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RESUMEN ABREVIADO

El cambio clindtico esta alterando la estructura y funcionamiento de los ecosistemas
terrestreen todo el mundgorovocando importantes cambios en su composicion y diversidad.
Estos efectos soespecialmentesignificativos enlas areasmas sensibles laaumento de la
tenmperatura ylos cambios en los patrones de precipitaciéomo es el caso de las zonas
aridas y semiaridad.a costra biologica del suelo (CBSjomunidad formada por musgos,
liquenes, bacterias, hepaticas, algas y hongos que se desarrolla sobre laesdeksie!d
es uno de los componentes bidticos principales de los ecosistemas aridoguyckEmdonde
ejerce un amplio controkobre multiples procesos que determinan su estructura y
funcionamiento Es por ello que la CBS pued®r usada como modelte estudio para
observar los cambios producidos por el cantimatico enlas comunidadesle zonas aridas
y semiariday en en el funcionamiento @stos ambientes

En elcapitulo | estudiamosomoel incremento de la temperatura y la reduccion de
las preipitacionesprediclos por los actuales modelos de cambio climattectaran da
estructura y composicion de la CB&si como alfuncionamiento de sugrincipales
constituyentes. Para ello evaluamos la respuedtsdiguenes y musgos que forman pdde
la CBS a un aumento deéemperatura de&2.4°C y a una reduccion darecipitacion de
aproximadamente urB0% en la precipitaciones anualadilizando un experimento
manipulativo de campaituado en Aranjuez (Madrid) El calentamiento provocé una
importantedisminucdn dela riqueza y diversidad de las comunidades de @BS afos
después del comienzo del experimegnolas areas con alta coberturaGRS. Esta respuesta
se debio fundamentalmente adsminucion de la cobertura de liquenga que en los
briofitos se encontré una tendencia al aumento de su cobertura con el calentanflento
altimo se dservoun incremento en ahdice Fv/Fmde la CBS durante el primer afio de

calentamientoque nos indicaria una mayor eficiencia del proceso fotosintétida @8S



durante este afio. Este patrén s® encontrésin embargo,ante la disminucién de la
precipitacion.

En elcapitulo 1l evaluamos la respuesta de las comunidades microbianas asociadas a
zonasde alta cobertura dEBS al incremento de temperatura préxticpor los modelos de
cambio climatico. Para ello realizamos un experimento de campo de calentamiento (2°C de
incremento) en unaepoblacion dePinus halepensisituada en Sax (Alicante), dde
evaluamos la respuesta de las comunidadeSBfey microbianasa dicho incrementale
temperatura. Como en el capd anterior, observamos que el calentamiento provocoé
importantes reducciones en la riqgueza y cobertura de las comunidades de costra bioldgica 52
meses después del inicio del experimento. Sin embargmbservamos ningun efecto
significativo del calentamiento en las comunidades microbianas en su conjunto ni en los
principalesgrupos funcionale@Gram +, gram, hongos, actinomicetes, bacterias totales, ratio
hongos:bacterias). Ecalentamiento aument6 eindi ce de Ahambrunao de
microbianasuna respuesta modulada por el nivel de desarrollo de la CBS y la distancia al
individuo deP. halepensisnas cercano.

En el capitulolll analizamos el efecto del calentamiento y la reduccion de la
precpitacion sobrdas comunidades de costra biolégaados zonas da Peninsulalbérica
(Aranjuez ySorba$, y el efecto directo e indirecto de dichos cambios en el ciclo del carbono.
Para ello se replicel experimentsituado en Aranjuegn SorbasAlmeria). El incremento de
la temperatura provocé incrementos significativoslamespiracion del suelg redujo la
fijacion neta de C@en el suelo enaquellas areas dominadasr la CBS. Ademas, se
observaron que lagérdidasde cobertura de CBS debidas alemtamientcose relacionaban
directamente con importantgerementos de C recalcitrante en el suelogryel aumento de

la abundancia de hongos respecto @dhbacterias.



En elcapitulo IV se evaluimasen detalle el efecto del incremento de tempeaayur
la reduccion de la precipitacion en la respiracion del suekranuez Paa ello evaluamos
el efectode [aCBS, del incremento de la temperaturdela reduccionde la precipitacion en
la dinamicade la respiracion del suelo emn afio seco (2009) gtro humedo Z010. La
respiracion del suelo fue sustancialmente menor en el afio seco respecto al humedo, siendo a
Su vez siempre mayoritaria en las zonas sometidas a calentamiento y con alta cobertura de
CBS Tambiénobservamse que 1aCBS moduléel efecb de la reduccidon de la precipitacion
en la cantidad de C emitido, siendo éste measpecto a las zonas controles en aquellas
parcelascon poca cobertura deBS, y mayor en las de alta cobertura. De manera global se
observé gue el incremento de tempamaincrementaba las tasas de respiracion del suelo, los
valores de @y las emisiones anuales de C a la atmosfera en las zonas de alta cobertura de
CBS, especialmente durante el afio humedo.

En elcapitulo V se anali la respuesta del ciclo del N a un anto de temperatura
de 25°C y a una reduccién de precipitacion de aproximadamente 086 én la
precipitaciones anuales utilizando el experimento manipulativo de campo situado en
Aranjuez También evaluamos como leambios en las comunidades microbianasnyel
desarrollo de la CBS fruto da manipulacion experimental pden tener efectos directos o
indirectos erdicho cicla Se observd que la dinamica del nitrogeno wareen funcion del
calentamiento y la reduccion de la precipitaciési como que incementos en la diversidad
funcional de las comunidades microbianata seduccion en la cobertura de costafectaba

negativamente a la resistencia del ciclo del nitrogeno.






SUMMARY (ENGLISH VERSION)

Climate changeis profoundly impactingthe structue and functioning of terrestrial
ecosystems wonlgide, causing significant changes timeir composition and diversity. These
effects are especially significant in those argmsticularly sensitiveto increases in
temperature and changes in precipitatiattgrns such as arid and setarid areasBiocrusts

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 infiltrBimrusts

can be used as a modgystemto observe changes caused by climate change in these
commurities and consequently in ecosystem functioning.

In Chapter I, we used a manipulative experiment conducted over three years in a
semtarid site from central Spain to evaluate how the composition, structure and performance
of lichendominatedbiocrustsrespnd to a 2.4 °C increase in temperature, and to a ~30%
reduction of total anral rainfall. In areas with wetlevelopediocrusts warming promoted a
significant decrease in the richness and diversity of the whotgustcommunity. This was
accompanied Y 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 commurity, evaluated using chlorophyll fluorescence, increased with warming
during the first year of the experiment, but did not respond to rainfall reduction

In Chapter 11, we report results from a field experiment conducted in a semiarid
Pinus halepensisfforestation from SE Spain, where we have experimentally increased
air/surface soil temperature by 2/3°C using open top chambers in areas with and without a

well developed biocrust community dominated by lichens and mosses. Warming promoted



important reductios in the rthness and cover (~45%) of welkveloped 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 phospholipd fatty acid analyses, and of major microbial groups (Gram +, Gramfungal,
actinomycetes, total bacterial, fungal:bacterial ratio). Warming increased the microbial
starvation index through time, a response that was modulated by the oédrEerust
development and by the distance to the ne&elsalepensisree.

In Chapter Il , we analyzed theeffect of warmingand reducedorecipitation on
biocrustcommunitiesand the carbon cycie two areas othe Iberian Peninsul@ranjuez, in
Madrid, andSorbas, in Almeria). We found thah average increase of air temperatureiof 2
3°C promoted a drastic reduction in biocrust cover (~ 44% in four yewfayming
significantly increased soil COefflux and reduced soil net GQuptake, 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 biost developmentpporly developed
biocrust communities with cover < 25% vs. well developed communities with cover y 75%
increased air temperature (~2.7°C of average increase vs. control) and decreased precipitation
(~33% reduction vs. control) on soil spiration 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 considere@/arming 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 biocrustominated microsites during the dry and wet year, respectively.
Overall, warming increased soil respiration ratgs ¥adlues and the annuamission of C to
the atmosphere in biocrudbminated 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 howvarming (ambient vs. ~2.5°C drease), rainfall
reduction (ambient vs. ~30% reduction of total annual rainfall)ancrust cover(incipient
vs. welldeveloped biocrusts) affect the resistance of multiple variables linked to soil N
availability (available N, inorganic N and mineralipa rates). We alsevaluatedindirect
impact of climate changes on N cycle resistance throughout soil microbial communities (e.qg.
functional diversity) andiocrustcover.Biocrusts promoted the resistance of N availability
regardless of climate changenpacts. Howeverour 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 reductionson microbial communities (i.e. increasing functional diversity) and

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






INTRODUCCION

Durante lagiltimasdécadas, sestaproduciendo a una velocidad sin precedsnin cambio
climatico a escala global que esta influyendo directa e indirectamente en la estructura y
funcionamiento de muchos ecosistemas terrestiedHpueroun 1996, Maestet al 2012,
McCarty 2001, Waltheet al 2002,201Q Crameret al 200). El incremento global de
temperatura es uno de los mas claros ejemplos del cambio climatico y a la vez uno de los mas
estudiados por la comunidad cientif(€&ai 2012,Feng & Fu 201R De acuerdo con el Panel
Internacional de CambiGlimatico (IPCC), desde 18 hasta2012 las temperaturas globales
han aumentado de media ®8FIPCC 2@3), siendo a partir de 1995 los afios en los cuales
se han alcanzado los maximos incremen®semperatur@PCC 2A.3). Este calentamiento
ademasaltera en gran medida los pates globales de circulacion atmosférica y los ciclos
hidrolégicos, modificando por tanto los regimenes de precipitacion regional (IPGE 200

dia de hoy, un elevado numero de investigadores ha dirigido sus esfugeatas@e entender

los efectos deede calentamient@n la fenologia y dindmica de las comunidades terrestres
(Visseret al 2005, GonzaleMegiaset al. 2012 Pefiuelagt al 2013. Ademas,numerosos
estudiosbuscana su vezcomprender @mo los cambios en los patrones de precipitacion
previstos por los modelos de camisioméatico afectara a dichas comunidadd¥Veltzin et al

2003. Es por ello queel estudio de cémo los organismos responderan al cambio climatico
debea considerar los cambios en temperaturay en los regimenes de precigitan,
especilmente en aquellos ecosistenggislos que la precipitacion es escasa e impredecible,
como son las zonasidasy semiaridagMaestreet al. 2012) Ya que, ocupan mas del 41% de

la superficie terrestre y son el hogar del 38% de la poblacioratnofreciendo ademas
servicios ecosistémicos criticos para el mantenimiento de la vida en la tierra (Maedtre

2012).



La costra bioldgica del suelo en ambientes semiéridos: caracteristicas y papel fuahcion

Una de las comunidades bidticas mas irtgrdes y que ha despertado mayor interés entre los
investigadores en las ultimas décadas, es la costra bioldgica del suelo (conocida como CBS o
BSC por sus siglas en ingléedpbrmada por laasociacion entre las particuldel suelo,
cianobacterias, algaspngos, liquenes, hepaticadricfitos (West 1990Belnapet al. 2001,

Belnap & Lange2003. La CBS esta ampliamente distribuida en muchos tipos de suelo y en
casi todas las comunidades vegetales donde la luz pueda alcanzar la superficie del suelo
(Belngp 2006), aunque es particularmente dominante en ambientes de baja productividad
como las zonas aridas, semiaridas, alpinas y polares (Cameron & Blank 1967; Elaglstre

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

La CBS esta presente en casi toldaseceregiones aridas y semiaridas 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[20@3).
amplia distribuciérgeograficasurgio lanecesidad en la comunidad cientifica de incrementar
el numero de estudios en cuanto a su distribucion global, composicién, fisiokfgicos en
los ecosistemas en los que esta presente, particularmente en aquellas regiones en las que
tradicionalmente m ha sido estudiada (como Espafia, China y América Latina, Magstre
2011, CastilleMonroy & Maestre 201,1Bu et al 2013.. Asi, se ha comprobado gee los
ecosistemas aridos y semiaridos la CBS contribuye a fi@Oely el nitrégencatmosférico
(Housmanet al. 2006, Belnap2002, controla la disponibilidadde nitrégenoy sus
transformacioneen el suelo(Bargeret al 2013, CastilloMonroy et al. 2010, Delgado
Baquerizoet al. 2010, favorece la estabilidad de los suelos contra la erd€ibaudhary et
al. 2009, modula la infiltracion y la escorrentildridgeet al. 2010, Chamizet al 2012 y

afecta a la abundancia y comportamiento de las comunidades microflatess & Garcia
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Pichel 2009, Castilldonroy et al. 2011), de artropodogNeheret al. 2009 y plantas

vascularegDe Falcoet al. 2001, Greert al. 2008 Luzuriagaet al. 2012.

La costra biologica y el cambio climatico

Debido a que los organismos de la costra bioldgica sajuipohidricos, su metabolismo y
funcionalidad fsiologica es altamente dependiente de la temperatura y humedad ambientales
(Langeet al 1998, Pintadcet al. 2010). Es por elloque cambios en la temperaturdog
patrones de precipitacipcomo losprevistos por los actuales modelos de cambio climatico
para las zonas semiaridas espafiolas (De Catsla?005) afectaran directaiadirectamente
a la dinamica y funcionamiento de las comunidadeSRi& Actualmente, son humerosos los
trabajos realizados destinados a investigaracva a ser la respuegta la CBS a cambios en
una u otra variable ambientasi, en ambientes aridos del suroeste de BB, donde la
mayor parte de las precipitaciones ocurren durante el verano, se estan llevando a cabo varios
experimentos de campo (Belnap al 2004, Zelikoa et al 2012, Reecet al. 2012) que
muestran como incrementos en la frecuencia de estas precipitaciones afectara negativamente
al funcionamiento de las costras biolégicas dominadas por muEgtss autores han
comprobado que estas comunidades en respueeste cambio ambiental, reduciran su
cobertura y seran remplazadas por comunidades de cianobadkriasta misma region, se
esta estudiando asi mismo como va a ser la respuesta de la CBS a incrementos de temperatura
de aproximadamente 2°C de me@alikovaet al. 2012, Ree@t al 2012).Hasta la fecha, no
han encontrado efectos importantes en el desarrollo y fisiologia de estas comunidades a este
incrementoOtros estudios sestan realizando en Sudafriddaphangwaet al 2012 2013 y
China Raoet al2009 .

Si bien estudios como los mencionados en el parrafo anterior estan aumentando

notablemente nuestro conocimiento sobre como el cambio climatico afectard a la CBS, hasta
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la fecha muypocos estudioban evaluado como los cambiostemperaturay precipitacion

afectan de modo simultaneo a los componentes mgaracroscopicos de la CBS, y a los
procesos ecosistémicos que dependen de los mig&a@®r ello que en esta teses utiliza la
CBScomo unsistemamodelo atilno so6lo para ver como eambio climatico afectara tanto a

la CBS como a los procesos ecosistémicos que dependen de ella, como los ciclos del carbono
y del nitrégeno, sino para evaluar la capacidad que tienen las comunidades bioticas de

modular la respuesta de los ecosistemassiaddicho cambio

12



OBJETIVOS

El objetivo principal de esta tesis festudiarlos efectos del cambio climatico tanto en la
costra bioldgica del suelo (CBS) comowariables clave de los ciclos de carbono y nitrégeno
que dependen de ellasi como el gzl de la CBS como moduladora de la respuesta de
dichas variables al cambio climatico

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

1. Estimar los principales efectos del cambio climatico sédwecomponentes visibles
(musgos Yy liguenegje la CBS en términos de cobertura, rigueza y comportamiento
fisiol6gico, asi como sobre la abundancia y composicibn de las comunidades
microbianas heterotrofas asociadas a la.CBS

2. Evaluar comdos cambios en los componentes visibles lad€BS inducidos por el
cambio climatico afectaran a las comunidades microbianas heterétrofas asociadas a la
CBs

3. Analizar como el cambio climatico afectara a procesos clave del ciclo del carbono
(respiraciéon del suelo, intercambio neto de,@@ontenidosen el suelo de distintas
fracciones de carbono organico), evaluando el papel modulador de la CBS en dichos
cambios.

