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“The nation that destroys its soil, destroys itself

Franklin D. Roosevelt
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Resumen

Introduccién general

Los ecosistemas terrestres juegan un papel clae¢ @do global del carbono (C)
porque almacenan grandes cantidades de C organicel suelo (1550 Pg) y en la
vegetacion (750 Pg), intercambian £©on la atmoésfera (590 Pg) a través de la
fotosintesis y la respiracion, y pueden actuar chrantes o sumideros de g@mosfeérico
en funcidén del uso del suelo y de las condicioriesaticas (Batjes y Sombroek, 1997;
Cox et al., 2000; Joos et al., 2001). Aunque la ariayde los ecosistemas terrestres
naturales actian como sumideros de carbono, abediiy almacenando mas £@el
gue emiten de vuelta a la atmésfera, es impor@dedeacar la importancia de las masas de
bosque en el balance global neto del carbono, gaiyjalmacenan grandes cantidades de
carbono en la vegetacion, los detritus y la maternganica del suelo, regulando la
concentraciéon atmosférica de €@ el clima, y ii) porque la conversiébn de estos
ecosistemas a campos de cultivo liberg €@ atmdsfera (Fahey et al., 2010).

El carbono almacenado en los ecosistemas terrestmgesenta un equilibrio
dindmico de ganancias (productividad primaria redeea y subterrdnea) y pérdidas (a
través de la respiracion del suelo y de los pracegosivos) que se dan dentro del
ecosistema y actian a escalas temporales diferéditgg, mensual, anual, centenaria).
Una gran proporcion del GQGabsorbido por la vegetacion a través de la fotesis es
asignado y almacenado en forma de carbono org&mclos tejidos lefiosos y foliares
(hojas, ramas, tronco y raices) (Figura 1). Otadion es asignada a la parte subterranea
(TBCA, Total Belowground Carbon Allocatippara la produccion de raices y exudados y
el mantenimiento de la actividad radicular y mitooa (Raich y Nadelhoffer, 1989). El
resto vuelve a la atmosfera a través de la “respimadel suelo”, que incluye la respiracion
radicular (como subproducto de la fotosintesisps procesos de descomposicion de la
hojarasca y la materia organica del suelo (Edwerdd., 1970; Schlesinger, 1997; Wiant,
1967). Las pérdidas de carbono a través de otoxepos como la erosion y la lixiviacion,
aungue generalmente resultan ser mucho menoresqgedias debidas a la respiracion del
suelo (Edwards y Harris, 1977; Forrester et al062@iardina y Ryan, 2002; Raich, 1983;
Schlesinger 1977; 1984), pueden ser relevantes|epalance neto de carbono de
ecosistemas limitados por el agua como los mediteas (Lal 2003; Smith et al., 2007).
En este sentido, el papel del patrén espacial deedgtacion o el tipo de comunidad
vegetal pueden ser determinantes en el balancedeetarbono del sistema, influyendo



Resumen

sobre los distintos aportemguty de carbono procedentes de la productividad pramar
neta y la liberacionoutput9 de carbono a la atmésfera a través de la regqiraadicular

y los procesos erosivos (HOogberg et al.,, 2001; 2G03; Schlesinger y Litcher, 2001;
Trumbore, 2006).

Photosynthesis Ecosystem respiration
f_%
-

Soil respiration
Allocation “\ A
\Stem
| Roo( A
respiration Litterand SOM DD
7 9 [ decompositio
Storage /

fl" =

Microbial
community

Stabilized SOM |

Loss by leaching, erosion ,—

Figura 1. Flujos de carbono en ecosistemas terrest@aptada de Trumbore (2006).

Entre los principales procesos de cambio globaladas los cambios de usos del
suelo, el cambio climatico, el aumento en las cotmaeiones de COatmosférico, el
aumento de radiacion solar ultravioleta (280-400),nia degradacion del suelo y los
procesos de desertificacion, los cambios en lds<cisiogeoquimicos del nitrégeno y la
proliferacion de especies invasoras (Evaluacidlosi&cosistemas del Milenio, 2005; Sala
et al., 2000). De todos estos procesos, los candeosso del suelo se consideran la
principal causa de la pérdida de carbono organice ya degradacion del suelo (Lal,
2004a; Post et al., 2000; Powlson et al.,, 2011k0m responsables del 20% de las
emisiones antropogénicas de £®la atmosfera (Le Quéré et al., 2009; The Terabst
Carbon Group, 2008).

El aumento de las emisiones de {focedentes del suelo y la disminucién de los

reservorios de carbono a nivel de ecosistema (suedmetacion) debidos a la conversién
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de ecosistemas naturales a tierras agricolas pwedl@rompensados parcialmente cuando
se produce el abandono de tierras agricolas, yéaqegeneracion de la vegetacion natural
lleva asociada la absorcion de £&@mosférico y la acumulacién de carbono en elosuel
Sin embargo, el nivel de incertidumbre asociadoaaestimacion de las tasas de
acumulacion y pérdida de carbono como consecudedias cambios de uso del suelo esta
limitando nuestra comprensién acerca del papelodediferentes usos del suelo como
potenciales sumideros de carbono. Por lo tantotidicar los reservorios de C asi como
estimar los flujos (entradas y salidas) de C emgradiente de intensificacion de usos del
suelo es un paso previo para evaluar el impactosddeambios de uso del suelo sobre el
ciclo del C en la region mediterranea, y puedelt@sde gran utilidad como apoymn la
toma de decisiones sobre la gestion territoriabrdada a las medidas compensatorias
(conservacion de los reservorios de carbono) o deganion (reduccion de las de
emisiones de C£) ante la perspectiva del cambio climéatico (Evalacde los
Ecosistemas del Milenio, 2005; UNEP-UNDP-UNCCD, 00NFCCC, 2008).

Los ecosistemas mediterraneos han mostrado seciaspente sensibles a los
cambios de uso del suelo, al aumento de la coramedir atmosférica de GQ al cambio
climatico (Sala et al., 2000; Schréter et al., 90Q&s proyecciones de los modelos de
cambio climéatico, y las tendencias ya observadaantiel las Gltimas décadas, apuntan a un
incremento de la temperatura (4-5 °C) y una meispodibilidad de agua en el suelo (25-
30%) para las proximas tres décadas como conseaudacuna disminucion de las
precipitaciones y cambios en la distribucion deniéamas en la region mediterrar{dRPC
2007; Sabaté et al., 2002). En particular, el castérsuroriental de la Peninsula Ibérica, de
clima mediterraneo seco-subhimedo y semiarido,id@ identificado como una de las
zonas mas vulnerables, ya que los modelos apuntamiacremento en la frecuencia y
duracién de los periodos de sequia, asi como emimlero de eventos de lluvia de
intensidades extremas durante el periodo estiviargGy Lionello, 2008). Este escenario
afectard de manera significativa a la dindmica tjruewira de los ecosistemas,
repercutiendo negativamente en algunos de los cgesvecosistémicos tales como la
retencion de agua en el suelo o el secuestro derma(Evaluacion de los Ecosistemas del
Milenio, 2005; Foley et al., 2005).

Como resultado del cambio climatico y de los camlale uso del suelo, muchos
ecosistemas estan sufriendo alteraciones en ldsréacque controlan los flujos de
carbono, afectando en dUltima instancia a los poxeague regulan la capacidad de

almacenamiento de carbono (Alvaro-Fuentes y Pay2@i1; Fahey et al., 2009; Foley et
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al., 2005; Quinton et al., 2010; Sala et al. 20@spués de la fotosintesis (PPB) la
respiracion del suelo grRes el flujo mas importante del balance de carb@uhimel,
1995), ya que regula la cantidad de carbono qunsacena en el suelo (Valentini et al.,
2000). Dado que la respiracion del suelo es unnpetré muy sensible a los cambios de
temperatura y humedad (Davidson et al., 1998; LlgyBaylor, 1994), resulta esencial
investigar su respuesta ante las variables cliastig los diferentes atributos del
ecosistema en distintos usos del suelo para mepuestro entendimiento del ciclo del
carbono, y asi poder predecir como responderagifieentes usos del suelo a los cambios
previstos por el clima. Sin embargo, la heterogiatepropia de ecosistemas limitados por
el agua, caracterizados por una cubierta vegetalsasy que se distribuye en manchas
discontinuas separadas por zonas de suelo desfNmpMeir, 1973), hace dificil
establecer relaciones entre los patrones de distéb de la vegetacion (manchas de
vegetacion y zonas de suelo desnudo), las promsddel suelo y los flujos de carbono
(Maestre y Cortina, 2003; Qi et al., 2010; ReylgtZ2®10; Merbold et al., 2011). De modo
que para evaluar la respuesta de los flujos deonarh las fluctuaciones climaticas y los
diferentes atributos del ecosistema es fundamentainder la respuesta relativa de cada
componente del ecosistema (micrositio): suelosutisny manchas de vegetacion.

Esto resulta de especial interés en éste y otrosistemas limitados por el agua
(drylandg, pues aunque no son muy relevantes en cuantdenkdad de sus reservorios
de carbono, ocupan entre el 41 y el 47% de la Bojeeterrestre, en ellos se concentra el
38% de la poblacibn mundial, contienen el 27% daalervorio mundial de carbono
organico del suelo y presentan un gran potencia glasecuestro de carbono (Evaluaciéon
de los Ecosistemas del Milenio, 2005; FAO, 2004ir@weig et al., 2003, 2007; Lal,
2004b; Reynolds et al., 2007; UNEP-UNDP-UNCCD, 20881, 2002). Sin embargo, las
caracteristicas inherentes a los ecosistemas mrédiées, tales como: i) precipitaciones
escasas e irregulares; ii) presencia de espediesds con tasas de crecimiento lento; iii)
altas tasas de mineralizacion de la hojarascanyak@ria organica del suelo; iv) dificultad
para recuperar el reservorio de carbono organicel snelo después de haber sufrido una
alteracion; y v) una larga historia de intensifiacagricola (Albaladejo et al., 1998;
Alvaro-Fuentes y Cantero-Martinez, 2010; Martinezrll et al. 2002; Vallejo et al.,
2006), limitan su resiliencia tras la cesacion de perturbacion. Estas caracteristicas,
junto con la duracion y el nivel de intensificacidel uso del suelo (Asner et al., 2003;

Kauffman et al., 2009), determinaran las tasascdenalacion de C a escala de ecosistema
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asi como el tiempo necesario para alcanzar la thendxima de almacenamiento de
carbono.

De todo lo anterior se deduce que cuantificar kesenvorios y los flujos de
carbono, asi como identificar los factores que rotent los principales flujos de carbono
en diferentes usos del suelo es crucial para pdafanen el conocimiento del ciclo del C y
la capacidad de secuestro de C de ecosistemasemé&aios, y con ello optimizar la
gestion territorial orientada a la implementaciéa whedidas compensatorias y/o de
mitigacion de emisiones de G@ontempladas en el Protocolo de Kyoto (UNEP-UNDP-
UNCCD, 2008; UNFCCC, 2008). El papel relativo de lgistintos componentes del
balance de carbono, asi como de sus factores d®icpitas interacciones entre ellos, son
temas sujetos a estudio y debate en la actuali@sacé¢ y Rayment, 2000; Lal, 2003;
Trumbore, 2006; Throop y Archer, 2007; Valentinakt 2000; Van Oost et al., 2007).

Hipotesis general, objetivos y estructura de lastes

La hipdtesis general de este estudio es que lobioaran los patrones (estructura y
distribucion espacial) y tipo de vegetacion resiéta de la intensificacion de los usos de
suelo causaran alteraciones en las condicionesciim@aticas (temperatura y humedad del
suelo, exposicion a la radiacion solar) y en lasataristicas del micrositio (comunidades
microbianas del suelo, calidad de los detritos guleates de la vegetacion, patrones de
escorrentia y erosion del suelo), que afectaras #ujos de carbono (entradas y salidas), a
los factores que controlan dichos flujos y a laacagad de secuestro de carbono del
ecosistema.

Conforme a esta hipétesis, el objetivo general alegpiesente memoria es la
caracterizacion de los reservorios y los flujoscdédono, la evaluacion de la importancia
relativa de los diferentes componentes del baldec€ y la identificacion de los factores
que controlan los flujos de C mas importantes ageilan la capacidad subterranea de
secuestro de carbono en un gradiente de inter@ditale usos del suelo: i) un matorral
mixto con individuos de pino carrasco intercaladsyn campo agricola abandonado, y
iii) un olivar de secano. Estos usos del suelorspresentativos de los cambios ocurridos
en el paisaje durante las ultimas décadas del Xiglen ésta y otras regiones de la cuenca
mediterrdnea como consecuencia de los procesostalgsificacion agricola y posterior
abandono de tierras. Se espera que esta inveétigaontribuya, en Ultima instancia, a
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profundizar en el conocimiento de los procesostofas que modulan la capacidad de los
diferentes usos del suelo para secuestrar carbono.

Para alcanzar este objetivo general, se plantearno objetivos especificos:

» Caracterizar (cuantificacion y distribucion) loseevorios de carbono y la
productividad primaria neta, asi como estimar ylwarala importancia
relativa de los flujos de C (entradas y salidasgkebalance de C de cada
uso del suelo.

* Analizar la variabilidad temporal de la respiractil suelo e identificar los
factores bidticos y abioticos que modulan dichaalidad.

» Explorar las relaciones entre la estructura deefgetacion y su distribucion
espacial, las propiedades del suelo y la respimade&l suelo a escala de
sitio; asi como identificar los factores de confedidticos y bibticos) de la
variabilidad espacial de la respiracién del suelcada uso del suelo.

» Cuantificar las tasas de descomposicion de doss tige hojarasca
predominantes en ecosistemas mediterranBosug halepensidiller y
Rosmarinus officinalit.) y evaluar la influencia del tipo de hojaragcias
condiciones ambientales inherentes al sitio en ¢isamicas de

descomposicion de la hojarasca en la superficiswo.

La memoria de tesis se compone de una introduagderal, un primer capitulo
con la descripcion del area de estudio y el diseXjgerimental, cuatro capitulos que
constituyen el cuerpo principal de la memoria,dasclusiones generales, la bibliografia y

los anejos. A continuacion se describe brevemermentéenido de cada capitulo:
Capitulo 1 Descripcion del area de estudio y disefio experimil
En este capitulo se describen las caracteristiitaaticas, los tipos de suelos y las

comunidades vegetales presentes en cada uno desdssdel suelo seleccionados. Se

presenta asi mismo el disefio experimental gengliahdo en el presente trabajo.



Resumen

Capitulo 2 Caracterizacion de los reservorios de carbono ysémacion de la
capacidad de secuestro de carbono en un gradiente dntensificacion de usos del

suelo

El objetivo principal de este capitulo es la cemazacion (cuantificacion y
distribucion) de los reservorios de carbono y krexion de la productividad primaria
neta en un gradiente de intensificacion de usosudb. Para ello, se estiman los flujos de
entrada (caida de hojarasca o “desfronde” y pradncde biomasa radicular) y salida
(respiracion y erosion) de carbono en el suelog@sio los cambios anuales en el carbono
almacenado en el suelo, y se integran en una apagidn a un balance de carboi®CA
approacl) para evaluar la capacidad subterranea de sezubsitarbono en cada uno de

los usos del suelo. Los contenidos de este caméutmrresponden con los del articulo:

Almagro, M., Lépez, J., Boix-Fayos, C., Albaladejg, Martinez-Mena, M. (2010).
Belowground carbon allocation patterns in a dry Négdanean ecosystem: A

comparison of two modelSoil Biology and Biochemistd?2 (9), 1549-1557.

Capitulo 3:Variabilidad temporal de la respiracion del suelofactores de control

Este capitulo se centra en analizar la varialllidamporal de la respiracion del
suelo, asi como en evaluar la importancia relatvda temperatura y la disponibilidad de
agua en el suelo como factores que controlan diahiabilidad. Ademas, se evalla la
influencia de la distribucion y estructura de lgetcion en la respuesta de la respiracion
del suelo a la temperatura y disponibilidad de aguaada uso del suelo. Los contenidos

de este capitulo se corresponden con los del larticu

Almagro, M., Lopez, J., Querejeta, J.l., Martineerd, M. (2009). Temperature
dependence of soil COefflux is strongly modulated by seasonal patteofs

moisture availability in a Mediterranean ecosyst&ail Biology and Biochemistry
41 (3), 594-605.
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Capitulo 4: Relacién entre el patron espacial de la vegetacidtas propiedades del

suelo y la respiracién del suelo

Este capitulo tiene como objetivo explorar lasaielees entre la estructura de la
vegetacion y su distribucion espacial, las propledalel suelo y la respiraciéon del suelo a
escala de sitio, y comprobar si los patrones deeleamion se mantienen en los distintos
usos del suelo. Ademas, se identifican los factdeesontrol de la variabilidad espacial de
la respiracion del suekn cada uno de los usos del suelo. Los contenigl@ste capitulo

se corresponden con los del articulo:

Almagro, M., Querejeta, J.l., Boix-Fayos, C., Maetz-Mena, M. Soil carbon pools
and respiration rate are decoupled from currentetampn patterns in a

Mediterranean old-fieldSoil Biology and Biochemistifgn revision).

Capitulo 5: Factores de control en la dinamica de descomposiaid@e la hojarasca de
dos especies predominantes de ecosistemas meditegas: dependencia del sitio y del

tipo de hojarasca

El objetivo de este capitulo es comparar las tdeagescomposicion de dos tipos
de hojarasca que difieren en su composicion quinfRiaus halepensisMiller y
Rosmarinus officinalid..) y que son predominantes en ecosistemas metditos, asi
como evaluar si los factores de control de la dinarde descomposicion difieren segun el

tipo de hojarasca. Los contenidos de este cagutmrresponden con los del articulo:
Almagro, M., Martinez-Mena, M. Exploring the facorontrolling leaf-litter

decomposition dynamics in a Mediterranean ecosystiependence on litter type

and site conditiong?lant and Soilen revision).
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Resumen

Capitulo 2. Caracterizacion de los reservorios @ebono y estimacion de la
capacidad de secuestro de carbono en un gradierdeindensificacion de

usos del suelo.

Resumen

El objetivo principal de este capitulo es la cameacion (cuantificacion vy
distribucion) de los reservorios y de la produd@ad primaria neta en un gradiente de
intensificacion de usos del suelo. Asi mismo senest los flujos de carbono y se evalua la
importancia relativa de los diferentes componedtddalance de carbono dentro de cada
uso del suelo. Para llevar a cabo dicho objetivesedeccionaron tresisos del suelo
localizados en el Noroeste de la provincia de MurEistos usos son representativos del
mosaico actual de usos del suelo como resultadosdeambios ocurridos en el paisaje
durante las ultimas décadas del siglo XX, en éstatrgs regiones de la cuenca
mediterrdnea, como consecuencia de los procesggatssificacion agricola y posterior
abandono de tierras: (i) un matorral mixto convitiios de pino carrasco intercalados que
no ha sufrido ninguna intervencion humana desde k& afos; (i) un campo agricola
abandonado que fue cultivado con cereal y se abanaace aproximadamente 30 afios; y
(i) un olivar de secano cuyos olivos tienen apmadamente 100 afios.

Para llevar a cabo la estimacion de la capacidddesanea (suelo y raices) de
secuestro de carbono de cada uso del suelo y evaluanportancia relativa de los
diferentes componentes del balance de carbonooddatcada ecosistema se aplican dos
aproximaciones basadas en la ley de conservacida deasa(“steady-statey “non-
steady-sath:

1) ElI modelo estacionario gteady-stat§ propuesto por Raich y Nadelhoffer (1989),
asume que el reservorio de carbono (C) en el sseémcuentra en estado de equilibrio, de
modo que las entradas de carbono en el sistemdehs@r iguales a las salidas de carbono
del mismo. De esta forma el carbono liberado peraddces, el suelo mineral y la capa de
hojarasca a través de los procesos de descompogicéspiracion (es decir, flujo de €O
emitido por el suelo o “respiracion del suelo”)xpertado a través de procesos de erosion
debe ser igual a las entradas de carbono procedémta parte aérea (“desfronde” o caida
de hojarasca, que comprende las hojas, los frutdasyramillas) mas las entradas

procedentes de la parte subterranea (TBT#al Belowground Carbon Allocatiomue
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incluye la respiracion total del suelo, los carblohiios utilizados por las micorrizas o

exudados, y la produccién de raices finas):

Rs+ Erosion = Aportes hojarasca + TBCA Ec.1

Despejando TBCA de la ecuacion 1, podemos estanaaritidad de C que es asignada a la
parte subterranea para un determinado ecosistepartia de las medidas anuales de
respiracion del suelo (R erosion del suelo, y de los aportes de C deladascaida de la

hojarasca:

TBCA = R;+ Erosion - Aportes hojarasca Ec.2

2) Sin embargo, en el modelo no estacionarimoif*steady-satg¢ propuesto por
Giardina y Ryan (2002) para aquellos ecosistemadsseque las condiciones de equilibrio
no son aplicables, se tiene en cuenta cualquiebicaraferente al reservorio de carbono
en el suelo para un periodo de tiempo determiniadtyyendo el C almacenado en las

raices, la capa de hojarasca y el suelo mineral:

TBCA = RS + ErOSan = ApOI’teS hOjarascm{Craices+ Chojarasca'l' Csued EC3

El reservorio de C correspondiente a la biomasaaaési como la tasa anual de
secuestro de carbono, se estimO a partir de laxaapln de ecuaciones alométricas
especificas en funcion de los diametros basales yespectivos incrementos anuales de
cada uno de los individuos presentes en las par¢glx 5 m) previamente delimitadas
para cada uno de los usos del suelo. El resernd®i®@ en el suelo y en la biomasa
radicular se estimé mediante la extraccion de@#s (10 cm de didmetro y 15 cm de
longitud) distribuidos al azar segun los tipos dbestura vegetal mas representativos de
cada uso. Ademas, se estimaron las tasas anual€3Ogemitido por el suelo (o
“respiracion del suelo”), y de C exportado por émdidrica laminar, asi como los aportes
de C al suelo derivados del “desfronde” o caidhajarasca, y el C acumulado anualmente
en el suelo mineral, la capa de hojarasca y la &#samadicular para cada uno de los usos
del suelo.

El reservorio total de C a nivel de ecosisteman(idisa aérea y subterranea, y
carbono organico en el suelo) disminuyd conformaento el grado de intensificacion del
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uso del suelo, siendo el reservorio total de Clamse forestaimas del doble que en el
olivar y en el campo agricola abandonado (Tabla Ei los tres usos del suelo se observo
un patrén similar en cuanto al C almacenado enaléepsubterranea (suelo y biomasa
radicular), el cual supuso mas del 60% del resartotal de C a nivel de ecosistema. Este
resultado fue consistente con los patrones de ptiodiad primaria neta observados para
cada uso (Tabla 2.2), y esta en linea con los megr@lobales de distribucion de los
reservorios de C observados para otros ecosist@mtsdos por el agua, en los que el C
almacenado en la parte subterranea constituye elmsos del reservorio total del
ecosistema (Grunzweig et al., 2007; Jackson 2@02; Lal, 2004b).

Tabla 2.1. Reservorios de carbono y nitrogeno totadel suelo (0-15 cm), razén C:N,
reservorios de C de la biomasa aérea y subterran€@-15 cm) en cada uso del suelo.

Campo Olivar

Uso forestal
abandonado secano

Carbono orgéanico del suelo (g Cn 5189.3 £ 154.9 3060 £441 2658 +514.8
Nitrégeno total del suelo (g N'fh 336.3+5.2 279+3.6 284.1+5.2
Razon C:N 154+04 11.0+£04 9.3+£05
Carbono biomasa aérea (g &)m 3293.8+2072.6 351,3+49.6 830.3+52.1

Carbono biomasa subterranea (g & m 305.4+42.9 252.9+429 162.2+43.8
Reservorio de C del ecosistema (g &)m 8780.7 + 2270.4  3664.3 + 533.8640.6 + 611

La respiracion del suelo resultd ser el componerde importante en el balance de C
de los tres usos del suelo independientemente aaréximacion utilizada (Tabla 2.2). El
C exportado por erosion hidrica laminar resultGgiméicante en comparacion con las
pérdidas de C por respiracion del suelo. Aunqué¢aksess de acumulacion de C en el suelo
(ACr + ACy + ACs) resultaron menores en comparacion con las pé&rdidaC por R
influyeron significativamente en las estimacione$ chrbono total asignado a la parte
subterranea (TBCA) de cada uso del suelo. Es impiartsefialar que si no consideramos
estos componentea[Cs+ C .+ Cg] = 0) en la estimacion de TBCA de estos ecosistema
estaremos subestimando la capacidad de secuestoetieel suelo en un 23.5, 16.1 y
12.8% en el campo agricola abandonado, el usa#bsesl olivar, respectivamente.

Los valores de productividad primaria neta totakeallos a partir de la combinacién
de metodologias tales como la aplicacion de ecnesi@lométricas (para estimar la
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cantidad de C acumulado en la biomasa aérea) ypraxienacion utilizada (TBCA
approach) basada en la ley de conservacion de la masa sdiraar la cantidad de C
acumulado en la parte subterranea de cada uns desds del suelo) fueron similares a los
valores de productividad primaria neta observadoteos ecosistemas mediterraneos
mediante otras técnicas tales como las torreSditly CovariancgValentini et al., 2000;
Allard et al., 2008). No obstante, la asuncion deilébrio no es correcta para estos
ecosistemas mediterraneos debido a que subesticapéaidad subterranea de secuestro
de carbono, especialmente en el caso del campookgebandonado que actualmente se
encuentra en fase de recubrimiento vegetal. Lagdtae®s de esta investigacion sugieren,
por tanto, que se debe considerar el modelo noiestaio propuesto por Giardina y Ryan
(2002) para una estimacion adecuada de la capasidadrranea de secuestro de carbono

de estos ecosistemas mediterraneos.

Tabla 2.2. Flujos anuales de C (g C 1) y C total asignado a la parte subterranea
(TBCA) de cada uso del suelo.

Uso forestal Campo Olivar de
abandonado secano

Respiracion del sueld-§) 766 £ 64.2 648 £ 64.3 427 +30.3
Aportes de C por desfrondgx) 1284+9.3 88.4+114 26 £9.31
C exportado por erosiofrg) 143+£0.38 221+0.23 258+0.66
Acumulacién de C en el suela@s) - 14.6 -
,(B\A(:ggulacién de C en la capa de hojarasca 732+41 495 +5 12 +4.1
,(B\A(:gsula0|on de C en la biomasa radicular 50.3 + 8.7 106 + 12.2 448 +14.7
TBCA estimado comés - Fa 649.8 +£21.9 559.4+26.7 401.8+21.7
TBCA incluyendoFg 651.3+22.2 561.6+26.9 404.4+22.3
TBCA (Fs- Fa+ Fe+ ACs+ AC_+ ACR) 7748+35 731.8+44.1 461.2+41.1
TBCA (Fs- Fa+ Fg+ ACs) 651.3+22.2 576.2+26.9 404.4+223
TBCA (Fs- Fa+ Fg+ AC)) 7244 +26.3 611.1+31.9 416.4%+26.4
TBCA (Fs- Fa+ Fe+ ACR) 701.6 +30.9 667.7+39.1 449.3+37
Productividad Primaria Neta Aérea 260.4 +20.5 .9#289 93.7+11.4
Productividad Primaria Neta Subterranea 387.4%517365.9+22 230.6 +20.5
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Capitulo 3:Variabilidad temporal de la respiracion del suelfactores de
control.

Resumen

Después de la fotosintesis (Productividad Prim@riga, PPB), la respiracion del
suelo (R) es el flujo de carbono méas importante entre lossistemas terrestres y la
atmaosfera y un componente clave en el ciclo gldieakarbono ya que regula la cantidad
de carbono que se almacena en el suelo (Valenthi, 2000).

La region mediterranea ha sido identificada come denlas regiones mas sensibles
al cambio climético global. Las proyecciones derusdelos de cambio climatico, y las
tendencias ya observadas durante las Ultimas dgqaamla esta region, apuntan a un
incremento de la temperatura (4-5 °C) y una meispodibilidad de agua en el suelo (25-
30%) para las proximas tres décadas (Sabaté t0a2; IPPC 2007). En particular, el
cuadrante suroriental de la Peninsula Ibérica, lideacmediterraneo seco-subhimedo y
semiarido, ha sido identificado como una de lagganas vulnerables, ya que los modelos
apuntan a un incremento en la frecuencia y durat@dios periodos de sequia, asi como en
los eventos de lluvia de intensidades extremasntki@ periodo estival para esta region
(Giorgi y Lionello, 2008).

Dado que la respiracion del suelo es muy sensiblasafluctuaciones de
temperatura y humedad, resulta esencial investigaimportancia relativa de estas
variables climaticas en la dinamica dgeR ecosistemas mediterraneos, con la finalidad de
conocer como respondera a los cambios previstos eboclima, mejorar nuestro
entendimiento del ciclo del carbono, y formular idad necesarias de mitigacion y
adaptacion a los cambios futuros predichos paes esinas. Sin embargo, para evaluar la
respuesta de la respiracion del suelo a las flominas climaticas en estos ecosistemas tan
heterogéneos espacialmente, es fundamental entéadegspuesta relativa de cada
componente del ecosistema (micrositio): “zonasugdosdesnudo” y “zonas vegetadas”.

Los objetivos de este capitulo son: i) analizarvédaiabilidad temporal de la
respiracion del suelo en tres usos del suelo reptatsvos de un ecosistema mediterraneo;
i) evaluar la importancia relativa de la temperaty la disponibilidad de agua en el suelo

como factores que controlan dicha variabilidad; iiy evaluar la influencia de la
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distribucion y estructura de la vegetacion en kpuesta de la respiracion del suelo a la
temperatura y disponibilidad de agua en cada ussueéo.

La respiracion del suelo se ha medin®itu con un sistema portatil de fotosintesis
acoplado a una camara de suelo modelo LICOR-640@R86 capturar la variabilidad
espacial de este parametro se instalaron 30 colideePVC (80 cA) distribuidos en
funcién de los tipos de cobertura vegetal predomasaen cada uso de suelo, y localizados
en los espacios entre individuos (“zonas de suetmudo”) y préximos a los pies de los
mismos (“zonas vegetadas”). Las medidas gseRlevaron a cabo mensualmente durante
un periodo de dos afos (enero 2006-diciembre 208®mpre en la misma franja horaria
(9:00-12:00 am), acompafiandose de medidas de tata@ery humedad del suelo.
Ademas, se desarrollo un indice de biomasa aéga Mvoveground Biomass Indgxara
evaluar la influencia de la estructura de la vegétay su distribucion espacial en la
variabilidad temporal de Ky un indice de “humedecimiento” del suelo (R\W&wetting
IndeX) para evaluar la influencia del volumen y la distcion de las precipitaciones en las
emisiones de C{procedentes del suelo.

