum 

temperature of 34.7ºC) (Lázaro et al., 2001). Extreme air temperatures above 

45ºC and below freezing temperatures are not uncommon in the hottest and 

coldest months, respectively (Spanish National Meteorological Institute 

2012). The valley bottom is filled with alluvial deposits on mica schist 

bedrock with low organic matter and low nutrient concentrations (Pugnaire et 

al., 1996c). This area is dominated by Retama sphaerocarpa (L.) Boiss 

(Fabaceae) shrubs, with a density of 500 plants/ha and a perennial cover of ca. 

40%, with open areas between shrubs almost bare except in winter-spring, 

when they are covered by annuals (Pugnaire et al., 1996b). For the experiment 

we fenced a homogeneous 5x5 m plot without perennial species. To reduce 

environmental heterogeneity we homogenized the topsoil by removing soil 

from the first 20 cm. Soil was thoroughly mixed, sieved to remove stones, and 

replaced in the plot. 

We selected nine annual plant species from the local species pool and 

collected seeds from many mother plants at the field site the year prior to the 

experiment. Seeds were cleaned and mixed, and finally stored in a cold, dry 

place until use. Before sowing, seeds were counted in the laboratory and 

disinfected with 75% ethanol for two minutes. Seeds were sown in the field 

and watered with 100 ml of distilled water per plot every 2 weeks over 6 



Ontogenetic shifts in annual plant interactions 

104 

 

weeks. Plants other than our target species appearing in the plot were removed 

frequently.  

We established 170 15x15 cm plots which were randomly allocated to 

each of 4 interaction treatments and 81 5x5 cm plots for controls. In each plot, 

each species either grew alone (i.e., control with only 1 individual), with the 

same species (intraspecific interaction), and with other species selected by 

phylogenetic relatedness, i.e. ‘close’ for individuals of other species in the 

same genus (e.g., M. minima + M. truncatula), ‘medium’ for individuals of 

species in the same family (e.g., B. rubens + L. rigidum) and ‘far’ for 

individuals of species from different families (e.g., M. minima + B. rubens). 

We replicated each interaction treatment 10 times except the control that was 

replicated 9 times. 

In each plot we sowed 50 seeds, 25 seeds of each species in plots with 

two species and 50 in single-species plots. For ‘control’ plots we sowed 

several seeds in a 5x5 cm plot and weeded to leave 1 individual per plot.   

Plots were regularly distributed within the experimental area and 

randomly assigned to treatments (Fig. 1). Plots were covered with a fine mesh 

until emergence to avoid dispersal and contamination with foreign seeds 

(Ariza & Tielbörger, 2011).  
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Fig. 1. Experimental site of 25 m2 after mixing the soil and removing all stones and 

reallocating the soil. Plots were distributed regularly and we randomly assigned them 

treatments. Plots were covered with organza until cotyledon germination to avoid 

dispersal and contamination with foreign seeds.  

Seeds of five of the nine species did not germinate, and the four 

remaining species were Bromus rubens L. (Poaceae), Lolium rigidum Gaudin 

(Poaceae), Medicago minima (L.) L. (Fabaceae) and Medicago truncatula 

Gaertn. (Fabaceae).  

To evaluate interaction outcome through time, we recorded the 

number of individuals per plot and per species and as well as number of 

leaves, length of mature leaves (starting on census 3), plant height, number of 

flowers, number of fruits (although there were few and we did not have 

enough replicates for statistical tests) on individuals in every plot fortnightly 

