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RESUMEN ABREVIADO 

El cambio climático está alterando la estructura y funcionamiento de los ecosistemas 

terrestres en todo el mundo, provocando importantes cambios en su composición y diversidad. 

Estos efectos son especialmente significativos en las áreas más sensibles al aumento de la 

temperatura y los cambios en los patrones de precipitación, como es el caso de las zonas 

áridas y semiáridas. La costra biológica del suelo (CBS) –comunidad formada por musgos, 

líquenes, bacterias, hepáticas, algas y hongos que se desarrolla sobre la superficie del suelo– 

es uno de los componentes bióticos principales de los ecosistemas áridos y semi-áridos, donde 

ejerce un amplio control sobre múltiples procesos que determinan su estructura y 

funcionamiento. Es por ello que la CBS puede ser usada como modelo de estudio para 

observar los cambios producidos por el cambio climático en las comunidades de zonas áridas 

y semiáridas y en en el funcionamiento de estos ambientes. 

En el capítulo I estudiamos cómo el incremento de la temperatura y la reducción de 

las precipitaciones predichos por los actuales modelos de cambio climático afectarán a la 

estructura y composición de la CBS, así como al funcionamiento de sus principales 

constituyentes. Para ello evaluamos la respuesta de los líquenes y musgos que forman parte de 

la CBS a un aumento de temperatura de 2.4ºC y a una reducción de precipitación de 

aproximadamente un 30% en la precipitaciones anuales utilizando un experimento 

manipulativo de campo situado en Aranjuez (Madrid).  El calentamiento provocó una 

importante disminución de la riqueza y diversidad de las comunidades de CBS tres años 

después del comienzo del experimento en las áreas con alta cobertura de CBS. Esta respuesta 

se debió fundamentalmente a la disminución de la cobertura de líquenes, ya que en los 

briofitos se encontró una tendencia al aumento de su cobertura con el calentamiento.  Por 

último se observó un incremento en el indice Fv/Fm de la CBS durante el primer año de 

calentamiento que nos indicaría una mayor eficiencia del proceso fotosintético de la CBS 
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durante este año. Este patrón no se encontró sin embargo, ante la disminución de la 

precipitación. 

En el capítulo II evaluamos la respuesta de las comunidades microbianas asociadas a 

zonas de alta cobertura de CBS al incremento de temperatura predicho por los modelos de 

cambio climático. Para ello realizamos un experimento de campo de calentamiento (2ºC de 

incremento) en una repoblación de Pinus halepensis situada en Sax (Alicante), donde 

evaluamos la respuesta de las comunidades de CBS y microbianas a dicho incremento de 

temperatura. Como en el capítulo anterior, observamos que el calentamiento provocó 

importantes reducciones en la riqueza y cobertura de las comunidades de costra biológica 52 

meses después del inicio del experimento. Sin embargo, no observamos ningún efecto 

significativo del calentamiento en las comunidades microbianas en su conjunto ni en los 

principales grupos funcionales (Gram +, gram -, hongos, actinomicetes, bacterias totales, ratio 

hongos: bacterias). El calentamiento aumentó el índice de “hambruna” de las comunidades 

microbianas, una respuesta modulada por el nivel de desarrollo de la CBS y la distancia al 

individuo de P. halepensis más cercano. 

En el capítulo III analizamos el efecto del calentamiento y la reducción de la 

precipitación sobre las comunidades de costra biológica en dos zonas de la Península Ibérica 

(Aranjuez y Sorbas), y el efecto directo e indirecto de dichos cambios en el ciclo del carbono. 

Para ello se replicó el experimento situado en Aranjuez en Sorbas (Almería). El incremento de 

la temperatura provocó incrementos significativos en la respiración del suelo y redujo la 

fijación neta de CO2 en el suelo en aquellas áreas dominadas por la CBS. Además, se 

observaron que las pérdidas de cobertura de CBS debidas al calentamiento se relacionaban 

directamente con importantes incrementos de C recalcitrante en el suelo, y con el aumento de 

la abundancia de hongos respecto a la de bacterias.  



3 
 

En el capítulo IV se evaluó más en detalle el efecto del incremento de temperatura y 

la reducción de la precipitación en la respiración del suelo en Aranjuez. Para ello evaluamos 

el efecto de la CBS, del incremento de la temperatura y de la reducción de la precipitación en 

la dinámica de la respiración del suelo en un año seco (2009) y otro húmedo (2010). La 

respiración del suelo fue sustancialmente menor en el año seco respecto al húmedo, siendo a 

su vez siempre mayoritaria en las zonas sometidas a calentamiento y con alta cobertura de 

CBS. También observamos que la CBS moduló el efecto de la reducción de la precipitación 

en la cantidad de C emitido, siendo éste menor respecto a las zonas controles en aquellas 

parcelas con poca cobertura de CBS, y mayor en las de alta cobertura. De manera global se 

observó que el incremento de temperatura incrementaba las tasas de respiración del suelo, los 

valores de Q10 y las emisiones anuales de C a la atmosfera en las zonas de alta cobertura de 

CBS, especialmente durante el año húmedo. 

En el capítulo V se analizó la respuesta del ciclo del N a un aumento de temperatura 

de 2.5ºC y a una reducción de precipitación de aproximadamente un 30% en la 

precipitaciones anuales utilizando el experimento manipulativo de campo situado en 

Aranjuez. También evaluamos cómo los cambios en las comunidades microbianas y en el 

desarrollo de la CBS fruto de la manipulación experimental pueden  tener efectos directos o 

indirectos en dicho ciclo. Se observó que la dinámica del nitrógeno variaba en función del 

calentamiento y la reducción de la precipitación. Así como que incrementos en la diversidad 

funcional de las comunidades microbianas, y la reducción en la cobertura de costra, afectaba 

negativamente a la resistencia del ciclo del nitrógeno. 
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SUMMARY (ENGLISH VERSION) 

Climate change is profoundly impacting the structure and functioning of terrestrial 

ecosystems worldwide, causing significant changes in their composition and diversity. These 

effects are especially significant in those areas particularly sensitive to increases in 

temperature and changes in precipitation patterns, such as arid and semi-arid areas. Biocrusts, 

a complex and highly specialized community composed of cyanobacteria, algae, mosses, 

liverworts, fungi, bacteria and lichens that live in the uppermost millimeters of the soil surface 

are key biotic components of dryland ecosystems worldwide that control many functional 

processes, including carbon and nitrogen cycling, soil stabilization, and infiltration. Biocrusts 

can be used as a model system to observe changes caused by climate change in these 

communities and consequently in ecosystem functioning. 

In Chapter I, we used a manipulative experiment conducted over three years in a 

semi-arid site from central Spain to evaluate how the composition, structure and performance 

of lichen-dominated biocrusts respond to a 2.4 ºC increase in temperature, and to a ~30% 

reduction of total annual rainfall. In areas with well developed biocrusts, warming promoted a 

significant decrease in the richness and diversity of the whole biocrust community. This was 

accompanied by important compositional changes, as the cover of lichens suffered a 

substantial decrease with warming (from 70% to 40% on average), while that of mosses 

increased slightly (from 0.3% to 7% on average). The physiological performance of the 

biocrust community, evaluated using chlorophyll fluorescence, increased with warming 

during the first year of the experiment, but did not respond to rainfall reduction. 

In Chapter II, we report results from a field experiment conducted in a semiarid 

Pinus halepensis afforestation from SE Spain, where we have experimentally increased 

air/surface soil temperature by 2/3ºC using open top chambers in areas with and without a 

well developed biocrust community dominated by lichens and mosses. Warming promoted 
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important reductions in the richness and cover (~45%) of well developed biocrust areas 52 

months after the onset of the experiment. However, this treatment did not promote significant 

changes in the composition and abundance of the microbial community as whole, as measured 

by phospholipid fatty acid analyses, and of major microbial groups (Gram +, Gram - , fungal, 

actinomycetes, total bacterial, fungal:bacterial ratio). Warming increased the microbial 

starvation index through time, a response that was modulated by the degree of biocrust 

development and by the distance to the nearest P. halepensis tree. 

In Chapter III, we analyzed the effect of warming and reduced precipitation on 

biocrust communities and the carbon cycle in two areas of the Iberian Peninsula (Aranjuez, in 

Madrid, and Sorbas, in Almería). We found that an average increase of air temperature of 2–

3ºC promoted a drastic reduction in biocrust cover (~ 44% in four years). Warming 

significantly increased soil CO2 efflux and reduced soil net CO2 uptake, in biocrust-

dominated microsites. Losses of biocrust cover with warming through time were paralleled by 

increases in recalcitrant C sources, such as aromatic compounds, and in the abundance of 

fungi relative to bacteria. 

In Chapter IV, we evaluated the impacts of biocrust development (poorly developed 

biocrust communities with cover < 25% vs. well developed communities with cover > 75%), 

increased air temperature (~2.7ºC of average increase vs. control) and decreased precipitation 

(~33% reduction vs. control) on soil respiration dynamics during a dry (2009) and a wet 

(2010) year in a Mediterranean semiarid grassland from central Spain (Aranjuez). Soil 

respiration rates were substantially lower in the dry than during the wet year, regardless the 

biocrust cover considered. Warming increased soil respiration rate, but this response was only 

significant in the high biocrust cover plots. Biocrusts modulated the effect of rainfall 

exclusion on the amount of C released by soil respiration to the atmosphere, as it was slightly 

lower than the control in the low biocrust cover areas, but was 13% and 17% higher than in 
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the control in the biocrust-dominated microsites during the dry and wet year, respectively. 

Overall, warming increased soil respiration rate, Q10 values and the annual emission of C to 

the atmosphere in biocrust-dominated areas, particularly during the wet year. The 

combination of warming and rainfall exclusion had similar effects in low biocrust cover areas. 

In Chapter V, we evaluated how warming (ambient vs. ~2.5ºC increase), rainfall 

reduction (ambient vs. ~30% reduction of total annual rainfall) and biocrust cover (incipient 

vs. well-developed biocrusts) affect the resistance of multiple variables linked to soil N 

availability (available N, inorganic N and mineralization rates). We also evaluated indirect 

impact of climate changes on N cycle resistance throughout soil microbial communities (e.g. 

functional diversity) and biocrust cover. Biocrusts promoted the resistance of N availability 

regardless of climate change impacts. However, our results provide evidence that the 

dynamics of N availability will progressively diverge from their original conditions with 

warming increasing and/or rainfall reduction. In addition, indirect impacts of warming and 

rainfall reductions on microbial communities (i.e. increasing functional diversity) and 

biocrusts (i.e. decreasing Biocrust cover) will negatively affect the resistance of N cycle. 
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INTRODUCCIÓN 

Durante las últimas décadas, se está produciendo a una velocidad sin precedentes un cambio 

climático a escala global que está influyendo directa e indirectamente en la estructura y 

funcionamiento de muchos ecosistemas terrestres (Le Houeroun 1996, Maestre et al. 2012, 

McCarty 2001, Walther et al. 2002, 2010, Cramer et al. 2001).  El incremento global de 

temperatura es uno de los más claros ejemplos del cambio climático y a la vez uno de los más 

estudiados por la comunidad científica (Dai 2012, Feng & Fu 2013). De acuerdo con el Panel 

Internacional de Cambio Climático (IPCC), desde 1880 hasta 2012 las temperaturas globales 

han aumentado de media 0.85ºC (IPCC 2013), siendo a partir de 1995 los años en los cuales 

se han alcanzado los máximos incrementos de temperatura (IPCC 2013). Este calentamiento 

además altera en gran medida los patrones globales de circulación atmosférica y los ciclos 

hidrológicos, modificando por tanto los regímenes de precipitación regional (IPCC 2007). A 

día de hoy, un elevado número de investigadores ha dirigido sus esfuerzos a tratar de entender 

los efectos de este calentamiento en la fenología y dinámica de las comunidades terrestres 

(Visser et al. 2005, González-Megías et al. 2012, Peñuelas et al. 2013). Además, numerosos 

estudios buscan a su vez comprender cómo los cambios en los patrones de precipitación 

previstos por los modelos de cambio climático afectaran a dichas comunidades (Weltzin et al. 

2003). Es por ello que el estudio de cómo los organismos responderán al cambio climático 

deberá considerar los cambios en la temperatura y en los regímenes de precipitación, 

especialmente en aquellos ecosistemas en los que la precipitación es escasa e impredecible, 

como son las zonas áridas y semiáridas (Maestre et al. 2012). Ya que, ocupan más del 41% de 

la superficie terrestre y son el hogar del 38% de la población humana, ofreciendo además 

servicios ecosistémicos críticos para el mantenimiento de la vida en la tierra (Maestre et al. 

2012). 
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La costra biológica del suelo en ambientes semiáridos: características y papel funcional 

Una de las comunidades bióticas más importantes y que ha despertado mayor interés entre los 

investigadores en las últimas décadas, es la costra biológica del suelo (conocida como CBS o 

BSC por sus siglas en inglés), formada por la asociación entre las partículas del suelo, 

cianobacterias, algas, hongos, líquenes, hepáticas y briófitos (West 1990, Belnap et al.. 2001, 

Belnap & Lange 2003). La CBS está ampliamente distribuida en muchos tipos de suelo y en 

casi todas las comunidades vegetales donde la luz pueda alcanzar la superficie del suelo 

(Belnap 2006), aunque es particularmente dominante en ambientes de baja productividad 

como las zonas áridas, semiáridas, alpinas y polares (Cameron & Blank 1967; Maestre et al. 

2002; Belnap & Gardner 1993; Bliss & Gold 1999).  

La CBS está presente en casi todas las eco-regiones áridas y semiáridas del mundo, 

donde cubre generalmente los espacios no ocupados por plantas vasculares perennes, 

pudiendo alcanzar hasta un 70% de cobertura en el suelo (Belnap & Lange 2003). De su 

amplia distribución geográfica surgió la necesidad en la comunidad científica de incrementar 

el número de estudios en cuanto a su distribución global, composición, fisiología y efectos en 

los ecosistemas en los que está presente, particularmente en aquellas regiones en las que 

tradicionalmente no ha sido estudiada (como España, China y América Latina, Maestre et al. 

2011, Castillo-Monroy & Maestre 2011, Bu et al. 2013).. Así, se ha comprobado que en los 

ecosistemas áridos y semiáridos la CBS contribuye a fijar el CO2 y el nitrógeno atmosférico 

(Housman et al.. 2006, Belnap 2002), controla la disponibilidad de nitrógeno y sus 

transformaciones en el suelo (Barger et al. 2013, Castillo-Monroy et al.. 2010, Delgado-

Baquerizo et al.. 2010), favorece la estabilidad de los suelos contra la erosión (Chaudhary et 

al. 2009), modula la infiltración y la escorrentía (Eldridge et al.. 2010, Chamizo et al. 2012) y 

afecta a la abundancia y comportamiento de las comunidades microbianas (Bates & García-
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Pichel 2009, Castillo-Monroy et al. 2011), de artrópodos (Neher et al.. 2009) y plantas 

vasculares (De Falco et al.. 2001, Green et al.. 2008, Luzuriaga et al. 2012).  

  

La costra biológica y el cambio climático 

Debido a que los organismos de la costra biológica son poiquiilohídricos, su metabolismo y 

funcionalidad fisiológica es altamente dependiente de la temperatura y humedad ambientales 

(Lange et al. 1998, Pintado et al. 2010).  Es por ello que cambios en la temperatura y los 

patrones de precipitación, como los previstos por los actuales modelos de cambio climático 

para las zonas semiáridas españolas (De Castro et al. 2005), afectarán directa e indirectamente 

a la dinámica y funcionamiento de las comunidades de CBS. Actualmente, son numerosos los 

trabajos realizados destinados a investigar cómo va a ser la respuesta de la CBS a cambios en 

una u otra variable ambiental. Así, en ambientes áridos del suroeste de EE. UU, dónde la 

mayor parte de las precipitaciones ocurren durante el verano, se están llevando a cabo varios 

experimentos de campo (Belnap et al. 2004, Zelikova et al. 2012, Reed et al. 2012) que 

muestran como incrementos en la frecuencia de estas precipitaciones afectará negativamente 

al funcionamiento de las costras biológicas dominadas por musgos. Estos autores han 

comprobado que estas comunidades en respuesta a este cambio ambiental, reducirán su 

cobertura y serán remplazadas por comunidades de cianobacterias.  En esta misma región, se 

está estudiando así mismo como va a ser la respuesta de la CBS a incrementos de temperatura 

de aproximadamente 2ºC de media (Zelikova et al. 2012, Reed et al. 2012). Hasta la fecha, no 

han encontrado efectos importantes en el desarrollo y fisiología de estas comunidades a este 

incremento. Otros estudios se están realizando en Sudáfrica (Maphangwa et al. 2012, 2013) y 

China (Rao et al 2009) .  

Si bien estudios como los mencionados en el párrafo anterior están aumentando 

notablemente nuestro conocimiento sobre cómo el cambio climático afectará a la CBS, hasta 
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la fecha muy pocos estudios han evaluado cómo los cambios en temperatura y precipitación 

afectan de modo simultáneo a los componentes macro- y microscópicos de la CBS, y a los 

procesos ecosistémicos que dependen de los mismos. Es por ello que en esta tesis se utiliza la 

CBS como un sistema modelo útil no sólo para ver cómo el cambio climático afectará tanto a 

la CBS como a los procesos ecosistémicos que dependen de ella, como los ciclos del carbono 

y del nitrógeno, sino para evaluar la capacidad que tienen las comunidades bióticas de 

modular la respuesta de los ecosistemas áridos a dicho cambio. 
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OBJETIVOS 

El objetivo principal de esta tesis fue estudiar los efectos del cambio climático tanto en la 

costra biológica del suelo (CBS) como en variables clave de los ciclos de carbono y nitrógeno 

que dependen de ella, así como el papel de la CBS como moduladora de la respuesta de 

dichas variables al cambio climático.  

Para lograr este objetivo, se desarrollaron los siguientes objetivos específicos: 

1. Estimar los principales efectos del cambio climático sobre los componentes visibles 

(musgos y líquenes) de la CBS en términos de cobertura, riqueza y comportamiento 

fisiológico, así como sobre la abundancia y composición de las comunidades 

microbianas heterótrofas asociadas a la CBS. 

2. Evaluar como los cambios en los componentes visibles  de la CBS inducidos por el 

cambio climático afectarán a las comunidades microbianas heterótrofas asociadas a la 

CBS. 

3. Analizar cómo el cambio climático afectará a procesos clave del ciclo del carbono 

(respiración del suelo, intercambio neto de CO2 y contenidos en el suelo de distintas 

fracciones de carbono orgánico), evaluando el papel modulador de la CBS en dichos 

cambios. 

4. Estudiar como la CBS afecta la respuesta de la respiración a cambios en la 

temperatura y humedad del suelo bajo un escenario de cambio climático en un año 

seco y otro húmedo. 

5. Estimar los efectos del cambio climático sobre variables clave del ciclo del N y su 

dinámica, asociándolos a su vez a las transformaciones en las comunidades 

microbianas y en la CBS inducidos por dicho cambio.  
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METODOLOGÍA 

Todos los materiales y métodos están descritos de forma detallada y con sus respectivas 

referencias en cada uno de los capítulos. Sin embargo, a continuación se presenta un breve 

resumen de los métodos utilizados.  

Áreas de estudio 

Las áreas de estudio de esta tesis doctoral (Fig. 1) se encuentran localizadas en tres puntos de 

la geografía española situados a lo largo de un gradiente de aridez. Los capítulos I, III, IV y V 

fueron realizados en el centro de la Península Ibérica, en la Estación Experimental de 

Aranjuez, situada en dicho municipio (40º02’N–3º37’W; 590 m de altitud). El capítulo III fue 

así mismo replicado en Sorbas (Almería, 37º05’N-2º04’W; 397 m de altitud). Por otra parte, 

el capítulo II se desarrolló en una repoblación de Pinus halepensis situada en Sax (Alicante, 

38º32’N-0º49’W; 550 m de altitud).  Todas las zonas experimentales presentan un clima 

Mediterráneo semiárido, con precipitaciones medias de 349, 315 y 274 mm, en Aranjuez, Sax 

y Sorbas respectivamente. La temperatura media anual es de unos 15ºC en Aranjuez y Sax, y 

17ºC en Sorbas, con pronunciada sequia estival de junio a septiembre, e inviernos fríos.  
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Figura 1. Localización general y vista de las parcelas experimentales empleadas en la tesis. 

 

 

Los suelos de las tres zonas de estudio presentan valores de pH cercanos a 7, y son 

clasificados según la IUSS (2006), como Leptosoles Yesíferos. La cobertura de plantas 

perennes es inferior al 40% en el caso de Aranjuez y Sorbas, y está dominada por el esparto 

(Stipa tenacissima) y arbustos como Helianthemun squamatum (L.) Dum. Cours.y Gysophila 

struthium En el caso de Sax, la vegetación dominante es una repoblación de P. halepensis, 

que fueron plantados en 1950, y que contiene además en su sotobosque esparto (Stipa 

tenacissima) y arbustos pequeños como H. squamatum y Anthyllis cytisoides. En todos los 

sitios de estudio los espacios abiertos entre la vegetación se encuentran colonizados por 

comunidades de costra biológica del suelo bien desarrolladas, que están dominadas por 

líquenes como Diploschistes diacapsis (Ach.) Lumbsch, Squamarina lentigera (Weber) Poelt, 

Squamarina cartilaginea, Fulgensia subbracteata (Nyl.) Poelt, Toninia sedifolia (Scop.) 

Aranjuez (Madrid)

Sax (Alicante)

Sorbas (Almeria)



16 
 

Timdal, and Psora decipiens (Hedw.) Hoffm. que incluyen también briofitos como 

Pleurochaete squarrosa (Brid.) Lindb. y Didymodon acutus.(Brid.) K. Saito.  

 

Diseño experimental 

En las zonas de Aranjuez y Sorbas, se estableció un diseño experimental factorial completo 

con tres factores, cada uno con dos niveles: cobertura de costra biológica (suelos con 

cobertura de CBS < 20% vs. suelos con cobertura de CBS > 50%), calentamiento (control vs. 

aumento de la temperatura en 2.4ºC), exclusión de lluvia (control vs. reducción de un 30% de 

la precipitación). Diez y ocho replicas por combinación de tratamientos fueron establecidas en 

Aranjuez y Sorbas, respectivamente, resultando finalmente un total de 80 y 64 parcelas 

experimentales. En todos los casos, entre parcelas se dejo una distancia mínima de 1 m para 

minimizar el riesgo de muestrear áreas no independientes debido a la estructura espacial a 

pequeña escala que presentan tanto la CBS como los procesos que dependen de ella en áreas 

como las estudiadas (Maestre et al. 2005, Delgado-Baquerizo et al. 2013). En el caso de Sax 

se utilizó el mismo diseño experimental pero sin el tratamiento de exclusión de lluvia. Se 

establecieron diez replicas por combinación de tratamientos, obteniéndose un total de 40 

parcelas experimentales. 

El experimento de Aranjuez se inicio en 2008, instalándose las estructuras de 

calentamiento y de exclusión de lluvia en julio y noviembre de dicho año, respectivamente.  

Los experimentos de Sax y Sorbas fueron completamente instalados en febrero de 2009 y 

mayo de 2010,  respectivamente. 

El tratamiento de calentamiento pretende simular el incremento medio de temperatura 

previsto por los modelos de cambio climático para la segunda parte del siglo XXI en el centro 

de la península (De Castro et al. 2005). Esto es, un incremento de aproximadamente 2.6º a 

2.8º de media respecto a las temperaturas actuales. Para ello se construyeron unas campanas 
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de calentamiento (Open Top Chambers, OTCs), fabricadas con placas de metacrilato, que 

mantuviesen las características de la luz visible que incidiese en nuestras parcelas. Las 

dimensiones de cada placa fueron: 40 x 50 x 32 cm, y se colocaron de manera hexagonal. 

Cada OTC, se encuentra abierta por arriba y separada del suelo aproximadamente 5 cm, para 

permitir la entrada de aire al sistema y de esta manera evitar incrementos de temperatura 

excesivos (Fig. 2). 

 

Figura 2. Foto en detalle de las estructuras de calentamiento (OTCs) utilizadas en esta tesis. 

 

La reducción en la precipitación incidente prevista por los modelos de cambio 

climático en las zonas estudiadas, está sujeta a un alto grado de incertidumbre (Weltzin et al. 

2003). La mayoría de los modelos hablan de reducciones de las precipitaciones de entorno al 

10 y el 50% del total de precipitación recibida durante la primavera y el otoño (De Castro et 

al. 2005). Para simular estas condiciones, instalamos casetas de exclusión de lluvia basadas en 

el modelo de Yahdjian & Sala (2002). Cada caseta ocupa un área de 1.44 m
2
 (1.2 x 1.2 m) y 

tiene una altura media de 1m. Los techos de cada una de ellas están compuestos por tres 

canalones de metacrilato, con una inclinación de 20º, que cubren en su totalidad 

aproximadamente el 37% de la superficie del suelo. Cada canalón se encuentra conectado 
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mediante una manguera a una garrafa donde se recoge el agua excluida. Las casetas de 

exclusión de lluvia no modifican la frecuencia de los eventos de lluvia, sino que reducen el 

tamaño de cada evento de lluvia individual (Fig 3.). 

 

Figura 3. Foto en detalle de las estructuras de exclusión de lluvia utilizadas en esta tesis. 

 

En cada parcela de muestreo, antes de la instalación de las estructuras de 

calentamiento y exclusión de lluvia, se instalaron anillos de PVC (20 cm de diámetro y 8 cm 

de alto) que fueron enterrados 5 cm en el suelo. Adicionalmente se pusieron sondas de 

temperatura (diodos de temperatura enterrados 2 cm en el suelo) y humedad (sondas de 5 cm 

de TDR) adyacentes al anillo para medir estas variables a la vez que en los propios anillos se 

realizaban las medidas de respiración del suelo. 

 

Medidas de la costra biológica y variables del suelo 

En cada parcela experimental se midió la composición y cobertura de la CBS desde el 

principio del experimento y en los diversos intervalos de tiempo establecidos (13, 32 y 46 

meses en Aranjuez, 19 y 31 meses en Sorbas, y 16 y 52 meses en Sax) dentro de los anillos de 

PVC inicialmente instalados.  
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En el capítulo I se estimó la composición de la comunidad de CBS gracias a un 

muestreo por puntos realizado con un cuadrado de muestreo de 10 x 10 cm (tamaño de malla 

de 1 x 1 cm), obteniendo un total de 120 puntos de muestreo en cada anillo. Con esta 

información se pudo estimar la cobertura, riqueza, diversidad y equitatividad de los 

componentes visibles (musgos y líquenes) de la CBS. Además, en este capítulo se realizaron 

medidas de comportamiento fisiológico de la CBS mediante la medida del máximo de 

eficiencia fotoquímica del fotosistema II (Fv/Fm, Maxwell & Johnson 2000) con un 

fluorímetro de pulso modulado (FMS 2 Pulse Modulate Chlorophyll Flurometer, Hansatech 

Instruments Ltd, King’s Lynn, UK). Esta medida fue realizada tanto para la comunidad en su 

conjunto como para las especies Diploschistes diacapsis y Squamarina lentigera. 

En el capítulo II se estimó la composición de la comunidad de CBS y su cobertura 

utilizando fotografías de alta resolución, de manera que en cada anillo de PVC, pudimos 

digitalizar y estimar el área ocupada por los líquenes y los musgos. Por otra parte ser 

realizaron análisis de microbiología utilizando la técnica de PLFAs (Phospholipids fatty 

acids), en las muestras de suelo extraídas en cada parcela (fuera del anillo de PVC) a los 16 y 

52 meses desde el inicio del experimento. La técnica de PLFAs esta descrita con más detalle 

en el apartado de metodología del propio capítulo II. 

En el capítulo III se estimó la composición de la CBS de la misma manera que en el 

capítulo II, y se realizaron medidas de flujo de CO2 cada mes a cuatro meses en todos los 

anillos de muestreo. Para ello se utilizó un medidor de respiración del suelo LI-COR 8100 

(Automated Soil CO2 Flux System, Li-COR, Lincoln, NB, USA). Por otra parte, se midió 

también el intercambio neto de CO2 mediante un medidor LI-6400 (Infrared gas analyzer, Li-

COR, Lincoln, NB, USA ) cada 2 meses desde septiembre de 2010 a febrero de 2012 en 4 u 8 

parcelas por combinación de tratamiento elegidas al azar. Adicionalmente se realizaron 

análisis en las variables de ciclo del C (C orgánico, fenoles, compuestos aromáticos, hexosas 
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y actividad de la β-glucosidasa) y del contenido en hongos y bacterias de las muestras 

recogidas en cada parcela utilizando las metodologías de laboratorio descritas con detalle en 

el capítulo III. 

En el capítulo IV se utilizaron los datos de medida de respiración del suelo obtenidos 

en el capítulo III para modelizar las relaciones entre esta variable y la humedad y temperatura 

del suelo en un año hidrológicamente seco (2009) y otro húmedo (2010). Con esta 

información, se puedo estimar además la respiración anual teórica emitida en cada parcela en 

función del tratamiento evaluado. 

En el capítulo V se midió la disponibilidad de amonio y nitrato utilizando resinas de 

intercambio iónico. Esta técnica minimiza la perturbación del suelo, y facilita el muestreo 

intensivo en las zonas próximas a los anillos de PVC a lo largo del año. También se midieron 

variables de nitrógeno disponible, nitrógeno potencial, nitrógeno inorgánico disuelto, 

nitrógeno de la biomasa microbiana y la diversidad funcional de la comunidad heterotrófica 

microbiana, de las muestras de suelo recogidas en cada parcela utilizando las metodologías de 

laboratorio descritas con detalle en los capítulos III y V.  

 

Análisis estadísticos 

Los datos de los capítulos I, III, IV y V se analizaron utilizando análisis de varianza 

(ANOVA) de medias repetidas. Los capítulos I, II y V se  analizaron también utilizando una 

aproximación semi-paramétrica (PERMANOVA). Asimismo, en los capítulos III y IV se 

utilizaron análisis de regresión, y en el II y V análisis de correlaciones. Por último en el 

capítulo V se trabajó además con modelos de ecuaciones estructurales.  
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ESTRUCTURA DE LA TESIS 

Para cumplir los objetivos de esta tesis doctoral, la misma se ha estructurado en cinco 

capítulos que han sido escritos en inglés para su publicación en revistas científicas de ámbito 

internacional. A continuación se presenta un breve resumen del contenido de los mismos. 

 

Capítulo I. Warming reduces the growth and diversity of biological soil crusts in a semi-arid 

environment: implications for ecosystem structure and functioning 

Este capítulo está dedicado a estudiar el efecto del cambio climático sobre la composición, 

estructura y funcionamiento de la costra biológica del suelo (CBS) en un ecosistema 

semiárido del centro de España (Aranjuez). Para ello se llevo a cabo un experimento 

manipulativo de campo, de calentamiento y exclusión de lluvia. Los resultados de este 

capítulo han sido publicados en Philosophical Transactions of the Royal Society  

 

Capítulo II. Warming reduces biocrust cover and diversity, but has limited effects on 

associated microbial communities, in a semi-arid Pinus halepensis afforestation 

En este capítulo se evalúa el efecto del calentamiento predicho por los modelos de cambio 

climático, en las comunidades microbianas asociadas a zonas dominadas por la costra 

biológica en una ambiente semiárido fruto de reforestación con Pinus halepensis en el sureste 

de la Península Ibérica (Sax).  Este capítulo se encuentra en fase de preparación para su envío 

a Plant and Soil. 

 

Capítulo III. Changes in biocrust cover drive carbon cycle responses to climate change in 

drylands 

En este tercer capítulo analizamos el efecto del cambio climático en el ciclo del carbono de 

dos zonas de marcada aridez en la Península Ibérica (Aranjuez y Sorbas). Para ello se replicó 
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el experimento manipulativo de cambio climático de Aranjuez en Sorbas (Almería) y se 

analizaron los efectos del mismo en la respiración e intercambio neto de CO2 del suelo, así 

como en las comunidades de hongos y bacterias. Los resultados de este capítulo han sido 

publicados en Global Change Biology. 

 

Capítulo IV. Biocrusts modulate warming and rainfall exclusion effects on soil respiration in 

a Mediterranean grassland 

El cuarto capítulo estudia el efecto de la CBS y el efecto del calentamiento y exclusión de 

lluvia predichos por los actuales modelos de cambio climático en la heterogeneidad espacial y 

temporal de la respiración del suelo en un ecosistema semiárido del centro de España 

(Aranjuez). Así mismo también se elabora un modelo de respiración basado en la temperatura 

y la humedad del suelo, y se analiza como la CBS modula las relaciones entre la respiración 

del suelo y estas variables. Este capítulo se encuentra en fase de preparación para su envío a 

Soil Biology and Biochemestry. 

 

Capítulo V. Direct and indirect impacts on microbial and biocrust communities alter the 

resistance of N cycle in drylands soils.  

En este capítulo se analizó el efecto del incremento de la temperatura y la reducción de la 

precipitación en el ciclo del nitrógeno en un ecosistema semiárido del centro de España 

(Aranjuez). Asimismo, se evaluaron los efectos directos e indirectos en dicho ciclo derivados 

de las transformaciones en las comunidades microbianas y la CBS inducidos por el cambio 

climático.  Este capítulo se encuentra en fase de preparación para su envío a Journal of 

Ecology. 
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ABSTRACT 

Biological soil crusts (BSCs) are key biotic components of dryland ecosystems worldwide 

that control many functional processes, including carbon and nitrogen cycling, soil 

stabilization, and infiltration. Regardless of their ecological importance and prevalence in 

drylands, very few studies have explicitly evaluated how climate change will affect the 

structure and composition of BSCs, and the functioning of their constituents. Using a 

manipulative experiment conducted over three years in a semi-arid site from central Spain, we 

evaluated how the composition, structure and performance of lichen-dominated BSCs respond 

to a 2.4 ºC increase in temperature, and to a ~ 30% reduction of total annual rainfall. In areas 

with well-developed BSCs, warming promoted a significant decrease in the richness and 

diversity of the whole BSC community. This was accompanied by important compositional 

changes, as the cover of lichens suffered a substantial decrease with warming (from 70% to 

40% on average), while that of mosses increased slightly (from 0.3% to 7% on average). The 

physiological performance of the BSC community, evaluated using chlorophyll fluorescence, 

increased with warming during the first year of the experiment, but did not respond to rainfall 

reduction. Our results indicate that ongoing climate change will strongly affect the diversity 

and composition of BSC communities, as well as their recovery after disturbances. The 

expected changes in richness and composition under warming could reduce or even reverse 

the positive effects of BSCs on important soil processes. Thus, these changes are likely to 

promote an overall reduction in ecosystem processes that sustain and control nutrient cycling, 

soil stabilization and water dynamics.  

 

Keywords: climate change, lichens, mosses, biological soil crusts, Mediterranean, semi-arid 
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INTRODUCTION 

There is ample scientific consensus that ongoing global environmental change (hereafter 

global change), which is promoted by multiple drivers (e.g., increases in atmospheric carbon 

dioxide [CO2] concentration, changes in climate and nutrient deposition, and in land use), will 

profoundly impact the structure, dynamics and functioning of terrestrial ecosystems, affecting 

a broad range of organisms [reviewed in 1-5]. The worldwide increase in temperature 

constitutes one of the clearest signals of climate change, and is one of the global change 

drivers most heavily studied to date [see 4-6 for reviews]. Overall, the rate of warming during 

the last 100 years (1906-2005) has been approximately of 0.74ºC, with most years from 1995 

ranking among the warmest years since the establishment of meteorological records [3]. As a 

consequence, important changes in the phenology and distribution of organisms, and in the 

composition and dynamics of communities are being documented in terrestrial ecosystems 

worldwide [7-10]. In addition, climate change will promote important modifications in 

rainfall patterns, such as the overall reduction in rainfall amounts and the increase in its 

intensity in many regions worldwide [3, 11-13]. These rainfall changes can modulate the 

ability of plants and microbes to respond to warming [2,14,15]. Thus, the analysis of how 

organisms will respond to climate change must consider both changes in temperature and in 

rainfall, particularly in ecosystems where rainfall is already scarce and unpredictable, such as 

in drylands [2]. These environments are of paramount importance at the global scale, as they 

occupy over 41% of the terrestrial surface, are the home of 38% of the global human 

population, and provide ecosystem services that are critical for the maintenance of life on 

Earth [2,16]. 

One particularly important component of drylands, biological soil crusts (BSCs), are 

understudied in terms of their response to global change. BSCs are a complex and highly 

specialized community composed of cyanobacteria, algae, mosses, liverworts, fungi, bacteria 
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and lichens that live in the uppermost millimeters of the soil surface [17-19]. They are 

particularly prevalent in dry and/or extremely cold environments, where they may compose 

up to 70% of the total living cover [20]. They play critical functional roles, as they contribute 

to atmospheric carbon and nitrogen fixation [21-23], control nitrogen mineralization and 

availability [24,25], stabilize the soil against erosion [26], and modulate infiltration and runoff 

processes [27,28]. In addition, they affect the abundance, diversity and performance of 

microbial [29,30], arthropod [31] and plant [32,33] communities.  

Because BSC organisms are poikilohydric, their metabolism and physiological 

functions are highly dependent on ambient moisture and temperature [e.g. 34-36]. Thus, 

changes in rainfall and temperature expected with climate change are likely to affect the 

functioning and dynamics of BSCs, as has been shown in a handful of experimental studies 

[37-40]. In dryland areas receiving a considerable portion of their rainfall during summer, 

such as some deserts of the Southwestern United States, experimental field studies have 

shown that increased summer rainfall frequency negatively affect the functioning of moss- 

and lichen-dominated BSCs, leading to a reduction in their cover and to a replacement of 

these communities by cyanobacteria [37,39,40]. Interestingly, experimental increases of 

temperature up to 2ºC in this region had negligible impacts on the development and 

physiology of these communities [39,40], although temperature can modulate negative effects 

of UV augmentation on their photosynthetic activity [38]. Rain frequency and duration of dry 

periods have been also found to be key factors controlling the development and composition 

of BSCs along a 2000 km natural transect in southwestern Africa [41]. While these studies 

point to the importance of changes in rainfall, results can be substantially different in 

ecosystems that do not receive summer rainfall, and in areas where dew is a key moisture 

source for BSC constituents [42,43]. For example, Pintado et al. [36] found that the BSC-

forming lichen Diploschistes diacapsis (Ach.) Lumbsch common across a semi-arid site from 
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SE Spain, was active only during the 20% of the year that experienced dewfall [44], an 

activity that mainly occurred during conditions of relatively low temperature and PAR 

radiation. Increases in temperature can reduce the inputs of water through dew, and can also 

modify the number of days where BSC-forming lichens are active. Castillo-Monroy et al. [45] 

found that, over a 3.5 year period, soil CO2 efflux rates in lichen-dominated BSCs were 

significantly higher than those found in bare ground areas devoid of BSCs in a semi-arid site 

from Central Spain, and that the rate of increase in soil respiration in response to increased 

temperature (Q10) augmented with the degree of cover and development of BSCs. Similar 

results have been observed by Maestre et al. [46], who reported a significant increase in soil 

respiration in BSC-dominated microsites, but not in bare ground areas, in response to a 2.4ºC 

experimental increase in temperature. Although these authors did not measure changes in the 

BSC constituents themselves, their results suggest that ongoing increases in temperature will 

affect their physiological activity.  