4. Estudiar como la CBSafecta la respuesta de la respiracibn a cambios en la
temperatura y humedad del suelo bajo un escenario de cambéiadirenun afio
seco y otro himedo

5. Estimar los efectos del cambio climatisobre variables clave deiclo del N y su
dinamica, asociandatoa su vez alas transformacionesn las comunidades

microbianay en [aCBS inducidos por dicho cambio

13



METODOL OGIA

Todos los materiales y métodos estan descritos de forma detallada y con sus respectivas
referencias en cada uno de los capitulos. Sin embargo, a continuacion se presenta un breve
resumen de los métodos utilizados.

Areas de estudio

Lasareasde estudd de estdesisdoctoral(Fig. 1) se encuentran localizadas en tres puntos de

la geografia espafiottuadosa lo largo de un gradiente de aridez. tapitulosl, 1, IV y V

fueron realizdos en el centro de I®eninsulalbérica, en la EstacioiExperimemal de
Aranjuez, situadaendico muni ci p3%37 & W;0 US0R0 NEI capéauloadllifuei t ud) .
asi mismo replicado en Sorb@gsdmeria, 3 7 UOSWMN4 6 W;  &titud). Pon otich parte

el capitulo Il se desarrdllen una repoblacion dPinus halepens situada erSax (Alicante
38U0U3@WAN9 6 W; @lbtdl). odad éas zonas experimentales presentan un clima
Mediterranesemiarido, con precipitaciones medias de 349, 315 y 274emAranjuez, Sax

y Sorbas respectivamente. La temperatura medid eauwd®e unos 15°C enrdnjuez y Sax, y

17°C en Sorbas, con pronunciada sequia estival de junio a septiembre, e ifisi@Esnos
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Aranjuez (Madrid)

Sax(Alicante)

Sorbas Almeria)

Figura 1. Localizacion general y vista de las parcelas experimentales empleadas en la tesis.

Los suelos de las tres zonas estudio presentan valores de gdfcanos &, y son
clasificados segun la IUSS (2006), como Leptosoles Yesiferos. La cobertura de plantas
perennes es inferior al 40% en el caso de Aranjuez y Sorbas, y esta dominada por el esparto
(Stipa tenacissimay atbustoscomoHelianthemun squamatu(h.) Dum. Coursy Gysophila
struthiumEn el caso de Sax, la vegetacidominante es una repoblacion Eehalepensis
que fueron plantados en 1950, y que contiene ademas en su sotobosque $8parto (
tenacissima) arbistos pequefios comd. squamatuny Anthyllis cytisoidesEn todos los
sitios de estudio los espacios abiertos entre la vegetacion se encuentran colonizados por
comunidades de costra biologicel suelobien desarrollaahs, que estardominadas por
liguenes cmo Diploschistes diacapsidch.) LumbschSquamarina lentiger@/Neber) Poelt,

Squamarina cartilaginegaFulgensia subbracteatdNyl.) Poelt, Toninia sedifolia(Scop.)

15



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

Pleurocha¢e squarrosgBrid.) Lindb.y Didymodon acutuéBrid.) K. Saito.

Disefio experimental
En las zonas de Aranjuez y Sorbas, se establecié un disefio experimental factorial completo
con tres factores, cada uno con dos mselcobertura de costigiologica (suelos con
cobertura de CBS < 20% \suelos con cobertura de CBS > 50%), calentamiento (control vs
aumento de leemperaturaen 2.4°C), exclusion de lluvia (control vseduccion dain 30% de
la precipitacion). Diez y ocho replicas por combinacion deniatatos fueron establecidas en
Aranjuez y Sorbasrespectivamenteresultando finalmente un total de 80 y 64 parcelas
experimentales. En todos los casos, entre parcelas se dejo una distancia minimaata 1
minimizar el riesgo de muestreareasno indgendienteslebido a la estructura espacial a
pequefia escala que presentan tanto la CBS como los procesos que dependen de ella en areas
como las estudiadas (Maeséteal 2005, DelgaddBaquerizoet al 2013) En el caso de Sax
se utilizé el mismo disefio gerimental pero sin el tratamiento de exclusion de lluSa
establecieron diez replicas por combinacién de tratamientos, obteniéndose un total de 40
parcelas experimentales.

El experimento de Aranjuez se inicio en 2008stalandoselas estructuras de
cdentamientoy de exclusién de lluviaen julioy noviembrede dicho afio, respectivamente
Los experimentos de SaxSorbasfueron completamente instalad@n febrero de 2009 y
mayo de 2010yespectivamente

El tratamiento de calentamiento pretende simeillancremento medio de temperatura
previsto por los modelos de cambio climatico para la segunda parte del siglo XXI en el centro
de la peninsulédDe Castroet al. 2005) Esto es, un incremento de aproximadamente 2.6° a

2.8°de media respecto a las temperas actualeRara ello se construyeron unas campanas
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de calentamiento (Open Top Chambers, OT@)ricadascon placas de metacrilato, que
mantuviesen las caracteristicas de la luz visible que incidiese en nuestras parcelas. Las
dimensiones de cada ptatueron: 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 sdgtementos de temperatura

excesivogFig. 2).

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

La reduccién en la precipitacion incidente prevista por los modelos de cambio
climaticoenlas zonasestudiadasestasujeta a un alto grado de incdrtimbre(Weltzin et al
2003) La mayoria de los modelos hablan de reducciones de las precipitaciones de entorno al
10 y el 50% del total de precipitacién recibida durante la primavera y el (iefiGastroet
al. 2005) Para simular estas condiciones,af@hos casetas de exclusion ldeih basadas en
el modelo de ‘¥hdjian & Sala (2002). Cada caseta ocupaneade 1.44 (1.2 x 1.2 m) y
tiene una altura media de 1m. Los techos de cada una de ellas estan compuestos por tres
canalones de metacrilato, camna inclinacion de 20° que cubreen su totalidad

aproximadamente el 37% de la superficie del suelo. Cada canalén se encuentra conectado
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medianteuna manguera a una garrafa donde se recoge el agua exthsdaasetas de
exclusion de lluvia no modificala frecuencia de los eventos de lluvia, sino que reducen el

tamafo de cada evento de lluvia individ(iag 3.).

'

-
&

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

En cada parcela de muestreo, antes de laalatsdn de las estructuras de
calentamiento y exclusién de lluvia, se instalaron anillos de PVC (20 cm de diametro y 8 cm
de alto) que fueron enterrados 5 cm en el suelo. Adicionalmente se pusieron sondas de
temperaturddiodos de temperatura enterradosn2 en el sueloy humedadsondas 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 respiracion del suelo.

Medidasdela costra biolégicay variables del suelo

En cada parcelaxperimentalse midd la composicion 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 Blesesn Sorbas, y 16 y Ghesexn Sax)dentro de los anillos de

PVCinicialmente instalados

18



En el capitulo | se estimé la composicion de la comunidad de CBS gracias a un
muestreo por puntos realizado conauadrado de muestreo @@ x 10 cm {amafio de malla
de 1 x 1 cnp obteniendo un total de 120 puntos de muestrecagia anillo. Con esta
informacion se pudo estimar la coberturdgueza, diversidad y equitatividade los
componentes visibles (musgos y liquenes) deB&. Ademasen este capitulo se realizaron
medidas de comportamiento fisiolégico de la CBS mediamtenédida del maximo de
eficiencia fotoquimica del fotosistema Il (Fv/FriMaxwell & Johnson 2000 con wn
fluorimetro de pulso modulado (FMS 2 Pulse Modulate Chlorophyll Flurometer, Hansatech
Il nstruments Lt dEstakneddg fiesrealizgtentoparaldl ¢ojnunidad en su
conjuntocomopara las especié€diploschistes diacapsis Squamarina lentigera

En elcapitulo Il se estimda composicién de la comunidad de CBS y su cobertura
utilizando fotografias de alta resolucion, de manera que en cada @milPVC, pudimos
digitalizar y estimar el area ocupada por los liquenes y los musgos. Por otra parte ser
realizaron andlisis de microbiologia utilizando la técnica de PLf{A®spholijps fatty
acidg, en las muestras de suelo extraidas en cada pémweta del anillo de PVQ) los 16 y
52 meses desde el inicio del experimento. La técnica de PLF#\desstrita con mas detalle
en el apartado de metodologia del pragapituloll.

En elcapitulo 1l se estind la composicion de la CBS de la misma manem eu el
capituloll, y se realizaron medidas de flujo de £€ada mes a cuatnmeses en todos los
anillos e muestreo. Para ello se utilimd medidor de respiracion del suelcCOR 8100
(Automated Soil CQ Flux System, LHCOR, Lincoln, NB, USA. Por otraparte, se midio
también el intercambio neto de g€@ediante un medidor £6400 (nfrared gas analyzer, L.
COR, Lincoln, NB, USA) cada 2 meses desde septiembre de 2010 a falw@@12 en 4 8
parcelas por combinacion de tratamiento elegidas al @&zhcionalmente se realizaron

analisis en las variables de ciclo del Cdi@anicq fenoles, compuest@omaticos hexosas

19



y actividad de lab-glucosidasa) y del contenido en hongos y bacterias de las muestras
recogidas en cada parceltlizando las metodologias de laboratorio descritas con detalle en
el capitulo Il

En elcapitulo IV se utilizaron los datos de medida de respiracion del sidémidos
en el capitulo Ilparamodelizar las relaciones entre esta variable y la humedad y temperatura
del suelo en un afio hidrolégicamente seco (2009) y otro humedo).(20b0 esta
informacion, se puedo estimar ademas la respiracion anual teoOricdaesni cada parcela en
funcion del tratamiento evaluado.

En elcapitulo V se midié la disponibilidad de amonio y nitrato utilizando resinas de
intercambio iGnico. Esta técnica minimiza la perturbacién del suelo, y facilita el muestreo
intensivo en las zas préximas a los anillos de PVC a lo largo del afio. También se midieron
variables de nitrégendalisponible nitrdgeno potencial nitrdgeno inorganico disuelto,
nitrogeno de la biomasa microbiapda diversidad funcional de la comunidad heterotréfica
microbiang de las muestras de suelo recogidas en cada patitiglendo las metodologias de

laboratorio descritas con detalleleacapituls1ll y V.

Andlisis estadisticos

Los datos de loscapitulos I, Ill, IV y V se analizaron utilizando analisis de amazia
(ANOVA) de medias repetidas. Los capitulos I, Il y V se analizaron también utilizando una
aproximacion seraparamétrica (PERMANOVA). Asiismqg en los capitulos Il y IV se
utilizaron andlisis de regresion, y en el Il y V andlisis de correlacionesulffao en el

capitulo V se trabajé ademas con modelos de ecuaciones estructurales.
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ESTRUCTURA DE LA TESIS

Para cumplir losobjetivos de esta tesis doctoral, la misma ha estructurado esinco
capitulos que han sido escritos en inglés para su publicaai revistas cientificas de ambito

internacional. A continuacion se presenta un breve resdaleontenido de los mismos

Capitulo I. Warming reduces the growth and diversity of biological soil crusts in aaedi
environment: implications for ecoggm structure and functioning

Este capitulo estad dedicado a estudiar el efectaaimbio climaticosobre la composicion,
estructira y funcionamiento de laostra bioldgica del sueloCBS) en un ecosistema
semiarido del centro d&spafa(Aranjuez) Para db se llevo a cabo un experimento
manipulativo de campo, de calentamiento y exclusién de lluvia. Los resultados de este

capitulo han sido publicados Bhilosophical Transactions of the Royal Society

Capitulo 1. Warming reduces biocrust cover and divstsbut has limited effects on
associated microbial communities, in a semd Pinus halepensis afforestation

En este capitulo se evalla el efecto del calentamiento predicho poodesosmde cambio
climatico, enlas comunidades microbianas asociadagoaas dominadas por la costra
bioldgica en unambiente semiaridfvuto de reforestacion cdhinus halepensien el sureste

de laPeninsulabérica(Sax) Estecapitulose encuentra en fase de preparacion para su envio

aPlant and Soll

Capitulo Ill. Changes in biocrust cover drive carhocycle responses to climate change in
drylands
En este tercer capitulo analizamos el efecto del cambio climéatico en el ciclo del carbono de

dos zonas de marcada aridez eRdainsulabérica (Aranjuez y Sorbas). Paraoetle replicd

21



el experimento manipulativo de cambio climatide Aranjuezen Sorbas Almeria) y se
analizaron los efectos del mismo en la respiracion e intercambio neto ddelC€delo,asi
comoen las comunidades de hongos y bacterias. Los resultadagedeapitulo han sido

publicados erslobal Change Biology.

Capitulo IV. Biocrustsmoduate warming and rainfalexclusia effects on soil respiration in

a Mediterranean grassland

El cuarto capitulo estudia el efecto de la CBS y el efecto del calentargiextdusion de

lluvia predichos por los actuales modelos de cambio climatico en la heterogeneidad espacial y
temporal de la respiracion del suedm un ecosistema semiarido del centro de Espafa
(Aranjuez) Asi mismo también se elabora un modelo de respmaébasado en la temperatura

y la humedad del suelo, y se analizanoda CBS modula las relaciones entre la respiracion

del suelo y estas variables. Este capitulo se encuentra en fase de preparacidon para su envio a

Soil Biology and Biochemestry

Capitulo V. Direct and indirect impacts on microbial and biocrust communities alter the
resistanceof N cycle in drylands soils.