La tasa anual desRue de 2.06 + 0.07, 1.71 + 0.09, y 1.12 + Oji@oles nt s*
para el uso forestal, el campo agricola abandogamlivar de secano, respectivamente.
Los modelos de andlisis de varianza (ANOVA) con ioesl repetidas mostraron
diferencias temporales significativas en la regpirg temperatura y disponibilidad de
agua en el suelo en los tres usos del suelo. Pdos tos usos del suelog Rresento los
valores minimos en invierno como consecuencia slddgas temperaturas caracteristicas
de esta época del afio, y aumentd gradualmenteraomfiumenté la temperatura del suelo
durante la primavera, hasta que alcanzé su valoainmaéden abril, coincidiendo con la
época de productividad maxima propia de ecosistenealiterraneos. Después de abiril, los
valores de R comenzaron a descender durante los meses de veelnido a la
disminucién del contenido de humedad del sueldah@se el efecto de la sequia sobre la
respiracion del suelo se puso de manifiesto cudoslwalores de humedad del suelo se
situaron por debajo del 10%. En general, el eflictibante de la humedad del suelo sobre
Rs fue evidente ya que ésta respondio rapida y adbmagrtte tras cada evento de lluvia.

La relacién entre la respiracion y la temperatwehstielo estuvo modulada por la
disponibilidad de agua en el suelo. La respiradénsuelo se correlacioné positivamente
con la temperatura del suelo a partir de un umibeadlisponibilidad de agua en el suelo
(10% de humedad en el suelo para el caso del usstdby el olivar y 15% para el caso

del campo agricola abandonado). Sin embargo, fm@jaele dicho umbral de humedad en
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el suelo, la relacién positiva entre lgyRla temperatura del suelo se convirti6 en negativ
en los tres usos de suelo. De hecho, los valoré€y gieron significativamente mayores
(P <0.001) durante el periodo de crecimiento (aetaibril) (2.08, 2.20 y 1.8@ara el uso
forestal, campo agricola abandonado y olivar, @s@enente) que para el periodo seco
(mayo-septiembre) (0.40, 0.63 y Ogddra el uso forestal, campo agricola abandonado y
olivar, respectivamente). Por otro lado, lgsR correlaciond positivamente con el indice de
humedecimiento en todos los usos de suelo, esperigd durante el periodo seco. Por
altimo, las tasas desRn las “zonas vegetadas” fueron significativamendgores que en
las “zonas de suelo desnudo” en el uso forestdl glivar. Sin embargo, en el campo
agricola abandonado no se encontraron diferengaéfisativas entre las manchas de
vegetacion y las zonas de suelo desnudo (Figura 3.1

Los modelos de regresion lineal y exponencial aadbs describieron de manera
satisfactoria la respuesta de fRente a las variables ambientales durante losoges
himedo y seco (Tabla 3.1). La combinacion de fast@bioticos (la temperatura y el
indice de humedecimiento del suelo, RWI) y factdoegsicos (la distancia al pie del
individuo mas préximo o el indice de biomasa aé#rdal) explicaron una proporcion
considerable (entre un 39 y un 73%) de la variddditemporal de fn el uso forestal y
el olivar. Sin embargo, en el campo agricola abaado la R no estuvo influenciada por
el patron de la vegetacion, y bien la temperatduaahte el periodo humedo) o el indice de
humedecimiento (durante el periodo seco) resultanfinientes para explicar entre un 51y
un 63% la variabilidad temporal de.R

En general, mientras que la temperatura del sesloitd ser un buen indicador de la
variabilidad temporal de Rlurante el periodo de crecimiento (octubre-abeillindice de
humedecimiento presentd un mejor ajuste que la dadheel suelo durante el periodo
seco (mayo-septiembre) en este ecosistema med#ger@abla 3.1). Por otro lado, se
observé que las variables ambientales explicar@nnai@nor proporcion de la varianza de
Rs en las zonas vegetadas en comparacion con las densuelo desnudo, sugiriendo que
la vegetacion puede amortiguar la respuestasdeeRe a las fluctuaciones de temperatura
y humedad del suelo a través del sombreado, lacegtacion de la precipitacion y la
actividad radicular (absorcion y redistribucion icatar del agua). Por el contrario, las
zonas de suelo desnudo estan directamente masséapyeoor lo tanto son mas sensibles
a las fluctuaciones ambientales. Por otro lado, hetho de que el indice de
humedecimiento haya resultado ser el mejor indicddola variabilidad de Rlurante el

periodo seco pone de relieve la importancia de ideres el efecto de los pulsos de
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precipitacion en las estimaciones anuales de lé&si@ams de C@procedentes del suelo en

estos ecosistemas mediterraneos.

Figura 3.1.Variabilidad temporal de f&n los diferentes micrositios (zonas “vegetaddsley
suelo desnudo” en el uso forestal (a), campo dgradmandonado (b) y olivar (c).
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Tabla 3.1. Relaciones exponenciales y lineales enfRs y factores abidticos y biéticos para los difentes periodos y micro-sitios dentro de cada uso

del suelo.

Periodo Uso del suelo Micrositio Modelo 3o Ry R s R?> Pvalor RMSE n AIC
Zona _n BLT (B2ABI) -0.426 +
Forestal  vegetada R=poe’ "¢ 1o  0109£001  0.06+001 039 <0.0001 3.84 216 042.
— — 1T, (B2+RWI) +
oE dggﬁfda Rs 0§2+Rew.2) 0.3+0.13 0.194+0.02 -0.366+0.42 0.03+0.08.76 <0.0001 4.66 40 8.29
S ©
= @
Es Campo Rs =BT 1214011 0.144+0.01 0.51 <0.0001 8.03 22865
8= abandonado
Co Zona
= vegetada Rs =poe’’e PP 1.266 £0.14 0.084 £0.00 -0.501 +0.05 0.55 0801 18.32 192 8.69
Olivar
dg;’r?j‘d . Rs =poe®” 1.64+0.27 0.121+0.02 048 <0.0001 2.39 48.997
Forestal Vezgoquda Rs =Bo+ B:RWI 1.163+0.01 0.77 +0.07 0.48 <0.0001 7.83 2168.05
B Zona _
= desnuda Rs = o+ B1RWI 0.859+0.13 0.64+0.10 0.64 <0.0001 2.48 3®.97
g%
38 Campo Rs = Bo+ B1RWI 0.707+0.11 0.952 +0.07 0.63 <0.0001 9.83681 7.67
S abandonado
]
£ Ve?er;;‘da Rs = Bo e WielP2P) 0.672+0.08 0.376+0.05 -0.403+0.06 0.45 0801 2.99 144 11.74
Olivar Zona
desnuda Rs=Bo+ B1RWI 0.35+0.08 0.307 +0.05 0.73 <0.0001 1.16 36.86

T: temperatura del suelo; ABI: indice de biomas@@éSWC: humedad volumétrica del suelo; RWI: iadie humedecimiento; D: distancia al
pie del individuo mas proximo. Se muestran los pa@téos de los modelos que presentaron un mejoteafiss B1 B2, vy Bs), junto con los
coeficientes de determinacién ajustado$),(Fos errores cuadraticos medios (RSME), el nundgoobservaciones (n), y el criterio de
informacion de Akaike (AIC). Los parametros deesdelos se estimaron utilizando el método de LesapaMarquardt.
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Capitulo 4:Relacién entre el patrén espacial de la vegetacitas, propiedades del

suelo y la respiracion del suelo.

Resumen

En una escala anual, la variabilidad temporal detdaas de respiracion del suelQ) (&
sensible a las fluctuaciones de temperatura y hacthe@l suelo. Sin embargo, la variabilidad
espacial de la Ra escala de sitio no suele explicarse Unicamentgaréir de variables
microclimaticas, si no a partir de los atributoggios de cada ecosistema, que comprenden desde el
tipo de vegetacién, su estructura y distribucic@sta el contenido y calidad de la materia orgapnica
las comunidades de micro- y macro-organismos ptesem el suelo.

Los objetivos del presente capitulo son: (i) exgidas relaciones entre la estructura de la
vegetacion y su distribucion espacial, las propledadel suelo y la fRa escala de sitio; (ii)
comprobar si los patrones de correlacion difierem € cambio de uso del suel({iii) identificar
los factores de control de la variabilidad espat#aR en cada uno de los usos del suelo.

Las medidas de £se llevaron a cabo en diciembre de 2006 y abr2@7, coincidiendo
con los valores minimos (1.30 * Oiinol m? s%) y méximos (3.07 + 0.imol m? s%) de
respiracion del suelo observados durante un pededidos afios para este ecosistema mediterraneo
(Capitulo 3). Para ello, se instalaron 24 collatesPVC (80 crf) distribuidos en funcién de los
tipos de cobertura vegetal predominantes en canl@aeisuelo, y localizados en los espacios entre
individuos (“claros” o “zonas desnudas”) y proximes pies de los mismos (“zonas vegetadas” o
manchas de vegetacién”). Una vez realizadas lasdaedie R asi como de temperatura y
humedad del suelo, se llevé a cabo un muestreoudted (en los mismos puntos) mediante la
extraccion de 12ores(10 cm de didmetro y 15 cm de longitud) con eldiinanalizar las siguientes
propiedades del suelo: contenido de carbono ygatrd de las fracciones ligera (labil) y pesada
(recalcitrante), C soluble en sulfato potasico,r@anico de la biomasa microbiana y biomasa de
raices finas.

Para explorar las relaciones entre la distribu@$pacial y estructura de la vegetacion, las
propiedades del suelo consideradas y las tasasspaacion del suelo se utilizaron analisis de
correlacion de Pearson dado que las relaciones éitras variables fueron principalmente lineales
(la covariacion entre variables se exploré previgmenediante diagramas de dispersion). Para
evaluar la influencia de la vegetacion en las mapies del suelo se utilizaron modelos de
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regresion linear, en los cuales las diferentescivaes de C y N del suelo fueron consideradas
como variables dependientes y los atributos deetgetacion (indice de biomasa aérea y biomasa
radicular) como variables independientes. Por @ltynton el objetivo de identificar los factores de
control de la variacion espacial dedR cada uso del suede utilizaron modelos de regresion linear
multiple para cada uno de los usos del suelo.

Los Analisis de la Varianza (ANOVA) realizados nmrasbn diferencias entre los dos periodos
de estudio para los contenidos en C y N de laifiadigera pero no para los contenidos en C y N
de la fraccion pesada. Un patron consistente etmrdesusos del suelo fue que los contenidos en C y
N de la fraccion ligera de la materia organicasiedlo estuvieron altamente correlacionados entre
si, y en una menor medida con el contenido en Cdg M fraccion pesada en ambos periodos de
muestreo.

Los coeficientes de determinacion observados pates periodos mostraron evidencias de la
relacion existente entre la estructura y distribnaéspacial de la vegetacion, las propiedades del
suelo y las tasas de Bn el uso forestal y el olivar. Sin embargo, ecaghpo agricola abandonado
no hubo relacion entre los atributos de la vegétafindice de biomasa aérea y biomasa radicular)
y las propiedades del suelo o las tasasd@&bla 4.1).

Los modelos de regresion lineal utilizados expticanna proporcidén considerable (entre un 41
y un 91%) de la variabilidad espacial dedRservada en el area de estudio (Tabla 4.2). Escl
forestal el indice de biomasa aérea (84%) y la aganradicular (7%) explicaron un 91% de la
variabilidad espacial de sRn diciembre, mientras que el contenido en C digalecion pesada
explicé un 42% de la variabilidad espacial deeR abril. En el campo agricola abandonado el
contenido en C de la fraccion pesada explico un @@% variabilidad espacial de & diciembre,
mientras que la combinacion de la biomasa micrebi@b%) y la humedad del suelo (15%)
explicaron un 70% de la variabilidad espacial demabril. En el olivar de secano el contenido en
C de la fraccion ligera explico entre un 67% (eriasthbre) y un 41% (en abril) de la variabilidad
espacial de R

Los patrones de correlacion observados han puesthoadifiesto la extrema importancia de la
distribucion espacial y estructura de la vegetaeidma distribucion de las diferentes fracciones de
C y N del suelo asi como en la respiracion delcseal el uso forestal y el olivar. Sin embargo, la
falta de correlacion entre el patron espacial dedgetacion, la distribucién de las diferentes
fracciones de C y N del suelo y la respiraciénsidello observada en el campo agricola abandonado
(a pesar de que han pasado 30 afos desde queads@®o abandono) sugiere la existencia de un
umbral minimo de densidad de vegetacion necesarma gQue ésta ejerza una influencia en los

patrones de distribucion de las propiedades dedosulgstos resultados ponen asi mismo de
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manifiesto el papel tan relevante que juega latéhies del sitio” en la dinAmica de carbono en el
suelo y la dificultad que presentan estos ecosatemediterraneos para recuperar el reservorio

original de carbono en el suelo después de hatheatierados.

Tabla 4.1.Coeficientes de regresion lineal y nivel de sigaificia (- no significativa; *P<0.05;
**P< 0.001) de las relaciones existentes entre ldisutis de la vegetacion (biomasa aérea y

radicular) y las fracciones de carbono (C) y niémdg (N) del suelo en cada uso del suelo y para

cada periodo de muestreo.

Uso forestal Campo abandonado  Olivar de secano
Diciembre  Abril Diciembre  Abril Diciembre  Abril

MBC (mg kg soil) 0.71* 0.51* - - 0.87** 0.89**
EDOC (mg kg soil)  0.91* 0.46* - . 0.87** 0.73*
LFC (g kg* soil) 0.68* - - - 0.61* 0.87**
LFN (g kg* soil) 0.74* - - - 0.68* 0.92**
HFC (g kg" soil) - - - - - -

HFN (g kg* soil) - - - - 0.67* 0.67*
SOC (g kg soil) 0.83** - - - 0.81* 0.89**
TN (g kg* soil) 0.76* - - - 0.74* 0.48*

MBC, C de la biomasa microbiana del suelo; EDOC,oi@anico disuelto-extraible; LFC,
contenido en carbono de la fracciéon ligera; LFNptenido en nitrégeno de la fraccion ligera;
HFC, contenido en carbono de la fraccion pesaday, Hientenido en nitrogeno de la fraccion
pesada; SOC, carbono organico del suelo; TN, rétrddotal del suelo.
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Tabla 4.2.Relacion lineal entre la respiracion del suelg §Ros factores abidticos y bidticos estudiadosaata uso del suelo y periodo de muestreo.

Coeficientes de Coeficientes de
Sitio Periodo Variables independientes regresion parcial regresion parcial Adj. R? F P valor
no estandarizados estandarizados
_ Intercepto 1.006 + 0.060
< .
g Diciembre Ln(ABI) (g cm™) 0.088 £ 0.012 0.775
S Biomasa radiculag<2 mm) (g kg' suelo) 0.015 £ 0.005 0.304 0.908 55.04 <0.0001
3 o Mtercepto 0.642 + 0.899
C- Fraccion pesada (g kguelo) 0.086 + 0.029 0.689 0.422 9.022 0.013
. Intercepto - 0.656 + 0.412
8 Diciembre .
o8 C- Fraccion pesada (g kguelo) 0.088 +0.018 0.856 0.703 24.69 0.001
o
£ § Intercepto -0.842 +0.931
© 'c% Abril C- Biomasa microbiana (mg Kguelo) 0.003 + 0.001 0.792
Humedad del suelo (%) 0.106 + 0.044 0.410 0.706 0QL3. 0.003
. Intercepto 0.122 +0.131
Diciembre o
§ C- Fraccion ligera (g kisuelo) 0.098 + 0.021 0.840 0.672 21.48 0.001
o) Abril Intercepto 1.557 + 0.418
ri
C- Fraccion ligera (g k§suelo) 0.272 £0.101 0.690 0.410 7.26 0.027

ABI: indice de biomasa aérea
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Capitulo 5: Factores de control en la dinamica destomposicion de la hojarasca
de dos especies predominantes de ecosistemas méd#ées: dependencia del sitio

y del tipo de hojarasca.

Resumen

La descomposicion de la hojarasca es un proces@ @a el ciclo de carbono de los
ecosistemas terrestres que determina la dispatabilile nutrientes y el almacenamiento de carbono
en el suelo (Schlesinger y Lichter, 2001). Entertpler factores y/o procesos controlan la dinamica
de descomposicion de la hojarasca y el consiguiginb@cenamiento de carbono en el suelo es
particularmente importante en estos ecosistemagatios por el agua, caracterizados por unos
contenidos bajos de materia organica en el sualtayescasa disponibilidad de nutrientes, asi como
por unas condiciones climaticas (altas temperatuliagribucion irregular de las precipitaciones)
gue limitan la capacidad de secuestro de carborstds zonas (UNEP-UNDP-UNCCD, 2008).

A escala global, los modelos de descomposicionojrdsca han utilizado la temperatura,
la humedad del suelo y la composicion quimica daleneal vegetal como variables predictoras
(Aerts, 1997; Colteaux et al., 1995), ya que efero® fuerte influencia sobre la actividad de los
microorganismos descomponedores. Sin embargo, estmdelos subestiman las tasas de
descomposicion observadas en ecosistemas aridsigrgdos (Parton et al., 2007), sugiriendo que
ademas de la descomposicion bioldgica por partesienicroorganismos, otros factores abioticos
contribuyen de manera significativa en los patrates$a descomposicion de la hojarasca en estos
ecosistemas. Procesos tales como la fotodegradgcianfragmentacion fisica de la hojarasca
causada por los procesos erosivos han sido idetds recientemente como principales factores de
control de la de la descomposicion de la hojarastatros ecosistemas limitados por el agua
(Austin y Vivanco, 2006; Throop y Archer, 2007).

Los objetivos de este capitulo son: (i) determinartasas de descomposicion de dos tipos
de hojarasca que difieren en su composicion quirtftaus halepensigMiller y Rosmarinus
officinalis L.) y que son predominantes de ecosistemas meitos; y (ii) evaluar si los factores
de control de la dinamica de descomposicion deojar&sca difieren con el tipo de hojarasca.
Dadas las diferencias que los usos del suelo cenmaglds presentan en cuanto a cobertura y
densidad de vegetacion asi como en determinadgéeganles del suelo (biomasa microbiana,
densidad de C y N en el suelo), esperamos queterl faitio” influya en las tasas y en los patrones

de descomposicion de la hojarasca de las dis#siaacies consideradas.
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Para cuantificar las tasas de descomposicion Hej#asca se ha utilizado el método de la
bolsa de mantillo. Este consiste en confinar hefmdresca en unas bolsas de malla (10 x 10 cm;
1,4 mm de haz de luz) que se colocan sobre el suséorecogen cada tres meses para estimar la
pérdida de peso durante dicho periodo. Para estlalidinamica de la descomposicion se ha
asumido el patrén de pérdida exponencial propuastoOlson (1963). En cada uso del suelo se
delimitaron cuatro parcelas, dos proximas a indiegl de pino carrasco y dos préximas a
individuos de romero, y se depositaron en el sueltotal de 144 bolsas de hojarasca (2 especies x
2 individuos x 2 usos del suelo x 6 periodos destrae x 3 réplicas) durante un periodo de 20
meses. En cada periodo de muestreo se determpéddala de peso, el contenido en C, N, y ceniza
para cada una de las muestras recogidas. El cdateni ceniza se utiliz6 como indicador de la
deposicion del suelo sobre la hojarasca debida grocesos de erosion. Ademas, se llevaron a
cabo medidas de temperatura (0-2 cm) y humeda8 @n) del suelo con una periodicidad horaria
y quincenal respectivamente, y el volumen, duraeidmensidad de cada evento de precipitacion se
registr6 mediante un pluvidgrafo conectado aata-logger

Las tasas de descomposici@&h\ariaron en funcion de la especie y del sitio.géneral, la
hojarasca d@inus halepensise descompuso mas lentameikte 0.17 + 0.03) que la hojarasca de
Rosmarinus officinaligk= 0.51 + 0.02) (R= 0.742; F= 132.18; P<0.0001). Después de 20 meses
la fraccion de hojarasca restante constituyd apragamente un 70% y un 45% de su peso original
para el pino carrasco y el romero, respectivamdtde.otro lado, se observaron diferencias en la
dindmica del nitrogeno (N) durante las primeragdade la descomposicion: mineralizacion del N
en el caso d®inus halepensie inmovilizacion del N en el caso &®&osmarinus officinalisAsi
mismo, el patrén de la razon C:N mostrado en amésecies durante el proceso de
descomposicion fue muy diferente.

A pesar de que se observo un efecto significatigbfactor “sitio” en la dinamica de
descomposicion de las dos especies consideradastréh no fue similar para ambos tipos de
hojarasca. A lo largo del periodo de incubacios,tésas de descomposicion correspondientes a la
hojarasca de romero (mas labil) fueron mas altaglemso forestaque en el campo agricola
abandonado (R= 0.64; F= 41.51; P <0.0001). Sin embargo, laslijés de peso correspondientes
a la hojarasca del pino (mas recalcitrante) noavami entre sitios durante las primeras fases del
periodo de incubacion, aunque si resultaron seergps en el campo agricola abandonado que en
el uso forestal durante las Gltimas fases del mi@ke 0.68; F= 45.93; P <0.0001).

A lo largo del periodo de incubacion, las variaei®mbservadas en cuanto a la pérdida de
peso y el contenido en carbono o nitrégeno de jar&sca (independientemente de la especie y del

uso del suelo) no estuvieron relacionadas con Masaambientales tales como la temperatura y
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humedad del suelo, la intensidad, la duracién @oflmen acumulado de las precipitaciones
correspondiente a cada periodo de incubacion. Borlado, los modelos de regresion linear
multiple empleados para relacionar la variaciérelepatron (espacial) de la descomposicion de la
hojarasca de cada especie con parametros de campoguimica de la hojarasca (contenido en
carbono, nitrogeno o razén C:N) o con caractedstinherentes al sitio (condiciones de
temperatura y humedad del suelo, y contenido eiz@emdicaron que los factores de control
varian en funcion de la especie. Asi, mientraslgwariacion de los patrones de descomposicion de
la hojarasca dRosmarinus officinali®stuvo relacionada con su contenido en nitrogesuo @zon
C:N (explicando entre un 33 y un 37% de la varignea el caso dBinus halepensigsta estuvo
relacionada con el contenido en ceniza, que explicd4% de la varianza durante las Ultimas fases
del periodo de incubacion (Tabla 5.1).

Estos resultados, junto a los patrones observadda eliinamica del nitrogeno de cada
especie (mineralizacion vs. inmovilizacion), sugierque mientras que la descomposicion de
hojarascas mas labiles (romero) podria estar mddufaincipalmente por factores bidticos
(actividad de los microorganismos del suelo), emhelscomposicion de hojarascas mas recalcitrantes

(pino) intervienen ademas otros factores abiétowso la erosion del suelo y la fotodegradacion.
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Tabla 5.1. Factores de control de los patrones descomposicion de cada especie en cada periodo deesiteo.

Pinus halepensis Rosmarinus officinalis

( dl,aSP;JLorgﬁla dos)  Variable B R & F variable B R R F
120 n.s. n.s.
240 Nitrégeno (%) 0.34 -0.252 -0.711 5.69 n.s.
330 n.s. n.s.
420 n.s. Nitrogeno (%) 0.33 -0.43 -0.816.46
490 Ceniza (%)  0.44 0.067 -0.138 9.65 Raz6n C:N 0.37 -3.77 0.97 6.92
580 Ceniza (%) 044 0.283 -0.251 9.78 n.s.

Nota n.s., regresion no significativaP*< 0.05; **P <0.01.
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Conclusiones generales

1. Los patrones de distribucion de los reservodescarbono a nivel de ecosistema
(biomasa aérea y subterranea, y carbono organiebsrelo) han sido consistentes con los
patrones de productividad primaria neta observatols tres usos del suelo estudiados.
En general, mas del 60% del carbono absorbido sios @cosistemas se asigna a la parte
subterranea (suelo y biomasa radicular), sefaléadmportancia de incluir el carbono
total acumulado en la parte subterranea para estanproductividad primaria neta de

estos ecosistemas mediterraneos.

2. Los valores de productividad primaria neta olbien en este estudio a partir de la
combinacion de metodologias tales como la aplicadi® ecuaciones alométricas (para
estimar la cantidad de C almacenado en la biom&sa)ay la aproximacién basada en la
ley de conservacion de la masa TBCA (para estimaahtidad de C almacenado en la
parte subterranea del ecosistema) fueron simikates valores de productividad primaria
neta observados en otros ecosistemas mediterrarezhante otras técnicas tales como las
torres deEddy Covariance.

3. En estos ecosistemas mediterraneos se debal@@nsel modelo no estacionario
para una estimacion adecuada de la capacidad dessecde carbono en el suelo puesto
gue se ha comprobado que la asuncién de equibhestima la capacidad de secuestro de

C en estos ecosistemas, especialmente en el cgripola abandonado.

4. Se ha puesto de manifiesto la gran importaneidadrespiracion del suelo en el
balance de carbono en suelos mediterraneos copendencia del nivel de intensificacion,
asi como la necesidad de considerar su respuestte fa los pulsos de precipitacion
(volumen y distribuciongn las estimaciones anuales de las emisiones d@i©Cedentes

del suelo.

5. Se ha demostrado que los valores anuales meeli@g por si solos no son un buen
indicador de la respuesta de la respiracion delosfiente a la temperatura en estos
ecosistemas mediterraneos secos, en los que ladisgianibilidad de agua en el suelo
limita la respuesta de la actividad microbianadiqalar frente a la temperatura.
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6. Se ha demostrado la efectividad de los indicepugstos en esta memoria para
explicar la variabilidad de la respiracion en etlsudebida a los patrones de precipitacion
(indice de humedecimient®W|) y a la estructura de la vegetacion (indice denb&a
aéreaABI). El indice de humedecimiento ha sido un buenigi@d especialmente en el
periodo seco, explicando entre un 45 y un 73% dearianza en la respiracion del suelo en
los tres usos considerados.

7. Se ha puesto de relieve la extrema importancigpakedbn espacial de la vegetacion
en la distribucion de las diferentes fraccionesa®ono y nitrégeno del suelo, asi como
en modular la respuesta de la respiracion del sdetate a las fluctuaciones
microclimaticas en el uso forestal y el olivar. dissencia de estas relaciones observada en
el campo agricola abandonado pone de manifiespaml potencial de la “historia del
sitio” en el ciclo de C del suelo, asi como ladalifiad que presentan estos ecosistemas tan
fragiles para recuperar el reservorio original dgbono en el suelo después de haber sido
alterados.

8. Los resultados de este estudio sugieren quedleceedn de la vegetacion en estos
ecosistemas puede incrementar la vulnerabilidaldsienismos al cambio climatico dada
la mayor sensibilidad a las fluctuaciones ambiestédtemperatura y humedad del suelo)
observada en las zonas de suelo desnudo en comparan las zonas vegetadas.

9. En ausencia de eventos de lluvia de magnittrérar, las pérdidas de C por erosion
hidrica resultaron insignificantes en comparaciéon tas pérdidas de C debidas a la
respiracion del suelo, y tuvieron poca influencia & balance neto de C de estos
ecosistemas. Sin embargo, la relevancia de laGresi el balance (neto) de C no debe ser
obviada debido a:

i) el efecto directo de la erosion en los patrodesproductividad primaria neta
(pérdidas de nutrientes asociadas a las zonasfyay@gnancias a las zonas sumidero), y
i) la interaccion de la erosion con los proced@slescomposicion de la hojarasca y

de la materia organica del suelo.
10. Para evaluar el efecto neto de la erosion érmlahce de C a escala de “sitio” en
estos ecosistemas es necesario aumentar la escastudlio, tanto temporal (décadas)

como espacialmente (escala de cuenca o subcuersiaypmo considerar el papel que
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desempefian las diferentes fases de la erosidm@aeatransporte y deposicion) en la
descomposicion de la hojarasca y la materia orgatetsuelo.

11. La contribucion de este trabajo al conocimiel@dos reservorios y flujos (entradas
y salidas) de C en diferentes usos del suelo deosistema mediterraneo, asi como de los
factores de control de la dinamica de los prineipaflujos de C, puede ayudar a
comprender los procesos de pérdida y acumulaciécadmno en el suelo, asi como a
predecir la respuesta de dichos flujos de carbmdd a las condiciones climaticas futuras
previstas por los modelos de cambio climatico iynglacto de los cambios de uso de suelo
gue alteren la estructura y la distribucién dedgetacion.

Asi mismo, este conocimiento puede ser de utiljg@ adoptar politicas de gestidon
territorial adecuadas orientadas a las medidas eosaporias (conservacion de los
reservorios de carbono) y de mitigacion (reducclérlas emisiones de GOptimizando
la capacidad de secuestroa@bono) ante la perspectiva del cambio climatcestando

atencion a los campos de cultivo abandonados.
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Introduction

Terrestrial ecosystems play an important role englobal carbon (C) balance (Cox
et al., 2000). Soils are the largest carbon resemb the terrestrial carbon budget,
containing 2157- 2296 Pg to a depth of 1 m (14628189 in organic forms and 695-748
Pg as carbonate). Organic carbon in the top 30 tteoits, which is the most prone to
change as a result of land use or climatic chasgestimated to range from 684 to 724 Pg,
which is about the quantity of C in vegetation (2€) and somewhat higher than that
present in the atmosphere (590 Pg C) (Batjes anth&ek, 1997).

Carbon storage in terrestrial ecosystems is godebyethe difference that exists
between inputs from aboveground and belowgroundprigtary production and outputs
through erosion and decomposition of plant mateumal soil organic matter on both short
and long term scales. At site level, the major fluxnoccurs through the assimilation of
atmospheric C@by plant photosynthesis (also called gross prinpaogluctivity, GPP)A
fraction of total photosynthesis or GPP is allodasnd stored aboveground for the
production of foliage, stems and branches, andodemtive organs (Figure 1). Another
fraction of the C assimilated by photosynthesisllscated belowground (TBCATotal
Belowground Carbon Allocatignto the production of coarse and fine roots, footr
respiration and exudation, and to maintain mycaahactivity (Raich and Nadelhoffer,
1989). The remainder is respired back to the athmrgpthrough soil respiration, which
includes root respiration, as a sub-product of péitthesis, and litter and soil organic
matter decomposition (Edwards et al., 1970; Scohdgsi 1997; Wiant, 1967). Losses of
carbon through the leaching of dissolved organisorganic C, or by soil erosion, while
generally very low compared to soil respiration\adds and Harris, 1977; Forrester et al.,
2006; Giardina and Ryan, 2002; Raich, 1983; Samesi 1977; 1984), may have a
significant influence on the total soil carbon beti;n dry Mediterranean ecosystems (Lal
2003; Smith et al., 2007).

On a worldwide scale, terrestrial ecosystems ameppr net sink for atmospheric
CO, (about 1 Gt C yt), because they assimilate and accumulate moresatmedac CQ
than that is released back to the atmosphere (®£¢hi95). Thus, forest biomes are an
important component of the global C budget, becahsg: i) allocate and store large
amounts of C in live biomass, detritus and soilanig matter; ii) can be either net C
sources or sinks, depending on their managemendymamics; and iii) play an important
role in regulating atmospheric G@oncentration and climate (Fahey et al., 2010).
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Among the most important global changes taking elae land use and climate
change, increases in atmospheric ,GfOncentration and ultraviolet radiation (280-400
nm), land degradation and desertification, alteretiin biogeochemical cycles of nitrogen
and the introduction of exotic species (Millenniltnosystem Assessment, 2005; Sala et
al., 2000). Land use change is the main driveodfaganic carbon (SOC) losses and land
degradation (Lal, 2004a; Post et al. 2000; Powttaal., 2011), and is responsible for 20%
of global anthropogenic GOemissions to the atmosphere (Le Quéré et al., ;2008
Terrestrial Carbon Group, 2008). Thus, in additionimpacting local environmental
conditions, land use changes have become a drieicg behind the global carbon cycle
and climate (Foley et al., 2005).