Recent research has shown that the richness of BSC communities is positively linked 

to ecosystem functioning and multifunctionality, i.e. the ability of ecosystems to maintain 

multiple functions, such as carbon storage, productivity, and the buildup of nutrient pools 

[47,48]. Other studies have found that the functional redundancy of BSC-forming species is 

very low [49,50]. Overall, these results indicate that maintaining species-rich BSC 

communities is crucial to maintain the overall functionality of ecosystems dominated by these 

organisms.  Therefore, evaluating how the composition and diversity of BSCs will be affected 

by future changes in temperature and rainfall is crucial to fully understand how ongoing 

climate change will impact the structure and functioning of drylands. Observational studies 

carried out over large spatial scales have not reported consistent results to date. For example, 

Rogers [51] found that the number of lichens decreased with reductions in annual rainfall in 

drylands from Australia. Studies carried out along a Namibian–South African transect have 
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found that the richness and cover of lichen species are positively related to lower temperature, 

higher altitude and increased water availability [52, but see 41 and 53 for contrasting results 

along the same transect]. Results from these studies may not, however, be directly applicable 

to smaller spatial scales because other abiotic factors that are important determinants of BSC 

distribution, such as soil type and texture [20,41], often co-vary with rainfall and temperature. 

While drylands are known to be amongst the most sensitive biomes to global change 

[54,55], there are many uncertainties surrounding the ecological consequences of such change 

on these ecosystems [2]. This is particularly evident when considering climate change impacts 

on BSCs, as only a handful of experimental studies have explicitly evaluated how future 

climatic conditions affect the performance, dynamics and functioning of their constituents 

[38-40,46,56,57]. Furthermore, none of these have evaluated how simultaneous changes in 

temperature and rainfall jointly affect the composition, richness, diversity and physiological 

performance of BSC communities as a whole. We aimed to evaluate how different climate 

change drivers could affect BSCs by carrying out an experiment in central Spain. In this 

experiment, we evaluated responses of the BSC community and its main constituents to a 2.4 

ºC increase in temperature, and to a ~30% reduction of total annual rainfall, climatic 

conditions that mimic those forecasted for the last half of the 21
st
 century in our study area 

[58]. Specifically, we tested the hypothesis that the transition to a more arid climate will 

reduce the physiological performance of BSCs, as warmer temperatures and lower rainfall 

will promote a more frequent and rapid desiccation of BSC constituents, which may impair 

their ability to function within a positive carbon balance [37,56,58,59]. As a result, we 

expected their growth to be reduced and important shifts in the composition of BSC 

communities to occur.  
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MATERIAL AND METHODS 

Study area 

This study was conducted in the Aranjuez Experimental Station, located in the centre of the 

Iberian Peninsula (40º02’ N – 3º 32’W; 590 m a.s.l.). The climate is Mediterranean semi-arid, 

with a mean annual temperature and rainfall of 15ºC and 349 mm, respectively (Aranjuez 

Meteorological Station, 40º02’ N – 3º 32’W; 540 m a.s.l.; average data from the 1983-1988 

and 1997-2011 periods). The soil is derived from gypsum, and is classified as Xeric 

Haplogypsid [60]. Perennial plant cover is below 40%, and is dominated by the tussock grass 

Stipa tenacissima L. and the shrubs Helianthemum squamatum (L.) Dum. Cours and Retama 

sphaerocarpa (L.) Boiss. The open areas between perennial plants are colonized by well-

developed BSCs dominated by lichens such as Diploschistes diacapsis (Ach.) Lumbsch, 

Squamarina lentigera (Weber) Poelt, and Fulgensia subbracteata, mosses such as 

Pleurochaete squarrosa (Brid.) Lindb., and Didymodon acutus (Brid.) K. Saito. (see 

Appendix 1 for a species checklist). 

 

Experimental design 

We established a factorial experimental design with three factors, each with two levels: BSC 

cover (poorly developed BSC communities with cover < 25% vs. well developed 

communities with cover > 75%), warming (control vs. a 2.4ºC annual temperature increase) 

and rainfall exclusion (control vs. a ~30% rainfall reduction in total annual rainfall). The 

working plots (1.2 m × 1.2 m) were randomly placed either on bare ground (8.6% ± 0.8 of 

BSC cover; mean ± SE, n = 40; hereafter Bare plots) or BSC-dominated (73.8% ± 1.7 of BSC 

cover; mean ± SE, n = 40; hereafter Crust plots) microsites. A minimum separation distance 

between plots of 1 m was ensured to minimize the risk of sampling non-independent areas. 
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The different combinations of treatments were randomly assigned to Bare and Crust plots. 

Ten replicates per combination of treatments were established, resulting in a total of 80 plots. 

The warming treatment aimed to simulate the average of predictions derived from six 

Atmosphere-Ocean General Circulation Models for the second half of the 21
st
 century (2040-

2070) in central Spain [58]. These models predict an increment of annual temperature ranging 

from 2.6ºC (B2 IPCC scenario) to 2.8ºC (A2 IPCC scenario). This increment ranges between 

2.1ºC-2.3ºC during winter months (B2 and A2 scenarios, respectively) and 3.2ºC-3.5ºC during 

summer months (B2 and A2 scenarios, respectively). To achieve a temperature increase 

within this range, we used open top chambers (OTCs) similar to those employed in warming 

experiments carried out in arctic [61] and dryland [57] areas. Open top chambers were built 

with methacrylate plates, which have a high transmittance in the visible spectrum and a very 

low emission of the infrared wavelength, using a hexagonal design with sloping sides of 40 

cm × 50 cm × 32 cm. The chambers are open on the top to allow rainfall and air to enter. The 

bottom edge of all chambers was situated 5 cm above the surface, to allow the air flow and 

avoid excessive temperatures (Appendix 2). Open top chambers were installed in the field in 

July 2008.  

Forecasted changes in rainfall for our study area are subject to a high degree of 

uncertainty, but all models predict a significant reduction of rainfall, mostly during existing 

wet months (spring and fall; the number of days with rainfall higher than 1 mm is predicted to 

be reduced between 10% and 50% during these seasons [58]). To achieve a rainfall reduction 

similar to that forecasted, we set up passive rainfall shelters (RS) based upon the design 

described by Yahdjian & Sala [62]. Each RS has an area of 1.44 m
2
 (1.2 m × 1.2 m), and a 

mean height of 1 m. Each roof has an inclination of 20º and is composed of 3 gutters of 

methacrylate that cover approximately 37% of the surface, connected to containers that collect 

the excluded water (Appendix 2). The RS did not modify the frequency of rainfall events, 
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which has been shown to be an important component of climate change in other regions and 

to strongly affect BSC functioning and dynamics [37-40], but effectively reduced the size of 

individual rain events and the total amount of rainfall reaching the soil surface (Appendix 3). 

The RS were set up during November 2008.  

The effects of the OTCs and RS on air temperature and humidity, and on soil 

temperature were monitored using automated sensors (HOBO Pro v2 Temp/RH and H8 Data 

Loggers, Onset corporation, Bourne, USA). 

 

Biological soil crust measurements 

In each plot, and prior to the setup of the OTCs, we placed a permanent circular plot (20 cm 

diameter) to monitor changes in the cover, diversity, composition, and physiological 

performance of BSCs. In each plot, we estimated the composition of the main visible 

components of the BSC community (mosses and lichens) in June 2008 and May 2011 using 

the point-sampling method (1 × 1 cm grid; 120 sampling points per plot). With these data we 

calculated the total cover of the BSC community, species richness, diversity (using the 

exponential Shannon diversity index [63]), and evenness (using Pielou’s index [64]). To 

assess the changes in these variables through time, we estimated a difference index (Dif) as 

Rfinal- Rinitial, where R is the value of the variable of interest in May 2011 (final) and June 

2008 (initial). We preferred using this index over other relative indices commonly employed, 

such as RII [65] or RNE [66], to avoid the extreme values in the relative difference created by 

the presence of zeros in some of the variables measured at the beginning of the experiment. 

We obtained Dif values for the cover, diversity, richness and evenness of the whole BSC 

communities and lichens, as well as for the cover of the dominant lichen species (S. lentigera 

and D. diacapsis, Appendix 1) and mosses. 
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The physiological performance of BSCs was evaluated in the Crust plots by measuring 

the maximum photochemical efficiency of photosystem II (Fv/Fm) as an overall indicator of 

the status of this photosystem, and as a measure of the efficiency of the photosynthetic 

process [21,39,43,57,67]. Measurements were taken seasonally at midday from November 

2008 until December 2011 on sunny days by using a FMS 2 Pulse Modulated Chlorophyll 

Fluorometer (Hansatech Instruments Ltd, King’s Lynn, UK). Measurements taken at this 

moment of the day are commonly used when evaluating the physiological performance of 

BSC-forming organisms [21,68]. We found these measurements to be representative of those 

obtained in other moments of the day such as during early morning (Appendix 4), when BSC-

forming lichens are physiologically most active in environments such as studied [36]. Fv/Fm 

was calculated as the ratio between the variable (Fv) and the maximum (Fm) fluorescence 

signal. Lichens were dark adapted for 30 minutes prior to measurements by using dark cloth. 

Fluorometer measurements were made in six replicated plots per combination of treatments 

for the whole community, and for S. lentigera and D. diacapsis. Six measurements per plot 

were taken in all cases, which were averaged for further analyses.  

 

Statistical analyses 

Changes in cover and diversity metrics (richness, diversity and evenness) between 2008 and 

2011, as measured with Dif, did not follow a normal distribution, nor did they show 

homogeneity of variances, in most cases. Thus, we evaluated the effects of the warming (WA) 

and rainfall exclusion (RE) treatments (fixed factors), and their interaction, on these data 

using permutational multivariate analysis of variance (PERMANOVA [69]). This method is 

based on the use of permutation tests to obtain p values, does not rely on the normality 

assumption of ANOVA, and can handle experimental designs such as those used here. For 

these analyses, the Euclidean distance and 10,000 permutations (permutation of raw data [70]) 
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were used to analyze our data. To investigate higher-order interactions, data were divided into 

subsets based on one of the factors of the interaction, and then were subject to 

PERMANOVA. In addition to PERMANOVA analyses, we evaluated whether median Dif 

values obtained for each treatment and variable were different from zero using the non-

parametric Wilcoxon Signed Rank test. 

To evaluate how the treatments affected community composition during the study 

period, we conducted a PERMANOVA analysis with warming (WA), rainfall exclusion (RE) 

and Year (2008 or 2011) as fixed factors. Prior to these analyses, which were carried out 

using the Bray-Curtis distance, we square-root transformed the data. As an additional 

interpretive tool, we determined individual species contributions to average Bray-Curtis 

dissimilarity from the beginning to the end of the experiment in each treatment using the 

SIMPER approach [71]. This method allows consideration of which species along the 

treatments are primarily responsible for any observed difference in abundance between the 

two years. 

Seasonal Fv/Fm data were analyzed by a three-way (WA, RE and Time) ANOVA 

with repeated measures of one of the factors (Time). Analyses were carried out separately for 

the whole BSC community, S. lentigera and D. diacapsis. Community and S. lentigera data 

did not follow the sphericity assumption (Mauchly´s test < 0.010, p < 0.011), and thus we 

used the Greenhouse-Geisser estimate to evaluate the significance of within- subjects tests in 

both cases [72]. 

PERMANOVA analyses were carried out with the PERMANOVA+ for PRIMER 

statistical package (PRIMER-E Ltd., Plymounth Marine Laboratory, UK). SIMPER and 

Repeated-Measures ANOVA analyses were carried out using PRIMER and SPSS v. 15 (SPSS 

Inc, Chicago, IL, USA), respectively. As suggested by Gotelli & Ellison [73], the experiment-
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wide error rate was not adjusted, and all the interpretations of the effects of the different 

treatments were performed by evaluating the exact p values.  

 

RESULTS 

Throughout the experimental period, our warming treatment promoted an average increase of 

2.4 ºC and 2.7ºC per year in air and soil temperatures, respectively (Appendix 5).  Such an 

increase was particularly evident during summer, with increases in daily averages in OTC 

plots relative to control plots higher than 3ºC ± 0.44 and 4ºC ± 0.87 (means ± SE) in air and 

soil temperatures, respectively. During winter months, such increases were of 1.5ºC ± 0.18 

and 1.7ºC ± 0.16 (means ± SE) for air and soil temperatures, respectively. Rainfall shelters 

did not substantially modify air and soil temperatures, as differences in annual temperature 

between control and RS plots were below 0.4ºC on average. These shelters were effective in 

reducing the amount of rainfall reaching the soil, as they excluded between 7% and 50% of 

the incoming rainfall depending on the event (~ 30% on average; Appendix 3). 

 

Changes in BSC cover and composition 

Changes in total BSC cover during the first three years of our experiment varied with the 

initial BSC cover (p = 0.022, figure 1a, Appendix 6). Averaged across all treatments, there 

was a 5% increase and 14% decrease of BSC cover in Bare and Crust plots, respectively. The 

magnitude of the effect of the warming treatment differed between Bare and Crust plots, as 

indicated by a significant WA × BSC interaction (p = 0.018, Appendix 6). In Bare plots, total 

BSC cover increased by 5% in the control, while it decreased by 1% in plots subjected to 

warming (figure 1a, PERMANOVA, FWA = 9.29, p = 0.004). In Crust plots, total cover 

decreased both in the control and WA treatment, but this reduction was substantially higher in 

the latter (figure 1a, PERMANOVA, FWA = 5.29, p = 0.029). Overall, we found no significant 
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effects of RE, although a marginally significant RE × BSC interaction (p = 0.076, Appendix 

6) was found when analyzing variations in total cover. However, some responses to RE must 

be noted, as we found a significant increase in total cover in the Bare plots when rainfall was 

excluded (figure 1a).  

 

Figure 1. Differences in the total cover of the whole BSC community (including lichens and mosses, 

A), lichens (B) and bryophytes (C) in areas without (Bare plots) and with well-developed biological 

soil crusts (Crust plots) between June 2008 and May 2011. Data represent means ± SE (n = 9-10). RE 

= rainfall exclusion, WA = warming, and WA x RE = warming and rainfall exclusion. * indicate P 

values from the Wilcoxon test: * P < 0.05, ** P < 0.01, *** P < 0.001. See Appendices 13, 14 and 15 

for raw data. 
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The analysis of variations in cover for lichens (figure 1b) yielded similar results to 

those described for the whole BSC community, but without any significant effects of either 

WA or RE treatments when all the data were analyzed together (Appendix 7). However, the 

increase in cover observed in the Bare plots in the RE treatment was significant, as well as the 

reductions in this variable observed in the WA and WA x RE treatments in the Crust plots 

(figure 1b). Significant increases in the cover of S. lentigera were observed in the Bare plots 

(control and RE treatment, figure 2a), albeit we did not find significant effects of WA or RE 

(Appendix 8). Overall, the cover of D. diacapsis decreased under warming (figure 2b, p = 

0.001, Appendix 8), but increased when rainfall was excluded (figure 2b, p = 0.001, Appendix 

8). A significant increase in the cover of bryophytes was observed in the WA treatment 

(figure 1c, p < 0.001, Appendix 8), albeit this effect was largely observed in the Crust plots 

(FWA x BSC = 4.19, p = 0.037).  
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Figure 2. Differences in total cover of Squamarina lentigera (A) and Diploschistes diacapsis (B) in 

areas without (Bare plots) and with well-developed biological soil crusts (Crust plots) from June 2008 

until May 2011. Data represent means ± SE (n = 9-10). See Appendix 15 for raw data. Rest of legend 

as in figure 1. 
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The contribution of the different species to these changes, however, varied depending on the 

treatment considered. For example, in Crust plots subjected to warming, a strong decrease in 

the abundance of Toninia sedifolia (Scop.) Timdal. largely determined changes in community 

composition, while increases in the abundance of Collema crispum (Huds.) F.H. Wigg. in the 

RE treatment were the main driver of such changes in this treatment (Appendix 10).  In the 

case of bryophytes, Didymodon acutus (Brid.) K. Saito is the only moss species contributing 

to increase the dissimilarity between years in all the Crust plots, increasing its abundance in 

all of them (Appendix 10).  

 

Changes in BSC diversity 

At the beginning of the experiment, a total of 21 species of lichens and mosses were identified 

(Appendix 1). Three years later, species richness of the whole BSC community increased and 

decreased in the control treatment at Bare and Crust plots, respectively (figure 3a). Warming 

significantly reduced species richness at both plot types (PERMANOVA, FBare = 11.10, p = 

0.002; FCrust = 18.20, p < 0.001), although it was particularly evident in the crust plots, where 

differences in richness were significantly lower than zero (figure 3a). A significant RE × BSC 

interaction (p = 0.013, Appendix 6) was also found when analyzing richness data. Separate 

analyses for Bare and Crust plots revealed that, overall, richness was reduced in the RE 

treatment in the later plots (PERMANOVA, F = 8.48, p = 0.006). When evaluating changes 

in richness for lichens only, results mimicked those obtained for the whole BSC community 

(Appendices 7 and 11). 

Community diversity, like richness, was negatively affected by warming, albeit 

differences were only significantly lower than zero in Crust plots (figure 3b). When all the 

data were analyzed together, no significant effects were found for the treatments evaluated 

(Appendix 6). Results obtained for lichens were very similar (Appendix 11), but a significant 
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BSC × RE interaction was found (p < 0.05, Appendix 7). Species evenness decreased in 

response to warming (figure 3c, p < 0.001, Appendices 6 and 7). It is interesting to note how 

differences in species evenness were significantly lower than zero in Bare plots subjected to 

both RE and WA treatments in Bare plots (figure 3c). 

 

Figure 3. Total differences in richness (A), diversity (B) and evenness (C) of the whole BSC 

community in areas without (Bare plots) and with well-developed biological soil crusts (Crust plots) 

from June 2008 until May 2011. Data represent means ± SE (n = 9-10). See Appendix 13 for raw data. 

Rest of legend as in figure 1. 
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Changes in BSC performance 

During the course of the experiment, Fv/Fm of both the BSC community and the dominant 

lichens was significantly higher under warming (figs. 4a, 4b, and 4c, p < 0.001, Appendix 12). 

However, this response was not consistent throughout the study period, as indicated by 

significant Time × WA interactions (Repeated measures ANOVA, Community, F5.2, 108.7 = 

4.59, p = 0.001; D. diacapsis, F10, 210, p < 0.001; S. lentigera, F5.7, 119.0 = 5.61, p < 0.001). 

 

Figure 4. Maximum photochemical efficiency of PSII (Fv/Fm) of the whole BSC community (A), 

Squamarina lentigera (B), and Diploschistes diacapsis (C) between November 2008 and November 

2011. Data represent means ± SE (n = 6).  
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DISCUSSION 

We found important changes in the composition, structure, dynamics and functioning of the 

studied BSC community in response to changes in climate, and to warming in particular. 

Overall, and after three years, warming had negative effects on the cover, richness and 

diversity of lichens in well-developed BSCs communities, and reduced notably the degree of 

colonization of bare ground areas by lichens, which was observed in control plots. We also 

found evidence of significant increases in the cover of mosses in those places where lichens 

were declining (e.g. Crust plots under warming). The effects of warming were largely 

independent of those of rainfall, which were also negligible on many of the variables 

evaluated. The strong and negative effects of warming, and the lack of important effects of 

rainfall reduction, on BSC composition and structure have not been previously reported, and 

contrast with climate change studies conducted in other regions [39,40]. These contrasting 

results highlight the need to conduct studies at multiple locations before BSC responses to 

climate change can be generalized.  

 

Responses of BSC communities to simulated climate change 

Warming promoted a dramatic decrease in the cover of lichens in Crust plots during the first 

three years of our experiment, a response that was not modulated by changes in the total 

rainfall amount. At the same time, this treatment promoted an increase of the cover of mosses 

in these plots. These findings contrast with the general impression that lichens are long-lived 

and extremely stress tolerant organisms that have a limited ability to respond quickly to 

changes in environmental conditions because of their slow growth rate [74]. However, despite 

that BSC-forming lichens are long-lived organisms, they can be quite dynamic, and can 

quickly respond to changes in environmental conditions and disturbances of the soil surface. 

Lázaro et al. [75] and Dojani et al. [76] have reported significant increments in the cover of 
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BSC-forming lichens in the semi-arid areas from Spain and South Africa, respectively, in a 

few years, with increments in the cover of particular species (e.g. S. lentigera) above 20% in a  

year [75]. Belnap et al. [77] found decreases in the cover of some lichen species in the 

Colorado Plateau in response to an increase in monthly maximum temperatures over eight 

years. Grote et al. [56] used a physiological argument to suggest that in cyanobacteria-

dominated BSCs, warming is likely to reduce carbon uptake and growth because it will 

increase respiration rates without a comparable increase in photosynthetic rates. An 

interesting exception is that BSCs dominated by mosses were relatively unaffected by 

experimental warming [39], suggesting a lower sensitivity than lichens or cyanobacteria to 

increases in temperature. Warming-induced decreases in lichen abundance are not restricted 

to drylands, as similar results have also been detected in arctic ecosystems [78]. However, the 

primary stress factor in these ecosystems is cold temperatures, rather than low water 

availability. Studies conducted in these areas have attributed decreases in lichens or mosses to 

an increase of vascular vegetation with warming [79,80]. However, this is an unlikely 

explanation for our study because BSC plots were located in areas where vascular vegetation 

was excluded and plant litter was nearly nonexistent. Furthermore, annual plants were 

carefully clipped from the plots surveyed every spring.  

The large declines in lichen cover observed under warming could be promoted by 

higher respiration rates in this treatment [56], which would lead to increases in mortality and 

decreases in cover if the photosynthetic rate cannot compensate these carbon losses [40]. In 

this direction, soil respiration in BSC-dominated areas is clearly enhanced by experimental 

warming in our experiment [46], albeit we cannot separate the fraction of this respiration 

corresponding to the BSCs themselves. At first glance, our Fv/Fm data would not fully 

support this potential mechanism underlying declines in lichen cover; Fv/Fm was 

significantly higher in plots subjected to warming, suggesting higher efficiency of the 
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photosynthetic process (figure 4). We must highlight, however, that the decrease in cover 

observed with warming was mainly attributable to species such as B. zoharyi, T. sedifolia and 

F. subbracteata (Appendix 10), while the species were Fv/Fm was specifically measured 

either decreased slightly in cover (D. diacapsis) or increased it (D. lentigera) in response to 

this treatment (Appendix 10). As these species were the most abundant at our study site in the 

crust plots subjected to warming (Appendices 1 and 10), and the community measurements of 

Fv/Fm consisted on random measurements over each sampling plot, the later measurements 

reflected mostly the behavior of the dominant species (figure 4), and thus did not capture 

properly the physiological status of the species that were mostly affected by warming. Indeed, 

significant reductions in the Fv/Fm of BSC-forming lichens with a 2.1ºC–3.8ºC warming and 

a ~30% reduction in dew and fog inputs have been found in South Africa [57].  

Why do mosses respond differently to warming than lichens? Possibly, this is because 

an early break of dormancy and reactivation with warming promoted initiation of new stems, 

being mosses more adapted for the new conditions than lichens [81,82]. Such a response 

would likely occur during the favourable seasons in terms of humidity and soil moisture, such 

as during autumn and the early part of the winter, where bryophytes in the warming plots 

could encounter a rare convergence of warm temperatures and adequate moisture. In this 

regard, mosses may be more phenotypically plastic than lichens in their ability to change their 

seasonal activity in order to increase their cover [83]. This could also reduce competition for 

living space with lichens, which is likely to be very intense in the studied communities [84], 

increasing the abundance and cover of mosses at the expense of lichens.  

Another potential mechanism that could explain our results is mediation by pigments 

such as zeaxanthin, which is formed to protect chlorophyll during desiccation process 

(normally in darkness), and to promote faster acclimation when conditions return to optimal 

situation [85]. In this context, recent studies [85, 86] suggest that if desiccation occurs faster 
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than in normal conditions, photoprotective mechanisms do not work properly, and, as a 

consequence, structural damages are likely to occur. This mechanism has already been 

demonstrated in the lichen Lobaria pulmonaria (L.) Hoffm. [86], and could explain declines 

in lichen cover with warming, as desiccation should occur much faster because of the 

temperature increase in this treatment (Appendix 5). Mosses usually show more structural 

complexity than lichens [83,87], and this may allow mosses to have quicker responses to 

desiccation [88]. Very few data on desiccation tolerance of BSC constituents are available, 

and most of the studies on the topic have been carried out on bryophytes [83]. This work 

suggests that mosses could be more tolerant to desiccation than lichens (e.g. [89]), but there is 

not enough evidence to affirm this with confidence. Because of the known structural 

limitation of the lichen thallus, if bryophytes desiccate more slowly than lichens at our study 

site, mosses could have the opportunity to activate protective mechanisms against warming, 

and thus to be well prepared to compete against lichens and increase their abundance and 

cover under warming. This mechanism, however, cannot be proven by our results, and further 

studies are needed to evaluate its role in the changes in the cover of lichens and mosses 

observed in our experiment. 

Given the proven importance of rainfall to lichens and mosses, it was surprising to 

find that, unlike warming, rainfall reduction did not have negative effects on the cover and 

performance of BSCs, although some negative effects on species richness were found. Our 

results could be due to the fact that their apparent sensitivity to changes in rainfall is more 

conditioned by the size, duration and timing of rainfall events than on average rainfall 

[37,39]. We expect that more so than with warming, the response of BSCs will be strongly 

dependent on the timing and characteristics of rainfall pulses in a given locality, and thus may 

vary widely from place to place. Carbon balance in BSC-forming mosses of the Mojave 

Desert (a winter-rainfall desert), seem to largely depend on the size of individual events (and 
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thus length of hydration period), in addition to the length of desiccation periods in between 

them and seasonality of the event [90]. Our manipulation did not influence seasonality, but 

influenced event size, and in consequence indirectly affected length of desiccation period, due 

to smaller events hydrate BSCs for less time. In our study region, autumn and spring rainfall 

events can be both large and frequent compared to the much more arid Mojave Desert. Thus 

we can only hypothesize that a ~30% reduction in the natural event size is insufficient to 

induce change in only a few years, though we cannot rule out longer term changes.  

The different treatments (warming and rainfall exclusion) promoted important 

differences in the dynamics of the BSC community studied during the first three years of our 

experiment. We found increases in the abundance of species such as D. diacapsis, S. 

lentigera, F. subbracteata and P. decipiens in all treatments in the Bare plots. This suggests 

that these species may be some of the first colonising species after disturbance situations or in 

natural conditions [75,91]. Overall, BSC richness and diversity, but not evenness, decreased 

with warming. In the Crust plots, reductions in rainfall also promoted a reduction in species 

richness, albeit it was mainly evident under warming. Similar decreases in the richness and 

diversity of BSC components have been reported in arctic ecosystems subjected to warming 

[78]. 

 

Consequences of BSC decline in semi-arid Mediterranean regions 

The observed changes in the diversity, richness and cover of BSCs, and in the abundance of 

particular lichen and moss species could have profound consequences on ecosystem 

functioning. Previous studies carried out in BSC-dominated ecosystems have found positive 

effects of species richness and other components of biodiversity in maintaining processes 

important for ecosystem structure and functioning, such as soil stability [47, 92], dust trapping  

[47] and N cycling  [46]. Bowker et al. [49] suggest that there may be a high degree of 
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functional singularity among different BSC mosses and lichens in Spanish drylands, 

indicating that a species loss is not likely to be compensated for by another species.  

 Changes in the composition of BSC species with warming could have also important 

implications on the water balance and the maintenance of plant patches in semi-arid areas. 

Studies carried out in our study site have found overall positive and negative effects of 

mosses and lichens, respectively, on infiltration [27]. Thus, decreases in the cover of lichens 

and increases in that of mosses suggested by our results would increase the infiltration in 

BSC-dominated areas, reducing the amount of runoff that would normally be redistributed 

and captured by the plants [93]. Given the dependence of plants such as Stipa tenacissima on 

water inputs coming from runoff [94], promoted by the concentration of the roots of this 

species under its canopy, such an effect would further exacerbate the negative effects on the 

performance and growth of semi-arid Mediterranean vegetation expected with ongoing 

climate change [95].  

 Recent research has found that BSC-dominated microsites are the main contributor to 

soil CO2 efflux in our study site [45].  In areas with well-developed BSCs, increases in such 

flux in response to increases in temperature during spring and autumn are higher than in areas 

without or with low BSC cover [45] In the Kalahari Desert, the same pattern was found, 

whereby soil respiration was enhanced with increases in air temperature, which could 

represent a net loss of carbon storages and a potential process of soil deterioration [22,96]. 

Ongoing measurements of soil CO2 efflux at our site indicate that this flux was higher in 

warmed plots throughout most of the study period, and that this effect is particularly evident 

in Crust plots (C. Escolar & F. T. Maestre, unpublished data). Overall, these results suggest 

that warming would promote C losses in BSC-dominated areas. Given that these areas are 

also losing lichen cover, and that the BSC communities are becoming less diverse, this 
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response would be exacerbated in the future because of reduced photosynthetic capacity of 

BSCs.  

 

Concluding remarks 

According to our results, increases in air temperature such as those expected by the middle of 

the XXI
th

 century will have profound negative impacts on the cover, composition and 

diversity of BSCs in Mediterranean regions. Contrary to the common vision about these 

organisms, BSCs respond quickly (in terms of years) to the environmental changes created, 

and seem to can be less tolerant to drought than they are usually considered to be. These 

results add to existing studies, which in most cases suggest that BSCs are most likely to be 

negatively affected by projected warming. We are much farther from a generalization about 

the response of BSCs to reduced rainfall. Our results suggest that BSCs of the Mediterranean 

may be slow to change based on rainfall reduction alone, but there is evidence from various 

localities around the world that suggest that timing, frequency and individual event size may 

exert very rapid effects [39,40].  

Our findings indicate that the expected changes in total cover, richness and 

composition under warming would reduce or even negate the positive effects of BSCs on 

important functional variables, promoting an overall reduction in ecosystem functioning in 

terms of carbon fixation, nutrient pools, water infiltration and soil stabilization. These 

changes could also exacerbate direct effects of climate change on processes such as soil CO2 

efflux, and could also propagate beyond BSC communities to affect plant patches, and thus 

the overall structure of drylands. Future studies aiming to evaluate climate change effects on 

these regions must explicitly consider the importance of biological soil crusts, as this is 

crucial for a full understanding of the role of these organisms and their attributes as drivers of 

ecosystem functioning in drylands, and of their responses to ongoing climate change. 
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SUPPLEMENTARY MATERIAL 

Appendix 1. Checklist and frequency (in %) of lichens and bryophytes in the different treatments at the beginning of the experiment (June 2008) and in May 

2011. RE = rainfall exclusion treatment, WA = warming treatment, Bare = plots with low biological soil crusts (BSC) cover, and Crust = plots with high BSC 

cover. 

June 2008 Bare Crust 

Species Control RE WA WA x RE Control RE WA WA x RE 

Fulgensia subbracteata (Nyl.) Poelt. 80 40 55.56 80 100 100 100 100 

Squamarina lentigera (Weber) Poelt. 30 40 77.78 40 70 100 100 77.78 

Diploschistes diacapsis (Ach.) Lumbsch. 40 30 66.67 20 80 100 100 88.89 

Psora decipiens (Hedw.) Hoffm. 30 40 44.44 60 70 66.67 80 88.89 

Buellia zoharyi Galun. 10 30 33.33 30 60 77.78 90 77.78 

Toninia sedifolia (Scop.) Timdal. 10 10 22.22 30 50 66.67 100 55.56 

Collema crispum (Huds.) F.H. Wigg. 10 10 22.22 20 40 22.22 80 44.44 

Acarospora nodulosa (Dufour) Hue. 10 10 33.33 20 20 33.33 50 33.33 

Psora saviczii (Tomin) Follmann et A. Crespo. 20 20 11.11 30 40 11.11 20 22.22 

Placidium squamulosum (Ach.) Breuss. 0 0 0 20 10 11.11 40 22.22 

Didymodon acutus (Brid.) K. Saito. 10 10 0 10 10 22.22 30 0 

Squamarina cartilaginea (With.) P. James. 10 0 0 10 0 22.22 20 0 

Barbula sp. 10 0 0 10 10 11.11 20 0 

Cladonia convoluta (Lam.) Cout. 0 0 0 0 10 11.11 20 11.11 

Heppia lutosa (Ach.) Nyl. 0 0 0 10 0 0 0 0 

Placidium pilosellum (Breuss) Breuss. 0 10 0 0 0 0 0 0 

Endocarpon pusillum Hedw. 0 0 0 10 0 0 0 0 

Buellia epipolia (Ach.) Mong.  0 0 11.11 0 0 0 0 0 

Toninia taurica (Szatala) Oxner. 10 0 0 0 0 0 0 0 

Tortula revolvens (Schimp.) G. Roth. 0 0 0 0 10 0 0 0 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://botanica.bio.ub.es/checklist/mostrar.php?nsyn=3388&ntax=3388&taxon=Endocarpon+pusillum+Hedw.+++*
http://botanica.bio.ub.es/checklist/mostrar.php?nsyn=3279&ntax=1291&taxon=Buellia+epipolia+%28Ach.%29+Mong.+++%3cSTRONG
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Pleurochaete squarrosa (Brid.) Lindb. 0 0 0 0 0 0 0 11.11 

May 2011 Bare Crust 

Species Control RE WA WA x RE Control RE WA WA x RE 

Squamarina lentigera (Weber) Poelt. 100 60 55.56 40 100 100 100 100 

Fulgensia subbracteata (Nyl.) Poelt. 100 60 55.56 70 100 77.78 70 100 

Diploschistes diacapsis (Ach.) Lumbsch. 60 90 33.33 40 70 100 80 66.67 

Psora decipiens (Hedw.) Hoffm. 40 60 33.33 60 100 77.78 70 44.44 

Buellia zoharyi Galun. 0 10 11.11 10 70 88.89 60 88.89 

Didymodon acutus (Brid.) K. Saito. 0 10 11.11 10 70 55.56 60 44.44 

Toninia sedifolia (Scop.) Timdal. 10 20 11.11 10 50 55.56 40 11.11 

Collema crispum (Huds.) F.H. Wigg. 10 10 0 0 50 44.44 20 22.22 

Acarospora nodulosa (Dufour) Hue. 20 10 0 0 30 22.22 0 11.11 

Psora saviczii (Tomin) Follmann et A. Crespo. 0 10 11.11 0 30 0 10 11.11 

Barbula sp. 0 0 0 0 20 22.22 10 0 

Squamarina cartilaginea (With.) P. James. 0 0 0 0 0 33.33 0 11.11 

Endocarpon pusillum Hedw. 0 10 0 0 0 22.22 0 0 

Heppia lutosa (Ach.) Nyl. 0 0 0 0 10 11.11 0 0 

Placidium squamulosum (Ach.) Breuss. 0 0 0 0 10 0 10 0 

Pleurochaete squarrosa (Brid.) Lindb. 0 0 0 0 0 11.11 10 0 

Cladonia convoluta (Lam.) Cout. 0 0 0 0 10 0 0 0 

 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://botanica.bio.ub.es/checklist/mostrar.php?nsyn=3388&ntax=3388&taxon=Endocarpon+pusillum+Hedw.+++*
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A) 

 

B) 

 

Appendix 2. Detailed view of an experimental plot with an open top chamber and a rainfall shelter 

(A), and partial view of the study area (B). Photo credits: Fernando T. Maestre. 
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Appendix 3.  Percentage of rainfall exclusion promoted by the rainfall shelters during selected rain 

events throughout the study period. The average reduction achieved throughout these events is 30.4%. 
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Appendix 4. Changes in maximum photochemical efficiency of photosystem II (Fv/Fm, A) and in 

quantum yield (ΦPSII, B) of the whole BSC community, during a daily curve carried out on March 

2012. Data represent means + SE (n = 6). 
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Appendix 5. Changes in air (A) and soil (B) temperature in the different treatments between August 

2008 and December 2011. Precipitation registered throughout this period is indicated as grey bars in 

the upper panel.  Data represent daily means (n = 5 and 10 for air and soil temperature, respectively). 

The standard errors of these data are omitted for clarity. 
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Appendix 6. PERMANOVA results for main treatment effects and interactions on the cover, richness, 

diversity and evenness of the whole biological soil crust community (mosses and lichens). BSC = 

biological soil crust (BSC; bare ground plots vs. plots with well-developed biological soil crusts), RE 

= rainfall exclusion (control vs. ~ 30% rainfall exclusion), WA = warming (control vs. 2.4 ºC 

warming). P values below 0.05 are shown in boldface.  

 

Source Treatment df SS MS Pseudo - F 

P (from 

permutations) 

Cover  BSC 1 0.71 0.71 46.85 0.022 

 

WA 1 0.29 0.29 20.95 0.166 

 

RE 1 0.07 0.07 4.84 0.333 

 

BSC x WA 1 0.01 0.01 1682.80 0.018 

 

BSC x RE 1 0.00 0.00 88.10 0.076 

 

WA x RE 1 0.01 0.01 0.56 0.457 

 

BSC x WA x RE 1 0.00 0.00 0.00 0.985 

Richness BSC 1 57.96 57.96 3.42 0.238 

 

WA 1 69.96 69.96 55.45 0.162 

 

RE 1 5.07 5.07 4.02 0.501 

 

BSC x WA 1 0.82 0.82 28.11 0.119 

 

BSC x RE 1 16.12 16.12 554.92 0.013 

 

WA x RE 1 1.26 1.26 0.51 0.478 

 

BSC x WA x RE 1 0.03 0.03 0.01 0.918 

Diversity BSC 1 7.07 7.07 1.99 0.368 

 

WA 1 26.93 26.93 15.86 0.331 

 

RE 1 0.09 0.09 0.05 0.838 

 

BSC x WA 1 1.17 1.17 5.30 0.263 

 

BSC x RE 1 2.49 2.49 11.30 0.187 

 

WA x RE 1 1.70 1.70 1.34 0.251 

 

BSC x WA x RE 1 0.22 0.22 0.17 0.672 

Evenness BSC 1 0.03 0.03 0.28 0.771 

 

WA 1 0.19 0.19 2.00 0.000 

 

RE 1 0.11 0.11 1.13 0.326 

 

BSC x WA 1 0.26 0.26 5.68 0.212 

 

BSC x RE 1 0.01 0.01 0.22 0.748 

 

WA x RE 1 0.10 0.10 1.07 0.308 

 

BSC x WA x RE 1 0.05 0.05 0.50 0.494 
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Appendix 7. PERMANOVA for main treatment effects and interactions on the cover, richness, 

diversity and evenness of lichens. BSC = biological soil crust (BSC; bare ground plots vs. plots with 

well-developed biological soil crusts), RE = rainfall exclusion (control vs. ~ 30% rainfall exclusion), 

WA = warming (control vs. 2.4 ºC warming). P values below 0.05 are shown in boldface.  