En estecapitulose analizéel efecto del incremento de la temperatura y la reduccién de la
precipitacion en el ciclo del nitrégersm un ecosistema semiarido del centro de Espafia
(Aranjuez) Asimismq se evalaron los efectos directos e indirectos en dicho ciclo derivados
de las transformaciones en las comunidades microbianas y la CBS inducidos por el cambio
climatico. Este capitulo es encuentra en fase de preparacion paranvio aJournal of

Ecology
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ABSTRACT

Biological soil crusts (BSCs) are key biotic components of dryland ecosystems worldwide
that control many furtonal processes, including carbon and nitrogen cycling, soll
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 andcomposition of BSCs, and the functioning of their constituents. Using a
manipulative experiment conducted over three years in aagsite from central Spain, we
evaluated how the composition, structure and performance of {titremated BSCs respond

to a 2.4 °C 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 impartanpositional
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, evaluatathushlorophyll 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 communitieas well as their recovery after disturbancébe
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 reduon in ecosystem processes that sustain and control nutrient cycling,

soil stabilization and water dynamics

Keywords: climate change, lichens, mosses, biological soil crusts, Mediterraneargrsgemi
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INTRODUCTION

There is ample scientific consensusttlbagoing global environmental change (hereafter
global change), which is promoted by multiple drivers (éngreases in atmospheric carbon
dioxide [CQ)] concentration, changes @limate and nutrient deposition, and in land use), will
profoundly impacthe structure, dynamics and functioning of terrestrial ecosystems, affecting
a broad range of organisms [reviewed i¥5]1 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 [se@ tbr reviews]. Overall, the rate of warming during
the last 100 years (19805) has been approximately of 0.74°C, with most years from 1995
ranking among the warmest years since the establishment of meteoralegicdk [3]. As a
conseqguence, important changes in the phenology and distribution of organisms, and in the
composition and dynamics of communities are being documented in terrestrial ecosystems
worldwide [710]. In addition, climate change will promotenportant modifications in
rainfall patterns, such as the overall reduction in rainfall amounts and the increase in its
intensity in many regions worldwide [311-13]. These rainfall changes can modulate the
ability of plants and microbes to respond to wiagn[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 endinments 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, dategiab
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and lichens that live in the uppermost millimeters of the soil surfacelQlL7They 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 functiordes, as they contribute

to atmospheric carbon and nitrogen fixation-g&], control nitrogen mineralization and
availability [24,25], stabilize the soil against erosion [26], and modulate infiltration and runoff
processes [27,28]. In addition, theyfemt 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 temperatg. 3436]. 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 considerableigorof 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 licherdominated BSCs, leading to aduction in their cover and to a replacement of
these communities by cyanobacteria [37,39,40]. Interestingly, experimental increases of
temperature up to 2°C in this region had negligible impacts on the development and
physiology of these communities [39]4although 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@O0 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
souce for BSC constituents [42,43]. For example, Pintatlal [36] found that the BSC

forming lichenDiploschistes diacapsigAch.) Lumbschcommon across a setarid site from
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SE Spain, was active only during the 20% of the year that experienced dewjalaf44
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 BS@&ming lichens are active. CastdiMonroy et al [45]

found that, over a 3.5 year period, soil £€¥flux rates in licherdominated BSCs were
significantly higher than those found in bare ground areas devoid of BSCs in-argksiie

from Central Spain, and that the rate of increassoihrespiration in response to increased
temperature @,0) augmented with the degree of cover and development of BSCs. Similar
results have been observed by Maestral. [46], who reported a significant increase in soil
respiration in BS&@ominated miarsites, but not in bare ground areas, in response to a 2.4°C
experimental increase in temperature. Although these authors did not measure changes in the
BSC constituents themselves, their results suggest that ongoing increases in tempirature
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, pradiixgt and the buildup of nutrient pools
[47,48]. Other studies have found that the functional redundancy off@8lhg species is
very low [49,50]. Overall, these results indicate that maintaining speciesBSC
communities is crucial to maintain theesall 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 rainfalenscial to fully understand how ongoing
climate change wilimpact the structure and functioning of drylan@dservational 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 annudlirainfa

drylands from Australia. Studies carried out along a Namil8anth 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 deandl 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 drtexture [20,41], often ewary 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 ecosystes [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 horvertifiéimate
change drivers could affect BSCs by carrying anotexperiment in central Spain. In this
experiment, we evaluated responses of the BSC community and its main constitae# to
°C increase in temperature, and to a ~30% reduction of totalahmrainfall, climatic
conditions that mimic thostrecasted for the last half of the*2dentury in our study area
[58]. Specifically, we tested the hypothesis that the transition to a more arid climate will
reduce the physiological performance of BS@s 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 redut 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
| berian PeniiBdul3&®2 6(W4 0 (5® ZbmaiN is Meditertanepn. serarid) e

with a mean annual temperature and rainfall of 15°C and 349 mm, respectively (Aranjuez
Met eorol ogicali 3l a3 2dw,;, 5HDW0m@daNs. | .-1988aver ag
and 19972011 periods). The soil is deriveldlom gypsum, and is classified as Xeric
Haplogypsid [60]. Perennial plant cover is below 40%, and is dominated by the tussock grass
Stipa tenacissim&. and the shrubblelianthemum squamatu¢h.) Dum. CoursandRetama
sphaerocarpall.) Boiss. The open aas between perennial plants are colonized by-well
developed BSCs dominated by lichens suchDgdoschistes diacapsig¢Ach.) Lumbsch,
Squamarina lentigera(Weber) Poelt, andFulgensia subbracteafamosses such as
Pleurochaete squarrosdBrid.) 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. welleloped
communities with cover > 75%), warming (control vs. a 2.4°C annual temperature increase)
and rainfall exclusion (control vs. a ~30% rainfall reduction in total annual rainfall). The
working plots (1.2 m x 1.2 m) were randomly placed either ar geound (8.6% + 0.8 of

BSC cover; mean = SB,= 40; hereafter Bare plots) or BSfominated (73.8% + 1.7 of BSC
cover; mean = SH) = 40; hereafter Crust plots) microsites. A minimum separation distance

between plots of 1 m was ensured to minimize thlke of sampling nofndependent 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 tonsilate the average of predictions derived from six
AtmosphereOcean General Circulation Models for thecond half of the Zlcentury (2040
2070) in central Spaifb8]. These models predict an increment of annual temperature ranging
from 2.6°C (B2 IPCCcenario) to 2.8°C (A2 IPCC scenario). This increment ranges between
2.1°G2.3°C during winter months (B2 and A2 scenarios, respectively) and-3.2°C during
summer months (B2 and A2 scenarios, respectivdlg).achieve a temperature increase
within this range, we usedpen 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 spectriarvand
low emission of the infrared wavelength, using a hexagonal design with sloping sides of 40
cm x 50 cm x 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 sudaa&w 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 sigrdint 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 foecasted, we set up passive rainfall shelters (RS) based upon the design
described byrahdjian & Salg[62]. Each RS has an area of 1.44 (th2 m x 1.2 m), and a
mean height of 1 m. Each roof has an inclination of 20° and is composed of 3 gutters of
methacylate 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 inegibas rand
to strongly affect BSC functioning and dynamics-f8, 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 ofthe 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 thetsip 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 conamity (mosses and lichens) in June 2008 and May 2011 using
the pointsampling method (1 x 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 Shatman  di ver sity index [63]), and evenn
assess the changes in these variables through time, we estimated a difference index (Dif) as
Rina- Rinitiai, Where R is the value of the variable of interest in May 2011 (final) and J

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 lagimaing 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 s destigera

andD. 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 photosystenfAv/Fm)as an overall indicator of
the status of this photosystem, and as a measure of the efficiency of the phetasynth
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
FIl uorometer (Hansatech I nstruments Ltid, Kin
moment of the day areommonly 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 (Appendixef) BSC
forming lichens are physiologically most active in environments such as studiedry&6in
was calculated as the ratio between the variable (Fv) and the maximum (Fm) fluorescence
signal. Lichens were dark adapted for 30 minutes prior to measnteiny using dark cloth.
Fluorometer measurements were made in six replicated plots per combination of treatments
for the whole community, and f@&. lentigeraand D. diacapsis Six measurements per plot

were taken in all cases, which were averaged fohdén 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 casdwis] 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 perratibn tests to obtaip 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 t@analyze our data. To investigate higloeder 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 obtaing 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), edirgxclusion (RE)
and Year (2008 or 2011) as fixed factors. Prior to these analyses, which were carried out
using the BrayCurtis distance, we squareot transformed the data. As an additional
interpretive tool, we determined individual species contidimst to average Bra@urtis
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 observéfdrdnce in abundance between the
two years.

Seasonal Fv/Fm data were analyzed by a thwae (WA, RE and Time) ANOVA
with repeated measures of one of the factors (Time). Analyses were carried out separately for
the whole BSC community§. lentigeraand D. diacapsis Community ands. lentigeradata
did not follow the sphericity assumption (Mauchly’s test < 0.@18,0.011), and thus we
used the Greenhous$geisser estimate to evaluate the significance of witkuibjects tests in
both cases [72].

PERMANOVA analyses were carried owith the PERMANOVA+ for PRIMER
statistical package (PRIMER Ltd., Plymounth Marine Laboratory, UKSIMPER and
RepeateeMeasures ANOVA analyses were carried out using PRIMER and SPSS v. 15 (SPSS

Inc, Chicago, IL, USA), respectilye 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 peticour warming treatment promoted an average increase of
2.4 °C and 2.7°C per year in air and soil temperatures, respectively (Appendix 5). Such an
increase was patrticularly evident during summer, with increases in daily averages in OTC
plots relative tacontrol plots higher than 3°C + 0.44 and 4°C + 0.87 (means + SE) in air and
soil temperatures, respectively. During winter months, such increases were of 1.5°C + 0.18
and 1.7°C + 0.16 (means + SE) for air and soil temperatures, respectively. Rainfafisshelt
did not substantially modify air and soil temperatures, as differences in annual temperature
between control and RS plots were below 0.4°C on average. These shelters were effective in
reducing the amount of rainfall reaching the soil, as they exclhdedeen 7% and 50% of

the incoming rainfall depending on the evenB0% 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 = 0.022,figure 1la, 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 ly a significant WA x BSC interactiomp & 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 1la, PERMANOVA, ka = 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,#a = 5.29,p = 0.029). Overall, we found no significant
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effects of RE, although a marginally significant RE x BSC interaction §.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).
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Figure 1. Differences inthe total cover of the whole BSC community (including lichens and mosses,
A), lichens (B) and bryophytes (C) in areas without (Bare plots) and withdereflloped biological

soil crusts (Crust plots) between June 2008 and May 2011. Data represent means=t9510). RE

= rainfall exclusion, WA = warming, and WA x RE = warming and rainfall exclusion. * indieate
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 ioover 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 @erved 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 coverSoflentigerawere observed in the Bapdots
(control and RE treatment, figure 2a), albeit we did not find significant effects of WA or RE
(Appendix 8). Overall, the cover @. diacapsisdecreased under warming (figure 2bsz
0.001, Appendix 8), but increased when rainfall was excluded €figjoyp = 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

(Fwaxesc=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 wdtveloped biological soil crusts (Crust plots) from June 2008
until May 2011. Data represent means + SE (rI:9P See Appendil5 for raw data. Rest of legend

as in figure 1.

At the beginning of the experiment, the BSC community was clearly dominated by
lichens, which constituted over 96% and almost 100% of the total BSC cover in Crust and
Bare plots, respectively (Appendix 1During the first three years of the experiment, we
found important changes in the composition of the BSC commuymity0(011, Appendices 1
and 9), which also varied between Crust and Bare photsQ.001, Appendix 9). Significant
RE x BSC p=0.017) ad RE x WA p = 0.011) interactions were also found when analyzing
composition data (Appendix 9). Overall, and after the three years of our experiment, the main
species of lichens that contributed to the observed changes in community composition in Bare
plots wereD. diacapsis S. lentigera F. subbracteataand Psora decipiengHedw.) Hoffm.
(Appendix 10) Together withBuellia zoharyiGalun, they were the most important species
driving the changes in community composition in the Crust plots observed (égpE0).
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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 dfoninia sedifoliag(Scop.) Timdallargely cetermined changes in community
composition, while increases in the abundanc€aifema crispun{Huds.) F.H. Wiggin the

RE treatment were the main driver of such changes in this treatment (Appendik 1bg

case of bryophyte®)idymodon acutu¢Brid.) K. Saitois 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 speaidichens 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 speciexhiness at both plot types (PERMANOVAg = 11.10, p =
0.002; kerust= 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 x BSC
interaction (o = 0.013, Appendix Hwas 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= 0.00§. When evaluating chges
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 Crpists (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 x RE interaction was foungh € 0.05, Appendix 7). Species evenness decreased in
response to warming (figure 3z< 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 treatents in Bare plots (figure 3c).
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Figure 3. Total differences in richness (A), diversity (B) and evenness (C) of the whole BSC
community in areas without (Bare plots) and with vasl/eloped biological soil crusts (Crust plots)
from June 2008 until May Ad.. Data represent means = SE (n309. 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 undearming (figs. 4a, 4b, and 4p < 0.001, Appendix 12).
However, this response was not consistent throughout the study period, as indicated by
significant Time x WA interactions (Repeated measures ANOVA, Communygy,18s.7=

4.59,p=0.001;D. diacaysis, Fio, 210 p < 0.001;S. lentigeraFs.7, 119.0= 5.61,p < 0.001)
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Figure 4. Maximum photochemical efficiency of PSII (Fv/Fm) of the whole BSC community (A),
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2011. Data represent means + 8E6).
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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 thregears, warming had negative effects on the cover, richness and
diversity of lichens in weltdeveloped BSCs communities, and reduced notably the degree of
colonization of bare ground areas by lichens, which was observed in control plots. We also
found evignce 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 structuaee not been previously reported, and
contrast with climate change studies conducted in other regions [39}#}e Tontrasting
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 coviclens 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 findingsrtoast with the general impression that lichens are-limeg

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]. Hodeste

that BSCforming lichens are lontived organisms, they cabhe quite dynamic, and can
quickly respond to changes in environmental conditions and disturbances of the soil surface.

Lazaroet al [75] and Dojaniet al [76] have reported significant increments in tlozer of
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BSCforming lichens in the sendrid areas from Spain and South Africa, respectively, in a
few years, with increments in the cover of particular speciesSelgntigera above 20% in a

year [75].Belnapet al [77] found decreases in the coveir some lichen species in the
Colorado Plateau in response to an increase in monthly maximum temperatures over eight
years. Groteet al [56] used a physiological argument to suggest that in cyanobacteria
dominated BSCs, warming is likely to reduce carhuriake 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 sensitthan lichens or cyanobacteria to
increases in temperature. Warmingluced 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 thesecosystems 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 ar 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 ebged 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 respation in BSGdominated 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¥e must highlight, however, that the decrease in cover
observed vith warming was mainly attributable to species sucB.aoharyj T. sedifoliaand
F. subbracteata(Appendix 10), while the species were Fv/Fm was specifically measured
either decreased slightly in coved.(diacapsi$ or increased it[y. lentigerg in reponse 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 samplinthpltdter measurements
reflected mostly the behavior of the dominant spedigsiré 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 BS@rming lichens with a 2.19C3.8°C 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 wilrming 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 earlgrpof 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 actiwtin orderto increase their cover [83This 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.

Anotherpotential 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 mechanisnirdzaly deen
demonstrated in the lichdrobaria 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 ushalNy 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 caoueadn 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 bophytes 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 warminglrhis 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 mossesastsaurprising 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 apparenttsetysio 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 characterssof rainfall pulses in a given locality, and thus may
vary widely from place to placeCarbon balance in BSfrming mosses of the Mojave

Desert (a winterainfall desert), seem to largely depend on the size of individual events (and
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thus length of hydition 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 desiccatidn ghezio

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 eiznis 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 #tetinee years of our
experiment. We found increases in the abundance of species sugh diacapsis, S.
lentigera, F. subbracteatandP. decipiendn all treatments in the Bare plots. This suggests
that these species may be some of the first colonsgiagies 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 nmy 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 sand Mediterranean regions

The observed changes in theatsity, 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 B8&@ninated ecosystems have found positive
effects of species riches 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]. Bowkeet 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 iargkaneas.
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 #greotdichens
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@aah astipa tenacissiman
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 sesmid Mediteranean vegetation expected with ongoing
climate change [95].

Recent research has found that B&ninated microsites are the main contributor to
soil CO, efflux in our study site [45]. In areas with welkveloped BSCs, increases in such
flux in resporse 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 €éfflux at our site indicate that this flux was higher in
warmed plots throughout most of the study period, and that this effeattisularly evident
in Crust plots (C. Escolar & F. T. Maestre, unpublished data). Overall, these results suggest
that warming would promote C losses in BB@ninated areas. Given that these areas are

also losing lichen cover, and that the BSC communiies 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™ 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 sem 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 ali&atyotst be
negatively affected by projected warming. We are much farther from a genévaliabbut

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, frequemd 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 vaables, 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 CO
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 soitscras 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 timenigegi the experiment (June 2008) and in May
2011. RE = rainfall exclusion treatment, WA = warming treatment, Bare = plots with low biological soil crusts (BSC) cb@eusar plots with high BSC
cover.