(i.e, 5 censuses over 10 weeks). At the end of the experiment we harvested 

plants by species and averaged specific leaf area (SLA) and aboveground 

biomass; following Cornelissen et al. (2003), we selected mature and healthy 

leaves which were fully rehydrated before leaf area determinations. All 

samples were oven-dried at 70 ºC for 72 h and weighed.  
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We recorded these traits because the production and maintenance of 

leaves (i.e., total number of leaves through time) is one of the mechanisms by 

which plants compete and has also a direct link to resource capture (Trinder et 

al., 2013); leaf length has an important influence on the energy balance of the 

plant and is associated with reproductive morphology (Parkhurst & Loucks, 

1972; Ackerly, 1998; Ackerly, 2009); height is the dominant factor 

influencing access to light, which is the major driving force affecting not only 

photosynthetic activity, but also leaf temperature, water status, and other 

physiological processes (Falster & Westoby, 2003; Valladares & Niinemets, 

2007). SLA is generally associated with photosynthetic capacity, relative 

growth rate and leaf longevity (Cornelissen et al., 2003) and increases in 

response to increasing temperatures and decreasing light availability (Poorter 

et al., 2009); it is positively correlated with soil N (Ordoñez et al., 2009) and 

negatively with leaf longevity and resource-use efficiency (Wright et al., 

2004); flowers and fruits indicated the reproductive output and, finally, we 

also measured herbivory as an estimate of disturbance (Weiblen et al., 2006; 

Berendse et al., 2007).   

Net interaction outcome and phylogenetic relatedness 

We measured net interaction outcome (using data from the last census) in 

treatments as trait differences of individuals growing in competition and 

growing alone. We used the Relative Interaction Index (Armas et al., 2004) as 

RII = (Binteraction – Balone) / (Binteraction + Balone), where B is the trait of individuals 

growing in competition (Binteraction) or alone (Balone). This index has positive 

values indicating facilitation among individuals growing together and 

negative values indicating competition when individuals grow better alone. 

Zero RII values indicate neutral interaction among individuals.  
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Assessing trait variation through time 

To characterize interaction dynamics and trait values and how they might 

contribute to survival, we analysed trait changes through time (i.e., no. of 

leaves and height from censuses 1 to 5, and leaf length from census 3 to 5.  

Statistical analysis 

We used one-way ANOVA to test whether phylogenetic grouping was more 

important than random differences between species. We specifically 

compared the magnitude of RII values within groups of phylogenetic 

relatedness. We checked if RII for the two grass species, L. rigidum and B. 

rubens, was significantly different from RII of the two legume species, M. 

minima and M. truncatula. If differences were non-significant we assumed 

that differences between clades were as important as differences between 

species, and therefore we could assume that the effects of phylogenetic 

relatedness were not driven by species-specific interactions. 

We then determined whether phylogenetic relatedness predicts 

survival and the net interaction outcome in mature individuals. We calculated 

survival as percentage of individuals at the last census divided by maximum 

number of germinated seeds. We used phylogenetic relatedness as fixed factor 

and number of individuals in each plot as co-variable. We treated species as 

random effects. Appropriate checks and corrections were made for the 

requirements of homogeneity of variances and normality of residuals to be 

met. Post-hoc differences were examined with LSD Fisher test corrected by 

Bonferroni for multiple-comparisons.  

Additionally, we analysed trait changes across ontogeny (in census 3-

5). We performed a general mixed model using phylogenetic relatedness as 

fixed factor and number of individuals in each plot as co-variable; we 

included the compound symmetry as the temporal correlation model and 

covariance structure (Zuur et al., 2009) including species within plot within 
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phylogenetic relatedness as the unit repeatedly measured in time. We also 

checked homogeneity of variances and normality of residuals requirements. 

Data were analyzed using lme (Pinheiro et al., 2015) in R (http://www.r-

project.org/) interfaced by InfoStat statistical software version 2014 

(http://www.infostat.com.ar/). 

Results 

We found that, comparing clades, differences in RII between species within a 

clade were not significant for individual biomass (n = 17; p-value = 0.62), 

height (n = 16; p-value = 0.33), leaf length (n = 16; p-value = 0.24), no. of 

leaves (n = 16; p-value = 0.46) nor no. of flowers (n = 16; p-value = 0.23) and 

thus RII differences between clades were more (or equally) important than 

species-specific differences.  

Plants growing with far-related species survived at higher percentages 

than those in the ‘intraspecific’ treatment; survival in the ‘close’ and 

‘medium’ relatedness treatments were in between. Overall, survival of plants 

growing with far relatives reached up to 55.8% compared to 52.64 and 

48.49% in the ‘medium’ and ‘close’ relatedness treatments,  and  41.5% in the 

intraspecific treatment (Fig. 2).  