 

Source Treatment df SS MS Pseudo - F 

P (from 

permutations) 

Cover  BSC 1 0.86 0.86 14.73 0.060 

 

WA 1 0.42 0.42 102.76 0.168 

 

RE 1 0.10 0.10 24.68 0.335 

 

BSC x WA 1 0.05 0.05 17.40 0.149 

 

BSC x RE 1 0.01 0.01 3.00 0.348 

 

WA x RE 1 0 0 0.19 0.659 

 

BSC x WA x RE 1 0 0 0.13 0.720 

Richness BSC 1 75.06 75.06 4.43 0.201 

 

WA 1 71.98 71.98 72.02 0.168 

 

RE 1 4.32 4.32 4.32 0.500 

 

BSC x WA 1 0.61 0.61 256.69 0.030 

 

BSC x RE 1 16.33 16.33 6885.90 0.013 

 

WA x RE 1 1.00 1.00 0.49 0.478 

 

BSC x WA x RE 1 0 0 0 0.975 

Diversity BSC 1 13.84 13.84 4.41 0.199 

 

WA 1 33.77 33.77 19.37 0.334 

 

RE 1 0.11 0.11 0.06 0.665 

 

BSC x WA 1 0.32 0.32 26.35 0.118 

 

BSC x RE 1 2.82 2.82 229.73 0.044 

 

WA x RE 1 1.74 1.74 1.62 0.209 

 

BSC x WA x RE 1 0.01 0.01 0.01 0.918 

Evenness BSC 1 0.04 0.04 0.33 0.741 

 

WA 1 0.26 0.26 2.08 <0.001 

 

RE 1 0.13 0.13 1.08 0.332 

 

BSC x WA 1 0.21 0.21 7.16 0.205 

 

BSC x RE 1 0.01 0.01 0.18 0.750 

 

WA x RE 1 0.12 0.12 1.35 0.253 

 

BSC x WA x RE 1 0.03 0.03 0.32 0.575 
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Appendix 8. PERMANOVA for main treatment effects and interactions on the cover of Squamarina 

lentigera, Diploschistes diacapsis and bryophytes. BSC = biological soil crust (BSC; bare ground 

plots vs. plots with well-developed biological soil crusts), RE = rainfall exclusion (control vs. ~ 30% 

rainfall exclusion), WA = warming (control vs. 2.4 ºC warming). P values below 0.05 are shown in 

boldface. 

 

Source Treatment df SS MS Pseudo - F 

P (from 

permutations) 

Squamarina lentigera BSC 1 0.01 0.01 3.65 0.218 

 

WA 1 0.01 0.01 3.47 0.351 

 

RE 1 0 0 0.42 0.514 

 

BSC x WA 1 0 0 1.83 0.421 

 

BSC x RE 1 0 0 3.30 0.294 

 

WA x RE 1 0 0 0.65 0.419 

 

BSC x WA x RE 1 0 0 0.21 0.672 

Diploschistes diacapsis BSC 1 0.03 0.03 4.56 0.191 

 

WA 1 0.05 0.05 29729.00 0.001 

 

RE 1 0 0 3149.60 0.001 

 

BSC x WA 1 0.01 0.01 525.73 0.080 

 

BSC x RE 1 0 0 96.88 0.117 

 

WA x RE 1 0 0 0 0.984 

 

BSC x WA x RE 1 0 0 0 0.961 

Bryophytes BSC 1 0.01 0.01 0.67 0.835  

 WA 1 0.01 0.01 4.04 <0.001  

 RE 1 0 0 1.17 0.329  

 BSC x WA 1 0.01 0.01 4.19 0.037  

 BSC x RE 1 0 0 1.67 0.311  

 WA x RE 1 0 0 0.76 0.400  

 BSC x WA x RE 1 0 0 0.67 0.428 
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Appendix 9. PERMANOVA for main treatment effects and interactions on community composition. 

Year = survey (June 2008 vs. May 2011), BSC = biological soil crust (BSC; bare ground plots vs. 

plots with well-developed biological soil crusts), RE = rainfall exclusion (control vs. ~ 30% rainfall 

exclusion), WA = warming (control vs. 2.4 ºC warming). P values below 0.05 are shown in boldface. 

 

Source df SS MS Pseudo - F 

P (from 

permutations) 

Year 1 5133.10 5133.10 2.80 0.011 

BSC 1 37573.00 37573.00 20.53 <0.001 

WA 1 1091.00 1091.00 0.60 0.748 

RE 1 3020.80 3020.80 1.65 0.123 

Year x BSC 1 2971.70 2971.70 1.62 0.128 

Year x WA 1 2945.70 2945.70 1.61 0.138 

Year x RE 1 738.20 738.20 0.40 0.891 

BSC x WA 1 487.73 487.73 0.27 0.960 

BSC x RE 1 4799.40 4799.40 2.62 0.017 

WA x RE 1 5274.70 5274.70 2.88 0.011 

Year x BSC x WA 1 1442.30 1442.30 0.79 0.588 

Year x BSC x RE 1 380.05 380.05 0.21 0.975 

Year x WA x RE 1 327.86 327.86 0.18 0.985 

BSC x WA x RE 1 1007.20 1007.20 0.55 0.787 

Year x BSC x WA x RE 1 383.69 383.69 0.21 0.976 
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Appendix 10. Similarity percentage analysis (SIMPER) of species contributions (%) to the total average community dissimilarity (shown in parentheses) 

between 2008 and 2011 in the different treatments. Results for plots with initially low (Bare) and high (Crust) biological crust cover are shown separately. 

Total average dissimilarity between years is shown per treatment. Species are listed in decreasing order of importance.  Av. Abund = Average abundance, Av 

Diss = Average dissimilarity, Diss/SD = Dissimilarity / Standard deviation, Contrib% = Contribution to dissimilarity, and Cum% = Cumulative percentage of 

dissimilarity. 

 

A. Bare plots 

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

 

Year 0 

(Jun. 2008) 

 Year 1  

(May. 2011) 

    
Control (Average dissimilarity = 58. 77) 

  

                               

Squamarina lentigera (Weber) Poelt. 0.11 0.48 15.15 1.51 25.78 25.78 

Fulgensia subbracteata (Nyl.) Poelt. 0.61 0.62 11.74 1.07 19.98 45.76 

Diploschistes diacapsis (Ach.) Lumbsch. 0.15 0.31 11.22 1.07 19.08 64.84 

Psora decipiens (Hedw.) Hoffm. 0.13 0.12 6.68 0.82 11.37 76.21 

Toninia sedifolia (Scop.) Timdal. 0.05 0.07 3.75 0.44 6.37 82.58 

Acarospora nodulosa (Dufour) Hue. 0.03 0.08 3.25 0.54 5.53 88.11 

Toninia taurica (Szatala) Oxner. 0.08 0 2.58 0.33 4.39 92.5 

       Warming (Average dissimilarity = 73.11) 

      Squamarina lentigera (Weber) Poelt. 0.28 0.4 16.28 0.99 22.27 22.27 

Fulgensia subbracteata (Nyl.) Poelt. 0.33 0.34 14.81 0.91 20.26 42.53 

Diploschistes diacapsis (Ach.) Lumbsch. 0.17 0.18 9.91 0.77 13.56 56.09 

Psora decipiens (Hedw.) Hoffm. 0.2 0.16 8.89 0.87 12.16 68.25 

Collema crispum (Huds.) F. H. Wigg.  0.18 0 7.67 0.45 10.49 78.74 

Psora saviczii (Tomin) Follmann et A. Crespo. 0.16 0.09 7.49 0.6 10.24 88.99 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
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Toninia sedifolia (Scop.) Timdal. 0.08 0.04 3.22 0.6 4.41 93.4 

       Rainfall exclusion (Average dissimilarity = 72.62) 

     Diploschistes diacapsis (Ach.) Lumbsch. 0.24 0.47 16.19 0.94 22.29 22.29 

Psora decipiens (Hedw.) Hoffm. 0.29 0.34 13.75 1.04 18.93 41.22 

Squamarina lentigera (Weber) Poelt. 0.12 0.29 13.41 0.75 18.46 59.69 

Fulgensia subbracteata (Nyl.) Poelt. 0.26 0.32 11.94 1.03 16.44 76.13 

Psora saviczii (Tomin) Follmann et A. Crespo. 0.09 0.03 3.3 0.55 4.55 80.67 

Toninia sedifolia (Scop.) Timdal. 0.06 0.06 3.27 0.58 4.51 85.18 

Buellia zoharyi Galun. 0.07 0.03 2.72 0.53 3.74 88.92 

Collema crispum (Huds.) F. H. Wigg.  0.04 0.05 2.47 0.45 3.4 92.32 

       Warming x Rainfall Exclusion (Average dissimilarity = 68.47) 

    Fulgensia subbracteata (Nyl.) Poelt. 0.42 0.45 18.29 0.92 26.71 26.71 

Psora decipiens (Hedw.) Hoffm. 0.34 0.36 15.44 0.9 22.55 49.26 

Squamarina lentigera (Weber) Poelt. 0.19 0.24 10.87 0.89 15.87 65.14 

Diploschistes diacapsis (Ach.) Lumbsch. 0.15 0.17 8.58 0.83 12.53 77.66 

Psora saviczii (Tomin) Follmann et A. Crespo. 0.12 0 5.3 0.34 7.74 85.4 

Toninia sedifolia (Scop.) Timdal. 0.13 0.04 4.6 0.63 6.72 92.12 

       

       

         

http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
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B.  Crust plots 

      

       Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.% 

 

Year 0  

(Jun. 2008) 

 Year 1 

(May. 2011) 

  Control (Average dissimilarity = 39.32) 

  

                               

Diploschistes diacapsis (Ach.) Lumbsch. 0.37 0.36 6.03 1.49 15.34 15.34 

Fulgensia subbracteata (Nyl.) Poelt. 0.45 0.39 4.8 1.54 12.2 27.53 

Buellia zoharyi Galun. 0.31 0.22 4.58 1.27 11.65 39.18 

Squamarina lentigera (Weber) Poelt. 0.47 0.54 4.07 1.27 10.35 49.53 

Didymodon acutus (Brid.) K. Saito. 0.07 0.15 3.39 1.18 8.63 58.16 

Toninia sedifolia (Scop.) Timdal. 0.11 0.09 2.62 1.14 6.67 64.83 

Collema crispum (Huds.) F. H. Wigg.  0.11 0.1 2.57 1.17 6.54 71.37 

Psora decipiens (Hedw.) Hoffm. 0.22 0.25 2.38 1.02 6.05 77.41 

Psora saviczii (Tomin) Follmann et A. Crespo. 0.08 0.07 2.36 1.06 5.99 83.41 

Acarospora nodulosa (Dufour) Hue. 0.08 0.06 1.92 1.05 4.87 88.28 

Cladonia convoluta (Lam.) Cout. 0.03 0.05 1.54 0.46 3.91 92.19 

       Warming (Average dissimilarity = 43.62) 

      Buellia zoharyi Galun. 0.37 0.28 5.43 1.29 12.45 12.45 

Toninia sedifolia (Scop.) Timdal. 0.26 0.12 5.15 1.64 11.81 24.25 

Fulgensia subbracteata (Nyl.) Poelt. 0.38 0.26 4.99 1.23 11.43 35.69 

Didymodon acutus (Brid.) K. Saito. 0.04 0.24 4.92 1.13 11.28 46.97 

Diploschistes diacapsis (Ach.) Lumbsch. 0.38 0.32 4.84 1.2 11.1 58.06 

Psora decipiens (Hedw.) Hoffm. 0.25 0.23 4 1.35 9.17 67.23 

Squamarina lentigera (Weber) Poelt. 0.45 0.55 3.86 1.27 8.84 76.08 

Collema crispum (Huds.) F. H. Wigg.  0.12 0.06 2.96 1.1 6.79 82.86 

Placidium squamulosum (Ach.) Breuss. 0.08 0.03 2 0.81 4.59 87.46 

http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
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Acarospora nodulosa (Dufour) Hue. 0.09 0 1.98 0.81 4.53 91.99 

       Rainfall exclusion (Average dissimilarity = 36.75) 

     Diploschistes diacapsis (Ach.) Lumbsch. 0.43 0.49 5.55 1.35 15.1 15.1 

Buellia zoharyi Galun. 0.38 0.29 4.55 1.19 12.38 27.48 

Squamarina lentigera (Weber) Poelt. 0.58 0.56 4.19 1.43 11.4 38.88 

Fulgensia subbracteata (Nyl.) Poelt. 0.31 0.25 3.78 1.33 10.28 49.17 

Collema crispum (Huds.) F. H. Wigg.  0.04 0.16 3.43 0.9 9.34 58.5 

Didymodon acutus (Brid.) K. Saito. 0.09 0.11 2.97 1.14 8.07 66.57 

Psora decipiens (Hedw.) Hoffm. 0.09 0.16 2.76 1.21 7.51 74.08 

Toninia sedifolia (Scop.) Timdal. 0.11 0.1 2.52 1.28 6.85 80.93 

Acarospora nodulosa (Dufour) Hue. 0.08 0.06 2.25 0.94 6.12 87.05 

Squamarina cartilaginea (With.) P. James. 0.03 0.05 1.26 0.84 3.43 90.48 

       Warming x Rainfall Exclusion (Average dissimilarity = 43.94) 

    Buellia zoharyi Galun. 0.31 0.34 6.23 1.13 14.17 14.17 

Squamarina lentigera (Weber) Poelt. 0.48 0.48 6.13 1.4 13.94 28.11 

Diploschistes diacapsis (Ach.) Lumbsch. 0.41 0.32 5.66 1.35 12.89 41 

Fulgensia subbracteata (Nyl.) Poelt. 0.42 0.38 5.31 1.35 12.09 53.09 

Didymodon acutus (Brid.) K. Saito. 0 0.23 5.28 0.78 12.03 65.12 

Psora decipiens (Hedw.) Hoffm. 0.16 0.09 3.55 1.35 8.08 73.2 

Toninia sedifolia (Scop.) Timdal. 0.13 0.02 2.97 1.1 6.77 79.97 

Collema crispum (Huds.) F. H. Wigg.  0.09 0.06 2.66 0.92 6.05 86.02 

Pleurochaete squarrosa (Brid.) Lindb. 0.1 0 2.35 0.35 5.34 91.36 

 

 

 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://www.google.co.uk/url?sa=t&rct=j&q=collema%20crispum&source=web&cd=10&ved=0CGkQFjAJ&url=http%3A%2F%2Fwww.myco-lich.com%2FLichenology-in-Iran%2Fidentifications%2Fshort-description-for-species%2Fgenera-names%2Fcollema-f-h-wigg%2Fcollema-crispum-huds-f-h-wigg&ei=G2wiT8SiH5CIhQey1bnzBA&usg=AFQjCNGxM8vZ_fW-79jTYLDTe83HwZ-t0Q
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Appendix 11. Differences in richness (A), diversity (B) and evenness (C) of biological soil 

crust (BSC)-forming lichens in areas with low (Bare) and high (Crust) BSC cover between June 

2008 and May 2011. Data represent means + SE (n = 9-10). RE = rainfall exclusion, WA = 

warming, and WA x RE = warming and rainfall exclusion. * indicate P values from the 

Wilcoxon test: * P < 0.05, ** P < 0.01, *** P < 0.001.  
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Appendix 12.  Repeated-measures ANOVA source table, summarizing effects of warming and 

rainfall reduction on the maximum photochemical efficiency of photosystem II (Fv/Fm) of the 

whole biological soil crust community, Squamarina lentigera and Diploschistes diacapsis. P 

values below 0.05 are in bold.  RE = rainfall exclusion, and WA = warming. 

 

Source Treatment Df SS MS F P value 

Community WA 1 0.294 0.294 23.443 <0.001 

 

RE 1 0.005 0.005 0.372 0.548 

 

WA x RE 1 0.000 0.000 0.026 0.873 

Squamarina lentigera WA 1 0.296 0.296 40.172 <0.001 

 

RE 1 0.003 0.003 0.468 0.501 

 

WA x RE 1 0.000 0.000 0.047 0.831 

Diploschistes diacapsis WA 1 0.245 0.245 32.084 0.000 

 

RE 1 0.002 0.002 0.244 0.626 

  WA x RE 1 0.009 0.009 1.118 0.302 
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Appendix 13. Main attributes of the biological soil crust community (BSC) sampled in areas 

with low (Bare) and high (Crust) BSC cover in 2008 and 2011. Data represent means ± SE (n = 

9-10). RE = rainfall exclusion, and WA = warming. 

  
Source 2008 2011 

% Cover Bare Control 7.60 ± 2.30 13.39 ± 2.11 

  

RE 8.68 ± 3.29 22.48 ± 5.88 

  

WA 6.15 ± 1.74 5.05 ± 1.61 

  

WA x RE 9.83 ± 2.76 11.24 ± 3.69 

 

Crust Control 78.26 ± 3.29 67.02 ± 4.66 

  

RE 71.26 ± 5.41 69.15 ± 2.24 

  

WA 71.07 ± 2.80 47.36 ± 8.48 

  

WA x RE 74.56 ± 3.20 54.73 ± 5.22 

Richness Bare Control 2.10 ± 0.35 3.40 ± 0.27 

  

RE 2.30 ± 0.62 3.50 ± 0.58 

  

WA 2.33 ± 0.41 2.22 ± 0.43 

  

WA x RE 3.20 ± 0.89 2.40 ± 0.56 

 

Crust Control 8.30 ± 0.50 7.20 ± 0.55 

  

RE 6.67 ± 0.65 7.22 ± 0.72 

  

WA 8.40 ± 0.54 5.40 ± 0.54 

  

WA x RE 6.89 ± 0.42 5.11 ± 0.31 

Diversity Bare Control 1.77 ± 0.30 2.59 ± 0.15 

  

RE 1.89 ± 0.46 2.82 ± 0.41 

  

WA 2.13 ± 0.34 1.93 ± 0.36 

  

WA x RE 2.64 ± 0.72 1.74 ± 0.34 

 

Crust Control 4.67 ± 0.32 4.40 ± 0.29 

  

RE 4.05 ± 0.34 4.40 ± 0.48 

  

WA 5.38 ± 0.38 4.36 ± 0.47 

  

WA x RE 3.96 ± 0.35 3.19 ± 0.26 

Evenness Bare Control 0.63 ± 0.11 0.79 ± 0.02 

  

RE 0.50 ± 0.14 0.68 ± 0.11 

  

WA 0.60 ± 0.15 0.66 ± 0.14 

  

WA x RE 0.58 ± 0.13 0.42 ± 0.12 

 

Crust Control 0.72 ± 0.02 0.75 ± 0.03 

  

RE 0.74 ± 0.03 0.74 ± 0.03 

  

WA 0.79 ± 0.03 0.86 ± 0.02 

  

WA x RE 0.71 ± 0.04 0.70 ± 0.05 
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Appendix 14. Main attributes of the lichen community sampled in areas with low (Bare) and 

high (Crust) biological soil crust cover in 2008 and 2011. Data represent means ± SE (n = 9-10). 

Data represent means ± SE (n = 9-10). RE = rainfall exclusion, and WA = warming. 

 

  
Source 2008 2011 

% Cover Bare Control 7.60 ± 2.30 13.39 ± 2.11 

  

RE 8.68 ± 3.29 22.23 ± 5.92 

  

WA 6.15 ± 1.74 4.87 ± 1.58 

  

WA x RE 9.83 ± 2.76 10.99 ± 3.47 

 

Crust Control 75.54 ± 3.32 64.30 ± 4.31 

  

RE 68.96 ± 4.88 67.31 ± 2.25 

  

WA 70.74 ± 2.85 39.83 ± 6.69 

  

WA x RE 68.04 ± 6.70 46.28 ± 5.58 

Richness Bare Control 2.10 ± 0.35 3.40 ± 0.27 

  

RE 2.30 ± 0.62 3.40 ± 0.58 

  

WA 2.33 ± 0.41 2.11 ± 0.39 

  

WA x RE 3.20 ± 0.89 2.30 ± 0.52 

 

Crust Control 7.70 ± 0.33 6.30 ± 0.50 

  

RE 6.11 ± 0.63 6.33 ± 0.53 

  

WA 7.90 ± 0.41 4.60 ± 0.34 

  

WA x RE 6.78 ± 0.40 4.67 ± 0.29 

Diversity Bare Control 1.77 ± 0.30 2.59 ± 0.15 

  

RE 1.89 ± 0.46 2.73 ± 0.40 

  

WA 2.13 ± 0.34 1.83 ± 0.31 

  

WA x RE 2.64 ± 0.72 1.70 ± 0.33 

 

Crust Control 4.48 ± 0.25 3.98 ± 0.25 

  

RE 3.79 ± 0.34 4.02 ± 0.38 

  

WA 5.14 ± 0.32 3.72 ± 0.29 

  

WA x RE 4.27 ± 0.35 3.02 ± 0.27 

Evenness Bare Control 0.63 ± 0.11 0.79 ± 0.02 

  

RE 0.50 ± 0.14 0.68 ± 0.11 

  

WA 0.60 ± 0.15 0.66 ± 0.14 

  

WA x RE 0.58 ± 0.13 0.42 ± 0.12 

 

Crust Control 0.73 ± 0.02 0.76 ± 0.04 

  

RE 0.74 ± 0.04 0.74 ± 0.03 

  

WA 0.79 ± 0.03 0.85 ± 0.03 

  

WA x RE 0.75 ± 0.04 0.71 ± 0.05 
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Appendix 15. Cover (in %) of Squamarina lentigera, Diploschistes diacapsis and bryophytes in 

areas with low (Bare) and high (Crust) biological soil crust cover in 2008 and 2011. Data 

represent means ± SE (n = 9-10). RE = rainfall exclusion, and WA = warming. 

 

 

  

 

  Source 2008 2011 

Squamarina lentigera Bare Control 0.25 ± 0.18 2.48 ± 0.33 

  

RE 0.25 ± 0.18 2.40 ± 0.95 

  

WA 1.19 ± 0.80 1.65 ± 0.72 

  

WA x RE 0.66 ± 0.32 2.07 ± 1.05 

 

Crust Control 19.09 ± 3.65 21.24 ± 4.05 

  

RE 25.71 ± 4.40 24.06 ± 4.81 

  

WA 15.95 ± 3.17 13.22 ± 2.64 

  

WA x RE 20.29 ± 5.61 17.45 ± 6.83 

Diploschistes diacapsis Bare Control 0.66 ± 0.39 3.47 ± 1.46 

  

RE 1.65 ± 1.01 5.21 ± 1.63 

  

WA 0.92 ± 0.67 0.46 ± 0.24 

  

WA x RE 0.41 ± 0.22 0.91 ± 0.57 

 

Crust Control 13.97 ± 3.90 13.55 ± 4.32 

  

RE 17.26 ± 5.51 19.28 ± 5.05 

  

WA 12.81 ± 4.05 5.70 ± 1.80 

  

WA x RE 13.22 ± 2.43 8.45 ± 3.05 

Bryophytes Bare Control 0 0 

  

RE 0 0.25 ± 0.25 

  

WA 0 0.18 ± 0.18 

  

WA x RE 0 0.25 ± 0.25 

 

Crust Control 2.73 ± 2.55 2.73 ± 1.10 

  

RE 2.30 ± 1.66 1.84 ± 0.70 

  

WA 0.33 ± 0.18 7.52 ± 3.11 

  

WA x RE 6.52 ± 6.52 8.45 ± 4.57 
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ABSTRACT 

Soil communities dominated by lichens, mosses, bacteria and fungi (biocrusts) are 

particularly important for maintaining ecosystem structure and functioning in drylands 

worldwide. Despite the increased attention on these organisms, few studies have 

explicitly evaluated how climate change-induced impacts on biocrusts will affect 

associated microbial communities. Here we report results from a field experiment 

conducted in a semiarid Pinus halepensis afforestation from SE Spain, where we have 

experimentally increased air/surface soil temperature by 2/3ºC using open top chambers 

in areas with and without a well developed biocrust community dominated by lichens 

and mosses. Warming promoted important reductions in the richness and cover (~45%) 

of well-developed biocrust areas 52 months after the onset of the experiment. However, 

this treatment did not promote significant changes in the composition and abundance of 

the microbial community as whole, as measured by phospholipids fatty acids analyses, 

and of major microbial groups. Warming increased the microbial starvation index 

through time, a response that was modulated by the degree of biocrust development and 

the distance to the nearest P. halepensis tree. Together with the results of recent studies, 

our findings indicate that warming will reduce the cover and diversity of Mediterranean 

biocrust communities dominated by lichens, negatively affecting processes, such as 

carbon and nitrogen fixation and soil stability, mainly depend on these organisms. 
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INTRODUCTION 

Climate change is altering the structure and functioning of terrestrial ecosystems 

worldwide, and will foster important changes in their current composition and diversity 

(e.g. Visser & Both 2005, Rosenzweig C. et al. 2007, Peñuelas et al. 2013). For 

example, global estimates of species extinction rates range from 20 to 30% if average 

temperature increases by 1.5-2.5°C, with Mediterranean regions predicted to be affected 

with up to 40% average extinction rates (Solomon 2007). Given the dependence of 

crucial ecosystem functions, such as productivity, C storage and nutrient cycling, on 

biodiversity (Strassburg et al. 2010, Isbell et al. 2012, Cardinale et al. 2012), such rates 

of biodiversity loss are predicted to be accompanied by yet further extreme ecological 

events and potential catastrophic shifts in natural ecosystems (Cardinale et al. 2012). 

However, large uncertainty exists about how climate change-induced alterations in the 

composition and diversity of biotic communities will directly impact ecosystem 

functioning (Zhou et al. 2012, Hartley et al. 2012, Maestre et al. 2013). This is 

particularly true for terrestrial microbial communities, which play critical roles in the C 

and N cycles (Schimel & Schaeffer 2012, Schmidt et al. 2007), as we are only starting 

to understand the role that environmental factors such as temperature and rainfall play 

in determining their abundance, distribution and diversity (Fierer & Jackson 2006, 

Eisenlord et al. 2012, García-Pichel et al. 2013). Understanding how the structure and 

composition of soil microbial communities will change in response to climate change is 

thus key to understand ecosystem responses to such change.  

Drylands, defined as regions that have an index of aridity (ratio of mean annual 

precipitation to mean annual potential evapotranspiration) of 0.05 to 0.65, occupy 41% 

of the terrestrial surface (Safriel & Adeel 2005). They include some of the most diverse 

http://www.ncbi.nlm.nih.gov/pubmed?term=Schaeffer%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=23055998
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biomes in terms of animal and plant diversity (Kier et al., 2005, Cowling et al., 1998), 

and harbor highly diverse microbial soil communities (Fierer & Jackson 2006, Housman 

et al. 2007, Bates et al. 2010). Such a biodiversity is essential for maintaining the 

ecosystem multifunctionality (i.e., the ability of ecosystems to maintain multiple 

functions and services simultaneously, such as carbon [C] storage, productivity, and the 

build-up of nutrient pools, Zavaleta et al. 2010), as suggested by recent studies (Maestre 

et al. 2012a, Bowker et al. 2011, 2013). Drylands are also of paramount importance for 

humans, not only because they are host over 38% of the global population (Safriel & 

Adeel 2005), but also because they are essential for achieving global sustainability, and 

for the well-being of human populations worldwide (Reynolds et al. 2007). Drylands 

are among the most sensitive ecosystems to climate change (Körner 2000, Maestre et al. 

2012b), and their primary productivity and biological activity are strongly limited by 

precipitation and soil nutrient availability (Whitford 2002). Climate models forecast 

averagely (median) warming values ranging from 3.2ºC to 3.7ºC and important 

alterations in rainfall amounts and patterns, for drylands worldwide by the late XXI 

century (Solomon 2007). These climatic changes are predicted to expand the area 

occupied by drylands globally by 10% at the end of this century (Feng & Fu 2013).  

Communities dominated by lichens, mosses, bacteria and fungi (biocrusts) are 

particularly important in drylands worldwide, as they may constitute up to 70% of the 

living cover (Belnap 2003, Maestre et al. 2011), and exert a strong influence on 

belowground communities such as fungi (Bates et al. 2010) and bacteria (Yeager et al. 

2004, Castillo-Monroy et al. 2011a). Biocrusts fix important amounts of atmospheric 

CO2 (over 2.6 Pg of C/year globally; Elbert et al. 2012), regulate the temporal dynamics 

of soil CO2 efflux and net CO2 uptake (Castillo-Monroy et al. 2011b, Wilske et al. 
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2008), affect the activity of soil enzymes involved in C and N cycling (Bowker et al. 

2011, Miralles et al. 2013), and determine other N cycle processes with clear 

implications for global biogeochemical cycles, such as N fixation (Elbert et al. 2012), 

nitrification (Castillo-Monroy et al. 2010), and denitrification (Barger et al. 2013). 

Climate change is expected to negatively impact the photosynthetic activity of soil 

lichens (Maphangwa et al. 2012) and mosses (Grote et al. 2010), ultimately reducing 

their growth and dominance within biocrusts (Reed et al. 2012, Escolar et al. 2012). 

Reductions in the abundance of other biocrust-associated cyanobacteria with changes in 

rainfall patterns have also been reported (Johnson et al. 2012).  

While the importance of biocrusts for maintaining ecosystem structure and 

functioning in drylands worldwide is being increasingly recognized (Eldridge & Green 

1994, Belnap & Lange 2001, Maestre et al. 2011, Bu et al. 2013), relatively few studies 

have explicitly evaluated how climate change-induced impacts on biocrusts will affect 

associated microbial communities (Johnson et al. 2012, Reed et al. 2012, Yeager et al. 

2012, Zelikova et al. 2012, Maestre et al. 2013). Only by understanding how climate 

change affect the interaction between above- and belowground organisms (including 

plants, biocrusts and associated microorganisms) we will be able to fully understand the 

consequences of such change to biodiversity and ecosystem functioning in drylands. 

Here we report results from a 52-month field experiment conducted in a semiarid Pinus 

halepensis afforestation from SE Spain, where we have increased temperature 2-3ºC by 

open top chambers in areas with and without a well developed biocrusts community 

dominated by lichens and mosses. Using this experiment, we aimed to evaluate how 

warming affected the abundance, composition and richness of visible biocrust 

components (mosses and lichens) and associated microbial communities, and to test 
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whether these biocrust components modulated changes in microbial communities in 

response to warming,  as recently observed in other semi-arid areas (Maestre et al. 

2013). As the microenvironmental and soil modifications promoted by woody plants 

have strong effects on soil microbial communities in drylands (Barness et al. 2009, 

Steinberger et al. 1999), we also evaluated how the distance to planted P. halepensis 

trees affected microbial responses to warming. 
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MATERIAL AND METHODS 

Study site 

This study was carried out in a Pinus halepensis Miller afforestation located in Sax, in 

the SE of Spain (38° 32′ 15″ N, 0° 49′ 5″ W, 550 m). The climate is Mediterranean 

semiarid, with average annual temperature and precipitation of 14.6 ºC and 315 mm 

respectively (Maestre, 2000). The soil is derived from gypsum, has pH values ~7, and is 

classified as Gypsiric Leptosols (IUSS Working Group WRB, 2006). The vegetation is 

dominated by P. halepensis, which was planted in the 1950´s, and also contains grasses 

and shrubs, such as Stipa tenacissima, Anthyllis cytisoides and Helianthemum 

squamatum The open spaces between plants are colonized by a well-developed biocrust 

community dominated by lichens such as Diploschistes diacapsis (Ach.) Lumbsch, 

Squamarina lentigera (Weber) Poelt, Squamarina cartilaginea, Fulgensia subbracteata 

(Nyl.) Poelt, Toninia sedifolia (Scop.) Timdal, and Psora decipiens (Hedw.) Hoffm., 

and by bryophytes (Maestre et al. 2005). 

 

Experimental design 

Our experimental design has two factors, with two levels each: biocrust cover (poorly 

developed biocrust communities with cover < 15% vs well developed biocrust 

communities with cover >50%), and warming (control vs a 2.5ºC annual temperature 

increase). Ten replicates per combination of treatments were set up during February 

2009, resulting in a total of 40 experimental plots. Field plots were established allowing 

a buffer distance of 1 m to minimize the risk of sampling no independent areas 

(Appendix 1). The warming treatment aimed to simulate the average of predictions 

derived from six Atmosphere-Ocean General Circulation Models for the second half of 
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the 21
st
 century (2040-2070) in central and south-eastern Spain (De Castro et al., 2005). 

For doing so, we built open top chambers (OTCs) using a hexagonal design with the 

following dimensions (Appendix 1): 40 cm x 50 cm x 32 cm. The OTCs were built 

using methacrylate sheets, which transmit ~92% of visible light, reflect 4% of incoming 

radiation and pass on ~85% of incoming energy (information provided by the 

manufacturer; Decorplax S. L., Humanes, Spain). These chambers are open on the top 

to allow entrance of rainfall and air, and are located 5 cm above the surface to allow air 

flow and avoid excessive temperatures within the chamber (Appendix 1). The design of 

the OTCs used were built using methacrylate plates) employed in warming experiments 

carried out in other arctic (Arft et al. 1999) and dryland (Maphangwa et al. 2012). Air 

and soil temperatures, and soil moisture were continuously monitored inside and outside 

the OTCs using automated sensors (HOBO U23 Pro v2 Temp/RH and TMC20-HD 

sensors, Onset Corp., Pocasset, MA, USA, and EC-5 soil moisture sensors, Decagon 

Devices Inc., Pullman, WA, USA respectively). 

 

Biocrust monitoring and microbial analyses 

Within each plot, we inserted 5 cm into the soil a PVC collar (20 cm diameter, 8 cm 

height) for monitoring temporal changes in the total cover and richness of the visible 

components of the biocrust community (mosses and lichens). The number of moss and 

lichen species in each collar was recorded in situ at the beginning of the experiment and 

16 and 52 months after. We also took high resolution photographs during these surveys 

to estimate total biocrust cover. From these photographs, we estimated the proportion of 

each PVC collar covered by lichens and mosses by mapping their area with the software 

GIMP (http://www.gimp.org/) and ImageJ (http://rsb.info.nih.gov/ij/). Cover estimates 
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obtained with these photographs correlate well with those gathered directly in the field 

(Maestre et al. 2013). 

We collected soil samples (0-1cm depth), at the beginning of the experiment 

(February 2009) in all the plots, and after 16 and 52 months in five randomly selected 

plots per combination of treatments. Samples were collected outside the PVC collars, to 

avoid perturbing the biocrust community there. We carefully removed visible biocrust 

components from the soil samples and sieved them (2 mm mesh). After that, soils were 

subsampled and immediately frozen at -80ºC until phospholipids fatty acid analyses 

(Frostegard et al. 1991). For these analyses, subsamples of 1.5g of soil were extracted 

using the lipid extraction method of Bligh and Dyer (1959), with modifications by 

White et al. (1979) and Frostegard et al. (1991). Soil samples were extracted with Bligh 

and Dyer (1959) extractant and were centrifugated, obtaining a phase with all lipids in 

chloroform that was pipetted and evaporated under nitrogen. Lipids were then separated 

in silicic acid columns using a sequential elution. Neutral lipids were eluted with 

chloroform, glycolipids with acetone, and polar lipids using methanol. The first two 

fractions were discarded, and the phospholipids were evaporated under nitrogen. To 

prepare the samples for gas chromatography analyses and subsequent quantification, we 

used the mid alkaline methanolysis process to transform the phospholipids into fatty-

acid methyl-esters. These were finally identified by chromatographic retention time and 

mass spectral comparison using the standard qualitative bacterial acid methyl ester mix 

(Supelco), which ranged from C11 to C20 (Bardgett et al. 1996). 

The relative abundance of individual fatty-acid methyl-esters was expressed as 

nanomoles per gram of dry soil. Fatty acid nomenclature used was described by 

Frostegard et al. (1993). The fatty acids i14:0, i15:0, a15:0, 10Me 16:0, i17:0, a17:0, 
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10Me17:0 and 10-Me18:0 were chosen to represent Gram-positive bacteria (Zelles 

1997, Zogg et al. 1997). The cyclopropane unsaturated PLFAs cy17:0 and cy19:0 

represent Gram-negative bacteria (Ratledge & Wilkison 1988, Frostegard & Baath 

1996). The polyenoic unsaturated PLFA 18:2ω6 was used as an indicator of fungal 

biomass (Federle 1986). The mid-chain branched saturated 10Me16:0, 10Me17:0 and 

10-Me18:0 were chosen to represent Actinomycetes bacteria (White et al. 1997). The 

fatty acids i14:0, i15:0, a15:0, 10Me 16:0, i17:ω6, a17:0, 10Me17:0, 10-Me18:0 cy17:0 

and cy19:0 were used to represent total bacterial PLFAs (Frostegard et al., 1993).  The 

ratio of 18:2ω6 : total bacterial PLFAs was taken to represent the ratio of 

fungal:bacterial biomass in the soil (Frostegard et al. 1993, Bardgett et al. 1996). We 

used the cyclo/monos-unsaturated precursor (cy17:0/18:1ω7) as an indicator of 

microbial starvation stress (Guckert et al. 1986, Kaur et al. 2005).  

 

Statistical analyses 

To assess the changes in biocrust cover and richness through time, we estimated a 

difference index (Dif) as Rfinal- Rinitial, where R is the value of the variable of interest in 

June 2013 (final) and February 2009 (initial). Changes in these variables between these 

surveys, as measured with Dif, followed a normal distribution but did not show 

homogeneity of variances. Thus, we evaluated the effects of the warming (WA) and 

biocrust cover (CO) treatments (fixed factors), and their interaction, on these data using 

permutational multivariate analysis of variance (PERMANOVA, Anderson 2001). This 

method is based on the use of permutation tests to obtain p values, does not rely on the 

normality assumption of ANOVA, and can handle experimental designs such as those 

used here. For these analyses, the Euclidean distance and 10,000 permutations 
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(permutation of raw data, Anderson & Ter Braak 2003) were used to analyze our data. 

We evaluated whether median Dif values obtained for each treatment and variable were 

different from zero using a t-test. 

Microbial community data (PLFA matrix containing the 23 individual fatty 

acids that were measured) were analyzed using the PERMANOVA model described 

above. Separate analyzes were conducted 16 and 52 months after the beginning of the 

experiment. To aid in the interpretation of these analyses, we created a 

multidimensional scaling (NMDS) ordination of the PLFA data using the Bray-Curtis 

distance (Appendix 2). The NMDS analyses results in a two-dimensional plot, where 

the distance between samples indicates the similarity of them relative to the others. The 

accuracy of this representation is indicated by the “stress” value (Kruskall’s stress 

formula) that indicate a good interpretation with no prospect of wrong interpretation 

when its value is below 0.1. Analyses with the whole PLFA matrix were followed up by 

analyses of the changes in total/functional group (Gram+, Gram -, Fungal, 

Actinomycetes, Total bacteria, Fungal:bacteria ratio, Starving Index) through time. Dif. 

values for each functional group were analyzed using a two-way (crust and warming) 

ANOVA.  

We used Pearson correlation analyses to evaluate whether changes in microbial 

communities through time (Dif values obtained for each functional group described 

above) were linked to change in biocrust cover and to the distance to the nearest P. 

halepensis tree, respectively.  

PERMANOVA analyses were carried out with the PERMANOVA+ for 

PRIMER statistical package (PRIMER-E Ltd., Plymounth Marine Laboratory, UK). 

NMDS analyses were performed using the PRIMER software. ANOVA and correlation 
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analyses were carried out using SPSS v. 15.0 statistical software (SPSS Inc., Chicago, 

Illinois, USA). 

 

RESULTS 

Throughout the experimental period, our warming treatment promoted an average 

increase of 2ºC and 1.4ºC per year in air and soil temperatures, respectively (Appendix 

3). In the other hand the effect of our treatment on the relative air humidity and soil 

moisture, is very important in the case of the relative air humidity with a 66% reduction 

of the minutes per day with RH =100% in the OTCs respect the controls (Appendix 4), 

and only a 1.1% reduction in the soil moisture (Appendix 3)  

 

Changes in biocrust cover and richness 

Changes in total BSC cover after 52 months of the beginning of our experiment were 

significantly different between crust and bare plots (pseudo-F = 74.04, P < 0.001. Fig. 