It is well known that either depletion of ecosysteanbon pools (that is, the sum of
all organically derived C present in soils, roatsl @boveground components) or increases
in CO, atmospheric emissions caused by the conversioatofe vegetation to agricultural
lands may be partially offset by the recovery ofody vegetation in abandoned lands.
However, uncertainties in the patterns of C lo#®¥ong land use change and the rates of
recolonization of old fields by native woody vedgia are critical data gaps that limit our

understanding of the role of Mediterranean ecosystas potential sinks of atmospheric C.
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Thus, quantifying the size of C pools and the rate€ losses or accumulation caused by
land use change is a first step towards an in deptierstanding of the impacts of land
management on C dynamics in the Mediterranean bastha key issue for successfully
implementing strategies designed to offset C emnssihrough deforestation and forest
degradation for this region under the Kyoto Protdtdean development mechanism”;
UNFCCC, 2008) and from a climate change perspeciivellenium Ecosystem
Assessment, 2005; UNEP-UNDP-UNCCD, 2008).

It has been suggested that the Mediterranean régjitghly sensitive to global climate
change (Sala et al., 2000; Schroter et al., 20R8¢ent global and regional models predict
a 4-5°C warming and 25-30% lower soil water avalitgbover the next three decades in
Mediterranean ecosystems as a result of loweralhiahd changes in rain distribution
(Giorgi and Lionello, 2008; IPPC, 2007; Sabaté let 2002), which may alter soil C
fluxes, and hence soil C storage. In particulag, gbutheast of the Iberian Peninsula, with
its sub-humid and semi-dry Mediterranean climates been identified as an especially
vulnerable area to global change, because of arase in the frequency and duration of
drought periods, and in the number of extreme-gitgrrainfall events that occur during
the summer period (Giorgi and Lionello, 2008). Theenario will inevitably affect the
structure and dynamics of ecosystems and the ssntieey provide, such as soil water
retention or carbon sequestration (Foley et alg52Millenium Ecosystem Assessment,
2005).

As a result of global climate change and alterationland use, many ecosystems are
currently experiencing changes in the primary abiahd biotic factors that control soil C
fluxes and storage (Alvaro-Fuentes and Paustiahl;2Bala et al. 2000; Foley et al., 2005;
Fahey et al., 2009; Quinton et al., 2010). Aftevsgr primary productivity, soil respiration
is the second most important carbon flux in ecasysatmosphere interactions (Schimel,
1995), and plays a major role in determining thes&fuestration potential in many
ecosystems (Valentini et al., 2000). Given the daggantity of CQ that soils release
annually, and the fact that soil respiration isyveensitive to changes in soil temperature
and moisture (Davidson et al., 1998; Lloyd and ®gy1994), it is important to understand
how alterations in vegetation and soil, resultirapf land use intensification, may interact
with predicted climate change to alter soil redmraand C storage. This is of interest for
drought-affected regions, as drylands cover abduwd @6 of the terrestrial surface, host
more than 38% of the world’s population, contai®®@f the global soil organic carbon
(SOC) stock, and have a large potential for C ssgaiion (FAO, 2004; Grinzweig et al.,
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2003, 2007; Lal, 2004b; Millenium Ecosystem Assem#n2005; Reynolds et al., 2007;
UNEP-UNDP-UNCCD, 2008; WRI, 2002). However, hetemogous dry Mediterranean
ecosystems are characterized by a set of feathedsconstrain their resilience after the
cessation of disturbance: i) low and episodic &infii) slow vegetation growth, iii)
potentially high litter and soil organic matter mialization rates; iv) slow recovery of soll
C pools after degradation; and v) a long historycuoitivation (Albaladejo et al., 1998;
Asner et al., 2003; Austin and Vivanco, 2006; Ma&#-Mena et al., 2002; Vallejo et al.,
2006). These features, coupled with the intensity duration of land use, will determine
rates of soil C sequestration and the time perredsired to attain maximum C-storage
potential (Asner et al., 2003; Kauffman et al., 200

Therefore, understanding which environmental factoontrol soil C fluxes under
different land uses is fundamental for our undeditzy of terrestrial ecosystem
functioning in dry environments from a climate cbanperspective. Besides being
controlled by soil temperature and water avail@bi{Davidson et al., 1998; Lloyd and
Taylor, 1994), soil C fluxeare modulated by biotic factors, such as vegetgiRyan and
Law, 2005; Vargas and Allen, 2008). Thus, in hejereous arid, semiarid and
Mediterranean-type ecosystems the patchy distabubf vegetation is also an important
factor to bear in mind, because shrub/tree canagfiest C inputs and outputs through
multiple pathways: i) they provide the principal rlman source to decomposer
microorganisms through dead plant material, thugrdening both litter quantity and
quality (Raich and Tufekcioglu, 2000; Swift et @979); ii) they alter the soil moisture
regime, through the interception of precipitatiordahe extraction of soil water through
transpiration (McCulley et al., 2004; Rutter and rida, 1977); iii) they influence soill
structure, temperature and solar radiation conwitiand subsequent microbial activity
(Austin and Vivanco 2006; Dirks et al. 2010; Gadibal., 2006; McCulley et al. 2004;
Raich and Tufekcioglu, 2000); iv) they lead to ponced patterns of erosion and
associated processes of soil transport and depogiautista et al. 2007; Bochet et al.
2006; Martinez-Mena et al. 2001; Throop and Arcl07); and v) a considerable
fraction of soil respiration stems directly frometlvegetation via root or rhizosphere
respiration (Hogberg et al., 2001). Thus, to prethe responses of soil C fluxes to soll
temperature and water availability fluctuations aswbsystem attributes under different
land uses in such heterogeneous ecosystems, #cesssary to understand the relative
responses of each ecosystem component (microdiggeath-canopy and inter-canopy

locations.
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Therefore, identifying the factors controlling th@in soil C fluxes within different
land use types in a Mediterranean ecosystem isairio better understand soil C cycling
and storage capacity, and hence to improve themagement for C emission offset
schemes under the Kyoto Protocol. The relative mapae of the different C components
within the C balance of each land use type, theraations between them, and their
controlling factors, are the subject of ongoing ateb(Grace and Rayment, 2000; Lal,
2003; Throop and Archer, 2007; Trumbore, 2006; Kb et al., 2000; Van Oost et al.,
2007).

General Hypothesis, objectives and structure of thesis

The general hypothesis of the current study isttetconversion of native ecosystems
to agricultural lands and subsequent land abandonrmo@n lead to shifts in canopy
structure and consequently influence soil C fluaad storage through alterations in soill
microclimatic (e.g., temperature, moisture and rsoéliation exposure) and microsite
conditions (e.g., soil resources and microbial camies, and runoff and soil erosion
patterns).

According to this hypothesis, the general objestioé the present thesis are: i) to
guantify C pools and fluxes (outputs and input®ngl a local land use intensification
gradient (open forest, abandoned agricultural fieldze grove) in a dry Mediterranean
ecosystem; ii) to assess the relative importancéhefdifferent C fluxes within the C
balance of each land use type; and iii) to identigy factors controlling the main C fluxes
within each land use/site. These land use typesepresentative of the land use changes
that occurred throughout the ®2@entury in this and other Mediterranean landscasea
result of agriculture intensification and subsedquand abandonment. We hope that the
research we have carried out and which we desbebe will help further understand the
processes and factors that influence the capactitifierent land uses to sequester and
store carbon.

To achieve these general objectives, four spegiijectives have been established:

» To describe C pools, fluxes, and allocation patteatong a land use

intensification gradient in a dry Mediterranean s&tem, and assess the
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relative importance of the different C fluxes iret€ balance of each land
use type.

To investigate temporal variability in soil respiom and identify the

abiotic and biotic factors controlling it within @aland use type.

To explore the links between vegetation spatiatepas, soil carbon and
nitrogen pools and respiration rates, and idertify abiotic and biotic

factors controlling it within each land use type.

To compare the mass loss rates and changes imgeritroontent of two

predominant litter types Pfnus halepensisMiller and Rosmarinus

officinalis L.), and to assess whether the factors controti@gomposition

dynamics differ between litter types.

This thesis consists of an introduction, a chaptewhich the study area is

described (Chapter 1), four main chapters corredipgnto each one of the above

mentioned specific objectives (Chapters from 2 Yov#hich are written as independent

publications, general conclusions, references apdradixes.

Chapter 1 Study site and experimental design

This chapter focuses on describitng climate, geology, relief, soils and the most

frequent vegetation types in the study area. Tipemxental set-up is also described.

Chapter 2.Carbon pools, fluxes, and allocation patterns

The main goal of this chapter is to describe C pa@old allocation patterns along a

local land use intensification gradient (open fogrebandoned agricultural field, rain-fed

olive grove). In addition, soil C influxes (littedf) and effluxes (soil respiration and

erosion) are estimated, along with the annual cbamg soil C, root biomass and litter-

layer, within each land use type. The specific dibye of this chapter is to compare two C

balance approaches based on steady-state or ramy-st@te conditions in order to assess

how C fluxes (outputs and inputs) affect the estamaf total C allocated belowground.

This chapter corresponds to the published paper:
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Almagro, M., Lépez, J., Boix-Fayos, C., Albaladejg, Martinez-Mena, M. (2010).
Belowground carbon allocation patterns in a dry Necanean ecosystem: A
comparison of two modelSoil Biology and Biochemistd4?2 (9), 1549-1557.

Chapter 3.Factors controlling temporal variations of soil repiration

This chapter focuses on investigating seasonaati@ns in soil respiration, soil
temperature and soil water content under threeeseptative land uses in a dry
Mediterranean ecosystem. Likewise, the relative ortgmce of temperature and soill
moisture as predictors of soil respiration is eatdd. Finally, we assess whether the
response of soil respiration to soil temperature \&@ater content differs between different

micro-sites (beneath- and inter-canopy location#)iveach land use type.

This chapter corresponds to the published paper:

Almagro, M., Lépez, J., Querejeta, J.l., Martineend, M. (2009). Temperature
dependence of soil COefflux is strongly modulated by seasonal patteofs
moisture availability in a Mediterranean ecosyst&amil Biology and Biochemistry
41 (3), 594-605.

Chapter 4.Links between vegetation patterns, soil carbon anditrogen pools, and

respiration rate

This chapter focuses on exploring links betweenetetgon patterns, soil carbon
and nitrogen pools and respiration rates withirhdaod use type. Moreover, we aim at
identifying the factors controlling spatial variltyi in soil respiration within each land

use/site.

This chapter corresponds to the manuscript:

Almagro, M., Querejeta, J.l., Boix-Fayos, C., Magtz-Mena, M. Soil carbon pools
and respiration rates are decoupled from curregétation patterns in a 30 yr old
abandoned agricultural field in a Mediterranean sgstem. Soil Biology and

Biochemistry(under review).
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Chapter 5.Factors controlling leaf-litter decomposition dynamcs: dependence on

litter type and site conditions

The main goal of this chapter is to investigate deeomposition dynamics of two
predominant leaf litter typedP(nus halepensiMiller and Rosmarinus officinalid..) in
Mediterranean ecosystems. More specifically, theatives are: (1) to compare the mass
loss rates and changes in nitrogen content of ttves@redominant litter types; and (2) to

assess whether the factors controlling decompaositymamics differ between litter types.

This chapter corresponds to the manuscript:
Almagro, M., Martinez-Mena, M. Exploring the fadorcontrolling leaf-litter
decomposition dynamics in a Mediterranean ecosystiemendence on litter type and

site conditionsPlant and Soilunder review).

50



Introduction

References

Albaladejo, J., Martinez-Mena, M., Roldan, A., @&stV., 1998. Soil degradation and
desertification induced by vegetation removal isemiarid environment. Soil Use and

Management 14, 1-5.

Alvaro-Fuentes, J., Paustian, K., 2011. Potentilcsirbon sequestration in a semiarid
Mediterranean agroecosystem under climate chang@nit@ying management and climate
effects. Plant and Soil 338, 261-272.

Asner, G.P., Archer, S., Hughes, R.F., Ansley, RV&ssman, C.A., 2003. Net changes in
regional woody vegetation cover and carbon stomggexas Dryland 1937-1999. Global
Change Biology 9, 316-335.

Batjes, N.H., Sombroek, W.G., 199 ossibilities for carbon sequestration in tropical
and subtropical soils. Global Change Biology 3,46713.

Cox, P.M., Betts, R.A., Jones, C.D., Spall, S./oftérdell, 1.J., 2000. Acceleration of
global warming due to carbon-cycle feedbacks iroapted climate model. Nature 408,
184-187.

Edwards, C.A., Reichle, D.E., Crossley, D.A.Jr.7A9The role of soil invertebrates in
turnover of organic matter and nutrients. In: RE¢cID.E. (Eds) Analysis of temperate

forest ecosystems, Springer-Verlag, New York, 12-f.

Edwards, N.T., Harris, W.F., 1977. Carbon cyclingai mixed deciduous forest floor.
Ecology 58, 431-437.

Fahey, T.J., Woodbury, P.B., Battles, J.J., Gogodale.,, Hamburg, S., Ollinger, S.,
Woodall, C.W., 2010. Forest carbon storage: ecqolotgnagement, and policy. Frontiers
in Ecology and the Environment 8 (5), pp. 245-25.

Foley, J.A., De Fries, R., Asner, G.P., Barford, Bhnan, G., Carpenter, S.R., Chapin,
F.S., Coe, M.T., Daily, G.C., Gibbs, H.K., HelkowskH., Holloway, T., Howard, E.A.,
Kucharik, C.J., Monfreda, C., Patz, J.A., Prentic€., Ramankutty, N., Zinder, P.K.,
2005. Global consequences of land use. Scienc¢s3@4), pp. 570-574.

Forrester, D.l., Bauhus, J., Cowie, A.L., 2006. ®@ar allocation in mixed-species
plantation ofEucalyptus globulusnd Acacia mearnsiiForest Ecology and Management
233, 275-284.

51



Introduction

Giardina, C.P., Ryan, M.G., 2002. Total belowgrowatbon allocation in a fast-
growing Eucalyptusplantation estimated using a carbon balance apprdamsystems 5,
487-499.

Giorgi, F., Lionello, P., 2008. Climate change patjons for the Mediterranean region
Global and Planetary Change 63, 90-104.

Grace, J., Rayment, M., 2000. Respiration in tHarz®. Nature 404 (6780), pp. 819-
820.

Grunzweig, J.M., Lin, T., Rotenberg, E., Schwarf, Yakir, D., 2003. Carbon
sequestration in arid-land forest. Global Changsdgly 9, 791-799.

Grinzweig, J.M., Gelfand, 1., Fried, Y., Yakir, D2007. Biogeochemical factors
contributing to enhanced carbon storage followiffgrastation of semi-arid shrubland.
Biogeosciences 4, 891-904.

IPPC, 2007. Climate Change 2007: The Physical $eieBasis. Contribution of
Working Group | to the Fourth Assessment Reporthef Intergovernmental Panel on
Climate Change. In: Solomon S, Qin D, Manning Me@IZ, Marquis M, Averyt KB,
Tignor M and Miller HL, eds. Cambridge, United Kohgm and New York, NY, USA:
Cambridge University Press, 1-996.

Kauffman, J.B., Hughes, R.F., Heider, C., 2009 .bGamool and biomass dynamics
associated with deforestation, land use, and dgrra@labandonment in the neotropics.
Ecological Applications 19 (5), 1211-1222.

Lal, R., 2003. Soil erosion and the global carboddet. Environment International 29
(4), pp. 437-450

Lal, R., 2004a. Soil carbon sequestration impaatglobal climate change and food
security. Scienc804 (5677), 1623-1627.

Lal, R., 2004b. Carbon sequestration in dryland sgstems. Environmental
Management 33, 528-544.

Le Quéré, C., Raupach, M.R., Canadell, J.G., Mdrl&h, et al, 2009. Trends in the
sources and sinks of carbon dioxide. Nature Gensege?2 (12), pp. 831-836.

Martinez-Mena, M., Alvarez Rogel, J., Castillo, WIbaladejo, J., 2002. Organic
carbon and nitrogen losses influenced by vegetatemoval in a semi-arid soll.
Biogeochemistry 61 (3), 309-321.

Middleton, N.J., Thomas, D.S.G., eds., 1997. Wdkiths of Desertification. U.N.

Environment Programme, Edward Arnold, New York.

52



Introduction

Millennium Ecosystem Assessment, 2005. Ecosystemd lHuman Well-being:
Desertification Synthesis. World Resources InsitWashington, DC.

Noy-Meir, I, 1973. Desert ecosystems: environmerat producers. Annual Review of
Ecoloy and Systematics 4, 25-51.

Post, W.M., Kwon, K.C., 2000. Soil carbon sequémsinaand land use change:
processes and potential. Global Change Biology 8:37.

Powlson, D.S., Gregory, P.J., Whalley, W.R., Quintal.N., Hopkins, D.W.,
Whitmore, A.P., Hirsch, P.R., Goulding, K.W.T., 201Soil management in relation to
sustainable agriculture and ecosystem servicesl Pobicy 36, 572-587.

Quinton, J.N., Govers, G., Van Oost, K., Bardg&tD., 2010. The impact of

agricultural soil erosion on biogeochemical cycliNgture Geoscience 3, pp. 311-313.

Raich, J.W., 1983. Effects of forest conversionttoa carbon budget of a tropical soil.
Biotropica 15, 177-184.

Raich, J.W., Nadelhoffer, K.J., 1989. Belowgroundrbon allocation in forest
ecosystems: global trends. Ecology 70 (5), 134@+135

Sabaté, S., Gracia, C., Sanchez, A., 2002. Liki#bces of climate change on growth
of Quercus ilexPinus halepensjsandFagus sylvaticdorest in the Mediterranean region.
Forest Ecology and Management 162, 23-37.

Sala, O.E., Chapin, F.S., Arnesto, J.J., Berlow,Bloomfield, J.,Dirzo, R., Huber-
Sanwald, E., Huenneke, L.F., Jackson, R.B., KinAg, Leemans, R., Lodge, D.M.,
Mooney, H.A. et al, 2000. Biodiversity: Global biodiversity scenarifos the year 2100.
Science 287, pp. 1770-1774.

Schimel, D.S., 1995. Terrestrial ecosystems andctdreon cycle. Global Change
Biology 1 (1), 77-91.

Schlesinger, 1997. An analysis of global chand8,eglition, Academic Press, San
Diego, U.S.A., pp.150.

Schlesinger, W.H., 1984. Soil organic matter: ara®uof atmospheric COQ in:
Woodwell, G.M. (Ed.), The role of terrestrial vegggn in the global carbon cycle:
measurement by remote sensing. John Wiley & Sdmsh€ster, England, 111-127 pp.

Schlesinger, W.H., Litchter, J., 2001. Limited cawbstorage in soil and litter of
experimental forest plots under increased atmoixph‘@z. Nature 411, pp. 466-469.

53



Introduction

Schroéter, D., Cramer, W., Leemans, R., Prentice,, lAradjo, M.B., Arnell, N.W.,
Bondeau, A., et al., 2005. Ecosystem service samdi vulnerability to global change in
Europe. Science 310 (25): 1333-1337.

Smith, S.V., Bullock, S.H., Hinojosa-Corona, A.rakco-Vizcaino, E., Escoto-
Rodriguez, M., Kretzschmar, T.G., Farfan, L.M.,&alr-Cesefia, J.M., 2007. Soil erosion
and significance for carbon fluxes in a mountainoosditerranean-climate watershed.
Ecological Applicationd.7 (5), 1379-1387.

The Terrestrial Carbon Group, 2008. How to inclieieestrial carbon in developing
nations in the overall climate change solutiorp:vww.terrestrialcarbon.org

Throop, H.L., Archer, S.R., 2007. Interrelationghgmong shrub encroachment, land
management, and litter decomposition in a semitegsassland. Ecological Applications
17 (6), pp. 1809-1823.

Trumbore, S., 2006. Carbon respired by terresetasystems — recent progress and
challenges. Global Change Biology 12, 141-153.

UNEP-UNDP-UNCCD, 2008. Carbon in Drylands: Desardfion, Climate Change
and Carbon Finance. Technical Note for Discussar3lC 7, Istanbul, Turkey -03-14.

UNFCCC (United Nations Framework Convention on @lienChange). 2008. Kyoto
Protocol reference manual. Climate Change Seca¢{@iINFCCC), Bonn, Germany.

Valentini, R., Matteucci, G.R., Dolman, A.J., SawjlE.D., Rebmann, C., Moors, E.J.,
Granier, A., Gross, P., Jensen, N.O., Pilegaardl.ikdroth, A., Grelle, A., Bernhofer, C.,
Grunwald, T., Aubinet, M., Ceulemans, R., Kowa|skiS., Vesala, T., Rannik, U.,
Berbigier, P., Loustau, D., Guomundsson, J., Thagen, H., Ibrom, A., Morgenstern,
K., Clement, R., Moncrieff, J., Montagnani, L., Mibi, S., Jarvis, P.G., 2000. Respiration
as the main determinant of carbon balance in Earof@ests. Nature 404, 861-863.

Vallejo, R., Aronson, J., Pausas, J.G., Cortina2d05. Restoration of Mediterranean
woodlands, in: van Andel, J., Aronson, J. (EdsgstRration Ecology. The new frontier.
Blackwell Science Ltd., pp. 193-207.

Van Oost, K., Quine, T. A., Govers, &t al, 2007. The impact of agricultural soil
erosion on the global carbon cycieience318, 326-329.

Wiant, H.V., 1967. Has the contribution of littezahy to forest soil respiration been

overestimated? Journal of Forestry 65, 408-409.

54



1. Study site and experimental design

55



56



Chapter 1

1.1. Location of the study site

The study area is located in Cehegin in the norshwé the province of Murcia in
southeastern Spain. The present work was condunteéde Burete experimental area
(38°3'N, 1°46°W, situated between the Quipar and Burete mourdgaiges. Elevation in the
experimental area ranges from 600 to 800 m abavéesel.

Figure 1.1.Location map of the study area.

This area is representative of the agriculturalciceconomic and environmental
situation of many dry-land farming areas in the Mmdanean region, where the main
limitation to agriculture is water shortage. Thendacape represents a heterogeneous
mosaic of agricultural practices (rain-fed andgated orchards and olive groves (25%),
dry-land farming (7.7 %) and, to a lesser extemeyards (1.8%)). Forests and shrublands
occupy 60% (Ministerio de Medio Ambiente, Agua yditeRural, 2001).
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1.2. Geology, relief and soils

The experimental area is located in the Betic Qlerdss, within the Subbetic zone. The
dominant lithology consists mainly of marine caratnrocks (e.g., dolomitized limestone,
limestone with silex nodules, and red nodular litoess) of the Jurassic, marls and marly
limestone of the Cretacic, and marls, sandstoneésliarestones of the Trassic (IGME,
1978).

The soils in the study area are mainly Leptosaistlfe mountain ranges), Regosols,
Kastanozems and Calcisols (in the agricultural $gndnd Fluvisols (in both Quipar and
Argos valleys) (Alias et al., 1987). Overall, soiisthe study area are shallow, with a low

soil organic matter content and high percentagedjonates.

1.3. Climate

The climate is dry subhumid Mediterranean, with maanual precipitation ranging
from 300 to 400 mm and a mean annual temperaturelSofto 16 °C (Cehegin
Meteorological Station, 1953-1986 period). Mean thbnrainfall ranges from 8 mm
(July) to 50 mm (October), following a bimodal disttion with two rainy seasons
(autumn and spring), and a dry period in summeghHainfall variability between and

within years is very common in the area.

e
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Monthly temperatures oscillate from 0 °C or belo@C0(December and January) to 40
°C (July and August). The mean annual potentiapetranspiration (calculated by the
Thornthwaite method; Thornthwaite, 1948) reache® Btm yi*, so the annual water
deficit is 430 mm. July and August are the driesinths, when the maxima in monthly

temperature and potential evapotranspiration occur.

1.4. Vegetation

The potential vegetation in the study area is atarzed by a mixed forest dominated
by Quercus fagineandQuercus llexin higher mountain areas, and Q@uercus llexand
Quercus cocciferavith scatteredPinus halepensisn lower mountain areas and valleys
(Rivas-Martinez, 2008). However, as a result ofllaise intensification and subsequent
land abandonment, together with selective loggirartces and reforestation works that
took place in the 1970s, current forest patchethénstudy area are a mixture Binus
halepensisvith Quercus cocciferaRosmarinus officinalisJuniperus oxycedru®hamnus
lycioides Cistus clusii Cistus albidusPistacia lentiscusand Daphne gnidium(Abellan
and Sanchez, 2010).

1.5. Experimental design

Three neighbouring sites (located within a raditi® &m) representative of each land
use type were selected to carry out the study: diyca 150-yr-old mixed Aleppo pine-
kermes oak open forest, 2) an abandoned agriculfietd, which was cultivated with
cereal for several years until abandonment in 1980en establishment of typical
Mediterranean vegetation started, and 3) a raimfe@ grove without terraces, regularly
ploughed along the contour lines, and planted witiO x 10 m spacing (107 olive
trees/ha), which has been cultivated for 100 yeEmnsse land use types are representative
of the land use changes that occurred throughoeit2@!' century in this and other
Mediterranean landscapes as a result of agriculhtemsification and subsequent land
abandonment (Padilla et al., 2010 and referencesmeThe open forest and abandoned
field sites are covered by a typical Mediterranshrubland with scattered Aleppo pines
(Pinus halepens)s Although both sites show the same dominant plapecies

(Rosmarinus officinalis, Quercus coccifeemd Juniperus oxycedri)sthe open forest site
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has a more developed vegetation structure, withta vegetation cover of about 65%
compared with 35% of the abandoned agriculturéd Bge.

Figure 1.3. View of the sites representative of each land yge:topen forest (A and
C), abandoned agricultural field (B and D) and elgrove (E and F).

The three sites are located on a glacis hillslogd & mean slope of 10-12%, good
drainage and a high percentage of stones on tHacsurThe open forest, abandoned
agricultural field and olive grove sites occupyward 1.2, 0.15 and 1.8 ha, respectively.

The three sites have the same microclimatic anldtesaiure conditions, but differ in the
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degree (and type) of vegetation cover and belowgtquroperties, as a result of land use
history (Table 1.1).

The soils in the study sites, with a loamy textuterived from limestone colluvia
(open forest and olive grove sites) and Triasiclroalfuvia (abandoned agricultural field
site), are classified as Petrocalcic Calcisol (ofmeest site), Hypercalcid Calcisol (olive
grove site), and Haplic Regosol (Calcaric) (abardoagricultural field site) (IUSS-WRB,
2006). Because the forest and olive grove sitedcar@ed on soils developed from the
same parent materials and are exposed to the damagic conditions, the difference in
soil properties were assumed to be primarily aited to soil use and cultivation which is
responsible for breaking limestone crust. The gmfile characteristics in the three areas
are displayed in the Appendixes I, Il and lll. Qalerthe soils in the study site are shallow,
with an underlying caliche layer at 17-19 cm depth, anchwidw soil organic matter
content and high percentage of carbonates (TabjéMiartinez-Mena et al., 2008).

Rather than comparing C pools and fluxes amongidifit land uses, this study focuses
on understanding below-ground C cycling and théofaccontrolling the main C balance
components within representative land uses/siteseder, we felt it was important to
explore the links between vegetation, climatic peters, and soil C pools and fluxes
within representative land use types. Hence, weseho intensively study one site in each
land use type rather than attempting to replicaés sicross the ecosystem. Thus, although
the experimental design of this study may be camedl a case of “simple
pseudoreplication” (Hurlbert, 1984) for the purpasecomparing soil C pools and fluxes
betwen different land uses, we feel that the apgproa suitable for: i) characterizing C
pools, fluxes and allocation patterns; ii) testihg suitability of different C-budgeting
models to estimate total belowground C allocatiohassessing the main C components
of soil carbon balance; and iv) identifying thettas controlling the main soil C fluxes
along a land use intensification gradient in a Ndanean ecosystem. Previous studies
have used a similar experimental design to deseobeC pools and fluxes and identify the
major ecological controls on them in other ecosystgpes (Allen and Vargas, 2008
Conant et al., 1998; Gulledge and Schimel, 2000egita and Cortina, 2003; McCulley et
al., 2004; Rey et al., 2002; 2010).
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Table 1.1.Main characteristics of the experimental area.

Variable Open forest Abandoned agricultural field Olive grove
Vegetation characteristics Open Aleppo pine woodland Shrubland with scattévegpo pines Olive trees
Standing biomass (g 6862 + 4318 735 + 103 2487 + 114
Mean tree stem diameter (cm) 8.37+£0.4 397804 30.8+x04
Mean shrub stem diameter (cm) 1.72 +0.07 1.80©20 -

Plant cover (%) 64.77+ 3.95 35.17+3.51 12+0.1
Mean annual litterfall (g i) 267.5+17.85 184.1£17.8 54.1+19.3
Mean annual aboveground NPP (§)m 5425+ 47.7 365.2 +60.4 195.2 £23.7
Mean annual belowground NPP (¢)n 807 £ 36.5 762.5+45.8 480.1 +47.7
Soil characteristics

Clay (%) 20905 19.3+0.8 24.8 £0.7
Silt (%) 59.3+0.6 54.8+0.8 50.7+1.1
Sand (%) 19.7 £ 0.8 258+14 155+1.1
Bulk density 0.91 £0.02 1.25+0.03 1.44 +0.02
pH H0 8.02 8.30 8.13
COsCa (%) (0-19 cm) 38.2 32.3 61.9
Maximum soil depth (cm) 17 17 20
Mean annual soil temperature (°C) 16.93 £ 0.27 6.8.27 16.72 £ 0.26
Mean annual soil water content (%) 10.28 +0.24 8840.24 15.01 + 0.28

NPP: Net Primary Productivi
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Abstract

Total belowground C allocation (TBCA) accounts &olarge fraction of gross primary
production, it may overtake aboveground net primanyduction, and contributes to the
primary source of detrital C in the mineral soikerd, we measure soil respiration, water
erosion, litterfall and estimate annual changesS stored in mineral soil, litter and roots, in
three representative land uses in a Mediterraneasystem (open forest, abandoned
agricultural field, rain-fed olive grove), and useo C balance approaches (steady-state
and non-steady-state) to estimate TBCA. Both TB@Araaches are compared to assess
how different C fluxes (outputs and inputs) affeat estimates of TBCA within each land
use. In addition, annual net primary productivisydetermined and C allocation patterns
are examined for each land use. We hypothesizeédtiaages in C stored in mineral soil,
litter and roots will be slight compared to soispéation, but will still have a significant
effect on the estimates of TBCA. Annual net primpargductivity was 648 + 31.5, 541 +
42.3 and 324 + 22.3 g C fryr! for forest, abandoned agricultural field and olireve,
respectively. Across land uses, more than 60 %®fG was allocated belowground. Soil
respiration Es) was the largest component in the TBCA approaeteesss all land uses.
Annual C losses through water erosion were nedégibmpared tdé-s (less than 1%) and
had little effect on the estimates of TBCA. Annghknges in C stored in the soil, litter
layer and roots were low compared g (16, 24 and 10 % for forest, abandoned
agricultural field and olive grove, respectiveljut had a significant effect on the
estimates of TBCA. In our sites, an assumption thj@@s + Cg + C.]J/At = 0 will
underestimate TBCA, patrticularly in the abandonglcaltural field, where soil C storage
may be increasing more rapidly. Therefore, thedstestate model is unsuited to these
Mediterranean ecosystems and the full model ismecended.
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Chaper 2

2.1. Introduction

Carbon storage in terrestrial ecosystems is godetne the difference that exists
between inputs from aboveground and belowgroundprigtary production and outputs
through erosion and decomposition of plant matenml soil organic matter on both short
and long term scalery and semiarid lands, which are characterizedpaiches of
vegetation and bare soil, are the dominant ecasgsia Mediterranean climates. Slow
growth rates, difficult land recovery after degrmia and potentially high mineralization
rates make them especially sensitive to perturbaticesulting from climate change,
drought and land use changes (Asner et al., 2008yigo et al., 1999; Giorgi, 2006;
Smith et al., 2000).