 

Fig. 2. Survival percentage (mean + SE) for the four interaction treatments: 

intraspecific (n = 33), close (n = 16), medium (n = 8) and far (n = 15). The effects of 
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the treatment was non-significant (p = 0.12). Different letters indicate post-hoc 

differences among treatments.  

The results of net interaction outcome for individual mass and no. of 

flowers indicated that net interactions were always competitive and that there 

were significant differences among treatments. We found higher competition 

intensity regarding biomass between far relatives compared to ‘medium’ and 

‘intraspecific’ treatments with close relatives displaying intermediate values 

(Fig. 3a). On the other hand, competition intensity for no. of flowers was 

higher between close relatives than in medium and far relatives, and plants in 

intraspecific interaction displayed intermediate values (Fig. 3b). We did not 

find significant differences of interaction intensity on SLA a (see Fig. S1 in 

Supporting Information).  

 

Fig. 3. RII biomass per individual (a) and RII no. of flowers (b) (mean ± SE) for the 

four interaction treatments: intraspecific (n = 33), close (n = 16), medium (n = 8) and 

far (n = 15). The effects of the treatment were marginally significant for RII biomass 

per individual (p = 0.07) and significant for RII no. of flowers (p = 0.05). Different 

letters indicate post-hoc differences among treatments. Results of one sample t-tests 

on RII differences from 0 are indicated above errors, ** < 0.01, *** <0.001; positive 

values indicate facilitation and negative values indicate competition. 

Finally, studying the dynamics of plant interactions across life stages, 

we found that one trait, no. of leaves (Fig. 4), but not leaf length (Fig. S2) 

neither height (although marginally significant; Fig. S3), showed a significant 

Time x Phylogenetic relatedness interaction. One phylogenetic relatedness 

treatment was responsible of such significant interaction; the medium 
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relatives. All treatments tended to reduce RII leaf length trough time while 

increase RII no. of leaves. No. of leaves competition intensity changed from 

strongly negative RII values at the first census to weakly negative RII values 

at the last census. Moreover, intraspecific competition was the harsher for the 

no. of leaves at third and fourth census showing significant differences 

compared with the rest of treatments.  

 

Fig. 4. RII no. of leaves (mean ± SE) for the four competition treatments: 

intraspecific, close, medium and far (n = 9-32). The effects of the time (p < 0.0001), 

treatment (p < 0.0001) and the interaction of both factors (p = 0.05) were significant. 

Different letters indicate post-hoc differences among treatments. Results of one 

sample t-tests on RII differences from 0 are indicated above errors, ** < 0.01, *** 

<0.001; positive values indicate facilitation and negative values indicate competition. 

Discussion 

Our data showed that competition was, overall, less intense between distantly 

related species than in other treatments with closer relatives. As a 

consequence, there was higher survival and more flowers in far- than close 

relatives or in the intraspecific treatment. We also found a high variance in the 

interaction between intraspecifics and other treatments concerning no. of 

leaves, suggesting that this trait responded plastically to competition. Plastic 

changes were apparent across plants life stages except for the first and last 
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stages, which highlight the need to incorporate multiple life stages when 

assessing factors contributing to individual survival and species coexistence. 

Plant performance and survival  

Plant survival and growth were expected to vary depending on phylogenetic 

relatedness of species in a community. Some studies have shown that seedling 

establishment increases in presence of distantly related species compared to 

closely related species (Webb et al., 2006; Castillo et al., 2010) as they might 

reduce niche overlap and reduce potential competition (Valiente-Banuet & 

Verdú, 2008). It is not always the case and, for example, Lebrija-Trejos et al. 

(2013) showed the opposite with seedlings in a moist tropical forests in 

Panama, where survival tended to increase in the presence of closely-related 

neighbours while distantly-related neighbours did not affect survival.  