1a), but without any significant effect of the warming treatment when all the data was 

analyzed together.  

In the other hand changes in BSC lichens cover (Fig. 1b) during the years of our 

experiment, varied with cover (pseudo-F = 79.08, P < 0.001) and warming (pseudo-F = 

7.83, P = 0.007). Increasing in the case of the warming bare plots, at the same time that 

lichen cover decreased related to the WA treatment. 

The analyses of the changes in cover for bryophytes showed completely 

different results (Fig. 1c). Changes in mosses cover varied with cover (pseudo-F = 5.35, 

P = 0.032) showing a total cover increased in all the plots with the exception of control 
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crust plots, where mosses cover decreased after 52 months of the begging of the 

experiment. 

At the beginning of the experiment, a total of 12 species of lichens and mosses 

were identified (Appendix 5). 52 months later, BSC species richness significantly 

increased and decreased in the control treatment at Bare and Crust plots (Fig. 1d), 

respectively (pseudo-F = 13.729, P (perm) = 0.0012). In the other hand, warming 

significantly reduced species richness at both plot types (pseudo-F = 6.1017, P (perm) = 

0.0177). 

  



107 
 

 

Figure 1.  Differences in the total cover of the biocrust (A) lichens (B) and bryophytes (C), and 

in BSC richness (D) in areas without (Bare plots) and with well-developed biological soil crusts 

(Crust plots) from February 2009 until June 2013. Data represent means + SE (n = 10). WA = 

warming. * indicate P values from the t- test: * P < 0.05, ** P < 0.01, *** P < 0.001. 

 

Changes in the composition of microbial communities 

The total amount of PLFA, i.e., the sum of the 23 fatty acids that were identified in the 

samples, increased after 52 months since the beginning of the experiment (Fig. 2). Such 

an increase was particularly evident in microsites with low biocrust cover and in the 

absence of warming, where microbial biomass, as measured by PLFAs, increased by 

72%. Regardless of the increase in the amount of PLFAs observed, we did not find 

significant differences among biocrust and warming levels in any of the periods 
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evaluated (P > 0.130 in all cases, Appendix 6), nor when evaluating temporal 

differences between treatments (Appendix 7).  

 

Figure 2.  Amount of total phospholipids fatty acids (PLFA) found in the first centimeter of the 

soils on the different treatments. Data represent means and standard errors (n = 10, 5 and 5 for 

the first time, after 16 months, and after 52 months respectively).  
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When analyzing separately the data for major microbial groups (Gram+, Gram-, 

fungi, bacteria and actinomycetes) per year, we found a trend towards increasing their 

abundance through time in all cases (Figure 3). Overall, no significant biocrust and 

warming effects were found on any of these groups in the different periods evaluated. 

Similarly, no significant differences were observed between treatments when compared 

values observed at the beginning and at the end (Dif values) of the experiment excepting 

in the starvation index, which increased both in areas with high biocrust cover and with 

warming (Fig. 3g;  FWA = 5.71, P = 0.0247; FC x WA  = 4.13, P (perm) = 0.059). 
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Figure 3.  Amount of Gram (+) (A),  Gram (-) (B), Fungal (C), Actinomycetes (D), Total 

bacteria (E), Fungal:Bacterial ratio (F), Starvation index (G) found in the first centimeter of the 

soils on the different treatments. Data represent means and standard errors (n = 10, 5 and 5 for 

the first time, after 16 months, and after 52 months respectively).  
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Changes in crust cover were only significantly related to change in the 

actinomycetes group in the high biocrust cover warming plots (Fig. 4a). No significant 

relationships were found with other microbial groups nor in control neither in warming 

plots.  

Changes in lichens cover through time were significantly related to change in the 

abundance of some microbial groups in the high biocrust cover plots subjected to 

warming (Fig. 4). The fungal:bacterial ratio increased in those plots losing less lichen 

cover (Fig. 4b). Although no more significant relationships were found with the 

different functional groups evaluated in this experiment and the BSC lichens cover 

change (Appendix 8).  

In the other hand, changes in bryophytes cover were significantly related to 

change in gram +, actinomycetes, total bacterial and fungal groups. We found a 

negative relationship between increases in bryophytes cover, and changes in the 

different functional groups through time in those warmed plots (Fig.4 c). 
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Figure 4.  Relationship between the absolute changes in biocrust (A), lichens (B) and 

bryophytes (C, D, E, F) cover, and those in the different functional groups in high biocrust cover 

plots subjected to warming.  
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Changes in the abundance of the main microbial groups (Gram +, Gram -, 

actinomycetes, and bacteria) were related to the distance to the nearest P. halepensis 

tree in the low biocrust cover plots not subjected to warming (Fig. 5). In the high 

biocrust cover plots, the pattern was the reverse for the differences in the fungal 

abundance and the fungal:bacterial ratio, as in both cases decreased with increasing the 

distance to the nearest P. halepensis tree (Fig. 6). In the warming treatment, the 

starvation index increased with this distance, in low biocrust plots (Fig. 7). 

 

Figure 5.  Relationships between the absolute changes (Dif) in different microbial groups: A 

(Gram+), B (Gram-), C (Actinomycetes) and D (Total bacterial) between the beginning of the 

experiment and 52 months later and the distance to the nearest Pinus halepensis tree in low 

biocrust cover plots not subjected to warming.   
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Figure 6.  Relationships between the absolute changes (Dif) in the fungal (A), ratio 

fungal:bacterial (B) between the beginning of the experiment and 52 months later and the 

distance to the nearest Pinus halepensis tree in high biocrust cover plots not subjected to 

warming.  

 

Figure 7.  Relationships between the absolute changes (Dif) in the starvation index between the 

beginning of the experiment and 52 months later and the distance to the nearest Pinus 

halepensis tree in low biocrust cover plots subjected to warming. 
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DISCUSSION 

Biocrust responses to warming 

Biocrust responses to warming were dependent on the degree of development at the 

beginning of the experiment. Warming promoted a significant reduction in the cover 

and richness of well-developed biocrust communities, an effect which was mainly due 

to the response of lichens to warming. Our results agree with those from other warming 

experiments from biocrust-dominated grasslands and shrublands from central and SE 

Spain (Maestre et al. 2013, Escolar et al. 2012).  These findings also resemble those 

from Belnap et al. (2006), who reported how 6°C increase in maximum summer 

temperatures over eight years substantially reduced the cover of biocrust-forming 

lichens in the Colorado Plateau. Decreases in biocrust cover with warming were 

paralleled by reductions in total biocrust richness. This reduction in the richness of 

biocrust communities with warming has been already reported in central Spain (Escolar 

et al. 2012), and in arctic ecosystems (Lang et al. 2012, Wahren et al. 2005). The main 

species that decreased their frequency with warming were the lichens Diploschistes 

diacapsis (Ach.) Lumbsch, Fulgensia subbracteata (Nyl.) Poelt., Toninia sedifolia  

(Scop.) Timdal and Placidium squamulosum (Ach.) Breuss (Appendix 5). While our 

measurements cannot provide information about the mechanisms underlying the 

observed reductions in the cover and richness of lichens, we speculate that they are 

promoted by the negative effects of warming on the photosynthetic activity of biocrust-

forming lichens, a response already observed with warming experiments in South Africa 

(Maphangwa et al. 2012) and Spain (Maestre et al. 2013, Ladron de Guevara et al. in 

press). These effects of warming are not caused by the increase of temperature per se, 

but rather by the negative effects of this treatment on the duration and intensity of dew 
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events (Maphangwa et al. 2012, Maestre et al. 2013, Ladron de Guevara et al. in press). 

In our study area, dew events occurred in 83% of the days (Appendix 4), and our 

warming treatment reduced the duration of dew events by 13% on average.  Given the 

importance of moisture inputs by dew to maintain the hydration status and metabolic 

activity of biocrust-forming lichens (Veste et al., 2001; del Prado & Sancho, 2007; Rao 

et al. 2009, Maphangwa et al. 2012), it is thus likely that this effect of warming was 

responsible for the reductions in the cover and richness of biocrust-forming lichens we 

observed. 

The strong negative effect of warming on the cover of lichens was not found for 

mosses. These findings are similar to those we previously found in a semi-arid Stipa 

tenacissima steppe from central Spain (Escolar et al. 2012), and to those reported by 

Zelikova et al. (2012) and Reed et al. (2012), who found very limited effects of 2-3ºC 

soil warming on these organisms. Mosses usually break their dormancy during the 

favorable season in terms of humidity and soil moisture (Bjerke et al. 2011, Kappen & 

Valladares 2007). This could occur inside the warming plots during autumn and the 

early part of winter, when the temperature and moisture are adequate for the 

development of new stems and the reactivation of the activity of mosses. It is also likely 

that the responses observed with mosses are due to a higher plasticity of these 

organisms to adapt their structure to higher temperatures, and to acclimate themselves 

until the return to an optimal situation (Green et al. 2011).  
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Microbial responses to warming 

Our warming treatment had little effects on microbial communities 52 months after it 

was initiated, regardless the development of the biocrust community. Many studies have 

been carried out to evaluate the effect of warming on microbial communities on 

different terrestrial ecosystems, with contrasting results. Warming did not alter 

substantially soil bacterial communities in experiments conducted in Antartic (Rinnan et 

al. 2009) and Artic (Rinnan et al. 2011) ecosystems. These authors demonstrated that 

the microbial activity is more substrate limited under warming than under ambient 

temperature, suggesting that changes in bacterial growth are due to indirect effects of 

warming on substrate availability. Other studies have not detected effects on microbial 

communities after 10 years of warming, suggesting that there is a long time delay 

between temperature increases due climate change and detectable significant effects in 

the microbial community (Rousk et al. 2013, Rinnan et al. 2009, 2007). In Antartic 

environments, Yergeau et al. (2011) have found a significant increase in the abundance 

of fungi and bacteria after three years of warming. In the same direction, Zhang et al. 

(2005) as a result of 2ºC increase of temperature reported an increase in the ratio of 

fungi to bacteria and a shift in microbial community structure. However, in desert 

ecosystems dominated by cyanobacterial crusts, Johnson et al. (2012) did not found any 

detectable effect on bacterial community composition after two years of a slightly 

increase of 2ºC in soil temperature, which is in contrast with Zelikova et al. (2012) 

study that found that after one season, warming reduced both active bacterial and fungal 

biomass. 

In our study, a clear significant increase effect of warming was found in the 

microbial starvation stress index over time. It is presumed that, in response to changes 
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in environmental conditions, soil bacteria may alter their cell membrane in response to a 

nutrient deprivation, generating characteristic PLFAs stress signatures (Amador et al. 

2006, Kieft et al. 1994). Phenotypic changes in PLFA profiles have been observed in 

many bacterial communities, in response to starvation stress (Kieft et al. 1994). 

Changes that are typically linked to nutrient starving include increases in the moles 

percent of cyclopropyl fatty acid. Knivett & Cullen (1965) have proven that low C 

concentrations, high acidity, low O2 levels, and high temperature, increased starvation 

index in pure cultures of Escherichia coli. This is in agreement with Petersen & Klug 

(1994) that reported an increase in cyclopropyl fatty acid with temperature increases 

during the first week of their experiment. This is in agreement with our results that 

indicate increases in the starvation index due to the promoted increase in temperature.  

When we looked to the effect of the change in biocrust cover over the time on 

the different functional groups evaluated, we did not found any significant relationship 

between the changes in the cover of mosses and lichens and those in the different 

microbial groups in the plots not subjected to warming. Nevertheless we found 

increases in the fungal:bacterial ratio in plots with lower lichen mortality. That is in 

contrast with a previous study conducted with lichen-dominated biocrusts, where 

Maestre et al. (2013) have observed that the experimental 2–3ºC air/surface soil 

warming increased (0-1 cm depth) promoted an increase of the fungal:bacterial ratio 

directly linked to the loss of biocrust cover. This different response could be due 

because our results are respect lichen cover, and because there are some important 

differences between sites that could promote the opposite response observed. This study 

was carried out in a Pinus halepensis Miller afforestation in the south east part of Spain 

while Maestre’s experimental site is located in a semi-arid Stipa tenacissima steppe, 
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from central Spain. Under these different conditions, we speculated that the effect of the 

pine litter accumulation, that is known to decrease pH of soils (acidification process), 

could be the main responsible of the observed increase in fungal:bacterial ratio, masking 

the effects of the change in lichen cover caused by the warming treatment. These results 

are, therefore, in concordance with previous reports about increases in fungal biomass 

(Mancinelli, 1986) or higher fungal:bacterial biomass ratio (Bewley & Parkinson 1985) 

associated to acidification processes. And with several studies in forest ecology that 

proved that the proportion of fungi in the microbial community may increase in soil 

with lower nutrient concentrations (Wallenstein et al. 2006, Pennanen 2001). These 

effects, however, cannot be proved by our results, and further studies are needed to 

evaluate the effect of the pine litter accumulation and the forest fertility, in the 

fungal:bacterial ratio for our experiment.  

Increases in bryophytes cover over the time appeared to be linked to decreases in 

gram+, actinomycetes, total bacterial and fungal microbial groups. The presence of 

mosses may also have antimicrobial properties, as several authors have proved to date. 

Turetsky (2003) made a complete review about this topic, pointed out that bryophytes 

tend to have high acidity belowground them generated by their high cation exchange 

capacity that may inhibit microbial populations and/or activity that could be the 

explanation for our results.  

 

Changes in microbial communities through time are modulated by Pinus halepensis 

Many studies have demonstrated the influence of tree species on soil microbial 

communities. Graystone and Prescott (2005) found that the microbial community was 

influenced by the different coniferous tree species. Weber & Bardgett (2011) 
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demonstrated the greater influence of pine trees on the spatial pattern and structure of 

microbial community. Fall et al. (2012) also suggested a positive influence of A. 

Senegal rhizosphere on soil microbial biomass and inorganic-N content. And, in the 

other hand Goberna et al. (2007a) have concluded that soils under Pinus Halepensis 

plantation, presented lower and less active microbial community compared to adjacent 

shrublands. While our study was not designed specifically to test how P. halepensis 

affect microbial responses to warming, our results must be interpreted in the context of 

the influence of this tree on soil processes in our study area.   

We found that the abundance of bacterial PLFAs throughout our experiment 

increased with the distance to the nearest tree in the control bare plots. This result could 

be driven by the reduced accumulation and influence of P. halepensis litter as this 

distance increases. Needles from this species are proven to contain allelopathic 

components with inhibitory effects on bacterial communities (Fekih et al. 2014; Abi-

Ayad et al. 2011, Nektarios et al. 2005). The opposite relationship was found in the 

fungal group when we considered the presence of BSC communities, accentuating the 

control of these organisms in the belowground communities, and the positive effect of 

trees promoting the abundance of fungi relative to bacteria (Pennanen et al. 1998).  

Biocrusts could act as a barrier to the allelopathic components of the pine needles, 

protecting the microbial communities belowground them. Sayer (2006) has 

demonstrated that the presence of biocrust communities limited organic matter 

accumulations of pine needles, and in consequence the microbial communities 

belowground are less affected by the allelopathic components present in them. 

In the warming treatment in low biocrust plots, differences in the starvation 

index through time increased with the distance to the nearest P. halepensis tree. This 
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response may be driven by reduced C inputs by roots and litter. It has been shown that 

P. halepensis increases organic matter content and nutrient availability under its canopy 

compared to adjacent bare ground areas (Maestre et al. 2003, Goberna et al. 2007b). It 

is interesting to note that the increase in the starvation index with the distance to P. 

halepensis trees was not found in high biocrust cover areas. This result may be driven 

by the C inputs provided by biocrusts decomposition that have been proved to increase 

soil organic C, and especially those recalcitrant C sources such as phenols (Maestre et 

al. 2013). 

 

Concluding remarks 

Understanding the joint changes in above- and belowground communities in response to 

warming is crucial to improve our capability to predict the impacts of climate change in 

terrestrial ecosystems (Peñuelas et al. 2013). We found that an experimental 2–3ºC 

air/surface soil warming promoted important reductions on the richness and cover of 

lichen-dominated biocrusts, but these changes were not translated into the associated 

microbial communities 52 months after the beginning of the experiment. However, 

some changes in microbial communities through time in response to warming, such as 

an increase in the starvation index, were modulated by the degree of biocrust 

development and, particularly, to the distance to the nearest P. halepensis tree. Together 

with the results of recent studies (Escolar et al. 2012, Maestre et al. 2013), our findings 

indicate that warming will reduce the cover and diversity of Mediterranean biocrust 

communities dominated by lichens. Given the important role of these biocrust attributes 

for maintaining ecosystem functioning (Maestre et al. 2010, Bowker et al. 2010), 
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climate change will reduce the positive effects of biocrusts on key functions such as 

carbon and nitrogen fixation and soil stability. 
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SUPPLEMENTARY MATERIAL 

 

 

Appendix 1. Partial view of the study area (upper image) and detailed view of an experimental 

plot with an open top chamber (lower image). 
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Appendix 2. NMDS ordination of the PLFA data after 16 months (upper image) and after 52 

months (lower image) after the beginning of the experiment.  
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Appendix 3. Changes in air temperature (A), in soil temperature (B) and in soil moisture (C) in 

warming and control plots between March 2009 and November 2011. Data represent daily 

means (n = 5 , 12 and 12 for air temperature, soil temperature and soil moisture, respectively). 

The standard errors of these data are omitted for clarity.  
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Appendix 4. Number of minutes/day when air relative humidity (RH) was 100% in the control 

treatment (a), and effects of the warming treatment on this variable (b). Negative values in b 

indicate that the treatment is reducing the duration of those periods with RH = 100%. WA = 

Warming. 
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Appendix 5. Checklist and frequency of lichens and bryophytes in the different treatments at 

the beginning of the experiment (February 2009) and in June 2013. WA = warming treatment, 

Bare = plots with low biological soil crusts (BSC) cover, and Crust = plots with high BSC 

cover. 

 

February 2009 Bare Crust 

Species Control WA Control WA 

Fulgensia subbracteata (Nyl.) Poelt. 100 100 100 100 

Diploschistes diacapsis (Ach.) Lumbsch. 70 50 100 90 

Bryophytes 70 60 80 100 

Toninia sedifolia (Scop.) Timdal. 40 10 80 70 

Collema crispum (Huds.) F.H. Wigg. 40 20 60 60 

Lepraria crassissima (Hue) Lettau 30 10 30 60 

Squamarina lentigera (Weber) Poelt. 20 0 20 40 

Psora decipiens (Hedw.) Hoffm. 20 20 80 40 

Squamarina cartilaginea (With.) P. James. 20 30 80 30 

Toninia albilabra (Szatala) Oxner. 10 0 0 0 

Acarospora nodulosa (Dufour) Hue. 0 0 20 0 

Placidium squamulosum (Ach.) Breuss. 0 10 30 70 

June 2013 Bare Crust 

Species Control WA Control WA 

Fulgensia subbracteata (Nyl.) Poelt. 100 70 100 60 

Bryophytes 80 100 90 90 

Collema crispum (Huds.) F.H. Wigg. 70 20 60 50 

Diploschistes diacapsis (Ach.) Lumbsch. 60 0 90 60 

Toninia sedifolia (Scop.) Timdal. 40 0 40 40 

Squamarina lentigera (Weber) Poelt. 40 20 80 20 

Psora decipiens (Hedw.) Hoffm. 20 10 50 40 

Squamarina cartilaginea (With.) P. James. 10 0 30 20 

Lepraria crassissima (Hue) Lettau 0 10 0 50 

Toninia albilabra (Szatala) Oxner. 0 0 0 0 

Acarospora nodulosa (Dufour) Hue. 0 0 10 0 

Placidium squamulosum (Ach.) Breuss. 0 0 0 0 
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Appendix 6. PERMANOVA for main treatment effects and interactions on individual PLFAs at 

different times. BSC = biological soil crust (BSC; plots with low vs. high BSC cover), WA = 

warming (control vs. 2.4 ºC warming). Values of P below 0.05 are shown in boldface.  

 

Initial Time Source df     SS     MS Pseudo-F P(perm) 

 

BSC 1 847.4 847.4 1.1145 0.3093 

 

WA 1 1484.3 1484.3 1.9522 0.1326 

 

BSC x WA 1 1631.4 1631.4 2.1457 0.1089 

 

Res 36 27372 760.33                  

 

Total 39 31335 

   

       16 Months Later 

      

 

BSC 1 791.73 791.73 1.0621 0.3387 

 

WA 1 627.7 627.7 0.84206 0.4506 

 

BSC x WA 1 604.26 604.26 0.81062 0.4346 

 

Res 16 11927 745.43                  

 

Total 19 13951   

  

       52 Months Later 

      

 

BSC 1 56.993 56.993 0.15921 0.8947 

 

WA 1 125.95 125.95 0.35183 0.6687 

 

BSC x WA 1 86.604 86.604 0.24192 0.7998 

 

Res 16 5727.7 357.98                  

 

Total 19 5997.2   
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Appendix 7. PERMANOVA for main treatment effects and interactions on individual PLFAs 

differences between the begging and the end of the experiment. BSC = biological soil crust 

(BSC; plots with low vs. high BSC cover), WA = warming (control vs. 2.4 ºC warming). Values 

of P below 0.05 are shown in boldface.  

 

Tfinal - T initial Source df     SS     MS Pseudo-F P(perm) 

 

BSC 1 5.2107 5.2107 7.74E-02 0.8621 

 

WA 1 3.3526 3.3526 4.98E-02 0.9174 

 

BSC x WA 1 86.27 86.27 1.2813 0.2779 

 

Res 16 1077.2 67.328                   

 

Total 19 1172.1        
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High biocrust control plots 
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High biocrust warming plots 

 

Appendix 8. Relationship between the absolute changes in lichens and those in the different 

functional groups in high biocrust control plots (upper graphs) and in high biocrust warming 

plots (lower graphs). 
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ABSTRACT 

Dryland ecosystems account for ~27% of global soil organic carbon (C) reserves, yet it 

is largely unknown how climate change will impact C cycling and storage in these 

areas. In drylands, soil C concentrates at the surface, making it particularly sensitive to 

the activity of organisms inhabiting the soil uppermost levels, such as communities 

dominated by lichens, mosses, bacteria and fungi (biocrusts). We conducted a full 

factorial warming and rainfall exclusion experiment at two semiarid sites in Spain to 

show how an average increase of air temperature of 2–3ºC promoted a drastic reduction 

in biocrust cover (~ 44% in four years). Warming significantly increased soil CO2 

efflux, and reduced soil net CO2 uptake, in biocrust-dominated microsites. Losses of 

biocrust cover with warming through time were paralleled by increases in recalcitrant C 

sources, such as aromatic compounds, and in the abundance of fungi relative to bacteria. 

The dramatic reduction in biocrust cover with warming will lessen the capacity of 

drylands to sequester atmospheric CO2. This decrease may act synergistically with other 

warming-induced effects, such as the increase in soil CO2 efflux and the changes in 

microbial communities, to alter C cycling in drylands, and to reduce soil C stocks in the 

mid to long term. 

 

 

 

 

Keywords: drylands, lichens, biological soil crusts, carbon cycling, soil CO2 efflux, soil 

net CO2 exchange, climate change, fungi, bacteria. 
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INTRODUCTION 

Arid, semiarid and dry-subhumid ecosystems (drylands) occupy 41% of the terrestrial 

surface, and account for ~25% of global soil organic carbon (C) reserves (Safriel & 

Adeel, 2005). However, key processes related to the C cycle, such as soil CO2 efflux 

and net ecosystem CO2 exchange, have been poorly studied in drylands in comparison 

to other biomes (Ciais et al., 2011; Bond-Lamberty & Thomson, 2010; Maestre et al., 

2012a). Climate models forecast average (median) warming values ranging from 3.2ºC 

to 3.7ºC, and important alterations in rainfall amounts and patterns, for drylands 

worldwide by the late XXI century (Solomon et al., 2007). These climatic changes are 

predicted to have large effects on dryland biodiversity (Maestre et al., 2012a), which 

plays relevant roles in supporting multiple ecosystem functions related to the C cycle 

(Safriel & Adeel, 2005; Maestre et al., 2012b). While the importance of biodiversity for 

C cycling and storage in terrestrial ecosystems is well-known (Strassburg et al., 2010; 

Cardinale et al., 2012; Maestre et al., 2012b), it is less certain how possible alterations 

in biotic communities induced by climate change will directly impact these processes 

(but see Zhou et al., 2012; Hartley et al., 2012).  

Soil C largely concentrates at the surface in drylands (Ciais et al., 2011; 

Thomas, 2012), making it particularly sensitive to the activity of organisms inhabiting 

the soil uppermost levels, such as communities dominated by lichens, mosses, bacteria 

and fungi (biocrusts). Biocrusts are a key biotic component of drylands worldwide 

(Belnap & Lange, 2003), and largely regulate the C cycle in the ecosystems where they 

are present. These communities fix large amounts of atmospheric CO2 (over 2.6 Pg of C 

per year globally; Elbert et al., 2012), regulate the temporal dynamics of soil CO2 efflux 

and net CO2 uptake (Castillo-Monroy et al., 2011; Wilske et al. 2008, 2009), and affect 
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the activity of soil enzymes such as β-glucosidase (Bowker et al., 2011; Miralles et al., 

2013). Biocrusts also influence other processes important for C cycling and storage, 

such as N fixation (Belnap, 2002; Elbert et al., 2012), nitrification (Castillo-Monroy et 

al., 2010; Delgado-Baquerizo et al., 2010) and runoff-infiltration (Chamizo et al., 2012; 

Zaady et al., 2013) rates. Climate change is expected to negatively impact the 

photosynthetic activity of soil lichens (Maphangwa et al., 2012) and mosses (Grote et 

al., 2010), ultimately reducing their growth and dominance within biocrusts (Zelikova et 

al., 2012; Reed et al., 2012; Escolar et al., 2012). Reductions in the abundance of other 

biocrust constituents, such as cyanobacteria, with changes in rainfall patterns have also 

been reported (Johnson et al., 2012). Recent studies have shown that the replacement of 

mosses by cyanobacteria promoted by rainfall alterations led to substantial alterations in 

nitrogen cycling and soil fertility in the Southwestern US (Reed et al., 2012; Zelikova et 

al., 2012). These findings illustrate how climate-change induced alterations in the 

composition and abundance of biocrusts can determine ecosystem responses to changes 

in temperature and rainfall patterns, highlighting the need to account for biocrusts when 

assessing climate change impacts in drylands. 

While the importance of biocrusts for the global C cycle is being recognized 

(Elbert et al., 2012), few studies have explicitly evaluated how climate change-induced 

impacts on biocrusts will affect C cycling and storage in drylands (Maestre et al., 2010; 

Zelikova et al., 2012). Here we report results from a full factorial field experiment 

conducted at two semiarid sites in Spain, where we independently increased air 

temperature by open top chambers (2–3ºC increase), and reduced precipitation using 

rainout shelters (~35% reduction), in microsites with low and high biocrust cover. Using 

this experimental design, we aimed to test the effects of climate change on biocrusts, 
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and to assess how such effects impact multiple soil variables that inform us about 

fundamental aspects of the C cycle (CO2 efflux, net CO2 exchange, activity of β-

glucosidase, organic C, phenols, aromatic compounds, and hexoses). Quantifying soil 

CO2 fluxes is fundamental to understand whether a given ecosystem acts as a source or 

sink of atmospheric C (Rustad et al., 2000). The enzyme β-glucosidase plays an active 

role in the decomposition of organic matter by catalyzing the hydrolysis of labile 

cellulose and other carbohydrates (Eivazi & Tabatabai, 1988). The other C variables 

studied are important to quantify the different soil C pools and their decomposability 

(Rovira & Vallejo, 2002; Miralles et al., 2013). We tested the following hypotheses: i) 

expected increases in temperature and reductions in rainfall amounts will diminish the 

growth of visible biocrust constituents (lichens and mosses) because their 

photosynthetic activity is highly dependent on ambient moisture and dew events 

(Belnap et al., 2004; Lange et al., 2006; del Prado & Sancho, 2007; Green et al., 2011), 

which can be reduced with these climatic changes (Maphangwa et al., 2012); ii) the 

increases in temperature will alter the composition of microbial communities, favoring 

fungi over bacteria (Zhang et al., 2005; Castro et al., 2010); and iii) the degree of 

biocrust development will modulate C cycle and microbial responses to climate change. 

Such an effect is expected because processes such as soil CO2 efflux, net CO2 exchange 

and the activity of β-glucosidase, are regulated by both environmental factors and 

biocrust development (Yeager et al., 2004; Housman et al., 2006; Castillo-Monroy et 

al., 2011; Miralles et al., 2013). 
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MATERIALS AND METHODS 

Study area and experimental design 

This study was conducted in two sites located in central (Aranjuez, 40º02’ N – 3º 32’W; 

590 m a.s.l.), and south-eastern (Sorbas, 37º 05’N – 2º 04’W; 397 m a.s.l.) Spain (Fig. 

S1). Their climate is semiarid Mediterranean, with dry and hot summers and mean 

annual temperature values of 15ºC (Aranjuez) and 17ºC (Sorbas). Mean annual rainfall 

values are 349 mm (Aranjuez) and 274 mm (Sorbas), and precipitation events mostly 

occur in autumn/winter and spring. Soils are derived from gypsum, have pH values ~7 

(Table S1), and are classified as Gypsiric Leptosols (IUSS Working Group WRB, 

2006). Perennial plant cover is below 40%, and is dominated by grasses such as Stipa 

tenacissima and small shrubs such as Helianthemum squamatum and Gypsophila 

struthium. At both sites, the areas located between perennial plants are colonized by a 

well-developed biocrust community dominated by lichens such as Diploschistes 

diacapsis, Squamarina lentigera and Psora decipiens (see Table S2 for a species 

checklist).  

At each site, we established a fully factorial experimental design with three 

factors, each with two levels: biocrust cover (poorly developed biocrust communities 

with cover < 20% vs. well-developed biocrust communities with cover > 50%), 

warming (control vs. temperature increase) and rainfall exclusion (RE, control vs. 

rainfall reduction). Ten and eight replicates per combination of treatments were 

established in Aranjuez and Sorbas, resulting in a total of 80 and 64 experimental plots, 

respectively. We kept a minimum separation distance of 1 m between plots to minimize 

the risk of sampling non-independent areas. In Aranjuez, the open top chambers and 
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rainfall shelters were setup in July and November 2008, respectively. In Sorbas, the full 

experiment was set up in May 2010.  

The warming treatment aimed to simulate the average of predictions derived 

from six Atmosphere-Ocean General Circulation Models for the second half of the 21
st
 

century (2040-2070) in central and south-eastern Spain (De Castro et al., 2005). To 

achieve a temperature increase within this range, we used open top chambers (OTCs) of 

hexagonal design with sloping sides of 40 cm × 50 cm × 32 cm (see Fig. S2 for details). 

We used methacrylate to build our OTCs because this material does not substantially 

alter the characteristics of the light spectrum, and because it is commonly used in 

warming experiments (e.g., Hollister & Weber, 2000), including some conducted with 

biocrust-forming lichens (Maphanga et al., 2012). The methacrylate sheets used in our 

experiment transmit ~92% of visible light, have a reflection of incoming radiation of 

4%, and pass on ~85% of incoming energy (information provided by the manufacturer; 

Decorplax S. L., Humanes, Spain). Direct measurements in our experiment revealed that 

these sheets filtered up to 15% of UV radiation (data not shown). 

While predicted changes in rainfall for our study area are subject to a high 

degree of uncertainty, most climate models foresee important reductions in the total 

amount of rainfall received during spring and fall (between 10% and 50%; Escolar et 

al., 2012). To simulate these conditions, we set up passive rainfall shelters (described in 

Fig. S2). These shelters did not modify the frequency of rainfall events, which has been 

shown to strongly affect biocrust functioning and dynamics in other dryland regions 

(Reed et al., 2012), but effectively reduced the total amount of rainfall reaching the soil 

surface (average reduction of 33% and 36% in Aranjuez and Sorbas, respectively). 



157 
 

Air and surface soil (0-2 cm) temperatures, and soil moisture (0-5 cm depth) 

were continuously monitored in all treatments and sites using replicated automated 

sensors (HOBO® U23 Pro v2 Temp/RH and TMC20-HD sensors, Onset Corp., 

Pocasset, MA, USA, and EC-5 soil moisture sensors, Decagon Devices Inc., Pullman, 

WA, USA, respectively). Rainfall was also monitored using an on-site meteorological 

station (Onset Corp.). 

 

Monitoring of biocrust dynamics 

Within each plot we inserted 5 cm into the soil a PVC collar (20 cm diameter, 8 cm 

height) for measuring CO2 fluxes (see below), and for monitoring crust composition and 

cover (Fig. S2). The total cover of the biocrust community was estimated in each PVC 

collar at the beginning of the experiment and then at different time intervals (13, 32 and 

46 months in Aranjuez, 19 and 31 months in Sorbas) using high resolution photographs. 

From these photographs, we estimated the proportion of each PVC collar covered by 

lichens and mosses by mapping their area with the software GIMP 

(http://www.gimp.org/) and ImageJ (http://rsb.info.nih.gov/ij/). Cover estimates 

obtained with this method were highly related to those gathered directly in the field 

(Fig. S3). 

 

Measurements of soil CO2 efflux and net CO2 uptake 

The soil CO2 efflux rate of the whole soil column, which include both the biocrust 

living on its surface and the entire soil community associated to them, was measured in 

situ every one to four months in all the PVC collars with a closed dynamic system (Li-

8100 Automated Soil CO2 Flux System, Li-COR, Lincoln, NB, USA). The opaque 
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chamber used for these measurements had a volume of 4843 cm
3
, and covered an area 

of 317.8 cm
2
. Because of the low CO2 efflux rates typically observed in areas such as 

those studied here (Castillo-Monroy et al., 2011; Rey et al., 2011), each measurement 

period was 120 s to ensure reliable measurements. In every survey, half of the replicates 

were measured in one day (between 10:00 and 13:00 h local time, GMT +1), and the 

other half were measured on the next day. The chamber used in these measurements 

does not allow any radiation to reach biocrusts, and under these conditions we expect C 

fixation, if any, to be minimal. Thus, we also measured the net CO2 exchange (i.e. the 

difference between photosynthesis and soil CO2 efflux) with an open dynamic system 

(Li-6400XT infrared gas analyzer, Li-COR). We used for these measurements a custom 

transparent chamber with a volume of 2385 cm
3
, designed and calibrated by two of us 

(M. Ladrón de Guevara & R. Lázaro). System airflow of 800 μmol·s
-1

 and additional 

ventilation of 0.7 m·s
-1

 were used to obtain an adequate air mixing within the chamber. 

These measurements were conducted every two months between September 2010 and 

February 2012 on 4-8 plots per combination of treatments randomly selected at each 

sampling period. Preliminary daily curves conducted at both study sites (results not 

shown) show peak photosynthetic activity during dawn periods, a response observed 

also with biocrust-forming lichens in other semiarid sites from SE Spain (del Prado & 

Sancho, 2007; Pintado et al., 2010) and elsewhere (e.g., Veste et al., 2001; Lange et al., 

2006). Thus, net CO2 exchange measurements were conducted at dawn, starting when 

the collars receiving direct light, in an interval of two hours. Half of the replicates were 

measured in one day, and the other half were measured on the next day, which always 

had similar weather conditions (cloudless sky).  
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Soil sampling and laboratory analyses 

Soil samples (0-1 cm depth) from all the plots were collected at both study sites at the 

beginning of the experiment, and then 46 months later from five plots per combination 

of treatments randomly selected in the Aranjuez site. Samples were collected outside the 

PVC collars in all cases, to avoid perturbations in the measurements of CO2 fluxes. In 

the laboratory, visible biocrust components were carefully removed from the soil, which 

was sieved (2 mm mesh) and separated into two fractions. One fraction was 

immediately frozen at 80ºC for quantifying the amount of fungi and bacteria present in 

our samples, the other was air-dried for one month for analyses of variables of the C 

cycle (organic C, phenols, aromatic compounds, hexoses, and the activity of β-

glucosidase). 

Soil DNA was extracted from 0.5 g of defrosted soil samples using the 

Powersoil® DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) according to 

the instructions provided by the manufacturer. The extracted DNA had a high quality, 

with ratios of A260/A230 and A260/A280 above 1.5 and 1.8, respectively. We 

performed quantitative PCR (qPCR) reactions in triplicate using 96-well plates on an 

ABI 7300 Real-Time PCR (Applied Biosystems, Foster City, CA, USA). The bacterial 

16S and fungal 18S rRNA genes were amplified with the Eub 338-Eub 518 and ITS 1-

5.8S primer sets, respectively, following Evans & Wallenstein (2011). To obtain the 

bacterial and fungal standards for qPCR analyses, we used DNA extracted from 

composite soil samples. The qPCR products were cloned in parallel into Escherichia 

coli using a TOPO® TA Cloning® Kit (Invitrogen, Carlsbad, CA, USA) according to 

the manufacturer’s instructions. Plasmid DNA was extracted with a Plasmid Mini Kit 

(Invitrogen); the inserts were sequenced using the generic primers set M13F and M13R, 
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which region is included in this plasmid, to check that fungal and bacterial amplicons 

were correctly inserted in their respective plasmids. The results were compared to 

known fungal and bacterial genes in the Genbank database 

(http://www.ncbi.nlm.nih.gov) using the BLAST application. BLAST analysis showed 

that the sequences obtained were > 99% similar to known fungal and bacterial genes. 

During the testing phase, we generated melting curves for each run to verify product 

specificity by increasing the temperature from 55ºC to 95ºC. Additionally, and to 

further check for the integrity of the fragments obtained, we evaluated the length of the 

inserted bacterial and fungal amplicons in their respective plasmids by conducting 

additional qPCR analyses with the fungal, bacterial and M13 primers followed by 

electrophoresis in agarose gels. 

 Organic C was determined by colorimetry after oxidation with a mixture of 

potassium dichromate and sulfuric acid (Anderson & Ingramm, 1993). Phenols, 

aromatic compounds and hexoses were measured from K2SO4 0.5 M soil extracts in a 

ratio 1:5 at 725, 254 and 625 nm, respectively (Chantigny et al., 2006). Soil extracts 

were shaken in an orbital shaker at 200 rpm for 1 h at 20ºC and filtered to pass a 0.45-

µm Millipore filter. The filtered extract was kept at 2ºC until colorimetric analyses, 

which were conducted within the 24 h following the extraction according to Chantigny 

et al. (2006). The activity of β-glucosidase was measured as described in Maestre et al. 

(2012b). 