Vegetation allocates carbon (C) belowground to pheduction of coarse and fine
roots, for root respiration and exudation, and &intain mycorrhizal activity (Raich and
Nadelhoffer, 1989). Total belowground C allocat({@®CA) accounts for a large fraction
of gross primary production, it may overtake abeweagd net primary production, and
contributes to the primary source of detrital Gha mineral soil (Gower et al., 1996; Law
et al.,, 1999; Ryan et al.,, 1994; 1997). Becaus¢heflack of direct measurements of
TBCA, Raich and Nadelhoffer (1989) proposed a cor®n of mass approach to
estimate TBCA (g C fAyr?) in ecosystems where the stocks of soil organittenaoots,

and litter were assumed to be nearly steady:
TBCA =Fs-Fa Eqgn. 1

where Fs is the soil-surface CPQefflux (soil respiration) andFs is the aboveground
litterfall.

As the near-steady-state assumption is sometimesrtam and problematic (for
example, disturbed forests, forests establishedgoicultural land, croplands; Nadelhoffer
et al., 1998), Giardina and Ryan (2002) proposadalar approach, whereby C outputs

from the soil equal C inputs minus any change én@hstored in soil per unit of timat):

Fs+Fe=TBCA+F4- A [Cs+Cr+ CL]/At QIE 2
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Soil-surface CQefflux (Fs) is the largest output of C in forest soils. Altighh poorly
quantified, the export of C through erosion ancthéag Fg) is very low compared with
the other fluxes, and so has relatively little ufhce on the total soil carbon budget
(Edwards and Harris, 1977; Forrester et al., 2@iérdina and Ryan, 2002; Raich, 1983;
Schlesinger 1977; 1984). At our study-site, theslo§ C through leaching is probably
negligible because of low soil water-extractablgamic carbon concentrations (Martinez-
Mena et al., 2008). However, we include the carbwbilized by water erosion in our
TBCA approach because of the importance of thicgs® in the organic C balance of
Mediterranean ecosystems (Smith et al., 2007). Soihputs include the C allocated
belowground by plants for root production and resppn, exudation, and for the
maintenance of mycorrhizal activity (TBCA), togetheith aboveground litterfallKa).
The major components affecting C storage in sai#smaineral soil organic matteC§),
fine and coarse root€g), and the litter layerQ).

Thus, through conservation of mass, TBCA can henastd:

TBCA=Fgt+Fe-Fa+ A [C3+CR+C|_]/At Eqn 3

Both TBCA approaches have previously been usedlifé@rent purposes in mature
temperate or tropical forests, and in plantatioitk Wgh stem density, a considerable litter
layer thickness and medium to high mean annualigtaton (Davidson et al., 2002;
Forrester et al., 2006; Giardina and Ryan, 2002wiNen et al., 2006; Raich and
Nadelhoffer, 1989). However, the steady-state aptiomhas not been directly tested for
dry Mediterranean woodlands or tree-crop fields.

This chapter focuses on characterizing C poolsadindation patterns along a land use
intensification gradient in a Mediterranean ecasys{open forest, abandoned agricultural
field, rain-fed olive grove). The specific objeciof the present work was to compare both
C balance approaches to assess how different @dl@autputs and inputs) affect our
estimates of TBCA within each land use. We hypa#eesthat changes in mineral C soill,
litter and roots would be slight compared to sedpiration, but would have a significant

influence on the estimates of TBCA.
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2.2. Materials and methods

2.2.1. Measurements and calculations

2.2.1.1. Organic carbon pools

For each land use, 24 sampling points at 15 cmhdepte distributed in a stratified
manner, depending on the number of plant coverstygthin each land use. A composite
sample from each point included a non-disturbedpéartcore of 100 crhvolume) for
bulk density measurements and a disturbed samplé émd N analysis. Soil samples for
analyses were air-dried, ground and sieved thraugh mm sieve. Before soil organic
carbon (SOC) and total nitrogen (TN) were analysesiihig a N/C Analyzer (Flash 1112
EA, Thermo-Finnigan, Bremen, Germany), soil carlbemavere eliminated using 1 M
HCI. Soil organic carbon stock (g“hwas computed as a product of the organic C
concentration, bulk density and depth for each $iagnpoint.

e

Figure 2.1 Somé of the selected vegetation plots (5x5 m) rdero to estimate
aboveground biomass from species-specific allomegiationships in the forest and
abandoned field sites. Dotted red lines indicatgeteation plots.
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Aboveground biomass (AGB) was estimated from phdal measurements of shrub
and tree stem basal diameters (Fig. 2.1). Twenty-5x5 m plots were located in the
forest (N=16) and abandoned agricultural field (N=8nd every single stem basal
diameter was measured at the end of the growingpae@006) in order to estimate AGB
from species-specific allometric relationships (Baeet al., 2006; Baeza et al., 2011;
Barberd et al., unpublished data). In the olivevgrdAGB was estimated from trunk basal
area measurements (N=30) using an allometric oglstiip developed using 18lea
europaeal. trees growing in a cropland from southern Sp@iillalobos et al., 2006).
Representative biomass samples (stems, twigs, egdles) were dried at 50 °C for seven
days, weighed and ground. The C content of AGB estisnated to be 48 % of dry weight,
hereinafter referred to as ABG-C (g C)n

Belowground biomass (BGB) was estimated using tine method (Vogt et al., 1998).
Twelve soil cores were collected according to atsiied sampling design at each land use
site in late December 2006. The sampling was repaatlate April 2007. Plant roots were
sampled at a mean depth of 15 cm by collectingcswiés 8 cm in diameter (Fig. 2.2). The
soil cores were gently rinsed through a seriesi@et successively smaller sieves (5.0, 2.0,
1.0 mm). Roots were hand-picked from the sievespdaced in a tray. The remaining soil
(< 1 mm) was mixed with tap water and the floatingts were decanted into a 0.1-mm

mesh sieve. The flotation procedure was repeatédnanmore visible roots floated to the

Figure 2.2 Sampling auger (A) and soil from an individual edrefore
being processed for root biomass estimates (B).v&a rinsed through a
series of sieves (C) while roots were hand-pick&dand placed in a tray.
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surface. The material collected in the 0.1 mm sigae placed in the tray, and any material
not derived from roots was removed. Roots were cthiwgh sodium hexametaphosphate
for 24 h to disperse clay particles, rinsed with veater, dried at 55° C for 4 days, and
weighed. Roots were ground, and the C and N comterg determined by using the same
procedure as for the ABG-C samples. We calculateldwiground biomass C values
(BGB-C in g C nf) by multiplying the % C values by the total roainmple weight and

core sizeStatistical analyses showed no significant diffeemnin values between the two
sampling periods, so we pooled the measurements tie two periods to obtain average

C storage values for fine and coarse roots in &aahuse.

2.2.1.2. Components of the belowground C budget

2.2.1.2.1. Soil respiration

Soil CO, efflux was measured in situ with a portable seéipiration gauge (LI-6400,
LI-COR, Lincoln, NB, USA) fitted with a soil res@ition chamber (6400- 09, LI-COR,
NB, USA). Measurements of soil G@fflux were taken according to a stratified samgpli
design to capture the vegetation-based variatiosaich land use. In the olive grove, a
relatively homogeneous ecosystem, six trees wadoraly selected and a total of 24 PVC
circular collars (5 cm depth, 10 cm diameter) wiaserted at different distances from the
stems. Areas closer to the tree stem were moresiy sampled because preliminary
studies had shown higher variability in soil reapon at those locations (Saiz et al., 2006).
In the inter-tree locations, six randomly distriaitcollars were considered enough to
reliably estimate the mean soil respiration at #e% probability level, according to
variance estimation procedures described by Snedeswb Cochran (1967). In the forest
and abandoned field, a total of 30 collars wergegrtonally distributed among the most
frequent soil cover types(nus halepensjsRosmarinus officinalisJuniperus oxycedruys
Quercus cocciferaRhamnus lycioideand bare soil), and were also placed at different
distances from the stems. Thirty sampling pointsewsonsidered sufficient to estimate
mean soil respiration at the 90 % probability levied minimize the effects of chamber
installation, the above-mentioned permanent sdibo were inserted into the soil to a
depth of about 2 cm, to limit root severing (Wariglke, 2005) and care was taken not to
disturb the soil structure. Soil collar heights &gehecked monthly to correct for possible

changes in collar volume from one month to the next
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C A Flle MO o M

Figure 2.3 Soil respiration collars and/or litter traps bethethe most frequent plant cover types
at each site: bare soil (ARosmarinus officinali$B and D),Pinus halepensi€C and H),Quercus
coccifera(E), Rhamnus lycioided=), Juniperus oxycedruss), andOlea europaedl).

Soil respiration measurements were performed mgpriibtween January 2006 (two
months after the collars were inserted to avoitlatarations biases) and December 2007.
Soil respiration measurements were always perforivetsveen 9:00 and 12:00 (solar
time), because it has been shown that midday vati€O, efflux are representative of
daily averages (Davidson et al., 1998; Larionoval €t1989; Xu and Qi, 2001a).

2.2.1.2.2. C outputs by water erosion

To estimate the organic C exported in runoff andireent by water erosion, two
closed erosion plots (8 m long x 2 m wide) werdaithsd in the forest and olive grove,
respectively. In the abandoned agricultural fighdee sediment traps (Gerlach type) were
set up in different locations at the bottom of sh@pe. Precipitation depth after each event
was obtained from two recording rain gauges instiaith the experimental area. The runoff
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and sediments were collected in a tank locatedhetbbttom of the closed plots in the
forest and olive grove, anoh the sediment traps in the abandoned agricultfiedd.
Sampling of the sediments from the tanks was ahroet after thorough stirring. Five
aliquots of 1 L were taken from different depthbeTsediment was filtered, oven-dried at
60 °C, weighed to determine the suspended sediomergentration, ground and analyzed
for organic C contenfThe sediment concentrations were averaged andpiedtiby the
total runoff to calculate total soil losssrom each tank and bottle (in abandoned
agricultural field) an aliquot (20 ml) of runoff mgle was filtered through a Fisherbrand
glass fiber filter (0.4um) and the filtrate was used for dissolved orga@iqDOC)
determinationsTotal OC export during a rainfall event was comguts the sum of OC in
sediments plus OC in runoff.

Annual organic carbon losses by erosionitFg C m? yr') were calculated as the sum
of the net carbon exported after every erosion iesenng one year, divided by the surface
of the closed plots in the forest and olive graueg by the drainage area of each sediment
trap (calculated from a Digital Terrain Model with resolution of 0.25 m) in the
abandoned agricultural field. Water erosion wassuesal over a three-year period (2006-
20009).

Figure 2.4 Recording rain instrument in the experimental amed closed water erosion
plots in the forest (A) and olive grove (B), depsgiC), and sediment traps connected to a
plastic bottle (D and E).

e F
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2.2.1.2.3. Aboveground litter inputs

Above-ground litter Ea) was trapped in six trays (0.25 mach) in the olive grove. In
the forest and abandoned agricultural field, terysrwere distributed among the most
common plant cover types. In the forest and abasdi@yricultural field, some of these
litter traps were installed on bare soil, but ire thlive grove this would have been
impractical because of occasional tillage. HoweabQveground litter inputs at inter-tree
locations may be assumed to be negligible in #@msl luse. Each tray was set on the floor
and collected monthly over a 3-year period (20062Q00nce collected from the field,
litter from each trap was dried at 55° C for foalysl and weighed. Because litter quality
may differ between seasons, we analysed the C amdntent of the trapped litter in
February, May, August and November 2007, and asduha the litter biomass averaged
48 % C.We estimated aboveground C-litter production (i@ gi® yr') by multiplying the
sample weight by the averaged % C values.

2.2.1.2.4. Annual changes in the organic C stored

In the open forest and olive grove, we assumed dhatial changes in soil QCs)
were negligible because both sites have been ustheé isame way since at least 1900, and
previous research in forest (Nadelhoffer et al98t9Raich and Nadelhoffer, 1989) and
agricultural (Burke et al., 1995; Lal, 2008) ecdswyss suggests that soil C pool sizes reach
a near-steady-state after 50 years of the samstforeagricultural management. However,
in the abandoned agricultural field the strength this assumption is presumably
compromised. Therefore, we estimand@s for the abandoned agricultural field, assuming
that soil C sequestration within the surface setjdn after abandonment (30 years ago),
and taking the soil C pool in the olive grove asfarence starting value.

We obtained estimates of annual increases inrboés by using a modified root in-
growth core technique (Fabido et al., 1985; Olevei al., 2000; McCulley et al., 2005). In
early February 2007, we excavated 15-19 cm-deepdridal holes with a bucket auger (8
cm internal diameter) in each land use (N=12 rogjrowth holes per site), distributed in a
stratified manner, depending on the number of dffe plant cover types within each land
use. The study-site is located on relatively siakoils with underlying limestone crust at
17-19 cm depth (Martinez-Mena et al., 2008); treeefwe installed root in-growth bags
(15 cm depth, 8 cm diameter) constructed of fitasginylon mesh with 4.5 nfropenings
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as deeply as possible at each root in-growth Hméreen 4 and 19 cm) and refilled them
with a root-free soil collected from each land s#e of the study area (Fig. 2.5). We
collected the root in-growth mesh bags the follayrebruary (2008). The root in-growth
mesh bags were kept in a refrigerator to minimigeothposition during the time between
collection and processing (at most, one month). Wkowed the same flotation-

decantation procedure described above to obtaowbgiound biomass and determined C
and N concentrations by using the same C-N analggeior the BGB-C samples. The
annual fine root production (in g Chyr?) was calculated by multiplying the root % C by

the root production values obtained from the total sample weight and core size.

Figure 2.5 Root in-growth mesh bag (A) before being refilleith root-free soil and
installed at one root in-growth hole, buried raegrowth mesh bags beneath different plant
cover types (B, C and D), and one of the root magh mesh bags which were collected the
following year (E and F

Coarse root production was estimated from a singllemetric equation which
assumes that coarse root production is proportitmaboveground NPP (Johnson and
Risser, 1974):

NPP, = (ANPP/AGB) x B, Eqn. 4
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where NPR is coarse root net primary production, ANPP isvagoound net primary

production, AGB is aboveground biomass, ang iB coarse root biomass. Likewise,
annual coarse root C production was estimated hyiptying the % C by the coarse root
production values obtained from the allometric diqua The ACr was computed as the
sum of fine and coarse root annual production.

The annual accumulation rates of litter layerACT,() were estimated as the difference
between the annual aboveground litterfall input #relaboveground litter decomposition
C loss estimates at each land use site. To meaboreground litter decomposition rates
(k) we selected the dominant types of litter for ekoid usePinus halepensiseedles,
fine stems and fruits, arlRlosmarinus officinaligeaves, flowers and stems in the forasd
abandoned agricultural field; af@lea europaedeaves, fruits and fine stems in the olive
grove. In April 2007, litter was collected weekiyoiin several sheets distributed in each
land use site. Litter samples were air-dried amrdemperature. Oven-dry weight was
determined for five samples per litter type afteying at 55° C for 4 days. Samples were
ground and analysed for % C and % N in order tesssshe initial litter % C and % N
data. Subsamples (0.3 g) were combusted in a midfieace at 500° C for 5 h to
determine ash content (ranged from 3% to 11% ofptamass). We thoroughly mixed
each litter type material separately before pladiyg Rosmarinus officinaliditter type)
or 5.0 g Pinus halepensiandOlea europaeditter type) of leaves and fine stems (+ 0.01
g) inside 10 x 10 cm litterbags constructed of diglass-nylon mesh with 1.4 mm
openings. The initial concentration of litter iretlitterbags (500 g thin olive and pine,
and 300 g i in rosemary) was equivalent to circa 2 years oLiamdated litter inputs,
which averaged 264, 280 and 146 ¢ mr for olive, Aleppo pine and rosemary,
respectively, in the study area.

Two fenced plots were installed beneath two rarigoselected pine trees and
rosemary shrubs in both forest and abandoned dtgirialifield sites, and beneath two
randomly selected olive trees in the olive grovee \placed litterbags with their
corresponding litter types on the soil surfacedadihe above-mentioned fenced plots on
19 June 2007 and followed their evolution for 20nthg (Fig. 2.6). In the forest and
abandoned agricultural field, a total of 72 littegs were placed (2 litter types x 2
individuals x 6 sampling dates x 3 replicates), 86d2 individuals x 6 sampling dates x 3
replicates) in the olive grove. Each litterbag wasried inside an individual envelope to
quantify how much litter was lost from the bagsidgrthe transport. We collected 3

litterbags from each fence plot every three months.
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Once harvested from the field, litterbags werecpssed in the laboratory. Any
material not derived from litter (seedlings, stgngsil fauna or fungi) was hand-picked
before the litterbags were dried at 55° C and sieleeremove mineral soil. We mixed
dried litter samples with tap water and decantedtiihg litter into a 0.1 mm mesh sieve.
After drying for 4 days at 55° C the litter of edtterbag was weighed to determine mass
change. The samples were ground and then subsaraplegh content, and % C and N

determination (methods as previously described).

Figure 2.€. Litter-bags (A) before placing the dominant tslitter for each land use, and
fenced plots were litter-bags were placed in thendprest (B), olive grove (C) and abandoned
agricultural field (D) site:

The C decomposition constant,(kr') was determined for each litter type by land use
combination using a single exponential decay m¢@@dkdon, 1963):

In (G/Co) = - ket Egn. 5

where Gand Gare the ash-free C content of the litter at ttraad time 0.
To compare the land use patterns of decompodibidhnose of net primary production,
soil respiration and erosion, the decompositio€ dfad to be expressed on the same scale

(g C m? yr'Y). To accomplish this, and following McCulley et £005), we assumed that
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all aboveground litterfall production for each lanse for the year would eventually enter
the litter pool and be decomposed at the rate medsi). Therefore, we obtained an
estimate of aboveground litter C lost through degesition (g C nf yr') by multiplying
theFa values by k

2.2.1.3. Net Primary Production

Annual above-ground net primary productivity (ANP&)d plant C uptake were
determined over a two-year period (2006-2008) usagcombination of pruning,
harvesting, litterfall collection, and allometricethods (as mentioned in section 2.2.1.1.)
appropriate for the different land uses typespfe#éd by drying (55 © C), grinding, and dry
combustion analysis of C and N concentrations ianfpltissues. While traditional
ecosystem studies typically compare ANPP amongsBysusing a constant methodology,
our experimental design required a more complexagmb that tailored ANPP methods to
each land use type. In the open forest and abaddagrécultural field, annual ANPP was
estimated using the equation ANPRAAGB + Fa, whereAAGB is the annual increase in
above-ground biomass (calculated from stem basaheter increments, by applying the
abovementioned species-specific allometric relatiges), and~A is annual aboveground
litterfall. However, we used a combination of litedl collection, pruning residues and
olive yield for annual ANPP measurements in theeofjrove. This approach enabled us to
obtain the best estimate for each land use typerunedl-world management conditions.

TBCA estimates were converted to production eggsgbelowground NPP) by
assuming that 50 % of the C efflux was root and enygzal respiration (the other 50 %
incorporated new tissue) (Binkley and Ryan, 1998yd@na et al., 2003; 2005; Litton and
Giardina, 2008; Newman et al., 2006; Ryan, 1991).

We summed aboveground and belowground net pri@guction values to estimate
net primary production (NPP-C) in each of the larsg¢s. Because the aboveground and
belowground production measurements were not axeetally paired, we used the

average ANPP-C and BNPP-C values per land use eardrythe summation for NPP-C.

2.2.2. Statistical Analyses

Differences inFs andFa with time were assessed using repeated-measuabsianof

variance (ANOVA) (month = repeated measure, andl lase was the main effect).

80



Chaper 2

Analysis of variance (ANOVA) was performed to detedifferences in litter
decomposition rates between species. A t-test wesrmqmmed to compare aboveground and
belowground net primary productivity within eacimdause. A Pearson correlation test was
used to examine the relationships between montbilyrespiration and litterfall inputs
within each land use. Analyses were computed WRISS procedure GLM (SPSS 15.0,
Chicago, IL, USA) at the P = 0.05 significance leve

2.3. Results

2.3.1. Carbon pools and dynamics within each lasel u

The whole ecosystem carbon pool ranged from 36@08&780.7 g C M across land
uses, (Table 2.1), with approximately 62, 90 anéb &f the C stored belowground (soll
plus roots) in forest, abandoned agricultural fiztdl olive grove, respectively. The major
contributor to the total belowground C pool was @atored in the mineral soil as SOC,
which accounted for 94, 92 and 94 % in the forakgndoned agricultural field and olive
grove, respectively. Carbon stored in abovegrouanhéss accounted for 37.5 (forest), 9.5
(abandoned agricultural field) and 22.8 (olive ggp% of the total carbon. The root: shoot
biomass ratio was 0.1, 0.72 and 0.18 for foresandbned agricultural field and olive

grove, respectively.

Table 2.1. Soil organic C and total N pools (0-15 cm), €&ilN, above- and belowground
biomass C (-15 cm), whole ecosystem C, and root: shoots for each land us

Open forest  Abandoned field Olive grove

Soil organic carbon (g C A 5189.3 £ 154.9 3060 £ 441 2658 £ 514.82
Soil total nitrogen (g N ) 336.3+5.2 279 £ 3.6 284.1£5.2
Soil C:N 15.4+0.4 11.0+0.4 9.3+05

Aboveground biomass C (g Cin 3293.8 + 2072.6 351.3 + 49,64 830.3+52.1

Belowground biomass C (g Cth  305.4 + 42.9 252.9+42.9 162.2 £43.8
Total Ecosystem C (g C 8780.7 £2270.4 3664.3 +533.5 3640.6 +610.7
Root: shoot biomass 0.10 0.84 0.21
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Lower aboveground litter C decomposition rateg (kere found for Aleppo pine litter
(0.15 + 0.02 and 0.29 + 0.02 Yrthan for rosemary litter (0.71 + 0.02 and 0.59.82 yi')
in both forest and abandoned agricultural fieldspestively (F=132.18; P<0.0001)
(Fig.2.7). This means longer mean residence timmeg\leppo pine litter (6.6 and 3.4 yr)
with respect to rosemary litter (1.4 and 1.69 wpoth forest and abandoned agricultural
field, respectively. The average %alue for olive litter was 0.54 + 0.02§rand its mean

residence time was estimated to be 1.85 yr.

B P.halepensis
B R.officinalis
NN O.europaea

kc values (yr'l)

D777

Forest Abandoned field Olive grove

Figure 2.7. Aboveground litter decomposition rates)(kor the dominant types of litter
for each land use. Within each land use, diffelettérs indicate significant differences in
decay constants between litter typs<(0.05).

2.3.2. Components of the TBCA budget

Soil-surface CQ efflux across sitesFg) was larger than any other component in the
TBCA approach (Table 2.2). For more details abeasenal variations in soil respiration
and differences between beneath- and inter-canoggtibns within each land use, see
Chapter 3. Greater litterfall inpu{ga) were observed in the open forest and abandoned
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agricultural field than in the olive grove. Monthi, andFs were poorly correlated (r =
0.124,r =0.242, and r = 0.232, P < 0.01 for fgrabandoned agricultural field and olive
grove, respectively)Across sites, carbon losses by water erosibg) (vere minor
compared td=s, averaging 1.43 + 0.38, 2.21 + 0.23, and 2.5866 @ C n¥ yr™ for forest,
abandoned agricultural field and olive grove, resipely. The annual change in C in
mineral soil ACs) associated to the recovery of the abandonedwdgnial field averaged
14.6 g C rifyr*. Annual increases in coarse and fine roaSg) were two-fold higher in
the abandoned agricultural field than in open forasd olive grove. Greater litter
accumulation ratesAC,) occurred in the open forest (73.2 + 4.1 g ¢ ') and
abandoned agricultural field (49.5 + 5 g G gr™) than in the olive grove (12 +4.1 g Cm

2yrY), because of greater litterfall inputs and lowecamposition rates.

2.3.3. Total belowground carbon allocation

Using both TBCA approaches, we found that the opemst and abandoned
agricultural field allocated much more C belowgrdamnually than the olive grove (Table
2.2). We quantified the effect of changes in th&@ed in soil, litter layer, and root&[Cs
+ Cr + C.]/At in Eqn. 3) on TBCA by comparing TBCA estimated witie full model
(Egn. 3) with the TBCA estimated assuming zero gkan C storage (Egn. 1). Assuming
that A[Cs + Cr + C.]/At = 0O, estimates of TBCA were 17.5% lower than es@ma
calculated from the full model (Egn. 3). The abaretb agricultural field had the largest
bias (- 23.5%), followed by forest (- 16.1%) and/elgrove (- 12.8%). Annual increases in
roots were responsible for most of the increage storage in abandoned agricultural field
and olive grove. Including only estimates of romtrbass in the calculation of TBCA (that
is, assuming thak[Cs + C_] ]/At = 0 and TBCA =Fs + Fe- Fa + ACRr/At) reduced the bias
in TBCA to an average underestimation of 8.7 ari¥®in abandoned agricultural field
and olive grove, respectively. However, annual e@ases in litter layer C mass were
responsible for most of the increase in C storagthé open forest, reducing the bias in
TBCA to an average 6.5 % underestimate.
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Table 2.2.Annual carbon fluxes (g C f) and total belowground carbon allocation withicte&nd use.

Open forest Abandoned field Olive grove
Annual C from soil-surface respiratioRd) 766 + 64.2 648 + 64.3 427 + 30.3
Annual litterfall C Ea) 128.4 +9.3 88.4+11.4 26 +9.31
Annual C loss by soil and water erosidi) 1.43 +0.38 2.21+0.23 2.58 + 0.66
Annual change in soil CACs) * 14.6 *
Annual change in litter layer Q\C,) 73.2+4.1 495+5 12+41
Annual change in coarse and fine rootAT§) 50.3+8.7 106 £ 12.2 44.8 +14.7
TBCA calculated aks- Fa 649.8 +21.9 559.4 + 26.7 401.8 £ 21.7
TBCA including C exported from the sitEg) 651.3 +22.2 561.6 + 26.9 404.4 £ 22.3
TBCA (Fs- Fa+ Fg+ ACs+ AC_+ ACR) 774.8 £ 35 731.8+44.1 461.2+41.1
TBCA (Fs- Fa+ Fe+ ACy) 651.3 +22.2 576.2 + 26.9 404.4 £22.3
TBCA (Fs- Fa+ Fe+ AC)) 724.4 + 26.3 611.1+31.9 416.4 £ 26.4
TBCA (Fs- Fa+ Fg+ ACR) 701.6 £ 30.9 667.7 £ 39.1 449.3 + 37
Aboveground Net Primary Productivity (ANPP) 260.2@5 174.9 + 28.9 93.7x114
Belowground Net Primary Productivity (BNPP) 387.4%&5 365.9 + 22 230.6 £ 20.5
ANPP: BNPP 0.67 0.47 0.40
Aboveground production: biomass (ANPP: AGB) 0.08 490. 0.11
Coarse and fine root production: biomas€g: BGB) 0.16 0.42 0.27

* Negligible.
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Figure 2.8. Net primary production and C allocation patternshui each land use.
Within each land use type, asterisk symbols indicgnificant differences between
aboveground and belowground net primary produdtiéh< 0.05).

2.3.4. Net primary productivity and carbon alloicat patterns within each

land use

Annual aboveground net primary productivity (ANPPg2lculated during two years
of measurements averaged 260.4 + 20.5, 174.9 + &81993.7 + 11.4 g C fyr” for
forest, abandoned agricultural field and olive grorespectively. Annual belowground net
primary productivity (BNPP-C) estimated from TBCAlues averaged 387.4 + 11, 365.9
+ 13.4 and 230.6 + 10.9 g Cnwyr for forest, abandoned agricultural field and olive
grove, respectively (Fig. 2.8). Therefore, annuatl primary productivity (ANPP-C plus
BNPP-C) was 648 + 31.5, 541 + 42.3 and 324 + 22@ mi* yr* for forest, abandoned
agricultural field and olive grove, respectivelycrAss land uses, more than 60 % of the C
was allocated belowground (Fig.2.8). The abandoagdcultural field was more
productive than forest and olive grove, as showthieyhighemannual production: biomass

relationships in both aboveground and belowgrourmd@ponents (Table 2.2).
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2.4. Discussion

2.4.1. Carbon pools and allocation patterns

Carbon pools in the mineral soil (0-15 cm), abawagd and belowground (0-15 cm)
biomass in all three land uses (Table 2.1) fellhimitthe range of values reported for
similar Mediterranean land use types (Alvarez et2007; Beier et al., 2009; Boix-Fayos
et al., 2009; Grinzweig et al., 2003; 2007; Peitueh al., 2007). Across land uses,
approximately one-third of the whole ecosystem G w#red belowground, which is
consistent with the observed C allocation pattevitkin each land use type (Fig. 2.8). In
water-limited ecosystems, more than 50 % of the @llocated belowground (Griinzweig
et al., 2007; Jackson et al., 2002; Nosetto et2@06; Vargas et al., 2008; this chapter),
highlighting the importance of including total beiground C accumulation to estimate net
primary productivity in these Mediterranean ecosys.