June 2008 Bare Crust

Species Control RE WA WA xRE Control RE WA WAXRE
Fulgensia subbracteat@Nyl.) Poelt. 80 40 55.56 80 100 100 100 100
Squamarina lentigeré@/Neber) Poelt. 30 40 77.78 40 70 100 100 77.78
Diploschistes diacapsig\ch.) Lumbsch. 40 30 66.67 20 80 100 100  88.89
Psora decipiengHedw.) 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 crispunfHuds.) F.H. Wigg. 10 10 22.22 20 40 22.22 80 44.44
Acarospora noduloséDufour) Hue. 10 10 33.33 20 20 33.33 50 33.33
Psora saviczi{Tomin) Follmann et A. Crespo. 20 20 11.11 30 40 11.11 20 22.22
Placidium squamulosui@ich.) Breuss. 0 0 0 20 10 11.11 40 22.22
Didymodon acutuéBrid.) K. Saito. 10 10 O 10 10 22.22 30 0
Squamarina cartilagine@with.) P. James. 10 0 0 10 0 22.22 20 0
Barbulasp. 10 0 0 10 10 11.11 20 0
Cladonia convolutgdLam.) Cout. 0 0 0 0 10 11.11 20 1111
Heppia lutosgAch.) Nyl. 0 0 0 10 0 0 0 0
Placidium pilosellurm{Breuss) Breuss. 0 10 O 0 0 0 0 0
Endocarpon pusilluniedw. 0 0 0 10 0 0 0 0
Buellia epipolia(Ach.) Mong. 0 0 1111 0 0 0 0 0
Toninia taurica(Szatala) Oxner. 10 0 0 0 0 0 0 0
Tortula revolvengSchimp.) G. Roth. 0 0 0 0 10 0 0 0
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Pleurochaete squarros@rid.) Lindb. 0 0 0 0 0 0 0 11.11

May 2011 Bare Crust

Species Control RE WA WAXxRE Control RE WA WAXRE
Squamarina lentigeré@Weber) Poelt. 100 60 55.56 40 100 100 100 100
Fulgensia subbracteat@yl.) Poelt. 100 60 55.56 70 100 77.78 70 100
Diploschistes diacapsig\ch.) Lumbsch. 60 90 33.33 40 70 100 80 66.67
Psora decipiengHedw.) 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 acutugBrid.) 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 crispunfHuds.) F.H. Wigg. 10 10 O 0 50 44.44 20 22.22
Acarospora noduloséDufour) Hue. 20 10 O 0 30 2222 0 11.11
Psora saviczi{Tomin) Follmann et A. Crespo. 0 10 11.11 0 30 0 10 11.11
Barbulasp. 0 0 0 0 20 22.22 10 0
Squamarina cartilagine@with.) P. James. 0 0 0 0 0 33.33 0 11.11
Endocarpon pusilluniedw. 0 10 O 0 0 2222 0 0
Heppia lutosg/Ach.) Nyl. 0 0 0 0 10 1111 O 0
Placidium squamulosui@ich.) Breuss. 0 0 0 0 10 0 10 0
Pleurochaete squarrog@rid.) Lindb. 0 0 0 0 0 11.11 10 0
Cladonia convolutgdLam.) Cout. 0 0 0 0 10 0 0 0
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A)

Appendix 2. Detailed view of an experimental plot with an opep thamber 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 periodeTdverage reduction achieved throughout these events is 30.4%.
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Appendix 4. Changes in maximum photochemical efficiency of photosyste(RvIFm, A) and in
quantum yield (aPSII, B) of the whole BSC commu
2012. Data represent meanSE (= 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 doity.
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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 lid®aGs¥
biological soil crust (BSC; bare ground plots pkts with weltdeveloped biological soil crustsRE

= rainfall exclusion (control vs. ~ 30% rainfall exclusion), WA = warmfiegntrol vs. 2.4 °C
warming). P values below 0.05 are shown in boldface.

P (from
Source Treatment df SS MS Pseudo F permutaions)
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 interaos on the cover, richness,
diversity and evenness of liche8SC = biological soil crust (BSC; bare ground plots vs. plots with
well-developed biological soil crustdRE = rainfall exclusion (control vs. ~ 30% rainfall exclusion),
WA = warming(controlvs. 2.4 °C warming). P values below 0.05 are shown in boldface.

P (from
Source Treatment df SS MS Pseude F  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 688590 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 13.84 441 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 cov&qguoamarina
lentigerg Diploschistes diacapsiand bryophytesBSC = biological soil crust (BSC; bare ground
plots vs. plots with welteveloped biological soil crustdRE = rainfall exclusion (control vs. ~ 30%
rainfall exclusion), WA = warmingcontrol vs. 2.4 °C warming). P values below 0.05 are shown in

boldface.
P (from
Source Treatment df SS MS Pseudce F permutations
Squamarira 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 compasition
Year = survey (dne 2008 vs. May 2011), BSC = biological soil crust (BSC; bare ground plots vs.
plots with weltdeveloped biological soil crustdRE = rainfall exclusion (control vs. ~ 30% rainfall
exclusion), WA = warmindcontrol vs. 2.4 °C warming). P values belowXabe shown in boldface.

P (from
Source df SS MS Pseude F 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 (%)ettotal average community dissimilarity (shown in parentheses)
between 2008 and 2011 in the different treatments. Results for plots with initially low (Bare) and high (Crust) biolegficalver are shown separately.
Total average dissimilarity betwegaars is shown per treatment. Species are listed in decreasing order of impokankeund = Average abundancky

Diss = Average dissimilarity, Diss/SD = Dissimilarity / Standard deviation, Contrib% = Contribution to dissimilarity, afedl €Gumulatve percentage of
dissimilarity.

A. Bare plots

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%
Year O Year 1
(Jun. 2008) (May. 2011)

Control (Average dissimilarity = 58. 77)

Squamarina lentiger@/Neber) Pelt. 0.11 0.48 15.15 1.51 25.78 25.78
Fulgensia subbracteat@yl.) Poelt. 0.61 0.62 11.74 1.07 19.98 45.76
Diploschistes diacapsig\ch.) Lumbsch. 0.15 0.31 11.22 1.07 19.08 64.84
Psora decipiengHedw.) Hoffm. 0.13 0.12 6.68 0.82 11.37 76.21
Toniniasedifolia(Scop.) Timdal. 0.05 0.07 3.75 0.44 6.37 82.58
Acarospora noduloséDufour) 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 lentiger@Weber) Poelt. 0.28 0.4 16.28 0.99 22.27 22.27
Fulgensia subbracteat@yl.) Poelt. 0.33 0.34 14.81 0.91 20.26 42.53
Diploschistes diacapsig\ch.) Lumbsch 0.17 0.18 9.91 0.77 13.56 56.09
Psora decipiengHedw.) Hoffm. 0.2 0.16 8.89 0.87 12.16 68.25
Collema crispunfHuds.) F. H. Wigg. 0.18 0 7.67 0.45 10.49 78.74
Psora saviczi{Tomin) Follmann et A. Crespc0.16 0.09 7.49 0.6 10.24 88.99
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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 diacapsig\ch.) Lumbsch. 0.24 0.47 16.19 0.94 22.29 22.29
Psora decipiengHedw.) Hoffm. 0.29 0.34 13.75 1.04 18.93 41.22
Squamarina lentiger@Veber) Poelt. 0.12 0.29 13.41 0.75 18.46 59.69
Fulgensia subbracteat@yl.) Poelt. 0.26 0.32 11.94 1.03 16.44 76.13
Psora saviczi{Tomin) Follmann et A. Crespc 0.09 0.03 3.3 0.55 4.55 80.67
Toninia sedifolia(Scop.) Timdal. 0.06 0.06 3.27 0.58 451 85.18
Buellia zoharyi Galun. 0.07 0.03 2.72 0.53 3.74 88.92
Collema crispunfHuds.) F. H. Wigg. 0.04 0.05 2.47 0.45 3.4 92.32
Warming x Rainfall Exclusion (Average dissimilarity = 68.47)

Fulgensia subbracteat@yl.) Poelt. 0.42 0.45 18.29 0.92 26.71 26.71
Psora decipiengHedw.)Hoffm. 0.34 0.36 15.44 0.9 22.55 49.26
Squamarina lentiger@/Neber) Poelt. 0.19 0.24 10.87 0.89 15.87 65.14
Diploschistes diacapsig\ch.) Lumbsch. 0.15 0.17 8.58 0.83 12.53 77.66
Psora saviczi{Tomin) Follmann et A. Crespc¢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
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B. Crust plots

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Year O Year 1
(Jun. 2008) (May. 2011)

Control (Average dissimilarity = 39.32)

Diploschistes diacapsig\ch.) Lumbsch. 0.37 0.36 6.03 1.49 15.34 15.34
Fulgensia subbracteat@\yl.) 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 lengera(Weber) Poelt. 0.47 0.54 4.07 1.27 10.35 49.53
Didymodon acutu@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 crispunfHuds.) F. H. Wigg. 0.11 0.1 2.57 1.17 6.54 71.37
Psora decipiengHedw.) Hoffm. 0.22 0.25 2.38 1.02 6.05 77.41
Psora saviczi{Tomin) Follmann et A. Crespc0.08 0.07 2.36 1.06 5.99 83.41
Acarospora noduloséDufour) Hue. 0.08 0.06 1.92 1.05 4.87 88.28
Cladonia convolutgLam.) 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 subbracteat@yl.) Poelt. 0.38 0.26 4.99 1.23 11.43 35.69
Didymodon acutu@Brid.) K. Saito. 0.04 0.24 4.92 1.13 11.28 46.97
Diploschistes diacapsig\ch.) Lumbsch. 0.38 0.32 4.84 1.2 11.1 58.06
Psora decipiengHedw.) Hoffm. 0.25 0.23 4 1.35 9.17 67.23
Squamarina lentiger@/Neber) Poelt. 0.45 0.55 3.86 1.27 8.84 76.08
Collema crispunfHuds.) F. H. Wigg. 0.12 0.06 2.96 11 6.79 82.86
Placidium squamulosuif@ch.) Breuss. 0.08 0.03 2 0.81 4.59 87.46
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Acarospora noduloséDufour) Hue. 0.09 0 1.98 0.81 4.53 91.99
Rainfall exclusion (Average dissimilarity = 36.75)

Diploschistes diacapsig\ch.) 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 lentiger@Veber) Poelt. 0.58 0.56 4.19 1.43 11.4 38.88
Fulgensia subbracteat@yl.) Poelt. 0.31 0.25 3.78 1.33 10.28 49.17
Collema crispunfHuds.) F. H. Wigg. 0.04 0.16 3.43 0.9 9.34 58.5
Didymodon acutu@Brid.) K. Saito. 0.09 0.11 2.97 1.14 8.07 66.57
Psora decipiengHedw.) Hoffm. 0.09 0.16 2.76 1.21 7.51 74.08
Toninia sedifoliag(Scop.) Timdal. 0.11 0.1 2.52 1.28 6.85 80.93
Acarospora noduloséDufour) Hue. 0.08 0.06 2.25 0.94 6.12 87.05
Squamarina cartilagine@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 lentiger@Weber) Poelt. 0.48 0.48 6.13 1.4 13.94 28.11
Diploschistes diacapsig\ch.) Lumbsch. 0.41 0.32 5.66 1.35 12.89 41
FulgensiasubbracteatgNyl.) Poelt. 0.42 0.38 5.31 1.35 12.09 53.09
Didymodon acutu@Brid.) K. Saito. 0 0.23 5.28 0.78 12.03 65.12
Psora decipiengHedw.) 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 crispunfHuds.) F. H. Wigg. 0.09 0.06 2.66 0.92 6.05 86.02
Pleurochaete squarrog@rid.) Lindb. 0.1 0 2.35 0.35 5.34 91.36
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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 mear&E ( = 9-10). RE = rainfall exclusion, WA =
warming, and WA x RE = warming and rainfall exclusion. * indic&evalues from the
Wilcoxon test: *P < 0.05, **P < 0.01, *** P < 0.001.
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Appendix 12. Repeatedaneasures ANOVA source table, summarizing effects of warming and
rainfall reduction on the maximuphotochemical efficiency of photosystem Il (Fv/Fm) of the
whole biological soil crust communitygquamarina lentigerand Diploschistes diacapsisP
values below 0.05 are in bold. RE = rainfall exclusion, and WA = warming.

Source Treatment Df SS MS F P value

Community WA 0.294 0.294 23.443 <0.001

H

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 diacags 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 200812011. Data represent means + 8E (
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+1.74 505+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 5473 £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 0.63x0.11 0.79£0.02
RE 0.50+0.14 0.68 + 011
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

89



Appendix 14. Main attributes of the lichen commitya sampled in areas with low (Bare) and
high (Crust) biological soil crust cover in 2008 and 2011. Data represent meang £ SEQ).
Data represent means = SE+9-10). RE = rainfall exclusion, and WA = warming.

Source 2008 2011

% Cover Bare Cortrol 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 2.33x0.41 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 %) ofSquamarina lentigera, Diploschistes diacapsisl bryophytem
areaswith low (Bare) and high (Crust) biological soil crust cover in 2008 and .2Dhta
represent means + SE£ 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 + 0.32 207+1.6
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+255 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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CAPITULO I

Warming reduces biocrust cover and diversity, but has limited effects mo@ated

microbial communities, in a serarid Pinus halepensis afforestation

Cristina Escolar, Fernando T. Maestre, Jennifer Dungait, Richard Bardgett, Beatriz

Gozalo, Victoria Ochoa

Manuscrito inédito
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ABSTRACT

Soil communities dominatl 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 climat changenduced impacts on biocrusts will affect
associated microbial communities. Here we report results from a field experiment
conducted in a semiaridinus halepensiafforestation from SE Spain, where we have
experimentally increased air/surface geihperature by 2/3°C 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 montfisrahe 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. Warmingcimeased the microbial starvation index
through time, a response that was modulated by the degree of biocrust development and
the distance to the nearé&sthalepensisree. Together with the results of recent studies,
our findings indicate that warming Wileduce 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 altegnthe structure and functioning of terrestrial ecosystems
worldwide,and will foster important changes in their current composition and diversity
(e.g. Visser & Both 2005, Rosenzweig €t al. 2007, Pefiuelaset al 2013. For
example, global estimates giexies extinction rates range from 20 to 30% if average
temperature increases by R%°C, with Mediterranean regions predicted to be affected
with up to 40% average extinction rates (Solomon 2007). Given the dependence of
crucial ecosystem functions, $uas productivity C storageand nutrient cycling, on
biodiversity Strassburget al 2010,Isbell et al 2012, Cardinalet al 2012), such rates
of biodiversity loss are predicted to be accompanied by yet further extreme ecological
events and potentialatastrophic shifts in natural ecosystems (Cardiealal 2012).
However, large uncertainty exists about hcinate changénduced alterations in the
composition and diversity of biotic communities will directly impact ecosystem
functioning (Zhouet al. 2012, Hartleyet al 2012, Maestreet al 2013). This is
particularly true for terrestrial microbial communitieghich play critical roles in the C
and N cycles (Schimel &chaeffer2012, Schmidet al 2007), as ware only starting
to understand the role that environmental factors such as temperatinaeenfall play
in determining their abundance, distribution and diversity (Fierer & dack906,
Eisenlordet al 2012, GarciaPichelet 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, deihed 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
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biomes in tems of animaland plantdiversity (Kieret al, 2005 Cowlinget al, 1999,
and harbor highly diverse microbial soil communities (Fierer & Jackson 2006, Housman
et al 2007, Bateset al 2010). Such a biodiversity is essential for maintaining the
ecosysten 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, Zavalett al. 2010), as suggested by recent studies (Maestre
et al. 2012a, Bowkeet 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 sustairzatuility,
for the weltbeing of human populations worldwide (Reynottsal 2007). Drylands
are among the most sensitive ecosystems to climate change (Kérner 2000, &tadstre
2012b), and their primary productivity and biological activity are strongly laniig
precipitation and soil nutrient availability (Whitford 2002). Climate models forecast
averagely (median) warming values ranging from 3.2°C to 3.7°C and important
alterations in rainfall amounts and patterns, for drylands worldwide by the late XXI
cenury (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 importat in drylands worldwide, as they may constitute up to 70% of the
living cover (Belnap 2003, Maestret al 2011), andexert a strong influence on
belowground communities such as fungi (Bagesl 2010) and bacteria (Yeaget al
2004, CastilleMonroy et al. 2011a). Biocrustéix important amounts of atmospheric
CO; (over 2.6 Pg of Cl/year globally; Elbest al 2012), regulate the temporal dynamics

of soil CQ, efflux and net CQ uptake (CastilleMonroy et al 2011b, Wilskeet al

97



2008), affect the actity of soil enzymes involved in C and N cycling (Bowledral.