 

Statistical analyses 

Visual inspection of the data and preliminary analyses showed that biocrust cover had 

important interactive effects with warming and/or rainfall exclusion (RE) on many of 
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the response variables measured. Thus, analyses were conducted separately for plots 

with low and high biocrust cover. Soil CO2 efflux and biocrust cover data were 

analyzed using a three-way (warming, RE and Time) ANOVA, with repeated measures 

of one of the factors (Time). As the assumption of multisample sphericity was not met, 

the Huynh-Feldt adjusted degrees of freedom were used for within-subjects tests (Quinn 

& Keough, 2002). In the case of soil CO2 efflux, only the sampling dates with data from 

all the treatment combinations were included in the ANOVAs. As diverse subsets of 

samples were measured for net CO2 exchange at different times, the effects of warming 

and RE on this variable were evaluated at each sampling date by using a two-way 

ANOVA. To estimate how warming and RE affected soil C variables throughout the 

duration of the experiment in Aranjuez, we calculated the absolute effect size (Ae) as 

C46 – C0, where C0 and C46 are the value of a given variable at the beginning of the 

experiment and 46 months later, respectively. Due to the low DNA concentration 

present in some of our soil samples, we were not able to successfully analyze either 

fungi or bacteria for all of them. This reduced substantially the number of Ae values of 

the fungal: bacterial ratio. Therefore, and to avoid losing replicates for our analyses, we 

directly analyzed this ratio at the beginning of the experiment and 46 months after, 

rather than its Ae. We evaluated the effects of warming and RE on the fungal: bacterial 

ratio and Ae data using a two-way ANOVA. To test whether changes in soil variables 

were linked to changes in biocrust cover throughout the course of the experiment, linear 

and non-linear (quadratic, logarithmic, power and exponential) regression analyses were 

used to examine the relationships between the Ae in soil variables (raw data in the case 

of the fungal: bacterial ratio) and the Ae in biocrust cover. When significant 

relationships were found, the function that minimized the second-order Akaike 
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information criterion (Sugiura, 1978) was chosen. In ANOVA analyses, warming and 

RE were considered fixed factors. Prior to these analyses, data were tested for 

ANOVA/regression assumptions, and were sqrt-, arcsin- or log-transformed when 

necessary. All the analyses were performed using SPSS 15.0 software (SPSS Inc., 

Chicago, IL, USA). 

 

RESULTS 

Treatment effects on environmental variables 

Throughout the study period, the warming treatment increased air temperature by 2.7ºC 

and 1.5ºC in Aranjuez and Sorbas, respectively (Fig. S4). It also increased surface soil 

temperature by 3.0ºC and 2.3ºC on average in Aranjuez and Sorbas, respectively (Fig. 

S5). Warming effects were maximized during summer (June-September), where soil 

temperatures where increased by warming up to 7ºC in some days (Fig. S5). Rainfall 

shelters did not substantially alter air/soil temperature, as average differences between 

RE and both control and warming treatments throughout the study period were below 

0.4ºC in all cases (Figs. S4 and S5). Surface soil moisture closely followed the rainfall 

events registered, and was reduced by rainfall shelters on average by 4% and 1% in 

Aranjuez and Sorbas, respectively (Fig. S6). The reduction of soil moisture by shelters 

was mainly noticeable during rainfall events (Fig. S6). The dynamics of relative air 

humidity varied among the two study sites, as the number of days with periods of 

relative air humidity (RH) = 100% was higher in Sorbas than in Aranjuez (Fig. S7). 

Warming reduced the duration of such periods at both sites (average reduction of 51 and 

26 minutes·day
-1

 in Aranjuez and Sorbas, respectively; Fig. S7).  

Biocrust dynamics 
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The dynamics of biocrust cover varied depending on the site and initial cover 

considered (Fig. 1). In Aranjuez, high biocrust cover plots lost cover 46 months after the 

beginning of the experiment in all the treatments evaluated (Fig. 1a). These losses were 

clearly accelerated with warming (Within-subjects tests: FTime × warming = 7.73, df = 2.8, 

99.4, P < 0.001), particularly when this treatment was applied alone (Within-subjects 

tests: FTime × warming × RE = 2.84, df = 2.7, 99.4, P = 0.046). Rainfall exclusion did not 

affect changes in cover through time, regardless the initial biocrust cover (Within-

subjects tests: FTime × RE < 0.82, P > 0.481 in all cases). The dynamics of low biocrust 

cover plots were the opposite, as they increased their cover in both control and RE 

treatments by ~6%, but only by ~3% in plots subjected to warming (Fig. 1b, Within-

subjects tests: FTime × warming = 2.25, df = 2.5, 90.6, P = 0.098; FTime × warming × RE = 0.67, df 

= 2.5, 90.6, P = 0.546). In Sorbas, biocrust cover remained more stable during the first 

31 months of the experiment (Fig. 1c,d). At this site, neither warming nor RE affected 

temporal changes in biocrust cover (Within-subjects tests: F < 0.68, P > 0.488 in all 

cases).    
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Figure 1 Temporal changes in biocrust cover (mosses and lichens) in the Aranjuez (a, c) and 

Sorbas (b, d) experimental sites. Upper in plots with low (a) and high (b) biocrust cover. Data 

are means ± SE (n = 10 and 8 for Aranjuez and Sorbas, respectively). WA = warming, and RE = 

rainfall exclusion. 
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We found substantial within- and between-year variation in soil CO2 efflux at both 

study sites, which varied from 0.29 to 2.75 µmol·m
-2

·s
-1

, and from 0.36 to 1.89 µmol·m
-

2
·s

-1 
in Aranjuez and Sorbas, respectively (Fig. 2). Overall, warming tended to either 
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tests: F1,18 = 9.97, P = 0.005), an effect that was not evident when rainfall was also 

excluded (Between-subjects tests: F1,18 = 0.19, P = 0.672). No significant effects of 

warming and RE on this variable were found in areas with low biocrust cover (Fig. 2b; 

Between-subjects tests: F1,36 < 1.40, P > 0.248 in all cases). In Sorbas, the increase in 

soil CO2 efflux with warming was observed regardless the initial biocrust cover (Fig. 

2c,d; Between-subjects tests: F1,28 > 9.61, P < 0.010 in all cases), and no significant 

effects of RE or warming × RE interactions were found (Between-subjects tests: F1,18 < 

1.75, P > 0.197 in all cases). 
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Figure 2. Temporal variation of soil CO2 efflux in the Aranjuez (a, c) and Sorbas (b, d) experimental sites. Red and light yellow arrows 

indicate the dates when the warming (WA) and rainfall exclusion (RE) treatments were installed, respectively. Data are means ± SE (n = 10 

and 8 for Aranjuez and Sorbas, respectively). 
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Net CO2 fixation in high biocrust cover areas was only observed during winter 

months, and was significantly reduced by warming at both study sites during these surveys 

(Fig. 3a,b; P < 0.045, Table S3). No significant effects of RE were observed at any of the sites 

(P > 0.110 in all cases, Table S3), albeit significant warming × RE interactions were found in 

Aranjuez during three of the sampling periods (Fig. 3a; P < 0.045, Table S3). Separate 

analyses for each RE level showed that in November 2011, when net CO2 uptake was 

observed, reductions in such uptake with warming were observed only when rainfall was not 

excluded (Fig. 3a). 

 

Figure 3. Temporal variation of net CO2 exchange in high biocrust cover plots in the Aranjuez 

(a) and Sorbas (b) experimental sites. Data are means ± SE (n = 4-8). WA = warming, and RE = 

rainfall exclusion. 
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Treatment effects on soil C variables, bacteria and fungi 

In Aranjuez, we found a clear trend of increasing soil organic C with warming in plots with 

high biocrust cover (Fig. 4a, F1,16 = 4.21, P = 0.057). This response may have been driven by 

the significant increase observed in recalcitrant C sources, such as phenols and aromatic 

compounds (Fig. 4b,c; F1,16 > 12.30, P < 0.005 in both cases). Increases were not observed in 

more labile C fractions, such as hexoses, regardless the initial biocrust cover (Fig. 4d, F1,16 < 

1.80, P > 0.200 in all cases). As a consequence, warming increased the ratio phenols: hexoses 

through time in plots with high biocrust cover (Fig. 4e, F1,16 = 7.32, P = 0.016). Changes in 

the activity of β-glucosidase were not affected by warming (Fig. 4f, F1,16 < 0.95, P > 0.345 in 

all cases). Rainfall exclusion did not influence any of the variables measured (F1,16 < 1.89, P > 

0.185 in all cases).  



169 
 

 

Figure 4. Changes (Ae) in organic C (a), phenols (b), aromatic compounds (c), hexoses (d), the 

phenols: hexoses ratio (e) and β-glucosidase (f) during the first 46 months of the experiment at the 

Aranjuez experimental site. Data are means ± SE (n = 5). WA = warming, and RE = rainfall exclusion. 

See Supplementary Table S1 for the raw data. 

 

Warming promoted changes in microbial communities in Aranjuez, as the fungal: 

bacterial ratio increased during the course of the experiment (Fig. S8). Before the setting up 

of the experiment, this ratio did not significantly vary among the plots assigned to each 

treatment combination, regardless the initial biocrust cover (F < 1.85, P > 0.186 in all cases). 
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46 months later, the fungal: bacterial ratio increased with warming in both low (F1,13 = 14.23, 

P = 0.002) and high (F1,12 = 15.27, P = 0.002) biocrust cover plots, albeit the magnitude of the 

increase was substantially lower when both warming and RE treatments acted together 

(FWarming × RE > 5.44, P < 0.040 in all cases).  

The observed increase in soil organic C with warming during the first 46 months of 

the experiment in Aranjuez was linked to the loss of biocrust cover, a relationship that was 

not found in the control and RE treatments (Fig. 5a). Similar results were found when 

evaluating the relationships between changes in biocrust cover and those in aromatic 

compounds (Fig. 5b), but not when more labile fractions, such as hexoses, were examined 

(Fig. 5c). Increases in the fungal: bacterial ratio were also observed in those plots that 

experienced reductions in biocrust cover (Fig. 5d).  

 

Figure 5. Relationships between the absolute changes (Ae) in biocrust cover and those in organic C 

(a), hexoses (b), and aromatic compounds (c) during the first 46 months of the experiment at the 

Aranjuez experimental site, and between the relationship between the Ae in biocrust cover and the 

fungal: bacterial ratio (d). Solid lines are significant regressions fitted to the warmed plots. None of the 

regressions fitted to the non-warmed plots were significant.   
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DISCUSSION 

Understanding how biotic communities affect biogeochemical responses to altered climatic 

conditions is crucial to improve our ability to forecast the ecological consequences of climate 

change (Zhou et al., 2012; Hartley et al., 2012). While the potential for biotic feedbacks to 

climate change in drylands is large (Reed et al., 2012), no previous study has evaluated how 

the degree of biocrust development affects multiple C cycle responses to climate change. Our 

results indicate that a 2–3ºC air/surface soil warming has important effects on different 

variables related to C cycling and storage, which are also largely modulated by biocrust 

development and by warming-induced changes in these communities. The impacts of 

increased temperatures in the biocrust and C cycle variables measured were in most cases 

independent of those of RE, which overall had little effects on the different variables 

measured.  

 

Alteration of biocrust dynamics and net CO2 exchange in response to simulated climate 

change 

Four years after the initiation of the experiment, warming dramatically reduced the joint cover 

of lichens and mosses in areas with well-developed biocrusts, and hampered the recovery of 

these organisms in those places devoid of them, in Aranjuez. We did not find significant 

treatment effects on biocrust cover in Sorbas, albeit some degree of reduction with warming 

could be appreciated 31 months after the beginning of the experiment (Fig. 1c). The 

differences found among sites may be due to different reasons. First, our experiment has been 

running for longer in Aranjuez than in Sorbas, and thus more time is likely needed to detect 

treatment effects on the biocrust communities studied in Sorbas. Second, and perhaps more 

importantly, our OTCs treatment increased air and soil temperatures more in Aranjuez than in 

Sorbas (Figs. S4 and S5), and this difference (1.2ºC and 0.8ºC of average increment in 
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Aranjuez and Sorbas, respectively) may explain the reduced cover response to warming in 

Sorbas. Similarly, a study conducted with OTCs at two sites in South Africa (Maphangwa et 

al., 2012) found that the warming effect caused by this treatment was higher in an inland site 

compared to a coastal site, characterized by lower rainfall but higher water inputs from dew. 

To further investigate the mechanisms underlying the differential cover response observed 

between our study sites, additional physiological measurements, and a longer monitoring 

period, are necessary. 

Biocrust-forming lichens are resistant to desiccation, and are well adapted to the high 

temperatures and low and unpredictable rainfall conditions characterizing drylands (Green et 

al., 2011). Our results, however, indicate that annual average increases in air temperature in 

the range of 2–3ºC can trigger mortality events in these organisms. These findings are in the 

line of those reported by Belnap et al. (2006), who showed that a 6°C increase in maximum 

summer temperatures over eight years resulted in a significant decrease in lichen cover in the 

Colorado Plateau. The observed reductions in biocrust cover with warming contrast with 

those found in moss-dominated biocrusts from the Southwestern US, where altered rainfall 

regimes, rather than a 2 – 4 ºC warming, promoted widespread moss mortality (Reed et al., 

2012; Zelikova et al., 2012). The mechanisms underlying the observed responses cannot be 

elucidated with our measurements. However, we speculate with the idea that they are caused 

by an increase in carbon losses because of higher CO2 efflux rates with warming (Reed et al., 

2012),
 
and by a reduction in carbon fixation caused by the effects of warming on variables 

such as soil temperature, moisture and relative air humidity (Figs. S5-S7). It is interesting to 

note that, over the course of the experiment, the space previously occupied by lichens in 

Aranjuez has not been colonized by other visible biocrust components (Fig. S9). Future 

studies are needed to elucidate whether this space is being colonized by cyanobacteria, as 

found in moss-dominated biocrusts of the Southwestern US (Zelikova et al., 2012).  
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Net soil CO2 uptake was only detected during late autumn and winter months at both 

study sites. These seasonal patterns resemble those found in biocrusts from sandy soils in the 

Negev Desert (Wilske et al., 2008), and agree with studies showing that biocrust-forming 

lichens are mainly photosynthetically active during winter in semiarid areas such as those 

studied here (del Prado & Sancho, 2007; Pintado et al., 2010). Warming had a significant 

negative effect on this variable during all seasons except in summer (Table S3). These 

findings agree with studies showing reductions in the photosynthetic capacity of these lichens 

under experimental temperature increases of 2 – 4 ºC (Maphangwa et al., 2012). Nocturnal 

moistening by fog or dew largely determines the photosynthetic activity and distribution 

patterns of biocrust-forming lichens in Mediterranean drylands (Veste et al., 2001; del Prado 

& Sancho, 2007). As found by previous studies conducted in South Africa (Maphangwa et al., 

2012), warming substantially reduced the duration of suitable conditions for the formation of 

dew in our experiment (i.e., periods where air relative humidity if 100%; Fig. S7). This 

treatment also increased soil surface temperature (Fig. S5), and therefore its 

evapotranspiration, and reduced soil moisture (Fig. S6). These environmental effects of 

warming likely promoted a reduction in the photosynthetic activity of the biocrust 

communities studied (Veste et al., 2001; Lange et al., 2006; del Prado & Sancho, 2007).  

 

Biocrust and climate change effects on soil CO2 efflux 

Warming significantly increased soil CO2 efflux at both study sites, albeit the effects of this 

treatment were affected by both RE and biocrust cover in Aranjuez. Our findings agree with 

results from experiments conducted in a wide variety of environments, which have reported 

significant increases in soil CO2 efflux with warming during the first years (typically between 

20% and 40%), which are later reduced due to acclimatization processes (Rustad et al., 2001; 

Luo et al., 2001; Niinistö et al., 2004; but see Lellei-Kovács et al., 2008; de Dato et al., 
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2010). Differences between sites in the magnitude of warming effects with biocrust 

development may have caused by variations in overall fertility, as soil CO2 efflux has been 

found to be influenced not only by moisture and temperature, but also by the amount of 

available soil organic carbon (Sponseller, 2007; Moyano et al., 2012). At the beginning of the 

experiment, soil organic C contents were higher in Sorbas than in Aranjuez (Fig. S10). 

Relative differences in this variable between high and low biocrust cover areas were, 

however, larger in Aranjuez than in Sorbas (77% vs. 55% increase, Fig. S10), and this could 

explain the lack of stimulatory effects of warming on soil CO2 efflux in low cover areas found 

in Aranjuez. At this site, the lack of significant warming effects in biocrust-dominated 

microsites when rainfall was also excluded may have been caused by the overall reduction in 

soil moisture promoted by this treatment (Fig. S6), which likely limited microbial activity and 

soil CO2 efflux (Castillo-Monroy et al., 2011).  

The absence of significant effects of RE per se on soil CO2 efflux was initially 

unexpected. This result contrasts with previous observations from Mediterranean drylands, 

which have found significant reductions in soil CO2 efflux with RE (Emmett et al., 2004; de 

Dato et al., 2010; Miranda et al., 2011). It is important to note that these studies have been 

conducted in shrublands, where reduced rainfall effects on soil CO2 efflux are mostly driven 

by the responses they induce on plants (Emmett et al., 2004; de Dato et al., 2010), and thus 

their results may not be translated to biocrust-dominated ecosystems such as those studied 

here. Previous studies conducted in Aranjuez (Castillo-Monroy et al., 2011) have shown that 

soil CO2 efflux is driven by temperature during the wettest part of the year, when soil water 

contents are higher than 25% and 11% for low and high biocrust cover microsites, 

respectively, and by soil moisture during the dry season, when soil temperatures exceed 25ºC 

and 18ºC for low and high biocrust cover microsites, respectively. The main reductions in soil 

moisture achieved with the RE treatment were observed during the wettest part of the year at 
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both Aranjuez and Sorbas (Fig. S6), when soil moisture was highest and soil CO2 efflux is 

largely driven by temperature. This may explain the lack of strong responses observed in this 

variable in response to reduced rainfall inputs. 

Increases in soil CO2 efflux in biocrust-dominated microsites compared to bare ground 

areas have been found in S. tenacissima steppes from calcareous soils (Maestre & Cortina, 

2003). Therefore, while our study sites were located in areas with gypsum soils, we would 

expect to find similar responses to the climate change treatments evaluated in areas with 

lichen-dominated biocrusts growing on other soil types. 

 

Biocrusts and climate change effects on soil biogeochemistry and microbial communities 

Warming caused profound changes in the different soil C variables evaluated. The temporal 

increase in soil organic C with warming was initially unexpected, given the observed effects 

of this treatment on soil CO2 efflux and net CO2 uptake. While our experimental design and 

measurements cannot provide a mechanistic explanation for these results, the relationships 

found between the changes in biocrust cover and the different soil C variables evaluated (Fig. 

5) suggest that they are due to the mortality and subsequent decomposition of biocrust-

forming lichens. These organisms are rich in recalcitrant C compounds (e.g., phenols; 

Kranner et al., 2008; Stark et al., 2007), and thus their decomposition could explain the 

observed increases in organic C, and those of recalcitrant sources of C in particular. The 

decomposition dynamics of biocrust-forming lichens are largely unknown, as to our 

knowledge no previous studies have been conducted with these organisms in drylands. 

Decomposition of lichen tissues provides an important source of C in arctic and boreal 

ecosystems (Wetmore, 1982; Esseen & Renhorn, 1998), and is a process that can occur over 

short temporal scales. For instance, Lang et al. (2009) compared the decomposition of 17 

arctic lichens, and reported average mass loss ~ 60% after two years (range between 10% and 
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90% of initial mass loss). Albeit our results will need to be confirmed by future experiments, 

they suggest that decomposition processes could effectively incorporate C from biocrust-

forming lichens into the soil in a few years in drylands. The activity of β-glucosidase, which 

acts upon bonds of labile C molecules, was not affected by warming, suggesting that the 

observed increase in soil CO2 efflux rate was caused by the decomposition of recalcitrant C 

(Biasi et al., 2005). Well-developed biocrusts can also enhance the utilization rates of 

aromatic acids, carbohydrates and carboxylic acids, increasing soil CO2 efflux (Yu et al., 

2012). Another important result is the observed increase in the ratio phenols: hexoses through 

time with warming in plots with high biocrust cover (Fig. 4e). These results indicate that 

warming is promoting a shift toward greater recalcitrance in the soil C pool and a reduction in 

the quality of soil organic matter (Rovira & Vallejo, 2002). This fact, together with the 

observed decrease in biocrust cover with warming, may decrease the use of C by soil 

microorganisms and the rate of nutrient cycling (Rovira & Vallejo, 2002), favoring the 

immobilization of nutrients and increasing the abundance of fungi (Thorn & Lynch, 2007).  

The greater relative dominance of fungi over bacteria found with warming agrees with 

results reported in other studies (e.g., Zhang et al., 2005; Castro et al., 2010). It is interesting 

to note that this ratio was associated with recalcitrant C sources 46 months after the beginning 

of the experiment in Aranjuez (phenols, ρ = 0.526, P = 0.002; aromatic compounds, ρ = 

0.567, P = 0.001, n = 33). Overall, our findings suggest that differences in microbial 

communities induced by warming were associated with modifications in C cycling promoted 

by this treatment, which were also linked to changes in biocrust cover (Fig. 5). While 

warming increased the amount of organic C over the course of the experiment, we expect that 

this effect will disappear as lichens die and are subsequently decomposed. Reductions in soil 

C at the mid to long term should occur for three main reasons: i) the warming-induced losses 

in biocrust cover and photosynthetic capacity will progressively reduce C inputs to the soil, ii) 
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increased CO2 efflux rates with warming will intensify C losses, and iii) fungi are able to 

decompose virtually all classes of litter compounds, while bacteria mainly decompose labile 

substrates (De Boer et al., 2005). Therefore, the increased dominance of fungi with warming 

may further accelerate the decomposition of recalcitrant C sources, augmenting soil CO2 

efflux and reducing the amount of C stored in soils (van der Heijden et al., 2008).  

 

Concluding remarks 

Our results indicate that climate change, and a 2–3ºC warming in particular, will reduce the 

abundance of well-developed and lichen-dominated biocrusts, which are prevalent 

communities in drylands worldwide and need decades to centuries to fully develop (Fig. S11; 

Belnap & Lange, 2003). Such warming effects will hamper the successional trajectories of 

these communities (Lázaro et al., 2008), affecting the organisms and ecosystem processes that 

depend on them (Belnap & Lange, 2003; Elbert et al., 2012; Bowker et al., 2011). Here we 

show how changes in biocrusts drive responses of microbial communities (increase of fungal 

abundance) and C cycling (reduced net CO2 uptake by soils, increased soil CO2 efflux and 

variations in the content of different soil C fractions) to climate change in drylands. Our 

results can have major implications for the C cycle in these ecosystems, and indicate that the 

capacity of drylands to fix atmospheric CO2 and store it into the soil will be substantially 

reduced in a warmer world. 
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SUPLEMENTARY MATERIAL 

 

 

Figure S1. Map of the aridity index (precipitation/potential evapotranspiration) in central-southeastern 

Spain, showing the location (and partial views) of the two study sites. Note that aridity increases as the 

aridity index becomes lower. 
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Figure S2. Detailed view of an experimental plot with an open top chamber (OTC, a), and of plot with 

an OTC and a rainfall shelter (b). Our OTCs are open on the top to allow rainfall and air to enter, and 

the bottom edge of all chambers was elevated ~5 cm above the surface to allow appropriate ventilation 

and avoid excessive temperatures. The rainfall shelters are based upon the design of Yahdjian & Sala 

(2002). Each rainfall shelter has an area of 1.44 m
2
 (1.2 m × 1.2 m), and a mean height of 1 m, and is 

composed of three methacrylate grooves (the same material used by Matías et al., 2011), which cover 

approximately 37% of the surface, connected to plastic bottles that accumulate the excluded water (b). 
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Figure S3. Relationship between biocrust cover values obtained from digital images and those 

gathered directly in the field with the point-sampling method (1 × 1 cm grid; 120 sampling points per 

plot) at the Aranjuez experimental site. The point-sampling data come from Escolar et al. (2012). 
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Figure S4. Air temperature in the control treatment throughout the duration of the experiment at Aranjuez (a) and Sorbas (b), and effects of the experimental 

treatments on this variable (differences with the temperature registered in the control treatment; c, d). WA = Warming, and RE = Rainfall exclusion. 
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Figure S5. Soil temperature (0-2 cm depth) in the control treatment throughout the duration of the experiment at Aranjuez (a) and Sorbas (b), and effects of 

the experimental treatments on this variable (differences with the temperature registered in the control treatment; c, d). WA = Warming, and RE = Rainfall 

exclusion. 
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Figure S6. Precipitation (blue bars) registered during the experiment at Aranjuez (a) and Sorbas (b), and soil moisture (0-5 cm depth) measured by automated 

sensors on high biocrust cover plots at both study sites (c, d). WA = Warming, and RE = Rainfall exclusion. 
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Figure S7. Number of minutes/day when air relative humidity (RH) was 100% in the control treatment at Aranjuez (a) and Sorbas (b), and effects of the 

experimental treatments on this variable (differences in the number of minutes/day with RH = 100% with the control treatment; c, d). Negative values in c and 

d indicate that the treatment is reducing the duration of those periods with RH = 100%. WA = Warming, and RE = Rainfall exclusion. 
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Figure S8. Fungi, bacteria and fungal: bacterial ratios at the beginning of the experiment (panels a, c y 

e) and 46 months later (panels b, d y f) in the Aranjuez experimental site. Data represent means ± SE 

(n = 3-9). 
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a        b 

    

c        d 

      

e        f 

       

Figure S9. Examples of the changes in the cover of the biocrust community occurred with warming. 

The left panels (a, c, e) show three experimental plots from the warming treatment and with high 

biocrust cover at the beginning of the experiment, and the three panels located at the right (b, d, f) 

show the same plots 46 months later.   
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Figure S10. Soil organic carbon content (0-1 cm depth) at the beginning of the experiment in areas 

with low or high biocrust cover. Data represent means ± SE (n = 40 and 30 for Aranjuez and Sorbas, 

respectively).  
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a            b 

    

c            d 

    

e            f 

    

Figure S11. Examples of dryland ecosystems where biocrusts dominated by lichens are a prevalent 

biotic community and occupy large portions of the land surface. a = Stipa tenacissima grassland near 

Aranjuez, Spain, where the spaces located between plant patches are occupied by biological soil crusts 

(biocrusts) dominated by the lichens Diploschistes diacapsis and Squamarina lentigera (Photo by 

Fernando T. Maestre), b = biocrust dominated by cyanobacteria and lichens near Quíbor, Venezuela 

(Photo by Fernando T. Maestre), c = lichen fields of Teloschistes capensis in the coastal Namib 

Desert, Cape Cross, Namibia (Photo by Petter Crittenden),  d = lichen-dominated soil crust at Mungo 
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National Park in south-western New South Wales, Australia (Photo by David J. Eldridge), e = biocrust 

dominated by Collema sp. in Canyonlands National Park, Utah, USA (Photo by Bekra Yorke, 

downloaded on from https://picasaweb.google.com/108501661601576516498/0910Canyonl ands), 

and f = Rosmarinus officinalis shrubland near Aranjuez, Spain, which holds a well-developed biocrust 

community dominated by the lichens Squamarina lentigera and Fulgensia fulgens, and by the moss 

Pleurochaete squarrosa (Photo by Fernando T. Maestre). 
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Table S1. Raw data of soil pH and different C variables measured in Aranjuez at the beginning of the experiment and 46 months later. V = variable, T = time 

after the beginning of the experiment (in months), RE = rainfall exclusion, WA = warming, OC = organic carbon (in gr·m
-2

), PE = phenols (in gr·m
-2

), AC = 

aromatic compounds (in gr·m
-2

), HE = hexoses (in gr·m
-2

), BG = β-glucosidase (µmol PNF·g
-1

·h
-1

). 

 

  

Low biocrust cover plots High biocrust cover plots 

V T Control RE WA WA + RE Control RE WA WA + RE 

  

X SE n X SE n X SE n X SE n X SE n X SE n X SE n X SE n 

pH 0 7.06 0.11 10 6.93 0.11 10 6.96 0.11 10 6.91 0.10 10 6.86 0.09 11 6.83 0.09 10 6.87 0.15 10 7.16 0.14 9 

 

46 7.28 0.07 5 7.39 0.11 4 7.18 0.05 3 7.52 0.13 4 7.52 0.13 5 7.23 0.12 5 7.20 0.11 5 7.45 0.18 5 

OC 0 136.87 25.99 10 121.89 23.50 10 129.86 27.64 10 142.52 22.82 10 248.61 33.49 11 220.03 17.59 10 243.79 28.64 10 231.07 23.87 10 

 

46 100.94 16.75 5 135.86 22.89 5 189.84 30.48 5 134.33 11.97 5 250.78 42.67 5 237.59 45.46 5 341.68 28.88 5 305.95 46.33 5 

PE 0 0.27 0.05 10 0.19 0.02 8 0.19 0.02 9 0.26 0.02 9 0.34 0.04 11 0.27 0.02 10 0.29 0.03 10 0.28 0.03 10 

 

46 0.17 0.04 5 0.17 0.03 5 0.36 0.08 5 0.27 0.04 5 0.29 0.03 5 0.26 0.05 5 0.51 0.08 5 0.55 0.15 5 

AC 0 3.51 0.70 10 2.21 0.20 8 2.25 0.14 7 3.09 0.33 9 3.84 0.40 11 3.07 0.24 10 3.02 0.19 8 3.71 0.21 9 

 

46 1.57 0.54 5 1.85 0.39 5 3.77 0.92 5 3.44 0.78 5 2.81 0.51 5 2.87 0.76 5 6.02 0.77 5 5.92 1.73 5 

HE 0 0.81 0.14 10 0.62 0.04 8 0.72 0.15 10 1.03 0.06 10 1.34 0.17 11 1.11 0.10 10 1.17 0.18 10 1.16 0.08 10 

 

46 0.28 0.02 5 0.26 0.02 5 0.35 0.05 5 0.60 0.28 5 0.50 0.05 5 0.46 0.04 5 0.58 0.06 5 0.64 0.12 5 

PE:HE 0 0.35 0.03 10 0.31 0.03 7 0.37 0.06 9 0.26 0.02 9 0.27 0.03 11 0.27 0.05 10 0.27 0.03 10 0.24 0.02 10 

 

46 0.60 0.13 5 0.66 0.10 5 0.97 0.11 5 0.67 0.15 5 0.59 0.08 5 0.54 0.06 5 0.88 0.15 5 0.81 0.13 5 

BG 0 1.82 0.37 10 1.43 0.32 10 1.54 0.32 10 1.88 0.33 10 2.41 0.22 11 2.82 0.27 10 2.78 0.29 10 2.71 0.32 10 

 

46 1.49 0.47 5 1.89 0.29 5 2.82 0.61 5 1.69 0.25 5 3.01 0.46 5 3.24 0.49 5 4.13 0.23 5 3.84 0.43 5 
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Table S2. Checklist of the moss and lichen species present at our study sites. Lichens are the dominant 

component at both study sites, as they account for more than 90% of biocrust cover. 

 

Species Aranjuez Sorbas 

Acarospora nodulosa (Dufour) Hue. X X 

Acarospora placodiiformis H. Magn. X  

Barbula sp. X  

Buelia epipolia (Ach.) Mong.  X 

Buellia epipolia (Ach.) Mong. X X 

Buellia zoharyi Galun. X X 

Catapyrenium rufescens (Ach.) Breuss  X 

Cladonia convoluta (Lam.) Cout. X X 

Clavascidium lacinulatum var. lacinulatum (Ach.) M. Prieto X  

Collema crispum (Huds.) F.H. Wigg. X  

Collema cristatum (L) G.H. Web  X 

Collema tenax (Sw) Ach.  X 

Didymodon acutus (Brid.) K. Saito. X  

Diploschistes diacapsis (Ach.) Lumbsch. X X 

Diploschistes ocellatus (Vill) Norman  X 

Endocarpon pusillum Hedw. X X 

Fulgensia desertorum (Tomin) Poelt X X 

Fulgensia fulgida (Nyl.) Szat.  X 

Fulgensia subbracteata (Nyl.) Poelt. X  

Heppia lutosa (Ach.) Nyl. X  

Lecanora gangaleoides Nyl.  X 

Lepraria isidiata (Llimona) Llimona & Crespo  X 

Parmelia pockornyi (Körb) Szat.  X 

Placidium pilosellum (Breuss) Breuss. X  

Placidium squamulosum (Ach.) Breuss. X  

Pleurochaete squarrosa (Brid.) Lindb. X  

Psora decipiens (Hedw.) Hoffm. X X 

Psora saviczii (Tomin) Follmann et A. Crespo. X  

Squamarina cartilaginea (With.) P. James. X X 

Squamarina lentigera (Weber) Poelt. X X 

Teloschistes lacunosus (Rupr.) Sav.  X 

Toninia sedifolia (Scop.) Timdal. X X 

Toninia taurica (Szatala) Oxner. X  

Tortula revolvens (Schimp.) G. Roth. X  

 

 

 

 

http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=375646
http://botanica.bio.ub.es/checklist/mostrar.php?nsyn=3279&ntax=1291&taxon=Buellia+epipolia+%28Ach.%29+Mong.+++%3cSTRONG
http://botanica.bio.ub.es/checklist/mostrar.php?nsyn=3388&ntax=3388&taxon=Endocarpon+pusillum+Hedw.+++*
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Table S3. Summary results of two-way ANOVAs conducted with net CO2 exchange data in the high 

biocrust cover plots. P values below 0.05 are in bold, and those between 0.05 and 0.10 are in italics. 

These values were not adjusted for multiple testing because this approach is considered overly 

conservative (ref. S2). 

 

Site Sampling 

date 

Warming (WA) Rainfall exclusion 

(RE) 

WA × RE 

 F df P F df  P F df P 

Aranjuez 12/15/2010 7.86 1,12 0.016 0.18 1,12 0.679 0.72 1,12 0.414 

02/08/2011 0.56 1,29 0.459 0.33 1,29 0.571 4.90 1,29 0.035 

 04/27/2011 7.45 1,22 0.011 0.23 1,22 0.634 0.05 1,22 0.818 

 06/28/2011 0.74 1,21 0.401 1.22 1,21 0.283 0.01 1,21 0.919 

 09/15/2011 4.21 1,21 0.053 0.01 1,21 0.943 10 1,21 0.005 

 11/25/2011 0.39 1,20 0.539 0.43 1,20 0.519 4.72 1,20 0.042 

 01/23/2012 1.71 1,21 0.205 1.38 1,21 0.254 0.08 1,21 0.785 

Sorbas 09/28/2010 0.11 1,24 0.740 1.64 1,24 0.212 <0.01 1,24 0.984 

12/02/2010 5.35 1,23 0.030 0.09 1,23 0.763 0.54 1,23 0.469 

02/23/2011 4.73 1,22 0.041 0.18 1,22 0.677 0.80 1,22 0.380 

 04/14/2011 4.81 1,28 0.037 0.27 1,28 0.608 0.04 1,28 0.839 

 06/14/2011 1.04 1,20 0.321 1.17 1,20 0.292 0.22 1,20 0.644 

 09/07/2011 <0.01 1,19 0.951 1 1,19 0.330 1.33 1,19 0.264 

 11/29/2011 4.70 1,20 0.042 2.78 1,20 0.111 0.95 1,20 0.342 

 01/30/2012 3.13 1,20 0.092 2.32 1,20 0.143 0.15 1,20 0.708 
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ABSTRACT 

Soil communities composed of cyanobacteria, algae, mosses, liverworts, fungi, bacteria 

and lichens (biocrusts) largely affect soil respiration in dryland ecosystems.  Climate 

change is expected to have large effects on biocrusts and on associated ecosystem 

processes. However, few studies so far have experimentally assessed how expected 

changes in temperature and rainfall will affect soil respiration in biocrust-dominated 

ecosystems. We evaluated the impacts of biocrust development (poorly developed 

biocrust communities with cover < 25% vs. well developed communities with cover > 

75%), increased air temperature (~2.7ºC of average increase vs. control) and decreased 

precipitation (~37% reduction vs. control) on soil respiration dynamics during a dry 

(2009) and a wet (2010) year in a Mediterranean semiarid grassland from central Spain. 

Soil respiration rates were substantially lower in the dry than during the wet year, 

regardless the biocrust cover considered. Warming increased soil respiration rate, but 

this response was only significant in the high biocrust cover plots. Biocrusts modulated 

the effect of rainfall exclusion on the amount of C released by soil respiration to the 

atmosphere, as it was slightly lower than the control in the low biocrust cover areas, but 

was 13% and 17% higher than in the control in the biocrust-dominated microsites 

during the dry and wet year, respectively. Overall, warming increased soil respiration 

rate, Q10 values and the annual emission of C to the atmosphere in biocrust-dominated 

areas, particularly during the wet year. The combination of warming and rainfall 

exclusion had similar effects in low biocrust cover areas. These climate change effects 

will reduce the ability of biocrusts to act as CO2 sink, reducing soil fertility at the long 

term. They can have also negative and cascading effects on both the soil biota and 

processes that depend on biocrust cover and activity. Our results highlight the 
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importance of biocrusts as a modulator of soil respiration responses to both warming 

and rainfall exclusion, and indicate that they must be explicitly considered when 

evaluating soil respiration responses to climate change in drylands. 
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INTRODUCTION 

Arid, semi-arid and dry-subhumid ecosystems (drylands hereafter) constitute the largest 

terrestrial biome on Earth, covering ~41% of the total land surface (Safireel & Adeel 

2005). Drylands are of paramount importance for the Earth´s carbon cycle, as their soils 

contain about 40 times more organic carbon (241 Pg C) than that emitted to the 

atmosphere by human activities  (Lal 2004), and have been considered as a potential 

sink for the stabilization of the atmospheric CO2 concentration (e.g. Lal 2004). This 

importance will increase in the future, as recent studies indicate that the extension of 

global drylands will increase by 10% at the end of this century as a consequence of 

ongoing climate change (Feng & Fu 2013). Despite the extent and importance of 

drylands, and the fact that soil respiration in these areas is a major process of soil C loss 

(e.g. Conant et al. 2000), soil respiration has been less insensitively investigated in these 

areas than in other ecosystems, such as temperate forests and grasslands (Bond-

Lamberty & Thomson 2010).  

Several studies have focused on the sensitivity of soil respiration to changes in 

temperature and precipitation in drylands (e.g., Almagro et al. 2009, Conant et al. 2000, 

Thomas & Hoon 2010, Castillo-Monroy et al. 2011a, Rey et al. 2011, Lane et al. 2013). 

There are also evidences showing that soil respiration vary significantly among major 

vegetation types (Raich & Tufekciouglu 2000). Plants, however, are not the only 

organisms modulating the C cycle in drylands. Biological soil crusts (biocrusts), 

communities composed of cyanobacteria, algae, mosses, liverworts, fungi, bacteria and 

lichens living in the uppermost millimeters of the soil surface in drylands worldwide 

(Belnap & Lange 2003), play a major role in C cycling in the environments where they 

are present. They fix atmospheric CO2 (over 2.6 Pg of C per year globally; Elbert et al. 
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2012), regulate the temporal dynamics of net CO2 uptake (Wilske et al. 2008, 2009), 

and influence the abundance and activity of soil enzymes such as β-glucosidase 

(Bowker et al. 2011, Miralles et al. 2013). Biological soil crusts are also of paramount 

importance when assessing soil respiration in drylands. Castillo-Monroy et al. (2011b) 

found that biocrust communities dominated by lichens were responsible for more than 

40% of the total C released annually via soil respiration in a semi-arid grassland from 

Central Spain. These authors also found that soil respiration was more sensitive to 

changes in soil temperature when biocrusts were present. Feng et al. (2013) noted how 

the disturbance of biocrusts dominated by algae, mosses and lichens increased soil 

respiration fluxes in the Mu Us desert (northwest China). Other authors (Thomas et al. 

2008, Thomas & Hoon 2010, Thomas 2012) have reported that cyanobacteria 

dominating the biocrusts present in the Kalahari sands are a crucial contributor to the 

total soil respiration observed, and that soil respiration patterns in this ecosystem are 

strongly linked to the activity of these organisms. Results such as these highlight the 

need to explicitly consider biocrusts when studying the factors driving soil respiration in 

drylands. and how they will respond to future changes in climate.  