In terms of plant performance and survival, most reports support the 

idea of higher probability of positive interactions among distantly-related 

species than in closely-related species (e.g., Valiente-Banuet et al., 2006; 

Valiente-Banuet & Verdú, 2007; Verdú et al., 2012) although  recent reports 

showed the opposite (Cahill et al., 2008; Godoy et al., 2014). Our results 

showed that competition was less intense between distantly related species, 

overall showing higher survival and less negative effects on no. of flowers 

than pairs of close relatives. This supports the idea that distant relatives are 

more likely to coexist than closely-related species, probably due to higher 

niche differences (Valiente-Banuet & Verdú, 2007; Violle et al., 2011; Verdú 

et al., 2012) and/or through indirect interactions by avoiding shared pests and 

host-specific belowground enemies (Van der Putten, 2009; Castagneyrol et 

al., 2014; Parker et al., 2015).  

Trait plasticity  

Recent studies claim the importance of testing multiple life stages when 

assessing species coexistence and survival (e.g., Trinder et al., 2012; Lebrija-



Ontogenetic shifts in annual plant interactions 

112 

 

Trejos et al., 2013; Trinder et al., 2013; Zhu et al., 2015). Plants change along 

ontogenetic development and these changes may be permanent or transient 

(Baldwin, 1999; Pearcy, 1999). The production and maintenance of leaves is 

one mechanism by which plants compete and capture resources (Trinder, 

Brooker & Robinson 2013); we found that competition effects on no. of 

leaves varied among treatments through time in a way that intraspecific 

competition was harsher at third and fourth census compared with other 

treatments; however, the significant interaction Time x Phylogenetic 

relatedness was mainly a consequence of changes in the ‘medium’ treatment. 

Medium relatives increased competition intensity in no. of leaves at the fourth 

stage and decreased at the last; both species forming this treatment belonged 

to the family Poaceae, which are known to have trait conservatism to soil 

resources (e.g. adventitious root growth and high root allocation) and 

regrowth following grazing (e.g. basal meristem and high root allocation) 

(Coughenour, 1985; Chase, 2004). This suggests that these species could be 

able to respond better than the other selected species to aboveground and 

belowground processes (Bennett & Cahill, 2013) 

Conclusion 

Few studies have tested empirically how phylogenetic relatedness affects 

species interactions through trait similarity (Pearse & Hipp, 2009; Violle et 

al., 2011). Some of them pointed out, however, that plant ontogenetic shifts 

can be dependent on environmental conditions (e.g., Schiffers & Tielbörger, 

2006; le Roux et al., 2013). Our approach included critical issues that have 

been overlooked in previous studies: multiple direct measurements of the 

process of competition as opposed to indirect mechanisms of competitive 

outcomes, and a consideration of temporal dynamics. Overall our results show 

that ontogenetic changes in species interactions depend on their phylogenetic 

relatedness and strongly affect interaction outcome.  
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Appendix D. Supplementary material.  

 

Figure D1. RII SLA (mean ± SE) for the four interaction treatments: intraspecific (n = 

25), close (n = 12), medium (n = 5) and far (n = 13). The effect of the treatment was 

non-significant (p = 0.23). Results of one sample t-tests on RII differences from 0 are 

indicated above errors, * < 0.05; positive values indicate facilitation and negative 

values indicate competition. 

 

 

Figure D2. RII leaf length (mean ± SE) for the four competition treatments: 

intraspecific, close, medium and far (n = 11-31). The effects of time (p = 0.05) was 
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significant while treatment (p = 0.10) and their interaction (p = 0.15) were non-

significant. Different letters indicate post-hoc differences among treatments. Results 

of one sample t-tests on RII differences from 0 are indicated above errors, ns > 0.1, 

(*) < 0.1, * < 0.05, ** < 0.01, *** <0.001; positive values indicate a positive effect 

and negative values indicate a negative effect on leaf length. 