The root: shoot ratio found for the abandonedcagjuiral field (Table 2.1) fell within
the range reported for different forests and woadaaround the world (reviewed by
Mokany et al., 2006). However, our root: shootasfior both forest and olive grove were
extremely low. Although the core method has beattelyiused to estimate root biomass,
permitting comparisons with existing data, there abme methodological difficulties
associated with measuring root biomass by this ate{Mokany et al., 2006; Vogt et al.,
1996). In our study, the sampling depth (0-15 cng the failure to sample the root crown
and coarse structural roots of woody plants likely to an underestimated root biomass,
and hence provided lower root: shoot ratios, esfigcin the forest and olive grove.
However, although our estimations of belowgroundntass and production may be
somewhat underestimated for all land uses, anckfbrer net primary productivity at the
ecosystem scale, we do not expect these root piiodumderestimations to have strongly
biased the TBCA values in this Mediterranean edesydor the following reasons. First,
because of root distribution decreases expongntiath soil depth, greatest root biomass
concentrations have been found near the surfaassaciifferent ecosystems around the
world (Jackson et al., 1996). Between 50 and 90%ats were found in the first 10 or 20
cm of the soil in different Mediterranean woodlaragl shrublands or Aleppo pine stands
(Ares and Peinemann, 1992; Kummerow et al., 19T7imierow et al., 1981; Rambal and
Leuterne, 1987; Rey et al., 2002; Schenk and Jack&002; Silva and Rego, 2003).
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Second, our experimental area is located on relgtishallow soils with an underlying
limestone crust at 17-19 cm depth (Alias et al.8719Martinez-Mena et al., 2008).
Although roots can penetrate through cracks inutiderlying petrocalcic horizon (caliche
layer) to reduce the effects of summer drought lisoebing water from deeper soil layer
(Kummerow et al., 1990; Vargas et al., 2008), grgfatoot biomass was concentrated in
the first 17-19 cm of the soil of all land usesv&i the nature of our soils and the
distribution of roots with depth found by severatteors in similar ecosystems, we expect
our estimates of belowground biomass and produdtidre robust.

Overall, annual net productivity values providedtbis study combining both TBCA
(full model; Egn. 3) and biomass-inventory appraactvere in reasonable agreement with
the estimates for other Mediterranean ecosysteimmgdad by several studies using the
eddy-covariance approach (Allard et al., 2008; &aty al., 2002; Pereira et al., 2007;
Valentini et al., 2000).

2.4.2. Components of the TBCA budget

Soil-surface CQ@efflux in the study aredg) was the largest component in the TBCA
approach (more than 93% across land uses). Sewethbrs have highlighted the
importance of soil respiration as the major fluxtire TBCA of different ecosystems
around the world (Giardina and Ryan, 2002; Kayealet 2005; Litton et al., 2003;
McDowell et al., 2001).However, it is difficult to completely understandet soil
respiration component since measurement of thisanpater would involve both
autotrophic root and mycorrhizae respiration,)(Rind heterotrophic respiration R
stemming from SOM and root exudate decompositiorsddly microorganisms and fungi
(Hanson et al.,, 2000; Kuzyakov & Cheng, 2001, 20(dot respiration has been
suggested to account for at least 50 % of totalrespiration in many ecosystems (Haynes
and Gower, 1995; Hogberg et al., 2001; Keith etl#&197; Misson et al., 2006). However,
in low-productivity ecosystems, the relative cdmiition of roots to soil respiration
decreases (reviewed by Hanson et al., 2000; Subkad.,e2006; Unger et al., 2009),
because less C is allocated to the roots, whichltsegn lower autotrophic respiration
fluxes. Several studies have noted the importamdestrotrophic respiration as a major
component of soil respiration in Mediterranean gstesns, where it may account for up to
59% (Tang and Baldocchi, 2005), 67% (Beier et2009), 77% (Rey et al., 2002), 85%
(Unger et al.,, 2009) or 88% (Tedeschi et al., 2006}the total soil respiration flux.
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However, we could not quantify the contributionRf and R\ to soil respiration in this
study, and therefore we cannot determine whethérregpiration along this land use
intensification gradient was driven by root resfina and exudation or soil organic matter
and root exudate decomposition.

Annual C losses by water erosion were negligiblmgared td~s (less than 1% across
land uses) and had little influence on the estimateTBCA. When estimates of C losses
by erosion were included in the calculation of TBGAe TBCA values were 0.22% (in
open forest), 0.39% (in abandoned agriculturadjiend 0.64% (in olive grove) higher
than when assuminge=0 (that is, assuming that TBCA s FFa + A[Cs + CGr + C_]/At).
These results agree with the results of severdloasitwho have suggested soil erosion
plays an insignificant role in the annual carborlabee across different ecosystems
(Forrester et al., 2006; Giardina and Ryan, 200&pr. et al., 2004)But none of these
studies assessed the effect of soil erosion ornc#éineon balance by direct estimations.
Rates of soil C mobilized by water erosion forlafid uses fell within the lower range of
those directly quantified for similar Mediterraneacosystems at the catchment scale (7 g
C m?yr'; Smith et al., 2005; from 2 to 21.8 g C*r'’; Albergel et al., 2006; from 0.4 to
19.9 g C nif yr'™; average, 6 g C fyr?, Boix-Fayos et al., 2009). Using the water erosion
rates Fg) of those subcatchments with a similar land upe teported by Boix-Fayos et
al. (2009) at our site would increase TBCA by M3 and 5% in forest, abandoned
agricultural field and olive grove, respectivelyurOlow Fg rates would be explained
because of the fact that few high-intensity raindakents (maximum intensity in 30 min of
more than 15 mmh Martinez-Mena et al., 2001) occurred in the ekpental area over
the three-year study period. However, in a previstigly we observed higher water
erosion rates, and how only two events were then mantributors to the total C export in
the experimental area over 15 months (Martinez-Menal., 2008). The role of water
erosion in the carbon balance needs to be assessetbng time periods (Quinton et al.,
2010; Trumbore, 2006). Furthermore, soil transpod deposition by water erosion may
influence litter decomposition dynamics. Besideslitate decomposer colonization, soil
transport processes may cause fragmentation osiabréo litter, increasing the surface
area available for microbial attack (Throop and heng 2007; 2008). In contrast, soil
deposition on litter (or the burial of litter) migtblock solar radiation, diminishing
decomposition by photodegradation, an importantvedriin aboveground litter

decomposition in semi-arid ecosystems (Austin ainéino, 2006). The net effect of soil

88



Chaper 2

transport on litter decomposition dynamics will dee be clarified before we can fully
understand the role of water erosion in the org@nii@lance in Mediterranean ecosystems.

The annual litterfall and decomposition ratesneated were comparable to values
reported for other Mediterranean shrublands, Aleppwe forests and agroecosystems
(Garcia Plé et al., 1995; Garcia-Pausas et al4;2R6driguez Pleguezuelo et al., 2009).
Across land uses, lower litterfall inputs and highigter decomposition rates were
observed in olive grove than in open forest or doaed agricultural field. Besides the
biological and physical processes discussed alibee,quality also plays a critical role in
litter decomposition dynamics. When subsamplesaohditter type were analysed for % C
and % N across seasons, significantly lower C:Msatvere observed in olive litter type
(26.41 = 0.98) than in pine (67.00 + 0.71) or roagm(35.00 + 0.71) litter types (F=
744.85; P<0.0001). Smaller C:N ratios are indieatof a more easily decomposable
substrate, which explains the higher abovegroutter Idecomposition rates measured in
the olive grove despite lower microbial biomasshiis site (see Table 3.2 in Chapter 3). In
contrast, the recalcitrant pool &f. halepensimeedles has been estimated to be 60%
(Rovira and Vallejo, 2002), which limits decompamsitand enhances the accumulation of
a relatively high amount of recalcitrant SOM. Hendegher litter accumulated C:
decomposed C were observed in open forest (1.32abandoned agricultural field (1.27)
than in olive grove (0.85).

Annual changes in C stored in the soll, litterelagind coarse and fine roots were slight
in comparison withFs (16.1, 26.2 and 13.3 % for forest, abandoned aljuial field and
olive grove, respectively), but had a notable iaflce on the estimates of TBCA (an
average difference of 17.5 % between the modelssadand uses). However, the major
contributors to changes in soil C storage diffebedween land uses. Whereas annual
increases in rootsACgr) accounted for most of the increase in C storagahbandoned
agricultural field and olive grove sites, annuaremases in litter layer C mass@ ) were
responsible for most of the increase in C storaghe forest site.

When our TBCA estimates were converted to produoctestimates according to
assumptions previously made that belowground NRBasit 50% of TBCATable 2), we
observed that the coarse and fine root producth@k) estimates only accounted for 12%
(open forest), 29% (abandoned agricultural fielt) 49% (olive grove) of the total BNPP.
Besides coarse and fine root production, BNPP sefierroot exudation, mortality, and
losses to detritivores, and mycorrhizal growth t@nitand Giardina, 2008). Root exudates

and mycorrhizae probably represent a large podfdNPP in most ecosystems (Giardina
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et al., 2004; Hobbie, 2006). Unfortunately, neithgycorrhizal production nor exudation
was included in this study, the inclusion of whitiight have improved our estimates of
ACgr andACg: BNPP.

2.5. Conclusions

Despite annual inputs of 903.2 + 44.3 (open fore890.2 + 55.5 (abandoned
agricultural field) and 487.2 + 50.4 (olive grov@)C nf yr* asFa and TBCA, alterations
in total C stored (litter, mineral soil and rootggre 16, 23 and 12 % of TBCA for forest,
abandoned agricultural field and olive grove, resipely, suggesting that a large
proportion of TBCA returned to the atmosphere thgiosoil respiration, especially in the
olive grove.

Since estimating BNPP is labour intensive and nulogically complicated,
especially in soils with an underlying petrocalbimrizon, the TBCA approach described
might be considered a more straightforward method dstimating belowground C
sequestration in such ecosystems. However, an assunthatA[Cs + Cg + C_]J/At =0
will underestimate TBCA in our sites, particulaily the abandoned agricultural field,
where storage may be increasing more rapidly. Toerethe use of the steady-state model
is unsuited to these Mediterranean ecosystemshanidit model is recommended.

Likewise, water erosion should not be overlookecemiestimating TBCA in these
Mediterranean ecosystems. Besides including measmts of C mobilized by erosion
over long time periods, the role of water erosiontlhe organic C balance in these
Mediterranean ecosystems will not be properly ustded until specific studies relating
soil transport to decomposition dynamics are cdroiet.

Future studies of belowground C cycling should Iagothe direct measurement of

mycorrhizal production and exudation.
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Abstract

Extensive research has focused on the temperaansitigity of soil respiration.
However, in dry Mediterranean ecosystems, soiliraspn may have a pulsed response to
precipitation events, especially during prolongeq ¢beriods. Here, we investigate
temporal variations in soil respiration Rsoil temperature (T) and soil water content
(SWC) under three different land uses (a forest,ama abandoned agricultural field and a
rain-fed olive grove) in a dry Mediterranean ardasoutheast Spain, and evaluate the
relative importance of soil temperature and wateailability as predictors of R We
hypothesize that soil moisture availability, rathiean soil temperature, becomes the major
factor controlling CQ efflux rates in this dry Mediterranean ecosystemrd) the summer
dry season. Soil CQefflux was measured monthly between January 20@6ecember
2007 using a portable soil respiration gauge fitieth a soil respiration chamber (LI-
6400- 09). Mean annual beneath canopy soil regmiraates were 2.35 + 0.04, 1.&7
0.04, and 2.18 = 0.04mol m? s in the forest, abandoned field and olive grove,
respectively. Rwas largely controlled by soil temperature aboveod water content
threshold value of 10 % at 0-15 cm depth for forast olive grove, and 15 % for
abandoned field. However, below those thresholgdsvés controlled by soil moisture.
Exponential and linear models adequately descriBgdresponses to environmental
variables during the growing and dry seasons. Modeinbining abiotic (soil temperature
and soil rewetting index) and biotic factors (albgreeind biomass index and/or distance
from the nearest tree) explained between 39 and af3fte temporal variability of Rn
the forest and olive grove. However, in the abaeddireld, a single variable — either soil
temperature (growing season) or rewetting indey g#rason) — was sufficient to explain
between 51 and 63% of the soil £€fflux. The fact that the rewetting index, rathiesn
soil water content, became the major factor colmiglsoil CQ, efflux rates during the
prolonged summer drought emphasizes the need tatifyjuthe effects of rain pulses in
estimates of net carbon annual losses from saityrMediterranean ecosystems.
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3.1. Introduction

Soil respiration (B results from plant litter and soil organic matté8OM)
decomposition and root respiration, and is propoei to the net primary productivity
(NPP) of the ecosystem (Wang & Polglase, 1995)erAdiross primary productivity, soil
respiration is the second most important carbor ftuecosystems and is therefore an
important component of the global carbon balanohi(Bel, 1995). As a result of growing
concern on climate change, and the increasinglygrzed importance of the role of soils
as potential carbon sinks, much effort is beingotied to obtaining better estimates of soll
CO; efflux and to improve our understanding of the ratéions between environmental
variables and soil respiration.

The total global area of lands with a Mediterrantgoe climate is about 2.75 million
km? (Rambal 2001). Coupled General Circulation Mod&€Ms) and ecophysiological
models such as GOTILWA predict 1°C warming and 0%2dower soil water availability
for the next three decades in Mediterranean ecasigstas a result of smaller annual
amounts of precipitation and also changes in ra@tridution (IPPC, 2001; Sabaté et al.,
2002), which may alter CCfluxes from soils. Thus, it is important to undarsd which
environmental factors control soil respiration amreover, how these factors affect LO
emissions from soils, especially in semiarid angl etosystems, where soil respiration is
one of the main processes of C loss (Conant e2@00). However, soil processes in
water-limited ecosystems, and in Mediterranean y&tems in particular, have received
relatively little attention (Raich & Schlesinger992; Raich and Potter, 1995; Rey et al.,
2002), and are currently under-represented in relsezetworks (Reichstein et al., 2003;
Valentini et al., 2003).

Extensive research has focused on the temperatnsgisity of soil respiration (Boone
et al., 1998; Buchmann, 2000; Davidson et al., 1288/d and Taylor, 1994). In contrast
to the continuous response of soil respirationamperature typically found in mesic
ecosystems, a growing number of studies have steghyéisat soil respiration in water-
limited ecosystems has a pulsed response to peayni events (Curiel-Yuste et al., 2003;
Huxman et al., 2004; Jarvis et al., 2007; Noy-M&873). Understanding both continuous
and discontinuous factors that govern G&flux dynamics and sources of variability is
important for producing a predictive framework famderstanding COefflux dynamics

under varying meteorological conditions.
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The spatial distribution of vegetation is also amportant factor to bear in mind,
because plants affect soil respiration through ipleltpathways: i) by altering the soil
moisture regime, through the interception of priatpn and the extraction of soil water
via transpiration (Rutter and Morton, 1977); ii) Iyfluencing soil microclimate and
structure (Raich and Tufekcioglu, 2000); iii) byopiding the principal carbon source to
decomposer microorganisms through dead plant ragtehus determining both litter
quantity and quality (Swift et al., 1979); and thg fact that considerable fraction of soil
respiration stems directly from the vegetationngat or rhizosphere respiration (Hégberg
et al., 2001).

The objectives of this chapter were: (1) to inwgestie seasonal variations in soil
respiration, soil temperature, and soil water contender three representative land uses in
a semiarid Mediterranean ecosystem; (2) to evalhateelative importance of temperature
and soil moisture as predictors of soil respirgtermd (3) to examine if the response of soil
respiration to soil temperature and water availghbdiffers at different locations (beneath-
and inter-canopy) within each land use. We hypatleethat water availability, rather than
temperature, becomes the major factor controlli@y Efflux rates in this Mediterranean

ecosystem during the summer dry season. Here wevasuestions:

1. How do seasonal patterns of soil moisture avaitghihodulate the response of saill

respiration to changes in temperature?

2. Are different land uses similarly sensitive to diffnces in soil temperature and

water availability?

3.2. Material and methods

3.2.1. Experimental design and field measurements

3.2.1.1. Soil respiration measurements

Soil CQ, efflux was measured in situ with a portable sedpiration gauge (LI-6400,
LI-COR, Lincoln, NB, USA) fitted with a soil res@ition chamber (6400- 09, LI-COR,
NB, USA). Measurements of soil G@fflux were taken according to a stratified samgpli
design to capture the vegetation-based variatiaagh land use. The experimental design
has been previously described in Chapter 2 (Se2t@i.2.1.page 31).
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3.2.1.2. Temperature, moisture and precipitatiorasueements

Simultaneously with soil respiration measuremessts] temperature (T) and soil
volumetric water content (SWC) were measured atrb5depth at each sampling point.
Soil temperature was automatically recorded withl-8400 soil temperature probe, and
soil water content was measured using a time domeflectometry device (TDR).
Precipitation depth, intensity and duration of eaaimfall event were obtained from a
recording rain instrument installed in the expentaé area, which was connected to a
data-logger (Hobbo, Onset Computer Corporation,rBeuMA, USA). The data were

stored at 1-min intervals.

3.2.1.3. Fine root biomass estimation

Plant roots were sampled to a mean depth of 10\ycweolecting soil cores 10 cm in
diameter. Soil cores were collected in Decembe62&@d April 2007, beneath canopies
(n=8) and in the inter-canopy sites (n=4) at eactdluse. Fine roots (< 2 mm diameter)
were hand-picked, rinsed with tap water and decam® a 0.1-mm mesh sieve. The
flotation procedure was repeated until no moreblesiroots floated to the surface. The
material collected in the 0.1-mm sieve was dried@t°C for 4 days. Any material not

derived from roots was removed before weighingdfited product.

3.2.1.4. Soil organic carbon estimation

Soil samples were collected in December 2006 and 2p07 from the top 15 cm at
the same sampling points where plant roots werelkemin Soil samples for soil organic
carbon (SOC) analyses were air-dried, and sievaxligin a 2 mm sieve. Before SOC in

the mineral soil (<2 mm) was determined with a Nd@alyzer (Flash 1112 EA, Thermo-

Finnigan, Bremen, Germany), soil carbonates wenagted using 1 M HCI.

3.2.2. Data analysis

3.2.2.1. Temperature response of soil respiration
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The Qo value, defined as the increment in soil respiratiate when temperature is
increased by 10 ° C, was used to describe thets#tysdf soil respiration to temperature.
For each land use, a;§value for the whole measurement period (January6 200
December 2007) was computed on the basis of thethtyomeasurements of soil
respiration rate and soil temperature. In additwea,estimated a specific;gvalue for the
growing season (from October to April), and anothree for the dry season (from May to

September).

3.2.2.2.Rewetting index estimation

Relating monthly mean precipitation with soil raggion is difficult, because soil
water availability also depends on soil water gijeraapacity, the water balance during
previous weeks and months, and the rainfall distigm within the month. Therefore, a
rewetting index was defined to quantify the rewftipotential of rain events. It was
assumed that the rewetting capacity would be petytirelated with water input (amount
of precipitation) and negatively related with walkess (evaporation, uptake by roots and
percolation). Because percolation, evaporation apidhke by roots were impossible to
estimate, time since the last rain event was usedpaoxy for these water losses:

RWI=P/t

where RWIis the rewetting index, P is precipitation (mm)ddns time elapsed between

rainfall event and Rmeasurements (days).

3.2.2.3. Aboveground biomass index

Vegetation density and developmental stage (e.g, hgight) are important factors
affecting soil respiration in forest stands. Beeausf the structural complexity of
vegetation in the forest and abandoned field, @vedround biomass index was defined in

order to explain some of the spatial patterns dfrespiration observed in these land uses:

ABlI=AB;1/D;+ AB,/ Do+ AB3/ D3+ AB4/ Ds+... +AB,/ D,
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where AB represents the above-ground biomass (th)eohearby trees and/or shrubs, and
D is the distance (cm) from the soil collar to th&iems. The aboveground biomass was
calculated from stem basal diameter measuremeneplying species-specific allometric
relationships (Baeza et al., 2006, 2011; G. Barbemgublished observations). However,
in the olive grove the distance from the nearest trunk was used as an indicator of the
effect of vegetation on soil respiration, becaui¢ha trees were the same age, size and

shape.
3.2.2.4. Temporal and spatial upscaling

The annual soil CPefflux for the period 1 January 2006 to 31 Decen@)7 was
calculated using linear interpolation between mesment dates unless a measurement
preceded or followed a climatic or management ekantvn to have a large effect either
on gas flux (e.g. snowmelt, pruning), in which cga#®e interpolation was truncated
according to the timing of the event.

For each land use, soil respiration measuremeriteedieneath- and inter-canopy sites
were upscaled. In the olive grove, we estimatednmeanopy area by measuring the
vertically projected crown area of 30 olive trelglean vegetation cover (%) was estimated
by multiplying mean canopy area by the total numiifeolive trees, and dividing by the
whole area. In the forest and abandoned area vimagstt mean vegetation cover (%)
based on measurements conducted on 16 and 1Q%bo& m) respectively. Averaged soil
respiration was weighted by the % of beneath-can{8&) and inter-canopy (IC) area at

each land use.
3.2.2.5. Modelling soil respiration and statistiGalalysis

Depending on the best statistical fit, we usedeeita model for R using soil

temperature as an independent variable:
Rs=PBo€™ or In(R) =1In Bo) +p:T Eqn. 1

or the following models with soil temperature antles independent variables as drivers

for Rs:
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R = B TP B3R or In (R) =In (Bo) + BT + B20 + PsABI + psRWI  Eqn. 2
R = Boe® T &P (392) or |In (R) = In Bo) + BiT + PO + B3? Eqgn. 3

R = BT ePZRWIESRWI2) o |n (R) = In (B) + BaT + P2RWI + BsRWIZ  Eqn. 4

R=Po€"" * (B6) Edn.
R=PBo€™"- (0 - B2)° Eqn. 6
R=Boe™" * (6/ (6 +B2)) Eqn. 7

where R (umol m? s%) is soil CQ efflux, T (° C) is soil temperaturé,(%) is volumetric
soil moisture, ABI is the above-ground biomass md@WI is the rewetting index, argd,

B1, B2, B3 and B4 are the model coefficients. Similar models havenbased previously in
other Mediterranean ecosystems (Allen and Varga882Rey et al., 2002; Tang et al.,
2005b; Xu et al., 2004). Equations (1), (2), (33l #4), can be log-transformed to a linear
model in order to conduct linear regression toneste the parameters. To select the best
model for predicting R we used the root mean squared error (RMSE), aadAkaike
information criterion (AIC), as a penalized likeditbd criterion (Burnham & Anderson,
2002):

AIC = - 2In(L) + 2 Egn. 8

where L is the likelihood of the fitted model, gmds the total number of parameters in the
model. The best statistical model minimizes thei@alf AIC.

In addition, to examine whether soil respirationesameasured for each land use
differed consistently with time and whether the smmaments were significantly affected
by prevailing soil environmental conditions, sadspiration, soil temperature, and soil
moisture data were analysed using a repeated mesasdiNOVA. The Tukey's
multicomparison test was used to detect differermsgveen beneath-canopy and inter-
canopy sites for each land use. Data were tested far analyses for assumptions of
normality and homogeneity of variances. Before ysig) soil temperature, moisture, and

respiration data were log-transformed.
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Before examining the relationships between soipiraion and the environmental
variables, we distinguished between growing segémm October to April) and dry
season (from May to September), and between beweaathpy and inter-canopy sites
within each land use. A Pearson correlation test wsed to examine the relationships
between soil respiration and the environmentaladeis. All statistical analyses were
performed with SSPS v15 (SPSS, Chicago, IL, USA).

3.3. Results

3.3.1. Seasonal variation in soil temperature aoill moisture

Both soil temperature and soil moisture contentiecarmarkedly with season.
Maximum temperature coincided with minimum watentemts in the summer, while
minimum temperatures were recorded in winter wieihnsoisture was highest (Fig. 3.1).

Soil temperature showed a similar trend among lineet land uses during the study
period, increasing steadily until mid-summer tocfea mean maximum in July 2006 and
2007 (28.82 and 27.35 °C, respectively), and thaxuglly falling through autumn and
winter to reach the lowest values in January 2088 @007 (7.41 and 7.13 °C,
respectively). The annual mean daily temperaturgodfwas 16.83 © C, and there were no
significant differences between years (P>0.05).

The soil water content at 0-15 cm depth ranged 28m4 (forest), 23.60 (abandoned)
and 29.02% (olive grove) in winter (January 200@ &©07) to 7.23 (forest), 10.14
(abandoned) and 9.66% (olive grove) in mid sumndafy(2006 and 2007). Soil water
content was below 10% from June until the end gft&eber, except after occasional
rainfall events, when it increased sharply. In &ddj soil water content in the forest was
consistently lower than in the other land usesughout the two year study period (Fig.
3.1b), presumably because of: 1) greater canopya@ption of rainfall; and 2) greater root
water uptake (fine root biomass in the forest &d 4 times greater than in the abandoned

field and olive grove, respectively) (Table 3.1).
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Figure 3.1.Seasonal variation of soil temperature (a) and maetent (b) at 0-15 cm
depth for each land use.
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Table 3.1.Descriptive statistics (mean + standard errorstal respiration rate and environmental factorsiie three land uses.

Open forest Abandoned field Olive grove

Canopy Inter-canopy Canopy Inter-canopy Canopy Inter-canopy

(n=25) (n=5) (n=25) (n=5) (n=24) (n=6)
Soil respiration gmol m*s™) 2.36 £ 0.05a 1.50 £0.12b 1.87 £ 0.05a 1.6328.1 2.18 +0.05a 0.87 £0.13b
Soil respiration (g C iy 892.08 + 18.9a 567 +45.3b 706.86 +19a 616.14 + 45.3a 824.04ar 19328.86 + 11.3b
Soil temperature (° C) 16.84 £0.28a 17.48+0.7246.62 +0.31a 17.84+0.74a 16.6 £ 0.29a 175277 28.
Soil water content (%) 10.02+0.26b 11.93+0.67d5.06 +0.29a 13.76 £ 0.68a 15.17 £0.27a 13.927%a0
SOC (g kgh)* 36.01+1.94a 23.06+2.74b 17.27+2.45a 1&8XM9a 15.44 + 1.94a 9.22 £ 2.96b

Fine root biomass (<2mm) (g Kf 13.53 +1.8a 5.55 £ 2.54b 4.74 + 1.65a 4.796a3. 3.67 £ 1.34a 1.39£0.11b

For each land use, different letters (a-b) withie $ame row indicate statistically significant eiiinces (p < 0.05) between beneath- and inter-gaaregs,
according to Tukey’s test.
* The number of sampling points was 8 and 4 fordagin- and inter-canopy areas, respectively
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3.3.2. Seasonal variation in soil respiration

Soil respiration in all land uses varied markedlying the year, following changes in
soil temperature during the autumn, winter andyesplring, or changes in soil moisture
during late spring and summer. Soil respiratioméased steadily during spring following
increases in temperature until April, when it reatla peak (3.58 + 0.13 and 3.34 + 0.12
umol m? stin April 2006 and 2007, respectively) (Fig. 3.28).then declined during the
dry late spring and summer months, and the effécsummer drought became most
apparent as the soil water content fell below 10%e limiting effect of soil moisture on
soil respiration was clear, as Rsponded quickly and sharply to each rainfaliné\tkat
occurred during the summer. The overall mean sspiration rate recorded in August
2006 across land uses (SWC= 7.68 + 0.43 %; R23 + 0.13 pmol i s?) was much
lower than that recorded in August 2007 (SWC= 138039 %; R= 3.32 £ 0.11 pumol m
2 5%, when a rainfall event of 22.4 mm occurred a fiays before soil respiration rates
were measured (Fig.3.2b). For all land uses, ssipiration rates were lowest in winter,
when soil water content was highest and soil teatpeg lowest. Mean annual soil
respiration rates beneath canopies were 2.35 # (0.84+ 0.04, and 2.18 + 0.04mol m*

s'in the forest, abandoned agricultural field andfied olive orchard, respectively.

3.3.3. Response of soil respiration to soil tempermand soil moisture

Soil respiration was positively related (p < 0.0igh soil temperature for values of soil
water content higher than 10% in the forest andeogirove, or higher than 15% in the
abandoned field. However, the positive relationshigtween soil respiration and
temperature found during the growing season shtfietegative during the dry seadon
all land uses (Table 3.2). On the other hand, #&ipesorrelation (p < 0.01) was observed
between soil water content and soil respirationalbland uses whenever soil temperature
was above 16 °C.

The mean annual Qvalues for forest, abandoned field and olive gnoeee 1.12, 1.35
and 1.36, respectively. Theg¥alueswere always significantly (P<0.001) greater for the
growing season (2.08, 2.20 and 1.86 for forest,ndbaed field and olive grove,
respectively) than for the dry season (0.40, Or&B@44, respectively).
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We also found a positive correlation (P<0.01) bemwveewetting index and soil
respiration rate for all the land uses during ting skason, and in the forest (beneath
canopies) and abandoned field during the growirag@e The correlation values showed
that the response ofsRo rainfall events was slightly higher in the fereand abandoned

field than in the olive grove (Table 3.2).
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Figure 3.2.Seasonal variation of soil respiration rates fahdand use (a)
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3.3.4. Soil respiration variation at different Idaans within each land use

Soil respiration rates in the open forest and oliveve were significantly higher
beneath canopies than in inter-canopy locationsveder, in the abandoned field there
were no significant differences ins Retween beneath- and inter-canopy sites (Table 3.1)
This trend was consistent throughout the studyopefirig. 3.3). The greatest differences
between locations were found in the olive groven&lof the land uses showed significant
differences in soil temperature between beneatt-irer-canopy locations, and only for
the open forest site was SWC beneath canopiesfisayrtly lower than in inter-canopy
sites.

In order to better understand soil £€fflux variation, and to identify the biotic and
abiotic factors affecting it, multiple regressiomalyses were performed for each land use
location and season. Since there were no signifiddierences in soil respiration between
vegetated and bare soil areas in the abandonecubigral field, we did not distinguish
between beneath- and inter-canopy sites in eitheat or nonlinear regression procedures
for this land use.

The best models to explain soil respiration vasratin the different seasons and
locations at each land use are shown in TableA% 3nentioned above, during the growing
season soil respiration correlated positively (0.61) with soil temperature in all cases
(Table 3.1). Soil temperature and above-ground bgsmindex explained 39% of soil
respiration variation beneath canopies in the dpesst (Table 3.3). Soil temperature and
rewetting index explained 76% of the variation ig iR the inter-canopy sites. In the
abandoned field, soil temperature was the sings jedictor of B explaining 51.6% of
variation in this parameter. In the olive groveil $@mperature was the best predictor of
soil respiration rate beneath canopies, followedhgydistance from the nearest tree stem.
Together they accounted for 55% of the variatiosait respiration. Temperature as a sole
variable explained 48% of soil respiration varidpiin the olive grove inter-canopy sites.

During the dry season, soil respiration was negéticorrelated with soil temperature
and positively correlated with the rewetting indexall the cases (p < 0.01). Interestingly,
a very similar pattern was observed in the thred lases, as soil respiration was linearly
controlled by the rewetting index as a single Ja@daexcept for the beneath-canopy site in
the olive grove, where an exponential relationshipst explained soil respiration

variability, with both rewetting index and distarfcem the stem as predictors. In addition,
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the rewetting index accounted for a larger proportdf the variation irrs in the inter-
canopy sites than beneath canopies for both tlestfand the olive grove sites (Table 3.3).
Table 3.z Pearson correlation coefficients between soil raspn Rs), temperature

(Ty), and water content (SWC), rewetting index (RWApoveground biomass index
(ABI) and distance to the stem (D) for differenasens and locations at each land use.