2011, Miralleset al 2013), and determine other N cycle processes with clear
implications for global biogeochemical cycles, such as N fixation (Ed#ieat 2012),
nitrification (CastilleMonroy et al. 2010), and denitrification (Bargest al 2013).
Climate change is expected to negatively impact the photosynthetic activity of soil
lichens (Maphangwat al 2012) and mosses (Grog al. 2010), ultimately reducing
their growth and dominanceitwin biocrusts (Ree@t al 2012, Escolaet al. 2012).
Reductions in the abundance of other bioeasstociated cyanobacteria with changes in
rainfall patterns have also been reported (Johesah2012).

While the importance of biocrusts fanaintainng ecosystem structure and
functioning in drylands worldwidés being increasingly recognizelldridge & Green
1994,Belnap& Lange 2001, Maestret al. 2011, Buet al 2013, relatively few studies
have explicitly evaluated how climate charigduced inpacts on biocrusts will affect
associated microbial communiti€®ohnsoret al. 2012 Reedet al. 2012, Yeageket al
2012, Zelikovaet al 2012, Maestreet al 2013). Only by understandingow climate
change affecthe interaction between aboevand belowround organisms (including
plants, biocrusts and associated microorganisms) wédevilble tdully understand the
consequences of such change to biodiversity and ecosystem functioning in drylands
Here we report results from a-B2onth field experimentonducted in a semiariinus
halepensisafforestation from SE Spain, where we have increased tempera3oe: 8/
open top chambers in areas with and without a well developed biocrusts community
dominated by lichens and mosses. Using this experimentimedao 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 commimnities
response to warming, as recently observed in other-medhiareas (Maestret al
2013). As the microenvironmental and soil modifications promoted by woody plants
have strong effects on soil microbial communities in drylands (Bareiess 2009,
Stanbergeret al 1999), we also evaluated how the distance to plaRtdualepensis

trees affected microbial responses to warming.
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MATERIAL AND METHODS

Study site

This study was carried out inRinus halepensiMiller afforestation located in Sax, in
theSE of Spain (38A 32Nj 15n N, OA 49Nj 5n W,
semiarid, with average annual temperature and precipitation of 14.6 °C and 315 mm
respectively (Maestre, 2000). The soitlerived from gypsum, has pH valueg, and is
classifed as Gypsiric Leptosols (IUSS Working Group WRB, 200®)e vegetation is
dominated byP. halepensiswhich was planted in the 1950°s, and also contains grasses
and shrubs, such aStipa tenacissimaAnthyllis cytisoidesand Helianthemum
squamatunThe op@ spaces between plants are colonized by adesitloped biocrust
community dominated by lichens such Bfploschistes diacapsi§Ach.) Lumbsch,
Squamarina lentigeré@Weber) PoeltSquamarina cartilagineaFulgensia subbracteata
(Nyl.) Poelt, Toninia sedolia (Scop.) Timdal, and’sora decipiengHedw.) Hoffm.,

and by bryophytes (Maestet al. 2005).

Experimental design

Our experimental design has two factors, with two levels each: biocrust cover (poorly
developed biocrust communities with cover < 15% wsll developed biocrust
communities with cover >50%), and warming (control vs a 2.5°C annual temperature
increase). Ten replicates per combination of treatments were set up during February
2009, resulting in aotal of 40 experimental plotgield plots vere 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 Atmospher®cean General Circulation Models for thesed half of
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the 2£' century (204€2070) in central and souttastern Spain (De Castbal, 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 Wweile

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 (Arfet al. 1999) and dryland (Maphangvea 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 FNIZ20
sensorsOnset Corp., Pocasset, MA, USA, and-&Goil 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) br monitoring temporathanges 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 and52 months after. We also took high resolution photographs during these surveys
to estimate total biocrust covéitom 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/iffover estimates
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obtained with these photograptarrelate well with thosgathered directly in the field
(Maestreet al 2013).

We collected soil samples-@m depth), at the beginning 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 k&novisible biocrust
components from the soil samples and sieved them (2 mm mesh). After that, soils were
subsampled and immediately frozen-&0°C until phospholipids fatty acid analyses
(Frostegarcet al 1991). For these analyses, subsamples of 1.5gibfvere extracted
using the lipid extraction method of Bligh and Dyer (1959), with modifications by
White et al (1979) and Frostegast al (1991). Soil samples were extracted with Bligh
and Dyer (1959) extractant and were centrifugated, obtainidgasepwith 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 usingthanol. 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 theppablipids into fatty
acid methyesters. 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 (Bardgetl 1996).

The relative abundance of individual fatigid methylesters was expressed as
nanomoles per gram of dry soil. Fatty acid nomenclature used was described by

Frostegarcet al (1993). The fatty acids i14:0, i15:0, al5:0, 10Me 16:0, i17:0, al7:0,
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10Mel7:0 and 16Mel8:0 were chosen to represent Giamsitive bacteria (Zelles
1997, Zogget al. 1997). The cyclopropane unsaturated PLFAs cyl7:0 and cy19:0
represent Gramegative bacteria (Ratledge & Wilkison 1988, Frostegard & Baath
1996). The polyenoic unaaated PLFA 18:26 was used as an indicator of fungal
biomass (Federle 1986). The nuHain branched saturated 10Me16:0, 10Mel7:0 and
10-Mel18:0 were chosen to represent Actinomycetes bacteria (\&thék 1997). The
fatty acids i14:0, i15:0, al15:0, 10Me 16:0, it8; a170, 10Mel7:0, 1Mel8:0 cyl1l7:0
and cy19:0 were used to represent total bacterial PLFAs (Frostetgalrd1993). The
ratio of 18:%6 : total bacterial PLFAs was taken to represent the ratio of
fungal:bacterial biomass in the soil (Frostegatdhl 1993,Bardgettet al 1996). We
used the cyclo/monesnsaturated precursor (cyl7:0/187) as an indicator of

microbial starvation stress (Guckettal 1986, Kaueet al. 2005).

Statistical analyses

To assess the changes in biocrust cover and richness hhtioug, we estimated a
difference index (Dif) as fRa- Riniiai, 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 normd@tribution 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 (PERWMDVA, Anderson 2001). This
method is based on the use of permutation tests to qbtailues, 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 (g0d0 1permutations
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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 atéest.

Microbial community data (PLFA airix containing the23 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 aedy we created a
multidimensional scaling (NMDS) ordination of the PLFA data using the -Brayis
distance (Appendix 2). The NMDS analyses results in adwmnsional plot, where
the distance between samples indicates the similarity of them relative ¢dhers. The
accuracy of this representation is indicat
formula) that indicate a good interpretation with no prospect of wrong interpretation
when its value is below 0.1. Analyses with the whole PLFA matrixevi@iowed up by
analyses of the changes in total/functional group (Gram+, Granfungal,
Actinomycetes, Total bacteria, Fungal:bacteria ratio, Starving Index) through time. Dif.
values for each functional group were analyzed using amawo (crust and waning)
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 Rearest
halepensidree, respectively.

PERMANOVA analyses were carried out with the PERMANOVA+ for
PRIMER statistical package (PRIMER 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,

lllinois, USA).

RESULTS

Throughout the experimental period, our warming treatment promoted an average
increase of 2°C and 1.4°C per year in air and soil temperatures,tiredpdé@ppendix

3). In the other hand the effect of our treatment on the relative air humidity and soil
moisture, is verymportantin the case of the relative air humidity with a 66% reduction

of the minutes per day with RH =100#%the OTCs respect treontrols (Appendix 4),

and only a 1.1% reduction in the soil moist(h@pendix 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 baretpl(pseudd- = 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 covépseudeF = 79.08, P < 0.001) and warming (psetds
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 shameetpletely
different results (Fig. 1c). Changes in mosses cover varied with cover (pseul@5,

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 oégbmdo 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 tas{Hyy. 1d),
respectively (pseudb = 13.729, P (perm) = 0.0012). In the other hand, warming
significantly reduced species richness at both plot types (pgeed®.1017, P (perm) =

0.0177).
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Figure 1. Differences in the total cover of the biocr@s) lichens (B) and bryophytes (C), and

in BSC richness (D) in areas without (Bare plots) and with-d&leloped biological soil crusts
(Crust plots) from February 2009 until June 2013. Data represent means + SE (n = 10). WA =
warming. * indicate P valudsom 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 begiohihg experiment (Fig. 2). Such

an incease 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 PLMbAsreed, 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).

o
-1

300 - 1 Control bare
@ [ WA bare
- I Control crust
o e
c st WA crust

250 -
s ==
=
o
7}
< 200 -
L =
-
[a

150 -
cu ==
+~ 100 -
o
|_

50 A
0
0 16 52

Months since the beginning

Figure 2. Amount of totalphospholipids 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 gmrately 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 foud 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 idex, which increased both in areas with high biocrust cover and with

warming (Fig. 3g9; fwa=5.71, P =0.0247;&wa = 4.13, P (perm) = 0.059).
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Changesin 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 neithe@arming
plots.

Changesn 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. 4). 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
changein 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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Changes in the abundance of the main microbial groups (Gram +, Gram
actinomycetes, and bacteria) were related to the distance to the rieahedtpensis
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 neare$t. halepensigree (Fig. 6). In the warming treatment, the

starvation index increased with this distance, in low biocrust plots (Fig. 7).
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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 n€amest halepnsistree in low
biocrust cover plots not 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 promotedigmnificant reduction in the cover

and richness of wellleveloped 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 biocrustominated grasslands astirublands from central and SE
Spain (Maestreet al 2013, Escolaet al 2012). These findings also resemble those
from Belnapet al (2006), who reported how 6°C increase in maximum summer
temperatures over eight years substantially reduced the covbroafustforming
lichens in the Colorado Plateau. Decreases in biocrust cover with warming were
paralleled by reductions in total biocrust richness. This redudtiathe richness of
biocrust communities with warming has been already reported in ceptial @&scolar

et al 2012), and in arctic ecosystems (Laaigl 2012, Wahrert al 2005). The main
species that decreased th&equency withwarming were the lichenBiploschistes
diacapsig(Ach.) Lumbsch, Fulgensia subbracteat@Nyl.) Poelt., Toninia sedifolia
(Scop.) Timdal andPlacidium squamulosurfAch.) Breuss (AppendiX). 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
(Maphangweet al. 2012) and Spain (Maestet al. 2013, Ladron de Guevag al in

press). These effects of warming are not caused by the increase of tempeeatsee

but rather by the negative effects of this treatment on the duration and intensity of dew
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events (Maphangwet al 2012, Maestret al. 2013, Ladron de Guevaea al. in press).

In our study area, dew events occurred in 83% of the days (Appéhdand 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
acivity of biocrustforming lichens Vesteet al, 2001; del Prado & Sancho, 2007; Rao

et al 2009, Maphangwat al 2012, it is thus likely that this effect of warming was
responsible for the reductions in the cover and richness of bidorashg lichenswe
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 sasdrStipa
tenacissimasteppe from central Spain (Escoktral 2012), and to those reqied by
Zelikovaet al (2012) and Reedt al (2012), who found very limited effects of2C
soil warming on these organisms. Mosses usually break their dormancy during the
favorable season in terms of humidity and soil moisture (Bjetlked 2011, Kapen &
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 (Gresral. 2011).
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Microbial responses to arming
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 o
different terrestrial ecosystems, with contrasting results. Warming did not alter
substantially soil bacterial communities in experiments conducted in Antartic (Réhnan
al. 2009) and Artic (Rinnaet al 2011) ecosystems. These authors demonstrated tha
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 oniahicrob
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 (Rouskt al 2013, Rinnaret al 2009, 2007). In Antartic
environments, Yergeaet al (2011) have found a significant increase in the abundance
of fungi and bacteria after three years of warming. In the same direction, Zhahg
(2005) as a result of 2°C increase of temperature reported an increase imotloé rat
fungi to bacteria and a shift in microbial community structure. However, in desert
ecosystems dominated by cyanobacterial crusts, Jolesdn2012) did not found any
detectable effect on bacterial community composition after two years of alyslight
increase of 2°C in soil temperature, which is in contrast with Zelilatval (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 wasdfonrthe

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 srggatAmadoret al

2006, Kieftet al. 1994). Phenotypic changes in PLFA profiles have been observed in
many bacterial communities, in response to starvation stress (&tiefl 1994).
Changes that are typically linked to nutrient starving include incse@mséhe moles
percent of cyclopropyl fatty acid. Knivett & Cullen (1965) have proven that low C
concentrations, high acidity, low,Qevels, and high temperature, increased starvation
index in pure cultures dEscherichia coli This is in agreement withelersen & 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 promotedsadreemperature.

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 thbse diffdrent
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 licdeminated biocrusts, vene
Maestreet al (2013) have observed that the experimenia®8°@ air/surface soll
warming increased (@ cm depth) promoted an increase of the fungal:bacterial ratio
directly linked to the loss of biocrust cover. This different response could be due
beause our results are respect lichen cover, and bet¢hese are some important
differences between sites that could promote the opposite response observed. This study

was carried out in Rinus halepensiMiller afforestation in the south east part of Bpa

whil e Maestreds exper i maidStipaltenaxissimateppes | oc at
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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 (acidificg@tiocess),

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 aboutasesan 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 commyumay increase in soil

with lower nutrient concentrations (Wallensteeh 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 thestfdiertility, 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 antnobial 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 rorobial 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 influerafeA.
Senegalrhizosphere on soil microbial biomass and inorgaéicontent. And, in the

other hand Gobernat al. (2007a) have concluded that soils unBerus Halepensis
plantation, presented lowand less active microbial community compared to adjacent
shrublands. While our study was not designed specifically to testFhdwalepensis

affect microbial responses to warming, our results must be interpreted in the context of
the influence of this teeon 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 infbeeof P. halepensiditter as this
distance increases. Needles from this species are proven to contain allelopathic
components with inhibitory effects on bacterial communities (Fekial 2014; Abi
Ayad et al. 2011, Nektariogt al 2005). The oppositesiationshipwas foundin 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 bac{®#mnaneret 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 orgariter ma
accumulations of pine needles, and in consequence the microbial communities
belowground are less affected by the allelopathic components present in them.

In the warming treatmentn low biocrust plots differences in the starvation

index through timencreased with the distance to the neaReshalepensidree. This
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response may be driven by reduced C inputs by roots and litter. It has been shown that
P. halepensigncreases organic matter content and nutrient availability under its canopy
compared tadjacent bare ground areas (Maestral. 2003, Gobernat al. 2007b). It

is interesting to note that the increase in the starvation index with the distaRce to
halepensidrees 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 pihaedsreet

al. 2013).