Given the extent of dryland areas worldwide, and the sensitivity of soil 

respiration in these areas to both changes in soil temperature and moisture, and to the 

presence of organisms such as biocrusts, it is imperative to improve our understanding 

on the factors controlling soil respiration in drylands, and particularly how this 

component of the C cycle will be affected by climate change. Climate change is 

expected to have large effects on biocrust communities (Escolar et al. 2012, Zelikova et 

al. 2012), and on associated ecosystem processes (Reed et al. 2012, Maestre et al. 

2013). However, few studies so far have experimentally assessed how expected changes 
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in temperature and rainfall will affect soil respiration in biocrust-dominated ecosystems 

(Maestre et al. 2010. 2013, Reed et al. 2012, Yeager et al. 2012), and none of them have 

explicitly evaluated how such changes will affect annual soil respiration losses. Such 

studies would be highly valuable for improving our ability to predict future carbon 

losses via soil respiration, and to improve our understanding about the C cycle in 

drylands under different climate change scenarios.  

In July 2008, we set up a manipulative experiment in a typical semiarid 

grassland dominated by biocrusts in central Spain to evaluate the impacts of increased 

air temperature (~2.7ºC of average increase) and decreased precipitation (~37% 

reduction) on biocrust communities and associated ecosystem processes (Maestre et al. 

2010, 2013, Escolar et al. 2012). In this study we investigate the impact of both 

biocrusts and these climate manipulations on soil respiration in two years with distinct 

precipitation patterns. Our objectives were to: i) to investigate the relative importance of 

soil temperature and moisture as environmental drivers of soil respiration in two 

hydrologically-contrasted years (wet and dry), ii) to evaluate how biocrusts affect the 

sensitivity of soil respiration to climate manipulations (temperature increase and rainfall 

reduction), and iii) to assess the annual soil respiration in both low and high biocrust 

cover areas under different climate change scenarios. 
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MATERIALS AND METHODS 

Study area 

This research was conducted in the Aranjuez Experimental Station, in the centre of the 

Iberian Peninsula (40º02´ N–3º32´ W; 590 m a.s.l.). The climate is Mediterranean semi-

arid, with average annual temperature and rainfall of 15ºC and 349 mm, respectively. 

The soil is derived from gypsum, has pH values ~7, and is classified as Gypsiric 

Leptosols (IUSS Working Group WRB, 2006). Perennial vegetation is patchily 

distributed and dominated by the tussock grass Stipa tenacissima L. and the N-fixing 

scrub Retama sphaerocarpa (L.) Boiss. The open areas between perennial plant patches 

are colonized by a well-developed biocrust community dominated by lichens such as 

Diploschistes diacapsis (Ach.) Lumbsch, Squamarina lentigera (Weber) Poelt, 

Fulgensia subbracteata (Nyl.) Poelt,  Toninia sedifolia (Scop.) Timdal, and Psora 

decipiens (Hedw.) Hoffm. (see Maestre et al. 2013 for a species checklist).  

 

Experimental design 

We established a factorial experimental design with three factors, each with two levels 

(see Escolar et al. 2012 for details): biocrust cover (poorly developed biocrust 

communities with cover < 25% vs. well developed communities with cover > 75%), 

warming (control vs. a temperature increase) and rainfall exclusion (control vs. rainfall 

reduction). Ten replicated plots (1.25 x 1.25 m) per combination of treatments were 

established, resulting in a total of 80 experimental plots. A minimum separation distance 

between plots of 1 m was ensured to minimize the risk of sampling non-independent 

areas.  
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The warming treatment aimed to simulate the average of predictions derived 

from six Atmosphere-Ocean General Circulation Models for the second half of the 21st 

century (2040-2070) in central Spain (de Castro et al. 2005). These models predict an 

increment of annual temperature ranging from 2.6ºC (B2 IPCC scenario) to 2.8ºC (A2 

IPCC scenario). To achieve a temperature increase within this range, we used open top 

chambers (OTCs) of hexagonal design with sloping sides of 40 cm × 50 cm × 32 cm 

(see Escolar et al. 2012 for details). Forecasted changes in rainfall for our study area are 

subject to a high degree of uncertainty, but all model predict a point to a significant 

reduction of rainfall, mostly during the periods concentrating most of the rain (spring 

and fall; the number of days with rainfall higher than 1 mm is predicted to be reduced 

between 10 and 50% during these seasons; de Castro et al. 2005). To achieve a rainfall 

reduction similar to that forecasted, we set up passive rainfall shelters (RS) of 1.44 m
2
 

composed by three gutters of methacrylate that cover less than 40 per cent of the 

surface, based upon the design described by Yahdjian & Sala (2002). Open top 

chambers and rainfall shelters were set up in July and November 2008, respectively. We 

continuously monitored the effects of treatments on soil temperature (2 cm depth) and 

soil moisture (0-5 cm depth) using automated sensors (HOBO Pro v2 Temp/RH and H8 

Data Loggers, Onset Corporation, Bourne, USA and ECH2O humidity sensors, 

Decagon Devices Inc., Pullman, USA). See Escolar et al. (2012) and Maestre et al. 

(2013) for additional details of the experimental design and the microclimatic effects of 

OTCs and RS.  
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Field measurements and laboratory analyses 

Within each plot we inserted 5 cm into the soil a PVC collar (20 cm diameter, 8 cm 

height) for measuring soil respiration. These measurements were made in situ with a 

portable LI-8100 Automated Soil CO2 Flux System (LICOR, Lincoln, Nebraska, USA). 

They were carried out between November 2008 and January 2011 at intervals ranging 

from one to four months. Regularly we removed small plants, litter and grasses that 

grow inside the PVC collars. To avoid strong diurnal fluctuations, measurements were 

made between 10.00 and 14.00h (local time, GTM+1) on two consecutive days. Half of 

the plots were randomly measured in one day and the other half in the next day. This 

period was considered to give rates of soil respiration that are representative of the 

average daily typically observed in ecosystems such as those studied here (Mielnick & 

Dugas 2000, Maestre & Cortina 2003, Rey et al. 2011, Castillo et al. 2011). At the time 

of soil respiration measurements, we monitored soil temperature (T) at 2 cm depth with 

protected diodes, and soil volumetric water content (SWC) at 5 cm depth by time 

domain reflectrometry (TDR; Topp and Davis 1984). 

 

Modelling soil respiration 

To estimate annual carbon losses via soil respiration, we modelled the dependency of 

soil respiration on soil temperature and moisture according to the following 

relationship: 

Rs = f (T) * f (SWC) 

and,  

f (T) = Rbasal e
βT
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where Rs is the measured soil respiration rate (µmol m
-2

s
-1

), Rbasal is the basal soil 

respiration rate (µmol m
-2

 s
-1

), and T is soil temperature (ºC) at 0-2cm, Rbasal and β are 

estimated parameters. This relationship was fitted separately to all treatments. The Q10 

value was used to describe the sensitivity of soil respiration to soil temperature, and has 

been defined as the increment in soil respiration when temperature increases by 10ºC 

(Luo and Shou 2006). Q10 is related to the temperature coefficient (β) as follows: 

Q10 = e
10β

 

The relationship between Rs and soil water content (W) was determined by fitting a 

linear relationship: 

f (SWC) = Yo + aSWC 

where SWC is the soil volumetric water content at 0-5cm depth (%) and Yo and a are 

fitted parameters. 

Between November 2008 and November 2009, only 214 mm of rainfall were 

registered (Figure 1d), so we consider this period as a “dry” year. In contrast, the period 

between January 2010 and January 2011 received 553 mm of rainfall (Figure 1d), so we 

consider this period as a “wet” year.  The equations described above were applied to 

these periods separately. 

To reduce the noise in the soil respiration data set, we first sorted all the data 

according to soil temperature and then were rounded off to the nearest degree. Then we 

determined the thresholds on which soil temperature and soil moisture controlled soil 

respiration dynamics. When soil moisture was on average above 11% in the different 

treatments and years (Appendix 1), soil respiration rate was controlled only by soil 

temperature. Instead when soil moisture was below this threshold (mostly in the 

summer), soil respiration was controlled solely by soil moisture. 
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To obtain annual estimates of soil respiration, we used continuous soil 

temperature and soil moisture data. These data were calibrated with data obtained from 

our survey measurements (TDR probes and protected diodes respectively; Appendix 2). 

After this calibration, we obtained daily averages of temperature and moisture for the 

study period. Using these data, and the equations obtained according to the thresholds of 

soil temperature and moisture, we obtained daily estimates of soil respiration in all 

treatments. Daily soil respiration rates were summed to obtain annual fluxes. 

 

Statistical analyses 

Preliminary analyses showed that significant biocrust x rainfall reduction and biocrust x 

warming interactions were found when analyzing soil CO2 efflux (data not shown). 

Thus analyses were conducted separately for low and high biocrust cover. Differences 

in soil respiration rates between treatments were tested with a three-way (WA, RE and 

Time) ANOVA, with repeated measures of one of the factors (Time). Prior to these 

analyses, data were tested for ANOVA assumptions, and were log-transformed when 

necessary. Regression analyses were used to evaluate the relationships between soil 

respiration and both soil temperature and soil moisture. To compare the Q10 values 

between the different treatments in the two years considered we determined the standard 

error of the β parameter and its confidence intervals, provided by the regression 

analyses. We assumed that differences between Q10 values were significant when 

confidence intervals did not overlap (Zar 1999). The same procedure was followed for 

comparing the slope values of the relationship between moisture and soil respiration in 

the two years considered. All the statistical analyses were conducted using SPSS 15.0 

statistical software (SPSS Inc., Chicago, Illinois, USA). 
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RESULTS 

Climate manipulation effects on environmental variables 

Both environmental variables, soil temperature and sol volumetric water content varied 

markedly seasonally. Soil temperature increased steadily until mid summer (August), 

reaching maximum values of 38ºC in June 2009 and 36ºC in June 2010 in the control 

plots (Appendix 3). Throughout the experimental period (2009-2010), air and soil 

temperatures were on average 2.7 ºC and 2.4 ºC higher in the warming treatment than in 

the control treatment (Figure 1a, Appendix 3).  

Total annual precipitation was 273 and 436 mm in the year 2009 (dry) and 2010 (wet), 

respectively. As a result, soil volumetric water content was significantly higher during 

the wet year than the dry year (Figs. 1e, f). Maximum and minimum soil volumetric 

water content values were registered during spring and winter (30% for March 2009 and 

32 % for January 2010) and summer (2 % for September 2009 and 1% for August 

2010), respectively. Rainfall shelters did not substantially modified air and soil 

temperatures, as differences between RE and control plots were on average below 0.4 

ºC (Figure 1a, Appendix 3). These rainfall shelters excluded on average 33% of 

incoming precipitation, and reduced soil volumetric water content (0-5 cm depth) by 3% 

(Figure 1e, f). 

  



218 
 

 

Figure 1. Temporal variation in air temperature (a), soil respiration (b, c) precipitation (d), and 

of soil moisture (e, f) in the Aranjuez experimental site, between November 2008 and January 

2011 in high (b, e) and low (c, f) biocrust plots.  Data represent daily means (n = 5, 10 and 3 for 

air temperature, soil respiration and soil moisture, respectively). The standard errors of air 

temperature and soil moisture data are omitted for clarity. WA, warming: RE, rainfall exclusion; 

and RE + WA, rainfall exclusion .and warming. 

 

Climate manipulation effects on soil respiration 

Soil respiration varied markedly seasonally, following changes in soil temperature 

during winter and spring, and changes in soil volumetric water content the rest of the 

year (Figure 1b,c).  The temporal trend was similar in both years and biocrust cover 

plots with maximum soil respiration rates measured in spring and minimum rates over 

the summer (Figure 1), in both cases with higher rates measured in the wet than in the 
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dry year. Soil respiration rates were higher in the high biocrust plots (1.09 µmol CO2 m
-

2
 s

-1
 on average; 2.51 µmol CO2 m

-2
 s

-1 
 as the maximum value; and 0.28 µmol CO2 m

-2
 

s
-1 

as the minimum value reached) than in the low biocrust plots (0.85 µmol CO2 m
-2

 s
-1

 

on average; 1.98 µmol CO2 m
-2

 s
-1 

 as the maximum value; and 0.33 µmol CO2 m
-2

 s
-1 

as 

the minimum value reached). In the dry year, a significant warming × rainfall exclusion 

interaction effect on soil respiration was observed in the high biocrust cover areas 

(Between-subjects tests: F1,36 = 5.75, P = 0.022) with soil respiration rates (µmol CO2 

m
-2

 s
-1

) consistently lower in the control treatment than in other climate manipulation 

treatments. In these areas, warming significantly increased soil respiration over the 

whole year, particularly in spring, compared with rates measured in the control plots ( 

Between-subjects tests: F1,18 = 13.245. P = 0.002), an effect that was not evident in the 

warming + rainfall exclusion treatment (Between-subjects tests: F1,18 = 0.14, P = 0.715). 

No significant main effects nor interactions were found in the low biocrust cover areas 

(Between-subjects tests: F1,36  < 0.2, P > 0. 91 in all cases). However, the highest soil 

respiration rates in this case were measured in spring in the RE * WA treatment. 

In the wet year, warming also significantly increased soil respiration in biocrust-

dominated areas (Between-subjects tests: F1,36 = 3.89, P = 0.056), but not in areas with 

low biocrust cover (Between-subjects tests: F1,36 = 1.78, P = 0.190). During this year, no 

significant warming × rainfall exclusion interaction was observed regardless of biocrust 

cover (Between-subjects tests: F1,36 = 2.47, P = 0.125 and F1,36 = 0.005, P = 0.947  for 

the high and low biocrust cover areas, respectively). The effect of rainfall exclusion was 

not significant either, regardless of biocrust cover (Between-subjects tests: F1,36 = 1.21, 

P = 0.278 and F1,36 = 0.03, P = 0.875  for the high and low biocrust cover areas, 

respectively). 
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Environmental control on soil respiration  

Soil temperature accounted for a substantial part of the seasonal variation in soil 

respiration (more than 50% and 60% in low and high biocrust plots, respectively, during 

both years, Appendix 4). In the dry year, and in the low biocrust cover plots, soil 

respiration was exponentially related to soil temperature when soil moisture was above 

10% and 7% in the RE and WA treatments, and RE + WA treatment, respectively 

(Appendix 4). In the high biocrust cover plots, soil respiration was exponentially related 

to soil temperature when soil moisture was above 10% in the WA and RE+WA 

treatments, and when it was higher than 7% in the RE treatment. These values occur 

between December and June of the wet year and until May of the dry year and 

occasionally after rainfall events. Below these soil volumetric water content values, soil 

respiration was driven by variations in soil moisture alone according to a linear 

relationship (Appendices 1 and 4).  

In the wet year, and in the low biocrust cover plots, soil respiration was 

exponentially related to soil temperature when soil moisture was higher than 13% in the 

RE treatment, and 7% in WA and RE+WA treatments (Appendix 4). In the  high 

biocrust plots, soil respiration was exponentially related to soil temperature when soil 

moisture was higher than 13%, WA and RE+WA treatments, and when it was higher 

than 7% in the RE treatment. Below these values, soil respiration was driven by 

variations in soil moisture alone according to a linear relationship (Appendices 1 and 4).   

Estimated Q10 values across all treatments ranged from 1.5 to 2.2 in the “dry 

year”, and from 1.6 to 3.3 in the “wet year” (Figure 2a). There were not significant 

differences between treatments in the Q10 values in the dry year regardless of biocrust 

cover. In the wet year, the Q10 values were significantly higher in the warming and 



221 
 

rainfall exclusion and warming treatments than in the other treatments in the low and 

high biocrust cover plots, respectively. The slope values of the linear regression 

between soil volumetric water content and soil respiration ranged from 0.03 to 0.11 in 

the dry year, and from 0.05 to 0.25 in the wet year (Figure 2b). In the dry year, slope 

values were significantly higher in the WA than in the control treatment in both low and 

high biocrust cover plots. The slope of the RE+WA treatment was the highest in the 

high biocrust plots. In wet year, the slope of the linear relationship with soil moisture 

was only significantly higher in the RE+WA treatment than in the control treatment in 

high biocrust plots (Figure 2b). No significant differences among the treatments 

evaluated were found in the low biocrust plots. 
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Figure 2. Q10 values estimated for the different treatments in the dry and wet years. Error bars 

denote confidence intervals. Rest of legend as in figure 1 
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Annual soil respiration fluxes under different climate manipulation treatments 

The empirical models used successfully predicted soil respiration in both years in all the 

treatments, explaining over 50% of the observed temporal variation in soil respiration, 

with the exception of the control plots in the wet year, when the model explained 43% 

(Appendix 4). Using these models, we obtained an estimate of the total amount of C 

released on an area basis at the different treatments via soil respiration (Figure 3).  

Annual respiration rates were higher in the high biocrust cover areas, in both years. 

During the dry year, soil respiration rates were relatively similar among treatments in 

the low biocrust cover plots. In the high biocrust cover plots, soil respiration was 28% 

higher in the WA treatment than in the control treatment. In the wet year, important 

increases (between 26% and 20%) in the annual respiration rate were found at both WA 

and WA + RE treatments, regardless of  biocrust cover.  
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Figure 3. Estimated annual carbon lost via soil respiration in each treatment in the dry (2010) 

and wet (2011) years in the Aranjuez site. Rest of legend as in figure 1. 
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DISCUSSION 

Climate manipulation effects on soil respiration 

Although we did not measure soil respiration under the influence of plants and therefore 

root respiration was not a respiration component of this study, soil respiration rates are 

comparable to those reported in other arid and semiarid ecosystems and followed 

similar temporal patterns (Maestre & Cortina 2003, Rey et al. 2011, Thomas et al. 2011, 

Wang et al. 2014). In this study, heterotrophic respiration, that is the microbial 

decomposition of soil organic matter and biocrust communities’ respiration were the 

main sources contributing to soil respiration. Although the temporal trends were similar 

in low and high biocrust cover plots, soil respiration rates were almost twice as much in 

high biocrust plots indicating that biocrust communities contributed considerably to soil 

respiration. Soil respiration rates were substantially lower in the dry than during the wet 

year, regardless of biocrust cover, highlighting the important water limitation of 

microorganisms responsible for soil respiration typically found in drylands (Luo et al. 

2008, Shen et al. 2009, Rey et al. 2011, Peng et al. 2013, Wang et al. 2014). These 

results were likely driven by the reduced activity of both soil microorganisms and 

biocrust-forming lichens in the dry year. In addition to the differences in rainfall 

registered during both years, the duration of suitable conditions for the formation of dew 

in our study area (i.e., periods where air relative humidity is 100%) was reduced by 5% 

in the dry compared to the wet year (Appendix 6). The photosynthetic activity of 

biocrust-forming lichens, and thus their carbon inputs to the soil, in our study area is 

highly dependent on nocturnal moistening provided by dew inputs (Ladrón de Guevara 

et al. 2014), a response observed in drylands elsewhere (e.g. Lange et al. 1994, Veste et 

al., 2001; del Prado & Sancho, 2007). In the same direction, Rey et al. (2011) suggested 
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that microbes located on or just beneath the soil surface, are hydrated not only by 

rainfall events, but also by dew generated in the early morning, which may likely exert 

enough control to stimulate microbial activity and soil respiration in semi-arid 

environments such as the one under study. This additional input of water for microbial 

and biocrust activity may explained why soil temperature strongly controlled soil 

respiration for an important part of the year and only when soil moisture was very low 

(below 10%), it became the major driver of soil respiration. In other similar semiarid 

ecosystems, soil respiration was more dependent on soil moisture for most of the year 

than in this study with higher threshold values of up to 20% (Rey et al. 2011). This may 

be explained because root respiration, which strongly depends on soil moisture, did not 

contribute to soil respiration in this study and instead, biocrust communities which can 

respond to air humidity were an important component. This may also help to explain 

why rainfall exclusion treatment did not have an effect on soil respiration as a 33% 

reduction in precipitation only reduced soil volumetric water content by 2%. Instead, we 

found that  

Although rainfall exclusion did not significantly affect soil respiration, the 

annual amount of C released by soil respiration to the atmosphere was a 3% and 7% 

lower than in the control treatment in the dry and wet year, respectively, but only in the 

low biocrust cover plots. This reduction agrees with what has been found by many 

rainfall manipulation experiments, which typically report reduced soil respiration rates 

when rainfall inputs are reduced (Wu et al. 2011, Vicca et al. 2014). However, it is 

interesting to point out that biocrusts modulated the effect of rainfall exclusion, as the 

amount of C released by soil respiration to the atmosphere was 13% and 17% higher 

than in the control plots in the dry and wet year, respectively (Fig. 3). The positive 
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effects of rainfall reduction on soil respiration in high biocrust cover microsites could be 

driven by the positive effects of this treatment on the growth of biocrust-forming lichens 

(Escolar et al. 2012). The photosynthetic activity and performance of these lichens is 

substantially reduced when saturated with water (Belnap et al. 2004, Büdel et al. 2013), 

and the reduction in rainfall and soil moisture provided by our rainfall exclusion 

treatment could benefit these organisms, particularly after main rainfall events (Fig. 1e). 

In this direction, we must note that rainfall exclusion did not decrease the duration of 

periods where air relative humidity is 100%, and hence dew could be formed, but rather 

augmented it during many times of the year (Appendix 7).  

The warming treatment significantly increased soil respiration, particularly in 

high biocrust cover plots during the wet year. Our results are in agreement from those 

obtained by previous warming experiments, where significant increases in soil CO2 

efflux with warming have been reported, particularly during the first years after the 

experimental setup (Rustard & Fernandez 1998, Rustad et al., 2001; Luo et al., 2001; 

Niinistö et al., 2004; but see Lellei-Kovács et al., 2008; de Dato et al., 2010). As found 

with rainfall exclusion, the increase in the magnitude of soil respiration with warming 

was modulated by biocrusts, as it was only significant in the high biocrust cover areas. 

Differences with biocrust development in the magnitude of warming effects may be 

driven by several mechanisms. These include the respiration of the lichens and mosses 

themselves, which accounts for a substantial amount of the total soil respiration 

occurring after small rainfall events (Cable & Huxman 2003) and can be triggered by 

dew events in the study area (Delgado-Baquerizo et al. 2013). In this direction, research 

conducted in the Kalahari sands (Botswana), have shown how rainfall events as small as 

1.6 mm are enough to hydrate the biocrust layer and to promote large peaks in soil 
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respiration (Thomas & Hoon 2010). Differences in soil fertility between low and high 

biocrust cover areas can also contribute to this effect, as soil CO2 efflux is also 

controlled by the amount of available soil organic carbon (Sponseller, 2007; Moyano et 

al., 2012). Similarly to what it has been found in other biocrust-dominated areas 

(Thomas 2012, Feng et al. 2013), surface soil organic C contents (0-1 cm depth) are a 

77% higher in high than in low biocrust cover areas in our study site (Maestre et al. 

2013). The effects of warming on soil respiration in high biocrust cover areas could be 

further reinforced by the changes in the cover and performance of the biocrust 

community promoted by this treatment, as we have previously reported how warming 

promoted a reduction in the cover and net CO2 uptake of high biocrust cover areas in 

our experiment (Maestre et al. 2013). How the reduced C inputs to the soil created by 

the reduced cover and activity of biocrusts affect the long-term dynamics of soil 

respiration with warming is a topic that must be elucidated by future studies.  

Soil respiration responses to the combined effects of warming and rainfall 

exclusion differed both between years and with the degree of biocrust development. The 

lack of significant warming effects in biocrust-dominated microsites when rainfall was 

also excluded in the dry year may have been caused by the overall reduction in soil 

moisture promoted by this treatment (Fig. 1e), which likely limited microbial activity 

and soil CO2 efflux (Castillo-Monroy et al., 2011). In low biocrust cover plots, the 

amount of C released annually via soil respiration was a 20% higher in the warming + 

rainfall exclusion treatment than in the control treatment during the wet year. This 

response was likely driven by the high soil respiration rates observed at the end of a 

rainy spring in 2010, when soil moisture registered in the warming + rainfall exclusion 

treatment was higher than in other treatments (Fig. 1f).  
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Effects of climate change treatments on Q10 and on modeled soil respiration rates 

In our study area, temperature was the best predicting variable of soil respiration only 

when soil moisture was not a limiting factor (mainly during winter and parts of spring 

and autumn). In contrast, soil moisture controlled soil respiration during the warmest 

periods of the year (mainly during summer). According to this, exponential 

relationships between soil temperature and respiration were used during the winter, 

spring and autumn, and linear relationships between soil moisture and respiration during 

summer months. Using these simple relationships, our models explained up to 80% of 

the temporal variation found in soil respiration, depending on the treatment considered. 

Similar relationships have been successfully used by previous studies (Castillo-Monroy 

et al. 2011, Rey et al. 2002, 2011, Thomas 2012, Wang et al. 2014), highlighting the 

importance of jointly considering both soil temperature and soil moisture when 

modeling soil respiration in drylands.      

The temperature sensitivity of soil respiration observed in our study (Q10) is 

within the range reported for other dryland ecosystems (Rey et al. 2011, Nie et al. 2012, 

Wang et al. 2014). Significant increments in the average Q10 values with warming and 

warming + rainfall exclusion compared to the control were observed in the wet year in 

the high and low biocrust cover areas, respectively. These results indicate that under dry 

conditions, temperature is not the main environmental factor controlling soil respiration. 

Many previous studies have reported how Q10 changes depend on both, soil moisture 

and soil temperature and soil moisture (e.g., Reichstein et al., 2003; Gaumont-Guay et 

al., 2006; Nie et al., 2012; Jia et al., 2013; Wang et al. 2010). Other studies have 

reported higher values of Q10 in high biocrust cover than in low biocrust cover areas 

(Castillo-Monroy et al. 2011, Feng et al. 2013). The increment in Q10 observed in the 
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warming and with warming + rainfall exclusion treatments during the wet year in high 

and low biocrust cover areas suggest that expected climatic changes will increase the 

temperature sensitivity of soil respiration in semiarid ecosystems. This may result in a 

further increase in soil respiration, which would increment soil C losses (Fig. 3), and 

reduce the ability of biocrusts to act as a sink of atmospheric CO2. 

The soil moisture control on soil respiration was significantly important when 

soil water content was limited (dry year), and especially when biocrust is considered in 

dry and wet years. Soil moisture may limit soil respiration, in two ways, either by 

limiting aeration when it is an increase in its value; or by stressing microorganisms 

when soil moisture is limiting (Rey et al. 2002).  

 

Concluding remarks 

We found that a 2–3ºC warming increased soil respiration rate, Q10 values and the 

emission of C to the atmosphere in biocrust-dominated areas, particularly during the wet 

year. The combination of warming and rainfall exclusion had similar effects in low 

biocrust cover areas. These climate change effects will reduce the ability of biocrusts to 

act as CO2 sink, reducing soil fertility in the long term. They can also have negative and 

cascading effects on both the soil biota and soil processes that depend on biocrust cover 

and activity (Castillo-Monroy et al. 2011b; Elbert et al., 2012; Maestre et al., 2011). 

Overall, the data presented in this study highlight the importance of biocrusts as a 

modulator of soil respiration responses to both warming and rainfall exclusion in a 

Mediterranean semiarid grassland, and indicate that biocrusts must be explicitly 

considered when evaluating soil respiration responses to climate change in drylands. 
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SUPPLEMENTARY MATERIAL 

Appendix 1.  Thresholds values of temperature and moisture for the different treatments and 

years. 

 

 

 2009 Tª (ºC) Hum (%) 

BARE Control 15 12 

 

RE 15 15 

 

WA 22 10 

 

RE + WA 20 7 

CRUST Control 13 15 

 

RE 17 7 

 

WA 19 16 

 

RE + WA 18 10 

    

 
2010 Tª (ºC) Hum (%) 

BARE Control 22 14 

 

RE 23 13 

 

WA 25 7 

 

RE + WA 22 8 

CRUST Control 23 13 

 

RE 21 7 

 

WA 21 14 

 

RE + WA 27 14 
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Appendix 2.  Parameters of the linear relationships (y = a + bx) fitted between soil temperature 

using protected diodes and either soil temperature measured continuously, and between soil 

moisture measured with TDR probes and continuous soil moisture measurements 

 

Continuous sensor used Microsite a b P R
2
 

Soil temperature  Control bare 3.5261 0.8820 < 0.001 0.92 

  RE bare 2.7875 1.0326 < 0.001 0.93 

 WA bare 3.3024 0.9424 < 0.001 0.96 

 RE+WA bare 2.5963 0.9379 < 0.001 0.94 

 Control crust 1.9777 0.8521 < 0.001 0.93 

 RE crust 2.1623 1.0132 < 0.001 0.95 

 WA crust 3.2620 0.9641 < 0.001 0.95 

 RE+WA crust 1.2358 1.0547 < 0.001 0.96 

Soil moisture  Control bare -0.5134 0.7242 < 0.001 0.86 

  RE bare 0.9045 0.5615 < 0.001 0.81 

 WA bare 0.0836 0.6065 < 0.001 0.85 

 RE+WA bare 1.8074 0.6530 < 0.001 0.88 

 Control crust 0.1455 0.4953 < 0.001 0.68 

 RE crust 0.3344 0.6690 < 0.001 0.74 

 WA crust -0.6767 0.6336 < 0.001 0.86 

 RE+WA crust 0.5045 0.6745 < 0.001 0.82 
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Appendix 3. Soil temperature registered in the different microsites between October 2008 and 

January 2011at the study area (n =10). WA, warming: RE, rainfall exclusion; and RE + WA, 

rainfall exclusion .and warming.  

 

 

 

 

Appendix 4. Parameters of the exponential relationship between soil respiration (µmol m
-2

 s
-1

) 

and temperature (ºC) (y = a*e
(βT)

) (a) and, of the linear relationship between soil respiration rate 

and soil moisture (%) (y = y0+ a*x) (b) for the different treatments and years. Mean values per 

degree of temperature and moisture for the data were used. Values are estimated parameters + 

standard error.  
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a) Temperature 

2009 

 

a P β P R
2
 

Low  Control 0.37 + 0.05 <0.0001 0.05 + 0.01 0.0027 0.60 

 

RE 0.38 + 0.05 <0.0001 0.04 + 0.01 0.0062 0.58 

 

WA 0.37 + 0.06 <0.0001 0.04 + 0.01 0.0012 0.64 

 

RE+WA 0.39 + 0.05 <0.0001 0.05 + 0.01 0.0007 0.70 

       High Control 0.45 + 0.07 <0.0001 0.08 + 0.02 0.0005 0.72 

 

RE 0.48 + 0.08 <0.0001 0.07 + 0.01 0.0002 0.73 

 

WA 0.60 + 0.11 0.0001 0.06 + 0.01 0.0006 0.64 

 

RE+WA 0.50 + 0.10 0.0006 0.07 + 0.01 0.0004 0.72 

       2010 

 

a P β P R
2
 

Low Control 0.25 + 0.05 0.0018 0.08 + 0.01 0.0003 0.82 

 

RE 0.24 + 0.05 0.0028 0.06 + 0.01 0.0012 0.79 

 

WA 0.38 + 0.10 0.0049 0.06 + 0.01 0.0019 0.68 

 

RE+WA 0.20 + 0.11 0.1157 0.12 + 0.03 0.0034 0.79 

       High Control 0.64 + 0.14 0.0016 0.05 + 0.01 0.0056 0.63 

 

RE 0.58 + 0.21 0.0423 0.06 + 0.02 0.0354 0.63 

 

WA 0.37 + 0.08 0.0020 0.10 + 0.01 <0.0001 0.92 

 

RE+WA 0.65 + 0.17 0.0038 0.05 + 0.01 0.0023 0.67 
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b) Moisture 

2009 

 

y0 P a P R
2
 

Low  Control 0.36 + 0.05 <0.0001 0.03 + 0.01 0.0002 0.74 

 

RE 0.34 + 0.08 0.0011 0.05 + 0.01 0.0006 0.67 

 

WA 0.21 + 0.19 0.3310 0.09 + 0.04 0.1068 0.52 

 

RE+WA 0.29 + 0.09 0.0188 0.09 + 0.02 0.0078 0.72 

       High Control 0.43 + 0.08 <0.0001 0.05 + 0.01 <0.0001 0.71 

 

RE 0.51 + 0.09 0.0012 0.07 + 0.02 0.0187 0.63 

 

WA 0.53 + 0.19 0.0285 0.11 + 0.03 0.0068 0.67 

 

RE+WA 0.28 + 0.21 0.2161 0.17 + 0.04 0.0011 0.71 

       2010 

 

y0 P a P R
2
 

Low Control 0.37 + 0.10 0.0072 0.09 + 0.02 0.0006 0.79 

 

RE 0.29 + 0.16 0.0926 0.12 + 0.02 <0.0001 0.73 

 

WA 0.41 + 0.18 0.0591 0.11 + 0.04 0.0466 0.51 

 

RE+WA 0.48 + 0.09 0.0036 0.08 + 0.02 0.0258 0.66 

       High Control 0.35 + 0.18 0.0924 0.12 + 0.03 0.0110 0.69 

 

RE 0.12 + 0.49 0.8133 0.25 + 0.13 0.1169 0.50 

 

WA 0.33 + 0.33 0.3415 0.16 + 0.05 0.0083 0.60 

 

RE+WA 0.29 + 0.20 0.1922 0.19 + 0.03 0.0002 0.88 
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Appendix 5. Measured and modeled soil respiration between November 2008 and January 2011 

in the different treatments of the study area. WA, warming: RE, rainfall exclusion; and RE + 

WA, rainfall exclusion .and warming.  

 

 

Appendix 6. Number of minutes/day when air relative humidity (RH) was 100% in the 

control treatment (a), and effects of the experimental treatments on this variable (b). 

Negative values in b indicate that the treatment is reducing the duration of those periods 

with RH = 100%. WA = Warming, and RE = Rainfall exclusion. 
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Appendix 7. Relative Air Humidity registered between October 2008 and January 

2011at the study area (n =5). WA, warming: RE, rainfall exclusion; and RE + WA, 

rainfall exclusion .and warming.  
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ABSTRACT 

1. Climate change will raise temperature and change precipitation patterns in drylands 

worldwide. Despite the recognized importance of biocrusts to maintain ecosystem 

functioning in drylands, little is known on how biocrusts will modulate the resistance of 

N cycle in response to climate change impacts.  

2.  We conducted a field experiment for four years to evaluate how warming (ambient 

vs. ~2.5ºC increase), rainfall reduction (ambient vs. ~30% reduction of total annual 

rainfall) and biocrust cover (incipient vs. well-developed biocrusts) affect the resistance 

of multiple variables linked to soil N availability (available N, inorganic N and 

mineralization rates). We also check for indirect impact of climate changes on N cycle 

resistance throughout soil microbial communities (e.g. functional diversity) and 

Biocrust cover.  

3.  Biocrusts promoted the resistance of N availability regardless of climate change 

impacts. However, our results provide evidence that the dynamics of N availability will 

progressively diverge from their original conditions with warming increasing and/or 

rainfall reduction. In addition, indirect impacts of warming and rainfall reductions on 

microbial communities (i.e. increasing functional diversity) and biocrusts (i.e. 

decreasing Biocrust cover) will negatively affect the resistance of N cycle.  

4. Our results indicate that considering biocrusts and microbial communities are of 

paramount importance when assessing the direct and indirect impacts of climate change 

on soil N availability in drylands. In this sense, the inclusion of biocrusts and microbial 

communities can be critical to the development of climate models. 

Keywords: lichens, nitrogen cycling, mineralization, amoA genes. 
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INTRODUCTION 

Ongoing climate change is characterized by increases in temperature and changes in 

precipitation patterns globally, albeit these alterations will vary across regions (IPCC 

2013). Drylands (arid, semi-arid and dry-subhumid ecosystems) are the largest biome 

on the planet –they cover 41% of Earth’s land surface and support over 38% of the total 

global population (Reynolds et al., 2007)-, and are particularly sensitive to climate 

change (Maestre et al., 2012). Climate models forecast average (median) warming 

values ranging from 3.2ºC to 3.7ºC, and significant alterations in rainfall amounts and 

patterns, for drylands worldwide by the late XXI century (Solomon, 2007). These 

changes are predicted to expand the area occupied by drylands globally by 10% at the 

end of this century (Feng and Fu 2013). Given the large proportion of the global 

population depending on the goods and services provided by drylands, predicting the 

effects of climate change on these ecosystems is particularly important (Maestre et al., 

2012). Despite this fact, the literature on predicting climate change effects on organisms 

and ecosystem processes is dominated by work conducted in other ecosystems, 

particularly the humid tropics and polar regions (Schimel, 2010; Maestre et al., 2012).  

 In drylands, nitrogen (N) is, after water, the most important factor limiting net 

primary production and organic matter decomposition (Robertson & Groffman, 2007; 

Schlesinger & Bernhardt, 2013). The global influence of the N cycle in drylands is well 

known. As an example, Bowden (1986) estimated that the 30% of the total gaseous N-

emissions on Earth come from these ecosystems. Of special interest when studying the 

N cycle in drylands are surface soil communities dominated by mosses, lichens, and 

cyanobacteria (biocrusts), which occupy open spaces between plant canopies and play 

important roles in modulating key ecosystem processes (Belnap & Lange, 2003; 
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Maestre et al., 2011). Water availability and temperature are both key drivers of N 

mineralization, denitrification and microbial biomass in dryland soils (Gallardo & 

Schlesinger 1993; Gallardo & Merino, 1998), and hence climate change will exert 

significant impacts on these processes through their effects on soil temperature and 

water availability (Robertson & Groffman, 2007; Schlesinger & Bernhardt, 2013). But, 

biocrusts can also play an important role as modulators of N cycle responses to climate 

change in drylands. These communities are known to affect the rate of processes such as 

N fixation (Belnap 2002), depolymerization (Delgado-Baquerizo et al., 2013a), 

nitrification (Reed et al., 2012) and gaseous N losses (Barger et al., 2005) in dryland 

soils. Recent studies have also shown that the soil under biocrusts enhanced the 

resistance of different aspects of the N cycle (e.g., depolymerization and mineralization 

rates) to changes in temperature and soil water availability under controlled laboratory 

conditions (Delgado-Baquerizo et al., 2013b). These results suggest that biocrusts are 

critical to maintain the N availability of dryland soils under future climatic conditions. 

Therefore, an important question that remains unanswered is, though, how biocrusts 

modulate the resistance of N cycle through time in field conditions, in response to 

simultaneous changes in temperature and water availability, such as those predicted by 

climate change models.  

Biocrusts also affect microbial communities linked to the N cycle, as the 

development of biocrusts has been found to have positive effects on the abundance of 

fungi (Bates et al., 2010), N-fixing cyanobacteria (Yeager et al., 2007) and ammonia-

oxidizing archaea (AOA) and bacteria (AOB; Marusenko et al., 2013), as well as on the 

functional diversity of microbial communities (Delgado-Baquerizo et al., 2013a). 

Recent studies have shown that changes in rainfall and temperature expected with 
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ongoing climate change can dramatically alter the performance, composition and 

dominance of visible constituents in both lichen- and moss-dominated biocrusts in 

drylands (Maphanga et al., 2012, Escolar et al., 2012; Reed et al., 2012) and that these 

changes are paralleled by alterations in C and N cycling (Reed et al., 2012, Zelikova et 

al., 2012, Maestre et al., 2013). However, our knowledge on how the macroscopic 

component of biocrusts (e.g. lichens) will modulate the response to climate change of 

key microbial communities associated to N cycle such as AOB and AOA (i.e. first step 

of nitrification; Verhamme et al., 2011) and microbial functional diversity (i.e. promote 

N depolymerization; Schimel et al., 2005) is very scarce. While several authors have 

found that climate change can improve soil N mineralization (Rustard et al., 2001; 

Evans & Burke, 2011), potential denitrification (Bai et al., 2013) and fungal abundance 

(Maestre et al., 2013) in drylands, none of them have evaluated the indirect impacts of 

climate change on N cycle through changes in particular groups of microorganisms and 

Biocrust cover (Reed et al., 2012, Zelikova et al., 2012). 