 

 

Figure D3. RII height (mean ± SE) for the four interaction treatments: intraspecific, 

close, medium and far (n = 9-32). The effects of time were significant (p < 0.0001), 

whereas the effects of treatment (p = 0.58) was not significant and their interaction (p 

= 0.09) was marginally significant. Different letters indicate post-hoc differences 

among treatments. Results of one sample t-tests on RII differences from 0 are 

indicated above errors, ns > 0.1, * < 0.05, ** < 0.01, *** <0.001; positive values 

indicate facilitation and negative values indicate competition. 
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1. Composition of subordinate communities differed among shrubs and among 

sites, and correlated with relative humidity, showing the dependence of 

subordinate species on the micro-environments created by the different shrub 

species.  

2. There was a positive effect of shrubs on overall plant abundance, and species 

richness prevailed in the most severe parts of the gradient, while under 

relatively milder conditions shrub effects were mostly neutral or negative. 

Such effects differ with shrub identity. 

3. Where microhabitat differences were more extreme, shrub species had 

complementary effects, promoting whole-community species richness and 

phylogenetic diversity. Such complementary effect is absent at sites of low 

environmental severity where individual shrub species has non-significant or 

negative effects on species richness and/or abundance. 

4. There is environmental context-dependence in patterns of phylogenetic 

similarity, as interaction outcome depends on species relatedness.  

5. Both phenotypes of Cytisus galianoi showed facilitation effects on the species 

Festuca indigesta but the tight phenotype received a negative feedback. By 

contrast, the loose phenotype showed higher species richness, plant 

abundance, and more phylogenetic diversity than the tight phenotype, but no 

negative feedback. This suggests that negative feedback effects of the 

subordinate species may cause a phenotype change from tight to loose. 

6. Competition was, overall, less intense between distantly related species 

compared with the rest of treatments differing in degree of relatedness under 

homogeneous environmental conditions.  

7. Ontogenetic changes in species interactions depend on their phylogenetic 

relatedness. Therefore, there is a need to incorporate multiple life stages when 

assessing factors contributing to individual survival and species coexistence. 
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1. La composición de la comunidad de subordinadas fue distinta entre 

arbustos y sitios y estaba relacionada con la humedad relativa del micro-

hábitat a lo largo del gradiente mostrando así la dependencia de estas especies 

a las condiciones creadas por los arbustos. 

2. Los efectos positivos de los arbustos sobre la abundancia y riqueza de 

especies subordinadas prevalecieron en las partes más severas del gradiente, 

mientras que bajo condiciones relativamente suaves, los efectos fueron 

neutros o negativos. Estos efectos fueron además dependientes de la identidad 

del arbusto. 

3. En las comunidades donde las diferencias en micro-hábitat fueron más 

extremas y donde al menos un arbusto presentaba efectos positivos sobre la 

comunidad de subordinadas, las especies de arbustos tenían efectos 

complementarios sobre la riqueza y diversidad filogenética a nivel de 

comunidad. Sin embargo, estos efectos desaparecían en sitios de baja 

severidad ambiental donde los arbustos tenían un efecto neutro o negativo 

sobre la abundancia y riqueza de subordinadas. 

4. Los patrones filogenéticos fueron dependientes del ambiente ya que el 

resultado de la interacción entre especies cercanas y la nodriza variaba a lo 

largo del gradiente. 

5. Ambos fenotipos de Cytisus galianoi mostraron facilitación sobre la 

especie Festuca indigesta pero el fenotipo compacto sufría un coste por dicha 

facilitación. Por el contrario, el fenotipo abierto mostró mayor riqueza y 

abundancia de especies y mayor diversidad filogenética y no sufría ningún 

coste. Esto sugiere que los costes de facilitación pueden ser la causa del 

cambio de fenotipo compacto a abierto. 

6. La competencia fue más intensa entre especies lejanas en la filogenia 

comparada con el resto de tratamientos dependiendo de la similitud 

filogenética entre plantas en condiciones ambientales homogéneas. 
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7. Los cambios en las interacciones entre plantas a lo largo de la ontogenia 

dependen de su relación filogenética entre ellas. Por tanto, existe una 

necesidad de incorporar múltiples etapas del ciclo de vida para evaluar los 

factores que contribuyen a la supervivencia y coexistencia entre especies. 
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