Concluding remarks

Understandinghe joint changes in abovand belowgrond communities in response to
warmingis crucial to improve our capability to preditte impacts of climate change in
terrestrial ecosystem@efnuelaset al 2013). We found that m experimental2i 3°C
air/surface soil warmingromotedimportantreductionson the richness and cover of
lichenrdominated biocrusts, but these changes were not translated into the associated
microbial communities 52 months after the beginning of the experinkwever,

some changes in microbial communities through time in resgpmwarming, such as

an increase in the starvation indewere modulated by the degree of biocrust
development and, particularly, to the distance to the neRréstlepensisree Together

with the results of recent studies (Escatal 2012, Maestret 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 (Maeset al. 2010, Bowker et al 2010),
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climate changewill 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 chamb@ower 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 satunei(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 perittddkH = 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 crtss (BSC) cover, and Crust = plots with high BSC
cover.

February 2009 Bare Crust

Species Control WA Control WA
Fulgensia subbracteat@\yl.) Poelt. 100 100 100 100
Diploschistes diacapsig\ch.) Lumbsch. 70 50 100 90
Bryophytes 70 60 80 100
Toninia selifolia (Scop.) Timdal. 40 10 80 70
Collema crispunfHuds.) F.H. Wigg. 40 20 60 60
Lepraria crassissimg§Hue) Lettau 30 10 30 60
Squamarina lentiger@/Neber) Poelt. 20 0 20 40
Psora decipiengHedw.) Hoffm. 20 20 80 40
Squamarina cartilagine@With.) P. James. 20 30 80 30
Toninia albilabra(Szatala) Oxner. 10 0 0 0

Acarospora noduloséDufour) Hue. 0 0 20 0

Placidium squamulosuif@ch.) Breuss. 0 10 30 70

June 2013 Bare Crust

Species Control WA Control WA
Fulgensia subbracteat@yl.) Poelt. 100 70 100 60
Bryophytes 80 100 90 90
Collema crispunfHuds.) F.H. Wigg. 70 20 60 50
Diploschistes diacapsig\ch.) Lumbsch. 60 0 90 60
Toninia sedifolia(Scop.) Timdal. 40 0 40 40
Squamarina lentiger@/Neber) Poelt. 40 20 80 20
Psora decipiengHedw.) Hdfm. 20 10 50 40
Squamarina cartilagine@With.) P. James. 10 0 30 20
Lepraria crassissimg§Hue) Lettau 0 10 0 50
Toninia albilabra(Szatala) Oxner. 0 0 0 0

Acarospora noduloséDufour) 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 °C warming). Values of P below 0.05 are showndfabel

Initial Time Source df SS MS  Pseude- 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 12595 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 beggingdathe end of the experiment. BSC = biological soil crust
(BSC,; plots with low vs. high BSC cover), WA = warming (control vs. 2.4 °C warming). Values
of P below 0.05 are shown in boldface.

Thinal - T initial Source df SS MS  PseudeF P(perm)
BSC 1 5.2107 5.2107 7.74E02 0.8621
WA 1 3.3526  3.3526 4.98E02 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 biocrustwarmingplots
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Appendix 8. Relationshipbetween 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 atstimtace, making it particularly sensitive to

the activity of organisms inhabiting the soil uppermost levels, such as communities
dominated by lichens, mosses, bacteria and fungi (biocrists)conducted a full
factorial warming and rainfall exclusion expeent at two semiarid sites in Spain to
show how an average increase of air temperaturé3®2promoted a drastic reduction

in biocrust cover (~ 44% in four years)Varming significantly increased soil GO
efflux, and reduced soil net GQiptake, in bicrustdominated 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 coweith warming will lessen the capacity of
drylands to sequester atmospheric,Cthis decrease may act synergistically with other
warminginduced effects, such as the increase in soi} €@ux and the changes in
microbial communities, to alter C cycling drylands, and to reduce soil C stocks in the

mid to long term.

Keywords: drylands, lichens, biological soil crusts, carbon cycling, soi €@ux, soil

net CQ exchange, climate change, fungi, bacteria.
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INTRODUCTION

Arid, semiarid and drgubhumidecosystems (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 sa@ffldO

and net ecosystem G@xchange, hae been poorly studied in drylands in comparison
to other biomes (Ciaist al, 2011; BondLamberty & Thomson, 2010; Maeste¢ al,
2012a). Climate models forecast average (median) warming values ranging from 3.2°C
to 3.7°C, and important alterations iminfall amounts and patterns, for drylands
worldwide by the late XXI century (Solomaet al, 2007). These climatic changes are
predicted to have large effects on dryland biodiversity (Maedtiad., 2012a), which
plays relevant roles in supporting mulépecosystem functions related to the C cycle
(Safriel & Adeel, 2005; Maestret al, 2012b). While the importance of biodiversity for

C cycling and storage in terrestrial ecosystems is-kvalivn (Strassburgt al, 2010;
Cardinaleet al, 2012; Maestret al., 2012b), it is less certain how possible alterations

in biotic communities induced by climate change will directly impact these processes
(but see Zhoet al, 2012; Hartleyet al, 2012).

Soil C largely concentrates at the surface in drylands {Ghial, 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 damblg worldwide
(Belnap & Lange, 2003), and largely regulate the C cycle in the ecosystems where they
are present. These communities fix large amounts of atmospheri@@® 2.6 Pg of C
per year globally; Elbert al, 2012), regulate the temporal dynasof soil CQ efflux

and net CQuptake (CastilleMonroy et al, 2011; Wilskeet al 2008, 2009), and affect
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the activity of -gumsidase Bowkegtrale 2011sMirallesetals b
2013). Biocrusts also influence other processes important for C cycling and storage,
such as N fixation (Belnap, 2002; Elbettal, 2012),nitrification (CastillecMonroy et

al., 2010; Delgad@aquerizoet al, 2010) and runofinfiltration (Chamizoet al, 2012;

Zaady et al, 2013) rates.Climate change is expected to negatively impact the
photosynthetic activity of soil lichens (Maphangetaal., 2012) and mosses (Groté

al., 2010), ultimately reducing their growth and dominance within biocrusts (Zelé&tova

al., 2012; Reeckt al, 2012; Escolaet al, 2012). Reductions in the abundance of other
biocrust constituents, such as cyanobactevith changes in rainfall patterns have also
been reported (Johnsemhal, 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 fefiiy in the Southwestern US (Reetlal, 2012; Zelikoveaet

al., 2012). These findings illustrate how climateange induced alterations in the
composition and abundance of biocrusts can determine ecosystem responses to changes
in temperature and rainfgdlatterns, 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
(Elbertet al, 2012, few studies have explicitly evaluated how climahangenduced
impacts on biocrusts will affect C cycling and storage in drylands (Magtséie 2010;
Zelikova et al, 2012). Here we report results from a full factorial field experiment
conducted at two semiarid sites in Spain, wheme independengl increased air
temperature by open top chambers3Z increase), and reduced precipitation using
rainout shelters (~35% reduction), in microsites with low and high biocrust ¢dsiag

this experimental design, we aimedtést the effects of climate ahge on biocrusts,
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and to assess how such effects impact multgaié variables thatinform us about
fundamental aspects of the C cycle ¢Cé¥flux, net CQ exchange activi ty
glucosidase, organic C, phenols, aromatic compounds, and hex@seslifying sil

CO; fluxes is fundamental to understand whether a given ecosystesrasaatsource or

sink of atmospheric C (Rustad al., 2000) . Tglueosidaselays areactifie

role in the decomposition of organic matter by catalyzing the hydrolysis of labile
cellulose and other carbohydrates (Eivazi & Tabatabai, 1988.0other C variables
studied are important to quantify the different soil C pools and thewmndgosability
(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) ecdhsir
photosynthetic activity is highly dependent on ambient moisture and dew events
(Belnapet al, 2004; Langeet al, 2006; el Prado & Sancho, 200Greenet al, 2011),

which can be reduced with these climatic chan@géaphangwaet al, 2012; ii) the
increases in temperature will alter the composition of microbial communities, favoring
fungi over bacteria (Zhangt al, 2005; Castrcet al, 2010); and iii) the degree of
biocrust development will modulate C cycle and microbial responses to clinzatgech
Such an effect is expected because processes such as seffl®Q net CQ exchange
and t he a-glucasidase; gre regulatel by both environmental factors and
biocrust development (Yeaget al, 2004; Housmart al, 2006; CastilleMonroy et

al., 2011; Miralleset al,, 2013).
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MATERIALS AND METHODS

Study area and experimental design

This study was conducted in twoi3Wt®36W,0cat

500 mas.l),andsouthast er n ( Soir2blh sO 4 63W;Ul.)3Pp5id (Nig. a . s
S1). Their climate is semiarid Mediterranean, with dry and hot summers and mean
annual temperature values of 15°C (Aranjuez) and 17°C (Sorbas). Mean annual rainfall
values are 349 mm (Aranjuez) and 274 mm (Sorbas), and precipitation pwsitg

occur in autumn/winter and spring. Soils are derived from gypsum, have pH wdlues
(Table S1), and are classified as Gypsiric Leptost$S$ Working Group WRB
2006). Perennial plant cover is below 40%, and is dominated by grasses Siigaas
tenacissimaand small shrubs such ddelianthemum squamaturand Gypsophila
struthium At both sites, the areas located between perennial plants are colonized by a
well-developed biocrust community dominated by lichens suchDgoschistes
diacapsis Squamana lentigera and Psora decipiengsee 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. welldeveloped 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 Sosbaesulting 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 nemdependent areas. In Aranjuez, the open top chambers and
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rainfall shelters were setup 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 Atmospherécean General Circulation Models for thecond half of the 21
century (204€2070) in central and souttastern Spain (De Castet al, 2005) To
achieve a temperature increase within this range, weamadtop chambers (OTCs) of
hexagonal design with sloping sides of 40 cm x 50 cm x 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
biocrustforming lichens (Maphangat 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;
Decoplax 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 clte models foresee important reductions in the total
amount of rainfall received during spring and fall (between 10% and 50%; Estolar
al., 2012) To simulate these conditions, we set up passive rainfall shelters (described in
Fig. S2). These sheltersddnot modify the frequency of rainfall events, which has been
shown to strongly affect biocrust functioning and dynamics in other dryland regions
(Reedet al, 2012, but effectively reduced the total amount of rainfall reaching the soil

surface (averageeduction of 33% and 36% in Aranjuez and Sorbas, respectively).
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Air and surface soil @ cm) temperatures, and soil moisture5(@m depth)
were continuously monitored in all treatments and sites using replicated automated
sensors (HOBO® U23 Pro v2 Temp/Réhd TMC20HD sensors, Onset Corp.,
Pocasset, MA, USA, and E& soil moisture sensors, Decagon Devices Inc., Pullman,
WA, USA, respectively). Rainfall was also monitored using assiten meteorological

station (Onset Corp.).

Monitoring of biocrust dynamsc

Within each plot we inserted 5 cm into the soil a PVC collar (20 cm diameter, 8 cm
height) for measuring C{luxes (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 cbyered
lichens and mosses by mapping their area with the software GIMP
(http://www.gimp.org/) and Imaged (http://rsb.info.nih.gov/ij/). Cover estimates
obtained with this method were highly related to thgathered directly in the field

(Fig. S3).

Measuremsts of soilCO, efflux and net C@uptake

The so0il CO, efflux rate of the whole soil column, which include both the biocrust
living on its surface and the entire soil community associated to thasnmeasureth

situ every one to four months in all the B\tollars with a closed dynamic system-(Li

8100 Automated Soil COFlux System,Li-COR, Lincoln, NB, USA). The opaque
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chamber used for these measurements had a volume of 4848nchtovered an area

of 317.8 cm. Because of the low GCefflux rates typiclly observed in areas such as
those studied here (CastiMonroy et al, 2011; Reyet al, 2011), each measurement
period was 120 s to ensure reliable measuremiengsery survey, half of the replicates
were measured in one dayefween 10:00 and 13:00local time, GMT +1)and the

other half were measured on the next.dBlye 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 measutelnet CQ exchange (i.e. the
difference between photosynthesis and soib €fflux) with an open dynamic system
(Li-6400XT infrared gas analyzer,-00OR). We used for these measurements a custom
transparent chamber with a volume2®85 cmi, designed andalibrated by two of us

( M. Ladr-n de Guevara & R. L § and mddifional Sy st em
ventilation of 0.7 m-$ were used to obtain an adequate air mixing within the chamber.
These measurements were conducted every two months betwgemBer 2010 and
February 2012 on-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 respiserved

also with biocrusforming lichens in other semiarid sites from SE Spain (del Prado &
Sancho, 2007; Pintads al, 2010) and elsewhere (e.g., Vestal, 2001; Langeet al,

2006). Thus, net Cfexchange measurements were conducted at daarting when

the collars receiving direct light, in an interval of two hours. Half of the replicates were
measured in one dagnd the other half were measured on the next day, which always

had similar weather conditions (cloudless sky).
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Soil sampling ad laboratory analyses

Soil samples (@ 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. &mmyere collected outside the
PVC collars in all cases, to avoid perturbations in the measurements, dlug€s. In

the laboratory, visible biocrust components were carefully removed from the soil, which
was sieved (2 mm mesh) and separated into twotidrec One fraction was
immediately frozen at80°C for quantifying the amount of fungi and bacteria present in
our samples, the other was-dimed for one month for analyses of variables of the C
cycle (organic C, phenols, aromatic compounds, hexoses, and thé i vi-ty of
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 260/A280 above 1.5 and 1.8, respectively. We
performed quantitative PCR (gPCR) reactions in triplicate usinggédbplates on an
ABI 7300 RealTime PCR (Applied Biosystems, Foster City, CA, USA). The bacterial
16S and fungal 18S rRNA genes were amplifiéth the Eub 33&ub 518 and ITS-1
5.8S primer sets, respectively, following Evans & Wallenstein (2011). To obtain the
bacterial and fungal standards for gPCR analyses, we used DNA extracted from
composite soil samples. The gPCR products were cloned atigbanto Escherichia
coli using a TOPO® TA Cloning® Kit (Invitrogen, Carlsbad, CA, USA) according to
the manufacturerds instructions. Pl asmid

(Invitrogen); the inserts were sequenced using the generic primédd 3etand 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.rcbi.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 inceasing the temperature from 55°C to 95°C. Additionally, and to
further check for the integrity of the fragments obtairveel evaluated the length of the
inserted bacterial and fungalmpliconsin their respective plasmids by conducting
additional qPCR angses 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@ndbs,
aromatic corpounds and hexosegere measured from#0, 0.5 M soil extracts in a
ratio 1:5 at 725, 254 and 625 nm, respectively (Chantegngl, 2006). Soil extracts
were shaken in an orbital shaker at 200 rpm for 1 h at 20°C and filtered to pass a 0.45
pum Millipore filter. The filtered extract was kept at 2°C until colorimetric analyses,
which were conducted within the 24 h following the extraction according to Chantigny
etal( 2006) . T h glucasidase was mgasured as Bescribed in Maststle

(2012h).