We conducted a four-year manipulative field experiment to assess the effects of 

changes in temperature (ambient vs. ~2.5ºC increase) and rainfall (ambient vs. ~30% 

reduction of total annual rainfall) and biocrust cover (low vs. high cover) on the 

resistance of soil N cycle (available N as the sum of dissolved organic and inorganic N,  

inorganic N and mineralization rates). We also check for indirect impacts of climate 

change treatments on N cycle resistance through changes in the microbial communities 

linked to N cycle (abundance of AOA, AOB, bacteria and fungi, fungal: bacterial ratio 

and microbial functional diversity) and biocrust cover. Using this experiment, we tested 

the following hypotheses: i) biocrusts improve the resistance of N cycle through time 

regardless of climate change impacts (Delgado-Baquerizo et al., 2013b); ii) warming 
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may be more important than rainfall reduction in determining the responses of N 

availability resistance in the soil, enhancing both inorganic N and available N (Delgado-

Baquerizo et al., 2013b), iii) indirect impacts of climate change treatments on microbial 

communities and Biocrust cover can negatively impact on the N cycle resistance.  

 

MATERIALS AND METHODS 

Study site and experimental design 

This study was conducted in the Aranjuez experimental station, located at the center of 

the Iberian Peninsula (40º02’ N – 3º 32’W; 590 m.a.s.l.). The climate is Mediterranean 

semiarid, with a mean annual temperature and rainfall of 15 ºC and 349 mm, 

respectively. The soil is classified as Gypsiric Leptosols (IUSS Working Group WRB, 

2006). Perennial plant cover is lower than 40 % and is dominated by the perennial grass 

Stipa tenacissima L. Open areas between plant patches contain a well developed 

biocrusts community dominated by lichens such as Diploschistes diacapsis, 

Squamarina lentigera and Psora decipiens (see Maestre et al., 2013 for a full species 

checklist).  

We established a fully factorial experimental design with three factors, each with 

two levels: Biocrust cover (poorly developed biocrusts communities with cover < 20% 

vs. well-developed biocrusts communities with cover > 50%), warming (WA, control 

vs. temperature increase) and rainfall exclusion (RE, control vs. rainfall reduction). The 

open top chambers and rainfall shelters were setup in July and November 2008, 

respectively. Ten replicates per combination of treatments and Biocrust cover were 

established, resulting in a total of 80 experimental plots. The warming treatment was 

designed to simulate the average predictions of six Atmosphere-Ocean General 
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Circulation Models for the second half of the 21
st
 century (2040-2070) in central Spain 

(De Castro et al.,, 2005). To achieve a temperature increase within the 2-3ºC predicted 

by these models, we used Methacrylate open top chambers (OTCs) of hexagonal design 

with sloping sides of 40 cm × 50 cm × 32 cm (see Escolar et al., 2012 for details). 

While an increase in temperature is expected for our study area for the late 21th century, 

changes in rainfall are subject to a high degree of uncertainty, and most climate models 

foresee significant reductions in the total amount of rainfall received during spring and 

fall (between 10% and 50%; De Castro et al.,, 2005). To generate these conditions, we 

set up passive rainfall shelters (Maestre et al., 2013). These shelters effectively reduced 

the total amount of rainfall reaching the soil surface (average reduction of 33%, Escolar 

et al., 2012). Information on the effects of OTCs and rainfall shelters on air and surface 

soil (0-2 cm) temperatures, and on soil moisture (0-5 cm depth), are available at Maestre 

et al., (2013). The warming treatment promoted an average increase of air and surface 

soil temperature of 2.7 ºC and 3.0 ºC, respectively (Maestre et al., 2013). Warming 

effects were the highest during the summer (June-September), where soil temperatures 

where increased by warming up to 7ºC in some days (Fig. S5 from Maestre et al., 

2013). Rainfall shelters caused an average reduction of surface soil moisture of 4%. The 

reduction of soil moisture by shelters was mainly noticeable during rainfall events (Fig. 

S6 from Maestre et al., 2013). 
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Inorganic N in ionic exchange membranes 

The availability of ammonium and nitrate was measured in situ, in all the experimental 

plots, using ion-exchange membranes (IEMs; Subler et al., 1995). We selected this 

technique because it generates minimal disturbances to the soil surface communities, 

and because it provides good estimates of soil inorganic N production (Durán et al., 

2012). Seasonal samplings were carried out between February 2009 and December 

2012. During each sampling, two cationic and anionic IEMs (2.5 × 2.5 cm) were 

inserted into the soil at 0.5–3 cm depth in each of the plots, and were incubated in the 

field during 23–25 days. After removal, IEMs were taken to the laboratory and dried at 

ambient temperature. They were carefully brushed to remove soil particles, and placed 

into 125 ml flasks for extraction with 25 ml of 2M KCL by orbital spinning (1 h at 200 

rpm). The ammonium and nitrate were then colorimetrically analysed, as described in 

Durán et al., (2012).  

 

Soil sampling and laboratory analyses 

Soil samples (0-1 cm depth) were collected at the beginning of the experiment (July 

2008), and then 16, 34 and 46 months after from five plots per combination of 

treatments randomly selected. Soil was sieved (2 mm mesh) and separated into two 

fractions. One fraction was immediately frozen at -80 ºC for quantifying the amount of 

ammonia oxidizing archaea (AOA) and bacteria (AOB) in our samples (see bellow). 

The other fraction was air-dried for one month for analyzing available N, dissolved 

inorganic N (DIN) and potential net mineralization rates. 

Soil DNA was extracted from 0.5 g of defrosted soil samples using the 

Powersoil® DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) according to 
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the instructions provided by the manufacturer. We performed quantitative PCR 

reactions in triplicate using 96-well plates on an ABI 7300 Real-Time PCR (Applied 

Biosystems, Foster City, CA, USA). Bacterial 16S and fungal 18s rRNA genes were 

amplified with the Eub 338 – Eub 518 and ITS1 – 5.8S primer sets, respectively by 

following Maestre et al., (2013). The amoA genes of AOB and AOA were amplified 

using the primer sets amoA1F – amoA2R and Arch-amoAF - Arch amoAR, respectively, 

as described in Delgado-Baquerizo et al., (2013c).  

 Dissolved organic N, ammonium and nitrate were measured from K2SO4 0.5 M 

soil extracts in a ratio 1:5 according to Delgado-Baquerizo et al., (2013a). Soil extracts 

were shaken in an orbital shaker at 200 rpm for 1 h at 20ºC and filtered to pass a 0.45-

µm Millipore filter. The filtered extract was kept at 2 ºC until colorimetric analyses, 

which were conducted within the 24 h following the extraction. Available N was 

calculated as the sum of ammonium, nitrate and dissolved organic N. Similarly, DIN 

was calculates as the sum of ammonium and nitrate. Air-dried soil samples were re-

wetted to reach 80% of field water holding capacity and incubated in the laboratory for 

14 days at 30º C (Allen et al., 1986). Potential net N mineralization rate was estimated 

as the difference between initial and final DIN concentrations, respectively (Delgado-

Baquerizo et al., 2013a). 

 We also analyzed the functional diversity of soil heterotrophic microbial 

communities 34 months after the beginning of the experiment with the MicroResp® 

technique (Campbell et al., 2003). This method is based on obtaining community level 

physiological profiles using 15 carbon (C) sources that differ in structural complexity. 

We used amino acids (L-alanine, L-lysine, arginine, L-cysteine, Gamma amino Butyric 

acid and N-acetyl-glucosamine), carbohydrates (Dextrine, D-fructose, D-galactose, D-
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glucose and L-arabinose), aromatic compounds (Antraquinona and Orcynol), one fatty 

acid (Tween 80) and carboxylic acids (citric acid, L-malic acid and oxalic acid) as C 

sources. MicroResp® is commonly used to interpret changes in heterotrophic functional 

diversity because different C sources correspond to the catabolic attributes of diverse 

soil microbial functional groups (Zak et al., 1994; García-Palacios et al., 2011). Prior to 

MicroResp® analyses, which were conducted as described in García-Palacios et al., 

(2011), soil samples were incubated at 40% SWC at 20ºC for six days.  To estimate the 

functional diversity of microbial communities, we calculated the Shannon-Weaver 

Diversity Index (H index, Shannon and Weaver 1963) by using the respiration responses 

to the different C sources employed, as described in García-Palacios et al., (2011).  

 

Statistical analyses 

We first calculated the resistance of the N variables in this study: available N, DIN,  

potential N mineralization rate and ammonium and nitrate in IEMs. To do this, we 

determined the Orwin and Wardle (2004) resistance index (RS), according to the 

following equation: 

 

where (D0) is the difference between the control (C0; value of each N variable in the 

absence of climate change treatments) and the disturbed (P0) soil (i.e. WA, RE, WA + 

RE treatments) at each sampling date. This index has the advantage to be standardized 

by the control, being bounded between -1 (less resistance) and +1 (maximal resistance); 

it remains bounded even when extreme values are encountered (Orwin and Wardle 
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2004). The RS values obtained for IEMs data (ammonium and nitrate) were analysed 

using a three-way (biocrust cover, Climate change treatments [WA, RE and WA+RE] 

and Time) ANOVA, with repeated measures of one of the factors (Time). As the 

assumption of multisample sphericity was not met, the Huynh-Feldt adjusted degrees of 

freedom were used for within-subjects tests (Quinn & Keough, 2002). Climate change 

treatments (warming [WA], rainfall exclusion [RE] and WA+RE) and biocrust cover 

(low and high cover) were included as fixed factors in these analyses. These analyses 

were performed using SPSS 15.0 software (SPSS Inc., Chicago, IL, USA). Because our 

data did not meet ANOVA assumptions (normality and homogeneity of variances), the 

RS indexes of available N, DIN and potential net mineralization rate were analysed 

using a three-way semi-parametric permutational ANOVA (PERMANOVA, Anderson 

2001), with time (16, 34 and 46 months after the beginning of the experiment), biocrust 

cover (low and high cover) and treatments (WA, RE and RE+WA) as fixed factors. We 

did not include the control (i.e. absence of climate change treatments) because it is 

already considered when calculating the RS index. PERMANOVA analyses were 

carried out using 99999 permutations (permutation of raw data) and the Euclidean 

distance with the PERMANOVA+ for PRIMER statistical package (PRIMER-E Ltd., 

Plymounth Marine Laboratory, UK). 

 Temporal changes in the dynamics of RS values were evaluated using Spearman 

correlations between sampling date (0, 16, 34 and 46 months after the beginning of the 

experiment) and N resistance indexes in this study: available N, DIN and potential net 

mineralization rate. These analyses were conducted for each biocrust cover and 

treatment level. These analyses were performed using SPSS 15.0 software (SPSS Inc., 

Chicago, IL, USA). 
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 In addition, we analysed the abundance of microbial (bacteria and fungi, AOA 

and AOB and fungal: bacterial ratio) variables by using a four-way PERANOVA. We 

included time (16, 34 and 46 months after the beginning of the experiment), biocrust 

cover (low and high cover), rainfall exclusion and warming treatments as fixed factors 

in these analyses. Similarly, we analysed the H index (only determined 34 months after 

the beginning of the experiment) by using a three-way PERANOVA. We included 

biocrust cover (low and high cover), rainfall exclusion and warming treatments as fixed 

factors in these analyses.  

 Finally, we conducted structural equation modeling (Grace 2006) to evaluate 

how direct and total effects of climate change impacts (WA and RE), biocrust cover and 

microbial communities (H index, bacteria, fungi, AOA and AOB and fungal: bacterial 

ratio) determined N cycle resistance (available N, DIN and N mineralization rate). We 

did not conduct any model for the ammonium and nitrate in IEMs because of the lack of 

temporal match between the IEMs and soil samplings.  The control for the RS indexes 

of available N, DIN and potential net mineralization rates were included in this models 

as RS = 1 (Orwin and Wardle 2004). Because of logistic reasons, we only measured H 

index 34 months after the beginning of the experiment. Consequently, we were only 

able to conduct our structural equation model by using the data generated 34 months 

after the beginning of the experiment. Additionally, we included in our models the % of 

Biocrust cover measured in Escolar et al., (2012) 34 months after the beginning of the 

experiment for the different climate change and control treatments. Previous to 

modeling, we carry out a principal component analysis (PCA) to reduce the microbial 

community variables to independent variables. Before PCA analysis, bacteria, fungi and 

AOA were log-transformed to improve linearity. In addition, we standardized our 
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microbial communities variables by using z-score. We kept the first 3 components of 

our PCA which explained the 81.8% of the variance. The first component of our PCA 

(C1_fungal-bacteria) was positively related to fungi (Pearson´s r = 0.98), bacteria 

(Pearson´s r = 0.90) and fungal: bacterial ratio (Pearson´s r = 0.78). The second 

component (C2_amoA) was positively related to AOA (Pearson´s r = 0.83) and AOB 

(Pearson´s r = 0.83) abundances. Finally the third component (C3_H_index) of our PCA 

was positively related to the H index (Pearson´s r = 0.93). In our models, the WA and 

RE treatments are categorical exogenous variable with two levels: 0 and 1 (Grace, 

2006). Categorical exogenous variables are compatible with structural equation models 

because distributional assumptions do not apply to them (Grace 2006). After attaining a 

satisfactory model fit, we introduced the microbial community as a composite variable 

into our model, including the three first components of our PCA: C1_fungal-bacteria, 

C2_amoA and C3_H_index. The use of composite variables does not alter the 

underlying SEM model, but collapses the effects of multiple conceptually-related 

variables into a single composite effect, aiding interpretation of model results (Shipley,  

2001). When these data manipulations were complete, we parametrized our model using 

our dataset and tested its overall goodness of fit. A priori model is available in Fig. S1. 

There is no single universally accepted test of overall goodness of fit for structural 

equation models, applicable in all situations regardless of sample size or data 

distribution. We used the Chi-square test (χ
2
; the model has a good fit when 0 ≤ χ

2 
 ≤ 2 

and 0.05 < P ≤ 1.00) and the root mean square error of approximation (RMSEA; the 

model has a good fit when RMSEA 0 ≤ RMSEA ≤ 0.05 and 0.10 < P ≤ 1.00; 

Schermelleh-Engel et al., 2003). Additionally, and because some variables were not 

normal, we confirmed the fit of the model using the Bollen-Stine bootstrap test (the 
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model has a good fit when 0.10 < bootstrap P ≤ 1.00; Schermelleh-Engel et al., 2003). 

To aid final interpretation in light of this ability of our models, we also calculated the 

standardized total effects of microbial community (C1_fungal-bacteria, C2_amoA and 

C3_H_index). Biocrust cover and climate change treatments (warming and rainfall 

reduction) on the N resistance indexes. The net influence that one variable has upon 

another is calculated by summing all direct and indirect pathways between the two 

variables. If the model fits the data well, the total effect should approximate be the 

bivariate correlation coefficient for that pair of variables (Shipley, 2001; Grace, 2006).  

 

RESULTS 

Climate change and biocrust effects on N cycle resistance    

The values of the RS index for available N, DIN, potential net mineralization rate and 

nitrate in IEMs were higher in the high Biocrust cover plots (Fig. 1 and 2; P < 0.01; 

Table S1 and S2), albeit the magnitude of this biocrust effect changed through time for 

potential net mineralization rate and nitrate in IEMs (biocrust cover x time interaction, P 

< 0.05; Fig. 1 and 2; Table S1 and S2). Differences between biocrust cover were not 

observed for the ammonium in IEMs (P > 0.05; Fig. 2; Table S2). As a whole, the RE 

and WA treatments showed the highest and lowest resistance for the available N, DIN 

and ammonium and nitrate in IEMs (P < 0.01; Fig. 1 and 2; Table S1 and S2).  
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Figure 1. Changes in the resistance indexes of available N, DIN and potential net N 

mineralization rate throughout the experiment for the different climate change treatments and 

biocrust covers evaluated. RE = rainfall exclusion and WA = warming. Data are means ± SE (n 

= 5). 
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Figure 2. Changes in the resistance indexes of ammonium and nitrate measured throughout the experiment in the different climate change 

and biocrust cover treatments evaluated. IEMs = ion-exchange membranes, RE = rainfall exclusion, and WA = warming. Data are means ± 

SE (n = 5). 
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 The concentration of  available N, DIN and nitrate in IEMs (P < 0.01; Fig. S2 

and S2; Table S3 and S4) increased with warming in both the low and high biocrust 

cover (P < 0.05; Fig. S2; Table S2), albeit the magnitude of this effect changed through 

time for nitrate in IEMs, as indicated by the warming x time interaction found (P < 

0.05; Fig. S2 and S3; Table S3 and S4). Similarly, the potential net mineralization rate 

increased with warming but only in the low biocrust cover (warming x biocrust cover 

interaction; P < 0.001; Fig. S2; Table S3), however the magnitude of this effect changed 

through time as indicated by the observed warming x time interaction (P < 0.05; Fig. 1, 

S1 and S2; Table S3). Rainfall exclusion did not affect any of the studied N variables 

(Figs. S1 and S2; Table S3 and S4).  

 Regardless of the initial biocrust cover, the values of the RS index for nitrate and 

ammonium in IEMs decreased with time in response to the RE, WA and/or WA + RE 

treatments (P < 0.05; Table 1). Similarly, the RS indexes of available N and DIN 

decreased through time in the WA and/or and WA+RE treatments in both biocrust cover 

(P < 0.05; Table 1). In addition, the values of the RS index for potential net 

mineralization decreased with time in the WA, RE, and WA + RE treatments, but only 

at the low biocrust cover plots (P < 0.05; Table 1). 
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Table 1. Correlation coefficient (Spearman´s ) between the resistance indexes of the studied N 

variables and the number of months after the beginning of the experiment (0, 16, 34 and 46 

months after the beginning of the experiment) for each climate change treatment (WA, RE and 

WA+RE) and biocrusts cover (low and high; n = 20). Data for ammonium and nitrate in IEMs 

include 16 sampling dates after the beginning of the experiment (n = 80). P values below 0.05 

are in bold .   

 

 Low cover   High cover   

 RE WA RE+WA RE WA RE+WA 

Ammonium (IEMs) -0.40 (<0.001) -0.20 (0.01) -0.25 (<0.01) -0.35 (<0.001) -0.14 (0.08) -0.32 (<0.001) 

Nitrate (IEMs) -0.14 (0.78) -0.22 (<0.01) -0.07 (0.41) -0.30 (<0.001) -0.30 (<0.001) -0.16 (0.04) 

Available N -0.13 (0.54) -0.57 (<0.01) -0.63 (<0.001) -0.32 (0.12) -0.33 (0.10) -0.49 (0.01) 

DIN -0.22 (0.29) -0.51 (<0.01) -0.65 (<0.001) 0.02 (0.93) -0.62 (<0.01) -0.77 (<0.001) 

Mineralization -0.80 (<0.001) -0.72 (<0.001) -0.52 (<0.001) 0.04 (0.85) -0.20 (0.35) 0.06 (0.76) 

 

Climate change impacts on microbial communities driving N cycle 

The abundance of AOB (P < 0.05; Fig. 3; Table S3) and AOA (P = 0.06; Fig. 3; Table 

S3) decreased with WA in both the low and high biocrust cover plots. This was 

particularly evident 46 months after the beginning of the experiment (warming x time 

interaction, P < 0.05; Fig. 3; Table S3). Moreover, the abundance of fungi increased and 

decreased with WA for the low and high biocrust cover, respectively, as indicated by 

the significant biocrust cover x WA interaction found (P < 0.05; Fig. 3, Table S3). 

However, an increase in the abundance of fungi was observed 46 months after the 

beginning of the experiment in the high biocrust cover, as suggested by the marginally 

significant biocrust cover x WA x time interaction (P = 0.08; Figs. 3; Table S2). The 

fungal: bacterial ratio increase with both WA x RE treatments for both the low and high 

biocrust cover (P < 0.05; Fig. 3, Table S3). Interestingly, we observed that the 

interaction WA x RE have a higher effect on the fungal: bacterial ratio than the one 

from the individual climate change treatments (P < 0.05; Fig. 3, Table S3). Differences 

between biocrust cover were not observed for this variable (P > 0.05; Fig. 3, Table S3). 
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In addition, WA did not affect bacterial abundance (Fig. S4; Table S2). Similarly, RE 

did not have any significant effects either on the fungal, bacteria or AOB  (Figs. 2 and 

S3; Table S2). Both biocrust cover and WA independently increased the H index (Fig. 

4; P < 0.05; Table S3). RE did not have any effect on this variable (Fig. 4; P < 0.05; 

Table S3).  

 

Figure 3. Changes in the abundances ammonia-oxidizing archaea (AOA) and bacteria (AOB), 

fungi and fungal: bacterial ratio throughout the experiment for the different climate change 

treatments and biocrust covers evaluated. RE = rainfall exclusion and WA = warming. Data are 

means ± SE (n = 5). 
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Figure 4. Changes in the microbial functional diversity index (H index) in response to the 

different climate change treatments at both low and high biocrust cover areas 34 months after 

the beginning of the experiment. Data are means ± SE (n = 5). 

 

Indirect impacts of climate change on N cycle resistance 

Both increasing WA and RE had a negative direct impacts on the RS indexes for 

available N, DIN and potential net mineralization rates (Fig. 5; P < 0.05). However, 

biocrust cover had a positive direct impact on the resistance indexes of available N, DIN 

and potential net mineralization rate (Fig. 5; P < 0.05). In this sense, increasing WA had 

a negative direct impact on the biocrust cover, having a negative indirect impact on the 

N cycle resistance (Fig. 5; P < 0.05). RE did not have any effect on the biocrust cover 

(Fig. 5; P > 0.05). Similarly, changes in the microbial communities had a negative 

direct impact on the RS indexes of available N and DIN (Fig. 5; P < 0.05), but not for 

the resistance indexes of potential net mineralization rates (Fig. 5; P > 0.05). RE and 

WA have a positive direct effect on the C1_fungal-bacteria component and C3_H_index 

component, respectively, also having a negative indirect impact on the N cycle 

resistance (Fig. 5; P < 0.05). Neither climate change impacts nor biocrust cover affect to 

the C2_amoA component (Fig. 5; P > 0.05). However, we found a positive direct 

impact of biocrust on C3_H_index component (Fig. 5; P < 0.05). 



272 
 

 
Figure 5. Effects of warming increasing (WA), rainfall reduction (RE), Biocrust cover and 

microbial community (soil microbial comm.; three first component of a PCA including fungi, 

bacteria, AOA, AOB, H index and fungal: bacterial ratio) on the resistance (RS) index for 

available N, DIN and potential net N mineralization rate (34 months after the beginning of the 

experiment). Numbers adjacent to arrows are path coefficients, analogous to regression weights 

and indicative of the effect size of the relationship. Continuous and dashed arrows indicate 

positive and negative relationships, respectively. Width of arrows is proportional to the strength 

of path coefficients. As in other linear models, R
2
 denotes the proportion of variance explained, 

and appears above every response variable in the model. For graphical simplicity, factors 

influencing microbial communities are: a. WA → C1_fungal-bacteria = -0.18, WA → 

C2_amoA = -0.14, WA → C3_H_index = 0.48***; b. RE → C1_fungal-bacteria = 0.32*, RE 
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→ C2_amoA = 0.19, RE → C3_H_index = -0.13; c.  Biocrust cover → C1_fungal-bacteria = 

0.20, Biocrust cover → C2_amoA = 0.13, Biocrust cover → C3_H_index = 0.45***. The 

hypothetical model created was satisfactorily fitted to our data, as suggested by non-significant 

χ
2
 values (χ

2
 = 0.564; P = 0.453; d.o.f = 1 in all cases), non-parametric Bootstrap P = 0.444 and 

by values of RMSEA = 0.000 with a P = 0.477. Significance levels are as follows: *P < 0.05, ** 

P < 0.01 and *** P < 0.001.  

 

 As a whole, biocrust cover had a total positive effect on the resistance indexes 

for available N, DIN and potential net mineralization rate (Table 2). However, climate 

change impacts (warming and rainfall reduction) and microbial community changes 

showed negative total effects on the resistance indexes for available N, DIN and 

potential net mineralization rate (Table 2).  

Table 2. Standardized total effects (direct plus indirect effects) derived from the structural 

equation modeling, including warming increasing (WA), rainfall reduction (RE), biocrust cover 

and microbial community (C1_fungal-bacteria, C2_amoA and C3_H_index) on the resistance 

(RS) index for available N, DIN and potential net N mineralization rate.  

 

 RE WA  Biocrust cover C1_fungal-bacteria C2_amoA C3_H_index 

RS available N -0.357 -0.595 0.179 -0.155 -0.085 -0.125 

RS DIN -0.317 -0.617 0.237 -0.08 -0.205 -0.108 

RS mineralization -0.626 -0.617 0.111 -0.268 -0.301 -0.253 
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DISCUSSION  

Well-developed biocrusts enhanced the resistance of N cycle (i.e. available N, DIN, 

mineralization rates and nitrate in IEMs) regardless of climate change impacts. 

However, despite of the highest resistance of the N cycle under high biocrust cover, our 

results show that the dynamics of available N, DIN, potential mineralization rates, 

ammonium and nitrate will progressively diverge from their original conditions with 

warming increasing and/or rainfall reduction. A warming of 2ºC – 3ºC air/surface 

increased the amount of available N, inorganic N and the microbial functional diversity, 

and decreased that of AOA and AOB, in the upper soil layer, which is a hotspot of 

nutrients and biological activity, specially in dryland soils (Belnap et al., 2003). 

Interestingly, the impacts of warming have a higher negative impact on N cycle 

resistance than those from rainfall reduction. In addition, the impacts of warming on the 

concentration of microbial communities were in most cases independent of those of RE, 

which overall had little effects on the different variables measured except by the fungal: 

bacteria ratio, suggesting that in drylands, microbial communities are highly resistant to 

drought (Yuste et al., 2012). Indirect impacts derived from climate change on the 

microbial communities and biocrust cover may result into a lower N resistance and a 

higher inorganic N dominance in soil. For example, warming enhance the microbial 

functional diversity, enhancing the N availability and inorganic N in dryland soils. 

Similarly, as warming continue to increase the biocrust cover will be reduced, hence 

negatively affecting to the N cycle resistance. Overall, our results provide solid 

evidence that considering biocrusts and microbial communities is of paramount 

importance when assessing the direct and indirect impacts of climate change on soil N 

availability in drylands, and highlight the importance of biocrusts as modulators of the 

responses of N cycle and microbial variables to climate change in these areas. 



275 
 

Climate change impacts on the resistance of N cycle through time  

Warming led to a 68% and 50% increase in the availability of N (regarding to the 

control), and to a 157% and 46% increase in inorganic N in the low and high biocrust 

cover plots, respectively, only 16 months after the beginning of the experiment. The 

highest resistance found under well-developed biocrusts may be the consequence of a 

higher soil stability and multifunctionality regarding bare ground areas (Castillo-

Monroy et al., 2011a; Bowker et al., 2011; Maestre et al., 2012). Previous studies have 

showed how biocrusts enhance the resistance of some aspects of the N cycle (i.e. 

depolymerization and mineralization; Delgado-Baquerizo et al., 2013b) to warming 

under controlled laboratory conditions, and how climate change-induced modifications 

in the composition of biocrusts dramatically altered N cycling (Reed et al., 2012). To 

our knowledge, no previous studies had shown before how the effect of biocrusts on the 

resistance of N availability (i.e. available N, inorganic N and mineralization rates) in 

response to climate change is maintained over time.   

 Despite the observed positive effect of biocrusts on the resistance of multiple N 

cycle variables, our analyses indicate that the dynamics of available N, DIN, potential 

mineralization rates, ammonium and nitrate will be still affected, progressively 

diverging from their original conditions with warming increasing and rainfall reduction. 

These impacts may derive into irreversible changes in the N cycle of dryland soils. 

Changes in the regular N cycle dynamics in dryland ecosystems (i.e. increase in the 

available N and inorganic N dominance) may negatively impact native species richness 

and facilitate plant invasions (Allen et al., 2009; Rao et al., 2010; Porter et al., 2012; 

Castro-Diez et al., 2013).  In addition, increases in N availability such as those observed 

here could have positive impacts on ecosystem services such as primary productivity 

and carbon storage in the studied soils (Rastetter et al., 1991, 1997; Maestre et al., 
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2013). However, the increase of N-rich phosphatase and β-glucosidase enzymes 

activities observed with warming, which were linked to the increase in N availability 

found in this treatment (Table S5), suggests that the current increase in N is already 

generating the shortage of other essential nutrients, such as phosphorus and carbon, 

which may result in the observed N accumulation (Schlesinger et al., 1990). In 

particular, the accumulation of inorganic N forms (ammonium and nitrate) with 

increasing warming may promote potential N losses through processes such as 

denitrification, leaching and run-off, reducing water and air quality (Schlesinger & 

Harley, 1992; Robertson & Groffman, 2007; Schlesinger et al., 2009), and transferring 

local climate change impacts to lowlands and aquatic ecosystems.  

 We also found differential effects of warming and rainfall exclusion on the 

resistance of multiple variables from the N cycle. For example, the N cycle (available 

N, DIN, potential net N mineralization rate, ammonium and nitrate) was more resistant 

to rainfall reduction than to increasing temperature. Small changes in temperature can 

quickly reduce the resistance of N availability in soil, by favouring processes such as N 

mineralization, which are highly sensible to soil temperature (Dalias et al., 2002; Wang 

et al., 2006; Bregliani et al., 2010). These results agree with previous laboratory 

experiments showing that changes in temperature have a higher impact on the N cycle 

than changes in water availability (Delgado-Baquerizo et al., 2013b). However, we can 

not discard that the lower impact of rainfall reduction on N cycle resistance may be a 

consequence of the low reduction in soil moisture promoted by rainfall exclusion 

(average of 4%, Maestre et al., 2013), which may not have been significant enough to 

promote changes in N availability, in our study site. A previous study showed that 

biocrusts can be active and promote the accumulation of available N in response to 

small water pulses similar to dew (Delgado-Baquerizo et al., 2013). Similarly, while 
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warming increasing reduced the biocrust cover, rainfall reduction did not have this 

effect in our model (34 months after the beginning of the experiment). These results 

suggest that a much higher rainfall reduction may be necessary in order to achieve 

similar impacts in N cycle resistance than those found for warming increasing. 

However, we are aware that our results may not be extrapolate to other biocrusts-

dominated ecosystems. For example, Reed et al., (2012) showed that the death of a 

dominant moss community after a single summer of altered precipitation regime shift 

the regular dynamics of N cycling, enhancing inorganic N and nitrification rates. In this 

sense, we support the idea that biocrust dominated by mosses may be more sensitive to 

changes in water availability than lichen-dominated biocrusts as the studies here, which 

may be more affected by temperature (Escolar et al., 2012). In both cases, the presence 

of biocrusts have showed to be an important driver limiting the impacts of climate 

change on N cycle. In this sense, these results suggest that knowing the biocrust 

composition of a particular region as well as their particular role modulating the N cycle 

can be of paramount importance when assessing the direct and indirect impacts of 

climate change on soil N availability.  

 Also of special interest was the observed seasonal differences in the resistance 

index of IEM-measured nitrate and ammonium in response to warming. Our results 

suggest that the effects of warming had much more impacts on the N cycle during the 

wet than during the dry season, despite, in the former, the effects of this treatment 

increased temperatures up to 7ºC (Maestre et al., 2013). Because of the harsh 

environmental conditions (low water availability and high temperatures) typically found 

during the dry season in drylands, the highest plant and microbial activity (i.e. N 

mineralization) are found during the wet season (Schwinning & Sala, 2004; Austin et 

al., 2004), where the highest negative effects are observed in this study. These results 
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indicate that the effect of climate change on nutrient cycling may be more noticeable 

during particular seasons of the years (i.e. wet seasons), suggesting that a higher 

sampling effort have to be focused during these periods of time in order to get a more 

accurate knowledge on climate change effects on N cycle.  

 

Climate change indirect effects on the N cycle resistance 

Our results provide evidence that indirect impacts of warming and rainfall reduction on 

the microbial community and biocrust cover will negatively impact the resistance of N 

cycle in dryland soils. For example, even when biocrust cover showed a positive effect 

on the resistance of N cycle, as warming continue to increase the biocrust cover will be 

reduced negatively affecting to N cycle resistance in drylands soils, favoring the 

inorganic N dominance in drylands soils.  Losses in biocrusts linked to climate change-

induced modifications have been previously observed to promote nitrification in soils 

(Reed et al., 2012). In addition, Delgado-Baquerizo et al., (2010) showed that an 

increase in inorganic N in soil is linked to a decrease in biocrust cover in our study site. 

In this sense, losses in biocrusts cover can limit the positive impact of biocrusts on N 

cycle resistance, by disrupting its capacity to modulate the dominance of N forms in 

dryland soils.  

 Similarly, any change in the microbial community associated to climate change 

impacts may result into an indirect impact on the N cycle resistance. For example, we 

observed that the rainfall reduction had a positive impact on the fungal: bacterial ratio, 

as well that on the C1_fungal-bacteria component. Fungi are well-known to be more 

tolerant of desiccation than bacteria (Austin et al., 2004), explaining the increase in 

fungal: bacterial ratio with rainfall reduction. In addition, fungal-dominated microbial 

communities use N more efficiently (i.e. low N requirements) than bacterial-dominated 
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ones and thus accelerate both depolymerization (production of DON) and mineralization 

(Austin et al., 2004; Cookson et al., 2006), enhancing N availability (Paul & Clark, 

1996; Austin et al., 2004), therefore reducing the N cycle resistance. In this direction, 

we found that the abundance of fungi was positively related to the N availability for 

both the low and high Biocrust cover (Table S6). In an agreement to this, we did not 

observed changes in the N content of the microbial biomass in response to warming 

(Fig. S5), despite the observed increase in N availability with this treatment, also 

support this idea since fungal communities produce biomass with a lower C:N ratio than 

bacteria, therefore immobilizing less N per unit of C assimilated (Austin et al., 2013; 

Bai et al., 2013). Similarly, increasing warming had an indirect negative impact on N 

cycle resistance by increasing the microbial functional diversity index in soil. It is well 

known that complex processes, such as depolymerization (production of DON), is 

enhanced by the cooperation of diverse groups of microorganisms (Schimel et al., 

2005).  In this sense, an increase of the microbial functional diversity linked to 

increasing warming will negatively affect the N cycle resistance by increasing the N 

availability (Table S7). In addition, increasing warming and rainfall reduction is starting 

to alter (48 months after the beginning of the experiment) the abundance of AOA and 

AOB group of microorganisms in our study site. For example, the abundance of AOA 

was observed to increase in response to rainfall reduction under low Biocrust cover 

(interaction Biocrust cover x RE; P = 0.08; Table S3). An increase in the AOA 

abundance in response to rainfall reduction may result in a higher inorganic N 

dominance, in our study site. However, a negative impact was observed between 

warming increasing and AOA and AOB microbial communities 48 months after the 

beginning of the experiment. This result suggest that increasing warming may be 

favoring heterotrophic microbial communities as supported by the higher microbial 
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functional diversity index (based on the C02 respiration o 15 C sources) and negatively 

impacting autotrophic microbial communities such as an AOA and AOB (Verhamme et 

al., 2011). In this sense, the positive impact of warming on the microbial functional 

diversity index  may be the consequence of the positive impact of warming on C 

availability observed by Maestre et al., (2013) in this field experiment.  

 

Concluding remarks 

Our analyses suggest that biocrusts can play an important role slowing down these 

impacts because of their positive and continued effects on the resistance of multiple 

variables from the N cycle. However, our findings suggest that the dynamics of N 

availability in dryland soils will progressively diverge from their original conditions in 

response to warming. We found evidence that indirect impacts of climate change on the 

microbial community and biocrust cover will negatively impact the resistance of N 

cycle in dryland soils. For example, an increase in the microbial functional diversity 

linked to increasing warming will reduce the resistance of available N, DIN and 

potential net mineralization. Similarly, as warming continue to increase the Biocrust 

cover will be reduced negatively affecting to N cycle resistance in drylands soils. As a 

consequence of our study, it becomes obvious that considering biocrusts and microbial 

communities is key to continue growing our knowledge on how climate change will 

impact on N cycle in dryland soils.  

 

  



281 
 

ACKNOWLEDGMENTS 

We thank the Instituto Madrileño de Investigación y Desarrollo Rural, Agrario y 

Alimentario (IMIDRA) for allowing us to work in the Aranjuez Experimental Station 

(Finca de Sotomayor). This research has been funded by British Ecological Society 

(Studentship 231/1975 awarded to CE), by the European Research Council (ERC) under 

the European Community's Seventh Framework Programme (FP7/2007-2013)/ERC 

Grant agreement n° 242658 (BIOCOM), and by the Ministry of Science and Innovation 

of the Spanish Government, Grant nº CGL2010-21381.  



282 
 

REFERENCES.  

Adair KL, Schwartz E (2008) Evidence that ammonia-oxidizing archaea are more 

abundant than ammonia-oxidizing bacteria in semiarid soils of northern Arizona 

USA. Microbial Ecology, 56, 420-426. 

Almagro M, Querejeta JI, Martınez-Mena M (2009) Temperature dependence of soil 

CO2 efflux is strongly modulated by seasonal patterns of moisture availability in a 

Mediterranean ecosystem. Soil Biology Biochemistry, 41, 594–605. 

Allen EB, Rao LE, Steers RJ, Bytnerowicz A, Fenn ME (2009) Impacts of atmospheric 

nitrogen deposition on vegetation and soils in Joshua Tree National Park. In: Webb 

RH, Fenstermaker LF, Heaton JS, Hughson DL, McDonald EV, Miller DM (eds) 

The Mojave Desert: ecosystem processes and sustainability. University of Nevada 

Press, Las Vegas, pp 78–100 

Anderson MJ (2001) A new method for non-parametric multivariate analysis of 

variance. Austral Ecology, 26,32-46. 

Austin AT, Yahdjian L, Stark JM, Belnap J, Porporato A, Norton U, Ravetta DA, 

Schaeffer SM (2004) Water pulses and biogeochemical cycles in arid and semiarid 

ecosystems. Oecologia, 141, 221–235. 

Bai E, Li S, Xu W, Li W, Dai W, Jiang P (2013) A meta-analysis of experimental 

warming effects on terrestrial nitrogen pools and dynamics. New Phytologist, 199, 

441–451.  

Barger NN,  Belnap J,  Ojima DS, Mosier A (2005) NO gas loss from biologically 

crusted soils in Canyonlands National Park, Utah. Biogeochemistry, 75, 373-391. 

Bates ST, Nash TH, Sweat KG, Garcia-pichel F (2010) Fungal communities of lichen-

dominated biological soil crusts, diversity, relative microbial biomass, and their 



283 
 

relationship to disturbance and crust cover. Journal of Arid Environments, 74, 1192-

1199. 

Belnap J (2002) Nitrogen fixation in biological soil crust from southeast Utah, USA. 

Biology and Fertility of Soils, 35, 128-135. 

Belnap J, Lange OL (2003). Biological Soil Crusts: Structure, Function, and 

Management. Berlin: Springer-Verlag. New York pp 3-30. 