Growing season

Rs Ts SWC RWI ABI D
Rs 1 0.56** 0.15** 0.25**
BC Ts 1 -0.262**
SwWC 1

Open forest
Rs 1 0.45**

IC Ts 1
SWC 1
Rs 1 0.62** -0.22** 0.41** -0.25**
Abandoned field Ts 1 -0.34**
SwWC 1
Rs 1 0.54* 0.30**  -0.51**
BC Ts 1 -0.167*
Olive grove SWC 1 0.22**
Rs 1 0.67*
IC Ts 1
SwWC 1
Dry season
Rs Ts SWC RWI ABI D
Rs 1 -0.42* 0.40** 0.69**
BC Ts 1 -0.24** -0.30**
SWC 1 0.38** -0.47**
Open forest
Rs 1 -0.60** 0.81**
IC Ts 1
SWC 1 -0.52*
Rs 1 -0.41** 0.69** 0.77* -0.177*
Abandoned field Ts 1 -0.41** -0.25**
SWC 1 0.78**
Rs 1 -0.41* 0.46** 0.23**  -0.40**
BC Ts 1
Olive grove SWC 1 0.47**
Rs 1 0.80** 0.55**
IC Ts 1 -0.90**
SwWC 1 0.98**

* P < 0.05; ** P < 0.001; BC: beneath-canopy; IC: inter-canopy.
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Table 3.3.Exponential and linear relationships between sspiration rate and biotic and abiotic factorsdifferent seasons and locations at each
land use.

Land use Location Model 13 Ry Ry Rs R’ Pvalue RMSE n AIC
c BC R = o’ ef2ABY -0.43+0.12 0.11+0.01 0.06+0.01 0.39 <0.0001 3.84 216 12.0
3 Open forest
« IC Ry = Po TeP2rRWI + B3*RWI2 93 +0.13 0.20+0.02 -0.37+0.42 0.03+005 0.76 <0.0001  4.66 40 8.29
(79}
o Ab"]i‘ig?é’”ed Rs = BT 1.21+011 0.14%0.01 0.51 <0.0001 8.03 224 8.65
5 Olive BC R, = Boe’ e 2P 1.27+0.14 0.08+0.00 -0.50+0.05 0.55 <0.0001 1832 192 8.69
O grove IC Rs = o™’ -1.64+0.27 0.12+0.02 0.48 <0.0001 2.39 48 7.99
BC Rs = Bo+ B1RWI 1.16+0.01 0.77 +0.07 0.48 <0.0001 7.83 162 8.05
— Open forest
S IC Rs = Bo+ B1RWI 0.86+0.13 0.64+0.10 0.64 <0.0001 2.48 30 6.97
©
o Ab%g‘lj;ned R. = Bo-+ BIRWI 071011 0.95+0.07 0.63 <0.0001 9.83 168 7.67
>
O Olive BC Rs = o e f!el2) 0.67+0.08 0.38+0.05 -0.40+0.06 0.45 <0.0001 2.99 144 117
grove IC Re= fo+ B1RWI 0.35+0.08 0.31+0.05 0.73 <0.0001 1.16 36 8.86

BC: beneath-canopy; IC: inter-canopy; T: soil terapgre; ABI: above-ground biomass index; SWC: s@ter content; RWI: rewetting index; D: distanoe t
the stem.The best-fit model parametéks [§. 8., andps) and standard error are reported for each modether with the squared coefficient of regressif), (
the root mean squared error (RSME), the numbeibsévations (n), and the Akaike information crideriAIC). Model parameters were estimated using the
Levenberg-Marquardt method.
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3.4. Discussion

3.4.1. Effect of soil temperature on soil respiati

The seasonal pattern of soil respiration followed emperature for only part of the
year (winter and part of spring and autumn), avipusly reported for other drought-
stressed Mediterranean ecosystems (Asensio €08I7b; Joffre et al., 2003; Matteuci et
al., 2000; Rey et al., 2002). Thealues for soil respiration in these land usegedn
from 0.46 to 3.14, and thus fall within the randevalues reported elsewhere (Jarvis et al.,
2007; Kirschbaum, 1995; Raich & Schlesinger, 198)t the mean annual;@values
(1.12, 1.35 and 1.36 for forest, abandoned fieldl @ive grove, respectively) showed low
sensitivity to temperature compared with other istsideported in the literature (Chen et al,
2000; Davidson et al., 1998; Janssens and Pille@®@3). However, those other studies
were carried out in more mesic forest ecosystenmgrevmoisture was not limiting and
where soil temperature was generally lower thaouatsite. A seasonal variation imnQ
values was observed, with the annual minimum ocwyrm summer and the annual
maximum occurring during the fall-spring growingasen. These data follow the same
trend as other studies investigating soil resmratn laboratory incubations with semiarid
soils under water limitation conditions (Conantaét 2004), where ¢ values at lower
temperatures (5-15 ° C) tended to be greater thasetfor warmer temperatures (25-35 ©
C). This suggests, as Xu and Qi (2001a) also pdiots, that the average;§alues alone
may not be indicative of the sensitivity of soikparation to temperature in an ecosystem.
In any case, drawing conclusions from seasonaatrans in Qois difficult because of our
limited knowledge of how the responses of microlmammunities and plant roots to

changes in soil temperature differ (Boone et 898t Giardina and Ryan, 2000).

3.4.2. Effect of soil moisture on soil respiration

Soil moisture is another major factor that mayuafice soil respiration in different
ways. We know from laboratory studies and from thethat a high water content can
impede the diffusion of COin soil (Doran and Linn, 1984; Doran et al., 199bkopp et
al., 1990). On the other hand, a low soil waterteonhcan inhibit soil microbial activity
and root respiration (Curiel-Yuste et al., 2003yidaon et al., 1998; Xu and Qi, 2001a, b).
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According to Luo & Zhou (2006), the optimum watemtent is usually somewhere near
field capacity, when the macropore spaces are wyna@stHilled, thus facilitating @
diffusion, and the micropore spaces are mostly mfdted, thus facilitating the diffusion
of soluble substrates. In this study, soil moistaoatent seldom reached field capacity
(field capacity between 20-26% and porosity betw&@5% for all land uses; data not
shown), and never seemed to reach a high limitiatpey but strongly limited soil
respiration when the values dropped below 10 %. rEkalts of this study show that low
soil water content strongly limited the responseaif respiration to soil temperature. The
relationship between soil G@fflux and soil temperature was strongly moduldigdsoil
moisture.At a low SWC, warmer temperatures actually caussdrespiration rates to
decrease. We saw this effect in two ways. Firsseoling how the positive relationship
between soil respiration and temperature duringgiteaving season shifted to negative
during the dry season. Secondy®@alues were 2.08, 2.20 and 1.86 for forest, abaado
field and olive grove, respectively, when soil nters was > 10 %, but only 0.44, 0.63 and
0.44 when soil moisture was < 10 %. Other autheported higher threshold values for
soil moisture in Mediterranean ecosystems (Rey.e2@02; Xu and Qi, 2001b), although
the mean annual precipitation values of those etesys were higher than in our study
area.

Solil respiration peaked sharply immediately af@nfall events, especially following
prolonged drought periods (e.g. August 2007). Timiihg effect of soil moisture on saill
respiration is supported by the strong positiveraations found (P<0.05) between
rewetting index and soil respiration across lanesusuring the dry season (Table 3.2). A
rapid pulse of C@ production following precipitation and the rewedgfiof dry soils has
been observed in a variety of ecosystems (Bircb819anerette et al., 2008; Law et al.,
2001; Smith et al., 2004; Sponseller, 2007). kriswn that soil microbial activity can be
initiated within minutes of rewetting (Garcia- Pati& Belnap, 1996), but there is still an
ongoing debate about the mechanistic basis forititigl flush of CQ. Whereas some
authors argue that pulses of £&e derived from the microbial oxidation of labgeil
organic matter (SOM), which becomes available atfingeand drying physically disrupt
soil aggregates (Adu & Oades, 1978), others statethe CQ pulse comes from lysis of
the soil microbial biomass caused by the osmotarishnduced by soil water potential,
which releases a pool of labile organic matter ihatsed by the surviving microbes (Fierer
and Schimel, 2003; Kieft et al., 1987). On the othend, other studies have observed that

a fraction of the pulse of GOnay be associated with a rapid enhancement irnrdioeand
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mycorrhizal metabolic activity (Allen and Vargas)aB; Heynemeyer et al., 2007). In
addition to these biotic mechanisms, precipitatiorsemiarid and arid ecosystems has
been shown to release the £kbund to soil carbonates (Emmerich, 2003), and the
infiltration of rainwater may displace G@hat accumulates in soil pore spaces during dry
periods (Huxman et al., 2004). Both biotic and #abifactors could explain the unusual
CO, efflux peak observed during summer 2007 and sotherdCQ efflux peaks that
occurred throughout the study period when soil irapn was measured shortly after a
rainfall event.

Interestingly, soil respiration rate appeared tddss strongly affected by drought in
the forest than in the other land uses (Fig. 3id; 8.2). Deep rooting and root access to
subsoil moisture reserves in late-successional tdednean forests and shrublands
(Schenk and Jackson 2002) strongly favour the oenuoe of hydraulic lift, defined as the
passive movement of water from relatively wet, diegprs to drier, shallower layers using
plant root systems as a conduit (Caldwell et &98). Hydraulic lift has been shown to
help maintain the activity of fine roots, mycorraizfungal mycelia and other soil
microorganisms in the dry upper layers of soil dgridrought (Bauerle et al. 2007,
Querejeta et al. 2007), which could explain thefdrefl response of Rrates to soil

moisture fluctuations in our late-successional $are

3.4.3. Modelling soil respiration at the stand leve

Soil temperature is the variable that has been witext used to explain changes in soil
respiration (Janssens et al., 2000; Lloyd & Tayl®94; O Connell, 1990), although soil
moisture has also been used for this purpose (Bamiet al., 1998; Holt et al., 1990).
However, soil temperature and soil moisture oftesvary in the field. In this study, high
temperatures occurred when the soil water contemte low, and low temperatures
coincided with high soil water contents. Thus, tenapure effects on soil respiration can
overshadow water content effects, and vice versae3olve this question we separated R
into growing and dry seasons based on variatiors®iintemperature and SWC during the
two-year studyperiod.

Exponential and linear models adequately describa@itl respiration responses to
environmental variables during both seasons. 8mperature was a good predictor of soil
respiration during the relatively wet growing seasexplaining a large proportion of the
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Rs variability observed in the experimental area. tBa other hand, the rewetting index,
rather than soil water content, was the most refeparameter predicting soil respiration
during the dry season, especially in the abanddieétl and in the forest and olive grove
inter-canopy sites, where it accounted for a sigaift proportion of the variability in GO
efflux. It is evident from the data for the three land utbed after a prolonged period of
dryness, rainfall led to large G@missions, and those should be maintained fowadteys
before declining to a low basal rate. Jarvis e(2007) estimated that the time taken for
CO; efflux to return to the pre-rainfall basal rate wasout 30 days in a Mediterranean
forest in Portugal.

To explain soil respiration rates beneath canopiethe forest and olive grove we
needed to develop models combining abiotic anddfattors (Table 3.3). Interestingly,
abiotic factors explained a smaller proportion loé tvariability in CQ efflux beneath
canopies than in the inter-canopy sites. Vegetatam buffer the response of B soil
temperature and moisture fluctuations through aewadray of mechanisms, including
canopy shading, rainfall interception, and rootivégt (water uptake, hydraulic
redistribution, etc). By contrast, inter-canopyesiaire more directly exposed, and therefore
are more sensitive, to environmental fluctuations.

In any case, our exponential and linear modelsccauly explain part of the soil
respiration variation. Because g@fflux from soil does not only depend on soil
temperature and water content, other biotic factbmuild be taken into consideration, such
as changes in root and microbial activity, whichynz@nfound the response of; R
abiotic factors (Trumbore et al., 1996). More t@n% of the carbon assimilated by forest
trees can be respired by roots and mycorrhizae l{elgget al., 2001). In Mediterranean
ecosystems, where there is no regular patterneafiggtation distribution, fine root growth
and activity has a pulsed response to rainfall svaifhereas the temporal pattern of fine-
root growth is strongly affected by soil temperatur many temperate ecosystems, Lopez
et al. (1998) showed that soil water availabilittasnthe main factor responsible for
changes in root growth and activity in a Mediteeam forest exposed to drought, with
peaks in spring and autumn. Likewise, microbialvégt also increases sharply after a
rainfall event (Curiel-Yuste et al., 2007). In twonsecutive years, we observed peaks of
Rs in April, coinciding with the period of peak netrimpary productivity in this
Mediterranean ecosystem. Maximum photosynthetitviactoccurs at the end of the
growing season before the onset of severe drougbgss(Varone and Gratani, 2004).

Microbial activity increases at the same time beeaof the optimal conditions provided
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by soil moisture and substrate supply, and&aks can be observed as the roots exudates
are consumed by the rhizosphere microbes (Christeetsal., 2007).

The fact that the highest soil respiration ratesafbland uses were observed during the
growing season, stresses the important roles ofopiiothesis, net primary productivity
and microbial activity, together with precipitatipatterns, in determining soil respiration
rates.

3.4.4. Implications for soil C cycle

The annual area-weighted average C losses thromighespiration from the forest,
abandoned field and olive grove were estimatedet@@6.12, 648.84 and 427.44 g Cm
yr', respectively. These C losses in the forest amsiddned field were similar to values
reported for other ecosystems, such as the estinfdt® + 88 g C M yr* averaged across
several Mediterranean woodlands (Raich and Sclgesiri992), and were in the higher
range of those reported for the cross-site EUROFLstxtly (760 + 340 g C fyr?)
(Janssens et al., 2001). The estimated annuale@Dx from soil in the olive grove was
similar to that estimated for a savanna ecosyste@ulifornia by Tang et al. (2005a).

3.5. Conclusions

Solil respiration was largely controlled by soil {nature above a threshold value of
10% soil water content (0-15 cm depth) for forest alive grove, or 15% for the
abandoned field. Below those thresholdsw@s primarily controlled by soil moisture.

Mean Qo values alone may not be indicative of the sengytiof soil respiration to
temperature at ecosystem level, especially in dibsgessed regions, where a low soill
water content strongly limits the response of @ad microbial activity to temperature. In
dry Mediterranean ecosystems, water is the mairtorfacontrolling above- and
belowground processes, resulting in a moisturefudge seasonal pattern for soil £0

emissions.
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The results of this study stress the importancgodfwater storage for soil respiration,
and highlight the capacity of Mediterranean forsbsystems to maintain relatively high
biological activity even at low water supply.

The fact that the rewetting index, rather than saker content, became the major
factor controlling CQ efflux rates during the summer drought emphasthesneed to
consider the response to rain pulses in estimateseb carbon annual losses in dry

Mediterranean ecosystems.
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Abstract

Soil respiration (B is controlled by abiotic soil parameters intewragt with
characteristics of the vegetation and the soil ofi@l community. Few studies have
attempted a comprehensive approach that simultaheaaddresses the roles of all the
major factors known to influencesRHere, we measured soil respiration, temperature,
moisture, carbon (C) and nitrogen (N) contentsathbight and heavy soil organic matter
fractions, extractable dissolved organic C (DOQ, veell as microbial and fine root
biomass, in three representative land use typesn(fgrest, abandoned agricultural field,
rain-fed olive grove) in a Mediterranean ecosystBteasurements were conducted in two
contrasting seasons coinciding with the annual mimn (December) and maximum
(April) Rs rates in this ecosystem. Our goal was to expluedibks between heterogeneity
in R, aboveground plant biomaaadbelowground properties within each land use type.
Across sites, Rrates were significantly higher in April (3.07 1Qumol m? s%) than in
December (1.30 + 0.gmol m? s%). The labile soil organic matter fractions (ligraction
C and N contents, microbial biomass C, and extéet®OC) were consistently and
strongly related to one another, and to a lessengxo the C and N contents in the heavy
fraction across sites and seasons. Linear modetyuately explained a large proportion of
the within-site variability in R(R® values ranged from 41 to 91% depending on land use
and season), but major controls ondifered considerably between sites and seasans. |
the open forest and olive grove sites, above- atawground vegetation are the primary
controls on spatial variability in labileoil C pools and R In contrast, a complete lack of
influence of current vegetation patterns on soilp@ls and respiration rates in the
abandoned agricultural field site highlights howe diistory can have lasting impacts on
soil C cycling, and the difficulty that these Mesdiianean ecosystems have in recovering
their original C pools and cycling patterns aftesturbance(i.e., clearing of native woody
vegetation for cereal cultivation). Our results gegt that long old-field recovery times
(>30 yrs) are needed before soil C and N poolsrasgdiration rates start reflecting the
typical patchy distribution of woody vegetationdry Mediterranean ecosystems.
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4.1. Introduction

Soil respiration (B is estimated to be about 98 Pg C yeglobally, making it the
largest contributor to C fluxes from terrestrialosgstems to the atmosphere (Bond-
Lamberty and Thomson, 2010). Despite its importaiocthe global carbon budget, our
understanding of soil respiration is still limitdaecause of its high complexity and
variability, which are controlled by many abiotindabiotic factors. Soil respiration is a
combination of root respiration (including the rieapon of living root tissue, symbiotic
mycorrhizal fungi and associated microorganismsgd dhe decomposer organisms
operating on root exudates and recently dead rssids in the rhizosphere), respiration of
heterotrophic bacteria and fungi active in the argand mineral soil horizons, and soll
faunal activity (Edwards et al., 1970; Wiant, 196FHence, soil respiration has been
proposed as an indicator of soil carbon storagépgwogical activity, overall soil quality
and site productivity (Golchin et al., 2008; Jamsset al., 2001).

Temporal patterns of soil respiration have been efied by using the continuous
records of temperature, moisture, photosynthesisraaot activity (Davidson et al., 1998;
Janssens et al., 2001; Tang et al., 200&igas and Allen, 2008; Xu and Qi, 2001).
However, the spatial variability of soil respiratigvithin a site is often not explained by
soil microclimatic variables, but is instead modeth by a complex set of interactions
between plant and soil activity and differencessail texture and chemistry. Different
factors have been reported to act as controls dnrespiration at the site level: soil
moisture (Adachi et al., 2006), aboveground plaotiass (Arevalo et al., 2010), fine root
and microbial biomass (Scott-Denton et al., 2008 8nd Buchmann, 2005), soil organic
matter quantity and quality (Alvarez and Alvare@0Q; McCulley et al., 2004), litter-layer
thickness (Saiz et al., 2006), soil texture (Diastt al., 2005), surface stoniness or soll
fauna (Romanya et al., 2000). In addition to theplex set of abiotic and biotic factors
that modulate soil respiration spatial patterng, iajor drivers of soil respiration may
change seasonally in response to plant inputs,gatth peaks, heterogeneous moisture
withdrawal and microbial processes such as decoitiqposf labile substrates (Bahn et al.,
2010; Casals et al., 2009; Curiel-Yuste et al.,72(eontaine et al., 2007; reviewed by
Kuzyakov and Gavrichkova, 2010; Law et al.,, 199fyy8n et al., 2000). Besides, the
patchy distribution of soil resources, roots andcroorganisms in water-limited
ecosystems hampers the study of the interactiohseba soil respiration, vegetation
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characteristics and belowground properties (Maesti Cortina, 2003; Merbold et al.,
2011; Qi et al., 2010; Rey et al., 2010).

As a result of global climate change and alterationland use, many ecosystems are
currently experiencing changes in the primary abiand biotic factors that controlsR
(Sala et al., 2000). Given the large quantity of,QGfat soils release annually, it is
important to understand how alterations in vegetaind soil, resulting from land use
intensification, may interact with predicted climathange to alter soil respiration and C
storage. In chapter 3, we reported consistent saht@nds of Ralong this local land use
intensification gradient, and showed how ates were similarly sensitive to temporal
fluctuations in soil temperature and precipitatpisesacross land uses. The influence of
vegetation patterns on soil respiration dynamics eadent, since monthly;Rates were
consistently and significantly higher beneath skeib canopies than in inter-canopy
locations in the open forest and olive grove SiBs36 and 60%, respectively). However,
Rs did not differ significantly between beneath- amder-canopy locations in the
abandoned agricultural field. Furthermore, whilettgras of aboveground standing
biomass contributed to explain the variation inirRthe open forest and olive grove sites,
Rs was unrelated to aboveground vegetation patterribd abandoned agricultural field.
From these results, new research questions ar@3ewWhy are R rates unrelated to
standing aboveground biomass in the abandonedudigra field?; (2) To what extent are
soil C and N pools coupled to vegetation pattem®ach land use?; (3) Are primary
controls on spatial patterns in, Bonsistent across land uses? Answering such quoesti
will help to assess the consequences for C biogaoal cycling and storage of woody
vegetation recovery in abandoned agricultural §eld widespread phenomenon in the
western Mediterranean basin over the last 50 yaakpone of the most promising options
for C emission offset schemes under the Kyoto Rmt{Padilla et al., 2011; Powlson et
al., 2011).

The objective of this chapter is to explore thekdirbetween heterogeneity ing, R
aboveground plant biomassnd belowground properties within each land use. To
accomplish this, we selected two distinctive sanmgplperiods coinciding with annual
minimum or near minimum (December) and maximum {\pates of soil respiration in
this dry Mediterranean ecosystem. In each samgdergd, soilrespiration, temperature
and moisture, aboveground plant biomass, and betawg properties (fine root and
microbial biomass, extractable dissolved organibaa, and C and N contents in both

light and heavy organic matter fractions) were moeas$ across three different
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Mediterranean land uses with the same soil texamd under similar microclimatic
conditions.

Previous studies have demonstrated that woody pémtablishment in former
herbaceous patches can lead to soil C and N acatiotuin some ecosystems (Hibbard et
al., 2001; McCulley et al., 2004), although no de&nge or even declines have also been
reported in others (Jackson et al., 2002; Kie#tlet1l998; Schlesinger and Pilmanis, 1998).
Dry Mediterranean ecosystems are characterized st af features that constrain their
resilience after cessation of disturbance (low epidodic rainfall, slow vegetation growth,
potentially high litter and soil organic matter maralization rates, slow soil C pools
recovery after degradation, and a long history wftivation; Albaladejo et al., 1998;
Alvaro-Fuentes and Cantero-Martinez, 2010; Asnealgt 2003; Austin and Vivanco,
2006; Martinez-Mena et al., 2002; Vallejo et abD0@&). Thus, we hypothesized that 30
years of recovery since agriculture abandonment nwybe sufficient for soil carbon
pools and Rrates to start reflecting the patchy distributidmoody vegetation in this dry

Mediterranean ecosystem.

4.2. Materials and methods

4.2.1. Experimental design and soil respiration sugaments

Soil CG, efflux was measureth situ with a portable soil respiration instrument (LI-
6400, LI-COR, Lincoln, NB, USA) fitted with a saiespiration chamber (6400- 09, LI-
COR, Lincoln, NB, USA). Measurements of soil £€fflux were taken according to a
stratified sampling design to capture the vegatatiased variation in each land use (see
Chapter 2), in order to further improve estimatiacuracy and reduce sampling size
(Rodeghiero and Cescatti, 2008; Xu and Qi, 200hyed@ plots were selected within the
open forest and abandoned agricultural field ditesed on the most frequent plant cover
types at each site: patches Bihus halepensjsQuercus cocciferaand bare soil with
scatteredRosmarinus officinalisn the open forest site; or patchesRihus halepensjs
Juniperus oxycedrysind bare soil with scatter&bsmarinus officinalign the abandoned
agricultural field site. In the olive grove sitepth beneath canopy and inter-canopy
locations were taken into account. Twenty-four wise PVC collars (5 cm depth, 10 cm
diameter) were proportionally distributed among thest frequent plant cover types in
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each land use at different distances (ranging ffbinto 5 m) from tree/shrub stems

(Fig.4.1). To minimize the effects of chamber iflateon, the soil collars were inserted

into the soil to a depth of about 2 cm to limit r@@vering (Wang et al., 2005), and care
was taken not to disturb the soil structure. Inheaampling period, twelve of the 24

temporary collars within each land use were usedsfwl respiration measurements,

followed by destructive harvesting as describe8ewtion 4.2.2.

Figure 4.1 Different R, collars beneath the most frequent plant coversygiesach site:
beneath-canopies and inter-canopy locations inothwe grove (A), patches dPinus
halepensigB) andQuercus coccifergC) in open forest, and patchesRhus halepensis
(E), Juniperus oxycedruf), and bare soil with scatteré&bsmarinus officinaligF) in
the abandoned fiel

Solil respiration measurements were performed betv@ge@0 and 12:00 (solar time),
because it has been shown that these values efe@lOx are representative of daily
averages (Davidson et al.,, 1998; Mielnick and Dug2800; Xu and Qi, 2001).
Simultaneously with soil respiration measuremests| temperature (T) and soil water
content (SWC) were measured in the 0-15 cm depénval at each sampling point. Soil
temperature was automatically recorded with a LO&4oil temperature probe, and soll
water content (SWC) was measured using a time dorefiectometer (TDR) (Fig.4.2A).
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4.2.2. Soil cores

For each land use, soil within the twelve tempor@sljars was sampled destructively
after measuring soil respiration rates in both Ddmer 2006 and April 2007. Soil and
plant roots were sampled to a depth of approximét&lcm, or until impeded by rocks or
the limestone crust, in a circular area 10 cm anditer (Fig. 4.2E, F). Given the nature of
our soils, with an underlying caliche layer at &€ depth (Martinez-Mena et al., 2008),
sampling focused on the first 0-15 cm of the sadfige, in which fine root biomass and
microbial activity are highest. The depth of eaohecwas recorded, as well as its distance
to the nearest tree or shrub. Each soil core wakeden a plastic bag and stored in a
freezer (4 °C) until processed for root and micabbiomass estimates, and soil chemical
analyses.

Figure 4.2. Soil respiration chamber, soil temperature probd d@bR (A), soil
respiration collars beneath Aleppo pine (B), rosgm&) and kermes-oak (D), and
sampling auger (E) for plant roots and soil sangp({if).
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4.2.3. Fine root biomass estimation

The soil cores were gently rinsed through a sexidbree successively smaller sieves
(5.0, 2.0, 1.0 mm). Roots were hand-picked from dleves and placed in a tray. The
remaining soil (< 1 mm) was mixed with tap wated dhe floating roots were decanted
into a 0.1-mm mesh sieve. The flotation proceduss repeated until no more visible roots
floated to the surface.

The material collected in the 0.1-mm sieve wasqaaa the tray. Roots were mixed
with sodium hexametaphosphate for 24 h to dispeeseparticles, rinsed with tap water,
and dried at 60 °C for 4 days. Roots were sortedidyeter (< 2, and > 2 mm), and any
material not derived from roots was removed befeegghing the final product (fine root
biomass, FRB). We were unable to distinguish lind dead roots, so they were bulked.
Only fine roots (< 2 mm) were considered for therelation and multiple regression

analyses.

4.2.4. Organic matter fractionation

Soil organic matter was fractionated following thethod of Echeverria et al. (2004).
Soil samples were separated into two density fsastiusing sodium polytungstate (SPT)
with prior sonification.Density fractionation included a light fraction (L& 1.6 g cnit),
which consists of partly decomposed plant and animsidues and presents higher
concentrations of C and N in comparison to bullk, soid a heavy fraction (HF) (> 1.6 g
cm®), which contains more processed decompositionymtsglturns over more slowly and
presents a high specific density because of itscestson to soil minerals (Barrios et al.,
1996; Christensen, 1992). For the fractionation, gl@f soil was placed in a 50-ml
centrifuge tube with approximately 45 ml of SRIX 1.6 g crit). The centrifuge tubes
containing soil-SPT mixture were shaken on a recigting shaker at 300 r.p.m. for 15
min to disrupt soil aggregates. Soil aggregate®wsen dispersed for 2 min with a probe-
type sonic disrupter (Sonics & Materials, Inc., USAhe suspensions were allowed to
stand for 30 min before centrifugation to prevergchmanical occlusion of LF particles.
Suspensions were then centrifuged at 2000 r.p.ndConin. The supernatant with floating
particles was decanted onto a Millipore AP20 gfdssr filter (Millipore, Billerica, MA)
and filtered under vacuum. Particles that had astht the walls of the tubes were scraped

off with a spatula and washed onto filter papel. rAaterial collected on the filter paper
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was washed with at least 500 ml of deionize®DHThe LF was dried for 24 h at 40 ° C
and weighed. The residual soil in the centrifugees) containing the HF, was washed at
least three times with deionized®| dried at 60 ° C for 72 h and weighed. Beforealié

HF were analyzed for total N and organic C, usindl/& Analyzer (Flash 1112 EA,
Thermo-Finnigan, Bremen, Germany), soil carbonatere eliminated from the HF using
1 M HCL

4.2.5. Soil microbial biomass and extractable digst organic C estimation

Microbial biomass C was determined by the chlomofofumigation extraction
procedure described by Vance et al. (1987) withesomodifications. Briefly, 3 g of sieved
soil (<2mm) were moistened to 40 % of maximum watading capacity and incubated at
room temperature overnight. After soil fumigatiam air-tight containers with 0.15 ml
ethanol-free CHGIfor 30 min (Gregorich et al., 1990), C was exeddby head-over-head
shaking (1 h, 50 rpm) with 0.5 MBO, (1:4, w/v). The extracts were centrifuged (3400
rpm, 8 min) and the supernatant was filtered (Wiaatmo. 42 filter papers). Filtrates were
flushed with CQ-free air to remove residual CHGANnd extractable C was measured by
using a TOC analyser (TOC-5050 A, Shimadzu). Ungatad controls followed the same
procedure. The difference between fumigated andfmgated C content was considered
as the microbial C content, and is subsequentbrmed to as microbial biomass C (MBC).
The non-fumigated C content was taken as a mea$w@uble C in the soil (extractable
dissolved organic C, EDOC) (Hogberg and Hogber§220

The ratio of microbial biomass C to bulk soil orga@ (MBC:SOC) was computed as
an index of the proportion of soil organic C thagih be readily metabolized (Anderson
and Domsch, 1989).

4.2.6. Aboveground biomass index

To assess the effect of aboveground biomass omesgiration rates within each land

use we used the aboveground biomass index (ABinetkin chapter 3:

ABI=AB;/ D1+ AB;/D;+ AB3/ D3+ ... + AB,/ Dy Egn. 1
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Where AB represents the aboveground biomass (ghefnearby trees and/or shrubs
within a 3 m radius from the collar, and D is thstance (cm) from the soil collar to their
stems. Briefly, aboveground biomass was calculafemm stem basal diameter
measurements, by applying species-specific allamettationships (Baeza et al., 2006,
2011; G. Barberd, unpublished data; Villalobosl.e2806).