Statistical analyses

Visual inspection of the data and preliminary analyses showed that biocrust cover had

important interactive effects with warming and/or ralinéxclusion (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 Gfflux and biocrust cover data were
analyzed using a thregay (warming, RE and Time) ANOVA, with peated measures

of one of the factors (Time). As the assumption of multisample sphericity was not met,
the HuynhFeldt adjusted degrees of freedom were used for wahirjects tests (Quinn

& Keough, 2002). In the case of soil €€fflux, only the samplinglates with data from

all the treatment combinations were included in the ANOVAs. As diverse subsets of
samples were measured for net£&change at different times, the effects of warming
and RE on this variable were evaluated at each sampling dateirntgy auswoeway
ANOVA. To estimate how warming and RE affected soil C variables throughout the
duration of the experiment in Aranjuez, we calculated the absolute effect g)zas(A
Css1 Co, where @ and Gg are the value of a given variable at the begigroh 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 numbeg wldes 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 A We evaluated the effects of warming and RE on thgdiuracterial

ratio and A data using a twavay ANOVA. To test whether changes in soil variables
were linked to changes in biocrust cover throughout the course of the experiment, linear
and nonrlinear (quadratic, logarithmic, power and exponential) resjpasanalyses were

used to examine the relationships between thim Aoil variables (raw data in the case

of the fungal: bacterial ratio) and the. An biocrust cover. When significant

relationships were found, the function that minimized the seootd 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 sqarcsin or logtransformed when
necessar. 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 temperafuré@®y

and 1.5°C in Aranjuez arfdlorbas, respectively (Fig. S4). It also increased surface soil
temperature by 3.0°C and 2.3°C on average in Aranjuez and Sorbas, respectively (Fig.
S5) Warming effects were maximized during summer (38eptember), where soil
temperatures where increasgyl warming up to 7°C 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
0.4°C in all cases (Figs. $hd 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 ding 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 sfich periods at both sites (average reduction of 51 and
26 minutes-dayin 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, hidpiocrust 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 (Withsubjects tests: e x warming= 7.73, df = 2.8,
99.4,P < 0.001), partularly when this treatment was applied alone (Wis$ujects

tests: Fime x warming x Re= 2.84, df = 2.7, 99.4P = 0.046). Rainfall exclusion did not
affect changes in cover through time, regardless the initial biocrust cover (Within
subjects tests: e x 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: e x warming= 2.25, df = 2.5, 90.@ = 0.098; Rime x warming x 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 (Witsmbjects tests: F < 0.68,> 0.488 in all

cases).
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Figure 1 Temporal changes in biocrust cover (mosses and lichens) in the Aranjuez (a, ¢) and
Sorbas (b, d) experimental sites. Upper in plots with low tid)ragh (b) biocrust cover. Data

are means + SHE 10 and 8 for Aranjuez and Sorbas, respectively). WA = warming, and RE =
rainfall exclusion.

Treatment effects on soil G@uxes

We found substantial withinand betweetyear variation in soil C@efflux at both
study sites, which varied from 0.29 to 2f®ol-m?s*, and from 0.36 to 1.8@mol-nm’
2.s1in Aranjuez and Sorbas, respectively (Fig. 2). Overall, warming tended to either
increase or have no effect on soil £€iflux rates at both sites, whae few direct
effects of RE were observed. In Aranjuez, a significant warming x RE interaction was

observed in plots with high biocrust cover (Fig. Bafweensubjects testd:; 3= 4.34,

P = 0.044). In these areas, soil £€fflux increased with warmin¢Betweensubjects
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tests:F118 = 9.97,P = 0.005), an effect that was not evident when rainfall was also
excluded Betweensubjects testsF; 13 = 0.19,P = 0.672). No significant effects of
warming and RE on this variable were found in areas with lowrlegd cover (Fig. 2b;
Betweensubjects testdr; 36 < 1.40,P > 0.248 in all cases). In Sorbas, the increase in
soil CQ, efflux with warming was observed regardless the initial biocrust cover (Fig.
2c,d; Betweensubjects testsk; o5 > 9.61,P < 0.010 in # cases), and no significant
effects of RE or warming x RE interactions were fouBdt{veensubjects testd:; 15 <

1.75,P>0.197 in all cases).
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Net CQ fixation in high biocrust coveareas 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, Tab&3), albeit significant warming x RE interactions were found in
Aranjuez during three of the sampling periods (Fig. Bas 0.045, Table S3). Separate
analyses for each RE level showed that in November 2011, when neupidke was
observed, reductions such uptake with warming were observed only when rainfall was not

excluded (Fig. 3a).
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Figure 3. Temporal variation of net C{&xchange in high biocrust cover plots in the Aranjuez
(a) and Sorbas (b) experimental sites. Data are means f SE-8). WA = warming, and RE =
rainfall exclusion.

167



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; = 4.21,P = 0.057). Thigesponse may have been driven by

the significant increase observed in recalcitrant C sources, such as phenols and aromatic
compounds (Fig. 4b,c;1re> 12.30,P < 0.005 in both cases). Increases were not observed in
more labile C fractions, such as hex@gsegardless the initial biocrust cover (Fig. 4di6K

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;d= 7.32,P = 0.016). Changes in

the activ t y -glacbsidase were not affected by warming (Fig. 4fsK 0.95,P > 0.345 in

all cases). Rainfall exclusion did not influence any of the variables measureé& (E89,P >

0.185 in all cases).
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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 sigodntly vary among the plots assigned to each

treatment combination, regardless the initial biocrust cover (F < B.89).186 in all cases).
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46 months later, the fungal: bacterial ratio increased with warming in both jgw=A4.23,
P =0.002) and lgh (R 2= 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 x Re> 5.44,P < 0.040 in all cases).

The observed increase in soil organic Chwitarming 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 betweehanges 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 loiwst cover (Fig. 5d).
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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, andtiween the relationship between the Ae in biocrust cover and the
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DISCUSSION

Understading 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; Hartleyet al, 2012). While the potential for biotieedbacks to
climate change in drylands is large (Resdl, 2012),no previous study has evaluated how

the degree of biocrust development affects multiple C cycle responses to climate change. Our
results indicate that ai3°C air/surface soil warmingal important effects on different
variables related to C cycling and storage, which are also largely modulated by biocrust
development and by warmirigduced changes in these communities. The impacts of
increased temperatures in the biocrust and C cyadiablas 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 £@xchange in response to simulated climate
change

Four years after the initi@n of the experiment, warming dramatically reduced the joint cover

of lichens and mosses in areas with vadal/eloped biocrusts, and hampered the recovery of
these organisms in those places devoid of them, in Aranjuez. We did not find significant
treatmet 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 expersrsedria
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 tempesanoee in Aranjuez than in

Sorbas (Figs. S4 and S5), and this difference (1.2°C and 0.8°C 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 $ites in South AfricaNlaphangweet

al., 2019 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 meshisms underlying the differential cover response observed
between our study sites, additional physiological measurements, and a longer monitoring
period, are necessary.

Biocrustforming lichens are resistant to desiccation, and are well adapted to the hig
temperatures and low and unpredictable rainfall conditions characterizing drylands ¢Green
al., 2011). Our results, however, indicate that annual average increases in air temperature in
the range of 3°C can trigger mortality events in these organishimese findings are in the
line of those reported by Belnagb 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 reductiandibcrust cover with warming contrast with
those found in mosdominated biocrusts from the Southwestern US, where altered rainfall
regimes, rather than ai24 °C warming, promoted widespread moss mortality (Reeal,

2012; Zelikovaet al, 2012). Themechanisms 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 highgefllGx rates with warming (Reeet al,
2012),and by areduction in carbon fixation caused by the effects of warming on variables
such as soil temperature, moisture and relative air humidity (FigS753t is interesting to

note that, over the course of the experiment, the space previously occupiedebg lich
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 mossdominated biocrusts of the Southwestern US (Zelileiwah., 2012).
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Net soil CQ 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 (Wilskeet al, 2008), and agree with studies showihgt biocrustforming
lichens are mainly photosynthetically active during winter in semiarid areas such as those
studied here (del Prado & Sancho, 2007; Pintedal, 2010). Warming had a significant
negative effect on this variable during all seasoxsegt in summer (Table S3). These
findings agree with studies showing reductions in the photosynthetic capacity of these lichens
under experimental temperature increases Df42°C (Maphangwat al, 2012). Nocturnal
moistening by fog or dew largely deteines the photosynthetic activity and distribution
patterns of biocrusiorming lichens in Mediterranean drylands (Vestel, 2001; del Prado
& Sancho, 2007). As found by previous studies conducted in South Africa (Maphanhglya
2012), warming subahntially 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
evapotranspition, and reduced soil moisture (Fig. S6). These environmental effects of
warming likely promoted a reduction in the photosynthetic activity of the biocrust

communities studied (Vestt al, 2001; Langeet al, 2006; del Prado & Sancho, 2007).

Biocrustand climate change effects on soil £8flux

Warming significantly increased soil G@fflux 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 experimestconducted in a wide variety of environments, which have reported
significant increases in soil G@fflux with warming during the first years (typically between
20% and 40%), which are later reduced due to acclimatization processes @udte2D01;

Luo et al, 2001; Niinistoet al, 2004; but see Lelldlovacset al, 2008; de Dataet 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 soile@@x has been

found to be influenced not only by moisture and temperature, but also by the amount of
available soil organic carbon (Sponseller, 2007; Moyetral,, 2012). At the beginning of the
experiment, soil organic C contents were higher in Sorbas itharanjuez (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 warmingsmil CG; efflux in low cover areas found

in Aranjuez. At this site, the lack of significant warming effects in bioedostinated
microsites when rainfall was also excluded may have been caused by the overall reduction in
soil moisture promoted by thisstatment (Fig. S6), which likely limited microbial activity and

soil CG; efflux (CastilloMonroy et al, 2011).

The absence of significant effects of REr seon soil CQ efflux was initially
unexpected. This result contrasts with previous observations Kediterranean drylands,
which have found significant reductions in soil £&flux with RE (Emmetiet al, 2004; de
Dato et al, 2010; Mirandaet al, 2011). It is important to note that these studies have been
conducted in shrublands, where reducedfadli effects on soil C@efflux are mostly driven
by the responses they induce on plants (Emstedl, 2004; de Datet al, 2010), and thus
their results may not be translated to biocd@ninated ecosystems such as those studied
here. Previous studeconducted in Aranjuez (CastiMonroy et al, 2011) have shown that
soil CO, 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,
respectivey, and by soil moisture during the dry season, when soil temperatures exceed 25°C
and 18°C for low and high biocrust cover microsites, respectively. The main reductions in soll

moisture achieved with the RE treatment were observed during the wettesit thartyear at
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both Aranjuez and Sorbas (Fig. S6), when soil moisture was highest and s@fflD® is
largely driven by temperature. This may explain the lack of strong responses observed in this
variable in response to reduced rainfall inputs.

Increass in soil CQ efflux in biocrustdominated microsites compared to bare ground
areas have been found $ tenacissimateppes from calcareous soils (Maestre & Cortina,
2003). Therefore, while our study sites were located in areas with gypsum soils, wie woul
expect to find similar responses to the climate change treatments evaluated in areas with

lichenrdominated biocrusts growing on other soil types.

Biocrusts and climate change effects on soil biogeochemistry and microbial communities
Warming caused profmd 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 CCefflux and net CQuptake. 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 decoompositbiocrust

forming lichens. These organisms are rich in recalcitrant C compounds (e.g., phenols;
Kranneret al, 2008; Starket al, 2007), and thus their decomposition could explain the
observed increases in organic C, and those of recalcitrant sooir@@ in particular. The
decomposition dynamics of biocrefsrming 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 sourc€ af arctic and boreal
ecosystems (Wetmore, 1982; Esseen & Renhorn, 1998), and is a process that can occur over
short temporal scales. For instance, Latgl (2009) compared the decomposition of 17

arctic lichens, and reported average mass loss ~ 6@¥oab 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 soilin&@&fw year s i n dr yl-glucabigsase, Wwhice act i
acts upon bonds of labile C molecules, was not affected by warming, suggesting that the
observed increase in soil G@fflux rate was caused by the decomposition of recalcitrant C
(Biasi et al, 2005). Welldeveloped biocrusts can also enhance the utilization rates of
aromatic acids, carbohydrates and carboxylic acids, increasing sgief@iax (Yu et al,
2012). Another important result is the observed increase in the ratio phenols: hexosés throug
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). Thastf together with the
observed decrease in biocrust cover with warming, mhegrease the use of By soil
microorganisms andhe rate of nutrient cyclindRovira & Vallejo, 2002) favoring the
immobilization of nutrients and increasing the abundancergfif{ihorn & Lynch, 2007).

The greater relative dominance of fungi over bacteria found with warming agrees with
results reported in other studies (e.g., Zhangl, 2005; Castret al, 2010). It is interesting
to note that this ratio was associatedhwicalcitrant C sources 46 months after the beginning
of the experiment i n  AMAr=an(g.uCQ2;( pahremmd tsi,c JcC 0=
0.567, P = 0.001, n = 33). Overall, our findings suggest that differences in microbial
communities induced by warng were associated with modifications in C cycling promoted
by this treatment, which were also linked to changes in biocrust cover (FigVvible
warming increased the amount of organic C over the course of the experiment, we expect that
this effect willdisappear 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 waindinged losses

in biocrust cover and photosynthetic capacity will progressively reduce C inpuesgoilthi)
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increased C@efflux rates with warming will intensify C losses, and iii) fungi are able to
decomposevirtually all classes of litter compounds, while bacteria mainly decompose labile
substrates (De Boet al, 2005). Thereforethe increasedominance of fungi with warming

may further accelerate the decomposition of recalcitrant C sources, augmenting soil CO

efflux and reducing the amount of C stored in soils (van der Hegtlah) 2008).

Concluding remarks

Our results indicate that clireachange, and a 2°C warming in particular, will reduce the
abundance of wellleveloped and lichedominated 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 tlseiccessional trajectories of
these communities (Lazaet al, 2008), affecting therganisms and ecosystem processes that
depend on them (Belnap & Lange, 2003; Elteral, 2012; Bowkeret al, 2011). Here we

show tow changes in biocrusts drive responses of microbial communities (increase of fungal
abundance) and C cycling (reduced net,@Ptake by soils, increased soil €€fflux and
variations in the content of different soil C fractions) to climate change imrdtyl Our
results can have major implications for the C cycle in these ecosystems, and indicate that the
capacity of drylands to fix atmospheric €@nd store it into the soil will be substantially

reduced in a warmer world.

177



ACKNOWLEDGEMENTS

We thank M.D. Puche and E. Valencia for their help with field and laboratory work, I.
Martinez and M. Prieto for their help with the identification of lichens, and M. A. Bowker, F.
de Vries, P. Garci®alacios, J. I. Querejeta, A. Rey, S. Soliveres and two anonymous
reviewers for their comments and suggestions on earlier versions of this article. This research
was funded by the European Research Council under the European Community's Seventh
Framework Programme (FP7/20Q013)/ERC Grant agreement 242658 (BIOCOM)),ttvy
Spanish Ministry of Economy and competitiveness (projéd®L2007%63258/BOS and
CGL201621381/BOS), andby the Junta de Andalucia (COSTRAS project, RB614). C.

E. and M.L.G. were supported by graduate fellowships from the British Ecological Society
(Studentship 231/1975) and the Spanish National Research Council (CSIRrdAR9
Grant), respectively. We would like to thank IMIDRA and Lindy Walsh for allowing us
working in their properties, as well as to the Junta de Andalucia for allowing us tonathek

Paraje Natural Karst en Yesos de Sorbas.

178



REFERENCES

Anderson M, Ingramm JSI (1993) Tropical Soil Biology and Fertility: A Handbook of
Methods 22ed (CAB International) Wallington.

Belnap J (2002) Nitrogen fixation in biological soil crusts fromtkeast Utah, USABiology
and Fertility of Soils35, 128 135.

Belnap J, Lange OL (2003iological Soil Crusts: Structure, Function and Management
SpringerVerleg, Berlin.

Belnap J, Phillips SL, Miller ME (2004) Response of desert biological soil ctosts
alterations in precipitation frequendyecologia 141, 306 316.

Belnap J, Phillips SL, Troxler T (2006) Soil lichen and moss cover and species richness can
be highly dynamic: The effects of invasion by the annual exotic @esaus tectorum
precipitation, and temperature on biological soil crusts in SE WAgblied Soil Ecology
32,63 76.