Belnap J, Hawkes CV, Firestone MK (2003) Boundaries in miniature: two examples 

from soil. Bioscience, 53, 739–749 

Belnap J, Phillips SL, Miller ME (2004) Response of desert biological soil crusts to 

alterations in precipitation frequency. Oecologia, 141, 306–316. 

Bregliani, M M, Ros, GH, Temminghoff, EJM, van Riemsdijk WH (2010) Nitrogen 

mineralization in soils related to initial extractable organic nitrogen: Effect of 

temperature and time. Communications in Soil Science and Plant Analysis, 41, 

1383–1398. 

Bowden WB (1986) Gaseous nitrogen emissions from undisturbed terrestrial 

ecosystems: an assessment of their impacts on local and global nitrogen budgets. 

Biogeochemistry, 2, 249-279. 

Bowker MA, Mau RL, Maestre FT, Escolar C, Castillo-Monroy AP (2011) Functional 

profiles reveal unique roles of various biological soil crust organisms in Spain. 

Functional Ecology, 25, 787–795. 

Castillo-Monroy AP, Delgado-Baquerizo M, Maestre FT, Gallardo A (2010) Biological 

soil crusts modulate nitrogen availability in semi-arid ecosystems: Insights from a 

Mediterranean grassland. Plant and Soil, 333, 21-34.  

Castillo-Monroy AP, Bowker MA, Maestre FT, Rodr S, Martinez I, Barraza-Zepeda CE 

(2011) Relationships between biological soil crusts , bacterial diversity and 



284 
 

abundance, and ecosystem functioning: Insights from a semi-arid Mediterranean 

environment. Journal of Vegetation Science, 22, 165-174.  

Castro HF, Classen AT, Austin EE, Norby RJ, Schadt CW (2012) Soil microbial 

community response to multiple experimental climate change drivers. Applied and 

Environmental Microbiology, 76, 999–1007. 

Castro-Díez P, Godoy O, Alonso A, Gallardo A, Saldaña A (2013) What explains 

variation in the impacts of exotic plant invasions on the nitrogen cycle? A meta-

analysis. Ecology Letters, 17, 1–12. 

Cutler, D. R., T. C. Edwards, Jr., K. H. Beard, A. Cutler, K. T. Hess, J. Gibson, and J. J. 

Lawler. 2007. Random forests for classification in ecology. Ecology, 88, 2783–

2792. 

Dai A (2013) Increasing drought under global warming in observations and models. 

Nature Climate Change, 3, 52–58. 

Dalias P. Anderson JM, Bottner P, Couteaux M (2002) Temperature responses of net 

nitrogen mineralization and nitrification in conifer forest soils incubated under 

standard laboratory conditions. Soil Biology and Biochemistry, 34, 691-701. 

De Castro M, Martín-Vide J, Alonso S (2005) El clima de España: pasado, presente y 

escenarios de clima para el siglo XXI. In: Evaluación Preliminar de los Impactos en 

España por Efecto del Cambio Climático (ed Moreno, JM), pp. 1–64. Ministerio 

Medio Ambiente. Madrid. 

Delgado-Baquerizo M, Morillas M, Maestre FT, Gallardo A (2013a) Biocrusts control 

the nitrogen dynamics and microbial functional diversity of semi-arid soils in 

response to nutrient additions. Plant and soil, 372, 643-654. 



285 
 

Delgado-Baquerizo M, Maestre FT, Gallardo A (2013b) Biological soil crusts increase 

the resistance of soil nitrogen dynamics to changes in temperatures in a semi-arid 

ecosystem. Plant and Soil, 366, 35-47. 

Delgado-Baquerizo M, Gallardo A, Wallenstein MD, Maestre FT (2013c) Vascular 

plants mediate the effects of aridity and soil properties on ammonia-oxidizing 

bacteria and archaea. FEMS Microbiology Ecology, 85, 273-282. 

Delgado-Baquerizo M, Maestre FT, Rodríguez JGP, Gallardo A (2013d) Biological soil 

crusts promote N accumulation in response to dew events in dryland soils. Soil 

Biology and Biochemistry, 62, 22-27. 

Durán J, Delgado-Baquerizo M, Rodríguez A, Covelo F, Gallardo A (2012) Ionic 

exchange membranes (IEMs): a good indicator of soil inorganic N  production. Soil 

Biology and Biochemistry, 57, 964–968.  

Elbert W, Weber B, Burrows S, Steinkamp J, Büdel B, Andreae MO, Pöschl U (2012). 

Contribution of cryptogamic covers to the global cycles of carbon and nitrogen. 

Nature Geoscience, 5, 459–462. 

Escolar C, Martínez I, Bowker MA, Maestre FT (2012) Warming reduces the growth 

and diversity of biological soil crusts in a semi-arid environment: implications for 

ecosystem structure and functioning. Philosophical Transactions of the Royal 

Society B, 367, 3087–3099. 

Evans SE and Burke IC (2013) Carbon and Nitrogen Decoupling Under an 11-Year 

Drought in the Shortgrass Steppe. Ecosystems, 16, 20-33.  

Feng S and Fu Q (2013) Expansion of global drylands under a warming climate. 

Atmospheric Chemistry and Physics, 13, 10081-10094. 



286 
 

Fernandez DP, Neff JC, Belnap J, Reynolds RL (2006). Soil respiration in the cold 

desert environment of the Colorado Plateau (USA): abiotic regulators and 

thresholds. Biogeochemistry, 78, 247–65. 

Finzi AC,  Austin AT, Cleland EE,  Serita D Frey SD, Houlton BZ, Wallenstein  MD 

(2011). Coupled Biochemical Cycles: Responses and feedbacks of coupled 

biogeochemical cycles to climate change: examples from terrestrial ecosystems. 

Frontiers in Ecology and the Environment, 9, 61–67.  

Gao XJ, Giorgi F (2008) Increased aridity in the Mediterranean region under 

greenhousegas forcing estimated from high resolution simulations with a regional 

climate model. Global Planet Change, 62, 195-209 

Gallardo A, Merino J. (1998). Soil Nitrogen Dynamics in Response to Carbon Increase 

in a Mediterranean Shrubland of SW Spain. Soil Biology and Biochemistry, 30, 

1349–1358. 

Gallardo A, Schlesinger WH. (1993). Carbon and Nitrogen Limitations of Soil 

Microbial Biomass in Desert Ecosystems. Biogeochemistry, 18, 1–17. 

Gallardo A, Schlesinger WH (1995) Factors Determining Soil Microbial Biomass and 

Nutrient Immobilization in Desert Soils. Biogeochemistry, 28, 55–68. 

Grace JB (2006) Structural Equation Modeling  Natural Systems (Cambridge University 

Press, New York, USA). 

IPCC (2013) Climate Change 2013: The Physical Science  Basis. Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 

Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. 

Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge 

University Press, Cambridge, United Kingdom and New York, NY, USA. 



287 
 

Kladivko EJ, Keeney DR (1987). Soil nitrogen mineralization as affected by water and 

temperature interactions. Biology and Fertility of Soils, 5, 248-252.  

IUSS Working Group WRB (2006) World Reference Base for Soil Resources 2006. 

World Soil Resources Reports No. 103. FAO, Rome. 

Maestre, F. T., M. A. Bowker, Y. Cantón, A. P. Castillo-Monroy, J. Cortina, C. Escolar, 

A. Escudero, R. Lázaro & I. Martínez. (2011). Ecology and functional roles of 

biological soil crusts in semi-arid ecosystems of Spain. Journal of Arid 

Environments, 75, 1282-1291 

Maestre FT, Salguero-Gómez R, Quero JL (2012) It’s getting hotter in here: 

determining and projecting the impacts of global change on drylands. Philosophical 

Transactions of the Royal Society B, 367, 3062–3075. 

Maestre, F.T., C. Escolar, M. Ladrón de Guevara, J. L. Quero, R. Lázaro, M. Delgado-

Baquerizo, V. Ochoa, M. Berdugo, B. Gozalo, A. Gallardo (2013) Changes in 

biocrust cover drive carbon cycle responses to climate change in drylands. Global 

Change Biology, 19, 3835–3847. 

Marusenko Y, Bates ST, Anderson I, Johnson SL, Soule T, Garcia-Pichel F (2013). 

Ammonia-oxidizing archaea and bacteria are structured by geography in biological 

soil crusts across North American arid lands. Ecological Processes, 2, 9 

Ochoa-Hueso R, Allen EB, Branquinho C, Cruz C, Dias T, Fenn ME, Manrique E, 

Pérez-Corona ME, Sheppard LJ, Stock WD (2011) Nitrogen deposition effects on 

Mediterranean-type ecosystems: an ecological assessment. Environmental Pollution, 

159, 2265-79 

Orwin KH, Wardle DA (2004). New indices for quantifying the resistance and 

resilience of soil biota to exogenous disturbances. Soil Biology and Biochemistry, 

36, 1907-1912. 



288 
 

Paul E.A, Clark FE (1996) Soil Microbiology and Biochemistry. Academic Press, San 

Diego, California. 

Peñuelas J, Sarands J, Rivas-Ubach A, Janssens IA (2012) The human-induced 

imbalance between C, N and P in Earth’s life system. Global change biology, 18, 3-

6. 

Porter EM, Bowman WD, Clark CM, Compton JE, Pardo LH, Soong JL (2013) 

Interactive effects of anthropogenic nitrogen enrichment and climate change on 

terrestrial and aquatic biodiversity. Biogeochemistry, 114, 93-120. 

Quinn GP, Keough MJ (2002) Experimental Design and Data Analysis for Biologists. 

Cambridge University Press, Cambridge. 

Rao LE, Allen EB (2010) Combined effects of precipitation and nitrogen deposition on 

native and invasive winter annual production in California deserts. Oecologia, 162, 

1035–1046 

Rastetter EB, Ryan M, Shaver GR, Melillo JM, Nadelhoffer KJ, Hobbie JE, Aber JD 

(1991) A general biogeochemical model describing the responses of the C and N 

cycles in terrestrial ecosystems to changes in CO2, climate, and N deposition. Tree 

Physiology, 9, 101–126. 

Rastetter EB, McKane RB, Shaver GR, Nadelhoffer KJ, Giblin AE (1997) Analysis of 

CO2, temperature, and moisture effects on carbon storage in Alaskan arctic tundra 

using a general ecosystem model. In: Oechel WC, Callaghan T, Gilmanov T, Holten 

JI, Maxwell B, Molau U, Sveinbjörnsson B (eds) Global change and arctic terrestrial 

ecosystems. Springer, Berlin Heidelberg New York, pp 437–451 

Reed SC, Coe KK, Sparks JP, Housman DC, Zelikova TJ, Belnap J (2012) Changes to 

dryland rainfall result in rapid moss mortality and altered soil fertility. Nature 

Climate Change, 2, 752–755. 



289 
 

Reynolds JF, Smith DM, Lambin EF, et al. (2007) Global  desertification: Building a 

science for dryland development. Science, 316, 847-851. 

Robertson GP, Groffman P (2007) Nitrogen transformations Pages 341-364 in E A Paul 

ed Soil Microbiology, Biochemistry,  Ecology Springer, New York, New York, 

USA. 

Rustad LE, Campbell JL, Mariom GM et al., (2001) A meta-analysis of the response of 

soil respiration, net nitrogen mineralization, and aboveground plant growth to 

experimental ecosystem warming. Oecologia, 126, 543–562. 

Schermelleh-Engel et al.,(2003) Evaluating the fit of structural equation models, tests of 

significance descriptive goodness-of-fit measures. Methods of Psychological 

Research Online, 8, 23-74. 

Schimel JP, Bennett J (2004) Nitrogen mineralization: challenges of a changing 

paradigm. Ecology, 85, 591-602. 

Schimel JP, Bennett J, Fierer N (2005) Microbial community composition and soil N 

cycling, is there really a connection? In, Biological diversity and function in soils 

Bardgett, RD, Hopkins, DW and Usher, MB (Eds) Cambridge University Press 171-

188. 

Schimel DS (2010). Drylands in the earth system. Science, 327, 418-419. 

Shipley, B. (2001) Cause and correlation in biology: A User’s guide to path analysis 

structural equations and casual inference (Cambridge University Press, Cambridge, 

UK). 

Schlesinger WH, Reynolds J, Cunningham GL, et al. (1990) Biological Feedbacks in 

Global Desertification. Science, 247, 1043-1048. 

Schlesinger WH and Harley PC (1992) A global budget for atmospheric NH3. 

Biogeochemistry, 15, 191-211. 



290 
 

Schlesinger WH and Bernhardt E.S. (2013) Biogeochemistry, an analysis of global 

change. San Diego, CA, USA: Academic Press 

Schwinning S, Sala OE. (2004). Hierarchy of responses to resource pulses in arid and 

semi-arid ecosystems. Oecologia, 141, 211-20.  

Sinsabaugh RL, Carreiro MM, Álvarez S (2002) Enzyme and Microbial Dynamics of 

Litter Decomposition (Chapter 9). En  Enzymes in the Environment. Burns, R.G, 

R.P. Dick. (Eds.), Marcel Dekker, New York. pp 249-266.  

Solomon S, Qin D, Manning RB et al. (2007). Technical Summary. In: Climate Change 

2007: The Physical Science Basis. Contribution of Working Group I to the Fourth 

Assesment Report of the Intergovernmental Panel in Climate Change  (eds Solomon 

S, Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL). 

Cambridge University Press, Cambridge and New York.  

USDA. Key to soil taxonomy. Handbook 436. 9th Ed. Washington, USA.: Soil Survey 

Staff, NRCS; 2003. 332 pp.  

Valentine DL (2007) Adaptations to energy stress dictate the ecology and evolution of 

the Archaea. Nature Reviews Microbiology, 5, 316-323. 

Verhamme DT, Prosser JI, Nicol GW (2011) Ammonia concentration determines 

differential growth of ammonia-oxidising archaea and bacteria in soil microcosms. 

The ISME J,  5, 1067–1071. 

Yeager CM, Kornosky JL, Housman DC, Grote EE, Belnap J, Kuske C R (2004) 

Diazotrophic Community Structure and Function in Two Successional Stages of 

Biological Soil Crusts from the Colorado Plateau and Chihuahuan Desert. Applied 

and Environmental Microbiology, 70, 973–983. 

Yuste JC, Fernandez-Gonzalez AJ, Fernandez-Lopez M, Ogaya R, Penuelas J, Sardans 

J, Lloret F (2014) Strong functional stability of soil microbial communities under 



291 
 

semiarid Mediterranean conditions and subjected to long-term shifts in baseline 

precipitation. Soil Biology and Biochemistry (in press).  

Wang C, Wan S, Xing X, Zhang L, Han X (2006). Temperature and soil moisture 

interactively affected soil net N mineralization in temperate grassland in Northern 

China. Soil Biology and Biochemistry, 38, 1101–1110. 

Wei C-L, Rowe GT, Escobar-Briones E, Boetius A, Soltwedel T, et al., (2010) Global 

Patterns and Predictions of Seafloor Biomass Using Random Forests. PLoS ONE 5, 

e15323. doi:10.1371/journal.pone.0015323 

Whitford WG (2002) Ecology of desert ecosystems. Academy, New York, US. Pp151. 

Zhou JZ, K Xue, JP Xie, Y Deng, LY Wu, XL Cheng, SF Fei, SP, ZL He, J van 

Nostrand, and YQ Luo (2012) Microbial Mediation of Carbon Cycle Feedbacks to 

Climate Warming. Nature Climate Change, 2, 106-110. 

  



292 
 

SUPPLEMENTARY MATERIALS 

 

Figure S1. A priori generic structural equation model (SEM) used in this study. Our model 

evaluated the effects of warming increasing (WA), rainfall reduction (RE), Biocrust cover and 

microbial community (soil microbial comm.; three first component of a PCA with fungi, 

bacteria, AOA, AOB, H index and fungal: bacterial ratio) on the resistance (RS) index for 

available N, DIN and potential net N mineralization rate.  
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Figure S2. Changes in the concentration of available N, DIN and the potential mineralization 

rate in response to different treatments of increasing warming and rainfall reduction in both low 

and high biocrusts cover for 0, 16, 34 and 46 months after the beginning of the experiment. Data 

are means ± SE (n = 5).  
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Figure S3. Temporal changes in the amount of ammonium and nitrate measured with the ion-

exchange membranes (IEMs) throughout the study period. Data are means ± SE (n = 5). 
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Figure S4. Changes in the abundance of bacteria in response to different treatments of 

increasing warming and rainfall reduction in both low and high biocrusts cover for 0, 16, 34 and 

46 months after the beginning of the experiment. Data are means ± SE (n = 5).  

 



296 
 

 

Figure S5. Changes in the concentration of microbial biomass nitrogen in response to warming 

increasing (WA) and rainfall reductions (RE) for both biocrusts cover, at the beginning of the 

experiment (a) and 46 months later (b). Data are means ± SE (n = 5). Air-dried soil samples 

were adjusted to 55% of their water-holding capacity previous to the analyses of microbial 

biomass N as described in Zornoza et al. (2009). Microbial biomass N was determined using the 

fumigation-extraction method following Brookes et al. (1985). Non-incubated and incubated 

soil subsamples were fumigated with chloroform for 5 days. Non-fumigated replicates were 

used as controls. Fumigated and non-fumigated samples were extracted with K2SO4 0.5 M in a 

ratio 1:5 and filtered through a 0.45-μm Millipore filter. Microbial biomass N concentration was 

estimated as the difference between total N of fumigated and unfumigated digested extracts as 

described in Delgado-Baquerizo et al. (2013a) and then divided by a Kn (fraction of biomass N 

extracted after the CHC13 treatment) of 0.54 (Brookes et al. 1985).  
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Table S1. Summary results of the PERMANOVA analyses carried out with the resistance index 

of the different N availability variables in this study. TI (sampling date: 16, 34 and 46 months 

after the beginning of the experiment); MI = Biocrusts cover (low and high); DN = climate 

change treatment (WA, RE, WA + RE); Res = residuals. P values below 0.05 are in bold.   

 

 Source df MS Pseudo-F P 

Available N TI  2 0.49 4.76 0.01 

 MI  1 1.54 14.93  <0.001 

 DN  2 0.91 8.88  <0.001 

 TIxMI  2 0.02 0.28 0.74 

 TIxDN  4 0.05 0.51 0.73 

 MIxDN  2 0.21 2.07 0.13 

 TIxMIxDN  4 0.05 0.53 0.71 

 Res 75 0.1                  

      

DIN TI  2 0.31 2.53 0.09 

 MI  1 3.39 28.05  <0.001 

 DN  2 1.93 15.96  <0.001 

 TIxMI  2 0.07 0.54 0.58 

 TIxDN  4 0.04 0.35 0.84 

 MIxDN  2 0.09 0.78 0.45 

 TIxMIxDN  4 0.22 1.86 0.12 

 Res 74 0.12 0.00         

  91      

Mineralization TI  2 0.79 9.58 <0.001 

 MI  1 1.95 23.76 <0.001 

 DN  2 0.18 2.15   0.126 

 TIxMI  2 0.36 4.42 0.01 

 TIxDN  4 0.08 1.03 0.41 

 MIxDN  2 0.02 0.28 0.75 

 TIxMIxDN  4 0.04 0.47 0.75 

 Res 72 0.08 0.00         
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Table S2. Summary results of the PERMANOVA analyses carried out with the resistance index 

of the different N availability variables in this study. TI (sampling date: 16, 34 and 46 months 

after the beginning of the experiment); MI = Biocrusts cover (low and high); DN = climate 

change treatment (WA, RE, WA + RE); Res = residuals. P values below 0.05 are in bold.   

 

 Source df MS F P 

Ammonium in IEMs TI 13.22 1.91 19.59 <0.001 

 MI 1.00 0.00 0.03 0.86 

 DN 2.00 0.39 3.49 0.04 

 TIxMI 13.22 0.25 2.51 <0.01 

 TIxDN 26.43 0.12 1.27 0.17 

 MIxDN 2.00 0.23 2.05 0.14 

 TIxMIxDN 26.43 0.08 0.85 0.68 

 Res 299.88 0.15   

      

Nitrate in IEMs TI 14.23 1.68 10.43 <0.001 

 MI 1.00 5.82 12.65 <0.01 

 DN 2.00 1.88 4.08 0.03 

 TIxMI 14.23 0.45 2.81 <0.001 

 TIxDN 28.46 0.18 1.12 0.31 

 MIxDN 2.00 0.34 0.74 0.49 

 TIxMIxDN 28.46 0.09 0.53 0.98 

 Res 384.19 0.16   
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Table S3. Summary results of the PERMANOVA analyses carried out with the resistance index 

of the different N availability variables in this study. TI (sampling date: 16, 34 and 46 months 

after the beginning of the experiment); MI = Biocrusts cover (low and high); DN = climate 

change treatment (WA, RE, WA + RE); Res = residuals. P values below 0.05 are in bold.   

 

 Source  df    MS  Pseudo-F P 

Available N TI   2 2042.40 4.02  0.02 

 MI   1 15048.00 29.64   <0.001 

 WA   1 24700.00 48.66  <0.001 

 RE   1 498.34 0.98 0.32 

 TIxMI   2 1456.90 2.87 0.06 

 TIxWA   2 662.37 1.30 0.28 

 TIxRE   2 676.72 1.33 0.26 

 MIxWA   1 1318.50 2.60 0.11 

 MIxRE   1 2.78 0.01 0.94 

 WAxRE   1 1128.90 2.22 0.13 

 TIxMIxWA   2 300.96 0.59 0.55 

 TIxMIxRE   2 412.05 0.81 0.45 

 TIxWAxRE   2 38.88 0.08 0.92 

 MIxWAxRE   1 44.08 0.09 0.77 

 TIxMIxWAxRE   2 302.99 0.60 0.54 

 Res  99 507.64 0.00         

      

DIN TI   2 14956.00 41.74 <0.001 

 MI   1 8163.00 22.78 <0.001 

 WA   1 15601.00 43.54 <0.001 

 RE   1 421.16 1.18 0.28 

 TIxMI   2 1318.90 3.68 0.03 

 TIxWA   2 452.37 1.26 0.29 

 TIxRE   2 181.10 0.51 0.60 

 MIxWA   1 692.60 1.93 0.16 

 MIxRE   1 101.29 0.28 0.60 

 WAxRE   1 552.86 1.54 0.22 

 TIxMIxWA   2 644.69 1.80 0.17 

 TIxMIxRE   2 340.42 0.95 0.39 

 TIxWAxRE   2 23.57 0.07 0.93 
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 MIxWAxRE   1 44.62 0.12 0.73 

 TIxMIxWAxRE   2 302.77 0.84 0.43 

 Res 100 358.35   

      

Mineralization TI   2 108.85 13.83  <0.001 

 MI   1 211.58 26.88  <0.001 

 WA   1 28.03 3.56 0.06 

 RE   1 0.18 0.02 0.87 

 TIxMI   2 4.12 0.52 0.59 

 TIxWA   2 29.21 3.71 0.02 

 TIxRE   2 0.28 0.03 0.96 

 MIxWA   1 68.16 8.66  <0.001 

 MIxRE   1 0.09 0.01 0.92 

 WAxRE   1 5.47 0.70 0.41 

 TIxMIxWA   2 0.39 0.05 0.95 

 TIxMIxRE   2 2.37 0.30 0.74 

 TIxWAxRE   2 11.79 1.50 0.22 

 MIxWAxRE   1 0.55 0.07 0.78 

 TIxMIxWAxRE   2 0.49 0.06 0.93 

 Res  99 7.87 0.00         

      

AOA TI  2 11.51 53.82   <0.001 

 MI  1 0.12 0.56 0.46 

 WA  1 0.74 3.45 0.06 

 RE  1 0.11 0.50 0.48 

 TIxMI  2 0.08 0.39 0.68 

 TIxWA  2 0.70 3.27 0.04 

 TIxRE  2 0.19 0.90 0.41 

 MIxWA  1 0.00 0.02 0.88 

 MIxRE  1 0.65 3.03 0.08 

 WAxRE  1 0.12 0.55 0.45 

 TIxMIxWA  2 0.06 0.26 0.77 

 TIxMIxRE  2 0.06 0.29 0.74 

 TIxWAxRE  2 0.15 0.70 0.49 

 MIxWAxRE  1 0.45 2.11 0.14 

 TIxMIxWAxRE  2 0.12 0.58 0.56 
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 Res 76 0.21 0.00         

      

AOB TI  2 5.50 26.89   <0.001 

 MI  1 0.14 0.68 0.42 

 WA  1 0.81 3.94 0.04 

 RE  1 0.09 0.42 0.51 

 TIxMI  2 0.30 1.45 0.24 

 TIxWA  2 0.82 4.01 0.02 

 TIxRE  2 0.35 1.71 0.18 

 MIxWA  1 0.36 1.78 0.19 

 MIxRE  1 0.01 0.03 0.87 

 WAxRE  1 0.20 1.00 0.32 

 TIxMIxWA  2 0.47 2.30 0.11 

 TIxMIxRE  2 0.10 0.49 0.61 

 TIxWAxRE  2 0.48 2.36 0.11 

 MIxWAxRE  1 0.17 0.84 0.36 

 TIxMIxWAxRE  2 0.03 0.12 0.88 

 Res 74 0.20 0.00         

      

Bacteria TI 2 7.84E+024 1.18 0.30 

 MI 1 3.676E24 0.55 0.46 

 WA 1 2.4109E23 0.04 0.86 

 RE 1 4.4547E24 0.67 0.42 

 TIxMI 2 2.4546E24 0.37 0.68 

 TIxWA 2 1.3518E25 2.04 0.13 

 TIxRE 2 5.3262E24 0.80 0.45 

 MIxWA 1 9.0215E24 1.36 0.24 

 MIxRE 1 1.7117E24 0.26 0.62 

 WAxRE 1 2.0888E25 3.15 0.08 

 TIxMIxWA 2 2.6325E24 0.40 0.67 

 TIxMIxRE 2 1.8465E24 0.28 0.76 

 TIxWAxRE 2 1.6661E25 2.51 0.08 

 MIxWAxRE 1 3.6877E23 0.06 0.82 

 TIxMIxWAxRE 2 6.3343E23 0.10 0.91 

 Res 78 6.6272E24   
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Fungi TI 2 3.0752E20 4.53 0.02 

 MI 1 4.4043E20 6.49 0.02 

 WA 1 2.3106E20 3.40 0.05 

 RE 1 4.5746E19 0.67 0.42 

 TIxMI 2 1.3044E20 1.92 0.16 

 TIxWA 2 7.764E19 1.14 0.32 

 TIxRE 2 1.9467E20 2.87 0.06 

 MIxWA 1 5.5927E20 8.24 0.01 

 MIxRE 1 1.5055E19 0.22 0.65 

 WAxRE 1 8.9824E17 0.01 0.93 

 TIxMIxWA 2 1.7562E20 2.59 0.08 

 TIxMIxRE 2 6.6729E19 0.98 0.38 

 TIxWAxRE 2 1.5997E19 0.24 0.78 

 MIxWAxRE 1 1.5991E19 0.24 0.63 

 TIxMIxWAxRE 2 5.9496E19 0.88 0.39 

 Res 79 6.788E19   

      

Fungal: bacterial 

ratio Source df        MS  Pseudo-F P(perm) 

 TI  2 1.79E-005 8.01 <0.001 

 MI  1 9.93E-007 0.44 0.51 

 WA  1 1.57E-005 7.04 0.01 

 RE  1 1.67E-005 7.47 0.01 

 TIxMI  2 1.48E-006 0.66 0.51 

 TIxWA  2 9.10E-007 0.41 0.67 

 TIxRE  2 1.80E-006 0.80 0.45 

 MIxWA  1 9.38E-008 0.04 0.84 

 MIxRE  1 1.14E-008 0.01 0.94 

 WAxRE  1 1.51E-005 6.75 0.01 

 TIxMIxWA  2 2.02E-007 0.09 0.90 

 TIxMIxRE  2 7.37E-007 0.33 0.71 

 TIxWAxRE  2 2.07E-006 0.93 0.39 

 MIxWAxRE  1 1.92E-008 0.01 0.92 

 TIxMIxWAxRE  2 2.46E-006 1.10 0.33 

 Res 72 2.23E-006   
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H index MI 1 1.2095E-3 7.10 <0.01 

 WA 1 7.4862E-4 4.39 0.03 

 RE 1 3.9687E-6 0.02 0.89 

 MIxWA 1 1.8331E-4 1.07 0.34 

 MIxRE 1 2.5398E-6 0.01 0.92 

 WAxRE 1 5.2889E-5 0.31 0.64 

 MIxWAxRE 1 1.2206E-5 0.07 0.83 

 Res 37 1.7033E-4   

      

Microbial biomass N MI  1 7478.60 3.07 0.08 

 WA  1 102.83 0.04 0.83 

 RE  1 1127.40 0.46 0.49 

 MIxWA  1 0.63 0.00 0.98 

 MIxRE  1 89.07 0.04 0.84 

 WAxRE  1 259.26 0.11 0.73 

 MIxWAxRE  1 92.51 0.04 0.85 

 Res 30 2433.60 0.00         

 

Table S4. Summary results of the PERMANOVA analyses carried out with the resistance index 

of the different N availability variables in this study. TI (sampling date: 16, 34 and 46 months 

after the beginning of the experiment); MI = Biocrusts cover (low and high); DN = climate 

change treatment (WA, RE, WA + RE); Res = residuals. P values below 0.05 are in bold.   

 

 Source  df    MS  F P 

Ammonium in IEMs TI 9.464 0.12 52.58 <0.001 

 MI 1 0.00 0.29 0.60 

 WA 1 0.00 1.97 0.17 

 RE 1 0.00 1.00 0.32 

 TIxMI 9.464 0.00 1.83 0.06 

 TIxWA 9.464 0.01 3.03 <0.01 

 TIxRE 9.464 0.00 1.32 0.22 

 MIxWA 1 0.00 0.42 0.52 

 MIxRE 1 0.00 0.00 0.96 

 WAxRE 1 0.00 1.18 0.28 

 TIxMIxWA 9.464 0.00 0.98 0.46 
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 TIxMIxRE 9.464 0.00 0.85 0.58 

 MIxWAxRE 9.464 0.00 1.36 0.20 

 TIxWAxRE 1 0.00 0.22 0.65 

 TIxMIxWAxRE 9.464 0.00 0.95 0.49 

 Res 350.177    

      

Nitrate in IEMs TI 3.63 5.21 10.39 <0.001 

 MI 1 0.01 0.02 0.89 

 WA 1 3.47 12.88 <0.01 

 RE 1 0.27 1.02 0.32 

 TIxMI 3.63 1.12 2.22 0.08 

 TIxWA 3.63 1.44 2.86 0.03 

 TIxRE 3.63 0.20 0.40 0.79 

 MIxWA 1 0.34 1.26 0.27 

 MIxRE 1 0.02 0.06 0.82 

 WAxRE 1 0.25 0.91 0.35 

 TIxMIxWA 3.63 0.39 0.78 0.53 

 TIxMIxRE 3.63 0.46 0.92 0.45 

 TIxWAxRE 3.63 0.13 0.26 0.89 

 MIxWAxRE 1 0.00 0.01 0.92 

 TIxMIxWAxRE 3.63 0.19 0.38 0.80 

 Res 112.523 0.50   
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Table S5. Correlation coefficient (Spearman´s) between the available N and the concentrations 

of proteins, aminoacids and the enzyme activities of β-glucosidase and phosphatase in both the 

low and high biocrusts cover (n = 120). These relationships include the different treatments in 

this study (control, WA, RE and WA+RE), and the data available for 16, 34 and 46 months after 

the beginning of the experiment separately for the low and high biocrusts covers. P values 

below 0.05 are in bold.  Proteins and amino acids were determined as described in Chantigny et 

al. (2006) and enzyme activities of β-glucosidase and phosphatase were analysed following 

Maestre et al. (2012). 

  Low biocrusts cover High biocrusts cover 

Proteins 0.51 (<0.001) 0.29 (0.02) 

Amino acids 0.43 (<0.01) 0.02 (0.88) 

β-glucosidase 0.58 (<0.001) 0.34 (<0.01) 

Phosphatase 0.45 (<0.001) 0.12 (0.34) 

 

Table S6.  Correlation coefficient (Spearman´s ) between the abundance of total fungi, 

bacteria, ammonia oxidizing bacteria (AOB) and archaea (AOA) and the fungal:bacterial ratio 

with the different soil nitrogen variables forms in this study (available nitrogen, dissolved 

inorganic N [DIN] and potential net mineralization rate) in both low and high biocrusts cover (n 

= 100). These relationships include the different treatments in this study (control, WA, RE and 

WA+RE), and the data available for 0, 16, 34 and 46 months after the beginning of the 

experiment.  

 

 

Low 

cover     

High 

cover     

  Fungi Bacteria 

Fungal: 

bacterial 

ratio AOB AOA Fungi Bacteria 

Fungal: 

bacterial 

ratio AOB AOA 

Available N 

0.42 

(<0.001

) 

0.20 

(0.07) 

0.32 

(<0.01) 

-0.11 

(0.31) 

0.06 

(0.55) 

0.37 

(<0.01) 

0.24 

(0.02) 

0.29 

(0.01) 

0.04 

(0.70) 0.11 (0.31) 

DIN 

0.39 

(<0.001

) 

0.26 

(0.02) 

0.19 

(0.09) 

0.08 

(0.45) 

-0.17 

(0.11) 

0.35 

(<0.01) 

0.28 

(0.01) 

0.35 

(<0.01) 

0.19 

(0.07) 

-0.24 

(0.03) 

Mineralizati

on 

0.25 

(0.03) 

0.22 

(0.04) 

0.08 

(0.47) 

-0.08 

(0.50) 

-0.20 

(0.07) 

0.32 

(<0.01) 

0.19 

(0.08) 

0.12 

(0.32) 

-0.22 

(0.04) 

-0.06 

(0.60) 
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Table S7. Correlation coefficient (Spearman´s ) between H index and DON, DON:DIN ratio, 

AOB, AOA, ammonium, nitrate and the potential net mineralization and nitrification rates (n = 

20). These relationships include the different treatments in this study (control, WA, RE and 

WA+RE), and the data available for 34 months after the beginning of the experiment separately 

for the low and high biocrusts covers. P values below 0.1 are in bold.   

 

  Low biocrusts cover High biocrusts cover 

Available N 0.46 (0.04) 0.30 (0.17) 

DIN 0.32 (0.17) 0.27 (0.24) 

Mineralization 0.18 (0.43) -0.13 (0.53) 
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CONCLUSIONES GENERALES 

1. El incremento de temperatura  para la mitad del siglo XXI predicho por los 

actuales modelos de cambio climático tendrá importantes efectos negativos 

sobre la cobertura, composición y diversidad de los componentes visibles 

(musgos y líquenes) de las comunidades de costra biológica del suelo (CBS) 

propias de las regiones semiáridas mediterráneas. 

2. El calentamiento no tuvo ningún efecto sobre la composición de las 

comunidades microbianas heterótrofas asociadas a la CBS en la repoblación de 

Pinus halepensis estudiada, si bien en la Estación Experimental de Aranjuez se 

observó un aumento en el ratio hongos: bacterias 46 meses tras el inicio del 

experimento. 

3. El incremento del índice de hambruna de las comunidades microbianas 

observado con el calentamiento está modulado por el grado de desarrollo de la 

CBS y la distancia a los individuos de Pinus halepensis. 

4. El calentamiento provocó un aumento de la respiración del suelo y una 

disminución de la capacidad del mismo de fijar CO2 atmosférico tanto en 

Aranjuez como en Sorbas, particularmente en las zonas con elevada cobertura de 

CBS.  

5.  Los cambios observados en los contenidos de variables relacionadas con la 

cantidad y calidad de carbono orgánico del suelo en respuesta al calentamiento 

en Aranjuez están asociados a los cambios sufridos por la CBS en respuesta a 

este tratamiento. Los datos obtenidos indican que el aumento en el contenido de 

carbono orgánico observado en el suelo 46 meses tras el inicio del experimento 

se debe a la descomposición de los líquenes que forman parte de la CBS. 
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6. El incremento de temperatura promueve el incremento en los valores del Q10 y 

de respiración del suelo en las áreas dominadas por la CBS, especialmente en  

un año húmedo. 

7. El efecto combinado de calentamiento y la exclusión de lluvia, produce 

incrementos similares de respiración  y de los valores de Q10 en las zonas de baja 

cobertura de CBS a los observados en las parcelas de calentamiento en áreas de 

alta cobertura de CBS. 

8.  La disminución de la cobertura de CBS observada disminuirá la capacidad de 

estas comunidades de actuar como un sumidero de CO2 atmosférico en un 

escenario de calentamiento global. Esta disminución puede actuar de manera 

sinérgica con otros efectos del calentamiento, como el aumento en la respiración 

del suelo y los cambios en las comunidades microbianas, para modificar los 

procesos de reciclado de carbono y disminuir los contenidos del mismo en los 

suelos de zonas áridas y semiáridas a medio y largo plazo. 

9. El efecto del cambio climático en las comunidades microbianas y en la CBS, 

afectará negativamente a la resistencia del ciclo del nitrógeno en los suelos de 

zonas áridas y semiáridas. 

10. El efecto negativo del calentamiento y la exclusión de lluvia en las comunidades 

microbianas (incrementando su diversidad funcional) y en las comunidades de 

costra biológica (disminuyendo su cobertura), afectará negativamente en la 

resistencia del ciclo del N en las zonas áridas y semiáridas dominadas por la 

costra biológica. 
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GENERAL CONCLUSIONS 

1. The increase in temperature predicted by current climate change models for the 

middle of this century will have significant negative effects on the cover, 

composition and diversity of visible biocrust communities (mosses and lichens) 

in semi-arid Mediterranean regions. 

2. Warming did not promote significant changes in the composition and abundance 

of the microbial community as whole, as measured by phospholipid fatty acid 

analyses, and of major microbial groups in a semiarid Pinus halepensis 

afforestation. 

3. Warming increased the microbial starvation index through time, a response that 

was modulated by the degree of biocrust development and by the distance to the 

nearest P. halepensis tree. 

4. Warming significantly increased soil CO2 efflux and reduced soil net CO2 

uptake, in biocrust-dominated microsites.  

5. Losses of biocrust cover with warming through time were paralleled by 

increases in recalcitrant C sources, such as aromatic compounds, and in the 

abundance of fungi relative to bacteria in Aranjuez and Sorbas. . 

6. Warming promoted an increase in the Q10 values and soil respiration in biocrust-

dominated areas especially during a wet year. 

7. The combined effect of warming and rainfall exclusion produced similar 

increases in soil respiration and Q10 values in low biocrust cover areas to those 

observed in warmed plots located in high biocrust cover areas. 

8. The dramatic reduction in biocrust cover with warming will lessen the capacity 

of drylands to sequester atmospheric CO2. This decrease may act synergistically 

with other warming-induced effects, such as the increase in soil CO2 efflux and 
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the changes in microbial communities, to alter C cycling in drylands, and to 

reduce soil C stocks in the mid to long term. 

9. Biocrusts promoted the resistance of N availability regardless of climate change 

impacts. However, the dynamics of N availability will progressively diverge 

from their original conditions with warming and/or rainfall reduction.  

10.  Indirect impacts of warming and rainfall reductions on microbial communities 

(i.e. increasing functional diversity) and biocrusts (i.e. decreasing biocrust 

cover) will negatively affect the resistance of N cycle in arid and semiarid areas 

where these organisms are dominant. 
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