4.2.7. Statistical analysis

An analysis of variance (ANOVA) was performed fack site to detect differences in
soil respiration rates and their potential coninglifactors between sampling seasons. Prior
to analysis, data were natural-log transformed tetmassumptions of normality and
homogeneity of variances. Pearson correlation wwste performed separately for each
sampling season to explore the relationships betvged respiration, aboveground plant
biomass and belowground properties within each lasé type. Soil temperature and
moisture were excluded from the bivariate correlatinalysis, because the effect of these
microclimatic controls on Rdynamics has been previously described in detaihapter 3.
The influence of vegetation on belowground properivas assessed by linear regression
analysis, in which the soil C and N pools were aigred as the dependent variables and
aboveground and fine root biomass were the indeggendhriables. As a last step, stepwise
multiple regression analyses were performed seglgrédr each season to identify the
main drivers of soil respiration within each largeuTen parameters were included in the
multiple regression models explaining soil resprat soil temperature, moisture,
aboveground biomass, extractable DOC, microbialfaredroot biomass, light fraction C
and N content, and heavy fraction C and N cont@areful inspection of plots of
regression residuals indicated normality and inddpace of residuals, and homogeneity
of variances within sites. All statistical analysesre performed with SPSS v17 (SPSS,
Chicago, IL, USA).
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4.3. Results

4.3.1. Soil respiration and belowground propertiestwo contrasting

seasons

Mean values and standard errors of soil respmatmicroclimatic variables, and
belowground properties within each land use typ#g@two contrasting seasons are given
in Table 4.1. For all land uses, soil respiratiates were significantly higher in April,
when temperatures and soil water contents werehadgger, than in December, which is in
good agreement with the strong seasonal patterfs rates previously reported for this
dry Mediterranean ecosystem (Chapter 3). The dizeenlabile C and N pools changed
between sampling seasons, in contrast to the QNacwhtents in the heavy fraction which
remained fairly stable between seasons. Soil miaktomass was greater in April than in
December for all land uses, although the differemas significant only for the open forest
site. The C and N contents in the light fractiorreveignificantly higher in December than
in April in the open forest and abandoned agricaltfield sites, but not in the olive grove
site. Contrary to expectations, fine root biomasgs$ wot differ significantly between
seasons in any of the three land uses.

Across sites, significantly higher MBC: SOC ratsre found in April (2.1 +
0.1%, 2.0 £ 0.2%, and 1.7 £ 0.2% for open forekgraloned agricultural field and olive
grove site, respectively) than in December (1.1.29€ 1.1 = 0.2%, and 1.3 £ 0.2% for
open forest, abandoned agricultural field and ofiveve site, respectively), even though
the size of the easily decomposable C pool (the stiright fraction C content and

extractable DOC) was smaller in April than in Detemfor all the sites.
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Table 4.1.Descriptive statistics (mean + standard error,\ardhtion coefficient) for soil respiration ratesicroclimatic conditions,
and belowground properties for three land use.sites

Open forest Abandoned agricultural field Olive grove
December April December April December April

Rs (umol mi® %) 1.4+0.7 32+0.3 1.3+0.2 28+0.72 0.7+0.F 2.6+0.2
Ts(°C) 8.1+0.4 15.3+0.3 6.5+0.3 15.4 +0.3 7.6+0.3 15.8+0.2
SWC (%) 143+ 1.8 17.7+1.4 14.0 + 1.6 18.7+ 0.9 13.1+1.% 18+ 0.3
FRB (g kg soil) 58+1.6 70+1.7 40+0.6 3.7+0.8 2.1+0.3 22+0.4
MBC (mg kg soil) 489 + 56 875 + 73 454 + 61 639 + 70 378 +51 447 + 41
EDOC (mg kg* soil) 314 + 32 620 + 79 199 + 15 186 + 19 108 + 14 96 + 11
LFC (g kg soil) 19.8 + 3.9 12.0+ 1.5 141 +2.3 9.0+1.3 5.8+0.7 3.9+0.5
LEN (g kg soil) 07+0.F 05+0.F 05+0.f 0.3+0.0 0.3+0.0 0.2+0.0
LF C:N 29.4+1.8 26.1+1.3 29.9+1.7 31.4+1.7 21.3+1.1 21.7+0.3
HFC (g kg soil) 25.0+1.4 30.4+25 225+1.7 27.8+4.4 23.1+2.0 24.5+3.0
HFN (g kg* soil) 2.0+0.1 2.2+0.1 1.7 +0.F 1.4+0.% 1.4+0.1 1.4+0.1
HF C:N 12.8+0.6 144+18  13.3+0.4 20.1+3.4 18.8 + 3.6 18.6 2.9

Rs, soil respiration; Ts, soil temperature; SWC, sedter content; FRB, fine root biomass; MBC; migabtbiomass C; EDOC,
extractable dissolved organic C; LFC, light franti@; LFN, light fraction N; LF C:N, C-to-N ratio ibF; HFC, heavy fraction C;
HFN, heavy fraction N; HF C:N, C-to-N ratio in HFor each land use, different letters (a-b) witlia same row indicate statistically
significant differences (p < 0.05) between sampprgods, according to Tukey’s test.
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4.3.2. Relationships between aboveground biomassiowground

properties and soil respiration within each site

Fewer significant correlations and also lower datren coefficients betweensRates,
aboveground biomass and belowground properties foerel in April than in December
for all land uses (Tables 4.2a, b). The labile saganic matter fractions (light fraction C
and N contents, microbial biomass C, and extraetBl®C) were consistently and strongly
correlated correlated with one another, and tosaele extent, with the intermediate or
recalcitrant C and N pools (HFC, HFN) for all lamdes in both sampling seasons.
However, patterns in the relationships between tatiga attributes (e.g., aboveground and
fine root biomass), belowground properties adiRered considerably between sites and
seasons.

In the olive grove site, aboveground and fine roimmass were strongly correlated
with each other (R > 0.74; P < 0.01), and both weréurn positively correlated to all
belowground properties except HFC at both samplimgs (R > 0.64; P < 0.01). Soil
respiration was strongly correlated with all thbile soil C and N pools and vegetation
attributes in December, whereas the light fractionontent was the only variable related
to Rsin April.

In contrast to the olive grove site, there was mgniBcant correlation between
aboveground and fine root biomass in the open tfa#s for any sampling time. The
correlation coefficients between vegetation attelsuand the labile soil C and N pools
were very high in December, but weak or non-sigaift in April at this site. Within-site
variability in soil respiration was strongly reldtéo above- and belowground vegetation
attributes, as well as to all the labile soil C @&hgools in December. However, the heavy
fraction C content was the only parameter relatedithin-site variability in R rates in
April.

In the abandoned agricultural field site, abovegtbhiomass was not correlated with
fine root biomass in either December or April. Argaete lack of correlation between
vegetation attributes and belowground propertiess vadbserved in the abandoned
agricultural field site at both sampling times, Was strongly related to heavy fraction C
content and microbial biomass in December, wheragsobial biomass was the sole

belowground parameter related torRtes in April at this site.
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Table 4.2aPearson’s correlations coefficients between ssjpiration (B), aboveground
plant biomass and belowground properties in Dece®@6 for each land use site.

Rs ABI FRB MB EDOC LFC LFN HFC HFN

Open forest

Rs (Lmol m? s%) 1.00

ABI 0.914** 1.00

FRB (g kg 0.644* 0.417 1.00

MBC (mg kg') 0.624* 0.620* 0.549 1.00

EDOC (mg k@) 0.905** 0.867** 0.588* 0.783**1.00

LFC (g kg") 0.825** 0.809** 0.511 0.832** 0.874** 1.00

LFN (g kg% 0.887**0.861** 0.614* 0.792**0.919** 0.970** 1.00

HFC (g kg") 0.433 0.491 0.273 0.047 0.250 0.091 0.253 1.00
HFN (g kg')  0.381 0.349 0.258 -0.167 0.250 0.091 0.26303*1.00
Abandoned field

Rs (Lmol m? s?) 1.00

ABI 0.357 1.00

FRB (g kg") 0.197 -0.068 1.00

MBC (mg kg') 0.658* 0.319 0.108 1.00

EDOC (mg k') 0.448 0.178 0.243 0.732**1.00

LFC (g kg") 0.602 0.457 0.262 0.951**0.768** 1.00

LFN (g kg% 0.538 0.321 0.294 0.930**0.724* 0.953**1.00

HFC (gkg")  0.804**0.323 -0.143 0.809**0.545 0.669* 0.632*1.00

HFN (g kg')  0.595 0.483 0.309 0.637* 0.701* 0.680* 0.7216.658*1.00

Olive grove
Rs (umol m?s%) 1.00
ABI 0.682* 1.00

FRB (g kg") 0.657* 0.739**1.00

MBC (mg kg') 0.672* 0.802**0.801** 1.00

EDOC (mg k@) 0.704* 0.901**0.899** 0.811** 1.00

LFC (g kg") 0.898** 0.647* 0.688* 0.842*%0.746** 1.00

LFN (g kg% 0.863** 0.747** 0.797** 0.874** 0.871** 0.962** 1.00

HFC (g kg") 0.286 0.049 -0.014 0.014 0.057 0.264 0.166 1.00
HFN (g kg')  0.583 0.744**0.872**0.781** 0.766** 0.586 0.673*-0.1741.00

* P <0.05* P <0.001.

ABI, Aboveground Biomass Index; FRB, fine root biass; MBC, microbial biomass C;
EDOC, extractable dissolved organic C; LFC, lighacfion C; LFN, light fraction N; HFC,
heavy fraction C; HFN, heavy fraction N.
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Table 4.2h Pearson’s correlations coefficients between sedlpiration rate (8,
aboveground plant biomass and belowground progentiéApril 2007 for each land use
site.

Rs ABI FRB MB EDOC LFC LFN HFC HEN

Open forest

Rs (Lmol m? s%) 1.00

ABI -0.026 1.00

FRB (gkg)  0.289 -0.069 1.00

MBC (mg kg') 0.004 0.412 0.551 1.00

EDOC (mg kg') -0.268 0.618* 0.212 0.865* 1.00

LFC (gkg")  0.126 0.411 0.340 0.757**0.711**1.00

LFN (g kg')  0.008 0.584* 0.110 0.632* 0.754**0.933**1.00

HFC (gkg")  0.635* 0.009 0.206 0.312 0.1050.612* 0.464 1.00
HFN (g kg')  -0.231 0.244 -0.259 0.218 0.358 0.268 0.401 0.0100
Abandoned field

Rs (mol m? s%) 1.00

ABI 0.466 1.00

FRB (g kg')  -0.438 -0.252 1.00

MBC (mg kg') 0.845**0.422 -0.226 1.00

EDOC (mg k@) 0.390 0.204 0.225 0.569 1.00

LFC (gkg")  0.363 0.536 0.276 0.623* 0.724* 1.00

LFN (gkgh)  0.306 0.259 0.270 0.5990.874** 0.901** 1.00

HFC (gkg)  0.292 0.340 -0.026 0.241 0.520 0.536 0.579 1.00
HFN (g kg')  0.155 -0.412 0.098 0.350 0.377 0.295 0.582 0.3400

Olive grove
Rs (Lmol m? s%) 1.00
ABI 0.302 1.00

FRB (gkg')  0.531 0.815**1.00

MBC (mg kg') 0.354 0.902**0.873**1.00

EDOC (mg k@) 0.471 0.759** 0.852** 0.729** 1.00

LFC (g kg")  0.636* 0.757**0.953**0.777**0.935** 1.00

LFN (g kg')  0.610 0.762**0.966** 0.801** 0.934** 0.996** 1.00

HFC (gkg)  0.563 -0.054 0.038 -0.228 0.104 0.123 0.165 1.00
HFN (g kg')  0.240 0.810*0.873*0.873*+0.732* 0.792* 0.829**0.3341.00

*P <0.05; * P <0.001.

ABI, Aboveground Biomass Index; FRB, fine root biass; MBC, microbial biomass C;
EDOC, extractable dissolved organic C; LFC, lighacfion C; LFN, light fraction N; HFC,
heavy fraction C; HFN, heavy fraction N.
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4.3.3. Influence of vegetation patterns on soilbcar and nitrogen pools

within each land use

Vegetation attributes (above- and fine root biopasere included in separate
regression models to assess the influence of uegetastructure (and its spatial
distribution) on the spatial patterns of soil C awdools within each land use. A tight
coupling of soil C and N pools with vegetation pats was evident in both open forest and
olive grove sites (Table 4.3). Variability in dfle labile C and N pools was strongly related
to the vegetation biomass and distribution pattatrioth sites. The C content in the heavy
fraction did not track the vegetation spatial patseat any site, while the N content in the
heavy fraction was related to vegetation attributesthe olive grove site only.
Interestingly, soil C and N pools were completebcaupled from vegetation patterns in

the abandoned agricultural field site.

Table 4.3. Regression coefficients between vegetation atgdbuaboveground and fine
root biomass), and soil C and N pools in two cating seasons for each site.
(- non significant; * P <0.05 P < 0.001)

Open forest Abandoned field Olive grove
December April December April  December April

MBC (mg kg* soil) 0.71* 0.51* - - 0.87** 0.89**
EDOC (mg k@ soil)  0.91* 0.46* - - 0.87** 0.73*
LFC (g kg* soil) 0.68* - - - 0.61* 0.87*
LFN (g kg* soil) 0.74* - - - 0.68* 0.92**
HFC (g kg" soil) - - - - - -
HFN (g kg* soil) - - - - 0.67* 0.67*
SOC (g kg soil) 0.83** . - : 0.81*  0.89**
TN (g kg* soil) 0.76* - - - 0.74* 0.48*

MBC, microbial biomass C; EDOC, extractable disedlworganic C; LFC, light fraction C;
LFN, light fraction N; HFC, heavy fraction C; HFNeavy fraction N; SOC, bulk soil OC;
TN, bulk soil total N.

Notes Bulk soil organic C and total N data are from Qtea 3.
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4.3.4. Factors controlling soil respiration withaach land use

Multiple regression analyses (stepwise) were paréal for each land use and sampling
season, in order to identify the major controlssoil respiration in this dry Mediterranean
ecosystem. The models that best explained withen-B variation in the different
sampling periods are shown in Table 4.4. In theeolyrove site, the light fraction C
content was the single best predictor gfirRboth seasons, accounting for 67 and 41% of
within-site variation in this parameter in Decemlagd April, respectively. In the open
forest site, aboveground (84%) and fine root bis1(@$%b6) together accounted for 91% of
soil respiration variation in December, while the@tent in the heavy fraction as a single
variable explained 42% ofsRvithin-site variation in April. In the abandonedreultural
field site, the heavy fraction C content accourftad70% of R variability in December,
whereas microbial biomass (55%) and soil waterarn{l5%) together explained 70% of

Rs variability in April.

4 .4. Discussion

The strong influence of aboveground biomass pattemn soil carbon pools and
respiration rates was evident in both forest amgealrove sites, but not in the abandoned
agricultural field site (Tables 4.2 and 4.3). Tisisn agreement with the results previously
reported in Chapter 3, in which monthly iRRtes were consistently and significantly higher
in soil beneath tree/shrub canopies than in ind@oepy locations in the open forest and
olive grove sites, but not in the abandoned agncal field site (Chapter 3, Fig. 3.3). The
lack of influence of vegetation patterns on soip@l sizes and respiration rates in the
abandoned agricultural field highlights how sitetbry can have long-lasting impacts on
soil C cycling (Asner et al., 2003; Dupouey et 2002; Koerner et al 1997; Ruiz-Navarro
et al., 2009), and the difficulty that these Med#aeean ecosystems have in recovering
their original C pools and cycling patterns aftesturbance(i.e., clearing of native woody
vegetation for cereal cultivation; Albaladejo et 41998; Vallejo et al., 2006). It has often
been reported that establishment of tree/shrulferomer herbaceous patches can increase
markedly the near-surface (0-15 cm) soil C and Nlgpbeneath their canopies after few
decades, thus leading to a patchy spatial distabuif organic matter and nutrients, and

therefore soil C dynamics (Hibbard et al., 2001;Qultey et al., 2004). However, we
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found that neither soil C and N pools noy iates (Table 4.3, Chapter 3, Table 3.4) are
currently influenced by extant above- or belowgmbyegetation patterns in the abandoned
agricultural field, despite the 30 years elapsedtesicereal cultivation abandonmenhe
low aboveground standing biomass in the abandogecudtural field site compared to the
open forest and olive grove sites (Chapter 2, Tadé suggests that a threshold value of
aboveground biomass may need to be reached beftwedround properties and; Rites
start reflecting the patchy distribution of woodggetation in this dry Mediterranean
ecosystemln fact, the main controls onsRariation in the old-fieldheavy fraction C in
December, and both soil microbial biomass and wadstent in April; see Table 4.4)ere
not directly linked to recent plant derived-C inpub soil (e.g., extractable DOC, a
conservative index of root exudate production, ightl fraction C) for any sampling
season.

In the open forest, on the contrary, the spatistrifiution of vegetation was by far the
main determinant of the spatial patterns of sa@pmation observed in December, when
aboveground and fine root biomass together expa@id6 of the within-site variation in
Rs (Table 4.4). This result was expected since véigetastructure and density have been
shown to strongly influence soil C and N pools @ait$, and hence soil respiration rates, in
many late-successional forest ecosystems (Areuadd,e2010; Merbold et al., 2011; Sge
and Buchmann, 2005). However, soil respirationsrateApril appeared to be related only
to the intermediate or recalcitrant C pool (HFG9spite two-fold greater soil microbial
biomass and extractable DOC (a conservative indevoat exudate production) at this
time. Soil respiration peaks in April in this Meglitanean ecosystem, coinciding with
maximum photosynthetic activity and net primarydurctivity (Chapter 3). In addition to
optimal soil moisture and temperature conditiorrsnficcrobial activity, the high rates okR
in late April may be directly linked to current higates of photosynthesis and root activity
(Grinzweig et al., 2003; Hogberg et al.,, 2001; dans et al., 2001; reviewed by
Kuzyakov and Gavrichkova, 2010; Tang et al., 200&rgas and Allen, 2008). Active
roots and mycorrhizal hyphae continuously exudaigmaterials to the surrounding soil
in the form of easily decomposable substrates saschugars, amino acids, peptides and
organic acids (Gleixner et al., 2005; Graystonl.etl@97; Norton and Firestone, 1991; Sun
et al., 1999). Previous studies have indicated ahalhiotosynthesis-induced priming effect
resulting from root exudate production may accdianta substantial increase in SOM
decomposition rates, since increased supply ofyedscomposable compounds enhances

microbial activity (Kuzyakov and Cheng, 2001, 2Q08he pulse of exudates released by
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Table 4.4.Stepwis8 multiple linear regressions results for soil reafon (Rs, inumol m? s%) in the open forest, abandoned agricultural field
and olive grove sites in December and April.

Unstandardized partial Standardized partial

Site Season Independent variables regression coefficient  regression coefficient Adj. R? F P value
= Intercept 1.006 + 0.060
g December Ln(ABI) (g cm?) 0.088 £ 0.012 0.775
% Fine root biomass (g Kgsoil) 0.015 + 0.005 0.304 0.908 55.04 <0.0001
8. April Intercept 0.642 + 0.899
Heavy fraction C (g K§ soil) 0.086 £ 0.029 0.689 0.422 9.022 0.013
8 December Intercept - 0.656 + 0.412
c Heavy fraction C (g kg soil) 0.088 +0.018 0.856 0.703 24.69 0.001
'§ g Intercept -0.842 £ 0.931
8 - April Microbial biomass C (mg Kkbsoil) 0.003 +0.001 0.792
< Soil water content (%) 0.106 + 0.044 0.410 0.706 .0Q3 0.003
Intercept 0.122 +0.131
Qo °>’ December Light fraction C (g kg soil) 0.098 £ 0.021 0.840 0.672 2148 0.001
= O
O April Intercept 1.557 +0.418
Light fraction C (g kg soil) 0.272 £0.101 0.690 0.410 7.26 0.027

8 Ten potential predictive variables were considdogdhe multiple regression models explaining €@, efflux: soil temperature, moisture,
aboveground biomass, extractable dissolved organmicrobial and fine root biomass, light fractiGnand N content, and heavy fraction C
and N content.
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roots and mycorrhizae during spring may have stteal microbial activity in the
rhizosphere (Nobili et al., 2000) and may have aenbd decomposition of intermediate or
recalcitrant soil organic matter to improve micadbaccess to limiting N (Kuzyakov,
2002). We suggest that an extra pulse of, @@y have occurred in April in those soll
spots where HFC content is higher, as a result wiamial activation by root and
mycorrhizal exudates (priming effect).

The olive grove site showed very little or no sewsity in the belowground properties
measured in this study (Table 4.1). Aside from brgépil temperature, water content, and
respiration rates in April than in December, noh¢he belowground properties measured
differed significantly between sampling seasonsthés site. The strong influence of
vegetation patterns on belowground properties wageaed at this site, because
consistently higher rates of C and N inputs derifreth leaf-litter and fine root detritus
have occurred in soil beneath olive tree canogian tn the inter-canopy locations during
100 years under cultivation. In fact, light fracti€ content was the main driver of R
spatial variation at the olive grove site in botlasons (Table 4.4). These results agree with
those reported by several authors (Alvarez etl@B8; Alvarez and Alvarez, 2000; Janzen
et al., 1992; Mufioz et al., 2007; Zhang et al.,220@ho found that light fraction C was
the main driving factor of Rin soils under pasture and agriculture, as weluader
different tillage systems. In long-term cultivatedils, the decrease in light fraction C is
more significant than that in other C fractions¢dogse of lower plant derived-C inputs to
soil and faster decomposition rates of this fraciiBarrios et al., 1996; Cambardella and
Elliot, 1992; Christensen, 2000; Janzen et al.2198he olive grove site does not receive
any amendment, so leaf and root litter inputs &eerhain carbon, energy and nutrient
sources for soil microorganisms in this systédespite lower microbial biomass in the
olive grove than in the open forest and abandogeididtural field, we found the highest
leaf litter decomposition rates in the olive grq@hapter 2). The narrower C:N ratios of
leaf and root litter (26.4 and 34.6, respectivefy}the olive grove than in the other sites
(89.5 and 56.4 in the open forest, and 94.1 ang, 68.the abandoned agricultural field,
respectively) are indicative of a more easily deposable substrate. Further, tillage
operations conducted twice or three times a yesaikodown and redistribute this labile C
pool over the hill-slope (Christensen, 2000; Sixakt 1998), while enhancement of soil
water erosion rates by cultivation and higher sagiation exposure and soil temperature
(Austin and Vivanco, 2006; Jacinthe et al., 200Btobp and Archer, 2007) may further
accelerate decomposition of this labile pool indhee grove. We found that within-site;R
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variation was strongly modulated by LFC availakilit the olive grove (Table 4.4), as this
is the soil C pool which is more readily accesstblenicrobial activity.

4.5. Conclusions

Conversion of native woodland to agricultural laartl subsequent land abandonment
leads to profound changes in the relationships éetwR, aboveground biomass and
belowground properties.

Our results suggest that long-recovery times (y8ars) may be needed and/or a
threshold value of standing biomass may need te&ehed before soil C and N pools and
Rsrates start reflecting the patchy distribution adody vegetation, thus highlighting the
limited capacity for soil C accretion and sequéginaof abandoned agricultural fields in
this dry Mediterranean ecosystem.

Given that native vegetation recovery in abandocreglands has been proposed as
one of the most promising options for C emissiofsais under the Kyoto Protocol, we
suggest that current estimates of net increasssiliC storage during old-field succession

in the Mediterranean region should be taken witltioa.
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5. Factors controlling leaf-litter decomposition dyamics:

dependence on litter type and site conditions
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Abstract

Plant litter decomposition plays an important rmethe turnover and storage of soil
organic matter in terrestrial ecosystems. Convarsibnative vegetation to agricultural
lands and subsequent land abandonment leads tts shif canopy structure, and
consequently influences decomposition dynamics lradions in soil temperature and
moisture conditions, solar radiation exposure, ambff and soil erosion patterns. Using
the litterbag techniquewe incubated leaf litter oPinus halepensisand Rosmarinus
officinalis in two Mediterranean land use types (open forest @mndoned agricultural
field sites). Our objectives were: (1) to compdre tnass loss rates and changes in nitrogen
content of these two predominant litter types a@y to assess whether the factors
controlling decomposition dynamics differ betweettet types. Fresh local litter lost
between 20 and 55% of its initial mass throughdwe £0-month incubation period.
Rosemary litter decomposed about three-times fasi@n pine litter, showing net N
immobilization in the early stages of decompositiom contrast to the net N release
exhibited by pine litter. The influence of site dacomposition rates was significant for
both species despite the fact that no significafférénces in soil temperature or water
availability were found between specific locatioos land uses throughout the study
period. Linear models adequately explained a ptaporof the cross-site variability in
mass loss rates for each litter type and samplergg, but major controls on mass loss
rates differed between species. Parameters refatéter quality (N content or C:N) were
found to explain the variation in mass loss ratas rbsemary across sites. However,
differences in mass loss rates for Aleppo pine vesqaained by variations in ash content
(an index of soil deposition on litter). Taken ttgg, the results from this study suggest
that decomposition drivers may differ depending Ibter type in this Mediterranean
ecosystem. While the more labile rosemary litters velegraded mainly by microbial
activity, decomposition of the more recalcitrampilitter was likely driven primarily by

physicochemical processes like soil erosion andquiegradation.
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Chapter 5

5.1. Introduction

Plant litter decomposition is a key component ia térrestrial ecosystem carbon (C)
and nitrogen (N) cycles, and it provides the priynsource of nutrients for plants, and of
both nutrients and energy for soil microorganisr@sir(ie, 2003). As a result of the
ongoing global climate change, and the increasiagnowledged importance of the roles
of litter and soil organic matter as potential @ksi, much effort is being devoted to
improving our understanding of the mechanisms dg\itter decomposition dynamics and
subsequent soil C storage.

Understanding the factors that control litter deposition is particularly important in
heterogeneous water-limited ecosystems, becaugbeotmall amount of soil organic
matter and low availability of mineral nutrientsai@eira et al., 1996; Rashid and Ryan,
2004) compared with other ecosystems. Besideshitiie mineralization rates (Martinez-
Mena et al., 2002), and the episodic nature ofipitation events (Austin et al., 2004;
Huxman et al., 2004) and associated soil wateri@rgsrocesses (Martinez-Mena et al.,
2001) might constrain the C sequestration potemtiathese ecosystems, making them
highly susceptible to global change and prone gratiation.

Extensive research has focused on predicting itberay rates based on climate, litter
guality and solil biotic interactions (Aerts, 19%erg et al., 1993; 2010; Colteaux et al.,
1995; Kurz-Besson et al., 2006). However, modamfmesic ecosystems are unsuited to
water-limited ecosystems (Collins et al., 2008;t®aet al., 2007; Whitford et al., 1981).
The differences observed as regards decompositiversl with respect to mesic systems
may be partly explained by the patchy distributtdivegetation and resources in these dry
ecosystems. Unlike mesic ecosystems where vegetatmver is continuous and
decomposition processes are predominantly biolbgMaorhead and Sinsabaugh, 2006),
plant cover patterns in water-limited ecosystemsy nrdluence decomposition rates
through physicochemical processes such as phowdigrn (Austin and Vivanco, 2006;
Dirks et al., 2010), fragmentation by raindrop spl@wWhitford, 2002), or soil erosion and
runoff (Throop and Archer, 2007), even in periodas which microbial activity is
constrained.

In Chapter 2, annual litter accumulation rates wesémated based on the annual
litterfall inputs and decay rates of the predomindter types within each land use site.

Interestingly, we detected that the effect of sitedecay rates differed between litter types.
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From those results, a new research question amsing the factors controlling the
decomposition dynamics of these two predominantitdadnean leaf litter types{nus
halepensidMiller and Rosmarinus officinalid.). More specifically, the objectives of this
chapter were: (1) to compare the mass loss ratk€f@nges in nitrogen content of these
two predominant litter types and (2) to assess méretthe factors controlling
decomposition dynamics differ between litter types.

Previous analysis of main macro- and micronutrigfiigble 5.1), together with a
review of the available literature, indicated thlatse predominant Mediterranean litter
types differ in chemical composition (Ben Salenalet1994; Berg et al., 2010; Vokou and
Margaris, 1988; Dorrer et al., 2000; Minderman, &98ovira and Vallejo, 2002; Traversa
et al., 2011; Vokou and Liotiri, 1999). Since timéluence of site on decomposition rates
was not consistent between litter types, we hymsitled that the major drivers of litter
decomposition dynamics in this Mediterranean edesyswould differ between litter
types. This hypothesis is based on the assumptianthe recalcitrance of Aleppo pine
litter is greater than that of rosemary litter, mmagkthe former much more resistant to

biodegradation.

Table 5.1 Initial characteristics of the leaf litter matérimised in the
decomposition experiment.

Litter type Pinus halepensis Rosmarinus officinalis
Water content (%) 446 +1.28 3.88+1.28
Ash content (%) 8.1+24 11.2+1.7
%C 47.0 +0.42 46.65 + 0.38
%N 0.98 + 0.08 1.0 +0.08
C:N 47.56 + 3.48 47.47 + 4.08
%Ca 1.58 +0.03 1.72 +0.03
K (ppm) 1320.62 + 84.34 7139.46 + 17.34
Mg (ppm) 1616.68 + 22.62 2070.61 + 18.56
Na (ppm) 904.43 + 13.72 991.48 + 7.01
S (ppm) 561.91 + 4.70 981.22 +1.51
P (ppm) 11.13 £ 0.41 14.48 + 0.02
Cu (ppm) 11.29 + 4.94 12.24 + 0.40
Fe (ppm) 481.56 + 1.71 570.86 + 10.05
Mn (ppm) 23.72 +0.07 25.52 +0.22
Zn (ppm) 35.33 + 0.80 204.10 + 2.38"
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5.2. Materials and methods

5.2.1. Canopy structure characterization

Both the open forest and the abandoned agriculfigla sites were divided into the
following two microsites: patches covered BPyus halepensiét4-88 % estimated cover),
and open intershrub patches which were sparselgred41-50 % estimated cover) with
Rosmarinus officinalisshrubs. Replicate (n=4) plots (5 x 5 m) represesgaof each
microsite were established within each land use,tgnd every shrub and tree stem basal
diameter was measured at the end of the growingose&2007) in order to estimate
aboveground biomass from species-specific allometiationships (Baeza et al., 2006;
2011; Barbera et al., unpublished data). Mean atiget cover (%), stem density and litter
layer thickness were also determined.

5.2.2. Soil sampling and analysis

Previously to litterbag deployment, soil within thbove mentioned microsites was
sampled. In December 2006 and April 2007, two soikes (10 x 15 cm) were extracted
within eachmicrositex land usecombination. Each soil core was sealed in a pldsg
and stored in a freezer (4 °C) until processedrfirobial biomass estimates, and C and N
analyses. Soil samples were air-dried, and siewexigh a 2 mm sieve. The soil C and N
content in the mineral soil (<2 mm) was measureith & N/C analyzer (Flash 1112 EA,
Thermo-Finnigan, Bremen, Germany). Microbial biosm@swas determined by fumigation
with ethanol-free chloroform and extraction with,SO, according to theprocedure
described by Vance et al. (1987).

5.2.3. Litter collection and litterbag construction

In April 2007, fresh litter samples of two predoram Mediterranean litter types were
collected weekly from several plastic sheets sporathe soil under tree/shrub canopies in
both sites:Pinus halepensisieedles, fine stems and fruits, aRdsmarinus officinalis
leaves, flowers and stems. Litter samples weralrédd at room temperature. Oven-dry

weight was determined for five samples per litygretafter drying at 55° C for 4 days.
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Figure 5.1 Pinus halepensifA) andRosmarinus officinalig¢B) litter used in the
decomposition experiment.