Biasi C, Rusalimova O, Meyer H, Kaiser C, Wanek W, Barsukov P, Junger H, Richter A
(2005) Temperaturdependent shift from labile to recalcitrant carbon sourdesraiic
heterotrophsRapid Communications in Mass Spectrometgy 14011408.

BondLamberty B, Thomson A (2010) A global database of soil respiration data.
Biogeoscienced, 1915 1926.

Bowker MA, Mau RL, Maestre FT, Escolar C, Castifmnroy AP (201} Functional
profiles reveal unique ecological roles of various biological soil crust organisms.
Functional Ecology?25, 787 795.

Cardinale BJ, Duffy E, Gonzalez & al (2012) Biodiversity loss and its impact on humanity.

Nature 486, 59 67.

179



CastilloMonroy AP, Maestre FT, Delgadwaquerizo M, Gallardo A (2010) Biological soil
crusts modulate nitrogen availability in seamid ecosystems: insights from a
Mediterranean grasslan@lant and Soil333 21 34.

CastilloMonroy AP, Maestre FT, Rey A, Soliver& GarciaPalacios P (2011) Biological
soil crust microsites are the main contributor to soil respiration in a semiarid ecosystem.
Ecosystemdl 4, 835 847.

Castro HF, Classen AT, Austin EE, Norby RJ, Schadt CW (2012) Soil microbial community
response to nitiple experimental climate change driveispplied and Environmental
Microbiology, 76, 999 1007.

Chamizo S, Canton Y, Lazaro R, S@énet A, Domingo F (2012) Crust composition and
disturbance drive infiltration through biological soil crusts in semiatbsystems.
Ecosystemdl 5, 148 161.

Chantigny MH, Angers DA, Kaiser K, Kalbitz K (200650il Sampling and Methods of
analysis(eds Carter MR, Gregorich EG), pp.6535. Canadian Society of Soil Science.

Ciais P, Bombelli A, Williams Met al (2011) The carbon balance of Africa: synthesis of
recent research studi¢zhilosophical Transactions of the Royal Societg@9, 1i 20.

Coxson DS, Curteanu M (2002) Decomposition of hair lichens (Alectoria sarmentosa and
Bryoria spp.) under snowpack in montane for€ariboo Mountains, British Columbia.
The Lichenologist34, 395 402.

De Boer W, Folman LB, Summerbell RC, Boddy L (2005) Living in a fungal world: impact
of fungi on soil bacterial niche developmdrREMS Microbiology Review29, 795 811.

De Castro M,Martin-Vide J, Alonso S (2005) El clima de Espafa: pasado, presente y
escenarios de clima para el siglo XXI. Bvaluacién Preliminar de los Impactos en
Espafa por Efecto del Cambio Climatiged Moreno, JM), pp.i64. Ministerio Medio

Ambiente. Madrid.

180



de Dato GD, Angelis P, De Sirca C, Beier C (2010) Impact of drought and increasing
temperatures on soil G@missions in a Mediterranean shrubland (garigint and Soil
327, 153 166.

DelgadeBaquerizo M, CastilleMonroy AP, Maestre FT, Gallardo A (201®lants and
biological soil crusts modulate the dominance of N forms in a-aechigrasslandSoil
Biology and Biochemistryl2, 376 378.

del Prado R, Sancho LG (2007) Dew as a key factor for the distribution pattern of the lichen
speciesTeloschistes leunosusn the Tabernas Desert (SpaiR)ora, 202 417 428.

Eivazi F, Tabatabai MA (1988) Glucosidases and galactosidases in SmillBiology &
Biochemistry20, 601 606.

Elbert W, Weber B, Burrows S, Steinkamp J, Budel B, Andreae MO, Poéschl U (2012)
Contribution of cryptogamic covers to the global cycles of carbon and nitrdgore
Geoscienc®, 459 462.

Emmett BA, Beier C, Estiarte M, Tietema A, Kristensen HL, Williams D, Pefiuelas J,
Schmidt I, Sowerby A (2004) The response of soil processesnatelichange: results
from manipulation studies across an environmental gradtensystems, 625 637.

Escolar C, Martinez I, Bowker MA, Maestre FT (2012) Warming reduces the growth and
diversity of biological soil crusts in a sewmiid environment: imjgcations for ecosystem
structure and functionind@hilosophical Transactions of the Royal Sociefy3®&7, 3087
3099

Esseen PA, Renhorn KE (1998) Mass loss of epiphytic lichen litter in a boreal foreates
Botanici Fennicj 35, 211 217.

Evans SE, Wétnstein MD (2011) Soil microbial community response to drying and
rewetting stress: does hosical precipitation regime matteB&logeochemistryl09, 101

116.

181



Green TGA, Sancho LG, Pintado A (2011) Ecophysiology of Desiccation/Rehydration Cycles
in Mosse and Lichens. InPlant Desiccation Tolerancéeds Littge U, Beck E, Bartels
D), pp. 89120. Springer, Berlin Heidelberg.

Grote EE, Belnap J, Housman DC, Sparks JP (2010) Carbon exchange in biological soil crust
communities under differential temperatui@sd soil water contents: implications for
global changeGlobal Change Biologyl6, 2763 2774.

Hartley IP, Garnett MH, Sommerkorn Bt al. (2012) A potential loss of carbon associated
with greater plant growth in the European Archiature Climate Chargy 2, 875 879.

Hollister RD, Weber PJ (2000) Biotic validation of small opep chambers in a tundra
ecosystemGlobal Change Biologyb, 835 842.

Housman DC, Powers HH, Collins AD, Belnap J (2006) Carbon and nitrogen fixation differ
between successionatages of biological soil crusts in the Colorado Plateau and
Chihuahuan Deserdournal of Arid Environmeni$6, 620 634.

IUSS Working Group WRB (2008)orld Reference base for soil resources 2006rld Soll
Resources Reports No. 103. FAO, Rome.

JohnsonSL, Kuske CR, Carney TD, Housman DC, Galle@mves LV, Belnap J (2012)
Increased temperature and altered summer precipitation have differential effects on
biological soil crusts in a dryland ecosystéaiobal Change Biologyl8, 2583 2593.

Kranner I, Bekett R, Hochman A, Nash TH Ill, Beckett R (2008) Desiccatmarance in
lichens: a reviewThe Bryologist111, 576 593.

Lang SI, Cornelissen JHC, Klahn T, Van RSP, Broekman R, Schweikert W, Aerts R (2009)
An experimental comparison of chemical traitsl éitter decomposition rates in a diverse
range of subarctic bryophyte, lichen and vascular plant spa&demal of Ecology97,

886 900.

182



Lange OL, Green ATG, Melze B, Meyer A, Zellner H (2006) Water relations ang CO
exchange of the terrestrial licheheloschistes capensisy the Namib fog desert:
measurements during two seasons in the field and under controlled conéitbwas201,

268 280.

Lazaro R, Cantén Y, SolBenet A, Bevan J, Alexander R, Sancho LG, Puigdefabregas J
(2008) The influence of copetition between lichen colonization and erosion on the
evolution of soil surfaces in the badlands (SE Spain) and its landscape effects.
Geomorphologyl02, 252 266.

Lellei-Kovacs E, Kovacdang E, LKalapos T, Bott®ukat Z, Barabas S, Beier C (2008).
Expeaimental warming does not enhance soil respiration in a semiarid temperate forest
steppe ecosyster@ommunity Ecologyg, 29 37.

Luo Y, Shigiang W, Dafeng H, Wallace LL (200Acclimatization of soil respiration to
warming in a tall grass prairidlature 413 622 625.

Maestre FT, Cortina J (2003pmallscale spatial variation in soil GOefflux in a
Mediterranean semiarid steppg@plied Soil Ecology23, 199209.

Maestre FT, Bowker MA, Escolar & al (2010) Do biotic interactions modulate ecosystem
functioning along abiotic stress gradients? Insights from -seiti Mediterranean plant
and biological soil crust communitieBhilosophical Transactions of the Royal Society B
365 2057 2070.

Maestre FT, Quero JL, Gotelli NJ, EscuderoeAal (2012b) Plantspecies richness and
ecosystem multifunctionality in global drylan@ience335, 214 218.

Maestre FT, SalguetG- mez R, Quero JL (2012a) 1tds gett
projecting the impacts of global change on drylarRislosophical Trasactions of the

Royal Society B367, 3062 3075.

183



Maphangwa KW, Musil CF, Raitt L, Zedda L (2012) Experimental climate warming
decreases photosynthetic efficiency of lichens in an arid South African ecosystem.
Oecologia, 169 257 268.

Miralles I, TrasatCepeda C, Leirds MC, Glbotres F (2013) Labile carbon in biological soil
crusts in the Tabernas desert, SE Syl Biology & Biochemistrys8, 1i 8.

Miranda JD, Armas C, Padilla FM, Pugnaire FI (2011) Climatic change and rainfall patterns:
Effects on smi-arid plant communities of the Iberian Southeakiurnal of Arid
Environments75, 13021 1309.

Moyano FE, Vasilyeva N, Bouckaert bt al (2012). The moisture response of soil
heterotrophic respiration: interaction with soil propertig&isgeoscience®, 1173 1182.

Niinist6 SM, Silvola J, Kelloméki S (2004). Soil G@fflux in a boreal pine forest under
atmospherc C@enrichment and air warmin@lobal Change Biologyl0, 1363 1376.

Pintado LG, Sancho JM, Blanquer TG, Green A, Lazaro R (2010) Micraddifieators and
photosynthetic activity of crustose lichens from the semiarid southeast of Spaiterdong
measurements fdiploschistes diacapsi8ibliotheca Lichenological05 211 224.

Quinn GP, Keough MJ (2002Experimental design and data analydisr biologists
Cambridge University Press, Cambridge.

Reed SC, Koe K, Sparks JP, Housman D, Zelikova TJ, Belnap J (2012) Changes to dryland
rainfall result in rapid moss mortality and altered solil fertilyature Climate Change,

752 755.

Rey A, Pegaaro E, Oyonarte C, Were A, Escribano P, Raimundo J (2011) Impact of land

degradation on soil respiration in a stepfépa tenacissimé&.) semtarid ecosystem in

the SE of SpairSoil Biology & Biochemistry43, 393 403.

184



Rovira P, Vallejo VR (2002) Labiland recalcitrant pools of carbon and nitrogen in organic
matter decomposing at different Gkedprmmehs 1 n
107, 109 141.

Rustad LE, Campbell JL, Mariom Gkt al. (2001) A metaanalysis of the response of soil
respiraion, net nitrogen mineralization, and aboveground plant growth to experimental
ecosystem warmin@ecologia 126, 543 562.

Rustad LE, Huntington TG, Boone D (2000) Controls on soil respiration: Implications for
climate changeBiogeochemistry48, 1i 6.

Safiel U, Adeel Z (2005) Dryland systems. IBcosystems and Human wb#ing: Current
State and Trends, Volume(dds. Hassan R, Scholes R, Neville A), pp.i&&2. Island
Press.

Solomon S, Qin D, Manning R& al (2007) Technical Summary. I@limate Chage 2007:

The Physical Science BasiSontribution of Working Group | 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.

Sponseller RA (2007) Precipitation pulses and soib @@ in a Sonoran Desert ecosystem.
Global Change Biologyl3, 426 1 436.

Stark S, Kytoviita M, Neumann AB. (2007) The phenolic compounds in Cladonia lichens are
not antimicrobial in soilsOecologia 152 299 306.

Strassburg BBN, Kelly A, Balmford A&t al (2012)Global congruence of carbon storage and
biodiversityin terrestrial ecosystemSonservation Letters3, 98 105.

Sugiura N (1978) Further analysis of the dat

correctionsCommunications in Statistics, Theory and Methads 13 26.

185



Thomas AD (2012)mpact ofgrazing intensity on seasonal variations of soil organic carbon
and soil CQ efflux in two semiarid grasslands in southern Botswardilosophical
Transactions of the Royal Society37, 3076 3086

Thorn RG, Lynch MDJ (2007) Fungi and eukaryotic alghe. Soil Microbiology and
Biochemistry, 3 ed (ed Paul EA), pp.144862, Elsevier Academic, Amsterdam.

Van der Heijden MGA, Bardgett RD, van Straalen N (2008) The unseen majority: soll
microbes as drivers of plant diversity and productivity in terrestégabystemsEcology
Letters 11, 296 310.

Veste M, Littmann T, Friedrich H, Breckle\W® (2001) Microclimatic boundary conditions
for activity of soil lichen crusts in sand dunes of the naréstern Negev desert, Israel.
Flora, 196, 465 476.

Wetmore CM (182) Lichen decomposition in a black spruce bdhge Lichenologist14,

2617 271.

Wilske B, Burgheimer J, Karnieli A, Zaady E, Andreae MO, Yakir D, Kesselmeier J (2008)
The CQ exchange of biological soil crusts in a semiarid gedssibland at the northern
transition zone of the Negev desert, IsrBébgeoscience®, 1411 1423.

Wilske B, Burgheimer J, Karnieli A, Zaady E (2009) Modeling the variability in annual
carbon fluxes related to biological soil crusts in a Mediterranean shrubland.
Biogeosciences Bcussionst, 7295 7324.

Yeager CM, Kornosky JL, Housman DC, Grote EE, Belnap J, Kuske CR (2004) Diazotrophic
community structure and function in two successional stages of biological soil crusts from
the Colorado Plateau and Chihuahuan Deggnplied andEnvironmental Microbiology

70, 973 983.

186



Yu J,Kidron GJ, PeiMouratov S, Wasserstrom H, Barness G, Steinberger Y (2012). Do
development stages of biological soil crusts determine activity and functional diversity in
a sanddune ecosystenfSoil Biology & Bochemistry51, 66-72

Zaady E, Arbel S, Barkai D, Sarig S (2013) Letlegm impact of agricultural practices on
biological soil crusts and their hydrological processes in a semiarid land3oapeal of
Arid Environments90, 5/ 11.

Zelikova T J, Housman ©, Grote EE, Neher DA, Belnap J (2012) Warming and increased
precipitation frequency on the Colorado Plateau: implications for biological soil crusts and
soil processe®lant and Soil355 265 282.

Zhang W, Parker KM, Luo Y, Wan S, Wallace LL, Hu S (2D8oil microbial responses to
experimental warming and clipping in a tallgrass prai@ébal Change Biologyl1,

266 277.
Zhou J, Xue K, Xie &t al (2012) Microbial mediation of carberycle feedbacks to climate

warming.Nature Climate Change&, 106 110.

187



SUPLEMENTARY MATERIAL

Figure S1.Map of the aridity index (precipitation/potential evapotranspiration) in cestetheastern
Spain, showing the location (and partial views) of the two study sites. Note that aridity increases as the
aridity indexbecomes lower.

188



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 athambers was elevated ~5 cm above the surface to allow appropriate ventilation
and avoid excessive temperatures. The rainfall sheltetsagezl upon the design of Yahdjian & Sala
(2002. Each rainfall shelter has an area of 1.44h®2 m x 1.2 m), and mean height of 1 m, and is
composed of three methacrylate grooves (the same material used bye¥latia2011), which cover
approximately 37% of the surface, connected to plastic bottles that accumulate the excluded water (b).
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Figure S3. Relationshipbetween biocrust cover values obtained from digital images and those
gathered directly in the field with th@intsampling method (1 x 1 cm grid; 120 sampling points per
plot) at the Aranjuez experimental sifehe pointsampling data come from Escotral. (2012).
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Figure S5.Soil temperature (@ cm depth) in the control treatment throughout the duration of the experiment at Aranjuez (a) and Sorbas (b), and effects of
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Figure S9.Examples of the changes in the cover of the biocrust community occurred with warming.
The left panels (a, c, €) show three experimental gitote 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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