Samples were ground and analysed for C and N cointem elemental analyzer (Flash
1112 EA, Thermo-Finnigan, Bremen, Germany) in otdeassess the initial litter % C and
% N data. Subsamples (0.2 g) were combusted in flenfurnace at 500° C for 5 h to
determine initial ash content. Each litter type wasroughly mixed before placing 3.0 g
(Rosmarinus officinalisitter type) or 5.0 gRinus halepensibtter type) of leaves and fine
stems (£ 0.01 g) inside 10 x 10 cm litterbags ameséd of fibreglass-nylon mesh with 1.4
mm? openings. The initial concentration of litter imetlitterbags (500 g thin pine and
300 g n¥ in rosemary) was equivalent to about two yearsagfumulated litter inputs,
which averaged 280 and 146 ¢mr™ for Aleppo pine and rosemary, respectively, in the

study area (personal observation).
5.2.4. Litterbag deployment

Two fenced plots were installed next to two randosdlected Aleppo pine trees and
two others next to two randomly selected rosemdmuls in the open forest and
abandoned agricultural field sites. We placedrliiégs with their corresponding litter types
on the soil surface inside the above-mentioneddemdots on 19 June 2007 and followed
their evolution for 20 months. A total of 72 litbergs were placed (2 litter types x 2
individuals x 6 sampling dates x 3 replicates)ia bpen forest and abandoned agricultural
field sites. Each litterbag was carried inside raghviidual envelope to quantify how much
litter was lost from the bags during transport. ¥édected 3 litterbags from each fenced

plot (henceforth referred to as “location”) evelnydge or four months.
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Figure 5.2. Litterbags placed on the soil surface inside tmedd plots installed
next to one of the randomly selected Aleppo pieedrand rosemary shrubs in the
open forest (A and B, respectively) and abandormgttwdtural field (C and D,
respectively)

5.2.5. Sample analyses

Litterbags were processed in the laboratory imnietjiaafter field collection. Any
material not derived from litter (seedlings, stgngsil fauna or fungi) was removed by
hand before the litterbags were dried at 55° C sieded to remove mineral soil. After
drying for 4 days at 55° C the litter of each fiti@g was weighed to determine mass
change. The litterbag contents were ground, andasuples from each litterbag were
combusted in a muffle furnace at 500° C for 5 Hatermine the ash content. All data were
analyzed on an ash-free dry matter basis in owlextlude any mass gain resulting from
mineral soil that entered the bags. The effectodfwgater erosion on litter mass loss rates
was explored using the percentage of ash remaimihg;h has shown good correlation
with decay rates in a water-limited ecosystem (dprand Archer, 2007). Subsamples
from each litterbag were analyzed for C and N aainte an elemental analyzer (Flash

1112 EA, Thermo-Finnigan, Bremen, Germany).
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5.2.6. Statistical analyses

Changes in litterbag mass, C content and N cotiteotighout the study were analyzed
using a three-way ANOVA. Litter type, site and timere considered the main effects.
Decay constants were analyzed with a two-way ANOMAwhich litter type and site were
the main effects. Hourly temperature data were ensed into daily means for each
location. The effect of site on topsoil temperatared moisture were analyzed using
repeated measures ANOVA. Differences in soil injpid litterbags between sites were
also analyzed with one-way ANOVA. Prior to analydesta were natural-log or arcsine
transformed to meet ANOVA assumptions. Linear regian analyses were performed
separately for each litter type to evaluate thati@hships between litter mass loss and
temperature, water availability or rainfall chaeawdtics across collection dates. In
addition, parameters related to litter quality (NGIN) or soil erosion (ash content) were
included into the multiple linear regression mogdalsd the stepwise procedure was used in
order to identify the main controls on decompositimates for each litter type and
collection date separately. All analyses were peréal using SSPS 15.0 (Chicago, IL,
USA).

5.3. Results

5.3.1. Litter mass loss

Litter quality characteristics of the leaf mateuialed in the decomposition experiment
are given in Table 5.1. Overall, rosemary littepwhkd significantly higher contents of
macro- and micro-nutrients than Aleppo pine littehile no significant differences in
initial C and N concentrations between species vefrgerved. Litterbag mass for both
sites and litter types decreased with time (FigA%. following a single exponential decay
model (Table 5.2). However, different mass losdegpas were observed between litter
types. Whereas rosemary litter showed the greatast loss in the first eight months of
the experiment, Aleppo pine litter decomposed sjaavid gradually until the last stages of
the decomposition experiment, when mass loss iseteaonsiderably. For all sampling
periods, rosemary litter decomposed more rapiciy thleppo pine litter across sites* (R
0.742; F= 132.18; P<0.0001). After 20 months, ramgntitterbags had significantly less
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remaining mass than did Aleppo pine litterbagsaréigss of site (pooled across sites:
rosemary = 44.77% + 2.21% (mean = SE), Aleppo pink.25 % + 2.21%; F= 132.18;
P<0.0001).

The influence of site on mass loss rates was nasistently statistically significant
throughout the decomposition experiment and diffdsetween litter types. While a site
effect on mass loss rates was apparent for rosehttay during the first stages of the
decomposition experiment, the mass loss rates e pine litter did not differ between
sites until the last stages of the decompositiopegrment, when most high-intensity
rainfall events and associated erosion processi@tin the experimental area (Fig. 5.5A;
Martinez-Mena et al., 2011). At the end of the ation period, the influence of site on
decay rateskj was significant for both species (Table 5.2h@ltgh no consistent patterns
were observed between the two litter types. Rosgliiter decomposed faster in the open
forest than in the abandoned agricultural sité=(R.64; F= 41.51; P<0.0001), while
decomposition rates of Aleppo pine litter were leigin the abandoned agricultural field
site than in the open forest site’&R0.68; F= 45.93; P<0.0001).

Table 5.2. Decay constantk(Eqn.1), standard errors (SE) aRdvalues for
Aleppo pine and rosemary leaf litter in the twodarse sites.

Pinus halepensis Rosmarinus officinalis
k (yr') R k (yr') R?
Open forest 0.14+068 080 057+0.0%" 0.69

Abandoned agricultural field 0.21+0%1 067 0.45+0.0 0.66

Notes Within each species, means with different lowsecauperscript letter differ
significantly between sites (P < 0.05). Within sjteneans with different uppercase
superscript letter differ significantly between sigs (P < 0.05).
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Figure 5.3 Mean mass remaining (A), changes in N contentaf®) C:N ratios (C) with
time for different litter types in different sitelSor each litter type, significant differences in
mass remaining between sites are denoted by &stétiB < 0.05; * P <0.01; *** P <0.001).
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Figure 5.4. Relationships between remaining mass and remagaargpn (A) and nitrogen (B) for Aleppo pine andemary litter across sites.
For both species, carbon losses closely tracked hags patterns. However, there was a net loskeotdtal nitrogen mass with time for
rosemary litter across siteg¥ 51.66 + 0.4%, R°=0.20), but no relationship was found between totass loss and N loss for pine litter.
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5.3.2. Changes in C and N during decomposition

Initial mean C concentration in rosemary litter vinas significantly different from that
in pine litter (P=0.517) (Table 5.1). For both gpsecC losses closely followed mass loss
patterns, leading to a strong linear relationsk@wieen remaining mass and remaining C,
with no significant site effects (Fig. 5.4A).

The initial nitrogen concentration in rosemaryelitdid not differ from that in pine
litter (P=0.871) (Table 5.1). For both species, dhaentration peaked at the 17-month
collection date (1.87% = 0.04% and 1.18% =+ 0.04% rmsemary and pine litter,
respectively), and then declined. However, beftres¢ peaks were reached, temporal
patterns in N concentration differed between littgpes (R= 0.87; F= 562.234; P
<0.0001). During the first stages of decompositimsemary litter showed net N
immobilization, while pine litter showed net N rage until about 20 % of the mass was
lost, when net N immobilization started (Fig. 5.3B)ithough higher peaks of net N
immobilization were observed in the open foresntirathe abandoned agricultural field
site for both litter types, the influence of site maximum net N immobilization was only
significant in the case of rosemary litter (P<0.05)

Initial C:N ratios did not differ between litterggs. However, temporal trends in C:N
ratios differed between litter types, and subsetiyehe C:N ratios at the end of the
incubation period also differed significantly beemespecies (F = 794.07; P<0.0001) (Fig.
5.3C). Across sites, the C:N ratios declined sigarftly with time for rosemary litter
(P<0.0001). Pine litter C:N ratios were much mamate, first increasing between the 0-
and 8-month collection dates, and then decliningvben the 8- and 20-month collection
dates. However, the litter C:N ratio at the 20-nhocdllection date did not differ from the
initial one (P=0.575).

5.3.3. Canopy and soil characteristics

WhereasRosmarinus officinalipatches exhibited similar canopy structure pararset
across sites (50.2 £ 4.5 and 41.2 £ 4.7% plantrcd®226.7 = 26 and 162.5 + 6.5 g of
aboveground biomass per square metre for opentfanes abandoned agricultural field
sites, respectively)Pinus halepensigpatches in the open forest showed two main

differences from those in the abandoned agriculfiiel site. First, Aleppo pine patches
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exhibited greater plant cover and aboveground bssnva the open forest (90 + 6.7% and
990.5 + 362.1 g M, respectively) than in the abandoned agricultigdtl site (44.5 +
6.0% and 472.5 + 152 g mrespectively). Second, while there was a neasttinuous 4
cm thick litter layer beneath the Aleppo pine caespn the open forest site, the litter layer
was negligible beneath Aleppo pine canopies irattendoned agricultural field site.

Soil in the open forest showed significantly highacrobial biomass, organic C and

total N contents than in the abandoned agricultield site (Table 5.3).

Table 5.3 Soil properties within each land use site (n=16).

Open forest Abandoned field
Soil organic C (g k) 31.08 + 2.58 17.08 + 2.6%
Soil N (g kgY) 2.05+0.18 1.43+0.%
C:N 15.18 11.67
Soil microbial biomass (mg Ky 788.42 +72.8 550.68 + 67

Numerical values are means ¢§tandard errors). Within each row, different sgpapt letter:
indicate statistically significant differences betm sitesR < 0.05), according to Tukey’s test.

5.3.4. Rainfall, soil temperature and water availdyp

During the 20-month study period, rainfall everaaged from 1 mm to 70 mm, and
precipitation followed the typical bimodal distrioan with two rainy seasons, autumn and
spring, and a dry period in summer (Fig. 5.5A). éoalated rainfall in autumn 2008 (243
mm) was three-fold higher than that in autumn 2@@@ mm), highlighting the high
rainfall variability between years characteristit Mediterranean regions. The highest
rainfall amount and intensity recorded for a singl@&fall event were 70 mm and 25 mim h
1 (maximum rainfall intensity in 30 minutesgohax) (Fig. 5.5A), which occurred in
October 2008. Both soil temperature (from 5 to 3086d moisture content (from 5 to
34%) varied markedly with season (Fig. 5.3B; 5.3&)d were inversely correlated with
each other throughout the study period (r = -0P5 0.01). There were no significant
differences in soil temperature or water conterttvben sites throughout the 20-month
study period. Across sites, there was no relatietwben percentage mass loss, C or N
content, and soil temperature, water content orcrye rainfall parameters (event size,
intensity or duration). Interestingly, the ash @mtof the litter was strongly correlated
with the total duration of rainfall events for bgtine (r = 0.717, P<0.01) and rosemary (r
=0.819, P<0.01) litter throughout the study period
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Figure 5.5.Rainfall events (A), and topsoil temperature (03 ¢B), and water content
(0.10 cm) (C) for each land use throughout theyspetiod. Due to technical difficulties,
no data are available froni®September to 2DDecember 2007 and from "1&/arch to
10" June 2008 for the open forest site.
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5.3.5. Sail input

Litterbag ash content, an indicator of soil deposibn litter according to Throop and
Archer (2007), increased steadily with time fortbbtter types, and was generally greater
in the abandoned agricultural field than in theropmest site for both litter types (Table
5.4). At the 20-month collection date, soil inpatoi Aleppo pine litterbags was two-fold
greater in the abandoned agricultural field thaat tin the open forest site (F= 43.82;
P<0.0001), while rosemary litterbags did not diféggnificantly in the ash percentage of
retrieved litter between the two sites (F= 0.58;0R46).

Table 5.4 Percentage of ash in litterbags from the diffetantl use/sites.

% Ash

Pinus halepensis Rosmarinus officinalis

Time (months)  Open forest Abandoned field Open forest Abandoiedd f

4 6.16 + 1.61"  7.47+1.47 1259+ 147 11.24+1.47
8 5.11+2.08 1041+ 1.61* 13.16+1.4% 1754+ 1.4%*
11 6.42+1.47  8.9+147"  10.26+1.4% 1574+1.6"
14 6.97 +1.47°  10.78+ 1.47" 13.22+1.4% 1457 +1.47
17 10.49 + 1.4%  23.19+ 147"  19.46 + 1.47 19.79 + 1.63**
20 9.25+1.4%  19.05+1.4? 17.22+1.6% 205+1.47

Mean+ standard error (SE) for percentage ash in retdditter across sites. Within each species
and site, values with the same lowercase supetdettprs do not differ significantly from each
other. Within each species, means with the samerappe superscript letter do not differ
significantly between sites (P>0.05). Averages Joil-free leaves are 8.10% * 2.4% ash and
11.28% + 1.71% ash (mean + SE) for Aleppo pinerasdmary, respectively.

5.3.6. Factors controlling mass loss rates for ehitér type

Parameters related to litter quality (N conten€dX) or soil erosion (ash content) were
included into multiple linear regression modelsd dhe stepwise procedure was used in
order to identify the factors controlling mass |pssterns for each litter type and sampling
period separately. For rosemary, parameters relatditer quality (N content or C:N)
were found to explain between 33 and 37% of théatian in mass loss rates at the 14-
and 17-month sampling dates, respectively. For pdgpine, ash content explained 44% of

the variation in mass loss rates at both the 1@-2f3month sampling dates (Table 5.5).
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Table 5.5. Relationship between the percentage of ash-frgentass remaining and potential decomposition ctstab each of the six
collection dates.

Pinus halepensis Rosmarinus officinalis
Time (months) variable R R R F variable R R R F
4 No model No model
8 N (%) 0.34 -0.252 0211 5.69 No model
11 No model No model
14 No model N (%) 033 -043  -081 6.46
17 Ash (%) 0.44 0.067 -0.138  9.65 C:N ratio 037  -3.77 097 6.92
20 Ash (%) 0.44 0.283 -0.251  9.78 No model

Data were natural-log transformed. Linear regressigere calculated for each collection date (indgdiata for both sites); only statistically
significant regression parameters are shown<*0.05; **P <0.01.
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5.4 Discussion

The litter decay constantk € 0.14 - 0.57 yf) and mass loss percentages (20- 55%)
after 20 months observed in this study are sintibathose reported for decomposition
studies in other Mediterranean ecosystems (Castib, 2010; Garcia-Pausas et al., 2004;
Grinzweig et al., 2007; Rodriguez-Pleguezuelo et28l09; Rovira and Vallejo, 2002).
The lack of correlation between mass loss ratessailddemperature, water availability or
any of the precipitation parameters was somewhaéard, and is in agreement with the
findings of several studies in other water-limitedosystems (Kemp et al., 2003;
Steinberger, 1990; Vanderbilt et al., 2008; Whitfat al., 1986), suggesting that other
physicochemical processes may strongly influeneeddcomposition dynamics in these
ecosystems.

The single exponential decay model adequately testthe decomposition dynamics
for both Aleppo pine and rosemary litter. Howewdifferent decomposition patterns were
found between species. The fact that rosemary lilkeomposed about three times faster
than Aleppo pine litter across sites highlightsithportance of litter chemical composition
in decomposition processes in this water-limitedsgstem. In addition to lower initial
concentrations of most macro- and micro-nutrientpine litter than in rosemary litter
(Table 5.1), low decomposition rates of Aleppo piiteer may further reflect the high
concentrations of lignin, suberins, resins, fatd aaxes (Boddi et al., 2002; Colteaux et
al., 2002), which are highly resistant to biodegtemh (Minderman, 1968).

Rosemary litter appears to be more easily deconymday microorganisms than
Aleppo pine litter in this Mediterranean ecosysté@ihe higher decay rates observed for
rosemary litter in the open forest than in the alomed agricultural field site were
consistent with the higher soil microbial biomagsd @espiration rates previously observed
in the former than in the latter (Table 5.3; Cha@e suggesting that there may be greater
decomposer activity in the open forest than indbandoned agricultural field site. This
assumption is supported by the fact that both sgeekhibited higher peaks of net N
immobilization (a good indicator of microbial adtiy in litter decomposition studies;
Aerts et al., 2006; Hobbie, 2000) in the open fotiean in the abandoned agricultural field
site (Fig.5.3B). Net N immobilization occurs whemew external input of N (e.g., fresh
litterfall) becomes accessible to microorganismd isnconverted to microbial biomass or

exoenzymes (Frey et al., 2000). Despite differemtés$ patterns during the decomposition
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process between litter types, net N immobilizapeaked at the 17-month collection date
for both species, shortly after the time of maximiitterfall occurrence (mid-summer) in
this Mediterranean ecosystem (personal observati®egides the higher soil microbial
biomass found in the open forest in comparisorhto abandoned agricultural field site,
microbial decomposers in the open forest presumiadéye greater access to exogenous N
due to higher soil mineral N and greater litterfaputs in the open forest (Table 5.3; Table
1.2).

Conversely, mass loss rates for Aleppo pine littere about two times higher in the
abandoned agricultural field site than those indpen forest site. Aleppo pineeedles,
which have been identified as the most recalcitligtet type in Mediterranean ecosystems
(Berg et al., 2010; Rovira and Vallejo, 2002), sesnicrobial breakdown and thereby
decomposition dynamics may be strongly dependerabiutic processes. First, the higher
aboveground biomass of Aleppo pine patches in fhendorest in comparison to the
abandoned agricultural field site may have blocaegeater fraction of the total incoming
solar radiation to the soil surface, thus decrepsiacomposition by photodegradation
(Austin and Vivanco, 2006; Dirks et al., 2010; Hemt al., 2008; Parton et al., 2007).
Greater aboveground biomass in the open forest ey also led to increased
interception of rainfall, thus decreasing physitabmentation of litter by raindrop impact
and splash (Whitford, 2002). Second, the preseheetluick litter layer at the soil surface
beneath Aleppo pine canopies in the open forestnséty have prevented lateral transport
of soil particles (Bochet et al., 2006), thus awwydphysical fragmentation of litter by
abrasion (Throop and Archer, 2007; 200Qpnversely, the more open canopy of Aleppo
pine patches in the abandoned agricultural field siteictvlacked a litter layer on the soll
surface, resulted in higher rates of soil loss mmbff (Martinez-Mena et al., 2008) and, as
a consequence, a two-fold higher soil input intoepitterbags was observed at this site
(Table 5.4). Interestingly, significantly higher ssaloss rates of Aleppo pine litter in the
abandoned agricultural field site than in the ofmast site were only observed in the last
stages of the decomposition experiment, when magt-ihtensity rainfall events and
associated erosion processes occurred at thigrithe experimental area (Martinez-Mena
et al., 2011). In fact, the ash content was thenrfaitor explaining mass loss rates beneath
Aleppo pine canopies across sites at both the Ad-28- month collection dates (Table
5.5), suggesting that soil water erosion was anomapt factor controlling litter decay
during the later stages alecomposition. Soil detachment and transport psssesnay

cause fragmentation or abrasion of litter (Throopd &rcher, 2007), thus increasing the
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surface area available for solar radiation expgswt@ch has been found to accelerate
decomposition of lignin (Austin and Ballaré, 2018)so, soil deposition may facilitate
microbial litter colonization (Hamer et al., 200Bhroop and Archer, 2009), and once the
lignin has been degraded mainly by sunlight, theldacompounds encapsulated in the
lignin linkages become more susceptible to microbttack (Austin and Ballaré, 2010;
Foereid et al., 2010).

5.5. Conclusions

The results of this study suggest that decompaosditvers may differ depending on
litter type in this Mediterranean ecosystem. Decositpn patterns of the more labile
rosemary litter were controlled mainly by microbaativity, whereas decomposition of the
more recalcitrant pine litter was driven mainlyddyiotic factors.

The incorporation of soil erosion as an importamtet of litter decomposition would
be a significant step towards the development ofchaeistic models of litter
decomposition in Mediterranean ecosystems, wheaagds in vegetation structure and
increases in soil erosion rates are expected esudt of future climate change.

Site-specific manipulative experiments explicitiydaessing the effect of soil erosion
on aboveground litter decomposition dynamics ins¢helry ecosystems are necessary
before we can fully understand the relative impuetaof soil erosion with respect to other

potential controlling factors such as photodegradadnd litter quality.
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General Conclusions

1. Across land uses, approximately one-third of wiele ecosystem C was stored
belowground, which is consistent with the obser@eallocation patterns within each land
use. Overall, more than 60 % of the C is allocabstowground (soil and roots),
highlighting the importance of including total beiground C accumulation when

estimating net primary productivity in these dryditerranean ecosystems.

2. Overall, the annual net productivity values pided by this study combining both

TBCA (non steady-state model) and biomass-invenaggroaches were in reasonable
agreement with the estimates for other Meditermaneeosystems provided by studies
using the eddy-covariance approach.

3. Use of the steady-state model is not advisabléhese Mediterranean ecosystems
because, in our sites at least, it underestimat®elowground C sequestration capacity,
particularly in the abandoned agricultural fieldhewe storage may be increasing more

rapidly.

4. The results of this thesis stress the importasfcsoil respiration in the soil carbon
balance and emphasize the need to consider itemesgo rain pulses in estimates of net

carbon annual losses in dry Mediterranean ecosgstem

5. Mean Qo values alone may not be indicative of the sengytiof soil respiration to
temperature at ecosystem level in drought-stressgidns, where low soil water contents

strongly limit the response of root and microbietivdty to temperature.

6. Both aboveground biomass and rewetting indiceeewiound to be suitable tools to

explain soil respiration variability in dry Meditanean ecosystems.

7. This thesis provides valuable insights into tbke of vegetation patterns in shaping
belowground properties and C dynamics in the opesst and olive grove sites. However,
the lack of correlation between vegetation pattesnd C and N pools and respiration rates
in the abandoned agricultural field suggests thagdrecovery times (>30 years) may be
needed and/or a threshold value of standing biommagsneed to be reached before soil C

and N pools and Rates start reflecting the patchy distribution afody vegetation. This
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highlights the limited capacity of abandoned adtizal fields for soil C accretion and
sequestration in dry Mediterranean ecosystems asitihat studied.

8. The expected decrease in plant cover in Mediean ecosystems agesult of future
climate change may increase the vulnerability ebthheterogeneous ecosystems, since the

inter-canopy locations are shown to be more se&esiti environmental fluctuations.

9. Annual C losses by water erosion were negligibi@pared to soil respiratigless than
1% across all land uses) and had little influennetlee estimates of TBCAHowever,
water erosion should not be overlooked when estmgalBCA in these Mediterranean
ecosystems because of: i) the direct effect ofwater erosion on net primary production
patterns (nutrient source and sinks), and ii)nteriaction with the litter and soil organic

matter decomposition dynamics.

10. The role of water erosion in the carbon balameeds to be assessed over long time
periods (e.g., decades) and larger spatial scaep Gubcatchment or catchment).
Moreover, the net effect of soil detachment, tramspand deposition on litter
decomposition dynamics will need to be clarifiedobe we can fully understand the role
of water erosion in the organic C balance in Methigean ecosystems.

11. This thesis provides a useful database of cagmmls and fluxes along a land use
intensification gradient in a dry Mediterranean &tem, which can help understand the
soil C cycling and storage capacity, and hence avgpiand management for C emission

offset schemes under the Kyoto Protocol (“clearettgment mechanism”).
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Appendix I. Soil profile in the open forest

City: Cehegin

Location: Burete

U.T.M. coordinates: 4212852.35 N; 607725.62 E

Altitude: 650 m.a.s.|

Landform: Medium-gradient hill, strongly sloping0tlL2%)

Land use: Non-managed forest

VegetationPinus halepensis, Rosmarinus officinalis, Junipe@xycedrus, Quercus
coccifera, Thymus sp., Rhamnus lycioides.

Parent material: limestone Coluvium

Drainage conditions: well drained

Stoniness: Stony

Rock outcrops: moderately rocky

Salt: None

Erosion: Moderate water sheet erosion

Solil classification: Petrocalcic Calcisol (IUSS-WRHEO06); Typic Petrocalcid (USDA,
2006)

MACROMORPHOLOGICAL DESCRIPTION

|I
Q

. | Depth,
cm

0-19 |Dark yellow red (10YR4/4, moist) and light
yellow red (10YRG6/4, dry). Loam. Medium B
subangular blocky structure moderatel
developed. Sofa, friable, sticky and slightly?
plastic. Common fine pores. Many coars
angular gravels and limestones. Slightly har##
thin crusts. Few biological activity. Commpn 73
fine roots. Abrupt smooth boundary to i

+19 |Continuous, platy, extremely cemented anj
indurated carbonates. '
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Soil profile in the open forest

ANALYTIC DATA

pH
Hor |Depth,cm| O.M.% | C% |N mg/100g C/N |COzCa% | H,0 CIK
A 0-19 2.32 1.35] 144.13 9.37 41.18 8.02 7.
Ckm +19 84.30
H,0
Hor. T E.C.
cmol(+)kg* dsmit 0.5 atm. 15 atm
| A | 1624 | 055 | 3084 | 14.88 |
TEXTURE
Hor. <2 2-20  20-50 50-100 100-25@50-500 500-1000 1000-2000um
| A | 281 | 31.2| 102| 45| 44| 4.5 8.3 | 8.9 |
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Appendix Il. Soil profile in the abandoned agricultal field

City: Cehegin

Location: Burete

U.T.M. coordinates: 4213733.34 N; 607295.91 E

Altitude: 599.66 m.a.s.l.

Landform: Medium-gradient hill, strongly sloping0tlL2%)

Land use: Non-managed old-field

Vegetation:Rosmarinus officinalis, Pinus halepensis, Junipeougcedrus, Thymus sp,
Cistus clusii.

Parent material: limestone Triasic marl coluvium

Drainage conditions: well drained

Stoniness: Stony

Rock outcrops: non rocks

Salt: None

Erosion: Moderate water sheet and rill erosin

Human influence: Cultivated with cereal for sevemdrs until abandonment in 1980
Solil classification: Haplic Regosol (Calcaric) (IB&RB, 2006); Typic Torriorthent
(USDA, 2006)

MACROMORPHOLOGICAL DESCRIPTION

Hor. | Depth,
cm

0-17 |Dark brown (7.5YR5/5, moist) and light broy
(7.5YR6/4, dry). Loam. Medium subangul®
blocky structure weakly developed. Soft, frial
very sticky and plastic. Extremely calcareqti
Few fine and medium distinct white mottl
Common very fine pores. Few irregular coa
gravel, mainly sandstones. Very few fine rogf
Gradual and irregular boundary to -

=

17-42 |Brown (7.5YR5/4, moist) and light brow
(7.5YR6/4, dry). Loam. Massive. Slightly ha
friable, very sticky and plastic. Extremeln

white mottles of disperse powdery lime. Few vg;
fine and fine pores. Few irregular coarse grag
and stones, mainly sandstones. Very few fine
medium roots. Clear and irregular boundary to

+42 | Yellowish-red (7.5YR6/5, moist) and yellowist

red (7.5YR7/5, dry). Loam. Massive. Har g
friable, very sticky and plastic. Very few fin g
pores. Common gravel and few irregul@
sandstones and limestones. Very few very |f§
roots.
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Solil profile in the abandoned agricultural field

ANALYTIC DATA

pH
Hor. Depth,cm OM.% C% N mg/100g C/N COCa%
H,O CIK
A 0-17 1.05 0.61 106.50 5.73 32.32 830 47.
C1l 17-42 0.53 0.31 71.12 4.36 35.33 8,38 7
C2 +42 0.38 0.22 39.67 5.55 34.89 8.8 7|
H,0
-1 -1
Hor. T cmol(+)kg C.E.dSm 0.5 atm. 15 atm
A 10.28 0.80 26.29 11.88
Cl 9.25 0.36 21.11 11.81
C2 8.83 0.28 21.31 12.00
TEXTURE
Hor. <2 2-20 20-50 50-100 100-25@50-500 500-1000 1000-2000um
A 26.1 28.6 14.2 4.7 5.7 5.6 7.5 7.7
C1l 26.7 27.7 20.7 3.9 4.6 9.8 4.2 2.5
C2 23.3 26.8 21.8 4.6 5.5 5.1 6.1 6.8
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Appendix 11l

Appendix Ill. Soil profile in the olive grove

City: Cehegin

Location: Burete

U.T.M. coordinates4213049.49 N; 607858.72 E

Altitude: 606.82m.a.s.l.

Landform: Medium-gradient hill, strongly slopingOtlL2 %)

Land use: Olive grove

Parent material: Limestone colluviums

Drainage conditions: Well drained

Stoniness: none

Rock outcrops: non rocks

Salt: None

Erosion: Moderate to severe water sheet erosion

Human influencePloughed following the contours lines and smalyeisl with a
moderate erosion.

Solil classification: Hypercalcid Calcisol (IUSS-WRB006); Typic Haplocalcic (USDA,
2006).

MACROMORPHOLOGICAL DESCRIPTION

Hor. |Depth,
cm

0-20 |Dark brownish-gray (7.5YR5/6, moist)
light brownish-gray (7.5YR6/4, dry). Loar#
Fine subangular blocky structure weal;
developed. Soft, very friable, sticky a
slightly plastic. Common very fine and f
fine and medium pores. Few gravel and
few and angular limestones. . Few fine
medium roots. Clear smooth boundary to

+20 |Yellowish-red (7.5YR6/6, moist) ang -
yellowish-red (7.5YR8/6, dry). Silt loan{

Massive. Slightly hard, friable, sticky a
slightly plastic. Few fine and very fine por¢#
Slightly cemented. Common medium |f
coarse prominent white mottles with a cl|#&
boundary. Very few gravels and angu
limestones. Common irregular to spheri
calcium carbonate with iron oxide nodulf
with pinkish-white colour. Few roots.
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Solil profile in the olive grove

ANALYTIC DATA

pH
Hor Depth,cm OM. % C% Ng/100g C/N CO3Ca% H,0 CIK
Ap 0-20 1.15 0.67 99,47 6.74 61.9( 8.13 7.36
Ck +20 0.47 0.28 53.46 5.24 63.25 8.2 7.35
H.O
Hor. T C.E. 0.5 atm. 15 atm
cmol(+)kg?  dSm*
Ap 12.02 1.16 21.84 10.89
Ck 11.10 0.46 19.77 7.77
TEXTURE
Hor. <2 2-20 20-50 50-100 100-25@50-500 500-1000 1000-2000um
A 22.3 23.7 17.8 5.9 6.8 7.0 10.5 6.0
Ck 19.7 33.6 17.2 5.6 5.4 6.2 8.7 3.6
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